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a  b  s  t  r  a  c  t

The  ability  of Pseudomonas  sp.  strain  DY1  to adsorb  Acid  Black  172  was  studied  to  determine  the  kinetics
and mechanisms  involved  in  biosorption  of the  dye.  Kinetic  data  for adsorption  fit  a  pseudo-second-
order  model.  Increased  initial  dye  concentration  could  significantly  enhance  the  amount  of  dye  adsorbed
by  heat-treated  biomass  in which  the  maximum  amount  of  dye  adsorbed  was  as high  as  2.98  mmol/g
biomass,  whereas  it had  no  significant  influence  on  dye  sorption  by  live  biomass.  As treated  temperature
increased,  the  biomass  showed  gradual  increase  of dye  sorption  ability.  Experiments  using  potentiometric
titration  and  Fourier  transform  infrared  spectroscopy  (FTIR)  indicated  that amine  groups  (NH2)  played
a  prominent  role  in  biosorption  of  Acid  Black  172.  Scanning  electron  microscopy  (SEM),  atomic  force
etal-complex dye
TIR
FM

microscopy  (AFM)  and  transmission  electron  microscopy  (TEM)  analysis  indicated  that  heat  treatment
of  the  biomass  increased  the  permeability  of  the  cell  walls  and  denatured  the  intracellular  proteins.  The
results of  biosorption  experiments  by  different  cell  components  confirmed  that  intracellular  proteins
contributed  to the  increased  biosorption  of Acid  Black  172  by  heat-treated  biomass.  The  data  suggest
that  biomass  produced  by  this  strain  may  have application  for removal  of  metal-complex  dyes  from
wastewater  streams  generated  from  the  dye  products  industry.
. Introduction

Biosorption is an attractive method for removal of toxic syn-
hetic dyes from wastewater streams that are generated by the
extile and dye product industries [1,2]. Many synthetic dyes are
oth toxic and carcinogenic and are not easily degraded to safe
oncentrations in the environment [3,4]. A variety of low-cost
iosorbents including biomass produced from bacteria, fungi, algae,
east and other materials have been used to remove dyes from
astewater [5–16], but vary in their performance to adsorb dif-

erent types of dyes. Among these researches, there is very little
nformation on the biosorption of metal-complex dyes, although
he metals contained in metal-complex dyes such as chromium,
obalt and copper, are also hazardous to the environment [16].

One method for improving the efficiency of biosorbents is

hrough modification of biomass using various chemical agents, or
y oven heating or autoclaving, or by genetic modification of the
ells to change their sorption properties [2].  In many cases, sorption

∗ Corresponding author. Tel.: +86 571 88208557.
∗∗ Corresponding author. Tel.: +1 951 827 3785.

E-mail addresses: crowley@ucr.edu (D.E. Crowley), yhzhao225@zju.edu.cn
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304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.12.001
© 2011 Elsevier B.V. All rights reserved.

by dead cells has been found to be much greater than with live cells,
although the reason for this phenomenon is not clear. Hu observed
that removal of selected dyes by dead cells of Aeromonas sp. was
more efficient than that which could be achieved using live cells,
and suggested that the increased biosorption was due to a larger
surface area of the dried biomass [17]. Likewise, heat treatment of
biomass from Trametes versicolor results in better sorption of the
benzidine based textile dyes “Direct Blue 1 and Direct Red 128” [8],
and dead biomass of Bacillus sphaericus has been shown to be more
effective for adsorbing heavy metals than live biomass, although
neither of these studies proposed an explanation as to why dead
biomass would be more effective [18]. In addition, various func-
tional groups on the fungal biosorbents including carboxyl, amino
and phosphate groups have been shown to play an important role in
biosorption of various dyes [2,13],  while only limited information
is available on the biosorption sites of bacterial biosorbents.

Pseudomonas sp. strains have been widely used as a kind of
biosorbent and can be attained free or at a very low cost [2].  In
previous research, we have shown that Pseudomonas sp. strain DY1
is an efficient sorbent for Acid Black 172 [19]. The present study was

aimed at investigating differences in the biosorption of the metal-
complex dye of Acid Black 172 by the live and heat-treated biomass
of strain DY1, and to characterize the mechanisms involved in
increased sorption following heat-treatment of the biomass.

dx.doi.org/10.1016/j.jhazmat.2011.12.001
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:crowley@ucr.edu
mailto:yhzhao225@zju.edu.cn
dx.doi.org/10.1016/j.jhazmat.2011.12.001
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Fig. 1. Chemical structure of Acid Black 172.

. Materials and methods

.1. Preparation of dye solution and biomass

Dye solutions were prepared by dissolving Acid Black 172 (Fig. 1)
nto distilled water at a final concentration of 100 mg/L. Pseu-
omonas sp. strain DY1 was cultured in LB medium (200 mL)  in
00 mL  flask shaken at 200 rpm, at 30 ◦C for 12 h. All cultures were
entrifuged at 8000 rpm for 10 min  and washed three times with
istilled water to collect the live biomass. Heat-treated biomass
as acquired by heating the cells at 100 ◦C for 30 min.

.2. Adsorption experiments by live and heat-treated biomass

Adsorption experiments were carried out by adding a fixed
mount of adsorbent (0.05 g dry weight) to the replicate flasks con-
aining 100 mL  of the dye solution. The dye solutions were adjusted
o pH values ranging from pH 3.0 to pH 9.0, after which live or
eat-treated biomass was added to the flasks to measure the equi-

ibrium concentrations of dye at 1 pH unit increments. At several
ntervals, 3 mL  aliquots of dye solution was taken from the flasks
nd analyzed using the UV-3100PC spectrophotometer (Shanghai
APADA Instruments Co., Ltd.). The mixture was then centrifuged

t 10,000 rpm for 10 min, and the supernatant was  analyzed at
max (572 nm)  of Acid Black 172. The biosorption percentage was
alculated by the following formula:

iosorption percentage (%) = Ai − Af

Ai
× 100

i is the initial absorbance; Af is the final absorbance.
In order to determine the effect of initial dye concentra-

ion on biosorption, the live or heat-treated biomass (0.05 g dry

eight) was added to the flasks containing 100 mL  dye solution

100–1000 mg/L), respectively. After 1 h incubation, 4 mL  samples
ere collected and used to determine the dye sorption.

To determine the effect of different treated temperatures on
he dye sorption ability of the cells, different treated temperatures
anged from 4 ◦C to 100 ◦C were employed to treat the live cells,
nd then used to adsorb 100 mg/L dye solution.
aterials 205– 206 (2012) 47– 54

2.3. Determination of surface functional groups

The surface functional groups of live and heat-treated biomass
of strain DY1 were determined by the potentiometric titration and
Fourier transform infrared spectroscopy (FTIR) methods.

For the potentiometric titration studies, samples of the live
and heat-treated biomass were suspended separately in 100 mL
double-distilled water containing 0.1 M NaCl. During the titra-
tion experiments, N2 was  continuously sparged into the bacterial
suspension to obtain oxygen-free conditions. The suspension was
titrated using 0.1 M NaOH and 0.1 M HCl. A predetermined amount
of HCl was  added to adjust the pH to 4.0. After equilibration for
1 h, the suspension was  titrated slowly with NaOH to pH 10.0 with
20 min equilibration time.

For FTIR measurements, the live and heat-treated biomass was
lyophilized in a freeze dryer. A Bruker Veefor 22 FTIR spectrom-
eter was used to collect FTIR spectra over the range from 400 to
4000 cm−1.

2.4. Determination of surface characteristics

Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) were used to study the surface character-
istics of strain DY1. To prepare specimens for SEM, live and
heat-treated biomass was  fixed with 2.5% glutaraldehyde at 4 ◦C
overnight, then washed separately with 1% osmium and phosphate
buffer 3 times, and dehydrated using a gradient series with ethanol.
The dehydrated samples were dried and sputter-coated with gold,
and observed on the SEM.

For AFM analysis, aliquots of live and heat-treated biomass
(before and after dye sorption) were distributed uniformly in ster-
ile distilled water, mounted on a mica sheet, and air dried at room
temperature (22–28 ◦C). The specimens were viewed using a mul-
timode SPM NanoScope 3D Atomic force microscope (Veeco Ltd.,
USA). Imaging was  carried out using monocrystalline silicon tips in
tapping mode.

2.5. Determination of structural characteristics

The structural characteristics of live and heat-treated biomass
of strain DY1 were analyzed by transmission electron microscopy
(TEM). For preparation of the TEM samples, aliquots of live and
heat-treated biomass of strain DY1 were immobilized in agarose
at 4 ◦C overnight. The samples were washed with phosphate buffer
(pH 7.0) 3 times, and dehydrated in alcohol. The dehydrated sam-
ples were then immobilized and cut into 70–90 nm shin sheets, and
observed by TEM (JEM-1230, JEOL).

2.6. Biosorption experiments by different cell components

Samples of live and heat-treated biomass were ultrasonicated
and centrifuged at 12,000 rpm for 15 min. The products from the
ultrasonication were then treated as follows: (1) the sediments
containing cell debris after ultrasonication of the live biomass were
divided into two  equal parts, one part was  used to adsorb 100 mg/L
Acid Black 172; the other part was heated at 100 ◦C for 30 min  and
then used to adsorb the dye; (2) the soluble intracellular proteins
in the supernatants were precipitated with ammonium sulfate and
collected by centrifugation; after which the proteins were heated
at 100 ◦C for 30 min  and then used to adsorb the dye.

To further explore the role of intracellular proteins in dye
biosorption by the heat-treated biomass, FTIR measurements were

carried out on the dye-free and dye-loaded proteins. The samples
were lyophilized in a freeze dryer, and a Bruker Veefor 22 FTIR spec-
trometer was  used to collect FTIR spectra over the range from 400
to 4000 cm−1.
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Table 1
The biosorption rate constants (k) and the qe values from the pseudo-second-order
kinetics for biosorption of Acid Black 172 by live or heat-treated biomass of strain
DY1.

Adsorbent pH Pseudo-second-order kinetic model

k (g/mg min) qe (mg/g) R2

Live biomass 3.0 0.0002 759.3 0.9699
4.0  0.0051 42.6 0.9800
5.0  0.1328 22.1 0.9217
6.0  0.0074 23.3 0.8543
7.0  0.0109 22.2 0.8251
8.0  0.0020 27.9 0.8370
9.0  0.0407 21.3 0.8689

Heat-treated biomass 3.0 0.0035 1811.6 0.9999
4.0  0.0006 1658.4 0.9998
5.0  0.0002 1280.4 0.9967
6.0  0.0002 1158.7 0.9960
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7.0  0.0002 1102.5 0.9949
8.0  0.0002 1071.8 0.9958
9.0  0.0002 1073.0 0.9955

. Results and discussion

.1. Analysis of batch biosorption experiments

.1.1. Biosorption kinetics by live and heat-treated biomass at
ifferent pHs

The adsorption of Acid Black 172 by live and heat-treated
iomass of strain DY1 was modeled using Lagergren pseudo-first-
rder and pseudo-second-order kinetic models. However, the data
id not fit the Lagergren pseudo-first-order model well (data not
hown). Therefore, the pseudo-second-order kinetics as shown in
he following the equation was employed to describe the kinetic
ehavior in the dye biosorption process [1,2]:

dqt

dt
= k(qe − qt)

2 (1)

here qt is the amount of dye adsorbed by the adsorbent at time
 (mg/g biomass), qe is the amount of dye adsorbed at equilib-
ium (mg/g biomass), k is the pseudo-second order rate constant
g/mg min).

The integration of Eq. (1) with the boundary conditions leads to:

t = kq2
e t

1 + kqet
(2)

q. (2) also can be written as:

t

qt
= t

qe
+ 1

kq2
e

(3)

In Eq. (3),  the relationship between t/qt and t is linear. There-
ore, the data were transformed to fit the equation and a curve was
onstructed by linear regression (Table 1). Compared to the results
btained for biosorption by live biomass, the experimental data for
he heat-treated biomass fit the pseudo-second-order model bet-
er, with corresponding correlation coefficients all more than 0.99.

oreover, the amount of dye adsorbed at equilibrium decreased as
he pH value increased, and the maximum amount of dye adsorbed
t equilibrium by heat-treated biomass was 1811.2 mg/g biomass,
hile it was only 759.3 mg/g biomass by live biomass (Table 1).

.1.2. Effect of initial dye concentration and different treated
emperatures on biosorption

The effect of initial dye concentration on biosorption by the live

nd heat-treated biomass is presented in Fig. 2. It is clear that the
mount of dye adsorbed by heat-treated biomass increased with
he initial dye concentration, and the maximum amount of the dye
dsorbed could reach to 2.98 mmol/g biomass. However, the dye
Fig. 2. Effect of initial dye concentration and different treated temperatures on
biosorption by live and heat-treated biomass.

amount adsorbed by the live biomass had no significant change
as the initial dye concentration increased. Moreover, Fig. 2 also
showed that different treated temperature could significantly affect
the dye sorption ability of the cells. There was no significant dif-
ference between dye sorption by the cells treated with 4 ◦C and
30 ◦C, while the dye sorption increased significantly as the treated
temperature increased from 30 ◦C to 100 ◦C.

We  compared the values obtained for biosorption of Acid Black
172 in this research with those obtained in prior researches on syn-
thetic dyes. Akar et al. investigated dye biosorption by untreated
olive pomace, and reported the maximum amount of the dye
adsorbed was 0.108 mmol/g biomass [20]; Akar et al. also inves-
tigated dye biosorption using a mixed biosorbent of macro-fungus
Agaricus bisporus and Thuja orientalis cones, in which case the
maximum amount of dye adsorbed was 0.185 mmol/g biomass
at 45 ◦C [13]. Vijayaraghavan et al. studied the biosorption of
methylene blue from aqueous solution using free and polysulfone-
immobilized Corynebacterium glutamicum, whereby the maximum
amount of adsorbed dye was about 0.33 mmol/g biomass [21]. In
the research reported here, heat-treated biomass of strain DY1
could adsorb Acid Black 172 (1000 mg/L) at concentrations up to
2.98 mmol/g biomass, indicating that the heat-treated biomass of
strain DY1 was  an efficient adsorbent. The observation that heat-
treated biomass had a better adsorptive capacity than live biomass
prompted further experiments to determine the mechanism for
improved sorption following the heat-treatment.

3.2. Surface functional groups of live and heat-treated biomass
and possible mechanism of the biosorption

Potentiometric titrations can determine the acid dissociation
constants (pKa) and concentrations of different proton binding sites
on bacterial cell walls [22]. The titration curves and pKa spectra of
both live and heat-treated biomass are depicted in Fig. 3. A linear
programming method was  applied to calculate the concentrations
of different functional groups distributed on cell surface. All pos-
sible proton binding sites were determined according to Cox et al.
[23]. The groups with pKa 4.0 were most probably carboxyl groups.
Groups with pKa 6.1 and 6.4 of live biomass and groups with pKa

6.2 and 7.4 of heat-treated biomass were most likely phosphoryl
groups. The groups with pKa 8.2, 8.5 and 10.0 of live biomass and
groups with pKa 8.6, 8.8 and 10.0 of heat-treated biomass were
considered to be amine groups and hydroxyl groups (Fig. 3). Com-

paring the pKa spectra of both samples, the concentrations of the
functional amine groups which were hypothesized to contribute to
the biosorption of the dye were greater in the heat-treated biomass.
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Fig. 4. FTIR spectra for (A) the live biomass of strain DY1; (B) the live biomass of
ig. 3. Potentiometric titrations of live and heat-treated biomass. The inset figures
re the pKa spectra for live and heat-treated biomass.

FTIR spectra also can reveal the surface functional groups on
he surface of the biomass [24]. The FTIR spectra of dye-loaded and
ye-free live and heat-treated biomass of strain DY1 are shown

n Fig. 4. The possible assignments of the absorption bands are
ummarized in Table 2 according to previous studies [25–27].
he spectrum of the dye-free live biomass showed a broad and
trong peak at 3304 cm−1, which is attributed to the NH2 stretch-
ng vibrations in polysaccharides and proteins. In the spectrum of
ye-loaded live biomass, this peak was shifted to the 3321 cm−1

egion and significantly decreased compared to that of the dye-
ree live biomass, indicating the binding of the dye with NH2
roups. There was no shift in the peak (3292 cm−1) position in
he spectrum of the dye-loaded and dye-free heat-treated biomass,
hile the intensity of this peak in the spectrum of dye-loaded
eat-treated biomass decreased compared to that of dye-free heat-
reated biomass. This significant change in the intensity of peak
t 3292 cm−1 indicated the binding of the dye with NH2 groups.
he spectrum of the dye-free live biomass showed two strong

−1 −1
eaks at 1653 cm and 1539 cm region due to the presence of
mine groups (NH2), or carbonyl (C O) or C N stretching (amide

 and II). In the spectrum of dye-loaded live biomass, these peaks
ere shifted to 1655 cm−1 and 1533 cm−1 region, and the peak at

able 2
TIR identification of live and heat-treated biomass of strain DY1.

Possible assignments Wave number (cm−1)

H-bonded OH groups (polysaccharides) 3783
NH2 stretching (proteins) 3300
Aliphatic C-H stretching (fatty acids) 2960–2850
NH2 bending, C O, C N stretching (amide I and II) 1660–1535
C  H deformations of CH2 or CH3 groups in

aliphatics
1467–1455

C H bending, CH3 stretch, COO symmetric
stretch (amino acid side chains, fatty acids)

1396–1389

C  N stretching (amide III), PO2
− asymmetric

stretching (mainly nucleic acids with the little
contribution from phospholipids)

1240–1235

CONR2 bonding, CO O C asymmetric stretching
(glycogen and nucleic acids)

1200–1150

CH2OH, C O, P O2 stretching (glycopeptides,
ribose)

1150–1000

P O C, P O P stretching (phospholipids, ribose
phosphate chain pyrophosphate)

965–760

C  O C, P O C bonding (RNA, aromatics) 650–485

ssignments according to the references [25–27].
strain DY1 with dye sorption; (C) the heat-treated biomass of strain DY1; (D) the
heat-treated biomass of strain DY1 with dye sorption.

1533 cm−1 region decreased significantly compared to that of the
dye-free live biomass, indicating the strong interaction of the dye
with amide I and II functional groups. In the spectrum of dye-loaded
heat-treated biomass, the peak at 1652 cm−1 had no significant
shift, while the peak at 1539 cm−1 region was  shifted to 1532 cm−1

region, and the peak at 1532 cm−1 region also decreased com-
pared to that of the dye-free heat-treated biomass. This further
ascertained the strong interaction of the dye with amide I and II
groups. The peak at 1396–1389 cm−1 was  mainly due to the C H
bending, CH3 stretch, or COO symmetric stretch. The peak at
1240–1235 cm−1 was attributed to the C N stretching (amide III)
and PO2

− asymmetric stretching (mainly nucleic acids with the lit-
tle contribution from phospholipids). The intensity of these peaks
in the dye-loaded live biomass also decreased significantly com-
pared to that of the dye-free live biomass, while it decreased slightly
in the dye-loaded heat-treated biomass compared to that of dye-
free heat-treated biomass. The peak at 1200–1150 cm−1 was due
to the CONR2 and CO O C asymmetric stretching (mainly from
glycogen and nucleic acids). This peak in the spectrum of the live
biomass was  smaller than that of heat-treated biomass. The peak
at 1150–1000 cm−1 was attributed to the CH2OH,  C O or P O2

stretching coming from glycopeptides or ribose. The intensity of
this peak in the spectrum of dye-loaded live biomass decreased
compared to that of dye-free live biomass, while there was  no
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Table 3
Bacterial cell dimensions and surface roughness of live and heat-treated biomass
(before and after dye sorption).

Length (�m) Width (�m) Height (nm) Roughness (nm)

Ra RMS

A 2.09 ± 0.07 1.02 ± 0.07 186.1 ± 13.7 34.8 ± 3.3 50.1 ± 3.9
B 2.40 ±  0.14 1.07 ± 0.08 175.3 ± 14.9 51.3 ± 4.8 69.3 ± 5.1
C  2.50 ± 0.22 1.16 ± 0.08 357.3 ± 11.7 86.7 ± 5.8 112.3 ± 4.2
D 2.34 ± 0.12 1.23 ± 0.05 330.7 ± 19.9 90.2 ± 6.4 118.0 ± 6.6

Ra: arithmetic average roughness; RMS: root mean square roughness; A: live
L.-N. Du et al. / Journal of Hazar

ignificant change in the spectrum of the dye-free and dye-loaded
eat-treated biomass. The overall spectral analysis strongly sup-
orted the hypothesis that the NH2 groups played a major role in
he biosorption of Acid Black 172 by the strain. The NH2 groups of
he biomass will be protonated at pH lower than its pKa value of
.14 [28].

iomass − NH2 + H+pH<9.14
� Biomass − NH3

+

In the aqueous solution, Acid Black 172 is dissociated and con-
erted into Na+/H+ and anionic dye ions at pH larger than pKa value
−1.34) of sulfonic groups [29].

ye − ONa
H2O
� Dye − O− + Na+

ye − (SO3H)2

H2O
�

pH>−1.34
Dye − (SO3

−)2 + 2H+

Therefore, the possible binding mechanism of the dye at pH
arger than −1.34 and lower than 9.14 could be proposed as follows,

hich could be explained on the basis of the electrostatic interac-
ion between the negative groups of the dye and the positive groups
f the biomass:

iomass − NH3
+ + Dye − O−−1.34<pH<9.14

� Biomass − NH3
+ · · · −O − Dye

iomass − NH3
+ + Dye − SO3

−−1.34<pH<9.14
� Biomass − NH3

+ · · · −O3S − Dye

However, the binding mechanism could not explained via
lectrostatic interaction at pH > 9.14, because NH2 groups of the
iomass exist as neutral form (Biomass–NH2) at pH larger than

ts pKa value. Therefore, other binding mechanisms, e.g. hydrogen
onding, might involved in the dye sorption at pH > 9.14.

Observed differences in peak position and intensity in the spec-
ra of dye-free and dye-loaded live biomass indicate that the
unctional groups in the surface of live biomass played an impor-
ant role in biosorption of the dye. It was noticed that the amount of
he P O C and P O P stretching coming from the phospholipids
r ribose phosphate chain pyrophosphate (peaks at 965–760 cm−1)
n the surface of the heat-treated biomass was significantly lower
han that of the live biomass, suggesting that the cell wall struc-
ure was no longer intact following heat treatment. Therefore, we
peculated that the permeability of the cell walls of heat-treated
ells was greater than that of live cells, and that the dye could enter
nto the interior of the heat-treated cells leading to an increase in
iosorption.

.3. Cellular morphology characteristics of the live and
eat-treated biomass

To directly determine the characteristics of cellular morphology,
EM, AFM and TEM analyses were conducted on both the live and
eat-treated biomass. The SEM images of live and heat-treated cells
re presented in Fig. 5. It was observed that the surfaces of the live
ells were smooth, while the surfaces of the heat-treated cells were
orous and covered by tiny particles (Fig. 5). These tiny particles
ight be the cell contents that were released during the process of

eating, suggesting that the permeability of cell walls of the heat-
reated cells was enhanced. The pores in the surface of the heat-
reated cells also indicated the high permeability of the cell wall.

AFM is an ideal tool to determine the cellular morphology. The
FM images of biomass produced by strain DY1 are shown in Fig. 6
nd line analyses of these images are presented in Table 3. As seen

n Fig. 6, the cell walls of live cells with (A) and without (B) dye were
mooth and intact, while the heat-treated cells with (D) and with-
ut (C) dye showed rough, porous and ruptured cell walls, which
mplied that the permeability of the cell wall of heat-treated cells
biomass; B: live biomass with dye; C: heat-treated biomass; D: heat-treated biomass
with dye. Cell dimensions were determined from topography analysis of AFM
images.

was greater than that of live cells. Results of topography analysis
of the live biomass before and after dye sorption in Table 3 showed
that there was no significant variation in cell size (P > 0.05), whereas
there was  a significant increase in the arithmetic average roughness
(Ra, P < 0.05) and root mean square roughness (RMS, P < 0.05) after
dye sorption compared to that before dye sorption. Wang et al.
have reported a surface roughness increase following metalliza-
tion of nickel by E. coli [30]. Kazy et al. have also reported a similar
variation in the surface roughness of Pseudomonas cells follow-
ing uranium and thorium sorption [31]. A possible reason for the
increased surface roughness after dye sorption, supported by the
previous studies, might be that the dye interactions with functional
groups on the surface of cells changed the surface architecture.
There was no significant variation (P > 0.05) in both cell size and
surface roughness of the heat-treated biomass before and after dye
sorption (Table 3), suggesting that the cell wall contributed little in
the increased dye sorption by heat-treated biomass. Compared to
the live biomass, there was  a significant increase in the Ra (P < 0.001)
and RMS  (P < 0.001) of the heat-treated biomass, whereas there
was no significant variation in the cell size, which indicated that
the increase dye sorption by heat-treated biomass was not due
to increased surface area (Table 3). Besides, the increased Ra and
RMS  values of heat-treated cells also indicated that the bacterial
cells had been destroyed after heating which further increased the
permeability of the cell walls.

The structural status of the live and heat-treated cells detected
by TEM is presented in Fig. 7. Structurally, the differences between
the live and heat-treated cells were significant. The contents of
the heat-treated cells were congregated and distributed unevenly
closely to the cell wall, while the contents of the live cells were uni-
formly distributed in the cells. The cell walls of the live cells seemed
to be tighter than that of the heat-treated cells. It was clear that sev-
eral parts of the cell walls of the heat-treated cells were looser and
thinner, suggesting that the heat-treated cells would have greater
permeability. Besides, the bead-like part of the heat-treated cells
in Fig. 7 might be comprised of cell contents that released during
the heating process, also suggesting that the permeability of the
cell walls of the heat-treated cells was greater than that of the live
cells. Therefore, we  supposed that the increased biosorption of dye
by the heat-treated biomass was due to the greater permeability of
the cell wall, so that the dye macromolecule could enter into the
cells and be adsorbed to the possible adsorption sites in the interior
of the cells.

3.4. Intracellular proteins played a major role in the increased
biosorption by the heat-treated biomass

To better understand the different dye sorption by the live and

heat-treated biomass, dye sorption was studied for the different
cell components (Fig. 8). Results indicated that dye sorption by sed-
iments produced from ultrasonication of the live biomass were not
significantly different from the intact live cell biomass (P > 0.05),
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Fig. 5. SEM images of (A) the live biomass of strain DY1; (B) the heat-treated biomass of strain DY1. The enlarged part is the SEM images of the heat-treated biomass, in
which  the parts pointed with the arrow are the pores and tiny particles on the surface of heat-treated cells.

Fig. 6. AFM images of the live biomass of strain DY1 with (B) and without (A) dye; the heat-treated biomass of strain DY1 with (D) and without (C) dye. The parts pointed
with  the arrow in images (C) and (D) are the porous and ruptured parts on the surface of heat-treated cells.
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sis was  carried out on the dye-free and dye-loaded intracellular
proteins (Fig. 9). The spectrum of dye-loaded proteins showed a
ig. 7. TEM images of (A) the live biomass of strain DY1; (B) the heat-treated bio
ointed  with the arrow.

uggesting that the cell wall played a major role in biosorption
f Acid Black 172 since most of the sediments after ultrasonica-
ion were cell wall fragments. Under the reaction conditions, 29.8%
orption occurred with cell wall fragments after heating, which
as about just 20% greater than that measured for cell wall frag-
ents without heating (P < 0.05). However, the dye sorption by

he heat-treated biomass could reach to 80%, which was  about

0% increase compared to the cell wall fragments without heating
P < 0.05). Therefore, the cell wall contributed little to the increased
iosorption by heat-treated biomass. Besides, the sorption of dye

ig. 8. Biosorption of Acid Black 172 by different cell components. (a) Live biomass;
b)  heat-treated biomass; (c) intracellular proteins after heating; (d) the cell wall
ragments without heating; (e) the cell wall fragments after heating.
f strain DY1. The pores and tiny particles on the surface of heat-treated cells are

by the intracellular proteins was  about 93.2%, indicating that the
denaturalized proteins played a prominent role in the increased
biosorption by the heat-treated biomass.

To better evaluate the possible role of intracellular proteins in
the increased dye sorption by heat-treated biomass, FTIR analy-
strong peak at 3445 cm−1, which was due to the stretching of OH

Fig. 9. FTIR spectra for the intracellular proteins with (A) and without (B) dye sorp-
tion.
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H2O interference). Compared to the dye-loaded proteins, the peak
t 3194 cm−1 ( NH or OH stretching) of the dye-free proteins
as significantly shifted to 3179 cm−1 after dye sorption, while the

ntensity had no significant change. The peaks at 1651 cm−1 and
534 cm−1 of dye-free proteins were attributed to the stretching
f amine groups that shifted to 1647 cm−1 and 1547 cm−1 after
ye sorption, respectively, and the intensity also decreased sig-
ificantly, indicating the interaction of dye with amine groups.
he peaks at 1401 cm−1 ( CHO or COO stretching), 1115 cm−1

 CO or S O stretching), and 619 cm−1 ( C Cl stretching) had
o significant change after dye sorption, which indicated that these
roups were not responsible for the dye sorption by the intracellu-
ar proteins. Therefore, the latent dye sorption sites in intracellular
roteins exist in the form of amine groups.

Previous studies observed that most of dead microorganisms
howed higher sorption ability than live microorganisms, while
he reasons remain unclear [32,33]. Based on the present work, we
ropose that the increase biosorption of dye by the heat-treated
iomass compared to that by live biomass could be due to increased
ermeability of the cell wall after heating, such that the dye could
nter into the cells and be adsorbed to the intracellular adsorption
ites (amine groups) in the form of intracellular proteins.

. Conclusions

Heat-treated biomass of Pseudomonas sp. strain DY1 was
bserved to adsorb Acid Black 172 more efficiently than live
iomass. The maximum amount of the dye adsorbed by the heat-
reated biomass could reach to 2.98 mmol/g biomass. Amine groups
layed a major role in the biosorption of Acid Black 172. Moreover,
eating of the biomass significantly increased the permeability
f the cell wall so that the dye could enter into the cells and be
dsorbed to intracellular proteins. The availability of inexpensive
iosorbents such as bacterial biomass provides an economically
easible method for removal of dyes which can be optimized by
eating the biomass prior to use as a sorbent. The long term fate of
yes following adsorption to biomass remains an open question;
herefore, further tests should focus on the fate of the metal-
omplex dyes following removal from wastewater.
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12] F. Ç olaka, N. Atarb, A. Olgun, Biosorption of acidic dyes from aqueous solution
by  Paenibacillus macerans: kinetic, thermodynamic and equilibrium studies,
Chem. Eng. J. 150 (2009) 122–130.

13] S.T. Akar, A. Gorgulu, Z. Kaynak, B. Anilan, T. Akar, Biosorption of Reactive Blue
49 dye under batch and continuous mode using a mixed biosorbent of macro-
fungus Agaricus bisporus and Thuja orientalis cones, Chem. Eng. J. 148 (2009)
26–34.

14] M.C. Ncibi, B. Mahjoub, A.M. Ben Hamissa, R. Ben Mansour, M.  Seffen, Biosorp-
tion of textile metal-complexed dye from aqueous medium using Posidonia
oceanica (L.) leaf sheaths: mathematical modeling, Desalination 243 (2009)
109–121.

15] L.D. Fiorentin, D.E.G. Trigueros, A.N. Módenes, F.R. Espinoza-Quiñones, N.C.
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