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Abstract The effect of algal density on faecal coliform
(FC) decay under conditions of light and darkness were
monitored in low and medium strength wastewater and in a
‘mixture of treated and raw wastewater’ depicting condi-
tions of a variety of dissolved organic compounds. Rates of
decay of FC varied in darkness with varying chlorophyll-a
concentrations, supporting the hypothesis that algae may
produce substances that are toxic to FC. The first empirical
evidence that an optimum chlorophyll-a concentration
(10 £ 2 mg Lfl) for maximum FC destruction in waste-
water exist is reported. Rate of decay was higher in
medium strength wastewater compared with low strength
wastewater at higher algal densities of >13.9 mg L™'
chlorophyll-a both in light and in darkness, while addition
of fresh wastewater to an ongoing wastewater treatment
process may lower the rate of FC decay for a wide range of
algal densities (0.6-19.6 mg L"), under light conditions.
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Introduction

Algal growth in wastewater treatment ponds leads to
increases in pH and dissolved oxygen concentration which
may render the aquatic environment hostile to faecal
coliforms (FC). Curtis et al. (1992) showed that sunlight
damaged FC in waste stabilization ponds, the rate of
damage being proportional to the oxygen concentration.
Sunlight inactivation of Escherichia coli is known to
increase strongly with pH greater than 8.5 (Davies-Colley
et al. 1999). In addition, pH also acts synergistically with
dissolved oxygen in a process known as photo-oxidation to
achieve die-off of FC (Maynard et al. 1999). Van der Steen
et al. (2000) showed that light attenuation occurs at high
chlorophyll-a concentrations and rapid algal growth that
occurs in tropical regions may compromise the gains of
increased pH and oxygenation. They hypothesized that
optimum chlorophyll-a concentration of algae may exist
whereby maximum FC die-off is achieved. This was
however not proven by experimentation. Ansa et al. (2011)
showed using laboratory-simulated lake conditions that an
optimum algal density where maximum FC is inactivated
could exist in a eutrophic lake but this hypothesis had not
been tested in wastewater treatment systems. One of the
objectives of this study is to test whether there indeed exist
optimum chlorophyll-a concentration for maximum
FC decay in domestic wastewater treatment under batch,
laboratory conditions.

The role of organic matter in FC removal in domestic
wastewater is still a subject that is not well understood.
Dissolved organic matter (DOM) in domestic wastewater,
depending on its origin, may act as sensitizers, absorbing
long wavelengths of electromagnetic radiation and trans-
mitting it to faecal bacteria cell membranes leading to their
subsequent destruction (Curtis et al. 1992; Sinton et al.
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2002). At the same time, some DOM could inhibit short
wavelengths in waste stabilization ponds (Curtis et al.
1994; Maynard et al. 1999) and also promote FC survival
by providing their carbon and energy needs (Bouteleux
et al. 2005). Based on the BOD, Metcalf and Eddy (2003)
classified raw domestic wastewater as low strength or weak
(110 mg L"), medium strength (200 mg L™") and strong
(400 mg LY. As the concentration of sensitizers affects
die-off of FC (Curtis et al. 1992), and would vary in
wastewater of different strengths, it is hypothesized that the
effect of algal biomass on FC die-off would vary in
wastewater of different strengths. This phenomenon is not
reported in literature. Algal cells release low molecular
weight DOM by secretions and autolysis and the rate of
release of these DOM varies with algal density and envi-
ronmental conditions (Wetzel 2001). As algal organic
matter (AOM) enhances the survival of FC (Bouteleux
et al. 2005), depending on the variety of individual DOM
present, DOM may either support the survival or destruc-
tion of FC. This is what occurs in full scale stabilisation
ponds. In order to simulate real pond conditions in a batch
laboratory experiment, a wide variety of DOM is expected
to be present in mixing raw and partially decomposed
wastewater. It is therefore suggested that a ‘mixture’ of first
and second feeds of domestic wastewater (consisting of
domestic wastewater that had undergone some decompo-
sition or treatment and raw domestic wastewater, respec-
tively) would comprise of DOM of varying quality and
quantity and as such should affect the rate of inactivation of
FC differently from having either of the two wastewater
types. This study aims to understand in addition to the
objective mentioned above, the effect of varying concen-
trations of algal biomass in low/weak and medium strength
wastewater on FC removal under batch laboratory condi-
tions and how this effect is affected by a ‘mixture’ of first
and second feeds of raw domestic wastewater depicting a
variety of organic matter.

Materials and methods
Algae culture and preparation

Algae were grown in the laboratory by inoculation of
nutrient solution (APHA 2005) with laboratory stock of
Chlorella sp. obtained from Wilson Group Inc., USA
(Wilson Group 2010) under light of wavelength
380-780 nm provided by a powerstar HQI-BT 400 lamp.
Culture solution contained 13.5 mg L' of nitrogen and
22 mg L' of phosphorus in the form of nitrate and
phosphate, respectively, and kept at 20-25°C temperature
conditions. Resulting algae were harvested after 14 days,
sieved using 250- and 90-um mesh nets and concentrated
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by centrifugation at 1,000 rpm for 30 min into a thick algal
paste. Raw domestic wastewater (characteristics shown in
Table 1) from the inlet of a wastewater treatment plant at
Hoek van Holland, The Netherlands, was stored in a
refrigerator for 4 h before using it for the experiments.

Optimum algal density determination

Algal paste was used to inoculate 20 Erlenmeyer flasks
containing 200 mL of raw wastewater. The averages of the
initial and final concentrations of algae in the flasks after
7 days of incubation were as follows: 0, 1.2, 1.7, 6.7 and
17.5 mg L' of chlorophyll-a, determined using NEN
6520 (1981). Control flasks had no algae. The various algal
incubations or treatments had corresponding initial FC
concentration of 823 x 107, 825 x 10°, 8.27 x 107,
8.32 x 107 and 8.41 x 107 cfu 100 mL™". Six replicates
of each treatment were randomly arranged on a shaker
(model GFL 3019) and run at 120 rpm. The six replicates
were kept under alternating light and dark conditions. In
the light condition, the replicates were kept 0.8 m below
the HQI-BT 400 lamp for 16 h per day. In the dark con-
ditions, the replicates were covered with four layers of
black polyethylene sheet. After 24 h of incubation, samples
were taken from each flask, and pushed through syringes
fitted with needles to detach any attached bacteria (Ansa
et al. 2009) and results (not reported here) showed that FC
numbers before and after detachment were statistically
comparable and were therefore not attaching to algae.
Faecal coliform numbers, dissolved oxygen concentra-
tion and pH were monitored using the spread plate tech-
nique (APHA 2005) on chromocult agar medium incubated
for 24 h at 35-37°C (Finney et al. 2003), portable
WTW330 oxygen meter and WTW340 pH meters,
respectively. Decay rates of FC K, for the different treat-
ments were determined for the period of incubation and
these were statistically compared using independent sam-
ple ¢ test of SPSS 12.0 statistical package. The decay rates,

Table 1 Physico-chemical characteristics of influent wastewater
from January to November 2009

Parameter (mg Lfl) Value

TSS 242 + 53
BOD 163 £ 46
Nitrate nitrogen BDL
Nitrite nitrogen BDL

Total Kjeldahl nitrogen 36.7 £ 10.8
Total phosphorus 72 £2.1

Source (HHR 2009)
BDL below detectable limits, n = 28
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K4 were calculated from the regression line of the first
order decay equation (1) (Marais 1974):

InN; = —K4t + InN, (1)

where

N; = FC count per 100 mL at a time ¢

N, =FC count per 100 mL at the start of the
experiment

t = Time (days) of incubation

Faecal coliform decay in low and medium strength
wastewater

In order to compare how FC decay rates vary with varying
algal biomass in wastewater of different strengths, the
procedure outlined above was repeated using low strength
wastewater (LSW) (78 £ 19 mg L~' BODs) and medium
strength wastewater (162 & 46 mg L~' BODs) at the
same time and conditions. Algal concentrations were
deliberately chosen to differ from concentrations of pre-
vious experiment so as to be able to observe the effect of
these algal concentrations as well. To obtain LSW, raw
wastewater, classified as medium strength (MSW) based on
the BOD (Metcalf and Eddy 2003), was diluted in the ratio
of 1:1 by adding an equal volume of demineralised water
(Awuah et al. 2004). After inoculation of wastewater with
algal paste, the following algal concentrations: 0, 3.2, 13.9,
and 20.0 mg L' chlorophyll-a were obtained for both
LSW and MSW. Control flasks had no algae. Starting
FC concentrations of MSW were 7.70, 7.76, 7.86 and
7.96 x 107 cfu 100 mL™" for the respective algal treat-
ments. Monitoring of dissolved oxygen concentration, pH,
FC and determination of Ky and its statistical analysis were
done as mentioned in the previous experiment.

Effect of second feed of raw wastewater on faecal
coliform decay

The effect of a mixture of a 10-day treated wastewater and
a second feed of raw wastewater on FC decay was inves-
tigated to understand how this unique composition of
wastewater affects FC decay. The experimental set-up
above was repeated except for the range of algal concen-
trations chosen (0, 0.6, 1.7, and 19.5 mg L! chlorophyll-a),
starting FC concentrations (3.70, 3.71, 3.72 and 3.82 x
107 cfu 100 mL™", respectively) and period of incubation
(10 days). The above algal concentrations were chosen
based on the results of previous experiments which show
that big differences are likely to be revealed by that range
of algal density. The 10-day period of incubation was
chosen in order to observe any possible changes that might
occur after 7 days of incubation. After 10-day incubation

(end of phase one), additional 200 mL of raw wastewater
was added to each flask (as beginning of phase two).
Monitoring of dissolved oxygen concentration, pH, FC and
determination of K, for phases one and two and its statis-
tical analysis were done as mentioned in the previous
experiments. BOD concentration of incubations was not
monitored as withdrawal of samples for BOD analysis,
volume-wise, would interfere with the assessment of FC
decay and therefore dissolved oxygen profile was used to
explain possible changes in BOD.

Results
Optimum algal density determination

In light algal incubations, pH and dissolved oxygen con-
centrations were higher than those in darkness and excee-
ded 10.0 and 8.5 mg L™, respectively (Fig. 1). The rate of
FC decay varied with varying chlorophyll-a concentrations.
An optimum curve (R2 = 0.80, n = 24), with maximum
decay rates occurring at 10.0 & 2 mg L™" chlorophyll-a
was observed. Lower decay rates were associated with high
chlorophyll-a concentrations (Fig. 1). Algae still had an
effect on FC decay in darkness. A positive linear correla-
tion was observed between chlorophyll-a concentration and
decay rates in darkness (R2 = 0.77, n = 30), with lower
decay rates associated with lower chlorophyll-a concen-
trations. For all the chlorophyll-a concentrations used,
significantly higher die-off rates of FC were observed in
light compared to darkness (p < 0.001, Fig. 1). Variation
in the ¢ value when light and darkness decay rates were
compared using the students ¢ test suggests a complex
interaction of light with other factors such as pH and DO to
achieve die-off.

Decay of faecal coliform in low and medium strength
wastewater

Mixing of wastewater with demineralised water to prepare
low strength wastewater aerated the light and darkness
incubations even before the start of the experiment and
stirring of incubations also introduced some atmospheric
oxygen into the incubations. Comparable values of pH and
DO over time were observed in LSW and MSW in light and
darkness, respectively (Fig. 2). Generally, decay rates in
light were significantly higher than that in darkness for both
LSW and MSW (Fig. 3). At higher algal densities
>13.9 mg L™ in light, significantly higher decay rates were
observed in MSW compared to LSW (p < 0.05). Optimum
algal densities (algal densities for maximum decay of FC) in
light were different for LSW and MSW occurring at 3.2
and 13.9 mg L™ chlorophyll-a concentrations, respectively.

Dislase cllod dao .
KACST a,0xétlg roglel @ Springer



90

Appl Water Sci (2012) 2:87-94

Fig. 1 Conditions of pH (a),
dissolved oxygen concentration
(b) and rates of faecal coliform
decay, K, (c) at different
chlorophyll-a concentrations
during period of incubation in
light and darkness, taken at 74 i
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Decay rates occurring at the optimum algal densities for
LSW and MSW were, however, comparable statistically. At
chlorophyll-a concentration of 20.0 mg L™" in darkness,
decay rates in MSW were higher than in LSW. Below this
algal density (20.0 mg L™"), comparable decay rates were
observed for LSW and MSW in darkness (Fig. 3).

Effect of second feed of raw wastewater on faecal
coliform decay

Introduction of second feed of wastewater led to lower
values of pH and DO in light. In darkness, pH and DO
levels before and after second feed of wastewater were
similar (Fig. 4). Decay rates of FC in phases 1 and 2 were
compared. Lower decay rates were observed in phase 2
incubations exposed to light (Fig. 5). The survival or decay
of FC in experiments kept in darkness was not affected by
the second feed of wastewater.

Discussion
Optimum algal density

Considering the concentrations of algae used in this
experiment, rates of decay of FC were higher in light than
in darkness (Fig. 1). The present work including some
recent work (Shilton et al. 2008), shows that light plays an
important role in the inactivation of FC contrary to some
earlier work that disputed this (Maynard et al. 1999).
Higher decay rates were observed in the presence of algae
and the differences in decay rates can be attributed to the
differences in chlorophyll-a concentration. Decay rates
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increased with increased chlorophyll-a concentration till a
certain optimum (10 + 2 mg L™") after which decay rates
decreased with increased chlorophyll-a concentration
(Fig. 1). Algal presence leads to pH elevation and
increased oxygen concentration, both of which are bacte-
ricidal to FC (Davies-Colley et al. 1999; Awuah et al.
2001). Decay rates of FC have been observed to increase
with increased dissolved oxygen concentration (Curtis
et al. 1992). Curtis et al. (1992) explained that in the
presence of light, toxic forms of oxygen molecules are
produced (notably peroxides and singlet oxygen), which
increase in concentration with increased DO concentration.
These toxic forms of oxygen are injurious to bacteria,
particularly its cytoplasmic membrane. They also observed
that light-mediated damage of FC is highly sensitive to
elevated pH values which enables light of wavelengths
>425 nm (in the presence of a sensitizer) to damage the
bacteria. This may explain the increases in decay rates with
increased pH and DO concentrations. At high chlorophyll-a
concentration, algal presence could lead to light attenua-
tion, with highly turbid systems having greater attenuation
thus reducing the effect of shorter wavelengths of elec-
tromagnetic radiation (Van der Steen et al. 2000), leading
to lower decay rates of FC.

Effect of algae in darkness

Increased FC decay rates in darkness with increased
chlorophyll-a concentration suggest an effect of algae even
in darkness. As pH and dissolved oxygen concentrations in
algal incubations were similar or comparable, a factor such
as an algal toxin or inhibitor that is released during lyses of
algal cells (Wetzel 2001; Maynard et al. 1999), and whose
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Fig. 2 Conditions of pH and
dissolved oxygen concentrations
in low (LSW) and medium
strength wastewater (MSW)
inoculated with algae and T
monitored at 10.00-11.00 a.m. o
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Fig. 3 Decay rates of faecal coliforms, K4 in low (LSW) and medium
strength wastewater (MSW) inoculated with algae and monitored at
10.00-11.00 a.m.

—e&— MSW, darkness

concentration increases with increased chlorophyll-a con-
centration may be inactivating FC. The role of algal toxin
in the inactivation of FC is still a subject of great debate
(Maynard et al. 1999) and this observation gives credence
to the existence of such toxins that inactivates FC.

Decay of faecal coliform in low and medium strength
wastewater

At chlorophyll-a concentration <3.2 mg L™, decay rates
in LSW and MSW were comparable (Fig. 3). At higher
chlorophyll-a concentrations (>13.9 mg L"), decay rates
of FC were higher in MSW than in the LSW. At chloro-
phyll-a concentration of <3.2 mg L™', both LSW and

o
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MSW had pH increasing up to a maximum of 10.7 and
11.1, respectively (Fig. 2). These were higher than the
critical pH of 9-9.5 that is bactericidal to FC (Maynard
et al. 1999). The oxygen concentration ranges of 7.9-8.6
and 7.8-8.8 mg L™' for LSW and MSW, respectively,
were also comparable. The higher decay rates of FC in
MSW can therefore be attributed to the higher organic
matter present in the MSW. Some wastewater-derived
DOM acts as sensitizers absorbing light energy and passing
on this energy to oxygen radicals, resulting in the damage
of FC (Maynard et al. 1999) and some sensitizers can
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themselves injure the cytoplasmic membrane of FC
directly (Sinton et al. 2002). Some DOM such as AOM
may however promote FC survival by supplying its carbon
and energy needs (Bouteleux et al. 2005) and this may
explain why the optimum algal densities (algal densities for
maximum decay of FC) in light were different for LSW
and MSW occurring at 3.2 and 13.9 mg L™", respectively.
Algal cells release DOM by secretions and autolysis and
the rate of release of these DOM increases with increased
chlorophyll-a concentration (Wetzel 2001). Thus, the
optimum algal densities may occur at concentrations of
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algae which may have a net higher concentration of sen-
sitizers as wastewater-derived organic matter as opposed to
concentration of growth-promoting organic matter.

Effect of second feed of raw wastewater on faecal
coliform decay

The effect of a mixture of dissolved organic compounds
(created by mixing a 10-day treated wastewater with raw
wastewater) on FC rate of decay was investigated.
Increased pH and oxygenation led to higher rates of FC
decay during phase one light incubations containing algae
(Fig. 4) as was also reported earlier in this paper and also
by Awuah (2006). The buffering capacity of the raw
wastewater lowered the pH during phase two and
increased organic matter content depleted quickly the
dissolved oxygen concentration leading to lower pH and
dissolved oxygen concentration and consequently lower
decay rates of FC (Fig. 4). Addition of raw wastewater
also introduced additional nutrients and organic substrates
and therefore extra carbon and energy sources which may
enhance the survival of FC (Van der Steen et al. 2000).
Expectedly, decay rates in darkness before and after sec-
ond feed of wastewater did not vary much as sufficient
carbon sources may be present in the wastewater for the
use of FC.

Conclusions

e In light, FC rate of decay increased with increased
chlorophyll-a concentration till a certain optimum
chlorophyll-a concentration (10 £ 2 mg L"), after
which FC decay rates decreased. The optimum chlo-
rophyll-a concentration is affected by wastewater
strength and the quality of dissolved organic com-
pounds present in the raw wastewater. Increase in the
quality of dissolved organic compounds through a

second feed of raw wastewater led to lower rates of FC
inactivation.

e At algal densities >13.9 mg L™ in light, rate of decay
of FC is higher in MSW than in LSW. The highest rate
of decay in LSW occurred at 3.2 mg L™" in light, while
that of the MSW occurred at 13.9 mg L™" chlorophyll-a
concentration, respectively. These have implications
for pond designs as ponds with optimal algal densities
would tend to be more efficient in FC removal.

e In darkness, algae produced a substance which inacti-
vated FC. Further investigations are needed to ascertain
the kind of substance produced.
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