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Tartaric acid modified Pleurotus ostreatus for
enhanced removal of Cr(vi) ions from aqueous
solution: characteristics and mechanisms

Weihua Xu,*?® Shufan Wang,?® Yunguo Liu,?° Guangming Zeng,?® Bohong Zheng,®
XiaoFei Tan,?® Tingting Li,?® Hui Wang,?° Fangying Guo® and Mingming Zhang®®

Pleurotus ostreatus was modified by tartaric acid and used as a biosorbent for the removal of Cr(vi) from
aqueous solution. The removal efficiency of Cr(vi) by the modified P. ostreatus was 2 to 2.5 times higher
than by pristine P. ostreatus. FTIR and XPS analysis indicated that carboxyl and amino groups were the
major functional groups for Cr(vi) sorption. Batch sorption experiments were carried out to investigate
the characteristic adsorption behavior of MPOD. Experimental data fitted a pseudo-second order
equation and the Freundlich isotherm. The optimum biosorption was observed at pH 2.0 with the
biosorption capacity was 99.66 mg gfl. Thermodynamic analysis showed that the adsorption process
was spontaneous and endothermic. The present results confirmed that electrostatic attraction and
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1. Introduction

Environmental contamination caused by heavy metals has
become an issue of growing concern due to their health risks to
humans and animals. Chromium is a priority pollutant because
of its high toxicity and frequent occurrence in polluted sites."
Chromium exists in two main oxidation states in the environ-
ment: Cr(vi) and Cr(ur). Compared to Cr(ur), Cr(vi) is more toxic
due to its carcinogenic and mutagenic effect for living organ-
isms.? Therefore chromium is widely recognized to exert toxic
effects in its hexavalent form.> Several wastewaters from
manufacturing process, such as dyes and pigments production,
metal cleaning, plating and electroplating, may contain unde-
sirable amounts of Cr(vi) ions.* Unregulated disposal of the
chromium containing effluent in both developing and devel-
oped countries has led to the contamination of surface and
ground waters.® So that, the removal of Cr(vi) from wastewater is
significant in the protection of environment and human health.

Various methods for the removal of heavy metal ions from
wastewater have already existed, including chemical precipita-
tion, electrolytic reduction, ion exchange, membrane filtration,
activated carbon adsorption, etc. However these technologies
may have disadvantages like less effective, incomplete removal,
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and obvious effects for the removal of Cr(vi) ions from aqueous solution.

high reagent cost, energy needs and secondary pollution.® Thus,
it is imperative to find out a new cost-effective treatment
method, to remove heavy metals from effluents.” It is well
known that cellulosic waste materials can be obtained and
employed as cheap adsorbents, such as modified corn stalks,
orange waste, sugar beet tailing, modified ramie fiber and so
On.s_ll

Macro-fungi have shown good potential as materials for the
remediation of wastewater containing toxic metal ions. As a
fungus, Pleurotus ostreatus is a useful source of mycelia biomass
for biosorption of metal ions because of its easy cultivation,
high yield and non-hazardous nature.” It is one of the most
common edible mushrooms in China and grows prolifically in
many parts of the world, which is macro in size, tough in texture
and has other physical characteristics conducive for develop-
ment as a biosorbent.” It is a material with great source of
cellulose, hemicelluloses, and lignin, and its performance to
remove heavy metal ions can be affected upon chemical treat-
ment. Some pre-treatments have been done to change surface
properties and increase the biosorption capacity of the fungal
biomass, for example, heat, acid and/or alkali treatment.™
Numerous chemicals also have been used for modification
which include mineral, organic acids, oxidizing agent, organic
compounds, etc.** Some authors have described the functional
carboxylic and the hydroxyl groups of the celluloses as the active
binding sites for metals, as these groups can attract and
sequester the heavy metal ions.>*®

In this study, P. ostreatus was modified by tartaric acid to
enhance the biosorption capacity for Cr(vi) removal. Fourier
transform infrared spectroscopy (FTIR) and X-ray photoelectron
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spectroscopy (XPS) were employed to qualify the major func-
tional groups responsible for the removal of Cr(vi) anions. In
addition, a series of batch sorption tests were performed to
investigate the parameters, which could evaluate the adsorption
capacity and characteristics of modified P. ostreatus powder
(MPOD) as a sorbent for the removal of Cr(vi) from aqueous
solution. The sorption process was investigated by isothermic,
kinetic and themodynamic analysis to study the biosorption
characteristic of Cr(vi) on MPOD.

2. Materials and methods

2.1. Main instruments and materials

All chemicals (analytical grade) used in this study were
purchased from local chemical suppliers and used without any
treatment. Tartaric acid (white crystal power) was obtained from
Shanghai Shanpu Chemical Co., Ltd. Cr(vi) stock solution of
1000 mg L™ was prepared by dissolving 2.8290 g of K,CrO, in
1000 mL ultrapure water and all the working solutions were
subsequently obtained by diluting the stock solution. The
concentration of Cr(vi) was determined by measuring the
absorbance of the purple complex of Cr(vi) with 1,5-diphe-
nylcarbohydrazide at 540 nm using a UV spectrophotometer
(Pgeneral T6, China).

2.2. Sample preparation

Fungal tailing of P. ostreatus (POD) was collected from vegetable
market. POD was washed with distilled water and dried at 80 °C
for 24 h before use. The biomass were ground in a mortar to
powder and sieved through a 100 mesh sieve. After that, the
biomass were mixed up with tartaric acid powder, and the mass
ratio of P. ostreatus powder to tartaric acid was 1:2. Then
distilled water was gradually added into the mixture. The
sample was shaken at 130 rpm and 50 °C for 24 h. After the
heating response, the mixture was filtered and washed with
ultra-pure water to remove the unreacted tartaric acid. The
obtained new materials (MPOD) was dried in an oven at 60 °C
for 4 h and finally stored at room temperature.

2.3. Characterization of POD and MPOD

The surface morphologies of the prepared samples were char-
acterized by a field emission scanning electron microscopy
(SEM) (JSM-7001F, Japan).

Fourier transform infrared spectrum (Nicolet 5700 Spec-
trometer) measurements were carried out to identify the func-
tional groups involved in the metal removal. The FTIR spectra of
the adsorbent were recorded in the range of 4000-400 cm™ .
The elements of POD and MPOD were determined by an
ESCALAB 250Xi X-ray Photoelectron Spectrometer (XPS)
(Thermo Fisher, USA). Binding energies (BEs) of the spectra was
performed with the C1s neutral carbon peak at 284.6 eV with
accuracy of £0.05 eV.

2.4. Batch adsorption studies

All the adsorption experiments were carried out as follows: 0.1 g
of adsorbent was added to 100 mL flasks containing 50 mL of
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Cr(v1) ions solution. The initial pH was adjusted to the needed
values by HCI or NaOH solutions (0.1-1.0 mol L™ "). Flasks were
shaken at 130 rpm at the needed temperature. Removal effi-
ciency (Eg) was expressed as eqn (1):

G -C

Ep =
R G

x 100 % (1)

where Co and C (mg L") are the initial and residual concen-
trations of metal ion, respectively.

To study the effect of initial concentrations on Cr(vi) ion
adsorption, MPOD were added to several flasks with different
concentration of Cr(vi) (20, 50, 80, 100 and 200 mg L™ "). After
adjusted the solution pH to 4.0, the flasks were shaken at 50 °C
for 24 h.

The study of the pH dependency of Cr(vi) ion adsorption on
MPOD was carried out as follows: MPOD was added to five
flasks containing 50 mg L~ Cr(vi) ions solution, the pH value
was adjusted to 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0 and 10.0,
respectively. Flasks were shaken at 50 °C for 24 h.

Kinetic biosorption experiments were carried out at pH 2.0,
50 °C with initial Cr(vi) concentration of 100 mg L. The
residual concentration of Cr(vi) was determined after desig-
nated time periods (5, 10, 30, 60, 120, 180, 360, 720, 1080, 1440
and 2880 min).

For isotherm and thermodynamic analysis, the experiments
were studied at different initial Cr(vi) concentration (20, 50, 80,
100, 200, 250, 400 and 500 mg L~') at 30, 40, and 50 °C
respectively.

All experimental data were the average of triplicate deter-
minations and the relative errors of the data were about 5%.

3. Results and discussion

3.1. Characterization of POD, MPOD

3.1.1. SEM. The surface morphologies of POD, MPOD and
MPOD + Cr (after adsorption of Cr on MPOD) were observed
using SEM. POD shows uneven and irregular surface (Fig. 1(a)),
while MPOD (Fig. 1(b)) was relatively smoother than POD. The
probable reason was that carboxylic acid treatment could
solubilize lignin and hemicelluloses during the esterification
reaction. After biosorption of Cr(vi), the surface of the bio-
sorbent became smooth and well-knit dramatically (Fig. 1(c)),
which was possibly due to the adsorption of Cr(vi) ions on the
surface of MPOD biomass after 24 hours of reaction.

3.1.2. FTIR and XPS analysis. To better understand how
chemical modification affected the functional groups on
P. ostreatus, Fourier transform infrared (FTIR) spectroscopy and
X-ray photoelectron spectroscopy (XPS) were conducted on POD,
MPOD, and MPOD + Cr. The FTIR spectra are presented in Fig. 2.
As shown in Fig. 2, the spectra displayed a number of adsorption
peaks indicating the complex nature of the biomass. The broad
adsorption peak around 3400 cm ™" is assigned to ~OH stretching
vibrations and the peak at 2922 cm™ " attributed to ~CH stretch-
ing.'®"” The broad adsorption peak became weak after modifica-
tion because the surface hydroxyls of the POD biomass were
reacted with carboxyl group during the esterification reaction. The
new peaks detected on the MPOD biomass at 1650-1780 cm ™'

This journal is © The Royal Society of Chemistry 2015
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Fig.1 SEM images of POD (a), MPOD (b) and after adsorption of Cr(v)
on MPOD (c).

represent a chelate form of the carbonyl on the carboxyl group.
This peak was described as the region of uncoordinated COO™
groups and ionized coordinated COO™ groups, respectively.'***
The new peaks confirmed that carboxyl was introduced onto POD
after modified by tartaric acid. The new bands appeared at
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Fig.2 FTIR spectra of POD, MPOD and adsorption of Cr(vi) on MPOD.

1540 and 1223 cm ', corresponding to N-H and C-N bond

stretching, respectively, which confirmed the presence of amide
functional group.”* Therefore, it could be concluded that -NH,,
-OH and -COOH groups were involved in binding the metals.

XPS analysis was performed on POD and MPOD to gain
further information on its chemical composition. As shown in
Fig. 3(a), the C1s XPS spectrum of POD can be curve-fitted into
four peak components at approximately 284.4 eV (C-C), 284.8 eV
(non-oxygenated ring C), 286.2 eV (C-O) and 287.7 eV (C-O-C).2***
As seen from Fig. 3(b), the C1s XPS spectrum of MPOD clearly
indicates a fairly high degree of oxidation with five components
that correspond to C-C (284.2 eV), C-C/C-H (284.6 eV), C-N
(285.9 V), N-C=0 (287.8 eV) and O-C=0 (288.3 eV)."*** On the
basis of the XPS results, the main difference between POD and
MPOD is the new peak of ester bond (288.3 eV). That may be
attributed to the fact that the P. ostreatus is a material with great
source of cellulose, hemicelluloses, and lignin. Hydroxyl group of
the cellulose could react with carboxyl anhydride which dehy-
drated from tartaric acid and formed ester bond. The reaction
process was as follows:

OH C|>H TH ﬁ
o

Hc::—COOH —H,0 H<|3—0<0 ROH HC—C—O0R

— — =

HC——COOH HT—< He—c—or (2)
o

lH OH OH ©

A B

where A is tartaric acid, R is the pristine P. ostreatus, and B is
tartaric acid modified P. ostreatus.

Thus, it can be concluded that carboxyl has been introduced
successfully to the P. ostreatus surface. And the introduction of
carboxyl can enhance the ability of the modified material to
remove Cr(vi) ions by chelation reaction.>

The peak around 400 eV is attributed to N1s, N1s XPS spec-
trum in Fig. 3(c) and (d) indicates a considerable degree of
surface modification with the amino group. The shoulder
appeared in the N1s region at 401.4 eV most likely results from a
small amount of the terminal amines that have acquired a
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Fig. 3 XPS spectra of POD and MPOD. (a) C1s XPS spectrum of POD.
(b) Cl1s XPS spectrum of MPOD. (c) N1s XPS spectrum of POD. (d) N1s
XPS spectrum of MPOD.
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proton.>* Following the reaction with tartaric acid, a large N1s
peak at 399.5 eV appeared. The results suggested that the
P. ostreatus was functionalized well with free NH, groups, which
was in agreement with FTIR results.

3.2. Adsorption studies

3.2.1. Influence of initial concentration of Cr(vi). The
effects of initial Cr(vi) concentration on Cr(vi) removal are shown in
Fig. 4. It indicated that the adsorption capacity of the MPOD was
obviously improved after modification. The Cr(vi) removal effi-
ciency of both MPOD and POD was decreased with the increasing
initial Cr(vi) concentration. The removal efficiency of Cr(vi)
decreased from 78.7% to 32.3% (MPOD) and 34.5-18.1% (POD)
when the initial Cr(vi) concentration increased from 20 to
200 mg ', respectively. This was due to the fact that the total
available surface binding sites were finite for a fixed adsorbent
dosage, thus a decrease in percentage removal corresponding to an
increase of initial Cr(vi) concentration occurred.®

3.2.2. Influence of solution pH. It is well known that the pH
of the aqueous solution is an important parameter of biosorption
of metal ions. As seen from Fig. 5, the maximum biosorption was
observed at pH 2.0. The biosorption efficiency of Cr(vi) ions by
MPOD decreased when the solution pH increased. At the pH
increased from 2.0 to 6.0, the adsorption efficiency for Cr(vi)
decreased dramatically from 98.4% to 24.3%, and the removal
capacity gradually reached an asymptotic value at pH 6.0 to 10.0.
This is because the solution pH affects the major form of the
chromium ion, protonation level, and the charge (ionization state)
of surface functional groups. At lower pH (1-4), the major form of
Cr(vi) is HCrO,~ while the amine groups were positively charged
(eqn (3))

M-NH, + H* - M-NH;" (3)

At lower pH values, the overall surface charge on the biomass
became positive or less negative, which will promote a stronger
Coulombic attraction towards negatively charged Cr(vi) complex

801 . —=—MPOD
70 _ —e—POD
60 —

50 — '\-

40 |

Removal efficiency (%)

30

20+

. : . T - T T T
0 40 80 120 160 200
Initial concentration (mg/L)
Fig. 4 Influence of initial Cr(vi) concentration on Cr(vi) adsorption by

POD and MPOD.
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Fig. 5 Influence of solution pH on Cr(vi) adsorption by MPOD.

ions in the solution.”® Besides, there is a high concentration of
OH™ at higher pH, which could compete with Cr(vi) ions for the
binding sites and result in a decreased sorption of Cr(vi).**

3.2.3. Kinetic model. Fig. 6(a) represents the effect of
contact time on Cr(vi) sorption on MPOD. As shown in Fig. 6(a),
Cr(vi) sorption process included two stages. The first 6 h
involved rapid metal sorption process which may due to the
abundant availability of active binding sites on the adsorbent.
Over 65% of the total Cr(vi) removal occurred in this stage. Then
the subsequent slow adsorption of Cr(vi) continued for a longer
period of time until sorption equilibrium was attained. The
sorption became less efficient in this stage.

Pseudo-first-order equation and pseudo second-order equa-
tion were employed to model the sorption data over the entire
time range. The pseudo-first-order equation is generally
expressed as follows:

ki
lo - =lo — t 4
&(¢e — ¢1) =1og g — 37357 (4)
50
i e
5y 4 -
40
4 70
35 ]
= o
% 30- /
£ ] 40
o 2] o 5 30
/ S
E [ | 20 "
20-’ ’_I 10]
154 ¢ e —
] 0 500 1000 1500 2000 2500 3000
t(min)
10 T 1 r L] b T M T T b T
0 500 1000 1500 2000 2500 3000

t (min)

Fig. 6 Kinetics of Cr(vi) adsorption onto MPOD at 50 °C (initial Cr(v)
concentration 100 mg L% pH: 2.0). (a) Cr(vi) sorption kinetics data; (b)
pseudo second-order model for Cr(vi) sorption.
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where k; is the rate constant of pseudo-first-order biosorption
(min L"), g. and ¢, denote the amounts of biosorption at
equilibrium and at time ¢ (mg g~ "), respectively.

The pseudo-second-order kinetic rate equation was derived
on the basis of the biosorption capacity of the solid phase. The
pseudo-second-order kinetic rate equation is expressed as:

t 1 t

o2 L 5
g kaq?  ge 5)

where k, is the rate constant of pseudo-second-order adsorption
(g mg™" min™").

In this paper the pseudo-first-order kinetic model was not
shown because the experimental data were not in good agreement.
Fig. 6(b) showed a plot of #/q, and ¢ of biosorption of Cr(vi) for the
pseudo-second-order equation, from which g. and k, can be
determined from the slope and intercept of the plot, respectively.
The kinetic parameters for Cr(vi) adsorption were given in Table 1.
The correlation coefficients for the pseudo-first-order and pseudo-
second-order equation were 0.98 and 0.99 respectively. But the
calculated g. values of the pseudo-second-order agreed better than
the pseudo-first-order equation. This strongly suggested that the
biosorption of Cr(vi) on MPOD was most appropriately represented
by a pseudo-second-order rate process. The good fit of the data to
this model implied that the biosorption of Cr(vi) by MPOD was
chemisorption, involving ion exchange and chelating reaction
potentially.

3.2.4. Isotherm studies. In this study, two widespread-used
isotherm models (eqn (6) and (8)) were applied to describe the
equilibrium characteristics of the adsorption.

The Langmuir model assumes that a monomolecular layer is
formed when adsorption takes place without any interaction
between the adsorbed molecules.”” The Langmuir model was
represented as:

qmaxKLCe
e = 6
=17k (6)
Ri=— )
LT11K.G

where gmay (mg g ') is the maximum adsorption capacity, C,
(mg L") and C. (mg L") are the initial and the equilibrium
solute concentration of Cr(vi), respectively. Ki, (L mg™') is the
Langmuir affinity constant related to adsorption energy, Ry, is
the equilibrium parameter which can be applied to predict if
the adsorption system is favorable (0 < R, < 1) or unfavorable
(R, > 1).

The Freundlich isotherm model is an empirical equation
based on heterogeneous surfaces suggesting that binding sites

Table 1 Kinetic parameters for biosorption of Cr(vi) on MPOD

Pseudo-first-order Pseudo-second-order

Co e kq
(mgL™") (mgg™") (min~") R

Gen ka
(gmg ' min~") (min~") R®

100 29.72 17.64 0.98 50 0.01 0.99

RSC Adv., 2015, 5, 24009-24015 | 24013
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Fig. 7 Langmuir and Freundlich isotherm for biosorption of Cr(vi) on
MPOD (Cr(vi) solution volume: 50 mL; adsorbent dose: 0.1 g; contact
time: 24 h; pH: 2.0).

are not equivalent and/or independent.”® The Freundlich model
is represented as:

ge = KFcclln (8)

where g. (mg g~ ') is the adsorption capacity at equilibrium
concentration, C. (mg L") is the equilibrium solute concen-
tration, Ky and n are the Freundlich constants related to
adsorption capacity and adsorption intensity, respectively.

The parameters of Langmuir and Freundlich isotherm
models are shown in Fig. 7 and Table 2. It was obvious that
temperature of 50 °C showed the highest capacity for Cr(vi)
adsorption by MPOD. The maximum adsorption capacity was
close to 100 mg g '. The maximum biosorption capacity was
102.21 mg g~ ' when the temperature increased to 60 °C. This
result indicated that the optimum temperature of Cr(vi) sorp-
tion on MPOD was 50 °C. The Freundlich isotherm model was
appropriate for the results with the higher correlation coeffi-
cient R* than that of Langmuir. This indicates that the hetero-
geneity sorption of Cr(vi) ions to the binding sites, and that may
be attributed to the active groups on the MPOD surface, such as
—-OH, -COO™ groups and so on.> The n values in this study were
calculated in the range from 2.43 to 4.15, indicating that
the adsorption between metal ions and adsorbent was favorable
(1 < n < 10). The larger value of n implied stronger interaction
between adsorbent and heavy metal.****

3.2.5. Thermodynamic analysis. The results on the effect of
temperature indicated that the maximum adsorption of Cr(vi)

Table 2 Langmuir and Freundlich isotherm parameters for bio-

sorption of Cr(vi) on MPOD

Langmuir model Freundlich model

Paper

T T
0.00320 0.00330
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Fig. 8 Plot of InK° versus 1/T for estimation of thermodynamic
parameters for the biosorption of Cr(v) on MPOD (volume, 50 mL;
biosorbent dose: 2.0 g; initial Cr(vi) concentration: 20, 50, 80, 100,
200, 250, 400, 500 mg L™%; pH: 2.0; contact time: 24 h).

ions was obtained at 50 °C. The adsorption capacity of Cr(vi)
increased from 69.48 mg g’1 to 99.66 mg g’l as temperature
increased from 30 °C to 50 °C, suggesting that the sorption
process probably underwent chemical rather than physical
interaction.® The rise in sorption capacity is due to the increase
in collision frequency between biosorbent and adsorbate, which
resulted in the enhanced adsorption of Cr(vi) ions from aqueous
solution.® The results revealed that Cr(vi) adsorption is an
endothermic process, as verified by the following calculation of
thermodynamic parameters.

Thermodynamic parameters such as Gibbs free energy
change (AG®), enthalpy change (AH®) and entropy change (AS°)
for the adsorption of Cr(vi) have been determined by using the
following equations:

AG® = —RTK® 9)
AH" AS°
11’1[(0:— RT+T (10)

where R (8.314 ] mol ' K™ ') is the universal gas constant, T (K) is
the absolute temperature, K° can be calculated by plotting In Kq
(K4 = ge/C.) versus C. and extrapolating C. to zero. The values of
AH® and AS° can be obtained from the slope and intercept of a
plot of In K° against 1/T from the Fig. 8. Thermodynamic analysis
was investigated at three different temperatures (30, 40, and
50 °C). The calculated results were given in Table 3. It
was obvious that the AG® values became more negative as the
temperature increased, which suggested that the adsorption is
spontaneity and more favorable at high temperature. The
standard enthalpy and entropy changes of adsorption

Table 3 Thermodynamic parameters for biosorption of Cr(vi) on
MPOD

T (K) gm (mgg™) K (Lmg) R Ke(Lmg™") n R?

303.15 82.88 0.01 0.96 6.52 2.43 0.98
313.15 90.25 0.03 0.94 11.51 2.85 0.99
323.15 93.58 0.20 0.95 25.95 415 0.97

24014 | RSC Adv., 2015, 5, 24009-24015

Temperature AG° AS° AH®

(K) InkK® (mol™) (K 'mol™) (Kmol ") R
303.15 0.16 —0.41 175.32 52.63 0.97
313.15 0.96 —2.51

323.15 1.45 —-3.90
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were determined from Fig. 8 to be 52.63 k] mol ' and
175.32 ] mol ™" K™%, respectively. The value of AH® was positive,
which proved that the adsorption was an endothermic process.
The positive value of AS° suggested the increase of randomness
at the solution interface during the biosorption of metal ions.*

4. Conclusions

In the present study, the advantages of using P. ostreatus as the
source of a new adsorbent lie primarily in its high abundance
and low cost. Tartaric acid modified method has the charac-
teristics of simplicity and obvious effects. The aim of this work
was to determine the biosorption characteristics and mecha-
nisms of modified P. ostreatus for removal of Cr(vi) ions. FTIR
and XPS analysis confirmed that carboxyl and amino groups
were introduced onto POD after modification with tartaric acid.
These function groups were essential for capturing Cr(vi) from
aqueous solutions.

The MPOD could be efficiently used for biosorption of Cr(vi)
ions, the removal efficiency of Cr(vi) by MPOD was 2 to 2.5 times
higher than by POD. The biosorption capacity decreased as
initial Cr(vi) concentration increased. The biosorption of Cr(vi)
ions by MPOD decreased with the increase of pH from 2.0-6.0.
Pseudo-second-order and Freundlich model described the
adsorption processes well, indicating that the adsorption
processes is mainly controlled by chemical sorption. The
maximum adsorption capacity obtained from Freundlich model
was 99.66 mg g~ '. Thermodynamic parameters were calculated.
The thermodynamic study revealed the spontaneity, endo-
thermic and irreversibility natures of Cr(vi) biosorption. Results
obtained from this study showed that modified P. ostreatus is an
effective and environmental friendly absorbent for the removal
of Cr(vi) ions from aqueous solution.
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