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To effectively remove Cd from water, biochars were produced by pyrolyzing surplus agricultural wastes of
spent mushroom substrate (SMS) at 300, 500, and 700 °C. The biochars were characterized, and their Cd(i)
removal ratios and adsorption capacities in aqueous solutions were evaluated. The physical and chemical
properties of the biochars were significantly affected by increasing the pyrolysis temperature; the data
indicated that the ash content, pH and specific surface area of the biochars increased, whereas the yield
and contents of carbon, hydrogen, nitrogen and oxygen decreased. In addition, the molar ratios of H/C,
O/C and (O + N)/C decreased, which implied that the biochars became more aromatic and
carbonaceous with a lower polarity and fewer oxygen-based functional groups. The pseudo-second-
order kinetics model and Langmuir and Temkin isotherm models described the Cd(i) adsorption better
than the other tested models. The biochars derived at higher pyrolysis temperatures had higher
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46.87 mg g7}, respectively. The Qn, values in our study were equivalent to or even higher than those for

DOI: 10.1039/c8ra03958e other modified biochars. This result shows that the biochars in this study are effective adsorbents for

Open Access Article. Published on 06 August 2018. Downloaded on 6/25/2026 4:45:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances Cd() removal from wastewater.

Introduction

Spent mushroom substrate (SMS) is agricultural waste left over
from mushroom cultivation and is generally composed of wheat
straw, poultry manure and other ingredients." China has
become the world's largest producer of mushrooms, accounting
for approximately 75% of the annual global mushroom
production.”> Each kilogram of mushrooms can produce
approximately 5 kg of waste.* Consequently, tremendous
amounts of SMS are generated from mushroom production,
which has created a substantial challenge for waste disposal.
Traditionally, SMS is used in fields as a fertilizer or incinerated;
the latter method leads to severe environmental pollution.* In
recent studies, SMS biochars have been used for fluoride
removal from aqueous solutions® and for ammonium nitrogen
adsorption.® However, limited research exists on the feasibility
of using SMS derivatives to remove cadmium from aqueous
solutions.

Heavy metal pollution in water has become one of the most
severe environmental problems.”® Heavy metals are ubiquitous,
nonbiodegradable, and highly toxic to all living organisms,
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including plants, animals, and humans.*** Cadmium (Cd) is
a nonessential heavy metal, and numerous anthropogenic
activities directly or indirectly contribute to the enrichment of
Cd in the environment. Cd contamination causes long-term and
short-term effects in humans, and the major mechanism by
which Cd is introduced into human bodies and other living
organisms is through the food chain.®**>** Therefore, the effec-
tive removal of Cd from water is of great importance.

Biochar is the solid by-product of biomass, such as wood,
crop straw, sewage sludge and animal manure, that was sub-
jected to pyrolysis under oxygen-limited conditions.*** In
recent years, biochar has drawn increasing attention due to its
special physicochemical characteristics, including a large
specific surface area, an abundance of pores and surface func-
tional groups, and a high surface negative charge and charge
density.”” These properties allow the use of biochar as an
adsorbent for organic and inorganic pollutants.”®® An
increasing number of studies have shown that biochar can
effectively remove heavy metals from aquatic environments,>***
and the type of biochar feedstock affects its intrinsic properties.
To enhance the removal ratio and adsorption capacity of bio-
char for heavy metals, increasing numbers of studies have used
a variety of methods to modify biochar. For example, W.-Q. Zuo
et al. used CaCO; nanoparticles to modify sewage sludge bio-
char (CMSSB) to enhance the removal of Cd(u) from aqueous
solution, and the adsorption capacity of the obtained CMSSB

This journal is © The Royal Society of Chemistry 2018
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for Cd(n) based on the Langmuir model was 36.5 mg g~ "2 Y.-Y.
Wang et al. used a MnFe,0,-biochar nanocomposite to simul-
taneously remove Sb(m) and Cd(u) from water; the results
showed that the maximum adsorption capacities for Sb(ur) and
Cd(u) were 237.53 and 181.49 mg g, respectively, in a bisolute
system.”® However, modifying biochar may cause secondary
pollution, and modified biochar has a higher economic cost
than common biochar. Ultimately, we can choose a biochar
with a high adsorption capacity for heavy metals. In this study,
the research on biochar preparation from SMS for wastewater
treatment and the effects of different factors, such as the Cd
concentration, contact time, initial pH, temperature and
adsorbent doses, on the adsorption of Cd in aqueous solutions
will provide theoretical references and technical support for the
removal of Cd from water.

Materials and methods
Materials and reagents

SMSs were collected from the mushroom industry in Chengdu,
China. The spent Pleurotus ostreatus substrate mainly consisted
of bran (60%), corn cob (20%) and rice straw (20%). The spent
shiitake substrate mainly consisted of sawdust (80%) and bran
(20%). The collected SMSs were dried at 105 °C for 12 h to
remove any moisture and then milled into particles. The
resulting particles (filtered through a 40-mesh sieve) were stored
for subsequent use. The spent Pleurotus ostreatus substrate
consisted of cellulose, hemicellulose and lignin with contents of
25.78%, 7.55% and 32.9%, respectively, and the spent shiitake
substrate consisted of cellulose, hemicellulose and lignin with
contents of 24.99%, 4.81% and 23.16%, respectively. Biochars
were prepared by thermal treatment in an oxygen-limited
atmosphere.® The prepared SMSs were weighed in crucibles
with lids. The samples were carbonized at 300, 500 or 700 °C in
an airtight muffle furnace for 2 h and then cooled to room
temperature. The different SMS biochars are referred to as
PC300, PC500, PC700, SC300, SC500 and SC700 according to the
preparation temperature and raw material type.

Analytical-grade cadmium nitrate tetrahydrate (Cd(NOs),-4H,0),
NaOH, and HCI were procured from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China) and dissolved in deionized (DI) water
(18.2 MQ) (Nanopure water, Barnstead, 10, USA).

Characterization of the biochars

The biochar samples were analyzed using an elemental analyzer
(MicroCube, Elementar, Germany) to determine the total C,
H, N, O and S contents of the biochars. The pH values were
measured in the supernatant of the biochar aqueous solutions
(solid : water ratio of 1:20). The pore size distributions and
surface areas were determined using the Brunauer-Emmett-
Teller (BET) method with an ASAP 2020 surface area pore
analyzer. The functional groups in the samples were identified
using a TENSOR27 Fourier transform infrared (FT-IR) spec-
trometer (Bruker, Ettlingen, Germany). The oxygen-containing
functional groups of the biochars were analyzed using the
Boehm titration method.> The biochars (0.5 g) were mixed with
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50 mL of 0.05 M NaHCOj;, Na,CO3;, NaOH, or HCI in 50 mL
tubes for 24 h. Then, 0.1 M HCI or NaOH was used to neutralize
the excess base or acid, respectively, using a back-titration
method. The oxygen-containing functional groups were deter-
mined based on the assumption that NaHCO; neutralized the
carboxyl groups, Na,COj; neutralized the carboxyl groups and
lactones, NaOH neutralized all organic acids and acidic func-
tional groups, including phenols, and HCl neutralized all
alkaline groups.”® The structures and morphologies of the bio-
chars were observed by scanning electron microscopy (SEM). X-
ray diffraction (XRD) analysis was conducted on a computer-
controlled X-ray diffractometer (D/max 2500, Rigaku, Japan)
equipped with a stepping motor and graphite crystal
monochromator.

Adsorption kinetics and isotherms

Stock solutions of Cd (1000 mg L") were prepared by dissolving
1.3721 g of Cd(NO;),-4H,0 in deionized water (1000 mL). The
adsorption kinetics of Cd(u) on the biochars was determined by
adding 0.2 g of the biochars to 100 mL polyethylene (PE)
centrifuge tubes containing 50 mL of the sorbate solution
(100 mg L™ Cd(u)). The centrifuge tubes were maintained with
constant shaking (at 160 rpm) at room temperature (25 =+ 0.5 °C)
in a vapor-bathing constant temperature vibrator. Samples were
taken at different time intervals (0, 0.5, 1, 2, 4, 8, 12 and 24 h),
and the solutions were separated by filtration. The Cd concen-
trations in the filtrates were determined using flame atomic
absorption spectrometry (AAS, Thermo Solaar M6, Thermo
Fisher Scientific Ltd., USA).

The adsorption isotherms of Cd(u) on the biochars were
investigated by adding 0.2 g of the biochars to 100 mL PE
centrifuge tubes containing 50 mL of the sorbate solution. The
Cd concentration ranged from 20 to 300 mg L™ ", The centrifuge
tubes were shaken in a mechanical shaker for 12 h at room
temperature (25 £ 0.5 °C), and then, the samples were filtered to
determine the Cd concentrations in the filtrates using the same
method. The amount of Cd sorbed on the biochars (Q.) and the
Cd removal efficiency (E) were calculated according to the
following equations:

0.=(Cy — C) x VIM (1)
E (%) = (Cy — Co)IC,y x 100 2)

where C, and C. (mg L") are the initial and final (after
adsorption) Cd concentrations, respectively, m (g) is the dry
weight of the biochar, and V (mL) is the volume of the Cd
solution.

Effects of the dose and initial pH

Different amounts of biochar (1, 2, 4, 10, 20, and 40 g L") were
added to 100 mL PE centrifuge tubes containing 50 mL of the
sorbate solution (100 mg L™ Cd(u)) to study the effects of the
biochar dose on Cd(u) adsorption. The effect of the initial pH
was investigated by varying the solution pH (3-8) at a biochar
dose of 4 g L™". After 12 h of shaking in a vapor-bathing
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constant temperature vibrator at room temperature (25 + 0.5
°C), the same methods were used to determine the Cd
concentrations in the filtrates.

Biochar reuse

To test the reusability of the SMS biochars, three consecutive
cycles were performed in triplicate. Each adsorption process
was carried out as a batch experiment for 12 h, and then the
biochar was separated using centrifugation. Prior to the next
cycle, the collected adsorbent was washed repeatedly to remove
any residual solution.

Statistical analyses

Each treatment was conducted in triplicate. Data were statisti-
cally analyzed using SPSS 20 software and plotted using Origin
9.0 software, and the variability in the data was expressed as the
mean =+ standard deviation.

Results and discussion
Characterization of the biochars

The main properties of the six biochars are listed in Tables 1
and 2. The mass yields decreased from 50.41% to 34.90% (spent
Pleurotus ostreatus substrate biochars) and from 43.45% to 33%
(spent shiitake substrate biochars) with an increase in the
pyrolysis temperature from 300 °C to 700 °C. However, the ash
content increased from 33.27% to 55.71% (spent Pleurotus
ostreatus substrate biochars) and from 28.02% to 42.28% (spent
shiitake substrate biochars). In addition, the pH values of the

Table 1 Physical and chemical properties of the biochars®
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biochars derived from the two different raw materials increased
from 9.58 to 12.31 and from 10.22 to 12.07, respectively.
Previous studies have suggested that biochars obtained at
higher temperatures have higher pH values and that the pH
increase could be due to the release of alkali salts from the
feedstock during pyrolysis.”®**” The decrease in the content of
acidic functional groups such as -COOH at high temperature is
another factor. As the temperature increased from 300 °C to
700 °C, the concentration of basic functional groups on the
biochar surface increased from 0.81 to 4.3 mmol g " (spent
Pleurotus ostreatus substrate biochars) and from 0.60 to
3.79 mmol g ' (spent shiitake substrate biochars), but the
concentration of acidic functional groups decreased from 2.06
to 1.15 mmol g~ " (spent Pleurotus ostreatus substrate biochars)
and from 1.80 to 0.85 mmol g~ (spent shiitake substrate bio-
chars) (Table 2); these trends were consistent with the increase
in the pH of the biochar. In our study, the C content of the spent
Pleurotus ostreatus substrate biochars (PC) decreased with an
increase in the pyrolysis temperature, but for the spent shiitake
substrate biochars (SC), the C content did not significantly
change. In addition, the H, O and N contents and the H/C, O/C
and (O + N)/C ratios also decreased. These results suggest that
the volatile components, which form a large fraction of the
surface functional group elements (C, H, N, and O), are gradu-
ally lost during pyrolysis, which is in agreement with the results
of a previous study.”® The H/C molar ratio is an index used to
evaluate the degree of carbonization, and a lower H/C ratio in
the biochars indicates a more aromatic nature.? The O/C and (O
+ N)/C molar ratios are associated with the polarity and surface
oxygen functional groups of the biochars.*® In this study, the

Elemental analysis

Atomic ratio

Biochars vield (%) Ash (%) C (%) H (%) N (%) 0 (%) H/C o/c (0 +N)/C pH
PC300 50.41 33.27 59.94 2.91 1.75 2.13 0.048 0.036 0.065 9.58
PC500 39.82 52.35 38.73 1.09 0.44 1.69 0.028 0.044 0.055 10.37
PC700 34.90 55.71 37.94 0.99 0.67 0.99 0.026 0.026 0.044 12.31
SC300 43.45 28.02 46.78 2.84 2.71 19.65 0.061 0.420 0.478 10.22
SC500 37.14 35.67 45.92 1.94 2.11 12.36 0.042 0.269 0.315 10.64
SC700 33.00 42.28 44.85 1.23 1.09 9.55 0.028 0.213 0.237 12.07
¢ Spent Pleurotus ostreatus substrate biochar (PC), spent shiitake substrate biochar (SC).
Table 2 Microstructure properties and surface functional groups of the biochars®
Surface functional groups (umol g~ )

BET surface Total pore volume Average pore
Biochars area (m> g™ %) (mL g™ diameter (nm) Acidic Basic Carboxylic
PC300 3.79 0.014 14.66 2060.74 803.89 374.16
PC500 18.05 0.061 13.60 1813.15 4880.48 837.49
PC700 188.57 0.134 2.84 1148.62 4300.97 147.55
SC300 12.97 0.028 8.77 1870.43 600.24 539.89
SC500 47.07 0.070 5.97 1359.73 2749.31 189.43
SC700 218.70 0.138 2.52 851.65 3790.90 158.76

“ Spent Pleurotus ostreatus substrate biochar (PC), spent shiitake substrate biochar (SC).
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molar ratios of H/C, O/C and (O + N)/C decreased with
increasing pyrolysis temperature. These results imply that the
biochars acquired at higher pyrolysis temperatures became
more aromatic and carbonaceous, and the reduction in the
molar ratios of O/C and (O + N)/C indicated a lower polarity and
content of oxygen-based functional groups.

The pore structure of the biochars greatly influences the
physical adsorption process, and the diffusion rates for Cd(u)
transport from the biochar surface to the internal pores are
inconsistent because of the presence of different pore struc-
tures.*' Table 2 lists the surface area, total pore volume, average
pore diameter and surface functional group contents of the
biochars. The data show that the BET surface area increased
from 3.79 to 188.57 m” g~ (spent Pleurotus ostreatus substrate
biochars) and from 12.97 to 218.70 m> g~ (spent shiitake
substrate biochars) as the pyrolysis temperature increased from
300 °C to 700 °C. The BET surface area of the biochars derived
from the spent shiitake substrate was greater than that of the
spent Pleurotus ostreatus substrate biochars. The BET surface
areas of PC700 and SC700 were higher than that of the biochar
modified by KMnO, impregnation.®* A higher specific surface
area is beneficial for the adsorption of heavy metals by biochar.
However, the average pore diameter of the biochars showed
a different trend with increasing pyrolysis temperature, which
indicated that micropore structures formed more easily in the
biochars obtained at higher temperatures.'® SEM images of the
biochars are shown in Fig. 1. When the pyrolysis temperature
was 300 °C, the surfaces of PC300 and SC300 contained pores
with large diameters because of the rapid volatilization of
organic components in the raw materials. Biochars PC500 and
SC500 appeared to be layered stacks, and as a result, the surface
area was amplified. As the pyrolysis temperature further
increased, the surface area increased, and the average number
of pores in the biochars (PC700, SC700) decreased because of
the formation of a thin and smooth lamellar structure.

The functional groups on the surface of a biochar greatly
influence the chemical adsorption process. The cation exchange
capacities of biochars are stronger when more oxygen-
containing functional groups are present on the surface of the
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biochars; hence, the sorption capacities for Cd(u) are also
stronger.** FT-IR spectroscopy was used to obtain information
on the functional groups on the biochar surface, and the results
are shown in Fig. S1 and Table S1.f The biochars had various
surface oxygen groups and other functional groups (Table S1t).
The broad bands from 3200 ecm™" to 3700 cm ™" were attributed
to —OH stretching vibrations (phenolic, aliphatic or methanol),
which can be found in all biochars. The adsorption bands from
1500 cm ™' to 1650 cm ™ indicated the presence of aromatic ring
C=C and C=0 stretching,** but these adsorption bands did not
appear in SC500 and SC700. A peak was observed at
1426.92 cm ™! in the spectrum of PC700, which may be associ-
ated with the aliphatic CH bending vibration. The absorption
observed at 1223.98 cm™' in the spectrum of PC300 was
attributed to the C-O stretching vibrations of the aryl-alkyl
ether linkage and phenol.** The absorption peaks in the regions
1360-1430 cm™ ', 1000-1200 cm ™', 700-900 cm ' and 400-
700 cm™ " and the corresponding functional groups are listed in
Table S1f.*> For the PC samples, Fig. S11 shows that the
adsorption intensities in the 3200-3700 cm ™ * region decreased
as the pyrolysis temperature increased, indicating that the
number of -OH groups decreased. In addition, the intensity of
the adsorption at 1616 cm ' decreased, which indicated
areduction in the aromatic ring C=C and C=0 stretching; this
change was also observed in the SC samples. In all the biochars,
the adsorption peak at 1223 cm " disappeared and the peak at
1416 cm™ " appeared when the temperature increased to 500 °C,
which indicated that the functional group content changed with
increasing pyrolysis temperature.

Adsorption of Cd(u) on the biochars

Adsorption kinetics. The influence of the reaction time (0-24
h) on Cd(u) adsorption by the different biochars is shown in
Fig. 2. Two diverse processes occurred: a rapid initial process in
the first few hours and a slow adsorption process to reach the
Cd(n) adsorption equilibrium, which occurred at 240, 720, and
240 min for PC300, PC500, and PC700, respectively. Similarly,
the adsorption of Cd(u) on SC300, SC500, and SC700 reached
equilibrium at 720, 720, and 240 min, respectively. In the

Fig. 1 SEM images of the biochars. Note: spent Pleurotus ostreatus substrate biochar (PC) and spent shiitake substrate biochar (SC).

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Adsorption kinetics of Cd(i) onto the different spent Pleurotus ostreatus substrate biochar (a) and spent shiitake substrate biochar (b).
Note: spent Pleurotus ostreatus substrate biochar (PC), spent shiitake substrate biochar (SC).

beginning, adsorption primarily occurred on the outer surfaces
of the biochars, and the adsorption mechanism was assumed to
be related to physical and chemical adsorption. However, the
next stage was relatively slow, which is likely because Cd(u)
gradually moved into the pores of the biochars and further
reacted with the internal active sites, and the adsorption
capacity ultimately reached saturation over time.

The pseudo-first-order and pseudo-second-order kinetics
models were used to evaluate the adsorption kinetics and
mechanism of solid-liquid adsorption:**

ln(Qe - Qt) =In Qe - klt (3)
10, = 1k 0z + 11Q, @)

where Q; and Q. represent the adsorption capacity at time ¢
(min) and at equilibrium (mg g™ ), respectively, and k; (min™?)
and k, (g mg " min~") are the adsorption rate constants for the
pseudo-first-order and pseudo-second-order adsorption
processes, respectively.

The Cd(u) adsorption data for the different biochars were
fitted using the above two adsorption kinetics models. As shown
by the data in Table 3, Cd(u) adsorption by the biochars was
better fitted by the pseudo-second-order model (correlation
coefficients (R*) > 0.9895) (Table 3). In addition, the adsorption

capacity (Q.) values acquired from the pseudo-second-order
model fitting were more consistent with the experimental
values (Qexp). Therefore, the pseudo-second-order kinetics
model better described the mechanism of Cd(u) adsorption by
the biochars. This result, which indicated that adsorption
occurred primarily through chemisorption, is in agreement
those of with previous studies.*

Adsorption isotherm. The adsorption isotherms for Cd(u) on
different biochars are shown in Fig. 3. In our study, four well-
known models, the Langmuir, Freundlich, Temkin and Dubi-
nin-Radushkevich (D-R) isotherm models, were selected to fit
the Cd(u) adsorption data, and the fitting constants of the four
models are listed in Table 4.

The Langmuir adsorption isotherm equation can be
expressed as®®

Qe = QmKLCe/1 + KLCe (5)

where C. represents the equilibrium aqueous concentration of
Cd(u) (mg L"), Q. represents the adsorption capacity at equi-
librium (mg g™"), and Ky, (L mg™") and Qy, (mg g™ ") represent
the Langmuir constant and the maximum adsorption capacity,
respectively.

Table 3 Fitting parameters of the pseudo-first-order and pseudo-second-order kinetics models that describe Cd(i) adsorption on different

biochars®
Pseudo-first-order Pseudo-second order

Biochars Qexp (Mg g™ Qe (mgg ) ky (min™") R Qe (mgg ™) k» (g mg ™" min~") R
PC300 24.84 24.43 0.0663 0.8466 25 0.0079 0.9903
PC500 24.10 22.83 0.0352 0.8156 23.92 0.0027 0.9895
PC700 25.00 24.94 0.1293 0.7641 25.06 0.0542 0.9914
SC300 24.83 24.19 0.0673 0.7464 24.75 0.0081 0.9935
SC500 24.91 24.42 0.0769 0.7710 24.81 0.0110 0.9911
SC700 24.96 24.94 0.1694 0.6893 24.94 0.1748 0.9913

“ Spent Pleurotus ostreatus substrate biochar (PC) and spent shiitake substrate biochar (SC).
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Fig. 3 Adsorption isotherms of Cd(i) onto different biochars, Langmuir adsorption isotherms for Cd(i) adsorption onto the different spent
Pleurotus ostreatus substrate biochar (a) and spent shiitake substrate biochar (d). Freundlich adsorption isotherms for Cd(i) adsorption onto the
different spent Pleurotus ostreatus substrate biochar (b) and spent shiitake substrate biochar (e). Temkin adsorption isotherms for Cd(i)
adsorption onto the different spent Pleurotus ostreatus substrate biochar (c) and spent shiitake substrate biochar (f). D—R model for Cd(i)
adsorption onto the different spent shiitake substrate biochar (g) and spent Pleurotus ostreatus substrate biochar (h). Note: spent Pleurotus

ostreatus substrate biochar (PC), spent shiitake substrate biochar (SC).
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Table 4 Adsorption isotherm constants for the Cd(i) by biochars®

View Article Online

Paper

Langmuir model Freundlich model Temkin model D-R model

Om Ky K (mgt ™" Om 8 E
Biochars (mgg ') (Lmg ') R L"g™) n R? A B R (mgg™) (mol*K 'J-*) (kfmol ') R
PC300 57.95 0.429 0.9784 19.76 3.59 0.8956 0.047 20.02 0.9123 38.03 0.116 2.08 0.8204
PC500 40.14 0.567 0.8849 17.34 5.07 0.8664 0.059 14.75 0.9594 32.22 0.058 2.93 0.5842
PC700 71.49 0.889 0.8944 33.22 4.42 0.8882 0.044 22.51 0.8708 45.73 0.043 3.40 0.7716
SC300 37.67 1.945 0.9727 18.75 5.87 0.8461 0.062 14.21 0.9685 34.78 0.052 3.10 0.9724
SC500 40.99 2.683 0.9687 21.27 6.08 0.7897 0.716 15.01 0.9678 33.74 0.029 3.25 0.5959
SC700 46.87 3.534 0.8519 25.27 5.75 0.7940 0.059 18.21 0.9425 44.08 0.038 3.63 0.8269

“ Spent Pleurotus ostreatus substrate biochar (PC) and spent shiitake substrate biochar (SC).

The Freundlich adsorption isotherm equation can be rep-
resented as*

Q. = K Cl" (6)
where Kz (mg'~™ L" g~') and 1/n are Freundlich constants that
represent the adsorption density and intensity, respectively.

The Temkin isotherm model can be represented in linear
form as®

Q.=BlnA+ BlnC, (7)
where A and B are the Temkin constants.
The Dubinin-Radushkevich (D-R) isotherm model is given

as*

In Q.= QO — 552 (8)

1 . _
where ¢ = RT In (1 + C_) , R is the gas constant (8.314 ] mol "

e
K" and T is the temperature (298 K). 8 is the Dubinin-
Radushkevich isotherm constant (mol®> K" J72).

The approach was applied to distinguish the physical and
chemical adsorption of metal ions according to the mean free
energy, E, per molecule of adsorbate, which can be calculated
by35

1

E= 75 ©)

Based on the fitting constants and correlation coefficients
(R?) of the four models for all the biochars, the Langmuir and
Temkin models fit the Cd(un) adsorption experimental data
well. The results demonstrate that Cd(u) adsorption primarily
occurred on monolayers or through a fixed number of iden-
tical, energetically equivalent sites on the surface.** The
dimensionless separation factor (R, = 1/(1 + bC,)) is the
essential characteristic index of the Langmuir isotherm
model. C, (mg g~ ') represents the initial Cd concentration,
and b (L mg ') is the Langmuir constant. Adsorption is
unfavorable when Ry > 1; when R, = 1, adsorption is linear;
when 0 < Ry, < 1, adsorption is favorable; and when Ry = 0,
adsorption is irreversible.*® In this study, the Ry values ranged

28008 | RSC Aadv., 2018, 8, 28002-28012

between 0.001 and 0.104, revealing that Cd(u) adsorption by
the biochars is a favorable process.

Studies have shown that a favorable adsorption process
tends to have a Freundlich constant, n, between 1 and 10, and
the interactions between the biochar and heavy metal ions are
stronger when the n value is higher.*” In this study, the n values
ranged between 3.59 and 6.08. Among the PC and SC biochars,
PC500 and SC500 had the maximum 7 values. These results
show that the biochars obtained at 300 °C and 700 °C were
more heterogeneous than the biochars obtained at 500 °C.
Furthermore, the Temkin isotherm better fit the Cd(u)
adsorption data than the other models, which indicated that
the adsorption process was primarily controlled by chemical
adsorption through electrostatic interactions.'®*® This result is
consistent with the fact that the adsorption equilibrium data
were well represented by the pseudo-second-order adsorption
model. The constant E derived from the fitting constants of the
D-R model suggests the type of adsorption mechanism that is
operative. Generally, physical interactions exist during the
adsorption process when the value of E is in the range of 1-
8 k] mol !, while a value of E in the range 8-16 kJ mol ™’
suggests the occurrence of ion exchange, and an E value in the
range 16-40 k] mol ' indicates that chemical adsorption is
operative.*® In this study, the value of E was in the range 2.08-
3.63, indicating that physical interactions existed simulta-
neously in the adsorption process. For PC and SC, the
maximum value of E occurred for the biochars obtained at
higher temperatures. This trend mainly occurred because
PC700 and SC700 possessed larger BET surface areas than the
other biochars, which is beneficial for physical adsorption.

As shown in Table 3, the maximum adsorption capacities
(Qm) of PC700 and SC700 were 71.49 and 46.87 mg g ',
respectively. Thus, higher Q,, values were obtained for the
high-temperature biochars, and the above values differed
because different raw materials were employed, which intro-
duced varying physical and/or chemical characteristics in the
biochars. The Q,, values obtained in our study are equivalent
to or even higher than those obtained for other biochars (Table
S27). Therefore, these results clearly indicate that the biochars
prepared in our study are effective adsorbents for Cd(u)
removal from wastewater.

This journal is © The Royal Society of Chemistry 2018
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Fig.4 Effects of biochar mass on the adsorption of Cd(i) by different spent Pleurotus ostreatus substrate biochars (a) and spent shiitake substrate
biochars (b). Note: spent Pleurotus ostreatus substrate biochar (PC), spent shiitake substrate biochar (SC).

Effect of the adsorbent mass

The influence of the amount of biochar on the Cd(u) adsorption
capacity is summarized in Fig. 4. Some differences in the Cd(m)
adsorption capacity were observed between the biochars
prepared at different temperatures and from different raw
materials. The Cd(u) adsorption capacities of the high-
temperature biochars (PC700 and SC700) were higher than
those of the other biochars. Among the biochars from different
raw materials, the Cd(u) adsorption capacities of the PC bio-
chars were higher than those of the SC biochars because the
type of biochar feedstock affects the physical and chemical
properties of the biochar. The Cd(u) adsorption capacity
decreased and the Cd(u) removal efficiency increased with an
increase in the amount of biochar. Previous studies on the

adsorption of heavy metals suggested that the number of
negatively charged sites available for metal adsorption and the
amount of biochar used for batch experiments have a direct,
proportional relationship.** Therefore, the Cd(u) removal effi-
ciency increased with an increase in the number of sites.
However, the adsorption capacity decreased as the amount of
biochar increased because of the presence of more adsorption
sites, but the capacity did not reach saturation when the Cd ion
concentration in solution was at a certain level.

Effect of the pH

Studies have suggested that the initial pH of the solution
employed in adsorption experiments is a significant parameter
that affects the adsorption of heavy metals by influencing the
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Fig. 5 Effects of initial pH on Cd(i) adsorption capacity by different spent Pleurotus ostreatus substrate biochars (a) and spent shiitake substrate
biochars (b). And the effect of pH on removal rate of Cd(i) by different spent Pleurotus ostreatus substrate biochars (c) and spent shiitake
substrate biochars (d). Note: spent Pleurotus ostreatus substrate biochar (PC), spent shiitake substrate biochar (SC).
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room substrate biochars over three consecutive adsorption—desorp-
tion cycles. Note: spent Pleurotus ostreatus substrate biochar (PC),
spent shiitake substrate biochar (SC).

charge of the absorbent surface, ionization of the surface
functional groups and speciation of the adsorbate.***' The
influence of the initial pH on Cd(u) adsorption by the biochars
is summarized in Fig. 5. As shown in Fig. 5, the removal ratio of
Cd(n) gradually increased with the initial pH. In addition, the
removal ratio of Cd(u) was above 95% when the initial pH was in
the range of 4-7 for all biochars. The difference in removal
efficiency under acidic conditions is largely related to the
change in the surface charge of the adsorbent during the
adsorption process. Initially, the adsorption capacity rapidly
increased when the initial solution pH increased from 3 to 4 for
PC500, PC700, SC300, SC500 and SC700, and for PC500, the
adsorption capacity rapidly increased when the initial solution
pH increased from 3 to 7. Subsequently, the adsorption capacity
was stable between pH 4 and 7 for all biochars except PC500.
This study suggests that more protons competed with the metal
cations for the adsorption sites because hydronium ions were
closely associated with the absorbent surface at low pH values.**
As the pH value increased, the hydronium ion concentration
decreased, and the functional groups on the absorbent surface
became negatively charged, making the absorbent surface more
available for metal ion adsorption.* Therefore, the adsorption
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capacity increased. Several studies have also shown a similar pH
effect on the adsorption of heavy metals using different types of
biochars.?*?

Reusability studies of spent mushroom substrate biochars

To test the reusability of the SMS biochars, three consecutive
adsorption cycles were performed in triplicate. The removal
efficiency of Cd(u) in solution using the SMS biochars decreased
gradually over three consecutive adsorption-desorption cycles,
as shown in Fig. 6. In the first cycle, the removal ratio of Cd(u) by
all biochars was over 90%. For PC300 and SC300, the removal
ratio of Cd(u) in the second cycle was 86% and 83%, respec-
tively, and in the third cycle, the removal efficiency of Cd(u)
dropped to 66% and 63%, respectively. However, for the other
biochars, in the third cycle, the removal efficiency of Cd(u) was
less than 50%. Thus, the results show that the reusability of the
biochars acquired at higher temperatures for Cd(u) adsorption
was not as good as that of the biochars obtained at lower
temperatures. This difference might be because the adsorption
sites of the biochars obtained at higher temperatures were
rapidly occupied by Cd(u) ions in solution in the first cycle.

Possible mechanisms of Cd(u) adsorption by the biochars

According to the Cd(u) adsorption kinetics and isotherms of the
biochars, the adsorption process was primarily controlled by
chemical adsorption through electrostatic interactions. The
chemical interactions between cadmium and the surface of the
biochars were clarified by analyzing the FT-IR spectra of the
biochars and biochar-Cd complexes. As shown in Fig. 7, the
adsorption bands of biochar-Cd at 3200-3700 cm ™', 2330-
2370 cm™!, 1500-1650 cm ™', 1360-1430 cm ' and 400-
700 cm ™" changed compared with those of the Cd-free biochar,
which indicated that -OH, -NH,, carbonyl, and other functional
groups participated in the chemical adsorption process. To
identify the possible formation of crystalline Cd minerals, PC
and SC were comparatively analyzed before and after Cd sorp-
tion by XRD. As shown in Fig. 8, the peaks of biochar-Cd at 27—
28 degrees indicated the precipitation of CdCO; on the surface

SC500-Cd

Intensity (%)

T h T b T s T ¥ T Y T
3000 2500 2000 1500 1000 500
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—
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Fig.7 The FT-IR spectra of the biochars before (PC300, PC500 and PC700) and after (PC300-Cd, PC700-Cd and PC700-Cd) the adsorption of
Cd (a) and the biochars before (SC300, SC500 and SC700) and after (SC300-Cd, SC700-Cd and SC700-Cd) the adsorption of Cd (b). Note: spent
Pleurotus ostreatus substrate biochar (PC), spent shiitake substrate biochar (SC).
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Pleurotus ostreatus substrate biochar (PC), spent shiitake substrate biochar (SC).

of the biochars. In addition, the peaks of biochar-Cd at 29-30
degrees indicated the precipitation of a smaller amount of
Cd;(PO,), on the surface of the biochars. Based on other re-
ported works,**** the possible mechanisms for Cd(u) adsorption
by the biochars are as follows: (1) Cd complexation with the
oxygenated functional groups, (2) Cd**-w interaction forma-
tion, and (3) surface precipitation of Cd carbonates.

Conclusions

The physical and chemical properties of biochars are signifi-
cantly affected by an increase in the pyrolysis temperature, which
is beneficial for Cd(u) adsorption. The Langmuir and Temkin
isotherm models describe Cd(u) adsorption better than the
Freundlich model does, and the adsorption kinetics are well
described by the pseudo-second-order model. Among the bio-
chars derived from different raw materials, the maximum
adsorption capacities of PC700 and SC700 are 71.49 and 46.87 mg
g™, respectively, which show that the biochars in our study can
be effective adsorbents for Cd(u) removal from wastewater. The
data in the present study indicate that the amount of biochar and
the initial solution pH also affect Cd(u) adsorption, and a good
adsorption capacity is obtained for a biochar dose of 4.0 g L™,
pH between 4 and 7, and adsorption time of 12 h. The FT-IR
spectra and XRD patterns of the biochars before and after
Cd(u) adsorption indicate that the possible mechanisms of
adsorption are Cd complexation with the oxygenated functional
groups, Cd**-r interaction formation and surface precipitation
of Cd carbonates. However, the specific adsorption mechanism
must be further investigated in detail.
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