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ABSTRACT

Spent mushroom substrate (SMS), an agricultural biowaste, was modified by oxalic acid
and used as an adsorbent for adsorption of methylene blue (MB) in aqueous solution. The
equilibrium data fitted with Freundlich and Temkin isotherm models. The kinetic experi-
ment data followed the pseudo-second-order model. The experimental data corresponded
well to Boyd’s film-diffusion model and the rate-determining step was the external mass
transfer. Thermodynamic parameters suggested that the adsorption process was exothermic
and spontaneous. The results imply that OASMS is an economical and feasible adsorbent
for removal of MB from aqueous solution.
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1. Introduction

Synthesis dyes are extensively used in the textile,
leather, cosmetics, paper, pharmaceutical, and food
industries. It is reported that as much as 15% of the
used dye is lost to the wastewater because of the low
levels of dye-fiber fixation [1]. The release of dye-
laden wastewaters from these industries has left a big
threat on human beings and the environmental society
due to the persistent and recalcitrant nature of dyes.
Even just very low concentration of dyes could impart
visible color to water body and reduce sunlight pene-
tration and photosynthesis, which seriously destroy
aquatic ecosystems [2]. Furthermore, most of dyes are
toxic, carcinogenic, mutagenic, and teratogenic, which
may cause severe damage to human beings and
aquatic life [3]. Therefore, the removal of dye from

wastewaters prior to their final discharge has been an
important issue to be solved. Many dyes are stable to
photodegradation, biodegradation, and oxidizing
agents due to their complex aromatic molecular struc-
ture and synthetic origin [4,5]. Currently, the methods
for dye-laden wastewaters treatment including coagu-
lation, chemical oxidation, membrane separation pro-
cess, electrochemical and, aerobic and anaerobic
microbial degradation, are not very successful due to
many restrictions [6]. Comparing with these methods,
adsorption has been more preferred in applications
[7]. Activated carbon has desirable adsorption capacity
for most pollutants. However, the cost of activated
carbon and the loss of adsorption efficiency after
regeneration of the exhausted activated carbon have
restricted its widespread application [8]. Therefore, a
lot of interests have been paid to some low-cost and
efficient adsorbents from agriculture biowaste. Many
agriculture biowastes, such as wood chips [9], barley*Corresponding author.
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husk [10], sugar beet pulp [11], wheat husk [12],
hazelnut shells [13], garlic peel [14], papaya seed [15],
and sugarcane bagasse [16] were studied as economi-
cal and feasible adsorbents for removal of different
dyes. However, many low-cost absorbents have rela-
tively low adsorption capacity; thus, the consumption
amounts are very huge. At present, the key studies
are focused on finding new and economical adsor-
bents or improving adsorption capacity of those low-
cost absorbents by chemical modification.

Spent mushroom substrate (SMS), an agricultural
biowaste, is produced after being used for growing
edible fungi. In China, the total SMS after the edible
fungi cultivation has reached about 29 million tons
annually, but most of them are disposed off with
additional cost [17]. Hence, a proper treatment route
to convert such kind of agricultural biowaste to useful
end product would offset the costs of treatment and
disposal [18]. In this study, SMS was modified by oxa-
lic acid in order to improve the adsorption capacity.
The effects of adsorbent dose, initial dye concentra-
tion, initial solution pH, contact time, and temperature
on MB adsorption were investigated. Kinetics, iso-
therm, and thermodynamic parameters of the adsorp-
tion process were also investigated.

2. Materials and methods

2.1. Preparation of MB solutions

Methylene blue (MB) (MF, C16H18ClN3S·3H2O; FW,
373.90; λmax, 668 nm) and oxalic acid dihydrate were
received from Tianjin Kemiou and Tianjin Hengxing
Chemical Reagent Co., Ltd, respectively. The chemical
structure of MB is displayed in Fig. 1. An aqueous
stock solution of 500mg L−1 dye was prepared by dis-
solving 0.5 g of MB in 1 L distilled water. The test
solutions were obtained by dilution of stock solution
to the desired concentration in a range from 40 to 100
mg L−1. All reagents were of analytical reagent grade
and used without further purification in this study.

2.2. Preparation of OASMS adsorbent

SMS was collected in summer 2010 from Taoshan
town in the Yichun forest district of Heilongjiang
Province, China. The collected materials were washed
thoroughly with running water and then rinsed with
distilled water several times to remove impurities. The
clean SMS was put into an oven at 85 ˚C for 6 h. The
dried SMS was crushed and sieved to 60–80 mesh par-
ticles. The required amount of dried SMS (60–80 mesh)
was treated in 0.6 mol L−1 oxalic acid solution at 60 ˚C
for 2 h. Then, the filtrate was removed and the residue
was dried at 50 ˚C for 24 h and then dried at 120 ˚C for
another 3 h. The OASMS was obtained and stored in
airtight container for adsorption experiments.

2.3. Analytical measurements

A Nicolet 560 spectrometer (Nicolet Co., Ltd, USA)
was employed to characterize the surface functional
groups responsible for MB adsorption. The spectra
were recorded in the range 4,000–400 cm−1. Surface
morphology of adsorbent before and after adsorption
was observed using a Quanta 200 scanning electron
microscope with an accelerating voltage of 12.5 kV.
The aqueous solutions’ pHs were measured by digital
pH meter (PHSJ-4F). The unknown concentration of
MB solution in adsorption process was determined
using UV-visible spectrophotometer by monitoring the
absorbance changes at λmax 668 nm.

2.4. Adsorption experiments

The batch adsorption experiments for evaluating
the potential of OASMS for MB adsorption were con-
ducted in 250mL conical flasks containing 50mLMB
solutions in a water bath. The conical flasks were
shaken at 110 rpm for the required time. The effect of
solution pH on MB adsorption onto OASMS was
investigated in the pH range from 2 to 10. The pH of
each solution was adjusted to the required value with

Fig. 1. The chemical structure of MB in hydrated form.
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HCl or NaOH solutions prior to the addition of
OASMS adsorbent.

In the present study, adsorption equilibrium exper-
iments were carried out by stirring an 80mg L−1 solu-
tion of MB dye with various adsorbent doses from 30
to 200mg at original solution pH. The solutions were
agitated and maintained at different temperatures
ranging from 303 to 333 K for 12 h. Adsorption kinetic
experiments were performed by using 100mg of
OASMS and 80mg L−1 solution of MB dye. The sys-
tem was stirred at various temperatures ranging from
303 to 333 K. Then, the flasks were taken out at some
intervals. At the end of each adsorption experiment,
the adsorbent was removed by filtration through a 400
mesh nylon screen. The dye concentration of the
supernatant was measured by UV-visible spectropho-
tometer. The dye removal (R, %), and the amount of
MB dye adsorbed at time t (qt, mg g−1), and at equilib-
rium (qe, mg g−1), were calculated using the following
equations:

R ð%Þ ¼ ½ðC0 � CtÞ=C0� � 100 (1)

qt ¼ ðC0 � CtÞV=W (2)

qe ¼ ðC0 � CtÞV=W (3)

where Ct (mg L−1) is the dye concentration at time t,
C0 and Ce (mg L−1) are the initial and equilibrium dye
concentrations, respectively. qe (mg g−1) represents
amounts of dye adsorbed per unit mass of adsorbent
at equilibrium. V (mL) is the volume of the dye solu-
tion, and W (mg) is the weight of adsorbent.

2.5. Kinetics of the adsorption

The kinetic of sorption is an important characteris-
tic in evaluating the efficiency of sorption process.
Several kinetic models are available to describe the
adsorption kinetics. Mostly used models such as
pseudo-first order [19], pseudo-second order [20],
intra-particle diffusion model [21], and Boyd’s film-
diffusion model [22] were tested for the sorption of
MB onto OASMS.

2.5.1. Pseudo-first-order model

Pseudo-first-order equation proposed by Lagergren
was to be used for elucidating the rate of adsorption
and can be defined as follows:

ln ðqe � qtÞ ¼ ln qe � k1t (4)

where qt (mg g−1) and qe (mg g−1) is the amounts of
MB adsorbed per unit weight of OASMS at time t
(min) and at equilibrium, respectively. k1 (min−1) is
the pseudo-first-order rate constant.

2.5.2. Pseudo-second-order model

Pseudo-second-order model is represented with
the following equation:

t=qt ¼ 1=ðk2q2e Þ þ t=qeÞ (5)

where k2 (gmg−1 min−1) is the pseudo-second-order
rate constant.

2.5.3. Intra-particle diffusion model

The intra-particle diffusion model proposed by
Weber and Morris can be described as follows:

qt ¼ kidt
1=2 þ C (6)

where kid (mg g−1 min−1/2) is the intra-particle diffu-
sion rate constant. C (mg g−1) is a constant. According
to this model, the plots of qt vs. t

1/2 at different tem-
peratures should produce a straight line if intra-parti-
cle diffusion is involved in the adsorption process and
should pass through the origin if intra-particle diffu-
sion is the rate-controlling step [23,24].

2.5.4. Boyd’s film-diffusion model

The Boyd’s film-diffusion model was employed to
investigate the contribution of film resistance to the
kinetics of MB adsorption. It assumes that the bound-
ary layer surrounding the adsorbent particle is the
main resistance to diffusion. The linear forms of film-
diffusion model are obtained by Reichenberg [25]. Eq.
(7) is used for values of F(t) from 0 to 0.85 and Eq. (8)
for values from 0.86 to 1.

Bt ¼ 2p� p2FðtÞ=3� 2pð1� pFðtÞ=3Þ1=2 (7)

Bt ¼ �0:4977� ln ð1� FðtÞÞ (8)

FðtÞ ¼ qt=qe (9)

where qe (mg g−1) and qt (mg g−1) are the adsorption
capacities at equilibrium and at time t (min), respectively.
F(t) represents the fraction of solute adsorbed at any time
t (min), and Bt is a mathematical function of F(t).
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2.6. Isotherms of the adsorption

Adsorption isotherms describe the relationship
between the concentrations of the adsorbate on the
solid phase and in the liquid phase after the adsorp-
tion system attained equilibrium at a constant temper-
ature. The isotherm parameters calculated from the
equilibrium models give insight into the adsorption
mechanism, surface properties, and affinity of the
adsorbent with the adsorbate [26]. In this study, the
equilibrium data were fitted by Langmuir [27], Frund-
lich [28], and Temkin [29] isotherm model, respec-
tively.

2.6.1. Langmuir isotherm

The Langmuir isotherm model suggests that all
sites within the adsorbent are energetically equivalent,
the interaction between molecules adsorbed on neigh-
boring sites can be negligible, and the adsorbent sur-
face is saturated after monolayer adsorption [30]. The
linear form is expressed as:

Ce=qe ¼ 1=ðbqmÞ þ Ce=qm (10)

where Ce (mg L−1) is equilibrium dye concentration. qe
(mg g−1) represents amount of dye adsorbed onto
adsorbent at equilibrium. qm (mg g−1) and b (L mg−1)
are the maximum monolayer capacity of the adsorbent
and the Langmuir isotherm constant, respectively.

2.6.2. Freundlich isotherm

The Freundlich model suggests a multilayer sorp-
tion. It can be described as follows:

ln qe ¼ lnKf þ ð1=nfÞ lnCe (11)

where Kf ((mg g−1)(mg L−1)−1/n) is the Freundich con-
stant and 1/nf (dimensionless) is the heterogeneity fac-
tor.

2.6.3. Temkin isotherm

It assumes that the heat of adsorption of all mole-
cules in the layer decreases linearly with coverage due
to interactions among adsorbates and a uniform distri-
bution of binding energies are used to characterize
adsorption. It can be shown in linear form as follows:

qe ¼ ðRT=bTÞ ln AT þ ðRT=bTÞ lnCe (12)

where AT (L g−1) and bT (J mol−1) are the equilibrium
constant corresponding to the maximum binding
energy and a constant related to the heat of adsorp-
tion, respectively.

2.7. Thermodynamics of the adsorption

The thermodynamic data reflect the feasibility and
favorability of the adsorption. The parameters such as
free energy change, enthalpy change, and entropy
change can be estimated by the change of equilibrium
constants with temperature. These parameters are
determined by the following equations:

DG0 ¼ DH0 � TDS0 (13)

lnKc ¼ �ðDH0=RTÞ þ DS0=R (14)

Kc ¼ Cs=Ce (15)

where ΔG0 (kJ mol−1), ΔH0 (kJ mol−1) and ΔS0

(J mol−1 K−1) are standard free energy change,
enthalpy change, and entropy change, respectively. Kc

and Cs (mg L−1) are the equilibrium constant and the
amount adsorbed on solid at equilibrium, respectively.

3. Results and discussion

3.1. Characterization of adsorbent

3.1.1. Fourier-transform infrared analysis

The infrared spectra of SMS (a) and OASMS (b) are
shown in Fig. 2. As illustrated in Fig. 2(a) and (b),
broad bands in the 3,200–3,600 cm−1 region are found,
which can be presumably contributed by the overlap-
ping stretches of N–H, O–H, and =C–H aromatic
groups [31]. The characteristic alkyl C–H peaks are
observed in a range from 2,800 to 3,000 cm−1 [32]. The
strong peak at around 1,630 cm−1 is due to C=C
stretching vibration. The peak at 1,321 cm−1 can be
ascribed to C–O vibration in syringyl derivatives. The
peak observed at 1,035 cm−1 can be assigned to C–O
stretching in cellulose. Compared with the spectrum of
SMS, the new peaks, 2,800–2,900 and 1,670–1,760 cm−1,
are found in Fig. 2(b), which are attributed to C–H
stretching vibrations of carbonyl group and stretching
vibrations of carbonyl groups in carboxylic acids,
respectively [33]. The results show a number of
carboxyl groups have been grafted onto SMS after
modification by oxalic acid.
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3.1.2. Scanning electron microscopy observation

The Scanning electron microscopy (SEM) micro-
graphs of SMS before and after modification by oxalic
acid are given in Fig. 3(a) and (b), respectively. SMS
consists of many natural polymers, such as lignin, cellu-
lose, and hemicellulose, which are carbon and energy
source for the fungus. As illustrated in Fig. 3(a), pores
in SMS are left after these biopolymers being degraded
and consumed by the fungus. Compared to SMS, it is
found that the surface texture of OASMS changes since
modification by oxalic acid occurs.

3.2. Effect of initial pH

As shown in Fig. 4, the effect of pH on adsorption
capacity and removal of MB dye using OASMS

adsorbent was investigated in the pH range of 2–10.
There is an increase in both equilibrium adsorption
capacity and removal of MB dye at pH from 2 to 4.
Further increase of pH cannot obviously improve the
removal and the adsorption capacity. MB dye is posi-
tively charged in water solution. The surface of
OASMS adsorbents are surrounded by hydronium
ions and the carboxyl groups were harder to ionize at
pH below 4, which prevents the adsorption of MB dye
ions onto OASMS surface owing to electrostatic repul-
sion and the competition between hydronium ions
and MB dye ions for the adsorption sites [34]. The
grafted carboxylic groups on OASMS surface are more
easily deprotonated at higher pH, resulting in an
increase in MB adsorption because of electrostatic
attraction between –COO– and cationic dye [35]. How-
ever, the slight changes of removal and adsorption
capacity at the pH range of 4–10 can be attributed to
electrostatic attraction which was not the only mecha-
nism for MB dye adsorption in this system. The
OASMS can also interact with MB molecules via
hydrogen bonding.

3.3. Effect of contact time and initial concentration

The effects of initial dye concentration and contact
time on MB adsorption using OASMS adsorbent were
investigated with various dye concentrations and
intervals as depicted in Fig. 5. Most of MB dye was
removed within the first 60min. Equilibrium was
achieved in 120min at a concentration of 100mg L−1

and then no more MB dye was adsorbed. Similar
observations are found at other concentrations studied
in this work. This is associated with large numbers of
vacant active surface sites on OASMS surface that are
available at the initial stage of the adsorption.

Fig. 2. Fourier-transform infrared (FT-IR) spectra of SMS
(a) and OASMS (b).

Fig. 3. SEM micrographs of SMS before (a) and after (b) modification.
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However, the remaining vacant active sites are less
available for adsorption as the time lapsed and the
repulsive forces occurring between the adsorbed and
free molecules [36]. With the increasing initial MB
concentration ranging from 40 to 100mg L−1, the
adsorption capacity at equilibrium increases from 19.6
to 48.2 mg g−1 due to an increase in driving force for
the mass transfer among the adsorbent and the adsor-
bate [34].

3.4. Effect of OASMS dose

The effects of OASMS dosage on MB dye adsorp-
tion were conducted by varying the adsorbent dose

from 25 to 200mg and temperatures from 303 to 333 K
as shown in Fig. 6. It is found that the equilibrium
adsorption capacity decreases from 128.2 to 19.7mg g−1

with increasing adsorbent dose from 25 to 200mg
at 303 K. This can be attributed to the increased
adsorbent surface area, i.e. the high number of unsatu-
rated adsorption sites occurs during adsorption
process [26]. Similar trends are found at other tempera-
tures studied.

3.5. Effect of temperature

The effects of temperature on MB adsorption using
OASMS were performed by varying the temperatures
from 303 to 333 K as presented in Fig. 7. With the
decreasing temperature, the equilibrium removal
increases from 89.3 to 97.2% and the equilibrium
adsorption capacity increases from 35.7 to 38.8mg g−1,
revealing the exothermic nature of the MB dye
adsorption on OASMS, i.e. lower temperatures
favored the adsorption.

3.6. Study of adsorption parameters

3.6.1 Kinetic parameters

The linear plots of ln (qe – qt) vs. t and t/qt against t
are illustrated in Fig. 8. The values of k1, k2, and qe at
different temperatures can be determined from the
slope and intercept of the plots. As listed in Table 1,
the correlation coefficients (R2) for the pseudo-
first-order kinetic model are less than 0.854, and the
calculated qe (qe,cal.) values are far lower than the exper-
imental values of qe (qe,exp.). However, the qe,cal. for the

Fig. 4. Effect of initial solution pH on MB adsorption using
OASMS adsorbent (dye concentration: 80mg L–1, volume:
50mL, temperature: 303 K; dose: 100mg; time: 12 h).

Fig. 5. Effect of initial dye concentration and contact time
on MB adsorption (adsorbent dose: 100mg, volume: 50mL,
temperature: 303 K).

Fig. 6. Effect of adsorbent dose on MB adsorption (dye
concentration: 80mg L–1, volume: 50mL, time: 12 h).
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pseudo-second-order kinetic model is very close to the
values of qe,exp. and all the R2 values at different tem-
peratures are 1.000, which indicates the experimental
data can fit the pseudo-second-order model well.

As illustrated in Fig. 9(a), a multi-linear nature of
the plot of the intra-particle diffusion model indicates
that there are three steps with different rate constants
affecting the adsorption process. The graphical analysis
is applied for each linear region. The values of kid and
C are obtained from the slopes and intercepts of the
plots and summarized in Table 2. In this work, the
three regions lies in the range of 5–15min, 15–60min,
and 60–720min, respectively. It is found that the
intra-particle diffusion rate constant (kid) decreased
with increasing time at 303 K, indicating that the
intra-diffusion slowed down. The value of C obtained

from the first linear region at 303 K is 26.56, which is
significantly different from zero. This indicates that the
adsorption rate in the first linear region at 303 K is not
governed by intra-particle diffusion, i.e. the intra-parti-
cle diffusion is not the sole rate-controlling step.
Similar trends and observations occur at other temper-
atures studied.

The Boyd plots of Bt against t for the MB adsorp-
tion at different temperatures are shown in Fig. 9(b).
The Boyd parameters are listed in Table 2 with corre-
lation coefficients (R2) higher than 0.901. Fig. 9(b)
clearly states that the film-diffusion is the controlling
factor in the adsorption process since the plots of
Boyd’s film-diffusion model are linear and do not pass
through the origin [37]. The fact that film diffusion
played a major role in the adsorption processes

Fig. 7. Effect of temperature on the adsorption of MB dye using OASMS adsorbent (dye concentration: 80mg L–1, adsor-
bent dose: 100mg, volume: 50mL).

Fig. 8. The linear plots of pseudo-first-order (a) and pseudo-second-order (b) model.
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Table 1
The pseudo-first-order and pseudo-second-order parameters

Model Parameters

Temperature (K)

303 313 323 333

qe,exp.(mg g−1) 38.86 38.54 37.84 36.85
Pseudo-first order k1 (min−1) 0.0095 0.0077 0.0093 0.0064

qe,cal. (mg g−1) 2.05 1.77 1.55 1.64
R2 0.854 0.698 0.780 0.626

Pseudo-second order k2 (gmg−1 min−1) 0.0266 0.0281 0.0340 0.0262
qe,cal. (mg g−1) 38.91 38.61 37.88 36.90
R2 1.000 1.000 1.000 1.000

Fig. 9. The linear plots of intra-particle diffusion (a) and Boyd’s film-diffusion (b) model.

Table 2
The intra-particle diffusion and Boyd’s film-diffusion parameters

Model Parameters

Temperature (K)

303 313 323 333

Intra-particle diffusion kid1 (mg g−1 min−1/2) 2.7782 2.7977 3.4591 4.1859
C (mg g−1) 26.56 26.14 23.62 20.02
R2 0.943 0.913 0.931 0.950
kid2 (mg g−1 min−1/2) 0.3483 0.3824 0.2546 0.1326
C (mg g−1) 35.743 35.139 35.619 35.265
R2 0.918 0.954 0.925 0.907
kid3 (mg g−1 min−1/2) 0.0274 0.0257 0.0178 0.0278
C (mg g−1) 38.186 37.908 37.386 36.126
R2 0.927 0.914 0.912 0.919

Boyd’s film-diffusion Intercept (1) 0.7791 0.8011 0.4721 0.1242
R2 0.968 0.928 0.975 0.997
Intercept (2) 2.1984 2.0598 2.4789 2.8676
R2 0.960 0.987 0.971 0.901
Intercept (3) 3.3581 3.7589 3.8056 3.6022
R2 0.998 0.955 0.982 0.946
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suggested that the dye ions mainly bonded with the
carboxylic groups on the surface of the adsorbents via
the covalent bonds.

3.6.2. Isotherm parameters

The plot of Ce/qe vs. Ce gives a linear relationship
as shown in Fig. 10(a). b and qm were calculated from
the intercept and slope, and their values were listed in
Table 3. The values of correlation coefficient (R2) are
in the range from 0.897 to 0.964. Therefore, the Lang-
muir model does not describe the MB adsorption well.

Fig. 10(b) shows the plot of ln qe against ln Ce. 1/nf
and Kf can be calculated from the slope and intercept
of the plot, respectively. The results are presented in
Table 3. The correlation coefficients (R2) are higher
than 0.912, indicating that the experimental data can
be described by the Freundlich model. The 1/nf values
at different temperatures are less than 1, illustrating
that the MB adsorption on OASMS is favorable [38].

The values of AT and bT can be calculated from the
intercept and the slope of the linear plots obtained by
plotting qe vs. ln Ce in Fig. 10(c). The results are listed
in Table 3. The correlation coefficients (R2) are higher
than 0.941, which indicates the equilibrium data fitted
the Temkin isotherm well.

3.6.3. Thermodynamic parameters

The values of ΔH0 and ΔS0 are calculated from
the slope and intercept of a linear plot of ln Kc

against 1/t and summarized in Table 4. The nega-
tive value of ΔH0 confirms the exothermic nature of
adsorption. The negative values of ΔG0 at different
temperatures (303–333 K) suggest the spontaneous
nature of MB adsorption. The negative value of ΔS0

suggests the decreased randomness at the solid/
solution interface during the adsorption of MB dye
on OASMS adsorbent.

Fig. 10. The linear plots of Langmuir (a), Freundlich (b), and Temkin (c) equilibrium model.
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4. Conclusions

In this study, OASMS was applied to MB adsorp-
tion from aqueous solution. Bath experiments by vary-
ing conditions such as adsorbent dose, initial dye
concentration, initial solution pH, and temperature
were conducted. The results showed that initial solu-
tion pH played a significant role in MB adsorption.
The higher pH favored the adsorption process. The
maximum adsorption capacity reached 128.2 mg g−1.
The adsorption followed pseudo-second-order kinet-
ics. The Frundlich and Temkin isotherms showed the
highest correlation with experimental data for the MB
adsorption. The MB adsorption process was well
described by the Boyd’s film-diffusion, indicating that
the mechanism of MB adsorption by OASMS is the
external mass transfer. Thermodynamic parameters
indicated that the adsorption process is exothermic,
feasible, and spontaneous. The results showed that
OASMS is a potential adsorbent for treatment of
wastewater containing MB.
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