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� Anammox consortia surfaces primarily contain carboxyl, amine, and hydroxyl sites.
� Deprotonation of above functional sites lead to negative surface charge.
� Carboxyl and hydroxyl sites can form stable Cd complexes.
� Carboxyl and hydroxyl sites promote bacterial aggregation and solid-liquid separation.
� Anammox consortia have the potential to adsorb and detoxify metal cations.
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a b s t r a c t

Interactions between metals and anaerobic ammonium oxidizing consortia substantially affect the
quality of wastewater treatment plant effluent. In this study, we conducted acid-base titrations to
ascertain the surface reactivity and proton adsorptive capacity of anammox consortia. A combination of
titration data modeling and infrared spectroscopy suggested the presence of carboxyl, amine, and hy-
droxyl groups. Cd adsorption experiments demonstrate that 1 g of dry biomass could bind an equivalent
of 7.12� 10�6mol/L of Cd. Density functional theory calculations further reveal that carboxyl and hy-
droxyl groups are able to form stable Cd complexes. Furthermore, considerable carboxyl and hydroxyl
groups promote bacterial aggregation, and thus solid-liquid separation. The results of this study highlight
the potential role of anammox consortia in adsorbing metal cations, and thus help to improve the un-
derstanding of the universally significant contribution of anammox consortia at the detoxification of
metal cations in wastewater treatment systems.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Anaerobic ammonium-oxidizing (Anammox) bacteria utilize
er), zhaohuazhang@pku.edu.
ammonium (NH4
þ) as an electron donor and nitrite (NO2

�) as an
electron acceptor. This reaction forms nitrogen gas (N2) anaerobi-
cally in the absence of a carbon source and without N2O production
(Strous et al., 1998; Zhang et al., 2015a).

NHþ
4 þNO�

2/N2 þ 2H2O (1)

Anammox bacteria are demonstrated to be ubiquitous in various
natural ecosystems, including marine environments, estuarine
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sediments, freshwater and terrestrial environments (Kuypers et al.,
2003; Rich et al., 2008; Jaeschke et al., 2009; Li et al., 2010).
Anammox bacteria were recently discovered to be important in the
oceanic nitrogen cycle (generating 10%e65% of N2 production)
based on thewidespread occurrence of ammonium consumption in
suboxic marine settings (Kuypers et al., 2003; Rich et al., 2008). As a
result, an anammox cell density of approximately 1900± 800 cells/
mL would be needed to account for the observed ammonium
oxidation rates in the suboxic zone (Kuypers et al., 2003).

The anammox process has remarkable potential for treating
ammonia-rich wastewater because there is no requirement for
aeration or an exogenous electron donor, low sludge production,
high nitrogen removal rates, and a potential reduction in the
emission of greenhouse gases versus current wastewater treatment
plant technologies (Zhang et al., 2015b). The anammox process was
first documented in wastewater bioreactors (Mulder et al., 1995;
Rich et al., 2008). Over the past decade many technologies have
been developed to improve the applicability of the anammox
process to nitrogen rich wastewater (Chen et al., 2009; Li et al.,
2010). According to available data, over 100 full-scale annamox-
based process plants have been installed worldwide (Lackner et al.,
2014; Zhang et al., 2015a).

Certain streams often contain high concentrations of heavy
metals (e.g., Cu, Zn, Cd, Pb and Ni), especially those draining
municipal landfill leachates, anaerobically digested piggery/dairy
slurries, metal refineries, industry producing nitrogenous fertil-
izers, and semiconductor manufacturers (Lotti et al., 2012; Zhang
et al., 2016b). Heavy metals in landfill leachates are reported to
be in the range of several hundreds of mg/L (Baun and Christensen,
2004). For instances, the concentration of Cu in semiconductor
effluents were 5e100mg/L, and the Zn levels in raw swine waste-
water and landfill leachates were 1.5e30mg/L and 0.05e1000mg/
L, respectively (Zhang et al., 2015b, 2016b). The concentration of Cd
in sewage sludge collected from municipal and industrial waste-
water treatment plants can range from 0.90 to 112.03mg/kg (dry
weight) (Wang et al., 2005).

When applying anammox bacteria to high-concentration ni-
trogen streams with elevated concentrations of heavy metals, the
reactivity and growth of anammox bacteria may be inhibited. As a
result, the nitrogen removal efficiency may be adversely affected.
For example, the 50% inhibitory concentration of nitrogen removal
rate by anammox bacteria for Cd, Cu, and Zn were reported to be
11.16, 6.5 and 12.5mg/L, respectively (Bi et al., 2014; Kimura and
Isaka, 2014). In the past decade, the database pertaining to the
potential inhibitory impact of heavy metals on the performance of
the anammox bacterial activity has received much attention. Yet to
our knowledge, few studies have examined anammox bacterial
surface reactivity and its role in metal complexation. Anammox
cells have both an inner and an outer membrane, and a putative S-
layer (Egli et al., 2001). Previous studies revealed that anammox
bacterial cell surfaces contain a variety of reactive ligands, such as
carboxyl, hydroxyl, and amine groups resulting from proteins,
carbohydrates, and polysaccharide moieties (Bi et al., 2014; Hou
et al., 2015; Zhang et al., 2016a). These ligands are capable of
binding metal cations from solutions, thus causing metal species
transport and bacterial aggregation due to complexation and
bridging (Kumar et al., 2004).

The purpose of this study was to describe the surface charge
properties, protonation behavior, and metal adsorption capacity of
anammox consortia. Cd(II) was chosen to compare the metal
sorption ability of anammox consortia with other bacterial species,
including microaerophilic Fe(II)-oxidizers (e.g., Martinez et al.,
2016) and cyanobacteria (e.g., Liu et al., 2015), with different me-
tabolisms and cell surface structures. We had three objectives: to
(1) constrain the acid dissociation constants (pKa values) and
concentrations of proton-active sites that may bind metals to the
cell surface of anammox consortia, using acid-base titrations and
SCM modeling; (2) determine anammox consortia efficiency to-
ward Cd(II) removal from solution by quantifying the adsorption
affinities of Cd(II) at various metal:bacterial site concentrations as a
function of pH; and (3) explore the structural geometry of the Cd
complexes and to determine the most stable Cd complex structures
by density functional theory (DFT) calculations.

2. Materials and methods

2.1. Bacterial growth

The anammox consortia studied in these experiments were
cultivated and maintained in a laboratory-scale (2 L) sequencing
batch reactor (SBR). The consortia were dominated by anammox
bacteria of the genus Candidatus Brocadia fulgida (Hou et al., 2015).
The anammox cells appeared as red particle aggregates, as was
shown in Fig. S1. The synthetic wastewater feed for the anammox
consortia was prepared with tap water including (NH4)2SO4
(0.2357 g/L), NaNO2 (0.2465 g/L), NaHCO3 (0.5 g/L), KH2PO4

(0.025 g/L), CaCl2▪2H2O (0.01 g/L), MgSO4 (0.1 g), FeSO4▪7H2O
(0.005e0.01 g/L), EDTA▪2Na (0.006 g/L) and trace element solu-
tions (van de Graaf et al., 1996; Zhang et al., 2016a). The composi-
tion of the trace element solutions has been described in a previous
study (van de Graaf et al., 1996). pH and temperature of the reactors
were controlled at 7.4e8.3 and 35± 0.5 �C, respectively. Anaerobic
conditions were maintained by flushing nitrogen gas throughout
the period of reactor operation. The stirring speed of the reactor
was set at 140 rpm to improve mass transfer. The influent and
effluent were taken every 2e3 days for the measurements of
ammonium, nitrite, nitrate, 5-min and 30-min sludge volume
indices (SVI5 and SVI30), total suspended solids (TSS) and volatile
suspended solids (VSS) concentrations according to standard
colorimetric methods (APHA, 1998), with the aim to evaluate the
growth of anammox consortia. When the change multiple of
biomass yield, the anammox consortia was thought to grow to
exponential phase. Then the anammox consortia was harvested by
centrifugation at room temperature for following experiments.

2.2. Scanning electron microscopy (SEM)

For SEM imaging, anammox consortia were first washed 3 times
in 0.1M phosphate buffer saline (PBS, pH 7.2) and then fixed in 2.5%
gluteraldehyde e 2% paraformaldehyde at 4 �C overnight. After
fixation, the samples were dehydrated through a graded ethanol
series (15min in each 50%, 85%, and 100% ethanol solution) and
then dried in a desiccation chamber overnight. Samples were then
placed on 1� 1 cmmicroscope slide and imaged on a Philips FEI XL
30 Scanning Electron Microscope operating at 20 kV.

2.3. Fourier transform infrared (FTIR) spectroscopy

FTIR spectroscopy was conducted to characterize the major
functional groups of organic compounds exposed on the anammox
consortia cell envelopes. Immediately after harvesting, cells were
washed three times in 0.01M NaCl electrolyte solutions and then
oven dried at 60 �C for 24 h. KBr pellets containing 0.20% (dry
weight) of the sample were prepared, and then examined on a
Deuterated Tri Glycine Sulfate (DTGS) detector attached to a
Thermo Nicolet is50 FTIR Spectrometer. Infrared spectra were
produced by averaging 256 scans over the wavenumber range be-
tween 4000 and 500 cm�1 at a resolution of 4 cm�1, and in absor-
bance mode. During data processing spectra were corrected for a
KBr background. Measurements were carried out in duplicate using
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two biological replicates. In order to compare the Cd-free and Cd-
loaded spectrum collected on our study, all spectra were baseline
corrected and area normalized according to Felten et al. (2015).

2.4. Zeta potential measurements

Zeta potential measurements were conducted to assess the net
surface charge characteristics of anammox consortia (without ESP
extraction). To do so, the cells were harvested, washed, and dis-
solved in 10mL 0.01M NaCl solution to a concentration of
approximately 0.1 g volatile suspended solid (VSS) per liter. The
solution pH was adjusted in the range of 3e10 by adding small
aliquots of HCl (0.016, 0.16, and 1.6M) or NaOH (0.019, 0.19, and
1.9M) and stirring until the pH stabilized. A Zetasizer Nano ZS in-
strument (Malvern. Inc., USA) was used to measure the zeta po-
tential at 25 �C. Datawere obtained by the calculation of an average
of 10 readings for 3 biological replicates. Matching cell-free NaCl
solutions were used as controls.

2.5. Acid-base titrations and modeling

In order to conduct acid-base titrations, anammox consortia
were harvested from the growth solutions by centrifugation,
transferred to centrifuge tubes, and washed five times in 0.01M
NaCl (the same electrolyte used in the experiments). During each
wash, the cells were suspended in fresh electrolyte solution using a
vortex machine. Bacteria were centrifuged for 10min at 10,000 g to
form a pellet at the base of the centrifuge tube and the electrolyte
was discarded. After the final wash, the biomass was re-suspended
in approximately 50mL of electrolyte solution (exactly weighed) in
a titration flask. The flask was fitted with a double-junction glass
pH electrode (Orion ROSS ultra, filled with 3M KCl) which was
calibrated using commercial pH buffers, as well as a magnetic stir
bar, titrant dispenser, and Nitrogen (N2) gas line. The suspension
was acidified to pH 3.0 with 2M HCl, sealed with Parafilm, and
purged with N2 for 30min prior to, and throughout titrations, to
maintain a CO2-free atmosphere in the flask.

Titrations were performed alkalimetrically from pH 3.0 to 11.0
using a KEM AT-500N autotitrator that variably delivered CO2-free
0.01M NaOH as described by Liu et al. (2015). The incremental
volume of base added, and corresponding pH changes, were
recorded for each titration step. Each addition of base occurred only
after a pH electrode stability of 0.1mV/s was attained, for a typical
total titration time of approximately 50min. Titrations were carried
out a minimum of three times using separate batches of bacterial
cultures. Blank titrations were performed for machine calibration,
using bacteria-free 0.01M NaCl solutions. Once pH 11 was reached,
reverse ‘down-pH’ titrations were performed, decreasing the sus-
pension pH to 3 with aliquots of 0.01M HCl in order to assess
possible hysteresis in the titration curves, a test to ensure the
reversibility of the titration process. Immediately following titra-
tion, biomass was filtered onto preweighed Whatman GF/C #42
filters (0.45 mm) and oven dried at 65 �C for 48 h for dry weight
determination.

For each titration step, the charge balance can be calculated and
written as following:

½Ca � Cb� ¼ ½�Q � þ
h
Hþ

i
�
h
OH�

i
(2)

Where [Ca - Cb] is the concentration of acid added minus the con-
centration of base added; [Hþ] and [OH�] are the concentrations of
proton and hydroxyl ions, respectively, and [-Q] is the negative
charge excess owing to deprotonation of bacterial ligands in solu-
tion, normalized to per gram of biomass.
A non-electrostatic surface complexation model was used to fit
titration data to determine the acidity constants and site concen-
trations of functional groups on anammox consortia. The depro-
tonation of a functional group can be represented by the following
generic reaction:

R � LnH0 4R � L�n þ Hþ (3)

The acidity constants, Ka, for reaction (2) can be defined as:

Ka ¼
h
R � L�n

i
$aHþ

�
R � LnH0� (4)

Where R is the bacterium to which the functional group type L was

attached, ½R � L�n � and ½R � LnH0� represents the concentration of
deprotonated and protonated sites, respectively, and aHþ represents
the activity of protons in bulk solution.

The least square fitting program FITEQL 4.0 (Herbelin and
Westall, 1999) was used to model the acid-base titration data and
solve for a predetermined number of surface sites, the site acidity
constants (expressed as pKa, equivalent to elog Ka) and corre-
sponding site concentrations that best describe the excess charge
data. In this case, a three-site model provided the best fit, with V(Y)
values in the range of 0.1< V(Y)< 20 (Westall, 1982).
2.6. Cadmium adsorption experiments and modeling

To determine the removal of aqueous Cd(II) that occurred upon
exposure to washed anammox consortia, 10 g/L of the bacterial
biomass was suspended in a 0.01M NaCl electrolyte solutions.
Three Cd(II) concentrations (8.9� 10�6M, 8.9� 10�5M and
2.2� 10�4M) were tested for Cd(II) adsorption. After an initial
10min equilibration time, 10mL aliquots were transferred to
polypropylene centrifuge tubes and adjusted to starting pH values
between pH 3 and 9, in 1 pH unit intervals, using HCl (0.016, 0.16
and 1.6M) or NaOH (0.019, 0.19 and 1.9M). The systems were
mixed via end-over-end rotation at 140 rpm for 24 h to allow time
for equilibration between the Cd(II) and the cells, after which the
final (equilibrium) pH of each vessel was measured. The individual
vessels were then centrifuged at 10,000 g and the resulting super-
natant filtered through a 0.22 mm nylon membrane. The filtered
supernatants were analyzed for Cd(II) concentrations using an
Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-
OES), calibrated with matrix-matched standards (Thermo Fisher
Scientific). The concentration of Cd(II) adsorbed to the cells in each
vessel was calculated by subtracting the concentration of Cd(II) that
remained in solution (supernatant) from the original Cd(II) solution
concentrations. Control experiments were conducted without
bacteria to determine if Cd(II) was lost to the experimental appa-
ratus or by precipitation in the timeframe of the adsorption
experiments.

The reversibility of Cd(II) adsorption behavior was also tested in
our experiments, following the methods of Liu et al. (2015). The Cd-
loaded cells at 8.9� 10�6M, 8.9� 10�5M and 2.2� 10�4M Cd(II)
concentration, in the presence of the 0.01M NaCl ionic strength
electrolyte, were harvested, rinsed and re-suspended in 0.01M
NaCl solutions. The pH of the suspensions was adjusted to 3.0 by
using 2M HCl in order to desorb surface-bound Cd(II) from cells.
After being gently agitated for 24 h, the suspensions were centri-
fuged and filtered as previously described, and the Cd(II) concen-
tration in the supernatant was measured. The amount of Cd(II)
measured was compared to the concentration of Cd(II) adsorbed to
calculate the percent of Cd(II) recovered.

Experimental Cd(II) adsorption data were assessed by fitting
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experimental metal sorption data with FITEQL, using the non-
electrostatic complexation modeling approach, using the average
site concentrations of anammox consortia and their acidity con-
stants calculated from acid-base titrations, as described above. In
the model, six aqueous cadmium hydrolysis reactions, three cad-
mium carbonate complexes, as well as aqueous cadmium chloride
complexes were considered (Table S1; Zirino and Yamamoto, 1972;
Baes and Mesmer, 1976; Stipp et al., 1993). Cd(II) concentrations
adsorbed onto anammox consortia were determined based on the
following hypothesized surface adsorption reactions:

R � L�n þ Cd2þ/R � LnCd
þ (5)

Cd-ligand stability constants were defined as:

KCdL ¼
�
R � LnCd

þ�
h
R � L�n

i
$aCd2þ

(6)

Where ½R � LnCd
þ� was the concentration of the Cd-ligand organic

complex, ½R � L�n � was the concentration of ligands and aCd2þ was
the activity of Cd2þ in solution. The equilibrium constant, KCdL was
reported as log KCdL.
2.7. DFT calculations

The geometries of D-glucuronic acid, L-fucose, D-glucosamine, D-
glucose, Valine, Glutamic acid, Leucine, Alanine, Aspartic acid, as
well as their binding complexes with Cd(II) were all optimized with
the M06-2X method (Zhao and Truhlar, 2008) and basis set def2-
SVP. The SMD solvation model was applied during geometry opti-
mizations to represent water solvents (Marenich et al., 2009). All
Fig. 1. SEM images of anammox consortia. (a) Full-profile of the cons
the calculations were performed with Gaussian 09 software (Frisch
et al., 2013).
3. Results

3.1. Composition of the anammox consortia

SEM imaging (Fig. 1) of anammox consortia revealed that pair-
cocci cells are of 1.5e3 mm in diameter. The bacteria cells were
encapsulated and connected by extracellular polymeric substances
(EPS) to form larger particles, which also apparently holding the
cells tightly together.

In order to account for the functional groups present in the
anammox consortia, FTIR analyses were performed (Fig. 2 and
Table 1). Duplicate spectra from an individual culture were iden-
tical, so a representative spectrum was shown in Fig. 2. The peak
assignments were as follows. Strong absorption peaks at 3000-
2800 cm�1 were assigned to asymmetric stretching vibration of
eCH3 (2990± 5 cm�1 and 2950± 5 cm�1), which were attributed to
the fatty acid components found in membrane phospholipids
(Schmitt and Flemming, 1998). The band at 1726 cm�1 was asso-
ciated with the C]O and CeOH stretching vibrations of protonated
carboxylic acid groups (Jiang et al., 2004). The amide I band at
1610 cm�1 and 1650 cm�1 were mainly assigned to C]O and C]C
stretching associated with proteins (Yuan et al., 2011; Hou et al.,
2015). The small band at 1238 cm�1 was representative amide III
band, which was attributed to CeN stretching vibration in proteins
(Yuan et al., 2011). The band at around 1434 cm�1 was attributed to
the symmetric stretching of C]O in COO� (Hou et al., 2015). Strong
absorption peaks at 1387 cm�1 and 1325 cm�1 were tentatively
assigned to symmetric deformation vibration of eCH3 and wagging
ortia; (b) surface of the consortia; (c, d) interior of the consortia.



Fig. 2. FTIR absorbance spectra of anammox consortia at late exponential growth
phase before and after exposure to solutions with Cd at pH 8.0.

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

IR band Wavelength
(cm�1)

Functional groups assignment

a, b 3000e2800 nas of eCH3 (Schmitt and Flemming, 1998)
c 1726 ns C]O of protonated carboxylic acid groups
d 1610 Stretching of C]O in amide I, associated with proteins

and d OeH of water (Yuan et al., 2011; Hou et al., 2015)
e 1434 ns of C]O in COO� (Hou et al., 2015)
f 1325 symmetric deformation vibration of eCH3 and wagging

vibration of >CH2 (Wen and Xu, 2016; Zhang et al.,
2016a)

g 1237 CeN stretching vibration in proteins (Yuan et al., 2011)
i 1191 ns CeOH, ns CeO from carbohydrates
j 1142 CeOH stretching vibration and CeOeC asymmetric

stretching vibration (shown as CeO stretching vibration)
in polysaccharides (Wen and Xu, 2016; Zhang et al.,
2016a)

k, l, m,
n, o

<1000 fingerprint region

ns¼ symmetric stretching; nas¼ asymmetric stretching; d¼ bending.

Fig. 3. Zeta potential measurements conducted using suspensions of anammox con-
sortia incubated in 0.01M NaCl buffer as a function of pH. The average of three in-
dependent experiments is plotted. Error bars represent the ±1-sigma standard
deviation of the averaged data sets.
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vibration of >CH2, respectively, which were attributed to the fatty
acid components found in membrane phospholipids (Wen and Xu,
2016; Zhang et al., 2016a). Absorption peaks at 1150-1000 cm�1

might be assigned to CeOH stretching vibration and CeOeC
asymmetric stretching vibration (shown as CeO stretching vibra-
tion) in polysaccharides. Absorption peaks at 1000-900 cm�1 might
be assigned to CeOeH out-of-plane bending vibration of COOH
(e.g., D-glucuronic acid) (Wen and Xu, 2016; Zhang et al., 2016a).
FTIR spectra revealed the presence of many functional groups such
as carboxyl, amine and hydroxyl on anammox consortia.

Exposure to Cd(II) resulted in a slight change in the FTIR spectra
as compared to Cd-free samples. The peak at 1610 cm�1 shifted to
1650 cm�1 after loading Cd(II). Meanwhile, the peak at 1325 cm�1

shifted to 1387 cm�1 after Cd(II) loaded. Changes in the position of
the band at 1610 cm�1 and 1325 cm�1 indicate that carboxyl and
hydroxyl groups were responsible for the binding of Cd(II) because
both of these biopolymers contains numerous carboxyl and hy-
droxyl groups. In addition, Cd(II)-loaded cells exhibited small peaks
at 1540 cm�1 and 1060 cm�1 were observed. Absorption peak at
1540 cm�1 correspond to the CeNeH bending vibration of amide II
or symmetric deformation vibration of NH3

þ in amino acids. While
absorption peak at 1060 cm�1 might be assigned to CeOH
stretching vibration and CeOeC asymmetric stretching vibration
(shown as CeO stretching vibration) in polysaccharides (e.g., D-
glucose, L-fucose, D-glucuronic acid, and D-glucosamine) (Jiang
et al., 2004; Wang et al., 2012; Wen and Xu, 2016). Compared to
Cd-free cells, the peaks disappeared within the range of 867 cm�1

and 613 cm�1 for Cd-loaded cells. Small peaks at 813 and 613 cm�1

might be related to eNH2 twisting vibration and COO� functional
groups, which is easily affected by CeH wagging vibration and
other charged atoms. In this regard, Cd atoms in the solutionsmight
pose an effect on the COO� and eNH2 functional groups and lead to
the disappearance of the corresponding peaks at 867 cm�1 and
613 cm�1 (Wen and Xu, 2016).

In summary, the FTIR results demonstrate the presence of
carboxyl (eCOOH), hydroxyl (eOH), and primary amine (eNH2)
groups in anammox consortia (Yuan et al., 2011), and that carboxyl,
hydroxyl and amine groups might play an important role in the
binding of Cd by anammox consortia.
3.2. Reactivity of the anammox consortia

Zeta potential measurements (Fig. 3) revealed that anammox
consortia continuously exhibited a net negative surface charge over
the pH 3e10, with values ranging from �1.2 to �35.7mV. Specif-
ically, anammox consortia displayed a sharp increase in electro-
negativity from pH 3 to 6, above which it remained constant.
Within the pH range of 9e10, the electronegativity decreased
sharply to �35.7mV. The general zeta potential measurements
illustrate that the surface of anammox consortia has much more
electronegative functional groups than electropositive ones.

Table 2 and Fig. 4 present a summary of the pKa values and
corresponding site densities (mmol/g dry weight) associated with
bacterial cell surface of anammox consortia obtained from the
modeling of acid-base titration data. According to the FTIR spectra,
the first proton-active site (pKa1) at pH 3.92 can be attributed to
carboxyl groups, the second site (pKa2) at pH 6.69 might be
attributed to amine acids that exist in the form of bioorganic
molecules such as proteins, and the third site (pKa3) at pH 9.31 can
be attributed to hydroxyl groups (Wang et al., 2012). For the three
sites, the binding site densities were estimated to be 0.26± 0.08,
0.82± 0.05, and 2.75± 0.56mmoL/g (dry weight), respectively
(Fig. 4B). A summation of the ligand concentrations across the
analyzed pH range revealed that anammox consortia exhibited an
average total site densities of 3.83± 0.43mmoL/g (dry weight) in
the 0.01M NaCl electrolyte.



Table 2
Parameters obtained from best-fit, non-electrostatic proton adsorption models of titration data (pKa and total density of ligand) and best-fit Cd-ligand stability constants (-log
KCdL) for anammox consortia.

Ligand class Average pKa Mean LT (mmol g�1) Functional groups Log KCdL

1 ppm 10 ppm 25 ppm

A 3.92± 0.05 0.26± 0.08 Carboxyl 1.22 1.46 1.39
B 6.69± 0.04 0.82± 0.05 Amine 2.97 3.77 4.40
C 9.31± 0.12 2.75± 0.56 Hydroxyl 5.43 5.00 5.45

Fig. 4. (A) Potentiometric titration data for anammox consortia in terms of excess
charge as a function of pH; ionic strength is 0.01M NaCl. (B) Ligand densities of 3-pKa
titration models at ionic strength of 0.01M NaCl.

Fig. 5. Cd adsorption edges for anammox consortia exposed to 0.01M NaCl ionic
�6 �5
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3.3. Cadmium adsorption to anammox consortia

Though Cd adsorption experiments were conducted between
pH 3 and 9, only datawithin a pH range of 3.0e8.5were considered.
This is because preliminary speciation calculations, for a system
containing 8.9� 10�6 to 2.2� 10�4M Cd(II) in 0.01M NaNO3 or
0.56M NaCl ionic strength solutions, indicates that precipitation of
cadmium carbonate solids or Cd(OH)2 (s) form at pH values greater
than 8.5 (Liu et al., 2015). As shown in Fig. 5, there was a positive
correlation between Cd(II) removed from solution and pH, and a
negative correlation between Cd(II) removed and the initial con-
centration. In experiments with low Cd(II) concentrations
(8.9� 10�6M, Fig. 5A), 50% removal of Cd(II) occurred at
strength at three different Cd concentrations: (A) 8.9� 10 M; (B) 8.9� 10 M; (C)
2.2� 10�4M.
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approximately pH 6.0, and nearly 80% of Cd(II) was removed at pH
7.5. At higher Cd(II) concentrations (8.9� 10�5M, Fig. 5B), the 50%
Cd(II) uptake pH shifted to above pH 7.0, whereas at 2.2� 10�4M
Cd(II), the point of 50% Cd(II) uptake occurred at approximately pH
8.0 (Fig. 5C). A decrease in Cd(II) removal from solution was
observed when Cd(II) was gradually increased, suggesting that the
functional groups were becoming saturated.

Reversibility of Cd(II) sorption to anammox consortia indicated
that more than 85% of the adsorbed Cd(II) was desorbed from the
anammox consortia. The missing recovery efficiency may be
attributed to the loss of a limited amount of biomass during the
adsorption/desorption cycle, or potentially, to an intracellularmetal
diffusion process (absorption). However, these cadmium desorp-
tion experiments confirmed that the primary mechanism of metal
removal from solution was reversible cadmium adsorption to the
anammox consortia.

As depicted in Table 2 and Fig. 5, Cd(II) adsorption behavior onto
anammox consortia was fit using surface complexationmodels that
invoke three distinct sites. For low Cd(II) concentrations
(8.9� 10�6M), an excellent fit was achieved when carboxyl, amine
and hydroxyl sites participated in Cd(II) adsorption (Fig. 5A); the
Cd-ligand stability constants (as log KCdL) determined for the three
ligands were 1.22, 2.97 and 5.43, respectively. At higher initial Cd(II)
concentrations (8.9� 10�5M), the Cd-ligand stability constants (as
log KCdL) determined for carboxyl, amine, and hydroxyl were 1.46,
3.77, and 5.00, respectively. At the highest Cd(II) concentration
(2.2� 10�4M), the Cd-ligand stability constants (as log KCdL) cor-
responding to carboxyl, amine, and hydroxyl sites were 1.39, 4.40,
and 5.45, respectively. For all three metal concentrations, the Cd-
ligand stability constants are remarkably close, which indicates
that our SCM model is quite solid across the conditions tested.

3.4. Density functional theory (DFT) calculations

FTIR spectra of anammox consortia, proteins and poly-
saccharides indicate that eOH, eCOOH, and eNH2 groups were the
key functional groups of the bacterial cell surface. Table S2 sum-
marized 5 amino acids, i.e., Alanine (Ala), Leucine (Leu), Valine
(Val), Aspartic (Asp) and Glutamic acid (Glu) and 4 mono-
saccharides, i.e., D-glucuronic acid, D-glucosamine, D-glucose, and L-
Fucose as the main components of EPS associated with anammox
consortia (Wang et al., 2013; Hou et al., 2015). Here, the structures
of the 5 amino acids and 4 monosaccharides were optimized to
describe their adsorption of Cd(II) on anammox consortia bymeans
of DFT calculations (Fig. 6), and also to reveal which group(s) (i.e.,
eCOOH, eOH, eNH2) were mainly responsible for metal adsorp-
tion. Besides the eCOOH, eOH, and eNH2 functional groups noted
above, the eCOC functional group, which is abundant in mono-
saccharides, also has the potential to bind Cd(II). Our results
showed that eOH and eCOC functional groups were the principal
functional groups of monosaccharides (~90%), while eCOOH and
eNH2 were the main functional groups of amino acids (~90%).

The binding energies (Ebd) of Cd(II) with amino acids were
generally higher than those with monosaccharides, indicating that
Cd(II) ions prefer to bind with functional groups associated with
proteins. For the monosaccharides, Ebd of Cd(II) with two eOH
functional groups and one eOH and one eCOC were 10.8e15.4 and
5.9e13.6 kcaL/mol, respectively. Thus, eOH was likely to play a
more important role than eCOC in the binding process. For the
amino acids, Ebd of Cd(II) with eCOOH and eNH2 ranged from 18.2
to 20.7 kcaL/mol. Additionally, theeCOOH in the R group of Asp can
strongly bind with one Cd(II) cation through two interfacing
eCOOH bonds, with a corresponding Ebd of 26.2 kcaL/mol. Thus,
eCOOH likely plays a more important role than eNH2 in the
binding process.
Overall, computational results highlighted that (1) the eCOC
functional group played an important role in Cd(II) binding; (2)
eOH was more important than eCOC in the binding of Cd(II) with
monosaccharides; and (3) eCOOH was more important than eNH2
in the binding of Cd(II) with amino acids.

4. Discussion

Using a combination of FTIR spectroscopic measurements and
modeling of acid-base titration data, the anammox consortia con-
tained carboxyl, amino, amine and hydroxyl groups in the pH range
of 3e10. These functional groups become deprotonated with
increasing pH, since the surface charge of bacterial cells, in general,
is established by proton dissociation from surface exposed ligands
(Fein et al., 2005). The net electronegativity of anammox consortia
and a decrease in surface charge provides evidence that negatively
charged carboxyl and hydroxyl groups occurred more frequently
than positively charged amine sites. It is also clear that these li-
gands were highly reactive for binding metal cations under our
experimental conditions.

The pKa values of surface functional groups associated on
anammox consortia fall in the range, but are not exactly equivalent,
to those pKa values of previous studies that use bacterial consortia
or admixtures derived from a variety of environments (Table 3).
This occurs because the magnitude of the dissociation constant is
controlled by the structure of the molecule to which it is attached
(Martell and Smith, 1977). Consequently, variable pKa values be-
tween anammox consortia and other bacterial consortia or mix-
tures suggest conformational variations within the wall
macromolecules. Furthermore, titration experiments are only able
to resolve those functional groups that contribute significant
amounts of protons to solution. Minor groups are simply unde-
tectable with the resolution of current techniques (Konhauser,
2007). Therefore, the model-derived binding sites do not cover
and represent the entire suite of proton-active functional groups at
the cell surface.

With regards to the average total site concentrations (the sum of
the average concentrations of binding sites for each of the three
surface sites), our anammox consortia have comparable binding
site concentrations (dry weight) as reported for natural consortia or
bacterial mixtures (Table 3). The variability represented in the
consortia or mixtures is likely due to differences in bacterial growth
conditions, growth media and titration procedures amongst the
different studies (Borrok et al., 2004a, b; Laurent et al., 2009).

Collectively, our results show that anammox consortia display
an overall net negative charge under the studied pH range. The
adsorption of Cd(II) on anammox consortia significantly decreases
with increasing Cd(II) concentration due to a higher loading of
Cd(II) on surface functional groups. For instance, in the case of
relatively high biomass:metal ratios (i.e., 8.9� 10�6M Cd experi-
ments in 0.01M electrolyte solutions), we determined that 1.0 g dry
biomass of anammox consortia (containing 3.83± 0.43mmol/g dry
mass of deprotonated ligands) can bind an equivalent of
7.12� 10�6M of Cd(II) (pH¼ 8). This result was a magnitude lower
than those bacterial consortia or mixtures grown either in nature or
industrial contaminated sites (Table 3), but a magnitude higher
than anaerobic photoferrotroph Rhodovulum iodosum (Martinez
et al., 2016).

Due to the availability of proton-active functional groups on the
cell surface, our data indicate that anammox consortia have the
potential to play an important role inmetal cyclinge via adsorption
e in wastewater treatment bioreactors. Given that average anam-
mox consortia contain 42.0e57.7 g/L in an upflow anaerobic sludge
bed (UASB) (Tang et al., 2011), a simple extrapolation suggests that
a UASB bioreactor could potentially bind 2.1-2.9� 10�5M (wet: dry



Fig. 6. The possible bonding sites of adsorption of cadmium by polysaccharide monomer groups and amino acid groups associated with anammox consortia. Blue e Nitrogen,
baseball e Cd, red e Oxygen, grey e C, circle - H. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Table 3
A literature compilation of calculated proton binding constants (pKa) and surface site concentrations of various natural consortia and the ability to adsorb Cd(II).

Living condition pKa distribution Site density/mmol g�1 Adsorbed Cd/mol l�1 Reference

Bacteria mixtures 5.0, 7.2, 9.7 4.50a 6.35� 10�5 Yee and Fein (2001)
Industrial contaminated 3.30, 4.77, 6.60, 9.05 0.30b Borrok et al. (2004a)
Uncontaminated natural 3.12, 4.70,

6.57, 8.99
0.21b Borrok et al. (2004b)

River 2.97, 4.73,
6.43, 9.18

0.38b (6.90e8.46)� 10�5 Johnson et al. (2007)

Forest 3.30, 4.77,
6.59, 9.21

0.40b (4.63e6.23)� 10�5 Johnson et al. (2007)

Crop 3.23, 4.81,
6.64, 9.22

0.38b (6.67e8.45)� 10�5 Johnson et al. (2007)

Activated sludge 2.7-3.2,4.9-5.4, 6.1e7.2, 9.2e10 0.002b Laurent et al. (2009)
Cyanobacteria 5.42,7.42, 9.95 33.4± 0.6a 7.81� 10�6 Liu et al. (2015)
Anaerobic Fe(II) oxidizing 4.83,6.21, 7.74, 9.28 2.75 0.21 mmol/mg Martinez et al. (2016)
Anammox consortia 3.92, 6.69,

9.31
3.83a 7.12� 10�6 This study

a Site concentrations in mmol per dry mass.
b Site concentrations in mmol per wet mass.
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weight of 10:1, and 70% of biomass were anammox consortia) of Cd
to their cell surface. This is, of course, a variable amount because (1)
we did not take into account competitive binding when other
metals are available in solution in nature, (2) a fraction of the total
Cd would be expected to complexed by dissolved organic ligands
(Byrne et al., 1988), and (3) some fraction of Cd would be expected
to precipitate as cadmium carbonate solids, as was observed in our
Cd precipitation control experiments (Fig. 5). However, this study
clearly demonstrates that planktonic anammox consortia are
highly reactive and thus capable of accumulating trace metals from
solution.

Previous research also demonstrates that anammox consortia
produces more EPS as compared to activated sludge (Hou et al.,
2015; Zhang et al., 2015b). It has been found that the electronega-
tive groups of EPS, such as carboxyl and hydroxyl in poly-
saccharides, dominate bacterial aggregation through cation
bridging interaction (Yuan et al., 2011), and these numerous bind-
ing sites ensured the formation of large flocs and aggregates. Hou
et al. (2015) showed the forms of C-(C/H) (carbon chain and
hydrocarbyl) accounted for 64.4% of the total C forms served as the
main EPS component, comprising the hydrophobic component of
the EPS. This observation once again strongly confirms the
considerable hydrophobic component that exists in anammox
consortia EPS, promoting bacterial aggregation. Furthermore, the
elevated aggregation ability of anammox consortia increases the
size of the particles to be separated, which remove trace metals
together with settleable solids from raw wastewater.

When wastewater treatment is performed with the activated
sludge process, the quality of the effluent is highly dependent on
the efficiency of the solid-liquid separation processes (Sponza,
2003). Aggregation of macromolecules and small flocs can lead to
a low turbidity of the effluent. In addition, macromolecular
crowding can increase the robustness of gene expression, indi-
cating that bacterial aggregation could increase the tolerance of
bacteria to environmental inhibition by, for example, heavy metals
(Tan et al., 2013; Hou et al., 2015). Such behavior is helpful to
overcoming the susceptibility of anammox consortia to metal
toxicity when they are applied for wastewater treatment.

In the near future, anammox consortia and anammox activity
may be applied at large scales as the technology develops. Thus, our
results are important in designing functionalized anammox pro-
cesses for the preconcentration and removal of trace heavy metals
together with N in wastewater treatment. This type of bioremedi-
ation process is especially efficient in the common case where
wastewater with low to medium metal concentrations is to be
treated. Treatment of wastewater with high metal concentrations
can lead to rapid exhaustion, or even activity inhibition of bio-
sorbent material, and thus a pre-treatment using other techniques,
such as chemical precipitation (which is currently used for 90% of
heavy metal removal from industrial wastewater) or electrolytic
recovery before anammox technique, may be more effective and
economical.

Our discussion has been focused on how anammox consortia
bind significant concentrations of metals, using Cd(II) as a proxy for
divalent metals, and may ultimately an important contributor to
metal cycling in wastewater. Future efforts should be directed at
experimentally determining the competitive adsorption of waste-
waters containing several trace metals onto anammox consortia,
along with assessing the impact of these metals on nitrogen
removal efficiency in wastewater treatment processes.

5. Conclusions

Anammox consortia are highly reactive, due to the negatively-
charged carboxyl and hydroxyl sites and positively charged amine
sites. Carboxyl groups and hydroxyl groups associated with amino
acids and polysaccharides, readily form stable complexes with Cd.
The results highlight the potential role of anammox consortia in
adsorbing metal cations in wastewater treatment systems. The
electronegative carboxyl and hydroxyl sites additionally promotes
bacterial aggregation due to their bridging ability. Facile bacterial
aggregation and the reduction of toxicity due to macromolecular
crowding suggest anammox consortia as a promising novel tool for
the detoxification and cycling of metal cations in wastewater
treatment streams.
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