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Abstract

Treatment technologies and know-how to address soft water problems of aggression and corrosion via conventional
stabilisation using lime and carbon dioxide are readily available for larger water supply systems and areas close to technical
support centres. However, treatment technologies and know-how for small-scale and/or remote rura application are not
as readily available. Accordingly, CSIR conducted research into the use of limestone for stabilisation purposes, which
culminated in the development and implementation of small and medium scale (municipal size) limestone contactors.

To date, approximately 14 municipal size limestone contactor systems have been installed in South Africa with
treatment capacity ranging from 2 Ml/d to 18 MI/d, with a 50 MI/d limestone contactor system currently under construction
in the Free State province. However, the medium-term performance efficiency of these units in negating soft water problems
has not been thoroughly documented. Furthermore, nearly all of the operational municipal systems in South Africa have
been designed by CSIR, using process design and operating guidelines developed by CSIR. Accordingly, Water Research
Commission funded studies for the documentation of both limestone contactor performance, and transfer of process design
and operating guidelines into the broader water treatment community.

This paper will review the performance of operational municipal limestone contactors in South Africa, and present
CSIR limestone contactor process design and operating guidelines.

Introduction

Where snow melt and mountain catchment waters are found, and
where the underlying geology is lacking calcitic and dolomitic
deposits, cal ciumand carbonatedeficient waterswith low pH occur.
Typically these waters have low conductivity (5to 50 mS/m), low
total alkalinity (0 to 20 mg/l as CaCQ,), low calcium (0 to 20
mg/l as CaCO,) and low pH (4.0to 7.0). Approximately 40% of
the surface waters of South Africa, and all the surface waters of
L esotho, characteristically havelow cal cium, alkalinity and carbon-
ate species concentration. In addition, virtually all of the
groundwaters of the southern and eastern fringes of South Africa
(up to approximately 200 km inland) have similar characteristics.
Furthermore, conventional water purification, using floc agents
such as ferric chloride, ferric sulphate and aluminium sulphate
further depresses pH and total akalinity prior to release of the
purified water into the distribution network. These characteristics
result in the water being aggressive (to cement concrete) and
corrosive (to metals), attacking pipes, conduits and reservoirs.

Forthemany largeand smaller townsutilising soft, acidicwaters
for domestic supply, aggressive and corrosive attack can have
significant financial consequences(reservoir/piperehabilitationand
lost water as aresult of pipe bursts and leaks), whilst raised levels
of metal corrosion by-productswill also lead to adecreasein water
quality.

Treatment technol ogies and know-how to address these water
quality problems are readily available for larger water supply
systems and areas close to technical support centres. However,
treatment technol ogiesand know-how for small-scaleand/or remote
rural application are not asreadily available.

Accordingly, research, development and implementation was
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initiated by CSIR in devel oping the use of limestone for treatment
of soft, acidic watersincluding (Mackintosh et al., 1998a):

¢ Identification and assessment of various limestone deposits.

¢ Research and development of city-sized “sidestream”
stabilisation process.

e Researchanddevel opment of asimplified (iereducedtechnical
barrierstoimplementation) city-sized" sidestream” stabilisation
process.

e Ensuringcommercial supply of water trestment gradelimestone
pebbles.

e Kinetic modelling of limestone dissol ution.

¢ RDI of small user systems; both groundwater and surfacewater.

e RDI of fluidised bed-based processes.

¢ RDI of municipal sized fixed bed process.

* Mobiletestrigfor on- siteexperimental determinationof reactor
sizingand processdesign requirementsfor full-scalemunicipal
implementation.

e Development of process design guidelinesfor municipal sized
surface water fixed bed process.

e Overseeing the design and installation of full-scale municipal
surface water limestone based stabilisation systems.

¢ Researchand devel opment of city-sized*“ sidestream” stabilisa-
tion process.

Thispaper providesasummary of design and operation guidelines
for surface water fixed-bed limestone contactors. NOTE: These
guidelines do not apply for groundwater systems. CSIR have
separate guidelines for groundwater systems.

Basic CSIR surface water limestone contactor
processdescription

In the basic CSIR surface water limestone contact process, the

aggressiveraw water iscontacted withlimestonepebblesin afixed-
bed reactor as shown in Fig. 1.
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The raw water is passed
through afalse bottom and per-
colatesin an upward flow direc-
tion through agranite aggregate
layer beforeenteringafixedlime-
stone bed. The natural CaCO,
dissolution driving force of the
water (reflected by the calcium
carbonate dissolution potential
or CCDP) is used to take up
calciumand carbonatespeciesby
exposing the water to graded
particles of potable water grade
stabilisationlimestone(CaCO,).
In this manner, akalinity, cal-
ciumandpH canall beincreased
to effect partial stabilisation.
Thereafter thepartially stabilised
water flows out through a bell-
mouthed spillway to areservoir.

To date the instalation of
municipal-sized limestone con-
tact unitshas been limited to the
Western Cape, but construction
of 100 ML/d limestone contac-
torsinthe Free State provinceis
underway, and pilot-plant veri-
fication of the suitability of the
process hasoccurred for the soft
waters of the Kunene, Kovango
and Zambezi rivers in northern
Namibia. Table 1 providesalist
of limestonecontactorsinstalled
at townsin South Africa.

NOTE: Inorderforthereader
tohaveanideaof therelativesize
of a limestone contactor, two
examplesarepresentedinFig. 2.
The left of Fig. 2 indicates the
installation at Rozendal (6 M1/d)
consisting of twoidentical cylin-
drical limestone contactors, of
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Figure 1
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TABLE1

Operational surface water limestone contactors in South Africa

Unit location Flow rate | Raw water characteristics
(MI/d)

Franschhoek WTW 25 Filtered, chlorinated, mountain catchment water
Jonkershoek, Stellenbosch 25 Chlorinated, mountain catchment water
Napier 2 Blend of untreated surface and groundwater
Montagu 38 Fully treated surface/dam water
Montagu Extension 5.6 Fully treated surface/dam water
Porterville 4 Filtered, chlorinated mountain catchment water
Bredasdorp 4.8 Fully treated dam water
Rozendal, Stellenbosch 6 Filtered, chlorinated mountain catchment water
Villiersdorp 35 Untreated surface and mountain catchment water
Wellington 10 Filtered, chlorinated mountain catchment water
IdasValley, Stellenbosch 18 Filtered, chlorinated mountain catchment water

Figure 2
Rozendal (6 MI/d) and Jonkershoek (2.5 MI/d) limestone contactors
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height 5.1 m and diameter 4.5 m. Theright of Fig. 2 indicates the
installation at Jonkershoek (2.5 MI/d) consisting of two identical
cylindrical limestone contactors, of height 4.1 m and diameter
3.9m.

Generally, the use of limestone contactors has proven very
effective in bringing about cost-effective partial stabilisation in
distribution networkswhere otherwise no stabilisation would have
been achieved (Mackintosh et al., 1998b). Significant improve-
ments in drinking-water quality, and reduction in distribution
network aggressive and corrosive attack have been achieved. Fur-
thermore, since the first limestone contactors were designed and
installed, considerablecumul ativedesignand operational experience
has been gained by the CSIR. On the counter side, instances exist
where either poor design or poor operating practices have resulted
in problematic or non-effective limestone contactors.

Surface water limestone contactor design
considerations

CSIR limestone process developments originated in laboratory-
scalework progressingtopilot scalework andeventually tofull scale
implementation. During all of these three stages CSIR considered
the following main design objectives:

e Minimising retention time requirements (e.g. considera
tion of limestone type and particle size, quality of water fed to
system, etc.).

* Maximising contact efficiency (e.g. prevent “dead” zones,
ensuring equal flow to units, etc.).

e Minimising operator input requirements (e.g. use of
piezometersto measure pressure drop, easy accessto unitsfor
maintenance, etc.).

e Prevent deterioration of water quality (e.g. consideration of
flow velocity in limestone contactor, mineral content of lime-
stone, structure closed from sunlight, etc.).

» Economic efficiency (e.g. consideration of shape and size of
units, number of units, material of construction, etc.).

CSIR surface water limestone contactor design
guidelines

Based on the above basic design objectives, practical experience
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Figure 3
“Open to atmosphere”
limestone contact unit
showing algal growth

gained from operation and maintenance of full-scale limestone
contactors, and practical observationsgathered during sitevisitsto
thelimestone contactorsdescribedin Table 1, CSIR devel oped the
following guidelinesfor surface water limestone contactor design.

Generalised CSIR surface water limestone contactor
designguidelines

e Cylindrical configuration, with ratio of limestonebed height to
unit diameter of at least 1:1 (i.e. height always greater than
diameter).

- If aspecia motivation for departurefrom cylindrical units
exists(e.g. rectangular limestonecontactors), thehydraulics
of thesystem must bevery carefully considered. In particu-
laritwill benecessary to maintaintheratio of height towall
lengthof atleast 1:1 andto benchthecornersof thelimestone
contactors. The benching curvature should be placed to a
minimum of onequarter of thewall length(i.e.if thewall has
alength of 2000 mm, the curved benching must be at least
500 mm).

e A minimum limestone bed depth of 2 m and aminimum clear
water depth of 0.2 m are required to ensure efficient down
flushing of the limestone bed.

e Completely enclosed structure, with access hatch on top for
limestone addition.

- It is important that the limestone beds be closed to the
atmosphere. This protectsboth the limestone bed and final
treated water from air-borne contamination, light penetra-
tion, algal growth, etc. Where units are open to the atmos-
phere significant problems with regard to bio-fouling and
algal growth have been observed. Thisisclearly shownin
Fig.3.

- All except one of thelimestone contactorsinstalled to date
are constructed of cement-concrete. However, two lime-
stonecontactorsconstructed from fibreglasshave operated
successfully for a period of approximately 4 years.

¢ Useof afasebottom feed system (in preference to manifold /
slotted pipe or other type systems).

- Long-term operation of limestone contactors has shown
that a false bottom distribution system is required as
manifoldor slotted pipedistribution systemsarevulnerable
tofailure.
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Atleast two contactor unitsper installation (so that oneunit can
bedecommissioned for maintenancewhiletheother unitisstill
operational).

Requiredlimestonecontact timetobenot lessthan 20 minunless

determined to be otherwise on-site.

Loading rate to be no greater than 10 m/h.

Two piezometers on each unit to measure pressure |0ss across

the limestone bed.

- Piezometers indicate pressure loss across the limestone
bed, and aretheonly tool avail ableto thelimestone contac-
tor operator to indicate when “down flushing” of insoluble
finesisrequired.

Piping to and from the units should be such that each separate

unit must be able to:

- Operate independently.

- Befilled independently, with overflow “high turbidity”
wastewater discharged to waste.

- Beflushed towastein both an upflow and downflow mode
(flushing of silicaandlimestonefines). Theability for units
to be isolated from each other whilst carrying out both
“down flush” and “up flush” procedures to waste inde-
pendently is strongly recommended.

- Handle excessive flow loading via an overflow pipe to
waste.

- Be decommissioned whilst the other unit remains opera-
tional.

L ocation of thelimestone contactor in thetreatment chainisan

important consideration. Clarification, filtration and chlorina-

tion should take place before the limestone contactor. Further-
more pre-stabilisation iron levels should be < 0.1 mg/l, au-
minium levelsto be < 0.15 mg/l and turbidity < 1 NTU.

- The limestone contactors have been developed to handle
iron levels < 0.1 mg/l, aluminium levels < 0.15 mg/l and
turbidity < 1 NTU. It is therefore essential that the lime-
stone contactors are located after normal coagulation,
flocculation, settling, filtration and disinfection processes.
It must also be noted that coagulation and chlorination
processesdepress pH and that it isthereforeimportant that
these processes occur ahead of limestone stabilisation.

- Ininstanceswhere the limestone contactors have not been
placed after general water treatment processes, the per-
formance of the limestone contactors has been observed to
be substandard with poor stabilisation efficiencies, exces-
sive fouling and unwanted micro-organism growth occur-
ring (see Fig. 3). Continued operation will eventually lead
to failure of the limestone contactors.

Heavy-duty high quality valvesto be used at al times.

Only limestoneverified by CSIR assuitablefor drinking-water

stabilisationto beused. At present thisislimitedto“Aquastab

Pebbles’ supplied by P&B Limeworks, Bredasdorp.

- Historically, limestone contactors havefailed asaresult of
the use of inappropriate limestone media. When research
into the use of limestone was initiated by CSIR, approxi-
mately 8 limestone deposits were evaluated. From this
investigation, only thelimestonemined by P& B Limeworks,
Bredasdorp was found to be appropriate for potable water
stabilisation. This limestone can be classified as a high
calcium (and low magnesium) limestone. It is of afriable
nature, highly solubleandwithlowinsolublesilica,ironand
manganese. The commercially available “ Aquastab Peb-
bles’ have agrading of +12 mm -15 mm and are currently
deliveredineither 25kgor 1tbags. Inmost casesthesmall
bags are used for general topping up (easier to handle),

whilst the 1t bags are used for commissioning of the units
or when significant addition of limestoneisrequired. The
1t bags have the advantage that their use results in the
production of fewer fines during transport and handling.
The bagged limestone should be kept in a store protected
fromtheenvironment, including protectionfromdirect sun
light and moisture.

Consideration should be given to protection of lower internal

wall from aggressive and abrasive attack (e.g. use of an epoxy

coating).

Sample taps should be provided for both pre- and post-

stabilisation water quality monitoring.

Ensureequal flow intoall limestone contactors, and ensurethat

flow into limestone contactorsisnot beyond maximum design

capacity.

150 mm deep, 25 mm diameter granite aggregate between

limestone bed and false floor system.

An easily visible indicator (e.g. a painted line), showing the

maximumand minimumlimestonelevelstobemaintainedinthe

limestone contactor, must be included.

- Theminimumlimestonelevel indicator should belocated at
approximately 90% of the maximum limestone bed depth
(i.e. if the maximum limestone bed depth is 5.0 m, the
minimumlimestonelevel shouldbe4.5m). Theseindicators
assist operatorsin determining when limestonerechargeis
required.

- Limestonerechargeiscarried out whenthelimestonelevel
inthecontactor hasdroppedtotheindicated minimumlevel.
Limestoneismanually added tothetop of thelimestonebed
until it reachestheindicated maximumlevel. Inmost cases
limestoneisadded using 25kg bags. Someof themorerecent
larger unitsinclude a gantry to enable limestone recharge
with1tbags. After limestonerecharge, andtheconcomitant
increase in water turbidity resulting from limestone fines,
water isallowedtoruntowasteinan“ upflush” manner until
turbidity isregarded as acceptable.

Generalised CSIR operational, safety and maintenance
guidelines

.

Formal steps and railings to access lid and roof area to be

provided.

- Clearly, safe operator working environment is important
and it istherefore necessary that proper access and safety
railings must be provided.

A gantry loading facility is preferable for limestone addition.

Down-flushing of finesto waste should take placeat | east once

amonth, until site-specific required frequency is determined.

Pre- and post-stabilisation water quality levels should be

monitored on aregular basis.

- Althoughthelimestone contact processrequiresvery little
management, it isimportant to regularly monitor both the
water quality prior to and after stabilisation so as to
determinewhether theunitsareoperating effectively. Such
practices also alow for easy and timeous detection of
possible problems originating in the drinking-water treat-
ment system, which may affect the operation of the lime-
stone contactor.

- Atypical problem originating frominadequatewater qual-
ity monitoring occurs where coagul ation, using ferrous or
aluminium salts, is practised. It has been observed that
where residual iron/aluminium removal efficiency in the
normal water treatment process is poor (originating from
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sub-optimal operation of the water treatment works) it is
not always reacted upon, as the limestone contact units
were effective in removing the residual metal concentra-
tions. In one extreme case resulting from significant prob-
lems with the water treatment plant, the limestone beds
wereusedforfinal residual ironremoval for aperiod of about
six months. The resulting precipitation of iron in the
limestone contactors necessitated eventual removal and
replacement of theentirelimestonemediabed. Ingeneral,
this approach is poor practice as the limestone contactors
are not designed for this purpose, and it leadsto fouling of
the limestone beds.
e A record of the water quality and operation actions should be
kept in alimestone contactor logbook.
- In many instances formal operating procedures are not
available or not used by the plant operators/ technicians.
In addition, in most casesformal logbooks were not main-
tained. It has been shown that if regular inspection and
maintenance of the limestone contactor units does not
occur, stabilisation efficiency will decrease.

Surface water limestone contactor
commissioning procedures

Limestoneloading and flushing

During the loading of the limestone it is important to minimise
formation of limestone fines, and to flush existing fines to waste.
During the initial loading and flushing, the product water of the
limestone contactor (L C) will have a“milky yellow” appearance,
which will eventually clear. The following procedure should be
satisfied on a unit-by-unit basis:

* Begin by filling the first limestone contactor (LC) with the
treated drinking-water which requires stabilisation, and main-
taintheflow ratethroughtheunit at themaximum availableand
hydraulically permissibleflow rate (i.e. at |east thedesign flow
rate, and preferably higher). LC operating in “upflow” con-
figuration with final water flowing to waste.

¢ OncetheLCishalf full with water, initiate addition of the 1 t
bags of P& B Aquastab pebbles. Maintain the flow of water
through the LC (at the maximum available upward flow rate),
withfinal water flowingtowaste. Load limestone until theLC
isone quarter full with limestone.

e Oncethe LC isone quarter full with limestone, stop loading
limestoneand check that theL Cisfilledwithwater, and“ down-
flush” the limestone bed ensuring that the “flush water” flows
towaste. Re-fill theLCwithwater, and again “down flush” to
wastefor atota of four “ down-flushes’. Thereafter, fill theLC
with water in the usual up flow manner and then allow the
limestone bed to be “up-flushed” until the turbidity clears, or
for at least 10 min. The final water must flow to waste.

e On completion of the “up-flush” add limestone to the water
filled LC until the LC is half full with limestone; again whilst
filling istaking place, maintain the flow rate at the maximum
availableupwardflow rate. Thefinal water must flow towaste.

e Once the LC is haf full with limestone, stop loading the
limestone, check that the LC is filled with water and “down-
flush” thewater to waste. Re-fill the LC with water, and again
“downflush” towastefor atotal of four“ down-flushes’. Again,
thereafter the limestone bed is to be “up-flushed” until the
turbidity clears, or for at least 10 min. Thefinal water must flow
to waste.
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e On completion of the “up-flush”, add limestone to the water
filledL Cuntil theL Cisthreequartersfull withlimestone. Again,
whilst filling is taking place, maintain the flow rate at the
maximumavailableupwardflow rate. Thefinal water must flow
to waste.

¢ OncetheLCisthreequartersfull with limestone, stop loading
limestone, check that the LC isfilled with water and “down-
flush” thewater to waste. Re-fill the LC with water, and again
“down-flush” to waste for a total of four “down-flushes’.
Again, thereafter the limestone bed isto be “ up-flushed” until
theturbidity clears, or for at least 10 min. Thewater must flow
to waste.

e Oncompletion of the* up-flush”, add limestone until theLC is
full with limestone (i.e. to the “maximum limestone depth
indicator”). Whilstfillingistaking place, maintaintheflow rate
at the maximum available upward flow rate. The final water
must flow to waste.

¢ OncetheLCisfilledwithlimestoneto theindicated maximum,
stoptheloadinglimestone. Check that theL Cisfull withwater
and“downflush” thewater towaste. Re-fill theL Cwithwater,
and again “down flush” to waste for a total of two “down-
flushes’. At the end of this cycle of flushing, re-initiate “up-
flow” at normal designflow ratebut with flow of water towaste.
Run to waste for at least 2 h and until turbidity appears
acceptable to the naked eye.

e Theturbidity of thewater leaving the LC must be measured. I
turbidity is acceptable, water can be added to distribution
network.

e Oncethefirst L Cunit hasbeen successfully commissioned, the
procedure can be repeated for each LC unit.

Additional important requirements

¢ Atnostageintheaboveprocedureshould ANY water bepassed
into the drinking water system.

e Atall timesthelimestone bed must bekept flooded (Obviously
this does not apply during the down flush process). Thisis
especially vital onceloading and flushing havebeen compl eted.

e Iftheabove-described procedureisnot carried out carefully and
thoroughly, “hydraulic shocks’” to the units will result in
turbidity problemsin the final water that could be present for
several months of operation.

¢ Onceit hasheen confirmed that theturbidity islow enough for
water to be passed into the water distribution network, it isthe
responsibility of the plant operatorsto ensurethat the unitsare
handled appropriately so that no “shocks’ to the system result
inincreased turbidity.

Discussionand conclusions

In al cases the limestone contactors improved the aggressive/
corrosive qualities of their feed waters, and in most cases, signifi-
cantly so. However, inanumber of cases, operation of theunitswas
not optimal, resulting in a poorer performance than expected.

Poor performance of limestone contactors can generally be
attributed to the following factors:

e Feed water into the limestone contactor units does not meet
acceptable drinking-water quality requirements (SABS 241 —
2001 Class 1). In most casesthisiseither dueto theineffective
operation of thetreatment processesprior to stabilisation or the
incorrect positioning of thelimestone contactor (i.e. beforeany
treatment — the limestone contactor stabilises raw water). In
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general, problems relating to feed water quality not meeting
acceptablestandardswereduetoincreasediron, aluminiumand
turbidity levels.

e The limestone beds are not cleaned (drained / flushed) on a
regular basis. Thisresultsin theaccumulation of sludge onthe
limestone pebbles that inhibits the dissolution of calcium
carbonate into the water. Ineffective draining / flushing of the
limestonebed may al sobeasaconsequenceof apoorly designed
bed. Cylindrical units are generally of greater height, thus
allowing more head (pressure) for flushing the limestone bed.

* Inadequate limestone contact timeisallowed. Thisoccursasa
result of not operating the bed at its designed limestone level,
or exceeding the design capacity of the unit.

*  Theprocessisbeing usedfor non-intended purposessuchasthe
removal of iron, turbidity and/or tastes and odours.

* Inadequateisolationfromsunlight and air-bornecontamination
for the prevention of biological and algal growth.

Inaddition, anumber of general operation/ maintenance pointsare
of relevance:

» Experience has shown that false-bottom water distribution
systems are more robust than units having a slotted pipe
configuration; thereby ensuring better |ong-term performance.

e Inmany instancesformal operating procedureswerenot avail-
ableor not used by the plant operators/technicians. In addition,
inmost casesformal logbookswerenot maintained. Thisresults
in a lack of regular inspection and maintenance, which are
necessary for efficient stabilisation.

e Inall limestone contactor unitsvisited the limestone used was
Aquastab Pebbles, supplied by P& B Limeworks, Bredasdorp.
Limestonewasdeliveredin either 25 kg or 1t bags, with 25kg
bagsoften used for general “topping up” purposes, and 1t bags
for unit commissioning.

e Water quality monitoring practices are often very poor. It is
important to monitor the water quality both prior to and after
stabilisation, to assess whether the units are operating effec-
tively. Such practicesalso allow for easy detection of possible
problems in the treatment system, which may affect the
operation of the limestone contactor units.
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