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� Adsorption of single metal cations follows the order of Pb(II) > Cd(II) > Cr(VI).
� Pb(II) was preferably adsorbed and slightly reduced in competitive adsorption.
� Cd(II) and Cr(VI) were easily exchanged and substituted by other metals.
� DFT calculations suggest that Pb forms more stable complexes with anammox consortia.
� SCM predicted accurately the sorption of the three metals to anammox consortia.
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Anammox-based processes and microbial consortia have drawn extensive attention for their use in high-
efficiency wastewater treatment technologies. Metals substantially affect the activity of anammox con-
sortia and the quality of wastewater treatment plant effluent. Here, we explored the role of anammox
consortia in terms of metals complexation in both single and multi-metal systems. Adsorption edges of
single metal cations indicate that the adsorption preference was in the order: Pb(II) > Cd(II) > Cr(VI). A
competitive effect was observed in multi-metal cations systems, with Pb(II) being preferably adsorbed
and the degree of adsorption somewhat reduced in the presence of either Cd(II) or Cr(VI), while Cd(II)
and Cr(VI) were easily exchanged and substituted by other metals. Fourier transform infrared (FTIR) and
X-ray photoelectron spectroscopy (XPS) further suggest that the adsorption of Pb(II) and Cd(II) are as
inner-sphere ion-exchange mechanisms, while Cr(VI) adsorption is mainly by outer-sphere complexa-
tion. Density functional theory (DFT) calculations highlight that Cd(II) and Pb(II) have different binding
sites compared to Cr(VI), and the order of binding energy (Ebd) of three metal cations were
Pb(II) > Cd(II) > Cr(VI). These calculations support the adsorption data in that Pb forms more stable
complexes with anammox bacterial surface ligands. Surface complexation modelling (SCM) further
predicted both the sorption of single metal cations and competitive adsorption of the three metals to
anammox consortia, the exception being Cd at higher loadings. The results of this study highlight the
potential role of anammox consortia in removing metal cations from wastewater in treatment systems.

Crown Copyright © 2020 Published by Elsevier Ltd. All rights reserved.
er), zhaohuazhang@pku.edu.

evier Ltd. All rights reserved.
1. Introduction

Anaerobic ammonium-oxidizing (Anammox) bacteria are
ubiquitous in freshwater to marine environments (Kuypers et al.,
2003; Jaeschke et al., 2009; Li et al., 2010). These bacteria utilize
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ammonium (NH4
þ) as an electron donor and nitrite (NO2

�) as an
electron acceptor. This reaction forms nitrogen gas (N2) with no
requirement of a carbon source, an exogenous electron donor or
aeration. For this reason, the anammox process has remarkable
potential for treating ammonia-rich wastewater because of high
nitrogen removal rates, low sludge production, and a potential
reduction in the emission of greenhouse gases (e.g., N2O) versus
current wastewater treatment plant technologies (Strous et al.,
1998; Zhang et al., 2015).

NHþ
4 þNO�

2/N2 þ 2H2O (1)

The anammox process has drawn extensive attention for the
treatment of ammonium rich wastewater since it was discovered
over two decades ago (van de Graaf et al., 1995; Jetten et al., 1998;
Strous et al., 1998). To date, anammox-based processes constitute a
robust and reliable process for treating wastewater with high ni-
trogen concentrations under mesophilic conditions. For instance, in
a full-scale two-reactor nitritation-anammox process within the
main line of the Dokhaven-Sluisjesdijk municipal WWTP from
Rotterdam in Netherlands, the volumetric nitrogen removal rate
was up to 9.5 kg N/(m3�d). Mainstream partial nitration and
anammox (PN/A) in the Changi water reclamation plant in
Singapore and a full-scale deammonification plant in Vienna are
also reported sites where anammox processes take place
(Kampschreur et al., 2008; Norbert et al., 2010; Cao et al., 2017).
Furthermore, the anammox process has been widely used in the
treatment of anaerobically digested piggery/dairy slurries, draining
municipal landfill leachates, metal refineries, semiconductor
manufacturers, and industry producing nitrogenous fertilizers (Joss
et al., 2009; Lotti et al., 2012; Lackner et al., 2014).

In addition to high nitrogen content, wastewaters commonly
contain elevated concentrations of heavy metals (e.g., Cu, Zn, Ni, Cr,
Cd and Pb) (Wang et al., 2005; Lotti et al., 2012; Zhang et al., 2016).
This is important because when applying the anammox process to
high-concentration nitrogen streams with elevated concentrations
of heavy metals, the microbial cell density and activity of anammox
bacteria may be reduced and thus less useful to nitrogen removal
(van der Star et al., 2007; Jin et al., 2012). For example, the 50%
inhibitory concentration of Cd for nitrogen removal by anammox
bacteria was reported to be 11.16 mg/L, and Pb caused a 7.19%
decrease in nitrogen removal rate of anammox bacteria at a dose of
40 mg/L (Bi et al., 2014). On the other hand, previous studies have
also revealed that anammox bacterial cell surfaces contain a variety
of reactive ligands, such as carboxyl, amine, and hydroxyl groups
that effectively react with heavy metal cations in wastewater by
electrostatic interaction or by forming surface complexes (Kumar
et al., 2004). In this regard, anammox bacteria may be important
scavengers of heavy metals, such as cadmium, lead and chromium
that often coexist in contaminated water systems.

Due to their high toxicity and ubiquity, Cd(II), Pb(II) and Cr(VI)
have been listed as priority pollutants by the US Environmental
Protection Agency (USEPA). In the past decade, extensive attention
has been evoked on the potential inhibitory impacts of heavy
metals on the reactivity and performance of anammox consortia.
Yet to our knowledge, few studies have examined anammox bac-
terial surface reactivity and its role in contaminant metal
complexation. Therefore, the purpose of this study was to explore
the adsorptive behavior and efficiency of heavy metal ions (e.g., Pb,
Cd and Cr) onto anammox consortia in both single and multi-metal
systems, which address the environmental significance of anam-
mox consortia in the interception of co-existed heavy metals.
Accordingly, we had three objectives in the present study: (1)
evaluate mono-metal and multi-metal adsorption in batch exper-
iments, (2) determine the binding constants and selectivity se-
quences for both mono-metal and multi-metal adsorption of
metals by anammox consortia, and (3) verify the chemical species
and sorption mechanisms of Cr(VI), Cd(II) and Pb(II) on anammox
consortia by applying FTIR, XPS techniques and surface complexa-
tion modeling.

2. Materials and methods

2.1. Bacterial growth

A cylindrical sequencing batch bioreactor (2 L) was used to
culture anammox consortia in the laboratory. The consortia were
dominated by anammox bacteria of the genus Candidatus Brocadia
sinica (abundance of 50 ± 5% in the whole community) (Zhao et al.,
2018). The culture was fed with a synthetic wastewater for which
the composition has been described (van de Graaf et al., 1995; Liu
et al., 2019). During the experiments, the temperature was main-
tained at 35 ± 0.5 �C using awater bath, pH was held in the range of
7.5e8.3, and a strictly anaerobic environment was kept by flushing
with N2eCO2 (95/5%) gas. The bioreactor was stirred with a mag-
netic stirrer at a speed of 140 rpm to improve mass transfer.

Bioreactor performance was monitored every two to three days
by measuring the concentration of NH4

þ-N, NO2
�-N, NO3eN, 5-min

and 30-min sludge volume indices (SVI5 and SVI30), volatile sus-
pended solids (VSS), and total suspended solids (TSS) concentra-
tions according to the American Public Health Association standard
method (APHA 1998). The anammox consortia was assumed to
have grown to performance improvement phase when the DNO2

�-
N/DNH4

þ and DNO3
�-N/DNH4

þ-N values were 1.07 ± 0.03 and
0.22 ± 0.04, respectively, and generally 45e60 d were needed to
grow to this phase (Zhao et al., 2018). Thereafter, anammox con-
sortia were harvested by centrifugation at room temperature for
the metal adsorption experiments that followed.

2.2. Adsorption experiments

Standard solutions containing 1000 ppm of Cd(II), Pb(II) and
Cr(VI) were dissolved in 0.01 M NaCl (pH ¼ 3) to obtain the desired
concentration of each metal ion for the adsorption experiments.
Adsorption experiments were performed using solutions contain-
ing 5 ppm of each metal cation, which corresponding to
4.45 � 10�5 M of Cd, 2.41 � 10�5 M of Pb, and 9.62 � 10�5 M of Cr.
The metal cations were added either alone or in combination to
evaluate competitive adsorption effects. The prepared metal solu-
tions weremixed with 10 g L�1 (wet weight) anammox consortia in
a 100% N2 atmosphere in an anaerobic chamber. After an initial
10 min equilibrium time, 10 mL aliquots were transferred to poly-
propylene centrifuge tubes and adjusted to starting pH (between
pH 3e9, in 1 pH unit intervals) using small aliquots of HCl (0.016,
0.16 and 1.6 M) or NaOH (0.019, 0.19, 1.9 M). The systems were
stirred at 140 rpm at room temperature for 24 h to ensure equi-
librium conditions. After each run, the solution was centrifuged at
10,000 g for 10 min to pellet the anammox consortia, and the
resulting supernatants were filtered through 0.22 mm nylon
membranes. The concentrations of metals remaining in filtered
supernatants were analyzed using an Inductively Coupled Plasma-
Optical Emission Spectrometer (ICP-OES), calibrated with matrix-
matched standards (Thermo Fisher Scientific). Control experi-
ments were conducted without anammox consortia to determine if
metal cations adsorbed to the experimental apparatus or precipi-
tated in the timeframe of the adsorption experiments.



Fig. 1. Sorption of Cd, Pb, and Cr on anammox consortia for individual and combined
metal cations systems in the pH range of 2e8. T ¼ 298 ± 1 K, I ¼ 0.01 M NaCl, CCd

initial ¼ 4.45 � 10�5 M, CPb initial ¼ 2.41 � 10�5 M, and CCr initial ¼ 9.62 � 10�5 M. Symbols
represent adsorption experimental data and lines represent best-fit models. Note that
all the experimental data are the average of triplicate measurements and the error bars
are much smaller than the data points.
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2.3. Fourier transform infrared (FTIR) and X-ray photoelectron
(XPS) spectroscopy

FTIR spectroscopy was used to characterize themajor changes in
cell surface functional groups or in the composition or extent of EPS
encapsulating the anammox consortia. Samples were lyophilized
and mixed with FTIR grade KBr powder (1:50, wt/wt) and pressed
into a pellet. A Deuterated Tri Glycine Sulfate (DTGS) detector
attached to a Thermo Nicolet is50 FTIR Spectrometer was used to
generate and process the FTIR spectra. All spectra were corrected
for a KBr background. The spectra were produced by an average of
128 scans at a resolution of 4 cm�1. Infrared spectra were acquired
in the range of 4000e500 cm�1 in the absorbance mode and only
the wavenumber region between 1800 and 900 cm�1 was analyzed
to elucidate contained important microbial vibrations (Liu et al.,
2016). All spectra were baseline corrected and area normalized
according to Felten et al. (2015) in order to be able to directly
compare the spectra (Felten et al., 2015).

XPS analyses were conducted to determine the elemental
composition and functional groups of annamox consortia. Samples
were prepared using lyophilization following the procedures
described above for FTIR analysis. The obtained powder was
mounted on standard sample studs using double sided adhesive
tape. XPS spectra were collected using an Axis Ultra instrument
(Kratos Analytical Co., UK) with a monochromatic Al Ka source
operated at 150W. An analyser pass energy of 160 eVwas used for a
wide survey scan, and a pass energy of 20 eVwas used to determine
the component speciation for individual photoelectron lines. The
data were collected from three randomly selected locations, and
the area corresponding to each acquisitionwas 400 mm in diameter
for each sample.

2.4. DFT calculations

Geometry optimization of all the minima and transition states
involved was carried out at the M06e2X level with the Lanl2DZ
basis (Wadt and Hay 1985) set for Cd, Pb and Cr, and def2svp basis
set for C, H, O and N (Zhao and Truhlar 2008). Default convergence
criteria were used. The solvent effects were considered using the
PCM model with the gas-phase optimized structures as the initial
geometries (Barone et al., 1997). The vibrational frequency calcu-
lations were conducted at the same level of theory as geometry
optimization to confirm whether each optimized structure was an
energy minimum. All the calculations were performed with Gaus-
sion09 package. The structures of the D-glucuronic acid represents
monosaccharides and Leucine represents amino acids were
optimized.

3. Results

3.1. Adsorption studies

Fig. 1 shows the sorption edges of Cd(II), Pb(II) and Cr(VI) over
the pH range of 3e8 for the individual and combined heavy metal
ions experiments. Adsorption of the three individual metals on the
anammox consortia follows expected trends over the studied pH
range; that is, adsorption of Cd(II) and Pb(II) increase with
increasing pH, and Cr(VI) adsorption decreases. Chemical specia-
tion diagrams indicate that supersaturation of otavite (CdCO3) oc-
curs at pH � 7 and hydrocerussite (Pb3(CO3)2(OH)2) appears at
pH � 6.5. However, because 100% Pb(II) adsorption occurs below
the pH at which hydrocerussite is supersaturated, and 100% Cd(II)
adsorption occurs only just above the pH of otavite supersaturation,
precipitation does not likely impact the degree of sorption signifi-
cantly. This correlates well with blank adsorption experiments
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which showed appreciable loss of heavy metal ions due to pre-
cipitation at pH > 8.0. Thus, we used data between pH 3.0 and 8.0 in
surface complexation modeling as this pH range covers most nat-
ural waters. The differing equilibrium concentrations of metal ions
obtained starting from the same initial concentration suggest the
adsorption preference of the metals by anammox consortia was
Pb(II) > Cd(II) > Cr(VI).

In the presence of Pb(II), Cd(II) adsorption on anammox con-
sortia was inhibited in comparison with the single metal system
(Fig. 1A), while the adsorption capacities of Cd(II) increased slightly
when Cr(VI) co-existed in solution (Fig. 1A). However, Pb(II)
adsorption on anammox consortia was only marginally affected
when it was present with either Cd(II) or Cr(VI) ions (Fig. 1B). In
comparison with Cd(II) and Pb(II), the degree of Cr(VI) adsorption
decreased when a more preferred metal, e.g., Pb(II) or Cd(II), was
present in the binary system (Fig. 1C). Compared with Cd(II) and
Cr(VI), Pb(II) adsorption to the studied anammox consortia was
most favorable, especially when the concentration of surface
functional groups was insufficient to adsorb all metal ions from
solution. Hence, in combined Cd(II) and Pb(II) systems, available
adsorption sites on anammox consortia were occupied by Pb(II)
preferentially, resulting in Cd(II) adsorption inhibition, but the
uptake of Pb(II) was nearly unchanged as compared to the single-
metal system. More generally, Cd(II) and Cr(VI) should be easily
exchanged and substituted by othermetals, whereas Pb(II) is bound
more tightly to functional groups of the anammox consortia.

Cd(II), Pb(II) and Cr(VI) adsorption on anammox consortia in
ternary systems decreased relative to the single- or binary-metal-
ion system (shown in Fig. 1AeC). The extent of the decrease re-
lates to the adsorption affinity of anammox consortia towards each
metal ion. Thus Cr(VI) lowers Cd(II) and Pb(II) adsorption signifi-
cantly instead of vice versa.

3.2. Macroscopic analysis of competitive adsorption

The FTIR spectra of the original and metal-loaded anammox
consortia can be used to elucidate the biological functional groups
involved in metal ion adsorption (Fig. 2 and Table 1). The FTIR
Fig. 2. FTIR absorbance spectra of anammox consortia before and after exposure to solutio
before metal cations are loaded; (B) Cd loaded system；(C) Cr loaded system; and (D) Pb l
spectrum of the original anammox consortia showed it possessed
several moieties commonly associated with bacteria, such as C]O
and C]C stretching of protein bonds (1640 cm�1), NeH bending
and CeN stretching of amide groups (1547-1522 cm�1), symmetric
stretching of C]O in COO- (1416 cm�1), CeOH stretching vibrations
(shown as CeO stretching vibration) in polysaccharides (1029-
1017 cm�1), CeOeH out-of-plane bending vibrations of COOH (e.g.,
D-glucuronic acid) (<1000 cm�1) (Yuan et al., 2011; Hou et al., 2015;
Ding et al., 2016; Liu et al., 2016). Collectively, the FTIR spectra
suggest the presence of functional groups including eCOOH, eOH
and eNH2 associated with anammox consortia.

Changes in the functional groups of anammox consortia were
visible after metal adsorption, including both the disappearance of
existing groups and the appearance of new groups (Fig. 2). In the
case of the former, in the treatment with Cd and Cr, a small peak at
1545 cm�1 disappeared with a subsequent decrease in the peak at
1235 cm�1. These were likely due to a decrease in the relative in-
tensities of the NeH groups relative to the CeN groups. After Pb and
Cr adsorption, small peaks at 1355 cm�1 and 1235 cm�1 decreased
simultaneously, suggesting a decrease in the amount of C]O
stretching. The amide III region consists of 30% CeN stretching, 30%
NeH bending, 10% C]O stretching, 10% O]CeN bending and 20%
other (Stuart 1997). Therefore, the decrease in the amide III peak
with a subsequent decrease in 1235 cm�1 peak may relate to either
the production of different amino acids or a decrease in the amount
of proteins being produced. In the case of Cd and Pb competitive
adsorption, the small peak at 1416 cm�1 disappeared possibly due
to a decrease in C]O stretching. In the case of latter, new peaks at
1355 cm�1, 1235 cm�1, and 824 cm�1 appeared in multi-metal
loaded conditions, which we assign to eCH3 deformation and
>CH2 wagging vibrations, CeN stretching, and OeC(O)eO stretch-
ing, respectively (Liu et al., 2016, 2019). Compared to the spectra of
original anammox consortia, the changes in peak frequency of the
FTIR spectra of metal-loaded anammox consortia suggest that
active functional groups, such as carboxylic and hydroxyl groups,
are involved in Cd and Pb adsorption, and that protonated amide
groups are active in Cr adsorption by forming electrostatic in-
teractions with Cr(VI).
ns with either individual or composite metal cations at pH 8. (A) anammox consortia
oaded system.



Table 1
Summary of proposed functional groups and corresponding infrared wavelengths.

IR
band

Wavenumber
(cm�1)

Functional group assignment

a 1640 Stretching of C]O in amide I, associated with proteins and d OeH of water (Yuan et al., 2011; Hou et al., 2015)
b 1547e1522 NeH bending and CeN stretching in amide II, associated with proteins
c 1416 ns of C]O in COO� (Hou et al., 2015)
d 1352 Symmetric deformation vibration of eCH3 and wagging vibration of >CH2, CeN stretching, and NeH bending of proteins and fatty acids (Liu

et al., 2016, 2019)
e 1235e1229 CeN stretching vibration in proteins (Yuan et al., 2011)
f 1029e1017 Mixed vibrational modes of carbohydrates; ns PO2

�, d CeOeP, ns CeOH, n CeOeC, and d(PeOeP) of polysaccharides
g, h <1000 Fingerprint region, n CeO, n CeC from carbohydrates, nucleic acids or amino acids

d ¼ bending; ns ¼ symmetric stretching.
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The elemental composition changes of anammox consortia
before and after heavy metal ion loadings were analyzed by high
resolution XPS C 1S, N 1S, O 1S spectra (Fig. 3). The C1s peak can be
delineated into three carbon components: C-(C/H) at 283 eV, C]O
and OeCeO at 285 eV, COOR at 286 eV (Ojeda et al., 2008). The N1s
spectrum of the samples consists mostly of peaks at 398 eV for
nitrogen in imine (�N ¼ ), around 400 eV for amine (�NH�), and
>400 eV for doped imine (�NH*þ�) groups (Leone et al., 2006).
The O1s peak usually has two components due to oxygen in C]O
and P]O (529 eV) and CeOH, CeOeC, and PeOH (531 eV) (Ojeda
et al., 2008). The binding energy of nitrogen and oxygen func-
tional groups changed to some extent after adsorption. For
example, compared with O1s of original anammox consortia, a
shoulder peak at 534 eV was obvious in single or multi-metal
loaded systems. This is principally attributed to metal oxides
(Ding et al., 2016), while for N1s, the protonated amine site was
detected in metal ion loaded anammox consortia. In addition, the
ratio of N-related and O-related components in metal-loaded sys-
tems show significant differences, indicating the important role of
nitrogen- and oxygen-containing functional groups in adsorption.

The XPS spectra demonstrate that redox reactions did not occur
during adsorption of metals on anammox consortia in this study.
Reduction of Cr(VI) was not observed after treatment with the cells
likely due to the short agitation period, consistent with earlier
research that reported that Cr(III) formation on biosorbent surfaces
was only evident after 4e5 d (Sathvika et al., 2018). XPS data of
Cr(VI) adsorbed to the anammox consortia are consistent with an
electrostatically bound outer-sphere complex, which is also sup-
ported by the observation that negatively charged Cr(VI) species
only adsorb to positively charged surfaces. In contrast, the XPS
spectra suggest that Pb(II) may be present as inner-sphere com-
plexes. This interpretation is supported by 100% adsorption of Pb(II)
below the pHzpc (the point of zero proton charge), as mentioned in
one of our previous study, which suggested that the pHzpc of
anammox consortia dropped within the pH range of 6.5e9 (Liu
et al., 2019). However, Cd(II) adsorbs by a mixture of outer- and
inner-sphere complexes, as indicated by 100% adsorption occurs
around the pHzpc, as well as inner-sphere complexes corresponding
to CdeO (~405 eV) (Kom�arek et al., 2015).

3.3. DFT calculations

Previous studies with anammox consortia indicated that
leucine, alanine, and valine are the dominant amino acids, while D-
glucosamine and D-glucuronic acid are the main polysaccharides
(Wang et al., 2013; Hou et al., 2015). In combination with the high-
resolution XPS spectrum, DFT calculations suggest that eC]O and
eNH2 groups associated with amino acids in leucine and -C-OR
groups associated with D-glucosamine in polysaccharides are the
main sorbents of Cd(II), Pb(II), and Cr(VI) on anammox consortia.
The optimized structures of metal cations on anammox consortia
are shown in Fig. 4. For the monosaccharides, the Ebd values of
Cd(II) and Pb(II) with two eOH functional groups are higher than
for models testing one eOH and one eCOC. It is impossible for
Cr(VI) to complex with oneeOH and oneeCOC, and the Ebd value of
Cr(VI) with two eOH functional groups was 19.5 kcal mol�1, which
was lower than for both Cd(II) and Pb(II). Thus, it is likely that eOH
plays a more important role than eCOC in the binding of metal
cations, and Cr(VI) have different binding sites compared to Cd(II)
and Pb(II). For the amino acids, Ebd values of Cd(II), Pb(II) and Cr(VI)
with eCOOH and eNH2 were 20.0, 23.7 and 17.7 kcal mol�1,
respectively, which were higher than that for eCOOH or eNH2
alone.

Overall, computational results highlight that: (1) eCOC and
eOH groups associated with monosaccharides and eCOOH and
eNH2 associated with proteins play an important role in metal
cations binding; (2) Cd(II) and Pb(II) have different binding sites
compared to Cr(VI), and (3) the order of Ebd values of three metal
cations were Pb(II) > Cd(II) > Cr(VI), which suggests that Pb forms
more stable complexes with the above functional groups. These
calculations correlate well with the adsorption experiments.
3.4. Aqueous speciation and calculated stability constants

We employ a non-electrostatic surface complexation modeling
(NEM) approach to determine single metal adsorption behavior
using FITEQL 4.0. A NEM approach is often considered a preferable
modeling approach because it requires fewer fitting parameters
than electrostatic models which consider surface electric field ef-
fects (Alessi et al., 2019). Our previous research demonstrated that a
three-site NEM can describe the surface protonation and site con-
centrations on the bacterial cell wall (Liu et al., 2015, 2019).

In our NEM model here, deprotonation of cell wall organic acid
functional groups is described by the following generic reaction:

R� LnH0 4R � L�n þ Hþ (2)

The corresponding mass action equation for the deprotonation
reaction is:

Ka¼
�
R � L�n

�
,aHþh

R � LnH0
i (3)

where R represents the bacterium to which the functional group Ln
is attached, Ln represents one of the three organic acid functional
group types needed to account for the protonation behavior of the
cell wall (n ¼ 1e3), and aHþ represents the activity of protons in
bulk solution.

The adsorption edges of Cd(II), Pb(II) and Cr(VI) on anammox
consortia were modeled according to the following hypothesized
surface adsorption reactions:



Fig. 3. High resolution C 1s, N 1s, and O 1s XPS spectra of anammox consortia pertaining to: (A) without metal cations; (B) with Cd loaded; (C) with Cr loaded; (D) with Pb loaded;
(E) with both Cd and Cr loaded; (F) with both Cd and Pb loaded; (G) with both Pb and Cr loaded; and (H) with Cd, Cr and Pb loaded.
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Fig. 4. The possible binding sites and complex structure of cadmium, lead, and chromiumwith EPS molecules associated with anammox consortia. Grey e C, red e oxygen, circle e

H, blue e nitrogen. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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R� L�n þ Cd2þ/R � LnCd
þ (4)

R� L�n þ Pb2þ/R � LnPb
þ (5)

R� LnH0 þ Hþ þ CrO2�
4 /R � LnCrO�

4 þ H2O (6)

The equilibrium constants were defined as:
KCdL ¼
½R � LnCd

þ��
R � L�n

�
,aCd2þ

(7)

KPbL ¼
½R � LnPb

þ��
R � L�n

�
,aPb2þ

(8)

KCrL ¼
�
R � LnCrO�

4

�
,aH2Oh

R � LnH0
i
,aCrO2�

4
,aHþ

(9)

Using the binding constant (K) values for individual metals (Cd,
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Pb and Cr) determined in bacteria-metal adsorption experiments,
and the pKa values and site concentrations determined from
potentiometric titrations (Liu et al., 2019), we predicted the
adsorption of multi-metal systems (competitive adsorption) by the
component additivity model (Table 2) (Davis et al., 1998). The
model predictions were compared with our adsorption experi-
ments to determine the accuracy of the SCM (Fig. 1). We show that
the pH-dependent adsorption of Cd(II) is reasonably well described
on anammox consortia in the absence of competing metals
(Fig. 1A). In the presence of competing metals, Cd(II) adsorption is
also predicted at lower loadings; however, at higher loadings,
sorption of Cd(II) reaches 100% at a pH near 8, but the component
additivity model underpredicts Cd(II) adsorption (Fig. 1A). In
contrast, Pb(II) adsorption on anammox consortia is well described
as a function of pH in both single andmulti-metal systems (Fig. 1B).
Cr(VI) adsorption on anammox consortia tends to be slightly
underpredicted in the absence of competing metals, and is
reasonably well predicted in the presence of competing metals
(Fig. 1C). This may be due to the charge repulsion between the
negatively charged aqueous chromate and the negatively charged
functional groups on anammox consortia (Kom�arek et al., 2015).
Overall, this exercise supports the robustness of the SCM approach
in predicting metal adsorption to anammox consortia in more
complex or environmentally relevant systems.

4. Discussion

Our results demonstrate that adsorption patterns under single
metal adsorption conditions were different from those under
competitive metal adsorption conditions. In single metal cation
systems, Pb was more strongly bound than other metals, likely
related to hydration energy and hydrated ionic radius of the heavy
metals studied; the hydration energies are ranked as: Pb(II)
(1481 kJ mol�1) < Cd(II) (1807 kJ mol�1) < Cr(VI) (�4010 kJ mol�1)
(Alvarez-Ayuso et al., 2003; Liu et al., 2013), and the hydrated radii
ranked as: Pb(II) (4.01 Å) < Cd(II) (4.26 Å) < Cr(VI) (4.61 Å) (Park
et al., 2016). As a result, the electrostatic attraction between Pb(II)
Table 2
Aqueous species and stability constants used in surface complexation modeling in
FITEQL.

Reaction [Log K]a [Site]b

ReCOOH þ OH� ¼ R-COO- þ H2O �3.92 ± 0.05 0.26 ± 0.08
ReNH3

þ þ OH� ¼ ReNH2 þH2O �6.69 ± 0.04 0.82 ± 0.05
ReOH þ OH� ¼ R-O- þ H2O �9.31 ± 0.12 2.75 ± 0.56
Reaction [Log K]
R-COO- þ Cd2þ ¼ ReCOOCdþ 1.25
R-COO- þ Pb2þ ¼ ReCOOPbþ �1.51
ReCOOH þ HþþCrO4

2� ¼ ReCOOCrO4
- þ H2O �5.82

Reaction [Log K]c

4Cd2þ þ 4H2O ¼ Cd4(OH)44þ þ 4Hþ �32.8
CO2 þ H2O ¼ H2CO3 �1.46
H2CO3 ¼ Hþ þ HCO3

� �6.36
HCO3

� ¼ CO3
2� þ Hþ �10.33

Cd2
þ þ CO3

2� ¼ CdCO3(s) 12.10
Pb2þ þ H2O ¼ PbOHþ þ Hþ �7.60
Pb2þ þ 2H2O ¼ Pb(OH)2 þ 2Hþ �17.1
Pb2þ þ 3H2O ¼ Pb(OH)3- þ 3Hþ �28.1
2 Pb2þ þ H2O ¼ Pb2(OH)3þ þ Hþ �6.40
3 Pb2þ þ 4H2O ¼ Pb3(OH)42þ þ 4Hþ �23.9
4 Pb2þ þ 4H2O ¼ Pb4(OH)44þ þ 4Hþ �20.9
CrO4

2� þ Hþ ¼ HCrO4
� 6.51

CrO4
2� þ 2Hþ ¼ H2CrO4 6.31

2CrO4
2� þ 2Hþ ¼ Cr2O7

2� þ H2O 14.6
CrO4

2� þ Naþ ¼ NaCrO4
� 0.70

a Values from Liu et al. (2019).
b Concentrations of sites, in mmol/L.
c Values from Baes and Mesmer (1976).
and anammox consortia should be the largest, followed by Cd(II)
and Cr(VI). Themetal adsorption sequence in this study also follows
the same order as their electronegativities: Pb (2.33) > Cd
(1.69) > Cr (1.66) (Ni et al., 2019). Namely, Pb(II) is a hard Lewis acid
while Cd(II) is a soft Lewis acid. Lead has a higher solubility as a
hydroxide than cadmium (16.7 for Pb vs. 14.4 for Cd) (Park et al.,
2016). When the three metals coexist, Pb(II) is more favorably
adsorbed to the annamox consortia through inner sphere surface
complexation or sorption reactions with functional groups than are
Cd(II) and Cr(VI). This phenomenon was in accordance with the
results of single adsorption experiments.

The generally accepted mechanisms of heavy metal adsorption
onto anammox consortia include: (1) electrostatic interactions
between metal cations and negatively charged bacterial surfaces,
(2) ionic exchange between ionizable protons at the surface of
bacteria and metal cations, and (3) sorptive interaction involving
delocalized p electrons of carbon (C]C) and -O-Me bond for the
formation of a CeOeMe organometallic complex (Ho et al., 2017;
Sandoval-Flores et al., 2018; Mahdi et al., 2019). XPS data identified
Cr(VI) adsorbed to the anammox consortia, possibly as an electro-
statically bound outer-sphere complex. This is supported by the
observation that adsorption of negatively charged Cr(VI) species
only occurs at a positively charged surface. In contrast, the XPS
spectra suggest that Cd(II) and Pb(II) may be present as inner-
sphere complexes as indicated by the binding energies. This
interpretation is also corroborated by 100% adsorption of Pb(II)
below the pHzpc. However, Cd(II) adsorbs at pH values around, and
above, the pHzpc and it shows some dependence on ionic strength
according to our previous research (Liu et al., 2015), suggesting that
a mixture of outer- and inner-sphere complexes may form.

This study demonstrates that anammox consortia may be an
important scavenger of Cd(II), Pb(II), and Cr(VI) from aqueous so-
lutions and thus could be a useful sorbent for water and soil
remediation. In order to try and quantify their efficiency in
removing metals from waste waters we make a back-of-the-
envelope calculations. According to the cell surface characteristics
of anammox consortia in our previous study, we determined that
1.0 g dry biomass of anammox consortia containing
3.83 ± 0.43 mmol g�1 dry mass of deprotonated ligands (Liu et al.,
2019). Given that the average biomass concentrations in waste-
water were 10 g L�1 with a wet:dry ratio of 10:1, then 1 L of
wastewater contained 1 g dry biomass. Those biomass can bind an
equivalent of 0.036 mmol g�1 (4.45 � 10�5 M of Cd in solution
multiplied by 1 g L�1 of dry biomass multiplied by 80% of Cd
removal) of Cd(II), 0.024 mmol g�1 of Pb(II) (2.41 � 10�5 M of Pb in
solution multiplied by 1 g L�1 of dry biomass multiplied by 90% of
Pb removal), and 0.010 mmol g�1 (9.62 � 10�5 M of Cr in solution
multiplied by 1 g L�1 of dry biomass multiplied by 10% of Cr
removal) of Cr(VI), respectively. These results fall within the range
of a wide variety of biosorbents (Table 3). For instance, it was
observed that the adsorption amount of Cd and Pb onto anammox
consortia was around a magnitude order higher than the gram-
negative bacteria Pseudomonas putida, but a magnitude order less
than that on biochar or nanotubes based on Titanate (Choi and Park,
2005; Liu et al., 2013; Ding et al., 2016). The Cr adsorption capacity
onto anammox consortia was generally less than soil components
or Titanate nanotubes (Flogeac et al., 2007; Liu et al., 2013). This
suggests that anammox consortia could theoretically play as an
efficient biosorbent for heavy metals from wastewater.

The calculations above are merely as proof of concept. However,
we point out that heavy metals rarely occur alone in natural
wastewater system, and their associations and interactions with
each other, as well as other components in natural environments,
are known to influence their transport and fate in aqueous solu-
tions. The structure of eCOOR and eCOH associated with proteins



Table 3
A literature compilation of adsorption abilities for heavy metals in multicomponent systems on various adsorbents.

Metal ion adsorbent pH Temperature
/oC

Adsorbed metal ions/mmol/g Reference

Cd(PbeNieZneCdeU) P.putida live cells 6.0 25 0.004 Choi and Park (2005)
Cd(PbeNieZneCdeU) P.putida dead cells 6.0 25 0.007 Choi and Park (2005)
Cd(CdeCrePb) Titanate nanotubes 5 25 0.534 Liu et al. (2013)
Cd(CdePb) Water hyacinths biochar pyrolyzed at 450 �C 5 30 0.240 Ding et al. (2016)
Cd(CdePbeCr) Anammox consortia 8.0 25 0.036 This study
Pb(PbeNieZneCdeU) P.putida live cells 6.0 25 0.003 Choi and Park (2005)
Pb(PbeNieZneCdeU) P.putida dead cells 6.0 25 0.004 Choi and Park (2005)
Pb(CdeCrePb) Titanate nanotubes 5 25 1.448 Liu et al. (2013)
Pb(CdePb) Water hyacinths biochar pyrolyzed at 450 �C 5 30 0.179 Ding et al. (2016)
Pb(PbeCd) Banboo biochar pyrolyzed at 600 �C 5.0 25 0.222 Han et al. (2017)
Pb(PbeAl) Banboo biochar pyrolyzed at 600 �C 3.8 25 0.116 Han et al. (2017)
Pb(PbeCu) Date seed biochar 6 25 0.021 Mahdi et al. (2019)
Pb(CdePbeCr) Anammox consortia 8.0 25 0.024 This study
Cr(CreCueZn) soil 6.0 20 0.192 Flogeac et al. (2007)
Cr(CdeCrePb) Titanate nanotubes 5 25 1.442 Liu et al. (2013)
Cr(CdePbeCr) Anammox consortia 8.0 25 0.010 This study
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and polysaccharides in anammox consortia play a crucial role in
metal complexation, but dominate bacterial aggregation through
cation bridging interaction. These numerous binding sites ensure
the formation of large flocs and aggregates, which increase the size
of particles to be separated as settleable solids from raw aqueous
solutions. Furthermore, macromolecular aggregation and crowding
can increase the tolerance of anammox consortia to environmental
inhibition bymetal cations through an increase of the robustness of
gene expression (Tan et al., 2013; Hou et al., 2015). The results of
this study are crucial to design functionalized anammox process. It
is especially efficient for the preconcentration and removal of low
to medium concentrations of metal cations together with N in
wastewater treatment. Future efforts should be directed at exper-
imentally assessing the impact of metals on the degree of aggre-
gation of anammox consortia, along with determining the
maximum allowable concentrations of metal cations without
affecting nitrogen removal efficiency in wastewater treatment
processes.
5. Conclusions

The objective of this research was to describe the adsorptive
behavior of heavy metal ions (e.g., Pb, Cd and Cr) onto anammox
consortia in both single and multi-metal systems. Decreased
adsorption of heavy metal ions in multi-metal systems indicates an
antagonistic adsorption behavior, which was highly dependent on
the counter-ion type and its concentration. Models of single and
competitive adsorption systems, such as the SCMs developed here,
are critical in accurately estimating heavy metal retention effi-
ciency by anammox consortia in natural environments. This study
shows that a SCM component additivity approach can provide
useful predictions of metals behavior in complex systems involving
Cd(II), Pb(II) and Cr(VI). Such predictions are necessary for
designing functionalized anammox processes for the preconcen-
tration and removal of trace heavy metals together with N in
wastewater treatment. Results of this study highlight the potential
role of anammox consortia in binding multiple metal cations in
aqueous solutions. In the future, additional work is also needed to
investigate the impact of these heavy metals onto the activity and
diversity of anammox consortia, along with the nitrogen removal
efficiency in wastewater treatment processes.
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