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Abstract

The use of granular activated carbon (GAC) for the final treatment of eutrophic surface water is not common in South
Africa.  Except for two full-scale applications started in the 1960s and 1970s (of which one had been abandoned), the
technology had not been used for bulk potable water treatment. During the 1990s, however, three independent pilot
investigations into GAC filtration were made — at Umgeni Water (treating eutrophic water from Inanda Dam), at Windhoek
(treating high-organic water from maturation ponds) and at Rietvlei (treating eutrophic water from Rietvlei Dam). The
latter project led to the construction of a full-scale GAC filtration system.

The three pilot studies collectively investigated the following variables:
* Empty-bed contact time (at all three sites)
» Different types of GAC (at Umgeni and Windhoek)
e Effects of ozonation prior to GAC (at Umgeni and Windhoek).
The data sets from all these investigations were combined and analysed in a consistent way. From this meta-analysis, a
clear picure emerged of which water quality parameters were significantly improved by GAC, and to what extent. The actual
performance at each site was further quantified by using the international STIMELA simulation model to reduce the
performance in each case to two modelling parameters. These modelling parameters are especially powerful, as they show
where similarities existed amongst the different pilot studies, and providing further pilot studies elsewhere with a much
narrower starting point than previously available. The final analysis shows that the GAC is spent much faster than originally
anticipated, which is probably due to the high concentration and complex nature of the organic matter in South African
surface water. On the other hand, there appears to be a strong residual adsorption potential after the initial breakthrough,
probably due to biological activity which is stimulated during the warmer summer months. This aspect requires further
study, as it could play a significantly role in determining future GAC reactivation strategies, with concomitant cost benefits.

Background

South African surface waters are generally characterised by high
levelsof organiccarbon. A policy of indirect reusesincepioneering
legislation in 1956 caused a gradual increase in organic carbon
concentrationsdueto increasing return flowsfrom upstream water
users. Inthecoastd areas, natural humicandfulvicacidshaveaways
been high, leading to some of the highest recorded natural colour
levelsintheworld. Despitethesepressing reasonsfor using granular
activated carbon (GAC) for municipal drinking water treatment, its
applicationin Southern Africaisrare. A pioneeringapplicationwas
at the Windhoek water reclamation plant since 1968, followed by
an application downstream of the Hartbeespoort Dam afew years
later — a plant now abandoned. The use of powdered activated
carbon (PAC) asanemergency measureduring sporadicoccurrences
of intolerable taste and odour is much more common — a practice
found at many treatment plants.

During the early 1990s, three independent GAC pilot studies
wereconducted at different sitesin Southern Africa. Intheabsence
of very littlereliabledatafrom Southern Africa, these studiesmade
valuable contributions. At their conclusion, permission from all
partieswas obtained to conduct ametastudy, in an attempt to draw
some generalised conclusionsfrom these three studies. Thispaper
provides a short summary of the most important conclusions,
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limited totheperformanceof GA Cwithout ozonepretreatment. To
differentiate between the contributions of ozone and GAC in a
combined system, falls outside the scope of this paper.

Details of the pilot studies
The Windhoek study

At the start of the 1990s, a decision was reached to increase the
reclamation plant capacity from 4.5 Ml/d to 21 MI/d. Atthe same
time, a number of new technologies were to be considered for
possibleinclusioninthefuture processtrain. To study the optimal
application of GAC and ozone, apilot plant was operated for over
a year. After eight months of operation, some changes were
made - only the first 240 d of operational data could therefore be
considered.

Two carbon types were considered, both with and without
ozonepretreatment, at different empty bed contact times(EBCTS).

The Wiggins study

TheWigginswater treatment plant drawsraw water fromthelnanda
Damand suppliespotablewater tothe coastal region of theUmgeni
Water supply area. ThelnandaDamisalready eutrophied to some
extent duetoanincreased contributionfromwastewater effluent and
growing humansettlementinitscatchment area. PAChadtobeused
on occasion to combat taste and odour problems. Should the level
of eutrophication increase (as it is anticipated), the use of GAC
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TABLE1
Operational parameters at the three pilot locations
Parameter Windhoek Wiggins Rietvlei
Sourcewater Biologically treated Inanda Dam water, treated | Rietvlei Dam water,
wastewater, followed by by settling and filtrationin| treated by DAF and
full-scale DAF and filtration | a pilot plant filtration at full-scale
GAC tested Wood-based Wood-based Coal-based
Coal-based Coal-based
EBCT tested 7,14,21 min 10min 3,6,9,12min
GAC column diameter | 300 mm 400 mm 110 mm
GAC depth 1000 mm 1000 mm 250 mm
Hydraulicloadingrate | 5.7 m/h 6.0m/h 5.0m/h
Ozone tests With and without With and without Without
# determinants tested 54 30 6
# data points 7262 16 768 720

would probably berequired. Umgeni Water thereforeembarked on
apilot programmeto determine some preliminary design and cost
parameters.

Theexperimental designwassimilar tothatin\Windhoek. Two
different carbonsweretested, with and without pre-ozonation. The
runsranfor about 800 dintotal, but some changeswereintroduced
after 440 d. Only the first 440 d of the trials could therefore be
included in this metastudy.

The Rietvlei study

The Rietvlei water treatment plant supplies potable water to the
eastern partsof Pretoria. Itsraw water sourceisthe Rietvlei Dam,
an impoundment which is also increasingly eutrophied by the
upstream discharge of treated sewage effluent. Moreover, the
wetlands immediately before the impoundment, which acted as a
nitrogen trap in the past, lost its efficiency during the beginning of
the 1990s and the algal dominance in the impoundment switched
from green to bluegreen. For these reasons, |aboratory investiga-
tionsintotheuseof GAC startedin1994, and eventual ly culminated
in apilot study conducted during 1995 and 1996.

The experimental plant was very simple, testing only one
carbon at four different EBCTS. At regular intervals, water was
taken to thelaboratory where batch ozone studieswere conducted.
The plant ran for 196 continuous days, unchanged, and all the data
couldbeusedfor thisstudy. Thewater for thepilot plant wasdrawn
off the final production pipeline, just before the chlorine addition
point.

Data preparation

A significant part of the study was devoted to manipulate the data
to a format which would allow valid comparisons. Each study
measured different setsof parametersat differentinterval's, sodirect
comparisons were not possible. The data preparation steps are
briefly described below.
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Collectionandinitialinspection

Site visits were conducted and the complete data sets were lifted
fromtheoriginal databases. It turned out that, viewed together, 64
different water quality determinants were measured in total at
intervals ranging from 1 measurement/day to 2 measurements/
month. The determinants could be grouped as the physical deter-
minants (4), the chemical micro-determinants (14), the chemical
macro-determinants(16), theorganic chemical s(13), themicrobio-
|ogical determinants(8) and thetoxicological determinants(9). The
microbiological determinants (measured mostly at Wiggins) and
toxicological determinants (measured exclusively at Windhoek)
were sketchy and erratic and were therefore summarily excluded
from the rest of the analysis.

Removal of outliers

Asasecond step, the obvious outliers (indicating experimental or
dataentry errors) wereremoved. Themean and standard deviations
of each determinant, at each sampling point, were determined.
Assuminganormal distribution of valuesabout themean, al values
further than 3.7 standard deviations from the mean were removed.
In statistical terms, this indicates a 99.98% probability that the
rejected values are outliers. Of the 24 450 data points considered
inthisstudy, only 288 (slightly morethan 1%) wererejectedinthis
way. Fortheindividual locationstherejectionrateswere Windhoek
(40 out of 7 262), Wiggins (247 out of 16 768) and Rietvlei (1 out
of 720).

Selection of determinants significantly affected by GAC

Every determinant was next analysed to determine whether the
GAC had asignificant effect. Each data point was divided by the
corresponding value of theinfluent to obtain avaluefor C/C,. All
thevalues of C/C of every sampling point could then be averaged
andfurther analysed. Twocriteriahadtobemet beforeadeterminant
was considered to be significantly affected by GAC:
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e Thenull hypothesiswas that there was no significant removal
(in other words H, being C/C_ = 1). The null hypothesis had
to berejected at a = 0.02.

» The average C/C, (even if it were dtatistically significant
different from 1) had to be less than 0.95 or larger than 1.05.

Only those determinants which were significantly affected by
GAC, were subjected to the next steps of the analysis.

Datasmoothing

Dueto thedifferent sampling frequencies, and missing data points
duetorejected datapointsonweekendsor practical problems,itwas
next necessary to interpolate data points for every day. Thiswas
done by simple linear interpolation.

To enable easier visual spotting of trends, and to facilitate the
fitting of theoretical models (discussed further on) amoving 7 d
averagetrend linelinewascal culated and plotted. Thesesmoothed
lines were used for the rest of the study.

Analysis of average removal values

Table 2 provides a summary of the average C/C; vaues at five
sampling points. The following should be noted:

e Thetableisconfined to GAC performanceonly. All sampling
points where ozone was dosed upstream, are excluded.

e Onlythesampling pointwiththelongest EBCT at eachlocation
isshown. For Windhoek, the EBCT for the coal-based GAC
was 21 min, and the EBCT for the wood-based GAC 14 min.
At Wiggins, the EBCT for both carbons was 10 min and at
Rietvlei the EBCT was 12 min.

e The table provides a comprehensive list of the determinants
tested at al the locations, excluding the microbiological and
toxicological determinants. Also, it indicates which determi-
nants were measured at each |ocation.

The average values in Table 2 do not fully reflect the complex
breakthrough behaviour of theadsorption process, but nevertheless
allows some conclusions:

e The physical determinants were reduced as expected. The
secondary filtration effect of the GAC (measured by turbidity)
was larger than one would have expected.

e Theinorganicmicrodeterminantswerenot affectedat al, asone
would expext. The only organic micro-determinant was the
pesticides, whichwaseffectively reduced aswoul d beexpected.

*  Themacro-determinantswereal sonot affected, withtheexcep-
tion of the nitrogenous determinants. The pathways between
nitrite, nitrate, anmoniaand TKN are complex and astoichio-
metric analysiswas not attempted. Itis, however, obviousthat
someoxidation processeswereat work, very probably biologi-
cally induced.

e GAC redly came into play with the removal of the organic
determinants. Only the phenolsand geosmin were not signifi-
cantly removed at any of the sampling points.

e TheWigginsstudy allowsadirect comparison between wood-
based and coal -based GAC, asthe EBCT and pretreatment were
identical. It is clear that the wood-based GAC performed
markedly poorer than the coal-based GAC.

e TheWindhoek study doesnot allow direct comparison between
the two carbon types, as the EBCT of the wood-based GAC
(24 min) was not the sameasthe EBCT of the coal-based GAC
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(21 min). Even making aqualitative allowancefor this, it till
seems as if the wood-based GAC was less effective than its
competitor.

Asthe coal-based GAC performed the best throughout, the rest of
this paper islimited to the modelling of the coal-based GAC only.

A GAC adsorption model

Thestudy could how movetothemoredetailed consideration of the
kineticbehaviour of theGA Cat thedifferentlocations. It wasfirstly
necessary to useamathematical model to allow asensiblecompari-
son amongst the different locations. Once the model is calibrated
at each site, themodel parameterscan bedirectly compared asthey
are not limited to specific loading rates, EBCTs, and GAC bed
depths.

Thefollowingmodel wasused (full derivationgivenby Olivier
(2001)):

oc _ _1C _ M_C_@
0z u ot K
where:

C isthe concentration of a determinant

z the bed depth, u the pore velocity

t the time

g the flow rate.

The parameters M, n and K are constants that need to be
adjusted as calibration factors to match the model to actual
performance.

These parameters have the following qualitative effects on the
breakthrough curve:

e Theparameter M isamass-transfer coefficient, and therefore
determines the initial removal efficiency. In terms of model
calibration, thisisthe parameter that is adjusted first until the
initial removal efficiency ismatched.

e TheFreundlich parameter n determinesthe shape of the break-
through curve. A high value for n implies that breakthrough
beginssoon after new GACisputinto operation, whereasalow
valueimpliesaperiod of constant removal beforebreakthrough
is detected. This is normally the parameter that would be
adjusted next until the shape of the actual breakthrough is
matched.

¢ TheFreundlich parameter K isacapacity factor and determines
thetotal massof the determinant that can beadsorbed. Graphi-
caly, it simply “stretches’ the graph in ahorizontal direction.
This parameter is normally adjusted as the last step to obtain
the best match between model and practice.

Modelling of measured data

To model the performance of an actual GAC bed, the bed needsto
be mathematically discretised into an arbitrary numbers of layers,
which are then treated as reactorsin series. The number of layers
werefirsttreated asavariable, rangingfromonelayertosevenlayers.
Satisfactory results were obtained when five layers were used,
which was then adopted for the rest of the modelling.

During the pilot studies, there were large and continuous
changesintheinfluent concentrationsof almost all thedeterminants,
induced by seasonal and other environmental changes. The model
was therefore set up as a dynamic model, which could deal with
continuous changesin the influent concentration.
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Themodel wasfirstimplemented
TABLE2 at theRAU Water Research Groupin
Average C/C, for selected sampling points aMatlabenvironmenttotestthemodel
and to perform some sensitivity
Determinant Windhoek Wiggins Rietvlei checks. Oncethemodel couldbeused
with confidence, thebulk of themod-
Wood- | Coal- | Wood- | Coal- Coal- elling was done after collaboration
based based based based based with the Technological University
Delft, using their STIMELA model,
PHYSICAL asorunninginaMatlabenvironment
Colour . 0.65 0.36 ne 0.79 0.61 using the SIMULINK module.
Conductivity ne ne nm nm nm Figure 1 demonstrates a typical
pH o ne e e ne e modelling run, in this case for the
Turbidity 0.61 0.55 0.57 0.50 0.63 removal of DOC at Rietvle after an
EBCT of 12 minutes. An indirect
M|CROf[)_ETERM INANTS check onthevalidity of themodel was
Aluminium m ne e ne nm obtained by comparing the perform-
Boror) nm ne n/m nm nm ance at the same plant for the same
Bromide e e nm nm nm EBCTs. In other words, the model
Cadmium nm e nm m nm parameters for Windhoek was ap-
Chromium nm e nm nm nm proximately thesame, irrespectiveof
Copper m e m m vm whether themodel wascalibratedwith
Gold nm e nm nm wm the 7-minute EBCT or 21-minute
Iron n/m n‘e nm nm nm EBCT data,
Lead nm e nvm nm nm Only thefirst part of each dataset
Manganese nm e nm nm nm couldbeused. Itwasnormally aneasy
Mercury nm e nm nm nm matter to fit the model to the first 50
Nickel nm e nm m nm t0100d of data. Inalmost all cases,
Pesticides nm nm 0.0 0.19 nm an improvement in performance was
Selenium nm e wm wm wm noticed after this initial period, not
Silver n/m n/e n/m n/m n/m accounted for by the model. This
could only be ascribed to biological
MACRO-DETERMINANTS activity, whichonly really startsafter
Alkalinity nm nm nle n/e n/m the adsorption capacity of the carbon
Ammonia ne ne n/e ne nm had been exhausted. The results in
Cacium nm ne ne ne nm this paper will be based on theinitial
Chloride ne ne ne e nm breakthrough part of the curvesonly,
Fluoride ne ne nm nm nm without consideration of the biologi-
Potassium n‘e n‘e nm n/m nm cal activity.
Magnesium ne ne ne n‘e nm
Nitrite 1.84 3.15 ne ne nm Comparison of adsorption
Nitrate ne ne 1.36 n/e nm performance
Ortho-phosphate n‘e n‘e nm nm nm
Slica n‘e 0.94 nm ne nm The model parameters for different
Sulphate ne ne ne n‘e nm determinantsat the different location
TKN n‘e 0.71 n/m nm nm aresummarisedin Table 3.
Total phosphate ne ne nm nm nm Thesevaluesreflect deepandsig-
Zinc nm n‘e n/m nm nm nificant differencesin adsorption be-
haviour amongst the different loca-
ORGANIC tions, despite the fact that almost
2-MIB nm n/m 0.85 0.83 n/m identical GACswereusedinthethree
CHBr, FP ne ne 118 1.46 nm cases. To demonstrate these differ-
CHCI, FP 0.85 0.53 0.74 0.50 nm ences, the model was finally used to
CHCLBr FP ne 0.74 0.91 0.80 nm calculatetheperformanceat thethree
CHCIBr, FP n/e n/e ne 1.06 nm locations for the cases of constant
COD 0.86 0.65 n/m n/m nm influent concentration of UV absorb-
DOC 0.94 0.87 ne 0.90 0.55 ance of 20/m. Theresultsare shown
Geosmin nm n/m ne ne n/m inFig. 2.
Phenol ne ne ne n‘e nm
TTHM FP 0.87 0.64 0.88 0.78 n/m
uv 0.80 0.50 0.87 0.67 0.44
n/e = no effect; n/m = no measurement
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Input parameters:
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Filter operation time: 190 Days
Filter area 0.0 m?2
Bed height 1.0 m
Flow 0.0475 mdh
1 liks Particle diameter 1.0 mm
Porosity 62.0 %

Cam Density of activated carbon  425.0 kg/m3
Freundlich constant n 0.1 -

Freundlich constant K 29.0 (g/kg)*(m3/g)"

M | Mass transfer coéficient 12.0 1/h
Filter cells 5 -

Modelling of DOC removal at Rietvlei for an EBCT of 12 min (screenshot from a simulation by the STIMELA package)

TABLE3
Comparison of model parameters
Model parameters Windhoek| Wiggins | Rietvlei
DOC
n 0.35 0.10 0.10
K 85 30 29
M 25 8.5 12
POE 50d 125d 50d
UV ABSORBANCE
n 0.80 0.35 0.80
K 6.9 15 4.5
M 75 11 18
POE 125d - 65d
Conclusions

The simultaneous analysis of the three valuable pilot studies
conducted at Windhoek, Wigginsand Rietvlel provided someuseful
pointers to others wanting to perform pilot studies in Southern
Africa, as well as illuminating some aspects of GAC adsorption
which require further systematic analysis:

e Inall cases, satisfactory information coul d beobtained fromthe
first 100 d of data, indicating that pilot studies of about six
months should suffice to obtain reliable design parameters,
unlessthenatureof theorganicmaterial isexpectedtoshowwide
seasonal swings.

e Thedataobtainedfromthesmall pilotfiltersof 50 mmdiameter
at Rietvlel appeared to have produced data comparable with
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Figure 2

UV absorbance at the three locations

much larger pilot filters, indicating that smaller filters may be
used with good effect if larger systemsare beyond the reach of
aspecificlocation.

For the studiesexamined, the physical adsorption performance
of coal-based GAC was markedly better than wood-based
GAC.

Therearelargedifferencesinadsorption behaviour amongst the
different sites, evenforidentical GACs, indicating largediffer-
encesinthecompositionand natureof theorganic determinants,
indicatingthat pilot studiesarevital todevel opdesignguidelines
for aspecific location.

Thereisindisputableevidenceof significant biological activity
in the GAC, becoming evident after about 50 to 100 d after
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commissioning of new GAC. Thisis apparent from nitrogen
transformations within the GAC bed, as well as improved
performance after theinitial 50 to 100 d. Much further work
isrequired to fully understand and model these mechanisms.
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