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a b s t r a c t

Adsorption of Methylene Blue (MB) and Bromocresol Green (BG) were examined by using biochars 
produced from rice residues, straw and husk of Japanese Koshihikari and Vietnamese IR50404 rice 
varieties, to evaluate their capacity to adsorb dyes and possible adsorption mechanism. Cationic 
MB dye was more effectively adsorbed than anionic BG dye by all biochars examined. Vietnam-
ese IR50404 biochars showed higher capacity of adsorption of two dyes than Japanese Koshihikari 
biochars, approximately about 1.5 times for MB and 1.7 times for BG. In varying pH from 2 to 10, 
alkaline condition increased adsorption of cationic MB dye - approximately by 27.7–33.5% for rice 
straw biochars and by 86.2–92.2% for rice husk biochars; albeit a slight decrease in adsorption of 
anionic BG dye by 27.2–32.9% for rice straw biochars and by 47–70.6% for rice husk biochars. The 
pH experimental results indicated the existence of negative charges in the biochars and their elec-
trostatic interaction with dyes. The adsorption kinetic study supported intra-particle diffusion of 
dyes, proceeding via a complex mechanism consisting of both surface adsorption and intra-particle 
transport within the pores of biochars. Thermodynamic analysis of adsorption suggested that the 
process was spontaneous with negative ΔG0 values and endothermic with positive ΔH0 values (ΔG0 
= 35.27–41.94  kJ/mol; ΔH0  = 3.92–23.69  kJ/mol). This paper discussed possible explanation of dye 
adsorption with physisorption through porous diffusion, hydrogen bonding, π-π interaction or π+-π 
interaction, common to both anionic and cationic dyes, with additional electrostatic interaction for 
cationic dyes with biochars in aqueous solution.
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1. Introduction

Synthetic dyes belong to important class of organic 
compounds with multiple aromatic rings. Methylene blue 
(MB), a common organic cationic dye, has been used in var-
ious industries. During its use, high quantity of MB goes 
with wastewater to the water bodies. The presence of MB 
in water system can be visible at concentrations as low as 
1 ppm [1]. Bromocresol green (BG), an anionic dye, also can 
induce serious environmental problems. The presence of 

MB and BG dyes in water bodies can decrease light penetra-
tion into the water, hence reduce photosynthesis and make 
hazardous for the aquatic lives [2]. They are also found to be 
very harmful in case of ingestion; dangerous in case of skin 
and eye contact (irritant), and of inhalation [3]. Therefore, 
elimination of these dyes is important aspects of wastewa-
ter treatment before discharge. 

A number of physical, chemical and biological meth-
ods have been used to remove dyes from wastewater, in 
which adsorption method has been evaluated as one of 
the best treatment methods for dye-containing effluent [4]. 
Adsorption is defined as the accumulation or concentration 
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of substances at a surface or interface, and it is an import-
ant phenomenon in most natural physical, biological, and 
chemical processes [5]. Adsorption in aqueous phase is a 
complex process involving physical adsorption and chemi-
cal adsorption. In the case of physical adsorption, the adsor-
bate is bound to the surface by relatively weak van der 
Walls forces and there is no net transfer of electrons from 
the interacting species. In contrast to physical adsorption, 
chemisorption involves exchange or sharing or transfer-
ring of electrons between the adsorbate molecules and the 
surface of the adsorbent to form a chemical bond which is 
much stronger than in the physisorption, for example via 
π–π bonding [5].

It is the fact that activated carbon is the most widely 
used adsorbent material in dye wastewater treatment. To 
date, a variety of alternative adsorbents has been synthe-
sized and proposed for the adsorption of dye pollutants, 
including aluminas [6], zeolites [7], clays [8], and novel 
adsorbents such as nanomaterials [9], graphene-based 
adsorbents [10], magnetic materials [11], and others. In spite 
of the availability of these various commercial adsorbents, 
their widespread use is often constrained, mainly because 
of high cost and limited accessibility [12,13]. Therefore, the 
high number of studies performed on the adsorption of dye 
pollutants use low-cost yet efficient adsorbents, such as bio-
char. In terms of capital cost involved, while activated car-
bon is basically a form of oxygen-treated char under high 
production temperatures, biochar is not oxygen treated 
and requires relatively lower temperatures hence reduces 
energy and infrastructural requirements [5]. The cost of dif-
ferent biochar production is calculated in a range of $0.2–0.5 
kg–1, whereas adsorbents such as activated carbon cost in a 
range of $5–9 kg–1 [14]. Hence, biochar can be an impressive 
cost-effective pollutant adsorbent compared to activated 
carbon and other absorbents [13,15,16]. 

Biochar has attracted researcher attention due to its 
impressive adsorptive properties for various dye contam-
inants. This is attributed to: (1) its high surface area, which 
assures a high amount of adsorption sites for dye mole-
cules; and (2) the presence of several functional groups on 
the surface, which can form complexes with many classes 
of dyes [17]. The sorption capacities and interaction mech-
anisms of biochar with dye pollutants mainly depend on 
dye properties/ion charges, biochar chemical composition, 
biochar properties, modification/activation, aging process, 
and environmental conditions [18]. The critical environ-
mental factors affecting the overall adsorption efficiency 
of the biochar include pyrolysis temperature, solution pH, 
dosage of biochar, contact time, and co-existed ions [19]. 
Potentially different biochar–dye interaction mechanisms 
were proposed, mostly π–π-electron donor–acceptor inter-
action, electrostatic attraction/repulsion, hydrogen bond-
ing, and pore-filling [19,20].

In the literature, many adsorbents have been applied 
for the removal of MB, for example, activated carbon pro-
duced from Peanut shell [21], Ficus racemosa plant barks 
[22], cotton stalks [23], or from rice straw and rice husk [24]. 
Biochars produced from kenaf fibre [25], Eucalyptus bark 
[26], sheep manure, pig manure or rabbit faeces [27], mod-
ified rice husk [28] and rice straw [29] have also been used 
for MB adsorption. Adsorption studies conducted for BG 
removal showed a limited number, involving Ziziphus num-

mularia [30], cotton stalks [23], activated  Phragmites karka 
[31], or poly(2-phenoxy ethyl [bis(2-hydroxy ethyl)amino]
acetate) [32].

The usage of biochar produced from rice straw and 
rice husk for the removal of MB dye has recently attracted 
the attention of several researchers. It is because, rice 
straw and rice husk are insoluble in water, have good 
chemical stability, high mechanical strength and possess 
a granular structure. These characteristics make them to 
be good adsorbent materials for treating dyes from waste-
water [33]. Ahiduzzaman and Islam [34] compared the 
adsorption of MB onto raw rice husk, rice husk biochar 
and rice husk activated carbon. In their study, biochar was 
produced by removing the silica from raw rice husk using 
sodium hydroxide and applying heat at temperature of 
600, 700 and 800°C, and activated carbon was produced by 
using chemical activation with zinc chloride under high 
temperature of 600, 700, 800 and 900°C. The surface area of 
samples at 800°C were found to be 28, 331 and 645 m2/g for 
raw rice husk, biochar and activated carbon, respectively. 
The MB numbers were found to be 12, 135 and 262 mg/g, 
respectively [34]. Kindala et al. [35] studied the removal 
of Methylene Blue (MB) and Bromocresol Green (BG) by 
Bryophyllum pinnatum (Lam.) Kurz stem powder (BPP), its 
activated carbon (ACBP), and commercial activated car-
bon (CAC). The maximum monolayer adsorptions capaci-
ties of these adsorbents were as follow: On ACBP: 255.754 
(pH 11.15) for MB and 195.313 mg/g (pH 3.25) for BG; On 
CAC: 176.367 (pH 11.15) for MB and 108.342 mg/g (pH 
3.25) for BG; on BPP: 61.013 mg/g (pH 11.15) for MB and 
51.733 mg/g (pH 3.25) for BG [35]. 

In this study, the two major types of rice residues, straw 
and husk of Koshihikari and IR50404 varieties, were chosen 
to produce biochar adsorbents because of their available in 
large quantities, inexpensive, require little processing, and 
are effective adsorbent materials but have not yet been sys-
tematically studied. MB has a special affinity for negatively 
charged surfaces, and its concentration is easily quanti-
fied by spectrophotometry. Therefore, MB was chosen as 
a model compound for removing cationic dyes from aque-
ous solution in this study. Its strong adsorption onto rice 
straw or rice husk materials in some studies were reported 
[28,29,36]. However, little work has been carried out to BG 
dye adsorption and none has assessed the BG dye using 
biochars from rice residues. BG dye thus was selected as the 
model anionic dye for this study.

This is the first paper to study dye adsorption capac-
ity of biochar adsorbents from rice residue varieties in the 
two famous rice producing countries, Japan and Vietnam. 
Following the results obtained from physicochemical prop-
erties analysis [37], this study investigated the efficiency of 
biochars for the adsorption of cationic MB and anionic BG 
dyes in aqueous solution. This study aims to investigate the 
adsorption capacity between two rice variety biochars and 
to explore the interaction mechanisms governing dye-bio-
char adsorption process by using batch adsorption exper-
iment. Effects of various operation conditions (i.e. biochar 
pyrolysis temperature, solution pH, biochar dosage, initial 
dye concentration and contact time) had been extensively 
studied. The interaction mechanisms were explored based 
on the results of adsorption kinetic, isotherm and thermo-
dynamic studies.
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2. Materials and methods

2.1. Preparation and characterization of biochar adsorbent

Biochar preparation and characteristics were described 
and reported in the previous work of the authors [37]. Fol-
lowing pyrolyzing, the dried biochar samples were ground 
and sieved into desirable particles (<0.075 mm). Approxi-
mately 13.5 g of biochar were rinsed with 500 mL 0.1 M HCl 
solution at constant stirring for 1 h to enhance adsorption 
capacity of biochar [38]. Then deionized water was used 
to wash the biochar several times until the pH of the solu-
tion was between 6.0 and 7.0. The biochar was finally dried 
overnight at 80°C, sieved, and stored in tightly closed glass 
bottles until used for further adsorption experiments. 

pH point of zero charge (pHpzc) of biochars were per-
formed following  a previously published  procedure [39]. 
Briefly, CaCl2 solution (0.005 M) was boiled to remove 
CO2 and was cooled down to room temperature, then was 
adjusted pH with 0.1 M NaOH or 0.1 M HCl if necessary. 
Biochar (0.06 g) then was added to 20 mL of the pH-adjusted 
solution, and the  solution  was shaken for 24 h. The  final 
pH of the solution after 24 h was recorded, then the differ-
ence between initial and final pH (∆pH) was plotted against 
initial pH values. 

In this paper, biochars derived from Japanese Koshihikari 
and Vietnamese IR50404 rice straw and rice husk were 
named according to pyrolysis temperature, i.e., JRS300–
JRS700, VRS300–VRS700, JRH300–JRH700 and VRH300–
VRH700, respectively. 

2.2. Dye adsorbate and batch adsorption experiments

2.2.1. Preparation of dye solutions

Methylene Blue (MB) and Bromocresol Green (BG) were 
chosen for adsorbing by biochars. All the chemicals were 
purchased from Sigma-Aldrich and were used without any 
pre-treatment. The stock solution of MB and BG were pre-
pared (1,000 mg/L), and then initial concentrations were 
adjusted to desired concentration to be used in the batch 
adsorption experiments, by diluting the stock solution with 
deionized water. Table 1 provides information about the 
chemical structure and properties of studied dyes.

2.2.2. Batch adsorption experiments

All the experiments in this study were conducted in 
triplicates and the average values were reported with 
standard deviation. Preliminary tests were firstly con-
ducted  to determine the optimum experimental parame-
ters such as biochar pyrolysis temperature (300, 500, and 
700°C), solution pH (2–10, which was controlled by adding 
0.1 M HCl and 0.1 M NaOH), biochar dosage (0.01–0.05 g), 
initial dye concentration (10–200 mg/L) and contact time 
(1–720 min). Adsorption experiments were carried out in a 
15 mL conical centrifuge tubes containing 10 mL dye solu-
tion with initial concentrations of 50 mg/L. Sample tubes 
were shaken on a shaker (Bioshaker BR-23FH) and oper-
ated at 200 rpm. The suspension was centrifuged at 3000 
rpm for 10 min and then was filtered through the What-
man filter paper. The filtrates were measured by UV-visi-
ble Recording spectrophotometer (Shimadzu UV-2100), at 
maximum absorbance of the dyes (see Table 1). To obtain 
the absorbance-concentration profiles of the dyes, calibra-
tion curve was plotted between absorbance and concentra-
tion of the dye. 

The amount of dye adsorbed on per weight of biochar at 
equilibrium, qe (mg/g), and the removal efficiency of dye, S 
(%) are calculated according to Eqs. (1) and (2):
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where V (L) is the volume of dye solution; m (g) is the weight 
of biochar; C0 and Ce (mg/L) are the initial dye concentra-
tions and dye concentrations at equilibrium, respectively.

The optimum results obtained from preliminary tests 
were used for kinetic, isotherm and thermodynamic stud-
ies. Three different kinetic models, i.e., pseudo-second 
order, Elovich and intraparticle diffusion model were used. 
Their nonlinearized forms are included in Supplementary 
Material Table SM1. The adsorption equilibrium used the 
non-linear forms of three well-known isothermal models, 
namely Langmuir, Freundlich and Temkin; their equations 
are included in Supplementary Material Table SM2. 

Table 1
Chemical structure and properties of dyes used in this study

Dyes Chemical structure Classification MW (g/mol) pKa λmax (nm)

Methylene Blue (MB) Cationic thiazine dye 319.85 3.8 665 
(pH neutral)

Bromocresol Green (BG) Anionic sulfonephthaleins dye 698 4.7 443
(pH acid)



D.T.M. Phuong et al. / Desalination and Water Treatment 165 (2019) 333–351336

Detailed descriptions of methods and calculations are 
available in Supplementary Methods. 

2.2.3. Error analysis

To find the most suitable isotherm and kinetic models, 
two different error functions, including chi-square (χ2) and 
the coefficient of determination (R2), were employed. In 
each case, the parameters were determined by minimizing 
the respective error functions using the Solver add-in Excel. 
Below are the calculated expressions of the error functions 
used.
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where n: the number of data points; qe,exp: the experimen-
tal adsorption capacity (mg/g); qe,cal: calculated adsorption 
capacity (mg/g); qe cal, : average calculated adsorption 
capacity (mg/g).

3. Results and discussion

3.1. Characterisation of biochars

The details regarding the morphological and chem-
ical characterization of the two rice variety biochars were 
provided in a previously published paper [37] and were 
summarized in Table SM3 Supplementary Material. Physi-
cochemical characteristics of biochars that effect the adsorp-
tion behaviour of biochar include specific surface area, 
porosity, surface charge, functional groups, aromaticity and 
polarity. A brief discussion on these properties is given to 
evaluate the biochar-dye interaction during the adsorption 
process.

3.3.1. Specific surface area and porosity

Specific surface area and porosity are often the most 
important physical properties that influence the adsorption 
capacity of biochars. Cellulose, hemicellulose, lignin, starch, 
etc. are thermally broken during pyrolysis of biomass and 
micropores are formed in biochar due to the loss of water 
in the dehydration process. Pores formed via this process 
are highly variable in size and may range from nano- to 
micrometres in diameter. Biochars are characterized by 
the presence of micropores (less than 2 nm), mesopores 
(between 2–50 nm), and macropores (above 50 nm). Pore 
size is important for dye pollutant because biochar with 
small pore size cannot capture large dye size [13]. 

However, it is argued that micropores and small mes-
opores (2–20 nm) constitute the bulk to the biochar surface 
area and therefore play a significant role in the sequestration 
of dyes [40]. Our previous results found that micropores 
and small mesopores (2–20 nm) occupied over 85% to the 
total surface area in all biochars. By using intra-particle dif-

fusion kinetic model in this study, it found that pore-filling 
is a predominant adsorption mechanism of dye molecules 
onto studied biochars (will be discussed later). According to 
Hao et al. (2013) and Kasozi et al. (2010), pore-filling effects 
are mainly controlled by the total micropore and mesopore 
volumes of the biochar adsorbents especially at low dye 
concentrations [41,42]. Scanning electron micrograph of 
biochars, as presented in the previous paper, exhibits a high 
number of pores and there is a good possibility for the dye 
molecules to be trapped and adsorbed into these pores.

3.3.2. Surface charge and functional groups

Surface charge and functional groups are among the 
most important properties for adsorption of dyes. As bio-
chars are applied in an aqueous media for remediation of 
dye, its surface charge is strongly influenced by the pH of 
the solution. FTIR analysis in the previous research shows 
that studied biochars possess various surface functional 
groups, including carboxylates, carbonyls and hydroxyl 
groups among others. These functional groups are influ-
enced by the solution pH. The solution pH therefore affects 
the adsorbent surface charge and controls the adsorption 
process. The pH at which the surface charge is electrically 
neutral is known as the point of zero charge (pHpzc). Below 
the pHpzc, the surface charge of the biochar is positively 
charged, which would only promote adsorption of cationic 
dyes while inhibit the uptake of anionic ones; whereas at 
pH above pHpzc, the surface becomes negatively charged 
and promotes adsorption of anionic dye [13].

3.3.3. Aromaticity and polarity

The aromatic and polarity properties of biochar are very 
important for the removal of dye pollutants as these prop-
erties promote π-π electron donor interaction, electrophilic 
interaction, and hydrogen bonding [13]. At high pyrolysis 
temperature (>500°C), removal of C, H, O elements into 
gases and other volatile compounds results in changing 
O/C and H/C ratios in biochar [43]. The O/C and H/C 
ratios in biochar correlate directly with aromaticity and 
polarity, which greatly affect its physiochemical properties 
and thus the dye removal capability [13]. As reported, bio-
chars produced at higher temperature exhibit lower H/C 
and O/C ratios than that at a lower temperature, indicating 
a gradual increase in aromaticity and decrease in polarity, 
with increasing temperature [37]. As a result, rice residue 
derived biochars produced at 700°C can obtain the higher 
percent removal compared to those produced at 300 and 
500°C. 

3.4. Effect of pyrolysis temperature

Biochars produced at 300, 500 and 700°C were chosen 
for evaluation of the effect of pyrolysis temperature on the 
adsorption capacity of MB and BG. As mentioned previ-
ously, biochar surface area and porosity may strongly influ-
ence the adsorption capacity of biochars. In general, elevated 
temperature pyrolysis generally generates larger pore size 
and eventually greater surface area, thereby greater adsorp-
tion capability. The previous results showed that the val-
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ues of surface area and porosity generally increased from 
300 to 700°C, where Vietnamese rice variety showed higher 
surface area and porosity values than Japanese rice vari-
ety (VRS > JRS, VRH > JRH); rice straw derived biochars 
showed higher values than biochars produced from rice 
husk. In particular, for a gradual temperature increase from 
300 to 700°C, the porosity of studied biochars increased 
from 0.051–0.064 to 0.171–0.299 cm3/g for rice straw bio-
chars, from 0.033–0.045 to 0.164–0.188 cm3/g for rice husk 
biochars. This was accompanied by an increase in surface 
area from 23.45–25.89 to 293–378 m2/g for rice straw bio-
chars, from 19.50–25.89 to 235.69–245.05 m2/g for rice husk 
biochars (see Table SM3 Supplementary Material) [37]. As a 
result, the removal of dyes increased significantly when the 
pyrolysis temperature increased from 300 to 700°C (Fig. 1). 
In particular, the percent removal of MB dye increased from 
71.6–72% to 96–99.4% for rice straw biochars, and from 
57.6–60.7% to 79.9–82.6% for rice husk biochars. Showing 
the similar trends, the percent removal of BG dye increased 
from 46.8–48.2% to 80.2–92.3% for rice straw biochars, and 
from 29.5–30.5% to 48–49.3% for rice husk biochars. It is 
therefore concluded that the enrichment of specific surface 
area by high pyrolysis temperature at 700°C attributed to 
the rising of biochar removal efficiency. In other words, 

the higher surface area of biochars produced at 700°C was 
believed to provide more adsorption sites for dye mole-
cules, therefore, they were chosen to investigate the adsorp-
tion isotherms and kinetics of the studied dyes. 

3.5. Effect of solution pH

Fig. 2  gives the adsorption capacity of MB and BG 
within pH range of 2.0–10.0. The results of pHpzc test show 
that the pHpzc determined equals to 6.9 for VRS700, 6.80 for 
JRS700, 6.00 for VRH700 and 5.90 for JRH700 (see Supple-
mentary Material Fig. SM1). Theoretically, below the pHpzc 
of biochar, the surface charge of the biochar is positively 
charged, whereas at pH above pHpzc, the biochar surface 
becomes negative. The solution pH also affects the ionic 
form in which the dye molecules exist depending on its pKa. 
Generally, for a cationic dye, at pH below the pKa value, 
the dye is protonated and exists in its cationic form. There-
fore, if the solution pH is below both the pHpzc and pKa of 
the biochar and the cationic dye, respectively, both the bio-
char surface and the cationic dye will possess net positive 
charges, results in electrostatic repulsion and leading to a 
decrease in the amount of cationic dye absorbed onto bio-
chars. Maximum adsorption is achieved when the solution 
pH is above both the biochar pHpzc and the ionizable dye’s 
pKa value, where the biochar surface and the dye molecules 
possess opposite charges. 

Therefore, the uptake of MB increased with the increase 
in the solution pH and the maximum uptake of MB was 
observed at pH 7.0 (up to 91–95% for rice straw biochars and 
67–70% for rice husk biochars). This is consistent with others, 
where MB adsorption capacities are significantly improved 
at a higher solution pH [17,18]. This can be explained by 
the electrostatic attraction between the positively charged 
MB+  (solution pH > pKa, MB) and the negatively charged 
surface of biochar (solution pH > pHpzc). Increasing solu-
tion pH increases the number of carboxylate anion (–COO−) 
and hydroxyl (–OH) groups on the surface of biochars, 
thus, increases the number of negatively charged sites [44]. 
In this study, the electrostatic attraction between the oxy-
genated surface functional groups (i.e., –OH and –COOH) 
of biochars and N+ of MB may govern the adsorption pro-

Fig. 1. Effect of pyrolysis temperature on the percent removal 
of MB and BG by Japanese Koshihikari and Vietnamese IR50404 
rice straw and rice husk produced at 300, 500 and 700°C.  
(Experimental conditions: T = 25°C, C0 = 50 mg/L, mbiochar = 2 g/l, 
t = 240 min, pH ~ 7 for MB, pH ~ 2 for BG).

Fig. 2. Effect of pH on adsorption capacity of (a) MB and (b) BG (Experimental conditions: T = 25°C, C0 = 50 mg/L, mbiochar = 2 g/l,  
t = 240 min, pH = 2–10).
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cess. In addition, these functional groups would be less 
protonated under high solution pH [45]. Thus, attraction 
of MB+ was enhanced. At low pH values, the poor adsorp-
tion of MB could be due to the competition of MB+ with 
the H+ and H3O

+ ions for the adsorption sites on biochars. 
Moreover, many protons will be available to protonate the 
biochar surface in the condition; thereby the electrostatic 
repulsion between positively charged MB+  and positively 
charged adsorption sites causes the decrease in the MB dye 
adsorption [46]. The adsorption capacity of biochars for MB 
dye at low pH values probably due to the other interactions 
such as hydrogen bonding, porous diffusion, π-π or π+-π 
interaction. In addition, biochar surface is always negative 
at very low pH due to a considerable  excess in the num-
ber of negatively charged groups compared to  positively 
charged groups [47–49]. This is in agreement with Tian et 
al. [45]. The authors claimed that at pH < pHpzc, the weak 
physical forces such as hydrogen bonding, van der Waals’ 
interactions and the chemisorption might be involved in the 
adsorption process  [45]. Electrostatic interaction between 
dye ions and biochar surface was the main mechanism 
responsible for the removal of MB on biochars produced 
from various biochars, including vermicompost [50], cattle 
manure [51], and sewage sludge [52].

Since the surface of the biochars is strongly negative-
ly-charged at the solution pH above both the biochar pHpzc 
and the ionizable dye’s pKa value, the electrostatic repul-
sion occurred between the negatively-charged dye BG mol-
ecule and the surface of the biochar, resulting the lower 
amount of anionic dye to be adsorbed by biochars, with 
around 74–76% for rice straw biochars and only 23–26% for 
rice husk biochars. In brief, the maximum value of MB dye 
removal appeared when the pH ≥ 7, whereas BG appeared 
when the pH < 3. However, an increasing pH solution from 
7 to 10, the amount of MB adsorbed just slightly increased. 
As a result, for all subsequent studies, pH ~ 7 and pH ~ 
2 were selected for cationic and anionic dye experiments, 
respectively. 

3.6. Effect of biochar dosage

Absorbent dosage is a significant impact factor of 
adsorption process, determining the adsorbent–adsor-
bate equilibrium of the system [53]. In order to determine 

the effect of adsorbent dose on removal percentage of MB 
and BG dyes, amount of biochar dose was varied within a 
range of 1–5  g/L keeping the dye concentration constant 
at 100 mg/L. Effect of biochar dose on removal percentage 
of MB and BG  is shown in  Fig. 3. It is observed that the 
percentage of dye adsorption increased with an increase in 
biochar dosage (see the solid lines with vertical axis of the 
left side figure), but, at the same time, the amount of dye 
adsorbed decreased generally (the dashed lines with verti-
cal axis of the right side figure).

In the case of VRS700, for example, the adsorption per-
centage of MB and BG increased as the dosage increases 
from 1–5 g/L, and then maintained at approximately 100% 
for MB and 82% for BG until the biochar dosage reaches to 
5g/L. However, the adsorption capacity of MB and BG did 
not perform similar to the adsorption percentage, declin-
ing gradually from 75.78 to 19.69 mg/g for MB dye, from 
61.12 to 17.33 mg/g for BG dye. It also could be found that 
significant effects on the MB and BG adsorption exist as 
biochar dosage was lower than 2 g/L. When the dosage 
was 2 g/L, the amount MB adsorbed by VRS700 was 49.63 
mg/g while the adsorption efficiency was 98.69%; and the 
amount BG adsorbed was 38.43 mg/g while the adsorption 
efficiency was 74.7%. However, the adsorption efficiency 
did not change significantly with further increasing dos-
age (i.e., when the dosage is higher than 2 g/L). Similar 
trends were observed in cases of JRS700, but at the slightly 
lower adsorbed values. For rice husk biochars, the amount 
absorbed per unit mass also decreased, but there was only 
a little difference between VRH700 and JRH700, and their 
adsorbed values were much lower than VRS700. Thus, to 
save the amount of biochar and make full use of the adsorp-
tion capability of VRS700, JRS700, VRH700 and JRH700; 2.0 
g/L  biochar was selected as the optimum dose.

Overall, it is evident that the adsorption capacities of 
both MB and BG decreased while the adsorption percent-
age increased with an increase in the dosage of biochars in 
the 1–5 g/L range. A similar trend was shown in previous 
studies for MB adsorption with biochar prepared from ver-
micompost [50] or Eucalyptus bark [26]. To explain, with 
an increase in the biochar dosage, the number of available 
adsorption sites increases, leading to the percent removal 
of MB and BG increases. However, the high biochar dosage 
can attribute to particle interactions, for example, aggrega-

Fig. 3. Effect of biochar dosage on percent removal (%) and adsorption capacity (qe, mg/g) of (a) MB and (b) BG. (Experimental con-
ditions: T = 25°C, C0 = 100 mg/L, mbiochar = 1–5 g/l, t = 240 min, pH ~ 7 for MB, pH ~ 2 for BG).
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tion of adsorption sites [54]. Such aggregation might result 
in a decrease in total biochar surface area available to the 
dyes and an increase in diffusion path length [55]. As a 
result, the amount of dye (mg) absorbed per gram of bio-
char decreases with increasing biochar dosage. 

3.7. Effect of contact time and adsorption kinetics

The effect of contact time (1–720 min) on the qt values 
at 25°C is shown in Fig. 4. It may be seen that the MB and 
BG dyes were rapidly adsorbed in the first 1–20 min, the 
adsorption rate then decreased gradually and reached equi-
librium in about 240 min. To explain, at the beginning, the 
uptake rate for dyes is very high as many available adsorp-
tion sites for dye molecules. As the sites are gradually filled 
up, adsorption becomes slow due to dye aggregation at the 
surface. This aggregation causes difficulties for dye mole-
cules to diffuse deeper into the biochar pores [56]. The per-
centage removal at 720 min contact time was found to be 
higher by a maximum of ~3% than those obtained after 240 

min contact time. For this reason, the optimum contact time 
was chosen as 240 min for adsorption. 

The plots of nonlinear forms of the three kinetic models, 
the pseudo-second-order, Elovich and intra-particle diffu-
sion are shown in Fig. 4. Their nonlinear kinetic parameters 
are tabulated in Table SM4 (Supplementary Material). As 
can be seen from the Table SM4, the χ2 values in pseudo-sec-
ond-order kinetic model were smallest, and its regression 
coefficient R2 values were highest. Moreover, the calculated 
equilibrium adsorption capacities (qe,cal) of Pseudo-sec-
ond-order were in close agreement with the experimental 
values (qe,exp). These results suggest that the adsorption data 
was well presented by pseudo-second-order kinetic, imply-
ing that the adsorption process was controlled by chemical 
interaction, possibly via electrostatic attraction as confirmed 
previously in the effect of solution pH.  

The intra-particle diffusion model was used to identify 
the diffusion mechanism. In Fig. 5, the plots of qt versus 
t1/2 for the intra-particle diffusion models of MB and BG 
adsorption onto biochars showed three similar interdepen-

Fig. 4. Effect of contact time and nonlinear fitting of the pseudo-second-order, Elovich & intra-particle diffusion kinetic models for 
(a) MB and (b) BG adsorption (Symbols for experimental data: VRS700; JRS700; VRH700; JRH700). (Experimental conditions: 
T = 25ºC, C0 = 50 mg/L, mbiochar = 2 g/l, t = 1–720 min, pH ~ 7 for MB, pH ~ 2 for BG).

Fig. 5. Intra-particle diffusion plots of the linear form for (a) MB and (b) BG adsorption(Symbols for experimental data: VRS700; 
JRS700; VRH700; JRH700). (Experimental conditions: T = 25°C, C0 = 50 mg/L, mbiochar = 2 g/l, t = 1–720 min, pH ~ 7 for MB, pH 
~ 2 for BG). 
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dent linear lines, indicating that there were three stages take 
place during adsorption process [57]. In the first sharper lin-
ear stage (stage I: t = 1–10 min), external diffusion or liquid 
film diffusion occurred, and the dye uptake was quite rapid. 
This stage involved the transport of dye molecules from the 
bulk liquid phase to the external surface of biochars through 
a liquid boundary layer. This was followed by an interme-
diate stage (stage II: t = 20–120 min) that showed a slower 
uptake, which was due to intra-particle pore diffusion of 
dye molecules from the exterior of the biochars into macro-
pores, mesopores and micropores of biochars. Until the final 
plateau was reached (stage III: t >120 min) due to adsorp-
tion equilibrium. In the third stage or the final equilibrium 
stage, the intra-particle diffusion started to slow down due 
to low dye concentration in solution phase as well as less 
available biochar adsorption sites. The parameters and cor-
relation coefficients obtained for each stage are provided in 
Table 2. The results showed that the regression curves were 
straight lines with relative high correlation coefficient val-
ues (R2 = 0.81–0.99), implying that porous diffusion mech-
anism would have a significant effect on the dye-biochar 
adsorption process. The calculated values of C1, C2, C3 were 
all non-zero which confirmed that diffusion into the biochar 
pores was not the only rate-controlling step. Therefore, the 
dye-biochar adsorption proceeded via a complex mecha-
nism consisting of both surface adsorption and intra-parti-
cle transport within the pores of biochars.

3.8. Effects of initial dye concentration and adsorption 
isotherms 

Various initial dye concentration, varied from 10 to 200 
mg/L, was evaluated and is presented in Fig. 6. With increas-
ing in the initial dye concentration from 10 to 50 mg/L, the 
amount of the dye adsorbed per unit mass biochars (qe) rap-
idly increased, due to the high number of unoccupied adsorp-
tion sites on the biochar surface offered a greater chance for 
dye adsorption. When the dye concentration in solution was 
increased from 80 to 200 mg/L, the adsorption sites avail-
able in the biochars became more quickly saturated, thereby 
reducing the efficiency of dye adsorption capacity. 

The nonlinear fitting of Langmuir, Freundlich, and 
Temkin isotherms is also presented in Fig. 6, and their 

parameters are summarized in Table SM5 (Supplemen-
tary Material). The χ2 values for Langmuir model were 
smallest, together with the highest R2 values obtained, 
also, the calculated data from this model was quite simi-
lar to the experimental data. These results confirmed that 
Langmuir model appropriately described the isotherms 
of the dye adsorption process, indicating  monolayer 
adsorption.

The theoretical monolayer maximum adsorption capac-
ities (qm) for MB calculated from the nonlinear Langmuir 
equation at 25°C were ordered as follow: VRS700 (67.69 
mg/g) > JRS700 (56.88 mg/g) > VRH700 (33.28 mg/g) > 
JRH700 (32.81 mg/g). The adsorption of anionic BG dye 
followed the same order of cationic MB dye; however, the 
Langmuir adsorption capacity values were much lower 
than for cationic MB dye (Table SM5 Supplementary Mate-
rial). These results further confirm that biochars from Viet-
namese IR50404 showed higher dye adsorption capacity 
than Japanese Koshihikari variety and were significantly 
more effective for cationic MB dye, as already found in 
the effect of pyrolysis temperature. Notably, the adsorp-
tion capacity  of rice straw biochars (VRS700 and JRS700) 
to MB and BG almost doubled rice husk biochars (VRH700 
and JRH700). Reduced adsorption in rice husk biochars 
(VRH700 and JRH700) was probably due to the less avail-
able adsorption sites, as indicated by lower BET surface 
area confirmed previously. 

The dimensionless constant separation factor  (RL) val-
ues obtained from Langmuir equation were between 0.04 
and 0.92, together with the nonlinearity index (1/n)  from 
Freundlich equation was between 0.36 and 0.53 at 25°C 
(data not shown), indicating the favourability of the dye 
adsorption onto biochars under studied conditions. There-
fore, the selected biochars were suitable adsorbents for MB 
and BG from aqueous solution.

The results of MB adsorption kinetics and isotherm 
somewhat agreed with other rice-waste-residue-derived 
chars. For example, the adsorption kinetics of MB dye by 
rice hull ash well-fitted with the pseudo-second-order 
model while the adsorption isotherms fitted the Langmuir 
isotherm, with the maximum adsorption capacities (qm) val-
ues of greater than 45 mg/g [58]. In another study, the sorp-
tion of MB on organosolv lignin extracted from rice straw 
also shows that the pseudo-second order model fitted best 

Table. 2
Intra-particle diffusion kinetic parameters for MB, SO, MO and BG adsorption, calculated by the linearization technique

Dye Biochar Intra-particle diffusion (linearized form)

Stage I: t = 1–10 min Stage II: t = 20–120 min Stage III: t > 120 min

C1
kp1 R2 C2

kp2 R2 C3
kp3 R2

MB VRS700 2.04 4.64 0.98 18.82 0.62 0.96 25.34 0.02 0.99
JRS700 0.45 4.07 0.96 17.05 0.66 0.88 23.65 0.05 0.88
VRH700 0.29 3.20 0.96 14.03 0.37 0.95 17.74 0.07 0.86
JRH700 0.64 2.56 0.96 11.83 0.46 0.97 16.71 0.05 0.95

BG VRS700 1.15 3.91 0.99 16.54 0.42 0.87 20.60 0.08 0.98
JRS700 0.31 3.30 0.99 13.65 0.35 0.96 16.46 0.14 0.91
VRH700 0.41 2.47 0.97 8.48 0.29 0.81 10.76 0.08 0.91
JRH700 0.41 2.14 0.96 7.12 0.31 0.93 9.91 0.09 0.81
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the kinetic data, while the Langmuir model described very 
well the adsorption isotherm, with the qm of 40.02 mg/g [36]. 
For activated carbon produced from rice husk, the results 
of adsorption kinetics of MB show that the rates of sorp-
tion were found to conform to pseudo-second-order and 
intra-particle diffusion kinetics; whereas, adsorption iso-
therm followed Langmuir–Hinshelwood model, and the qm 
value was 301.18 mg/g [34]. To remove Bromocresol Green 
from water solutions, Shokrollahi et al. (2011) used a species 
of Ziziphus native, namely Ziziphus nummularia. Adsorption 
kinetic data could be interpreted by both pseudo second-or-
der and intraparticle diffusion models; while the isothermal 
data was in line with the Temkin, Freundlich, and Lang-
muir adsorption isotherms, with the adsorption capacity of 
6.21 mg/g [30].

3.9. Effect of temperature and adsorption thermodynamics

A temperature range of 25–45°C (298–318K) was 
used to evaluate the effect of temperature on dye adsorp-
tion. As illustrated in Figs. SM2 and SM3 Supplementary 
Material, the amount of MB and BG adsorbed on biochars 
increased slightly with increasing temperature, indicat-
ing the endothermic nature of the ongoing adsorption. To 
explain, increasing temperature may produce swelling 
effects within the internal structure of the biochar, which 
enables dye molecules penetrate further into smaller pores 
of biochars. Also, as the temperature increases, the rate of 
diffusion of the dye molecules across the external bound-
ary layer and into the internal pores of the biochar particles 
may be increased, resulting in higher adsorption capacities 
of biochars [59]. 

The nonlinear Langmuir plots for the adsorption of MB 
and BG onto biochars at temperatures 25, 35 and 45°C are 
also presented in Figs. SM2 and SM3, respectively. Since 
the adsorption isotherm data fitted well to the Langmuir 
model, KL constant obtained from nonlinear optimization 
technique was used to calculate thermodynamic parame-
ters ∆G0, ∆H0 and ∆S0. As shown in Table SM6 Supplemen-
tary Material, the negative ∆G0 values were obtained (ΔG0 = 

35.27–41.94 kJ/mol), indicating that the adsorption process 
of cationic and anionic dyes was both thermodynamically 
favorable and spontaneous under experimental condi-
tions [60]. It could be observed that when the temperature 
increased from 298 to 318 K, the ΔG0 values decreased by 
7.3 to 10.9 % for MB, and 7.6 to 9.7 % for BG adsorption. 
This denotes the increase in spontaneity of all adsorption 
systems, leading to the higher removal efficiency of these 
dyes at higher temperatures. The positive values for ∆H0 
indicates the endothermic nature of the adsorption process. 
Physisorption, such as van der Waals interactions, is usually 
lower than 20 kJ/mol, and electrostatic interaction ranges 
from 20 to 80 kJ/mol. Chemisorption bond strengths can be 
from 80 to 450 kJ/mol [61]. In this study, the low ΔH0 val-
ues obtained for all dye adsorption (ΔH0 = 3.92–23.69 kJ/
mol), implying that physical interaction and also electro-
static interaction would have a significant effect on the 
adsorption rate. The ΔS0 was also positive, corresponding 
to an increased randomness on the biochar surface during 
the uptake of dye molecules. In conclusion, values of ΔG0 
and ΔH0 confirm the spontaneous and endothermic nature 
of the adsorption process, which was consistent with the 
results of several studies [62,63]. 

3.10. Possible adsorption mechanism

The low enthalpy values obtained from thermodynamic 
study is an indication that physisorption was probably the 
main mechanism of adsorption for both anionic dye and 
cationic dye. Physical adsorption mechanism may occur via 
porous diffusion, hydrogen bonding, π-π interaction and 
π+-π interaction between the dye molecules and biochars 
[16,64,65,]. These physical mechanisms are proposed in 
Fig. 7.

3.10.1. Porous diffusion

The porous diffusion mechanism of MB and BG dye 
molecules was suggested to consist of two distinct adsorp-

Fig. 6. Effect of initial dye concentration and nonlinear fitting of Langmuir, Freundlich and Temkin isotherm models for (a) MB, 
(b) SO, (c) MO and (d) BG adsorption (Symbols for experimental data: VRS700; JRS700; VRH700; JRH700). (Experimental 
conditions: T = 25°C, C0 = 10–200 mg/L, mbiochar= 2 g/l, t = 240 min, pH ~ 7 for SO, pH ~ 2 for BG). 
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tion steps. The first step may be the external diffusion of the 
dye molecules from the boundary layer to the surface of the 
biochar. This may follow by the internal diffusion in which 
the penetration of the dye molecules into the pores of the 
biochar occurs. 

3.10.2. Hydrogen bonding

Generally, hydrogen bonding is favoured on material 
with oxygen-containing groups as in the case of the bio-
char material. Hydrogen bonding interaction may occur 
between the H-bonds (i.e., −COOH or −OH which act as 
the H-donors) on the biochar surface and the nitrogen or 
oxygen atoms in dyes (i.e., nitrogen atoms in the MB mole-
cules, or the oxygen atoms in the BG molecules, which act 
as the H-acceptors).

3.10.3. π-π interaction and π+-π interaction

π-π interaction is a noncovalent interaction between 
π-acceptor and π-donor molecules, while π+-π interaction (or 
cation-π interaction) is a noncovalent interaction between a 
surface of an aromatic π-donor and a cation. In π-π inter-
action, the aromatic rings in biochar may act as π-electron 
donors and the aromatic rings in MB and BG dyes may act 
as π-electron acceptors. Also, molecular structures of MB 
possess a cation N+, which may lead to the binding of cation 

N+ to the π-face of aromatic rings in biochar surface, form-
ing π+-π interaction. 

The experimental results of pH effects show that adsorp-
tion of cationic MB dye was favoured as pH increases. How-
ever, the adsorption of anionic BG dye was not favoured 
at high pH values because the electrostatic repulsion and 
the presence of OH– ions in excess competing with the dye 
anions for the adsorption sites. Therefore, besides physical 
interaction as found, another major mode of adsorption of 
cationic dyes could be chemisorption. Chemical adsorp-
tion mechanism of MB on biochars may likely be due to 
an electrostatic attraction between the oxygenated surface 
functional groups (i.e., –OH and –COOH) of biochars and 
N+ of MB molecules [50,66]. This electrostatic attraction is 
illustrated in Fig. 8.

3.11. Comparison with other adsorbents

The adsorption capacities of rice straw and rice husk 
derived biochars into MB and BG dyes have been compared 
with other agriculture solid waste biochar, biomass activated 
carbon and other materials as presented in Table 3. Compared 
to other adsorbents and activated carbons for BG removal, 
the adsorption capacities of studied biochars were not larger. 
But bi––nts for the BG removal from aqueous solutions.

For MB dye adsorption, also from Table 3, it shows 
that rice straw and rice husk biochars studied in this work 

Fig. 7. Possible physical adsorption mechanism of MB and BG onto biochar surface. 
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have a comparative adsorption capacity to MB compared 
to some biomass biochars and raw materials. In compari-
son to activated carbon, however, the adsorption capacity 
of MB was smaller. This result can be predicted because 
activated carbon generally possesses a higher degree of 
porosity which has been developed during manufacture 
at high temperature. In addition, it has a large surface 
area owning much more sites for dye molecules. Briefly, 
rice straw and rice husk biochars obtained are likely 
suitable and promising adsorbents for MB removal from 

aqueous solutions since they have relatively high adsorp-
tion capacities.

4. Conclusions

This paper reports the experimental results of the 
adsorption of two dyes, Methylene Blue and Bromocre-
sol Green, over the adsorbent biochars. This is the first 
paper to study the adsorption capacity of these dyes 

Fig. 8. Possible chemical adsorption mechanism via electrostatic attraction of MB onto biochar surface.

Table 3
Comparison of the maximum adsorption capacity (qm value) for MB and BG of rice straw and rice husk derived biochars with those 
of other adsorbents

Adsorbate Adsorbent Adsorption  
capacity (mg/g)

Contact time 
(min)

Ref.

BG Ziziphus nummularia 6.21 8 [30]
Cotton stalks activated carbon 222.22 180 [23]
Phragmites karka activated carbon 392.3 300 [31]
poly(2-phenoxy ethyl [bis(2-hydroxy ethyl)amino]acetate)  52.63 90 [32]
Rice straw biochar 37.79–45.47 240 This study
Rice husk biochar 14.78–18.08 240 This study

MB poly(2-phenoxy ethyl [bis(2-hydroxy ethyl)amino]acetate)  31.25 90 [32]
Kenaf fibre biochar 18.18 1440 [25]
Rabbit faeces biochar 86.85 210 [27]
Pig manure biochar 46.96 210 [27]
Cotton stalks activated carbon 153.85 180 [23]
Peanut shell activated carbon 208.33 1440 [21]
F. infectoria activated carbon 151.6 20 [22]
Rice husk activated carbon 343.50 120 [24]
Rice straw activated carbon 472.10 120 [24]
Raw rice husk 17 360 [28]
NaOH-rice husk 39.2 360 [28]
Ultrasound assisted -rice husk 23.5 360 [28]

Supercritical CO2-rice husk 18.4 360 [28]
Modified rice straw 296.74 60 [29]
Organosolv lignin from rice straw 40 120 [36]
Rice straw biochar 56.88–67.69 240 This study
Rice husk biochar 32.81–33.28 240 This study
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by biochars from Japan and Vietnam rice varieties. Bio-
chars were produced from rice straw and rice husk of 
two rice varieties, Japanese Koshihikari and Vietnamese 
IR50404. Within pH adjusted from 2 to 10, cationic MB 
dye favored at pH ≥ 7, whereas pH < 3 preferred for 
anionic BG dye adsorption. The adsorption isotherm data 
fitted well to the Langmuir model. The adsorption capac-
ity of cationic MB dye on the biochars was significantly 
more effective than anionic BG dye adsorption. Biochars 
from Vietnamese IR50404 obtained the higher adsorp-
tion efficiency compared to Japanese Koshihikari vari-
ety, which attributed to the higher surface area in their 
biochars. Intraparticle diffusion affected the adsorption 
rates of the adsorption systems. While the anionic dye 
adsorption process was mainly controlled by physisorp-
tion, the cationic dye adsorption was simultaneously 
controlled by both physical and chemical interactions. 
Physical adsorption mechanism may occur via hydro-
gen bonding between the H-bonds of −OH (or −COOH) 
of biochars and nitrogen atom of the MB molecules (or 
the oxygen atom in the BG molecules), π-π interaction 
between the aromatic rings of biochars and the aromatic 
rings of MB and BG dyes, or π+-π interaction between cat-
ion N+ of the dye molecules and aromatic rings of bio-
chars. Chemisorption occurred via electrostatic attraction 
between the oxygenated surface functional groups (i.e.,  
–OH and –COOH) of biochars and N+ of MB may govern 
the cationic adsorption process.

This study confirmed that the biochar adsorbents pre-
pared from rice straw and rice husk - low cost agricultural 
wastes - could selectively remove MB and BG from an 
aqueous solution. By using biochars produced from these 
available wastes as economically and cheap friendly adsor-
bents, a  certain  amount of undesired MB and BG, even 
though other colors/dyes from industrial effluents can be 
achieved. Therefore, it can be substituting other expensive 
adsorbents, such as activated carbon. With the experimental 
data obtained in this study, it is possible to design and opti-
mize an economical treatment process for the dye removal 
from industrial effluents by biochars produced from rice 
residues. And thus, the two benefits can be obtained simul-
taneously, including removing the rice wastes and treating 
unwanted coloured effluents.
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Supplementary material

Supplementary methods

Adsorption kinetics and modelling

Adsorption kinetic experiments were carried out in a 15 
mL conical centrifuge tubes containing 10 mL dye solution 
with initial concentrations of 50 mg/L and biochar dose of 
2 g/L. pH of 7 was chosen for cationic dyes (MB and SO), 
while pH of 2 was controlled to anionic dyes (MO and BG). 
The temperature and adsorption time were 25°C and 240 
min, respectively. Sample tubes were shaken on a shaker 
(Bioshaker BR-23FH) and operated at 200 rpm. The sam-
ples were prepared to be easily withdrawn at various time 
intervals (1, 10, 20, 30, 60, 90, 120, 180, 240, 480 and 720 min). 
The suspension was centrifuged at 3000 rpm for 10 min and 
then were filtered through the Whatman filter paper. The 
filtrates were measured by UV-visible Recording spectro-
photometer (Shimadzu UV-2100), at maximum absorbance 
of the dyes (see Table 1). To obtain the absorbance-concen-
tration profiles of the dyes, calibration curve was plotted 
between absorbance and concentration of the dye. Three 
different kinetic models, i.e., pseudo-second order, Elovich 
and intraparticle diffusion model were used. Their non-
linearized (functional form) and linearized equations are 
included in Table SM1 below.

Pseudo-second order model assumes that the rate-lim-
iting step in adsorption may be chemisorption and the 
adsorption capacity is proportional to the number of active 
sites on adsorbent. The Elovich equation assumes that the 
solid surfaces are heterogeneous and therefore, exhibit dif-
ferent activation energies for chemisorption. Unlike the 
Pseudo-second order and Elovich kinetic models, intrapar-
ticle diffusion model explains the adsorption progress of 
the adsorbate intraparticle of the adsorbent. According to 
this model, if intra-particle diffusion is only the controlling 

mechanism on overall adsorption process, qt versus t1/2 plot 
will gives a straight-line plot passes through the origin 
point. In contrast, the line which does not pass through the 
original point implies that intraparticle diffusion is not the 
only mechanism. If the data present multilinear plots, then 
two or more steps are included in the sorption process such 
as external diffusion and intraparticle diffusion.

Adsorption isotherms and modelling

Adsorption isotherms were determined by shaking 0.02 
g samples of biochar with a 10-ml dye solution, using con-
centrations from 10 to 200 mg/L, and the other conditions 
were the same as the kinetic experiment. The non-linear 
and linear forms of three well-known isothermal models, 
namely Langmuir, Freundlich and Temkin, were applied to 
explain adsorption equilibrium. Their nonlinearized and 
linearized equations are included in Table SM2. 

The Langmuir is valid for monolayer adsorption on a 
surface with a finite number of adsorption sites of equal 
energy, while the Freundlich isotherm derives by assuming 
a heterogeneous surface with a nonuniform distribution of 
heat of adsorption over the surface. Unlike the Langmuir 
isotherm, the Temkin isotherm considers the interaction 
between the adsorbate molecules already adsorbed and to 
be adsorbed. In this isotherm, the heat of sorption of all the 
molecules in the layer would decrease linearly with cover-
age due to adsorbate/adsorbent interactions. It makes the 
Temkin model differ from Freundlich model which implies 
a logarithmical decrease in the heat of adsorption.

Based on the Langmuir equation, a dimensionless con-
stant separation factor RL can be used to predict whether 
adsorption system is favorable or not. RL is calculated by 
using the following equation:

R
K CL

L
=

+
1

1 0
�

Table SM1
Adsorption kinetic models

Kinetic Functional form Linear form Plot Parameters and constants

Pseudo-second 
order 

dq
dt

k q qt
e t= −( )2

2 t
q k q q

t
t e e

= +
1 1

2
2

log t/qt versus t qe: Equilibrium adsorption capacity (mg/g);
qt: Time adsorption capacity (mg/g);
t: the contact time (min);
k2: Second-order rate coefficient (g/mg·min)

Elovich equation dq
dt

qt
t= −α βexp( ) q tt = +

1 1
β

αβ
β

ln( ) ln
qt versus lnt qt: Time adsorption capacity (mg/g)

t: the contact time (min);
α: initial adsorption rate (mg/g·min);
β: related to the extended of surface coverage and 
activation energy for chemisorption (g/mg).

Intraparticle 
diffusion

qt = kpt
1/2 + C qt = kpt

1/2 + C qt versus t1/2 qt: Time adsorption capacity (mg/g)
kp: the intra-particle diffusion rate constant 
(mg/g·min1/2);
t: the contact time (min);
C: the constant related to the thickness of the 
boundary layer (mg/g).
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where C0 is the initial dye concentration (mg/L).
The value of RL indicates the shape of Langmuir iso-

therm to be either unfavourable (RL > 1), linear (RL = 1), 
irreversible (RL = 0), or favourable (0 < RL < 1). A smaller RL 
value indicates a highly favourable adsorption.

Based on the Freundlich equation, the value of n also 
indicates a favorable adsorption when 1 < n < 10 and it is 
more favorable as 1/n  < 1, while 1/n equal to 1 indicates 
linear adsorption leading to identical adsorption energies 
for all sites.

Table SM2
Adsorption isotherm models 

Isotherm Functional form Linear form Plot Parameters and constants

Langmuir
qe =

+
q K C

K C
m L e

L e1
C
q K q

C
q

e

e L m

e

m
= +

1 C
q

e

e
versus Ce

qe: Adsorption capacity (mg/g);
qm: The maximum adsorption capacity (mg/g);
Ce: Equilibrium concentration of the adsorbate (mg/l);
KL: the Langmuir adsorption constant (L/mg).

Freundlich qe = KF Ce
1/n log qe= log KF + (1/n) log Ce log qe versus 

log Ce

qe: Adsorption capacity (mg/g);
Ce: Equilibrium concentration of the adsorbate (mg/l);
KF: The sorption affinity, (mg/kg)/(mg/L)n;
1/n: The nonlinearity index (unitless). 

Temkin
q

RT
b

K Ce T e= ln( ) q
RT
b

K
RT
b

Ce T e= +ln ln
qe versus lnCe qe: Adsorption capacity (mg/g);

Ce: Equilibrium concentration of the adsorbate (mg/l);
KT: Equilibrium association constant (l/mg);
b: Variation of the adsorption energy (J/mol)
R: Gas constant (8.314 J/mol.K);
T: The absolute temperature in Kelvin (273 + ºC). 

Table SM3
Basic physical and chemical characteristics of the biochar samples

Feedstock VRS JRS VRH JRH

Pyrolysis Temperature (°C) 300 500 700 300 500 700 300 500 700 300 500 700

Ultimate analysisa

C (%) 49.68 50.65 46.91 52.30 54.00 51.27 40.61 41.89 43.28 42.92 38.42 37.97
H (%) 1.22 0.65 0.19 1.89 0.99 0.28 1.01 0.78 0.29 1.19 0.56 0.38
N (%) 0.90 0.80 0.48 1.47 0.48 0.31 0.61 0.51 0.48 1.76 0.46 0.34
Ob (%) 13.54 11.54 14.18 9.09 6.97 7.90 15.48 13.80 10.03 11.79 11.67 11.44

H/C atomic ratio 0.29 0.15 0.05 0.43 0.22 0.07 0.30 0.22 0.08 0.33 0.17 0.12

O/C atomic ratio 0.20 0.17 0.23 0.13 0.10 0.12 0.29 0.25 0.17 0.21 0.23 0.23

Proximate analysisa

Moisture (%) 3.70 2.61 1.95 3.98 3.25 2.12 3.85 2.98 2.08 4.07 3.32 2.12
Volatile (%) 25.38 15.45 8.91 28.79 17.62 9.50 27.46 17.86 10.63 27.54 18.58 10.95
Total ash (%) 30.98 33.76 36.31 31.29 34.32 38.13 38.45 40.05 43.86 38.28 45.58 47.77

Pore characteristics

SBET (m2/g) 51.58 131.37 377.99 23.45 127.78 293.00 25.89 147.13 245.05 19.50 105.28 235.69
Sexternal (m

2/g) 6.06 23.42 85.59 6.74 18.10 53.15 5.62 40.13 85.54 0.12 7.83 48.47
Smicropore (m

2/g) 45.51 107.95 292.40 16.72 109.69 239.86 20.28 107.00 159.51 19.38 97.45 187.22
Vtotal (cm3/g) 0.064 0.111 0.299 0.051 0.171 0.171 0.045 0.107 0.188 0.033 0.070 0.164
Vmicropore (cm3/g) 0.020 0.048 0.13 0.007 0.048 0.106 0.009 0.047 0.070 0.008 0.043 0.082
Vnon-micro (cm3/g) 0.044 0.063 0.17 0.043 0.123 0.065 0.036 0.060 0.118 0.025 0.027 0.082
Average pore size (nm) 4.98 3.38 3.16 8.66 5.37 2.33 6.89 2.92 3.06 6.79 2.74 2.80

aValues are the average of triplicates
bData are calculated by difference
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Adsorption thermodynamics

Finally, adsorption thermodynamic experiments were 
performed at temperatures 25°C, 35°C and 45°C under the 
same conditions used in isotherm experiment. 

Thermodynamic parameters Gibbs free energy change 
∆G0, change in enthalpy ∆H0, and change in entropy ∆S0 is 
obtained by the following equation:

∆G0= –RT lnKC

In which R is the universal gas constant (8.314 J/mol·K) 
and T is the absolute temperature (K). The equilibrium con-
stant KC is calculated by:

KC = KL*MW*1000*55.5

where KL is obtained from a Langmuir equation, MW is the 
molecular weight of dye (i.e. MWMB = 319.85, MWSO = 350, 
MWMO = 327.3, MWBG = 698). 

Enthalpy ∆H0 (J/mol) and entropy changes ∆S0 (J/
mol·K) are calculated as follow:

ln K
S H

c = −
Δ Δ0 0

R RT
�

Table SM5
Langmuir, Freundlich, and Temkin isotherms parameters for MB and BG adsorption by VRS700, JRS700, VRH700 and JRH700, 
calculated by the nonlinearization optimization technique (Experimental conditions: T=25°C, C0 = 10–200 mg/L, mbiochar= 2 g/l, t = 
240 min, pH ~ 7 for MB, pH ~ 2 for BG)

Dye Biochar Langmuir Freundlich Temkin

qm kL χ2 R2 1/n kF χ2 R2 b kT χ2 R2

mg/g L/mg (mg/kg)/(mg/L)n J/mol l/mg

MB VRS700 67.69 0.32 5.77 0.98 0.46 12.21 46.12 0.58 193.35 4.79 4.15 0.96
JRS700 56.88 0.23 5.62 0.98 0.45 9.27 32.02 0.55 229.24 3.26 4.48 0.95
VRH700 33.28 0.26 1.30 0.97 0.36 7.30 6.97 0.80 402.01 2.84 5.54 0.96
JRH700 32.81 0.17 0.20 0.99 0.39 5.94 6.64 0.80 419.60 2.55 0.48 0.98

BG VRS700 45.47 0.06 1.42 0.98 0.53 4.19 7.06 0.84 287.60 1.01 0.29 0.99
JRS700 37.79 0.07 0.93 0.98 0.49 4.01 6.44 0.83 333.22 0.99 0.09 1.00
VRH700 18.08 0.04 0.10 0.99 0.52 1.45 2.21 0.89 640.57 0.45 0.13 0.99
JRH700 14.78 0.05 0.12 0.99 0.44 1.63 1.34 0.87 800.64 0.51 0.18 0.98

Table SM4
Pseudo-second-order, Elovich and intraparticle diffusion kinetic parameters for MB and BG adsorption by VRS700, JRS700, VRH700 
and JRH700, calculated by the nonlinearization optimization technique (Experimental conditions: T = 25°C, C0 = 50 mg/L, mbiochar = 
2 g/l, t = 1–720 min, pH ~ 7 for MB, pH ~ 2 for BG)

Dye Biochar Pseudo-second order Elovich Intra-particle diffusion

qe,exp qe,cal k2 χ2 R2 β α χ2 R2 C kp χ2 R2

mg/g mg/g g/
mg·min

g/
mg

mg/
g·min

mg/g mg/
g·min1/2

MB VRS700 24.59 26.19 0.008 0.02 0.99 0.28 25.64 3.26 0.83 9.37 0.96 21.73 0.08
JRS700 23.84 25.39 0.005 0.11 0.98 0.26 10.04 4.20 0.84 6.00 1.10 30.32 0.05
VRH700 22.06 19.40 0.007 0.15 0.96 0.33 7.94 3.04 0.85 4.66 0.85 22.36 0.09
JRH700 20.64 18.37 0.005 0.29 0.95 0.34 5.08 2.90 0.86 3.36 0.85 22.92 0.05

BG VRS700 19.25 21.62 0.011 0.85 0.97 0.30 14.23 2.58 0.91 20.13 0.10 19.62 -0.15
JRS700 18.93 18.45 0.010 0.92 0.96 0.33 8.10 1.97 0.90 16.51 0.12 17.88 -0.05
VRH700 10.84 11.77 0.022 0.67 0.95 0.58 9.96 1.17 0.88 9.33 0.06 7.79 0.23
JRH700 9.70 10.85 0.020 1.04 0.92 0.60 7.01 0.62 0.95 8.22 0.06 8.33 0.25

Fig. SM1. Plot for the pHPZC determination of biochars.
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Fig. SM3. Plots of nonlinear forms of Langmuir isotherm models for BG adsorption on (a) VRS700, (b) JRS700, (c) VRH700 and (d) 
JRH700 at different temperatures (Experimental conditions: T = 25–45°C, C0 = 10–200 mg/L, mbiochar = 2 g/l, t =240 min, pH ~ 2).

Fig. SM2. Plots of nonlinear forms of Langmuir isotherm models for MB adsorption on (a) VRS700, (b) JRS700, (c) VRH700 and (d) 
JRH700 at different temperatures. (Experimental conditions: T = 25–45°C, C0 = 10–200 mg/L, mbiochar = 2 g/l, t = 240 min, pH ~ 7).
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By plotting ln KC versus 1/T, ∆H0 and ∆S0 values can be 
obtained from the slope and intercept, respectively.

The negative value of ∆G0 indicates the spontaneity 
of the adsorption process, and greater values (in module) 
reflect a more energetically favourable adsorption reac-
tion. A positive value for ∆G0 indicates that energy must be 
input, and that the reaction is nonspontaneous. Enthalpy 

∆H0 is used to identify the nature of adsorption, in which 
a positive value of ∆H0 indicates an endothermic process 
and negative ∆H0 indicates the adsorption is exothermic. 
A positive value of  ∆S0 indicates increased randomness of 
adsorbate molecules on the solid surface than in solution. If 
∆S0 is positive, along with negative ∆G0, the adsorption is 
spontaneous and is reaching equilibrium.


