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This study investigated the acute nickel toxicity on nitrification of low ammonia synthetic
wastewater at 10, 23, and 35°C. The nickel inhibition half-velocity constants (KI,Ni) for
ammonia oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB) based on Ni/MLSS
ratio at 10, 23, and 35°C were 5.4 and 5.6 mg Ni/g MLSS, 4.6 and 3.5 mg Ni/g MLSS, and 9.1
and 2.7 mg Ni/g MLSS, respectively. In addition, chronic toxicity of nickel to nitrification of
low ammonia synthetic wastewater was investigated at 10°C in two sequencing batch
reactors (SBRs). Long-term SBRs operation and short-term batch tests were comparable
with respect to the extent of inhibition and corresponding Ni/MLSS ratio. The μmax, b, and Ko

of AOB were 0.16 day-1, 0.098 day-1 and 2.08 mg O2/L after long-term acclimatization to
nickel of 1 mg/L at 10°C, high dissolved oxygen (DO) (7 mg/L) and long solids retention time
(SRT) of 63–70 days. Acute nickel toxicity of nitrifying bacteria was completely reversible.
© 2019 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.

Published by Elsevier B.V.
Keywords:
Nickel inhibition
Temperature
Nitrifying culture
Activated sludge
Toxicity
Introduction

Nitrification is a two-step process involving nitritation (am-
monia oxidation to nitrite) by ammonia oxidizing bacteria
(AOB) and nitratation (nitrite oxidation to nitrate) by nitrite
oxidizing bacteria (NOB) (Metcalf and Eddy, 2013). Both AOB
and NOB are autotrophs (Metcalf and Eddy, 2013). Nitrifiers
are affected by environmental conditions such as pH, dis-
solved oxygen (DO) concentrations, temperature, and toxic
chemicals (Aslan and Sozudogru, 2017; Ge et al., 2015; Soliman
and Eldyasti, 2018).

A variety of organic and inorganic chemical species can
affect the specific growth rate of the nitrifiers (Blum and
Speece, 1991). Heavy metals pose acute and sub-chronic
toxicological effects on the ecosystem (Akhtar et al., 2018).
The influence of heavy metals on the conventional
wo.ca, (Xiaoguang Liu), g
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activated sludge system has been thoroughly studied
(Cheng et al., 2011; Dilek and Gökçay, 1996; Hernandez-
Martinez et al., 2018; Stasinakis et al., 2002; Sun et al., 2017;
Yang et al., 2017; Yuan et al., 2014). The influence of heavy
metals on nitrifying bacteria is of interest because these
metals and their complexes can potentially inhibit nitrifi-
cation by disrupting proteins after transport across bacte-
rial cell membranes and interacting with protein functional
groups (Gadd and Griffiths, 1977; Kapoor et al., 2015; Nies,
1999; Yin et al., 2016).

Nickel (Ni) is a common metal which exists at various
ranges in the influents of different wastewater treatment
plants. Although the typical influent nickel concentration in
municipal wastewater treatment plant (MWWTP) is low
(<50 μg/L) (Chipasa, 2003; Carletti et al., 2008), still some
plants receiving industrial wastes may suffer from high
nakhla@uwo.ca. (George Nakhla).
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influent nickel concentrations, as shown by the following
cases. Carletti et al. (2008) reported an influent nickel
concentration of 3.5–61.7 μg/L from 5 MWWTPs in Italy. A
higher influent nickel concentration range of 20.2–107.6 μg/L
from the Depurbaix (Barcelona, Spain) MWWTP was reported
by Teijon et al. (2010). The report of European Communities:
Pollutants in urban wastewater and sewage sludge reported that
nickel concentration in municipal wastewater ranged from 40
to 170 μg/L in Austria (Communities, 2001). A high influent
nickel concentration of up to 970 μg/L in Thessaloniki (Greece)
MWWTP was reported by Karvelas et al. (2003).

The three most important factors of nickel inhibition on
nitrification are: (1) the sludge type i.e., either activated sludge
or nitrifying culture; (2) the exposure mode, either long-term
dose or short-term; and (3) the temperature (Gikas, 2008; Li
et al., 2016). Although very limited studies compared the acute
and chronic nickel toxicity to nitrification, the effect of acute
and chronic nickel toxicity to various microorganisms have
been reported and compared (Keithly et al., 2004; Leonard
et al., 2011). Studies on nickel inhibition of nitrification are
summarized in Appendix A Table SI 1. Due to differences in
sludge type, exposure mode, and temperature, the literature
results are not always consistent (Aslan and Sozudogru, 2017;
Hu et al., 2004; Randall and Buth, 1984; Yeung et al., 2013; You
et al., 2009). There is no clear conclusion and it is hard to tell
which one is the most important among the three factors,
sludge type, exposure time or temperature. Pereira et al. (2017)
studied the effect of temperature on chronic copper, zinc, and
nickel toxicity to D. magna at 15, 20, and 25°C and reported
that chronic Cu, Zn, and Ni toxicity to D. magna were all
significantly affected by temperature. In addition, Buch et al.
(2016) studied acute and chronic ecotoxicity of mercury to
Folsomia candida and Proisotoma minuta, and reported different
EC50 for the two species at 20 and 24°C. From Appendix A
Table S1, the effect of temperature on nickel toxicity to
nitrifying bacteria was not studied comprehensively and
systematically. Only one study by Randall and Buth (1984)
reported the chronic nickel effect on nitrification of activated
sludge at 14, 17, and 35°C. In addition, most of the studies
focused on nickel toxicity of AOB while limited information
about nickel toxicity of NOB has been reported (Aslan and
Sozudogru, 2017; Çeçen et al., 2010; Hu et al., 2003; Insel et al.,
2006; Kapoor et al., 2015). Furthermore, in the previous short-
term batch tests, the effect of biomass concentration was
neglected as nickel concentration was chosen as the only
variable with constant biomass and temperature (Hu et al.,
2003; Hu et al., 2004; Kapoor et al., 2015; You et al., 2009).
However, in this study we varied both the nickel and biomass
concentrations in the batch tests to assess whether the
parameter affecting nickel inhibition is the absolute nickel
concentration or the nickel-to-biomass ratio. Lastly, to date,
the long-term effect of nickel on nitrification performance of
nitrifying cultures at temperatures as low as 10°C has not
been studied.

In this study, we compared different sludge type, i.e.,
nitrifying culture and return activated sludge (RAS), different
exposure mode, i.e., chronic versus acute, and different
temperatures. Thus, this study investigated the nickel toxicity
to nitrifiers comprehensively and systematically. This study
aims to assess: (1) which factor is the most important i.e.,
sludge type, exposure time, or temperature; (2) how nickel
toxicity of AOB and NOB differ at different temperatures; (3)
how chronic and acute nickel toxicity differ from each other;
(4) how long-term acclimatization affects the nickel toxicity.
In addition, the reversibility of acute nickel toxicity to
nitrification was tested.
1. Methodology

1.1. Nitrification reactors

TwoSBRswith aworking volumeof 10 Lwereused in this study.
For each SBR, two pumps (Masterflex L/S, Cole-Parmer, Mon-
treal, Canada)were used, one feeding thewastewater to the SBR
and the other withdrawing the effluent. Aeration was provided
with an air pump (Rena Air 400, RenaAquatic Supply, Charlotte,
USA) through an air diffuser. The SBRs were operated at 10°C
with a water bath (PolySciences Heated Circulating Bath, 1
SD07R-20-A11B). The SBRswere aerated to affect a DO of 7 mg/L
during mixing. Each cycle consisted of 20 min feed, 650 min
aerobic reaction, 30 min settling, and 20 min effluent discharge.
In each cycle, 5 L of supernatantwerewithdrawn from the SBRs
after the settling phase, and replaced with fresh wastewater,
resulting inanexchange ratioof 50%.pHwasnot controlled, and
during each cycle pH decreased with time. No sludge discharge
was carried out and the SRTs were estimated based on reactor
and effluent biomass.

The operation of SBR 1 can be divided into two phases, that
is, phase 1 from day 0 to day 94 with no nickel addition, and
phase 2 from day 95 to day 137 with 1.0 mg/L of nickel
addition. SBR2 was operated with a nickel dose of 1.0 mg/L
from the beginning to the end. 1.0 mg/L of nickel dose was
used as practically it is reported upper concentration limit in
municipal wastewater (Karvelas et al., 2003). In addition,
1.0 mg/L has been reported as an important cutoff inhibition
level in some studies (Aslan and Sozudogru, 2017; Yeung
et al., 2013).

1.2. Synthetic wastewater and activated sludge
characteristics

The synthetic wastewater was composed of NH4Cl (40–
60 mg N/L), NaHCO3 (480–720 mg/L), KH2PO4 (8–12 mg P/L),
MgSO4·7H2O (100 mg/L), CaCl2 (100 mg/L), 1 mL/L water of
trace elements solution I (composition in g/L as follows: EDTA
15, ZnSO4 0.43, CoCl2 0.24, MnCl2 0.63, CuSO4 0.25, Na2MoO4

0.22, NiCl2 0.19, Na2SeO4 0.21, H3BO3 0.01, and NaWO4 0.05),
and 1 mL/L water of trace elements solution II containing
FeSO4 and EDTA at 5 g/L each (Liu et al., 2017a). The alkalinity
to ammonia-nitrogen ratio was 7.17:1 (Metcalf and Eddy,
2013). RAS from the Greenway wastewater treatment plant in
London, Ontario was used as the inoculum to start the SBRs.

1.3. Analytical methods

Effluent ammonia, nitrite, and nitrate were measured using
HACH methods (10,031, 8153/10,019 and 8039) every two days
(Liu et al., 2017a, 2018). Mixed liquid suspended solids (MLSS)
concentrations in the SBR and SBR effluents were measured
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in triplicates using Whatman GF/A filters (VWR Interna-
tional, Mississauga, Canada), in accordance with Standard
Methods (APHA, 2005) once a week. Nickel concentrations
in the influent, SBR, and effluent were measured by induc-
tively coupled plasma optical emission spectrometry (ICP-
OES) (Vista-Pro, VARIAN) with a flame temperature in a range
from 6000 to 10,000K according to Standard Methods (3120)
(APHA, 2005) after acid digestion with HNO3 and filtration
through a 0.45 μm filter paper. The pH of the filtrate was
adjusted to below 2, using concentrated nitric acid (67%–70%)
prior to measurement. The detection limit of nickel was
0.01 mg/L.

Dissolved oxygen and pH were measured using a dissolved
oxygen meter (HACH HQ 40d) and a pH meter (VWR B10P),
respectively.

1.4. Online batch tests

Onlinebatch testswereconducted inSBR2betweendays120and
140 at three different DO levels (3.0, 5.0, and 7.4 mg/L, respec-
tively)with a dose of 1.0 mg/L of nickel to determine the biomass
ammonia oxidation rate (AOR) and nitrite oxidization rate (NOR)
(Liu andWang, 2014; Liu et al., 2017a).

At the end of the study, the reactor was fed with deionized
water and 1 mg/L of nickel, mixed, and aerated for 12 days to
determine the decay coefficient (b) (Liu et al., 2017a). The
biomass concentration wasmeasured every two to three days.

Kinetic modeling was carried out based on the important
pertinent equations summarized below (Liu et al., 2018):

Y � Q � S0−Sð Þ−b� V � X−
VX
SRT

¼ 0 ð1Þ

Where Y (mg VSS/mg N) is yield coefficient; Q (L/day) is flow
rate; S0 (mg N/L) and S (mg N/L) are influent and effluent
substrate concentration; b (day−1) is decay coefficient, V (L) is
reactor volume; X (mg VSS/L) is biomass concentration; SRT
(day) is solids retention time.

XAOB ¼ YAOB � Q � S0;NH−SNH
� �

V � bþ 1
SRT

� � ¼ SRT
HRT

YAOB � S0;NH−SNH
� �

1þ b� SRT
ð2Þ

XNOB ¼ YNOB � Q � SNO3−S0;NO3
� �

V � bþ 1
SRT

� � ¼ SRT
HRT

YNOB � SNO3−S0;NO3
� �

1þ b� SRT
ð3Þ

q ¼ μ
Y

ð4Þ

AOR ¼ XAOB qAOB ¼ qAOB � SRT
HRT

YAOB � S0;NH−SNH

1þ b� SRT
ð5Þ

NOR ¼ XAOB qAOB ¼ qNOB � SRT
HRT

YNOB � SNO3−S0;NO3
� �

1þ b� SRT
ð6Þ

μAOB ¼
AOR�HRT� bAOB þ 1

SRT

� �

S0;NH−SNH
ð7Þ

μNOB ¼
NOR�HRT� bAOB þ 1

SRT

� �

SNO3−S0;NO3
ð8Þ
where μAOB (day−1) and μNOB (day−1) are the biomass-specific
growth rates of AOB and NOB, respectively; bAOB (day−1) and
bNOB (day−1) are endogenous decay coefficients for AOB
and NOB, respectively; YAOB (mg VSS/mg N) and YNOB (mg
VSS/mg N) are biomass yield coefficients for AOB and NOB,
respectively; qAOB (mg N/(mg VSS day)) and qNOB (mg N/(mg
VSS day)) are themaximum specific substrate utilization rates
for AOB and NOB, respectively; XAOB (mg VSS/L) and XNOB (mg
VSS/L) are the active AOB and NOB biomass concentrations,
respectively; AOR (mg N/hr) and NOR (mg N/hr) are the
ammonia oxidation rate and nitrite oxidation rate, respec-
tively; SNH (mg N/L) and SNO3 (mg N/L) are effluent ammonia
and nitrate concentrations, respectively; (S0,NH − S0,NH)
(mg N/L) and (SNO3 − S0,NO3) (mg N/L) are ammonia and nitrite
oxidized, respectively; and HRT (day) is the hydraulic reten-
tion time.

In addition, the Monod model was used in this study
to calculate AORmax and NORmax as well as the DO-half
saturation concentration (Ko), as shown below:

AOR ¼ AORmax � DO
DOþ Ko;AOB

ð9Þ

NOR ¼ NORmax � DO
DOþ Ko;NOB

ð10Þ

Where AORmax (mg N/hr) and NORmax (mg N/hr) are the
maximum ammonia oxidation and nitrite oxidation rates,
respectively; DO (mg O2/L) is dissolved oxygen concentration;
Ko,AOB (mg O2/L) and Ko,NOB (mg O2/L) are the AOB and NOB DO-
half saturation concentration, respectively.

The ammonia conversion ratio (ACR) and nitrite accumu-
lation ratio (NAR) were calculated based on influent and
effluent quality as shown below in Eqs. (11) and (12).

ACR ¼ S0;NH−SNH

S0;NH
ð11Þ

NAR ¼ SNO2

SNO2 þ SNO3
ð12Þ

Where S0,NH is the influent ammonia concentration, and SNH,

SNO2, and SNO3 are the effluent concentrations of ammonia,
nitrite, and nitrate, respectively.

1.5. Offline batch tests

Acute nickel toxicity to nitrification was determined using
offline batch tests in small beakers (500 mL) using RAS from
the Greenway wastewater treatment plant. The design of the
offline batch tests is depicted in Table 1. The initial ammonia
concentration in the batch tests was 25–30 mg N/L with an
alkalinity-to-nitrogen ratio of 7.14 mg CaCO3/mg N. A con-
stant DO of 7 mg/L, similar to the ambient DO in the SBR
during the aerobic reaction phase, was maintained by
monitoring the DO every 15 min and adjusting the airflow
rate accordingly from 1.0 to 1.5 L/min. The batch tests were
conducted at 10, 23, and 35°C. The experimental time varied
from 2 to 24 hr for the different batches based on ammonia
conversion rate and nitrite conversion rate. The objective of
batches A–E was to evaluate the effect of different nickel
concentrations on nitrification with the same MLSS



Table 1 – Offline batch tests design.

A B C D E F G H I

Ni concentration
(mg/L)

0 0.5 1.0 1.5 2.0 1.0 1.0 1.0 1.0

MLSS
concentration
(mg/L)

340 340 340 340 340 680 1020 1360 2720

MLVSS
concentration
(mg)

260 260 260 260 260 520 780 1040 2080
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concentration. The objective of batches C & F-I was to
evaluate the effect of same nickel concentration on nitrifica-
tion at different MLSS concentrations. Samples were taken
with time regularly and ammonia, nitrite, and nitrate were
determined.

1.6. Short-term nickel inhibition modeling

As nickel is not a substrate for nitrifying bacteria, the
inhibition of nickel may potentially be modeled by non-
competitive inhibition model, as shown in Eqs. (13)–(16)
(Lewandowski, 1987).

SAOR ¼ SAORmax � KI;Ni

KI;Ni þNi
ð13Þ

SNOR ¼ SNORmax �
KI;Ni

KI;Ni þNi
ð14Þ

1
SAOR

¼ Ni
SAORmax � KI;Ni

þ 1
SAORmax

ð15Þ

1
SNOR

¼ Ni
SNORmax � KI;Ni

þ 1
SNORmax

ð16Þ

Where SAOR (mgN/gMLSS-hr) and SNOR (mgN/gMLSS-hr) are
the biomass-specific ammonia oxidation and nitrite oxidation
rates, respectively; SAORmax (mg N/g MLSS-hr) and SNORmax

(mg N/g MLSS-hr) are the maximum specific ammonia
oxidation and specific nitrite oxidation rates, respectively; KI,

Ni (mgNi/L) is the half-velocity inhibition nickel concentration.
In this study, as the toxicity of nickel is a function of

Ni/MLSS ratio (Randall and Buth, 1984; Sujarittanonta and
Sherrard, 1981), a modified non-competitive inhibition model
based on Ni/MLSS ratio (Eqs. (17)–(20)), was used.

SAOR ¼ SAORmax �
KI;Ni=MLSS

KI;Ni=MLSS þNi=MLSS
ð17Þ

SNOR ¼ SNORmax �
KI;Ni=MLSS

KI;Ni=MLSS þNi=MLSS
ð18Þ

1
SAOR

¼ Ni=MLSS
SAORmax � KI;Ni=MLSS

þ 1
SAORmax

ð19Þ

1
SNOR

¼ Ni=MLSS
SNORmax � KI;Ni=MLSS

þ 1
SNORmax

ð20Þ

where SAOR, SNOR SAORmax, and SNORmax are as described
above for Eqs. (13)–(16). KI,Ni/MLSS (mg Ni/g MLSS) is the half-
velocity inhibition constant based on Ni/MLSS ratio.
1.7. Acute toxicity reversibility tests

The reversibility of the acute nickel toxicity was investigated
through offline batch tests in 500 mL beakers at 23°C using
RAS from the Greenway wastewater treatment plant in
London, Ontario. Batch tests A, B, and C had the same initial
biomass concentration (340 mg MLSS/L). The initial ammonia
concentration was around 26 mg N/L with an alkalinity-to-
nitrogen ratio of 7.14 mg CaCO3/mg N. In batch test A,
nitrification was conducted without nickel. In batch test B,
the RAS was first inhibited by nickel dose of 1 mg/L for 2 hr,
after which the RAS was washed, resuspended in the same
nitrifier medium as test A, and tested for nitrification activity.
In batch test C, nitrification was conducted with 1 mg/L of
nickel. Samples were taken every two hours and ammonia,
nitrite, and nitrate were determined.

1.8. Calculation of nickel speciation

Heavy metals speciation was theoretically calculated using
Visual MINTEQ version 3.1 (Gustafsson, 2013). This theoretical
speciation was carried out considering the pH, the initial
heavy metal concentration used in each batch test, as
well as the total anions and cations concentration of the
synthetic wastewater. The composition of the influent for
nickel speciation calculations are: NH4Cl 115 mg/L, NaHCO3

360 mg/L, NiCl2 2.2 mg/L. The pH of the influent is 7.3 and the
calculation was conducted at 10, 23 and 35°C.

1.9. Statistical analysis

One-wayANOVA analysis was conducted using Excel on the
effluent quality data of SBR 1 phase 1 (days 0–90) and SBR 2
phase 2 (days 35–96) within which the Ni/MLSS ratio in both
SBRs varied from 0 to 2.7 mg Ni/g MLSS, and SBR 1 phase 2
(days 95–137) and SBR 2 phase 4 (days 117–163) within which
the Ni/MLSS ratio in both SBRs varied from 4 to 7 mg Ni/g
MLSS. The aim of the one-way ANOVA analysis was to judge
whether the effluent quality data of the aforementioned
phases are the same or different.
2. Results and discussion

2.1. SBR performance

Fig. 1a and b shows the nitrification performance of SBR 1 and
SBR 2, respectively, with the summary depicted in Appendix A
Table SI 2.

For SBR1, after a quick acclimatization period (<10 days), a
relatively stable effluent quality was observed during phase 1.
AOBs were not able to convert all the ammonia, due to the low
activity of AOB at low temperature (10°C). The average ACR
and NAR were 79.1% ± 7.5% and 4.5% ± 1.8%, respectively. At
10°C, the NOB growth rate is higher than that of AOB (Hellinga
et al., 1998; Zhu et al., 2008). At high DO (7.0 mg/L), NOB
activity was not limited (Liu et al., 2017b). As a result, the
rate-limiting step was the ammonia oxidation by the AOB
rather than NOB, and full nitrification was achieved. At the
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Fig. 1 – Effluent ammonia, nitrite, and nitrate concentrations
and Ni/MLSS ratio of SBR 1 (a) and SBR 2 (b).
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beginning of phase 2, a significant drop of AOB activity was
observed between day 91 and day 104, with the worst effluent
NH4-N, NO2-N, and NO3-N concentrations of 33.6, 0.3, and
6.1 mg N/L, respectively, on day 104. From day 104 to 140,
acclimatization of nitrifiers to nickel at Ni/MLSS ratio of
4–7 mg Ni/g MLSS was observed, with stable effluent NH4-N,
NO2-N, and NO3-N concentrations of 26.6 ± 3.3, 0.4 ± 0.4, and
13.0 ± 3.1 mg N/L, respectively. Compared with phase 1, the
final average ACR dropped by 58% due to nickel addition.

The operation of SBR 2 can be divided into four phases
based on performance, that is, phase 1 from day 0 to day 34 as
start-up period, phase 2 from day 35 to day 95 as steady-state
period, phase 3 from day 96 to day 112 as unstable period, and
phase 4 from day 113 to day 164 as adaptation to an extremely
high Ni/MLSS ratio of 5–7 mg Ni/g SS. The initial biomass
could convert 40–50 mg N/L of ammonia, which is higher than
that of 30–40 mg N/L in SBR1, due to higher initial RAS
concentration (1.4 g/L versus 1.0 g/L). After around 1 month,
relatively stable effluent with constant ammonia, nitrite, and
nitrate concentrations of 11.2 ± 2.2, 0.6 ± 0.6, and 28.4 ±
1.9 mg N/L, respectively, were observed for 60 days (phase 2).
The average ACR and NAR were 72.1% ± 4.9% and 2.1% ± 2.1%,
respectively. Ni/MLSS ratio is one of the major parameters for
nickel inhibition. During phases 1 and 2, the Ni/MLSS ratio
was below 2.6 mg Ni/g MLSS, and no obvious nickel inhibition
was observed. Phase 3 starting on day 98, when the Ni/MLSS
reached 2.7 mg Ni/g MLSS, a significant drop of nitrifiers'
activity was observed. In the following week, the performance
deteriorated with effluent NH4-N, NO2-N, and NO3-N concen-
trations of 32.6, 0.6, and 6.8 mg N/L on day 106, respectively.
During phase 4 (day 112–163), the biomass acclimatized to
nickel at Ni/MLSS ratio of 5–7 mg Ni/g MLSS with relatively
stable effluent NH4-N, NO2-N, and NO3-N concentrations of
23.0 ± 2.8, 0.3 ± 0.5, and 16.5 ± 2.4 mg N/L. Compared with
SBR1 phase 1, the final average ACR dropped by 47%.

One-wayANOVA analysis suggested that the differences in
effluent quality data are statistically significant at the 95%
confidence limit for SBR 1 phase 1 and SBR 2 phase 2 within
which the Ni/MLSS ratio in both SBRs varied from 0 to 2.7 mg
Ni/g MLSS, and SBR 1 phase 2 and SBR 2 phase 4 within which
theNi/MLSS ratio in both SBRs varied from4 to 7 mgNi/gMLSS.

Fig. 2a and b show themixed liquor suspended solids (MLSS),
effluent suspended solids (SS), and SRTs for SBRs 1 and 2,
respectively. In this study, both SBRs were operated at long
SRTs. The average,maximum, andminimumSRTs of SBR 1were
71, 83, and 56 days, respectively. The average, maximum and
minimumSRTs of SBR 2were 64, 75, and 50 days, respectively.

The initial inoculum concentrations were 1.0 g SS/L and
1.4 g SS/L for SBR 1 and SBR 2, respectively, with a volatile
fraction of 77%. MLSS decreased with time for both SBRs due
to the decay of heterotrophic bacteria as there was no COD in
the influent, which is similar to our previous observations (Liu
et al., 2017a, 2018). The MLSS concentration in SBR 1 was
280 ± 14 mg MLSS/L between day 66 and day 91 during phase
1, and 100–125 mg MLSS/L between day 120 and day 140
during phase 2. The MLSS concentration in SBR 2 was 125–
140 mg/L between days 130 and 160 during phase 4. By
comparing the MLSS in SBR 2 phase 4 and MLSS in SBR 1
phase 1, long-term 1 mgNi/L dose caused around 53% MLSS
reduction. The effluent TSS concentration in SBR1 decreased
from an initial value of 18 to 3.9 ± 0.2 mg/L on days 66–91, and
decreased further to 2.1 ± 0.6 mg/L on days 100–133. Similarly,
the effluent TSS concentration in SBR2 decreased from an
initial value of 27 to 2.5 ± 0.4 mg/L on days 109–160.

2.2. Online batch tests

Online batch tests results are shown in Fig. 3. The Ni/MLSS
ratio (Fig. 1a–1b) in SBR 2 between days 120 and 140 ranged
from 5.2 to 7.5 mg Ni/g MLSS. At the ambient ammonia
concentrations of 17–26 mg N/L, nitrite concentration of 0.2–
0.6 mg N/L, and the pH of 7.0–7.5, the free ammonia (FA)
concentration was 0.04–0.19 mg/L while free nitrous acid
(FNA) was almost 0–0.007 mg/L. Anthonisen et al. (1976)
reported nitrification inhibition at a FA range from 10 to
150 mg N/L for AOB and 0.1–1.0 mg N/L for NOB at 10–23°Cand
pH 6–9, respectively. Neufeld et al. (1986) reported the FA
inhibition threshold for AOB of 10 mg N/L at pH 8.0 and
temperature of 22–40°C. Bae et al. (2001) reported that NOB
activity was not inhibited at a FA concentration of less than
0.5 mg N/L, pH of 7–10, and temperature of 30°C. Wong-Chong
and Loehr (1975) observed that NOB were inhibited at a FA
concentrations of 3.5 mg N/L at pH 6.0–8.5 and temperature of
9–35°C. Mauret et al. (1996) found that NOB was inhibited by
FA in the range of 6.6–8.9 mg N/L at pH 7–8.5 and temperature
15–25°C. In light of the above-referenced studies since the
estimated concentrations of FA and FNA were respectively
0.04–0.19 and 0–0.007 mg N/L, well below the values reported
above, FA and FNA inhibition was presumed not to have
occurred. Alkalinity was sufficient as the influent alkalinity-
to-ammonia ratio was 7.14 mg CaCO3/mg NH4-N while
around 13–16 mg NO3-N/L accumulated in the effluent.



0

200

400

600

800

1000

1200

0

10

20

30

40

50

60

70

80

90

0 20 40 60 80 100 120 140

M
L

SS
 (m

g/
L

)

SR
T

 (d
ay

) a
nd

 E
ff

 S
S 

(m
g/

L
)

Duration (day)

Eff SS SRT MLSS

a

Ni addition

Phase 1
Phase 2

0

200

400

600

800

1000

1200

1400

1600

0

10

20

30

40

50

60

70

80

0 20 40 60 80 100 120 140 160

M
L

SS
 (m

g/
L

)

SR
T

 (d
ay

) a
nd

 E
ff

 S
S 

(m
g/

L
)

Duration (day)

Eff SS SRT MLSS

b

Phase 1
Phase 2 Phase 3 Phase 4
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Influent alkalinity was about 330 mg CaCO3/L, and effluent
alkalinity was around 130 to 170 mg CaCO3/L, with around 160
to 200 mg CaCO3/L consumed.

The AOR at DOs of 7.4, 5.0, and 3.0 mg/L were 0.79, 0.66, and
0.59 mg N/L-hr, respectively. The AOR at a DO of 5.2 mg/L was
1.7 mgN/L-hr at 14°Cwithout nickel inhibition (Liu et al., 2018).
Considering a temperature coefficient of 1.072 for AOB (Metcalf
andEddy, 2013), the estimatedAORwithoutnickel inhibitionat
DO of 5.2 mg/L at 10°C is 1.3 mg N/L-hr. Thus, the AOR value of
0.66 mg N/L-hr at DO of 5.0 mg/L observed here with nickel
concentration of 1 mg/L and Ni/MLSS ratio of 5.2–7.5 mg Ni/g
MLSS suggests about 50% inhibition. Based on the AORs at
different DOs, the estimated AORmax and KO,AOB, using Eq. 9,
were 0.98 mg N/L-hr and 2.08 mg O2/L, respectively.

Based on the starvation test, the decay coefficient (b) of
nitrifiers was calculated as 0.098 day−1 at 10°C. The reported b
value at 14°C was in the range of 0.035–0.13/day with a
temperature coefficient of 1.029 (Liu et al., 2018; Metcalf and
Eddy, 2013). Thus, the b value at 10°C is estimated to be in the
range of 0.031–0.115/day, i.e., the b value of 0.098/day reported
here is well within the range.

Thus, based on Eq. (7), using the average effluent concen-
trations of SBR 2 between days 112–140 (Appendix A Table SI
2), and AORmax of 0.98 mg N/L-hr, the maximum growth rate
of AOB (μmax,AOB) at 10°C was 0.16/day with nickel inhibition.
The reported μmax,AOB at 14°C ranges from 0.13 to 0.99/day
with a median value of 0.47/day (Liu et al., 2018). The typical
temperature coefficient for μmax,AOB is 1.072 (Metcalf and
Eddy, 2013). Thus, the estimated μmax,AOB at 10°C range from
0.10 to 0.75/day. The μmax,AOB value of 0.16/day falls within the
aforementioned range, albeit much lower than the 0.35/day
based on the median without inhibition.

2.3. Offline batch acute toxicity tests

The offline batch tests results at 10, 23, and 35°C are
summarized below in Fig. 4. From Fig. 4, it can be seen that:
(1) At 10°C, the acute nickel toxicity is predominantly to AOB,
with equal or less inhibition for NOB; (2) at 23°C, the acute
nickel toxicity was more serious for NOB rather than AOB; (3)
at 35°C, the acute nickel toxicity was much more serious for
NOB rather than AOB.

Fig. 4 also focused on the data for batches B and F operating
at the same initial Ni-to-MLSS ratio but different Ni concen-
trations. It is evident that both batches B and F exhibited very
similar SAOR and SNOR, clearly indicating that Ni toxicity is
not related to Ni concentration but to Ni-to-MLSS ratio.
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To further describe the short-term nickel inhibition on
AOB and NOB activity, non-competitive and modified
non-competitive inhibition models were assessed. The half-
velocity inhibition constant, which is equal to the concentra-
tion corresponding to 50% inhibition of the maximum growth
rate (IC50), was determined through linearization of Eqs. (15)–
(16), and (19)–(20), as illustrated in Fig. 5a and b for the
non-competitive inhibition model and the modified non-
competitive inhibition model, respectively. Generally, the
curve based on Ni/MLSS ratio (Fig. 5b) fitted the experimental
data better as evidenced by the higher R2 values compared to
Fig. 5a, suggesting that the modified non-competitive inhibi-
tion model is better than non-competitive inhibition model in
terms of accuracy.

Based on Fig. 5b, the half-velocity inhibition constants
based on Ni/MLSS ratio were calculated by Eqs. (19) and (20),
and are presented in Table 2. Some publications reported that
it is free nickel rather than total nickel that leads to inhibition
(Hu et al., 2003; Sato et al., 1986). At 10, 23, and 35°C, the
free nickel to total nickel ratio are 77%, 70%, and 65%,
respectively. The KI,Ni based on free nickel to MLSS ratio at
three temperatures are shown in Table 4 as well. Nickel
inhibition seems more serious for AOB at 10 and 23°C than at
35°C, while the nickel inhibition for NOB increased with
temperature. Based on model, it is impossible to achieve
nitrite accumulation at low temperature by nickel inhibition
because both AOB and NOB are equally inhibited by Ni as
reflected by very close KI values. On the contrary, there should
be nitrite accumulation at 35°C with nickel inhibition, which
was observed by Aslan and Sozudogru (2017).

2.4. Reversibility of acute nickel toxicity

The reversibility of acute nickel toxicity was evaluated by
offline batch tests as mentioned above in Section 1.7. The
results of offline batch tests are illustrated in Table 3. Based
on Table 3, acute nickel toxicity to nitrifying bacteria with 2 hr
contact time is reversible because the AOR and NOR in batch A
(RAS without nickel) and batch B (RAS with nickel for 2 hr and
washed prior to nitrification test) are very similar. On the
other hand, the AOR and NOR for batch C (RAS with nickel
during the batch nitrification test) weremuch lower than both
batches A and B. The results of this study agree with the
finding of Semerci and Çeçen (2007) that acute Cr inhibition of
nitrification with 30 min contact time was completely revers-
ible upon removal of Cr addition.



Table 2 – Nickel inhibition constant for AOB and NOB at 10, 23, and 35°C.

Bacteria
species

Temperature
(°C)

Maximum SAOR or SNOR
(mg N/g MLSS-hr)

KI,Ni (mg Ni/g MLSS) based on
total nickel concentration

KI,Ni (mg Ni/g MLSS) based on
free nickel concentration

AOB 10 1.0 5.4 4.1
23 5.2 4.6 3.2
35 9.3 9.1 5.9

NOB 10 0.9 5.6 4.3
23 4.6 3.5 2.5
35 5.7 2.7 1.8

AOB: ammonia oxidation bacteria; NOB: nitrite oxidation bacteria; SAOR: specific ammonia oxidation rate; SNOR: specific nitrite oxidation rate;
KI,Ni: half-velocity inhibition nickel concentration.
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2.5. Comparison of chronic and acute toxicity

Fig. 4 showsthatat10°C,AOBactivitydroppedby9%–12%dueto
acute nickel toxicity at Ni/MLSS ratio below 1.5 mg Ni/g MLSS.
Accordingly,duringSBR2phase2,AOBactivitydroppedby8.3%
comparedwith SBR 1phase 1 at theNi/MLSS ratio of 1.0–2.0 mg
Ni/g MLSS, which agrees with the acute nickel toxicity tests. In
addition, a significant drop of AOB activity (33%) was observed
in acute nickel toxicity tests at Ni/MLSS ratio of 2.7 mg Ni/g
MLSS. In SBR 2, on day 98, when Ni/MLSS reached 2.7 mg Ni/g
MLSS, significant drop of AOB and NOB activity by 34% was
observed, which corroborates the acute nickel toxicity tests
results. Besides, based on Fig. 5, AOB activity dropped by 43%–
57% in the acute toxicity test at 10°C at Ni/MLSS ratio of 4–7 mg
Table 3 – Offline reversibility batch tests results.

Test No. AOR (mg N/L-hr) NOR (mg N/L-hr)

A 1.7 1.5
B 1.6 1.4
C 1.0 0.8

AOR: ammonia oxidation rate; NOR: nitrite oxidation rate.

Table 4 – IC50 values for nickel inhibition.

IC50 for AOB
(mg Ni/L)

IC50 for NOB
(mg Ni/L)

IC50 for AOB based on
Ni/MLSS (mg Ni/g SS)

IC50 for N
Ni/MLSS (

5.0–5.8 9.0–10.5
2.59–3.02 4.7–5.5

2.0–5.0 1.3–2.4
58.5
33
>4 4
0.7 ⁎ 0.7 0.2 ⁎ 0.5

0.3–0.4

1.9 5-6
10.8–16.2 11.2–16.8 5.4 5.6
10.4–15.6 9.2–13.8 4.6 3.5
18.2–27.3 5.4–8.1 9.1 2.7
8.2–12.3 8.6–12.9 4.1 4.3
6.4–9.6 5.0–7.5 3.2 2.5
11.8–17.7 3.6–5.4 5.9 1.8

IC50: half maximal inhibitory concentration.
⁎ IC30 calculated based on long-term performance.
Ni/gMLSS,which is inagreementwith theactivity lossof 47% in
SBR2,duringphase4and58%inSBR1duringphase2 (Appendix
A Table SI 2). In summary, the results of the long-term SBRs
operation and short-term batch tests were comparable. Based
on the results of this study, the effect of acclimatization in
essence reduced inhibition by about 20% (from 58% in SBR 1
phase 2 to 47% in SBR 2 phase 4).

2.6. Comparison with literature

This study demonstrated that nickel inhibition is affected by
Ni/MLSS ratio rather than nickel concentration, which is
consistent with the observations of Randall and Buth (1984),
and Sujarittanonta and Sherrard (1981). On the contrary,
recently, Hernandez-Martinez et al. (2018) studied nickel
inhibition of activated sludge and reported that nickel
inhibition is independent of biomass concentration. However,
a very high nickel concentration of 40 mg/L which resulted in
a Ni/MLSS ratio of 13–100 mg Ni/g SS was adopted. At this high
Ni/MLSS ratio range, based on the modified model in this
study, the nickel inhibition of AOB varied from 74% to 95%.

At 35°C, Aslan and Sozudogru (2017) ran a submerged
biofilter (SBFR) and observed nitrite accumulation as total
OB based on
mg Ni/g SS)

Temperature (°C) Reference

26 Çeçen et al. (2010)
Çeçen et al. (2010) based on free
nickel

room You et al. (2009)
26 Hu et al. (2004)
20 Insel et al. (2006)
35 Aslan and Sozudogru (2017)
14 Randall and Buth (1984)
21 Sujarittanonta and Sherrard

(1981)
25 Kapoor et al. (2015)
10 This study
23
35
10 This study based on free nickel
23
35
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nickel increased from 0 to 4 mg/L. On the contrary, Randall
and Buth (1984) reported that no nitrite accumulation was
observed at total nickel dose of 2.8 mg/L, which corresponded
to 1.9 mg Ni/g MLSS at 35°C. Based on the results of this work,
nitrite accumulation should be achieved at 35°C.

The IC50 based on total nickel concentration from the
literature are compared with this study and shown in Table 4
(Aslan and Sozudogru, 2017; Çeçen et al., 2010; Hu et al., 2004;
Insel et al., 2006; Kapoor et al., 2015; Randall and Buth, 1984;
SujarittanontaandSherrard,1981;Youetal., 2009).Considering
the typical MLSS concentration in waste activated sludge of 2–
3 g/L, the IC50 values at 10, 23, and 35°C were calculated by
multiplying the KI,Ni and the typical MLSS concentration. As
evident fromTable 4, the rangeof IC50values forAOBs fromthe
literature is very wide. In addition, there is very limited
information on the IC50 values for NOB. The IC50 value for
NOB calculated based on effluent ammonia, nitrite and nitrate
concentration in the long-termstudyofRandall andButh (1984)
was 0.7 mgNi/L, which corresponded to 0.5 mgNi/g SS at 14°C.
Kapoor et al. (2015) conducted the nickel toxicity batch tests on
nitrification at 25°C and reported the IC50 value of 1.9 mg/L for
AOB, which corresponds to 5–6 mg Ni/g SS, close to the 4.6 mg
Ni/g SS reported for AOB at 23°C in this study.
3. Conclusions

This paper is the first study that conducted short-term batch
tests based on nickel concentration and biomass concentra-
tion at three different temperatures and our results suggested
that: (1) it is the Ni/MLSS ratio rather than nickel concentra-
tion that governs toxicity; (2) both sludge type i.e., RAS and
nitrfiers, and the exposure mode are not crucial, as evidenced
by similar acute and chronic nickel inhibition extent in SBRs
operation and batch tests at similar Ni/MLSS ratios; (3) the
nickel toxicity to nitrifiers is significantly affected by temper-
ature, as evidenced by AOB IC50 of 5.4, 4.6, and 9.1 mg Ni/g SS
and NOB IC50 of 5.6, 3.5, and 2.7 mg Ni/g SS at 10, 23, and 35°C.
At 10°C, the acute nickel toxicity is predominantly to AOB,
with equal or less inhibition for NOB. At 23°C, the acute nickel
toxicity was more serious for NOB rather than AOB; at 35°C,
the acute nickel toxicity was much more serious for NOB
rather than AOB.

Chronic and acute inhibition results with respect to the
extent of inhibition and corresponding Ni/MLSS ratio were
consistent. AOB activity dropped by 47% in SBR 2 phase 4 and
58% in SBR1 phase 2 at Ni/MLSS ratio of 4–7 mg Ni/g MLSS,
indicating that after long-term acclimatization, nitrifiers are
more tolerant to nickel inhibition at 10°C. Short-term nickel
inhibition of nitrifying bacteria was reversible.

Based on this study, it is impossible to achieve partial
nitrification at 10°C by nickel dose. On the contrary, combi-
nation of nickel addition and SRT control could be a possible
way to realize partial nitrification at 35°C.
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