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Abstract Sulphate-rich wastewaters can be generated due to (i)
use of saline water as secondary-quality water for sanitation in
urban environments (e.g. toilet flushing), (ii) discharge of indus-
trial effluents, (iii) sea and brackish water infiltration into the
sewage and (iv) use of chemicals, which contain sulphate, in
drinking water production. In the presence of an electron donor
and absence of oxygen or nitrate, sulphate can be reduced to
sulphide. Sulphide can inhibit microbial processes in biological
wastewater treatment systems. The objective of the present
study was to assess the effects of sulphide concentration on
the anaerobic and aerobic physiology of polyphosphate-
accumulating organisms (PAOs). For this purpose, a PAO cul-
ture, dominated by Candidatus Accumulibacter phosphatis
clade I (PAO I), was enriched in a sequencing batch reactor
(SBR) fed with acetate and propionate. To assess the direct
inhibition effects and their reversibility, a series of batch activity
tests were conducted during and after the exposure of a PAO I

culture to different sulphide concentrations. Sulphide affected
each physiological process of PAO I in a different manner. At
189 mg TS-S/L, volatile fatty acid uptake was 55% slower and
the phosphate release due to anaerobic maintenance increased
from 8 to 18 mg PO4-P/g VSS/h. Up to 8 mg H2S-S/L, the
decrease in aerobic phosphorus uptake rate was reversible
(Ic60). At higher concentrations of sulphide, potassium
(>16 mg H2S-S/L) and phosphate (>36 mg H2S-S/L) were re-
leased under aerobic conditions. Ammonia uptake, an indicator
of microbial growth, was not observed at any sulphide concen-
tration. This study provides new insights into the potential fail-
ure of enhanced biological phosphorus removal sewage plants
receiving sulphate- or sulphide-rich wastewaters when sulphide
concentrations exceed 8 mg H2S-S/L, as PAO I could be poten-
tially inhibited.

Keywords Sulphide inhibition . Enhanced biological
phosphorus removal (EBPR) . Poly-phosphate-accumulating
organisms (PAOs) .CandidatusAccumulibacter phosphatis
clade I

Introduction

To reduce eutrophication in surface water bodies, phosphate
needs to be removed fromwastewater by biological or chemical
means inwastewater treatmentplants (Yeomanetal.1988;Henze
et al. 2008).Thebiological removalofphosphate is carriedoutby
microorganisms broadly known as polyphosphate-accumulating
organisms (PAOs)capableof storingphosphatebeyond their bio-
mass growth requirements as intracellular polyphosphate (poly-
P) (Comeau et al. 1986; Mino et al. 1998). During anaerobic
conditions,PAOsstorevolatile fattyacids (VFA)(e.g.propionate,
acetate) as poly-hydroxy-β-alkanoates (PHA),which require ad-
ditional energy and reduction equivalents. PAOs obtain most of
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the required energy (ATP) from the hydrolysis of intracellular
poly-P, which results in the release of phosphate and cations
(e.g. calcium, magnesium, potassium) (Comeau et al. 1986).
Conversion of glycogen to PHA provides extra energy (ATP)
and reducing equivalents (NADH) needed (Mino et al. 1998).

Thereafter, under aerobic or anoxic conditions (depending
on the presence of oxygen, nitrate, and/or nitrite), PAOs con-
sume the stored PHA to replenish their poly-P and glycogen
storage pools, to grow and for maintenance purposes (Comeau
et al. 1986; Wentzel et al. 1986). Thus, in order to support the
development of PAOs and achieve enhanced biological phos-
phorus removal (EBPR) in a wastewater treatment plant
(WWTP), mixed liquor activated sludge should be cycled
through alternating anaerobic and aerobic/anoxic conditions
and the influent should be directed to the anaerobic stage
(Henze et al. 2008).

Sulphate-rich wastewaters (containing up to 500 mg SO4
2

−/L) can be generated due to (i) discharge of sulphate into the
WWTP by industrial effluents (Sears et al. 2004), (ii) use of
sulphate-based chemicals in drinking water production (e.g.
aluminium sulphate) (Bratby 2016), (iii) seawater and/or
groundwater (rich in sulphate) intrusion (van den Brand
et al. 2014), and (iv) use of seawater as secondary-quality
water (e.g. cooling, toilet flushing) (Lee and Yu 1997).
During sewage conveyance and in the anaerobic stages of a
wastewater treatment (e.g. anaerobic sewerage and/or reac-
tors), sulphate could be reduced to sulphide (H2S/HS

−) and
inhibit different organisms (Comeau et al. 1986; Koster et al.
1986). Sulphide might cause microbial inhibition due to either
direct inhibition of the unionized form of sulphide
(dihydrogen sulphide, H2S, which is able to pass through the
cell membrane and reduce the intracellular pH) (Comeau et al.
1986; Koster et al. 1986) or precipitation of key micro-
nutrients with sulphide (like copper, cobalt or iron) decreasing
their bioavailability to cover the microbial metabolic require-
ments (Bejarano Ortiz et al. 2013; Zhou et al. 2014).

The sulphide inhibition effects on certain microorganisms
have been already assessed. Chen et al. (2008), working with
an anaerobic suspended sludge bioreactor, reported 50% me-
thanogenic inhibition at sulphide concentrations between 50
and 125 mg H2S-S/L, whereas Koster et al. (1986) observed
50% inhibition at 250 mg H2S-S/L in an anaerobic granular
sludge fed with acetate. Jin et al. (2013) reported that 32 mg
H2S-S/L caused a 50% decrease in Anammox activity; mean-
while, Bejarano Ortiz et al. (2013) observed that 2.6 ± 0.3 and
1.2 ± 0.2 mg H2S-S/L caused 50% inhibition of the ammonia
and nitrite oxidation activities in nitrifying cultures, respec-
tively. These observations suggest that the aerobic or anoxic
metabolic activities appear to be more sensitive to the pres-
ence of sulphide than the anaerobic one.

So far,onlya fewstudieshavefocusedon theeffectsof sulphide
on the anaerobic metabolism of PAOs. Comeau et al. (1986) ob-
served that the addition of sulphide under anaerobic conditions led

to an increased phosphate release, suggesting that phosphate was
released to re-establish the intracellular pH after the disassociation
ofsulphide inside thecell.Similarly,Saadetal. (2013) reported that
theanaerobicacetateuptake rateofPAOsdecreasedaround50%at
60 mg H2S-S/L and observed 55% higher anaerobic P release,
potentially associated with a detoxification process. However, no
studies have reported the effects of sulphide on the aerobicmetab-
olism. Furthermore, it is not clear whether and to what extent the
effects of sulphide on themetabolism of PAOs are reversible.

Thus, the main objective of the present research was to
study the short-term effects of sulphide on the anaerobic/
aerobic physiology of an enriched PAO culture (dominated
by Candidatus Accumulibacter phosphatis clade I, hereafter
PAO I). To assess the direct inhibition effects, batch tests were
performed at different sulphide concentrations ranging from
48 to 189 mg TS-S/L (H2S + HS−) added at the start of the
anaerobic stage. Once sulphide was depleted, in order to as-
sess the reversibility of the inhibition effects, additional batch
tests were performed with the same sludge immediately after
the direct exposure tests. The findings will improve our un-
derstanding regarding the inhibiting effects of sulphide on
PAOs and serve to develop strategies to overcome their dele-
terious effects on EBPR systems.

Materials and methods

Reactor operation

The biomass was enriched in a 3.0-L double-jacket Applikon
reactor with a working volume of 2.5 L (Delf t ,
The Netherlands). Five hundred millilitres of activated sludge
from WWTP Nieuwe Waterweg (Hoek van Holland,
The Netherlands) was used as inoculum. The reactor was op-
erated in cycles of 6 h (2 h 15min anaerobic phase, 2 h 15 min
aerobic phase, 1 h settling time and 30 min effluent removal).
At the start of each cycle, 1.25 L of synthetic media was fed to
the reactor (5 min feeding), resulting in a hydraulic retention
time (HRT) of 12 h. Through the wastage of 78 mL of mixed
liquor at the end of each aerobic phase, the solids retention
time (SRT) was controlled at 8 days. The pH was kept at
7.6 ± 0.1 through the addition of 0.1 M HCl and 0.4 M
NaOH. The dissolved oxygen (DO) concentration was main-
tained at around 20% of the saturation concentration through
the automatic supply of compressed air or nitrogen gas.
Temperature was externally controlled at 20 ± 1 °C. The or-
thophosphate, VFA, mixed liquor suspended solid (MLSS),
and mixed liquor volatile suspended solid (MLVSS) concen-
trations were measured twice per week at the start and end of
each phase (anaerobic/aerobic). When no significant changes
in these parameters were observed for at least three SRT, it was
assumed that the system was under pseudo steady-state
conditions.
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Synthetic media

The media was concentrated ten times and separated in two
bottles (carbon source and mineral solution). After dilution,
the synthetic media fed to the reactor contained per litre
637 mg NaAc·3H2O (295 mg COD/L), 66.7 μL propionic
acid (100 mg COD/L), 107 mg NH4Cl, 111 mg NaH2PO4·
H2O (25 mg PO4-P/L), 90 mg MgSO4·7H2O, 14 mg CaCl2·
2H2O, 36 mg KCl, 1 mg yeast extract, 20 mg N-allylthiourea
(ATU) and 300 μL of trace element solution prepared accord-
ing to Smolders et al. (1994a, b).

Batch activity tests

Batch tests were performed by duplicate in two jacketed reac-
tors, each one with a working volume of 400 mL. When the
biomass performance in the parent sequencing batch reactor
(SBR) was under steady-state conditions, 200 mL of sludge
was transferred from the parent SBR to each batch reactor.
Prior to the execution of each batch test, the media was
sparged with nitrogen gas and adjusted to pH 7.6. The length
of each batch test was composed of 75 min anaerobic and
125 min aerobic conditions. To ensure anaerobic conditions,
nitrogen gas was sparged at the bottom of the batch reactors
during feeding and thereafter to their headspace during the rest
of the anaerobic phase. In the aerobic stage, compressed air
was sparged from the bottom. Both gases were controlled at
10 L/h. The pH was kept at 7.6 ± 0.1 through the automatic
addition of HCl and NaOH. As described elsewhere (Lopez-
Vazquez et al. 2008), the oxygen consumption rates (OUR)
were determined in 2–3-min time intervals at DO concentra-
tions higher than 2 mg/L in a separate 10-mL unit equipped
with an OXi 340i DO probe (WTW, Germany).

Direct inhibition H2S batch tests

Direct inhibition batch tests were performed at different initial
total sulphide (H2S + HS−) concentrations added at the start of
the anaerobic phase. Sulphide concentrations ranged between
48 and 189 mg TS-S/L. Anaerobic synthetic media was dilut-
ed two times to keep an organic load to biomass ratio (F/M)
similar to that in the parent reactor and the pH adjusted to 7.6.
Before the addition of the media to the batch reactor, either
2.5, 5.0, 7.5 or 10 mL of concentrated sulphide (containing
3.2 g H2S + HS−/L) was added and the final volume adjusted
to 200 mL. The pH of the media was adjusted to 7.6 prior to
the addition.

Reversible inhibition H2S batch tests

Immediately after the completion of each direct inhibition test
(once sulphide was no longer detected), the reversibility tests
were conducted in the same reactor and with the same biomass

previously exposed to a defined sulphide concentration. Thus,
following an approach the same as that in the direct inhibition
tests but excluding the addition of sulphide, anaerobic condi-
tions were created through nitrogen gas addition, the synthetic
media was added and thereafter the sequential anaerobic-
aerobic stages were conducted.

Analyses

The samples were filtered through 0.45-μm-pore-size filters.
Fifty microlitres of butyric acid as internal standard was added
to the samples of acetate (HAc) and propionate (HPr) and stored
in 1-mL sampling bottles. Iron (Fe2+, Fe+3), potassium (K+),
magnesium (Mg2+) and calcium (Ca+) were stored in 0.5%nitric
acid solution. Orthophosphate (PO4

3−-P), ammonia (NH4
+-N),

acetate (HAc) and propionate (HPr) were analysed within 2 h
after each batch test. Total sulphide (H2S + HS−) was measured
immediately after sampling. Orthophosphate (PO4

3−-P), total
sulphide (H2S + HS−), total suspended solids (TSS) and volatile
suspended solids (VSS) were analysed as described in APHA
et al. (2005). Ammonia (NH4

+-N) was measured according to
NEN 6472 (1983). Acetate (HAc) and propionate (HPr) were
measured using a Varian 430-GC gas chromatograph (GC)
equipped with a split injector (200 °C) and a WCOT Fused
Silica column (105 °C) and coupled to a FID detector
(300 °C). Helium gas was used as carrier gas. Iron (Fe2+, Fe+
3), potassium (K+), magnesium (Mg2+) and calcium (Ca+) were
measured in an inductively coupled plasma mass spectroscopy
(Thermo Scientific in Bremen, Germany).

Fluorescence in situ hybridization

Toidentify thedominantmicrobialcommunities in thesludge, fluo-
rescence in situ hybridization (FISH) analyses were performed ac-
cording to Amman (1995). To target all bacteria, the EUB MIX
probe (mixture of EUB 338, EUB338 II and EUB 338 III probes)
was applied (Amman 1995). PAOs were targeted with the
PAOMIX probe (composed of probes PAO 462, PAO 651 and
PAO846) (Crocetti et al. 2000). The presence of PAO clade I and
clade II was estimated through the addition of probes Acc-1-444
(1A)andAcc-2-444(2A,2C,2D)(Flowersetal.2009).Candidatus
Competibacter phosphatis was targeted with the GB probe (Kong
et al. 2002).Defluvicoccus clusters 1 and 2were identifiedwith the
TFO-DF215, TFO-DF618, DF988 and DF1020 probes (Wong
et al. 2004; Meyer et al. 2006). Vectashield containing a DAPI
concentrationwasused to amplify the fluorescence signal and stain
all living organisms (Nielsen et al. 2009).

An estimation of the relative biomass fractions of the or-
ganisms of interest was performed by analysing 25 random
FISH image fields taken with an Olympus BX5i microscope
and analysed with the software Olympus Cell Dimensions 1.5
(Hamburg, Germany). The relative abundance of the organ-
isms was estimated by expressing the relative surface area,
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which stained positive with the specific probes, with regard to
the total surface area stained positive with DAPI (Flowers
et al. 2009). The standard error of the mean was calculated
as described elsewhere.

Stoichiometric and kinetic parameters of interest

The net P released per VFA consumption ratio (P-mmol/C-
mmol) was calculated based on the total P released observed at
the end of the anaerobic phase and the total VFA consumed. The
ratiosmmol-K+/P-mmol,mmol-Mg2+/P-mmol andmmol-Ca+/P-
mmol were calculated based on their net differences at the start
and end of the anaerobic phase (anaerobic ratios) and at the start
and end of the aerobic phase (aerobic ratios). The poly-P content
in the biomass was not measured but estimated based on the ash
content, as described by Welles et al. (2015).

All kinetic rates were calculated by linear regression and
expressed as milligrams compound per gram of volatile
suspended solids (VSS) per hour (mg/(g VSS h)), as described
in Smolders et al. (1995). The anaerobic rates of interest were:

(i) qmax
VFA, maximum specific VFA consumption rate

(ii) qmax
PO4;AN

, maximum specific total phosphate release rate
(iii) qPO4;VFA, maximum specific phosphate release rate for

VFA uptake, estimated as

qPO4;VFA ¼ qmax
PO4;AN

−mPO4;AN ð1Þ

(iv) mPO4;AN, specific anaerobic phosphate release rate due
to maintenance purposes (after VFA consumption)

(v) mI ;PO4
, specific anaerobic phosphate release rate for

maintenance or detoxification purposes (after VFA con-
sumption) associated with the presence of sulphide, es-
timated as the increase in the phosphate release rate be-
tween the mPO4;AN observed in the control test (at 0 mg
H2S-S/L) and in the different (direct and reversibility
inhibition) tests exposed to sulphide (48 and 89 mg
TS-S/L)

Similarly, the aerobic rates of interest were:

(i) qIniPO4;Ox
, maximum specific initial phosphate uptake rate,

determined based on the phosphate uptake rate observed
during the presence of sulphide (in the direct inhibition
tests) or within the first 60min of the aerobic phase (in the
reversibility tests)

(ii) qResPO4;Ox
, residual phosphate uptake rate, estimated based

on the phosphate uptake rates measured once sulphide
was not detected in the aerobic phase

(iii) qNHx;Ox, specific ammonia uptake rate
(iv) mO2;Ox, oxygen uptake rate measured at the end of the

aerobicphase(associatedwithmaintenancepurposes)once
phosphate uptake stopped and sulphide was not detected

Inhibitory sulphide expressions

Mathematical expressions were developed to describe the di-
rect inhibition effects of total sulphide on the anaerobic and
aerobic phosphate profiles of PAOs. Sulphide was modelled
as total sulphide (HS− + H2S). The results from the direct
inhibition tests, showing the effect of sulphide on the physi-
ology of PAO I, were used to calibrate the model. Based on the
phosphate profiles, three mathematical expressions were pro-
posed and added to the model developed by Lopez-Vazquez
et al. (2009). The anaerobic phosphate release rate due to
detoxification caused by sulphide (mI ;PO4

) was described with
the following expression (Eq. 2):

ms
I ;PO4

¼ mmax
I ;PO4

⋅
SHxS

SHxS þ KHxS;AN
⋅XPAO ð2Þ

where
ms

I ;PO4
corresponds to the increase in the anaerobic P re-

lease rate (presumably associated with the detoxification pro-
cess) caused by sulphide, in milligrams PO4-P/litre.

mmax
I ;PO4

is the maximum increase in the anaerobic P release

rate caused by sulphide, in milligrams PO4-P/gram VSS/hour.
KHxS;AN is the half-saturation inhibition constant affecting

the increased P release rate associated with the presence of
sulphide, in milligrams S/litre.

SHxS is the sulphide concentration in the liquid phase, in
milligrams S/litre.

XPAOis the fraction of PAO biomass, in grams VSS.
For the description of the aerobic physiology, two different

phases were considered: (i) the first one under the presence of
sulphide, hereafter identified as directly inhibited activity, and
(ii) the second one once sulphide was no longer detected,
henceforward referred to as residual activity. To describe the
directly inhibited activity, the aerobic P uptake rate was affect-
ed by the inclusion of an inhibition expression (Eq. 3). For the
description of the residual activity, which takes into consider-
ation that the inhibition may be partially reversible, an empir-
ical inhibiting expression for the aerobic P uptake rate was
proposed (Eq. 4).

KI ;Ox

KI ;Ox þ SHxS
ð3Þ

KI ;Ox⋅eS
ref
HxS

−SIniHxS

KI ;Ox⋅eS
ref
HxS

−SIniHxS þ SIniHxS

ð4Þ
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where
KI , Oxis the half-saturation inhibition constant of sulphide

on the aerobic metabolism of PAOs, in milligrams S/litre.

SrefHxS
is a reference sulphide concentration at which an irre-

versible inhibition of the aerobic phosphate uptake rate can
occur, in milligrams S/litre.

SIniHxS
is the initial sulphide concentration at the start of the

aerobic phase, in milligrams S/litre.
Aquasimwasused toestimate thekineticparametersused in the

proposed expressions and to simulate the phosphate concentration
profiles in the different experiments (Reichert 1998). The percent
error was calculated through the normalized root mean square de-
viation (NRMSD), as described byOehmen et al. (2010).

Results

Sludge performance and microbial community
in the parent reactor

Prior to theexecutionof thebatch inhibition tests, theparent reactor
was operated for more than 200 days, showing a stable pseudo
steady-state performance with a VSS/TSS ratio of 0.59 g VSS/g
TSS and complete phosphate removal at the end of the aerobic
phase (Fig. 1, i). All VFAwas consumed within 10 min of the
anaerobic phase at 534 mg COD/g VSS/h, releasing phosphate at
a rate of 377mg PO4-P/g VSS/h and reaching a P to VFA ratio of
0.76 P-mmol/C-mmol. In the presence of oxygen, phosphate was
taken up at an initial rate of 57.9 mg PO4-P/g VSS/h, consuming
0.54 O2-mmol/P-mmol taken up. FISH analyses were performed
on day 217, showing that the biomass was composed of 97 ± 4%
Candidatus Accumulibacter phosphatis (with regard to DAPI-
stained biomass), from which around 99% belonged to
CandidatusAccumulibacter phosphatis clade I (Fig. 1, ii).

A control test was performed under the same conditions as
the direct inhibition test (without the addition of sulphide). In
the control test, all VFA (measured as COD) were consumed
within 15 min, at a rate of 510 mg COD/g VSS/h. During the
anaerobic stage, 76 mg PO4-P/L was released at a rate of
399 mg PO4-P/g VSS/h (qmax

PO4;AN
). The stoichiometric P to

VFA ratio was 0.78 P-mmol/C-mmol. In the aerobic stage,
phosphate was taken up with a maximum specific P uptake
rate of 68 mg PO4-P/g VSS/h (qIniPO4;Ox

), consuming 0.55 O2-

mmol per P-mmol taken up (Fig. 2). The anaerobic/aerobic
stoichiometry and kinetics of the control test were in the same
range as those observed in the cycle of the parent reactor.

Direct sulphide inhibition effects on the anaerobic
and aerobic metabolism of PAO I

Underanaerobicconditions, thesulphideconcentrationsadded in
the beginning of each test were rather stable. Figure 3 shows the

phosphate, VFA (as COD), ammonia, and sulphide profiles dur-
ing and after a short-termexposure to the different concentrations
of sulphide assessed that increased from0 to42mgTS-S/L (8mg
H2S-S/L), 86 mg TS-S/L (16 mg H2S-S/L), 115 mg TS-S/L
(22 mg H2S-S/L) and 189 mg TS-S/L (36 mg H2S-S/L). In the
differentanaerobicstagesstudied, theVFAuptakeratesdecreased
progressively (Fig. 4) from 510 to 227 mg COD/g VSS/h as the
sulphide concentration increased.Nevertheless, in all cases,VFA
was taken upwithin the length of the anaerobic phases. Themax-
imum phosphate release rate (qmaxPO4;AN

) showed a similar trend

decreasingfrom399mgPO4-P/gVSS/hto119mgPO4-P/gVSS/
h. On the contrary, the anaerobic maintenance P release rates
(mPO4;AN ) increased from 8 to 18 mg PO4-P/g VSS/h as the
sulphideconcentrationreached189mgTS-S/L(36mgH2S-S/L).

Regardless of the sulphide concentration, in the first 60min
of the aeration phase, sulphide dropped below detection limits
(Fig. 3). When sulphide was present, the direct exposure se-
verely affected the initial phosphate uptake rates. At 42 mg
TS-S/L, the initial phosphate uptake rate decreased 81% com-
pared to the rate measured at 0 mg TS-S/L (13 versus 68 mg
PO4-P/g VSS/h, respectively). It decreased even further, and
at 115 mg TS-S/L, no phosphate uptake was observed.
Furthermore, at 189 mg TS-S/L, phosphate was not taken up
but released at a rate of 12 mg PO4-P/g VSS/h (Fig. 4).

After sulphide was no longer detected (around 60 min), the
aerobic P uptake activities resumed (hereafter identified as
residual phosphate uptake rate, qResPO4;Ox

), reaching 28, 23

and 12 mg PO4-P/g VSS/h at 48, 86 and 115 mg TS-S/L,
respectively. Despite these uptake rates, suggesting that the
sulphide inhibition effects were reversible, at 189 mg TS-S/
L, phosphate was released but at a slower rate (9 mg PO4-P/g
VSS/h) than when sulphide was present (Fig. 4).

Interestingly, in all direct inhibition tests, ammonia consump-
tion was not observed. Possibly, due to the chemical oxidation
of sulphide, the oxygen uptake rate (OUR) could not be deter-
mined when sulphide was present. Only at the end of the tests,
when sulphide was not observed, was the residual OUR deter-
mined. The OUR measured at 48, 86 and 115 mg TS-S/L were
similar (19, 22, 19 mg O2/g VSS/h, respectively) but at 189 mg
TS-S/L was considerably lower (8 mg O2/g VSS/h) (Fig. 4),
indicating that PAOs suffered a potential lethal effect.

Reversible effect of sulphide on the metabolism of PAO I

Inorder toassess towhichextent the sulphide effectswere revers-
ible, fresh substrate (without sulphide) was added to the biomass
previously exposed to sulphide. In these reversibility tests, full
carbon removal was only observed on the biomass initially ex-
posed to 42 mg TS-S/L (8 mg H2S-S/L) but at a rate 57% lower
than that observed in the control test (510 and 221 mg COD/g
VSS/h, respectively) (Fig. 4). In the rest of the reversibility tests,
acetate leaked into the aerobic phase (Fig. 3)whichwas reflected
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in maximum VFA consumption rates that dropped to 112 and
105 mg COD/g VSS/h at 86 and 115 mg TS-S/L. A more

pronounced effect by sulphide was observed at the reversibility
test performed with 189mg TS-S/L where almost all propionate
and acetate leaked into the aerobic phase (24 and 77mgCOD/L,
respectively). The maximum anaerobic phosphate release rate
(qmaxPO4;AN

) was also inhibited. It dropped from 399 to 144, 88, 81

and 25 mg PO4-P/g VSS/h as the sulphide concentrations in the
direct inhibition test increased (conductedwith 0, 42, 86, 115 and
189mg TS-S/L) (Fig. 4).

Moreover, the initial phosphate uptake rate (qIniPO4;Ox
) de-

creased from 68, 45 and 42 to 11 mg PO4-P/g VSS/h in the
reversibility tests with 0, 48, 86 and 115 mg TS-S/L (Fig. 4).
Similar to the observations in the aerobic phase of the direct
inhibition test of 189 mg TS-S/L, in the reversibility test,
phosphate was not taken up but released at a rate of 19 mg
PO4-P/g VSS/h.

Since in the reversibility test part of the carbon (VFA)
leaked into the aerobic phase, it was not possible to compare
the initial OUR. Nevertheless, the mO2;Ox measured in the

Fig. 2 Batch activity control test performedwithPAObiomass enriched in the
parent SBR showing the profiles of VFA (measured as COD) (blue circles),
phosphate (PO4-P) (orange triangles) and ammonia (as NH4-N) (yellow
diamonds)

Fig. 1 Sludge characterization in
the parent SBR displaying i the
present profiles of carbon (blue
circles), phosphate (orange
triangles) and ammonia (as NH4-
N) (yellow diamonds) observed in
a typical operating cycle under
steady-state conditions and ii mi-
crobial identification by fluores-
cence in situ hybridization (FISH)
showing the microbial communi-
ty in the sludge (the bar indicates
20 μm): A all living organisms
(DAPI) in green, BGAO (Cy5) in
blue, C PAOs (Cy3) in red and D
PAO I (Fluos) in yellow
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reversibility test of 42, 86 and 115 mg TS-S/L were not con-
siderably different from each other (17, 18 and 17 mg O2/g
VSS/h). Furthermore, similar to the findings of the direct in-
hibition test performed with 189 mg TS-S/L, in the reversibil-
ity test, the mO2;Ox dropped to 8 mg O2/g VSS/h. Like in the
direct inhibition tests, in the reversibility tests, ammonia con-
sumption was not observed.

Ions transport across the cell membrane in the direct
and reversible inhibition batch tests

Phosphate is transported over themembrane togetherwith counter
ions likepotassium,magnesiumandcalcium(Comeauetal.1986).
To assess if sulphide had an effect on the transport processes asso-
ciated with P release and uptake, the ratios between the phosphate

Fig. 3 Phosphate (PO4-P), VFA
(as COD), ammonia (as NH4-N)
and total sulphide (H2S + HS− as
S) profiles during the direct
inhibition and subsequent
reversibility tests executed at a
42 mg TS-S/L (8 mg H2S-S/L), b
86mg TS-S/L (16mgH2S-S/L), c
115 mg TS-S/L (22 mg H2S-S/L)
and d 189 mg TS-S/L (36 mg
H2S-S/L)
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and counter ion concentrations were assessed (Table 1). In the an-
aerobic phase, no considerable difference in the ratios of interest
was observed. However, the ratios measured in the aerobic phase
weremoresensitive.At86and115mgTS-S/L,0.06and0.89mol-
K+/P-mol, respectively, were released instead of stored (Table 1).
The aerobic potassium to phosphate ratio wasmarginally restored
in the reversible tests. In addition, above 86 mg TS-S/L, a higher
magnesium concentration was taken up together with phosphate
(0.40 mol Mg2+/P-mol at 115 mg TS-S/L) but this ratio was fully

restored to typical ratios in the reversible tests. Incontrast, itwasnot
possible to observe any transport of calcium in either the anaerobic
or the aerobic phase of the batch test.

Mathematical description of the sulphide effects on PAOs

The direct inhibition effects of sulphide on the anaerobic/
aerobic phosphate profiles were satisfactorily described with

Fig. 4 Biomass specific anaerobic and aerobic rates during the direct inhibition tests and in the reversibility tests after the exposure at 42 mg TS-S/L
(8 mg H2S-S/L), 86 mg TS-S/L (16 mg H2S-S/L), 115 mg TS-S/L (22 mg H2S-S/L) and 189 mg TS-S/L (36 mg H2S-S/L)

Table 1 Molar ratios between counter ions and phosphate concentrations in the anaerobic and aerobic tests performed in this study

Direct inhibition tests Reversibility tests

mg TS-S/L mg TS-S/L

Anaerobic ratios (release of phosphate and ions)

Ratio Comeau et al. (1986) Smolders et al. (1994a, b) 0 42 86 115 42 86 115

mol-K+/P-mol 0.20 0.33 0.29 0.32 0.32 0.36 0.27 0.26 0.25

mol-Mg2+/P-mol 0.28 0.33 0.27 0.32 0.31 0.33 0.37 0.37 0.36

mol-Ca+/P-mol 0.09 N.R. 0.01 −0.01 0.00 0.00 −0.01 0.00 −0.01
Aerobic ratios (uptake of phosphate and ions)

mol-K+/P-mol 0.23 0.33 0.28 0.31 −0.06 −0.89 0.26 0.20 0.18

mol-Mg2+/P-mol 0.27 0.33 0.30 0.30 0.26 0.40 0.38 0.39 0.36

mol-Ca+/P-mol 0.12 N.R. 0.00 0.05 −0.02 −0.06 0.09 −0.01 −0.03

A negative sign means a switch of the corresponding expected mechanism (e.g. released instead of taken up)

N.R. not reported

1668 Appl Microbiol Biotechnol (2017) 101:1661–1672



the proposed expressions (NRMSD of 0.095 ± 0.006) (Fig. 5).
The increase in the net P release was described as an increase
in the anaerobic maintenance activity due to sulphide pres-
ence. The inhibition constant of sulphide (KI , AN) for the an-
aerobic P release was 20.7 mg TS-S/L, and the maintenance
coefficient (mmax

I ;PO4
) determined was 10 mg PO4-P/g VSS/h

(Eq. 2).
To describe the sulphide effects on the aerobic physiology

of PAOs, the mathematical expressions considered that the
effects were dependant on the actual concentrations of sul-

phide at the start of the aerobic phase (SIniHxS
). In addition,

118 mg TS-S/L was used as the reference concentration at

which a complete irreversible inhibition (SrefHxS
) occurred

(Eq. 4). In these expressions, an aerobic half-saturation inhi-
bition constant (KI , Ox) of 3.3 mg TS-S/L was used.

Discussion

Direct inhibition and reversibility effects of sulphide
on the anaerobic metabolism of PAO I

At the direct inhibition test performed at 115 mg TS-S/L
(22 mg H2S-S/L), the VFA uptake rate decreased 50% com-
pared to the one observed in the control test. This H2S con-
centration (which corresponds to about 22 mg H2S-S/L) is
lower than the 50% inhibition concentration reported by
Saad et al. (2013) of 60 mg H2S-S/L. However, the experi-
ments in this research were carried out at a pH of 7.6; on the
contrary, Saad et al. (2013) performed their experiments with-
in a pH range of 6.5 to 7.8. Thus, the difference in the sulphide
inhibition observed in the past studies could be because of the
pH used, as the external pH affects the transport of acetate and
proton motor force (pmf) of PAO (Comeau et al. 1986;
Smolders et al. 1994b).

In addition, the increase in the net P released per VFA
uptake from 0.78 to 0.91 P-mmol/C-mmol at 0 and 189 mg
TS-S/L, respectively, could be related to an increase in the
anaerobic maintenance requirements (mPO4;AN ) (Fig. 4),
which is from 8 to 18 mg PO4-P/g VSS/h. These observations
are in agreement with Comeau et al. (1986). They observed a
similar increase and suggested that sulphide could disassociate
inside the cell, reducing the internal pH (affecting the pH
gradient of the cell) and increasing the P release to stabilize
the pH gradient across the cell membrane.

In the direct inhibition tests performed at 42, 86 and 115 mg
TS-S/L, similar inhibition effects were observed on the maxi-
mum VFA uptake rate (qmaxVFA ) and its associated P release rate
(qPO4;VFA ) (of 85 and 87%, 58 and 57%, 50 and 54%, at the

corresponding sulphide concentrations tested). Thus, this sug-
gests that up to 115 mg TS-S/L, enough ATP (used for mainte-
nance and acetate uptake) can be generated by poly-P hydroly-
sis. On the contrary, at 189 mg TS-S/L, the maximum VFA
uptake rate (qmaxVFA ) and its associated P release rate (qPO4;VFA )

were 66 and 75% lower than the rates observed in the control
test. Hence, it seems that at 189 mg TS-S/L, either (i) the ATP
generated by poly-P hydrolysis is not enough, which could sug-
gest a higher glycogen consumption, or (ii) PAO has a lower
ATP demand, which could be associated with a lethal effect of
sulphide. Nevertheless, as glycogen was not measured, it is not
possible to assess this hypothesis in this study.

The effect of sulphide on the VFA consumption seems to
be more severely affected in the following reversible test as
even at 86 mg TS-S/L an incomplete VFA consumption was
observed. However, during the direct inhibition test, not all the
phosphorus previously released was aerobically taken up.
Thus, the estimated initial poly-P content in each reversibility
test decreased progressively from 0.13 to 0.12, 0.11 and
0.07 mg PO4-P/mg VSS at the tests performed at 42, 86,
115 and 189 mg TS-S/L, respectively. Welles et al. (2015)
demonstrated that the carbon uptake rate is affected by the

Fig. 5 Description of the PO4-P
profiles observed in the short-
term direct inhibition tests per-
formed with an enriched PAO I
culture at different sulphide con-
centrations (TS-S = H2S + HS−)
through the application of the
mathematical expressions pro-
posed in this study
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poly-P content, which can also explain the slower carbon up-
take rates seen in the reversibility tests.

Sulphide effects on the aerobic metabolism of PAO I

Based on the phosphorus profile, the aerobic metabolism
seems to be more drastically affected than the anaerobic me-
tabolism of PAO I (Fig. 3). This agrees with past studies where
the effect of different toxic compounds (e.g. free nitrous acid
(FNA) or copper) inhibited more severely the aerobic metab-
olism of PAOs (Wu and Rodgers 2010; Chen et al. 2012; Fang
et al. 2012).

The initial P uptake (qIniPO4;Ox
) and residual P uptake

(qresPO4;Ox
) rates decreased proportionally to the increase in

the sulphide concentrations (Fig. 4). The presence of sulphide
could create stress conditions for PAO I, increasing the main-
tenance requirements and leaving less energy available for
poly-P formation. Furthermore, in the direct inhibition test
performed at 189 mg TS-S/L, the energy (ATP) provided by
the oxidation of PHA seems to have become limiting and the
observed aerobic P release was likely a consequence of the
aerobic hydrolysis of poly-P for ATP generation. This state-
ment is in agreement withWu and Rodgers (2010), Zhou et al.
(2012) and Welles et al. (2015) who also observed aerobic P
release during the presence of FNA, copper or sodium chlo-
ride in EBPR cultures.

Furthermore, in the reversibility tests conducted at 48 and
86 mg TS-S/L, the initial phosphorus uptake rate was higher
than the residual phosphate uptake rate observed in the direct
inhibition tests (45 and 28 mg PO4-P/g VSS/h and 42 and
23 mg PO4-P/g VSS/h, respectively), suggesting that the re-
sidual phosphate uptake rate (qresPO4;Ox

) was only partially re-

versible up to 86 mg TS-S/L (Fig. 4).
Ammonia uptake, which is usually associated with micro-

bial growth, was not observed in either the direct inhibition or
the reversibility test. This observation is in agreement with
Pijuan et al. (2010) andWelles et al. (2015) who observed that
ammonia uptake was the most inhibited aerobic metabolic
process by FNA and salinity, respectively. The lack of iron
(which can precipitate with sulphide as FeS) has been sug-
gested to affect the growth of aerobic microorganisms (Isa
et al. 1986) and can be considered to be another potential
inhibition mechanism. However, in these experiments, iron
was always present above the concentration of 0.4 mg Fe/L,
which makes it unlikely that the microbial growth (ammonia
uptake) was inhibited due to iron limitation. Possibly, the in-
hibition of ammonia uptake might have been caused by the
higher ATP growth requirements compared to the energy
needs of other aerobic metabolic processes (e.g. 1.6 ATP/C-
mol for growth and 1.26 ATP/P-mol for PO4-P uptake).

Due to the likely oxidation of sulphide in the direct inhibi-
tion tests and the VFA leakage in the aerobic stages of the

reversibility tests, it was not possible to determine the OUR.
Nevertheless, during the last minutes of the aerobic phases
(around 2 h), the OUR remained stable and it was assumed
to correspond to certain aerobic maintenance or residual OUR
(mO2;Ox ). In Fig. 4, the mO2;Ox in the direct inhibition test
increased from 13 to 22 mg O2/g VSS/h at 0 and 86 mg TS-
S/L, respectively, and thereafter decreased to 8 mg O2/g VSS/
h at 189 mg TS-S/L. Welles et al. (2015) observed a similar
increasing effect on the aerobic maintenance energy require-
ments up to 2% salinity followed by a decrease at 3% salinity.
Pijuan et al. (2010) determined that the anabolic processes of
PAO (such as growth, glycogen replenishment and poly-P
storage) were completely inhibited at 6 · 10−3 mg HNO2-N/
L and the catabolic processes (maintenance) 40 to 50%
inhibited at 2 to 10 · 10−3 mg HNO2-N/L.

Sulphide effects on the transport of cations across the cell
membrane

Similar to the transport of phosphate, the aerobic transport of
cations (e.g. calcium, magnesium and potassium) across the
cell membrane was more affected than the anaerobic transport
(Table 1). In agreement with Pattarkine and Randall (1999), it
seems that calciumwas not used for the transport of phosphate
across the cell membrane. Sulphide affected marginally the
Mg2+/P ratio at the sulphide concentrations tested. However,
in the direct inhibition test, potassium was released above
86 mg TS-S/L. As suggested elsewhere, both potassium and
magnesium are essential for P uptake, and the absence of one
of them can result in the failure of the EBPR system once
poly-P is depleted (Rickard and Mcclintock 1992;
Brdjanovic et al. 1996; Pattarkine and Randall 1999; Barat
et al. 2005). Nevertheless, since in the reversibility tests po-
tassium was taken up together with phosphate (Table 1), a
shock of sulphide (up to 16 mg H2S-S/L) would not likely
lead to EBPR failure due to poly-P depletion.

Furthermore, as K+ and Mg2+ are co-transported across the
cell membrane together with phosphate, the K release could
have implied that phosphate was also released. However, ex-
cluding the direct inhibition and reversibility tests performed
at 189 mg TS-S/L, aerobic P release was not observed. As
suggested byComeau et al. (1986), potassium andmagnesium
were likely released to re-establish the pH gradient across the
cell membrane, which can be supported by the higher mol-K+/
P-mol ratio that increased from 0.29 to 0.36 mol-K+/P-mol in
the direct inhibition test performed at 0 and 115 mg TS-S/L.

Limitations and applications of the mathematical
description of the effects of sulphide on PAO I

The equations used to model the phosphate profile of
these experiments are based on the assumption that
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sulphide affects the metabolism of PAO I due to diffu-
sion into the cell membrane. The diffusion of sulphide
into the cell membrane can cause an increase in the
energy requirements, which results in a higher anaerobic
maintenance and slower phosphate uptake rate. Hence,
the mathematical expression proposed could be used to
try to predict the total anaerobic phosphate release and
phosphate uptake rate of an enriched culture of PAO I
up to 189 mg TS-S/L. For example, the operator of a
wastewater treatment plant (WWTP) could measure the
concentration of sulphide at the start of the anaerobic
and aerobic tanks, and use these mathematical expres-
sions to increase the aerobic retention time or to iden-
tify the chemical dose that would need to be added to
meet the phosphate effluent standard. Nevertheless,
these mathematical equations do not include pH, which
affects the speciation of sulphide (HS− + H2S).
Moreover, the presence of other microorganisms capable
of oxidizing sulphide might reduce the inhibition effect
of sulphide on PAO I.

Sulphide effects on full-scale EBPR systems

These experiments focus on the short-term (hours) ef-
fects during and after the exposure of PAO to sulphide.
Such conditions can occur not only in sewage treatment
plants that regularly receive saline wastewater but also
in WWTP exposed to the sudden discharge of industrial
effluents rich in sulphate or WWTP in coastal zones
subject to saline intrusion into the sewer due to tidal
events or poor conditions of sewage pipes. Such condi-
tions may lead to process upsets and deterioration if the
sulphide concentrations exceed 8 mg H2S-S/L, as poten-
tially the growth of PAO could be inhibited. However,
the long-term exposure to sulphide could lead to bio-
mass acclimatization or selection of sulphide-tolerant
PAO species or sulphide-oxidizing organisms (Schulz
et al. 1999; Brock et al. 2012; Ginestet et al. 2015).
These organisms could reduce the deleterious effects of
sulphide on EBPR systems. Further research is needed
to assess the long-term effects of sulphide on EBPR
systems.
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