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Decolorization of Rhodamine-B from Aqueous Solutions
by Spent Mushroom Substrate

Jing Liu, Jinghao Shi, Chenxuan Qian, Yubo Zhao, Lihui Chen,* Liulian Huang, and
Xiaolin Luo *

The adsorption of Rhodamine-B (Rh-B) from aqueous solutions onto spent
mushroom substrate (SMS) and mushroom substrates prior to use (MSP)
were comparatively studied in terms of the adsorption parameter effects,
isotherms, and kinetics. It was found that an acidic pH of the dye solution
was detrimental for basic Rh-B dye adsorption, which favored the
electrostatic attraction between the cationic Rh-B and negative SMS and
MSP. The adsorption isotherms of Rh-B onto the SMS and MSP followed
the Langmuir model rather than the Freundlich or Temkin models. The
fitted adsorption capacity of the SMS (107.5 mg/g) was approximately
double that of the MSP (47.6 mg/g), which indicated a higher surface area
and the presence of more adsorption functional sites that were created
during edible fungus (Grifola frondosa) cultivation. Moreover, the
experimental adsorption data of the SMS and MSP obeyed pseudo-
second-order kinetics. The intraparticle diffusion plots revealed the
multilinear adsorption nature of the SMS, which included boundary layer
adsorption, intraparticle diffusion, and pore diffusion. However, only
intraparticle diffusion played a major role in the adsorption of Rh-B onto
MSP. It was concluded that the utilization of agricultural waste for edible
fungus cultivation would not only improve the value of the agricultural
waste itself, but can also remove Rh-B from aqueous solutions.
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INTRODUCTION

Nowadays, to improve application performances, many dyes are synthesized with
improved properties, such as thermal stability, photo-resistance, and chemical resistance
(Qu et al. 2015). These virtues allow these dyes to meet various commercial demands and
increased competition. However, large volumes of wastewater are produced during the
textile printing and dyeing processes (Gao et al. 2016). Some dyes contained in wastewater
not only deteriorate the water quality, but they also cause a noticeable impact on humans
and aquatic organisms. For instance, Rhodamine B (Rh-B), a basic red dye in the xanthenes
class that is widely used in the paint, textiles, paper, and leather industries, has been
experimentally shown to be carcinogenic and mutagenic to the marine food chain (Tan et
al. 2014). Therefore, removing Rh-B from aqueous effluents has attracted much attention
worldwide.

To date, various methods have been developed for removing Rh-B from
contaminated water, including chemical oxidation (Nadupalli et al. 2011),
photodegradation (Zhang et al. 2016b), biodegradation (Shenvi et al. 2015), adsorption
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onto inorganic (Zhang et al. 2012; Tehrani and Zare-Dorabei 2016) or organic materials
(Gupta et al. 2000; Zhang et al. 2016a), and more. Since Rh-B is not only stable under heat
and light, but also resistant to oxidation and biodegradation, adsorption is considered to be
the most effective method for removal (Gao et al. 2015). Of the adsorption technologies,
inorganic and inorganic-organic hybrid materials, such as activated carbon (Guo et al. 2005;
Ding et al. 2014), zeolites (Wang et al. 2006; Hu et al. 2015), and metal-organic
frameworks (Liu et al. 2016; Tehrani and Zare-Dorabei 2016), have been investigated
thoroughly. Though these materials have been shown to be efficient at removing Rh-B
from wastewater, both their application and scale-up are limited because of the high costs
and complex synthesis processes. Thus, it is of great importance to discover materials that
are natural, organic, and inexpensive for the efficient removal of Rh-B.

Low-cost natural materials used to remove Rh-B mainly come from agricultural
by-products, such as bagasse fly ash (Gupta et al. 2000), mango leaf powder (Khan et al.
2011), fruit epicarp (Inyinbor et al. 2016), sawdust (Abdulsalam and Oladipo 2015), jute
stick powder (Panda et al. 2009), and more. It is well known that sawdust and other
agricultural by-products are necessary raw materials for edible mushroom production
(Obodai et al. 2003). These agricultural by-products can also be re-utilized with
corresponding solid resides, which results in adsorption abilities that are as good as or
better than those of the original by-products (Tian et al. 2011; Toptas et al. 2014). Recently,
the use of spent mushroom substrate (SMS), a waste product from the process of mushroom
production, as an adsorbent for removing different kinds of dyes from wastewater has been
investigated. Tian et al. (2011) investigated the use of SMS in decolorizing textile effluent
and achieved a maximum adsorption capacity of approximately 148 mg/g for Congo Red.
Additionally, Yan and Wang (2013) used SMS to remove Methylene Blue from aqueous
solutions and reached a maximum adsorption capacity of approximately 64 mg/g.
Afterwards, SMS was also used to treat wastewater contaminated with Acid Red 111 or
Basic Red 18 (Toptas et al. 2014). However, to the best of the knowledge of the authors,
research on the use of SMS to remove Rh-B from dye effluents has not been conducted.
To expand the application field of SMS, it is imperative to conduct comparative studies on
the adsorption behavior of SMS and mushroom substrates prior to use (MSP).

In addition to using SMS to treat wastewater, its regeneration or re-utilization is
also important. Typically, contaminated SMS was recovered by solution-washing. For
example, acid (HNOs) and alkali (NaOH) solution with different concentration were
applied to regenerate Azolla pinnata adsorbed by Rh-B (Kooh et al. 2016). For desorption
of Rh-B from inorganic adsorbents (metal-organic framework (MOF) and carbon nanotube,
etc.), some salt solutions including CaCl, and NaCl, and solvent such as acetone had been
found to be effective (Huo and Yan 2012; Liu et al. 2016). Although the performance of
these solutions on the desorption of Rh-B from SMS or MSP is limited, it deviates from
the focus of this study.

Thus, the purpose of this study was to evaluate the potential of SMS as a low-cost
alternative adsorbent for removing Rh-B from wastewater. The effects of the initial dye
concentration, initial solution pH, and contact time on the adsorption properties of SMS
and MSP were compared. Corresponding isotherms and kinetics of the adsorption
processes were also analyzed.
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EXPERIMENTAL

Materials

SMS and MSP were generously provided by the Mycological Research Center of
Fujian Agriculture and Forestry University, China. MSP contains 22 wt.% corn stalk
powder, 50 wt.% cotton seed hull, 26 wt.% wheat bran, and 2 wt.% lime. Prior to use, corn
stalk, cotton seed hull, and wheat bran were ground in a Wiley mill, screened to pass
through a 40-mesh screen, and then sealed in plastic bags until further use. Grifola frondosa
was cultivated on MSP. After manually removing the edible fungus and washing it with
deionized (DI) water, SMS was obtained, which is a waste from Grifola frondosa
cultivation.

Rh-B (CAS Reference Number: 81-88-9, Molecular Formula: CzsH31CIN2Os,
Molecular Weight: 479.01, maximum ultraviolet adsorption wavelength (Amax): 554 nm)
was purchased from Sigma-Aldrich (Shanghai, China) and used without further
purification. Rh-B is a basic red dye that is water soluble and part of the xanthenes class.
It is suggested to not come in direct contact with Rh-B because of its high toxicity, quick
coloration of human skin, and irritation of skin and eyes. The chemical structure of Rh-B
is shown in Fig. 1.

Batch Adsorption

The adsorbents, SMS and MSP, were both washed with DI water until they had a
neutral pH. Clean SMS and MSP were then air dried 3 d before use. Batch adsorption was
performed in 250-mL sealed triangle flasks with 100 mL of dye solution that had a
concentration ranging from 20 to 1000 mg/L. The flasks were shaken on an incubator
(MaxQ 481 HP, Thermo Fisher Scientific, Waltham, USA) at 25 °C with a stirring speed
ranging from 90 to 180 rpm. The initial pH of the dye solution was adjusted using 0.1
mol/L HCI or NaOH. The influences of the adsorbent dosage (0.1 to 1.5 g) and stirring
speed (90 to 180 rpm) were also evaluated in the present study.

For the isothermal adsorption experiments, adsorption was sustained for 1 h, which
was sufficient to reach equilibrium. The base solution of Rh-B was prepared with DI water
and diluted as required. For the adsorption kinetic experiments, adsorption was carried out
with the following conditions: 1 g of SMS, 100 mL of dye solution (20, 50, and 100 mg/L),
stirring speed of 150 rpm, and 25 °C. The sampling time ranged from 1 to 60 min. After
sampling the dye solution, it was centrifuged for the dye concentration measurement.

Dye Concentration Measurement

All of the sampled filtrates were first centrifuged at 10,000 rpm for 5 min. The
supernatants were analyzed for the residual Rh-B concentration with an ultraviolet visible
(UV-Vis) spectrophotometer (Agilent 8453, USA) at the maximum wavelength (Amax) of
554 nm. DI water was used as the background sample for the UV-Vis measurement. A
standard curve was developed using a set of Rh-B solutions with a concentration gradient.
The adsorption capacity at the equilibrium time (ge, mg/g), amount of dye adsorbed at the
measured time (qt, mg/g), and dye removal (DR, %) of the SMS and MSP were calculated
according to the following equations,

_ (CO_Ce)XV
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where Co is the initial dye concentration (mg/L), Ce is the residual dye concentration at
equilibrium (mg/L), m is the mass of the adsorbent (g), v is the volume of the adsorption
solution (L), and C; is the dye concentration at time t (mg/L).

RESULTS AND DISCUSSION

Effects of the Initial Solution pH, Adsorbent Dosage, and Stirring Speed on
the Equilibrium Adsorption Capacity and Removal of Rh-B

Because of changes in the adsorbent surface charge and ionization degree of the
dye molecule, the initial pH value of the dye solution is regarded as one of the most
important factors affecting adsorption. Figure 2a shows the effect of the dye solution pH
on the adsorption capacities of Rh-B onto the SMS and MSP. It was obvious that the
equilibrium adsorption capacities (ges) of Rh-B onto the SMS and MSP decreased from 2.0
to 1.5 mg/g and 1.4 to 1.2 mg/g, respectively, as the pH value of the initial solution
increased from 2 to 4, and then gradually reached a constant value as the pH became near
neutral and basic. This result could have been caused by the surface charge of the adsorbent
or ionization forms of the Rh-B at different pH values. Toptas et al. (2014) reported that
the surface charge of washed SMS exhibited an increasing negativity as the pH of the dye
solution was increased from 2 to 11. The (-potential of the SMS ranged from -1 to -4 mV
and -4 to -14 mV when the pH of the dye solution ranged from 1 to 3 and 3 to 11,
respectively (Fig. 1). Biomass, including corn stalk powder, cotton seed hull, and wheat
bran, is composed mainly of lignin, cellulose, hemicellulose, and extractives (Luo et al.
2014). Because of the —OH functional group from phenols, alcohols, and carboxylic acids
in the lignin and carbohydrates, the surface charge of the washed MSP is believed to be
negative (Chen et al. 2004). At a pH less than 3, the Rh-B molecules existed in a
monomeric cation form, and a strong electrostatic attraction between the cationic Rh-B and
negative SMS and MSP was favored. At a pH greater than 3, the Rh-B molecules were in
zwitterionic form in solution (Fig. 1), which could have caused them to aggregate into
bigger molecules. This decreased the positive charge density of the Rh-B, which then led
to the gradual disappearance of electrostatic interaction between the Rh-B and negative
SMS and MSP. As the number of H* ions released from the carboxylic groups increased
and Rh-B molecules continued to aggregate, the repulsion force between the adsorbate and
adsorbent may have increased accordingly. Additionally, the small pore sizes of SMS and
MSP were not easily accessible for the bigger Rh-B molecules. These findings were similar
to the results of cationic sulfa antibiotics adsorption onto SMS (Zhou et al. 2016). Although
the adsorption capacity of the SMS and MSP both decreased as the pH of the Rh-B solution
increased from 2 to 11, the ge of the former was remarkably higher than that of the latter
because of larger pore sizes and pore volumes formed during the process of edible fungus
cultivation (Toptas et al. 2014). According to the above discussion, lower pH values of the
Rh-B solution, such as 2, is more favorable for increasing the adsorption capacity of the
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SMS and MSP. Therefore, the relatively optimum initial pH value of the Rh-B solution
was determined to be 2. The following experiments were all conducted at this pH.

The effects of the adsorbent dosage on Rh-B removal and the equilibrium
adsorption capacities (ges) are shown in Fig. 2b. Rh-B removal initially increased with the
increase in the SMS and MSP dosages, and then it was a constant value. For example, with
a dye solution volume of 100 mL, the Rh-B removal increased from 60.4% to a constant
value of 99.3% when the SMS dosage was increased from 0.1 to 1.2 g. The Rh-B removal
increased from 19.7% to a constant value of 85.0% with MSP at the same dosages, which
was far lower than that of SMS. This may been because of the higher number of available
adsorption functional sites and greater adsorbent surface area created by the edible fungus
(Tian et al. 2011; Toptas et al. 2014). However, the ge decreased gradually with increasing
dosages of SMS and MSP, which showed that the adsorption saturation capacity of Rh-B
onto the SMS and MSP had not been reached with a dye concentration of 20 mg/L. A
greater adsorbent surface area and more adsorption functional sites were available to treat
the dye waste solution with a high concentration. Thus, a higher Rh-B concentration was
used to evaluate the adsorption isotherms in the following sections
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Fig. 1. Effect of the solution pH on the {-potential and molecular form of the Rh-B

According to the reference (Wu et al. 2017), the permissibly detectable
concentration of RhB is 500 pg/kg, which was already established by Europe and USA.
With the highest Rh-B removal (99.3%) achieved by SMS, the concentration of Rh-B (0.14
mg/kg) left in wastewater does not exceed above limit, suggesting that no extra treatments
are required to reach a safe concentration level of Rh-B.

The effect of the stirring speed on the ges of the Rh-B onto the SMS and MSP was
also investigated (Fig. 2c). It was found that for MSP, the ge increased slightly when the
stirring speed increased from 90 to 180 rpm. However, for SMS, the ge of the Rh-B did not
change remarkably with an increase in the stirring speed. This meant that the adsorption
balance could easily be reached at a lower stirring speed because there were enough
adsorption functional sites and surface area on the SMS for Rh-B to adhere. To avoid the
stirring speed effect on the following adsorption isotherms and kinetics analyses, the
stirring speed was set at 150 rpm.
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Fig. 2. Effects of the pH (a), adsorbent dosage (b), and stirring speed (c) on the equilibrium
adsorption capacity and removal of Rh-B with SMS and MSP. The temperature, Rh-B
concentration and the volume of Rh-B solution for all adsorptions were set as 298 K, 20 mg/L and
100 mL, respectively. For investigating the pH of Rh-B solution (Fig. 2. (a)), adsorbent dosage
and stirring speed were fixed as 1 g and 150 rpm; for investigating adsorbent dosage (Fig. 2. (b)),
the pH of Rh-B solution and stirring speed were fixed as 2 and 150 rpm; for investigating stirring
speed (Fig. 2. (c)), the pH of Rh-B solution was 2. The standard deviations of duplicates were

expressed via error bars on all figures.

Adsorption Isotherms of Rh-B onto the SMS and MSP

Adsorption isotherm models, including the Langmuir, Freundlich, and Temkin
models, are usually used to explain the equilibrium relationship between an adsorbent and
adsorbate (Ruthven 1984). The Langmuir isotherm model is often applied for
homogeneous monolayer adsorption onto a surface with a finite number of identical sites.
Its known expression and derived linear form are expressed as follows,

Qe _ KLCe
9, 1+K.C, ()
i .t .1
qe qm KLqm Ce (5)
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where gm is the maximum theoretical adsorption capacity (mg/L) and K. represents the
Langmuir constant related to the energy of adsorption (L/mg).
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Fig. 3. Adsorption isotherms of Rh-B onto the SMS (a) and MSP (b) with an adsorbent dosage,
dye solution pH and volume, stirring speed, and solution temperature of 0.8 g, 2 and 100 mL, 150
rpm, and 25 °C, respectively. The error bars on graphs are standard deviations of duplicates.

The Freundlich isotherm model and its linear expression, which are widely used to
describe non-ideal adsorption onto heterogeneous surfaces with different functional sites
and different kinds of adsorbent-adsorbate interactions, is shown below,

qe = KF(Ce)% (6)

Ing, =Ih K, +£In(Ce)
n ()
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where Ke ((mg/g)-(L/mg)¥™ is the adsorption capacity of the adsorbent and n is the
intensity of adsorption.

The Temkin isotherm model describes chemical adsorption involving the heat of
adsorption and adsorbent-adsorbate interaction. The original and derived linear formulas
are expressed as follows,

RT
qe =——In KOCe
AQ ®)
d, =Z—T*In K, +§—T*In C.
Q Q (9)

where R is the universal gas constant (J/(mol-K)), T is the solution temperature (K), AQ is
the variation in the adsorption energy (J/mol), and Ko is the equilibrium binding constant
(L/mg).

For adsorption of Rh-B onto the SMS and MSP, it was observed that higher
coefficients of determination (R > 0.99) were achieved with the Langmuir isotherm model
(Table 1), which indicated a better fit with this model compared with the other two isotherm
models. This result was similar to the results of Congo Red adsorption onto SMS, whose
experimental data was better fit by the Langmuir isotherm model than the Freundlich and
Temkin isotherm models (Tian et al. 2011). Therefore, the assumption was made that the
coverage of Rh-B onto the adsorptive sites of the SMS and MSP was a monolayer.

Table 1. Isotherm Adsorption Parameters of Rh-B onto the SMS and MSP

SMS MSP
Freundlich isotherm
Kr 7.945 0.553
n 1.777 1.456
R? 0.929 0.964
Langmuir isotherm
gm 107.527 47.619
KL 0.077 0.006
R? 0.998 0.995
Temkin isotherm
AQ 15.913 14.660
Ko 2.072 0.119
R2 0.975 0.960

As shown in Fig. 3, the adsorption capacity of the SMS and MSP was enhanced
with the increase in the initial Rh-B concentration. However, it was also seen from Table
1 that the maximum monolayer adsorption capacity of the SMS for Rh-B was
approximately double that of the MSP. This was attributed to the higher surface area and
more adsorption functional sites, which mainly come from the biological digestion reaction
of Grifola frondosa on lignocellulose (corn stalk powder, cotton seed hull, and wheat bran)
during the process of cultivation. Moreover, Al-Degs et al. (2008) stated that a higher value
of Kc in the Langmuir isotherm model was indicative of a favorable adsorption process.
By comparing the two K values, it was concluded that the adsorption of Rh-B onto SMS
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was more favorable than onto MSP. This was consistent with the fitting results from the
other two models, although the fitting degree of each of those models was not as good as
that of the Langmuir isotherm model (Table 1).

In addition to the Langmuir K constant, the favorable nature of adsorption can be
expressed with the dimensionless separation factor (R.), which is an important indicator of
the adsorption process and is calculated by the following equation,

R oL
1+K.C, (10)
where K is the Langmuir constant related to the energy of adsorption (L/mg) and Co is the
initial dye concentration (mg/L). The value of R. indicates whether the adsorption process
is irreversible (RL = 0), favorable (0 < R < 1), linear (RL = 1), or unfavorable (RL > 1).
For the separation factors of Rh-B adsorption onto the SMS and MSP, Fig. 4
showed that the values of R were all within the range of 0 to 1, which confirmed that SMS
and MSP were both favorable for the adsorption of Rh-B under the investigated conditions.
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Fig. 4. Separation factors of Rh-B adsorption onto the SMS and MSP with an adsorbent dosage,
dye solution pH and volume, stirring speed, and solution temperature of 0.8 g, 2 and 100 mL, 150
rpm, and 25 °C, respectively

Adsorption Kinetics of Rh-B onto the SMS and MSP

As shown in Figs. 5a and 5b, the variations in the adsorption capacities at the dye
concentrations of 20, 50, and 100 mg/L underwent three distinct stages. The time-
dependent adsorption capacities of the MSP and SMS rapidly increased in the initial 15
min, then slowed down, and finally reached equilibrium. According to the research by
Zhang et al. (2016a), the first adsorption stage was a general physi-diffusion or physi-
sorption, which was attributed to the rough and irregular surface of the adsorbent. Chemi-
sorption, such as ion-exchange between active functional sites with Rh-B, mainly occurred
in the second stage. Therefore, the rate-limiting step of biosorption could be determined.

Additionally, the adsorption capacities also increased with the initial dye
concentration, which indicated that adsorption was favorable at high concentration of Rh-
B. For the three dye concentrations, the adsorption capacities of the SMS were all
noticeably higher than that of the MSP (Figs. 5a and 5b), which was consistent with the
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results from Figs. 2b and 3. This was mainly caused by a higher surface area and more
active functional sites on the SMS than the MSP. Thus, these three dye concentrations were
selected to investigate the kinetic adsorption behaviors of Rh-B onto the SMS and MSP.
To determine the exact adsorption rate of Rh-B onto the MSP and SMS, kinetic models
were developed and analyzed, and are shown in Fig. 5.

Rh-B adsorption usually follows a pseudo-second-order kinetic model (Abdulsalam
and Oladipo 2015; Liu et al. 2016; Zhang et al. 2016a). To investigate the adsorption
process, two kinds of kinetic models, pseudo-first-order and pseudo-second-order, were
used to fit the experimental data. The pseudo-first-order kinetic equation is shown in Eq.
11:

da,
— =k (g, —q,)
dt ! ' (11)

Integrating Eq. 11 with the initial conditions (qt=0att=0minand gt =qtatt=t
min) resulted in the derived form shown as the following equation:

In( Q. — qt) =1In Qe — klt (12)

where ki is the rate constant of the equation (min™).

If the adsorption of Rh-B follows the pseudo-first-order Kkinetic equation, there
should be a linear relationship between In(qge - q¢) and t. From Figs. 5¢ and 5d, it was found
that a linear curve was only achieved by MSP and not by SMS. The value of ki and ge were
calculated from the slope and intercept of the linear line on the graph. However, the
calculated equilibrium adsorption capacities (ges) were all lower than the corresponding
experimental ges, which indicated that the experimental data of Rh-B adsorption onto the
MSP was not fitted well by the pseudo-first-order equation. For pseudo-first-order kinetic
equation, a non-goodness-of-fit for Rh-B and other basic dyes onto bio-adsorbents and
inorganic adsorbents was reported by previous researchers as well (Wang et al. 2006; Tian
et al. 2011; Toptas et al. 2014; Qu et al. 2015; Gao et al. 2016; Zhang et al. 2016a).

In order to further investigate the kinetic adsorption of Rh-B onto the MSP and
SMS, the pseudo-second-order equation was applied. It was expressed as:

d
k(0. - a)*
dt (13)
By taking into account the boundary conditions (qt=0att=0minand gt =gt at t
=t min) and rearranging Eq. 13, Eq. 14 was derived:

t 1 t
R ” 5 4+
0 K9 e (14)

where ko is the rate constant for the pseudo-second-order adsorption equation (g/(mg-min)).
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Fig. 5. Adsorption kinetics of Rh-B onto the MSP (a, ¢, and e) and SMS (b, d, and f) with an
adsorbent dosage, dye solution pH and volume, stirring speed, and solution temperature of 1.0 g,

2 and 100 mL, 150 rpm, and 25 °C, respectively
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Table 2. Kinetic Parameters of Rh-B Adsorption onto the SMS and MSP

Experimental Pseudo-First-Order Pseudo-Second-Order
Co P Calculated Calculated
Adsorbent Qe
(mg/L) (mg/g) Qe K1 R2 Qe k2 R?
(mg/g) (mg/g)
20 1.42 0.79 0.049 | 0.971 1.46 0.163 | 0.997
50 3.03 1.80 0.051 | 0.997 3.14 0.070 | 0.995
100 5.39 3.47 0.055 | 0.990 5.66 0.035 | 0.994
20 1.94 - - - 1.95 0.773 | 0.971
50 4.93 - - - 4.96 0.194 | 0.999
100 9.36 - - - 9.57 0.072 | 0.999

As shown in Figs. 5e and 5f, the time-dependent adsorption of Rh-B onto the MSP
and SMS were well described by the pseudo-second-order equation. The plots of e/q:
against t had straight lines. Table 2 lists the results of de, k2, and R? for the three initial
concentrations of Rh-B on the MSP and SMS. For the dye solutions concentration of 20
and 100 mg/L, the coefficient of determination (R?) for Rh-B adsorption onto the MSP
from the pseudo-second-order kinetics was slightly higher than that from the pseudo-first-
order Kkinetics by about 3 and 0.3%. However, the R? values for the three initial
concentrations of Rh-B on the SMS were all above 0.99, which suggested that the second-
order biosorption was the best fit for the adsorption process. Similar results were reported
by Gupta et al. (2000), Tian et al. (2011), Yan and Wang (2013), and Zhang et al. (2016a).

The values of ge and k> were determined from the slopes and intercepts of the plots
(Figs. 5e and 5f). The equilibrium adsorption capacity (ge) of the SMS increased from 1.95
to 9.57 mg/g as the initial dye concentration increased from 20 to 100 mg/L, which was
noticeably higher than that of the MSP. Moreover, the k2 of SMS and MSP both decreased
as the initial dye concentration increased, but the k> of the former was higher than that of
the latter at all of the dye concentration levels. The higher values of ge and k» for the SMS
were mainly caused by more negative functional sites. This was because after edible fungus
(Grifola frondosa) cultivation, more Lewis base sites were created in the SMS than in the
MSP (Yan and Wang 2013; Zhou et al. 2016). Thus, it was concluded that the utilization
of agricultural waste for edible fungus cultivation not only improves the value of the
agricultural waste itself, but can also treat dye wastewater.

Intraparticle Diffusion of Rh-B during Adsorption by SMS and MSP

The adsorbate is mainly transported from the bulk solution into the solid phase of
adsorbent through an intraparticle diffusion process. To further elucidate the adsorption
mechanism of the Rh-B onto the SMS and MSP, an empirical model called the Weber-
Morris plot was used, and is shown below:

a, =ki\/f+C (15)

where ki is the intraparticle diffusion rate constant (mg/(g-min*/?)) and C is the intercept of
the plot.

With Eqg. 15, Ruthven (1984) and Khan et al. (2011) pointed out that a plot of gt
versus t¥2 should be a straight line that goes through the origin of the intraparticle diffusion,
which indicates it is the sole rate-limiting step. The intraparticle diffusion plots for the MSP
and SMS are given in Figs. 6a and 6b. Although the plots of q:versus t*2 for the adsorption
of Rh-B onto the MSP were linear, they did not pass through the origin. This indicated that
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even though intraparticle diffusion played a major role in the adsorption of Rh-B onto the
MSP, it was not the sole rate-limiting step. From Fig. 6b, it was found that the adsorption
process was multilinear. This suggested that more than one factor affected the adsorption
of Rh-B onto the SMS, such as surface sorption and intraparticle diffusion (Inyinbor et al.
2016). Moreover, the intercept of the first linear portion of the plot was not zero. This
implied that the initial stage of the plot involved boundary layer adsorption, while the
second linear portion was because of intraparticle or pore diffusion (Yan and Wang 2013).
Because different adsorption pathways were used to remove dye from the waste solution,
it was determined that the multilinear nature of Rh-B adsorption onto the outer and inner
surface areas of the SMS was an important part of adsorption.
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Fig. 6. Intraparticle diffusion plots for Rh-B adsorption onto the MSP (a) and SMS (b) with an
adsorbent dosage, dye solution pH and volume, stirring speed, and solution temperature of 1.0 g,
2 and 100 mL, 150 rpm, and 25 °C, respectively

These findings were in agreement with the results from the isotherms and kinetics
analyses performed. Edible fungus cultivation resulted in more pores and active functional
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sites on the inner surface of the SMS, which determined the multilinear nature of the
adsorption process. The research by Luo and Zhu (2011) demonstrated that the inner
surface area of chemically or biologically treated lignocellulose was normally 100 times
larger than the external surface area. Therefore, SMS possessed a superior adsorption
capacity when compared with MSP.

CONCLUSIONS

1. An acidic pH of the initial dye solution, such as 2, resulted in the cationic form of
Rhodamine-B (Rh-B), which promoted the electrostatic attraction between the cationic
Rh-B and negative spent mushroom substrate (SMS) and mushroom substrate prior to
use (MSP). For Rh-B concentrations ranging from about 20 to 1000 mg/L, the
processing conditions of SMS involving adsorbent dosage, dye solution pH, stirring
speed, and solution temperature were optimized as 0.8~1 g, 2, 150 rpm, and 25 °C,
respectively, resulting in a dye removal (DR) that decreased from about 99 to 80%.

2. The fitted Langmuir model revealed that SMS had a higher adsorption capacity than
MSP.

3. The results from the pseudo-second-order kinetics and intraparticle diffusion plots
indicated that edible fungus (Grifola frondosa) cultivation resulted in a higher surface
area and more adsorption functional sites in the SMS than MSP. It was shown that SMS
had a multilinear adsorption behavior, indicating that more than one mechanism was
involved in the removal of Rh-B from aqueous solutions.
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