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ARTICLE INFO ABSTRACT

Keywords: In this study, an exploratory experiment conducted to assess the efficiency of time reducing Bacillus cereus
Ammonium FDAARGOS_798 strain in the Sulfate-reducing anaerobic ammonium oxidation —Sulfammox- process at lab-scale
Bacillus‘cereus reactor. The sulfammox process was examine in four different semi-continuous stirred (SCS) reactors receiving a
I;:lsfar;t“’ treated synthetic wastewaters by 1 % of FDAARGOS_798 strain acclimated and carried with 2 % anaerobic

granular sludge (sludge) in the presence and absence of the 1 % anammox consortia granular sludge (Anammox).
Subsequently, the previous work outcomes of optimized anaerobic acclimation method isolating FDAARGOS_798
strain. The SCS-2 reactor with sulffammox integration (FDAARGOS_798/Anammox) has shown significant per-
formance in anoxic simultaneous removal of NH4 ™ and SO, 2', 77 + 0.2 % and 50 + 1.0 %, respectively, with the
sole substrate (NH,)2SO4 0.1 g/L. The NHj and SO?{ average decrease of 40 &+ 0.2 % and 46 + 0.17 % in 26 days,
respectively, in SCS-4 reactor treated by sulfammox (FDAARGOS_798/Anammox) in (NH4)2SO4 0.5 g/L. Sub-
sequently, the N/S ratio is calculated at around 1.8 + 0.2 as evidence of reaching sulfammox process. The
sulfammox process could not detect at SCS-1and SCS-3 reactors which are in the absence of sulfammox inte-
gration. Meanwhile the exact sulfammox process pathway was not detectable due to complicated scenarios. In
conclusion, the addition of Bacillus ceruse FDAARGOS_798 carried by Anammox consortium is a well indicate to
an effective and economical way that accelerate the start-up of the sulfate-reducing anammox process.

Sulfate-reducing anaerobic
Semi-continuous stirred reactor

1. Introduction However, an anaerobic ammonium oxidation (Anammox) reaction is

known as a new process treating ammonium by oxidation with electron

Currently, wastewater treatment is one of the hot topics that need to
study in deep. The industrial contamination components release rapidly
into the environment with dangerous effects. Raw wastewater contains
significant concentrations of ammonium, sulfate, and heavy metals that
are not degraded by the conventional process of wastewater treatment.
The degradation of ammonium is demanded due to the easy chemical
exchange of ammonium shapes, especially in water, and there harmful
(Al-Hazmi et al., 2023) (See Fig. 1).

acceptor nitrite (NO3) by anammox bacteria Candidatus Brocadia. This
technique is widely applicable, low cost, and simple chain reducing
energy and time more than conventional nitrification—denitrification.
Besides, the low C/N ratio and the ammonia concentration are 50-100
times higher than that in municipal wastewater and also high concen-
trations of organic matter. All these contributed to the difficulty of
conventional biological treatment of high NHj wastewaters (Madani,
2021;Wang et al., 2022).

Abbreviations: Anammox process, Anaerobic Ammonium Oxidation; AnAOB, Anammox Ammonium Oxidation Bacteria; SRB, Sulfate Reducing Bacteria; SOB,
Sulfur Oxidizing Bacteria; Sulfammox, Sulfate-reducing anammox; anammox, anammox granular sludge; sludge, anaerobic granular sludge; SUD-1, Bacillus cereus;

SCS reactor, semi-continuous stirred.
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(N2H4)

NH,; *4+NO3 >N, + 2H,0AG0 = — 360 kJ/mol

In the Netherlands, a full-scale reactor designed to use anammox
bacteria was constructed in 2002.Anammox activity is unintentionally
seen in other wastewater treatment facilities, such as the one in Ger-
many (Hattingen), despite the fact that they weren’t intended to do so.
As of 2006, the Netherlands had three large-scale processes: one on in-
dustrial effluent and two in a municipal wastewater treatment facility
(in Rotterdam). One is a tannery, while the other is a facility that pro-
cesses potatoes (Derwis et al., 2023). Compared to the conventional
nitrification—denitrification process, anammox saves resources by
requiring less aeration, using no sources of organic carbon, and pro-
ducing less sludge than the conventional systems, which in turn lowers
operating costs and greenhouse gas emissions. The oxidation of NH}
with NOj3 has also been used to explain the anoxic disappearance of NHZ
in marine sediments. Additionally, calculations of the G values for the
oxidation of NH; with NO3 have shown that the process is energetically
favorable, which is another reason to expect it might occur in nature
(Rios-Del Toro et al., 2018). Anammox is therefore regarded as an
economical, efficient, and environmentally friendly process (Chai et al.,
2021).

An important operational factor that affects the kinetics of the
anammox process is temperature. In instance, the specific anammox
activity significantly declines below 15 °C. This work attempted to
explain the anammox process kinetics’ temperature dependence in the
region of 10 to 55 °C. The anammox bacteria prefer a temperature be-
tween 35 and 40 °C for growth and activity. The optimal temperature for
anammox bacteria growth was set at 35 + 1 °C (Grubba et al., 2022).

The biological treatment for nitrogen removal is carried out in two
steps: in the first step (nitrification, Equation), ammonium is converted
into nitrite by ammonium oxidizing bacteria (AOB, e.g. Nitrosomonas
sp.), followed by nitrate by nitrite oxidizing bacteria (NOB, e.g. Nitro-
bacter sp.), and finally into dinitrogen gas by heterotrophic bacteria.
Equation 3 describes the entire reaction (Wang et al., 2021).

NHZ +20, + 2HCO3—NO3 +3H,0 + 2CO,
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5C + 4NO3+2H,0 — CO, + 4HCO34+2N,

4NHJ{ +80, + 5C + 4HCO3 — 2 N, + 10H,0 + 9CO5

The NH4 molecule remains in solution where it is oxidized by bac-
terial catalysts in the presence of oxygen to produce the oxidation
products NO3 and NOgs, as well as the NOx gases, which are necessary
intermediates in the conversion of ammonia to dinitrogen gas.

NHi — NO3 < NO; - NO & N,O - N,

The integration of anammox and heterotrophic denitrification in a
single reactor unit improves the efficiency of partial nitrification/
anammox. However, heterotrophic nitrifying bacteria can worsen the
anammox process, as they exhibit higher growth rates and can
outcompete anammox bacteria by using nitrite as an electron acceptor.
In such conditions, heterotrophic denitrifying bacteria are able to
breakdown the extracellular polymeric substances (EPS) made by
anammox bacteria and utilize them as an organic carbon source while
encoding nitrite and/or nitrate respiration (Al-Hazmi et al., 2023).
Anammox populations are dominated by the genus Candidatus Brocadia
while the genus Thauera is dominant among heterotrophic denitrifies
(Grubba et al., 2022). Moreover, the high concentration of different
sulfate, sulfuric acid, sulfide, or thiosulfate in wastewater caused water
mineralization, metal corrosion, and laxative effects in mammals and
fishes. Generally, ammonium and sulfate are important compounds and
necessary for living organisms but at acceptable levels of 250 mg/L
(Zhang, 2022).

The high concentration of SO discharging from many industries like
petroleum refining, pharmaceutical companies, palm oil production,
seafood processing and sulfuric acid titanium dioxide enterprises (Huo
et al., 2022).The sulfate-reducing bacteria (SRB) play the main role in
sulfate reduction under an anoxic environment. However, the potential
of traditional treatment using SRB, which might succeed harmful sec-
ondary component as hydrogen sulfide gas (HyS) (Madani, 2021).
Meanwhile the Thiobacillus denitrificans with a little NO3 have a posi-
tively effect on N and S reduction. Also NO, could be utilize at the
anammox process by the sulfur-oxidizing bacteria (SOB) (Lin et al.,

Anoxic condition

=

Sulfammox

——— Anammox

Sulfur-dependent Autotrophic
Denitrification

Fig. 1. Overlap between sulfammox, anammox and sulfur-dependent autotrophic denitrification interactions.
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2022).

Due to critical environmental condition of chemolithoautotrophic
AnAOB and there slow doubling time nature, the cultivation and
enrichment process are too difficult. As (Mohammed Madani, 2022)
mentioned that the sulfammox maximum growth rate was observed at
24-72 hrs and, calculated to be 7.3 x 10° CFU/mL/day. The modified
anaerobic acclimation procedure reduces time in sulfammox reaction.

Most ammonium and sulfate traditional treatments methods are
separated until find an unusual anaerobic route reduced up to 50 % of
ammonium and 80 % sulfate simultaneously by Fernando Fdz-Polanco,
since 2001,(Madani, 2021) which presented at equation below, as a
result of granular activated carbon (GAC) anaerobic fluidized-bed
reactor treating vinasse from an ethanol distillery of sugar beet
molasses. The Sulfate-reducing ammonium oxidation (sulfammox)
process has slight bioreactors studies due to the low doubling time of
responsible bacteria and operation challenges (Dominika et al., 2021).

(Sulfate. Anammox bacteria)

2NHZ+ SOT = N, + Sg + 4H,0

The possibility of sulfammox appearance might found at several
suggested mechanisms like the one by it is nature, as shown the SOF~
could be used as an additional electron acceptor in the anaerobic
oxidation of NH4 *. On another hand the sulfammox could involve the
anammox process using the intermediate NO3z as an electron acceptor
during the whole process. Also there is ability to an interaction between
autotrophic S-dependent denitrification process due to NO, and NOg
production during sulfammox process. Subsequently the Sulfammox,
Anammox and S-dependent autotrophic denitrification could work
together at some times in hidden scenarios that might lead to reduce
NO; by AAOB and autotrophic denitrifies (Grubba et al., 2022). The
NHZ reduction rate and SO3 reduction rate are enhanced by addition of
SO% high concentration as a reflection of N-S biological pathway. A
good sign have given in SO reduction rate after 160 days at the BR-SR
regular reactor without NO,.The Nitrosomonas and Thauera are playing
an essential role in N and S metabolism for each on respectively. The
NO; have a sound role in simultaneous S removal and anammox process.
Due to the variety of N, S and C removal processes, the research interests
have been shifting to the use of single- and multi-stage systems based on
the combination of several processes, such as heterotrophic sulfate
reduction, S-dependent autotrophic denitrification, nitrification, deni-
trification, anaerobic ammonia oxidation (anammox) and sulfammox
(Al-Hazmi et al., 2023).

Despite this phenomenon has begun applied under organic condi-
tions, (Liu et al., 2008) was reported Anammoxoglobus sulfate reached a
complete autotrophic sulfammox process with an intermediate appear-
ance of nitrite as following equations.

SOF + NHi — NO3 + S + 2H,0
NH{ +NO3; - N, + 2H,0
NH{ +1/2S05~ —1/2N;, + 1/2S + 2H,0

It has been demonstrated that efficient sulfammox process access at
high concentrations of ammonium and sulfate under autotrophic anoxic
conditions. When the N/S ratio equals 2:1 it can be defined as an
essential indicator of the sulfammox reaction successes (Liu et al., 2008).

Although the removal of NHJ at sulfammox reactor was lowest than
the conventional Anammox reactor using SO5~ as electron acceptor.
However, hydrazine and hydroxyl Amine injection and temperature
raise were promoted enhancing the sulfammox reaction performance,
(Madani, 2021).

Lower operating costs are obtained by the utilization of shared re-
actors and the use of some products as substrates in one procedure.
Additionally, S-dependent autotrophic denitrification is environmen-
tally beneficial, produces less sludge, and uses no carbon. The waste-
water treatment, especially for NHj and SO%’ rich industrial wastewater,

Journal of King Saud University - Science 36 (2024) 102947

to lower sludge generation and energy use (Hudaib, 2021).

One of the major process drawbacks is a long time anammox bacteria
division, so few researchers have addressed the Sulfate-reducing
ammonium oxidation microorganism. The first isolation of sulfate-
reducing ammonium oxidation bacteria was carried out by (Cai, Jiang,
and Zheng, 2010). In general (Wang et al., 2020), was explained the
effect of adding bacteria to enhance the Anammox process and other co-
materials. These showed the potential of sulfammox treatment of some
industrial wastewater with high concentrations of ammonium and sul-
fate, such as those derived from effluents from factories that produce
seafood, chemicals, textiles, paper, fermented foods, and sugar. In our
previous work the Bacillus ceruse has shown a successful remarkable
indicator in simultaneous ammonium and sulfate removal (Mohammed
Madani, 2022). Meanwhile with more specific experiments, the full
scale application with Bacillus ceruse will save rich ammonium and
sulfate wastewater treatment costs. To achieve the benefits of NH4 and
SO% removal shortcut and low energy.

The anammox bacteria can thrive and become more enriched in the
porous carriers, which increases their biomass. This in turn presents a
practical technique for anammox activation in WWTPs. A high density of
anammox bacterial aggregates found in sludge can be used to inoculate
full-scale WWTPs. It has also been established that the anammox reac-
tion is essential to the overall metabolism of nitrogen. Based on this, we
hypothesized that the Bacillus ceruse could provide a further possible
pathway for WWTP applications by simultaneously treating NH4 and
SO%‘ in one of the most efficient saving routes (Huo et al., 2022).

The goal of this work is to reduce the startup time of sulfate-reducing
ammonium oxidation process by applying the consortium of an isolated
Bacillus ceruse as sulfammox bacteria with anammox culture in a
bioreactor using different concentrations of (NH4)2SO4 as main sub-
strate of ammonium and sulfate together. This is the first time to apply a
time-reducer fresh isolated sulfammox bacteria in lab-scale reactor to
detect the sulfammox process.Also to unified The N/S ratio N/S [n (NHZ
-N)/n (SO4 2= .9)] through the experiment. Using the lab-scale bio-
reactors, the processes which were optimized in experiments can be
scaled up with more studies to a pilot level due to close observation.

2. Material and methods
2.1. Experimental setup

2.1.1. Description of substrate inoculums preparation

In order to prepare rector solutions, the inoculum consisting of
anaerobic granular sludge (sludge) was collected from the municipal
wastewater Shenyang Southern Sewage Treatment Plant-China.
The volatile suspended solid (VSS) of the seed sludge was 3.0 g-L™, MLSS
0.329 mg/L. Besides the consortia of Anammox granular sludge
(anammox) is about 470 mm which has strong absorption from JY
environment company, Jiangsu, China. The samples were stored at 4° C
for further use in sterile plastic bottles and brought to the lab aseptically.
So far nine species of anammox bacteria have been belong to the
anammox granules (Candidatus Brocadia anammoxidans,Candidatus
Brocadia fulgida, Candidatus Kuenenia stuttgartiensis, Candidatus Scalindua
brodae, Candidatus Scalindua wagneri, Candidatus Anammoxoglobus pro-
pionicus, Candidatus Jettenia asiatica, Candidatus Anammoxoglobus, Can-
didatus Scalindua sorokinii).

Subsequently, the preparation and activation of identified Bacillus
ceruse FDAARGOS_798 strain by (Mohammed Madani, 2022) named
(SUD-1) achieved the unique sulfate-reducing anammox process suc-
cessfully.After activation, inoculating one loop-full colony for 24hr into
a 250 ml flask of the activation broth medium 0.1 % peptone water with
pH 7.2-7.4, 121 °C under steam sterilization for 20 min in anaerobic
flasks under followed anaerobic conditions. The flasks were incubated
for 48hr at 30 + 2 °C on a rotary shaker at 120 rpm. All previous in-
oculums mixed in sole substrate (NH4)2SO4 0.1 g/L with modified sup-
ported co-media per one liter contains: 0.5g NaHCOs, 0.025g KH5POu,
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0.3g CaClp, 0.025g FeSO4-7H50, 0.1 MgCl, and 0.00625 EDTA
(Mohammed Madani, 2022; Zhang et al., 2019b).

2.1.2. The reactor and experimental conditions

The Experimental setup was carried out at lab scale semi-continuous
stirred SCS reactors. The 2L cylindrical glass container is 33 cm in height
* 13 cm diameter, equipped with magnetic stirring. There are four SCS
reactors with different tracks illustrated in Table. 1.

2.1.2.1. SCS-1 and SCS-2 reactors in 0.1 g/L (NH4)2SO4 substrate. SCS-
1reactor consist 0.1 g/L (NH4)2SO4 dissolved in 1000 ml, 100 ml
anammox, 200 ml sludge. In SCS-2 reactor add 200 ml of sludge to
100 ml of cultivated Bacillus cereus stirrers for 3 days at 120 rpm while
incubated at 30 + 2 °C for acclimation and adhesion with anammox and
sludge considering as Bacillus.

cereus carrier before the reactor work start-up. Subsequently the SCS-
2 reactor consist 0.1 g/L (NH4)2SO4, 100 ml anammox, 300 ml sludge
and Bagcillus cereus (SUD-1) strain with initial CFU/ml 1.43*10°.

2.1.2.2. SCS-3 and SCS-4 reactors in 0.5 g/L (NH4)2SO4 substrate. SCS-3
reactor consist 0.5 g/L (NH4)2SO4 dissolved in 1000 ml, 100 ml anam-
mox, 200 ml sludge. In SCS-4 add 200 ml of sludge to 100 ml of Bacillus
cereus stirrers for 3 days at 120 rpm while incubated at 30 + 2 °C for
acclimation before the reactor work start-up. Subsequently the SCS-2
reactor consist 0.1 g/L (NH4)2SO4, 100 ml anammox, 300 ml sludge
and Bagcillus cereus (SUD-1) with initial CFU/ml 1.43%10°.

2.2. SCS reactors work strategy

These four reactors’ work strategy is in terms of certain steps, the
first step is to insert one liter of the (NH4)2SO4 substrate with inoculums
divided to: (sludge + anammox) on SCS-1 and SCS-3, and
(sludge + anammox + Bacillus cereus), as in previous descriptions for
two days with nitrogen gas flushing for 5 min. The second step dis-
charges the outlet water and influences the water entrance (substrate)
using a switch pump. This exchange between influence and effluence of
synthetic wastewater has been within 24hr hydrodynamic retention
time (HRT), under followed anaerobic conditions each HRT. The SCS
reactors initial pH of 7.5 is incubated at 30° C & 2 on a rotary shaker at
120 rpm. The schematic diagram of the experimental setup is shown in
Fig. 2.The removal efficiency of ammonium and sulfate was calculated
using the equation below:

Initialconcentration — Finalconcentration

Removalefficiency(%) = Initialconcentration x 100

All the SCS reactors were under observation and work parallel during
the same time.

2.3. Chemical analysis

Each NHZ, SOF, NO3, and NO3 were measured using UV- spectro-
photometer (Hach DR5000) and were measured according to the stan-
dard method test (Bureau, 2002). The NHj sample tested by
Nesslerization method, buffered and distilled. The ammonium in the
distillate or in the sample is treated with Nessler’s reagent and the color
developed is matched with that of a series of standard ammonium

Table 1
The SCS reactors experiment tracks.

(NH4)2S04 8/ SCS-reactor /Treatment SCS-reactor/Treatment
L
0.1 (1)/ Sludge + Anammox (2)/ Sludge + Anammox/ Bacillus
ceruse
0.5 (3)/ Sludge + Anammox  (4)/ Sludge + Anammox/ Bacillus
ceruse
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I
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Agitator
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Gas bag
N Bacillus cereus FDAARGOS_798
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hd
Effluent

Y

Agitator

Fig. 2. a. Scheme of the a.SCS-1 and 3 reactors (anammox) and b. The SCS-2
and 4 reactors (anammox/SUD-1strain).

solutions and measured at 400 to 425 nm.Using cadmium reduction
method for determination of Nitrate. This method is suitable for con-
centration below 0.1 mg per liter of NO3 and measure near 543 nm. By
mixing diazotized sulphanalic acid with N- (1 napthyl)- ethylene
diamine dihydrochloride (NED dihydrochloride), a reddish-purple azo
dye that is formed at pH 2.0 to 2.5 can be used to measure nitrite. At
543 nm, the NO2 is measured. Subsequently, the SO is precipitated in
hydrochloric acid medium with barium chloride in such a manner as to
form barium sulfate crystals of uniform size. The absorbance of barium
sulfate suspension is measured by spectrophotometer for use at 420 nm.
The pH of the culture media was measured by FE28, METTLER pH
meter. All liquid samples were filtrated by a 0.45 pm membrane before
analysis.

2.4. Gas chromatography — Mass spectrum analysis (GC-MS)

GGC-MS analyses were performed using Shimadzu (53®) QP2010
Plus model. The gas is directly packaged in an air bag, directly sampled,
injected and tested with a 10uL gas sampling needle.

2.5. Statistical analysis

Each experiment was performed in triplicate.All the data was eval-
uated, and the average of three distinct numbers of individual obser-
vations was calculated. After 24 h of hydrodynamic retention time was
reordered as a mean percentage of ammonium and sulfate removal
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efficiency. The mean and standard deviation are used to express the
results.

3. Results and discussion
3.1. Simultaneous anaerobic ammonium and sulfate removal detection

3.1.1. SCS-1 reactor (anammox) performance in 0.1 g/L of (NH4)2SO4
The operation of SCS-1 reactor was carried out by inoculating
(anammox) and (sludge) in 0.1 g/L of (NH4)2SO4 (NH4 ~50-60 and SO%’
~140-160 mg/L). The Hydraulic retention time (HRT) is specified as
24hrs. After chemical analysis a light appearance of ammonium
oxidized with sulfate such a probable electron acceptor in the SCS-1
reactor as a decrease of ammonium with little sulfate conversion.
During around 30 days of SCS-1 reactor operation, the NHj con-
centrations of the fed were 46.2 + 3.6 mg/L/d, and the influent SO4 2
loading rate was maintained at 137 + 0.1 mg/L/d. The removal effi-
ciency of ammonium and sulfate were reach 77.5 + 2 % and 18.5 + 1 %,
respectively and the concentrations achieved in the effluent were 10.35
and 110.84 mg/L, respectively, as shown in Fig. 3. Also, it’s noted that
the nitrate was detected after a run in a quite low level of 0.8-1.7 mg/L
with hidden nitrite production. The pH was 7.4-6.1 during the tests
therefore not matching with pH behavior during the sulfammox process.
As seen the simultaneous removal efficiency of NH4 and SO?{ were not

Journal of King Saud University - Science 36 (2024) 102947

significant which may be considered as separation routes involved
heterotrophic sulfate reduction coupled with sulfide-utilizing denitrifi-
cation indicating the tiny quantity of sulfate reduction in the SCS-1
reactor system. Subsequently, the organic appearance could be due to
microbes’ blackout. Otherwise, the ammonium reduction seems as
classical Ammonium oxidation by AAOB followed by an anammox
process (Zhang et al., 2020).

580 + 6NO3+2H,0 — 5807 + 3 N, + 4H™
8CH, 300.5No2 + 4.2S0%+1.6 Nt —4.28*+8CO, + 1.6NH{ +4.8H,

The most noticeable result here is the substantial decrease of
ammonium with little sulfate conversion during the whole process. Thus
the anammox consortium has no proof or marks to achieve the Sulfate-
reducing anammox reaction. The fresh anammox biomass might be
reason for undetectable sulfate conversation as (Bi et al., 2020).

3.1.2. SCS-2 reactor (anammox/SUD-1strain) performance in 0.1 g/L of
(NH4)2504

The performance of SCS-2 reactor was directed by anammox, sludge,
and Bacillus cereus (SUD-1) with initial CFU/ml 1.43%10° in 0.1 g/L of
(NH4)2S04. The SCS-2 reactor was under observation and work parallel
with SCS-1 reactor during the same time. The sulfammox process was
detected clearly at the average effluent concentrations of NH and SOF~

—— NH4*Influent(1)

———S04% -Influent(1)

———NO2"-production (1)
160 -

140 - Hi

—— NH4*-effluent(1)
——S04% -effluent(1)

120 A

100

80 -

60 -

Concentration mg/L

=
[0

=2 —

/L
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T
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o

Fig. 3. SCS-1 reactor (0.1 g/L of (NH,4),SO4) a. Influent and effluent NH4, SO3~ concentrations and NO3 production. b. The removal efficiency of NH4 and SO%~

and pH.
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were 40 and 80 mg/L respectively, after approximately one month. The
influence loading rate of NHj and SO%’ were 46.2 + 3.6 and
137 + 0.1 mg/L/d, respectively. The effluent concentrations were 11.2
and 72.6 mg/L. The removal efficiency of ammonium and sulfate at SCS-
2 reactor were 77 % and 50 % =+1.0, respectively. One anther hand the
maximum growth of anammox was at 21st days shown at Fig. 4. This
process revealed a little production of nitrite (NO3) around 1.2 mg/L in
the SCS-2 reactor effluent without nitrate (NO3) an occurrence sup-
ported by. Peaks of NO3 in the influent (10 mg /L) caused considerable
disruptions to the sulfammox process, which led to a notable reduction
in sulfate. Through a sulfur-using denitrification process, a greater
NOsconcentration also encourages sulfate resynthesize (Liu et al., 2008;
Zhang et al., 2020).

SO + NHi — NO3 + S + 2H,0
NH{ +NO3; - N, + 2H,0

NH{ +1\2S03~ —1/2N; + 1/2S + 2H,0
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In the previous studies researchers are united in the opinion of sul-
fammox process successes by observing NH; and NO3 high reduction
rate in the effluent (Zhang et al., 2020). The pH was 7.4 at the beginning
of the reaction. Meanwhile, the sulfammox process pH has been
constantly increased at 8-7.8, and then decrease silently by the end of
the reaction up to 6.8. This pH transformation during the whole process
in SCS-2 reactor was fitting with others who investigated the sulfammox
process (Wang et al., 2022). We proposed that the addition of the Ba-
cillus ceruse (SUD-1) strain has a clear advantage over the sulfammox
process. The (SUD-1) strain is a facultative anaerobic, spore former,
motile, and opportunistic bacterium capable of producing resistant en-
dospores in the presence of oxygen. Accordingly, the (SUD-1).

assists to reach sulfammox due to work under the normal anaerobic
condition with a high initial amount1.43*10® CFU/ml, which was
confirmed by (Bi et al., 2020) findings. Otherwise NO3 could be con-
verted to NO3 due to the little O, that might be released in the SCS-2
reactor (Zhang et al., 2020). On the other hand, the bacterial strain
might be considered mixotrophic due to little amount of peptone water
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in the isolate activation step which was added to (NH4)2SO4 as a reaction
substrate. This is in agreement with the study by (Schrum et al., 2009),
who proposed a mechanism referred to as the organotrophic step with
NOj3 appearance using the following equations.

NH{+ SO} >NO3+HS +H,0 + H*
5'CH 0%+ 4NO3+4H"—5C0, + 2 N, + 7H,0
4NHZ 44803 +5"CH 0%—5CO, + 2 N, + 11H,0 + 4HS

Also, the nitrogen might convert by the nitrification process, the
denitrification process, and the traditional anammox reaction simulta-
neously with the sulfammox process (Zhang et al., 2020).

By the end of the reaction, the clear yellow sludge granules were
changed from the black color which refers to Sy that not easily soluble as
investigated which is supported by (Lin et al., 2022). Subsequently Sp
granules could be dissolving in the organic solvent following (Wu et al.,
2015) method illustrated in Fig. 8.

The sulfammox bacteria can enhance nitrogen removal efficiency
and sulfur — nitrogen cycle (Dominika et al., 2021; Huo et al., 2022).
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3.1.3. SCS-3 reactor (anammox) performance in 0.5 g/L of (NH4)2S04

Meanwhile, the removal amount of ammonium was increased, but
the conversion efficiency of both substrates was reduced in SCS-3
reactor that working by anammox and anaerobic granular sludge
(sludge) in 0.5 g/L of (NH,4)2S04 (NH4 ~100-150 and SOZ% 400 mg/L).
According to Fig. 5, 31 % of ammonium converted without sulfate
conversation might refer to ammonium consumption that led to accu-
mulated more NO3 in the SCS-3 reactor. Thus the influence fed of NHZ
and SOF were the same as in SCS-1 reactor. Some studies reported
partial re-oxidation of sulfur or sulfide into sulfate via sulfur-utilizing
denitrification/denitritation and explained how less sulfate reduction
occurred than assumed (Bi et al., 2020; Zhang et al., 2019a).

550 + 6NO3 4 2H20 % — 5803~ + 3 N + 4H

It could be that sulfate was less or rarely converted in experiments.
Therefore, it is speculated that sulfate conversion involves heterotrophic
sulfate reduction coupled with sulfide-utilizing denitrification. Also it is
probably due to thiosulfate-driven denitrification and Anammox
(TDDA) process that produce sulfide which restrain the Anammox
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bacteria activity (Zhu, 2022) as following equations:

$,03 % + 3.INO; + 0-.73H,0 + 0.45HCO3 + 0.09NH{ —
0.09CsH;0,N + 3.INO>+1.64H" + 2S0F

NH{ +1.32NO; + 0.066HCO3 + 0.13H" — 1.02 Nj + 0.26NO3 +
0.066CH,00.5 NO.15 + 2-.03H,0

On another hand (Wei et al., 2022) noted that the addition of sulfate
in different concentrations (100, 200, 300, and 400 mg/L) have negative
effect on Anammox process. The obvious result might tick to the role of
sulfammox bacteria alongside the anammox consortium promoting the
sulfammox process.

The heterotrophic bacteria may be able to partially denitrify (convert
nitrate back to nitrite) the nitrate produced during the synthesis of
anammox biomass, and the resulting nitrite can subsequently be
reduced by anammox. The interactions, however, can sometimes be
detrimental. For example, competition for substrates can lead to changes
in the quantity of anammox bacteria and a reduction in the process’
ability to effectively remove nitrogen from the environment.
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Subsequently, interaction could limit the growth of anammox bacteria
because of interference between some heterotrophies consume donors
for anammox (Lin et al., 2022).

3.1.4. SCS-4 reactor (anammox/SUD-1 strain) performance in 0.5 g/L of
(NH4)2504

The performance of SCSTR-4 was directed by anammox, sludge, and
Bacillus cereus (SUD-1) with initial CFU/ml 1.43*10° in 0.5 g/L of
(NH4)2SO4. On another hand, the SCS-4 reactor ammonium removal
efficiency was constantly increased on average all over the process. The
influence loading rate of NHZ and SO, % were 90 + 2 and 431 + 0.1 mg/
L/d, respectively. Subsequently, the effluent concentrations were 52.9
and 272.6 mg/L for NHf and SO4 2. The conversion efficiency of both
ammonium and sulfate were worked simultaneously with an average
decrease of 41.2 % and 37 % in 26 days, with maximum growth of
anammox at 21-23 days.

Fig. 6 was shown that the addition of the Bacillus ceruse (SUD-1)
strain has a clear advantage over the sulfammox process unless is less
apparent in the SCS-4 reactor than in the SCS-2 reactor due to the
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possibility of the high concentration toxic components release through
the process in the SCS-4 reactor that might lead to decay of bacteria like
free ammonia production from high NHJ concentration (Zhu et al.,
2022). The pH during the whole process in SCS-4 reactor was 7.5 till be
constant at 6.5. (See Fig. 7)

All previous analyses and other studies refer to the complicated
sulfammox process and undetectable combination pathways. The ratio
of ammonium to sulfate consumption is one of the main evidence that
supported the sulfammox process following equation which equals
1.8-2 dependent on the data assay that is in line with (Fdz-Polanco et al.,
2001).

[nitial(blwnk)mncemratianofNH;r —Finalwn(rnlrationquH: :|
14

N
Theratioof Emolar =

|:lniria/(hlunk)S03 7F'inu[L’rJnL'emmriunnfSOélz’:|
96

3.2. Aspect of sulfate —reducing anammox reactions

The hydrazine appearance in the effluent in both of SCS-2 and SCS-4
reactors indicating the anammox activity and may it diffuse through the
ladderane lipids anammox bacterial cell. The gas chromatography has
shown hydrazine as a Acetic acid, hydrazide shape due to reaction with
(NH4)2S04 modified supported co-media which involved NaHCO3(Guo
et al., 2021). Also by the end of the reaction, the clear yellow sludge
granules were changed from the black color which refers to Sy that not
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easily soluble as investigated which is supported by (Wang et al., 2022).
Subsequently Sp granules could be dissolving in the organic solvent
following (Wu et al., 2015) method illustrated in Fig. 8 as findings that
fit with suggestions of (Rikmann et al., 2012) in sulfate -reducing
anammox process. Taken together overall these results, it can be suggest
that the below sulfammox interaction which pushed by Bacillus ceruse
involving anammox reaction due to hydrazine appearance as shown
Fig. 9.The majority of the research work done in the field was on
development of strains, their mode of action and on explaining the sci-
ence behind their potentiality.

4. Conclusion

For the thorough treatment of wastewaters containing high levels of
ammonium and sulfate, the sulfammox process was determined and
confirmed using four different semi-continuous stirred reactors. The
significant efficient simultaneously removal of NH; and SOF were
observed at SCS-2 reactor 77 % and 50 % +1.0 and, 41.2 + 0.1 % and
37 £+ 0.5 % in 26 days at SCS-4 reactor which are treated by Bacillus
ceruse. The appearance of hydrazine in SCS-2 and SCS-4 reactors is
confirming the anammox reaction involve the sulfammox process. Our
N/S ratio findings 1.8-2 were fitting with sulfammox obtained formula
[n(NHZ-N)/n(S04 29]. It seems that Bacillus ceruse enhances the sul-
fammox process. After these outcomes, further work needs on Bacillus
ceruse immobilization and granulation to be applicable in the pilot-scale

Linear (N/S(2))

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43
Time/day

Linear (N/S (4))
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Fig. 7. The N/S conversion ratio in a. SCS-2 reactor and b.SCS-4 reactor.
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of sulfammox in wastewater treatment. the work reported in this paper.
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