Comparative study of the removal of sulfate by UASB in light and dark
environment
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Abstract

At present, the application of sewage treatment technologies is restricted by high sulfate
concentrations. In the present work, the sulfate removal was biologically treated using an upflow
anaerobic sludge blanket (UASB) in the absence/presence of light. First, the start-up of UASB for
the sulfate removal was studied in terms of COD degradation, sulfate removal, and effluent pH.
Second, the impacts of different O}f)eration parameters (i.e., CQD/SO42_ ratio, temperature and
illumination time) on the UASB performance were explored. Third, the properties of sludge derived
from the UASB at different time were analyzed. Results show that after 28 days of start-up, the COD
removal efficiencies in both the photoreactor and non-photoreactor could reach a range of 85-90%
while such reactors could achieve > 90% of sulfate being removed. Besides, higher illumination time
could facilitate the removal of pollutants in the photoreactor. To sum up, the present study can
provide technical support for the clean removal of sulfate from wastewater using photoreactors.
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Introduction

As important raw materials, sulfur and sulfur compounds
have been widely used in industries (e.g., mining, landfill
leachate, molasses, papermaking, pharmaceuticals, leather
and petrochemicals), which results in the production of
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wastewaters simultaneously containing rich sulfate and
chemical oxygen demand (COD) [1]. In such waters, the
content of sulfate can reach hundreds or thousands of
mg/L [2]. The discharge of polluted sulfate wastewater is
daily increasing since the industrialization process contin-
ues to dominate much of the world. High sulfate content
may lead to a sequence of serious environmental com-
plications (e.g., pipes and equipment scaling and metal
corrosion); for example, the sulfur cycle can be disturbed
via changes in salinity and pH of water caused by the pres-
ence of sulfate [3] while aquatic organisms which can only
sustain limited water salinity may be negatively influenced
by water salinization caused by high sulfate concentrations
[4]. Besides, sulfate can be converted into H,S through
sulfate-reducing bacteria under anaerobic environment,
in which H,S has detrimental impacts on human health
and the environment. More importantly, laxative effects
may be caused once prolonged intake of waters contain-
ing 500-750 mg/L of sulfate [5]. Due to long incubation
periods and handling problems, it is extremely difficult to
treat wastewater containing high sulfate concentrations,
which has become one of the biggest environmental prob-
lems around the world [6]. Thus, it is essential to conduct
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effective removal of high-content sulfate from wastewater
prior to its discharge into the water bodies.

The commonly used technologies for sulfate removal
include biological, chemical, and physical (e.g., multi-
effect evaporation crystallization, adsorption and ion-
exchange) methods, among which the chemical and physi-
cal processes are subjected to treat wastewaters containing
high concentration of sulfate and may lead to secondary
pollution with high capital input [7, 8]. Hence, anaerobic
biotechnology is deemed one of the most economical and
energy-efficient technologies for effective sulfate removal
[9]. Sulfate-reducing bacteria (SRB) are often used for
treating sulfur-containing wastewater, where their well
control can achieve positive treatment of domestic waste-
water [10]. However, sulfate could be easily reduced by
SRB to $?7, HS™ and H,S under anaerobic environment,
where such substances are not only highly corrosive, but
also toxic to humans, animals, plants, and a variety of
microorganisms [11, 12]. At wastewater treatment, anaero-
bic microbes can be inhibited by sulfide in a concentra-
tion range of 100-200 mg H,S-S/L [13]. Thus, further
treatment of sulfide should be considered while treating
high-concentration sulfate wastewater.

In previous studies, it was found that photosynthetic
bacteria (PSB) (e.g., Rhodopseudomonas, Thiopedia,
Ectothiorhodospira, Chromatium, and Chlorobium) can be
cultivated using carbon source and sulfide as an electron
donor through anoxygenic photosynthesis, as demonstrated
by the equation: CO, + H,S — S°+ fixed carbon [14, 15].
In this scenario, PSB can conduct (in) complete oxidation
of sulfide within or outside the cell [16]. Besides, the bio-
logical removal of sulfate is often conducted in anaerobic
sequencing batch reactor (AnSBR), anaerobic membrane
bioreactor (AnMBR), and upflow anaerobic sludge blanket
(UASB) [17], which has long residence time and produces
a large amount of surplus sludge [18]. PBS also has the
unique advantages in organic degradation from high pol-
lution-load wastewater; for example, PSB could effectively
remove COD, phosphate, and nitrate while it could also
be used as fertilizer and fish feed, thus reducing the costs
related to sludge disposal [19, 20].

Inspired by the content discussed above, the removal
of sulfate from wastewater was carried out using SRB
and PSB in a 4.8-L UASB under anaerobic conditions.
Through long-term operation, we compared the perfor-
mance difference between the photoreactor and non-
photoreactor to determine whether the photoreactor can
achieve better results. Then the impacts of carbon—sulfur
ratio (COD/SO42_), illumination time, and temperature on
the degradation efficiency of SO,*~ were explored to inves-
tigate the appropriate conditions. Thus, this study aims to
present a novel approach for treating sulfate-containing
organic wastewater.

Materials and methods
Experimental setup

As shown in Fig. 1, the main body of the 4.8 L-UASB was
made of plexiglass material while the inner ring was made of
ordinary transparent glass material, in which the height was
600 mm. Besides, the bottom part and three-phase separator
were made of stainless-steel materials, while a fine mesh
plastic film was hung on the glass wall of the reactor. In
this experiment, the water was fed through the peristaltic
pump with a flow rate of 5 mL/min. Four same reactors were
employed in the study, in which 1* and 2* reactors (i.e., pho-
tobioreactors) were operated using 18 W fluorescent lamps
while 3% and 4" reactors (i.e., non-photobioreactors) were
considered as the control group without light input.

Apart from this, start-up of the reactor adopted the influ-
ent flow rate of 5 mL/min with hydraulic retention time
(HRT) of 16 h. At the beginning of the experiment, the
influent COD concentration was 1000 mg/L with a volume
loading rate of 1.5 kgCOD/(m>d) while the influent content
of SO,2~ was 250 mg/L, in which the COD/SO,*" ratio was
kept in a fixed value of 4 (Table 1).

Apart from this, the reactors were then operated at dif-
ferent parameters including temperatures (25-40 °C), COD/
SO42_ ratios (4, 2.5 and 1.7) and illumination time (6-24 h)
to identify the changes in concentrations of sulfate and
COD, and pH values. In the present study, a three-phase
separator was designed to isolate air by water seal, so that an
anaerobic or low oxygen state was formed within the reactor.

Fig. 1 Diagram of UASB in the present study. 1: influent tank (8 L);
2: peristaltic pump; 3: UASB (4.8 L); 4: effluent collection tank (8 L);
5: air collector bag; 6: daylight tube; 7: water inlet; 8: reserved port;
9: sample connection; 10: overflow port; 11: overflow tank



Table 1 Operating parameters

o X Operating Influent COD  Volume loading rate  Influent sulfate Loading rate of HRT (h)
during start-up stage time (days)  (mg/L) (kgCOD/(m’d)) (mg/L) S0, (kgS0,2/(m’d))
1-15 1000 1.5 250 0.375 16
16-26 2000 3 500 0.75 16
2740 3000 4.5 750 1.125 16
41-51 4000 6 1000 1.5 16
52-63 5000 7.5 1250 1.875 16
Table 2 Composition of the artificial wastewater every 2 days. Besides, gas and sludge samples were collected
Component ~ Concentra-  Component Concen- at various stages for further analysis.
tion (mg/L) tration
(mg/L) Measurement method
C¢H,;,0, 910 Na,SO 370 .
Nil gl 6 %0 M; ol 46H o 254 The influent and effluent COD, sulfate, and pH were ana-
4 2-0H, . . .
lyzed during the experiment. COD was determined by potas-
KH,PO, 20 Trace element solution 0.5 mL/L Y £ p y P

Moreover, the introduction of harmful heavy metals and ani-
ons to the reactors was avoided to ensure biological safety.

Influent composition and inoculated sludge
characteristics

The inoculated granule sludge in this experiment was
derived from an anaerobic reactor in a wastewater treatment
plant (Wuhan, China), in which the suspended solid (SS)
and volatile suspended solid (VSS) of the granule sludge
were 60.1 and 46.9 g/L, respectively. After inoculation,
the sludge concentration was 9.77 VSS/L while the initial
sludge load was 0.15 kg-COD/kg-VSS in the UASB. Artifi-
cial wastewater was used as the influent in the experiment,
in which C¢H,,04, NH,Cl, and KH,PO, were used as the
carbon, nitrogen, and phosphorus sources, respectively, with
the influent COD:N:P ratio of 250:5:1. Na,SO, was utilized
as the sulfate source, while NaHCO; was employed to adjust
the pH to ensure that the influent pH was about 7.5. The con-
centration of SO,>~ can be altered by adjusting the quantity
of sodium sulfate utilized. Some trace elements were also
added to the influent, such as Mg>*, Ca®*, Fe>*, Zn**, Co*",
Ni?*, Mn**, and Cu?*, while the composition of the influent
is shown in Table 2.

Sampling

10 mL of effluent was daily collected from the four reactors
using sterile syringes via dedicated sample ports for test-
ing, after which a 0.45 pm filter membrane was utilized for
filtration before measuring the content of COD and SO42_,
and pH value. The COD concentration and solution pH were
measured every day while the content of SO42_ was tested

sium dichromate titration [21]. The concentration of sulfate
was measured by an ion chromatograph (ICS-90A; Dionex,
USA) equipped with the AG18 column (Dionex Ion-Pac™
AGI18, 4 x50 mm, USA). The portable biogas detector
(BM14097; Geotechnical Instruments, UK) was used to
detect the gas composition, thus detecting the percentage
content of CH,, CO,, O, and the instantaneous concentration
of H,S. The properties of sludge were analyzed, including
sludge settling velocity (SV), sludge concentration (MLSS),
volatile sludge concentration (MLVSS), sludge volume index
(SVI), and sludge ash content. Furthermore, the properties
of granular sludge were analyzed by field emission scanning
electron microscopy (FESEM; Nova NanoSEM450, FEI,
Netherland) and environmental scanning electron micros-
copy (ESEM; Quanta 200, FEI, Netherland) [22].

Results and discussion
Start-up of UASB

At the start of the experiment, the COD and SO,*~ loads
were incrementally increased while maintaining a controlled
COD/ SO,*™ ratio of 4. During Stage I, the influent COD
concentration was 1000 mg/L and the reactor was operated
for 15 d. After the stabilization of the system, the COD load
kept gradually increasing to 5000 mg/L with the overall
start-up period of 64 d.

As depicted in Fig. 2, in the first 15 d, when the influent
COD content was 1000 mg/L, the effluent COD values in
the two reactors were nearly the same, showing a downward
trend. This indicates that the microbial community structure
of the anaerobic system was the same at the beginning in the
photoreactor and non-photoreactor, in which no significant
difference caused by light conditions was achieved. From
28 d, the COD removal efficiency of each reactor tended to
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Fig.2 Time course of the removal efficiency of COD (a) and sulfate
(b), and effluent pH (c). The influent COD concentrations of Stage
-V were 1000, 2000, 3000, 4000, and 5000 mg/L, respectively, with
the COD/ SO,.> ratio of each stage at 4

be stable, indicating that the UASB was started successfully
[23]. Besides, on 38 d, there was a significant difference in
effluent COD concentration between the photoreactor and
the non-photoreactor, where the former reactor could obtain
much higher COD removal efficiency (>90%) than that in
the latter (60-70%). This may be attributed to the sulfide
production caused by the sulfate reduction. In the photoreac-
tor, sulfur-oxidizing photosynthetic bacteria can effectively
remove sulfide from the reactor [24], thus reducing its toxic
effect on other heterotrophic microorganisms. As a result of
this, the COD removal by heterotrophic microorganisms in
the photoreactor was negligibly affected.

Since the inoculated sludge used in the present work was
derived from a mature and acclimated sulfate wastewater

reactor, the SO,>~ content in the effluent was rapidly stabi-
lized and maintained at a low concentration at the initial stage
of operation. As the influent SO,*>~ concentration increased,
its removal efficiency increased from 30 to 90%, indicating
that SRB in the inoculated sludge were abundant and showed
high bioactivity. After 28 d, the SO,>~ concentration in the
effluent of the two reactors was relatively stable with a value
of less than 100 mg/L, suggesting that the SRB flora of the
two reactors had reached a stable state. Besides, the effluent
SO,*~ concentration and removal rate of SO, in the photo-
reactor and non-photoreactor were the same, indicating that
the presence of light may have no significant influence on the
activity of SRB. However, light may have some indirect effects
on methanogens and acetogenic bacteria because the effluent
COD/SO,*" ratio in the non-photoreactor was higher (20) than
that (10) in the photoreactor. In the two reactors, the SRB com-
munity remained stable, while the activity of methanogens and
acetogenic bacteria gradually decreased. As the experiment
proceeded, the accumulation of PSB under light conditions
made the system more stable, which could facilitate the COD
removal. Simultaneously, for the non-photoreactor, methano-
gens and acetogenic bacteria were negatively affected to some
extent, so the system stability was lower than that under the
light condition.

It can be seen from Fig. 2 that the effluent pH value (Eff.
pH) of each reactor fluctuated to a certain extent. From 1 to
30 d, the effluent pH value of the two reactors was lower than
the inlet value, ranging from 6.7 to 7.5. On 31 d, the effluent
pH value of photoreactor and non-photoreactor showed an
obvious difference, in which the effluent pH value of photo-
reactor was higher (7.5-7.8) than that (6.5-7.2) derived from
the non-photoreactor. This indicates that the UASB under
light conditions was in a more stable state. The low pH of
the effluent in the non-photoreactor may be attributed to the
accumulation of sulfide. Sulfate reduction produces biotoxic
sulfides. However, in non-photoreactors, there were fewer
sulfur-oxidizing photosynthetic bacteria, which can lead to
sulfide accumulation [24]. Sulfides can be toxic to methano-
gens, hindering metabolic processes and making fatty acid
degradation ineffective, which can lead to a decrease in pH.

Each reactor can achieve a stable operational state, pro-
viding a foundation for further investigation into the effects
of various factors. Furthermore, the COD removal efficiency
and effluent pH value of the photoreactor were significantly
higher than those of the non-photoreactor, indicating the
superior performance of the photoreactor.

The influence of different conditional parameters
CoD/S0,?

" ratio

Theoretically, the complete reduction of SO,*" to sulfide
through SRB requires COD/SO,~ ratio of 0.67 [25]. There



is competition between SRB and other bacteria such as
PSB, methanogens, and acetogens for organic carbon
sources, so COD/SO,>" ratio is always higher than the
theoretical value to ensure the complete reduction. In
the experiment, the impacts of COD/SO42‘ ratio (4, 2.5
and 1.7) on the UASB performance were explored under
light conditions at the influent pH of 7.5, temperature of
35+ 1 °C, and HRT of 16 h. The influent COD concentra-
tion was 5000 mg/L while the SO,*~ content was increased
to achieve the desired COD/SO,*" ratios.

As shown in Fig. 3b, the removal efficiency of
S0,*" decreased from 90 to 75% as the COD/SO,*~ ratio
reduced from 4 to 1.7. The possible reason for this is that
the growth of SRB was restricted because there were not
enough electron donors for sulfate reduction, thus declin-
ing the sulfate removal efficiency [26]. The removal effi-
ciency of SO,*" still maintained a relatively high removal
efficiency and was relatively stable during the process of
COD/SO,>~ decreasing from 2.5 to 1.7. It could be seen
that SRB may have sufficient electron donors (i.e., organic
carbon source) as COD/SO,*~ > 2.5, in which the reactor
maintained a relatively stable state and had higher sulfate
removal efficiency. In contrast, the SO42_ concentration
was relatively high and organic concentration was insuffi-
cient at COD/SO42_ <2.5, so the sulfate reduction process
through SRB was subjected to unavailable carbon source.
As a result of this, the removal efficiency of SO42 declined.
Interestingly, as the COD/SO,>~ decreased from 2.5 to
1.7, the SO,>~ removal efficiency had a slight increase
because low COD/SO,>~ could facilitate the competition
of SRB for substrates with other bacteria, thus improving
the SO42_ removal [27]. Some previous studies also con-
firmed that sulfide-induced inhibition may result in lower
sulfate removal rate at low COD/SO42_ <2 [28-30].

Besides, the COD removal efficiency was higher in
the photobioreactor when compared to the reactor in the
absence of light, since both SRB and PSB could contribute
to the degradation of COD in the presence of light, thus
increasing the COD removal efficiency. More inhibition of
COD removal was observed in the non-photobioreactor as
COD/S0O," ratio was reduced. The possible reason for this
is that SRB may predominate at COD/SO,>~ ratio of less
than 2.0 when compared to methanogens [31]. This may
also be attributed to the increase in the sulfide content of
the intermediate product of sulfates [6]. In this scenario,
the physiological metabolism of SRB for organic removal
was suppressed by the increase in the sulfide concentration
while the photoreactor could utilize PSB to oxide partial
sulfide to mitigate such inhibition effects. It should be also
noted here that the inhibition derived from sulfide may
also negatively affect the methanogens [32] and lower their
ability to decompose fatty acid, thus decreasing the pH.
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Fig.3 The removal efficiency of COD (a) and SO42_ (b) and the
changes of Eff. pH value (c) of each reactor under different COD/
SO, ratios

Consequently, the effluent pH values were much lower in
the non-photoreactor.

Temperature

SRB can be divided into strict psychrophilic, moderate psy-
chrophilic, cold-tolerant mesophilic and moderate meso-
philic bacteria, and the optimal temperature is generally
28-35 °C [33]. Most sulfur-oxidizing bacteria and metha-
nogenic archaea metabolize under medium temperature. In
the present study, the effect of temperatures (i.e., 25, 30,
35, and 40 °C) on the UASB performance was studied. The
influent COD value of each reactor was 5000 mg/L, the
influent SO42_ concentration was 1250 mg/L, the influent



pH was controlled at 7.5, and the illumination time of the
photoreactors was 24 h.

As shown in Fig. 4b, the SO,>~ removal efficiencies of
each reactor at four temperatures were all over 90% with
negligible difference. This indicates that the temperature
range may have insignificant impacts on the SRB metabo-
lism. However, Dong, Wang, Gao, Di, Wang, Guo, Hu, Gao
and Wang [34] and Kushkevych, Dordevi¢ and Vitézova [35]
determined the temperature suitable for SRB growth while
Wang, Peng, Fan and Li [36] also reported that the reduc-
ing efficiency of SRB for sulfate increased with increasing
temperature. Moreover, the removal efficiencies of COD in
the two reactors were higher at 35 °C while the lowest COD
removal efficiency was obtained at 40 °C. This is because
higher temperature may inhibit bacterial metabolism and

f1ofd 25¢ | 30T TR § 45°C
> A
A 4552

B seapaadtaniastitets
3 i e S
% : ’0§§§} A}
2 0 %sssasetrees’ i
s | s ' oot
£ 40 : H ¢
o ; H :
8 24 5 : —A— photoreactor
5] : : e— non-photoreactor

0 T T T T T T =| T T ; T

T T T
10 12 14 16 18 20 22 24 26 28 30

o
N
>
(=]
@

Time (d)
f,00d0) 25Cc i 3C i 3T | 45T
3 . "—*:n:x?::l?":‘:—: —o—4—22—22
c i i
3 80 - : i i
t ' ' i
o 1 1 '
= 604 :
> : : :
) ! i ;
g 40 - ] i i
=
° ; ; :
& 24 : ; —A— photoreactor
; —e— non-photoreactor|

o

T T T T T T t T T T
10 12 14 16 18 20 22 24 26 28 30

o
N
>
(=]
©

Time (d)
8.5 - - .
() 25c i 30T ; 35C 45?
8.0 % '
A Aa NP a
L5 Y Ay ‘} At d }%%
S e ekl Al ¥
E 709 \ § @ \$ g ! § '3
$ +o '
6.5 :
‘ ! —A— photoreactor
6.0 : —e— non-photoreactor|
5'5 T T T T

1lo 1I2 1|4 1I6 1I8 zlo 2I2 2|4 2I6 ZIS 30
Time (d)
Fig.4 The removal efficiency of COD (a) and SO42‘ (b) and the

changes of Eff. pH value (c) of each reactor under different tempera-
tures

thus negatively affect the degradation of COD [37]. The
effluent pH of each reactor was relatively stable in the tem-
perature range of 25-40 °C. Furthermore, the effluent pH
values of the two reactors were increased at 40 °C when
compared to the other temperatures, which may be attributed
to the evaporation of partial volatile fatty acids out of the
reactors [38].

Illumination time

Under the condition of controlled light intensity, it is impor-
tant to study the influence of light time because the PSB
could effectively remove sulfide to reduce the toxic effect of
sulfide on methanogenic archaea [39], thus improving the
removal efficiency of COD. Therefore, photosynthetic bac-
teria are the key to the effective removal of COD and stable
operation of anaerobic system. This experiment used 18-W
fluorescent lamp as the light source with the light intensity
of about 6500 1x and illumination time of 624 h. Besides,
the influent COD and SO,*~ concentrations of each reactor
were 5000 and 1250 mg/L, respectively, while the influent
pH was about 7.5 and the incubator temperature was 35 °C.

As shown in Fig. 5a, as the illumination time decreased
from 24 to 6 h, the removal efficiency of COD in the pho-
toreactor decreased from 90 to 85%. It could be also seen
that the illumination duration was proportional to the COD
removal efficiency. The possible reason for this is that light
directly affects the growth and metabolism of PSB [40],
which plays an active role in COD degradation. In this
scenario, as the illumination time was shortened, the meta-
bolic capacity of PSB was weakened and the COD removal
efficiency was, thus, reduced. The removal efficiency of
SO, ions decreased as the illumination time reduced from
24 to 6 h, in which the removal efficiency of SO,*~ in the 2*
reactor decreased to < 85% at the illumination time of 6 h.
This is because the metabolic activity of PSB could be weak-
ened and harmful substances may be, thereby, accumulated
in the reactor, which affects the degradation of sulfate by
SRB [41]. Furthermore, the effluent pH value was decreased
at lower illumination time and the illumination duration was
proportional to the effluent pH value. As discussed above,
the activity of PSB decreased at lower light time, which
may lead to the accumulation of sulfide. In this scenario, the
bioactivity of bacteria such as methanogenic archaea was
inhibited during the utilization of decomposition products
of glucose (e.g., fatty acids). As a result of this, such acidic
substances would be kept within the reactor and thereby
reduce the effluent pH values. San Martin, Puyol, Segura,
Melero and Martinez [42] also found similar results in their
study of photoanaerobic system.

It should be noted that the COD removal efficiency of the
photoreactor was significantly higher than that of the non-
photoreactor under different operating conditions. However,
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Fig.5 The removal efficiency of COD (a) and SO42‘ (b) and the
changes of pH value (c) of each reactor under different illumination
time

there was no significant difference in the sulfate removal effi-
ciency. The efficiency of the photoreactor in treating sulfate-
containing organic wastewater was demonstrated, where it
was found that effective removal of COD and sulfate can be
obtained at the COD/SO,*" ratio of 4, 24-h illumination time
and operating temperature of 30 °C.

Gas composition analysis

The gas derived from the UASB was collected at Time I
(start-up period, Stage V) and Time I (COD/SO,*" ratio of
1.7), respectively, after which they were measured by port-
able biogas detector. As shown in Table 3, the percentage
of CH, content in the reactors was the highest, followed by
CO, and O,. The high O, content may be ascribed to the
lax sealing of the three-phase separator, leading to the entry
of external oxygen. Jing, Hu, Niu, Liu, Li and Wang [43]
reported that HRT and organic loading rate can highly affect
the gas production and they achieved the methane percent-
age in the range of 70-80% in the biogas. The percentages of
CH, and CO, in the photoreactor were significantly higher
than that in the non-photoreactor. This indicates that the
light condition could facilitate the degradation of organic
matter in the anaerobic reaction system, and the activity
of methanogenic archaea and acetic acid bacteria in the
photoreactor was higher than that in the non-photoreactor.
Besides, the H,S flow rate measured by the biogas detector
indicates H,S may account for a large proportion of other
compositions of the gas. H,S is poisonous to methanogens
since it can penetrate into cell membranes to inactivate
proteins and enzymes, which seriously influences organic
degradation and sulfate removal [44]. Thus, rational control
of H,S emission can facilitate the further use of biogas and
mass metabolism. Moreover, it was found that the gas pro-
duction rate of the photoreactor is significantly higher than
that of the non-photoreactor, suggesting that the light can
maintain higher activity of the microorganisms in the whole
reaction system [45].

Energy spectrum analysis of reactor products

Photos for the reactor were recorded at Time I (start-up
period, Stage V), Time III (COD/SO42_ ratio of 2.5) and
Time IV (temperature of 25 °C), respectively. As depicted
in Fig. 6, it can be seen that at Time I, the photoreactor
showed a pink color, and there were black attachments on
the reactor wall. At Time III, the color in the photoreactor
was deepened to reddish-brown with a wide range of red dis-
tribution, while the attachment of the photoreactor wall also
increased significantly. At Time IV, after the light time was
6 h, the color in the photoreactor became lighter, and more
objects were attached to the wall of the reactor. In contrast,

Table 3 Gas composition of

Reactor Time CH, (%) CO, (%) 0O, (%) H,S (ppm) Other (%)
each reactor
Photoreactor Time [ 37.4 16.6 8.0 >9999 38.0
Time II 35.5 20.1 7.0 >9999 374
Non-photoreactor Time I 24.3 11.6 11.6 >9999 52.5
Time IT 22.8 9.2 10.1 >9999 57.9




Fig.6 Characteristics of photo-
reactor at Time I (a), Time III
(b), and Time IV (¢), and non-
photoreactor at Time IV (d)

the non-photoreactor did not appear red or pink and the reac-
tor walls were not attached with thicker black materials. This
indicates that the production of red or brown substances in
the reactor may be caused by light. It was reported that most
of the PSB are red, pink, and reddish-brown, so it is inferred
that the red substances in the photoreactor are PSB [46].
Besides, it can be seen that there are black attachments on
the walls of each reactor, and they increase with the increase
of running time. According to the influent characteristics and
reaction conditions of this experiment, it is inferred that the
black substance may contain FeS [47].

Light yellow or white substances also accumulated in
the three-phase separator of the reactor, as shown in Fig. 7.
More specifically, white or light-yellow solid substances
appeared in the sludge at the bottom of the photoreactor

Fig.7 Solid accumulation in
three-phase separator of photo-
reactor (a—b) and non-photore-
actor (c—d) at Time IV

at Time IIT while such substances did not appear in the
non-photoreactor. Furthermore, there was obvious accu-
mulation of light-yellow solid matter in the photoreactor
at Time IV while there was also a layer of light-yellow
solid substance floating on the water surface. There was
only a very small amount of yellowish solids in the non-
photoreactor, and very little yellowish material on the
water surface. Overall, light conditions could promote the
formation of such white or light-yellow solids. According
to the physical properties of the solid, it can be inferred
that the substance was sulfur [48]. To further identify the
substance, the samples were analyzed by SEM-EDS. It
can be seen from Fig. 8 that the energy spectra of the two
reactors showed the appearance of sulfur with a high per-
centage of the solid [49].




Sludge characteristic analysis
Sludge biofacies analysis

The sludge collected at Time I and Time III was analyzed by
FESEM while the ESEM was used to characterize the sludge
collected at Time V (temperature of 40 °C). As can be seen
from Fig. 9, the inoculated granular sludge was spherical
or ellipsoidal with uneven surface structure. The structure
of the inoculated sludge was relatively uniform with high
surface porosity, while the individual bacterial morphology
was not obvious. At Time I and Time III, the individual bac-
teria morphology could be observed, in which most bacteria
in the photoreactor were short rod-shaped bacteria with a
few Micrococcus while the non-photoreactor could detect
Bacillus and Sphaerobacterium with some Spirillum. As
depicted in Fig. 9, the sludge structure in the photoreactor
was tight at Time V, in which a large number of rod-shaped
bacteria entangled to form bacteria clusters. In contrast, the
sludge structure was fluffy in the non-photoreactor at Time
V, where no bacterial micelles were detected with bacillus
and globular bacteria mostly existing, and filamentous bac-
teria co-exiting. To sum up, the light condition had a great
influence on the sludge in the reactor, promoting the increase
of microorganisms and forming stable bacterial micelles.
This also indicates that the light condition could make the
microbial community structure in the reactor more stable
due to the mitigation of inhibition effects by the presence of
H,S, which facilitates the degradation of pollutants. Simi-
larly, Liu, Wang, Zhang, Zhou and Yan [50] also found that
light can promote the enrichment of dominant bacteria and
improve community stability and degradation performance.

Sludge proliferation analysis

Yong, Yongzhen and Shuying [51] believed that well con-
trol of sludge height can improve effluent quality and opera-
tion stability. In the present study, the sludge height in the
reactors was measured. It can be seen from Fig. 10 that the
amount of sludge in the photoreactors increased with time
while the amount of sludge in the non-photoreactor showed
a decreasing trend. Furthermore, it can be concluded that
the light condition was conducive to the sludge proliferation
of the anaerobic system, making the system more stable.
The results also confirmed that the light conditions could
improve the removal of pollutants in the reactor.

Sludge index analysis

The sludge’s SV, MLSS, SVI and MLVSS were measured as
well as the ash content of sludge. As shown in Table 4, SV,
MLSS, and MLVSS of the sludge in the photoreactor were
much higher than those in the non-photoreactor, indicating
that the sludge content and concentration in the photoreac-
tor were higher than those in the non-photoreactor. The SVI
in the light condition was lower than that in the absence
of light, indicating that the sedimentation performance of
sludge in the photoreactor was better than that in the non-
photoreactor [52]. Furthermore, the sludge ash of photoreac-
tor was significantly higher than that of non-photoreactor,
which indicates that the inorganic content of sludge in the
photoreactor was higher than that in the non-photoreactor
[53]. This is because the light could promote the degrada-
tion of substances (e.g., H,S) that inhibit the growth and
metabolism of bacteria in the reactor [54, 55].
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Fig.8 SEM-EDS images of solids derived from the photoreactor



Fig.9 FESEM images of
inoculated sludge (a), sludge of
photoreactor (b) and non-pho-
toreactor (c) at Time I; sludge
of photoreactor (d) and non-
photoreactor (e) at Time III; and
ESEM images of photoreactor
(f) and non-photoreactor (g) at
Time V. (all the images were
obtained at different magnifica-
tions [65, 10,000, and 20,000
times from left to right])
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Fig. 10 Sludge height variation over time in each reactor

Table 4 Analysis of sludge index of each reactor

Index Photoreactor Non-photoreactor
SV (%) 89 19

MLSS (g/L) 31.59 6.68

SVI (g/L) 2.834 2.844

MLVSS (g/L) 20.89 3.57

Sludge ash (%) 0.341 0.466
Conclusion

In this study, the UASB was first started up and then deter-
mined the effect of COD/SO42' ratio, illumination time,
and temperature on the pollutant removal and sludge char-
acteristics. Photoreactor had better ability to remove COD
and sulfate when compared to non-photoreactor, where the
concentration of COD and sulfate could be significantly
reduced at the COD/SO,*™ ratio of 4, 24-h illumination
time and operating temperature of 30 °C. Furthermore,
photosynthetic sulfur bacteria were detected in the pho-
toreactor as well as elemental sulfur. The bacteria in the
sludge were mostly rod and globular bacteria with a small
amount of spiral bacteria and filamentous bacteria. Under
the condition of light, the number of bacteria in the granu-
lar sludge increased significantly and formed a relatively
stable bacterial colloidal group. Further efforts should be
made to analyze the microbial community structure and
gene expression in the photoreactor, clarify the internal
mechanism of photoreactor’s excellent performance, and
reveal the transformation pathway of sulfur-containing
substances in the system. These efforts will promote the

industrial application of the system and improve the treat-
ment of sulfate-containing organic wastewater.
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