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ABSTRACT

Biomass of Arthrobacter protophormiae was used to remove Cd (II) from aqueous solution. The
interaction of Cd (II) with A. protophormiae biomass was investigated by environmental scan-
ning electron microscopy coupled with energy dispersive X-ray analysis and FTIR spectros-
copy. Atomic force microscopy (AFM) used in the tapping mode elucidated the
morphological changes in bacterial cells following Cd (II) binding. Adsorption of Cd (II) by
biomass was investigated to quantify adsorption kinetics, adsorption capacity, and the effect
of solution pH. The applicability of the Langmuir and Freundlich models was tested. The
maximum adsorption capacity was found to be 31mg/g for Cd (II) at 25˚C. The adsorption
process was found to follow the pseudo-first-order equation. The involvement of cellular
phosphate and carboxyl groups in Cd (II) binding was ascertained by FTIR spectroscopy.
Results indicate that a chemical interaction could be involved in Cd (II) sequestration by this
bacterium. AFM analysis revealed that adsorption of Cd (II) onto biomass induced substan-
tial modification on cell surfaces.
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1. Introduction

Contamination of the aqueous environments by
heavy metals is a worldwide environmental problem
due to their toxic effects and accumulation through
the food chain. Among the heavy metals of public
concern, cadmium has received much attention,
probably due to its high toxicity. The harmful effects
of cadmium include a number of acute and chronic
disorders, such as “itai-itai” disease, renal damage,
emphysema, hypertension, and testicular atrophy
[1]. The main anthropogenic pathway through which

cadmium enters the environment is via wastes
from industrial processes such as electroplating,
smelting, alloy manufacturing, pigments, plastic,
cadmium-nickel batteries, fertilizers, pesticides, mining,
pigments and dyes, textile operations, and refining
[2].

Much effort has been made to develop physico-
chemical processes for cadmium removal. Major pro-
cesses currently being suggested or employed for the
removal of heavy metals, particularly cadmium, from
wastewaters include precipitation [3], cementation [4],
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ion exchange [5], membrane separation [6], solvent
extraction [7], adsorption [8,9]. A detailed discussion
on the advantages and disadvantages of all processes
is presented by Rao et al. [2].

Recent attention has concentrated on biotechnolog-
ical potential in metal removal processes [10]. Bacte-
rial biomass represents an efficient and potential class
of biosorbents for the removal of metal ions [11]. Sev-
eral microbial biomasses have been investigated to
remove Cd (II) from aqueous solutions and promising
results obtained (Table 1).

The Arthrobacter protophormiae strain used was iso-
lated from marine sediment and applied to remove
Cd (II) from aqueous solutions. The objectives of this
study were to (1) quantify adsorption kinetics, adsorp-
tion capacity, and the effect of solution pH; (2) eluci-
date the mechanism of Cd (II)–bacteria interaction by
employing several analytical techniques such as FTIR
spectroscopy, scanning electron microscopy/energy
dispersive X-ray analysis (ESEM-EDX), and atomic
force microscopy (AFM).

2. Materials and methods

Chemical reagents used in this study include: Cd
(NO3)2·4H2O (AR, Fu chen, Shanghai), HNO3 (GR, Fu
chen, Shanghai), NaOH (GR, Fu chen, Shanghai) and
KNO3 (AR, Fu chen, Shanghai). Deionized water from
a Hydro-Service reverse osmosis/ion-exchange system
(Model 2PRO-20) was used in all experiments.

2.1. Preparation of biomass

The A. protophormiae strain (G+) (characterized by
16S rDNA technology) used was isolated from marine
sediment. Inocula from fresh slant were used to initi-
ate preculture at 25˚C. At the late logarithmic phase of
growth, inocula of 1mL were transferred and allowed
to grow in 50mL volume of the growth-culture med-
ium which contained beef extract (1 kg/m3), peptone
(5 kg/m3), and pH 7.6–7.8. For agar plates, 15 g of agar
per liter was added before autoclaving.

The cells from the late exponential growth phase
were harvested by centrifugation (10,000� g, 10min)
at room temperature and washed three times with
deionized water in the absence of metabolizable sub-
strate. The biomass was freeze-dried for use.

2.2. Determination of point of zero charge

The point of zero charge (pHPZC) of the biomass
was determined by the solid addition method [16]. To
a series of 100-mL conical flasks, 45mL of KNO3

solution of known strength was transferred. The pH0

values of the solution were roughly adjusted from 2
to 12 by adding either 0.1mol/L HNO3 or NaOH. The
total volume of the solution in each flask was made
exactly to 50mL by adding the KNO3 solution of the
same strength. The pH of the solutions was then accu-
rately noted, and 0.1 g of biomass was added to each
flask, which were securely capped immediately. The
suspensions were then manually shaken and allowed
to equilibrate for 48 h with intermittent manual shak-
ing. The pH values of the supernatant liquid were
noted. The difference between the initial (pH0) and
final pH (pHf) values (pH0�pHf) was plotted against
the pH0. The point of intersection of the resulting
curve at that pH gave the pHzpc. The procedure was
repeated for different concentrations (0.01, 0.1mol/L)
of KNO3.

2.3. Characterization by ESEM-EDX, FTIR, and AFM

Cd-free control and Cd-loaded biomass were used
for EDX microanalysis using a QUANTAX microana-
lytical system (Bruker, Germany) attached with FEI
Quanta 250 environmental scanning electron micro-
scope (USA) (ESEM-EDX). Cd-free control and Cd-
loaded biomass were used for FTIR spectroscopic
analysis. The infrared spectra were recorded within
the range 400–4,000 cm�1 in a Tensor 27 FTIR Spec-
trometer (Bruke, Germany).

A Dimension ICON atomic force microscope
(AFM, Bruker, Germany) was used to record AFM
images. Cells were imaged using Silicon nitride
(Si3N4) cantilevers (OTESPA, Bruker) with a spring
constant of 70N/m at a scan speed of 300 kHz in air.
AFM imaging was performed using the tapping
mode, where the tip makes intermittent contact with
the sample as the tip is oscillated near its resonance
frequency. The advantages of the tapping mode are
that the sample is less likely to be damaged by the tip
and that lateral forces are greatly reduced. Despite
these advantages, there are very few reports on the
application of this technique in investigating bacterial
metal sequestration processes [17].

Table 1
Microbial biomass used for Cd (II) removal

Microbial species pH Temp.
(˚C)

Uptake
(mg/g)

References

Bacillus circulans 7 30 26.5 [12]

Enterobacter sp. J1 6 25 46.2 [13]

Pseudomonas putida 6 NAa 8 [14]

Streptomyces pimorina 5 NAa 30.4 [15]

aNot available.
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2.4. Adsorption experiments

The stock solution (1 kg/m3) was prepared by dis-
solving a known quantity of cadmium nitrate (Cd
(NO3)2·4H2O) in deionized water. The pH was
adjusted with HNO3 or NaOH using a PHS-3C pH
meter (Jiangsu Jiangfen Instrumental Factory, China)
using a combined glass electrode calibrated with buf-
fers of pH 2, 4, and 7.

For each isotherm, a series of flasks were
prepared with known volumes of serial dilutions of
standardized metal salt solutions (0.02–0.1 kg/m3).
Weighed quantities of the dried biomass (5 kg/m3)
were added and the flasks were agitated at 150 rpm at
25˚C. The biomass was removed by centrifugation and
the supernatant was analyzed for metal concentrations.

Kinetic studies were carried out with an initial
concentration of 0.01 kg/m3 and an adsorbent concen-
tration of 5 kg/m3 at 25˚C. After shaking, the solution
samples were withdrawn at suitable time intervals.

The effect of pH on the Cd (II) adsorption was
studied by varying the initial solution pH values
(1–6.5) with an initial metal ion concentration of
0.01 kg/m3. Temperature control was provided by the
water bath shaker unit.

Dissolved Cd concentrations in acidified samples
were measured using atomic absorption spectro-
photometry (AAS, Beijing Puxi Scientific Instrumental
Factory, China).

All glassware were washed with 1mol/L HNO3

and rinsed thoroughly with deionized water prior to
use. All experiments were performed in triplicate and
the mean values were used for data analyses. Controls
were comprised of adsorbent in deionized water blank
and adsorbent-free metal ions solutions.

2.5. Data analysis

The amount of metal ions sorbed by the biomass
(qe, mg/g) was calculated as follows:

qe ¼ VðC0 � CeÞ
m

ð1Þ

where V is the solution volume (L), m is the amount
of sorbent (g), and C0 and Ce (mg/L) are the initial
and equilibrium metal concentrations, respectively.

The removal efficiency (%) was calculated in the
following

Removal ð%Þ ¼ 100� C0 � Ce

C0

ð2Þ

3. Results and discussion

3.1. Effect of solution pH

The percentage of Cd (II) removal was small at
low pH values and increased as the pH increased
(Fig. 1). Cadmium removal was less than 5% at pH 1
and rapidly increased to around 55% at pH 3.0. This
behaviour is similar to copper removal by marine
Bacillus sp. biomass [16].

The solution pH influences metal ion uptake by its
effect on the charge of the sorbing aqueous metal ion
species and on the surface charge of the biomass [18].
The Medusa computer program software developed
by the Sweden Royal Institute of Technology was
used for speciation analysis. At acidic media, the
dominant species of Cd (II) are charged positively,
Cd2+ (Fig. 2).

The pHPZC of the biomass was determined to be
2.8 (Fig. 3), which is identical to the ZPC of the cell
wall of a gram-positive bacterium [19]. At solution
pH>pHPZC, negatively charged sites predominate on
the surface of biomass and thus favor the Cd (II)
adsorption.

In gram-positive bacteria, the carboxylate and
phosphate groups are primarily associated with the
peptidoglycan; the peptidoglycan backbone is rich in
carboxylate groups, and the associated teichoic acids
are rich in phosphate groups [19]. The carboxylate
(pKa 4.8) and phosphate groups (pKa1 2.12) carry
negative charges that allow the cells to be potent
scavengers of cations.
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Fig. 1. Cd (II) adsorption by A. protophormiae biomass as a
function of pH (Cd (II) initial concentration: 10mg/L,
adsorbent concentration: 5 g/L, reaction temperature: 25˚C,
contact time 2 h).
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3.2. Effect of contact time

The Cd (II) reaction with A. protophormiae biomass
was rapid, and more than 65% of Cd (II) was
sequestered from the solution at pH 7 within the first
0.5 h (Fig. 4). The initial rapid adsorption gave way to
a relatively slow rate of approaching to the equilib-
rium and saturation was reached after ca. 8 h. Based
on these results, an 8-h contact time was used for the
subsequent experiments.

To analyze the adsorption kinetics, the pseudo-
first-order equation (Eq. (3)) and pseudo-second-order
equation (Eq. (4)) [20] were applied to the experimen-
tal data. Both equations are expressed as

qt ¼ qe½1� expð1� k1tÞ� ð3Þ

qt ¼ k2q2et

1þ qek2t
ð4Þ

where qe and qt (mg/g) are the amounts of adsorbed
adsorbate onto the adsorbent at equilibrium and at
time t (h), respectively, k1 (1/min) and k2 (g/(mg
min)) are the rate constants of pseudo-first-order
equation and pseudo-second-order equation, respec-
tively. Nonlinear regressions using a least-squares
fitting program (Origin 7.0, OriginLab Corp.,
Northampton, MA) were conducted to acquire the
best estimate of all constants.

Fig. 2. Species fraction diagrams vs. pH (10mg/L
cadmium nitrate).
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Fig. 3. Net surface charge of A. protophormiae biomass as a
function of initial solution pH.
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Fig. 4. Kinetics of Cd (II) adsorption by A. protophormiae
biomass (pH 7, reaction temperature: 25˚C, Cd (II) initial
concentration: 10mg/L, adsorbent concentration: 5 kg/m3).
The inset shows the qt vs. reaction time at <120 min.
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Fig. 5. Kinetic fittings by pseudo-first-order equation and
pseudo-second-order equation, respectively
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The fitting results are shown in Fig. 5 and related
parameters acquired are summarized in Table 2. The
value of qe (2.46mg/g) obtained by fitting using
pseudo-first-order equation is close to the experimen-
tal value (2.44mg/g). Moreover, the higher correlation
coefficients (R2) of pseudo-first-order equation implied
that the kinetic data conformed to the pseudo-first-
order equation [20].

3.3. Adsorption isotherm

The most commonly used equations (i.e. Langmuir
(Eq. (5)) and Freundlich (Eq. (6) isotherms) were
applied to the isothermal data. These two equations
are generally written as

qe ¼ qmbCe

1þ bCe

ð5Þ

qe ¼ KfC
1=n
e ð6Þ

where qm is the maximum uptake (mg/g), b is the
Langmuir constant (L/mg), Kf ([(mg/g)/(mg/L)1/n])
and n (dimensionless) are the Freundlich empirical
constants. Nonlinear regressions using a least-squares
fitting program (Origin 7.0, OriginLab Corp.,
Northampton, MA) were conducted to acquire the
best estimate of all constants.

Cd (II) isotherm for A. protophormiae biomass and
fitting results are shown in Fig. 6 and Table 3. The
Freundlich adsorption isotherm is an indication of
surface heterogeneity of the adsorbent while the Lang-
muir isotherm assumes that adsorption occurs in a
monolayer, or it may only occur at a fixed number of
localized sites on a surface on which all adsorption
sites are identical and energetically equivalent. The
higher correlation coefficient (R2) for the Langmuir
isotherm indicated that the equation adequately
described the experimental data of the adsorption of
Cd (II). The theoretical maximum uptake capacity (qm)
for Cd (II) of A. protophormiae biomass at 25˚C was
31mg/g and is comparable to those reported in
Table 1.

3.4. FTIR analyses

Fig. 7(a) shows the FTIR spectra of Cd-free
A. protophormiae biomass. The FTIR spectra clearly
demonstrate that different functional groups are pres-
ent on the biomass. The large band around 3,280 cm�1

was attributed to the stretching vibration of –OH of
carboxylic acid [21]. In the range of 3,000–2,800 cm�1,

Table 2
Fitting results of pseudo-second-order equation

Pseudo-first-order equation Pseudo-second-order equation

qe (mg/g) k1 (1/min) R2 qe (mg/g) k2 (g/(mg min) R2

Cd (II) 2.46 0.04 0.9724 2.7 0.022 0.9458

q e (m
g/

g)

Ce (mg/L)
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Fig. 6. Cd (II) adsorption isotherm on A. protophormiae
biomass with the results fitted to the Langmuir and
Freundlich isotherms (Contact time 8h, pH 7, reaction
temperature 25˚C, adsorbent concentration 5 kg/m3).

Table 3
Isotherm parameters of Cd (II) for A. protophormiae biomass

Langmuir Freundlich

qm (mg/g) b (L/mg) R2 Kf [(mg/g)/(mg/L)1/n] n (�) R2

Cd (II) 31 0.04 0.9916 5.03 2.95 0.9451
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Fig. 7. FTIR spectra of Cd-free A. protophormiae (a) and Cd (II)-loaded A. protophormiae biomass (b).
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the bands are representative of symmetric and asym-
metric vibrations of stretching of –CH3 and –CH2

groups. A peak observed at 1,707 cm�1 was attributed
to carbonyl strething in carboxylate groups or ester
groups [22]. A band located around 1,640 cm�1 may
correspond to the superimposition of a different
Amide Iband and a peak around 1,540 cm�1 corre-
sponds to Amide II band [21–23]. Around 1,411 cm�1,

–CH2 bending vibration was observed. The peak
around 1,114 cm�1 corresponds to the vibrations of C–
O–P and/or P–O–P groups and the band around

1,050 cm�1 corresponds to the C–O and/or C–O–C
from polysaccharides [22].

The Cd (II) adsorption induced some small modifi-
cations in the IR spectra (Fig. 7(b)). The neo-formed
absorption peaks at 1,409 cm�1 and 1,232 cm�1 were
confidently assigned to the presence of both carboxyl-
ate anions and phosphate/phosphoryl functional
groups [9,22], indicating chemical interactions of Cd
(II) with these groups.

The overall spectral analysis strongly supports the
major role of carboxyl and phosphate/phosphoryl

Fig. 8. SEM and EDS spectra of the biomass ((a) and (b): raw A. protophormiae biomass; (c) and (d): Cd (II)-loaded
A. protophormiae biomass).

7716 X.S. Wang / Desalination and Water Treatment 51 (2013) 7710–7720



groups in Cd (II) binding by the bacterial biomass. A pre-
vious report on extended x-ray absorption fine structure
analysis of the Cd (II) bound to the B. subtilis cell wall
indicated that sequestered Cd (II) is coordinated by
phosphoryl groups in a monodentate mode and by
carboxyl groups in a bidentate fashion [24].

3.5. ESEM-EDX analyses

The biomass surface, before and after Cd (II) expo-
sure, was characterized using ESEM-EDX. The SEM
result in Fig. 8 shows that the images of biomass loaded

with Cd (II) were markedly different from those free of
Cd (II), indicating that the Cd (II) adsorption induced
substantial modifications on the biomass surface.

Conclusive identification of the element was
achieved by EDX microanalysis (Fig. 8). Compared to
the Cd-free control sample, the presence of specific
peaks for Cd in Cd-loaded sample confirmed the Cd
accumulation on the biomass. The EDX spectrum of the
biomass before metal uptake (Fig. 8(a) and (b)) exhib-
ited distinct peaks of C, O, Al, Ca, P, Cl, Na, Mg, S, and
Si, indicating the presence of these elements in the

Fig. 8. (Continued)
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biomass. Following Cd (II) uptake, the spectra (Fig. 8(c)
and (d)) showed peaks not only for Cd, but also for the
elements mentioned. Moreover, relative abundance val-
ues of Na, Mg, and Ca obtained from the microanalysis
of elements present in the Cd-exposed sample were not
significantly different compared to the unexposed

(control) biomass. These results suggest that Cd (II)
adsorption onto biomass was not principally by
ion-exchange process. Unlike the observations of Wang
et al. [18], adsorption of Cu (II) ions from aqueous
solution using Sphingomonas paucimobilis biomass was
mainly by ion-exchange process.

Fig. 9. AFM microscopic images of bacterial cells before Cd (II) exposure (a: three-dimensional image, b: amplitude
image; c: height image; d: phase image).
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3.6. AFM analyses

The AFM is an ideal tool for determining changes
in cellular morphology [17]. In the present study,
AFM was used to investigate the bacterial cell surface
morphology following Cd (II) uptake. (Figs. 9 and 10)
present the morphological comparison among the cells

before and after Cd exposure. Our results indicate that
adsorption of Cd (II) onto biomass induced substantial
modification on cell surfaces. This modification is
likely ascribed to the fact that the interaction of Cd
(II) with surface functional groups leads to a change
in surface architecture as reflected by an increase in

Fig. 10. AFM microscopic images of bacterial cells loaded with Cd (II) (a: three-dimensional image, b: amplitude image;
c: height image; d: phase image).
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surface roughness or irregularity. Similar results were
reported by Chen and Wang [25], who studied the cell
surface characteristics of Saccharomyces cerevisiae after
Pb (II) uptake by AFM.

4. Conclusions

In this study, the adsorption of Cd (II) on to A.
protophormiae biomass from aqueous solutions was
investigated in batch experimental system. The
solution pH played a significant role in influencing
the Cd (II) adsorption. The Cd (II) adsorption was
very rapid and the kinetic data conformed to the
pseudo-first -order equation. The isothermal experi-
mental data were fitted by Langmuir and Freundlich
isotherms very well. Involvement of cellular
phosphate and carboxyl functional groups in Cd (II)
binding was evident from FTIR spectroscopy. The
AFM showed substantial modification of bacterial
cells following Cd (II) adsorption. A. protophormiae
biomass is an attractive system for possible use in
Cd (II) removal and recovery applications.
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