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removal in a high sulfate
volumetric loading micro-aerobic bio-reactor and
study of subsequent bio-sulfur adsorption by iron-
modified activated carbon

Ziyu Liu,a Rong Xue, *a Yunqian Ma,ab Lihua Zang,a Jiasheng Zhuanga

and Guangsong Lua

Removal of sulfide from a micro-aerobic bio-reactor was studied at 10 000 mg L�1 chemical oxygen

demand (COD) of inlet water, with the sulfate volumetric loading 0.75, 1.0, 1.5 and 2.0 kg (m�3 d�1),

respectively. Tentatively, activated carbon (AC) as an adsorbent was modified in positively charged iron

to adsorb bio-sulfur through electrostatic interaction. At an O2/S molar ratio of 8–10, the reactor was

sufficient to decrease the sulfide in the effluent and biogas to low levels at the sulfate volumetric loading

of 2 kg (m�3 d�1). After iron-modified, the specific surface area of AC was form 32.4 m2 g�1 to 65.0 m2

g�1, and the zeta potential was 25.3 mV at pH 7.0. The XRD pattern of the iron-modified activated

carbon (FeAC) explained that the metal species of iron was Fe3O4. It could be clearly seen that there was

Fe3O4 on the surface of the FeAC, and sulfur particles with a large particle size were adsorbed by the

FeAC on the SEM figures. And the XRD pattern of the bio-sulfur explained that the bio-sulfur was made

up of S8 (91.444%), C3H4N2OS (1.491%) and CH5N3S (7.075%). The zeta potential of bio-sulfur was

�25 mV and the particle size was mainly distributed at the average diameter of 1935 nm at pH 7.0.
1. Introduction

Industries such as petroleum rening, natural gas processing,1

pharmaceuticals, pulp and paper,2 petrochemical, livestock
farming,3 tannery operations, mining processes4 and food pro-
cessing (molasses, seafood, edible oils, etc.) produce wastewater
with a higher level of chemical oxygen demand (COD) and
sulfate concentrations. If this kind of wastewater is untreated or
improperly disposed of, it might have serious impacts on the
environment, such as corrosion of the equipment, loss of
essential trace metals, soil acidication, and toxic hydrogen
sulde gas emission.5–8 Currently, the anaerobic bio-process has
become one of the most effective means of treating wastewater
with high level sulfate.9 However, sulfate and other compounds
containing sulfate will be reduced to produce sulde in anaer-
obic wastewater treatment.10 The resulting sulde produces an
unpleasant odor, corrodes the material, affects human health
and degrades the quality of methane (especially the sulde
content in methane exceeds 0.7%).11 The physicochemical
processes have been developed specically for the treatment of
large volumes of water contaminated by gaseous sulfur streams
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or high concentrations of sulfur compounds.1 However, most
physicochemical technologies require high doses of chemicals
and consume a lot of energy, and these lead to high operating
costs especially for small-scale applications.12,13 In contrast, the
method of sulde removal by directly introducing moderate air
into an anaerobic bioreactor system has shown attractive
advantages: without catalyst, low sludge yield and potential
recovery of bio-sulfur.

The feasibility of introducing air directly into the micro-
aerobic bio-reactor system to remove sulde have been
demonstrated in the treatment of sulfate-rich wastewater.9

When the low air ow rate (0.7–0.9 m3 m�3 d�1) is introduced to
the low-sulfate wastewater system, the H2S concentration in the
biogas decrease sharply, and the sulfate concentration decrease
to a acceptably low range. The results indicate that bio-sulfur
have been produced.14 The introduction of a small amount of
fresh air into the anaerobic system promote microbial activity,
diversity, and co-biochemistry in the anaerobic reaction
process.1 However, the inuence of volumetric sulfate loading
rate on anaerobic system is rarely studied in the micro-oxygen
conditions.

The biological oxidation of sulde is related to sulfur
oxidizing bacteria (SOB). The colorless SOB is a kind of usual
SOB in most wastewater treatment system, and O2 is widely
used as nutritional supplement electron acceptor for colorless
SOB growth. The reaction carried out by colorless sulfur
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematic diagram of the experimental setup: (1) dosing tank,
(2) feed pump, (3) fine bubble aeration, (4) three-phase separator, (5)
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bacteria to complete the biological oxidation of the sulde is
described in eqn (1)–(3).15,16

H2S + 0.5O2 / S0 + 2H2O DG0 ¼ �209.4 kJ per reaction (1)

S0 + 1.5O2 + H2O / 2SO4
2� + 2H+ DG0 ¼

�587.1 kJ per reaction (2)

H2S + 2O2 / SO4
2� + 2H+ DG0 ¼ �798.2 kJ per reaction (3)

As in the case of chemical oxidation of hydrogen sulde, the
formation of polysulde is rstly carried out in the bio-
oxidation, and then polysulde is oxidized to bio-sulfur S0.16

Actually, sulte with oxygen as the main electron acceptor is
oxidized to sulfate at last. Monitoring of the sulfur removal
kinetics of the SOB biomass conrmed that the nal oxidation
product of sulde depends on the ratio of dissolved oxygen (DO)
to sulde concentration.17–19 If the oxygen dose is properly
controlled, the SOB can oxidize the sulfur compound to S0.20 If
the oxygen is excessive, the biological sulfur would be further
oxidized to thiosulfate, sulte and sulfate. Therefore, it is
necessary to strictly control the ratio of oxygen to sulfur
concentration in order to obtain more bio-sulfur and decrease
the concentration of sulfate and sulde. But it has not been well
solved that how to separate biological sulfur simply and effec-
tively from biological system.

A. J. H. Janssen etc.21 reported the use of thiobacillus to
oxidize hydrogen sulde to obtain bio-sulfur, and compared
colloidal sulfur particles with standard sulfur solutions. The
results showed that the bio-sulfur particles produced by thio-
bacillus oxidized hydrogen sulde were in the submicron range,
and colloidal solution was formed. The particles were
composed of bio-sulfur core and coated natural charged poly-
mer, and showing hydrophilcity with negative charge. The
produced sulfur is mostly recovered by precipitation–extrac-
tion–distillation. This type of method is complicated and
increases the risk of biological treatment stability because of the
amount of biological sludge lost. Activated carbon (AC) is
a common adsorbent material, but is unsuitable for adsorb bio-
sulfur because of its adsorption capacity. Metal modication
can change the potential of activated carbon and increase the
specic surface area, which can obviously improve its adsorp-
tion performance. Iron is a mineral nutrient essential for the
growth and reproduction of microorganisms, and also is an
activator of enzyme activity. It can increase the permeability of
cell membranes to accelerate the absorption rate of nutrients.
Therefore, iron-modied activated carbon (FeAC) may release
a small amount of iron ions to promote microbial growth. At the
same time, iron ions may also react with sulfur ions to form
precipitates and the effect benets the removal of suldes.
Activated carbon loaded with iron might be a nice choice. There
are several methods for loading metals onto carbon materials,
such as impregnation, blending, and sol–gel. The impregnation
method is simple and widely used. But it has some defects, such
as low loading capacity, blockage in micropore and poor
dispersion of active components.22 So it is necessary to intro-
duce a number of auxiliary methods in the preparation of
This journal is © The Royal Society of Chemistry 2020
materials to overcome these defects. Ultrasonic vibration is
ideal for this purpose. Bianchi23 found that the dispersion of Pd
was more uniform when ultrasonic vibration was introduced
into the impregnation process to prepare Pd-loaded activated
carbon. Research by Yu showed that ultrasonic oscillation
increased the ratio of mesopore area to BET surface area.24

Therefore, it is reasonable to impregnate iron into activated
carbon under ultrasonic to obtain the iron-modied activated
carbon with positive charge to adsorb the biological sulfur at
the pH of the reactor.

Based on these backgrounds, the study presented in this
paper aims to investigate whether micro-oxygen conditions can
continue to keep under the high volumetric sulfate loading rate
and try using FeAC to recover bio-sulfur. The physicochemical
properties of activated carbon and bio-sulfur were studied by
means of XRD, SEM-EDS, N2 adsorption/desorption, zeta
potential and gravimetry.
2. Materials and methods
2.1 Reactor and substrate

The reactor system was up-ow anaerobic reactor with an
effective volume of 10 L. The experimental setup is shown in
filter, (6) outflow circulation pump, (7) folded plate.

RSC Adv., 2020, 10, 14542–14549 | 14543
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Fig. 1. In order to obtain inoculated sludge rich in methano-
genic (MPB) and sulfate reducing bacteria (SRB), anaerobic
sludge was cultured in the laboratory for many years. The mixed
liquor suspended solid (MLSS) in the reactor was about
600 mg L�1. The peristaltic pump was circulated at a ow rate of
40 mL min�1 to allow the generated bio-sulfur to pass through
the lter. The hydraulic retention time (HRT) was 2 days and the
operational temperature was 33.0 � 2 �C. The generated biogas
was collected into the Teon bag, and the volume of the
collected gas was measured by a liquid displacement method.
The sulfur balance and reactor operation were regularly moni-
tored by measuring and analyzing the liquid and collected gases
(sulde, sulfate, bio-sulfur, biogas composition and chemical
oxygen demand).

2.2 Modication of activated carbon

First, the initial AC (18 mesh) was immersed in deionized water
for 24 hours, and then was washed repeatedly to remove the
impurity until the washed-water had been clear. That indicated
that the impurities attached to the surface of the activated
carbon had been substantially removed. Aer that, the cleaned
AC was placed in an oven at 105 �C for 2 hours to be dried, then
was cooled to room temperature for storage in package.

FeAC was prepared in an ultrasonic impregnation process as
follows:

� 200 mg of AC was mixed with 20 mL of reagent solution,
which containing 0.25 mol L�1 of Fe3+ solution with the pH of
12.

� The AC was kept in the reagent solution for 150 min at the
diffusion condition with ultrasonic frequency of 45 Hz, and
then stirred at a constant speed of 100 rpm for 23 hours.

� Aer the process of ultrasonic impregnation and general
stirring, the samples were rinsed with deionized water to
eliminate residual chemicals.

� Finally, the product FeAC was obtained aer being dried
and cooled to room temperature.

2.3 Reactor start-up and operation

The reactor was run for approximately 200 days with synthetic
wastewater (composition as shown in Table 1) and the inow
was maintained at pH 6.5. The entire operation period of the
reactor was divided into ve phases: the start-up stage (0–30
days), stage A (31–60 days), stage B (61–110 days), stage C (111–
150 days) and stage D (151–200 days). The start-up stage was
fully anaerobic environment and stage A, B, C and D weremicro-
Table 1 Substrate compositions

Constituents Concentration (mg L�1)

SO4
2� (K2SO4 as sulfate source) 500, 1000, 1500, 2000, 3000 a

COD (glucose as carbon source) 10 000
K2HPO4 170
NH4Cl 955
CaCl2$5H2O 100
NaHCO3 3750
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aerobic environment. During the entire experiment, the
internal recycle rate was consistently maintained at 5–6. The
lter was replaced at the end of each phase, modied AC of
100 g was in each lter. In the start-up phase (0–10 days, 11–20
days, 21–30 days), the inuent sulfate concentration gradually
increased as 500, 1000 and 1500 mg L�1, and the corresponding
sulfate volumetric loadings were 0.25, 0.5 and 0.75 kg (m�3 d�1),
respectively. In stage A, stage B, stage C and stage D, the
concentration of sulfate pumped into the reactor was 1500,
2000, 3000 and 4000 mg L�1, and the corresponding sulfate
volumetric loadings were: 0.75, 1.0, 1.5 and 2.0 kg (m�3 d�1),
respectively. The COD concentration was maintained at
10 000 mg L�1 throughout the operation. During the start-up
phase, the reactor was operated under fully anaerobic condi-
tion for 30 days. Stage A, stage B, stage C and stage D were
operated for 170 days under micro-oxygen conditions with the
O2/H2S molar ratio of 6–8.25 Outow samples were collected
periodically to test pH, COD, oxidation reduction potential
(ORP), total organic carbon (TOC), DO, bio-sulfur, sulde,
thiosulfate and sulfate concentrations in the reactor.
2.4 Analyses

TOC was determined by using a TOC analyzer (ShimadzuTOC-
5000A). COD was calculated according to a theoretical ratio of
2.67 g COD/g TOC to avoid the interference due to dissolved
sulde (H2S, HS� and S2�).26 In order to prevent volatilization
and abiotic oxidation, the dissolved sulde was retained by
NaOH and ZnAc according to standard methods and then
immediately measured by methylene blue method. The meth-
ylene blue method is based on the reaction of sulde, ammo-
nium iron(III) sulfate, and N,N-dimethyl-p-phenylenediamine to
produce methylene blue. The absorbance of methylene blue was
measured at 665 nm using a TU-1810 spectrophotometer (Bei-
jing Pu Analysis General Instrument Co., Ltd.). Aer ltering
0.45 mm, the sulfate and thiosulfate in the liquid sample were
analyzed using an ion chromatograph (DIONEX-900). The pH,
ORP and DO were measured by a water quality HQ40D analyzer
(Hash Water Analysis Instrument Co., Ltd.). Recovering bio-
sulfur measured by gravimetric method.

Determination of the zeta potential and particle size of
samples were using a Nano-Z Zeta potentiometer (Malvern
Instruments Ltd.). XRD analysis used the X-ray diffractometer
(AXS, Bruker, Germany) with Cu Ka radiation, the working
conditions for voltage 40 kV, current 150 mA, scanning angle of
5–85�, scanning speed of 15.000� min�1. The XRD patterns of
Constituents Concentration (mg L�1)

nd 4000 MgCl2 82
Na2Mo4$6H2O 0.4
MgCl2$6H2O 82
CoCl2$6H2O 1
NiCl2$6H2O 1
Na2SeO3$5H2O 0.16

This journal is © The Royal Society of Chemistry 2020
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the bio-sulfur were analyzed by employing the Rietveld rene-
ment method with the help of MAUD soware program. At an
acceleration voltage of 5.0 kV, the morphology and elemental
composition of AC, FeAC, and FeSAC (activated carbon aer
adsorption) were determined using an emission scanning
electron microscope (ESEM) (Supra-55, Zeiss, Germany) with an
energy dispersive spectrometer (EDS) observed. The specic
surface area and pore diameter of AC and FeAC were calculated
using a specic surface and porosity analyzer (ASAP 2020, USA)
using Brunauer–Emmett–Teller (BET) and Barrett–Joiner–
Halenda (BJH) methods.

3. Results and discussion
3.1 Comparison of anaerobic and micro-aerobic bioreactor
results

The bioreactor results for 21–30 days and 31–60 days were
compared. Compared with the start-up phase of the reactor, the
micro-aerobic operation had no signicant effect on the COD
balance (the COD removal rates of the anaerobic and micro-
aerobic were 90.9 � 0.7% and 91.9 � 0.7%, respectively),
because the oxygen load was far below the COD loading. On the
contrary, the sulfur balance has changed signicantly. Table 2
lists the performance data for the anaerobic and micro-aerobic
phases of the reactor. During the operation of the anaerobic and
micro-aerobic reactors, the sulfate was completely removed
(with the sulfate-S removal rate of 93.3% and 93.0% for anaer-
obic and micro-aerobic reactor operation, respectively). In the
anaerobic phase, 72.0% of the sulfate-S could be recovered as
sulde-S in the effluent and biogas. However, 21.3% of sulfur-S
was not detected. Analysis showed that a small amount of
oxygen was mixed into the reactor to cause the sulde to oxidize
because the reactor was not sealed completely. Some yellow
substances were found on the inner walls of transparent
reactor, easily estimated to be bio-sulfur. But it was difficult to
conrm the estimation because it was impossible to collect the
sample in the reactor unless to destruct the reactor. Sulfur
compounds that had not been detected by any analysis method
were called missing-S, including the unknown polysulde, the
bio-sulfur which was used by the microorganism for its own
reproduction and attached to the inner-wall of reactor.

In the micro-aerobic phase, when oxygen was introduced
into the reactor, a smaller fraction (4.0%) of the sulfate-S could
be recovered to the reactor effluent sulde-S, and H2S level in
the biogas was reduced to below 0.02% detection threshold.
Table 2 Bioreactor results, S-balance (eff. sulfide includes sulfides in effl

g S d�1 Inf. sulfate Eff. sulfate

Anaerobic 2.5 0.17
Micro-anaerobic 2.5 0.18

% of inuent-S Inf. sulfate Eff. sulfate

Anaerobic 100 6.7
Micro-anaerobic 100 7.0

This journal is © The Royal Society of Chemistry 2020
This indicated that micro-aerobic conditions could indeed be
successfully used as a strategy to remove suldes from effluent
and biogas. During the operation of the micro-aerobic reactor,
75.2% of inuent-S transformed to bio-sulfur, and there was
obvious sulfur accumulation in the lter (1.86 g of recovered
into bio-sulfur). The remaining bio-sulfur may adhere to the
reactor walls or in the body of microorganisms.
3.2 Bioreactor results of micro-oxygen

3.2.1 Conversion of sulfur. With the increase of sulfate
volumetric loading, the average sulfate removal rates at stage A,
B, C, and D were 93%, 91%, 89%, and 81%, respectively.
Reduction of sulfate removal rate during micro-oxygen envi-
ronment was partly due to a transfer of some organic carbon by
facultative bacteria. Compared with strict anaerobic treatment
systems, aerobic treatment systems had lower Ks (half velocity
constant)27 apparently proved that the facultative bacteria was
clearly more competitive than MPB and SRB for the limiting
substrates. As a result, some substrates had been transformed
into facultative activity thereby limiting the availability of
substrates to SRB.9 There could be another reason that the
decreasing sulfate conversion rate might be that a part of the
generated sulde-S might be oxidized to sulfate-S during the
production process,28 and it might also increase the sulfate
concentration of wastewater. However, because the sulfate
reduction and sulde oxidation were simultaneous, it was
difficult to assess the relative contribution of sulfate-S in
oxidized anaerobic systems that treat high-sulfate wastewater.
In terms of the recovery of bio-sulfur, the recovery rates had
been gradually decreasing during the process of A, B, C and D,
which were 75.6%, 72.5%, 67.69% and 60%, respectively.
However, the sulde-S in the effluent and the biogas accounted
for only 1.6% and 6.3% of the inuent-S at the lowest recovery
stage D, the reactor could still operate normally. It fully
demonstrated that the micro-oxygen system could operate
normally under high sulfate volumetric loading, and the
sulde-S in biogas and effluent could be in lower levels. As for
the missing-S, according to the mechanism of sulde oxidation,
sulde-S was mainly oxidized to polysulde, but bio-sulfur
(mainly S8) could occur at pH near or below 7.0.29 Because the
reactor was at the pH 7.0 � 0.2 ubiquitously, it was more likely
that the nal polysulde will be converted to S. Due to the lack
of a suitable polysulde detection method, unknown poly-
sulde belongs to the missing-S (Fig. 2).
uent and biogas)

Eff. sulde Bio-sulfur Missing-S

1.8 0 0.53
0.1 1.89 0.34

Eff. sulde Bio-sulfur Missing-S

72 0 21.3
4.0 75.6 13.4

RSC Adv., 2020, 10, 14542–14549 | 14545



Fig. 2 S-balance under different sulfate volumetric loading: A, B, C, D
represent the sulfate volumetric loading of 0.75, 1.00, 1.50 and 2.00 kg
(m�3 d�1), respectively.
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3.2.2 Effect of desulfurization to organic removal. The
performance of the reactor was shown in Fig. 3. In the start-up
stage, the reactor was fully anaerobic stage, COD removal rate
decreased from 95.0% to 91.5% with increasing sulfate volu-
metric loading, the sulfate removal rate decreased slightly from
94.4% to 93.6%. The COD removal rates in stages A, B, C and D
were 91.8%, 87.7%, 85% and 75.7% on average, respectively. We
could make a conclusion that the increase of the sulfate volu-
metric loading reduced the COD removal efficiency. The reason
was that SRB were superior in tolerance of suldes-S toxicity and
competition with MPB. With the increasing production of
sulde, the removal rates of sulfate and COD were in decreasing
trend. It was speculated that the removal rate of sulfate and
CODwas related to the sulde concentration including sulde-S
of effluent and biogas. Previous studies reported that microbes
in chemostats cultured with lactic acid and glucose could
tolerate 200–400 mg S L�1 of sulde-S in feedwater and 100–
150mg S L�1 of sulde-S in biogas, but performed decliningly in
Fig. 3 Effect of desulfurization to organic removal.

14546 | RSC Adv., 2020, 10, 14542–14549
removal efficiency of COD and sulfate.30 Although themaximum
sulde-S in effluent was 90 mg S L�1 (sulde-S in biogas was
21.3 mg S L�1) under microaerobic conditions, it also affected
the removal of sulfate and COD. It had been reported that
sulte/sulfate reduction contributed to 86% of the organics
removal in a sulte-reducing reactor31 and 77% of the organics
removal in a sulfate-reducing reactor.32 In the stage D, approx-
imately 75.7% of the organics were completely oxidized.
Therefore, it could be speculated that the removal of organic
matter in stage D might be the main role of reducing sulfate.

3.3 Characterizations of activated carbon

In order to further conrm the crystalline phase formed on
FeAC, the FeAC was analyzed by the XRD, and the XRD pattern
was shown in Fig. 4. Iron in FeAC existed in one main forms, as
cubic phase Fe3O4 (JCPDS card no. 65-3107). The XRD pattern of
FeAC showed that the peaks centering at 2q ¼ 18.3�, 30.3�,
35.4�, 36.6�, 43.2�, 53.3�, 56.9�, 62.5�, 70.9� and 74.0� corre-
sponded well to 111, 220, 311, 222, 400, 422, 440 and 533
reections of cubic phase Fe3O4 (JCPDS card no. 65-3107). It
indicated that the metal specie of iron on the FeAC was Fe3O4.

To obtain the surface morphology of the adsorbents, the
SEM characterization of activated carbon, iron-modied acti-
vated carbon, and iron-modied activated carbon aer
adsorption was tested. In Fig. 5a, the SEM gure of AC clearly
showed the presence of porosity. The signicant difference
could be observed on the SEM gures of Fig. 5a and b. Some
acicular crystalline particles evenly dispersed on the surface of
the activated carbon. The particles were possibly iron oxides
generated in the modication process, indicating that the
preparation of the FeAC was successful and might help increase
the surface area and pore volume. The activated carbon
prepared in this study had a porous structure (Fig. 5a). Activated
carbon was immersed in Fe3+ solution aer ultrasound vibra-
tion, and a layer of Fe3O4 was formed on the surface aer
drying, which caused a large number of pores on the surface of
activated carbon. Test results indicated that the process
Fig. 4 The XRD pattern of FeAC.

This journal is © The Royal Society of Chemistry 2020



Fig. 5 SEM images of (a) activated carbon (AC), (b) iron-modified activated carbon (FeAC), (c) iron-modified activated carbon after adsorption
(FeSAC).
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increased the surface area of activated carbon from 32.4 m2 g�1

to 65.0 m2 g�1. The improvement of surface area was conducive
to the adsorption of bio-sulfur. In Fig. 5c, a number of large
particles were presumed to be bio-sulfur dispersed on the
surface of iron-modied activated carbon aer adsorption.

On the other hand, the morphology and elemental compo-
nents of FeAC and FeSAC were shown in Fig. 6. The elemental
analysis indicated that the atomic contents of C, O, Fe, S were
47.87%, 43.97%, 6.43% and 1.73%, respectively (Fig. 6a). Aer
adsorption, the atomic contents of C, O, Fe, and S become
50.31%, 41.43%, 4.66% and 3.6%, respectively (Fig. 6b). The
atomic contents of S increased signicantly, fromwhich it could
be speculated that S was adsorbed by FeAC to form FeSAC.
During the operation of the reactor, the pH had been stable at
about 7.0, so only the zeta potential of the iron-modied
Fig. 6 EDS images of (a) iron-modified activated carbon (FeAC), (b) iron

This journal is © The Royal Society of Chemistry 2020
activated carbon was detected at pH 7.0, which was 25.3 mV,
and it could help the adsorption of bio-sulfur through the effect
of electrostatic attraction.
3.4 Sulfur recovery

In order to examine the identity of the recovered “sulfur”, XRD
patterns for the recovered “sulfur” presented in Fig. 7a. For XRD
spectrum of sulfur, the characteristic diffraction peaks at
11.45�, 15.30�, 21.76�, 23.02�, 25.77� and 27.68� etc. were cor-
responded well to the reections of S (JCPDS card no. 08-0247).
Therefore, it could be inferred that the recovered substance was
S denitely.

The XRD pattern of the bio-sulfur was analyzed by employing
the Rietveld renement method with the help of MAUD so-
ware program. Rietveld renement patterns of the XRD for bio-
-modified activated carbon after adsorption (FeSAC).

RSC Adv., 2020, 10, 14542–14549 | 14547



Fig. 7 (a) The XRD pattern was represented by black line, the XRD pattern of S (JCPDS card no. 08-0247) was represented by blue line, (b)
Rietveld refined XRD patterns of bio-sulfur.

Fig. 8 (a) Zeta potential distribution and (b) particle size distribution of bio-sulfur. Both were measured under neutral conditions (pH 7.0).
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sulfur was shown in Fig. 7b. In this gure, the observational
pattern was represented by blue line, the calculated pattern was
represented by red line and the difference between the obser-
vational pattern and the calculated pattern was shown by the
green line. The structural parameters and Rietveld tting
parameters collected were shown in this gure. The Rp (prole
tting of R-value) was 8.41%, Rwp (weighted prole of R-value)
was 8.76%, Rexp (expected prole factors) was 5.97%, and these
data prove that renements of sample were effective. This bio-
sulfur was made up of S8 (91.444%), C3H4N2OS (1.491%) and
CH5N3S (7.075%). The presence of C3H4N2OS (1.491%) and
CH5N3S (7.075%) was a signicant difference to be found
between commercial sulfur and bio-sulfur. Because bio-sulfur
particles were excreted by microorganisms, partly substances
in bio-sulfur particles were derived from lipids or proteins.33 It
could be speculated that C3H4N2OS and CH5N3S were metabo-
lites of colorless sulfur-oxidizing bacteria.

Previous studies reported that the biologically produced
sulfur particles consisted of a core of sulfur that was naturally
covered by a negatively charged polymer (possibly protein).21

Therefore, in order to obtain the zeta potential of recovered
sulfur at the same pH as the reactor, the zeta potential of
recovered sulfur was measured with deionized water with pH
7.0 as the dispersion. The experiment showed that the zeta
potential of recovered sulfur was �25.0 mV in Fig. 8a, which
14548 | RSC Adv., 2020, 10, 14542–14549
indicated that the colloidal stability was somewhat unstable.
The results were consistent with Janssen's work, bio-sulfur was
negatively charged at pH > 5.6, and the particles showed
hydrophilicity.21

The distribution diagram of particle size measured under
the same conditions was shown in Fig. 8b, which was mainly
distributed at the average diameter of 1935 nm. Some studies
had shown that thiobacillus could excrete the bio-sulfur
produced in the form of small particles which could agglom-
erate into aggregates, even get the size of 3 mm.16 Janssen etc.34

pointed out that in the state of natural sedimentation, the
particle size of bio-sulfur produced by sulfur oxidizing bacteria
was mainly concentrated between 185 and 275 nm, and the
minimum particle size was approximately 100 nm. The size of
bio-sulfur became smaller because of uid shear forces in the
reactor. In contrast, bio-sulfur with larger particle size could be
obtained from modied AC.
4. Conclusions

At O2/S molar ratio of 8–10, the reactor was sufficient to reduce
the sulde in the effluent and biogas to low levels at a sulfate
volumetric loading of 2 kg (m�3 d�1) under the micro-aerobic.
Up to 75.6% of the inuent-S was adsorbed by the iron-
modied activated carbon (FeAC) as bio-sulfur. Aer iron-
This journal is © The Royal Society of Chemistry 2020
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modied, the specic surface area of the activated carbon was
form 32.4 m2 g�1 to 65.0 m2 g�1, and the zeta potential was
25.3 mV at pH 7.0. The XRD pattern of FeAC explained that the
metal specie of iron was Fe3O4. It could be clearly seen that the
sulfur particles with a large particle size were adsorbed by the
FeAC on the SEM gures. And the bio-sulfur, which was made
up of S8 (91.444%), C3H4N2OS (1.491%) and CH5N3S (7.075%).
The zeta potential of it was �25 mV and the particle size were
mainly distributed at the average diameter of 1935 nm at pH
7.0.
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