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EXECUTIVE SUMMARY

Introduction

Clean water has become a scarce commadity i many parts of the world To supply the demand for
potable water for the commumty and clean water for industry, the available sources of water ofien
need 10 be weated. Fresh water found in lakes, nivers or shallow aquifers are often of reasonable
quality and relatively simple punfication methods such as sand bed filtmtion we wsually sufficient.
However, due w0 uneven distnbution of fresh water supplies in the wordd, the locally available
sources of water are often of relatively low quality (for example high salt content). Besides the
conventional desalination  processes  (like 1on exchange and distillation) more advanced  technology
(ke reverse osmosss and electro dualysis) s currently used to remove undesired jonic quantities and
species. The costs of such water treatment processes are usually driven by the cost of water pre-
weatment (additional equipment 10 ensure reasonable lifetime of the main wnit) and the high cost of
the high-tech membranes needed for these processes. In this article a water purificaton unit will be
presented where the technology of electrochemically actvated sorption is combined with the micro-
filtrtion properties of ceramuc membranes. The novel electro sorption unit developed  showed
desalinanion and mucro-filtration properties

Electrochemically activated sorption

Desalination by means of electrochemically-activated sorption can be  described as  illustrated in
Figure 1. The system compnses of an electrochermical cell with two electrodes of which at least one
contains incorporated jon exchange resin and is permeable to water, The water 1o be purnified acts as
an elecuolyte. When a DC voltage is applied between the two ebctrodes, protons and hydroxyl ions
are generated by electrolysis at the surface of the anode and cathode respectively. As a result of the
local change in pHl, active sites are produced in the on exchange matenal and may adsorb cations at
the cathode (se Figure 1). Subsequent reversal of the voltage enables the absorbed cations to be
desorbed. Hence, no addinonal chemicals are required 10 regenerate the ion exchange sites at the
clecrode. Amons can be adsorbed and desorbed In a similar way at the opposite electrode.
Electrochemically activated sorption wall be refermed 10 as electro sorption.
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Figure 1. Schematic representation of the electrochemically-activated sorption process

New technology of electro sorption filter

The obyective of this study was to develop a new type of punification ungt in which sonic species and
miro partickes can be removed simultancously based upon clectro sorpion and micro  filtration
respectively. The unit should be simple and nonchemical regencration possible. To avosd  high
capital cost, relatively cheap base mmenals should be used and the system should work at low
pressures.

Membrane modification for ion sorption

Maodified supports comsisting  of morgame  ARO; mucro  filtmton membranes were used as
precursors. The first modification included the deposition of pyrolytic cwrbon on the surface of the
membrane (at 900°C using hquud petroleun gas) camed owt 0 obtin electro conductive  properties.
A gold coating (lg m”) was applicd 1o increase the conductivity, Subsequently, highly dispersed
partiches of zirconia (Z10O;) and zucona phosphate (ZF) funchioning as amon and cabon exchange
matenial respectively, were incorporated mito the porous structure of the carbonised ALO, support.

One of the challenges dunng the development of the sorption electrode was to achieve simultaneous
removal of amons and cations. Ankns and cations are adsorbed onto the oppositely charged
electrodes using conventional electro sorption. With this new technology it was desired 10 punp the
solution through onc clectro sarption clectrode to wtilize #ts filoution property. When mitially a
randomly muxed won exchange bed (with cation and amon exchange resin) was used in an electro
sorphion  expenment, non-simultancous  adsorpion of wns was observed. The anions were adsorbed




when the somption electrode acted as anode. After changing the polanty of the electrode, anions
desorbed and cations adsorbed. In other words, the permeate was either an acidic solution with an
excess of amons or an alkaline solution with an excess of cations.

Simultaneous adsorption of cations and antons became possible afier a phosphate gracdient was
created over the radial crosssection of the sorption electrode. The gradient was realised by
exposing the ZrOy impregnated on the outer surface of the clectrode support material 10 phosphoric
acd and prevenung phosphonc acd comtact with ZrOy impregnated on the inside lumen. This
resulled i an checwode with mamly cation exchange matenal (phosphorized Zr(O:) at the outside

and mamly amion exchange material (unreacted Zr(Oy) &t the lumen side. The results obtained with
such an electro sorption electrode are shown in Figure 2.
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Figure 2. Concentration of SO, and Ca™" in the permeate nommalized 10 the concentztion of the
feed as function of tme. Flow rate 30 (F h'- m®°) feed solution 1400mg: I' CaSO,. potential
difference SV

Simultaneous  adsorpion of cations and  anjons was observed when the sorption clectrode  was
charged negatively. Simultancous desorpton of cations and anions was observed when the somption
clectrode was charged positnely. The results obtained without and with a phosphate gradient can be
explained based ypon the mteraction of the pH gradient with the fraction of phosphonized ZrO;. A

schematc  representation of  elecuo sorpion. withowt and with a phosphate  gradient s given in
Figure 3
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Figure 3. Schematic representation of electro sorption with and  without phosphate gradient based on
the pH gradient over a sorption electrode in a flow through system

The pH gradient necessary to bndge the pH difference between the anode and the cathode divided
the membrune into two regions; one region with high pH (alkaline) and one region with low pH
(acidxc). In the alkaline region, catons adsorbed onto the activated cabon exchange sites (negatively
charged ZrP groups). In the acidc region of the sarption electrode, anions adsorbed at the positively
charged ZsO groups. When the potential of the clectiodes was reversed, the pH gradient was also
reversed (H' and O production start at opposite clectrode). The adsorbed anions then started to
desorb and permeated further theough the membrane towards the region that just became acidic. If
this region of the electrode contains unreacted ZrO,, the anions will adsorb agan (see electrode
without phosphate gradient, Figure 3), Iff this region of the clectrode contains only ZrP, the anions
will not adsorb but leave the electrode (see clectrode with phosphate gradient, Figure 3). The
catons i the alkabine part of the electode can only adsorb at activated ZrP sites. These sites are not
present in the electrode with the phosphate gradient. Cations in the acidic part of the membrane will
desorb and leave the electrode in the direction of the permeating flow.,

Micro filtration properties
[he filrahon property of the clectro sorption electrode was tested by measuring its  retention

efficiency. The clectro sorption electrode rejected 98% of mucroorganesms in a test solution whereas




a 045m fiker (045 polypropylene Cameo) rejected only 94% of mucroorganisms. The  electrode’s
permeability was 002 (o m™ b bar”’) but could be regulated based on the amount of incorporated
wn exchange material. The permeability decrease of the electrode due 1o the presence of particles in

the feed solution remained 25% over the duration of an expeniment of 24 hours.

Reactors and experimental sebup

The reactor that was used to perform the electro sorption experiments 1s given in Figure 4.

Figae 4. Schematc representation of the second electro sorption reactor design. (1@ Soeption
clectrade, 20 Feed, 3: Reject, 4: Permeate, 50 Stanless steel coil, 60 Carbon rods, 7: PVC shortcut
prevention)

For mdustnal application of the cectro sompuion filler system, an upscale able and easy to assemble
reactor was designed as shown in Figure 5. The stanless steel coil from Figure 4 was changed for
conductive, Niloaded O-nings (5)




Figure S. Schematic drawing of the multuple sorption electrode reactor. 1@ Oaing, 2 Somtion
clectrodes, 3@ Conductive plate, 4 Conductive Oving, 5: Counter clectrode. 6 In- and outlet of

permeate. 7 In- and outlet of reject
Desalination results
Several solutions were treated with the electro sorption filter using the reactor in Figure 4. The ionic

composition (inmg: ') of three solutions treated with the electro sorption unit is given in Table 1.

Table 1 lomic composition of three solutions treated with the electro somption wt

Solution Na’ ar Mg~ BN ™ HCO;

mg T g TH gl g T mg I me I

CasSo, HELY X
Khpfontein 20 (R 74 172 155 -
IEC norm 734 91.6 158.1 18.7 739 894 244

The percentage won removal obtained dunng clectro sorption expenments s hsted in Table 2. The
percentage jon removal was regulated by among other vanables, the potential difference  between
the clectro sorpion filter and the counter electrode. lon exchange with CI' sons was prefemred over
ion exchange with SO.~ ions.
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Table 2 Average on adsorpuion  desorption obtained by electro sorption.

Solution Potential Average %o adsorption desorption
(V) Na® Q Mg* SO G
(%) (%) (%) (“a) (%)
CaS0, 5 6065 7535
Kliptonsein 5 6.4 3025 362 12 5575
Klipforsein 4 5.9 1520 280 55 3020
[EC norm 734 55 . 040 2000 00 7575

A hybrid system for desalination of Acid Mine Drainage (AMD)

Water recovered by punfication of ackd mmne drainage (AMD) may become a significant source of
water m the future. The pH of AMD is usually between 25, which makes it difficult to realize the
required pH gradient for adsorpion and desorption of 1ons. Moreover, the increase of local pH
duning the clectro sorption process causes jons such as Fe to form precipitation products &t such a
fast rte that blockage of the electrode might occur before the clectrode potential s reversed.
Nomally precipitates may be dissolved when the potential is reversed but this may be more
difficult when the clectrode is already blocked. To et AMD with the electro somption fiker
successfully, an addwonal reactor (see Figure 6) was placed in senes with the clectro sorption filter.
This reactor compnsed of a ceramic membrane that was used t0 separate an electrolysis cell mto
two compartments, namely an anolyte and a catholyte

Figwre 6. Schematic representation of the electrolysis cell design (1@ Ceramic membrane, 2: Feed
anolyte, 3. Feed catholyte, 4 Anolyte exit, §: Catholyte exit, 60 Pt wire (anode), 7: Stainless steel
tube (cathode), 8: Power source)
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The clectrolysis cell in Figure 6 was used t0 neutralise the AMD (Brugspruit, South Afnca) and
caused Fe 1o precipitate before it was fed 10 the clectro sorption filker. The expenmental results
mdicate that the pH of the catholvie can be regulated with the applied current and flow rate through
the system. After the precipitate had been removed, a neutral catholyte, practically free of Fe ions
was obtamed and used for further treatment with an electro sorption filter 1o remove other wns,

Using the lybnd system (the combimation of the reactors from Figure 4 and 6), more than 99% of
Fe ionic species and 25% of Ca™ was removed from Brugsprut AMD without decreasing the
permeability of the electro sorption filter.

Flat electro sorption materials

One of the main goals of the curent project was the development of methods for preparation of
clectro sorption membranes i the form of plates. These electro sorption membranes are especially
promusing  for  lage-scale apphicanon of electro sorption technology  for removal of ons  from
aqueous solutions. The membranes may be amanged in the form of plate and frame modules, which
offer significantly higher volume w0 flow matio than twbular membrane modules. In addition it
should be significantly easier 10 supply evenly distnbuted clectnic cumrent 1o the plate surface than
to the tube surface.

Nosrwoven ceramic fiber based matenals manufactured by “Thermal Ceramics™, USA, from oxides
of multivalent metals were used as supponts for fla electro sorption membranes. In order to confer
electro conductivity onto porous  ceramic matenals these maenials were coated with a layer of
clectro conductive compownd such as pyrolytic cubon. The deposition of carbon was camied out in
the gas phase by pyrolysis of natural gas. Zirconium phosphate was selected as additional sorption
active component to be introduced into porous matrices of sarption electrodes.

The procedwe for the clectro sorption membrane  preparation from the  Kaowool 700 support
consisted of two consecutive  stages: Deposition of cawrbon on the coramic paper by methane
pyrolysis @ 900 “C for 30 min This was followed by three comsecutive impregnations with
arconium phosphate by a sol gel method followed by phosphone acid treatment. The molar ratio of
phosphorus to zrcomnmum in the mpeegnated matenal was | o 1.
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After the membranes with required propertics were developed, the process was up scaled o the
level at which accusste prediction of membrane performance under fullscale conditons  was
possible. The pancipal schematic of the up scaled clectro sorption module is shown in Figure 7.

Current supply

'

Water flow

Figure 7. Schematic of plate-and-frame electro sorption module.

The electro sorption module consists of two clectro sorption membranes with dmensions 150 x 210
mm and 2 mm thickness. The spacer. that also plays a role i the water flow field, s positioned
between the membranes. The design of the spacer / flow field allows for the matio of turbulent to
lamunar flows of water inside the module © be as high as possible.

The madile design described above allows the assembly of electro sorption units of the plate and
frame type from the abovementioned modules. The number of modules m the umts will depend on
the required productivity and ion conent of waters 10 be weated It shouki be noted that the
proposed design of the electro sorpuon unit would allow the use of clectro sorption electrodes not
just as de-ionization media but also as micro or ultra filmtion media.  Another  significant
echnological feature of the proposed clectro sorption modular structure is that  the modules always
work in the form of panallel electric circuiss. This allows for the following operational advantages in
companson with the senes of desalination cells, which are used for example i electro dalysis. The

performance of each individual module can be monitored using its current | voltage characteristics,




The mantenance and membrane refitting in each module can be camed out without shuttmg down
the compiete desalination wnit  Operation potentials of the units will be oqual w0 operation
potentials of each individual module.

Desalination with plate -and-frame modules

Electro sorption experiments were performed wsing  several model solutions  closely  resembling
vanous kinds of waters and effluents and at least one industnal cffluent with signaficant potential
for membeane fouling.

Low salinity sobutions with TDS 510 mg- I' contaming Ca™, Mg **, Na", O and SO ions were
tested initially. Desalination as high as 97% was obtamed  The study of electro  sorption
punfication of contuning sulphate solutions with a content of salts up © 3500 mg T was the next
investigation phase. The following composition was chosen as a model solution: sodum - 1150,
sulphat ~ 1920; chlonde —~ 230; TDS ~ 3425 mg I'. The composition of this solution was close 10
sulphate comtaning mune waters. Depending on the soluton flow rates punfication degrees from S0
1o 83% were obtained. The power consumption was between 4 and 5 kW per kg salt removed.

Testing of electro sorption method for the punfication of nickel containing wastes was camied out
first utilizing model soluton of the following composibon:

NSOy = 0.011M;

NaC'l - 0.008M:

H:SO¢ ~ 0,007M.

The removal degrees were from 74 10 96% for sodium and from 46 1o 80% for nickel wons

And finally, the desalimation of actual electoplating cffluent was attempted The concentrations of
the main ions and their removal degrees are shown in Table 3. In this table the content o the brine

resulting from the treatment 1s also given

Energy consumption was 6.4 kW- kg at dU=5V and 1] kW' kg a dU=10V. No membre foulmg

was observed.




Table 3. Chemucal composition of real electroplating effluent, punfied and brne solutions inmg: 1

Punfied soluton Bane
Constituent Inatzal di =5V du = 10V
Sodum 183 103 I8 1490
Sulphate 1739 PN 65 17200
Chionde 210 9K 5 20
Nickel 638 424 <] 6430
DS 4196 1623 89 25340

Electrochemical methods for the generation of dismfecting agents

Disinfection of water supplics 15 essential 10 the health of the world's population. The most often
wad disinfection technology has been that of chlonnation via the additon of chlonine or chiorine
compounls 10 water supplied 10 domestic users. However, in rural areas of developing countnies a
major problem still remains.

Cument  electrochemical methods for the generation of disinfecting agents are dominated by the
chior-alkab industry, based on the clectrolysis of brine to produce chlonne, sodium hydroxide and
hydrogen. Altemative technologies such as the use of electro membranes could be employed as they
may reduce the energy consumption and thus the cost of chlorine production, allowing the
production of cheaper chlonne products fir all communities and a disinfection technology that is
reliable, appropriate and effective for small and rural commumities not served by whban infra-
stiructure.

Ths peoject focused on hypochlonte  generition via the electrolysis of bane and its  specific
objectives were:
- The development of dimensionally stable anodes with electro catalytic coatings  for
optimisation of chlorine evolution as opposed 10 oxygen evolution
= Development of a cell design that allows minimal toxic chlorate generation
= Design cells with good cument efficiency for chiorine generation (betier than that of existing
technologies)
Low power consumption. kess than that in conventional cells
- Facility w0 control the pH of the hypochlonte solution produced

X!




Design of cells for electrochemical generation of disinfecting agents

The cell designs separmted the anodic and cathodic compartments 10 prevent mixing of the cathodic
and anodic products. A disphragm, porous 10 agueous morganic wons, was emploved 0 divide the
cell. To mummeze diffusion of hyvdroxide wons through the diaphragm back mio the anolvie (bane),
the catholyte (water) movement was designed as a separate flow stream. Hence brine flowed
through the anode chamber and was converted w0 low pH hypochlonte whereas water flowed
through the cathode chamber and was converted 0 high pH sodium hydroxide solution. For
practical reasons of availability the daphragm chosen was a porous inorganic wbular membrane
(aluminium -~ zwcomum oxide based). The wbular shape allowed a cell 1© be readily designed and
constructed consisting of tubes of different diameters. Two different membrane coatings  were
utilised i this project, RuO;, which has a rutile stucture and s clectrically conducting, and ConOs,
a conducting spinel oxide. The Ru(); coatng proved to be unstable and is not further discussed
here. The Coy0, coatng was apphed thus: CoO was deposited on a ttanium rod § mm in diameter.
The starting material was Co;O; which, when vaponsed in a vacuum above 90'C, loses oxygen
and 15 convened 0 CoO.  The vaponsatuon was achveved by plasma deposition.  However, CoO is
ma-<conducting. It was converted to a conducting form of Co;Oy by electrochemical activation
(oxsdation). Activation was achieved by using the anode in the cell under hypochlonte generation
operational conditions with a cumrent density of 6 mA* c¢mi”® for 15 hours. During this period the
colour of the coatng changed from dark blue 0 black and a companson of the galvanostatic
polanization curves and hypochlonte cumrent efficiencies were used as indicators of the termination
of the oxikktion process in the anode coatings. Later expenments found it preferuble o pre-coat the
titansum substrate with a layer of platinum pnor 10 coating with CoO.  This prevented oxadation of
the titanium at the CoO'Ti mterface dunng electrochemical activation.

Generation of hypochlorite using the electrolysers

Flows of anolvie and catholyte were controlled by gravity feeds of bane (sodium chlonde in water
as anolyie) and distilled water (catholvte) Hypochlonte and dissolved chlorine were analysed by
back utratnon of liberated iodine with thisulphate following addtion of excess acidified potassium
wdide. Hypochlonte  concentrations were comvented 1©  available  chiorine concentrations  for

companson purposes. The presence of chlorate was tested by the manganese oxadation test.




Chemical considerations

In the cell, hydrogen i1s evolved at the steel rod or wire cathodes and OH jons accumulate. In the
anolyte Cl; 15 evolved @ the anode. Overall, two moles of added sodium chionde were converted to
one mole of NaOCl.  Under condiions of low pH in the anolyte, the hypochlonte existed almost
entirely as HOC), disproportionation to chlorate was suppressed and decomposition 10 oxygen was
sow. Thus the anolyle should consist of dissolved chiorine, HOCI and HCl in water along with any
unconverted NaCl The catholyte should consist of dilute sodium hydroxide solution.

Generation of hypochlorite using the cobalt oxide clectrolyser

The best results were obtuned at 04 A using a low concentration of NaCl (25 g+ ') with flow rates
of S0 ml K' for the anolyte and 130 mi- h' for the catholyvte. The figures of merit for the electrolyser
were comparable 10 those achieved i chlor-alkah cells. Current efficiencies for CL were almost the
same as those for NaOCl, there was no decrease in conductivity over long penods, the anodes were
stable and chlorte was not detected. Duplicate expenments on the CoOs clectrolyser at UWC
provided broadly simalar results. These results comespond 10 a production of about 11 g of chlonne
per day. Some diffusion of hydroxade wns mto the anolyvie probably did occur and would have
caused a reduction in current efficiency.

Process efficiency, energy consumption and cost estimates for removal of salt by the electro
sorption process.

By companng salt removal results obtained in all the electro sorption expenments for all treated
solutions it was shown that 1ons are adsorbed and desorbed 10 o different extent at different intervals
of the expenments. As an example, Table 4 summanzes the process cfficiency and energy

consumption for different expeniments performed using tubular membranes.




Tabbe 4. Summary of results of electro sorpéion expenments with energy consumption

Exp Average adsorption/desorption dunng expenment (%) E consumpton
No Na’ a Mg ™ SO Ca™ kWh kg')
A 65730 2510 &

B 2515 6520 15

Cl 5531 542 10

Q 4543 042 15

3 51733 459 13

D isa 40735 13

F 3530 40725 13

G 4030 4535 “

H 2030 3035 13

J 035 2530

K 10710 §o 21

Q 64 40731 362 812 5575 25

R -5-9 1520 280 55 020 19

S - 040 20000 7575 55

Under the most efficient condiions the energy consumption was 9 kWh kg" removed  salt,
Moreover, when treatment of model solutions of real effluems was done, the energy costs presented

in Table § were calculated from the expeniments performed.

Table 5. Pilot plant requirements for treating a moded solution of Klipfontein and mine water.

Plamt Capacaty Water source

Model A Maodel B
Feed flow rate (n1- h') 3 3
The transmembrane pressure (kPa) 150 50
Degree of punfication 407 Ca™’and 30°CT  50% TDS
Energy cost (kWh kg'') 19 4

Model A: Klipfongesn (TDS 1458mg- I, see table 6.1)
Model B: Mine water (TDS 3425mg- I, see section 5.2

A comparison of performance between clectro  sorption

presented in Table 6

and electro dialysis was made and is




Table 6. A companison between electro sorption and electro dialyss

Process Electro sorption reactor Electro dialysis
parameter
Flat sheet Tubular
DC power| 07 = 1 kWh kg -[25 kWh kg' = gound| 05 kWh kg' - ground waser
supply torcactor | ground  water 500 | water 500 TDS 400 TDS
DS ’ 15kWh kg' - 1.2 kWh kg' - mine water
2 -3 kWh kg - mine | I500TDS 3500 TDS
water 3500 TDS
36 kWh kg' -
clectroplating
effluent 3000 TDS
Pumpeng energy Requires less than || Requires |-2 bar Requires 4 bar pressure
bar pressure 0.1 ~ 03 | Pressure 0.2.0.4 0.5 -~ 1| kWh kg' for brackish
kWh kg' kWh kg’ water of 1000 TDS
Total energy | Estmated 3 +| Estimated 15 kWh kg' -| LSkWh kg’ - 500 TDS
consumption kWh kg - 3500 TDS | 3500 TDS 4kWh kg' - 3500 TDS
Membrane lons - can be controlled lons - heavy metals
foulmg Gasses -~ possibly 1S Gasses ~ Oy, OOy, HS
Silica Silica
Collowds Colloads
Large ions -7 Drssolved organics
lons - can be controlled Large ions
Pre-treatment Suspendied solids | Precipitation of | Suspended solads ~ filters
filters msoluble species Precipitation —~ won  exchange
Concentration Lomsted by wn exchange capacty and| Limated by back diffuson
iluting streams | regeneration ability
Concentration  of | No Addmonal operation
electrode stream parameter
Temperature No effect on membrane life Negative effect on membrane
life
Membrane cost Support R 120 - R200 | R 6000 m™ cost duectly | R 400 - R 2000 ni*
m°, total cost up 10 R | related to ceramic
300~ R 500 ny support
Stack design No high voltages low current leakage through | High overall voltages
supply ducts Requires high resistances  of
supply ducts
Hydraulie Up 10 9% removal possible in one stage 40 - 5% removal in one
p stage. Requires several stages
CaSO; saturation | Coatrolled clectrochenmucally Maamum 175%
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OVERALL CONCLUSIONS INCLUDING RECOMMENDATIONS

O conclusions

A new twpe of punficaton unit was developed that 1s capable of removing jomic species AND micro
particks from aqueous solutions. The wmt extubited non-chemical regencration ability and required
low pressure and only clectrical energy for the punfication of a sohtion The developed purification
wnat 15 novel since conventional punfication sysiems can only be used for desalination or
microfiltration and requare chemicals or hagh pressures dunng operation.

In the eclecrosorption system where mucrofiltration and  desalination are combined, energy losses are
difficult 0 avoid The minimal energy consumption observed was 8 kWh kg'. It was calculated that
roughly 25% of the protons and hydroxyl wns generated were effectively mvolved i the activation
of sorption matenial.

The punficanon was based on mucrofiltration and  electrochemically activated  sorption.  The
punfication units were prepared by modification of ceramic-based microfiltration wnits. The man
achievements during the modifications were:
The preparation of clectroconductive and penmeable coatings of, nickel, gokd and carbon on
cersumic substrates were opumezad to control both permeability and conductivity

The preparation of electrocatahytic coatings contaming P-SiMo with high catalytic activity
for water ehectrolysis and methanol oxsdation

Preparation,  impregnation and  optimization of  zrconia and  zirconium  phosphate as  sorption
matenial. Maximal reversible sorpion capacity of zircomia was 1 8meq g', maximal sorption
capacity of zirconium phosphate was Imeg g

A gradient of phosphonzed ZrO; over the cross sectional diameter of the tube was essential.

Several reactrs were manufactured to support the electrosorption unit. The main achicvements in
this area were:
Watertight scalings were prepared by partial impregnation of mucrofiltration substrates  with
Na-silicate
Conductive O-rings could be used to establish clecincal contact between the sorption
clectrode and the potentiostat
A upscalable and easy 1o assemble multiple tubular electrode reactor was developed

xvi




A fully automated pilot plant was designed, manufactured and tested The quality of
permeating  water was  determined by measwements  of  conductivity and pH.  The
combmation of these parameters was used 1o start or stop the regeneration and adsorption
cycles.

During the optimization of the clectrosorption process and preparation procedure the following
conclusions were drawn:

The optimal phosphonzabion time was found 1o be 4 hours

Electrodes prepared from ALOs  supports with OQum pores showed better removal
efficiencies than electrodes prepared from ARO; support with 3um pores

The clectncal connection between a power source and a sorption electrode could be
established using an electro conductive Onng

Deposition of Pt decreased the potential difference for water electrolysis. The energy
consumption per kg salt removed did however not show any improvements

The optimal potential difference between the sorption electrode and the counter electrode
was found 1o be 4V, Alkhough 5V potential difference resubted in similar energy efficiency,
relatively poorer desorption charactenstics were obtamned

The permeation flow should be close 10 2mb mn” (fox 05 m* b’ m7) when a potential
difference of 5V s apphed. Lower permeation flows resubted in Jower desorption percentage
and higher permeation flows resulted in lower removal efficiencies

Removal efficiencies of both cations and amons >5(P6 were obtained at a permeate’reject
rato of 0.5, Higher rubos lod w0 bower removal efficiencies. Lower mtios may lead to higher
removal efficiencies but will lead to low water recovery

Using the cumrent density as a control parameter duning the electro sorption process instead
of the potential difference may mcrease elecwode Lifeume. Cakulaton of the mamamal
required cument density may wive an indication of the efficiency of the electro sorption

process.

Speaific properties of the punfication unit for different waters sources:

The simultaneous adsorption of Cf™ and SO (93 and 6%, respectively) from a 14 g I
CaSO« soluwtion. The simubtancous desorpion of Ca” and SO was observed after
switching the sorpon clectrode 10 an anode.  Adsorption  and  desorption  efficiencies
remained unchanged for several cycles
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- The filter efficiency of the cloctro sorption electrode was higher than a standard 045
micrometer filtler. The permeate of a standard filter contamed 6% of the mucrobes whereas
the concentration in the permeate using the clectrosorption filter was as low as 2%

- Ca®™ and CT were most efficiently removed Effluents containing large amounts of Fe, Ni or
other clements that can casily be reduced may not be candidme ions for clectrosorptive
removal. All reactions besides water oxidation and reduction, such as reduction of metal
ans and oxadation of CT distwrb the development of a pH profile necessary for controlled
adsorption and desorption of 10ns

- With the hybrid system where an electrolysss reactor was placed in senes with the electro
sorphion reactor, o was possible 10 weat Brugsprut water, an acid mune drainage effluent.
Over 99 of Fe was removed by neumalizing the Brugspruit water electrochemucally and
% of Ca”” was removed by a single pass through the electrosorption unit

Besides the preparation and extensive testing and optimization of the electrosorption process the
following was done:

- Two mathemancal models were developed Model | showed that wnic diffusion could not
be neglected The predictions made with model Il are in excellent agreement with the
expenmental findengs for currents up 10 100mA

- An allemative desalination system was described in which 72% of Na* and 50% of SO,°
was removed from 0.0IM (14g ') NaxSOs The total energy consumption for desalination
und regencration was 238KkWhkg, The water recovery was 38%. Simultaneously 0.4 ltaer of
H; and 0.2 liter O; were produced from every 2 liter solution treated

Since the properties of both mucrofilanion and desalination could be combined = one unit using an
clectrochemucally activated 1on exchange mechanism, the project aims were reached

ncl s pa

Conclusions on generation of disinfecting agents using a hypochlorite generator

The CoyOy clectrolyser hypochionte generator is suitable as a disnfection technology for small and
rural communities but s not a viable industnal chlorine generator.  The majr advantages over
existing bane clectrolysers  include: no generation of toxic chlorate, pH  control withowt the
requirement of addinonal chemicals, and lower power requirements than other sysiems (suitable for
clectncal supply from solar panels). At 04 A, the electrolyser requires only 32 g of added salt per
day to produce 11 g of chlonne, sufficient to disinfect 7200 litres of water at & dose of 1.5 mg [’
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(l.. Hence the electrolyser can produce 50 litres of water per person per day for a community of
144 people at a low cost in terms of added chemicals and energy. A cost companson based on a
small community indicated that annual  combined costs for a CoOy electrolyser water treatment
plant were considerably less than for other systems currently in use (ie. 26% cheaper than Moggod
and 18% cheaper than on site hypochlonie)

Overall the generation of hypochlonte by electrochemical means was a success. A research product
was constructed that met the objectives of the project, ie. the cobalt oxide electrolyser. In addition,
the electrolyser has great potential for practical application as an appropnate reactor for generation
of disinfecting agents for rural water supplhies.

o o fi work

Samultancously with the development of the flow through electrosorption system, a non  flow-
through system using carbonuzed supports with impeegnated ZrP was  developed by V.M. Belyakov
[1). a research parner in the Ukmame. The non flow-through showed desalination properties with an
energy consumpbion as low as 4kWh kg'. The higher energy efficiency for the non flow-through
clectrosorption system was m line with the assumption that neutralization of hydroxyl ions and
protons (resulting in energy loss) is Jess likely 0 happen in non flow-through system. In appendix G
the economic evaluation of the tubular and flat sheet (non flow-through) electrosorption units is
shown. The cconomic evaluation showed clearly that the production cost of the non flow-through
electrosorption system  ($4300 per 100m’) was much lower than the tubular flow-through system
($69110 per 100m’) Besides, the non flow-through flat sheet electrosorption reactor showed no
fouling problems, higher removal efficiency and higher water recovery [1). Future research in flat
sheat non flow -through systems is therefore recommended for large scale purification systems.

Simulaneously  with the  development of the flow through electrosorpion  system  the  electro
oxidibon of orgamc pollutants on sumilar ceramic based clectrodes has been investigated 1 this

lsboratory.  The results Jook  pronusing  with lugh removal efficiencies @ Jow costs It is
recommended 10 test the properties  for  decomposition  of organic matter on  the  existing
clecuosorption membrane. Based on the prebminary work it s likely that organk compounds will
be oxidized 1o a certun extent.




Euture prospective

Currently, the Sumnford Research Instiute (SRI, the world leading organization in new technologies)
showed their mierest n the electrosorption technology. The following questionnaare was send 10 the
SRI as contribution to their year report. It summarizes the future possibilities of clectrosorption and
ceramic membranes in general

1. When do you expect this technology to be commercialized? Are you looking for a
licensor?
Due to the cumrent problams with clogging of the membrane pores duning long tenm experiments, it
15 a bit wo carly w look for commercializing of the flow through technology. The non flow -through
ceramic electrosarption system s being commercialized already.

2. Where will this technology see industrial application?

The nature of the flow through electrosorption technology allows the treatment of especially water
with low salt content. Immediate application can be seen in 2) low salinity waters and b) Removal
of hard ons in potable water to reduce scaling. After further improvement on the sorption efficiency
the flow through electrosorption technology may be suitable for the producton of ultra pure water.

At high salt comtent scaling and fouling become wmportant drawbacks. The non  flow-through
clectosorption  system however can wread cffluents with high salinity. Recently the technology is
used for nickel recovery from  electroplating  effluents and being  considered  as  altemative
technology for 1D bane treatment.

3. How much will the rechnology cost (if you can give me a rough estimate)?
A full cost analysis was done based on 100m” electrosorption material,
As 2 result of the significnt cost of ceramic membranes that are used as substrates for our
electrosorption material the cost of the flow-through electrosorption material was $691- m”
The non flow-through electrosorption material with even higher sorption capacity per m' cost as
low as $43- m" since much cheaper substrates could be used.

4. Are you aware of similar technologies either commercialized or under development at

this time?
The wdea belind the new technology was to develop a desalmabon unit working at Jow pressure,
without the need for addmional chermical for regeneration and having micro filtration properties. As
far as we know there is no other technology that is capable of doing all these in one step. We know
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that electrosorpion with carbon acrogels s under development in the US. We are also aware that a
samalar technology, eg “electro 1on exchange™ has already been commercialized In this technology
procucts of water electrolysss are used 10 regenerate and activate ion exchange materials as well. In
the technology of electro ion exchange additional filters nead to be installed 1o filter the feed water.

These addinonal fikers will also be necessary for clectro dialysis systems. Technology of Nano or
ultrn  filation  perhaps  with the assistance  of clectncal charged surfaces may show  similar
desalination properties. However the working pressure of these unuts may be considerably higher.

5. What is the general trend in the ceramic membranes area? Do you think demand is on
the increase? Where will ceramic membranes see significant application in the near
Suture?
Membrane processes are in general very efficient. The demand for membranes in general will keep
growing whether it will be polymenic or ceramic. Because of the specific properties of ceramic
versus  polvmenc membeanes, ceramic membranes will always be favorable in several areas. The
technology 1o synthesis cermmaic membranes can be considered as relatively new. Therefore a lot of
new discovenes are stull abead which can boost the possibilities and use in new  applications.
Significant application of ceramic membranes i the near future can be expected n units for gas
separation and in solid electrolytes for fuel cells

6. Is there a trend towards SMART ceramic membranes (ie a mixture of polymeric and
ceramic membranes)”
There 15 @ wend woward SMART ceramxe membranes especially in areas were both membeane types
have their himuting properties. Using a mixture of polymenc and ceramic materials in an attempt to
prepare membrances with combmmed  properties is an important way of rescarch that can  quickly
result in membranes with better properties than 100°% ceramic or 100%6 polymeric membranes.

7. What technical and commercial barriers need to be overcome befove ceramic

membranes are directly competitive with polvmeric membranes?
Techmcal problems of ceramic membranes are usually brttleness and  density  besides  the
difficulies with up scaling and machuung. However nowadays flexible and upscalable ceramic
matenals are entenng the market Commercial bamers are the relative low amount of suppliers of
hogh quality ceramice matenals. Maoreover, organic membranes already conguered large part of the
market and investors are more hkely 10 choose for the more advanced but known matenials over
advanced new matenals.




A significant increase in the demand for ceramic membranes can be expected when there is an
mcreasing need for membranes with specific properties that ceramic membranes offer. There are
reasons 1© believe that the need for hydrogen in the future will mcrease. Since several types of
ceramic membranes are sutable for hydrogen separation, ceramic membranes will automatically get

more attention.
8. Can vou see a decrease in price of ceramic membranes in the near future?

A decrease of ceramic membranes can be expected manly if ceramic membranes get more attention

from industry and the production rates will increase.
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GLOSSARY OF TERMS

Absorption

The process in which one substance penetrates into the body of another substance, termed the
absorbent. An example is the absorption of water nto soil.

Activated Carbon

A water wreatmend modium, found n block, granulmed. or powdered form, which 15 produced by
heating carbonaceous matenals, such as coal, wood, or coconut shells, in the absence of ai, creating
a hughly porous adsorbent matenal. Activated carbon is commonly used for dechlorination

Adsorbate

Any substance that is or can be adsorbed. The liquid, gas or solid substance, which is adsorbed as
molecules, atoms, or ons.

Adsorbent

A water treatment modum, uswally sobd, capable of the adsorption of liquids, gases, andior
suspended matter. Activated alumina and activated carbon are common adsorbents used in water
processing

Adsorption

The physical process occumng when liquids, gases, or suspended matters adhere 10 the surfaces of,
or m the pores of, an adsorbent media such as activated carbon. Adsorption s a physical process,
which occurs without chemical reaction.

Aggressive Water

A term usually applied to waters contaiming acd or oxygen that hasten commosion (rusting).

Alkali

A substance that creaes a bitter taste and a shppery feel when dissolved in water and will um red

litmus peper blue. An alkali has a pH greater than seven and is the opposite of an acid. Highly

alkaline waters tend to cause drying of the skin.

Alkalis may include the soluble hydroxide, carbonate, and bicarbonate salts of calcium, magnesium,

potassium, and sodium. A hydroxide alkali may also be called a base,

Anion

A negatively charged ion in solution, such as becarbonase, chlonide, or sulphat. An anion [such as
chlonde (CT)] may result from the dissociation of a salt, acid, or alkal.

Anion Exchange




An ion exchange process m which anions in solubon are exchanged for other amons from an jon
exchanger. In demineralisation, for example, hwarbonate, chlonde and sulphate anions are removed
from solution m exchange for @ chemically equivalent number of hydroxide amions from the amon
exchange resin

Anode

The positive pole of an clectrolytic system. The metal that goes mio solution in a galvank cell
Anodes of metals such as magnesium and zinc are somectimes installed in water heaters or other
tanks 10 deliberately establish galvanic cells %0 control comosion of the tank through the sacnfice of
the anode.

Aqueous

Containing water, watery.

Backwash

The wp flow or counter-current flow of water through a filler or jon exchange medium, lifling the
muneral bed and flushing away to the drain the particles of foreign matter that have been filtered
from the water supply duning the service oyvele.

Bar

A unit of pressure. One bar equals 145 pounds per square inch (psi) or about 0987 standard
atmospheres.

Base

An alkali that releases hydroxyl ons when dissolved in water. Bases react with acids to form a
neutral salt and water. In general they taste bitter rather than sour, and feel slippery and reverse the
colour changes produced by acids in indicators. For example, they tum litmus paper blue

Batch Operation

The utlzation of won exchunge resins 10 eat a solution m a container wherein agitation of the
solution and subsequent decanting of the treated hquid accomplish the removal of jons

Brackish Water

Water contaming between 1.000 and 15,000 mg: T of dissolved sohids

Breakthrough

The first appearance in the solution flowing from an jon exchange unit of unabsorbed jons smmilar 10
those that are depleting the actvity of the resin bed Breakthrough is an indication that regeneration
of the resin is necessary.

Brine

-




A strong solution of sali(s), such as the sodium chlonde or potassium brne used in the regeneration
of wn exchange water sofieners, but also applied 0 the mixed sodum, calcum and magnesium
chlonde waste solution from regeneration.

Capacity

In a softener or de-ionzer it is the adsorption activity possessed in varying degree by won exchange
materials. This qualty may be expressed as kilogruns per cubic foot, grammili-equivalents per
gam, pound-equivalents per pound, grammilli-equivalents per mull-litre, etc., where these matios
represent the waght of the wns adsorbed and the denomunators, the weight or volume of the
adsorbent. It can also refer to the ability of any media 1o take up a specific contaminant and is rated
by time over gallons. As to flow rates, #t s the maximum or mimimum flow obtamable under given
conditions of media, emperature, pressure, velocity, etc.

Cation

A positively charged particle or ion.

Chemical Oxygen Demand (C.0.D.)

The amount of matter, both organic and inorganic, in a water or wastewater which can be oxidized
by bolng with a swong oxidizing acd, and expressed as the cquivalent amount of oxygen. Often
used as a measure of the strength of sewage.

Chemical Stability

Resistance w0 chemucal change which jon exchange resins must posses despite comtact with
aggressive solubons.

Chlorinator

A mechanical device specifically designed 10 feed chiorine gas or pellets, or solutions such as
hypochlondes, into a water supply in proportion to the flow of water.

Chlorine Demand

A measure of the amount of chlorine that will be consumed by organic matter in water before
chlonne ressdual will be found.

Conductivity

The quality or power 0 camy clectncal curent. in water, the conductivity s relaied to the
concentration of ons capable of camying electncal cumrent. The wmt of measure s the mho, which
18 the reciprocal of resistivity that is the microhm,

Contamination

The addimon of any physical, chenucal, bological or radbological substance 0 water that reduces
the value of the water, or interferes with its intended use.

Corrosion




The destructive disintegration of metals by electromechanical means. Corrosion of won and steel s
commaonly called rusting,

Cycle

A complete course of ion exchange operation. For instance, a complete cycle of cation exchange
would mvolve: regeneration of the resin, nnse 10 remove excess regencrant, exhaustion, backwash,
and finally regeneration again.

Dechlorination

The removal of excess or free chlorine from a water supply by adsorption with activated carbon or
by catalytic type filter media.

De-ionization

The removal of the iomized mincrals and salts (both organic and inorganic) from a solution by a
two-phase jon exchange procedure. First, positively charged ions are removed by a cation exchange
resin 0 exchange for a chemicaly equavalent amount of hydrogen jons. Second, negatively charged
ions are removed by an anion exchange resin for a chemically equivalent amount of hydroxide wons.
The hydrogen and hydroxide wns mtroduced in this process unite 10 form water molecules. The
term s ofien used interchangeably with demineralisation. The cation resin is regenerated with an
acid and the anion resin is regenerated with sodium hydroxade (caustic soda),

Delta P

The difference in pressure between the feed side and the permeate stie of a membrane (usually in
har or a)

Desalination

The remonval of dissolved inorganic solids (salts) from a solution such as water o make it free of
dissolved salts. Typically accomplished by reverse osmosis, distillation, or electro dialysis.

Detergent

Usually refers 10 synthetic detergent, but can be any matenal with cleansing powers such as soap,
alkaline matenals, synthetic detergents, solvents, and abrasives. Synthetic deterpents are known as
surfactants that foam and act like soap but are not made from fatty acids and lye.

Dialysis

The scparation of components of a solution by diffusion through a semi-permeable membrane,
which is capable of passing certain jons or molecules while rejecting others.

Efficiency

The effectiveness of the operasonal performance of an jon exchanger. Efficency in the adsorption
of ions is expressed as the quantity of regenerant roquired to effect the removal of a specified unit
weight of adsorbed material, e.g., pounds of acid per kilogram of salt removed.
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Effluent

The outflow of a water treatment device. Sometimes used to mean the product water of a given
water conditioning device or system.

Electro dialysis

A dialysis process using semspermeable membranes.

Electrolyte

A chemcal compound, whach dissociates of jomzes in water to produce a solution that will conduct
an electne current. Could be an acid, base, or salt.

Elution

The process of washing out adsorbed matenial, especially by use of a solvent.

Exchange Sites

Locabons on jon exchange resin beals, which hold mobile ions that are available for exchange with
other 10ns 1 a solution passing through the bad. These sites are also called functional groups.

Ferric lron

Small sobd won particles containing tnvalent iron, usually as gelatinous ferrt hydroxide or femic
oxide (Fe203), which are suspended in water and visible as "rusty™ water. Ferrous (iron in solution)
1s readily converted 1o femc iron by exposure 0 oxygen found both in water and air. Femic ron can
be removed by filtration, but not by jon exchange.

Ferrous lron

Usually ferrous hydroxade when dissolved in water, produces a clear solution. Often called clear
waler mron, it can be removed by jon exchange.

Filter

A device used 10 clean water by removing won, silt, taste, odour, colour, etc., before it is fed into the
sofiener  or supply lines of the consumer. Includes mechanical, adsorptive, oxidizing  and
neutralizng filters. Available as media bods i tanks or as cartridge type devices.

Filtration

The process of passing water through a porous substance to remove sobids in suspensson.

Flash Distillation

A distillation process in which hot water is miroduced into a low pressure chamber causing some of
the water to flash or quickly tum to steam

Flocculants

Matenals added 10 water that could cause gelatinous clouds of precipitate 10 enclose fine particles
of forcign matenal in order 10 settle or filler them from the wiser.

Flux




In cross flow filtraton, it is the product flow mte through a reverse osmosss, electro dialysis or ulta
filtration membeane. It 1s usually given in terms of volume unit per time per membrane area.
Groundwater

The term describing all subsurface water and the source of well water. It can be found in aquifers as
deep as several miles.

Gypsum

A moderately insoluble calcium sulphate contaming 209 percent water. It is ofien used to build soil
Halogens

A family of clements that includes brormune, chlonne, fluorine, astatine, and iodine. They are very
active chemically. They are commonly found as the wnic component in compounds with vanous
other clements.

Hardness

A charactenstuc of natural water due 0 the presence of dissolved calcium and magnesium; water
hardness 15 responsible for most scale formation in pipes and water heaters, and forms nsoluble
"curd” when it reacts with soaps. Hardness s usually expressed in grains per gallon, parts per
mallion, or milligrams per litre, all as calcium carbonate equivalent. Temporary hardness, caused by
the presence of magnesium of calcium bicarbonate, s so called because 1 may be removed by
boiling the water 10 convert the bicarbonates 10 the insoluble carbonates. Calcium  sulphate,
magnesiam sulphate, and the chlondes of these two metals cause permanent hardness.

Hydrogen Cycle

A complete cowse of cation exchange operation i which the cation medium is regencrated with
acxd and them all canons in the water are removed by exchange with hydrogen jons.

Hydro Static Pressure

A measurement of structural strength and abilty 10 hold water pressure. Hydrostatie pressure s
more challkenging 10 a system than ar presswre because air will compress and absorb  impact,
whereas water will not.

Hydroxyl

The term used w0 describe the anvonic hydroxade radical (OH-) that is responsible for the alkalinity
of a solution.

Inorganic Matter

Matter that is not denved from biving orgamsms and contains no organic product
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An atom, or group of atoms m a sohtion which function as a umit, and has a positive or negative
electrical charge, due to the gain or loss of one or more electrons. It is smaller than a colloid.

lon Exchange

A reversible process in which lons are released from an mnsoluble permanent matenial in exchange
for other 1ons in a surounding solution, the direction of the exchange depends upon the affinities of
the ion exchanger for the jons present and the concentration of the jons in the solution. The ion
exchanger media s an insoluble permanent solsd medum.

Kinetics

The study of the relationships between temperature, motion, and the velocity of very small particles.
It is used 10 descnbe the rate of ion exchange reactions.

Mechanical Filter

A fiher primanly designed for the removal of suspended solid particles, as opposed to filters that
remove contamunants by chemical means.

Microgram per Litre

Also known as parts per billion (ppb). The commeon symbol for microgram per bitre is

pg I’

Microhm

One millionth of an ohm. A unit of measurement used to test the electncal resistance of water 10
determine s purity. The purer the water, the greater its ressstance 10 conducting an  electrical
current. Water of absolute purity has a resistance of eighteen mullion ohms across one centumetre at
a temperature of twenty-five degrees Celsius,

Micron

A lmear measure equal to one milionth of a meter, or 00003937 mch. The symbol for the micron s
the Greek letter "u” The smallest particle visible to the human eve is 40 microns. Most types of
bactena range from 0,03 10 10.0 microns i s@e.

Milligram per Litre

(mg: I') A unit concentration of matter used in reporting the results of water and wastewater
analyses. In dilute water solutions, it is peactically equal 1o the pan per million, but vanes from the
mg ' in concentrated solutions such as bone. As most amalyses are performed on measured
volumes of water, the mg | 15 a more accurate expression of the concentration, and 15 the preferred
unit of measure.

Mineral

A term applied 0 morganc substances, swh as rocks and similar matter found in the carth's strata,
as opposed 1o ornganic substances such as plant and amal matter. Minerals nommally have defimte
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chemical composition and crystal stucture. The term i also appbed 10 mater denved from
mincrals, such as the inorganic ons found in water. The term has been moomectly applied to jon
exchangers, even though most of the modem matenals are organic ion exchange resins,

Molecule

The simplest combination of @oms that will form a specific chemical compound; the smallest
parucie of a substance which will sill retain the essential composition and properties of that
substance, and which can be broken down only into atoms and simpler substances.

Nanofiltration

A membrane process that treats water between reverse osmosis and ultra filiation in  the
fitmtion'separation  spectrum. It can remove particles i the 300 o 1,000 molecular weight range
such as humic acid and orgamic colour found in water. Nanofiltration may be used for selective
removal of hardness ions.

Osmosis

A process of diffusion of a solvent such as water through a semipermeable membrane that will
transmut the solvent but impede most dissolved substances. The normal flow of solvent is from the
dilute solution 10 the concentrated solution. Osmosis causes the stronger soluwtion to become more
diluted and tends 1o equalize the opposing sohutions,

Osmotic Pressure

The pressure and potential energy difference that exists between solutions on either side of a semi-
permeable membrane. This pressure s caused by the tendency of water to flow in osmosis. Every
100 mg- T' of TDS produces about one pound per square inch of osmotic pressure. Osmotic pressure
must first be overcome by water pressure in the reverse osmaosis process.

Oxidation

A chemical process in which electrons are removed from an atom, kn or compound. The addition
of oxygen s a speaific form of oxbtion. Combuston is an exvemely mpid form of oxidation,
while the rustng of won 15 a slow form. Oxidation never occurs alone but always as a part of the
oxxckmion-reduction (redox ) reaction.

Oxidizing Agent

A chemical substance that bangs about the oxidation of other substances i chemucal oxidation and
reduction reactions. Examples of oxidezing agents mclude oxygen, ozone, chlonine and peroxide.
Particulate

A term used to descnbe visible seciment particles, used as both singular and plural,

Parts Per Billion (ppb)




A basis for reporting the results of water and wastewater analysis, indicating the number of parts by
weight of a dissolved or suspended constituent, per bilion parts by weight of water or other solvent.
One pan per billion is equal o one microgram per litre, the preferred unit.

Parts Per Million (ppm)

A common hasis for repocting the results of water and wastewater analysis, indicating the number
of pars by weight of water or other solvent. In dilute water solutions, one part per million is
practically equal 1o one milligram per litre, which is the prefered unit. 171 mg I’ equals one grain
per US gallon. One mg I equals one pound per million pounds of water.

Permeability

The permeating flux as function of pressure. Usually given in terms of volume unit per time per
membrane area per unit of pressure (m* m™ b’ bar”)

PH (potential of Hydrogen)

An expression of the acdity of a solution; the negative loganthm of the hydrogen ion concentration
(pH | very acdic; pH 14, very basic: pH 7, neutral). eg. pH 5 is 10 times the acidity of 6 and 100
times the acidity of 7. pH is a measure of mtensity and not capacity. It is the logarithm of the
reciprocal of the hydrogen won concentration of a solution. The newtral poimt of 7 indicates the
presence of equal concentrations of free hydrogen and free hydroxide ions,

Physical Adsorption (Van der Waals Adsorption)

Binding of adsocbate to the surface of a solid by forces whose energy levels approximate those of
condensation.

Physical Stability

The quality wihich an ion exchange resin must possess o resist changes that mught be caused by
atntion, hagh temperatures, and other physical conditions.

Pores

The complex network of channels in the imtenor of a particle of a sorbent,

Potable Water

Water which is considered safe and fit for human consumption, culinary and domestic purposes and
meets the requirements of the health authonty having junsdiction.

PPB

e abbreviation for "parts per ballion”.

PPM

The abbeeviation for “parts per million”.

Precipitate




To cause a dissolved substance to form 2 sobd particle that can be removed by settling or fillenng.
The tenm also refers 1o the solid thus formed.

Preferential Adsorption

Adsorpuon in which a certamn component of certun components are adsorbed 10 a much greater
extent than others

Pressure Drop

A decrease in water pressure dunng its flow due o intemal friction between molecules of water,
and external friction due 1o rregularities or roughness in surfaces past, whach the water flows.
Purification

The removal of undesirable matter from water or wastewater. It is the disinfection of water by the
killing of microbial comamnants, such as colform baciena. A stict definition means the removal
from water of all contammants.

Regenerant

The solution used 1o restore the activity of an jon exchanger. Acids are emploved 10 restore a cation
exchanger to its sodium form. The anion exchanger may be rejuvenasted by teatment with an
alkalme solunon Potssium permunmganate is used 0 regenerste a manganese greensand won and
manganese ron and manganese removal fiker.

Regeneration

The process of retuming the sodium jons 10 the mineral afier it has exchanged all its sodium jons for
calcium and magnesium from hard water. This s accomplished by first back washing the mineral
bed to free it of all foreign matter, and then passing salt brine through the mmeral. The sodium wns
attach themselves to the mmeral, and the calcien and magnesium combine with the chlonde from
the bone to form calcum and magnesium chlondes, which are nnsed down the drain. All water
sofieners using the ion-exchange process are regencrated with these basic sieps. In similar fashion
cation and amon components of a demincralizer as well as manganese greensand are recharged with
comparable sequences.

Rejection

In cross flow membrane filraton and de-lontzation, it is the ability of the membrane to reject the
passage of dissolved solids anx! other comtaminants o the product water.

Residual

The amount of a specific matenal remamung in the water following a water treatment process. It
may refer o matenal remainng as the result of mcomplete removal such as hardness leakage, or w0
a substance meant 1o remain in the treated water such as residual chiorine,

Resin




Synthetic organic ko exchange matenal, such as the high capacity caton exchange resin widely
used in water softeners. Technical name- sulfonated co-polymer of styrene and divinyl benzene.

Reverse Osmosis

A process for the removal of dissolved ions from water, in which pressure is used to force the water
through a semu-permeable membrane, which will transmit the water but reject most other suspended
and dissolved matenals. It is called reverse osmosis because mechanical pressure 15 used to force
the water to flow i the direction that is the reverse of natural osmosis, namely from the dilute 10 the
concentrated solution.

R.O.

The abbreviation for “reverse osmosss™

Sand Filter

A treatment device or stucture for removing sobd or colloidal matenal of a type that cannot be
removed by sedimentation. Such filters can be gravity rapid-rate or enclosed pressure type.

Salt

The common name for the specific chemical compound sodmem chlonde (NaCl), used 0 the
regeneration of ion exchange water sofleners. In chenustry, the term is applied 10 a class of
chemical compounds, which can be formed by the neutralization of an acid with a base.

Saturated Solution

A solution contaming the maximum amount of the dissolved substance that such a solution can hold
at this tempenture.

Selective lon Exchange

The use of a selective ion exchange medhum with the property of removing specific ions from a
solubon

Softened Water

Any water that 15 treated 10 reduce hardness munerals 10 1.0 GPG (17.1 mg- I”) or less, expressed as
calcium carbonate.

Solvent

The liquid, such as water, in which other matenals (solutes) are dissolved.

TDS

The abbreviation for “total dissolved solids™.

Total Dissolved Solids

The weight of solids mn tue solubon per unit volume of water, usually determuned by the
evaporation of a measwed volume of filtkered water, and determunation of the resdue weight. TDS




is expressed as mg I’ per unt vokume of water. An electrical conductivity test provides only an
estimate of the TDS since non-conductive substances cannot be measured by electncal means

Total Organic Carbon

The measwrement of carbon dioxide produced from organics when a water sample s atomised into
a combustion chamber. The amount of carbon covalently bound m organic compounds m a water
sample.

Total Solids

The weight of all sobds, dissolved and suspended, organic and morganic, per unit volume of water,
usually determuned by the evaporation of a measured volume of water st 105 degrees Celsius m a
pre-weighed dash.

Turbidity

A measure of the amount of finely divided suspended matter n water, wiuch causes the scattenng
and adsorption of hght rays Turbidity s wsually reported in arbatrary nephalometnic  turbidity unins
(NTU) determined by measurements of light scatiering. NTU should not exceed 0.5 in potable
water. Turbidity can protect bactena from stenlization,

Ultra filtration

A membrane type system that removes small colloids and large molecules from solutions. Ultra
filration removes particles o size range between 0002 w0 0.1 micron range. The process falls
between reverse osmosis and micro filtration as far as the size of particles removed is concemed.

Ultra pure Water

No standards exist describing ultra pure water though it is not considered o be sterile. It is water
that has been de -ionized and provides high resistivity and contains no onganics.

Water Softening

The reduction or removal of calcum and magnesium jons that are the principle cause of hardness in
water.

Zeolite

Nawrally occumng or synthetic hydrwed sodium  alumino-silicate with jon  exchange properties.
Zeolnes have been Lugely replaced with synthetic onganic cation jon exchange resins.

Modified Zeolites can be selectively charged with exchange minerals such as potassium and used w0
remove undesirable elements such as ron, hydrogen, sulphide, and manganese




1. INTRODUCTION

Abstract

The drawbacks of excistng desalmation unit are high cost of investment, high working pressures,
extensive energy consumption, use of chemicals for regeneration, fouling and the complexcity of
complete punficaton systems, These drawbackes, besides the contineous need for punfied water,
form the base of the curment stuches. The objectives of the study are to develop a punficaton unit
that overcomes most of these costly drawbacks providing an economical altemative for  water
desalination. It was deaided that the realisstion of the objectives could be possible by the
combination and modification of electro sorption and microfilration technology.

1.1 Water
1.1.1 The need for good quality water

Access 10 water has an enommous impact on the quality of life. In many pans of the world the
locally available source of water is not of an acceptable quality to fulfil industrial and domestic
needs. It is a responsibility of the govemment and industry 1o guarantee the supply of sufficient
water for the community and specific industrial processes. The quality of water will be determmned
by the needs of the enduser. Water for consumption must be of good quality, free of contamanation
such as bacteria, parasites and viruses, with acceptable low concentrations of jons 10 avok! acute or
chronic illnesses. Taste, smell, colour and turbidity will further determine its quality, The extent w0
which pollutants influence the economics of 2 speafic process (eg  product quality and
maintenance cost of process units due to abrasion, damage, fouling etc.) determunes the quality of
water required in industry.

1.1.8 Supply of good quality water

With growing workd  population.  industralization,  lack  of plamning, change of chmate, and
wmesponsible and unsustamable practice of humans, clean water has become a scarce commodity 1n
many pats of the workl To supply the demand for potable water for the community and clean
water for industry, the available sowrces of water often need o be treated [1.2) Fresh water, found
in lakes, nvers or shallow aquifers, 15 offen of reasonable quality and relatively simple punfication
methods such as sand bed filtrtion are wsually sufficient. However, with increasing pollution and




unevenly distmbuted fresh water supplies i the worldd, the locally available water s often of
relatively low quality (such as scawater with high salt content) and needs more advanced treatment
1o produce high quality water. Over the last few decades many purification techniques have been
developed 10 serve two purposes ssmultancously: A) The punficabon of low quality water, whch s
0 many mstances more economucally feasible compared 10 the altemative of reticulation of fresh
water over long distances. B) Concentrating the pollutants, which reduces the cost of treatment of
sccondary wastes and may mcrease the recovery of valuable resources. Both purposes are of
growing importece since the avalability of clean water s decreasing and the regulations regarding
the release of secondary wastes are becoming more stnct and costly. These regulations are
implemented by goveriments in order to secure a future supply of water and maintain the quality of
life. Water punfication units for industry may be mstalled where they are expected 10 be
cconormically  feasible.  Water punficaion unats that produce potable water will be apphed if

financial resources are made available.

1.1.3 The area of research

Impurities found in aqueous solutions can be divided mio theee different groups, namely solids,
organics and ions of inorgamic salts. Since the developed water purification techmiques are usually
sutable for the removal of only one or two group of impuntics most water punfication plants wall
consit of a succession of punfication units. The complexity of the water purification process
nommally depends upon the quality of the feed water and also on the specific techniques that are
used (see section 1.1.4).

In pnnciple any kind of pollutant can be removed from any kind of aqueous solutions using existing
punfication technology, but in practice, the source of the water that will be used for the production
of desalmated water will be carefully chosen based on an economic evaluation. The location,
composition and the amount of punfied water required gives an indication of the punfication
method that can best be emploved and what the costs of purification will be. Even though the water
source finally chosen for purificaion may contain relatively low concentrations of pollutants, the
concentrations of Na', Ca™, Mg™", CT, SO,° and C0;” are usually significant due w0 the abundance
of the comesponding natural sahis in the carth crust (in addiion, CO* becomes available when €O,
from the air dissolves in water). These ions may be considered as a welcome ingredient in potable
water (within certain  concentration lumits) They provide a source for the daily requirement of




minerals m the human body but can cause serious problems in industrial applications  (section
1.14). Removing these ons from water is a mecessity to prevent extremely costly damage tw
process units or low quality products. Unfortunately the problem is not solved but merely shifled
when water purificaion is used 10 remove ions, especially when Ca™? combined with COy* and
SO jons. has the potential to form solid deposits such as CaSOs and CaCOs. Scale formation and
fauling of punfication units by these deposits has been widely acknowledged [1). Depending on the
punfication method and the jon concentrabons, these deposits together with the cumently used
methods 10 prevent scabng. are responsible for a large pant of the total operational cost of water
punfication. The development of desilination units with good anti-fouling characteristics  that
remove ions (with Ca'? and SO,” in particular) is of great economic interest and an attractive field
of research,

This report will mainly focus on the removal of morganic salts from ground water sowrces and
industrial effluents. The specific removal of microorganisms will be discussed in chapter 6. In the
next section of tus chapter, more examples will be given 0 show the importance of water
desalination and several desalination techniques will be discussed.

1.1.4 Water desalination

Besides the necessity of water punficaion for the production of domestic water, de-ionized or
desalinated water is of great economic Importance I many industrial production processes. The
quality of the products and the reduction of secondary wastes in semiconductor chips production,
platng and the petrochemical industry are dependent upon the quality of feed water and the
required de-onization  processes. Boiler water for nuclear and fossil-fuelled power plants is treated
to remove ionic contaminants such as Mg', Ca®", Cu™", and CT, and is essential for the prevention
of pitng, stress comosion cracking, and scaling of heat transfer surfaces. For the same reason de-
wmzation s paticulady important on - mclear powered ships and submannes [3]. Other industnal
applications could mchade the removal of toxic ons, especially those containing selenum, from
waters produced by agnculiural imgation,

For the removal of sulphate alone, whch 8 a common ingredient n commercial salt, is present in
many souwrces of water and is a potential problem on with regard 10 scale formation, many
installanons have been developed [45] but no umversal method has yet been found The main
techniques for desalination of aqueous solutions and ther associated drawbacks will be discussed
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below. The techmques include; distillation, flocculation and coagulation, reverse osmosis, electro
dualyss, nanofiltraton, ion exchange and lesser known methodologies of capacitive  de-ionization,
clecro de-onization and clectro ion exchange The newly developed purification  technique
described in this report will be compared with clectro dialysis via an economic evaluatbn  repont
mchuded in chapter 14,

1.1.4.1 Dustllaton

In 1996, distllabon accounted for approximately 60 percent of the world's desalting capacity.
However, distillastion 1s very emergy intensive due w0 the high vaponzing energy of water and
therefore less encrgy effickent than most other techniques. Moreover, distillation units have a high
nvestment/capacity ratio. The total desaling capacity for distllanon is decreasing every year [1)
Distillation includes processes such as pervaporation and multistage flash evaporation.

1.1.4.2 Flocculation and coaguiation

Flocculation and coagulation are the most conventional techniques for the removal of divalent and
mivalent cations. These techmiques make use of the low solubility of most metal hydroxides
Addition of acid and hase are used for pH adjustment to precipitate the respective metal hydroxide
in the form of a flock. The freshly formed flock is ofien an effective absorber for other pollutants
(eg dissolved silica [6]) Flocculation and coagulation s usually one of the first sieps in a senes of
punfication units. The need for large amounts of chemucals, large settler tanks and additional
punfication units are drawbacks of this form of punfication.

1.1.4.3 Reverse osmosis

Reverse osmosis (RO) is a pressure dnven membrane operation in which the solvent of the solution
is wansferred theough 2 semi-permeable membrane bamer tailored o retain salts and bow molecular
weight solutes. High operating pressures are required to overcome the osmotic presswre difference
between the pure permeate and the salme reject solution. For certain applications RO may be an
cconomically feasible desalination process. However the high cost of investment to deal with
extreme pressures (15-80bar) and the sensitivity of the relatively expensive membranes w0 fouling
and scaling are the most imporntant drawbacks,

1.1.4.4 Nanofiltrabon
Nanofiltration and RO are considered as one process since the basic principles are the same. The
man difference s that the network stnucture of the nanofiliration membrane is much more open
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than the RO membrane [6, p. 297). This implies that the retention of monovalent salts such as Na'
and CT become much lower than the retention of bivalent ions such as Ca’ and CO:™. The capital
cost of nanofilranon processes s usually much lower than reverse osmosis suce the permeability
of the membranes s much hagher [7]. As in RO processes, scaling and fouling of the membranes
contribute significantly 10 the total cost of operation (foulng prevention and  membrane
replacement )

1145 lon exchange

lon exchange s a well-known and relatively old desalination method. Typically, columns with jon
exchange resins are saturated and subsequently regenerated with acds, bases or salt solutions,
These routine mamtenance measures  produce  relatively high amounts of sccondary  wastes
compared with other desalination processes. Secondary wastes typically include acids, bases andor
salt solutions contaminated with anion, cation and on exchange resins. Given the increasingly high
cost of dsposal of secondary wastes, ion exchange is becoming less attractive [§10). Economic
feasibilty s mainly possible when this method 5 uwed for matenals recovery (eg from plating
effluent) or for the production of high punty water from already relatvely clean water sources (thus
sccondary  wastes are minimized). Other points to consider are that jon exchange resins can be
expensive [11) and in some situations growth of bacteria on the resins could cause problems [12]).
lon exchange resins used as water sofieners are often regenerated with sodium chlonide, which add
significat amounts of sodium chlonde w0 the punfied stream. An additional purification step is
often required (like reverse osmosis ) 1o deliver the desired water quality.

1.1.4.6 Electro dialyss

Flectro dialysis (ED) is an  clectrochemical separation process in which an  electrical  potential
difference and son selective membranes are used o separate jonic species from an aqueous solution
and other uncharged components.

The ED system wsually consists of a large number of compartments between two electrodes. The
compartments are separated by altemative andon and cation exchange membranes and filled with
polluted water A potential difference accompansed by electrochemical reactions (usually reduction
of water & the cahode and oxidaton of water or chlonde w the anode) drives cations through the
caon exchange membranes o the adjacent compartment in the direction of the cathode. Anions
migrate through the anion exchange membrane o the canmpartment towards the anode.
Concentrated and diluted water will thus be generated in cach adjcent compartment The current
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requirement of ED will scale lmearly with the salt concentration of the feed. muking it less
economic than for example RO for feed waters with hugh salt concentration [10].

The use of EDEDR for the removal of contaminants from water and wastewaters is generally
restncted to small jons such as sodum, calcium, chionde, sulphate, etc. When large organic  ansons
are present in solution, the clectncal conductivity and perm selectivity of the membrane decreases
with adverse effect on desalinanon performance.

To maintain performance, the ED membrane stack needs to be cleaned periodically o remove scale
and other surface foulants. Special cleaning solutions (dilute acids or bases and anti-scaling agents)
are crculated through the membrane stack for in-place cleaning but the membrane stack needs
penodic disassermbly and mechanical cleansing 0 remove scale and other surface foulants. Water
pre-treatment 10 prevent scaling combined with cleaning or replacing the membranes form up w0
80P% of the cost of water punfication especially when the feed water contains a significat amount
of orgamc polltants [13] Reguber stack disassembly is a time<consuming operation and is a
disadvantage of the ED process [1].

During the past two and a half decades, the polanty reversal process that is known as eleciro
dialysis reversal (EDR) has been developed. In this process the polanty is reversed on a regular
basis. Herchy, a large pant of the scale 1s broken up and can be flushed out. This makes EDR less
sensitive to scaling than ED. However, the complexsty of EDR systems leads to relatively high
capital and process costs.

Myor EDEDR apphcations include desalination of brackish water, recovery of metals and water
from electroplating nnse waters and demuineralisabon of whey, wine and sugar [1). Since the chiel
function of the EDEDR process is the removal of morganic jons, bactena, viruses, and neutral
organics will be left behind in the dilute stream

1.1.4.7 Electro ion exchange, electro de-ionization or capacitive de-ionization

The purification system proposed in this report 18 a modification of a technique named electro ion
exchange (EIX). EIX 15 also known as electro de-ionization (EDI) or capacitive de-ionzzation (CDI)
and operates upon the same panciple. An electro ion exchange process can be viewed as an ion
exchange bed process in which the resin is electrically regenerated. The technique of electro ion
exchange was already described i 1957. The system consists of an electrochemical cell with two
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electrodes of which at least one contains incorporated 10n exchange resin and is permeable 10 water.
The water 10 be purified acts as an electrolyte. A schematic representation of  electrochermically -

activated sorption is illustrated in Figure 1.

Adsorption Regeneration
Y on
,ﬁ& N
on
4 /
-— — ..‘. " o o )
o- \
Sorbent phase On° OH H
(or ion exchange
material) » 40OH "+ IH, p ante 0,
Porous
conductive phase "Xo 2”,‘)

Figure 1.1. Schematic representation of the electrochemically-activated sorption process

When a DC voltage is applied between the two electrodes, protons and hydroxyl ons are generated
by electolysis at the swface of the anode and cathode respectively. Since the purification system
proposed in this report is a modification of a technique named electro ion exchange (EIX), this and
reled techmgues will be discussed in more detal EIX s also known as electro  de-ionization
(EDI) or capacitive de-ionzation (CDI) and operates upon the same principle. An clectro ion
exchange process can be viewed as an ion exchange bed process i which the resin is electrrally
regencrated.

The system is compased of an electrochemical cell that consists of two electrodes preferably both
containing incorporated won exchange resin and being permeable to water. The water 1o be purified
acts as an electrolyte. When a DC voltage is applied between the two electrodes, protons and
hydroxy! wons are generated by clectrolysis at the swface of the anode and cathode respectively. As
a result of the local change n pH, active sites in the ion exchange matenal are produced and may
adsorb cavons at the cathode and amons at the anode [1517]. An altiemative view of the
mechanism s that hydrogen and hydroxyl jons are displaced from the ion exchange maserial by
canons and anions from the aqueous solution respectively, and mugrate through the ion exchange
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matenal o the vicinty of the clectrode where they are discharged. Subsequent reversal of the
voltage enables the absorbed ions 1o be eluted so that the working electrode can be regenerated.

Carbon electrodes have mostly been used for the electrolytic de-ionization of water. This s firstly
because of the natwal cation responsive behaviour of carbon, which 15 related 10 the functional
groups on the partially oxidized surface of carbon:

CO+HO - C-OH" +« O
T Na'

C-ONa" + H:0

Secondly, cabon can casily be modified o obtam anion responsive behaviour. In order 10 achieve
thus, carbon could be cither treated with cation polyelectrolytes or muxed with weakly basic amon
exchange material.  Since 1957, different  configuratons of carbon  clectrodes  have  been
investigated. Carbon packed bed electrodes were developed 1o create high sorption surface arca but
the system suffered from lagh pressure differentals over the carbon bed and poor clectrical contact
between particles, resulting in  inhomogencous  charge  distibution [18). Most of the problems
remained with the introduction of carbon fibres as electrodes. The clectrical connection of the fibres
was difficult 10 establish and the fibres were mechanically weak [19,20). Besdes carbon, metal
plates or meshes (eg platinized titanium) have also been used as the curremt lead. lon exchange
resins are coated omto these feeders using clasomeric binders mixed with graphite for better
conductive propertics. Thin films of high swfice area adsorption material (HSAAM) such as carbon
acrogels attached to these plates showed good electrical uniformity but the devices could be
relatively costly [21]. Gradual disinegration of the electrode, release of sorption particles and
addinonal clecincal potential drop caused by the norr o low-conductive binder matenial are the
main drawbacks.

Although more stable and improved clectro de-lonization systems had the powential to be quite
effective i removing ins from bqud [11), swh systems have never been developed 10 the degree
that they have become competitive either structurally or operationally compared to the better known
in clectro punification units as well The punfication efficiency drops when scale is formed




Generally, these scales form in the presence of polyvalent metal cations such as Ca’’, Mg™*, S7°,
Ba™, Fe'" and AI" that can precipitate under local high pH conditions as hydroxides, oxides,
sulphates, phosphates, carbonates, mixed oxides, mixed carbonates and fluorides depending on the
compostion of the solution. Due 1o the low solubility products of these compounds combined with
high local pH, even trace amounts of these metal cations and counter anions in the concentrate
streams will be sufficient to cause undesarable precipitation.

To prevent scale of polyvalent cations on the electro de-ionization system, these cations can be
removed from the feed stream by addng water sofieners or acid imjection [22]. This addition of
chemscals 10 the system is in most cases not desimble, considering the imitial purpose  of
punfication.

1148 Conclusions
If the performance of the desalination techniques (described in section 1.1.1) has to be compared
with actual and future requirements of such systems, the following may be concluded:
There is a significant and growing need for an improved desalination method in certain application
that.

o significantly reduces or eliminates secondary waste

® s cost efficient, with a minimal energy requirement, no additional expensive desalination

devices, and minimal costs of investment for the total purification system

o exhibits good regeneration properties o avoid frequent replacement of membranes or other

parts of the purification unit

In order 1o develop an improved desalination system that should meet'satisfy these requirements the
following points had 1o be considered:

1. Conventional desalination systems such as won exchange and flocculatontoagulabon should be
avosded if possible. These technigues require a lwge amount of addiional chemicals that will
directly contnbute to the amount of secomdary wastes. Indirectly, downstream the process would
requare other additional desalination systems.

2 When low encrgy usage s requaed, distllabon 1s not favoured as the desalination technique of
the future. Using electrostatics 1o remove ions from water may be much more efficient than using




large pressures 10 remove water from jons (seeing that the number of wons is always much smaller
than the number of water molecules and each water molecule contributes to the total resistance of
flow) Morcover, when compared 1© reverse osmosis, nanofiliration and electo dialysis, electro
de-ionization does Nt require  exotic  (expensive) membranes, which casily rupture if over
pressusized. Furthenmore, capital investments for pressurized uniats are high and energy intensive.

3. Awoiding water pre-treatment and additon of chemicals are likely the most difficult requirement
to overcome for a new desalinanon system. All desalination techniques suffer from scaling and
fouling when the feed is not properly treated These treatments are usually soflening treatments by
use of won exchange or flocculation'coagulation, which were not desired for the reasons
mentionad in point 1. Without pre-treatment of the feed solution, the formaton of solid deposits is
hard w0 avosd. A simple mass balance can show that the concentration i the repect has 10 increase
when the concentration in the product stream decreases. The low saturation limits of several di-
and tnovalemt salts i the reject are easily exceeded The desired water recovery and the
composition of the fead will determune how many sobd deposis will be formed. In the most
converwent system these sold deposits would be formed in the bulk of the reject solution where
they can easily be removed from the reactor. Deposits formed at the surface or within the matrix
of the membranes / sorption phases will be difficult 10 remove and potentially cause blockage,
pressure drop and decrease of flux. Deposits will decrease the jon removal efficiency for electro
dialysis and clectro  de-ionization  systems. The most severe problems are 10 be expected in
processes where anions arnd cations are both removed at the same Jocation. This may happen in
on exchange processes in mixed bed form or capacitive de-lomzation where double lavers can be
formed. During regeneration amons and cations are released in high concentrations in cach other's
presence. Saturation limits are casily exceeded and pH-independent deposits such as CaSO; can
be formed deep mside the sorption medium. In case of pure ion exchange where aither cations or
asons are formed, fewer problems are expected. Regeneration of the separated anion and cation
exchange phase does not cause immedise deposition and possibly then only in the bulk of the
repect. Scale formation dunng reverse osmosis and nanofiltration, can partially be prevented by
applying high reject flows

12 ectiv

The objective of this study was to develop anew type of punfication unit in which jonic species and
micro pamicles can be removed simultancously based on electrochemically actived sorption  and
micro filtaton respectively. The umit shoukd be simple with nonchemical regeneration ability. The
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combsation of the above will make the system completely novel The expected advantages of the
system are:

- Unlike the conventional ion exchange processes, no addonal chemucals, whether acids,
bascs, or salt solutions, are required for the regeneration of the systemy instead, electricity is
used.

- Unlike conventional membrane processes for desalination such as nanofiltration and reverse
osmosts, no high pressures are required for water desalination.  Pressurized units  are
normally expensive and shoukd be avoided.

- Unbkke conventional electro de-wonization and  clectro  dhalysis  processes, no  additional
filtration process is required since micro filtration happens simultaneously with ion removal.

< Unlike conventional electro dialysis and reverse osmosis, osmotic pressures  between  reject
and product stream can be avoided since the jons are fixed at the wn exchange sites. Energy
losses may be lower.

- The well known fouling charactenistics can be avoided by modification of process parameter
of conventional electro de-ionzation

The process described in this report will further be referred 1o as an electro sorption filter or elecwro
SOrpLon unit.

1.2.1 Realizing the objectives

Based on the conclusions that were drawn i secton 1148, the following decisions were made to
meet the objectives mentioned above:

The new punfication unit should be basad on the clectro de-ionization process. The process does
not require high pressures or exotic membranes, which avoids expensive investments. Secondly this
process is energy efficient (see conchusion 2, section 1.1.48). However, some madifications should
be implemented to avod the drawbacks of the conventional method. These drawbacks (manly
fouling related) are mentioned m section 1148, conclusion 3. Double layers and simultaneous
adsorption of ons (locally) should be avouded and pure jon exchange should occur instead 0 avoid
formation of precipitates in the porous wn exchange medium. It was decided to operate the sorption
clectrode at high potentials to allow excessive water electrolysis at the sorption electrode surface.
The advantages hercof are that double layer formation may be disturbed and jon exchange matenal
may be more effectively activated or regenerated. Moreover, electro oxidation of organc  pollutants




may increase the quality of the punfied water, samultaneously reducing another important source of
fouling. Unfortunately the energy consumption may be higher than i a pure eclectro de-ionization
system but the preventon of fouling without using chemicals ensures a simple punfication system,
wiuch s of higher prioaty.

Another main decision was that morganic mxcro- or ultra filtation membranes should be used as a
base for the electro de-wnization cbctrode. This would provide the system with the unique property
of won removal and mucro filtration simubaneously. Moreover, foremg a flow of ons through a
porous microstructure filled with jon exchange material will enhance the kinetics of ion exchange
since diffusion distances are small compared to non-flow through ion exchange media.

The sorption umit should be assembled as follows:

An inorganic micro or ula filration membrane should be coated with an electro conductive and
stable clectrode material The product should be sufficiently electro conductive, permeable  and
porous to allow impregnation of suitable cation and anion exchange matenal (which will be referred
W as the sorpuon phase). Afier immobilization of the on exchange muterial, the sorption  unit
should be tested for ion removal efficiency, capacity and filration performance on  different
polluted solutions. Catmlysts may be imbedded i the sorpion clectrode matnx to enhance the
clectro catahytic performance towards water electrolysis and improve the energy efficiency of the

13 The scope of the project
The soption electrodes with the above-mentioned properties were prepared  from  two  different

types of ceramic substrates.  Chapter 2 descnibes how electro conductive and electro  catalytic
coatings of different electrode matenals were applied on the extemalintemal surface of the tbular
ceramic substrates and what the properties of the different coatings were. Chapter 3 describes the
development of synthesss methods and optimisation of properties of electro sorption matenials based
on fibrous ceramics. The design of the cloctro sorption modules for whuker and flat sheet membrane
clements is described in chapter 4 including a controlling system on pilot plant scale. Resuls on ion
removal using a maodel solubon of CaSO; and the importance of the zirconium phosphate  gradient
mside the sorption electrode are discussed in chapter . Optimusation of the electro sorption process
15 descnbed in chapter 6. In chapter 7 the desalination performance of the flat sheet and tubular
sorption electrodes 1s tested for different modulated and real water sources. The filtration properties
of the whular sorption clectrode are also demonstrated. In chapler 8 an economic  evaluation




compares the flat sheet and tubular sorption elements with electro dialysss. Chapter 9 describes the
clectro membrane reactors for desinfection of aqueous solutions.
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2 DEVELOPMENT OF THE SYNTHESIS METHODS AND OPTIMIZATION

OF PROPERTIES OF ELECTRO SORPTION MATERIALS BASED ON
POROUS CERAMICS

Abstract

The porous ceramic substrate that was chosen as support for the somption electrodes had to be
modified 10 obin the essential conductivity, electrocatalytic and on  exchange properties. The
prepared  conductive coatings on parous  ceramic supports consist either of carbon, gold or nickel or
a combmation of cabon and gold Carbon coatings were obtained by pyrolytic decomposition of
LPG gas, gold was sputter coated and nickel coatings were formed by clectroless plating. The
permeability for water and electncal resistance of each coated support were measured and
compared. Pyrolytic carbon was deposited throughout the support whereas the nickel and gold
coatings were formed on the outer surface of the support. The resistance of a carbon coating could
be regulated between 0.5 and 2 €2 cm’ of support while the permeability decreased to levels as low
as 25% of the permeability of the unmodified support. The nickel and gold coatings had no
significant effect on the permeability and could be prepared with a resistance of respectively 025
and 1 - ot of support.

The deposstion of SkMo and Pt to mcrease the catalaytic activity of the sorption electrode were
described as well The cument-voltage charactenstisc of carbonized ceramic  supports  and
cobonzed supports with  Si-Mo-Pt were compared.  The supports with  SiMo-Pt showed a

significant reduction of the clectrolysis potential compared 10 the support which was  only
carbonized (0.8V at 3mA- cm” as anode and 1V at 25mA- cm” as cathode)

The incorporation of zirconia and zircommum phosphate from differemt sources was camied out under
different condiions. The i1on exchange capacity was then measured in order to find the optimal
sorptin: matenal. A ZrO: sol was used o mcorporate Zr(); particles inside a ceramic substrate,
J00PC was sufficient 10 immobilized the particles. A maximum reversable anion exchang capacity
of 18 meq g was found for Zr(O» obtuned from commercial available sowrce. By phosphorzing
the ZrO; particles a cation exchange capacity of 1 meg- g was obtained

This chapter is divided into three parts. The first part (section 2.1) describes how the suppon
matenal obtained its conductive properies. In the second part (section 22) nt will be shown how
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highly dispersed Pt can reduce the enmergy requirement for water clectrolyss and the third pan
describes how 10 incorporate the optimal sorption phase into the porous structure.

2.1  Electro conduc 0 rous ce
2.1.1 Introduction

The preparanon of porous electrodes s of mierest for a vanety of applicatons that include systems
where 4 high electrochemically active surface area is deswred, such as in fuel cells, electrosynthesss,
anodic  decomposition of organic pollutants or electro sorption materials. For all these applications
the production of an elecrode @ memmal cost, with optmal hydrodynamic propertics, mechanical
and chemucal stability and sufficient electrochemical activity is essential. Noble metals are known
10 be chemically stable and extubit pood clectro conductive and clectro catalytic properties [1.2] but
are very expensive. Instead of manufacturing a porous clectrode from these expensive matenals, the
production cost of a porous electrode may be munimized by coating @ suitable, cheaper mavix with
a porous coating of electro conductive material. In this repont, a porous ceramic support is chosen as
a sutable matrix because of s relauvely low cost, high surface area, high chemical and mechanical
stability and s filiration properties. The prepared porous electrodes were specifically developed as
sorpion clectrodes and had o meet the following requirements:

The conductive coating should have low clectncal resistance 10 minimize the potential drop

over the axial length of the substrate duning the electrolytic process

- The coated substrate must be permcable and the pores of the subsiase must remain
accessible for the sorpuion phase that will subsequently be incorporated. (The  incorporation
of sorption matenial will be discussed m the section 2.3.)
- The conductive coating shoudd have high chemical sabillity under anodie and  cathodic
conditions.
The parous electrode must exhibat high catalytic activity towards water electrolysis

Thin coatings of noble metal may sut the requirements mentioned above very well Instead of
prepanng a continuous layer of the noble metal (to obtain electro conductivity) a more economical
approach would be 10 use a fractuon of tus expensive material m hghly dispersed form on wp of a
cheaper condhctive coating to obtwin high electro- catlytic activity. Deposition of highly dispersed
carbon in the form of an electrocondictive coating has been descnbed before [3.4] and showed
promusing stability and conductive properties. Carbon was therefore selected as one of the matenials
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for electro conductive coatings. Besides carbon, nickel and gold were also tested as potential
electrode materials. The preparation of both mickel [5,678] and copper [9] coatings on non
conductive substrates is well descnbed.  Nickel was chosen for its high resistant 0 comosion
concentrated  alkaline solutons and its Jow  overpotential  for the oxygen and hydrogen evolution
reaction [10] (lowest among the non-noble metal matenials) Gold s an excellent electro conductive
matenial and coatings of gold are extensively used as comductive layers [11] Gold is relatively
stable and cheaper than platinum or palladaem.

The potential usefulness of the vanous coating materials for elecyo sorption supports may  be
determined by a combination of factors such as electrical resistance, electrochemical stability and
the effect on the permeability of the initial substrate.

o
-
L

———

The peeparation of electro conductive coatings using carbon, gold or mickel will be discussed
separately. Two different types of supports were used as a mamnx for the coatngs. Details of the
unmochified suppocts are given in Table 2.1.

Table 2.1 Man charmactenstucs of the wbular porous aluminium oxde clement before coating
procedure

Support type | ]
Outer diameter (mm) 10 10
Inner diameter (mm) 7 7
Average pore size (Um) 09 3
Porosity (vol %6) 4045 <0
Permeability (m" m™ bar’- h') 2526 4243
Length (mm) 105 105

The permeability of the substrates was measured before and after coating. using the dead end
method [11] The electncal resistance was measured over a distance of Sem in the axial direction of
the support using a Fluke 73 mulbmeter. Morphology was studied using scanmung  electron
macroscopy  (SEM),  Elemental analysis was done using energy dispersive  Xeray  spectroscopy
(EDX). The electrochemical stability of the electro conductive coatings was tested with cyclometne
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volammetry, using an AUTO PGST-30 poentiostat'galvanostat instrument (ECO Chemie BV, The
Netherlands) By changing the electrode from anode to cathode for several hundreds of cycles in
0.5M NaSO. the test method simulsted the conditions of the sorption clectrode in real life
operation. A platinum wire and a saturated calomel electrode were used as counter and reference
clectrodes respectively. The cusrent densaty 15 given in amperes Per geometnc cnf.

2.1.2.1 Preparation methods

Carbon coating

Ceramic substrates were coated with carbon by pyrolytic  decomposition of methane (analytical
grade, Afrox) or LPG gas (Afrox). The coatings procedure was as follows: A support was placed in
the muddle of a quanz wbe (& Som) and centred with a mild steel wire 10 prevent the support from
touching the tube. Subsequently, the quartz tube was put n a whe fumace. The pyrolytic gas was
fod from one side into the tube at a flow mate of 50 ml- mn"'. To optimise the coating conditions,
carbomsation was done at temperatures between 700 and 900°C while the duraton of the
expenment vaned from 30 o 300 mmutes,

Nickel coating

Ceramic substrates were coated with nickel by electroless plating [S]. Pnor 10 plaung, the substrates
were activated using an SnCk and a PICh solution (Pd™* was reduced by So™* 10 metallic Pd
particies which mitiated the mso catalytic process of nickel plating). The compositions of the
solunons are whulated in Table 2.2 All solutons were prepared with ultm pure water (Modulab

wiarter systemns, US. Filier) unless otherwise stated,

Table 2.2 Compositions of the activation solutions

Solution SKL2HO  PaCL HCL (32%)
(Saarchem)  (Aldnch)  (Saarchem)

T chlonde g I . Imk [

Palladium chlonde . g r Imt I

The supports were instially submerged in the SnChk solution for 5 minutes and then nnsed with de-
wmzed water.  Subsequently the supports were submerged in the PdCl; solution for 5 minutes and
rinsed with de-onized water.  These steps were repeated five umes before the support was dned n




a fumace at 120°C for 12 hours. Afler activation, the supports were connected 10 an overhead
stirrer using connection A or B as illustrated in Figure 2.

Connection A Connection B !

Figure 2.1. The reaction setup with connection A and B for electroless mickel plating. 1: Overhead
sturrer, 2- Sibicon tubing, 3: Plating solution, 4: Porous ceramic support

Whils rotating slowly, the support was submerged i 10ml nickebplaing solubon at  vanous
emperatwres (between 60 and 95°C) for vanous tmes (5 10 15 minutes). The composiion of the
plating bath is shown in Table 2.3.

Table 2.3 Composition of the nickelplating bath

Compound Concentration (g 1)
NiSOy 6H:O (Aldnch 99%) 3l

NaH POy xH,O (Akinch 99%) 54

(CH,COORPh 3H,O (Merck 99.5%) 0005

Lacuc acd (Alfa Aesar, 60%) 50

Acetic acid (Saarchem, %.8%) 38

pH 4.5

When connection A was used, trapped air isade the support prevented the plating solution from
entering the lumen side of the support. When conmection B was used, the phang solution could




enter the lumen side as the air inside the support could escape via the hole m the silicon tube that
connected the support to the stirrer (Figure 2)

Gold coarting

Ceramuc substrates were coated with gold using an Edwards S 150B sputter coater. The Argon
pressure in the sputter chamber and the potential difference between the cathode and the anodic
gold plate were set o 004 kPa Argon and 1kV. The deposition time was vaned from 3 w 10
minutes. After this first peniod of gold depostion, the substrates were tumed around and sputtered
for the same penod of tme in order 10 ensure that an even coating was obtained

2.1.3 Results and discussion

The properties of the carbon. mickel and gold-coated supponts were determined by characterizng
their permeability, resistance, the umiformuty of the deposited clectro condctive phase and the
electrochemical stability. The chamctenistics of the different coatings will be discussed separately.

2.1.3.1 Carbon coating

Over 95% of the carbon-coated supports had a homogeneous dark grey appearance. No colour
difference existed between lumen, outer surface or cross section of the wbe. The SEM images of the
suppoets  before and  afier cwbonisation ook very similar (compare Figure 22 A/C with 228D
respectively). The only difference was small particles (Jum in size) on the lumen and outside of the
carbonised  membrane.  These  micronsized  particles were most  probably  carbon  particles.
However, these particles possibly do not play a significant role in the wal clectro conductivity of
the membrane suwe the distance between the particles is too large. The actual condhuctive layer is
100 thin and smooth to be detected with SEM.

Some supports showed arcas where no carbon was deposited even after a relatively éng pyrolysis
ume (S hours). The shape and size of these uncarbomised areas were uregular. The cause of the
formation of such uncoated arcas was possibly due 0 minor innnsic differences in composition of
the untreated suppont as the imegularities were only seen on kengths of suppons that had been cut
from the same tube,
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SEM mmages of blank support (left side) and carbon coated supports (nght side). A)

Figure 22
Outer ssde. B) carbomsed outer sade, C) lumen side, D) carbomsed lumen side

The effects of carbon deposiion on the permeabdity and the conductivity of a ceramic suppoet are
shown m Table 24 Conditons usad for supports 4 and 5§ were replicated once, whereas

condimons for supports 6
obtained mn the replicated stadies are giver

replicated three or more tumes. The average values

S, 9 and 10 were
The results show that the conductive coating with

lowest resistance was formed when LPG was used as a pyrolysis gas at 900°C (support 7 and 10)
When methane was used as pyrolysis gas no significant carbon deposition could be soen and the
support remamed over S00 £ ¢cm &t both pyrolysis temperatures (support 3 and




4). Temperatures higher than 900 °C were not mnvestigited as Belyakov et al [3] indicated that
structwral changes of the ceramic surfaces (probably the formation of carbites or reduction of the
oxades) were observed at hugher temperatures.

Table 24 The effects of caubon deposiion on the permeability and the conductivity of ceramic
support

Support Treatment Pyroyoe T Teme Permeability  Resistance
No. Type Gas (C) (mm) (**) (%) Q' cm’)
1 1 None . . . 2.5 100 =100

2 I None . - 42 100 =000

3 Il Carborused Methane L LU 19 93 =000

R 11 Carbonsed Mecthane o 150 17 K8 >500

5 I Carbonised LPG 0 150 30 71 95

6 11 Carborused LPG 150 021 3§ 0.6

7 Il Carbonised* LPG an 150 1.1 26 05

K 1l Carbonised* LPG o0 30 32 75 20

Q] | Carbonised* LPG 850 150 1.5 60 3

10 | Carborused* LPG 00 1% 055 23 0.5

I | Carbonised* LPG o0 30 1.7 67 23

*Supports rapidly removed from the hot fumace afier pyrolysis
** permeabxlity in m'm bar b’

Table 24 also shows that the permeability can decrease drastically (only 5% remains) with
decreasing resistance (see support number 6). However when the supports were removed from the
fumace and cooled down outside the fumace after pyrolysis, significantly less permeability was lost
(compare support 6 and 7). High moleculasr weight products that were formed dunng pyrolysis at
temperatures below 700°C and adsorbed onto the support dunng the cooling penod may have been
the cause for the signaficantly higher loss of penmeability. The mfluence of pyrolysis time on loss of
penmeaality and resistance 1s shown in Figure 2.3 It was shown that resistance decreased at the
expense of permeabality.
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Figure 23. The effect of pyrolysis time on penneability and resistance (pyvrolysis at 900°C using
LIG)

Cyclic voltammetry (CV) was used 10 show the stability of the carbon coating. Figure 2.4 shows
scan 6, 20, 80 and 260 of the CV test where the cumrent density versus the potentnl indicated the
clecto Tcatalvtic activity for water electrolysis. Within the first few scans (1-6) the current density
as a fuxton of the potential decreased shightly (15% at <2V and 20% at 2V versus a saturated
calomel eclectrode). Very litle differance in current density as a function of the potential was
observed between the 80™ and the 260" scan.
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Figure 2.4, The stabality of carbon coating

2.1.3.2 Nickel coating

Porous nickel coatings with resistance of 1€- cm” were prepared on the surface of ceramic supports.
Bath temperatures below 90°C resulted i slow growth of e nickel layer. Acceptable nickel
coatings were prepared at a bath temperature of 92°C. For support 12 where connection A was used
(Figwre 21), a nickel layer was formed on the outside of the ceramic twbular support only. When
comnection B was used (support 13), a nickel coating was also formed on the lumen side of the
support. In order to diminish the effect of depletion of nickel at the lumen side of the support, the
support was lified ot of the solubon (under N; gas) every 2 munutes. Ths allowed the small
volume of plating solubon mnside the support (with relatively low nickel content) to mix with the
bulk of the plating solution contuinmng a higher amount of nickel Hence, more nickel could grow on
the Jumen side of support number |4, as is shown by the EDX results mbulated in Table 2.5. No
nickel was found insade the pores of the suppont.




Table2 5 EDX result on electroless nickel plated ceramic suppons

Suppont Connection used N1 content (%)

No Type outside  cross section lumen
12 | A 60 0 0

13 1 B 55 0 15

4 1 B* 54 0 40

* Dunng the clectroless plating the suppont was hified out of the platng solution every 2 minutes

Table 26 shows the resistance and permeability charactenistics of nickebcoated supports. Electro
conductive coatings were prepared with a resisance of about 1 - cm’ support with very low
resistance 1o flow. Lifting the support out of the solution every 2 minutes duning the nickel plating
expenment could reduce the resistance of the coating at the lumen side. This is attribwted to the
mcreased Ni content as described at the beginning of thas section,

Table 2.6 Permeabulity and conductivity charactenstics before and after electroless nicke! plating

Support Treatment Connectyon Penmeability Resistance (£2° ¢m')
No. Twpe (m'm bar 'h) Outside Lumen
1 1 None 27 =000 1000

2 | Nore 42 =1000 =100
12 I Ni plated R 27 1 =000
13 Niplaed B 41 09 1000

14 1 Ni plated B* 40 12 1.6

* Duning the electroless plating the support was lified out of the plating solution every 2 munutes

The SEM results (Figure 2.5A/C before mckel coating and 25BD afier nickel coating) displayed a
significant change in the appearance of the suppont surface. Large nickel flakes covered pant of the
support. In these flakes fine pores were observed. Partcles on the lumen side appeared significantly
smaller than those observed on the outer surface of the support. A micrograph of the edge of the
suppont (see Figwe 25E) showed that mackel only deposited close 1o the outer surface of the support
(see marked areas) and no mickel inside the suppon
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Figure 2.5, SEM images of blank support (left) and nickel coated supports (night)

A) Outer sade, B) Ni plated outer sade C) lumen, D) Ni plated lumen, E) Ni plated edge




Cychic voltammetry scans were performed 10 obtain an inpression of the stability of the nickel
coating. The cycles stanted @t -2V, the potential was increased at a rate of 0.05V- 5™ and retumed at
2V. The electrolyte was 0.5M Na:SO, Figure 2.6 shows scan 2, 4, 6 and 10. The rapid decrease of
the cumrent density of cach subsoquent cycle as function of the nickel potential indicated the
mstabality of the nacke! coating under the chosen conditions.
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Figure 2.6. The stability of mickel coating

2.1.3.3 Gold coating

Gold coatings were formed on coramic supports by ion beam sputtening. In general the gold
costings had a homogeneous appearance but slightly more gold deposited upon the side of the
support that was facing the golden target The resistance of the support coated for 3 minutes
increased rapidly when currents over 100mA were applied on the coating The coatings prepared by
sputiering for 10 munutes per side were stable when curents over S00mA were apphed. Table 27
shows the ressstance and permeabdity chamctenstics of gold-coated supports. Gold coatings were
obtained with an electrical resistance as low as 025 - cm’ with vimally no ks of permeability
In fact an increase in permeability was observed repeatedly in several experiments.




Table 2 7 Permeability and conductivity charactenstics before and after gold sputtenng

Support T'reatment Penmeability Resistance (£2- cm )
No. Twpe (m- m* ba™ W) Outside suppont

1 I None 26 Sl

2 1 Noone 42 1000

15 1 Gold sputtenng 2.7 022

16 1 Gold sputtenng 42 0.24

An increase of hydrophylicity of the support surface due 1o gold deposition could be the cause of
the increased permeability. The first 210 scans obtained with cyelic voltammetry for gold-coated
supports are shown m Figure 2.7 No decrease of current density as a function of the gold potential
was observed during those cycles. The gold coating appeared 10 be very stable under the chosen
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Figure 2.7. The stability of gold canting
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2.1.4 Conclusions for electro conductive coatings on porous supports

- The resistance of a carbon coating could be regulated between 0.5 and 2 £2° cm’ suppon,
mantaang  permeability as high as 75% The curbon coating was dispersed throughout the
support with good electrochemacal stability properties.

- The resistance of gold sputiered coatings was about 0252 per centimetre of support. The

permeability of the substrate increased between 0-5%. The stability of the gold coating was
excellent when used as ananode or cathode in 0.5M Na SOy electrolyte solutions.
The ressstnce of the electroless plated nickel coatings was about 1Q per centimetre of
support.  The penmeability of the substrate decreased between 0-3%. Depending on the
expenmental conditions the nickel coating could be formed on the outer andor lumen side
of the substrate. The mckel coating was unstable under testng condibons of cyclic
voltammetry in 0.5M Na; SOy electrolyte

22 ta coatings for w s

In chapter |, describng the clectro sorption process, it was shown that the adsorption and
desorpnon of 1ons depended upon the local pH near the jon exchange sites of the sorption material,
The local pH can be controlled by the polarity of the clectrodes, which will determine  whether
water is oxadized or reduced. The system cument will determine how many protons and hydroxyl
groups are generatedd The clectrolysis of water is essential for the electro sorption process and
demands the greater part of the total energy consumption. This chapter will discuss how the energy
requirement for water electrolysis can be reduced without decreasing the amount of protosvhydroxyl
wns generated. Besides an increase in energy  efliciency, the effectiveness of the sorption process
may also improve since side reactions are Jess likely to occur at a reduced potential difference.

2.2.1.1 Energy consumption for water electrolysss
The amount of energy required for water electrolysis can be calculated from the product of cell
potential (U), current (1) and time (¢) [12]
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The cumrent through the electrolysis system and the tme are directly coupled o the amount of water
clectrolysed by Faradays law [12):

It

Pl 22)
where n number of electrons participating i the electrolysis of water (-)
n,, water produced (mol)
F faradays constant (C- mol’)

The adsorption efficiency of the electro sorption cell will therefore also be directly related 10 current
and ume. In contrast, the potential used for the clectrolysis of water (Eceawiyw) 1s not directly
related 10 the rate of electrolysis and can be subdivided into different contnbuting pans [ 1, p?,

145}

Ectocroiysis = (Fate E gatate) = Rl = Nanade = 1 e 23)

Where Eeade Half cell potential for the oxadation of water
Fosate  Half cell potential for the reduction of water
Neode  Overpotential at the anode
Nosae Overpotentil at the cathode
Rl part of the potential drop due to ohmic resistance and system current

The two half reactons for the electrolysis of water
| — 2HO + 2¢"— 20H + H; E'=0828 V (24)

B HO — H' + 0 #2% E'=1229 V (2.5)

The value of the half-cell potential (E) can be calculated using the Nemst Equation [12)

( RT)
E= L’ox—:lln‘f-"- (26)
\nF )] \a
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where: R Gas constant
T Temperature
n Number of electrons participating in the reaction
a5, Activity of the axidze d component
dwe  Activity of the reduced component

2.2.1.2 Reducing the energy requirement

Reduction of the cument or time would reduce the energy consumption. However, the current is
directly coupled 10 the amount of protons and hydroxyl jons produced that actvate the ion exchange
matenial. A reduction of cumrent and ume may lead to reduced performance of the soption process.
The most obvious way t reduce the energy requirement withowt reducing the capacity of the
clectro sorption process is probably 1o mmimize the electrolysis potential. This can be achieved by
lowenng one or more of the mdvidual parameters mentioned i formula (3.6). An attempt to
minimzze the IR drop was made by prepanng conductive coatings with minimal resistance, as
described in chapter 2. The half-cell potentials are more or less fixed since the concentration of the
oxidized and reduced components (among others H' and OH) should comply with the conditions
for elecro sorpuion. The most sutable factors to optimise the clectrolysis potential that are not
likely to affect the efficiency of the electro sorption electrodes are the overpotentials at the cathode
and anode. This wall be venfied in chapter 9.

The overpotential or charge transfer resistance depends upon the electro catalytic properties of the
clectrode matenal and the number of clectro catalytic active sites available. The most active non
noble metal for water elecuolysss is mckel, which s therefore used in many industnial applications
for water electrolysis [29]) However, the pHl in an ¢lectro sorption system is changed from acidic to
alkaline after every subsequent cycle of the electro sorption process. In chapter 2 it was shown that
Ni was very unstable under such conditions. Taking U harsh environmental changes nto
consideration, the chowe of a swtable material with both exceptionally low charge transfer
resistance  for water clectrolysis and stability under cathodic and anodic conditions is limited. Py is
the most surtable matenal but 1s hugh pnce a drawback. Only very low loadings and high disperson
of Px may be econonucally feasible.

Pt deposition techniques such as electro or electroless plating on carbonised ceramic supports that
were studied extensively in our laborstory, showed how the activity of Pt towards the catalytc
oxikation of methanol could be optmused It was deaded w0 test such catalyuc layers for their

catalytic activity towards water electrolysis
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ZrOymetal composite supports (Degussa) were used as base matenial for the preparation of two
elecrodes. One electrode was prepared by carbonising the support for 30 min at 900°C with a flow
of 50oml mm’' of LPG. The other electrode was doped with silico-molybdic acid afer carbonisation
and electroless planng with PL The exact preparation procedure is described in Appendix A, The
electro catalytic activity of both electrodes was tested and compared o the activity of plain Pt foil
for water electrolysis. The testing procedure was identical 1o that described in Appendix A

2.2.3 Results and discussion

The weight increases obtained duning the preparation of the electrodes are listed in Table 2.8,

Table 2.8 Weight measurements of the electrodes afier several preparation sieps

No  Support weght (mg) Weght ncrease after subsequent treatment (mg- ¢’
Carbon  Si-Mo (afier 2 depositions) Pt-plating

1 1580 ;3 - -

2 159.5 1.2 0.3 12

The cumrent-voltage chansctenstics shown in Figure 28 represent the catalytic activities of  three
differemt clecrodes. The higher the catalyue actvity of an electrode, the lower the electrode
potential needs 10 be in order 1o reach a ceruun current density. Therefore, the most active electrode
could be selected by companing the electrode potential @ equal cumem densities. Figure 2.7 showed
that the carbonized clectrode with PUMo-Si was more active than the pure Pt electrode and much
more active than the carbonized electrode without Pt and the Mo-Si compound.

The energy requirements of the electro sompuion process may be decreased, by coating electro
sorpion electrodes with Py This wall be tested in Chapter S
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Figure 2.8, Linear sweep scan for differently coated surfaces in 0.05M NasSO,, S0mV- s, 22°C

224 Conclusion for electro catalytic coatings for water electrolysis

The energy requirements for clectrolysis at electrodes of carbonised ceramic/metal  composite
matenals can be significantly reduced by clectroless plating of Pt onto the surface of the carbonised
ceramicmetal composste materials modified with silicomolybdic acid (Akdnch)

2.3 The sorption phase

<.3.1 Introduction

The function of the sorption electrode 1s discussed previously (chapter 1), A somption electrode 1s
prepared by combmation of an electro conductive and a sorption phase. The most important
property of the sorption phase is its wn exchange behaviour. The number of ion exchange groups
per nr, the accessibility of the ion exchange groups and their affinity towards differemt jons in
soluhon will greatly mfluence the final removal efficiency and capacity of the sorption phase [22
In order 10 optunise the sorption chamactenstucs of a sopion electrode, the sorption matenal type

and its morphology must be carefully chosen,
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2.3.1.1 Choice of sorption matenal

The mamonty of organic jon exchangers are composed of a matnx of wregular three-dimensional
macromoleculr  networks  of hydrocarbon  chamns. These  hydrocarbon  chains  possess  functional
groups (eg sulforuc acid (-SO'H™), carboxylic acd (CO;H), quaternary ammonium (N"RyOH")
and ammo groups (NR: [23]) whech mamly determine their won exchange properties. The ion
exchange capacity of most commercially available organic on exchange resins manges between 1-6
meq g and many resins are stble in a pH range from 0-14 [23, pp 212-253). These propertes
seem  supenor 10 many matenals, especially natural occuming inorganic jon  exchange materials,
which were used before organic son exchangers were synthesized (e.g. mineral clays) However, for
potential application as sorption electrodes, the success of organic ion exchangers is questionable.
The matenial becomes chemically wstable when #t i utilized In an oxsdative  environment.
Degradation of the ion exchanger may occur when the clectrode acts as an anode and oxygen
evolves. Another disadvantage of organic jon exchange matenal s ns low mechamical stability at
clevated temperatures. These elevated temperatures are often  desirable in order 10 Jower the
electrical resistance and hence, 0 increase the efficiency of electrolysis [24). Most commercially
available amon exchange resins (OH based) become mechamscally unstable above 60°C [23, pp

212-253)

Among the avalable morgamc 1on exchange matenials, there 15 one group of elements that exhbits
high won exchange capacity and shows excellent chemical and mechanical stbility. The phosphates
of clements such as Ti, HYf, Sn. Th and Zr show cation exchange capacities between 48 meq g' [23,
p 77} The oxides of such clements have the ability to adsorb cations and ansons in alkaline and
aciic environment respectively and show jon exchange capacities of 1-2 meq g'. These properties
make the oxides and phosphates of elements in groups IVA and IVB of the periodic wble suitable 10
be used as soption phases i a sopuion electrode [23.2626) ZiOy and THO; show the most
proousing  won exchange  propemies  when  they  are  patially  phosphorized  [26)  Parually
phosphorized  TiO: shows shightly lugher adsorpion capacity when pH neutral salt solutions are
added 10 this materiall whereas  partially  phosphonized 250, shows significant higher sorption
capacites when the sorbent s polanzed [26). Since the sotbent material in a sorption electrode will
be polanzed continously, ZrC» s apparently the sorpion matenial with the most  suitable
properties.
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231.2 Marphokgy of the sorption material

It s reported that crysialline zircomium  phosphate (further referred 10 as ZrP) has a higher
adsorption  capacity towards Na® but a lower adsorption capacity towards Ce ions compared t
amorphous  ZrP  [2830). At present, amorphous ZrP is used in commercially  available
electrochemical cation-exchangers. However, jon exchange with these matenals is accompanied by
a small degree of phosphate clution [31]. Phosphae elution from crysalline ZrP has not been
observed. For this reason crystaline ZrO, and ZrP were prepared and tested for their adsorption
capacities for the specific 1ons of interest.

2313 ZrO, 0l

Once Zr0O; and ZrP had been selected as the optimum sorption matenals, it was necessary to
prepare them in the most suitable form. The sorpion matenial had 10 be ncorporated into the matrix
of a cemmic support with maximuen dispersion. This would ensure quick access of jons 10 a luge
mumber of lon exchange groups. Hence, the sorption matenal was preferably prepared in the form
of a sol. Genenally ZrO; is obmined by adding an excess of base 10 a solution of zirconium salt
When a zircomum salt is dissolved in water, the cationic species that anse are proposed at present
be polynuclear cations such as Zu(OH)' which are thought 1o be cyclic [25, p 164].
Polymensation occurs between tetrameric units in the aqueous species when alkali 1s added to the
solution. Rapedly formed precipitates are nommally mandomly amanged tetramers and therefore
amorphous.  Transformation  of the amorphous  phase into & orystalline form may be possible by
means of boiling under reflux.

Two objectives of this study are presented in this chapter. The firgt objective was to find the best
source of ZrOy particles, which would provide the highest sorpuon capecity in milli equivalents per
gram matenal (meq g). The second objective was 1 incorporate these particles onto the porous
matnx of a ceramic support I such a way as to optimuse the trade off between high jon exchange
capacity and the permeability of the suppont (the complete blockage of pores needs to be avoided).
The preparaton of different sols will be described, where afier all steps involved in optimusing the
incorporation of particles onto a porous suppont are discussed, These steps inchide amongst  others;
the optmum temperature needed o0 immobilize the arconm paticles onto  the  suppont, the  best
source of ZrOr panicles, the reguired concentration of the ZrOr sol and the drving time of the
support required after submersion mto the ZrO; sol prior 10 heat treatment. Finally, the effect of the
phosphonzaton of the ZrOr paricles will be descnbed. All conclusions amved @ are hased upon




the differences in jon exchange capacity of the impregnated supports for Na“, K, CT and SO.™. The
ton exchange capacitics are obtained from the results of sorption expenments.

2.3.2 Experimental

The expenmental work was divided mio four sections namely, the preparation of a ZrO; sol, the
selecion of the opumum bheat weament after incorporation of the Zr(O: parucles, further
opumisatbon of the impregnation procedure necessary for moorporating the ZrO; partcles into the
matnx of a porous support and the actual sopion experiments. A detailed description of the
expennmental work of each section s given in the subsequent paragraphs. Two types of supports
were used upon which 10 support the sorpion matenal particles. Details of these supports are given
m Tabk 2.9

Table 29. Mam charactenstics of the tubular porous ceramic support before incorporation of the
sorption phase

Membrane Type | Type 1l Type I

Composition 100P% a-AlLOn 100°% = AL Oy T0% a-AL(h
306 210,

Outer chameter (mm) 10 10 12

Inner diameter (mm) 7 7 10.5

Average pore size (Um) oY 3 0.2

Poraity (%5) 39 39 40

Permeabulity (m- m™ bar- h') 2830 4648 0.10:0.12

Length (mm) 105 105 105

Prof. Belyakov from the Institute of General and Inorganic Matenals in Kiev, Ukmaine supplied
support type [l The support was classified as an ultra filtrabon membeane. Porous supports, type |
and 1L were manufacture by Inoceramuc . Germany. The avemage pore size of this suppon
indicated  potential  mucro  filaton properties. A schemate overview of all experimental work  that

was done 10 optinuse the sorpion properties of the impregnated porous support s given in Figure
2.9 and 1s descnbed as follows:
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Figure 29. Schematic overview of all expenments that were done 10 optimise the sorption
peoperties of porous supports that were impregnated with on exchange matenial
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Pror to impregnating the membrane with different ZrO, sols, the supports were dried in 2 fumace at
130 °C for | howr and weighad The syppons were initially completely submerged in 15 ml
commercially avalable ZOr sol (Alfa Aeswr). (Figure 2.9, nold). This first batch of submerped
supports was used 10 determune the optmum heat treatment required afier submersion. Thercafler
the supports were submerged mio different ZrO; sols prepared m the kab using preparaton route 2
(Fgure 29, no2) using different reflux umes. For further optmisation of the impregnation

procedure the following parameters were vaned. the sol concentration (Figure 2.9, no.3), the drying
process (Figure 29, no3) and degree of phosphonzation (Figure 29, noS5). The effect of all the
different parumeters upon adsorption capacity was determined by sorption experiments (Figure 2.9,

no6)
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2.3.2.1 Preparation of the ZrO: sol

The following two approaches were used w prepare a ZrO; sol. All pH measurements were taken
with an INGOLD HA405 EO 07 glass electrode. ZrOCh 8HO was munally supplied by Alfa Aesar
and later from Chma and the Ukraine. Matenal obtained from the latter source was recrystallized
[32] from a sanewted solution of zzconyl chionde in 6M HCL This solution was prepared by adding
650g Z1OCk 8HO 10 0.5 litres 6M HCl at 95°C. The slumy obtained after cooling the solution from
95 w0 5°C was filtered and washed with small portions (less than 5% of the toal volume) of cold
ultra pure (UP) water (1°C). The residue was dned for S days in a desiccator containing self-
inchbcating silica gel The water content was determined using simultancous thermographic analysis
(STA).

Preparation of monoclinic hydrous zirconia via route |

Ref [32.34) Ul pure water was added 10 322 gram of ZrOCly SH:O wp 10 a weal volume of
100ml w0 make a IM ziconyl chlonde solution. Gelatinous, amorphous hydrous  zirconia  was
precipasted under heavy stimng and drop wise addiion of 25% ammonia soluton (BDH Ammonia
soluion AG) to a IM ZrOCl: solution. The ammonia solution was added until pH 4 was reached.
The precipitate was filiered and thoroughly washed with ultm-pure water. An equal weight of water
was added 0 the filter cake and stimed untl a smooth slury was formed. The slurry was refluxed

for S days.

Preparation of monoclinic kydrous zirconia by route 2

Ref [32] Ulra pure water was added w0 322 gram of ZrOCh 8H,O (“Alfa Aesar, Chinese or
Ukminan™) up w0 a toal volume of 100ml 10 make a IM zirconyl chlonde solwion A 25%
ammonia soluton was added drop wise to the vigorowsly stimed zircomyl chioride solution %0 adjust
the pH 0 a value of 2. Precipitates formed were redissolved upon heating The clear solution
obtained by this means was transfermd into a round bottom flask. Subsequently the solution was
refluxed for 3 davs. Samples of the sol were taken afier 20, 25, 3039 and 72 hours of refluxing.

2.3.2.2 Optuimal heat treatment after incorparation of the ZrO, particles

Supports that were submerged mto commercial ZrQ: sol were exposed to different temperatures
rangng from 110 w0 800 °C for 1 howr The surface areas of the different supports were measured
using Np-ihorption  porosemetry  before and afier 15 munutes of ultra sonic treatment. Ulira sonic
treatment was camed out by putting the analysed samples in a beaker with ultra pure water, inside
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an ultrasomc bath. After 15 nunutes of ultrasound teatment, the samples were dned and prepared
for a second surface analvsis.

2.3.2.3 Further optimasation of the impregnation procedure

The impregnation procedure describes the process of ncorporating particles o 2 porous matrix.
The following paameters that might effect the way particles are fimally incorporated  were
mvestigated: the source of the sol, the influence of the sol concentration, the influence of the drying
procedure before the heat treatment and the effect of phosphonzing Z:O), particles.

2.3.2.4 Influence of the source of ZrQ); panticles

In order W find the most suitable source of ZrO; particles © be impregnated into the matrix of the
support, “five supports were immensed o 15ml of a ZrOr sol, each onginatng from a different
source. The first source was a commercial sol (a 2% (w'w) colloidal dispersion of ZrO; in water
stabilized with 15% acetic acid supphied by Alfa Acsar. The other four ZrO» sols were prepared via
route 2 (section 23.2.1) with respectively 20, 25, 30 and 39 hours of reflux. After being submerged
for 12 hours, the supports were taken out of the sol, wiped off with paper wwel and placed in a
fumace. The fumace was heated up @t 5°C min” and kept at 200°C for 3 hours. A sorption
experiment was performed for each support (as deseribed in 2.3.2.8).

2.3.2.5 Influence of the sol concentration

To investigate the effect of the sol concentrabon on the sorption capacity and the hydrodynamic
properies of a soeption support, three supports were treated with varying concentrations of sol.
Suppoet no.l was submerged in the commercial sol (for details see section 2.3.2.4) and support no.2
ad nod wee submerged o8 twice diked commercial sol (obtaned by mixng the undiluted sol
with ultra pure water m a 111 ratio) After 12 hours of submersion the supports were treated as
previously  desenbed. The  mmpregnation  procedure for support no. 3 was repeated and  twice

mpeegnated  with twice diluted commercial sol. A sorption expenment was  performed  for  cach
suppoet as descnbed n 2.3.2.8

2.3.2.6 Influence of the drying procedure

Two supports were submerged 1 15ml of commercial sol (for detals see secton 0). Thereafier,
both supports were dried at room temperature for one day before they were heated to 200°C for 3
howrs. A somption  expenment was  performed  for both supports. The results of the  sorption




experiments with these substrates were compared with impregnated supports that were not dned

before heat treaument

2.3.2.7 The effect of phosphorization

Three supports were impregnated as descnbed in section 0, two supports with commercial sol and
one suppont with the ZrO; sols prepared using route 2 refluxed for 30 hours (section 2.3.2.1). To
phosphonize the incorporated ZrO;, the supports were submerged 1n 15% Hy,PO; (HOLPRO AG) for
24 hours. washed with ultrs pure water and treated with 25% NH soluton (BDH Ammonia
sohmon AG) Thereafter the supponts were air dned ovemigiv and placed in a fumace. The fumace
was heated up at 5°C- mm and kept at 200°C for 3 howrs. A sorpion experiment was performed for
each support as descnibed in section 2.3.2.8

2.3.2.8 Sorption experiments

A schematic of the expenmental set up that was used w test the sorption capacity of ZrO,
impregnated  supports is shown in Figure 2.10. The membrane (1) was sealed with two Viton O-
rings. The feed solution was pumped i at the reactor inkt (2), permeated through the porous
membrane and was collected as permeate at the reactor outlet (3). The twbe clamp (4) was
completely closed during the expeniment. The presswe over the membrane could be monitored with

the pressure gauge (5).
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Figure 2.10. Schematic representation of the experimental set up used to measure the sorption
charactenstics of different supports: 1) Tubular support 2)
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One acdic and one alkaline feed solubon were used for each expenment. The composition of the
acidic feed soluton was 00IM MX + 00IM HX with X = SO or CT. and M= Na* or K. The
composition of the alkaline solution was 0.0IM MX = 0.0IM MOH. The acdic feed solution was
replaced by the alkaline feed solution once the concentration and composiion of jons o the
penmeate became equal to the concentration and composiion of jons in the feed solubon (in other
words once the membrane was totally satursted with amions or, in case of regeneration, all cations
had desorbed). The expeniments were stopped once the composition and concentration of jons i the
permeate were equal 1o the compositon and concentration of ions in the alkaline feed solution (in
other words once the membrane was totally saturasted with cations or all anions had desorbed). To
check the reproducibility of the sorption properties some supports were subjected 10 several cycles
in a row, changing the food from ackdic 1w alkaline, based upon the concentration of ons in the
permeate.  Samples of permeate were tken after different tme intervals. The concentration of
amons was measured with won chromatography and canons were measured with atomic  adsorption
spectroscopy  as detailed i section 1. Beswdes the ion concentration, the sample weight was
measured and the pressure difference between the feed side and permeate side recorded for cach

specific ume interval

233 Results and discussson
2.3.3.1 Preparation of the ZrO; sol

Preparation of monoclinic hydrous zirconia route 1:

Several anempts were made to prepare a clear ZrO; sol by using preparation route 1 (section
1210 The amount of ammonia that was neaded. 10 add w0 the zirconyl chloride was not specified
by either Belyakov et al [34] or Clearfield [32). No details were given regarding the stiming speed.
Total blockage of the fiker occurred when an atempt was made 10 filker the suspension with filler
40 or 1 (Whaeeman) Therefore the filter cake could not be thoroughly washed and the white
suspension  obtaned  after adding an equal weight amounmt of water never tumed mto a clear
transparent sol. Gelatmous zwconia was formed in the pH range between 3 and 5 as expected but a
clear sol was never obtained. Samples of the sol dnied at 110°C were examined by Xray diffraction
spectroscopy (XRD) A crystalline phase for NHCl and ZrO; was observed (see Figure 2.12). The
210, phase was @ mux of monochinic and cubic arystal habit. The contamination with NH.Cl that
was apparent could be expected since the filter cake could not be properly washed.
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Figure 2.11. XRD results of ZrO; prepared via route | and dned at 110°C
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The XRD results of dned smples of commercial sol (Figure 2.12A) indicate the existence of cubic

microcrystaliites according to peak broadening visible in the XRD spectrum

Crystal growth during

calcination of the dned commercial sol resulted i clear peaks of monoclinic ZrQ» as shown in

Figure 2.12B.
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Figure 2.12. XRD results of Zr0O; obtained from commercial sol. A, sol dned at 110°C.
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Figure 2.12. XRD results of ZrO; obtained from commercial sol. B, sol calcined at 800°C

Since no clear zwconia sol could be prepared wsing procedure | a few attempts were made where
the ammonia solution was added all pH 9 was reached The idea was w0 stabilize the sol in an
alkaline media instead of the usual acxdic media. The filter cake was washed with diluted ammonia
(pH 9) and mixed with an equal weight of water. The obtained slurry was refluxed for up to S days.
Again, the suspension never tumed into a clear transparent sol.

Preparation of monoclinic hydrous zirconia via route 2:

Ammomia was added drop wise 10 the IM ZrOCl; solunon whilst the pH increased from 02 1o 1.9.
Afier the precipitate thus formed, a clear solution appeared that was re-dissolved by heating (90°C).
Afier the clear solution had been refluxed for 20 hours the solution started o tum white but
remained transparent for at Jeast 20 hours more. After 72 howrs of refluxing a white suspension was
formed. As boiling under reflux continued, the hydrolytic  polymenisation of OH groups  continued
resuling @ growth of pamicies. The product of this polymensation process can be expressed by
[Z1O4OH)ey X x HyO), where b lies between 1 and 2 [23, pl43]. At a ceraun point in tme the
particles became too heavy, which resulied in precipitation of the particles. The sols obtained at 20,
25, and 30 hours are all stabe sols, no precipitate could be detected within a penod of one month,
After a month, a thin laver of white precipitate was found in the sample of the sol that was refluxed
for 39 hours,




2.3.3.2 Opumal heat treatment afler incorporation of the ZrOr particles

The assumption was made that surface area relates directly to sorption capacity, since the amount of
hydroxyl groups at the surface relate 1o the sorption capacity [23, p 145). Therefore surface area
analysis was done on six supports that were all submerged mio commercial ZrO; and thereafter
wreated at different temperatures. The results are listed in Table 2.10 and show that the surface area
decreased as the temperature of the heat treatment increased.

Table 2. 10 The result of heat treatment on surface area

Expenment I (after impr)  Surface area  Surface area after
No (C*) (nt- g") Ultra sonic treatment
0 . 1.9 19

| 110 . 19

2 300 8.1 84

3 500 6.7 6.5

“ o0 42 44

- 0 38 38

6 S00 3l 3l

The suppont heated ot the lowest temperatuwre (300°C) showed the highest surface area and may
show the highest sorption capacity and probably the best sorpion kinetics [34, p. 160). The higher
the surface arca the smaller the average size of the ndividual Zr(h particles and lence the supports
with the lhghest surfice aren would have the best accessibility 10 the jon exchange groups. The
results i Table 2.10 also show that a heat treatment at 300°C was sufficient 1o immobilize the ZrO,
particles upon the porous matrix. This conclusion could be drawn by companson of the surface
arcas obtamed before and after the ultrasonic treatment. When the ZrOr parnticles were not
mmobilized by any heat teatment as m expenment | (Table 2.14), the surface arca afler the
ultrasonic treatment was equal to the swface area of the unmodified matnx. This indicates that all
the ZrQx particles had been removed from the matrix by the ultra sonic tremment. Unfortunately no
value for the surface area before ultra sonic treatment could be given for experiment | since the No-
adsorption measurement requires @ heat treatment of the sample up 10 260°C.
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2.3.3.3 Further optimesation of the unpregnation procedure

The mfluences of the difference m the impregnation procedure were compared based on cakeulated
oo exchange capacity of mimpregnated ZrO);. The won exchange capacity (IEC) of the ZrO, was
calculated as the sum of all adsorbed wons divided by the weight of impregnated adsorbent (S). The
sum of all 1ons was denved by measunng the difference in concentraton between the feed and the
penmeate solution. The following equations were used:

tR, z
1EC = = 2.7
S 2.7)
R =([x]. -[xL)v (28)
Vg 28 (2.9)
pl

where: k total number of permeate fractions before change of feed solution
Ra removed amount of wns (mimol) in fraction n
S weight of mmpregnated ZiOs (g)
z number of jonic charges
Xl concentration of X in feed solution (mmol- mi')
[X)e concentration of X in sample n (mmol ml”)
Va volume of sample n (ml)
W, weight of sample n (g)
p density of samples (g ml')

The density of all samples is taken 1o be 1.00 g mI' since concentration of all jons is below 0.01
g mi’ at all imes.

Table 211 summanzes the cation and amnion exchange capacities of supports that were all modified
with Z1O; but with some changes in the preparation procedure (making one change at a time).
Vanables changed are; the source of Zr() sol, the Z1O; sol concentration, the drving tme before
the heat weatment, the phosphonzation of the impregnated ZrO: particle, and the suppont used. The
effect of all the vanables on the sorption capacity will be discussed separately based on the results
m Table 2.11.




2.3.3.4 Influence of the source of ZrO; parucles

The commercial availsble sol showed the highest amion somption capacity (18 megq g'). The
sorption  capacity of the immobilized sol during the firt experiment is usually higher than the
second or the third expenment (compare the values of SO adsorption capacity between cycle |
and cycle 2 of expenment |, Table 211) Pamally imeversible ion exchange could be an
explanation. Table 2.12 shows the amount of the adsorbed and desorbed jons dunng different cycles
of expenment 1.

The amount of amons adsorbed i the first ¢yvele s higher than the total amount of awons desorbed
From the second cycle of the expenment onwards the amount of adsorbed jons is equal 10 the
amount of ions desorbed (complete regencration). The amount of wons adsorbed s calculated from
the sum of the removed ions of all permeate samples. The jon exchange capacity calculated n
subsequent expennments is fairdy stable (compare expeniment 1. cycles 3, 4 and 5) Companson of
the 1on exchange capacities of two differently impregnated supports would not be valid i cases
where the meversibly exchanged fons are inchuded. The sorption capacity value should represent
the stabilized properties of the sorption support. Therefore Table 211 shows only the values of the
10n exchange capacity obtained from a second cycle.




Table 2.11. The effect of different impregnation parameter on 10n Sorphion capacity

Suppont Vaned impregnation pasameter 1EC of ZrO; or ZiP
(meq ")

No Twpe* SO aO N K
| Commercial sol, I© cvele b g 01
] Commercial sol, 7 cycle 26 0.1
i Commercial sol, 3° cyvele 1.7 035
1 Commercial sol, 4" cycle 18 04
! Commercial sol, " cycle 15 0.8

2 1 P20l refluxed for 20 hours 16 0.1

3 1 P2sol refluxed for 25 hours 16 01

K 2 P2-sol refluxed for 25 hours 1.5 01

5 1 P20l refluxed for 30 hours 26 03

o 1 P2sol refluxed for 39 hours 18 02

7 1 Commercaal sol, 2 umes diluted 24 02

8 1 2* mmpe. with 2 tmes dluted commercial sol 22 02

9 1 Air dned for | day prior to heat treatment 24 02

0 1 Commercial sol, phosphorized

11 2 Commercial sol, phosphorized 02 1.8

12 2 P2-s0l refluxed for 30 hours, phosphonzed 00 10

13 2 P2-50l refluxed for 30 hours. phosphorized 00 1.1

4 2 P20l refluxed for 30 howrs, phosphorized on Ll

a) P2 refers 1o the preparation route 2 of the crystalline ZrO: sol
b) type of membrane, details are shown in Table 2.9

<) ion exchange capacity caloulated from the 2™ cycle unless indicated differently

Ihe sol prepared via route 2 and refluxed for 30 hours showed the second highest somption capacity
(compare expenment 246, Table 2.11) Even though the zicomum content of the four sols with
different reflux tumes were equal, the sol with the lowest reflux tme contained the highest amount

of arconyl wons, wiach do not contribute 10 the amount of jon exchange groups.




Table 2. 12 Amount of amons adsorbed and desorbed duning cycles 1-5 of experiment |
Cycle of expenment | lon Adsorbed SO Desorbed SO,

No, (rumal) (mmoal)
| SO~ 076 0.50
2 SO 050 0.51
3 a 0.63 0.64
4 T 0.68 0.63
3 Cr 0.62 0.62

The sol that was refluxed for 39 howrs probably comtained the smallest amount of zircomyl ons.
However, a sigmificant amount of the hydroxyl goups may have been lost by further oxolabon
between the hyvdroxyl groups on the surface of paricks [23, p 145]. The oxolation reaction can be

written as [36]
Zr-OH+HO = Zr 2 Zr~ 0~ 2Zr + HO (2.10)
An optimum between the quantity of jon exchange groups formed and the amount of monomers n

the sol was reached afler about 30 hours of refluxing Typical adsorption and desorption

charactenistics as a function of time are shown in Figure 2.13 and Figure 2.14 respectively.
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Figure 2.13. Adsorption rate as a function of ume. Feed solution: 0.0IM Na,;SQ, + 0.01M H,;SQ,




Al impregnated supponts that were subjected to their first cycle showed around 100P% adsomption of
wms in the mtial stage of the expenment. When they wem subjected 1o a subsequent cycle, the
adsorption rate reached only a maximum of 50% (See Figure 2.13). As discussed in section 232 8,
the acxlic feed solution used duning the first pant of the cycle had the following composition: 0.01M
MX + 00IM HX (with X = SO or CT, and M= Na'or K'). The ratio of anion charges versus
proton charges in this feed solution s 21, This can be clanfied by an example where SO and Na®
are ken s the ons 1 solution. The fead solution s thus: 0.0IM Na;SO; + 00IM H SO, and thus
2 proton charges versus 2x2 anion charges. For complete adsorption of SO/, an equal amount of
charges would be required according to the following reaction scheme:

_ OH ®/
Zx0, $OH — — SO,

+2H,0
OH S/
211

This scheme is valid for ZrO; since the isoclectne pount (IEP) is 605, which means that only a
relatively small amount of OH groups would dissociate from the Zr(), surface without protons being
added

The amount of protons present in the feed solution can only activate half of the ion exchange sites
that are requred for 100% adsorption of the anins. Therefore an adsorption rate of 0% is the
theoretical maximum. The reason that 1004 of the ions could be adsorbed during the first cycle of
the experiment was because the jon exchange sites of the sol particles are already protonated
because of the low pH of the sol.

e miluence of the flow mate through the membrane on the final sorption capacity was not
significant but there was a small difference n sorption efficiency. As shown in Figure 2.15, the

desorption rase s shghtly hagher at low flow rates
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Desorption rate of anions as function of time
Alkaline solution: 0.01TM Na2S04 + 0.01M NaOH
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Figure 2.14. Desorption rate as a function of tume

Values for the exchange capacity for hydrous zrcoma reported elsewhere [23] are between | and
2meq g, The possible explanation fir the hagh value of the sorption capacity for SO (ofien >2
meq ¢') compared o that of CT (1.6-18 meg g') and ref[23] could be that SO& was partially
present in the form of HSO4 . As shown in Figure 2.16 a significant pant of the SO is presert as
HSO; around and below a pH value of 2 [37).

- ————————————

Figure 2.15. Fractions of SO.* and HSO, as a function of the pH of H.SO,

HSO; can be adsorbed at a single son exchange site mstead of at a double ion exchange site, If
adsorption of HSO4™ took place, the value of the calculated sorption capacity for SO would have
been higher than 1t actually was. The formulas used to calculate the fractions of HSO, and e Ry

respectively were
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IH‘I' X, - K K, 212
®y5a W’]-K.H&’. K:Q[”,]-. and '[H'] K,+K.-A’,+[H¢ (212)
vk, = M0 oo axe S0 o

o H.S0, ' ’ HSO, '
where: [H') proton concentration

Ks and Ko equibbaum constants for the jomization steps of the first and the second
proton of H SOx, respectively

2.3.3.5 Influence of the sol concentration

Impregnation of diluted sol did not resu in an improvement I sopion capacity for SOJ
(Compare experiment number 1 cycle 2 with 7 and 8), From the expenmental results obtaned, there
5 no advantage in impregnating the supports with diluted sols. Table 2.13 shows the effect of the
sol concentration on the weight of ZrO, incorporated and the permeability of the suppont.

Table 2.13. Z:O; loading and the effect on the permeability of the support

Suppont Weight increase SO 1on exchange Permeability
After impregnation  Capacity (meq- g7)

No* Type (mg Suppont 210, (I m™ b W)
I 1 038 0.06 26 300

7 1 0.18 003 24 96

8 I 037 005 22 182

9 ! 0.55 0.08 24 14.4

10 ! 087 0 02 04

a) The numbers of the supports used in this table correspond with those in Table 2,15
b) Average permeability during collection of all samples

The parmeability was calculated wing the following equation [21)
y

A APt

I,- - (2‘3)

where: py  permeability of the suppon dusing the collection of sample n (F m™ bar'- k')
Ve  Volume of sample n (1)




A, flow through surface area of support ()

AP, pressure difference between the feed side and the permeate side of the support during
the collection of sample n (bar)

t tume taken o collect sample n (h)

The support impregnated with diluted commercial sol (sol mixed with ultra pure water mtio 1:1,
support number 7) showed the lowest weight increase and the lowest IEC for the support. The
support impregnated twice with the diduwted commercial sol (support number 8) showed a similar
weight increase and IEC as support | which was impregnated once with the undiluted commercial
sol. However, although support | and 8§ showed smilr weigiv and [EC, the penmeability of support
| was almost 40°c higher. This difference could be caused by different particle distribunon within
the matrix of the support. It s possible that particles impregnated dunng an carbier mmpregnation
adsord the anions that may be stabilizing the particles in the sol. As a result those particles may
aggregate and precipitate causing relative low  uniformity. The singly impregnated support may thus
have moare umiformly deposited particles causing less resistance 10 flow. Unfortunately, no analysis
of infiltration depth or of the homogeneity was camed out 10 confinm this explanation.

2.3.3.6 Influence of the drying procedure

Support number 9 was dned for one day afler impregnation and before the heat remment. The
weight increase and penmeability afier impregnation of this support is also shown in Table 218,
The weight increase was about 50 more than the weight increase of supports that were not
allowed 10 dry before the heat reament. A significant amount of ZrO» scemed 10 be blown off the
support dunng the relatively mpid drying process in the fumace. However, although the amount of
Zr(: blown off the support would not add to the IEC of he support, it scemed to prevent a large
reduction in permeability as shown in Table 2.13.

2.3.3.7 Effect of phosphonization

For both the commercial and the prepared sols the 1on adsorption charmcteristics changed from
anion exchanger 10 cation exchanger afier phosphonzation A comparison of supports numbered 1-9
(not  phosphorized) with supports numbered  10-14  (phosphonzed) in Table 211 shows that
phosphotization of the supports unpregnated with commercial sol led 1o the highest cation sorption
capacity (1.8 meq g'). The maumum sopaon capacty of ZrP would be reached if all phosphate
groups could bind two single charged ions, as is descnibed in the following equation [23, p. 14)




Zr(HPOup + 2Na™ = ZiNa(POy): + 2H (2.14)

In this case the maximum capacty in milli equivalent per gram ZP would be 72 (g
ZaAHPQu k=36 mmol=72mmal H'). The ZrO: seemed only 1o be patially phosphornzed since the
highest capacity shown i Table 2.15 was only 1.8 meq g' for support 11. The somption capacitics
for amons before phosphonization were shghtly higher than the sorption capacity for cations after
phosphonization. It 15 possible that H.POy wons are initially adsorbed onto the ion exchange active
sites of the ZrOr and duning the heat treatment ZrP is formed according w the following reaction
scheme:

O’/I,P()‘ O . =
3 0-P-0 0~ -
+ “"’ EOH -J' P

A
. n:o -H0 -0~ OH
- (2.15)

In general phosphonzation causes a very significant loss of permeability. Support number 10
(support type 1) became virually impenmeable after phosphonization. Only supports of type 2 could
be used 10 test the cation exchange capacities of phosphonzed Z:O,

2.3.3.8  Influence of support on sorption capacity

The sarption capacity of the impregnated ZrO; did not depend upon the type of membrane used for
impregnation. This was found by companng expeniment 3 and 4 as shown in Table 2.15. The higher
degree of particle dispersion in the matnx of the membrane with the higher surface area (membrane
twpe 1) did not have a significant effect on the final sorption capacity of ZrO; This conclusion was
strengthened by the  results obained from the IEC measurements as a function of the sol
concentration.  Support 7, which was impregnated with a2 diluted sol, was expected to  exhabut
relative hagh dispersions of ZrO» particles. However support 7 showed 2 lower IEC than support 1,
which was impregnaned with the undiluted sol

No conclusions on kinetic behaviour of ZrOr are presented because the differences in permeability
and the varying amount of Zr0O; kaded into the support made o very difficult © do comparative

expenments.




2.3.4 Conclusions for the sorption phase

14

2.5
1

A proper preparation route was fournd 1o prepare a ZrO: sol with crystalline particles. A
reflux time of 30 hours gave an opimum sorption capacity

The maximum reversible soption capacity was 18 meq g 21Oy, which was obtained from
use of a commercial sol

Complete wmmwbilizaton of Zr(O» particles occwred by heatng the suppons up o MXFC
after impregnation of the sol

- The concentration of the impregnated sol did not effect the sorption capacity of the ZrOy

A maximum cation exchange capacity of | meq g' was reached by phosphorizing ZrOy
partickes prepared from the comumercial sol

- Dring the supports afier unpregnation. pnor 0 heat treatment, led o0 a 50% higher Z10,

loading onto the support. A simular percentage decrease in penmeability was measured.

Overall conclusions of Chapter 2
The best electro conductive properties of the sorption electrode may be expected when gold
will be used as conductive phase
- Highest soption effictency may be expected for supports impregnated with  commercial
210, sl The impregnated maerial should be partially phosphorized 10 obtain  cation
exchange properties
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3 DEVELOPMENT OF SYNTHESIS METHODS AND OPTIMIZA TION OF

PROPERTIES OF ELECTRO SORPTION MATERIALS BASED ON
FLAT PLATE FIBROUS CERAMICS

Abstract

The preparation of flat electro sorption materials from ZeP and TiP on different ceramic support and
the design of a sorpion cell are descnbed. Mechanically stable products were obtained afier
deposition of pyrolytic carbon and impregnanion of ZrP. When polanzed at a potential  difference of
10V, 95% of wons were removed from S10g- I' salts mixture while the current density did not exceed
6mA- cm”. The water punfication charmacteristics of the cell did not change significantly over up w0
10 sorption - desorption cycle.

31 Introduction

One of the main goals of the cument project was the development of methods for preparation of
clectro sorption material in the form of plates. These clectro sorption membranes are  especially
promising  for  kwge-scale application of electro  sorption  technology  for  removal of jons  from
aqueous solutions. The membranes can be amanged in the form of plate and frame modules, which
offer significantly hagher volume to flow o than wbular membrane modules. In addition it may
be significantly easier w0 supply evenly distnbuted electric current 10 the plate surface than to the
tube surface. During the development of composition and synthesis methods of the plase electro
sorpuon membranes it was taken into sccount that the final product should possess the  following
properties

-ability t0 adsord )ons i 10n exchange processes
~electro conductivity
-porosity

-good mechanical properties

It was decided w0 use ngad fla porous ceramik or ceramic ke matnces as supports for the
preparation of composite electro sorpuon matenals, It s known that ceramuc and ceramxe like
matenals prepared from oxades of polyvalenmt metals possess adsorption jon  exchange properties
both for cations and amions. This property allows the use of such matenals as electro somption

membranes  if electro  conductivity is conferred onto  them.  Potentially one could use electo
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conductive ceramic materials for preparation of electro sorption membeanes, but these are currently
extremely expensive. The problem of makmg low cost ceramic clecto conductive was solved by
the method of pyrolytic deposition of carbon on the surfaces of flat ceramic supports

Another lomtanon of metal oade ceramic matenals used for electro soption s ther Jow 1on
exchange capacity. In order 10 increase the ion exchange capacity of ceramics used in the study,
hagh sorption capacity compounds were impregnated into the porous matnices of flat supports.

32 Ex tal

-5 X Starting manerials

Sorption electrodes in the form of plates were prepared using two types of support matenals:
l. Plate eclements from porous oxide ceramics prepared using wechnology deweloped by the

company “INMA™ (Ukrane). The characteristics of mitial ceramic elements are presented in
Table 3.1

)

Non-woven ceramic  fibre based matenals, or ceramic papers, prepared from  oxides of
multivalent metals. Manufactunng  company  “Thermal  Ceramucs™ (USA). The main
charactenstics of ceramic paper wades that were used for prepamation of electro sorption
membrane electrodes are presented in Table 3.2

Table 31 Man chamctenstics of ngd porous ceramuic plate ekements for preparation of electro

sorption membranes.

Parameter

Length, mm 100

Width, mm 40

Thickness, mm 1

Compaosation 700 ALO; + 30% ZrO;
Average pore diameter, microns 0.19

Specific surface area, nf g 45-50

Table 32 Main charcteristics of flexible paper type porous ceramic clements that were used for
preparation of electro sorption membranes.
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I'rade mark of ceramic paper Chermical analysis "o weight Nominal density Fibee index

AkLO; S kg m %
K-Shecld BF Paper 51 49 13- 100 75
Kaowool 500 Grade Paper 47 53 190-225 S0
Kaowool 700 Grade Paper 47 53 175210 55

322 Deposition of carbon on cermmic matenals

In order 0 confer electro conductivity onto porous cerumic matenials they were coated with a layer
of electro conductive compound such as pyrolyvtic carbon. The deposition of carbon was camied out
in the gas phase by pvrolysss of natural gas The cersmic matenals were placed in the quartz reactor
through whach natural gas was passed at a predetermined flow rate and then heated w0 the desired
temperature.

‘o
"
[

Introduction of additional adsorbents into the porous structure of ceramic matenals.

Phosphates of titanium and zirconium  were selected as addhitional sorption active  components 10 be

mroduced Into porous matrices of sorption electrodes. This choice was justified by the following

eAsOns:

(a) Phosphates of ttaum and zicomsum are well known morganic on  exchangers, which
possess relatively high on exchange capacity

(b Phosphonus - unsaturated maknals based on  phosphates of ttaniem and  zirconium are
capable of adsorpton of both ansons and cabons from aqueous solutions.

) Phosphates of tmansum and  zwconium  possess high jonk  conductivity, which 5 a very
importand - propenty  for  ther  effectuve  applicabon in the process of  electrochemucally-
activated sorption

The following laboratory method was used for the ntroduction of zrconium phosphate inlo ceramic
porous structures. The method 15 based on impregnation of the porous matenals with crystalline sol

of zzrconaum dhoxade

For the preparation of sol, a 25 % solution of NHy was added in small portions (23 ml) 1o 1 litre of
I M solubon of ZrOCE whlst heating and suming mechanically. The temperature of the heating did
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not exceed 9°N. Each following portion of NHy solution was added only afler complete dissolution
of zirconum hydroxide precipaate. The addinon of NHb solution was termmated once dissolution
of ziconium hydroxide precipitate within 20 minutes. The aw sol obtaned was boiled using a
reflux condenser for 25 hours to allow the formation of the crystalline structure. There afier the sol
was cooled 10 ambient temperature and filtered, Ceramic matenals were immersed in 1 M sol of
arconium  dioxade that was prepared as described above. The immersion time was 12 h. Afler
removal from the sol, the membranes were wiped with filter paper and placed mto a 15% solution
of phosphonic acid for 1S h. This operation was aimed at the tnsformation of zirconium doxide
mio ziconum  phosphate. After phosphoric acid treatment the membranes were washed with
distilled water, air-dnied for 24 h at room temperature and then for 2-3 h at 200°C.

The troduction of ttanium phosphate was camed out by the following means, Ceramic suppant
matenials were immersed into a | M solution of TW(L for 6 h There afier the solution containing
ceramic matenials was cooled 0 0°C. The membranes were removed from the cold solution, wiped
with filter paper and placed nto a cold (0°C) 15% solution of phosphoric acid for 1S h in order 10
transform the ttanium salt in the pores of the ceramic into zrconium phosphate. Cooling of the
solutions was necessary in order © achieve the deposiion of the titaniem salt in the form of a
mechanically  strong and  homogeneous  gel. The membranes  obtamed by this method were
thoroughly washed using distilled water, air dnied for 24 h at room temperature and further dried for
2-3h at 200°C.

in order 0 achieve maximum density of zirconium and it phosphate  deposition  inade the
membrane  porous matnces the impregnation  operations  described  above were repeated wp 1o 3

umes.

324 Testing of sorption properties of newly peepared membrane materials

Preliminary testing of the sorption activity of the newly prepared menals was camed out by won
adsorpion wsing 0.1 M solution of NaCl under static condiions. The membrane plates were ground
mo paricles of several mullimetres, placed o glass beakers and the NaCl solution was poured
upon the paricles. The duration of the adsorption process was 24 h. The solution was scparated
from the adsochent and the concentration of Na™ and CT ions was determined analyuically.




Evaluation of sorpuon activity of the membranes under the condiion of electrochenucal activation
was camed owt i the followmg way. The model soluton was constantly stimed m a glass vessel,
which contamed two flat electrodes with dimensions 50 x 20 mm. The distance between the
elecrodes was 10 mm, One of the clectrodes was a piece of electro sorption membrane and  the
counter electrode was made of graphite. Electne cument was passed through the system for 0.5 h
wer polentiostatic  conditions.  After that ume the solunon was removed from the vessel and

analvsed,

By this means the optimal composition and density of the electro somption membranes  was
determined. The membranes that showed the best performance were sclected for testing in the

clectro sorpuion cell, whach design s shown i Figure 3.1

Water R ubb;c sealants
- Sorption electrodes

e CArbon current collectors

Figure 3.1 Schematic of electrochemucal adsorpion cell for testing properties of electro  sorption

membranes prepared i plate form.




The design of the cell allowed plate clectro sorpion membranes with dimensions 3x8 mm 10 be
srongly pressed against graphite cument collectors. Working solusons were pumped through the
cell with pre-determined flow rates using penstaltic pumps. The working volume of the working
compartment of the cell was 25 cm’. The cell compartments were pressurized with rubber O-rings.

3.2.5 Methods of analysis

The concentration of sodium wons was determuned by flame photometry with the aid of device PAZ
(Ukraine). Analysis of mckel calcium and magnesium sons concentration was camed out by an
atomuc absorption method, with the aid of a spectrophotometer Pye Unicam 8800 (UK).

The concentration of sulphate ions was determined with the help of ttratbon by Barum Chlonde
(BaC) solution in the presence of Rhodizonate as indicator. Chionde wons were determined with
the help of jon selective electrodes (manufiactured by Radelkis, Hungary).

33  Electro tion rties _of _composite__memb | 0 a
xible flat s

The intial electro sorption testing experiments i this pant of the project dealt with determination of
the influence of carbon deposition onto clectro sompion  membranes, and their somption  capacity
under stabic conditions without apphcabon of an electic field Dunng the study it was established
that the adsorption capacity of the membranes towards cations was very low. At the same time, as
shown mn Table 3.3 these matenals demonstrated significant anion exchange activity in the case of
chionde ions. Ceramic paper based samples have amon exchange capacity similar w0 that of ngid
metal oxide ceramic samples. As far as cation exchange properties are concemned, the difference
between those two matenals can be explamed by the difference in their composition. Silica is
present in lwge quantities in ceramic paper based membranes while ngd plate membranes contain

zirconsa and no silica
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Table 3.3 Influence of temperature of pyrolytic carbon deposition on adsorption capacity of ceramic
paper hased membranes towards chionne 1ons. lon concentration given in meq g

Type of base ceramuc paper Pyrolysis temperature, “C

|0 an 100
K-Shicld BF Paper 0096 0.124 0.102
Kaowool 500 Grade Paper 0,063 0076 0.089
Kaowool 700 Grade Paper 0112 0039 0.023
Porous Oxade Ceramics 0.120 0092 0,050

* Adsorption capacity was detemuned using analytical data of chlonne sons removal from 0.1 M
solution of NaCl at adsorbent 1o solution volume ratio of 1: 20.

Analysis of data presented n Table 3.3 shows that the temperature of pyrolytic deposition of carbon
has very Intle mfluence on adsorption capacity of the membranes. This testifies 1© the fact that
pyiolvtic carbon does not have any significant adsorpion activity. The drop in adsormption capacity
observed in the case of the Kaowool 700 paper based sample can be explained by lower thermal
stabilnty of that paper.

Due 10 the fixt that cation exchange capacity of ceramuc paper based membrane samples coated
with pyrolytic carbon was low, the next step of the study was 1o determine the nature and optimal
composition of the cation exchange phase that could be mtroduced into the porous matnces of the
membranes.  Alhough initial experiments were camied oul using two inorganic cation exchangers,
namely phosphates of zwconium and utanium, it was established that the structure vs, adsorption
perfonmance relationship s simikr for both matenals, but that the former is a more robust adsorbent
when working under real electro sorpbon conditions. All further studies described in this chapter
were conducted  wsing  only zirconsuen  phosphate as  sorption active  filling matenial.  The data
describing  adsorption properties of  ceramic paper based  membranes  impregnated  with  zirconium
phosphate are presented in Table 3.4 and Table 3.5, It should be noted that data presented in Table
35 deals with membrmne matenals contaming both  zicomsum  phosphate and  pyrolytically
deposited  carbon.  Since it was  established n previous expenments that the temperature of
deposition of pyrolyie carbon does not have influence on the adsorption capacity of the resulting
membrane, all carbon deposition operations were camied out & an optumal temperature of 900 °C.




Table 34 Relatonshp between the number of consecutive impregnations with zZrconium phosphate
(ZsP) of different ceramic matenals (ngid porous plate and papers) on its content in resulting
composite matenials (C.%) and their adsorption capacity® (A, meqv. g")

Inutial suppont type Number of impregnations with Z:P

] 2 3

o] A, K A, o A,

% meqv.g§ % meqv.g' %  mequg
Porous Ceramic 52 0l 93 07 118 020
K-Shield BF Paper 612 108 749 130 791 140
Kaowool 500 Grade Paper 569 1.0] 02 125 778 135
Kaowool 700 Grade Paper 577 104 685 121 756 135

* Sorpuon capacity was determuned according w0 uptake of sodum wns from OIM solwtion of
NaCl & the volume mtio of adsorbent 10 solution of 1: 50,

Table 3.5 Relationship between the number of consecutive impregnations with zrconium phosphate
(ZrP) of different ceramic matenials (rgid porous plate and papers) whach were mitially coated with
pyrolvtic carbon &t 900 °C, 30 min on Zr on its content in resulting composite matenals (C%) and
their adsorption capacity® (A, megv. ')

Inatzal suppont type Number of ynpregnations with P

I 2 3

C, A, o A, o A,

% meqv. g’ %  megqv.g' % meqv. g’
Porous Ceramic 50 0.12 95 015 11.2 018
K-Sheeld BF Paper 19 140 887 1.3 90.5 1.58
Kaowool 500 Grade Paper 654 1.19 839 1.5 88.2 158
Kaowool 700 Grade Paper 689 12§ 8.5 153 890 160

* Sorption capacity was detemuned according to uptake of sodium wons from O.IM solution of
NaCl at the volume ratio of adsorbent to solution of | : 50

The analysis of data presented in Table 3.4 and Table 3.5 shows that i all cases he introduction of
zZrconiun  phosphate  imo  cermnuc  matenals results i significant ncrease in the  adsorption
capacity. A dwect relationship between the material structures, quantity of impregnated zirconium
phosphate and the adsorption  capacity was clearddy wisible in all experiments. Morcover, the
inflexible  structure of heavy porous ceramics mits  the maxamum  possible quantity of zirconium
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that can be ntroduced mwo the rigkd ceramic plates, and as a result, the maximum adsorption
capacity of clectro sorption membranes produced using these plates as suppors. The much more
flewble porows structure of ceramuic papers consisting of silica and alumina fibres allowed the
mroduction of signaficantly  higher  quantities of zmcomum  phosphate thus  obtaining  higher  values
of 1on exchange capacity in resultant electro sorption membeanes.

It s also apparent from results presented in Table 34 and Table 3.5 that for different types of
ceramic papers the quantity of zrconium phosphate introduced closely comelites with the density
of mitial papers as presented in Table 32, It is possible 10 introduce more zirconium phosphate in
ceramic papers with lower density.

It can be seen from the experimental curves presented in Figure 3.2 that an increase in the number
of consecutive impregnations of zirconsum  phosphate results I an increase in sorption  capacity,
which reaches s maximum after three impregnation operations. It should be noted that the sorption
capacity of the composite matenial depends on the quantty of zrconien phosphate introduced into
it, but not as much on the structure on the mitial ceramic paper. It is also clear from Figure 3.2 that
the d&position of carbon camied out before the phosphate impregnation operation does not
significantly decrense the sorption capacity.
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Figure 3.1 Relationship between the numbers of consecutive impregnations, n, of different ceramic
matenals (ngid porows plate and papers) with zrconium phosphate, on their adsorption capacity A.
O Ceramic plates without carbon, ® Ceramic plates with carbon, © 04  Cemamic papers
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without carbon, Ceramuc paper with carbon

Increase i the sorpion capacity of carbon-coated materials was observed afier  zirconium
phosphate depositon when compared with noncoated initial ceramic papers. It was found in the
curent study that deposition of pyrolytic carbon onto ceramic papers significantly improved their
mechanical properties and chemical stability against hot solutions of acids and bases. Another
important property  relationship was found between the quantity of zirconium phosphate  introduced
into the porous structures of ceramic papers and their mechanical durability. The durability of initial
non-treated ceranmuc papers drops in the following sequence:

Kaowool 500 Grade Paper > Kaowool 700 Grade Paper > K-Shield BF Paper

Afler the pyrolysis and introduction of the phosphate the durability changes i the opposite manner
as shown below:

K-Shield BF Paper > Kaowool 700 Grade Paper > Kaowool 500 Grade Paper

The results obtained in this pant of the study allowed the sclection of the most promising flat
ceramic membrane clements for electro sorption testing. These  elements were produced from  both
ngd porous ceramic plates and ceamic popers as starting materials. In all cases pyrolytic carbon
was deposited at 900°C  and  zwconsum  phosphate was  introduced by three  consecutive
impregnations.  The cathodic polanzabon of the clecro sorption membranes was camied out &t a
potential differerce of 10V, Electro sorption tests were camed using a model solution of the
following composition:

Ca™ - B3mg I';

Mg - 515mg T

Na'-115mg I

a13omg I';

SO - 10mg I'.

The results of electro sorption expenments are summanzed inTable 3.6.




Table 3.6. Removal of metal cations from model solutions by clectro sorption

kutiad suppont type lon removal degree, %

G Mg* Na

ov 0V 0OV A0V 0V 10V
Porous Ceramic 282 605 397 853 154 a2
K-Shueld BF Paper 704 928 832 943 482 754
Kaowool 500 Grade Paper 653 882 754 %6 454 69.3
Kaowool 700 Grade Paper 682 9.1 783 912 480 7.2

The results obtained during the study of the mfluence of clectric field on adsorption propertiies of
membrane  materials  containing  pyrolytic  carbon  and  zconmum  phosphate  demonstrated  that
clectrochemical activation resulted in 2 twofold increase in thewr jon exchange capacity at least
Ius effect manifests self in a hgher removal of jons from aqueous solutions. It was also found
that adsorption of anions increases duning anodic polanzation with a potential difference of 10 V in
a sumilar way.

The results of the previous parts of this chapter may be summanzed in the following way. The study
of manufacturing procedures, structural properties and  adsorption  capacity of flat electro  sorption
membranes have demonstrated that fibrous noa woven flexible ceramic materials (ceramic  papers)
are the strongest candidates for use as supports in membrane manufacturing The addition of an
active sorption compounds  such as zirconium or ttansum  phosphates into the porous matnces of
ceramic papers resulted in a significant increase in their capacity 0 adsorb both cations and anions .
It was also shown that the introduction of an electro conductive compound such as pyrolytic carbon
allowed the wse of phosphate impregnated ceramuic papers as effective electro sorption  electrodes
and the control of their adsorpion efficiency by darect application of electne cument. The highest
adsorption capacity, mechanical sabidlity and the ability 0 remove wons from aqueous solutions was

observed in the case of electro sorption membranes prepared using ceramic paper Kaowool 700 as
mmal support matenal These membrares were prepared by deposiion of pyrolyvtic carbon at 900°C
and theee consecutive impregnations with zirconium phosphate,




The possibility of preparation of sorption clectrodes as plate-and-frame or flat sheet membrane
clements based on fibrous ceramic matenals and zirconium phosphate was shown i the previous
pant of this report. The next man rescarch task was the determination of optimal conditions for the
preparation of flat sheet sorption membranes. This required solution of the following problems:

(@) The chowce of optimal composition for soption active component of sorption  membeane
clements
(b) The development of an optimal configuration of somption electrodes

In tus pat of the study two soption active components such as zmcomum phosphate and  ttanium
phosphate were used A comparstive study of sorption properties of composite inorganic membrune
matenals based on ceramxc paper filled with ttanum and zrconium  phosphate  (three
mpregnations) was camed out in order w0 choose the optimum compostion of composite somMUon
matenials, Due to the fact that the molar ratio of phosphorus: metal in phosphates of zirconium and
ttanium determines its adsorption  capacity towards cations and anions, electro sorption membranes
with different molar ratios in their composition were synthesized and tested Changing contact time
of the matenal with phosphoric ackd dunng the phosphonization stage of the membrane synthesis
procedure  controlled  the composition  of phosphates of ziconium and  taswen, which were
deposited im0 cerumic porous matrices. Ceramic paper Kaowool 700 served as starting material for
the preparation of electro sorption matenals. A 1.0 M NaCl solution was used for evaluation of
sorpion  properties of the membrane without electnical polanzation. The results of this study are
presented in Table 3.7

Table 3.7 Sorpion capecity of composste membranes prepared by the impregnation  (three
impregnations) of ttanium (TiP) and zirconium (ZrP) phosphates into Kaowool 700 ceramic paper.

Sorpuon capacity, mg. g

Molar ratio TP ZP

P Me Na a Na' -
15 124 35 115 30
1O 95 63 92 60
05 60 70 55 65

67




The folowing conclusions could be drawn from this section:

o sorpion  capacity of composte membranes prepared  using  zicomum  phosphate  and
ttansumn phosphate are practically identical.

e the Jower the phosphorous content in the membrane, the Jower its sorption capacity towards
canons and the higher towards anions:

e membranes with a molar rabo metal: phosphorous = 1 are optimal for ssmultancous sorption
of cabons and andons.

The next step of the study was 1o prepare sorption electrodes from phosphate matenials selected as
candbidates for the preparation of clectro sorption composite membranes and 10 investigate  their
sorption properties  under  electrical  polarization. The  electrodes of different  dimensions  (thickness)

were prepared by placement of the phosphate - impregnated ceramic paper pieces in contact with
current-collectng flat metal sheets. The results are summarized in Table 3.8

Table 3.8 Influence of polanzation and dimensions of sorption electrodes on their sorption capacity
for Na™ sons from 001N NaSO« solutions

Thackness Sorption capacity, mg.g'

of sorption TP ZrP

clectrodes, mm without potentsal E=-03V without potential E=-03V
1 20 35 19 51

2 20 32 19 a8

b 20 27 19 41

10 20 2 19 37

The conclussons made after completion of this part of the study were as follows:

e the cathode polanzation of the membranes increased their sorption capacity,

e the mfluence of polanzation on sorption capacity s more  pronounced  for  zIrconium
phosphate based materials (a rise i the sorption capacity up 1© 150 %)
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e the increase of tackness of sorption electrodes results in a Jower specific sorption capacity;

e the influence of the type of cument-collecting metal of sorption electrodes on the  sorption
capacity was not specific;

e impregnation with ziconium phosphate (mtio metal @ phosphorous = 1) gave an optimum
material for the preparation of sorption membranes.

The last stage of optimisation of the content of sorption electrodes was multiple sorption-desorption
testing under clectro sorption conditions. The clectro sorption cell shown in Figure 3.1 was used for
the testing. Tests were camied out utilizing a model solution of the following composition:

Ca - 3mg 1
Mg -515mg |
Na‘ - 11Smg I
Cr - 130mg I
SO -140mg I

The results obtuned for soption clectrodes containing  tinium and zZirconmam  phosphates  (molar
ratio P : Me = |, three impregnations) are presented in Table 3.13.

Table 39 Degree of model solunon punificaton by the clectro sorpoon module equipped with
wanium and zrrconium phosphate contaimng chectro sorption clectrodes.

No. of sorption - Degree of purification. %

desopuion TiPh Zip
cycles without potential | dU = 10V without potential | dU = 10 V
! 55 82 53 97
2 52 85 36 9
5 56 81 51 95
10 4 83 52 96

The followmng conclusions can be made from Table 3.9:




e passage of an electncal cument through the sorpion cell greatly increases degree of
punification from ionic impunties.

o influence of polanzaton on the degree of punfication is more pronounced for electro
sorption membranes made of zirconium phosphate;

o the water purificabon charactenstics of the cell do not change significantly over wp w0 10
sorption - desorption cycles,

e the results obtained have shown good performances of the electro sorption method for the
purification of solutions with a small content of salts (p 0 05 g I').

The study described in the present chapter of the report resulted in optimisation of the method for
ma ng camposite sorption matenals for the process of clectro sorptive removal of jons from
aqueous solutions. Kaowool 700 grade ceramic paper with the thickness of 1/16 inch was selected
as the mitial support material for up scaling of the clectro sorption techrology and fr testing of
moded solutions and industnal effluents.

The procedure for the electro sorpion membrane preparation  from the Kaowool 700 suppont

consisted of two consecutive stages:

(#) Deposition of carbon on the ceramic paper by methane pyralysis at 900 °C dunng 30 min;
(b) Three consecutive impregnations with zirconsum phosphate by a sol gel method followed by
phosphonic ackd weatment. The molar rtio of phosphorus o zirconium in the impregnated material

was |,
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4 DESIGN OF THE ELECTRO SORPTION MODULES FOR TUBULAR
AND FLAT SHEET MEMBRANES

Abstract

The development of the twbular and flat sheet electro sorption modules s described. It 1s shown
how conductive O-nngs were used t0 estabbsh the elecincal connection i mult twbular membrane
reactors and how Nasilicate could be used 10 prevent corrosion of the O-nngs. The configuration
with the hghest potential for application was found o be a carbonised membrane, with a carbon rod
insade the carbonised substrate acting as a counter clectrode and having a flow directed away from
the centre. Automation of the electro sorpion process with twbular electro sorption units  was
controlled by measuning the pH and conductivity of the permeate stream. The reactor for flat sheet
dectro sorpoon unets was designed in a way that the performance of each mdividual module could
be monitored using its curent [ voltage charactenistics. The maintenance and membrane refitting in
cach module could be camed out withoat shutting down the complete desalmation unit. In addinon,
the potential differences over the total unit were equal to the potential difference over cach unit.

4.1 Introduction
Besides the choice of the ngit matenals for the sorption and electro conductive phase, the choice of

the nght reactor configuration and expenmental set-up was of great importance. The development
of the wbular and flat sheet electro sorption modules s described step by step in section 4.1 and 4.2

respectively. In section 43, a pilot plaw with automated control over the electro sorption  process
will be presented

4.2  Reactor development for tubular sorption electrodes
4.2.1 Reactor design and sctup for electro somption expenments

The first set of potential dniven adsorption expeniments was camied out using the setup shown m

Figure 4.1

71




A sorption electrode of Sam in length was connected 10 a potentiostat (Amel 2063 for max SV DC
and the Kikussu Pad 35-5L for max 10V DC). A 15cm spiral wound Pt wire (Imm @) was used as
the counter electrode. A detailed description of the sorption expenment itself 1s given in chapter §.

Figure 4.1. Schematic overview of the first set-up for electro sorption experiments [1);
1) Potentiostat, 2) Sorption electrode, 3) Counter electrode, 4) Beaker with salt solution

The wn concentation of the bulk solutwm and the appled potential difference between the counter
and the sorption clectrode, for several clectrode matenals, was measured as a function of time. The
sorption capacities of the first sorption electrodes were of such a low value that the changes in ion
concentration i the bulk solution (due 10 on adsorption or desorption) were often within  the
expenimental enor of the on analysis. More valuable information about the sorption charactenstics
of the differet sorption material (using the scbup shown i Figure 4.1) may have been obtained by
impedance  spectroscopy  measurements.  However, the proper equipment for this kind of
measurement was not available at that stage of the project.

The experimental set-up needed some adaptations for  industnial application of the sorption
clectrode. Therefore a continuous flow electro sorption reactor was developed. The reactor design
allowed the sorption properties of the sorption electrode and its fillening capacity 1o be combined. A
schematic overview of the set-up with the contmuous flow reactor used for electro sorption
expenments s shown in Figure 42 The set-up included a Watson 3135 twbe pump, the reactor, a
reservolr, a pressure gauge, a tube clamp and the same potermtiostt as previously descnbed A
moded solution of 0.01M MgSO, was pumped from the reservoir into the reactor.
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Figure 4.2. Schematic view of the second setup for electro sorption experiments

The pressure difference between the outer and lumen side of the sorptin electrode was regulated by
means of a whe clamp and by monitorng the pressure gauge. Using this set-up, the on sarption
charactenstics  could be  coupled with permeability charactenstics of the differently  prepared
sorption electrodes

4.2.2 Reactor development towards an industrially applicable design

A second reactor design was manufactured (see Figure 43). The sorption electrode (1) was
connected to the power source (8) via a stainless steel coil (5). The feed solution entered the reactor
at (2) and exsted the reactor as reject (3) and permeate (4). The counter electrode (6) was prevented

from touching the sorption electrode via a square shaped prece of msulating material (7).

73




Figure 4.3, Schematic representation of the second clectro sorption reactor design. (1 Sorption
clectrode, 2: Feed, 3: Regect, 4: Permeate, 50 Stamless steel coill, 6: Carbon rods, 7: PVC shortcut

prevention, 8: Power source)

The main difference between the setups in Figure 42 and Figure 43 was that the latter had an extra
mlet. The feed solution could be miwroduced at either the mside or the outside of the sorption
clectrode. This option created the possibility to achieve the most efficient sorpbion  electrode
composition and counter electrode posiion as will be discussed. Another impontant change between
the first and the second reactor design was the chowce of a carbon rod as counter electrode. Besides
the fact that a carbon rod was much cheaper than a platinum wire, the difference in geometnic
surface and surface roughness between the carbon rod and the platimem wire resulted in 2 much
higher swface area of the counter electrode. This may result in a higher adsorption capacity of the
sorpion  electrode.  Finally, the potential drop was caused by the resistance between counter and
sorption electrode (IR drop was lowered by reducing the distance of the two electrodes.

The reactor displaved in Figure 43 needed two more changes © become a fully industially
apphicable electro sorption reactor.
The tonal electro sogption electrodde area had 10 be up scaleable

The reactor had to be easy 10 assemble
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Figme 4.4 shows the multiple sorption electrode reactor that was  designed 0 meet  these
requirements. The problems encountered with the difficult 10 assemble coil connection i the carher
designs were solved by the mtroduction of conductive (-nngs.

Figwre 44, Schematic drawing of the multiple sorption clectrode reactor. 1@ O-nng, 2@ Sorpoon
electrodes, 3. Conductive plate, 4: Conductive Onng, 5: Counter electrode. 6: In- and outlet of
permeate. 7: In and outlet of reject

The elasticity of the nickel loaded O-nngs (VEPAC, Muizenberg, Cape Town South Africa)
allowed ecasy assembly with sufficoent conductive properties to provide an electncal connection
between the sorpuon electrode and the potentiostat without  significant potential Joss. Clamps  with
screws were used 10 keep the reactor together mnstead of parts that needed to be screwed into cach
other. Several electro sorption electrodes could be fited per reactor. The principle of the setap
remamned unchanged. The pump was used o generate a pressure difference between the lumen and
outside of the sorption electrode that resulied in a flow permeating theough the electrode. To avord
raped degradation of the electio conductive O-nng, contact with water should be avokded. Appendix
B describes what was done 1o keep these O-nngs dry
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423 Reactor opunusation

After the industrally applicable design had been developed, the following three mamn questions had
10 be answered in the context of the search for the optimum reactor design:
(2) What is the most effective location for the clectro conductive phase of the somption electrode?
The possibilities are that the electro conductive phase should be:
- dispersed throughout the substrate like a carbon coating
- on the outside surface only, like a gold or a mickel plated coating
- on the owside surface (for gold or nickel) and the inside (for nickel). In this case no
addimonal counter clectrode 15 needed. The counter clectrade s incorporated into the same
sorption electrode
(b) Where should the counter electrode be situated”
- insade the sorption electrode like a carbon rod or carbonised substrae
- outside the sorption clectrode like gold sputtered or Pt sputtered Ti foil
- on both sides. This configuration is a special case and has been reported in a preliminary
report (2] g net for flow twough applications. The better name for this sorption device
would be a sorption suppon since there is no conductive phase required
(<) Should the permeate flow toward or away from the centre of the sorption electrode

The combinatons bisted above give options with a high variety of possible configurations with
regard 10 sorpton electrode  composition,  counter  clectrode  position and  flow  direction.  All the
different combinations are bulated i Table 4.1. From these combumtions, there are only nine
opaons that result in different configurations.

The combinations are hsted i such an order that the schematic representations of the “B”

combination will ook exactly like the “A™ combination. As an example, the configuration of
combination 3A and 3B are schematically represented in Figure 4.5,
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Table 41 Combimation of sorpuon electrodke  compositions, counter  electrode  posiion  and  flow

directon.
Combamation Locanon of ekectro- Flow drection Counter electrode
No conductive phase of permeate
la Throughout carbon Away from centre Carbon rod
b Throughout carbon Towards centre Gold sputtered T Foul
2a Throughout, carbon Towands centre Carbon rod
b Throughouwt, carbon Away from centre  Gold sputtered Ti Foil
3a Outside Au Towards centre Gold sputtered Ti Foul
3b Inside Ni Away from centre Carbon rod
4a Outsade Au Away from centre Carbon rod
4b Inside Ni Towards centre Gold sputtered Ti Foil
5a Outside Au Away from centre Pt sputtered T Foil
5b Inside Ni Towards centre Carbon rod
6a Outside Au Towards centre Carbon rod
6b Inside N Away from centre P sputtered Ti Foil
Ta Ourside Ni. msde Ni Away from centre .
b Ougside Ni, mside Na Towards centre -
Ka Outter surface (gold) To centre Carborused support
a . To centre Carbon rod + Th foa)
9b

Towards centre

Carbon rod + T foul

No.3B
B
———
Feed |35 Permeate
- -

\ i 3
|, Somtion phase : ; \ ,  Somtion phase
: ¢ Conducuve phase (Au) H & Conductive phase (N1
i Counter Electrode (fodl) Counter Electrode (rod)
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Figure 4.5 Differet combination of counter ciectrode, sorption electrode and permeate direction
resulting n similar configurations




No difference n configuration could be found between combination XA and XB. The reason why
the combinations “B” were not subjected 10 an clectro sorption experiment is that no difference in
srption behaviour may be expected when compared 0 combination “A”. Epght different
configurations were tested. All eight configumnions are shown in Figure 46 The configurations of

these combmations were all different.

No.. 1A No..2A No.3A
F] ( F ﬁ{’ L
l} \, |
undmlng phase + -" ( nnductlw phase + (.?: 1 Sorption phase
Sorption phase Sorption phase * - Conductive phase
No.4A No.SA

CE ‘/' V"&‘q)“un p}w ‘.: ‘ wu)ﬂ p.‘uic '
Conductive phase CE Conductive phase CL (‘ondxmwc ph.n.c
No.SA §—F
[ P g
“— - '
~ N\
Sorption phase ' — Sorption phase
. / /
Conductive phase Conductive phase

Figue 46, Different combmations leading to different configurations, Fefeed, Pe=permeate,

CE=counter electrocke

In order 10 use a carbonised support as counter electrode as descnibed by combination 8A, a double
clectrode reactor had been developed. The schematic drawing of the double electrode is ilhustrated
n Figure 4.7 The double electrode reactor can readily be up scaled as well. In this design support
type Il s the counter clectrode and shdes nside support type L At the wp and bottom side of the




reactor an  electroconductive  connection 15 established wsing the electroconductive O-ring to

connect the two supports with the power source and 10 make these either a cathode or anode

Figure 47. Schematic drawing of the double support reactor. 1) Conductive plate, 2)Viton O-nngs,
3) Conductive O-ring, 4) Support type 11, 5) Support type |

4.2.3.1 Expenimental

In order 10 compare the differemt configurations, supports of type | and 11 (see Table 2.1 for details)
were subjected to0 standard electro sorption expeniments (described in chapter 5). The expenmental
set-up used s shown in Figure 43 For expenment | to 9 (see Table 42), the reactor shown in
Figure 43 was used but slightly modificd 10 adget w0 the required configurations. Supports type I

were used and all impregnated with the commercial available ZrOh sol as described in section 2.3.

4232 Results
The results of all the electro sorption expeniments conducted for cach tested configuration are Tisted
m Table 4.2,




Table 4.2. Results of electro sorption experiments for all tested configurations

Exp Config Max adsorption desorpion (%) Simultaneous removal®

No. No. SO, * Ca® Adsorption Desorption

l 1A 0730 6035 Simultancous Sameduncous

2 2A 4020 3020 Not simultaneous Not ssmultaneous
3 3A 2050 010 Not simultareous Not simultancous
S 4A s0°10 6O30 Simultancous Not ssmultaneous
O SA 10005 510 Not simultaneous Not smultaneous
7 6A 3020 3020 Not simultancous Not ssmultaneous
8 TA X 300 Simultaneous Not smultaneous
9 SA 9H30 av1s Not ssultaneous Not simultaneous
10 9A b 50 -

* Sumultancous removal of cations and anons

Most of the configurations (2A, 3A, SA, 6A and BA) suffer from the same problem. Cations and
ansons are not adsorbed  simultancously.  Acidification of the sorption phase (caused by the protons
generated by clectrolysis of water at the anode) results in desorption of canons and adsorption of
amons. Afier switching the polanty of the electrodes the alkalinity of the sorption phase results in
the opposite; anions desorb and  cations  adsorb,  Using  these  configurations wall not lead to the
production of clean water since the permeate will always contain an mncreased concentration of
gither ansons or cations. Moreover the penneate will be acidic or alkaline to compensate the excess

of ansons or cations respectively.

The most promusing ekctro  sorption  results were  obtained  using  configuration 1A where
simultancous  adsorpiion of  cations and amdons  was  observed and reasonably high  sorption
efficiencies were reached. It 15 believed that simultaneous adsoption 5 only possible when a pH
gradient within the sorption phase can be established. The wse of carbon as electro conductive phase
with the dwection of flow away from the centre as in configuration 1A resubted in this pH gradient
The working of the pH gradient will be discussed i more detail in chapter 6. With configuration 4A
and 7A a pH gradient could be expected as well, but the location at which cation exchange groups
became anion exchange groups is probably shified further from the centre of the sorption phase
towards the direction of the flow.
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problem. By companng the results of expenment | with 4, better desorption values were obtained
when a conductive coating mixed with the sorpion phase (carbon coating) is used instead of a
surface coating (gold) As discussed above this difference mught be caused by the difference in
position 10 establish the pH-gradient Another possible explanation is that in configuration | the
release of SO is faciliimed by the charge of the conductive phase deposited under the sorption
phase.

While testing configuration 3A in experiment 3 it was found that Ca™* was not adsorbed Ca™ wil
only be adsorbed onto Z:O; at significantly higher pH [4). Apparently the necessary pH could not
be reached because the configuration allowed quick neutralzation of the protons and hydroxyl ions
formed. Its seems necessary to have the sorption phase in between the dectrode conductive coatings
10 avoed the neutralization of formed protons or hydroxyl ions before they can activate the ion
exchange groups.

Configuration SA scemed t0 be one of the least efficient in terms of jon adsorption. Using this
confipraton, the feed had o permeate through the sorption phase first before it reached an
clectrode. Because of the pH newtrality of the feed, the 1on exchange groups were thus not activated
and no adsorption could take place. The sorption phase mught have been activaed by some of e
produced protons or hydroxyl sons only when the feed solution entered the region close to the
electro conductive layer. It 15 thus recommended that the feed solution should be in contact with an
clectrode before it comes in contact with he sorption phase. This would be the case if the sorption
phase were located between the electrodes. Since nickel is not a very stable matenial under anodic
conditions, the nickel coatings in configuwation 7A started to dissolve as soon as the experiment
started, resulting in a constantly decreasing cumrent. Afler half an hour the current dropped to about
half of the inmial value. The numbers given in Table 4.2 are most likely influenced by the changing
properties of the conductive coating  Another technique to comt the mside of a wbe was not
available. Hence, configuranon 7A was not mvestigated further. Since 1t was believed that carbon
coatings should be necessary o0 enhance sulphate desorpion, configuration 7A was no  longer
consaderad 10 be one of the potential possibilities.

The mamn problem with configuration 9 was the high ressstance between the electrodes. The current
generated by the applied potential difference was wo bw o produce sufficient protons  and
hydroxyl groups to activate all ion exchange groups necessary for the sorption process.
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4.2.3.3 Conclusions on reactor optinusation

- Conductive O-nngs could be used to facilstate the assembly of a sorption electrode reactor

- An up scalable and easy to assemble elecro sorption electrode reactor was designed and
manufactured

- Na-silicate could be used to prevent corrosion of the conductive O-nngs
In general simultancous removal of amons and cations was only found when the sorption
phase was placed between the cathode and the anode

- Desorption of SO, usually took place faster when carbonised coatings were used

- The configurations with the highest potential for applicaion was found 10 be a carbonised
membrane, a carbon rod inside the carbonised substrate acting as a counter electrode and
with a flow directed away from the centre

43 tor development for fl cet s

The small-scale clectro sorption module, which is shown in Figure 3.1, was used for testing the
composite clectro  somption  membrane  properties  duning  the  developmental phase  of  their
manufactuning and optimisation. Afler the membranes with the required properties were developed,
it became necessary to upscale the process to the level at which accurate prediction of membrane
performance under fullscale condiions was possible. It was also intended 0 camy out electro
sorpiion experiments using  several model solutions closely resembling vanous kinds of waters and
effiuents and at keast one industrial effluent with significant potential for membrane fouling.  Finally
the up scaled electro sorption module was needed for the preliminary cost analysis of the electro
SOTPLION PrOCess.

The prncipal schematic of the up scaled clectro sorpion module 15 shown in Figure 48, In its
design, all the prior findings about the behaviour of the flat electro sorption membranes under the
nfluence of eclectne fields of vanous imensities were used The module was produced from
materials with the lowest possible cost and its design allowed for casy full scale manufacturing
operation w0 give plate and frame electro sorption installations with high total membrane  surface
arcas. The clectro sorption module consisted of two electro sorption membranes  with  dimensions
150 x 210 mm and 2 mm thickness. The spacer that also plaved a role in the wakr flow field was
positioned between the membranes. The design of the spacer / flow field allowed for the mtio of
tubulent to laminar flows of water mnside the module 10 be as hugh as possible, The intemal free
volume, or working volume of the module was 100 cmi. The supply of electric cumrent 10 the
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membranes was camed out via the cument collector made of carbon cloth with hegh graphite
content and copper cumrent leads, which were sandwiched between pieces of the carbon cloth The
curent collectors were pressed agamnst the electro sorption membranes and the separator by means
of bolts that are not shown i the picture. The module was leak proofed by rubber washers (not
shown)

Z Current supply

»

Water flow

Figure 4.8, Schematic of large -scale electro sorption module.

The module design described above allows the assembly of the electro sorption unit using plate and
frame modules. The number of modules in the unit will depend on required productivity and ion
content of waters 10 be treated A possible layout of the electro sorption unit 15 shown i Figure
4%a). It should be noted that the proposed design of the electro sorption unit would allow the use
clectro sorpion electrodes not just as  de-ionization media but also as micro or ults  filtration
media. In this case the unt operation will camied out in the mode presented in Figure 4.9(b). The
working solution would enter one of the electro sorption modules, flow through the electro soption
membrane where both de-omization and filrabon would take place and then flow owt of the
mixkile
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vwater

Figure 49, Layvouts of clectro sorption umits for water cleanmg i sorption mode (a) and combined

sorpuion and Rltation modes (b)

Another significant technological feature of the proposed clectro somption modular structure is tha

the modules always work in the foorm of a pamllel clectne cwcun. This allows for the

operational advantages in companson with a senes of desabmation cells, which are

example m electro dialysis

(@) The performance of each individual module can be monitored using s current

charactenstucs

follow ilq:

used for

voltage

(b) The mamtenance and membrane refiting in each module can be camied out without shutting

down the complete desalination unn




(¢) Operation potentials of the units will be equal to operation potentials of each individual module.

44 Automated control for an electro sorption process (pilot plant)

Dunng the course of the project the bench scale set-up described in section 42 was upgraded to a
fully automated pidot plant One of the challenges was to design and test a relatively cheap
automation system. The pilot plant included the wbular sorption electrode reactor. However, this
reactor could be replaced by the flat sheet sorption electrode reactor without further adaptations.

44, Descnption of the palot plant

The pilot plant consisted of a pamary and a secondary stage as illustrted in Figure 4.10. The
pamary stage included a high-pressure water circulation loop that incorporated a  120-lire  storage
tank (1), & | micron depth filtler (2), a re-cwculation pump (3) and a pressure-regulating valve (4)
with indicsting gauge (04 bar) (5). The secondary stage comprised flow-indicating rotameters (0-
2000 k') (6) with flow control valves (7a) before and (Tb) afier the electro sorption filter reactor (8).
Both valves (Ta and 7b) were used to regulate the ratio of permeate’reject and the pressure
diffcrence over the clectro sorption filter: The pH and conductivity of the permeate flow was
measured via an in-iine pH probe (9) and an indine conductivity probe (10) respectively. Both
probes were connected 10 a comesponding meter, which were connected o0 @ controlling  computer
(11). The computer activated a solenosd valve (12) downstream from the permeate line that lead the
ouflow of the permeste 0 a storage vessel containing purified or wastewater. Another solenoid
valve (13) dwrected the reject either back mto the reservoir or 1w waste. Simultancously, the
computer regulated the polanty of a potentiostat (024V DC, 0-5A) (14) that supplied the current to
the electro sorption units.
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The design of the high-pressure water circulation boop in the pnmary stage allowed the supply to

the secondary stage of any desired flow nte (between 0 and 200 I h') at an independent pressure,

with a maamum of 4 bar. Dunng long term fouling tests constant independent  pressure  was

necessary 1o obtain accurate permeability results

442 Automation

Ihe automated water punfication pilot plat could be divided into an analvtical and a controlling

system. The function of the analytical system was 10 measure the quality of the water and to detect
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abnormaliies or unsafe sinatons. The function of the controlling system was 0 respond
dvnamically, basad on the information of the analyucal system. It was of importance that the
analytical system provided  sufficient information 0 the controlling  system 10 realize the  desired
separation of good and bad quality water.

4421 Analytical system

The concentrations of differet wns can be measured using a vanety of ion-selective electrodes.
Unfortunately, such clectrodes are relatively expensive and many differemt clectrodes are  required
to obtan a complete analysis of the water quality. Less expensive analytical tools are required for
an economically feasible system. The conductivity of a solubon may give an indicaton of its salt
content and measuring devices are relatively cheap. However, it shoukd be investigated how the
conductivity of a solution is influenced by the presence of highly mobile ions, such as protons and
hydroxyl ions. The concentrabions of these ions are likely 0 vary dunng a desalmation process
hased on electro sorption,

Figure 411 shows the conductivity of a 0005M NaSOs solubon as a function of the pH.
Conductivity was cakulated via the law of mndependent migration of ions [3, p 822], which says that
the conductivity can be expressed as the sum of contnbutions from the individual jons. The
following formula was used [3]:

Kome Al w [elv W # vy kg o)+ 107 (R #3050 )+ 10700, +30,) (1)
where:

A, molar conductivity (mS: cm’')

c concentration of NaxSO« (mok T')

o mwolkes of jons to form 1 mal of sal

c jonic conductivity of ion i (see Table 3.3) (Ohm”’ e mol')

10*" concentration of protons (= counter amons) i solution (mol: 1)

T

10 concentration of hydroxy! 10ns (= counter cations) m solution (maol- 1)

This formula shows that the wiluence of pH on the conductivity of the NaSO: solution & only
considerable at values lower thun 4 or higher than 10 The desired pH of the permeate is between
pH § and 9, m which range the conductivity change s less than 1% This means that measurement
of the conductivity may give a suitable mxdication of the salt concentration.
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Figure 4.11. Calculsted conductivity of 0005M NaSO, solutions with addmonal H,;SO, or NaOH
10 adjust pH

Due to different affiities of each ion m solution towards the sorption matenal, the rate of ion
removal will differ for each wn To pradict the conductivity of the solution when jons are not
adsorbed to the same extent the jonic conductivities of some common wns were examined. The
values of jonic conductivities for some ionic species are presented in Table 4.3

Tabie 4.3 lon conductivities @t infinite dilutson and 25°C

lon lorue conductvity Equivalent conductance
(Oheri a’ mot') (Oho" e’ equivalent™)

H 3408 398

OH 197.6 197.6

Na’ 5001 S0.11

Mg” 106.12 S3.06

(o 119.00 9.3

a 76,34 7634

sO.* 1596 798

Table 4.3 shows that the difference of the equivalent conductance between Na', Mg®* and Ca™
(50.1, 53.1 and 59.5) is less than 20%. The difference between CT and SO,™ is less than $%. This
means that the wwl decrease of won conductivity can directly be used to determine the total ion
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removal even when the wns are adsorbed at different rates. Dunng desalinabon, the system could
thus be sustaned withowt pH measurements. However, the pH is an imponant quality parameter of
pure water and acceptably pure water should have @ pH value of between pH 55 and 8. It was
therefore decided that both the pH and conductivity of a treated solution was necessary 1 supply
sufficient infoemation to the controlling svstem,

44.2.2 Controlling system

The comtrolling system compnsed a pH meter, a conductivity meter, three relays (220V AC24V
DC). two solenoid valves, a level switch, and a computer. The computer was equipped with a data
acquisition package (BORWIN 2.1). The conductivity meter, pH meter and two of the three relays
were connected with the BORWIN A'D board in the computer. The BORWIN software could be
configured such that the two relays were activated based on idividual or combined signal output
values. The programming of the InputOutput commands in the BORWIN software will be
disassed in the subsequent section. The first relay controlled two solenoid valves. These valves
directed the flow of permeate and reject as descnbed in section 0. The second relay controlied the
polanty of the power source. The power supply to the re-circulation pump was controlled by a third
relay. Thas relay was energized via the 24V DC output from the potentiostat and switched off via a
level switch situmed in the storage tank when the water level dropped below a safe level Ths
safety mechanism was important, as the Pro-Con pump head fited to the system could not operate
without water circulating through it

4423 Progmamming

The BORWIN software should be programmed in such a way that relays were switched in the
comect position o any tme to ensure that high and low quality water were separated and that
regencration or desalinabon  started when the electro sorption unit was saturated or regenerated
respectively.

Fust, the qualiy of water had 1o be determined as a function of pH and conductivity. In Figure 4.12
an example is given where the quality of punfied water met the following requirements as indicated
by area I
The pH of this water had to be between A and B
- The conductivity had 1o be Jess than x% of the feed water conductivity
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Ihe water within arca | answered these requirements. Dunng regeneration the quality of water had
to meet different requirements as indicated by area Il
The pH of this water had 10 be between C and D
-  The conductivity had to be less than (1+y) * feed water conductivity. The extra y% was
necessary since a theoretically 100% regeneration may only be reached at infinite tme.

= Total conductivity of solution 1
=== Conductivity due to Na* and SO" in solution |

------- Conductivity due to H* and OH " in solution |

,f‘ - " 5 = = Borders of the arca
T T | 0o d -
g 5 ‘ 0 002 H
- | .
S & "
v @/ . '.
| . '
Feod water o | > !
conductivity 0.001 s l Area 11
5 - ' .
‘ '.. — — ﬂ I P4
Desired -,l rAml l l
won removal X k l Purified I l ,'
water "
0 L '\‘\o—-—'- : == ' |
0 2 . 1 o B} 10 12 14
v A B D oH

Figure 4.12, pH and conductivity areas for sstomation of pilot plant control system

For the pemeate, the requements from Figure 412 could be muslated 10 the following kg

Operatons

I, IF pH < 8 AND pH > 55 AND CONDUCTIVITY < X* conductivity feed THEN relay [=ON
(permeate would be directed 1o punfied water tnk) and relay 2-ON (polanity of sorption
electrode stayed or switched to cathoxie)

If relay 2=ON (duning desalination) AND (pH > 8 OR pH < 55 OR CONDUCTIVITY > X*
conductivity feed) THEN relay 1=OFF (permeate would be directed to waste water) and relay

r

2=off (polanty of sorption electrode switched to anode, regeneration would start)
3, IF relay 2=OFF (dunng regeneration) AND (CONDUCTIVITY <l.1*conductivity feed OR
CONDUCTIVITY < L1* (10™ “cakulated ionic conductivity of solution)) THEN relay

2=0ON_tmme (20)
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Operation 3 allowed the regenerabon 10 stop for 20 seconds (change of polanty) in a situation
where the conductivity was domunated by protons. This meant that the clectrode could be 1otally
regenerated but the conductivity remained far above the conductivity of the feed because of the low
pH value. The pH was hkely w0 be low suce the sopuon clectrode acted as anode during
regeneration. Since the feed was a mixtre of ions, formula 4.1 needed 10 be slightly modified %0
cakeulase the 1on conductivity of the solution:

K= 2 IXEAED) e v AL+ 10 ™A <) (4.2)

! —
where: A, mole conductivity ot infinite dilution

A anson 10 form 1 mol of salt
Aoy onic conductivity of cation x or anson v (see Table 3.3)
s number of cation and anions respectively

A average anion conductivity at infinise dilution
The relation between the molur conductivity at infinite dihgion (A°) and the molar conductivity
(A _ )is given by the Kohlrausch equation:

AL=sA_- Kve (4.3)
where ¢ concentration
K Kohlrmusch constant

The magonty of the jons i the feed soluton are strong electrolytes (lonophores). Strong electrolytes
show low Kohlrausch constants. However the assumption made in equation 4.1 and 42 that
AL, = A introduces an emror of 10-30% for concentrations of 0.0IM NaCl and Na;SO« [4). Higher

accuracy mught be expected at lower concentrations.

443 Expenimental

4431 Progmamaung

A detaled st of mstuctons for the operator of the pdot plant s given in Appendix C. The
programmung  of the logic (logic operations  described In section 4.3.2.3) was entered in BORWIN's
software and s also inchuded n Appendix C.
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4432 Testing

Theee solutions with suitable pH and three solwtions with sutable conductivity were used to
simulate different  “imaginary™ permeate solutions and w0 test the functioning of the kgic. The
details of the solutions are lited in Table 44 The combination of data collected from the pH
probes placed in solution 1-3 and conductvity probes placed in solutions 4-6 could be used 10
simulate different water qualiies. The logic of the BORWIN software was confirmed by the
response of the solenoid valve and the polanty relay.

Table 4.4, Details of the solutions used for testing the pilot plant programmed logic.

Solutxon pH  Conductivity (mS- em' ) Comment

1 7 - pH calibration solution

2 4 . pH calibration solution

3 10 - pH calibrtion solution

4 . 0 Ultra pure water

5 . 0144 Calibration soluton 0,001 KCl
6 - 0714 0005 KC1

444 Results and descussion

Table 44 displays the observed response of the solenoid valve and polanity relay s a reaction to the
measured pH  and  conductivity. Unforunately techmical problems with BORWIN  software
prevented the combination of the pH and conductivity data. The problem was that the program
could not detect both pH and conductivity simultaneously. However, a meaningful response could
stll be gencrated by entering the values of pH afler measwrement manually before running the
program for conductivity detection.  The results are shown in Table 45 The imagmary feod
concentration was set at 0.7mS cm’, X &t 05 and Y at 1.1, This simple test shows that the
instructions to each relay were comect based upon the measured pH and conductivity. The resubs
indicate that the logac is suitable 10 automate the pilot plant,




Table 4.5 Response of the solenoid valve and polarity relay as a function of pH and conductivity
values

Combinavon  pH  Conductivity  Quality * Observed action Remark

of solstions mS cm) Solen.l  Polamy

14 70 0 I ON ON Correct action
34 0 o ul OFF OFF Correct action
146 71 0715 Il OFF ON Correct acuon
145 70 0340 1 ON ON Coserect action
246 40 077 i OFF OFF Correct action
244 40 0 Il ON OFF Correct action

* Quality | and (I see section 6.2.3, Quality 11 15 outside area 11

445 Conclusions

An auvtomation program was developed that in panciple has the potential 1o automate the electro
sorption  pilot plant. Based on predetermuned condiions of pH and conductivity of permeating
waler, regencration, electro sorption and flow direction could be controlled
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5 STUDY OF DESALINATION OF CASO, BY MEANS OF TUBULAR
ELECTRO SORPTION MODULES

Abstract

In tus chapter 2 00IM CaSO: model soluton was used to study the electro sorption process.
Sorption  experimenss with solutions contuning only one source of salt (such as CaSO,;) were
necessary w0 understand the process of elecwo sorpion before more complex solutions could be
treated. An electro sorption process where the elecrode was used in flow through mode had not
been described before, hence was not entirely understood.

By wyng 10 combune the filter properties of a ceramic membrune with the properties of an electro
sorpion  electrrode a fundamental dGfference with the conventional method of electro sorpion was
introduced. Instead of realizing the adsorption of amion and cations on opposing charged electrodes,
adsorption of both ions had to take place on a single electrode. The fisst objective that had © be met
was 10 realize simultaneous adsorption and  desorption of cations and anjons. In section 52, it is
described how simultaneous removal of jons was achieved In section 53, the sorption electrode
was further optunused.

5.1 Introduction
In this section the effect of carbon. gold ZrO» and phosphoric acid treatment of the ZrO; on the

sorpion  charactenistics was  invesngated. Several differently modified sorption  electrodes  were
prepared and tesied vid an elecro sorption expenment.

$.2.1.1 Preparation of the sorption clectrodes
Porous ALO, ceramic tubes type | (see chapter 2.3 for support chamacteristics) were used as support

for prepanng the sorption clectrodes. The differences in the preparation conditions are given in
Tabe 5 1.




Table 5.1 Description of differently modified sorption electrodes

Electrode type Description of modification

] Carborised
Carbonised and impregnated with ZrOp
Carborused and impregnated with ZrO,. Finally treated with Hy PO,

-

B Gold sputier<oated
) Gold sputter-coated and impregnation with ZrO;
6 Gold spuner<oated and impregnation with ZrO;. Finally treated with HaPOu

Carboused, gold sputtercoated and impregnation with ZrO,. Finally only the
outsicke of the electrode was treated with H; PO,

The carbonising process was performed at 900°C for 30 minutes over a flow of S0ml min' LPG as
described in section 2.1, The gold sputtenng was camed owt as in section 2.1, impregnated with
commercial ZrOr sol (20° ww), heat weated at 200°C for | howr (secion 2.3), and then
phosphonzed with 15% H, PO, as described in section 2.3,

Electrode type 7 was prepared by immersing a ZrOy-impeegnated support in phosphoric acid.  The
support was sealed at both ends to prevent acid entening the lumen side.  The Z1O; on the outside
side of the support was hence exposed to 2 higher concentration of phosphoric acid for a longer
penod than the ZrO, at the lumen side of the support.  This resulted in a sorption electrode that had
a hugher fraction of phosphonzed ZeOr on the outside than on the humen side.

5.2.1.2 Measurement of ion adsomption and desorption properties

After the pyrolviic carbon depositon, the gold coatings andor the partial phosphonzation of the
impregnated Zr(Oh sal, the sorption electrode was placed in the single tube reactor (Figure 4.3). The
reactor was connected as illustrated in Figure 42, A model solution of 0.0IM CaSO, was used 10
determune the electro sorpion efficiency of the electro sorption electrode.  lon concentrations in the
reject and permeate were measured as a function of time and a potential difference applied between
the sorption and counter electrode. Initsally the sorption electrode was used as a cathode, with a S V
difference between the sorption and the counter electrode. The flow rate of permeate was regulated
by the pressure difference over the lumen and mside of the sorption electrode. The flow rate of the
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reject was set to be 3060 F h' m". Samples of permeate and reject were collected continuously,
10:20m] abiquots.  Afier collecting two, three or four samples, the sorption electrode was changed 10
operate as an anode by switching the polanty of the power source. New sets of samples of
permeate and reject were then collected.  The potential of the soption clectrode could then be
switched back again to operate as a cathode.

5.2.1.3 Charactenzation methods

The permeability of the somption clectrode was measured before and  after  carbonisation,
impeegration with  ZrO;, and modificabon with phosphonc acid, using the deadend method (7).
The value of the real conductivity (in em™ 27') of the sorption electrode could not be determined
since the exact area twough which the cumrent applies, was not known. In order 1o determine to
what extent the sorpuion electrodes conducted electnicity, conductivity was calculated as the inverse
of the resistance: em™ (am Q). The resistance was measured over a distance of Scm, using a Fluke
73 mulumeter. Sulphate comcentrations in the samples were determined using a  Bischofl
IONCHEM 2000 ion chromatograph with a Hamiltlon PRP-X100 anion exchange column. The
concentration  of  caloum  was  determined with  a Philips  PU9100  atomic  adsorption
spectrophotometer.

5.2.2 Results and discussion

5.2.2.1 The electro sorption electrode

The effects of carbonisation, gold sputtenng, ZrO, impregnation and treatment with phosphonic acid
on the permeability and the conductivity of the clectro somption electrode are listed in Table 5.2
The values tabulated are the average values of three experiments. A 20% decrease in permeability
was observed due 10 the deposiion of carbon inside the pores of the alumina  The conductivity
increased 1o 0.5 cm' 7. Longer carbonisation times led to higher conductivity and a decrease in
permeability, as reported in chapter 2.




Table 52 The effect of different modificaions of ceramic whes on their permeability and
conductivity

Modification Duraion _ Permeability Conductivy  Weight
(h) (m* m™ b §) (m Q) ®@
Nore 3 <l 120
Carbonising 05 22 05 12,1
Gold sputtering %016 23 3 12.102
ZrO; mpregration 24 02 3 12.5
210y + Phosphoric acid 4 0.04 3 127
Zr(), + Phosphonc acid 12 0.01 3 12.7

The conductivity of a sorpion electrode of 10 cm should be at least 2 em' Olen™ 0 remain within
necessary lumits.  Assuming that the acceptable limut was 102, the ceramic substrate should then be
carbonised for about 2 hours o reach sufficlent conductivity.  The permeatnlity decrease was
expected 1o be more than NP6 (see chapter 2)).

Afier gold sputtering, the conductivity increased to 3 cm Q' while permeabiity remained
wxhanged. A shight increase i permcability was frequently seen, possibly because gold covered
some pat of the hydrophobic organic surfaces (formed by the incomplete pyrolysis of LPG)  The
small amount of gold deposited on the substrae was determined by the weight increase during
sputtering.

Afier mmpregnation with Zr(x the permeability decreased by about %%, with no effect on the
conductivity. A second impregnation resulted in a similar decrease in penmeshility.  The weatment
with phosphonic acid resulied n a decrcase i permeability of between 90 and 100%, depending
upon the reaction time of the acid with the ZrO;,

5.2.2.2 lon adsorption and desorption results

The sorption charactenstics (simular to those performed = section 2.3) of all the different types of
sorption electrodes were examined and the results summanzed in Table 5.3.
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Table 5.3. The efiect of different modifications on sorption properties of the ceramic supports

Type Fowme CyCG GG Removal Regeneration abality
K" m) (¢ () I fMiciency
(%) (%) (%)

Ca”  SOS  G& SO0 G SO~

1 50 110 8§ 90 121 0@ 15(c) Yes
2 30 13 36 43 27 57(@ 73@ No
3 | - . 6 53 M - No
d 70 107 8K 93 120 T@ 12.) Yes
5 50 10 48 97 54 3@ 32k No
6 30 88 88 11 126 8@ 12¢) No
7 30 7 3l 148 191 93(c) 69(c) Yes

1 details of the ceramic support are histed in Table 2.1
G/Cr (c) the concentration of ions in the permeate of a cathodic sorption electrode as a
percentage of the concentration of ions in the feed stream (1.4g- I' CaSO4)

e

3 C/Ce (a) the concentration of jons n the permeate of an anlic sorption electrode as a
percentage of the concentration of ions in the feed stream (1.4g- I' CaSO,)

{a) Soupiion electiode is used as anode

() Sorption electrode 1s used as cathode

The concentrations of ons in the permeate (C) are presented as percentages of the concentration of
those ions in the feed sueam (Co. A distction 15 made between the permeate samples collected at
an anodic sorption electrode. and samples collected at a cathodic sorption electrode.  For all types of
sorption electrodes, measurements of the cation and anion concentrations in the reject were usually:
GG 1101300 for Ca™ and 70-%P% for SO.° with a cathode as counter electrode and C/C¢ -
90P% for Ca™ and 110-130% for SO.” with an anode as counter electrode. The electode types with

smular results are grouped together for discussion.

Sorption electrode types 2, 3, 5 and 6

A decrease of > 70% SO concentration m the permeate was obtained afier the support  was
impregnated  with Zi0,  Treatmenmt of the ZrOzimpregnated clectrode  with  phosphoric  acid
(sorption electrode types 3 and 6) resulted in a > 907 decrease in Ca'* concentration  Hence, the
preferred anion-exchange property of ZrOr and the preferred cation exchange propenty of ZrH:PO.
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were demonstruted clearly. Since jons adsorbed mespective of the potential of the sorption
electrode, regencration was not possible

Sarption electrode types 1 and 4

The result obtamed with clectrodes | and 4, which were not impregnated with ion exchange
matenial, prove the presence of another won separating mechanism besades adsorption and  desorption
of s onto activated won exchange sites. The concentration increase of catons and decrease of
anions in the permeate for the cathodic sorption electrode and visa versa for the anadic sorption
elecrode may be caused by the clectrolysis of water. In order 10 maintain elecronewtrality of the
solution, & nett cation flux towards the cathode and a nett anion flux to the anode were generated
(9} Thes mechanism will be expluned in more detadl in chapter 6.

Sorption electrode type 7

The simultancous adsorption of cakium and sulphate (93 and 69%, respectively) was achicved on a
cathodic sorption clectrode that was  carbonised,  sputier<coated with gold and, afier impregnation
with Z1On, weated with phosphonic acid from the outside only. Switching the clectrode o the
opposite potential allowed desorpuon of both adsorbed cations and andons, and thus an increase of
Cp'Cf over 1007% (the concentration of cations and anions in the permeate became higher than the
concentration of those ions in the feed, 148% for Ca®™ and 191% for SO.%). The percentage
increase of Ca’* and SO concentration in the permeate with regard 10 the feed solution as a
function of the electrode potential and time, are shown in Figure 5.1. The flow rate was 30

(I b m”)and the concentration of the feed solution was 1 4g- I' CaSO,
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Figure 5.1. Rates of Ca™™ and SO, removal in the permeate as a function of sorption electrode
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Figure 52, Rates of Ca™" and SO removal in the permeate as a function of sorpion electrode
potential and tme. Flux 150 (1 b m+"), Feed solution 1.4g- I
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Figure 5.2 describes a similar electro sorption expenment but operated at a faster flow rate of 150
I ' m® The adsorption and desorption cfficiencies for C&&* and SO were reduced significantly,
but the adsorpion and desorption charactenstics showed the same trend Moreover, the adsorption
and desorpon efficiencies remamed wchanged for several cycles indicating the potential of the
tubular sorption electrode as desalmation system.

5.2.2.3 ZrP gradient hypothesis
A schematic representation of electro sorption without and with a phosphate gradient s given in
Figure 5.3.
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Figure 53 Schematic representation of electro sorption with and without phosphate gradient based
on the pi gradient over a somption electrode in a flow through system.

The results obtaned without and with a phosphate gradiemt can be explained based upon the
interaction of the pHl gradient with the fraction of phosphonzed ZrO;. The pH gradient necessary 1o
bndge the pH difference between the anode and the cathode divided the membrane into two
regions: one regon with high pH (alkaline) and one region with Jow pH (acidic). In the alkaline
regon, cations adsorb onto the activated cation exchange sites (negatively charged ZrP groups) In
the acidic region of the sorption electrode, anns adsorb at the positively charged ZrO™ groups.
When the potential of the electrodes was reversed, the pH gradiemt was also reversed (H' and OH
production stat at opposite clectrodes). The adsorbed anions then start 10 desorb and permeate
further through the membrane towards the region that just became acidic. If this region of the
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clectrode does comtan  unreacted ZrOp, the amons wall adsorb again (see clectrode  without
phosphate gradient, Figure 5.3) If thas region of the clectrode contains only ZiP, the anions will not
adsorh but leave the electrode (see electrode with phosphate gradient, Figure 5.3). The cations in the
alkaline pant of the clectrode can only adsorb at activated ZrP sites. These sites are not present in
the electrode with the phosphate gradient. Cations in the acidic part of the membrane will desorb
and leave the electrode in the direction of the permeating flow.

The results recorded for the clectro sorpion electrode were in agreement with the theory described
shove  The simulaneous adsomtion of Ca™* and SO4™, up 10 60%, was found when the sorption
electrode was used as a cathode. Simultancous desorption was achieved when the sorption electrode
was changed to an anode by changing the polanity. Figure 5.2 shows the electro sorption results of
a similar electrode at a higher flow rate than the expenment described in Figure 5.1. The adsorption
efficiencies for Ca®" and SO &id not exceed 30°% but the adsomption and  desorption
charactenstics  showed the same pattem. Figure 52 also shows that adsorption and desorption
efficiencies remained unchanged for several cycles.

5.3 Conclusions
Electrochemically-activated  ceramic -based  electro  sorption  electrodes were  prepared  and  tested,
and the following conclusions made:

- P of 960 mg I' sulphate ions could be adsorbed via electrochemicalactivated electro
sarption onto carbonised porous ceramic substrates that were impregnated with 21O,

- 9P. of 400 mg I’ calcium wns could be adsorbed via electrochemical-activated electro
sorption onto carbomsed  porous  ceramic substrates  that were  impregnated with  ZrO; and
treated with phosphornic ackd.

The simultancous adsorption of Ca'* and SO.* (93 and 69, respectively) from a 14 g I
CaSO: soluton  was achieved using twbulr  sorption  electrodes. The simultancous
desorption of Ca™™ and SO, was detected after switching the sorption electrode 10 an anode.
A gradiene of phosphonzed Zr(O» over the cross sectional diameter of the tube appeared to
be essential,

Adsorption and desorption efficiencies rema ined unchanged for several cycles.
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6 OPTIMIZATION OF THE ELECTRO SORPTION PROCESS AND THE

ELECTRODE PRODUCTION PROCEDURE FOR TUBULAR
MEMBRANES

Abstract

Opumusanon  of the electrode preparation and the process conditions for  electro  sorpuion  are
described.  ZrO; mmpregnated alumuna supports, phosphorized for 4 hours produced electrodes  that
showed smilar cation and amion removal The opumised flux and potential to obtain  minimal
encrgy consumption and good regeneration characteristics was 0.5 m™ N o7 and 4V respectively.
The optimised energy consumption for desalination was SkWh kg'. It was calculated that roughly
25% of the protons and hydroxyl wons generated were effectively mvolved in the activation of
sorpion material which indicate significant loss of energy. In an electro sorption system operated in
flow through mode combiung filtmtion and desalmation, sigmficant energy losses are difficult
avoid The deposition of platinum on the electro somption membrane did not lower the energy
CONSUEMPLON.

6.1 Introduction

It was shown in section 5.2 thesl a rsdial plasplasic gradient i Ge Wwbule soplion cleciode asbled
smultaneous removal of cabons and anmions and that simultineous release of those lons was
observed when reversed polanty was applied. Hereby the desired functionality of the electro
sarpion system was achieved.  Subsequently the clectro somption process had 1o be optimised. The
mam goal here was 10 increase the cost efficiency of the process and minimize fouling during
operabon. By investigating the effect of vanables such as permeation rate, permeate / reject ratio,
clectrode potential and current density on the electro sorption behaviour, the process could be better
understood. At the end of tus chapter a standardized prepacation method s given which aims for
the production of consistent clectro sorption electrodes with optimal  energy  efficiencies and  fouling

resistance.

6.2 Experimental
In order to optnuse process parameters, differemt electrodes were prepared and tested under a

vanety of conditions. One parameter was changed at a ume in order 10 investigate its effect on the

total process. Dunng all the expenments a standard soluton of 0.01M CaSO: was used as the feed
solution.
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6.2.1 Electrode preparation

The clectro sorption electrodes used dunng the optimisation experiments were prepared i four
sequential steps unless specified differently. The individual steps were executed as described in the
commesponding chapters. Step 1 and 2 in chapter 2, step 3 in chapter 4 and step 4 in chapter 7.

In step 1, AbOy supports type | and Il (see chapter 23 for suppont characteristics) were carbon
coated via pyrolytic decomposition of liqud petroleum gas (LPG) at 900°C. The LPG flow was set
o S0mk min' and was flowed over the support for 30 and 60 minutes The carbonised supports
were gold sputtered in step 2. In step 3, the carborused and gold-coated supports were impregnated
with commercial available Z1O; sol (20° w'w particles) and heat-treated at 200°C for 1 hour. The
mpregnated supports were then plugged from both sides and submerged several times into a 15%
HyPO: soluton to ensure adequate exposure, then nnsed with ulta pure water and heat treated at
200°C for 1 howr. The Pt deposition 1s descnbed in Appendix D. In between each mdividual step
the weight of the support was measured. Thereafter, the prepared sorpion electrode was used %
weat a 00IM CaSO; model solution. Table 6.1 gives an overview of all clectrodes that were
prepared and tested 1o obtain the necessary optismasagion.

Table 6.1 Differences in preparation procedures of the sorption electrode
Electrode Preparation step and procedure parameter Comment

No Type Pmm 2  F(%ww) 4 (hours)

I I 30 Sd 1% 2 -

2 I 30 Sd 1% 8

3 I 30 Sd | 4

B I 30 Sd 1% 4 -

5 1l 30 Sd 2% 4

6 I 30 Sd 1% 4 Sealed membrane up before swep |
(chaper 4.3)

7 I 30 S 1% - Pt coated membrane (chapeer 2.2)

8 I 60 Sd o - - -

¥ Duration of carbomsing process, = Std stands for standard gold sputtenng procedure, © Number of
impregnation, © Phosphorization time

6.2.2 Electro sorption process
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The majority of the expeniments were performed with the second reactor design (Figure 5.3) in set-
up 2 (see chapter 5). A modified version of the third and more advanced reactor system (as detuled
in Figwe 54, but with just one clectrode instead of six) was used to mvestigate the functionality of
the conductive O-nng. The up of the elecrode used in this reactor was modified with NaSilicate as
descnibed in chapter 43 before carbonisation was performed. Table 6.2 shows all the different
parameters that were vaned duning a series of sorption expeniments. Either the potential difference
or the current density could be independently vaned.

Table 62 Different sets of expenmental parameters chosen dunng the optimisabon of sorption
experiments

Expenmental  Potential Flow rate Ratio Cugrent

Set difference  Permeate Permeate'reject  Density
Number (V) (ml mn”) (%) (mA: cm®)
1 5 2 10

2 5 2

3 ] 2 5

4 3 2 5

5 5 05 0.5 -

t 5 4 5 .

7 - 2 0.5 100

6.3 Results and discussion

The complete details of analytical data obtained using the experimental parameters descnibed in this
chapter are presented in Appendix £ Unfortunately, the obtamned data for many experiments did not
show a predictably swble pattern. Figure 6.1 shows the results of three identically performed
preparanons and electro sorption tests. The fluctuations observed were significant.
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prepared electro sorption electrodes under replicated condssons C1, C2, and C3
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In order 10 make well-founded conclusions each opinmusation experiments should be reproduced
several umes. Considenng the amount of work each expenment required, this was not found 10 be
practical. It was decided to concentrate on the general trends observed dunng the experiments, since
those were similar as can be seen m Table 6.3, The twbulated results (Table 64 - Table 6.8)
discussed in ths chapter summanze these trends,

Table 6.3 Replication studses of electro somption experiments

Exp. Elecrode  Set®  Average adsorpuon/desorption (%e) B”
No No No SO’ (o kWh kg')
Cl 2 55731 5542 10
Q 3 2 4543 042 15
a3 2 133 45739 13

* Expenimental parameter set listed in Table 6.2
" Encrgy consumption duning adsorption cycle

Upon consideration there appeared 10 be two main reasons for the electro sorption experiments to

be rather unpredictable, as:
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A) The preparation of the ebctrode was not  completely reproducible. During a  replicated

carborusation  process of two different ALOy supports, the deviation in the weight increase of
the two carbomised supports was usually between 0 and 20%, sometimes even more.
Fluctuations in the amount of carbon deposited resubed in fluctuations in the amoum of ZrO,
impregnated and thus also m different permeability. An explanation for the differences in the
amount of carbon deposition s difficult 10 offer withowt further studies. The intrinsc differences
between the different supports have been mentioned in chapter 2 as a possible reason.
Fluctuations m the gas flow were observed. Use of a mass flow controller instead of a flow
indicator may add w0 the reproducibility of the carbomsabon process. The amoumt of ZrO: that
could be impregnated in the following step is dependent upon the amount of carbon that was
deposited.  Differences in  permeabilsty observed after impregnation with ZrO; most likely had
an important effect upon the penetration depth of phosphonc acid resulting in a variable degree
of phosphorization and hence, a fluwctuation i the phosphate gradient. This will directly
mfluence the adsorptiondesorption  charactenstics of the clectrode. The lack of reproducibility
in membrane preparation was the main reason why the performance of the muluple tube
membrane reactor was not tested Such a reactor may only work efficiently if the properties of
the membranes were more or less similar, especially the permeability.

Table 6.4 Weight and weight increase during the preparation of sorption electrodes

Suppxoet Weght (g) Weight mcrease (g)

Intially Carbonised  Impregnated with ZrO;  Phosphorized

- DD W A W N -

11,90 01012 03687 0,166
1189 00852 04187 0,193
1147 01042 03586 0,190
11w 01479 02379 0,121
1145 0mi6 03635 0,167
11,55 0.115] 03428 0,161
11,80 01135 03573 0175

B) Dunng expenments gas bubbles formed at the electrodes due 0 water electrolysis that caused

blockage and obstruction 10 flow and resulted in flucthation of the reect flow mte This
constantly changed the residence tme of the water between the sorption and the counter
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clectrodes, causing pH fluctuaton. This may have mfluenced the ion exchange process and the
final concentration of ons in the reject and permeate. The use of low reject flows (necessary 10
obtan simultaneous removal of jons see secthon 623) and navow tubing (ID 0.15cm used to
reduce dead volumes) increased the problems with discontinuous flow. Redesigning the reactor
may reduce a part of the problem.

The wbulated results discussed in this chapter also include a value for the energy consumption (E).
This 1s the energy consumption per kilogram of removed salt. The values are calculated with the
following formula

i‘_(m' i,1)
E = 22
S el ), ) Mt el ), ) M) V)

(6.1)

where

s permeate sample

k number of samples collected during sorption cycles

AV, Potential difference between sorpuon- and counter electrode for sample (V)
I Average current withdrawn duning the collection of sample (A)

i toal nme 10 collect sample (seconds)

c Feed concentration (mol- I')

cy Concentration of ions in sample (mol- 1)

M Molar mass (kg mol ')

v, Volume of sample (1)

6.3.1 Electrode preparation

The effect of the four vanables that were changed dunng the preparation of the electro sorption
electrode will be discussed separately.

6.3.1.1 The effect of phosphonzation tme

The summarized results in Table 6.5 show that the optimum phosphonization time of the electrode is
4 hours. A longer or a shorter phosphonzaton time led o undesired large differences between the
amounts of cations versus anions adsorbed Moreover, desorption rates were low which would lead

to long regeneration cycles.
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Table 6.5 The effect of phosphorization time upon electro sorption

“Exp. Electrode  Set’ Swpd'  Adsorphion desorpion (%e) | E
No No No  (hours) SO Ca™ (kWh kg')
A ] 2 1 6530 2510 8
B 2 2 12 25158 6520 15
G 3 2 4 5531 5542 10
* Expenmental parameter set listed in Table 6.2
] H l . : m
¥ Average 10n adsorpiion and desorption %
* Energy consumption during adsorpaion cycle

6.3.1.2 The effect of the amount of ZrO, impregnated onto several AL O; suppons

The permeability and changes i mass before and afler the different steps of the preparation
procedure are shown n Table 6.6, It was observed that clectrode 3 had much lower permeability
than electrode 4. Elecrode 5 was practically mmpenmeable. The main difference between ALO;
supports type | and Il is the average pore diameter, 0.9 and 3 mucrometer respectively, and their
porosity. This difference may explan why support type | shows a much lower permesbility after
one impregnation with 200 (w/w) Zr(): than support type 11

Table 6.6 Permeability and change dunng the preparation of the electrode
Electrode Permeability (- mi™ bar™ h')/ Weight increase (g)
No Twpe Initall Carbonised Impregnated. ZrO» Phosphorized
3 1 26/11.69 2070004 0.7 /0352 0.05/0.171
K} Il 42/1147 32/0.1042 1.5/ 03586 02/0.19%

The summanzed results of the sofuion expenments are listed in Table 6.7 detmling the amount of
ZrOy mpregnated onto  differet ALOy supponts. The electodes 3 and 4 showed significant
differences. The expenimental results indicate that supports with larger pores may be much less
cfficient (&t Jeast under the set condiions). This may be ascribed w0 the differences in the
phosphonzation profile or Jess favourable adsorption kinetics due to the larger pores and resultant
lower active surface area. Another reason could be that supports wth small pores are more likely o
exhibit canon exchange propertes. Ceramic supponts filled with ZrP previously had shown cation
selective properties [1]. Moreover, the relatively high concentration of SOs™ jons in the reject (up 10
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38%) during electro sorption expeniment 3 supports this argument Hence, it would be harder o
achueve equivalent won selective properties of the sorption electrode when support type [l is used.

Table 6.7. Effect of support type upon electro sorption
Exp. Electrode Set* Swp3”  Adsorption/desorption (%) F

No No Twe No # SO.* G kWh kg)
e 35 ) 2 1 531 5742 10

D 4 1 2 1 1540 4035 13

E 6 I 2 2 Impermeable

TExperimental parameter set lisied in Table 6.2

" Number of impregnation of commercial 21O, sol (w/w 20%)
 Average 10n adsorption and desorption rites

“ Energy consumption duning adsorption cycle

6.3.1.3 The effect of the electro conductive O-nng

As described in chapter S, a titanhan wire was used to establish the electncal contact between the
power source and the sorption unit. However 1o upscale the reactor, an electro-conductive O-ring
should be used The summuanzed results in Table 6.8 proved that the electncal connection between a
power sowce and a sorption electrode could be established via an cbotro conductive O-ning The
adsorpion’desorption characteristics were  similr 10 those obtamed with the standard  wire
connection (chapter 5.1). After these results were obtained the decision was taken 10 continue the
optimusation  experiments using the reactor with the ware connection (Figure 5.3) in order w0 avoxd
the tume consuming process of sealing the membrane tip,

Table 6.8. Companson of clectro conductive Onngs and standard wire connection

Exp. Elctrode Sa® aAv Tp Adsorption desorption (%) E*

No No No Sealmg SO e (kWh kg')
F 6 8 50 Yes 3530 025 13
G 3 8 42 No 40730 4535 9
* Expenmental parameter set listed in Table 6.2
" Average 1on adsorption and desorption rates
" Energy consumption dunng adsorption cycle
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The results of expenments G and F are comparable. The deviations are simular 10 the deviations
between replicated experiments Cl, C2 and C3 discussed previously. As explained at the beginning
of section 6.3, the deviation could be caused by several vanables. Howewer the energy consumption
using conductive O-rings was expected to be shightly higher. The connection via the conductive O-
ning introchuced between S5 and 8 Ohm of additional resistance. When electro sorption 18 running at
100 mA, Ohm’s law indicates a potertial drop of about 0508V, mdirectly causing lower
adsorpion performance and thus higher energy consumption values.

6.3.1.4 The effect of dispersed Pt particles on energy consumption

in chapter 3 it was shown that the potential for water electrolysis could be greatly decreased by the
addiion of highly dispersed Pt particles. The results listed in Table 6.9 showed the performance of
two electro sorption clectrodes one with and one without Px.

Table 69 The effect of dispersed Pt on the encrgy consumption dunng an electro  sorption
experiment

Exp.  Flecirode  Set® AV Pt Adsorpion desorption (%) T B

No:  Nor No: mg cm' SO o (kWh k*')
G 3 7 42 0 0730 45735 9

H 7 7 39 31 2030 3035 12

* Expenmental parameter set listed in Table 6.2
" Average percentage of adsorption | desorption of anions and cations

As predicted in chapter 3, the potential difference between the sorption and the counter electrode
did decrease from 4.2 w 39 However, the adsorption rate of rons was significantly lower, lkeading
evemually 10 higher energy consumpbon per kg removed salt than for the electrode withowt Pt
particles. Morcover, the decrease of 03V between clectrodes 3 and 7 was much lower than
expected based on the results obtained i chapter 3 where the clectrolysis potential decreased more
than one volt. These unexpected results gave nse to a new hypothesis of how the electro sorption
process could differ from the theory that was formulated in chapter 2. It could be presumed that
clectrolysis of water wok place at the mside suwrface of the sorpuon electrode. A sufficiently
conductive carbon coatng would facilitate thes since the inside lumen of the sorption electrode was
closest 0 the counter clecrode. Since the Pt particles were mostly formed on the outside of the

)




eclecrode they could not play any signficant role. This coukd explain the relatively high potential
difference of 3.9V required for the generation of only J00mMA of electncal cumrent compared 10 the
42V required to generate the same curent with a standard electrode without Pi. Alkaline water
(gencrated at the mside of the electrode by reduction of water) enters the permeable eclectrode and
causes Ca’" 10 adsorb in the phosphorized region. SO4° 1ons were already excluded as a result of the
cation exchange properties of the eclectrode. As mentioned earlier, the reject contained up to 38%
more SO, ions than the feed solution. Considering the rejectpermeate flow matio of 2, this could
mean over 75% removal in the permeate. This mechanism however does not inchude an explanation
for the high percemage of SO« ¥ desorption observed during the regeneration cycles in several
expenments. The final mechanism of clectro sorpion s perhaps a combination of both proposed
mechanisms. Many more  systematically  performed  sorption experiments would be  necessary 1©
reveal the true mechanism and decide whether addinonal Pt could be used to increase the energy
efficiency. It may only become clear afier more carefully designed experiments. It may be possible
that if Pt is occupying ion exchange sites, deposition before impregnation might be a solution.

6.3.2 Electro sorption process

The effect of the potential difference, permeate flow, permeate reject ratio and current dersity on
the electro sorption characteristic will be discussed separately. The effect of the vanables wall also
be related 10 the energy consumption of the electio sorplion process.

6.3.2.1 The effect of the potential difference on the electro sorption process
The summanzed results of three clectro sorpion experiments where potential  differences  between
tiv counter and the sorption electrade varied from 3 10 5, are shown in Table 6.10.

Table 6.10. The effect of electrode potentials upon electro sorption
Exp.  Elecwode Sa* aAv® F Adsorption ' desorpuion (%o E

No  No No SO CGa" kWi kg')
- 3 2 g 130 5531 742 10

) 3 3 4 R0 3035 25730 9

K 3 4 3 30 1010 510 21

* Expenmental parameter set listed in Table 6.2
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* Potential difference between sorpton electrode and counter electrode
¢ Average current measwred during adsorption cycle

“ Average percentage of adsorption | desorption of amions and cations

* Energy consumption dunng adsorpuon cycle

Even though the pure clectricity consumption (I*V*1) s going down with decreasing potential
difference and cument, expenment K i Table 610 shows a damatic increase of energy
consumption per kg removed salt. Apparently the protons and hydroxyl penerated did not activate
sufficient 1on exchange groups and the average removal efficiencies decreased more rapidly than
the energy consumption. Companng experiment C and J, the decrease in removal efficiency as a
result of lower potential was more or kess balanced with the decrease of energy consumption
However, when a potental  difference of 4 volts was  applied (expenment J) a  better
adsorption'desorption ratio was observed than in expenment C where 5 volt was applied. It was
shown previously that moderate adsorption rates, and regeneration of the clectrode  before the
clectrode  becomes  saturmed,  resulted in better  desorption  charactenstics.  These  better
charactenstics may be obtamed by avoiding the precipitation or deposiion of solid matter such as
sulphate salts inside the pores of the sorption electrode.  Potential differences higher than 5V are not
applied since rapid degradation of the electrodes and possible side reactions should be avosded.

6.3.2.2 The effect of the permeate flow on the electro sorption process

The summanzed results of three electro sorpton expenments C, L and M are shown in Table 6.11,
where the permeate flow through the clectrode was vaned.

Table 6.11. The effect of the permeate flow on the electro sorption process

Exp. Eleatrode  Set® Permeate Adsorption desorption (%e) E

No No No (ml mm') SO CGa" kWh kg')
3 2 2 5531 §742 10
3 5 05 6065 75730 31

M 3 “ 4 2723 2520 8

* Expennmental parameter set hsted n Table 6.2
¥ Average percentage of adsorption / desorption of anions and cations
“ Energy consumption dunng adsorption cycle
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The won comtent of the permeate decreased (e higher won removal was achieved) with decreasing
permeate flow. The longer residence time for the jons inside the chectrode and the more extreme
local pH's may explain these results. However, the decrease in the volume of collected sample had
a larger effect on the energy consumption than the increase of adsorption efficiency (see formula
5.1), especially at permeation rates below 2ml mm. The high permeation rate scems to be more
energy effective, however the pumping cost will increase with the permeation rate and should be
considered in a more complete set of optimisation expenments

6.3.2.3 The effect of the permeatereject ratio on the clectro sorption process
The summarized results of the electro sorption experiments C and N with two different permeate/
reject matios, are shown in Table 6.12. These results show that the adsorption efficiencies are

significantly influenced by permeate / reject ratios.

Table 6.12. Results of electro sorption experiments for different permeate / reject ratios
Exp.  Elactiode . Set’ P/Rmmo.  Adsorption desorpuon (6] E

- ]
]
-

No No No (md mai') SO, Ca*? (kWh- kg')
e 5 2 2 5531 742 0
N 3 [ 10 2520 3015 15

“ Experimental parsmeter set listed in Table 6.2

* Permeate / reject ratio

© Average percentage of adsorption / desorption of anions and cations
“ Energy consumption duning adsomption cycle

Permeate’ reject ratios bower than 0.5 were not measured. Besides the negative impact on the total
water recovery that lower ratios would bring, it was believed that the concentration of hydroxyl ions
necessary 10 activate the cation exchange material would be too greatly diluwted by the high reject
flow. Poor adsorption’desorption  charactenstics  were  obtained in experiment M where  high

permeate flow rates were tested,

To obtain high water recovery, all the feed solution should be pumped through the electrode. In that
case an equal amount of anion exchange and cation exchange groups would be activated However,
the results of experiment N do not support this theory. One reason is a senous flow problem that
was observed duning the expeniment. The produced gas at the reject side accumulated in the volume
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between the clectrode causing discontinuous flow rates and iregular cumrent patterns. With  formula

2 1t could be confirmed that the gas flow (J,) dunng the expenment was even larger than the reject
flow (1). In this formula Faradays law (l=nF) was used to calculate the O produced (mol s') and
the ideal gas law (PV=nRT) was used 10 convent this number into m* s

I RT 0.10 8314300 s 2
- o e —= 43 .
L= F P 7 Tosass 3010 LR 62)
C) L.hlml ]
[m'’ | s K J'"_I
1" Jcl T2 | 5 |
S NE
where:

I Current through membrane (C+ s™)

Number of electrons involved in oxidation of water (=2, see reaction 2, chapeer 2)
Faraday constant (96485 C- mal’)

Gas constant (8314 ) K- mol’)

Pressure at reject side (=3.0 10° N+ ni%)

Reactor temperature (=300K)

Reject flux (permeate flux / permeate/reject ratio)

= - W x m 7

6.3.2.4 Control of curvent density or potential difference

All expenments A tll W were ather performed under potentiostatic or galvanostatic  conditions.
Dunng expenments under galvanostatic condiions no current peaks were generated These cumrent
peaks ocowr during polentiostatic conditions @t the stant of the expenment and at the moment the
polanty s switched. These current peaks (up 1o 500 mA ) may damage the electro conductive layer.

Using constant current may possibly have another advantage Since the cument represents the
amount of hydroxyl and protons generated it should be possible to calculate the minimal current
(k) required for a specific deswred removal rate. This can be done using the following formula:

! / / ’
= — = - =l(‘-(‘f'.’J

F N, ¢ N,ed ’

(6.3)

where:




3 Faradays constant (C- mol’")

Na Avrogado constant

¢/ Concentration of ions in the feed (mol- )

¢’ Desired concentration of ions in the permeate (mol ')
] Permeate flux (m's”)

Iy, Cusment density (C: s m™)

A Permeate surface area (mi’)
z Valence of the won
¢ Electron

This minimal elecrode current would be sufficient 0 reach the desired removal if the following

conclitions are met:

A) no reaction besides water hydrolysis takes place at the electrode surfaces. In this case the
production of protons s exactly equal 1o the production of hydroxyl groups.

B) canon exchange groups are present from the lumen surface through the matnx 10 the muddle of
the sorpion clectrode and an equal amount of anlon exchange groups are located throughout the
other half of the sorption electrode.

C) the reaction of protons and hydroxyl ions with the ion exchange matenal s sufficiently fast that
these 10ns do not have time to react wgether and neutralize 10 form water,

In practice these assumptions will possbly lead 10 significant deviation from this  calculated
minimal cument. However, this deviation expresses the efficiency of the electro sorption process 10
a certun degree. For example: the mimmum current required to obtain the results of experniment G
(40% removal of G™ and SO from a 0.0IM CaSO, feed solution, with a flow rae of 2ml- mm”)
can be calculated as follows:

0002
l.=(001-001°"04)*2" *964B5= 0026A

\
(—1
Cc mol mol ;

Sl ey B Gy |l & Rl
s | I ( > ) mol

min

1% [A]

As the results of experiment G were obtained at O.IA. Only 26% (0260.100°100%) of the
generated H and OH is effectively mvolved in activation of the sorption material It is bebeved
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that a sigmificant amount of H' newtralizes with OH™ when the solution near the anode is pumped
through the sorption electrode towards the cathode. This newralisation reaction is pure loss of
energy but seems difficult to avoid for a electro sorption reactor operating i flow through mode.

6.3.3 Conclusions on sorption experiment wsing tubular electrodes

The series of optimisation experiments performed in this section led to the following findings with
regard w0 preparation of the sorption electrode:

- The opumal phosphorization time was found 1 be 4 hours.

- Electrodes prepared from ALO; supports with small pores showed better removal efficiencies than
clectrodes prepared from ALO: support with larger pores.

- The electrical connection between 2 power source and a sorption clectrode could be established
using an electro conductive O-nng.

- Deposition of Pt decreased the potential difference for water electrolysis. The energy consumption
per kg salt removed dad however not show any improvements.

The series of optimisation expenments performed Jed to the following findings with regard 10 the

optimum conditions for the sorption expenment:

- The optimal potential difference between the sorption electrode and the counter electrode was
found o be 4V. Although 5V potential difference resulted in similar energy efficiency, relatively
poorer desorption charactenistics were obtaned.

- The permeation flow should be close o 2mk mm' (flux: 05 n' h' m®) when a potential
difference of 5V is apphed. Lower permeation flows resulted in lower desomption percentage and
hagher permeation flows resulted in Jower removal efficiencies.

- Removal efficiencies of both catons and anions >50% were obtained at a permeate/reject ratio of
05 Higher mtios bked to lower removal efficiencies. Lower rtios may lead w0 higher removal
cfficiencies but will lead 10 low water recovery.

- Using the current density as a control parameter dunng the electo sorption process instead of the
potential difference may increase clectrode lifetime. Calculation of the mummal required curment
density may give an indscation of the efficiency of the electro sorption process.
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7 DEVELOPMENT OF ELECTRO SORPTION DESALINATION
METHODS FOR DIFFERENT TYPES OF EFFLUENTS

Abstract

The flat sheet clectro sorption electrodes were found very efficient for an inductrial nickel effluent.
Up to 807 of nickel could be removed and the energy consumption was as low as 6kW kg’ No
fouling was observed after several cycles cventhough the nickel solution showed a significant
amount of orgae matter (COD 802) The flat sheet electro sorption electrodes were also found
very efficient for the treatment of mine water solution with high SO.* content (2700mg: I') with
removal efficiency and energy consumption of %% and 4kW- kg,

For whular clectro sorption electrodes, it was found that the sorption clectrode was most  successful
for waters with mainly Ca’* as problematic jon. A significant removal of SO,* ions could cnly be
demonstrated when the quantities of other amions such as CT were relatively low. Severe fouling of
the sorption ckectrodes was observed dunng treatment of waters containing large amounts of ions
like nickel and iron. For iron contaming acd mune drainage this problem was solved afler a hydrid
system was developed that removed >99% of Fe ions by electrochemical neutmlzation of the feed
before it entered the clectro sorption unit. Duning the filler efficiency tests s was found that the
clectro sompion unit rejected up 0 3 umes more mucrobes than a standard 045 micrometer filter.
The permeability decrease caused by rejected microbes was about 30% of the initial permeability.

7.1 Introduction

This chapter describes the performance of the twbular and flat sheet clectro sorption modules i the
treatment of an acd mine dramage sample and 6 model solutions representing real effluents or
ground water. Tubular and flat sheet sorption electrodes are discussed separately in section 7.2 and
7.3 respectively

7.2 Study of desalinations of aqueous solution by means of tubular electro sorption modules
Besides weatment of CaSO4 discussed in chapter 6, four model solutions, prepared to simulate
different types of water sources, were treated with the wbular developed electro sorption system.
The somic composition of the model solutions used s histed in Table 7.1.
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Table 7.1 lonic composition of four different model solutions treated with the electro sorption unit

Solugon — | 2 3 4

lon 4 Klpfontem IEC norm 734 Nickel effluent  Grootvie:
Model ' Real  Model Model / Real Model / Real

Ca” 155/ 155 894 -/24 438, 438

Mg™ 74/74 187 -/16 196 / 196

Na’ 220/272 916 -/ 183 320/320

Nr” 635 /635

SO, 172/172 739 1080 /1739 2742/ 2741

a 699 1699 1581 0/210 1981/ 228

HCO, 244

Fe™ 297/296.7

F -/3.5

S «/17.5

K -/ 129 -/3 -1 76

The ton concentration of wastewater chosen for testing ranged from several hundreds of mg I' (IEC
norm 734) 1o several thousands of mg ' (Grootvlei water). This range of concentrations in the feed
water was chosen to determine which working range of jonic impurities the clecro sorption system
could be applied 0. Unbke solutions number 1, 2 and 4 that originated from ground or surface
water, solution 3 was a nicked effluent It was investigated 10 discover whether electro sorption
could find application o remove and'or recover nickel from this effluent stream.

7.2.) Experimental

7.2.1.1 Preparation of the sorption clectrode

The elecro sorption wmts used 10 weat the different solutions were prepared according o the
standard preparation pracedure as described in Appendix D. Tubular ALO; type | supports were
used as support to prepare the electro sorption electrodes. Siep 2 was lefl out since the reactor with
the coil connection was used and did not require impenmeable clectrode edges. Step 7 was also not
performed since the results obtained with Pi plated electrodes were not very promising (see section
53.2.4). Moreover the stability of the Pt deposits in the presence of several pollutants had not been
tested. For the treatment of the nickel effluent an additional electrode was prepared that did not
contam any ion exchange matenal.

7.2.1.2  The chectro sorption expeniment

Iable 72 shows the quantities of different salts that were muxed 10 obtin the different model
solutions simulating the chosen waters and effluent. For non of the solutions acid of base was added
10 adjust the pH. Grootvier water was the only solution with fine paricles.
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Table 7.2 Quantities of different salts mixed to obtain model solutions

Salt Klipfonien IEC nomm 734 Nickel effluent Grootvie:
Mmol I' mg I' mob I' mg I' mmo I' mg ' mmol I' mg I
NaCl 59 346.1

MgCly 2H,0 30 2899

NaHCO), 4 340

MgSO. 0.77 93 8.1 9703
CaCl, 39 S8 1 223 249 # iy 303.1
Na S0, 1.8 2545 70 990.7
CaSO, 82 14098
FeSOs 53 14763
NSOy 0011 1700

TDS 145K.6 682 1700 51502

For the electro sorption expenment, a sorption electrode was placed in a reactor designed as
descnbed in Figure (4.3) in set-up 2 (see chapter 4). The expenmental conddibons used duning the
treatment of the different solutions are shown in Table 7.3.

Table 7.3 Control parameters for the sorption experiments on model solutions of real waters at
constant voltage.

Expenment  Sohmon  Power  Fbwmte  Rano
source Permemte  Permeate Retentate

No. No. mode®  (ml min’) (%)

Q | P sV I |

R | P45V | 1

S 2 GOIA | 1

T 3 Pav 2 1

U 3 Pav 2 l

Vv 4 P4V 2 1

W 4 Goia 2 1

a) Power source enther in Galvanostat (G) ar Potentiostat (P) mode.

Tube clamps in the reject line were used 10 regulate the permeateirgject ratio. The pressure
difference over the sorption filer was controlled by the pensaltic pumping rate. Dunng cach
experiment, samples were taken at different sampling intervals and opposing cbetncal fiekds. A
complete overview of experimental conditions is given in appendix E
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7.2.2 Results and dascussion
2.2.1 The electrode preparation

The weight measurements of the electro sorption electrodes afler different steps of the preparation
procedure are listed in Table 74. The electrodes were identified by the experiment in which they
were used Significamt  differences were observed in the amount of cawbon deposited dunng
carbonisation. Possible causes were discussed i chapter S

Table 7.4 Changes obsened during the preparation of sarption electrodes

Support  Waeght (g)

Weight increase ()

Initsally Carbonised Impregnated with ZrO, Phosphonized
Q 1178 0.1023 03564 0.164]
R 1194 0.0886 04159 0.1912
S 1201 0.0945 0.3680 0.169%0
T 11.81 00779 04314 0.1972
U 1212 0.1013 Not impregnated Not phosphorized
v 1205 0.0955 0.3680 0.1637
\Y 11.89 0.1105 03473 0.1601
2 The clectro sorption experiment

divided into a set of cycles. Each cycle contained an adsorption and desorption step in which the
sorption electrode was  charged  negatively and positively respectively. The adsorption |/ desorption
charactenstics of each electro sorption experiment, camed out as indicated by Table 7.3, will be
discussed scparately for each solution treated. The charactenstics of the reject will then be
discussed. This section will end with a general overview of the sorption expenment and its effect on
different sons. The enerzy consumption of all expeniment will be shown and discussed in Chapler 8.

7.2.2.3 Electrosomptive treatment of Klipfontein
f'wo experiments Q and R were performed m which simulated Klipfontein water was tested. The
expenimental  details of expenment Q and R can be found in Appendix E. The adsorption /
desorption results of various ions in permeate generaled during expenment Q, are shown in Figure
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7.1. The lower figure presents the cument and potential used as function of tme. The ion adsorption
and desorption results are given as percentage of the concentration of ion in the feed solution.

0 15 30 45 60 75 90 105

L—o 'S

Current density (mA-cm?)

0 15 30 45 60 75 90 105

Time (min)

m Sorption electrode ® ] Sorption electrode @
Figwe 7.1 Adsomption'desorption charmactenistics dunng  first two  cycles of electro  sorption
expenment Q

Dunng the fust 10 munates of the adsorption step relatively high jon adsorption (40-80%) was
observed for all sons except Na'. During the second 10 minutes of the expenment the adsorption for
Ca™ and CT ions showed a further increase whereas Mg'™ and SO,™ adsorption gradually stanted 1o
decrease. This trend was observed for several experiments and will be discussed in section 6.14. It
was also observed that the removal efficiency (=percentage of 1on adsorption) decreased from cycle
10 cycle. The decrease in removal efficiency could be due 10 a gradual decrease of the average
curent observed between cach subsequent cycle. Two different types of cument decrease could be
distinguished. A periodic current decrease occurred in each potential step, as well as a decrease of
the average current between cach subsequent ¢wcle. The cumrent decrease observed duning cach
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sorption siep may be ascribed 10 the increasing hydrolysis potential dunng the time that the local pH
at the clectrode was reaching equilibum. The value of the Jocal pH will influence the hydrolysis
potential as can be determined via the Nemst equation (chapter 3, equation 3.6). It can be calculaed
that at the moment that the potential 1s reversed, the potential for water hydrolysis is minimal which
results in a curent maximum. As the pH equilibrased, the cumrent reached a stable value. The
decrease of the average cument between cycles may be explained by the small degradation of the
carbon coating as described in chapter 2

Figure 7.2 shows the results of expenment R In contrast 0 expenment Q, the appled voltage was
increased manually dunng expeniment R 10 maintain a constamt cumment

The use of a constat cumrent resulted . more constant  adsorption'desorption  chamactenistics
between the subsequent cycles of an expeniment. Table 7.5 shows the summanzed results of the
expeniments in which simulated Klipfontein water was treated.  Despite the lower average ion
removal of expeniment R, the energy consumption was lower than for expeniment Q. Experiment R
showed better desorption chamactenstics as well. These results were in accordance with the results
presented in chapter 5 where better desorpion  charactenstics was  found  for electro  sorption
performed with relatively low currents

Table 7.5 Results of electro sorption expenments using Klipfontein feed water

Exp.  Average adsorphion/desomption dunng expeniment E

No Na' a Mg SO* Ca™ (kWh- kg')
Qo4 031 3672 X2 575 s

R -5-9 1520 280 55 3020 19

* Average energy consumption during adsorption cycle
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 lon adsorption (%)

lon desorption (%)

Current density (mA-cm?)

g Y e

40
Time (min)

=R Sorption electrode @ I Sorption electrode &
Figwe 72 Adsopuon'desorption charactenstics dunng first theee and 2 half cyckes of electio
sorption experiment R

7.2.2.4 Electrosorptive wreatment of 1EC norm 734
One electro sorption expenment S was performed in which smulated 1EC noem 734 water was
tested. The expenmental details of experiment S can be found in Appendix E. The adsception /

desorption results for vanous wns i the permeate generated during  experiment S, are shown
Figure 73 The son adsorption and desorption results are given as percentage of the concentation of

the w0 in the fead solution
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Figure 7.3 Adsorptiondesorption charactenstics during  firt twvo  cveles of electro  somption

expeniment S
The Ca™ and CT jons were most successfully removed from the permeate dunng the cathodic cycle,

similar © the adsorption results obtained for the treatment of Klipfontein water. Table 7.6 shows the

summanized results of the expenments treating simulated [EC norm 734 water.

Table 7.6 Results of electro sorption experuments using [EC norm 734 feed water

Exp.  Average adsorption desorption dunng expenment E
No Na' a Mg ™ SO Ga”? (kWh kg')
S . 040 20010 o 7575 55

Average energy consumption  dunng adsogption cycle
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7.2.2.5 Nickel efMuent

Two adsorption expenments T and U were performed in which a model solution simulating nackel
efMuent was treated The expenmental details of expenment T and U can be found n Appendix E.
The adsorpion / desorption results for vanous jons in the permeate generated duning expenment T
are shown in Figure 74. The ion adsorption and desorption results are given as a percentage of the
concentration of the jon in the feed solution.

Nickel removal was significant during all the adsorption steps when the clectrode was used as a
cathode. Significant removal of SO~ was only observed during the first adsorption cycle of the
experiment. Neither Ni nor SO,” desorption coukd be measured afier switching the sorption
clectrode w0 anodic mode. After disassembly of the reactor a grey deposit, most likely metallic
nickel, was found on both the sorpion and the counter electrode. The deposition of metallic nickel
could be expected based on the low half<cell potential of Ni ¢0.23V) [1). The electrodepositon of
mickel on the sorption clectrode could explaun why nickel removal was observed.  After switching
the polanty deposinon of mckel took place at the counter clectrode. The metallic nickel on the
anodie sorption electrode may have started to dissolve (oxidized), but at a slower mte than that of
the deposition process since the nickel concentration in the permeate did not increase dunng the

desorption cvcles.
A N o SO, « Permeate
£ 100 = —
80 "b ’.:.'? P N | ;U "
w R a.-- ‘ ‘ ) é )
40 L= ©° s M1
% - G
BES NN
immaate e I
- -20 4 o
!“ '40 . 5 1
§ '60 qr .
; 80 -
§ _ s - -
D 15 30 a5 60 75
Time (min)

~ E—
[ Sorption electrode = L | Sorption electrode &

Figure 74 Adsorption'desorption  charactenstics  during  first two  cycles of chectro  sorption
expenment T




The clectrochemical reduction of mckel may have replaced the electrochemical reduction of water
and thus the generation of OH wons. Hence regeneration of the amion exchange sies and thus the
desorption of SO, could not ocour through absence of OH ons.

To confirm that the eclectro sorption results on the mickel effluent were mainly controlled by electro
deposition of Ni instead of veversible on exchange, experiment U was camed ot wsing an
clectrode without son exchange matenal, as descnibed in Table 104, The adsorption / desorption
results of this expenment are illustrted in Figure 7.5 and showed a similar pattern for Ni removal
throughout the expenment.  Significant SO, removal was not observed as could be expected from
an electrode without the on exchange component ZrO,.

A Ni O SO‘
£ 100
80 +
s 60 4 - 035
A A A
| 40 ¢ A : “g
1 a N
“....8........ 28 A e a..o ...;-1 :?.:o}-i‘n
é .20 “0,-%;'.. o (+] [n:) o |
| -40 .
-60 4
v '80 RS
§ _ :
0 15 30 45 60 75
Time (min)
l | Sorption electrode & ( | Sorption electrode 2

Figwe 7.5 Adsorptiondesorption  charactenistics dunng  finst two  cycles of electro  sorption
experniment U

7.2.2.6 Electrosorptive treatment of simulated Grootviei water

Expeniment V' was performed i which the model soluton of Grootvier water was treated with
wbular sorpionele ctrodes. The expenimental details of expenment V can be found in Appendix E
The adsorption / desorption results for vanous ons in the permeate generated dunng expeniment V
are shown in Figure 7.6. The wn adsorption and desorpion results are given as a percentage of the
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concentration of the wn in the foed solution. In the lower figwe the permeation flux s given as a
function of time.

0SSO, « Ca =Cl *Mg * Na * Fe B Pemeate
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Figure 7.6 Adsorption/desorption  characteristics and  permeate  fhux duning  first two  cyckes of
electro sorption expenment V

The adsorprion / desorption  chamactenstics of thas expeniment show poor adsorption and  desorption
results for all sons except Fe. Fe removal was probably effected as a result of mechanisms including
adsorption,  deposition of won hydroxides or metallic won upon the cathode (with E'y, =-0409V [1,
page 85]) The ion content n the permeate was at all tmes 60% of the feed concentration,
Desorption of Fe could not be observed. Duning the expenment green and brown precipitates settled
out m the storage vials for permeate and reyect liquors. The precipitates may be formed as a reaction
product of ionic species in the Grootvier water with species formed at the electrode surface. At the
anode where O may evolve as a result of water oxadation (see reaction 3.2) insoluble oxides may
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be formed. At the cathode where pH may increase as a result of water reduction (see reaction 3.1),
msoluble hydroxides may be formed Pan of the msoluble species may have precipitated mside the
sorption  electrode cawang the decrcasing flux. The pressure difference over the membrane was
managed at 2 bars dunng the expeniment (see Figure 7.6).

7.2.2.7 lonic composition of the reject flow

Analysis of the womc components i the reject stream showed simular trends for all weated solutions.
The adsorptiondesorption results and pH of such a typical reject flow ot different sampling
mtervals and electrode potentials are given in Figure 7.7.

When the sorption electrode 15 negative the concentration of andons in the reject is usually higher
than the concentration in the feed stream. For canons the opposite is observed. This change in won
concentrations can be explained based upon the electrode reactions. When sorption electrode was
negatively charged, the pH of the reject often decreased to a value near pH 2, as can be scen in
Figure 7.7. The low pH was caused by the generation of protons (see reaction 32) at the counter
electrode, which was the anode at this point in the cycle. To compensate the charges of the protons
generated in the reject, antons were atiracted towards the reject and cations were repelled. Thus, the
anion concentration in the reject increased and the cation concentration in the reject decreased. The
concentration increase and decrease of anions and cation respectively was often more pronounced
for the divalent ions. This may be related 10 the specific jon mobility and will be explamed in more
detaal m the next chapter
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Figure 7.7 Typical chamactenistics of the reject solubon dunng two cyckes of an electro sorption
expenment

When the sorption electrode was positively charged, the pH of the reject increased to a value near
12 and a decrease in anon concentration was observed (see Figure 7.7). The pH increased to a
value near 12 The high pH was caused by the generation of hydroxyl ions (see reaction 3.2) at the
counter clectrode, which was the cathode at this point in the cycle. To compensate the charpes of
the genermted hydroxyl wons in the reject, antons were repelled from the reject and cations were
attracted. Thus, the amion concentration in the reject decreased and the cation concentration in the
reject increased Conversely, @ strong decrease of the Mg " and the Ca™® ion concentration in the
reject was measured. However, white precipitation praducts, observed i the reject samples, did
settle ot but were not included i the samples for cation concentration analysis. Even though the
peecipitated were not analysed, the high pH of the reject and the low solubility products of
Mg(OH); and Ca(OH); strongly indicate the origin of the white precipitate.
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The sadic and alkaline reject flows are part of the sccondary waste. Unfortunately the volumes of
these wastes are significant since a muumal reject flow s required (see secton 5.3). However,
acidic reject can be utilized to dissolve pH dependent deposits inside the electro sorpion electrode.
Thas possible application of the acidic reject still has to be investigated.

y &7 Y Overview of electro sorption for different ions

By comparing all the expenmental results of all weated solutions it was shown that jons are
adsorbed and desorbed 1o a different extent at different intervals of the experiments. The adsorption
and desorption charactenstics for each 1on will be discussed separately.

7.2.3.1 Canon

Na®

Na® 1ons are beast affecied by the cleciro sorption experiment. In many cases the Na® concentration
shightly increased during the adsorption Cycle when the sorption  electrode was  negatively  charged.
The electro sorption process proved unfeasible for the removal of Na™ from aqueous solutions.

Mg™*

At certain stages in the sorption expeniment (usually just afler switching the sorpion electrode to
cathodic mode) Mg™ was removed o @ reasonable extent. However the desorption chamacteristics
of Mg™ was poor. likely due 10 the low solubility of Mg(OH); as a possible reason. This may be
illustrted in Figwe 7.8, Dunng the desorpuon cycle of an expenment when the sorption dlectrode
was positively charged, Mg(OH); may precipitate inside the sorption clectrode as a result with high
local pH (situaion 1) Duning the adorption cycle when the soption clectrode was negatively
charged, the solid Mg(OH); may redissolve sue the kcal pH changed from alkaline to acid. The
redissolved jon could subsequently be tunsported towards an alkaline environment where it again
could preciptate (situation 1), Mg ions may then only be released from the sorption electrode in
the next desorption cycle (situation 111).
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Figure 7.8. Schematic overview of proposed Mg'* transpart mechanism

Based on the proposed mechanism, the concentration of Mg in the permeate afier the first cycle
would not significantly differ from the Mg concentration in the feed solution. This is in agreement
with the expenimental findings.

Ca™
Calcium jons are most effectively removed by the method of electro sorption. The higher solubility
of CalOH): compared 10 Mg(OHr may be the reason that Ca™* shows relative high removal
efficiency when the electrode was negatively charged and good desorption  charactenistics when the

sorption electrode was positively charged. These results were obtained for more than one cycle.

7232 Ankes

(T and SO

In the experiments Q, R, and S where both CT and SO ions were present, CT was more effectively
removed than SO, At the initial stage of the adsorption cycle of the experiment when relatively
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many unsaturated anson exchange sites were mvailable, a significant removal of SO ions could be
cbserved besides C1. Afier the sorption electrode became saturated, desorption of SO~ could be
detected while adsorpuion of CT wns contimued. Apparently the SO,” ions were replaced by CT
jons. The lower affinity of SO, ions 1o ZrO; compared to CT ions was reported before [3]. The
removal of CT ions due to oxidation and Cl: gas production may be a point of further study.

7.2.4 Conclusions for tubular sorption electrodes

- The sorption electrode will be most successful for waters with mainly Ca®* as problematic
ion. A significant removal of CI, and Ca™" was demonstrated using the electro sorption
svstem developed

A significant removal of SO ions could only be demonstrated when the quantities of other

anions such as CT were relatively low.

- Effluents comtanmng large amoumts of Fe, Ni o olher ciements that can easly be reduced
may not be candidate wons for electrosorptive removal. All reactions besides water oxidation
and reduction, such as reduction of metal jons and oxidation of CT disturh the development
of a pH profile necessary for controlled adsorption and desorption of sons.

73 S ¢ o s solu by N flat_sheet o _ S0

modules
The fln sheet clecro soption modules were tested with a ndustnial mickel effluent and a mine

water source. The electro sorption results are discussed i section 7.3.1 and 7.3.2:

7.3.1 Nicke! effluent with flar sheet sorption electrodes

Elecwo sorption tests with flat sheet clectrodes were camied out utilizing model solution of the
following composition

NuSOd - 0011M;

NaCl - 0.008M;

HSO, -~ 000TM.
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Taking im0 consideration, that meckel and sodium ions can have different socption and
elecrochenucal  behaviour, the Kkinetics of sorption of these ijons from scparate salts was
mvestigated.  The results obtaned with the electro sorption module equipped with  zirconium
phosphate containing electro sorption membeanes at dU = § V are presented in Table 7.7,

Table 7.7 Removal degree (%) for sodium and nickel cations.

Canon T Tume, mm

5 10 20 30
Soxhium 74 87 93 90
Nickel 46 39 73 80

The rate of sorption of nickel jons was lower than the sorption rate of sodium ions. Therefore in the
sudy of desalination using actual electroplating effluent the foed flow of solution in the electro
somption module was reduced to 100 ml- h'. The results of treatment of nickel containing industrial
efMuent are listed in Table 7.8,

Table 78 Chemical composition of real clectroplating effluent, punfied and regenerated solutions
mmg I')

Lutial Punfied Regencrated
Constituent du =5V dU = 10V
Socum 153 105 18 1490
Potassium 3
Calcaum 24
Magnesium 16
Ammong 10.6
Nitrate + Nitnte 16
Sulphate 1739 998 65 17200
Chlonde 210 9K S 20
CoD |2
Nickel M3 424 <] 430
Iron 1.67
TDS 4196 1623 89 25340

Cocrgy consumption was 6.4 KW Jg7 at dU=SV and 11 kW kg" w dU=10V No membeane fouling

was observed.




7.3.2 Mine water effluemt

The expenmental results described i part 33 of the report demonstrated the effectiveness of the
spphication of an clectro sorption unt equipped with flat composite electro sorption membranes for
the removal of salts from solutions with low salt content up 10 500 mg I’ The study of electro
sorption purification of sulphate solutions with a content of sals up 10 3500 mg I' was the nex
mvestigation phase. The following composition was chosen as a model solution:

Na; SO, - 0.02M;

NaCl - 0.01M;

(sodiam ~ 1150; sulphate ~ 1920, chlonde ~ 230, TDS - 3425 mg I

The composiion of this solution 15 close to sulphate containing mine waters. The removal of salts
fron such solutions has industrial value. The obtained results for mne water model solution

punfication wsing the clocro  soption module  equipped  with  zirconium  phosphate  containing
sorption electrodes at U=5 Vand [ = 0.15 Aare listed in Table 7.9,

Table 7.9 Mine water model solution punification.

Flow rate, Passed volume, Punfication degree, Energy

m b’ Ml % )
kW kg

a0 100 83 5.16

400 150 7 406

N 200 S0 438

7.33 Conclusions for flat sheet electro sorption system

The flat sheet clectro sorption systemn was highly effective for the removal of nickel (up 10
8% removal). In contrast with the tubular clectro sorption system, no fouling of the electro
sopion unit was  observed  although the nickel solution showed siguficat amoumt of
organic matter (COD 802). The energy consumption is as Jow as 6kW kg

The flat sheet electro sorption system was highly effective for the treatment of mine water.
In contrast with the tubular clectro sorption systemy, no fouling of the electro sorption unit
was observed The energy consumption is as low as kW~ kg”.
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74 Hybrid system
7.4.1 Introduction

Results presented in chapter 6 that precipitates formed during the electro somption process caused
substantial decrease of electrode permeability. lons that easily form insoluble precipitates such as
Fe should therefore not be present m the soluhon entering the clectro sorption unit. These solutions
should furthermore be pH neutmul. For acidic or alkaline solutions it would be hard to0 realize the
deswed pH gradient. The abovementioned restnctions woulkd make electro sorption a poor water
punfication system for teatment of acidic mine dranage water (ADM) containing high ion content,
which effluent is a huge source of contaminated water in South Afinca.

A simple electrolysis system could be used to neutralize a pant of the AMD flow (¢.) as illustrated
by Figure 79

Neutralized Acidified
AMD 3 AMD

Anode | | Cathode

2H.+ 40H | | O,+ 4H"

/)
-

AMD
Figure 7.9. Neutralization and acidification of AMD by water electrolysis

Precipitation of msoluble species formed i neutralized AMD has been reported previously [2] and
may reduce the concentration of certain wns such as Fe consaderably. Neutrahizing AMD water and

precipitation  of readily nsoluble speces combined with firther desalimation using electro  sorption

offers opportunities for water punfication. In thas chapter a hybnd sysiem will be presented,




7.4.2 Expenmental

The acid muine draimage known as Brugspruit water was drawn on 12-04-2001 from the abandoned
T and DB mining operation near Withank in Gauwteng. South Afnca The hybnd system that was
used to treat this water consists of an electrolysss reactor upstream from an electro sorption reactor
a shown in Figure 7.10. This clectrolysis reactor (1) was build by placing a coil (@ Smm) of
platnum wire (Im length, @ 1mm) inside a ceramic membrane (type 11l see table 2.1). The ceramic
membrane was placed inside a sainless steel whe (Scm length, @ 16mm). The platinum wire was
used as anode, the stunless steel wbe as cathode and the membrane as a diaphragm. To build the
clectrolysis reactor (1) a stainless steel tube was used as a cathode. Afier the insoluble species in the
catholyte are precipatated and removed, the solution is led 10 the inlet of the electro sorption reactor.

rome

Figure 7,10 Schematic overview of the hybnd system 1) Electrolysis system as shown in Figure
7.9. 2) Electro sorption reactor as shown i Figure 3.2 3) Reservoir for waste water
4) Neutralized AMD 5) Precipstate 6) AMD reservoir

7.4.2.1 Neutralization of real Acid Mine Drainage

The clectrochemical cell (number 1, Figure 7.10) was used to neutralise part of AMD. The curment
and potentiab used duning the neutralization step are tabulated in Table 7.7,
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Tabile 7.10 Expenmental conditions for the treatment of AMD

Experiment A B
“Flow rate anolyte (ml- mn ) 8 )
Flow rate catholyte (ml mn”) 11 9
Cusrent 100 150

The catholyte was collected and transferred into a separation funnel. The orange brown precipitate
started to settle within minutes at the bottom of the funnel and was separated from the supermatant
Iiquad (clear catholyte) afier 24 hours. The pH of the catholyte, feed and anolyte was recorded and
the ion concentrations of Na', Ca™, and Fe were measured using AA. The total dissolved solid
content (TDS) was determined by measuring the weight of solids lef behind afier evaporating 10ml
of sample over 1 day a 60° C, then slowly heating up 10 120° C for | hour.

7.4.2.2 Electro sorpbion of pre-treated Acid Mine Drainage

The preparation of the clectrode, the reactor and the reactor set-up used were similar 0 the
expeniments described in chapter 5. The electro sorption was performed  using the power source as a
galvanostat at 100mA, the flow rate was regulated at 2ml min’' and 13ml min' for permeate and
reyect respectively,

743 Results and discussion

7431 Neutrahzation of Ackd Mme Dramnage

The Fe concentration and pH of the anolyte, the catholyte and the feed solution, for the experiments
A and B are histed in Table 7.8, The first experimental results indiicate that the pH of the catholyte
can be regulsed electrolytically with the cument through the system. It should be possible 10 find
the nght combination of expenmental conditions for any feed solution to obtain a catholyte that is
pH neutral. Moreover, the Fe content in the catholyte after the precipitates had been removed was
below the detection limit of the Atomic adsorption instumentation (0.5 mg T’ for Fe). This result
ndicwicd that more than 99%¢ of Fe wons precipitated when the pH of the AMD solution was
clectrolytically increased 10 79 Fe ions precipitated for 90% when the pH of AMD was
electrochemically increased to 47, Whik the Fe ions precipitates settled 1o the lower pant of the
scparation funnel, the volume of the tansparent catholyte increased with tme. The longer the
sedimentanon  ume, the higher the volume of clear and Fe free catholyte. After 1 day the
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precipitates were concentrated in 10% of the catholyte volume. The rest of the catholyte was fed 10
the electro somption unit to remove other jons like Ca™ and (7"

Table 7.11. Fe content and pH of electrochemically treated Brugspruit water

Expenment  Catholyte Feed Anolyie

pH Feimg I') pH Fe(mg I') pH Feimg I')
A 48 5 29 30 22 5SS
B 79 0 29 50 21 S6

The wtal dissolved solids (TDS) results of the feed solution, the anolyte and the catholyte were K9,
9.27 and 82 g I' respectively. The difference in TDS between the catholyte and the anolyte is
T0mg I while only S0 mg I’ of Fe was removed from the catholyte. It was possible that besides
Fe other jons present in the orange-brown sediment were ramoved. The jon transport duning
clectrolysis as discussed in the previous chapter might be another cause for the large difference in
TDS between anolyte and catholyte. Amions like CT and SO.* ions have higher mobility than
cations like Na® During electrolysis more €T and SO will be transported from the anolyte 1o the
catholyte than Na™ from the catholyte 10 the anolyte resulting in higher TDS in the anolyte.

7.4.3.2  Electio sorption of pre-treated AMD

The summanzed resuls of the electo sorpion expeniments with neutrmhized  Brugspruit water are
shown in Table 7.9. The conductivity of the permeate s slightly lower than the conductivity of the
feed solution but a proper indication of the on removal could not be given in contrast with the
suggestions in chapter 6. The relatively high concentration of Na” ions (1400mg I') compared to
other canons in the feed was probably the reason for this resubt

Table 7.12. The summanzed results of the permeate of the electro somption experiment with
neutralized AMD

Cwke Condxtivity (mS em')  pH Gt mg )
Feed Permeate Feed Permeate  Feed  Permeate

Adsorpaion v - 79 82 6 114

Regeneration 8.7 93 79 3 163 21
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As was shown in chapter 5, Na' wns are not adsorbed Even at significant removal efficiency of
Ca™, the decrease in conductivity of the penmeate during the adsorption cycle was not significant.
Beades a pH and a conductivity meter, a Na' indicator would be necessary 10 control experiments
with relative high amounts of Na' in the fead solution.

The decrcase of permeability during the experiment was about 15% in 9 minutes. This was much
lower than the permeability decrease observed for the AMD water that was directly treated with the
electro sorption system (see section 7.1).

- With the hybnd system where an electrolysss reactor was placed in senes with the electro
sorphion reactor, it was possible 1o treat Brugspruit water, an acid mine drainage effluent.

- Acd solutons could be separsted o o neutral and a mwre acdic solution using the
electrolysis cell.

- Over 99% of Fe coull be removed by newtralizing the Brugspruit water. Duning electro
somption 30% removal efficiency was obtained for Ca*2.

7.5  Filtration properties of the electro sorption electrodes
7.5.1 Introduction

The iwon adsomption properties of the electro sorption  electrode  were  extensively  explored in
previous chapiers. It was claimed in chapter 1 that the sorption electrode would be able 10 remove
ons from aqueous solutions and &t as a micro or ulre filtabon unit smultaneously. In this
chapter the results of expenments 10 determune the filtration properties of the sorption electrode are

presented.
732 Experimental

Two electrodes (W and X) were prepared according to the standard preparation procedure  described
in Appendix E. AROy type 1l substrates were used as support for the electro sorption electrode with
an wunal pore diameter of 3 mucron. Step 2 and 7 were not performed. Dunng the preparation, the
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mass increases were measured. Electode X was placed in ultra pure water for 7 days before the
filration expenment was performed.

For the filtration experiments, the electrode was placed in the second electrode reactor (Figure 53)
The reactor was subsequently connected o the pilot plant. The reservoir of the pikat plant was
mitially filled with Ultra Pure water. The reject flow bypassed the solenod valves as well as the pH
and conductvity probes and led straight into the reservorr. The BORWIN programme did not need
o be acuvated since the experiments were only camied out to investigate the filration properties of
the sorption clectrode. Permeate samples were collected several times at which point the collection
ume, sample volume, reject flow rate, pressure difference and electrode potential were recorded.
When the penmeability scemed reasonably stable with ume, the reservoir was filled with an
ndustrial related  efMluent solution. The solubon consisted of a mixture of wonic species and
microbes. It was specifically requested not w0 give further details about the solution. The solution
will further be refared to as the microbe solution. Permeate and reject samples were  collected for
analysis over a period of 12 hours and permeability of the electrode was calculated. The samples
collected dunng the expenments using the mirobe soluton  were amalysed with 2
spectrophotometer  (Spectronic Genesys 5, Milton Roy)) at 480nm. The measured absorbance was
used as a measwe of the microbe comtent. One sample was obtained by fikering the microbe
soluton wsing a 045um polyethylene fiter (Cyclone). This sample could be used as a reference
point for the filter property of the sorption electrode.

7.5.3 Results and discussion

The results of mass increase measurements of the electrodes W and X are tabulated in Table 7.10
Elecrode X contamed 10% more ZrO,. Both clecrodes showed no significamt  difference  with
regard 10 mass increase. The aim of the filtration experiment was 10 see 10 what extend the microbes
could be separated from the agueous phase using the clectro sorption unit. Simultaneously the
permeability of the sorption electrode was measured as a function of time to get an idea of the
fouling charactenstics. First the permeability of ultrn pure water was measured as a function of tme
before testing the fouling effect of the mucrobe solution.

142




Table 7.13 Increase in mass dunng the prepasation of sorption electrodes
Support | Waigt (g) | Weaght increase (g) Permeability (m- mio- B bar )
Inotially Caborssed  Impregnated with Z10;  Phosphonzed
W 121837 00882 04187 02113
X 12,2433 00742 04535 0.2280

7.5.3.1 Pemnmeability and fouling of the sorption electrode

Figure 7.11 shows the permeability as a function of ume. An enommous decrease in permeability in
tume even when filtenng ultra pure water was observed far both electrodes, especially duning the
firt 20 hours. The eclectrode soaked in water for 7 days showed the highest decrease in
permeability.  After about 20 hours the loss of permeability secemed 10 bocome stable but a gradual
decrease could still be observed afier 80 hours.

L & Pre-wetted electrode X
=
r.oE * Electrode W
—E 1 ‘
:‘;‘ 0.:00...... . e -
;; 0'1 ‘ - . o.
g
e
0'01 . T T T T 1
0 10 20 30 40 50
Time (h)

Figure 7.11. Permeability of sorption electrode W and X as function of tume

The results obtamed were quite surprising. The intial explanation offered was that water adsorption
between the layered structure of ZrO; and ZrP [4]) caused the decrease of permeability in tme.
However, the clectrode that was soaked in water for 7 days (asuming that water adsorption
equilibrium had been reached) showed an even more drastic decrease of permeability in ume. Apart
from loose ZrO; or ZrP pamicdes inside the electrode, blockage could possibly be caused by traces
of ol or impunties brought into the system via the pump or tubing of the “new™ piot plant.
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Backflush (or backwash) is ofien used in mucro- and ultra filtration systems to clean membrane
surfaces [6] The effect of backflush with awr (1.4 bar, | minute) and water (3 bar, | minute) on the
permeability of the sorption electrodes is shown i Figure 7.12. The permeability afier the backflush
did morease shightly bt dropped down relatively quickly. The particles that appeared © be blocking
the electrode were probably entrained inside the electrode and thus difficult 1o remove.

o.s - R R S R SR R R R R A S et § e
o - .Back flush withakr

03 .‘._\‘.-.-. e g e o

02 S—cmcemmsniicen - .I‘... 4' S —— A
0,1 o —ermicrmrm menis e e s e s

Permeabality (m' m 7 bar "h')

!
° - 4 : T 1
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Time (h)
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o-oe o .-.‘ S —— R — ,j[.. P p—
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Permeability (m* m ¥ bar ')

. : B
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Figure 7.12. The effect of backflush on the permeability of a sorption electrode using A) air and B)

waler

Table 7.11 shows further permeability results These results were obtained from measurements
taken after 50 hours when the permesbility had become more or less stable. The calculated
permesbility under different conditions showed nsignaficant  differences. In  other words, the
permeability scemed to be independent of elecrade potential, reject flow mate or pressure difference
(between 0.9 and 1.7 bar),
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Table 7.14 Permeability as a function of AP, flow rate reject and electrode potential

AP Flowmaterepect  Potential Permeability

(har) (I W) (V) (' m* W bar')
1.7 S0 0 0.142
14 %0 0 0.137
11 %0 0 0.138
09 50 0 0136
09 15 0 0.135
09 15 5 0134

a) Potennial difference between sorption and counter electrode
b) Transmembrane pressure difference

Figure 7.13 shows the change n flux during permeation of wltra pure water compared to microbe
solution.

F . Microbe

= : -

= 0,08 1 Ultra pure water ; solution

2 < ; '

g 006 r :

& s

b o'm el

3 : lci.-....

g 0.02 P

z 0 T B T B T 1
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Time (h)
Figure 7.13. Change in permeability dunng permeation of ultra pure water and microbe solution.
AP is 09, T=35°C

A strong decrease of permeability as a function of ume could be seen just afier the microbe solution
was pumped through the sorpion electrode. A few hours thereafier the permeability decrease
showed a2 simiar wtend as the extrapolated permeability results with ulra pure water. The
permeability drop caused by the microbes seem 10 be more or less 30% and fairly stable over time.
Treatment of raw water with ulrafiltration membranes [7] showed similar results as shown in
Figure 7.14. The visual difference between the reject and the permeate were clear as 15 shown in
Figure 7.15
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Figure 7.14. Changes in  permeability Figure 7.15. Reject (left) and permeate
dunng treatment of raw water [7) (nght) of macrobe solution

7.5.3.2 Separation propertics of the sorption electrode
The permeate was collected as a clear solution while the feed solution and the reject looked cloudy
as shown mn Figure 7.15. Table 7.12 shows that the electro sorption electrode rejected at least 96%
of the mucrobes. The efficiency of the electro sorption electrode was found to be higher than the
efficiency of the 045um filter. The retention coefficient (Rop) for the electro sorption unit and the
polvpropviene filter 0.45um was calculated using the following equation [7)

abs

R «(1- =) * 100
_ .:hﬂ, x

(7.1
where abs, absorbance permeate sample
abs, absorbance rgect sumple
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Table 7.15 Retention coefficients for electro sorption electrode and 0.451m sample filler

Sample  Tume Absorbance Roo Filter ™

Sa® (h) Permeate Reject (%)

] . 0024 0382 W 045 pm fileer

2 039  0mS 0484 97 Sorption electrode X
3 0.78 0017 0389 96 Soption electrode X
4 1.18 0017 039 9% Sorption electrode X
S 1.86 0008 0412 98 Sormption electrode X
6 3.01 0007 0398 98 Sorption electrode X
7 793 0008 036 98 Somtion electrode X
8 1328 0009 0389 98 Sorption electrode X
9 1557 0.006 0389 98 Sorption electrode X
10 1992 0007 0408 98 Sorption electrode X
1 236 001 0484 98 Somption electrode X

a) Sample set consisting of penmeate and reject
b) Sorption electrode X after 95 hours with ultra pure water

The separation efficiency was possibly even hugher since an ultra pure water sample was taken as a
reference solution with (%6 microbes. A possible emmor may have been introduced because the
absorbance of the ionic species i the mucrobe solution was neglected. During the calibration of the
spectrophotometer it became  clear that the concentration of microbes m solution was  proportional
to the absorbance Figure 7.16.

0.60

y =04103x + 0.0045

0.40 J gy

0.20 —
| -

0.00 o= . .
0 02 04 0.6 08 1
‘ Fraction of microbe solution in UP water _J

Figure 7.16. Calibration of the spectrophotometer. Absorbance as a function of the fraction of
microbe solution in ultra pure waser
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7.54

7.6
I

"

Conclusions on mucro filtration propertics of electro somtion membranes

The clectro sorption clectrode could be used 10 separate microbes from the microbe solution
with an efficiency of at least 96%

The filler efficiency of the clectro sorption electrode was higher than a standard 045
mucrometer filler. The permeate of a standard filter contained 6% of the microbes whereas
the concentration in the permeate using the electro sorption filter was as low as 2%.

The penmeability decrease caused by rejected mucrobe solution was abowt 30% of the matial
permeability
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8 ECONOMIC EVALUATION AND COMPARISON OF ELECTRO

SORPTION PROCESSES WITH OTHER WATER TREATMENT
MEMBRANE PROCESSES

Abstract

The economic evaluation of the tubular and flat sheet electro sorption membrane based on cost and
capacity of the sorption muaterial showed that flat sheet electro sorption membrane are $45 per nf.
The cost of the tuibular electrosoprtion membranes were much higher (S690 per m) but may still be
interesting if microfiltration of the feed stream is roquired. The cost of water purification usig the
developed electro sorption modules s compared with the cost of water purification using electro
daalysis.

8.1 Cost of sorption material for tubular and flat sheet electro sorption systems
The operational calculations for production of 100 o sorption composite for the flat sheet electro
sorpion process and 100 ot whular sorption clectrodes are described. The calculations were based
on the following statements:
- Matenal production by Lid. Facilities
- The equipment which is used for the production s rented &t the production base of
Ukrumian National Acadenmy of Sciences
- The pnces for the mw matenals, elecincal energy are actual on July 2001. The dollar rate at
that moment: 5.35 hrivna per 1 USA dollar
= Provision for taxation corresponding to the effective law.

The analysss of fiher production pattern demonstrates that the main expenses are connected with the
value of used raw matenals, and also fuel and electncal energy up to 38%. The labour cost equals
approximately 8% from the totl expenses. Therefore 46% of the expense was composed of the
labour cost, mw matenal and energy cost. So 10 decrease the cost of sorption composite matenial it
s necessary W0 decrease the cost of raw matenals, clectncal energy, increase the equipment
productivity and  decrease labowr expenses. The taxes for the production, including 30% tax on
income, are equal 10 27,5%. The income, lefi at the venture, is equal o 11,7%.




8.1.1 Cost Analysss for Metal Filter Manufactuning

Matenal type

Table 8.1 shows the complele breakdown of costs for sorption composite material based on fibrous
ceramic paper and zirconium phosphate. The costs are cakulated per 10007, which is the the
maximun possible scale for meaningfull predictions.

Table 8 1 Quantity of material: 100 nf

N Cost factors Percemnage of cost Cost 2 USD
Tubwlasr Tlat sheet | Tubular  Flat sheet

| Raw muterials ( Table 8. 2) 4529 ¥
3 Fuel anc ety 200 A0
3 Main salanes (Table K.3) 220 40
3 Adkhiinwal wane W — 158
L Pension ard trade umon funds TR o0 10
3 lem mainicnarce o mn B 1)

' Unemployment fund 15 [ 56
s Chemobnd fund 10 0 ~ 312
v Plantclaiod cost 172 20068
10 Not-mamfactuning cost Sep 6192 268
T | Projecied cou T35 1) I T T
T | Transpon Teapil IRES3 tomd
13 | Compicte cost with transpon A84W0T 28117
" : Row! mresuntenance fand .19 asaw 268
15 Compicte cost with all fund paymcnts SEVSA 06 28388
6 Profe 5% 124602 096
17 | Wholesale pice 6123008 353K
18 ' VAT 20 857221 NH.6
[ Customer pnce 6Ny Q2577

Table 82 and Table 83 show how the raw matenals cost and main salanes were calculated. The
suggested customer price for 100 m of sorption composite material based on fibrous ceramic paper
with zirconium  phosphate was $4257.70. The customer price for 100m* of tubular sorption
electrode was estimated on $62970.73. The largest part of the cost was due to the relatively high
price of tubular ccramic supports. The lower cost of other zircony! chlonide and phosphoric acid
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supports are due 10 the lower impregnation volume | tbe of Im length had a surface area of
0.022m thus 1o get 100m’, 4500 whes are needed

Table 8 2 Raw matenals expenditure

Raw macenals Quantity Pnce Total
Tubwilar Flat shees Tubular Flat sheet

Ceramuc tubes (#) 4500 . 10 45000

Ceramic Paper (m’) - 10 S0 )]

Zircoeyl Chlonde (kg) 25 x0 50 128 S0

Phosphone acid (kg) [} 1m0 LX) 45 L

Ocher 100 100

Total 45270 1400
Table 8.3 Labour costs

Uit operation Moasanng urs Quantty  Quahiicanon level Total (5)

Tubwilar Flaa sheet

Chemnal teativent wewker 2 1y 120 240

Pyrolysis and drywrg .- 1 i 10 100

Tosal 20 M0
8.2 S0 tubular and flat sheet tion

In this section an estimation is given for the total cost 10 construct two electro sorption plants with
electro sorption electrodes with surface area of 100m®, one based on whbular sorption electrodes and
one based on flat sheet sorption electrodes. Hereafler, the capacty of the plants wall be compared
based on experimental results obtained on small scale.

8.2.1 Cost of pikot plare

Table 84 shows the estimated cost of a whular and a flat sheet electrode reactor. In Table 8.5 the

total costs are calculated for the realisabon of the electro sorption capacity of the sorption electrode.
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Table 8.4 Estimated cost of a tubular and a flat sheet electrode reactor with Im” sorption electrode

Description Quantity Cost ($)

Tubulaer  flat sheet tubular flat sheet
Flat sheet electrodes (Im*) i 1400
Tubular sorption electrodes (1 nf) 45 45300
Carbon electrodes (0.6cm OD, length 100cm) 45 1 13500 1000
Base matenals 10.00 1000
Labour, instruments, machinery (208 k') 4 2 sm 000
Subtotal 140.00 80.00
Total  including  accessories  20%  [1] 81800 140,00

(connections, wires, O-nngs)

Table 8.5 Total cost for the realisation of the electro sorption system

Description Cost (3) Cost (3)
Tubular flat sheet
Palot plant 10000000 10,000.00
100 Reactors (100x value in Table 8§.4)) 81,800.00 14.000.00
Installation equipment (10%) 9,18000 240000
Transportation of the main matenals (3%) 2,75400 800.00
Auxiliary equipment 300000 300000
Civil mfrastructure and engineenng 100000 100000
Subsotal 10773400 31.200.00
Total including engineenng  studies and  all 118,507.40 3432000

other costs (+1(0%%)

8.2.2 Capacity of the pilot plant

Costs associated with the sorption expeniment weating the Klipfontein model solution with tubular
sarption  electrodes (see section 6.1) and the sorption expenment treating a mine water model
solution were calculated. The cakulated plant capacity 1s shown in Table 86, The pilot plant with
flat sheet sorption electrodes was more effective and energy efficient than the tubular electrodes for
the removal of sals. With a simular elecrode surface it was possible 10 obtain a higher degree of
punfication even wien a feed solution with higher TDS was used Morcover, the total cost of the

152




purificaon  system with 10007 flat sheet sorption electrodes was much lower than that of a pilot
plant with 100m’ of tubular electrodes The filtration properties using the tubular electro sorption
system were not demonstrated with these expeniments.

Table 86 Pilot plam requrements for treating a Khpfontein model soluton and a mine water model

solubon.
Plant Capacty Water source
Model A Model B
Feed flow rate (n- h™) 3 3
The trans membrane pressure (kPa) 150 50
Degree of purification 4reCa™and 300C1  50% TDS
Energy cost (\Wh- kg™) 19 4

Model A: Klipfontem (TDS 1458mg- T, see Table 7.1)
Model B: Mine water (TDS 3425mg- 1, see section 5.2)

The costs of simultancous removal of suspended sobds and jomic species from aqueous solution
using tubular elecro sorption filtrmtion are high. Flat sheet electrodes are easy 10 upscale and
relative large loading of sommion phase can be realized resulting i hugher sorption capacity per unit
of arca. The energy consumption of the wbular electrode systems is also relatively high. This may
be partally a result of the fact that the sorption electrode s used m flow through electro sorption
clectrode.

83  Running cost
8.3.1 Runming cost of the twbular electro sorption module

The running cost of the electro sorption system and the energy requirement are already shown in
chapter 6. In Table 8.7 the results are presented in summary.
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Table 8.7 Results of electro sorption expeniments

Exp.  Average adsorption desorpton duning expenment E consumption
No Na' a Mg sO,* Ga*? kWh kg')
A 6530 2510 N

B 2515 6520 15

Cl 5531 5542 10

Q 4543 4042 15

o= 5133 4539 13

D 3540 235 13

F 3530 4025 13

G 4030 4535 "

H 2030 3035 13

J 3035 2530 9

K 1010 510 21

Q 64 4031 362 8§12 5875 25

R -5.9 1520 280 55 30720 19

S - 7040 20010 - 7575 55

Under the most efficient conditions the energy consumption was 9 kWh kg’ removed salt. A
companson of performance between clectro sorption and electro dialysis was made and is presented
in the next section. The negative adsorpion’'desorpion values for Na® means that the concentration
of wnic species m the permeate increased duning the adsorption step. Thss unusual result was
observed with Na™ ions only. It is believed that Na™ jons, which have lower affinity towards the ion
exchange sites than doubly charged ions, are pulled through the membrane o compensate for the
charges of the adsorbed Ca®* and Mg™* ions.

84  Possible cconomic application for the electro sorption

The damage caused by scale on heating elements in household apparatus such as boilers, kettles,
lrons and washing machines i1s well known. The scale mainly consists of CaCOy that is formed on
hot surfaces in the presence of Ca™” and CO;° ions. The electro somption unit could prevent
formation of CaCOn by adsorbing the ions when the element s hot Afier heating the ons may be
desorbed back into the water since the jons are not harmful for the user but only for the heating
clement. Scale will thus not be accumulated on the swface of the clement. It is important 10 note
that the sorption unit would not be expensive. The flat sheet somption clectrode could be a potential
candidate,
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A companson of performance between electro sorption and electro dialysis was made and is
presented in Table 8.8

Table 8.8 Companison of performance between electro sorption and electro dalysis

Process Electro sorption reactor Electro dualysis
parameter
Flat sheet Tubular
DC power 07~ | kWi kg -ground 25kWh kg' ~ | O.5kWh kg' - ground water
supply 10 reactor water 500 TDS ground water 400TDS
2-3kWh kg’ - mine water 500 TDS 1.2kWh kg' — mine water
3500 TDS 15 kWh kg' ~ | 3500 TDS
36kWh kg' -electroplating | 1500TDS
efMluent 3000 TDS
Pumping energy Requires less than | bar Requres 1-2 Requires 4 bar pressure
pressure 0.1 - 03 kWh kg bar 05~ 1 kWh kg' for brackish
Pressure 0.204 | water of 1000 TDS
kWh- kg’
Total energy Estimated 3 + kWh kg’ - Estimaned 15 LS kWh kg' -~ S00 TDS
ConsEmpLon 3500 TDS kWh kg -3500 | 4kWh kg' - 3500 TDS
TDS
Membrane lons - can be controlled lons — heavy metals
foulng Gasses ~ possibly H.S Gasses - Oy, CO, HS
Silica Silica
Colloads Collouds
Large jons - 7 Dissolved organics
lons - can be controlled 10ns ~
Pre-treatment Suspended soluds filters Precapitation of Suspended sobds - fikers
nsoluble spocies Precipitation ~ jon exchange
— S -
Concentration Limited by 1on exchange capacity and Limuted by back diffusion
diluting streams regeneration ability
Concentration of | No Additional operation
electrode stream parameter
Temperuture No effect on membeane life Negative effect on membrane
hfe
Membrane cost Support R 120 -~ R 200 R 6000 nt cost R 400~ R 2000 nf
T, total cost up 1o R directly related to
300 - R 300 ny ceramic support
Stack design No hugh voltages - low current leakage through High overall voltages roquire
supply ducts high resistances of supply
ducts
Hydraulic Up to 90%% removal possible on one stage 40~ 5% removal m one
staging stage requires several stages

{ CaS0; saturaton

Controlled electrochermucally

Maxamum 175%




The 175% of CaSOs mentioned in table 8.8 means that the soluton can be oversaturated by an order
f 1.75. Above this value the precipitanon will be so fast that clogging and fouling of the membrane

o

15 inevitable
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CONCLUSIONS PART A

A new nype of punficanon unt was developed that is capable of removing ionic species AND micro
paticles from aqueous solutions. The unmit exhibited non-chemical regencration ability and required
low pressure and only clectrical energy for the punification of a solution. The developed purification
unt s novel since conventional punficabon systems can only be used for desalination or
mucrofiltration and require chemucals or hagh pressures dunng operation.

In the clectrosorption system where nucrofiltration and desalination are combined. encrgy Josses are
difficult 10 avosd The munimal energy consumption observed was 8 kWh kg'. It was calculated that
roughly 25% of the praons and hydroxyl jons generated were effectively involved in the activation
of sorption matenal.

The purification was based on microfiltation and  electrochemically  activated  sorption.  The
punfication units were peepared by modificaion of ceramic-based microfiltration units. The main
achievements during the modifications were:
The preparation of clectroconductive and permeable coatings of, nickel, gold and carbon on
ceramic substrates were optimized 1o control both permeability and conductivity
The preparation of clectrocatalytic coatings comtaining PrSeMo wath high catalytic activity
for water clectrolysis and methanol oxidation
Preparation, wynpwegnation and optimization of zwconia and zmcomum phosphate as sorption
material. Maximal reversible saption capacity of zirconia was 18meq g', maximal sorption
capacity of zirconium phosphate was Imeq g”
A gruchent of phosphorzed ZrOr over the cross sectional diameter of the tube was essential.

Several reactors were manufactured to support the electrosorpion unit. The main achievements in
this area were:
Watertight  sealings were prepared by panial impregnation of microfiltration substrates  with
Na-silicate
Conductive O-rings could be used 1o establish clectrical contact between the somption
electrode and the potentiostat
A upscalable and easy to assemble multiple tubular electrode reactor was developed
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A fully automated pilot plant was designed, manufactured and tested The quality of
permeating  water was  determuned by  measurements of conductivity and pH. The
combination of these parameters was used 10 stant or stop the regeneration and adsorption
cycles

Dunng the optimization of the elecrosorption process and preparation procedure the following

conclusions were drawn:

The optimal phosphonzation time was found 10 be 4 hours

Electrodes prepared from  Ab(s  supports with O9um  pores showed better removal
efficiencies than electrodes prepared from ARO; support with Juim pores

The clectnical commection between a power sowce and a sompion electrode could be
established using an electro conductive O-nng

Deposiion of Pt decreased the potential difference for water clectrolysis. The  energy
consumption per kg salt removed did however not show any improvements

The opimal potential difference between the sorpion electrode and the counter electrode
was found to be AV, Although SV potential difference resulted in smilar energy  efficency.
relatively poorer desorption charactenstics were obtained

The permeation flow should be chose to 2ml mn”' (fux: 05 m™ h" m®) when a potential
difference of 5V s appbed. Lower permeation flows resulted in lower desorption percentage
and higher permeation flows resulted in lower removal efficiencies

Removal cfficiencies of both cations and anions >50P6 were obtained at a permeate/reject
ratio of 0.5. Higher ranos led 10 Jower removal efliciencies. Lower ratios may kad 1o higher
removal efficiencies but will lead 10 low water recovery

Using the cument density as a control parameter during the electro sorption process instead
of the potential difference may increase electrode hfetime. Calculation of the minimal
required cument density may give an indication of the efficiency of the eclectro sorption

process.

Specific propertics of the purification unit for different waters sources

The simultancous adsorption of Ca'* and SO.* (93 and 69, respectively) from a 14 g I
CaSO:s soluion The simultancous desorption of Ca” and SO was observed afier
switching the sorpton clectrode to an anode. Adsorption and  desorption  efficiencies
remained unchanged for several cycles
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The filler efficiency of the electro somption electrode was higher than a standard 045
micrometer filter. The permeate of a standard filter contained 6% of the microbes whereas
the concentration in the penmeate using the electrosorption filter was as low as 2%

Ca’" and CT were most efficiently removed. Effluents containing large amounts of Fe, Ni or
other elements that can casily be reduced may not be candidate wons for electrosorptive
removal. All reactions besides water oxidation and reduction, such as reduction of metal
ons and oxadation of CT disturh the development of a pH profile necessary for controlled
adsorpuion and desorption of 10as

With the hybnd system where an electrolysis reactor was plced in series with the electro
sorpuion reactor, t was possible 10 treat Brugspruit water, an acid mine drammage effluent.
Over 9% of Fe was removed by newtralizing the Brugspout water electrochemically and
30% of Ca™* was removed by a single pass through the electrosorption unit

Besides the proparation and extensive testing and optimization of the electrosorption process the
following was done:

Two mathematical models were developed. Model [ showed that ionic diffusion could not
be neglected The predictions made with model Il are in excellent agreement with the
experimental findings for curments up 1o 100mA

An altemative desalination system was described in which 72% of Na' and 50% of SO
was removed from 0.0IM (14g 1) Na;SO, The total energy consumption for desalination
and regeneration was 23 8kWh'kg, The water recovery was 38%. Simultancously 04 liter of
H: and 0.2 biter Oy were produced from every 2 liter solution treated

Since the properties of both microfilration and desalination could be combined in one unit using an
electrochemically activated ion exchange mechanism, the project aims were reached.




PART B

9 ELECTROMEMBRANE REACTORS FOR DISINFECTION OF
AQUEOUS SOLUTIONS

Abstract

Cumrent electrochemical methods for the generation of disinfecting agents are dominated by the
chlor-alkali industry, based on the electrolysss of brine to produce chlonne, sodium hydroxide and
hydrogen. Altemative technologies such as the use of electro membranes could be employed as they
may reduce the cnergy consumption and thus the cost of chlorne production, allowing the
production of cheaper chlonne products for all communities and a disinfection technology that is
rchable, appropnate and  effective for small and ruml communities not served by whan infra-

structuwre,

This project focused on hypochlonte generation via the clectrolysis of bane and s specific
objectives were:
The development of dimensionally stable anodes with electro catalytc coatings for
optimisation of chionine evolution as opposed 10 oxygen evolution
Development of a cell design that allows minimal toxic chlorate generation
Design cells with good cument efficiency for chlonne generation (better than that of existing
technologies)
Low power consumption, less than that in conventional cells
Facility 10 control the pH of the hypochlonite solution produced.

Design of cells for electrochemical generation of disinfecting agents

The cell designs separated the anxhc and cathodic compartments 10 prevent mixing of the cathodic
and anohe products. A diaphragm, porous 10 agueous norganic ions, was employed to divide the
cell. To mmimize diffusion of hydroxide ions twough the diaphragm back mo the anolvie (brine),
the catholyte (water) movement was designed as a scparate flow stream. Hence brine flowed
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through the anode chamber and was converied 10 low pH hypochlorite whereas water flowed
twough the cathode chamber and was converted w0 high pil sodium hydroxide solution For
practical reasons of avalability the daphragm chosen was a porous morganic tubular membrane
(alumingum -~ zirconium oxide based) The tubular shape allowed a cell © be readily designed and
constnted consisting of tubes of different diameters. Two different membrane coatings were
utilised in this project, RuO; which has a rutile structure and is electrically conducting, and CosO,
a conducting spinel oxide. The RuQO; coating proved to be unstable and was not further developed
here. The CoyOs coating was apphied thus: CoO was deposiied on a utanium rod 5 mm in diameter.
The starting material was CoyO, which, when vaporised in a vacuum above 900°C, loses oxygen
and 15 convened 0 Co).  The vaponsation was achieved by plasma deposition. However, CoO is
nonconducting. It was convened 10 a conducting form of Cod)y by electrochemical activation
(oxidation). Activation was achicved by using the anode in the cell under hypochlonie generation
operational conditions with a cument density of 6 mA:- cm” for 15 hours. During this period the
colour of the coating changed from duk blue 1© black and a companson of the galvanostatic
polanzation curves and hypochlonte cumrent efficiencies were used as indicators of the termination
of the oxidation process in the ancde coatings. Later expenments found it preferabl to pre-coat the
ttanium substrate with a layer of platinum pnoe o coating with CoO,  This prevented oxidation of
the titanium at the CoO/Ti interface during electrochemical activation

Generation of hypochlorite using the electrolysers

Flows of anolyte and catholyte were comtrolled by gravity feeds of bnne (sodium chlonide in water
as anolyte) and distlled water (catholyte) Hypochlonte and dissolved chlonne were analysad by
back tiration of liberated wdine with thiosulphate following addibon of excess acidified potassium
iodide. Hypochlonite concentrations were  converted 10 available  chlovine  concentrations  for
companson purposes. The presence of chlorate was tested by the manganese oxidation test.

Chemical considerations

In the cell hydrogen is evolved at the steel rod or wire cathodes and OH' ions accumulate. In the
anolyte Cl; is evolved at the anode. Overall, two moles of added sodium chlonde were converted 1o
one mole of NaOCl Under conditions of low pH in the anolyte, the hypochlonite existed almost
entirely as HOCI, disproportionation to chlomate was suppressed and decomposiion 0 oxygen was
slow, Thus the anolyte consisted of dissolved chionine, HOCl and HCl in water along with any
unconveried NaCl The catholyte consisted of dilute sodium hydroxide solution.
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Generation of hypochlorite using the cobalt oxide electrolyser

The best results were obtained at 04 A using a low concentration of NaCl (25 g ') with flow rates
of 0 mk K for the anolyte and 140 ml- ' for the catholyte. The figures of merit for the electrolyser
were comparable to those achieved in chlor-alkali cells. Curent efficiencies for Cl: were almost the
same as those for NaOCl, there was no decrease i conductivity over long penods, the anodes were
stable and chorate was not detected. Duplicate experiments on the CoyOy electrolyser at UWC
provided broadly similar results. These results comespond 10 a production of abowt 11 g of chlorine
per day. Some diffusion of hydroxide tons into the anolyte probably did occur and would have
caused a reduction in current efficiency.

Conclusions on generation of disinfecting agents using a hypochlorite generator

The CoyQq electrolyser hypochlonte generator is suitable as a disinfection technology for small and
nwal communities bt s not @ visble industnal chlonine generator.  The major advantages over
exising bnne electrolysers include: no  generation  of toxic  chlorate: pH  control  withowt  the
requirement of addiional chemicals; and lower power requirements than other systems (suitable for
electrical supply from solar panels). At 04 A, the electrolyser requires only 32 g of added salt per
day to produce 11 g of chlodine, sufficient 10 disinfect 7200 litres of water at a dose of 1.5 mg I
CL. Hence the clectrolyser can produce 50 lires of water per person per day for @ commumity of
144 people at a low cost i terms of added chemicals and energy. A cost companison based on a
small community indiced that annual combmed costs for a CoyOy electrolyser water treatment
pint were considersbly less than for other systems cwrently in use (Le. Moggod and onesite
hypochlorite).

Overall the generation of hypochlonte by clectrochemical means was a success. A rescarch product
was constructed that met the objectives of the project, ie. the cobalt oxide electrolyser. In addition,
the clectrolyser has great potential for practical application as an appropriate reactor for gencration
of disinfecting agents for nural water supplics

9.1 Introduction




Disinfection of water supphes s essential to the health of the world's populaton.  Water related
discases are still a maor cause of death, mainly through water-bome pathogens, i spite of more
than a century of water disinfection practice.

The most ofienused disinfection technology has been that of chlorination (1) via the additon of
chlonne or chlomne compounds to water supplied to domestuc users. This method has been
successfully and appropriately applied n almost every town and cty in the wordd.  However, n
rural areas of developng countmes a major problem still remamns.  Also, small towns and penvurban
mformal settlements adjacent 10 cities In such countries suffer from poor quality drinking water
with pathogenic organism contamination.

Although water supply infrastructure 15 spreading slowly from the whan centres, it will be many
years before such facilines reach the rural areas.

The problems with the practice of chlorination in rural areas, particularly in the South African
context, have been investigated previously by carlier Water Research Comanission studies (2, 3).

9.2 Problems that alternative technologies could address

Ahemative technologies such as the use of electro membeanes could address the following issues:

(a) Reduce the energy consumption and thus the cost of chlonne production, allowing the
production of cheaper chlorine products for all communsties great and small, urban and rural.

(b) Produce a disinfection technology that is reliable, appropriate and effective to
somall and rural commmuemities not served by urban infre-structure,

Such a technology must be affordable, be technically simple but allow accurate dosing It must be

casy 0 maintain and operate.  Most mmportantly, any matenals or chemicals required should be
reachly avaslable n that communaty.
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9.3 Current electrochemical methods for the generation of disinfecting agents

The disinfecting agents considered here are chlonne and hypochlorite only. There are sevenal
others such as peracids and permanganate but these currently have only mmor application and many
assocuated problems (2, 4). The discussion that follows is in relation to problem 2 (a) above,

The chior-alkali industry, based on the clecwolysis of brne to produce chlonne, sodium hydroxide
and hydrogen, is a heavy chemical industry generating in the order of 1 x 107 wns of chlorine in the
USA alone (5). Chlonne for water treatment is only one of many uses of electrolytic chlorine (6),

There are twee man chlonne cell technologies, mercury, diaphmgm and membrane.  These
technologies can be compared and contrastied in many ways (4, 7) but what concems this project
mitially is the scientific data relating to cument efficiencies and energy consumption in terms of
chlonne production.  The reason for tus is that any proposed altemative technology must ot least
equal the above figures of ment for existing technologies. To mnspire a change the figures of merit
of the mew technology have 1o be significantly advantageous, unless there are other advantages due
W unrelated consideratons.  The figures of ment thus create a baseline for the new technology that
must be equalled or bettered.

Typical data for recent commercial chior -alkali cells:
Mercury cell Diapheagm cell Membrane ccll

Cell voltage (v) 44 345 35
Current efficiency for Cl: (%) 97 96 93
Energy consumption KWh kg™’ of C1; 343 2.69 285

(Ditar adapted for Ck from reference (4) page 109).

Hypochlonte generation s camed out o undivided clectrolytic cells within_ which  hypochlonte
forms dunng the electrolysis of bane

XT-2 O

0+ 2 M+ 200

Q;+«200 HO-0CT+Q(
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Further oxadation of hypochlonte abo readily occurs in the basic solution via disproportionation:
3OCIT 2CT+Q0,
(K = 3 x 10°; rapid reaction at 60°C (4))

In addition, chlorate also forms due 10 anodic oxadation:
GOCT +3H0 - 62 2010y < 4CT+6H +'4 0,

Thus curent efficiencies only reach 207 and energy consumption is in the range 4.5-7.0 kWh kg
of NaOCl an cell voltages of 4 volts (4)

Divided cells using porows cermmic membranes with MnO; coated anodes have been reported (8)
which had somewhat improved cumrent dhiciencies (bua still well below 50P6); 1t seems clear that 1t
is extremely difficult for these 10 challenge the existing chlor-alkali cell wechnologies (which have
cument efficiencies above 9F% coupled wath relatively low energy consumption).  However, greater
opportunity exists m the field of hypochlonte generation,

Further opportunity exists 10 address problem 2 (b): small unit on site gencration of hypochlorite
can be adapted 10 meet the disinfection needs of small and nural populations (2).

9.4  Focus of the Project
Thas project focuses on hypochlonte generation via the electrolysis of bane,

9.5 Problems related to hypochlorite generation

Potential problems include:

(@) Comosion of electrode materials by the caustic electrolyte, particularly the anode

(b) Anodic oxygen evolution

(©) Chlorte  formation  via  disproportionation of  hypochlonte and  anodic  oxidation  of
hypochlonte.

Chlorate  formation not only affects cument efficiency but also contaminates the disinfectant
produced with a toxic species, mmely the chlorate son (1)
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96 Project Ay

(a) The development of dimensionally stable anodes with electro catalytic coatings for
optmisation of chlonne evolution as opposed 10 oxygen evolution

(b Development of a cell design that allows minimal txic chlorate generation

(c) The cell must have good cumrent efficiency for chlonne peneration and better than
that of existing technologies

) Power consumption must be low, less than that in conventional cells

() Facility 10 control the pH of the hypochlonite solution produced

9.7 Project team activities
The obyectives of the progect were pursued both in South Afnca at UWC and in Kiev, Ukraine.

98 ment of cell n
In order 10 address objective 6 (b) it is clear that the cell design must incorporate division of the
anodic and cathodic compartments 10 prevent mixing of the cathodic and anodic prodhucts

Duning the electrolysis of brine the following reactions take place:

2H,0 +2¢ Hy+ 2011 cathodic
Cr Cly+ 2¢ anodie
2H:0 + 2C1 Hy + Q1; + 20H cell reaction

In an undivided cell the following reactions ocour
Cl;+ HO HOC1 + H +CI
HOCT+ OH' oCr + HO

Dispropormmonation will also ocour

300 2CT1 + QIO
and 2ZHOCT + OCT CIOy « 207 +2H
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It was therefore decided 10 incorporate a diaphragm that was porous 10 agueous INOTZanic jons in
order 10 divide the cell. To muumize diffusion of hydroade wos through the disphragm back ingo
the anolyte (brne). the catholyte (water) movement was designed as a separate flow stream.  Hence
brine flowed through the anode chamber and was convened 1o Jow pH hypochlonte whereas water
flowed through the cathode chamber and was converted w0 high pH sodium hydroxide solution
(Sodium jons magrated through the diaphragm 10 the cathode). This also allowed control of the pH
of the sodmm hypochlonite solunon produced by adding only a chosen volume of the catholyte

stream 10 the anolyte stream external to the cell (see objective 6 (¢))

For practical reasons of availability the diaphragm chosen by both the UWC and the Kiev groups
was @ porous morganic wbuly membeane (aluminium - ziconum oxade based). The wbular shape
allowed a cell 1o be readily designed and constructed consisting of tubes of different diameters.

Outer
B /—_‘

wall of
cell \/
’l

Catholyte

Anolyie
stream

Diaphragm
around
which 1s
wound a

stoel wire

Anode

Figure 9.1 Cell designed by the Ksev group
Figure 9.1 depects the cell designed by the Kiev group. It had an outer catholyte stream, the cathode

consisting of a steel wire wound around the diaphragm.  The anode chosen was a cylinder of
titanium metal
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Frgure 9.2 Cell used by the UWC group

Figure 9.2 shows the cell used by the UWC group, which followed the design of an anodic electro
membrane (9.1). This consisted of an outer anolvte stream.  The anodic conducting material was
deposited on the outer surface of the diaphmgm. The cathode was a steel rod inside the diaphragm.
Thus two dafferent designs were investigated based on the same diaphragm.

9.9 el t of anodes an ic ma
A great deal of work has been done in the area relating 10 obyective 6 (a). The development of the

“dimensionally stable anodes™ (DSA) anodes began some 30 years ago for application in the chlor-
alkah clectrolysis mdustry (10, pS22)  From a stict thermodynamic point of view, electrobsis of
aqueous solutions of chlondes should give nise 1o the evolution of oxygen not chlonne:

HALO 0 ,+2H +2¢

Ccr ol g ¢

Under equulibrium condtions even at bow pH (« 0) the thermodynamuc reversible potential for O,
evoluon falls below that of Cl:  Forunately chlonne is kinetically prefemred at low pH on most
matenals (10, p537) so that between pH 0 and pH 4 chlorine s preferably evolved.  On most
matenals used, chlonne evolution has a low overpotential whereas oxygen evolution takes place
with large overpotentials, and with a marked dependency on the electrode matenal.
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The most studbed DSA s a titanium substrate coated with ruthenium dioxide. RuO: has a rutile
structure and 1s clectrically conducting (11). It has been shown that at Jow pH, between 2 and 4,
and n spite of the oxygen overpoiential being relatively low, current efficiencies of more than 90%
with very like O; evohution can be obtamed with RuO; anodes (10, p539). Compact RuO; layers
as opposed to rough porous layers have better corrosion resistance (10, p587). UWC opted w0 use
RuO; rather than the more casily obtained MnO; due 0 better cumrent efficiency for Cly evolution
and better anode stability: MnO is subject 10 dissolution in acid solution:

MnO; +4HCO MnCl + 3y + 2H,O

The Kiev group opted for CodO; (a conductng spmel oxade), which has a high oxygen overpotential
and excellent stabilty 10 comosion when deposited on transum substrates. In addibon CosOs acts as
an electro catalyst for chlonne evolution (10, p636):

"o+l QC"0+ ¢ clectrochemical step
CICd™0 G'o+a , catalytc step
a Gl +¢ overall

The UWC group opted for the more difficult task of deposition of an oxide laver on the porous
membrane mither than using a sobid rod anode.  The major difficulty was the uniform deposition of
an oxide layer that was conducting but that did not block the porous membrane for Na® diffusion
The Kiev group had access 1o plasma deposition technology suitable for deposition of a layer of
CoO on a sobd substrate. whach could then be electrochemically actived (oodised) t© a
conducting “CosOs™ surface (12).

9.10 Development of the RuQ ; coated membranes at U'WC
Although a method of coating the membrane with RuO; was developed the coatings were unstable
when used for brine electrolysis and thus the method was not further developed.
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9.11 Development of “Cos0:” coated anodes in Kiey

CoO was deposted on o ttawwum rod Smm i diameter.  The starting masenal was Co3Oy which
when vaponsed in a vacuum above 900°C, loses oxvgen and s converted 10 CoO (14,15). The
vaponsation was  achieved by plasma  deposibon. However, CoO 15 non<conducting. It was
converted 0 a conducting form of CorOs by clectrochemical activation (oxadation).  Activation was
achieved by using the anode in the cell under hypochlonte gencration operational conditions with a
current density of 6mA- em™ for 15 hours. During this period the colowr of the coating changed
from dwk blue W black and a companson of the galvanostatic polanzation curves and hypochlonte
current efficiencies were used as indicators of the tenmnation of the oxidation process in the anode
coatings (16).  In funther experiments it was found preferable to pre-coat the ttanium substrate with
a layer of plaunum pnor w0 coatng with CoO. This prevented oxidation of the titanium at the
CoO'Ti interface during electrochemical activation (16).

9.12 Presentation of the electrolyses
The laboratory membrane reactor for hypochlonite  generation 15 illustrated in the photograph  and

diagram below.
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9.13 Generation of hvpochlorite using the electrolvsers
9.13.1 General

(a) ‘olumes and flow rses
Flows of anolyte and catholyte were controlled by gravity feeds of brine (sodium chlonide
(GPR) in distilled water as anolyte) and distilled water (catholvie).  Flow rates through the
cell were calculated from total volumes delivered and the cell dimensions.

(b) Analvtical methods
Hypochlonite and dissolved chlonne were analysed by back ttmtion of liberated iodine with
thiosulphate following addition of excess acidified potassium wdide

NaOCl + 2Hl 2NaCl + |y + HO
Q1 + 2HI 2HCL+ |,

Hypochlorite concentrations were converted to  “awvailable chlonne™ concentrations  for
COMPAnSON Purposes.

The presence of chlorue was tested by the manganese oxidation test:
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QOy + 6Mr™ + 12P0% + 6 6[Mn(POs))" + CT = 3H:0

Where ClOy 1on gives @ violet colowr, the test having a sensitivity of 005 pg of ClIOy or
concentration limat of 1 1 10°(17).

Figures of ment of the electrolysers
These were calculated using the methods described in reference (4).

Chenucal considerations

In the cell the following reactions occurred:
2H0 + 2¢ H; + 20H cathodic
T h+2e anodic
2H,0 + 2T H; + Q; + 20H cell reaction

Hydrogen is evolved at the steel rod or wire cathodes and O ions accumulate.
In the anolyte: CL: 1s evolved at the anode according 1o the reaction:

Q;«HO HOCI=H +(O

And:Kacid 42X10*mof- IF

On mixing anolyte and catholyie the following reaction occumed:

Cl; = NaOH NaCl = NaOCl = HO
As well as
2NaOH + HOCT + HQl NaOCl + NaCl + 2H:0

Thus, overall two moles of added sodium chlonde were converted to one mole of NaOCl in
a mo elecron tansfer. Under conditions of low pH in the anolyte the hypochlonte existed
almost entirely as HOCH:

HOCI H +OCI

Kacid 29X 10%mot I

Thas the following disproportionation 1o chlorate is suppressed:
2HOCI+OCT QOy + 2T +2H
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Decomposition to oxygen according to the following reaction, is slow
HOCH HCI+ 9,

Thus the anolyte should have consisted of dissolved chlonne, HOCI and HCl in waer along
with any unconverted NaCl The catholyte should have consisted of dilute sodium hydroxide
solution.

9.13.2 Generation of hypochlorite using the cobalt oxide electrolyser in Kiev

Expenmental parameters and results obtained using the cobalt oxide clectrolyser in Kiev are
presented in Table 9.1.

Table 9.1 Sodkum hypochlonite production using the cobalt oxide electrolyser (Kiev)

Curent CeW Voltage NaCl Flow Rate Flow Rate Concentration  Proguchon Avaiable

Oonuy' ™ Concentration  NaCl H.O NoOCI(g- )  OfNeOT Chiorine
mAcm ™~
w1 (mi- h')  (mh 1) (-cay”) g day')
12 335 25 a2 135 256 425 1050
12 335 50 42 135 260 425 1054
12 3.35 100 42 135 274 425 11.09
12 3.00 150 42 135 245 425 995
24 4.06 25 42 135 330 425 1335
24 392 15 86 135 344 5.30 1733
24 379 50 42 135 383 425 1551
39 438 25 165 135 521 720 BN
39 420 50 60 135 6.22 470 2782

Anode Surface area = 33 cm'

Figures of memnt calculated from the results obtained are presented in Table 9.2, The figures of merit

WETE very encowraging.
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Table 9.2 Figures of ment comesponding to results in Table 9.1.

Cument  Matenal xg NaCl kg NaCl Current Energy “Energy

Consumption Consumption
Donsty  yiokd  perkgNaOC! perkgCl, efficency  Kwh kg NaOC! kWhikg Cl,
mAcm”

% % for NeOCY
12 68 2.32 244 82 296 3.10
12 34 456 479 83 280 294
12 18 8.66 9.09 87 253 2.66
12 1 145 151 78 275 289
24 87 1.80 189 53 5.56 584
24 55 283 297 68 413 433
24 51 3.10 325 61 462 486
39 60 2.66 277 87 364 3.83
39 64 246 258 67 448 470

It can be seen that at 0.4 A and using a low concentration of NaCl (25 g I') the figures of merit for
the electrolyser are comparable to those achieved in the chlor-alkal: cells (see section 8.3 above).

In Table 9.2 current efficiencies for Chb are almost the same (multiply by 0.952) as those for NaOCL
There was no evadence of decreasing conductivity over Jong penods of use and the anodes were
stable. All tests for the presence of chlorate proved negative. The absence of chlorate was probably
due 1o the relatively fast flow rate of the catholyte stream (0.006 cm- §”), which swept away the
hydronade jons formed near the cathode before they could diffuse through the diaphragm into the
anolyte (18). Thus all the objectives 6 (a) 10 6 (d) were achieved.

9.13.3 Generanon of hypochlonite using a cobalt oxide electrolyser at UWC

Following an analysis of the results from UWC and Kiev, it was decided to proceed with the cobalt
oxide clectrolyser and suspend work on the RuO; electrolyser. It was agreed that the “Coj0."
clecuolyser be tested at UWC 1o check if the same results were obtamable and w0 check the
possibility of pH control (objective 6 (e)). Table 94 presents data obtained for sodm hypochlonte
production using the cobalt oxade electrolyser at UWC,
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Table 9.3 Sodium hypochlorite prodhuction using the cobalt oxide electrolyser st UWC

Current Celd NaQ Fioa Rate Flow Rate Cong Producton  Avanabie

Density  Vokage Conc NaCl HO NaOCl of NaOC!  Chionine
mAom *
v 9 () (mi ) (mt he') o) (dey) (g dey)

12 314 25 515 141 245 462 1076
12 3.20 25 525 139 251 460 1099
24 4.01 25 495 141 341 457 14.85
24 399 25 500 142 340 458 1484
39 445 25 700 141 451 505 2167
K1) 441 25 710 140 449 5.06 2161

Anode Surface Area = 33 am’,

Results were obtamned using the same electrolyser without backwashing afler intervals of two days
dunng which the electrolyser was switched off. Many expenments were camed out with different
flow rates and concentrations. The results presented here represent conditions where repeatable
results were obtained.  Each expenment lasted for two days No fouling problems  were
expenenced even after several weeks of use but during that time the system was washed with water
several times.  Figures of ment calculated from the results obtained are presented in Table 94, The

figures of ment were again encouraging.

Table 9.4 Figures of ment comresponding to results in Table 9.3

“Curren!  Matenal kg NaCJ kg NaClJ Current Energy Energy
Consumption  Consurmption
Density yrelg perkg  perkgCl,  Efcency Kan kg Kwm kg O
mAem ™ NeOCI % for NeOOY NaOC!
%
12 58 273 287 85 271 2.84
12 58 273 2.87 87 266 2.79
24 82 191 200 58 494 5.19
24 82 1.90 199 58 490 515
39 83 187 1.98 53 6.15 6.46
39 84 1.88 1.97 52 6.06 6.36
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The results are very compamable 1o those in Table 92 obtained in Kiev except at high cument
densives where there was detenoraton in current efficiency and energy  consumption.  The best
results were obtained at 0.4 A with NaCl concentration 23 g- I as with the Kiev results.

9.13.4 Other results obtained with the cobalt oxade electrolyser at UWC

From the results presented above it can be seen that the best conditions obtained are at 04 A and 25
g I' of NaCl sdution with flow rates of 50 mk b for the anolyte and 140 ml h™ for the catholyte.
These results comespond 1o a production of about 11 g of chionne (ie. 1088 g Cb) per day. This
vield of chloone could be increased w0 about 22 g per day by runming the cell at 1.3 A with a
consequent Joss of current efficiency and increased energy consumption,

Considenng the 04 A, 25 g I case the expected and obtained pH values are as follows:

AnolviepH  Catholyte pH Combined NaOC] (aq) pH
Expected 1.43 1296 1004
Found 353 .73 10,00

The above data implies some diffusion of hydroxide sons into the anolyte and this will therefore
have caused a reduction in cument efficiency. Nevertheless, the above measured pH values show
that objective 6 (¢) has been achieved, since by mixing the anolyte (acidic) and catholyte (alkaline)
the pH can be adyusted 10 values between 3.53 and 10.00 as desired.

It s worth noting that the combined NaOCl (aq) also is considerably saline due to only a 58%
material vield This caused an unused NaCl concentration of 105 g I' and the ClyNaOH reaction
viedds & further 2.5 g ' NaCl. Thus the mixed 25 g ' NaOCI solution contained 13 g ' NaCl.

9.14 Recommendations for applications of the cobalt oxide electrolyser

In tenns of addressing the problems outlined In section 92 of this report it is clear tha the
hypochlomie generator described here s not a visble altemative to the present chlor-alkali industnial
sysiems for chionne producton in use today. The cument efficiencies and energy consumption of
the hypochlonte generator are not as good (although close) as for the chlor-alkali systems

However the results achueved are much better than those reported for other small scale
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hypochlonte generators (2, 4). Thus in terms of addressing problem 2 (b), as a switable disinfection
technology for small and rumal commurties, the clectrolyser described i thes report has great
potential.

The major advantages over existing brine electrolysers are:

- elimunanion of toxic chlorate peneration

- pH comtrol without the requirement of addwional chemicals (all required chemicals (except
NaCl) are produced by the electrolyser on site)

- lower power roquirements than other systems, and being very sumtable for electncal supply
from solar panels.

Assuming & raw water demand of LOmg Cb- I and a required residual of 0Smg Ck - ', a
disinfecting dose of 1.5mg Cb I' is required. At 04 A the clectrolyser requires only 32 g of added
salt per day to produce 11 g of chlorine. This is sufficient o disinfect 7200 lires of water, At 13
A, the clecrolyser requires 42 g of salt 10 produce 22 g of Cb per day, sufficient to disinfect 14400
lires of water. Hence the clectrolyser can produce S0 ltres of water per person per day for a
community of 250 people ot a low cost in terms of added chemicals and energy.  Several
clectrolysers could be run in parallel 0 supply lwger communities. It s worth noting that on
storing, the anolyte 1 a chosed plastic container (withowt mixing with the catholyte) maintained the
chlorne concentration and pH levels for a period of three days.

9.15 Cost comparison
These are based on requirements for a small community of S00 people, namely needing 27 nf of

disnfocted water per day. The figures are compared with those estimated by F. Solsona and L
Pearson i WRC Report No. 449145 (reference 2). It is assumed that installation requirements are
smilar o those of cument “onsite hypochlonite” generation except that, due to low power
requiremments, solar panel power generation would be appropnate for the cobalt oxide electrolyser
described here.

(a) Capnal Cost of Equipment
These would be smilar 0 those “on-site hypochlorite” mstallations except graviy feed
would substitute for a feeding pump thus reducing cost.
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b

(<)

(d)

(¢)

Moggod RS 400
On-sue hypochlonte  R3 70
CoyOy electrolyser R3 300

Annual Manpower Costs

All systiems R2 400

These are based on costs for 1995 as in reference 2, as for all costs quoted here for
COMPANSON PUrPases.

Annual Chemnical Costs
40.5 g/Cl; per day are required 10 disinfiect 27 v’ of water (reference 2).

Amount of NaCl required per day
Moggod 9g

On-site hypochlome  220g
CoyOy electrolyser Mg

Annual Chemical Costs
Moggod R40
On-site hypochlore R220
Co:0y ckectrolyser R4S

Annual Power Costs

The cobalt oxide (Cody) electrolyser uses much less power than the other systems ie. other
systems 2 kWh day’, CoyO; electrolyser 0.25 kWh- day’.

Moggod RI00
On-sic ypochlorite ~ R100

Coy0y claﬁnlw:r RI3

Anmual Equapment Costs

Assuming the lifespan of the systems in five years (¢ f (a) above)
Moggod R1 080

On-site hypochlorte  R740
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CoyOq electrolyser R660

(f) Annual Maintenance Costs
It is assumed that these are the same as for “onesite hypochlonie™.

Moggod R420
On-site hypochlonte  R240
Co0; clectrolyser R240

(e) Annual Combimed Costs
Moggaod R4 240
Onesite hypochlonte  R3 950
CovOs electrolyser R3 358

Thus the CoyOs electrolyser system is significantly cheaper than other systems currently in

use,

9.16 Conclusions part B

Ovenall the project was @ success. A research product was constructed that met the objectives of the
project, ie. the cobalt oxide electrolyser. The CoyO4 electrolyser hypochlonite generator is suitable
as a disinfection technology for small and rnuml comumunities but is not a viable industrial chlorine
generator,  The major advantages over existing brine electrolysers include: no generation of toxic
chioeste; pH  conwol withouwt the requrement of additional chemicals; and lower power
requirements than other systems (suitable for electncal supply from solar panels). At 04 A the
electrolyser requires only 32 g of added salt per day 10 produce 11 g of chlonne, sufficient t0
disinfect 7200 litres of water at a dose of 1.5 mg- ' Ch. Hence the electrolyser can produce 50 litres
of water per person per day for a community of 144 people at a low cost m terms of added
chenucals and energy. A cost companson based on a small commuanty indicated that anmual
combined costs for a CodO, electrolyser water treatment plant were considerably less than for other
systems currently i use (e 26% cheaper than Moggod and 18% cheaper than on sie
hypochionie)

179




Overall the generation of hypochlonte by electrochemical means was a success. A research product
was constructed that met the objectives of the project, 1e. the cobalt oxide electrolyser. In addition,
the clectrolyser has great potential for practical application as an appropriate reactor for generation
of disinfecting agents for rural water supplies
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Appendix A: ELECTROLESS AND ELECTRO DEPOSITED PT ON ELECTRODE SYSTEMS
MODIFIED WITH SEMO AND SI-W

Preparation procedure
Three different types of electrodes, namely PeRu. PUSkMo and PUSI-W were prepared. The first
am in the preparation of the electrode was 10 obtain 2 support with appropaate electro conductive

properties.

Suppoet preparation

The base of the support was a ZrOymetal composite membrane (Z100S Degussa, Germany). The
Z100S suppornt was coated with carbon by pyrolytic decomposition of LPG gas (Affox) in order ©
obtain more homogeneous  conductive properties of the support The coatings procedure was  similar
to the procedure described in chapter 2. Briefly: Up to 10 strips of Z100S (lem x Sem, 0.1em thick)
were placed in the middle of a wbe fumace. LPG gas was flowed over the Z100S strips at a rate of
Sml min’ whilst heating the fumace at a rate of 25°C: min”. When the furnace reached 900°C, the
flow rate of the LPG @s was increased to @ rate of S0ml mn”’. The fumace was kept at 900°C for
30 minutes. Afier this peniod of time, the membrane stips were taken owt of the tube fumace and
cooled down in open air. The conductivity of the carborised and plain supports was measured by
means of mpedance spectroscopy.

Preparation of the electrodes

To peepare the Pr-Ru electrode, S0mg of 40wt PrRu on Vulcan (E-TEK) was suspended in 0.95g
of ultra pure water and agitsted n an ultmsonic bath. The suspension was spray coaed onto the
carbonised suppont and dned at 100°C for 1 hour.

To obtam the P-SIW and P-SiMo contaiming electrodes, the carbonised suppons were first spray
comed with a Sw%e carbon suspension. This suspension was prepared by mixing S00mg Vulcan
XC72 with 10ml ulra pure water in an ultrasonsc bath for 20 munutes. The spray coated carbon
support was dned @t 100FC for | hour Subsequently the spray coated (and previously carbonssed)
supports were immersed into erther & 5% sihcomolybdic acid solution or a 10% siliconungsc acid
solution and dned at 100°C for one howr. This immerson and drying procedure was repeated once
for each support. Pt was finally deposited onto these supponts using two different tlechniques namely




electro plating [19] and electroless plating [20] Expenimental details of the Pt depositon are listed
i Table Al

Table Al. Charactenstics for Pt plating solutions

Electoplating Electroless plating

H:PtCl, (Sigma Aldnch) (g ') 10 40
Methanol vol.% - 20
Formaldehyde Sigma 3% vol% - 40
Supplied current (mA- emi) R .
Anode material P foul

Temperature (°C) 25 25
Tume 3 munuses I day




Appendix B: MODIFICATION FOR WATERTIGHT MEMBRANE PARTS

Introduction

However favourable the commection using conductive O-ring might be, a further problem had o be
solved The conductive O-nings that were used appeared to be unstable under experimental
condiions. The O-nings showed signs of comosion resulting in a loss of electroconductance. The
combination of the high cument densty through the O-ring and the presence of water was most
likely the cause of the msability of the Onng matenal. More stable O-rings (such as platinum
kaded O-nings), if commercially avalable, are not lkely 1o be economically feasible. Avalable
carbon loaded Onngs may possibly be less sensitive 10 the presence of water but the conductivity is
an order of magnitude Jower. Use of such Onngs would lead 0 a2 signficant potential drop
between the power source and the sorption electrode, which was undesirable. Hence, a way had w0
be found 10 avoad the presence of water in order 10 prevent corrosion.

Because of the porous nature of the sorption clectrode, Viton Orings at both sides of the conductive
O-nng did not prevent water from makng contact with the conductive O-ring A thin coating of
mpermeable matenal on the tip of the sorption electrode was not an option ecither since the Ornng
had to make direct contact with the clectro conductive phase of the somption electrode. Water

comtact could be avaded only if the edge of the membrane was made impermeable as illustrated in
Figure Bl

|
Water
- }
Ve z
P.‘
f'l ,,.ﬁ! R
/| 4 P,
[/
/ i
[ Reactor housng /' Conductive olste
Permeable membrane Impermeable pan of membrane
Viton ()-y-“‘
Conductive O-ring

Figure Bl. Schematc representation of how water contact could be avoaded by making parts of the
membrane impenmeable
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Experimental

Several expenments were conducted m order 0 prepare wotally impermeable supports or  suppor-
edges. The expenments included total and pamal impregnation with 40% Nasibcate solution
(provided by Dr. Scott Khuel Seellenbosch University) followed by calomation procedure up o
100,

The optimal method found 10 prepare a support with an impermenble edge and a minimal decrease
of permeability for the rest of the support was the following:

A support was placed in a test tube with | mil of Na-silicate at the bottom.

Due o the capillary forces, the soluton was sucked upwards. The impeegnation height of the
soluion m the support could be monsored viswally by the sight colour difference between the
unpregnated and the dry support

The support was taken out of the Nasilicate when the desired level of impregnation was reached
(eg lem) The excess of Nasilicate on the mner and outer side of the support was wiped dry with a
paper towel

The calciming procedure followed was w0 place the support in the fumace and ramp up the
temperature 10 120°C @ 60°C- h''. Subsequently, a temperature ramp up 1o 1100°C &t 600° C h™' was
performed and thereafier the fumace was shut off and allowed 10 cool.

When the supports were once agin @l room lemperature the impregnation procedure with Na-
Silicate solution was repeated

Results and discussion
Na-siicate is a sobd that stats w mek &t 1100°C. Support impermesbility afier impregnation is
most probably caused by a film of molen Nasilicate. In Table Bl the permeability of the suppost

as a function of calanation time and temperature can be seen,
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Table B1. Permeability as function of calcinanon temperature and time

Membrane Temp Duration Permeability D+
Type No treatment “C min (m3/m2/bar/h) %
I 1no 2.64
immersed in Na-silicate 900 60 081 69
immersed in Na-silicate 1000 60 018 93
immersed in Na-silicate 2x 1000 60 002 99.2
I 2no " B,
no 1100 60 2.14 22
immersed in Na-silicate 1100 60 0.01 999
I 54 no 2.64
part impreg with Na-silicate 1100 0 020 92
2nd impreg with Na-silicate 1100 0 (Tip) 0.00 100
I 55 no 2.588
Na-silicate tip Ix impregnated 1100 0
part 2x not impregnated 1100 0 242 16
part 2x imprcELiIh Na-silicate 1100 0 (Tip) 0.00 100

The results show that the suppornts that were impregnated twice and heated up to 1100°C in between
(calcination time 0) were totally unmpenmeable. A second impregnation and calcimation procedure
was preferred not only because total impermeability could be obtained but because the calcination
tmes could also be reduced. This resuted in the highest permeability of the non-impregnated part
of the suppont (companng tube-no 2, with 22% decrease of permeability afier heating up to 1100°C
and holding at temperature for 60 mun, and tube-no 55, with a 16 % decrease in permeability when
twice heated up 10 1100 for O hours),

Funally, the stability of the sodium silicate was tesied The supports treated with Na-silicate
remained non-permeable after submerging m a 0.0IM NaOH solution for 7 days (the pH of this
solubon 15 comparable with the pH of the solution dunng a cathodic cycle of an clectro sorption
experiment). However 1 s known that the silica in Nasilicate can be dissolved in  alkaline

solutions. It s not known yet how Jong tus coating of Na-silicate could prevent contact of water
with the conductive O-nng.
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Appendix C: WATER PURIFICATION PILOT PLANT

Design features

Ihe pamary stage of the pikot plant shown in Figure Cl compnses a high pressure water circulation
joop which incorporates a 120 hre storage tank, re-circulation pump, | macron depth filter and a
pressure regulating valve with indicating gauge (0-4 bar)
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s ‘2 Water

reservoir :

Figure C1. Schemanc drawing of pilot plant for electro sorption

The seconckary stage comprises a flow mndicating rotameter with flow control valve on either side of

the membrane reacior, an m-line conductivity probe connected 1 a meter, an in-hne pH probe
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comnected 0 2 meter, a nomally open solenoid valve controlling outflow of punfied water, a
nomally closed solenosd valve regulating outflow of wasewater, and 2 potentiostat (0-24V DC, 0-
S A) with reversible polanty for supplying cument to the reactor membranes. Two relays (220v
AC24V DC) are energized via TTL relays situated on the Borwin A'D board and this operation is
conrolled via the 1O commands in the Borwin Sofiware. The relay controlling the two solenoid
valves s situsted withn the man switchboard enciosure. The relay controlling the polanty
switching of the potentiostat is housed within the potentiostat unit itself The third relay (20v
AC24V DC) is energized via the 24V DC output from the potentiostat and switching of this relay is
achieved via the red level switch situated in the storage tank. This relay circuit controls the power
supply 10 the re-circulation pump. When the storage tank is more than 13 full the relay is energized
and the pump will operate. However, should the water level drop below 173, the relay coil will no
longer be energized and hence the pump will cease 10 operate. This safety mechanism is important,
as the Pro-Con pump head fitted 10 the system cannot operaie without water circulating through i

The Pilot plant 15 supplied with 220v AC power via a double pole 15SA main swich m which both
live and neutral lines are broken. Voltage (220v) is supphied 10 a senies of switches (LED indicating)
which control the power supply (220v) to the re-crculation pump, pH meter, Conductivity Meter,
potentiostat, and solenoid valves. There s one spare switch for the addition of another relay should
the system require modification o inchude a stop flow option. All wnits drawing line voltage (220v)
are carthed and will tnp a functonal carth-leakage relay system should cither the live or neutral lne
leak w0 cwrth. Circuits that could be directly exposed 1o water (level switch) camry a line voltage of
only 24V DC

The pH meter has a signal voltage output of 010V DC. This means that exch pH unit in the
dynamic range of this meter (212 pH units) comresponds 10 a voltage output of approxamately 1V or
1000mV. The Conductvity meter also has a signal voltage output of 010V DC and the range of
this meter is 0-500uS- cm’, which means that cach uS- am’ comesponds 10 approximately 20mV or
0.02V. Both these units can be connected to the Borwin A'D Board and the Borwin Software can be
configured such that the solenoid valves can be controlled based on individual or combined signal
output values (see below).

Operational instructions

Before vou start the experiment:
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The Storage wnk should be at least “full and the pressure -regulating valve should be fully open.
The flow control valve between the filler housing and the membrane reactor should be fully closed
and the flow control valve afier the reactor should be fully open. The solenoxd relay should be in the
off or non-<energzed position (see below for instructions on how thes is achseved). The main switch
as well as the swiches for pump, pH, conductivity, potentiostat and solenoid relay should be on,
Ensure that electncal cables between the potentiostat and the reactor are connected. Confirm that
water s circulating back into the tnk via the pressure-regulating valve. Skowly close the pressure-
regulating valve until the pressure gauge reads 3 bar (300Kpa). Lock the regulating valve using the
grey locking nng. Open the inital flow control valve slowly untl flows through the reactor and to
the solenosd valves are surtable. The umat can now be used for experimentation.

Programming the 1'0 relay commands

The Borwin-4 Software and A'D Board provide a total of four progrmmmable TTL relays which can
be configured 10 comtrol both the polanity of the potentiostat as well as the direction of water
outflow from the reactor based on pH and'or conductivity. In order to achieve this, the software has
10 be configured 0 a) accept two 1OV data input channels and b) control two or possibly three
output relays hased on the mput signal levels.

Thus 15 achieved as follows:-

Ensure that the Conductivity data input is plugged into channel 3 on the Borwin A'D Board and the
pH data input 1s plugged into channel 4. Plug the potentiostat relay into channel 2. Launch the
Borwin Software. Go w File, Configuration Setup, Advanced Hardware Configuration Click
on any one of the Parameters butions. Change the signal voltages for channel’s 3 & 4 1o 10V and
chack that the data acquisition rate 1s Im point per second. It is abo advisable o rename System 3
and System_4 1o read as Conduct and pH respectively. Click on OK. The system is now ready t0
accept data input from both instrumens.

I'he next step is o configure, descnibe and test the two 1O relays that control the Solenoid valves
and the potentiostat respectively. Proceed as follows. In the Borwin software select Control, Edit
Run/Control Method . Double click on the vellow InfOut Time Control Bar Click on the
Defiutions bumton. Click on InOut Label #6 and type m SOLENI. Clck on Label #8 and type in
SOLEN2 Click on Label 84 and type i POLARITY. Click on OK and Exit buttons. Save file as
Pplant, cick on OK and Exit butions. The relay outputs have now been named and it is necessary
to test them This s done by ensunng that the solenoid valve and the potentiostat main switches are
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on, axi that a DC voluneter is plugged into the positive and negative output poents  (red and black
banana plug sockets on front panel of potentiostat). Now in the Borwin Software click on Control,
Input/Output Control. Click on the square red button next to label #4 POLARITY and observe the
voltmeter. The Polanty should change from positive 10 negative. Click on he square red button next
10 label #6. SOLEN] The solenoid valves should emit a boud click 10 indicate activation of both
valves. If nothing happens, click on the bution next 1o label #8 SOLEN2 and hsten for the click
Once this is heard click on the Exit button 10 retum 10 the main menu. The relays are now working
and controlling the potentiostat and solenoud, as they should All that remains is o create a control
method in which the relay definmions are used along with some logical progamming language to
tun the units on and off based on signal outputs from the pH and conductivity meters (Channel 4
and Channel 3). This is done as follows:-

Clak on Control, Edit Run Control Method, Select System_3. Double click on the yellow In'Ou
Time Control Bar and the In'Owt Timed Event table will appear. This table has four columns, all of
which require entries. On line | of the wble in the Time_B column enter the analysis stant time 1e.
0.00. In the Tume_E column emer the analysis end time eg 100 (minutes). In the test column it is
necessary to cnter the logical statement that will control the solenoid valves and the potentiostat
polanty. For the type of analysis being done here it will be best 10 use the CROSSUP and TIME
logical operators and link these directly to the signal output being received from the conductivity
and pH meters.

The logical statement that should be entered if only conductivity readings are being used to swich
valves is-

CROSSUP (3) = signal (3) max

If only pH s being used 10 switch valves then the statement should read:-
CROSSUP (8) = signal (4) max

If both conductivity and pH are being used then the statement should read:
CROSSUP (3) = signal (3) max AND CROSSUP (4) = signal (4) max

Where signal () max refers to the maximum signal value in V or mV that you would allow the
punfied water to reach, before regencration of the membranes was required.
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The Action Column in any of the above cases would read-

SOLEN] (or SOLEN2 depending on which one was working) = ON_TIME (time walue in seconds)

Linc 2 of the table would have the same Tune B & Time_E values and the same logical statement
as above. The Action column would read POLARITY = ON_TIME (time value in seconds).

Line 3 of the able would have the same Time B & Tmme_E values. The Test column would contain
the following- SOLEN] = ON. The Action column would read SOLEN] = OFF_TIME (time value
in seconds set by user)

Line 4 of the table would have the same Time B & Time_E values. The Test column would contain
the followng- POLARITY = ON. The Action column would read POLARITY = OFF_TIME ¢ime
value in seconds set by uxer)

The logic behind all of the above is as follows. Between time 0.00 and the user defined end time
999 (munutes max) the software monitors the incoming conductvity and pH signal voltages and
when these reach a value in excess of that set i the logical statement the sofiware will trigger the
relays 1o activate by pulsing on for a user defined tme peniod and the reactor will automatically go
o regeneration mcle, after a user specified tme delay (in seconds). with the product water being
redirected to waste (or the tank) and the polanty of the curent across the membranes being
reversed. When the tme pulse is over (set by user defined OFF_TIME value in seconds) the relays
will retum 10 their onginal state and the system will continue to punfy water. If for some reason the
pulse tme selected was not long enough 0 cause the conductivity andor pH values 10 retum 10
signal levels below the preset values, the software will again energize the relays and repeat the
regencration procedure until such time as the product water is within specified limits. One potential
problem that could anse due to the nature of the reactor'solenoid design is the following- Dunng
the regeneration stage water from the storage tank which has a relatively high conductivity is used
to flush the membranes and as a result, the conductvity signal will more than likely not go below
the preset level in the software and the system will continually try 10 regenerate with no resultamt
decrease i the product water conductivity. One way around this is 10 fit two nomally closed cut-
out relays into the data signal lines from the conductivity and pH meters. These can be set 10 cut the
signal from the meters for a user defined ume penod AFTER the user defined regeneration penod
10 enable the system w0 begin producing product water with a lower (than specified Limut)
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conductivity. The software will then not keep trying to regencrate,

real signal levels once the cut-out relays are deactivated.

The In'Out Time Event table for thus application should read as follows:-

Line Time B Twne E

i 0.00 R0
2 0.00 YN m
3 000 SR
. oo P00

Posssble extra lines 10 avoud

would read like thas-
g 0.0 Rkl
6 0w R ALY

Test

CROSSUPL ) 1200 AND CROSSUNS 500
CROSSUP (31200 AND CROSSUP (4500
SOLENT=ON

POLARITY=ON

as it will only begin monstonng

Action

SOLENI=ON_TIME (10)
POLARITY=ON_TIME (10)
SOLENI=OFF_TIME (30)
POLARITY=OFF_TIME (30)

constant regeneration due 1o high nput signals just after regencration

SOLENI=ON
CUTOUT=ON

CUTOUT=ON_TIME (10)
CUTOUT=OFF_TIME (60)

Where CUTOUT referred 10 two nomally closed relays commected to the signal output lines from

the conductivity and pH meters.
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Appendix D THE STANDARDIZED PREPARATION PROCEDURE OF THE ELECTRO
SORPTION UNITS

The optimised elecro sorption unit is prepared in seven subsequent steps as illustrmed i Figure
D1. The most important sieps have been discussed separately in chapters 2 and 4.

TM 6 7

w W W w W W W
C C ES

1 Cut W Weight measurement

2 Tipsealing C  Conductivity measurement

3 Carbonize ES FElectrosorption experiment

4  Gold sputter

§  ZrO,impregnation

6 Phosphonze

7 Deposition of catalyst

Figure D1, Preparation procedure for electro sorption unit

In step | the S0cm long tubuler ALO; supports (type | or I, see Table 2.1 for support details) were
cut to size, each piece with a length of 102cm using a diamond saw. The suppart was rinsed with
ultra pure water and dned at 120°C afier which the weight and subsequently the permeability were
measured. In step 2 the support was heated w0 1100°C after the edge of the support had been
impregnated with 40% Na-silicate as described in Appendix B. In step 3 the porous support was
carbon costed by pyrolyne decomposition of bquid petrokeum gas (LPG) at 900°C as described in
chapter 2.1.4.1. The LPG flow was set 1o S0ml min” and was flowed over the support for 30
munutes. The carborused supports were gold sputtered (see chapter 2.4.3) in step 3 after which
woght, and conductivity were once again measured. In step 4 the carbomised and gold coated
support npe | or type Il was impregnated with commercial available ZrOr sol (10% or 20%
respectively) and heat treated at 200°C for | hour as described in section 2.3, Again the weight was
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measured. The mmpregnated support ends were both plugged and submerged mto 15% HiPO.
soluton for 4 howrs, and subsequently nnsed with ulta pure water, then heat treated at 200°C for |
hour as descnbed m chapter 7. After phosphonzation, the weight was measured.

For the deposition of Pt particles the clectrode was first submerged in a 1076 Si-Mo solution as
described in Appendix A. This was repeated once. Then the electrode was submerged in the plating
solution (composition in Appendix A, Table 1), dned for a day at room temperature and heated 10
100 degrees for | hour. This step was necessary 10 create active sides on the surface of the
electrode. These active sides were necessary 10 start the electroless plating of Pt at 25°C s (=
reduction of Pf* to Pt using methanol a formaldehyde as reducing agents. Subsequently the
clectrode was  electroless plated duning one day @ room temperatuwre in 4ml  plating  solution
(composition in Appendix A, Table 1) Both sides of the electrode were plugged 0 prevent the
soluton entenng the Jumen side. After plating the electrode was heated 10 100°C for one hour 10
dry the electrode. After the weight measurement, the ebetrode can be used for further expenments.
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APPENDIX E: EXPERIMENTAL ELECTROSORPTION DATA

List of abbreviations used in this Appendix:

Carb

Ger 09

CGold

Phosphor 1h from outside
Sample number

Sample P numbers

Rate of wn removal

Atomuce adsoeption

Carbonized &t 900°C for 30 minutes using SO ml- min’ LPG

Ceramuc support type | see Table 2.1

Gold sputtered

Treated with phosphone acid according to procedure in chapter 4

Portion of solution collected from retentate

Portion of solution collected from permeate

Decrease in ion concentration as * of on concentration in the feed
solution, S(P6 means the sample contains 50% of the feed solution,
(%% means the sample contans the same ion concentration and - 50%
means that the sample has 50% higher concentration than the feed
solution,

The slope and itercept of the calibration line for the specific ion
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1. INTRODUCTION

Results of investigations carmed out in 1998 revealed that the method of
electrochemically activated sorption could possibly be used for the removal of
ionic impurities. An electrochemical reactor with a tubular inorganic membrane,
which was 1o be used as a sorption active element, was designed, developed
and tested.

During our investigations it was found that the removal of ionic impurities from
solution, by the reactor, took place not only according to the mechanism of
electrochemically activated ionic-exchange sorption. It was established that
under the application of an electric field to solutions containing ions of calcium,
manganese and chloride, most of the ions were removed by another mechanism
completely. The significant dependence of the degree of removal of these ions
on the potential difference between the reactor electrodes and the current
revealed the electrochemical nature of the process.

The removal of chloride ions in the anode chamber of an electrolyzer ook place
according to the following reaction:

2CI —» Ck- + 2e.
The reaction which took place at cathode was the following:
2HO0+2e —» H; + OH,

The result was the removal of calcium and manganese ions from solution due to
the formation of hard calcium and manganese hydroxides, soluble in alkaline
media, in the volume of the porous membrane:

Ca™" + 20H — Ca(OH) { and
Mg** +20H —Mg(OH), 4 .

The formation of precipitates of these hydroxides also took place in the solution
which flowed out of the cathode volume of the reactor. This was proved by the
fact that if the solution from the cathode volume was fed through a rather fine filter
then the degree of purification could be as high as 80%.

As a result of our investigations it was shown that electrochemically activated
sorption in combination with other electrochemical processes could be used to
purify solutions with salt contents of upto 5 g - I, by up to 90%. Such a high
degree of purification could only be achieved by using specially developed
inorganic sorption membranes based on porous ceramic.

The possibility to perform the nonchemical regeneration of sorption active
elements used in the electrochemical reaclor is of great importance for the
electrochemically-activated removal of ionic impurities. It has been shown
earlier that the regeneration of a sorption active membrane is carried out by




changing the electrode polarity in an electrochemical reactor. Compared to the
initial solution, the subsequent regeneration solution has a 45 times higher
concentration of salts. Hence, a regeneration solution oblained after the
purification of a feed solution with a 5 g - I salt content has a salt content of
higher than 20 g - I,

The investigations which were carried out in 1999 were a continuation of the
study which commenced in 1998. The main principles of electrochemically
activated sorption and also the suitability of its application have been described
in the 1998 report. The present report therefore contains only experimental data,
results and discussions. Corresponding conclusions and recommendations
have alsc been made.

The main goal of the investigations carried out in 1999 was to determine the
possibility of applying the method of electrochemically activated sorption for the
concentration of solutions containing rather large amount of salts (brines). The
main emphasis of this work was not to provide for a high degree of purification
but rather to increase the sorplion capacity of an electrochemical system and
possibly regenerate it by an electric current.




2. EXPERIMENTAL
2.1. PREPARATION OF INITAL SALT SOLUTIONS

The composition of the solution 1o be considered in the investigations, referred
to as the technological solution, was supplied by SASOL and is shown in Table
2.1. It was a highly mineralized solution; the content of salt components was as
high as 14000 mg!". The main cationic components of the solution were sodium
(Na+), magnesium (Mg™") and calcium (Ca™) ions. The main anionic component
was sulfate (SO.*) ions, while the content of chloride (CI) ions in the solution was
significantly lower.

In all our experiments we made use of a model solution of the technological
solution. The former contained only a few main components (simple inorganic
salts) of the technological solution and its salt content is given in Table 22. In
order 1o compare the ionic concentrations of the model solution with those in the
technological solution, the former have also been included in Table 2.1. Itis
seen in Tables 2.1 and 2.2 that only three simple inorganic salts were required to
make up a solution which closely modeled the main ionic composition of the
technological solution,

Table 2.1: Composition of the technological solution proposed by SASOL for
investigation, and upon which the model solution was based.

Solution
Constituent Technological Model
Sodium 3300 3236
Potassium 25 -
Calcium 650 685
Magnesium 445 300
Nitrate 109 .
Sulfate 7950 7954
Chloride 1200 1215
TDS 13800 13400

Al values are expressed as mg/l,
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Table 2.2: Salt composition of the model solution

Salt Concentration, g/l
Na SO, 100
MgSO. 15

CaCl; 19

Total: 134

The salts of calcium and mangnesium were added in the form of the crystalline
hydrates MgSO, 6H.0 and CaS0O.,0.5H,0.

2.2. METHODS OF ANALYSIS
2.2.1. Sodium

The content of sodium ions was determined by flame photometry with the aid of
a PAZ-1 (Ukraine) apparatus.,

2.2 2. Magnesium and caicium

The concentrations of magnesium and calcium ions were delermined as the sum
of hard salts, by titration of the solution with the Disodium Salt of
Ethylenediaminetetraacetic Acid (EDTA) in the presence of Eriochrome Black T
as indicator, according to a well-known method [1] or by an atomic adsorption
method, using a «Pye Unicam SP 6800» (Great Britain) apparatus.

223 Suliate ions

The content of the sulfate ions was determined by titration of the solution with
Barium Chioride (BaCk) in the presence of Rhodizonate as indicator, according
to [2].

2.3. EXPERIMENTAL APPARATUS USED TO INVESTIGATE THE
ELECTROCHEMICALLY ACTIVATED SORPTION REMOVAL OF
IONIC COMPONENTS FROM THE MODEL SOLUTION

The main elements of the experimental apparatus used in the present
investigation were the electrochemical reactors. Their schematic representations
are given in Figures 2.1 and 2.2.




Figure 2.1: Schematic representation of the electrochemical reactor with a
sorption active membrane, modified by zirconium dioxide, for the
electrochemically activated sorption purification of agueous solutions
from ionic components.

(metallic cylinder plate - 1;. sealing rubber O-rings - 2; tubular ceramic

sorption membrane element - 3; rod electrode - 4; electrode volumes -
5 and 6, input and output sleeves - 7).
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The reactor shown in Figure 2.1 had a cylindrical construction which was optimal
for the distribution of liquid flow. The main elements of this construction were the
tubular ceramic membrane and electrodes. They were placed co-axially (one
inside another). At the base of the construction was a metal cylinder plate (1),
which was also one of the electrodes of the electrochemical reactor. It was
made from titanium and covered with platinum on the inside. The tubular
ceramic sorption active membrane element (3) and the titanium rod-like
electrode coated with platinum (4) were sequentially fixed inside the reactor by
two rubber rings (2). The reactor had two electrode spaces which were
separated from each other (5 and 6). The introduction and removal of solutions
1o and from the electrode spaces were carried oul through the sleeves (7).

3
1/("\\
)
1
.~
'_/:::/"
1
J 5
] o I
2 - '

Figure. 2.2: Schematic representation of the electrochemical reactor with a
sorption active membrane and ceramic sorption electrodes, modified
by zirconium dioxide, for the electrochemically activated sorption
purification of aqueous solutions from ionic components,




(electrodes - 1, tubular ceramic sorption membrane element - 2; input

and output skeves - 3).
The reactor shown in Figure 2.2 performed as a modified electrochemical
sorption cell. Sorption electrodes were also introduced on the inside of the
reactor to increase the sorption capacity. The construction of this cell also had a
co-axial configuration (placement) of electrodes (1) and sorption-active
membrane (2). Here, the porous ceramic elements which contained additionally
introduced zirconium dioxide (sorption component) and pyrolytically precipitated
carbon (electrical conducting component) were used as electrodes. The internal
electrode was in the form of a porous ceramic rod and the external one was
prepared as a porous ceramic tube. It should be mentioned here that the outer
electrode was also the outer jacket of the electrochemical sorption cell. The
electrode was made impermeable by covering it from the outside with a layer of
water-mpermeable polymer film.

During the series of experiments carried out to increase the sorption capacity of
the electrochemical reactor the free electrode spaces which were separated by
the ceramic membrane were filled with a layer of inorganic sorbent - granulated,
hydrated zirconium dioxide.

The electrochemical reactor was then attached to the experimental device
(Fiqure 2.3).

Fig.2.3: Schematic reprasentation of the apparatus used for the investigation of
the electrochemically activated sorption purification of aqueous solutions
from ionic components
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(vessel containing initial solution - 1; peristaltic pumps - 2 and 3;
electrochemical reactor - 4; collecting vessels - 5 and 6; stabilized
power supply device - 7; voltmeter - 8, ammeter -9).

The initial solution in vessel (1) was fed by peristaltic pumps (2 and 3 ) into the
electrode spaces of the electrochemical reactor (4) and collected in the vessels
(5 and 6). A stabilized power supply device (7) was used 10 create the potential
difference. This allowed us to perform experiments both in the mode of constant
voltage (potentiostatic mode) and in the mode of constant current (galvanostatic
mode). The current and voltages were controlled by a voltmeter (8) and an
ammeter (9)

2.4A. PREPARATION OF SORPTION ACTIVE INORGANIC MEMBRANES

Tubular elements made from porous ceramic (produced by JV «INMA», Ukraine)
were used for the preparation of sorplion aclive membranes, The
characteristics of the initial ceramic elements are presented in the Table 2.3.

Table 2.3: Main characteristics of the porous ceramic elements which were used
for the preparation of sorption active inorganic membranes

Length, mm 21

Outer diameter, mm 1"

Wall thickness, mm 1

Composition 70% ALOy* 30% ZrO,
Average pore size, 0.19

m 10°

Specu_ﬁc surface .'ngﬁ A 4550

To increase the sorption capacily of the initial porous ceramic materials,
disperse zirconium dioxide was incorporated into their structure. This was done
by immersing the initial ceramic material in @ 1M solution of zirconium hydroxide
sol for 1h, The solution was prepared according to the method of Clearfield [3).
The suface of the initial ceramic material was washed with distilled water, then
treated with a 25% solution of ammonia for 1h, and dried in air at 200°C. This
resulted in an increase in the specific surface of the ceramic material from 5 to
75m’g" , with aimost no decrease in pore size.

2.5. PREPARATION OF CERAMIC SORPTION ELECTRODES

To prepare the sorplion electrodes, special rods and tubes made from porous
ceramic, based on alumina, were produced in the laboratory by extrusion, drying




and sintering. The diameter of the ceramic rods was 5 mm. The ceramic tubular
elements had an internal diameter of 15 mm and an outer diameter of 20 mm,
The average pore size of the prepared ceramic elements was 10*m and the
total porosity was 50%.

To make the porous ceramic malterials electrically conductive a layer of an
electrically conductive component - pyrolytic carbon - was precipitated upon
them. The precipitation was carried out under vapor-phase conditions in an
atmosphere of natural gas [4]. The ceramic materials were placed in the quarnz
reactor, and natural gas fed through it. After that they were trealed at the
required temperature.

During our experiments it was found that the electrical conductivity of the ceramic
materials with pyrolytic active carbon depended on the temperature and duration
of natural gas pyrolysis. Increasing the pyrolysis temperature resulted in a
significant increase in the conductivity of the prepared ceramic materials. An
abrupt decrease in resistance was observed only at short pyrolysis times. On
increasing the pyrolysis time, the resistance achieved its imit (about 0.2
Onm/cm of ceramic tube length), with no further change. Naturally, decreasing
the pyrolysis temperature resulted in an increase in the time required to prepare
an electrode with maximal conductivity. So, if at 900°C the time required was 5-
6 h, it was half that (2-3h) at 1000°C and at 1100°C it was reduced to 1h. The
optimal conditions for the present work were considered to be 2h at 1000°C.

An additional sorption active component (hydrated zirconium dioxide) was
incorporated into the porous ceramic material after the incorporation of pyrolytic
precipitated carbon in its structure. The method of zirconium dioxide
incorporation was similar 1o that described in section 2.4.

26 PREPARATION OF THE INORGANIC SORBENT - HYDRATED
ZIRCONIUM DIOXIDE

The inorganic sorbent, hydrated zirconium dioxide, was selected as a sorption
active filling component for the electrode spaces in the electrochemical reactor.
The main critenia for its selection were its high chemical stability in acidic and
alkaline media and the possibility of its effecting the sorption of both anions and
cations. The last criterion is a requirement for water desalination processes,
which require the removal of both positively and negatively charged ionic
species.

The preparation of the sorbent in the form of spherical granules of 0.5-1.0 mm
was performed under laboratory conditions by the method of volume thermal
neutralization. According to this method, a 25% solution of ammonia (0.6 mole
per 1mole of zirconium) was added to a 1M solution of zirconium oxychloride
and then hexamethylentetraamine (0.7 mole per 1 mole of zirconium) was also
added. The prepared solution was fed through a column containing mineral ol at
90°C. The formed spherical granules of the hydroge! of zirconium dioxide were
washed free from oil and excess chemical reagents, then dried in air at 80°C.




The main characteristics of prepared sorbent are listed in Table 2 4.

Table 2.4: Main characteristics of the inorganic sorbent based on Zirconium
dioxide

So?tion pore volume, 0.2
cm 9.1

Specific surface, m°g”’ 120

Sorption capacity for sodium 28
calions, mg-eqv/g

Sorption capacity for sulfate 3.2
ions, mg-eqv/g
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3. RESULTS AND DISCUSSION

During the first phase of the present study the electrochemically activated
sorption process for the removal of ionic components from a model solution by
sorption-active inorganic membranes which were modified by disperse
zirconium dioxide was carried out. For this purpose an electrochemical reactor,
as shown in Figure 2.1, was used. The main variable change in these
experiments was in the potential difference which was applied to the electrodes
of the electrochemical reactor. The introduction of the feed solution to the
electrode volumes was performed in parallel. Fractions of solutions removed
from the cathode (catholyte) and from anode (anolyte) reactor spaces were
sampled. The ionic component content of these fractions was analyzed and pH
values also determined. The rate of feed of the solution through the reactor
electrode spaces was 350 ml - h'. The total feeding rate of solutions through the
electrochemical reactor was 700 ml- h' or 70 volumes per hour. The reactor
volume was equal 10 ml. The experimental results obtained are presented in the
Table 3.1 and from them, the following conclusions made:

a) An electrochemical reactor with a sorption active membrane was able to
remove 2about 30% of salts from 100 mi model solution (decreasing the Na“
and SO.").

b) As was expected, based on the electrochemical nature of the process, an
increase in the degree of removal of Ca", Mg™ and CI ions was observed
not only in the first 100ml of solution leaving the reactor, bu also in the
subsequent fractions. As the potential difference between the electrodes
increased, so did the degree of removal.

c) An increase in the potential difference between the electrodes resulted in an
increase in the degree of purification of the model solution and the value of
the current. However, if the potential difference was higher than 8V then the
energy consumption of process increased abruptly and its efficiency also
abruptly decreased.

It can be seen from Table 3.1 that the degree of desalination of the solution was
not high - its value was about 50%. In the 1998 research report it was mentioned
that the degree of purification depended on the number of interconnected
(sequentially and in parallel) electrochemical reactors with sorption membranes.
Hence, it should be possible to increase the overall degree of desalination to
90%.

The main objective of the present study was to investigate the possibility of
concentrating the model solution, and hence research was not carried out into
increasing the degree of purification here.

The process of the electrochemical regeneration of a sorption active membrane,
modified by disperse zirconium dioxide, was studied in the following way.




Different quantities of model solution were fed through the electrochemical
reactor at a potential difference of 8V.

*
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Table 3.1: Influence of the appled potential difference on the cation and anion contents in the model
solution after feeding it through the electrochemical reactor with a sorption active ceramic

membrane.
u | \'A Content of ions, mg/ Removal of ions, %
v A mL

Na" |ca®™ |mg™ |cr | sOf |Na® ca® |mg” |Cr | SO/
2 1012 |0o-50 2850 | 580 [165 |960 [6950 |12 16 [17 |21 |13

S50-100 [ 3110 | 600 | 175 |990 | 7590 |4 13 13 19 5
100- 3230 | 620 | 175 | 1010 | 8000 |0 1" 13 17 0

150
150-  |3250 610 | 180 [1020 |7970 [0 12 [10 [16 |oO

- 200

4 Jo022 Jos0 2660 500 [140 [740 6400 [18 28 [30 [39 [20
50-100 | 3010 [ 520 [150 [790 [7500 |7 24 J24 |35 |6
100- [3240 | 550 [ 155 |820 |8o00 [Oo 21 |2 [33 [0
150
150- |3220 [530 [160 [B10 |7950 [0 23 |21 |34 o
200

6 [035 [o-50 [2360[360 [95 [520 [s670 [27 48 [s51 [57 [29
50-100 | 2950 | 410 [120 [570 |7350 |9 40 |41 |53 |8
100-  [3170 [440 [130 [620 [7950 [2 36 (33 [49 |05

150

m
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After feeding of the solution to the reactor was stopped, the polarity of the
electrodes was changed and the electrochemical treatment carried out for a
predetermined time. The electric current was then switched off and the solutions
from the different chambers of the reactor were replaced by fresh model solution.
As was reported for the preliminary experiments, a change in electrode polarity
resulted in a change in the ionic content, subject to the applied potential
difference. Al 8V there was a significant change in lonic content. Increasing the
treatment time to 5 min resulted in a significant increase in concentration. At a
treatment §me greater than 5 min the concentration would start to decrease.

The compositions of the regenerated solutions oblained at a potential difference
of 8 V and a treatment time of 5 min are presented in Table 3.2. When these
results are compared with the composition of the initial solution it is seen that
there was an increase in the content of ‘insignificant ions' in the regeneration
solution. The greatest increase in concentration (by up to 2 times) was observed
after feeding 400ml of solution through the electrochemical reactor. Comparing
the salt content of the regeneration solutions with the amount of sorbated ions
one could conclude that the almost complete regeneration of the sorption active
membrane took place under the established conditions.

The comparatively low degree of concentration of the model solution in the
electrochemical reactor with a sorption active membrane was probably a result
of its low sorption capacity. The small volume of desalinated solution was also
evidence of a low sorption capacity.

In order to increase the sorption capacity of the electrochemical reactor its
construction was changed. A composite sorption electrode replaced the metal
ones. The schematic representation of such an electrochemical reactor and a
description of the sorption electrodes have been given in Section 2. The
electrochemical reactor with sorption electrodes and a sorption aclive
membrane was used for the treatment of the model solution under conditions
similar to those described for the electrochemical reactor with the sorption active
membrane alone. The oblained results are presented in the Table 3.3.

Comparison of the data in Table 3.3 with the data in Table 3.1 showed that the
introduction of sorption electrodes in the construction of the ekectrochemical
reactor did not result in a change in the degree of desalination of the model
solution. The increase in sorption capacity did, however, result in a significant
increase in the volume of purified solution and, as a result, there was a marked
increase in the salt content (2 times higher) in the regeneration solution (see
Table 3.4).

To further increase the sorplion capacity of the electrochemical reactor the free
spaces between the sorption electrodes and the inorganic membrane were filled
with granulated, inorganic sorbents based on zirconium dioxide. This reactor
was tested for the electrochemically-activated desalination of the model solution
and the results presented in Table 3.5. Inclusion of the additional sorbent
resulted not only in an increase in the volume of desalinated solution, but also an
increase in the degree of purification. The degree of concentration of the model
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solution did , however, not increase; it even decreased slightly (Table 3.6).
Results of additional experiments have shown that this was caused by kinetic
features of the inorganic sorbent which was included in the reactor. As has been
mentioned, the process of the electrochemical regeneration of sorption active
membrane depended on time. Increasing the time of electrochemical treatment
by a sorption system results firstly in a significant increase in the salt content in
the regeneration solution, followed by a decrease in the salt content. The time of
regeneration of the additional sorbent was much longer. Further, it did not
correspond to the time for the maximal regeneration of sorption electrodes and
the sorption active membrane. This ‘mismatch’ results in a decrease in the
degree of concentration of the model solutions.




Table 3.2: Eleciricity consumptlion per kg salt removed (P), concentration factor (N) and composition
of regeneration solutions prepared after the electrochemical regeneration of a ceramic
membrane modified by zirconium hydroxide (saturation at 6V).

Volume Content of ions in regeneration solution,

of Removal | P, img I

purified | of lons, Khw N
solution, | % kg' Na’ Ca™ Mg CI S0’

mi

50 31.6 0.71 4350 1250 360 1100 11500 1.39

100 234 0.95 5850 1200 440 1200 14500 |1.73

150 181 1.23 6200 1220 400 1150 15000 |[1.79

200 153 145 6250 1150 390 1250 14800 |1.78

250

bl |




Table 3.3 Influence of applied potential difference on the cation and anion contents in the model solution after
feeding it through an electrochemical reactor with sorption electrodes and a sorplion aclive ceramic

membrane.
u L A Content of ions, mgh Removal of ions, %
v A mlL
Na' |ca’ Mg |Cr | sOf |Na® |ca® | Mg |cr  |sO”
4 016 0-5% 2850 | 510 140 | 830 |6950 | 12 26 30 32 13
50-100 | 2880 | 520 | 145 [850 | 7200 | 11 25 28 30 10
100- 2920 | 510 | 145 |[890 |7270 | 10 26 28 27 g}
150
150- 3200 | 530 | 150 |880 | 7550 |1 23 25 28 3
200
200- 3250 | 550 | 155 [920 |7920 |0 20 22 25 1
250
6 026 0-5 2620 | 400 105 | 620 | 6450 | 19 42 47 49 19
50-100 | 2750 | 410 | 110 |660 |6700 | 15 40 45 46 16
100- 2790 | 450 | 120 |680 | 7200 |14 35 39 44 10
150
150- 2690 | 455 | 135 |670 |7450 |7 34 32 45 7
200
200- 3250 (460 [140 |710 |8000 |0 33 30 42 0
250

8 1037 05 [2430 (260 |65 [380 |5500 |25 |62 |67 [69 |31

L),
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Table 3.4: Electricity consumption per kg salt removed (P), concentration factor (N) and composition
of regeneration solutions prepared after the electrochemical regeneration of sorption
electrodes and a ceramic membrane modified by zirconium hydroxide (saturation at

8V).
Volume Content of ions in regeneration solution,
of Removal | P, mg I
purified |ofions, | Khw N
solution, | % kg' Na' Ca" Mg’ cI so.’
mi
50 351 0.87 4100 950 400 950 12300 |1.40
100 304 1.03 7200 1300 500 1600 17370 |2.09
150 271.7 1.13 9600 1850 750 2150 25500 |2.97

200 253 1.24 11500 | 2150 850 2500 2800 3.36

250 219 1.43 11550 | 2400 950 2400 30400 |3.56




Table 3.5 Influence of applied potential difference on the cation and anion contents in the model
solution after feeding it through an electrochemical reaclor with sorption electrodes, a
sorption active c eramic membrane and an additional nserted inorganic sorbent.

u | Vv, Content of ions, mg/l Removal of ions, %
Vv A mbL
Na' |ca®™ |mg™ |cr |sO [Na® ca™ |Mg” |cr  |sof

4 |0.10 |0-50 [2800 550 [150 950 6550 [12 21 |25 |23 |18
50-100 | 2850 | 550 | 165 |960 |6950 [12 20 [18 |21 |13
100- |2750 | 570 |160 |950 |7200 |15 18 |20 |22 |10
150
150- | 3050 | 580 |160 |980 | 7600 |6 15 [19 |20 |5
200
200- | 3000 | 590 |[160 |990 |7830 |6 16 |20 |19 |2
250

6 Jo14 Jo-50 2500 [490 130 [850 [se00 (22 29 [35 [31 |25
50-100 | 2600 | 490 |135 [870 [6500 |19 29 |34 [29 |19
100- |2650 [520 | 130 [860 [7000 |19 25 [36 |30 |12
150
150- [2800 ({530 [135 [890 [6800 {12 23 |[34 [27 |15
200
200 |[2950 | 520 | 135 |890 | 7350 |9 24 |35 |27 |8
250

8 [o022 [o-50 [2250 [410 [90 [e10 [5200 31 41 [55 [s0 [3s
50-100 | 400 660 |6550 {19 42 |50 |46 |18
100- |2600 [430 [125 [700 |6400 [19 38 [38 |43 |20
150

ns
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Table 36: Electricity Consumption per kg salt removed (P), concentration factor (N) and composition of
regeneration solutions prepared after the electrochemical regeneration of sorption electrodes, a
sorption active ceramic membrane modified by zirconium hydroxide and an additional inserted
inorganic sorbent (saturation at 10 V).

Volume Content of ions in regeneration solution,

of Removal [P, img I

purified | of ons, Khw N
solution, | % kg' Na' Ca™ Mg** cI SO’

mi

50 454 0.63 3900 920 450 800 12800 | 1.41
100 379 0.76 7100 1200 600 1450 16500 2.00
150 340 0.85 8500 1750 720 1900 24300 |2.77
200 30.1 0.96 10900 | 2050 780 2350 26400 3.15
250 27.0 1.07 11200 | 2300 930 2200 2850 3.37

paY)




4. CONCLUSION

The results of experiments carried out 1o concentrate the model solution by three
different types of electrochemical reactors are consolidated in Table 4.1.

Table 4.1: Summary of the removal of salts from the model solution (content of
salts — 13400 mg [") obtained after using three different types of

electrochemical reactors.
Volume | Removal P, Content of
Sorption-acive of of ions, | Khw kg’ salts in N
element purified % regeneration
mi mg I'

Sorption active
membrane 100 234 0.95 23190 1.73

200 15.3 1.45 23840 1.78
Sorption active
membrane + 1100 304 1.03 27970 2.09
sorption electrodes

200 25.3 1.24 45000 3.36
Sorption active
membrane + 100 379 0.76 26850 2.00
sorption electrodes
+ inorganic sorbent | 200 30.1 0.96 42480 3.15

Taking this data and other data presented in this report into consideration, we
reached the following conclusions:

1. The use of electrochemically activated sorption process for the removal of
ionic components from solutions enabled us to further concentrate not only
low mineralized solutions, but also brines which contained rather high amount
of salts (up to 15 gi").

2. The highest degree of concentration of a model solution (3.4) could be
achieved by using an electrochemical reactor with sorption electrodes and a
sorption active inorganic membrane.

3. Although the degree of purification of the model solution obtained in the
current study was not high, it should be possible to increase it still further

using multistage process.

4. The degree of concentration achieved for the model solution was possibly
the limit value for the appliec method of the electrochemically activated ionic-
exchange sorption.
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