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Abstract

In an endeavour to ascertain the interplay of factors involving chlorine dose, turbidity and flow capacity on microbial quality
of drinking water in small water treatment plants (SWTPs), data from a previous study were analysed.

The findings showed that most of the SWTPs were not producing water of safe microbial quality. Fifty one percent (51%)
and seventy three (73%) of the SWTPs were below the stipulated limits for residual chlorine in final water and water at the
point of use respectively. Current flow capacity was a major determinant of the microbial water quality indicators but no
association was found between the dose of chlorine used for water treatment and the microbial water quality indicators.
However, a combination of the amount of chlorine dose used up during treatment, flow capacity and change in turbidity
contributed to about 65% of the amount of heterotrophic plate counts removed from raw water. Current flow capacity con-
tributed less than 14% of the variation in chlorine dose used in water treatment at the plants. Turbidity tended to correlate and
contribute more to the prediction of total coliform counts while faecal coliform counts were determined by current flow
capacity and conductivity. Treatment plants with current flow capacity of over 50 M€/d tended to be more efficient in hetero-
trophic plate count removal.

In conclusion, this study noted that most of the SWTPs were using a chlorine dosage that was below the amount required
by their respective current flow capacity; possible micro-organism resistance to chlorine and the significant effect of the level

of turbidity on the microbial quality of treated water.
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Introduction

Over the past decade, the South African Government has con-
tinued to demonstrate a commitment to improve access to safe
water supply and also to bridge the urban-rural disparities in
access to potable water. This is evidenced by the marked reduc-
tion in the number of South Africans without access to potable
water supply from over 15 m. (12 m. of whom were living in
rural areas) in 1994 to less than 4 m. in 2004 (StatSA, 2004).
This effort is geared towards facilitating social development
and equity, self-reliance and health promotion under its National
Reconstruction and Development Plan (RDP).

Crucial to this process are the small water treatment plants
(SWTPs) in both rural and peri-urban areas. The SWTPs are
defined as water treatment systems that are installed in areas
which are not well serviced, and which do not normally fall
within the confines of urban areas. SWTPs include water sup-
plies from boreholes and springs that are chlorinated; small
treatment systems for rural communities; treatment plants of
small municipalities and establishments such as rural hospitals,
schools, clinics and forestry stations. Most of these applications
fall within the category of small plants of less than 2.5 M{/d.
Plants of up to 25 M{/d may sometimes also fall into this cat-
egory (DWAF, 1998).
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SWTPs strive to provide water of adequate quantity and
quality to the communities they serve but achieving this objec-
tive has been fraught with many challenges (Momba et al., 2006;
Obi et al., 2007). Such challenges are lack of relevant techni-
cal capacity for water treatment processes, including chlorine
dose calculations, flow-rate determinations and basic repairs of
equipment. There are also administrative issues facing SWTPs.
These include poor working conditions, frequent chemical stock
depletion, lack of maintenance culture and a lack of emergency
preparedness (Obi et al., 2007).

In the light of the above challenges, it is essential to estab-
lish the interplay between the amount of chlorine dose used-up
during the water treatment process, changes in turbidity and
current flow capacity of the treatment plants and the quality
of treated water. Nevondo and Cloete (1999) and Momba et al.
(2004) also expressed similar concerns over the ramifications of
the challenges facing the SWTPs on water quality. The inability
of SWTPs to reduce the turbidity of drinking water to limits that
are safe for human consumption has also been reported by previ-
ous studies (Obi et al., 2007; Momba et al., 2006; Momba et al.,
2004). Water turbidity level is known to significantly affect the
microbial quality of drinking water either by encouraging the
growth and survival of micro-organisms or by decreasing the
efficiency of chlorine in water treatment (Health Canada, 2006;
Snead et al., 1980; Hoff, 1978).

Water quality is commonly measured by indicators such as
heterotrophic plate count (HPC), total coliform count (TCC)
faecal coliform counts (FCC) and E. coli, based on their
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presence, concentration, sensitivity to disinfection, relative sur-
vival in water when compared to other water-borne pathogens
of faecal origin and the efficiency of their detection processes.
Each indicator has notable limitations given that they are proxy
measures of water quality and to minimise the indicator-specific
limitations in water quality monitoring, it is often advisable to
use multiple indicators at a time. This is particularly important
in view of reports that have suggested that the absence of an indi-
cator organism does not mean the absence of other pathogenic
organisms (Zamxaka, 2004). Beyond microbial measurements
of water quality, safe water also has physico-chemical qualities
such as temperature, pH, salinity, hardness, dissolved oxygen
and phosphates. These qualities are readily affected by climatic
events and impact on the survival of micro-organisms and effi-
ciency of treatment processes (DWAF, 1996). This study which
was predicated on the statistical analyses of data obtained from
a previous study (Obi et al., 2007) , was conducted to ascertain
the interplay of factors with respect to chlorine dose, turbidity
and flow capacity.

Materials and methods
Study site

The study sites were rural and peri-urban establishments in Lim-
popo Province. They included: Phiphidi, Vondo, Mutale, Dzin-
gahe, Mudaswali, Damni, Dzindi, Mutshedzi, Tshedza, Tshif-
hire, Tshakhuma regional, Tshakhuma, Makhado, Messina,
Shikudu, Mhinga, Malamulele, Nkowankowa, Semerela, Thap-
ane, Nkambako, Letsitele, Tzaneen, George’s Valley. In the
Mpumalanga Province they included Lydenburg, Hazyview,
White River RE, White River Country Estate, Malelane, KaN-
yamazane regional, KaNyamazane, Nelspruit, Matsulu, Sabie,
Machadodorp, Kruger Dam), Hendrina, Waterval, Belfast,
Witbank, Presidentsrus, Middelburg, Dullstroom (Obi et al.,
2007). Limpopo and Mpumalanga Provinces are situated in the
north-eastern regions of South Africa and are among the least
resourced provinces.

Plant survey

A survey of technical and administrative issues of various water
treatment plants was conducted. The survey started with a short
introductory meeting followed by a plant tour and interview
with the plant operators and other superintendents, councillors
or representatives. The plant tour was done in the presence of
the superintendent of the plant or his representative and at least
one plant operator. Different units comprising the plants were
inspected in detail to monitor their functions on the day of the
survey. Information concerning administrative issues such as
the training of operators, their salaries, benefits, decision mak-
ing, ownership of the SWTPs, security and any upgrade of the
plant was sought through the use of questionnaires. Measure-
ments were made to determine the size of the baffling chambers,
sedimentation tanks and filters. Type of coagulant, filtration
types, disinfection types, lime dosage as well as dosing pumps
were determined during the plant tour. The operators present
at the plant at the time of survey were interviewed individually
(Obi et al., 2007).

Sample collection

A total of 55 rural and peri-urban SWTPs and distribution
systems from the two provinces were visited and samples were
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collected from raw water, final water and water at the point of
use. These sites were conveniently selected based on their acces-
sibility and willingness of plant management to participate in
the study. Water samples from each collection point were col-
lected in 2 sterile 500 m{ plastic bottles. The physicochemical
parameters were measured immediately using the sample from
one hottle and the other one was immediately kept in ice in a
cooler box and transported back to the laboratory within 24 h
of collection for the microbiological analysis. The survey was
conducted from 26 August 2004 to 10 March 2005 (Obi et al.,
2007).

Physico-chemical analysis

Physico-chemical analyses were conducted on site. Values
measured included turbidity, temperature, conductivity and pH
of water. The JENWAY pH meter 3150 was used for the meas-
urement of the pH; The CRISON CM35 conductivity meter was
used for the measurement of conductivity whilst the HACH
Model 2100P portable turbidimeter was used to measure the tur-
bidity of the samples. All the measurements were done in tripli-
cate and their averages were considered (Obi et al., 2007).

Microbiological analysis

Microbiological analyses including data on heterotrophic plate
counts, total coliforms, faecal coliforms and enteric bacteria
were generated as already reported (Obi et al., 2007).

Data analysis

This study used means, standard deviations and percentages to
describe the microbial and physicochemical indicators across
the water samples and the general performance of the SWTPs.
Pearson correlation of the variables was used to establish asso-
ciations between the various parameters of water quality. Fol-
lowing this, the means of correlating variables was compared
across their attributes, using t-tests, analysis of variance and the
LSD post hoc test. The contribution of varied variables to the
prediction of another variable was done using a stepwise regres-
sion analysis.

Results

The results presented in this section are further to an earlier pub-
lication by Obi et al. (2007). The earlier publication provided a
basic description of the microbial and physicochemical proper-
ties of water samples collected from SWTPs in Limpopo and
Mpumalanga Provinces. Using the same data, the results below
demonstrate the interplay between the microbial and physico-
chemical properties of the water samples, chlorine does and cur-
rent flow capacity at the designated SWTPs.

The currents analysis revealed that a greater proportion of
the SWTPs were able to attain the stipulated safety limits for
faecal coliform counts when compared to the proportion that met
the safety limits for heterotrophic plate counts and total coliform
counts respectively (Fig. 1). The 29 out of 53 (54.7%) SWTPs
that exceeded the safety limits for heterotrophic plate count
(0 cfu/100 me?Y) at point of use in the two provinces supply
water to the following places: Thabazimbi, Tzaneen, Waterval
Boven, White River regional, Letsetele, Dzingahe, Modimole,
White River Country Estate, Dullstroom, Nkowankowa, Bela
Bela, Nelspruit, Ohrigstadt, Nkambako, Presidentsrus, George’s
Valley, Middelburg (Vaalbank), Witbank, Sabie, Burgersfort,
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Seshego, Mutale, Machadodorp, Malelane, Vondo, KaNyama-
zane old plant, Phiphidi, Malamulele, Middelburg (Kruger
Dam). At these sites heterotrophic plate counts at point of use
ranged from 2 cfu/100 m€* in Thabazimbi SWTP catchment
area in Limpopo Province to 6 500 cfu/100 me* in Middelburg
(Kruger Dam) catchment in Mpumalanga Province.

In terms of the physicochemical parameters, 31 out of the 53
SWTPs exceeded the safety limits for turbidity at the point of
use (Fig. I). The pattern of water quality measures in Fig. [ dem-
onstrates that the proportion of SWTPs that attained safe water
limits increased at point of use when compared to the propor-
tions that attained safe water quality limits for the final water.

It was also observed that a majority of the plants were unable to
meet the stipulated safety limits for residual chlorine. The data
further revealed that 51% and 73% of the SWTPs supplied water
below the stipulated limits for residual chlorine in final water
and water at the point of use respectively while 24% and 6%
were above the recommended limits for residual chlorine in final
water and water at the point of use respectively.

Effect of location, current flow capacity and type of
ownership on treated water quality

Table 1 shows the measures of association between location of

TABLE 1
Coefficients of association between microbial and physicochemical quality of the water supplied
by SWTPs and their locations, types of ownership and current flow capacity using Eta (N = 53)
Province Category of Type of owner
current flow

Turbidity of final water .065 163 144
Turbidity of water at the point of use 149 .188 .067
Conductivity of final water 146 .342 190
Conductivity of water at the point of use .028 .202 163

pH of final water .066 .061 .389(*)

pH of water at the point of use 074 .229 A416(*)
Temperature of final water 222 187 .087
Temperature of water at the point of use .239 119 .310(*)
Chlorine dosage A54(%) A445(%) .355
Residual chlorine in final water 317(%) 222 .329
Residual chlorine in water at the point of use .032 .089 074
Heterotrophic plate count of final water .220 A41(*%) .219
Heterotrophic plate count of water at the point of use 112 146 .049
Total coliform count of final water 101 077 172
Total coliform count of water at the point of use .002 161 .066
Faecal coliform count of final water 160 116 119
Faecal coliform count of water at the point of use 224 318 .242

* The mean difference is significant at the .05 level.
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TABLE 2
An LSD post hoc comparison of the means of chlorine dosages and heterotrophic plate counts across the

dosage across the various types of plant owners

categories of current flow capacity
Dependent variable (I) Capacity of current | (J) Capacity of current Mean difference Sig.
flow (M€/D) flow (M€/D) (1-J)
Chlorine dosage Otol 11to25 -.10619 714
25.1t050 .20361 .663
Over 50 -1.58556(*) .003
11to 25 25.1t0 50 .30981 451
Over 50 -1.47936(*) .003
25.1 to 50 Over 50 -1.78917(*) .004
Heterotrophic plate count Otol 11to25 -1370.500 752
of final water 25.1t0 50 -9105.333 196
Over 50 -23213.667(*) .004
11to 25 25.1t050 -7734.833 .210
Over 50 -21843.167(*) .003
25.1 to 50 Over 50 -14108.333 117
* The mean difference is significant at the .05 level.
TABLE 3

An LSD post hoc comparison of the means pH of final water, pH of water at the point of use and chlorine

Dependent variable (I) Type of owner (J) Type of owner Mean difference (I-J) Sig.
pH of final water Municipality DWAF .62082(*) .004
Private .25532 .631

DWAF Private -.36550 499

pH of water at the point of use Municipality DWAF .51444(*) .002
Private .03694 .928

DWAF Private -47750 .255

Chlorine dosage Municipality DWAF .20448 373
Private -1.36387(*) .022

DWAF Private -1.56835(%) .010

* The mean difference is significant at the .05 level.

the SWTPs, its current flow capacity, type of ownership and the
various indicators of the quality of final water and water at the
point of use. A further comparison of the means of the variables
that were found to be associated with location, by province,
showed that SWTPs in Mpumalanga Province had a signifi-
cantly higher dose of residual chlorine (0.7747 mg/m¢) in their
final water when compared to mean residual chlorine in final
water samples from the SWTPs in Limpopo Province (0.4027
mg/m¢e) (p < 0.030). The average residual chlorine in final water
samples from the SWTPs in Mpumalanga Province also exceeds
the stipulated safety limit of between 0.3 mg/m{ and 0.6 mg/md¢.
Similarly, the differences in the mean of microbial and physic-
cochemical variables such as the association with the categories
of current flow capacity and type of ownership are detailed in
Tables 2 and 3 respectively.

Inter-relations between physic-cochemical and mi-
crobial water qualities

Table 4 shows the Pearson’s correlation coefficients of the
physicochemical properties of the water produced at the various
SWTPs. The figures show that the turbidity of the water samples
tended to be associated with its total coliform counts. Significant
relationships were also noted between the faecal coliform count
of water at the point of use and heterotrophic plate count of raw
water and heterotrophic plate count of final water respectively
(Table 4).
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A positive correlation was also noted between chlorine dose
and residual chlorine in final water (r = .684; p < .001), chlo-
rine dose and current flow capacity (r =.371; p <.001) and chlo-
rine dose and heterotrophic plate count of raw water (r = .384;
p < .001). Similarly residual chorine in final water was more
strongly associated with residual chlorine at the point of use
(r=.531; p<.001).

Predictors of microbial water quality

Table 5 shows a linear regression of the various measures of the
physicochemical indicators, current flow capacity and chlorine
dosage on each of the measures of the microbial qualities of final
water and water at the point of use. The results show that tur-
bidity and current flow capacity were the common predictors
of microbial water quality. Current flow capacity contributed
about 32%, and 10% to the heterotrophic plate counts in final
water and faecal coliform counts of water at the point of use
respectively. The table also shows that turbidity of raw water,
final water and water at the point of use contributed close to 60%
of the total coliform counts of water at the point of use. Turbidity
of raw water also contributed about 10% of the total coliform
counts of raw water.

Table 6 shows that turbidity of final water was the main con-
tributor to total coliform counts of final water and water at the
point of use. Chlorine dosage did not contribute to any of the
predictors in Tables 5 and 6.
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TABLE 4
Correlation coefficients of physicochemical properties of water samples and measure of chlorine
in treated water
NTU rw | NTUof |[NTU ms/m |ms/m |Ms/m pHrw |pHfw |[pH Temp |Temp |Temp
fw wpou [rw fw wpou wpou [rw fw wpou
NTU fw 0.27
NTU wpou 0.263 |.661**
ms/m rw -0.235 |-0.013 |-0.08
ms/m fw -0.195 |-0.072 |-0.102 |.918**
ms/m wpou -0.199 |(-0.084 |-0.126 |.855** |[.935**
pH rw 0187 |-0.02 |0.106 |-0.011 |-0.009 [-0.07
pH fw -0.007 |-0.24 |-0.181 |0.234 |.456** |.431** |.374**
pH wpou 0.098 [-0.193 |-011 0.21 A05%* | 414%* | 366** |.786**
Temp rw 0.019 |[-0.084 |-0.138 |.542** |.560** |.504** [-0.07 |0.209 |0.205
Temp fw 0.008 |0 0.01 .563** | .564** |.504** |0.018 |.289 .346 .867**
Temp wpou -0.055 |[-0.055 |-0.032 |.451** |.415** |.353 -0.088 |0.145 |0.118 769** | .849**
Cl dosage 0.273 |0.065 |0.068 |-0.161 |-0.208 |-0.215 |[0.127 |-0.222 |-0.147 |-0.086 |[-0.069 |-0.048
Cl fw 0.201 [0.093 |0.155 |-0.273 |-.295 -.337 0.11 -0.234 |-0.251 |-0.227 |-0.274 |-0.192
Cl wpou -0.035 |-0.187 |-0.154 |-0.19 -0.269 |[-.336 -0.165 |[-0.175 |-0.218 |-0.007 |-0.054 |0.051
HPC rw -0.072 |0.024 |-0.048 |0.109 |0.091 |0.083 [0.038 |-0.058 |-0.025 |-0.022 [0.071 |-0.017
HPC fw -0.055 |[-0.029 |-0.152 |0.116 0.138 [0.149 |[-0.065 |0.023 |0.122 |[0.118 0.213 |0.002
HPC wpou 0.056 [0.155 |-0.1 -0.045 |-0.104 |-0.03 -0.213 |-0.171 |-0.125 |-0.076 |-0.091 (-0.139
TCCrw .302 -0.002 |0.187 |-0.027 |0.038 |-0.058 [0.003 |0.111 0 0.08 0.082 |0.016
TCC fw 0.012 |.506** |-0.06 |-0.084 |-0.087 |-0.085 (-0.075 |-0.049 |-0.121 |-0.095 ([-0.097 |-0.097
TCC wpou .399** | 566** |0.069 |-0.161 |[-0.133 (-0.129 |0 0 -0.04 |-0.05 -0.098 |[-0.14
FCC rw -0.013 |-0.075 |-0.075 |-0.104 |-0.109 |-0.107 (-0.122 |-0.109 |-0.098 |-0.091 (-0.139 |-0.098
FCC fw -0.057 |[-0.074 |-0.076 |0.211 |.312 0137 |-0.186 (-0.027 |-0.064 |0.188 |0.216 |0.162
FCC wpou 0.264 |0.047 |(0.063 |-0.077 |-0.075 |-0.034 |0.112 |-0.042 |0.052 |0.002 |0.101 |O
Cl Clinfw| Clin [HPCrw| HPCfw| HPC |TCCrw|TCCfw| TCC |FCCrw |FCC fw

dosage wpou wpou wpou
Clin fw 789**
Cl in wpou 290 | 474**
HPC rw .384** | -0.056 | -0.123
HPC fw 0.254 | -0.166 | -0.138 | .777**
HPC wpou 0.068 | -0.104 | -0.193 | -0.007 | .276
TCC rw -0.117 | -0.063 | -0.04 | -0.033 | 0.127 | -0.042
TCC fw -0.055 | -0.173 | -0.134 | -0.022 | 0.077 | .382** | 0.045
TCC wpou 0.009 | -0.098 | -0.163 | -0.038 | 0.009 .309 0.225 | .776**
FCCrw 0.062 | -0.036 | -0.033 | -0.02 | -0.044 | -0.035 | -0.045 | -0.02 | -0.036
FCC fw -0.106 | -0.109 | -0.07 0 -0.009 | -0.018 | 0.035 | -0.027 | -0.055 | -0.038
FCC wpou 0101 | -0.122 | -0.142 | .404** | .652** | 0.222 | .384** | 0.007 0.07 | -0.057 | -0.019

rw: raw water; fw: final water; wpou: water at the point of use; NTU: turbidity; ms/m: conductivity;, Temp: temperature; CI: chlorine;
HPC: heterotrophic plate count; TCC: total coliform count; FCC: faecal coliform count; **: Correlation is significant at the 0.01 level (2-tailed).

A linear regression of the quantity of chlorine used up dur-
ing disinfection and improvement in physic-cochemical quali-
ties following treatment was done for each microbial the indi-
cators. Tables 7 and 8 illustrate that current flow capacity was a
major predictor of improvement in the heterotrophic plate count
of the water samples following treatment. The effect of current
flow capacity on the improvement of heterotrophic plate count
increased in combination with the amount of chlorine used up
during the disinfection of raw water and reduction in water
turbidity (Table 7). The amount of particulate matter removed
(measured as the turbidity) following treatment, contributed
to improvement in total coliform count of the water samples
(Table 7).
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Discussion

This study was carried out to establish the effect of chlorine dos-
ing and current flow capacity on the efficiency of SWTPs. This
is a follow-up on the findings of previous studies that indicated
the inability of SWTP operators to regulate and maintain both
factors (Obi et al., 2007; Momba et al., 2003). This study con-
cludes that current flow capacity of the SWTPs is a major deter-
minant of the efficiency of SWTPs in improving water quality
while chlorine dose has either limited or no effect on raw water
quality improvement for human consumption.

The observed lack of effect of chlorine may be due to sev-
eral factors. This pointer could also be an indication of the poor
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TABLE 5
Regression of the physicochemical quality, chlorine measures and
current flow capacity on microbial quality across various water samples
Variable Predictor R Adjusted |p.value
RZ
HPC of final water |Current flow .585 .329 .000
TCC of raw water | Turbidity of raw water .301 072 .030
TCC of final water | Turbidity of final water .506 .241 .000
TCC at point of use | Turbidity of final water .565 .306 .000
TCC at point of use | Turbidity of final water and .696 462 .000
turbidity at point of use
TCC at point of use | Turbidity of final water, 759 .550 .000
turbidity at point of use and
turbidity of raw water
FCC at point of use | Current flow 319 .084 .021

TABLE 6

Regression coefficients of predicting physicochemical quality, chlorine measures and
current flow capacity on microbial quality across various water samples

Variable Unstandardised Standard- t Sig.
Predictor(s) coefficients ised coef-
ficients
B Std. Error Beta
HPC of final water Current flow 3.6 X 102 7X10 .585 5.097 .000
TCC of raw water Turbidity of raw water 167.424 75.088 301 2.230 .030
TCC of final water Turbidity of final water 56.361 13.592 .506 4.147 .000
TCC of water at the point of use | Turbidity of final water 5.463 1139 .565 4797 .000
TCC of water at the point of use | Turbidity of final water 8.879 1.330 919 6.677 .000
Turbidity of water at the point of use |  -7.350 1.880 -.538 -3.909 .000
TCC of water at the point of use | Turbidity of final water 8.353 1.228 .864 6.802 .000
Turbidity of water at the point of use | -8.006 1733 -.586 -4.619 .000
Turbidity of raw water 617 192 319 3.211 .002
FCC of final water Current flow .038 .016 319 2.381 .021
TABLE 7
Regression of the improvement in physicochemical quality, chlorine dosage and
current flow capacity on the amount of microbial constituents removed from the water samples
Variable Predictor(s) R Adjusted R? Sig.
HPC eliminated by treatment | Current flow 728 .520 .000
HPC eliminated by treatment | Current flow and chlorine used up in water treatment 770 574 .000
HPC eliminated by treatment | Current flow, chlorine used up in water treatment and .804 .621 .000
reduction in turbidity
TCC eliminated Reduction in turbidity .318 .081 .031
TABLE 8
Regression coefficients of predicting improvements in physicochemical quality, chlorine dose
and current flow capacity on the amount of constituents removed from the water samples
Variable Un-standardised Standard- t Sig.
Predictor(s) coefficients ised coef-
ficients
B Std. Error Beta
HPC eliminated by treatment | Current flow 3.7 X 10° | 5.3 X 10* 728 7.052 .000
HPC eliminated by treatment | Current flow 25X 10° | 6.8 X 10* 494 3.704 .001
Chlorine used up in water treatment | 7.0 10° 2.7 X 108 .343 2.568 014
HPC eliminated by treatment | Current flow 2.6 X10° | 6.510* .515 4.078 .000
Chlorine used up in water treatment | 7.5 X 10° | 2.6 X 10° .368 2.912 .006
Reduction in turbidity -1.2 X105 | 5.0 X 10° -.234 -2.506 .016
TCC eliminated Reduction in turbidity 202.267 90.943 .318 2.224 .031
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understanding around the mechanisms responsible for coliform
bacterial survival in treated water as suggested by LeChevallier
et al. (1988). It is, however, known that the efficiency of dis-
infectants such as chlorine is dependent on its concentration,
contact time, turbidity, temperature and pH (LeChevallier and
Au, 2004; Ridgway and Olson, 1982). Other factors that could
affect bacterial sensitivity to chlorination could include attach-
ment to surfaces, encapsulation, aggregation and low nutrient
growth (Reilly and Kippin, 1983; Clark, 1984; LeChevallier et
al., 1981).

As an indicator of the accuracy of the concentration of chlo-
rine used in the SWTPs, this study found that the interrelation
between chlorine dose and current flow capacity of the plants
was less than 14%, but standard regulations demand that chlo-
rine dose should be calculated in relation to the plants’ current
flow capacity. The study noted that majority of the SWTPs vis-
ited had low levels of residual chlorine in final water and water
at point of use. In addition, these two measures were strongly
related to the dosing of chlorine used in water treatment. In
this way, more accurate higher dosages of chlorine would have
resulted in increases in residual chlorine levels so as to comply
with the stipulated safety limits. Sufficient residual chlorine is
meant to maintain water quality from the SWTPs to the point
of use, offer protection against contaminants in the distribution
process and prevent reactivation and growth of coliforms and
bacteria (LeChevallier and Au, 2004). A similar survey of water
treatment plants in South Africa has revealed that the SWTPs
were running at only about 5% of the actual chlorine require-
ment (Momba et al., 2004). The strong correlations between the
levels of the respective microbial indicators in final water and
water at point of use, suggest that the micro-organisms detected
at point of use may have come from the treated water and have
thrived due to low residual chlorine levels. In addition, studies
have questioned the effectiveness of residual chlorine in treated
water maintenance (Hudson et al., 1983; Reilly and Kippin,
1983; Wierenga, 1985). Other researchers such as Clark (1984)
and Reilly and Kippin (1983) have isolated encapsulated bac-
teria from chlorinated drinking water, indicating resistance to
chlorine. Stewart and Olson (1986) demonstrated that the aggre-
gation of Acinetobacter increased its resistance to chlorine two-
fold.

Similar studies have reported an increased microbial resist-
ance to disinfection as a result of their attachment to surfaces,
particles or other organisms including micro-organisms (LeChe-
vallier et al., 1988; Herson et al., 1987; Ridgway and Olson, 1982;
LeChevallier et al., 1981). It is assumed the microbial agents in
water are shielded from disinfection by their attachment to par-
ticles and surfaces in water. This may explain the significantly
high effect of turbidity on the presence of microbial agents in
final water and water at point of use. This finding is critical in
the light of the fact that the majority of the SWTPs did not meet
the required safety limits for turbidity of final water and water at
point of use. In the same way, total coliforms and heterotrophic
plate counts had significant correlations with turbidity and were
also less likely to be removed from raw water following treat-
ment, when compared to the amount of faecal coliform removed.
It has been demonstrated that heterotrophic bacteria grown on
metal coupons were 2 400 times more resistant to free chlorine
than the unattached cells (LeChevallier et al., 1988).

Turbidity levels have also been extensively suggested to
increase micro-organism resistance to disinfectants (Health
Canada, 2006). This point remains crucial with the poor reduc-
tion of water turbidity across the SWTPs that participated in this
study. LeChevallier (1981) demonstrated that an increase in tur-
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bidity from 1.0 to 10.0 NTU would result in an eightfold reduc-
tion in the disinfection efficiency at a fixed chlorine dose.

All the same, the marked removal of the respective microbial
indicators from treated water may have resulted from a com-
bination of the other treatment processes such as coagulation,
sedimentation, flocculation and filtration. Tanner and Ongerth
(1990) have for instance reported that slow sand filtration alone
has the capacity to remove about 99.5% of faecal coliform and
total coliform in raw water. Coagulation and sedimentation can
remove up to 74% of viruses, 87% of bacterial and 94% of algae
(Gimbel and Clasen, 1998). Similar to the findings of this study,
other studies have reported that flow rate and raw water qual-
ity are a major determinant of the efficiency of the treatment
processes to remove the microbial constituents from raw water
(Tanner and Ongerth, 1990; USEPA, 1991).

In terms of flow capacity, water treatment plants with a flow
capacity of over 50 M{/d were more likely to supply water of
improved quality. This remains a major concern as SWTPs by
definition (DWAF, 1996) do not fall into this category and incon-
trovertibly may be less efficient.

The microbial indicators of water quality, such as faecal
coliform counts, total coliform counts and heterotrophic plate
counts are relied upon as predictors of water contamination
by other entero-pathogens (Byamukama et al., 2000). Other
researchers have assessed whether the presence of either of these
indicators could respectively predict the presence of each other
(Edberg and Smith, 1989). Such efforts have yielded varying
results. Riley and Kippin (1983) found that low heterotrophic
counts (0 to 50 CFU/m¢t) could not account for total coliform
counts. Whereas Goshko et al. (1983) found that above 30 CFU/
m{, heterotrophic plate counts had no correlation with total coli-
form counts. The findings of Goshko et al. (1983) corroborates
the findings of this study, as only heterotrophic plate counts of
water at point of use (mean = 40 CFU/mU{) correlated with total
coliform counts. While this remains beyond the scope of this
study, the correlations between the primary microbial water
quality indicators displayed no consistent pattern. Turbidity
was, however, a major predictor of the total coliform counts and
heterotrophic plate counts. This finding accords with similar
studies that have demonstrated strong associations between tur-
bidity, bacterial coliform counts and heterotrophic plate counts
(Goshko et al., 1983; Reilly and Kippin, 1983). This association
has been used to explain the persistence of bacterial coliforms
in chlorinated water with a turbidity values ranging between 3.8
and 84 NTU. The theory behind this is that microbial growth is
most extensive on particle surfaces as a result of the nutrients
absorbed by these particles, thus promoting more active growth
of micro-organisms, compared to their growth in free suspen-
sion (Brock, 1966; Stotzky, 1966).

In conclusion, this study marks the first attempt to document
the intricate and intercalating dynamics of turbidity, current flow
capacity, chlorine dose, pH and ownership of SWTPs on micro-
bial water quality in Limpopo and Mpumalanga Provinces.
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