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Sulfate-rich wastewater treatment using an integrated anaerobic/aerobic biological system
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Abstract

This study evaluated the performance of an integrated anaerobic/aerobic (IAAB) system used for the biological treatment of
sulfate-rich wastewater through the reduction of sulfate and the oxidation of sulfide to assess its potential for possible acid mine
drainage (AMD) treatment. Separately, an anaerobic sludge was adapted to sulfate-reducing conditions, and an aerobic sludge was
activated in a glass column with sucrose as carbon source. Once the sludge activation concluded, the IAAB system, composed of
an anaerobic sulfate-reducing reactor (ASRr) and an aerobic sulfide-oxidizing reactor (ASOr), was integrated and operated with a
sulfate-rich synthetic solution. The reactor operated with increasing organic (2-4 g COD/Led) and sulfate (0.4-5.97 g SOi_/LOd)
loading rates and decreasing COD/SO%‘ ratios (5-0.67). During the 43 days of adaptation of the ASRr, a COD/SOZ_ ratio of
1 g/g caused almost a complete displacement of methanogenic activity by sulfate-reducing activity. The removal efficiencies in
the IAAB system for COD, sulfate, and produced sulfide were 90%, 60%, and 99%, respectively. By the end of the IAAB system
operation, electron flow was mainly directed to sulfidogenic activity, representing 91%. This study demonstrates that a two-step
anaerobic/aerobic biological system operating at a high organic loading rate (OLR) can be used for sulfate and organic matter
removal from sulfate-rich wastewaters.
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Resumen

En este estudio se evalué el comportamiento de un sistema bioldgico integrado anaerobio/aerobio (IAAB) para el tratamiento de
aguas residuales con alto contenido de sulfatos, para el potencial tratamiento de drenajes dcidos de mina (DAM). Inicialmente
un inéculo anaerobio fue adaptado a condiciones sulfato-reductoras y uno aerobio fue activado en una columna de vidrio con
sacarosa. Una vez que la activacion de los indculos concluyd, el sistema IAAB, compuesto de un reactor anaerobio sulfato-
reductor (ASRr) y un reactor aerobio sulfoxidante (ASOr), fue integrado. El sistema IAAB oper6 con una solucién sintética,
con variaciones en la carga orgdnica (2-4 g COD/Led) y sulfatos (0.4-5.97 g SOﬁ_/LOd) volumétrica y la relacién DQO/SOZ_
(5-0.67). Durante los 43 dias de adaptacién del ASRr, la relacién de 1 g DQO/g SO%’ permitié un desplazamiento casi completo
de la actividad metanogénica. Las eficiencias de remocién de DQO, sulfato, y sulfuro producido en el sistema IAAB fueron 90%,
60% y 99%, respectivamente. Hacia el final de la operacién del sistema IAAB, el flujo de electrones fue principalmente hacia
actividad sulfidogénica, representando el 91% de la actividad metabdlica. Este estudio demostré que un sistema bioldgico de dos
etapas operando a altas cargas orgdnicas puede ser utilizado para la remocién de sulfato y materia orgdnica.

Palabras clave: sulfato-reduccion, sulfoxidacién, porcentaje de electrones equivalentes, biorreactores integrados, competencia
microbiana.
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1 Introduction

Several industries are responsible for the
anthropogenic generation of sulfate waste and
wastewater. These include food production, molasses,
tannery, pulp and paper, dye and detergent
manufacturing, cellulosic ethanol production, and
mining and metallurgical processes (Blazquez et al.,
2016; Shan et al., 2017; Serrano et al., 2020). Mining
and metallurgical processes can generate acid mine
drainage (AMD), which can cause environmental
problems due to its high content of heavy metals and
sulfates. AMD is an acid solution generated when
sulfur minerals, present in both active and abandoned
mine wastes, oxidize with oxygen and water (Delkash
et al., 2015; Alcazar-Medina et al., 2020). The result
is a leached agent that contains high quantities of
sulfuric acid and metals, such as Mn, Cr, Cd, Cu, Zn,
Pb, As, with the potential to contaminate surrounding
environments (Gao et al., 2019).

Among various AMD treatment alternatives exists
the use of sulfate-reducing bacteria (SRB), which
obtain energy through dissimilatory reduction of
sulfate to sulfide that reacts with metals forming
precipitates (Ballester et al., 2017). The main
parameters that affect sulfate-reduction are hydraulic
retention time (HRT), temperature, pH, oxygen,
COD/SO%‘ ratio, sludge type, and organic matter
present (Zhao et al., 2017). SRB can use low
molecular weight compounds, like acetate, lactate,
ethanol, and Hj, as electron donors (Celis-Garcia et
al., 2008).

Sulfate-reduction produces Hj,S, a corrosive
and toxic compound. Sulfide-oxidizing bacteria
(SOB) use H)S to produce elemental sulfur,
thiosulfates, sulfites, and sulfates (Meyer et al.,
2016). Microorganisms can produce sulfur granules
that are nontoxic, noncorrosive, with high sulfur
content, that can be employed in bioleaching processes
and agricultural production (Cai et al., 2017).
Treatment using bioreactors is a great way to remove
sulfates and sulfides through biological methods.
Sulfidogenic reactors allow AMD treatment by
reducing sulfate concentration and metal recovery,
even at low pH (2.2-6.5) with various electron
donors (Sahinkaya & Yucesoy, 2010, Costa et al.,
2017). In contrast, selective sulfide-oxidation for Sy
production is attained by maintaining low or limited
oxygen concentrations in reactors (0.2-1.0 mg/L)
(Lohwacharin & Annachhatre, 2010; Sun et al., 2017).

Usually, a biological wastewater treatment consists
of two separate reactors; however, if dissolved oxygen
(DO) levels are manipulated, both processes can occur
in a single reactor, as shown by Xu et al. (2012). Their
results indicate that SOB activity increases, while
SRB activity shows no inhibition at 0.10-0.12 mg/L
of DO. Sulfur compounds, like SOﬁ‘ and H»S can be
eliminated by integrating the production of sulfides by
SRB and the biological or physicochemical sulfide-
oxidation to elemental sulfur (Celis-Garcia et al.,
2008).

Anaerobic reactors can treat wastewater streams
with high organic loading; consequently, their
effluent contains low-weight organic matter that
can be used by aerobic treatments (Zhang et al.,
2014). Integrated systems, with or without physical
separation of the anaerobic-aerobic zones, proved
higher chemical oxygen demand (COD) removal
efficiencies than single-step configurations (Chan et
al., 2009). Therefore, the integration of both processes
can be a feasible alternative over conventional
technologies, like inverse osmosis and neutralization,
for wastewater treatment, given they improve the
removal of pollutants by combining anaerobic,
aerobic, and anoxic processes (Plascencia-Jatomea et
al., 2015). Some examples of contaminated effluents
treated in integrated or hybrid reactors are emulsion
wastewaters (Zhang et al., 2014), textile efHuents
containing recalcitrant azo-dyes (Gadow & Li, 2020),
and acrylic acid wastewaters (Show et al., 2020).

Sulfate and sulfide removal in waste streams
have been widely studied, but almost no studies
have focused on combining both processes in
a single reactor. Therefore, this study aims to
evaluate the feasibility of using a two-step biological
anaerobic/aerobic reactor to treat synthetic sulfate-
rich wastewater for its possible future use in AMD
treatment, analyzing the effect of the organic loads
in sulfate, sulfide, and organic matter removal. The
IAAB configuration is expected to produce sulfides
in the anaerobic region and elemental sulfur in the
aerobic region. If the produced sulfide in the ASRr is
sufficient, it can react with metals, forming metallic
sulfides. These can precipitate and be removed from
contaminated streams, like AMD, for safe disposal in
water streams. Sulfides that do not react will enter the
ASOr. There it is expected to transform to elemental
sulfur. Elemental sulfur is the desired final product
in the JAAB system effluent. It is a less toxic sulfur
compound than sulfide and sulfate and has potential
industrial uses if recovered as a precipitate.
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2 Materials and methods

2.1 Sludge

Three samples of anaerobic sludge were characterized
based on total suspended solids (TSS), volatile
suspended solids (VSS), specific methanogenic
activity (SMA), and sulfide generation activity (SGA)
(Andrade & Ochoa-Herrera, 2013). Sludge A was
activated in an up-flow anaerobic sludge bed (UASB)
reactor with a COD/SOZ‘ ratio of 5 g/g. Sludge B
was a granular sludge obtained from an anaerobic
bioreactor treating effluents from a brewery company.
Sludge C was previously used in a methanogenic
process. All sludges were collected and stored under
anaerobic conditions in plastic gallons. The aerobic
sludge was collected from a municipal wastewater
treatment plant in Hermosillo, Sonora, Mexico. The
VSS/TSS ratio of the microbial aerobic sludge was
44.62%.

2.2 Batch bioassays

Batch bioassays were conducted in triplicates using
160 mL glass serum flasks with rubber stoppers and
aluminum crimp seals. Separate assays with samples
of each anaerobic sludge containing 1.5 g VSS/L
and 100 mL of mineral medium, 50 mL headspace,
with 2 g COD/L served as batch digesters for SMA.
Like SMA, individual studies with each sludge were
employed to determine SGA, 10 g (9.28 g VSS/L)
of the anaerobic sludge, and 100 mL of the mineral
medium ratio of 1 gCOD/gSOi‘ were used. Flasks
lacking microorganisms were also incubated and
served as abiotic controls for bioassays. The headspace
was flushed with N, gas to assure anaerobic conditions
and incubated at 30+2 °C. Methane, sulfate, and
sulfide analysis were performed daily. Sodium acetate
(2000 mg/L) was added as the carbon source for
both SMA and SGA bioassays. Sulfate was only
added to SGA bioassays as anhydrous sodium sulfate
(2000 mg SOi’/L). The culture medium used for
SMA and SGA batch bioassays contained (mg/L):
NH4Cl (280), KH,PO4 (195), MgSO4 e TH>0 (49),
CaCl, e 2H,0 (50), NaHCO3 (3000), yeast extract
(10), and 1 ml/L of trace element solution. The
trace element solution contained (mg/L): H3CO3 (50),
FeCl,e4H,0 (2000), ZnCl, (50), MnCl, ¢ 4H,O (50),
(NH)ce6H,0 (50), CuCl,2H,0 (30), NaSeO35H,0
(100), EDTA (1000), resazurin (200), and 36% HCI (1
mL/L) (Ochoa-Herrera et al., 2011).
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2.3 Adaptation of the anaerobic sulfate-
reducing bioreactor (ASRr)

Sludge B presented the best results in terms of sulfate-
reducing activity during batch bioassays; therefore, it
was selected to conduct continuous studies. Biomass
was adapted in an up-flow anaerobic fixed bed reactor
to sulfate-reducing conditions, variating COD/SO?“,
as shown in Table 1. Deactivated zeolite, with a
particle size of 2 mm, pore diameter 3.22x1073 um,
and a Si/Al ratio of 4.53, was employed as biomass
support, occupying 60% of the volume of the reactor.
The ASRr consisted of an acrylic column with a
6.85-cm internal diameter and 45-cm height. The
reactor had an operating volume of 1.5 L and was
inoculated with 33% of the working volume with
liquified Sludge B. Daily pH, temperature, COD,
SOi’, and CH4 concentrations were determined.

The culture medium used in the ASRr and
the integrated anaerobic/aerobic biological system
(IAAB) contained (mg/L): NH4Cl (1045), KCI (270),
KH;PO4 (170), MgSO4e7H,0 (185), CaCl,e2H,0
(50), NaHCOs3 (2000), yeast extract (20), and 1 mL/L
of trace element solution, mentioned previously. COD
in the influent was maintained at 2 g COD/L, with
glucose as a carbon source.

2.4 Aerobic sludge activation

The aerobic sludge was activated in a fluidized
bed reactor packed with synthetic polyamide and
polyurethane sponge cut into 1 cm (d.) pieces. Air
was supplied using an air pump with plastic diffusers
placed in the bottom region of the reactor. The
reactor had an internal diameter of 6.85-cm and
was 45-cm tall, with an operating volume of 1.5 L.
Daily pH, temperature, and COD concentrations were
determined. The purpose of the aerobic activation
stage was for biomass to completely adhere to
the sponge and promote microorganism growth.
Once COD removal stabilized, the reactor was
coupled to the ASRr using an aeration chamber for
adaptation to sulfide-oxidizing conditions. The culture
medium used during the activation of the aerobic
sludge contained (mg/L): NH4CI (320.9), KH;PO4
(109.8), MgS0O4e7H,0 (318.6), CaCl,#2H,0 (66.46),
NaHCOs3 (1000), yeast extract (100), sucrose (1500),
and 1 mL/L of trace element solution, mentioned
previously.
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2.5 Integrated anaerobic/aerobic biological complete IAAB system was 1-m high with a 6.85-cm
system (IAAB) internal diameter. The total operating volume from the
inlet to the outlet of the IAAB system was 3 L.
Once both reactors reached steady operation, the The TAAB system worked with ascending flow.
ASOr was integrated into the ASRr, forming the The raw influent entered the lower region of the system
IAAB (Fig. 1). Both systems were coupled using in the ASRr inlet. The synthetic sulfate-rich solution
an air chamber (10-cm high) between both reactors was expected to transform into sulfide compounds
to separate the anaerobic and aerobic regions. This (HS, HS™, and S27) in the ASRr. The effluent of the
chamber contained four plastic diffusers connected ASRr entered the aeration chamber, where it came in
to an air pump. To ensure a uniform dissolved contact with oxygen. Afterward, it entered the ASOr,
oxygen concentration in the ASOr an aeration reflux where sulfide compounds were expected to sulfide-
was added using a glass chamber with a fritted oxidize to elemental sulfur (S?). Finally, the treated
glass diffuser connected to a second air feed. This effluent exited the reactor from the ASOr outlet placed
reflux helped avoid the formation of preferential in the upper region of the system. As mentioned
flux channels in the reactor, ensuring complete previously, two refluxes were added to the IAAB, one
oxygenation in the upper region of the reactor. The in each reactor.
Air Pump e
VAN ™
| AsOr
Effluent
4 y
i i
q : Air
B : Reflux
Air feed >—CT—> EE—(—
Air Pump T 1
ASRr
Rc_{l'l_ux " Effluent
ASRr i
v

L il

» 1 ASRr
|, > Influent
o =y Treated
sulfate-rich Effluent
wastewater paad

Fig. 1. Schematic representation of the integrated anaerobic/aerobic biological system (IAAB).
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Table 1. Conditions maintained and the average concentration of organic components in the influent during the
ASRr and IAAB system operation.

ASRr IAAB

Parameter Period I Period I Period Il Period IV  Period V  Period VI
Time (d) 0-9 10-27 28 -43 44 - 54 55-63 64 - 133
pH 7-8 7-8 7-8 7-8 7-8 7-8
OLR (gCOD/L-d) 2 2 2 1 2 4
SLR (gSOﬁ‘/L-d) 04 0.8 2 1 2.99 5.97
Temperature (°C) 37 37 37 37 37 37
COD/SOﬁ‘ Ratio 5 2.5 1 1 0.67 0.67
HRT s g, (h) 24 24 24 24 24 12
HRTs45 (h) - - - 48 48 24

The operational conditions of the IAAB are
described in Table 1, organic loading rates (ORL)
and COD/SO%‘ ratios were varied in this study. Daily
COD, SOZ‘, and S%~ concentrations, temperature, and
pH were analyzed. Samples were collected from the
lower, intermediate, and upper regions of the reactor.
Electron equivalents (%H;S-COD) were determined
using equations 1 and 2.

2.6 Calculations

The percentage of electron equivalents was
determined using equations 1 and 2 (Sierra-Alvarez
et al., 2007):

MeF,,
%CH, — COD = 100 1
ot X COoDr M
SefF
%H,S — COD = 100 2
o X CoDx 2

where: M= methanogenesis (g CHy/Led); S= sulfide
generation (g S?7/Led); CODg= organic matter
removal rate (g COD/Led); and stoichiometric ratios
F,,= 4 g CH4-COD/g CHy; and Fy= 2 g S>~-COD/g
S.

The CODg was calculated as follows:

COD;, - CODy
_ 3
; 3

COD;, and CODy are the initial and final
concentrations of COD concentrations in the batch
bioassays, and t is the number of days. When the
CODg is determined in continuous studies, it becomes
the slope in COD removal in the ASRr, for each
period.

The observed organic matter (%9CODasr;, Eq. 4)
and sulfate (%S 042[ TAAB® Eq. 5) removal efficiencies
in the ASRr were calculated as follows:

CODg =
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Icop.asrr—Ecop.ASRr

%CODgas gr = 100 x ( ) 4

] ®)

where Icopasrr and Ecopasrr are the organic
matter (COD) concentrations at the inlet and outlet of
the ASRr, [Soﬁ-,ASRr and Eso};,ASRr are the sulfate

Icop Asrr

I 0% ASRr~ “S 0¥ ASRr

-
%S 04 IAAB

=100 x
502~ ASRr

concentrations at the inlet and outlet of the ASRr.
Similarly, the organic matter removal efficiency in the
ASOr (%CODas or) was determined using the COD
concentrations of the inlet and outlet of the ASOr.
The overall organic matter (%CODjsap, Eq. 6)
and sulfate (%S Oﬁ‘ 1aap Ed- 7) removal efficiencies
of the TAAB system were calculated using the

following equations:
) (6)

Icop.asrr — Ecop.asor

9%CODjasp = 100 X (

Icop.ASRr
I - —FE¢ -
O SO
2— _ 4 IAAB 4 ASoOr
%S 07 1445 = 100X ; @)
S0%
4 ASRr

where Icop.asrr 18 the organic matter concentration in
the inlet of the ASRr, Ecop asor is the organic matter
concentration in the effluent of the ASOr, /¢ 02" 1AAB 1s
the sulfate concentration in the inlet of the ASRr, and
Eg 02" 1AAB is the sulfate concentration in the effluent
of the ASOr.

Sulfide removal efficiency (%S 3& o) Was only
determined in the ASOr, and was calculated as
follows:
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Is2- psor = Es2- asor

%S350p = 100X (8)

Is2- p50r

where Ig2- 4g 0, 1s the sulfide concentration in the inlet
of the ASOr, or the sulfide concentration in the effluent
of the ASRr. Ega- 450, is the sulfide concentration in
the effluent of the ASOr, or the sulfide concentration
in the effluent of the IAAB.

2.7 Analytical methods

A Thermo Scientific Orion 2665 potentiometer was
employed for pH measurement. Methane production
was measured every 24 hours by displacement of a 3%
NaOH solution. COD was determined using a HACH
kit, with samples centrifuged for 2500 rpm for sulfide
elimination. Sulfate and total sulfide (H,S, HS™ and
S$?7) concentrations were determined according to the
turbidimetric method and methylene blue method both
from the Standard Methods for the Examination of
Water and Wastewater (2012).

3 Results and discussion

3.1 Batch bioassays

The VSS/TSS ratios were 69.4% (Sludge A), 56.5%
(Sludge B), and 65.1% (Sludge C). All sludges
presented low VSS/TSS ratios; a ratio between 0.60
and 0.80 is recommended for anaerobic processes
(Metcalf & Eddy, 2014). Fig. 2 represents the time
course cumulative methane and sulfide production for
all three sludges and abiotic controls using acetate.
There was no methane formation in the abiotic control,
but production in the treatment bioassays increased
with time. Sludge A showed the highest SMA
(0.094 g CH4-COD/g VSSed), followed by Sludge
C (0.056 g CH4-COD/g VSSed), while Sludge B
presented the lowest SMA (0.044 g CH4-COD/g
VSSed). Higher SMA was expected for both Sludges
A and C, considering they come from reactors
employed in wastewater treatment. In these systems,
methanogenic microorganism growth is stimulated
(Andrade & Ochoa-Herrera, 2013). Additionally,
Sludge A was activated using a high COD/SO%‘ ratio.
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0.00254 @ SludgeC wYYY  YYYYY
L (.'ontinl 'w z =
v o® L]
Z 0.0020 v d
= ulls =m ]
= v on SO
2 5 L]
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-] v ] @
=
= 0.0010+ v - °
== L]
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1504 @ Control
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2 |25
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=
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2
% 0 . .
" v
95 v o®
= [ ] [ ]
ol Ba - - _ ? -
0 5 10 15 20 25 30 35 40 45
Time (d)

Fig. 2. Time course (a) methane and (b) sulfide
production of the anaerobic sludges in the presence of
sodium acetate in batch bioassays.

Studies  demonstrate  that  higher ratios
promote methanogenic over sulfidogenic activity.
Theoretically, a COD/SO%‘ ratio of 0.67 g/g
stoichiometrically sufficient for complete organic
matter oxidation; ratios of 1 to 2 g/g allow
the predominance of sulfidogenesis, while
methanogenesis predominates at ratios above this
level (Camiloti et al., 2014). However, the overall
SMA in all three sludges is below the average
reported for acetoclastic methanogenic activity, which
is 0.45 gCH4-COD/g VSSed (Gallegos-Garcia et al.,
2010).

Similar to the methanogenic assays, no sulfide
production was observed in the abiotic control.
SGA was 042, 1.02, and 0.59 mg Sz‘/gVSSOd,
for sludges A, B, and C, respectively. Lu er al.
(2017) obtained a sulfidogenic activity of 0.41 g S?~-
COD/g VSSed, which is significantly higher than
the activities obtained in this study under similar
conditions. The low sulfidogenic activity might be
attributed to the low content of SRB in the sludge
(Gonzélez-Paz et al., 2020). Given that the VSS
represents the fraction of TSS present as biomass, all
three sludges presented a low VSS/TSS ratio (Garzén
et al., 2015). Therefore, there is a low concentration
of microorganisms in the sludge, resulting in lower
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metabolic activities. Low metabolic activities could
cause prolonged periods of adaptation for a complete
displacement of methanogenic activity by sulfidogenic
activity.

3.2 Adaptation of the ASRr

The anaerobic consortium, Sludge B from batch
bioassays, was adapted to sulfate-reducing conditions
in the ASRr, for 43 days using a synthetic effluent.
Organic matter and sulfate removal efficiencies are
shown in Table 2. Organic matter removal (Fig. 3a)
in the ASRr decreased, from 81.2% to 65.1%, with
the reduction of the COD/SO2’, but sulfate removal
increased (Fig. 3b), reaching the highest removal in
Period III (72.5%).

; 1 11 m w v Vi
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Fig. 3. (a) Organic matter; (b) sulfate; (c) sulfide
concentrations in the influent and effluent of the ASRr
(Periods I-IIT) and IAAB (Periods IV-VI) as a function
of time.
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The increase in sulfate removal is related to the
increase in sulfate concentration in the inlet of the
reactor, increasing the reaction rate between SRB and
sulfate. The increase in the SRB community causes
a decrease in substrate microbial competition by the
displacement of other microorganisms present in the
sludge. At higher COD/SO%‘ ratios, there is increased
competition for carbon sources between SRB and
methane-producing archaea (MPA); however, as the
ratio decreases, SRB growth is favored, explaining
the decrease in COD removal and increase in sulfate
removal rates (Liu et al., 2018).

Due to inconsistencies in methane measurements,
electron equivalents in Period II were not calculated;
however, a comparison of the methane production
in Periods I (%CH4-COD= 79.6) and Il (%CHgs-
COD=39.2) indicates a clear drop in methanogenic
activity. COD biodegradation pathways are related
to COD/SOZ‘ ratios. For example, at ratios below
1.5 g/g, COD consumption was mainly directed
towards sulfate conversion to sulfide, ratios between
1-3 g/g allowed a balance between MPA and SRB,
and ratios above 3.5 g/g resulted in the decrease of
the sulfate-reducing activity (Jeong et al., 2008; Yuan
et al., 2015). The adaptation period of the ASRr
shows that electron flow shifted towards methanogenic
activity at higher COD/SO%‘ ratios (Period I).

3.3 Integrated anaerobic/aerobic biological
system (IAAB)

The aerobic sludge activation period lasted 20 days,
reaching a COD removal of 94.1%. This period
took place in a separate acrylic reactor previously
described. Once COD removal stabilized and the
biomass completely adhered to the sponge, the reactor
was coupled to the ASRr, forming the IAAB system.
The highest COD removal efficiency was observed in
Period IV (%CODjgap = 82.4%), but high removal
efficiencies exceeding 80% were maintained during all
three periods. Also, CODpg for Periods V (CODg =
109.2 mg COD/Led) and VI (CODg = 109.8 mg/Led)
did not vary significantly with HRTjssp decrease,
indicating that HRT had no considerable effect in
COD removal. Accordingly, the aerobic treatment, or
ASOr, was conducted to treat the remaining organic
matter present in the ASRr, reaching a maximum COD
removal of 84.7% in Period VI (Fig. 3a). Therefore,
the effluent from the anaerobic treatment has sufficient
amounts of soluble organics and solids that can be
used by aerobic treatments (Gadow & Li, 2020).
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Table 2. Average sulfate and COD removal and percentage of electron equivalents for methane and sulfide
production in the ASRr and TAAB.
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Period
Individual reactors Integrated System
Parameter Units | 11 111 v \% VI

mgCOD/L  1712.03 151229 1281.63 569.84 104121 111671

CODRemoval ¢ nopsee  87.19 7745 6505 4795 5198 5543
5 mg%SO3 /L 10691  519.13 1477.05 35929 1089.24 1284.26

ASRr S0; Removal g co2-" 2757 909 725 7517 5819 5725
H5S Production mgSz‘/L - - - 196.28  502.42 678.18

CODg 10231 3218 6098  50.02 10926  109.88

%CODin %CH;-COD  79.61 - 39.26 - - ;

%H,S-COD . . - 7392 8592  90.92

mgCOD/L - - - 368.67 76143  807.24

ASOr COD Removal ¢ 06p e - - - 6481 7681  84.69
H,S mgS2/L . . - 193.54 49951  669.64

Removal DS %50, - - - 98.4 100 98.74
mgCOD/L - - - 938.51 1802.6  1923.95

COD Removal ¢ 5 p ias . . - 8242  90.09  95.61
IAAB . mg %SOX /L - - - 63106 1417.66 151227

%S0,"- Removal g ¢ 20— : - 6124 4861 49.08

In Period IV, sulfate removal efficiency reached
75.1% (Table 2) but decreased once the COD/SOi’
ratio changed to 0.67, probably caused by a substrate
or product inhibition, as explained by Xingyu et al.
(2013). It appeared that the lowering in the COD/SOi_
ratio could have caused a deterioration in sulfate
reduction. HpS has a critical effect on anaerobic
treatments since it can penetrate cells, and in some
cases, destroys bacteria, including SRB (Zhou & Xing,
2015). In this study, H>S (pKa;=6.9) and HS™ (pKa;=
12.9) are expected to be the predominant sulfide
species for the conditions employed (Martins et al.,
2011). Reported IC50 of undissociated sulfide to SRB
at pH levels comparable to those in this study range
69-223 mgH,S/L (Visser et al., 1996, O’Flaherty et
al., 1998). The concentration of undissociated H;S
exceeded these IC50 values during periods of reactor
operation. AS shown in Figure 3, the total sulfide
levels in ASRr during Period V and VI averaged 502-
678 mgS>~/L, respectively. Assuming pH = 7 and
pKaj; = 7 (dissociation of HS to HS™), the average
concentrations of undissociated H,S in Period V and
VI were 251 and 339 mg/L. Although the minimal
COD requirement for sulfate reduction is 1 g-COD per
1.5 g-SO?™ reduced (0.67 COD/SO3"), recent studies
demonstrate that increasing COD/SO%‘ ratios in the
range of 0.67 to 2.5 increases sulfate removal (Yuan

et al., 2015). Sulfate removal (%SO%‘ASRr = 57-
58%) was stable with OLR increase (Period V and
VI). In this case, OLR increase with HRT 445 does
not affect the reactor’s overall performance, showing
no alteration in the reactor’s metabolic processes. An
increase in HRT can induce a shift in the substrate
profile in the outer layer of the granules. This
allows the contact of un-adapted bacteria with the
contaminant and sometimes can cause inhibition in
their metabolic activities. It is imperative to maintain a
stable operation in continuous systems to avoid ‘shock
loading’ (Show et al., 2020).

The IAAB system configuration prevented
methane quantification, but the percentage of electrons
used for sulfidogenesis showed an apparent increase
with the low COD/SOZ‘ ratios and OLR increase.
Low COD/SOLZ‘_ ratios cause predominance in SRB
electron usage; however, the proportion of electron
flow employed for methanogenic and sulfidogenic
routes depends on COD/SOZ‘ ratios and operational
parameters, like substrates and HRT (Lu et al,
2016). Sulfide-oxidation was determined by sulfide
concentrations in the effluent of the ASOr. Although
sulfide concentration in the effluent of the ASOr
is close to 0 mg/L, sulfate concentrations did not
increase significantly compared to the ASRr effluent,
indicating an incomplete sulfide-oxidation. Sulfide
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loss can be attributed to incomplete oxidation or
volatilization. Produced sulfide in the ASRr might
have transformed into intermediate compounds in
the ASOr like polysulfides, sulfite, and thiosulfates.
Oxygen availability could have affected the final
sulfur products involved in the ASOr. Sulfur is
expected to be the primary end product of biological
sulfide-oxidation for oxygen concentrations below
0.1 mg/L, with partial oxidation to thiosulfate. With
higher oxygen availability, sulfate is expected to be
the predominant end-product (Pokorna-Krayzelova
et al., 2018). The amount of dissolved oxygen can
be associated with the aeration rate and the use in
the biochemical reaction; hence, optimizing aeration
is crucial to prevent low or incomplete sulfide-
oxidation (Pokorna & Zabranska, 2015). In order to
limit sulfide oxidation to elemental sulfur without
proceeding entirely to sulfate production, a low
oxygen concentration needs to be maintained in the
reactor. Additionally, conventional bubbling aeration
may strip hydrogen sulfide from the water, affecting
sulfur recovery efficiency (Sun et al., 2017). HyS(aq)
acts as a week acid with near-neutral pKa values; in
its propionate form, it is volatile and can escape as a
gas into the atmosphere in natural or artificial sulfidic
systems such as tidelands, paddy fields, and sewage
(Sim et al., 2019). Hydrogen sulfide volatilization can
also be accounted for sulfide concentration decrease.

Conclusions

The election of a proper microbial consortium is
crucial for the development of a wastewater treatment
system. Sludge B presented the highest SGA and the
lowest SMA from batch studies, indicating a facility to
adapt to sulfate-reducing conditions.

COD/SO%‘ ratio has a significant impact on
metabolic activity. The 43 days of adaptation of the
ASRYr, showed that intermediate ratios allow a balance
between MPA and SRB. However, lower ratios cause
almost a complete displacement of methanogenic
activity by sulfidogenic activity.

For the correct integration of two separate
reactions into one system, process control and
operational conditions are crucial for synchronized
operation. The removal efficiencies in the IAAB
for COD, sulfate, and sulfide were 90%, 60%, and
99%, respectively. By the end of the operation of
the reactor, the percentage of electron equivalents
was mainly towards sulfidogenic activity (%H,S-

COD= 90.9). This study demonstrates that a two-
step anaerobic/aerobic biological system operating
at high OLR can be used for sulfate and organic
matter removal from sulfate-rich wastewater. We aim
for efficient wastewater treatment with this specific
reactor configuration, heavy metal recovery as metal
sulfides, and biological elemental sulfur recovery. We
understand that further research is still needed to prove
its efficiency for AMD treatment, including analyzing
pH and heavy metal effect in microorganism growth,
H,S production, and reactor operation. Additional
research is needed to extract elemental sulfur and
metal precipitates efficiently.
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Nomenclature
AMD Acid mine drainage
SRB Sulfate-reducing bacteria
SOB Sulfide-oxidizing bacteria
MPA Methane producing archaea
WWTP Wastewater treatment plant
UASB Up-flow anaerobic sludge bed reactor
FBR Fixed bed reactor
VSS Volatile suspended solids
TSS Total suspended solids
ASRr Anaerobic sulfate-reducing reactor
ASOr Aerobic sulfide-oxidizing reactor
IAAB Integrated anaerobic/aerobic biolo-
gical system
COD Chemical oxygen demand
HRT Hydraulic retention time
CODg Organic matter removal rate
(g COD/Led)
ORL Organic loading rate (g COD/Led)
SLR Sulfate loading rate (g SOi‘/LOd)

%CH4-COD  Percentage of electron equivalents
employed for methanogenesis
Percentage of electron equivalents
employed for sulfidogenesis

M Methanogenesis (g CHy/Led)

%H,S-COD

S Sulfidogenesis (g S*~/Led)
Fy F¢=2gS?>-COD/g S
Fp 4 g CH4-COD/g CHy
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%COD  Organic matter removal efficiency
%SOZ‘ Sulfate removal efficiency

%S>~ Sulfide removal efficiency

I Influent (COD, SO2~, or 52—) concen-
tration

E Effluent (COD or SO%, or S27) concen-
tration

Subscripts
in Initial
f Final

ASRr  Anaerobic Sulfate-reducing reactor

ASOr  Aerobic Sulfide-oxidizing reactor

IAAB Integrated Anaerobic/Aerobic biological
system

COD  Chemical oxygen demand

SO~ Sulfate

S~ Sulfide
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