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Abstract. In this study, Fe-modified biochar (Fe-R-BC) was made from rice straw by modified with FeCl3 

through pyrolysis, and used to adsorb Cr(VI) from aqueous solution. The properties of Fe-R-BC and rice 

straw biochar (R-BC) were characterized by Fe content, Brunauer-Emmett-Teller (BET) analysis, Boehm 

titration, and Fourier-transform infrared (FT-IR) spectroscopy. The Cr(VI) adsorption removal mechanism 

and regenerative property of Fe-R-BC were explored with batch adsorption experiment. Compared to those 

of R-BC, the Fe content, specific surface area (BET), total pore volume, and amount of hydroxyl group of 

Fe-R-BC increased, while the average pore size and amount of methenyl group decreased. For Fe-R-BC, 

the maximum Cr(VI) adsorption removal capacity was 94.95 mgg-1 at 313 K. The Cr(VI) adsorption 

kinetics and isotherms can be well described by the pseudo second order model and the Langmuir-

Freundlich model, respectively. The Cr(VI) adsorption removal was spontaneous and endothermic. Low 

pH was beneficial for the Cr(VI) adsorption removal. SO4
2- showed the largest influence on the Cr(VI) 

adsorption removal, followed by NO3
- and Cl-. After 4 sorption-desorption cycles, the regenerated Fe-R-BC 

still maintained 76.27% of adsorption removal ability compared to that of Fe-R-BC in the initial use. 

Overall, Fe-R-BC can be applied to treat wastewater containing Cr(VI). 

Keywords: rice straw biochar, modification, property, hexavalent chromium, adsorption removal 

mechanism 

Introduction 

Chromium and its alloys are widely used in daily life and industrial production. With 

the development of economy, the demanded quantity of chromium and its alloys grows 

with each passing day. As a result, a large amount of wastewater containing chromium 

(Cr) was produced in recent decades. Two valence states, i.e., Cr(III) (trivalent 

chromium) and Cr(VI) (hexavalent chromium), were the main occurrence forms of Cr 

in these wastewaters. Compared with Cr(III), Cr(VI) has higher carcinogenicity and 

mutagenicity (Liu et al., 2010). In view of this, many countries and organizations listed 

Cr(VI) as one of the strictly controlled heavy metals in industrial wastewater (Ma et al., 

2014). That is to say, before discharging the industrial wastewater containing Cr(VI), 

its concentration should be strictly controlled. 

There are various methods to remove heavy metals from wastewater such as 

electrochemical treatment (Golder et al., 2011; Mella et al., 2015), ionic exchange 

(Rafati et al., 2010), membrane filtration (Soylak et al., 2007), adsorption (Liu et al., 
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2010). Among these methods, adsorption was regarded as a valid and dependable 

method to remove heavy metals, which could avoid some disadvantages of other 

methods, such as the high cost of equipment, production of toxic sludge and other 

wastes (Baran et al., 2007; Liu et al., 2010). For adsorption method, the treatment 

effectiveness depends primarily on the adsorbent used (Gu et al., 2005). At present, 

activated carbon (Kaveeshwar et al., 2018), bioadsorbents (Gupta et al., 2015), zeolite 

(Wang and Peng, 2010), clay minerals (Uddin, 2017), biochar (Dong et al., 2011; Xu et 

al., 2013; Inyang et al., 2016), etc. are commonly used as adsorbents. Among these 

adsorbents, biochar was considered as an emerging and promising adsorbent in view of 

its low cost and sustainability (Chun et al., 2004; Ahmad et al., 2014; Park et al., 2016a). 

However, the original biochar has a low adsorption capacity for heavy metals (Zhou et 

al., 2013; Ma et al., 2014). In recent years, many physical and chemical modification 

methods have been used to improve the adsorption capacity of biochar (Rajapaksha et 

al., 2016). For example, Park et al. (2016b) reported that steam activation significantly 

enhanced the adsorption capacity of red macroalga Porphyra tenera biochar for Cu. 

Ding et al. (2016) found alkali modification promoted the adsorption capacity of 

hickory wood biochar for Pb, Cu, Cd, Zn, and Ni. Zhou et al. (2017) indicated that 

introduction of nano-MnO2 on corn stalk biochar improved its adsorption capacity for 

Cu. 

Rice straw is a kind of common agricultural waste. In China, about 201.0-301.5 

million tons of rice straw was generated per year (Jiang et al., 2015). To realize the 

sustainable development of agriculture, the Chinese government has been sparing no 

effort to encourage and promote resource utilization technology of rice straw in recent 

years. Converting rice straw to biochar not only can achieve reutilization of rice straw, 

but also can benefit carbon-emission reduction. Thus, biochar technology was 

considered as an effective resource technology for rice straw. At present, rice straw 

biochar (R-BC) was successfully applied to remove different heavy metals from 

wastewater (Han et al., 2013; Pan et al., 2013; Xu et al., 2014; Park et al., 2017; Dong 

et al., 2018). Nevertheless, modification of R-BC could further enhance its utilization 

efficiency considering the advantage of modification technology for heavy metal 

adsorption. In the previous studies, Fe oxides were found to have the good selectivity 

and affinity to Cr(VI) (Tzou et al., 2003). In recent years, Agrafioti et al. (2014) also 

found that the sewage sludge biochar with high Fe content had higher adsorption rate 

of Cr(VI) compared with the other two biomass-based biochars. Thus, the Cr(VI) 

adsorption capacity of R-BC is expected to be promoted by introducing Fe/Fe oxides 

onto it. 

In this study, R-BC and Fe-modified R-BC (Fe-R-BC) were prepared firstly. Then, 

the properties of R-BC and Fe-R-BC (i.e., the yield, Fe content, specific surface area 

(BET), total pore volume, average pore size, number of acidic and basic surface 

functional groups, and category of surface functional group) were compared. After that, 

a series of batch experiments including adsorption kinetic, adsorption isotherms, initial 

solution pH, and coexisting ions influence were performed. Moreover, the regenerative 

property of Fe-R-BC was evaluated by several cycles of adsorption-desorption 

experiment. The purposes of this study are to (1) characterize the properties of Fe-R-

BC, (2) explore the Cr(VI) adsorption removal mechanism of Fe-R-BC, and (3) evaluate 

the regenerative performance of Fe-R-BC. 
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Materials and methods 

Preparation of R-BC and Fe-R-BC 

Rice straw was gathered from Shuangliu County, Sichuan province, China. The 

gathered rice straw was washed several times with tap water and dried in the air. Then 

the rice straw was smashed and sieved through a screen (10-mesh). The sieved rice straw 

was divided into two parts. One part was soaked in the FeCl3 solution (1 M, m/v 

(g/mL)=1/10) for 48 h at room temperature. After that, the Fe-soaked rice straw was 

separated by filtration and dried at 333 K to constant weight. The Fe-soaked rice straw 

and the other part of pristine rice straw were respectively putted into the different 

crucibles with covers and pyrolyzed for 2 h in a muffle furnace (SX2-4-10, Shenyang 

Energy Saving Electric Furnace Factory, Shenyang, China) at 673 K. After pyrolyzed, 

the carbonized pristine rice straw was smashed again and sieved through a screen (60-

mesh). The sieved carbon material was R-BC. For the carbonized Fe-soaked rice straw, 

it was rinsed several times with 3 M HCl to remove excessive iron. And then, the 

carbonized Fe-soaked rice straw was washed several times with deionized water (18.25 

MΩ). After that, the carbonized Fe-soaked rice straw was dried at 333 K to constant 

weight. At last, the carbonized Fe-soaked rice straw was ground and sieved through a 

screen (60-mesh). The sieved powder was Fe-R-BC. 

Property detection 

The yield was determined by the following Equation 1: 

 

 Yield(%)= (
ma

mb

)×100% (Eq.1) 

 

where ma refers to the acquired R-BC or Fe-R-BC mass (g), mb denotes the rice straw 

mass (g). 

The specific surface area (BET), total pore volume, and average pore size were 

measured using a specific surface area analyzer (NOVA-1200, Quantachrome Corp., 

Boynton Beach, Florida, USA) with N2 adsorption method (Dong et al., 2011). The 

quantities of acidic and basic surface functional groups were quantified using Boehm 

titration (Giannakoudakis et al., 2016). The category of surface functional group was 

determined by FT-IR spectrometer (Spectrum II, Perkin-Elmer Crop., Norwalk, OH, 

USA). For the Fe content in R-BC or Fe-R-BC, 0.10 g R-BC or Fe-R-BC was digested 

with HNO3 using microwave digestion method, and the Fe concentration in the digestion 

solutions was detected using a flame atomic absorption spectrometer (PinAAcle 900T, 

PerkinElmer Management (Shanghai) Co., Ltd., Shanghai, China) to calculate its content. 

Furthermore, the zeta potential of Fe-R-BC was determined using a zeta potentiometer 

(JS94H2M, Shanghai Zhongcheng Digital Technology Equipment Co., Ltd., Shanghai, 

China) to explain the influence of initial solution pH on Cr(VI) adsorption removal. 

Batch adsorption experiments 

Adsorption kinetics: 0.10 g R-BC or Fe-R-BC was added into 50 mL Cr(VI) solution 

(100 mgL-1, prepared with K2Cr2O7). Then, the initial pH value of the mixed solution 

was adjusted to 2.0. After that, the mixed solution was placed in a constant temperature 

oscillation box (TS-2012C, Shanghai Xiren Scientific Instruments Co., Ltd., Shanghai, 
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China) to experience a predefined time period (0.5, 1, 2, 4, 6, 8, 10, 12, 16, 20, and 24 h, 

respectively) at 120 rpm and 298 K. 

Adsorption isotherms: 0.10 g Fe-R-BC was added into 50 mL Cr(VI) solution with a 

certain concentration (75, 100, 200, 300, 400, 500, 600, and 800 mgL-1, respectively). 

Then, the initial pH value of the mixed solution was adjusted to 2.0. After that, the mixed 

solution was placed in the constant temperature oscillation box for 24 h at 120 rpm and a 

fixed temperature (283 K, 298 K, and 313 K, respectively). 

Initial solution pH: 0.10 g Fe-R-BC was added into 50 mL Cr(VI) solution 

(100 mgL-1). Then, the initial pH value of the mixture solution was adjusted to a 

predesigned value (2.0, 3.0, 4.0, 5.0, 6.0, 7.0, and 8.0, respectively). After that, the mixed 

solution was placed in the constant temperature oscillation box for 24 h at 120 rpm and 

298 K. 

Coexisting ions influence: 0.10 g Fe-R-BC was added into 50 mL Cr(VI) solution 

(100 mgL-1). Then, the coexisting ion concentration (Cl- or NO3
- or SO4

2-) in the mixture 

was adjusted to a predetermined value (0.005, 0.01, 0.02, 0.05, 0.10, 0.20, 0.50, 1.0, and 

2.0 M, respectively). After that, the initial pH value of the mixed solution was adjusted 

to 2.0. At last, the mixed solution was placed in the constant temperature oscillation box 

for 24 h at 120 rpm and 298 K. 

Adsorption-desorption experiment: Four cycles of adsorption-desorption were 

conducted in this experiment to evaluate the regenerative property of Fe-R-BC. A cycle 

of adsorption-desorption was described as follows: 0.10 g Fe-R-BC was added into 50 

mL Cr(VI) solution (100 mgL-1). Then, the initial pH value of the mixed solution was 

adjusted to 2.0. After that, the mixed solution was placed in the constant temperature 

oscillation box for 24 h at 120 rpm and 298 K. Afterwards the mixture was separated by 

filtering. The separated adsorbent was added into 50 mL NaOH solution (0.1 M), and 

shaken at 298 K for 24 h. After that was done, the adsorbent was separated and washed 

several times with deionized water. The washed adsorbent was used to the next cycle of 

adsorption-desorption. 

After each treatment was completed, the residual Cr(VI) concentration in the solution 

was analyzed using a UV-vis spectrophotometer (UV-1800, Shanghai Mapada 

Instruments Co., Ltd., Shanghai, China) with 1,5-diphenylcarbohydrazide 

spectrophotometric method. The Cr(VI) adsorption removal rate (AR, %) and the Cr(VI) 

adsorption removal amount at equilibrium (qe, mgg-1) were calculated by the following 

Equations 2-3, respectively. 

 

 AR= (
C0-Ci

C0

)×100% (Eq.2) 

 

 q
e
=
(C0-Ci)×0.05

0.10
 (Eq.3) 

 

where C0 and Ci denotes the initial and residual Cr(VI) concentration in each treatment, 

respectively. 

Modeling 

In this study, the pseudo first order model, the pseudo second order model, and the 

intraparticle diffusion model were used to fit the adsorption kinetics data. The following 
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Equations 4-6 gives the function expression of the above three models, respectively (Wu 

et al., 2017). 

The pseudo first order model: 

 

 q
t
=q

e
(1-exp-k1,t) (Eq.4) 

 

The pseudo second order model: 

 

 q
t
=

tq
e

2k2

1+tq
e
k

2

 (Eq.5) 

 

The intraparticle diffusion model: 

 

 q
t
=k3t0.5+C (Eq.6) 

 

where qt represents the Cr(VI) adsorption removal amount at time t (mgg-1). k1 (h
-1), k2 

(gmg-1
h-1), and k3 (mgg-1

h-1/2) are the reaction rate constants. C is a constant (mgg-1). 

The Freundlich isotherm model, the Langmuir isotherm model, and the Langmuir-

Freundlich isotherm model were used to simulate adsorption isotherms. The following 

Equations 7-9 gives the function expression of the above three models, respectively (Jung 

et al., 2015). 

The Freundlich isotherm model: 

 

 q
e
=KF×Ce

1/n
 (Eq.7) 

 

The Langmuir isotherm model: 

 

 q
e
=

q
m

KLCe

1+KLCe

 (Eq.8) 

 

The Langmuir-Freundlich isotherm model: 

 

 q
e
=

q
m

KCe
1/n

1+KCe
1/n

 (Eq.9) 

 

where qm represents the Cr(VI) maximum adsorption removal capacity (mgg-1), Ce is the 

equilibrium concentration (mgL-1), KF ((mgg-1)(Lmg-1)1/n), KL (Lmg-1) and K (Lmg-1) 

are the constants, and 1/n is the heterogeneity factor. 

The thermodynamics of the adsorption processes were estimated by three important 

thermodynamic parameters (i.e., ∆G0 (Gibbs free energy, kJmol-1), ∆H0 (enthalpy, 

kJmol-1), and ∆S0 (entropy, kJmol-1
K-1)). And they were calculated based on the results 

of adsorption isotherms by using the following Equations 10,11. 

 

 lnKc=-
∆H0

RT
+

∆S
0

R
 (Eq.10) 
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 ∆G
0
=-RTlnKc (Eq.11) 

 

where Kc denotes the adsorption equilibrium constant (Lg-1), which can be acquired by 

plotting ln(qe/Ce) vs. Ce (Gan et al., 2015). T is the absolute temperature (K). R represents 

the universal gas constant. 

Data processing 

All treatments were conducted in triplicate, and the average value of three replicates was 

taken as the experimental result. Excel 2007 and Origin 2018 were used for data 

management, processing, and drawing. Moreover, one-way ANOVA analysis was used 

to analyze the significant differences of the experimental data with IBM SPSS Statistics 

22. 

Results and discussion 

Properties of R-BC and Fe-R-BC 

Table 1 shows the yield, Fe content, specific surface area (BET), total pore volume, 

average pore size, and numbers of acidic and basic surface functional groups of R-BC 

and Fe-R-BC. The yield of R-BC and Fe-R-BC was 40.30% and 36.20%, respectively 

(p<0.05). As a result of modification with FeCl3, Fe-R-BC had a higher Fe content than 

R-BC (p<0.05). Compared to those of R-BC, the specific surface area (BET) and total 

pore volume of Fe-R-BC increased by 24.16 m2
g-1 and 0.91 cm3

g-1, respectively, while 

the average pore size decreased by 2.63 nm. The number of basic groups of Fe-R-BC was 

0.23 mmolg-1, which significantly lower than that of R-BC (0.62 mmolg-1) (p<0.05). On 

the contrary, the number of acid groups of Fe-R-BC (0.56 mmolg-1) increased compared 

to that of R-BC (0.53 mmolg-1) (p<0.05). 

 
Table 1. Yield, Fe content, specific surface area (BET), total pore volume, average pore size, 

and numbers of acidic and basic surface functional groups of R-BC and Fe-R-BC 

Designation Yield (%) Fe (mgg-1) 
SSA 

(m2
g-1) 

TPV 

(cm3
g-1) 

APS (nm) 
BG 

(mmolg-1) 

AG 

(mmolg-1) 

Fe-R- BC 36.20±2.96 17.61±0.69 27.92 1.10 8.54 0.23±0.03 0.56±0.13 

R-BC 40.30±1.55 1.31±0.08 3.76 0.19 11.17 0.62±0.10 0.53±0.13 

SSA represents specific surface area (BET), TPV denotes total pore volume, APS refers to average pore 

size, BG is basic groups, and AG is acidic groups 

 

 

Figure 1 shows the FT-IR spectra of R-BC and Fe-R-BC. The peaks around 3409 cm-1 

and 3430 cm-1 were caused by the -OH (Dong et al., 2011; Samsuri et al., 2013; Xu et al., 

2013; Zhang et al., 2015). The peaks at 2922 cm-1 to 2928 cm-1 can be attributed to the 

stretching vibration of –CH (Dong et al., 2011; Samsuri et al., 2013; Zhang et al., 2015). 

The peaks at 1612 cm-1 to 1616 cm-1 were caused by the C=O (Garg et al., 2007; Yang et 

al., 2009; Tang et al., 2014; Zhang et al., 2015). The peaks at 1103 cm-1 to 1107 cm-1 were 

related to C-O (Dong et al., 2011; Samsuri et al., 2013; Zhang et al., 2015). The absorption 

peaks at 800 cm-1 to 809 cm-1 can be assigned to the aromatic compounds =C-H (Pan et 

al., 2013; Samsuri et al., 2013). Compared the spectra of Fe-R-BC with that of R-BC, it 

can be found that the peaks of the two materials were roughly the same. The results 
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indicated that the category of surface functional group of Fe-R-BC did not change. For 

Fe-R-BC, although the category of surface functional groups did not change, the intensity 

of the peak around 3409 cm-1 to 3430 cm-1 obviously increased, and the intensity of peak 

around 2922 cm-1 to 2928 cm-1 decreased (Figure 1). The results indicated that the 

hydroxyl group and methenyl group respectively increased and decreased for Fe-R-BC. 

The results were consistent with the changes of the number of basic and acid groups 

(Table 1). 

 

Figure 1. FT-IR spectra of R-BC and Fe-R-BC 

 

 

In summary, some physicochemical properties of R-BC (i.e., specific surface area 

(BET), total pore volume, average pore size, and numbers of surface functional groups) 

were changed after modification with FeCl3. The attachment of Fe-oxides particles on the 

surface of R-BC and the increase of the pore structure of R-BC by the Fe-oxide particles 

entered the original pores of R-BC led to the changes of basic physical properties (i.e., 

specific surface area and total pore volume increased, and average pore size decreased) 

(Wang et al., 2017). The decrease of basic groups and the increase of acidic groups 

indicate the acidity was increased for Fe-R-BC, which may be due to the protonation-

deprotonation reaction on the surface of Fe (hydro) oxide (Sun et al., 2019). In general, 

the above changes of physicochemical properties of R-BC are beneficial for the Cr(VI) 

adsorption. 

Comparation of the Cr(VI) adsorption removal capacity between R-BC and Fe-R-BC 

Figure 2 shows the Cr(VI) adsorption removal rates of R-BC and Fe-R-BC with 

increasing contact time. For R-BC, the Cr(VI) adsorption removal rate gradually 

increased and tended to equilibrium after 20 h (p<0.05). For Fe-R-BC, the Cr(VI) 

adsorption removal rate rapidly increased to 93.59% at 6 h (p<0.05), and then slowly 

increased (p<0.05) to a stable value (p>0.05). The maximum Cr(VI) adsorption removal 

rate of Fe-R-BC (97.13%, at 24 h) was 1.73 times than that of R-BC (56.01% at 24 h). In 

general, the results indicated that the Cr(VI) adsorption removal capacity of Fe-R-BC was 
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higher than that of R-BC. The results can be attributed to the following reasons: (1) 

Fe-R-BC had higher specific surface area (BET) and total pore volume. (2) The surface 

of Fe-R-BC had the more adsorption sites for Cr(VI), owing to the more acidic groups on 

the surface of Fe-R-BC (Liu et al., 2010). (3) The Fe oxides formed on the surface of Fe-

R-BC had the good selectivity and affinity to Cr(VI) (Tzou et al., 2003). 

 

Figure 2. Cr(VI) adsorption removal rates of R-BC and Fe-R-BC with increasing contact time 

 

 

Adsorption kinetics 

Figure 3 displays the Cr(VI) adsorption kinetics data of Fe-R-BC. There were three 

different adsorption removal stages in Figure 3, i.e., the rapid increasing stage (0-6 h) 

(p<0.05), the slow increasing stage (6-16 h) (p<0.05), and the equilibrium stage (16-24 h) 

(p>0.05). The rapid increasing stage was due to the abundant adsorption sites on the 

surface of Fe-R-BC in the beginning of experiment, and the slow increasing stage was 

owing to the decrease of the available surface adsorption sites with the prolongation of 

experimental time, while the equilibrium stage was related to the adsorption saturation of 

the surface adsorption sites (Deveci and Kar, 2013; Kaveeshwar et al., 2018). 

The fitting results of the adsorption kinetic data by the pseudo first order model, the 

pseudo second order model, and the intraparticle diffusion model are also displayed in 

Figure 3. The corresponding fitting parameters are listed in Table 2. Figure 3 shows that 

the pseudo first order model and intraparticle diffusion model could not fit the Cr(VI) 

adsorption kinetics data of Fe-R-BC very well. The results were also verified by the R2 

values (square of correlation coefficient) in Table 2. Compared with the above two 

models, the pseudo second order model acquired a higher R2 value (0.997). Moreover, 

the qe value (adsorption removal amount at equilibrium) acquired by fitting with the 

pseudo second order model was 49.46 mgg-1 (Table 2), which was consistent with the 

experimental result (48.57 mgg-1) (Figure 3). The results indicated that the Cr(VI) 

adsorption kinetics process of Fe-R-BC can be well described by the pseudo second order 

model. For the pseudo second order model, adsorption process is controlled by chemical 

adsorption (Mohan et al., 2011). Thus, the rate-limiting step of Cr(VI) adsorption removal 

by Fe-R-BC was the chemical adsorption process. For the Cr(VI) adsorption removal, the 

most dominant mechanism is the reduction of Cr(VI) to Cr(III) on the surface of adsorbent 

(Saha et al., 2010). Figure 3 also gives the Cr(III) concentration in the experiment. It can 

be found that the Cr(III) concentration gradually increased (p<0.05) and finally 
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maintained equilibrium after 6 h (p>0.05), and the change trend of Cr(III) concentration 

was consistent with that of Cr(VI) adsorption removal amount (qt). The results verified 

that the reduction of Cr(VI) to Cr(III) did happened during the Cr(VI) adsorption removal 

process. According to the results, it can be deduced that the reduction of Cr(VI) to Cr(III) 

is maybe a main chemical reaction which controlled the Cr(VI) adsorption removal 

process of Fe-R-BC. 

 

Figure 3. Kinetics data, fitted models and Cr(III) concentration of Cr(VI) adsorption removal 

by Fe-R-BC 

 

 
Table 2. Fitting parameters for the pseudo first order model, the pseudo second order model 

and intraparticle diffusion model 

Pseudo first order Pseudo second order Intraparticle diffusion model 

qe 

(mgg-1) 

k1 

(h-1) 
R2 qe 

(mgg-1) 

k2 

(gmg-1
h-1) 

R2 C 

(mgg-1) 

k3 

(mgg-1
h-1/2) 

R2 

47.05 1.29 0.948 49.46 0.049 0.997 21.95 7.20 0.579 

 

 

Adsorption isotherms 

The Cr(VI) adsorption isotherms of Fe-R-BC at three different temperatures (283 K, 

298 K, and 313 K) are displayed in Figure 4. Generally speaking, for the all three 

adsorption isotherms, the Cr(VI) equilibrium adsorption removal amount (qe) rapidly 

increased at first (p<0.05), and then gradually approached to the maximum equilibrium 

adsorption removal amount (p>0.05) with the increase of equilibrium concentration (Ce). 

The fitted results of adsorption isotherms by the Freundlich isotherm model, the 

Langmuir isotherm model, and the Langmuir-Freundlich isotherm model are presented in 

Figure 4. Table 3 lists the corresponding model parameters. At all temperatures, the 

adsorption isotherms fitted with the Langmuir-Freundlich isotherm model were closer to 

the experimental data (Figure 4). Furthermore, compared to those of other two isotherm 

models, the R2 values (square of correlation coefficient) of Langmuir-Freundlich 

isotherm model (R2=0.998, 0.999, and 0.990 at 283 K, 298 K, and 313 K, respectively) 

(Table 3) were the largest. The results illuminated that the Cr(VI) adsorption isotherms 

of Fe-R-BC can be better explained by the Langmuir-Freundlich isotherm model. The 
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conclusion means that the Cr(VI) adsorption removal by Fe-R-BC belongs to the multi-

molecular layer adsorption, which is regulated by multiple processes due to the 

heterogeneity of Fe-R-BC (Liu et al., 2010; Jung et al., 2015). 

 

Figure 4. Isotherms and fitted models of Cr(VI) adsorption removal by Fe-R-BC at three 

different temperatures 

 

 
Table 3. Fitting parameters for the Freundlich isotherm model, the Langmuir isotherm model 

and the Langmuir-Freundlich isotherm model 

T (K) 

Langmuir model Freundlich model Langmuir-Freundlich model 

qm 

(mgg-1) 

KL 

(Lmg-1) 
R2 

KF 

(mgg-1) 

(Lmg-1)1/n 

1/n R2 
qm 

(mgg-1) 

K 

(Lmg-1) 
1/n R2 

283 68.81 0.86 0.991 41.25 0.090 0.983 73.04 0.99 0.505 0.998 

298 79.68 1.41 0.986 46.60 0.095 0.975 84.68 1.12 0.498 0.999 

313 86.88 6.51 0.988 53.89 0.089 0.976 94.95 1.64 0.358 0.990 

 

 

According to the previous report (Tseng and Wu, 2008), the favorable degree of an 

adsorption reaction can be divided to five levels based on the value of heterogeneity factor 

(1/n), namely, 1/n < 0.01: the pseudo-irreversible level, 0.01 < 1/n <0.1: the strong 

favorable level, 0.1 < 1/n <0.5: the favorable level, 0.5 < 1/n <1: the pseudo-linear level, 

and 1/n >1: the unfavorable level. According to the values of 1/n (Table 3), the favorable 

degree of Cr(VI) adsorption removal by Fe-R-BC at 283 K belonged to the pseudo-linear 

level, whereas the favorable degree of Cr(VI) adsorption removal by Fe-R-BC at 298 K 

and 313 K can be classified as the favorable level. For the constant K (Table 3), the value 

was positively correlated with temperature, which indicated that the adsorption removal 

capacity of Fe-R-BC for Cr(VI) is enhanced with increasing temperature (Jung et al., 

2015). For qm (Table 3), the value calculated from the Langmuir-Freundlich model was 

respectively 73.04 mgg-1, 84.68 mgg-1, and 94.95 mgg-1 at 283 K, 298 K, and 313 K, 

which was unanimous with our experiment results (71.29 mgg-1, 81.73 mgg-1, 

88.19 mgg-1 at 283 K, 298 K, and 313 K, respectively). 
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Compared with some previous reported carbon materials for the Cr(VI) adsorption 

removal (Table 4), Fe-R-BC had a relatively high Cr(VI) adsorption removal capacity. 

Furthermore, as the raw materials (i.e., rice straw and FeCl3) have the properties of low 

cost and extensive sources, Fe-R-BC is economical. Moreover, the pyrolysis temperature 

was 673 K, which was much lower than that of activated carbon (Giri et al., 2012; Nethaji 

et al., 2013). Therefore the preparation of Fe-R-BC had low energy consumption 

advantage. In addition, for the modification, only one-time immersion is used. Thereform, 

the preparation process was relatively simple. In view of the above advantages, Fe-R-BC 

has the great potential of application for Cr(VI) adsorption removal. 

 
Table 4. Comparison of the maximum Cr(VI) adsorption removal capacity with those of some 

previous reported carbon materials 

Adsorbents 
qm 

(mgg-1) 

Temperature 

(K) 

Fe-modified activated carbon prepared from Trapanatans husk (Liu et al., 

2010) 
18.66 313 

Polyethylenimine modified biochar (Ma et al., 2014) 435.7 / 

Chitosan modification of magnetic biochar produced from 

Eichhorniacrassipes (Zhang et al., 2015) 
167.31 313 

Biochar from the blends of oily seeds of P. terebinthus L. with alumina 

(Deveci and Kar, 2013) 
6.08 / 

Activated carbon derived from Eichhorniacrassipes root biomass (Giri et 

al., 2012) 
36.34 298 

Mycelial pellets impregnated with powdered biochar (Xu et al., 2015) 28.00 301 

corn cob activated carbon coated with nano-sized magnetite particles 

(Nethaji et al., 2013) 
57.37 300 

Fe-R-BC 94.95 313 

 

 

Thermodynamic analysis 

To better understand the Cr(VI) adsorption removal process of Fe-R-BC, the 

thermodynamic analysis was performed. Table 5 lists the calculated values of ∆G0, ∆H0, 

and ∆S0 for the Cr(VI) adsorption removal by Fe-R-BC. The value of ∆G0 

was -2.05 kJmol-1, -2.76 kJmol-1, -3.54 kJmol-1 at 283 K, 298 K, 313 K, respectively. 

On the one hand, the values of ∆G0 were always negative at different temperatures, which 

manifested that the Cr(VI) adsorption removal process of Fe-R-BC was spontaneous (Tan 

et al., 2015). On the other hand, the value of ∆G0 presented a negative correlation with 

temperature (i.e., the ∆G0 value decreased as the temperature increased), which indicated 

that high temperature is favorable for Cr(VI) adsorption removal by Fe-R-BC. The ∆H0 

and ∆S0 value was 0.0058 kJmol-1 and 0.034 kJmol-1
K-1, respectively. The positive 

value of ∆H0 and ∆S0 implied that the Cr(VI) adsorption removal by Fe-R-BC is an 

endothermic process and the randomness at Fe-R-BC-solution interface has the increasing 

trend during the adsorption process (Siddiqui et al., 2016). 

Effect of initial solution pH on the Cr(VI) adsorption removal 

The effect of initial solution pH on the Cr(VI) adsorption removal by Fe-R-BC is 

shown in Figure 5. It can be found that the initial solution pH obviously influenced the 

Cr(VI) adsorption removal by Fe-R-BC (p<0.05). The maximum and minimum Cr(VI) 

adsorption removal rate was 97.13% and 7.81%, respectively. With decreasing pH, the 
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Cr(VI) adsorption removal rate presented an increasing tendency in Figure 5. The result 

was in accordance with the previous studies (Liu et al., 2010; Ma et al., 2014; Wu et al., 

2017). For Cr(VI), it can present as the forms of HCrO4
-, CrO4

2- and Cr2O7
2- in aqueous 

solutions. At low pH (2<pH< 3), HCrO4
- is the primary form of Cr(VI). However, the 

primary form gradually shifts to CrO4
2- and Cr2O7

2- as pH increases. Compared with 

CrO4
2- and Cr2O7

2-, the adsorption of HCrO4
- is easier and more rapid due to its 

requirement of only one adsorption site (Kuppusamy et al., 2016). Thus, the Cr(VI) 

adsorption removal efficiency of Fe-R-BC increased as pH decreased. Furthermore, the 

surface charge of adsorbent significantly influences the Cr(VI) adsorption removal 

efficiency (Zhao et al., 2017). For Fe-R-BC, Figure 5 also displays the change of zeta 

potential with the variation of pH. The point of zero charge (pHzpc) of Fe-R-BC was 

obtained from the change of zeta potential. For Fe-R-BC, the pHzpc was 2.79. That is to 

say, the surface charge of Fe-R-BC was positive when the solution pH < 2.79, whereas 

the surface charge of Fe-R-BC was negative when the solution pH > 2.79. The positive 

surface charge of Fe-R-BC in the solution pH < 2.79 could promote the positive-negative 

charge attraction, thus it is beneficial for the Cr(VI) adsorption (Zhao et al., 2017). This 

may be the other reason for the high Cr(VI) adsorption efficiency of Fe-R-BC under the 

low pH conditions, especially at pH=2. 

 
Table 5. Values of Gibbs free energy, enthalpy, and entropy 

∆G0 (kJmol-1) ∆H0 (kJmol-1) ∆S0 (kJmol-1
K-1) 

283 K 298 K 313 K 
0.0058 0.034 

-2.05 -2.76 -3.54 

 

 

Figure 5. Effect of initial solution pH on the Cr(VI) adsorption removal by Fe-R-BC and Zeta 

potentials of Fe-R-BC at different pH 

 

 

Effect of coexisting ions on Cr(VI) adsorption removal 

Figure 6 shows the effects of three coexisting ions (i.e., Cl-, NO3
-, and SO4

2-) on the 

Cr(VI) adsorption removal by Fe-R-BC. The Cr(VI) adsorption removal rate of Fe-R-BC 

decreased with increasing the concentrations of three coexisting ions (p<0.05). Cl-, NO3
- 

and SO4
2- respectively resulted in 20.65%, 28.82%, and 35.89% reduction of the Cr(VI) 
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adsorption removal rate with the increase of their concentrations from 0 M to 2.0 M. The 

results showed that the three coexisting ions can affect the Cr(VI) adsorption removal by 

Fe-R-BC, but the influence degrees of the three coexisting ions were different. Under the 

same condition of ion concentration, SO4
2- had the strongest effect on the Cr(VI) 

adsorption removal by Fe-R-BC, followed by NO3
- and Cl-. For the three coexisting ions, 

the reduction of Cr(VI) adsorption removal rate with the increase of ion concentration 

could be attribute to the decreasing activity of Cr(VI) in solution with increasing the ion 

concentration (Zhang et al., 2013). However, the different influence degrees on the Cr(VI) 

adsorption removal might be related to the different adsorption competitiveness of the 

three coexisting ions with Cr(VI). For SO4
2-, it was a polyvalent anion with semblable 

structure and size to HCrO4
- , CrO7

2-, and CrO4
2-, thus it had the strong adsorption 

competitiveness with HCrO4
- , CrO7

2-, and CrO4
2- compared with NO3

- and Cl- (Wang et 

al., 2017). The strong adsorption competitiveness of SO4
2- led to its greatest influence on 

the Cr(VI) adsorption removal. Based on the above results, for the practical application 

of Fe-R-BC to remove Cr(VI) from high salt wastewater (especially sulfate and nitrate 

wastewater), the wastewater should be desalinated firstly. 

 

Figure 6. Influence of coexisting ions on Cr(VI) adsorption removal by Fe-R-BC 

 

 

Regeneration of Fe-R-BC 

For the application of an adsorbent, the regenerative property of adsorbent should be 

considered because it determines the economic efficiency of an adsorbent. In this study, 

the regenerative property of Fe-R-BC was evaluated through 4 cycles of adsorption-

desorption experiment. Figure 7 shows the Cr(VI) adsorption removal rates of Fe-R-BC 

after experiencing different cycles of adsorption-desorption. With increasing the cycle, 

the Cr(VI) adsorption removal rate gradually decreased (p<0.05). This is a common 

problem for adsorbents in the cyclic utilization process. It might be owing to the quantity 

loss of adsorbent and the continuous damage of adsorbent structure during regeneration 

(Salvador et al., 2015). However, in the fourth cycle, the Cr(VI) adsorption removal rate 

was 75.12%, which was equal to 76.27% of that of the pristine Fe-R-BC (0 cycle). The 

results indicated that Fe-R-BC had the good regenerative property, and 0.1 M NaOH 

solution can be used as an eluent for its regeneration. Generally speaking, the good 

regenerative property of Fe-R-BC is beneficial to decrease the cost of use. 
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Figure 7. Cr(VI) adsorption removal rates of Fe-R-BC after experiencing different cycles of 

adsorption-desorption 

 

 

Conclusions 

Fe-R-BC was prepared from rice straw with FeCl3 modification by pyrolyzing in this 

study. Compared to those of R-BC, the Fe content, specific surface area (BET), total pore 

volume, and number of hydroxyl group of Fe-R-BC increased, while the average pore 

size and number of methenyl group decreased. For the Cr(VI) adsorption removal by 

Fe-R-BC, the adsorption kinetics data can be well described by the pseudo second order 

model, while the adsorption isotherms data can be well described by the Langmuir-

Freundlich isotherm model. For Fe-R-BC, the maximum Cr(VI) adsorption removal 

capacity was 94.95 mgg-1, which exceed those of some previous reported carbon 

materials. The initial solution pH had a significant effect on the Cr(VI) adsorption 

removal capacity of Fe-R-BC, which increased with decreasing the initial solution pH. 

The Cr(VI) adsorption removal by Fe-R-BC was a spontaneous and endothermic process. 

The Cr(VI) adsorption removal capacity of Fe-R-BC decreased with increasing 

coexistence ion (Cl-, NO3
-, and SO4

2-) concentration in solution. In addition, the influence 

degree of Cl-, NO3
-, and SO4

2- was ordered as follows: SO4
2- > NO3

- > Cl-. Fe-R-BC had 

the good regenerative property, and 0.1 M NaOH solution can be used as an eluent for 

the regeneration. Overall, Fe-R-BC can be applied to the treatment of wastewater 

containing Cr(VI). In the future, the treatment effect of Fe-R-BC for other anions needs 

to be further explored. 
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