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*Highlights (3 to 5 bullet points (maximum 85 characters including spaces per bullet point)

® 41% of Cd in raw rice straw was exchangeable, posing great environmental

risks

® Pyrolyzing at 300 °C did not significantly alter Cd fractions remained in

biochar

® Exchangeable fraction of Cd dropped to 5.79% at 500 °C and to 2.12% at

700 °C

® Increasing temperature decreased exchangeable Cd fraction immobilized on

biochar

® CRSB700 has the fastest and highest Cd removal, and most stable Cd

immobilization
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Abstract

Based on the “waste-treat-waste” concept, biochars were produced from
cadmium (Cd)-contaminated rice straw (CRSBs) at 300, 500, and 700 °C
(CRSB300, CRSB500, and CRSB700). The risks of the Cd remaining in CRSBs
were evaluated and the optimal biochar pyrolysis temperature for Cd removal
was investigated. It was observed that 41% of the total Cd in the raw rice straw
was exchangeable, which may poses significant risks to crops and humans.
Pyrolyzing at 300 °C did not significantly alter the Cd fractions, while the
exchangeable fraction of Cd greatly dropped to 5.79% at 500 °C and further to
2.12% at 700 °C. Increasing the highest pyrolysis temperature resulted in CRSB
with higher pH values, greater surface area, and smaller pore sizes, thus
providing more rapid and efficient removal of Cd from agueous solutions. For Cd
removal tests, increasing pyrolysis temperature (300 to 700°C) increased the
total (24.8 to 55.1 mg/g) and non-exchangeable (18.9 to 52.8 mg/g) Cd
concentrations immobilized on the CRSBs and significantly decreased the
exchangeable Cd fraction (23.7% to 4.85%). It is suggested based on the study
from aqueous solutions that CRSB700 was the most suitable for the remediation
of Cd contaminated soil on site due to the lowest risks of remained Cd from
feedstock, fastest and highest Cd removal, and most stable immobilization of

Cd.
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1. Introduction

Land pollution is a global challenge in the modernization process (Hou et al.,
2017a; O'Connor et al., 2018a; Hou and Ok, 2019). In 2014, China released its
national soil survey results which indicated that 16.1% of the 6.3 million km? land
surveyed and 19.4% of the surveyed cultivated land exceeded soil quality
standards (Hou et al., 2017b). Heavy metals are of particular concern because it
IS non-degradable and tends to accumulate in surficial soil (Elbana et al., 2018;
O'Connor et al., 2018b; Jin et al., 2019; Zhang et al., 2019). It is imperative to
develop low-carbon, nature-based solutions (Wang et al., 2018; Song et al.,
2019; Wang et al., 2019b), and green and sustainable remediation technologies
to address heavy metal contamination (Zhang et al., 2018; Shen et al., 2019a;

Wang et al., 2019c).

As the most widely distributed heavy metal contaminant, cadmium (Cd) is a
chronic potent nephrotoxin and class one carcinogen (Clemens et al., 2013;
Rizwan et al., 2016Db). It is highly mobile in soils and can be easily accumulated
in rice products. The rice grain, with elevated Cd, poses great health threats to
humans through food chain. This “Cd rice” problem extensively exists globally,
particularly in developing countries such as Bangladesh, India and China
(Meharg et al., 2013; Rizwan et al., 2016a). Approximately 12 million tons of

grains polluted by heavy metals were produced every year in China (Zhao and
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Zhang, 2013). Among all the surveyed contaminants exceeding the soil quality
standards in China, the exceedance rate of Cd ranked number one, accounting
for 7.0% of total surveyed land (Liu et al., 2016). The elevated Cd content in soill
Is the major culprit for the “Cd rice” problem. A survey conducted in Guangzhou
showed that 44% of the rice samples collected from an open market of the city

exceeded the health standards for Cd (Hou and Li, 2017).

In addition to rice grain that threatens people’s health, the “Cd rice” problem also
results in the generation of Cd contaminated rice straw. China produces ~200
million tonnes of rice grain annually, accounting for ~30% of world rice
production (Peng et al., 2009). The production of 1 tonne of rice grain can
generate approximately 1.5 tonnes of rice straw (Delivand et al., 2011).
Therefore, it can be estimated that ~300 million tonnes of rice straw is generated
annually and a large amount of these rice straws is contaminated by Cd.
Traditionally, rice straw, as an agricultural waste, can be utilized as fuel, feedstuff,
fertilizer, and industrial raw material (Liu et al., 2011). However, Cd
contamination in rice straw causes challenges in their disposal and utilization.
On one hand, it is a resource which can be potentially utilized in the field; on the

other hand, it is potentially hazardous and source of secondary contamination.

“‘Waste-treat-waste” technology is a popular trend in waste management and

environmental remediation (Chen et al., 2015; El Essawy et al., 2017; Wang et
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al., 2019a). Following this concept, it would be of great environmental and
economic benefits if the Cd contaminated rice straw could be used to remediate
the Cd contaminated paddy soil on site. Pyrolyzing agricultural waste biomass to
biochar is one of its most popular utilizations due to multiple benefits (Wang et al.,
2017a; Wang et al., 2017b; EI-Naggar et al., 2019). The original Cd in rice straws
may pose risks to the environment, however, pyrolyzing may change the
speciation of Cd in the rice straws and transform it into more stable forms with
significantly lower environmental risks (von Gunten et al., 2017). Biochar
typically has relatively high surface area, high alkalinity, active functional groups,
and high aromaticity, and renders strong adsorption/immobilization ability for
exogenous heavy metals under proper pyrolysis conditions and application
circumstances (O'Connor et al., 2018c; Zhao et al., 2018; Chen et al., 2019).
Pyrolysis temperature is a crucial factor affecting the environmental applications
of biochar (Shen et al., 2019b; Sun et al., 2019). Although the effects of pyrolysis
temperature on biochar properties have been extensively investigated (Kim et al.,
2012; Zhang et al., 2017; Wei et al., 2019), few have looked at its influence on
the chemical form, behavior and environmental risks of heavy metals in biochars.
Huang et al. (2018) produced biochars from phytoremediation residue at three
different temperatures (350, 550, and 750 °C), and observed that ~ 40% of the
Cd and Zn in the biochars produced at 350 °C was mobile and had significant

environmental risks. Pyrolyzing at 550 °C or higher can greatly reduce the

7
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percentage of mobile Cd and Zn in the biochars and thereby reduce their risks.
In addition, the influence of pyrolysis temperature on the adsorption mechanisms
of heavy metals by biochars is very limitedly investigated. However,
understanding this is of particular importance, because it is critical to find out the
most suitable pyrolysis temperatures for the optimally environmental utilizations
of biochar. Therefore, it is proposed to use biochars produced from Cd
contaminated rice straw to treat Cd contaminated paddy soil on site. This
solution offers advantages for: 1) reuse of waste, 2) abundant and readily
available remediation material, 3) zero or little cost in material transportation,

and 4) low life-cycle carbon footprint.

Before a large-scale application of this “waste-treat-waste” technology, two
major issues remain unclear. Firstly, after pyrolyzing, the Cd stabilized in
biochars may pose uncertain risks to the environment. It is important to evaluate
whether pyrolyzing has successfully resulted in the immobilization of the Cd in
the raw rice straws. Secondly, it is crucial to find the optimal pyrolysis condition
for the most effective utilization of Cd contaminated rice straw biochar for Cd
farmland soil remediation. In view of these considerations, biochars were
produced from Cd contaminated rice straw at different temperatures. The
mobility and risks of remained Cd in the biochars were investigated. In addition,
the ability of the produced biochar to remove/immobilize Cd from aqueous

solutions was investigated. This study aims to provide fundamental insights into
8
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the feasibility of using Cd contaminated rice straw to treat Cd contaminated

paddy soil on site.
2. Materials and methods
2.1. Biochar

The Cd contaminated rice straws (CRSs) (pH 6.74) were harvested from a
farmland in Taicang, Suzhou, China. The paddy soil where the rice straw grew
was contaminated by Cd (1.99 mg kg™) due to a range of reasons: industrial Cd
discharge, waste disposal, and the usage of Cd-containing nitrogen fertilizer.
After reception, the rice straws were dried in an oven at 60 °C to reach a

constant weight.

Biochars were produced from the rice straws at three different temperatures
(300, 500, and 700 °C) based on previous studies (Yuan et al., 2014; Zhao et al.,
2018; Wei et al., 2019) in a furnace (QSX-4-12, CINITE, China) with limited air.
The heating rate and residence time were fixed at 10 °C/min and 1 h,
respectively, resulting in three biochars named CRSB300, CRSB500, and
CRSB700, respectively. After production, the physicochemical properties,
molecular structure, and mineral composition of the biochars were determined.

The details of the characterization methods are shown in supporting information

(SI).
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2.2. Risk evaluation

In order to evaluate the risks of the biochars produced from Cd contaminated
rice straw, the exchangeable and non-exchangeable fractions (fractions with
binding energy stronger than ion exchange) of the original Cd remained in the
biochars were determined and compared with that in the raw rice straw. Briefly, a
certain amount of biochar (0.1 g) was added to 0.5 M MgCl, (8 mL) (pH 7.0). The
mixture was shaken for 20 min (250 rpm) under room temperature (Shen et al.,
2017a). After centrifugation, the supernatants was filtered using 0.45 um filter,
and the Cd concentrations was determined by inductively coupled plasma
optical emission spectrometry (ICP-OES) test after acidification. The
non-exchangeable fraction of Cd in the biochars was obtained by subtracting the
exchangeable fraction from the total Cd. The total Cd concentration of biochar
was tested according to USEPA 3051 method. Briefly, a certain amount of
biochar (0.25 g) was added to 9 mL of 68% (w/w) nitric acid and 3 mL of 36%
(w/w) hydrochloric acid. The mixture was digested for 25 min (5 min (120 °C) +
10 min (150 °C) + 10 min (180 °C)) in a MARS6 Microwave digestion system
(CEM, United States). After cooling to room temperature, the residual solution

was filtered using 0.45 pm filter and diluted for ICP-OES test of Cd.

2.3 Cd removal studies and speciation determination of immobilized Cd

In order to assess the performance of the produced biochars in Cd

10



193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

removal/immobilization, the kinetics and equilibrium studies were conducted.
Pseudo first order, pseudo second order, and intraparticle diffusion model were
applied for kinetics data fitting. Langmuir and Freundlich models were used to fit
the equilibrium data. The details of these tests and data fitting can be found in

Sl

After Cd removal, the biochar samples in initial 5 mM (equivalent to 562 mg L™)
Cd solutions were separated from solution through centrifugation and filtration.
The biochars were dried in an oven at 60 °C to reach a constant weight. The
exchangeable and non-exchangeable Cd immobilized on the biochars were
determined as per section 2.2. The dried samples were also analyzed by
Fourier-transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD) to

reveal the molecular and mineralogical changes respectively.
2.4. Statistical analysis

The chemical experiments were carried out in duplicate, and the mean and
standard deviations were presented. FTIR and XRD tests were carried out once

and therefore statistical analysis was not conducted for these tests.
3. Results and discussion
3.1 Biochar properties

The properties of the biochars are presented in Table 1. CRSB500 and

11
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CRSB700 were alkaline with pH values of 10.4 and 11.5, while CRSB300 was
nearly neutral with a pH of 7.50. The carbon content (49.9-53.3%) increased with
increasing pyrolysis temperature. In contrast, the contents of H, N, and O and
biochar yields dropped as the pyrolysis temperature increased. These resulted
from the higher degree of dehydration at higher pyrolysis temperatures, which
also lead to less hydrophilicity and higher aromaticity for the biochars (reflected

by decreased H/C and O/C values) (Zhao et al., 2017).

The BET surface areas for the biochars significantly increased with increasing
pyrolysis temperature. In particular, as pyrolysis temperature rose from 500 to
700°C, the BET surface area dramatically rose from 3.80 to 188 m?/g;
meanwhile, the average pore width dropped from 40.3 to 6.98 nm. The pore size
distribution of the biochars is shown in Figure S1. The pore width of CRSB300,
CRSB500, and CRSB700 is approximately within 30-200, 7-200, and 2-200 nm.
The surface morphology also shows that the pore diameters of CRSB700 were
significantly smaller than CRSB300 and CRSB500 (Figure 1). Increasing
pyrolysis temperature enhanced the volatilization of organic matter in biochar
and therefore created more pores, resulting in increased surface area (Zhao et
al., 2018). The pore width significantly decreased, because macro-pores were
destroyed and meso- and micro- pores formed at higher pyrolysis temperatures
due to increased degree of volatilization (Keiluweit et al., 2010). The formation of

meso- and micro- pores greatly aid the increase of surface area at higher
12
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pyrolysis temperature (700°C).

The FTIR spectra of the biochars are shown in Figure 2. For CRSB300, the peak
at 1700 cm™ represents C=0 stretching, which originates from carboxyl group.
The peak at 1610 cm™ is assigned to aromatic C=C stretching. The peaks at 785
and 670 cm™ are attributed to aromatic C-H out-of-plane deformation, which is
also typically observed for biochars. The FTIR spectra of CRSB500 are similar to
CRSB300. But two new peaks emerge at 1410 cm™ and 875 cm™, representing
aromatic C=C stretching and aromatic C-H out-of-plane deformation,
respectively. This was due to the higher degree of aromatization as the pyrolysis
temperature increased to 500 °C. For CRSB700, all the peaks weakened due to
a larger degree of condensation for the aromatic units at 700 °C (Keiluweit et al.,
2010). The peak at 1320 cm™ represents the O-H bending of phenols. The
peaks at 1030-1090 cm™ are the combination of aliphatic C-O peak and Si-O-Si
peak (Keiluweit et al.,, 2010; Shen et al.,, 2017b). With increased pyrolysis
temperature, the C-O peak gradually diminished due to the decomposition of
aliphatic organics and Si-O-Si peak strengthened due to the formation of SiO,,

resulting in the shift of the peaks at 1030-1090 cm™ to the right.

The XRD patterns of the biochars are shown in Figure 3. Peaks representing
sylvine (KCI) were observed for all biochars, which coincides with previous

studies that biochar produced from rice straw contained KCI (Shen et al., 2019b).
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A peak associated with calcite (CaCO3;) was observed for CRSB500 and
CRSB700. This peak diminished at 700 °C because CaCOj; decomposed at
higher pyrolysis temperatures. This peak was not observed for CRSB300,
because the carboxylates in biochar did not start carbonization at such lower
temperatures (Dodson, 2011). Nitratine (NaNO3) was observed on the biochars
after Cd removal, because excessive NaNO3; (0.01 M) was added to Cd solution
to control constant ionic strength for the Cd removal tests and some of them
remained on biochar surface. In general, the XRD patterns show amorphous

carbon structure of the biochars.
3.2 Risks of Cd remained in the biochars

After pyrolysis, Cd in the raw rice straw remained in the produced biochars. The
concentrations were within 0.89-1.04 mg kg, whereas that of raw rice straw
was 0.42 mg kg™ (Figure 4). The concentrations of Cd in the biochar were higher
than that of raw rice straw, because the organics in the biomass volatilized and
the total mass decreased; meanwhile, the mass of Cd remained unchanged.
The exchangeable and non-exchangeable fractions of the remained Cd are
shown in Figure 4a. It can be observed that 41% of the total Cd in the raw rice
straw was exchangeable. This fraction of Cd is readily bioavailable in soil
environment and poses great risks to plants and humans (Filgueiras et al., 2002;

Shen et al.,, 2017a). Pyrolyzing at 300 °C did not significantly alter the
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percentage of exchangeable Cd (37.2%), suggesting that the risks still exist for
CRSB300. As pyrolysis temperature increased, the percentage of exchangeable
Cd among total Cd in the biochars greatly dropped to 5.79% at 500 °C and

further to 2.12% at 700 °C.

Therefore, it can be concluded that the risks of Cd remained in the biochars can
be significantly reduced when pyrolysis temperature increased to 500 °C or
higher. Because the alkalinity of the biochar was enhanced at higher
temperatures which aided the immobilization of Cd in the biochar through
buffering effect (Inyang et al., 2015), and the exchangeable Cd was shifted to
precipitated and other more stable forms. The Cd may also exist in more stable
mineral forms at higher pyrolysis temperatures (Dodson, 2011). In comparison,
the produced biochar at 300 °C has active functional groups (e.g., hydroxyl and
carboxylic groups) (Dodson, 2011), and Cd may exchange with H* from these
groups which resulted in the higher percentage of exchangeable Cd in
CRSB300. It is of note that although the percentage fraction of exchangeable Cd
of CRS and CRSB300 is similar, the concentration of exchangeable Cd of
CRSB300 is higher than CRS (Figure 4b). This was partly due to the loss of
volatile organics for CRSB300 which concentrated the Cd in biochar. At 500 °C
and 700 °C, the majority of exchangeable Cd in CRS was converted to
non-exchangeable fraction, therefore the overall Cd concentration in CRSB500

and CRSB700 was significantly lower than CRS regardless the loss of the
15
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volatile matter. The findings are in line with Huang et al. (2018) that increasing
pyrolysis temperature from 350 to 750 °C decreased the mobile (exchangeable)
fraction of Cd and increased the stable fractions of Cd for a phytoremediation
residue biochar. Bian et al. (2018) pyrolyzed Cd contaminated wheat straws at
350 and 550 °C and observed that the acid soluble Cd in the biochars was very
low to negligible. However, both the present study and Huang et al. (2018) found
that the biochars produced at low temperatures (300 and 350 °C) contained

significantly amount of exchangeable Cd and posed environmental risks.

3.3 Speciation of Cd immobilized on the biochars

After Cd removal from the aqueous solution in the batch tests, the fractions of
immobilized Cd on the biochars are shown in Figure 5a. The exchangeable Cd
fraction was 23.7% and 15.1% among total immobilized Cd on CRSB300 and
CRSB500, respectively. It significantly dropped to 4.85% when pyrolysis
increased to 700 °C. The immobilized Cd concentration on the biochars is shown
in Figure 5b. Similarly, the exchangeable Cd concentration was 5.86 and 6.13
mg/g on CRSB300 and CRSB500, respectively. In comparison, this
concentration for CRSB700 was significantly lower (2.67 mg/g). It can also be
observed that both total immobilized Cd (24.8-55.1 mg/g) and
non-exchangeable Cd (18.9-52.8 mg/g) concentrations for the biochars

significantly increased with increasing pyrolysis temperature from 300 to 700 °C.

16



314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

It can be observed from the XRD patterns (see Figure 3) that CdCO3 formed on
CRSB500 and CRSB700 after batch adsorption tests. The peaks representing
CdCOg3; are much stronger in CRSB700, suggesting its higher concentrations of
CdCO3; compared with CRSB300 and CRSB500. This finding coincides with
previous observations that higher alkalinity of biochar favors the formation of Cd
precipitates such as CdCOj3 (Zhang et al., 2015). Therefore, the increased
precipitation of Cd contributed to the increase of both total immobilized Cd and
non-exchangeable Cd concentrations for biochars at higher pyrolysis
temperatures. No significant differences were observed from the FTIR spectra of

the biochars before and after Cd immobilization (Figure 2).

3.4 Kinetics and capacity of Cd removal by the biochars

The removal kinetics of Cd by the biochars are presented in Figure 6a and Table
2. Pseudo second order model generally better describes the kinetics results,
and the equilibrium adsorption capacities (ge) obtained by this model fitting are in
the order of CRSB300<CRSB500<CRSB700 (23.8, 38.2, and 50.8 mg/qg,
respectively). In addition to the lowest ge value, CRSB300 also has the slowest
removal kinetics. At 5 min, Cd amount equivalent to 6.6% of g was removed,
and the removal achieved 79.2% of g at 6 h. In comparison, Cd amount
equivalent to 62.3 and 64.6% of g. was removed by CRSB500 and CRSB700

respectively at 5 min, and the values climbed to 76.3% and 87.6% respectively
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at 30 min. These results suggest that higher pyrolysis temperature in the range
of 300-700 °C significantly promoted both the amount and kinetics of Cd removal

by the CRS biochars.

Intraparticle diffusion model is typically used to fit the kinetics data to reveal the
film and intraparticle diffusion features. The intraparticle diffusion modelling
results are shown in Figure 6b and Table 2. It can be observed that both film and
intraparticle diffusion exist in the adsorption of Cd to the biochars, and

intraparticle is the primary rate-limiting step.

The equilibrium results are shown in Figure 7 and Table 3. Langmuir model
generally described the equilibrium data better compared with Freundlich model
for all biochars. The calculated maximum adsorption capacity (Qmax) values are
in the order of CRSB300<CRSB500<CRSB700 (21.4, 44.2, and 65.5 mg/g,
respectively). This further suggests that higher pyrolysis temperature in the
range of 300-700 °C facilitated the removal capacity of CRS biochars for Cd.
This coincides with the findings from previous studies that increasing pyrolysis
temperature generally increase the removal of heavy metals by biochars (Shen

et al., 2017b; Shen et al., 2019b).

3.5 Environmental implications

In field conditions, the exchangeable Cd are readily available to plants and may

be easily absorbed by crops (e.g., rice and wheat) threatening human’s health
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through ingestion (Filgueiras et al., 2002). They may also migrate through
rainfall and groundwater flow under slightly acidic environment, and thereby
pose further risks (Shen et al., 2018a; Shen et al., 2018b). This study observed
that the immobilized Cd on CRSB700 has the lowest exchangeable fraction. In
addition, the remaining Cd from the raw rice straw also revealed the lowest
exchangeable Cd fraction in CRSB700. Considering the highest Cd removal
capacity, it can be concluded that the biochar produced from Cd contaminated
rice straw at 700 °C is most suitable and has huge potential to be applied in
green remediation and in-situ stabilization of Cd contaminated soil. However, the
real performance of the biochars in Cd immobilization in field soils also depends
on the soil texture, soil organic matter, and other environmental factors

(EI-Naggar et al., 2018; Shen et al., 2018a).

It is of note that although CRSB300 and CRSB500 may not be suitable for soil
remediation due to the relatively high exchangeable Cd fraction immobilized on
them, they may be suitable for water treatment of Cd. It is very important for the
recharge and reuse of adsorbents during water treatment in order for a high
cost-efficiency. The weakly bonded Cd on the biochar is easily to be discharged
(e.g., by slightly adjusting the environmental pH), and therefore the biochar may

be reused for many times.
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4. Conclusions

It was observed that 41% of the total Cd in the raw rice straw was exchangeable
which may poses great risks to crops and humans. Pyrolyzing at 300 °C did not
significantly alter the Cd fractions, but the exchangeable fraction of Cd greatly
dropped to 5.79% at 500 °C and further to 2.12% at 700 °C. Higher pyrolysis
temperature results in CRSBs with higher pH values, higher surface areas,
smaller pore sizes, and faster and higher Cd removal from aqueous solutions.
For Cd removal studies, the calculated maximum adsorption capacity (Qmax)
values are in the order of CRSB300<CRSB500<CRSB700. Increasing pyrolysis
temperature (300 to 700°C) increased the total and non-exchangeable and Cd
concentrations immobilized on the CRSBs and significantly decreased the
exchangeable Cd fraction. It can be concluded that CRSB700 was the most
suitable for the remediation of Cd contaminated soil on site due to 1) the lowest
risks of remained Cd from feedstock, 2) fastest and highest Cd removal, and 3)

the most stable immobilization of Cd.
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Table 1 Biochar properties

CRSB300 CRSB500 CRSB700
Yield 44.0% 31.9% 29.8%
pH 7.50+0.03 10.4+0.01 10.5+0.01
BET surface area (m?/g) 1.76 3.80 188
65.38 40.33 6.98

Average pore width
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588

589

590

591

592

(nm)°

C (%)

H (%)

N (%)

O (%)

H/C

o/C

49.9+0.2

3.38+0.01

1.52+0.01

19.6+0.1

0.0677

0.393

52.2+0.1

2.25+0.01

1.31+0.01

11.6+0.03

0.0431

0.222

53.3+%0.1

1.39+0.03

1.13+0.01

7.95+0.08

0.0261

0.149

a- mean = standard deviation, n=2

b - BJH Adsorption average pore width (4V/A)

Table 2 Kinetics parameters for cadmium removal by the biochars

Pseudo first order

Pseudo second order

Intraparticle diffusion

A qe k]_ k2 k3

Biochar Qe k, (g/mg

(mglg ki (™) R R*  (mglg (mg/lg (mglg

(mg/g)
) h—O.S) h—O.S) h-O.S)

CRSB3

218 079  0.80 23.8 0.90 492 454  -1.56

00
362 810  0.43 38.2 0.74  17.0 422  -0.878

CRSB5
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00

CRSB7
48.7 10.87 0.58 50.8 0.35 0.84 25.7 3.84 1.68
00

593
594
595

596

597

598

599

600

601

602

603 Table 3 Parameters obtained from isotherm fitting using Langmuir and

604 Freundlich models

Langmuir Freundlich

Biochar Q
max
b(L/mg) R? Ks (mg/g) 1/n R?
(mg/g)
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605

606

607

608

609

610

611

612

613

614

615

616

617

618

CRSB300 21.4 1.21 0.98 9.27 0.16 0.83

CRSB500 44.2 0.77 0.82 14.40 0.23 0.83

CRSB700 65.5 3.83 0.48 28.76 0.15 0.29
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