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. ABSTRACT

i Background: Studies suggest that sulfur may react with plants or monocellular organisms,
Article info: i such as fungi, to produce toxic agents. It has been theorized that sulfur enters cells and
Received: 02 Jan 2022 i affects their respiration. This study reports on a phototroph development that leads to the
Accepted: 27 Jun 2022 i diminution and/or production of sulfur and release of hydrogen sulfide from public ponds.
Online Published: 01 Oct 2022 Methods: This study was conducted in anoxic stabilization ponds at a dimension of 1x(0.25x1

(m), with a hydraulic retention time of 6 days. The ponds’ water was tested during the dark
and light cycles. The experiments were carried out by factorial design and measured three
variables: volumetric organic loading, sulphate concentrations and temperature.

Results: Cyanobacteria and Rhodobacter species were the most abundant phototroph
cellular organisms. The mean value of total sulfur and un-ionized hydrogen sulfide
concentration were 74 mg/L and 21 mg/L, respectively, at the volumetric organic loading
of 100 g BOD,/m’ per day. The efficiencies of biochemical and chemical oxygen removal
were 71.9% and 59.1%, respectively. The mean proliferation rate of photosynthetic sulfur
bacteria was 3.4x10° cells/ml.
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Introduction plants and/or fungi to produce toxic agents [3]. The

main theory is that sulfur enters the exposed cells and

hen sulfur is burned or ignited, it adversely affects their respiratory chain [4]. Habitats

generates toxic gases that can suf- in the ponds are affected by several factors, such as

focate small, land animals such as organic, volumetric loading, physical, chemical, and

rodents, and kills other monocellu- toxic elements. The best studied examples are sulfur-

lar organisms, e.g. fungi, on contact oxygen gradient and sulfur-nitrate counter gradient

[1, 2]. Studies suggest that sulfur may interact with systems. Other described examples are microorgan-
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isms, specialized in using the energy released by the
redox reactions [5]. Also, physiological studies on spe-
cies, e.g. Thiobacillus spp. have been conducted by
culturing them in homogeneous media [6].

Successful facultative pond operation relies on maintaining an
abundance of stable algae populations, and preserving efflu-
ent biochemical oxygen demand (BOD) concentrations [7].
Effective and ample sulfur transformation occurs via micro-
bial activities in anaerobic ponds. Oxidized sulfur (S,) can be
reduced to other elemental species, such as sulfur S°and S-,
and hydrogen sulfide, biologically. Although sulfur is a part
of nutritional substrates, it can cause serious trouble within the
ponds ecosystem [8]. The main problems caused by a high
rate of sulfur production in anaerobic ponds are the odour re-
leased and its effects on the activity of methane fermenting
bacteria. In addition, another problem caused by excessive
concentration of sulfur in the ponds is its toxicity [9]. Changes
in sulfur compounds are caused by basic oxidation-reduction
mechanism. Organic loading rate under anoxic conditions is
considered excessive for a facultative pond but is lower than
that for an anaerobic pond, which is environmentally suitable
for sulfur bacterial activities [10]. As a result of low pH in
anaerobic stabilization ponds, elemental sulfur shifts to hydro-
gen sulfur and remains there for longer periods.

However, in under loaded anaerobic or overloaded fac-
ultative stabilization ponds, the pH is significantly more
alkaline than that of regular ponds. The alkaline pH
causes hydrogen sulfide inhibition; therefore, sulfur does
not occur in the form of hydrogen sulfide and thus, the
odorous emission of H,S is not an issue [ 11]. On the other
hand, the proliferation of phototrophic blue-green algae,
facultative non-sulfur and photosynthetic sulfur bacteria
in eutrophic environments can bring about sulfur and hy-
drogen sulfide oxidation [12]. Based on current literature
reviews, this concept has not been adequately studied.

This study investigated changes in sulfate, sulfide
and elemental sulfur concentrations in the wastewater
of anaerobic stabilization ponds of oil refineries. Our
results revealed that sulfur bacteria, i.e. phototrophs,
can significantly reduce the concentrations of sulfur
and odorous hydrogen sulfide in public ponds through
photosynthetic process.

Materials and Methods

Anoxic stabilization ponds: The study was carried out
in two laboratory scale anoxic stabilisation ponds (ASP)
at a dimension of 1m long by 0.25 m wide by 1 m deep,
and a maximal capacity of 0.25 m? for a retention time of
6 days. Also, we used an ASP lab scale installed 75 cm
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deep into the ponds to examine the effect of depth. The
ponds were during

12 hours of dark and light cycles. For the light cycle,
six halogen lamps (20 watts; Philips, the Netherlands)
were placed 30 cm above the ponds’ surface. The indus-
trial wastewater for this study was provided by Kerman-
shah Petrochemical Wastewater Treatment Plants (Ker-
manshah, Iran).

Study design: This study had a total design of 20 ex-
periments as follows: a) three volumetric organic load-
ing of 30, 65 and 10 g BOD,/m’/d,b) three sulphate
concentrations of 75, 300 and 600 mg/L, at 10°C and
25). Lastly, two experiments were performed with low
organic loadings of 15 g and 25 g BOD,/m*/d, at a mean
concentration of sulfate at 55+5 mg/L. The actual opera-
tional parameters are presented in Table 1.

Analytical methods: The measurable study parame-
ters included: In-pond dissolved oxygen (DO) and the
temperature were determined by a Y54 Oxygen Meter
with specific DO probe and thermometer. The pH and
oxidation-reduction potential (ORP) were measured by a
Kent pH meter (WTW InoLab, Model 7110; Germany).
Determinations of sulfate and sulfur were made based
on the previously published methods [13], and algal
biomass in terms of chlorophyll-a was assessed accord-
ing to the method explained by Zavrel, et al [14]. Algal
cells and purple sulfur bacteria were quantified based on
another previous study [15]. Bacterio-chlorophyll-a was
measured by the detection and estimation of photosyn-
thetic sulfur bacteria, using the method of Kosumi, et al
[16]. Sulphate-reducing bacteria were quantified by the
recommended medium of Korenblum [17].

Results

Relationship between Total sulfur and Independent
Variables: Initially, there was a significant effect of volu-
metric organic loading and influent sulfate concentra-
tion versus sulfur (S°, HS", H,S) generation. However,
the effect of each parameter, if studied separately, was
relatively weak. Secondly, the effect of sulfur concen-
trations was strong over the range of influent sulfate
concentration, from 100 mg/L to 325 mg/L. Thirdly, the
sulfur generation relied on temperature, because it had a
strong effect on the biological activity of the sulfate re-
ducing bacteria. Reportedly, the rate of sulfur generation
increases by 7% when the temperature rises up to 30°C
at anaerobic conditions [18]. This is equal to approxi-
mately doubling the reaction rate for every 10°C increase
in temperature.

Almasi et al. Photosynthetic Microorganism's Proliferation. Iran J Toxicol. 2022; 16(4):259-266
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Table 1. Characteristics of operational parameters

October 2022, Volume 16, Number 4

Volumetric organic loading (BOD/m?3/d)

Inf. Sulphate Concentration (mg/L)

Temperature (°C)

Applied 25°C 10°C
15 300 75 55 235
25 300 100 55 23
75 10
30 300 100 300 25
600
75 10
65 300 100 300 25
600
75 10
100 300 100 300 25
600

BOD: biochemical oxygen demand

This study demonstrated that the sulfur concentration
increased with every rise in the anoxic ponds’ tempera-
ture. The sulfur concentration in the ponds rose with an
increase in the volumetric organic loading, from 65 and
100 g BOD,/m’ per day at the influent sulfate concen-
trations of 100, 325 and 550 mg/L. There was no sig-
nificant difference in the sulfur concentration build-up
throughout the study under cool conditions.

Data in Figures 1 and 2 demonstrates that the sulfur con-
centration in the anoxic pond rose sharply from 14 to
26.67 mg/L between the volumetric organic loadings of
30 g BOD/m’ per day, and 65 g BOD/m? per day at the
influent sulphate concentration of 100 mg/L under warm
conditions. The sulfur concentration did not change
significantly at a volumetric organic loading of 100 g
BOD,/m* per day under the same temperature. How-
ever, the sulfur concentration in the pond increased with
a rise in the influent sulphate concentrations, from 100
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mg/L to 325 mg/L. The sulfur build-up occurred at both
operating temperatures. A simple regression analysis of
the data means demonstrated that there was a weak cor-
relation (r=0.47) between sulfur production and sulfate
concentration. Consistent with the findings of an earlier
study [19], if sulfate was in excess, the rate of sulfur
generation remained relatively independent of the sul-
fate concentration.

The sulfur accumulation in the ponds rose particularly
at dawn, with volumetric organic loading of around 65 g
BOD/m? per day (650 kg BOD/hectare/day), at an influ-
ent sulfate concentration of 300 mg/L. In the presence
of light; however, the sulfur accumulation decreased by
photosynthetic bacteria and, consequently, the noxious
odor release was negligible when the light was shining.

—o—25
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Figure 1. Variation of total sulfide in the anoxic pond filled with industrial wastewater
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Figure 2. Variation in phototrophic microorganisms in the anoxic pond

Role of photosynthetic sulfur bacteria: The photo-
synthetic sulfur bacteria proliferated in the ponds that
contained the volumetric organic loading of more than
30 g BOD/m? per day and less than 100 g BOD/m? per
day. The data indicated that the independent operational
parameters created suitable conditions for the growth of
the microorganisms. The mean number of counted sulfur
bacteria in the stabilization ponds was 3.4x16 cells/mL
with the volumetric organic loading of 30 g BOD /m’
per day at the influent sulfate concentration of 325 mg/L
under warm conditions. The data indicated that the max-
imum sulfur and hydrogen sulfide generations occurred
during the night and dawn. Of note, hydrogen sulfide
concentration increased with a rise in sulfur accumula-
tion, which account for its corrosive and odorous effects.

The adverse effects of hydrogen sulfide; however, may
be minimized significantly, using photosynthetic sulfur
bacteria in the presence of light in the anoxic pond. How-
ever, this beneficial effect may not occur under anaerobic
condition. Our findings have revealed that the concentra-
tions of sulfur and hydrogen sulfide increase with a rise
in organic loading in the absence of light illumination.
This would be a great benefit for the use of anoxic ponds
versus the anaerobic ones. Anaerobic ponds are known
to generate noxious odour and cause corrosion due to
the continual release of hydrogen sulfide. Comparing the
effluent sulfur concentrations generated during the dark
period with that of three hours after the light exposure
clearly indicates that photosynthetic sulfur bacteria are
able to play a significant role in sulfur removal. Table
2 reflects the values of sulfur and hydrogen sulfide to-
ward the effluent in the anoxic ponds with and without
the light exposure. The findings of this research during
the 24-hour dark versus light illumination at the anoxic
ponds provide valuable evidence for the beneficial activ-
ity of photosynthetic sulfur bacteria in the removal of
sulfur residues and the noxious effects.

The role of phototrophic sulfur bacteria provides a good
reason why the ponds which are located between faculta-
tive and fully anaerobic sites are preferred over anaero-
bic ones, mainly due to their noxious odor. This study
revealed that a thick layer of scum developed over the
surface of the ponds, which resulted in a reduction in the
population of phototroph microorganisms. Specifically,
this occurred at a volumetric organic loading of 100 g
BOD/n?’® per day at the influent sulphate concentrations
between 300 to 600 mg/L. Consequently, under these
conditions, the depletion of sulfur did not occur signifi-
cantly by its oxidation secondary to photosynthesis.

Biological species in the ponds: A reduction in the
algal population followed by increases in the sulfate-re-
ducing bacteria and the development of photosynthetic
bacteria in wastewater stabilization ponds. This event
does not mean that the last habitat, were tolerable, rather
it indicates that photosynthetic sulfur bacteria prevent
sulfur build-up in the ponds. These microorganisms
oxidize sulfur and hydrogen sulfide (H,S), and utilize
organic matter in the presence of light. These organisms
prevent the formation of hydrogen sulfide on water sur-
face of the facultative ponds during daylight.

Table 3 represents the data for the ecological changes
in phototrophs. This Table shows reduced algal biomass,
in terms of chlorophyll-a, and the variation in purple sul-
fur bacteria, supporting the argument for the presence of
photosynthetic sulfur bacteria. Table 3 also provides the
mean values of chlorophyll-a and bacterio-chlorophyll-a
in the anoxic ponds for each experimental run. The eco-
logical species in the anoxic stabilization ponds were also
examined microscopically. The algae in the anoxic ponds
were predominantly Chlamydomonas and Euglena with
occasional presence of blue-green algae. Nitzschia, a
diatom, was also present abundantly at areas of high sul-
phate concentrations. Paramoeciums were the predomi-

Almasi et al. Photosynthetic Microorganism's Proliferation. Iran J Toxicol. 2022; 16(4):259-266
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Table 2. The mean value of effluent sulfur concentration at SO,300 mg/L

Volumetric organic loading Morning Afternoon

((Tzﬁ';f r’:z :’e)) B Total H,S PHS  EfTot. H,S "PH,S
S mg/L mg/L (ppm)  Smg/L mg/L ppm

30(10°C) 20 75 2.19 700 25 7.7 0.21 a4

60(10°C) a5 7.35 6.35 2058 15 75 1.85 378

100(10°C) 60 7.15 11.5 4111 41 7.4 6.31 1185

30(20°C) 15 7.4 1.79 574 10 75 12 263

60(20°C) 30 7.3 4.59 1488 20 7.4 27 540
100(20°C) 40 7.2 7.16 2295 35 7.4 5.6 1078

BOD: Biochemical oxygen demand. 'PH,S: Partial pressure of H,S at equilibrium

nant protozoa. Further, Vorticella and Cholpoeda were Where:

sometimes observed. Although we found various spe-

cies of sulfur bacteria, Chromatium gracile, Chromatium
vinosum and Thiocapsa roseopersicina were the pre-
dominant populations. Sulphate reducing bacteria were
common, particularly in areas of high organic loadings
and influent sulphate concentrations. Facultative photo-

[S]=Total sulfur concentration inside pond at mid depth
early in the morning (mg/L).

A =Volumetric organic loading in gram of BOD /m’ per
day.

trophic purple non-sulfur bacteria (Rhodopseudomonas
capsulatus) were quantified microscopically. Beggiatoa
and colourless sulfur bacteria were usually apparent on

[PH_S]=Partial pressure (ppm) of hydrogen sulfide at
equilibrium.
the surface of the ponds. Nematodes and insect larvae

were also observed on the top layers of the ponds, t=Water temperature ("C) in the pond at its mid depth.

So=The combined sulphate and sulfur in the influent

(mg/L).

Mathematical models for sulfur generation and
odor release: The following mathematical models were
obtained after the multiple regression and multivariate
analyses of the effects of volumetric organic loading, in-
fluent sulfate concentration and pond temperature versus
the pond sulfur and hydrogen sulfide contents (Equation
1):

[S]=-7 +0.4,+0.25°+0.54t (r=0.84

1. [H:S]=-3+0.12,+0.045°-0.08t (r=0.84

[Py,s] =-1645+26.67 ,+9.535°+29.28t

[H,S]=Unionized hydrogen sulfide in the pond water
(mg/L).

r=Multiple regression correlation coefficient.

The above mathematical models for sulfur build-up in-
dicated that its accumulation relied on temperature, vol-
umetric organic loading and the influent inorganic sulfur.
The coefficient for each parameter supported the role on
sulfur build-up inside the pond. Based on the obtained
values, the effect of temperature was more than that of

(r=0.85

Table 3. Mean concentrations of chlorophyll-a, and bacterio-chlorophyll-a

Mean+SD

Volumetric organic loading, kg/ha/d

Chlorophyll-a Bacterio-chlorophyll-a
150 2010+195 40+25
250 1750+165 94+45

ha: hectare; d: day

Almasi et al. Photosynthetic Microorganism's Proliferation. Iran J Toxicol. 2022; 16(4):259-266 263
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volumetric organic loading (VOL). Also, the effect of
VOL was more than that of the influent inorganic sulfur.

Environmental impact of sulfur on ponds equi-
librium and ambient air: The main source of odor in
stabilization ponds is hydrogen sulfide, which is gener-
ated anaerobically. In anoxic ponds, the influent sulfate
and sulfur led to the accumulation of sulfur ions. This
condition caused the equilibrium with hydrogen sulfide
[20]. In addition, the concentration of hydrogen sulfide
at equilibrium is dependent on the water pH. At pH val-
ues above 7.5, the majority of the sulfur is in the form
of odorless bisulfate. While at pH values below 7.5,
the equilibrium rapidly shifts to the formation of non-
ionized H,S, its amount is about 80% at pH 7 [21]. The
rotten eggs smell can easily be detected at the level of 1
ppm in the air but not at higher concentrations of H,S.
Some algal species can multiply at the sulfur concentra-
tions of 8 to 16 mg/L, whereas others are inhibited at the
concentrations of 1-2 mg/L [22].

Discussion

The results of hydrogen sulfide obtained in this study
was based on the measurement of total sulfur, pH and
pond temperature. The calculated H,S concentrations
are presented in Table 2. The released hydrogen sulfide
varied from 0.07 to 21 mg/L in the anoxic pond con-
tents, while the H S concentrations varied from 0.05 to
20 mg/L in the effluent, when measured in the momn-
ing. There were high concentrations of sulfur and con-
sequently hydrogen sulfur at dawn at low pH values
(<7.5). This indicates that odorous emission is a problem
in anoxic ponds but this problem may be worse in an-
aerobic ponds. This is because the accumulated sulfur
shifted to the formation of unionized hydrogen sulfur
due to the low pH [23].

In this study, although the panel test was not found reli-
able for odour assessment, the sulfur contents and, con-
sequently, the hydrogen sulfide concentration estimated
in the pond were used as an indication of the odor. The
environmental problems, such as odor, and the irritation
of eyes, nose and throat experienced by people cannot
be ignored. These are commonly those who work at a
short distance from the ponds where the volumetric or-
ganic loadings and influent sulfate are delivered at high
concentrations. Experiments at the volumetric organic
loadings of 30 and 65g¢ BOD_/m® per day produced low
odor at the end of dark period (dawn), as observed by the
authors frequently.
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Odour became a serious, permanent and problematic
issue at higher volumetric organic loadings under an-
aerobic conditions, when the generated sulfur accumu-
lated in the anoxic stabilisation ponds. The release of hy-
drogen sulfur, particularly early in the morning created
much offensive odor. This was confirmed by those who
worked in the laboratory near the ponds for a long time
and complained about the odour, causing nose block-
ing, eye irritation, headache and burning sensation in the
throat. The investigators were also aware of unpleasant
odor mainly at the end of the dark period. Again, this
occurred particularly when the high volumetric organic
loadings were delivered. However, due to poor or lack of
light penetration, the anaerobic conditions are not suit-
able for the phototrophs to utilize sulfur.

Lastly, anoxic ponds are likely to be preferable to an-
aerobic ponds, because of having low odorous and cor-
rosive effects, and receiving efficient treatments and
maintenance. This may be the case if there is negligible
sulfur accumulation at the end of the night and if the
odor is not objectionable during the day. In that case, the
anoxic ponds may be preferred over anaerobic ponds as
a better alternative to treat wastewater loadings at an in-
fluent sulphate concentration of less than 500 mg/L.

Conclusions

This study provided evidence that hydrogen sulfur is
problematic in the wastewater of organic stabilization
ponds in the presence of light at dawn, although most
of it appeared to be consumed by photosynthetic sul-
fur bacteria. The biological population of phototrophs
changed significantly with increasing volumetric organ-
ic loadings. Also, algal genera changed from Euglena
to Chlamydomonas with excess loadings and shifted to
photosynthetic sulfur bacteria. The species in the high-
load facultative and low-load anaerobic, i.e., anoxic
ponds also changed from algae to purple sulfur bacteria
at increasing influent sulphate concentrations. However,
these changes were not as much evident as they were
in the case of volumetric organic loadings. The photo-
synthetic sulfur bacteria were predominantly of Chro-
matium vinosum and Thiocapsa roseopersicina genera,
with some Chromatium okenii observed occasionally. In
addition, purple, non-sulfur bacteria (Rhodopseudom-
nas capsulatus and Rhodopseudomonas spharoid) were
present concurrently with photosynthetic sulfur bacteria
during the sulfur oxidation. The illumination of bright
light on the wastewater in the anoxic stabilization ponds
enhanced the chemical reduction of sulfur by the photo-
synthetic sulfur bacteria.

Almasi et al. Photosynthetic Microorganism's Proliferation. Iran J Toxicol. 2022; 16(4):259-266
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