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Abstract Dye-based industries, particularly small

and medium scale, discharge their effluents into

waterways without treatment due to cost considera-

tions. We investigated the use of biochars produced

from the woody tree Gliricidia sepium at 300 �C
(GBC300) and 500 �C (GBC500) in the laboratory

and at 700 �C from a dendro bioenergy industry

(GBC700), to evaluate their potential for sorption of

crystal violet (CV) dye. Experiments were conducted

to assess the effect of pH reaction time and CV loading

on the adsorption process. The equilibrium adsorption

capacity was higher with GBC700 (7.9 mg g-1) than

GBC500 (4.9 mg g-1) and GBC300 (4.4 mg g-1), at

pH 8. The CV sorption process was dependent on the

pH, surface area and pore volume of biochar (GBC).

Both Freundlich and Hill isotherm models fitted best

to the equilibrium isotherm data suggesting coopera-

tive interactions via physisorption and chemisorption

mechanisms for CV sorption. The highest Hill sorp-

tion capacity of 125.5 mg g-1 was given by GBC700

at pH 8. Kinetic data followed the pseudo-second-

order model, suggesting that the sorption process is

more inclined toward the chemisorption mechanism.

Pore diffusion, p–p electron donor–acceptor interac-

tion and H-bonding were postulated to be involved in

physisorption, whereas electrostatic interactions of

protonated amine group of CV and negatively charged

GBC surface led to a chemisorption type of adsorp-

tion. Overall, GBC produced as a by-product of the

dendro industry could be a promising remedy for CV

removal from an aqueous environment.

Keywords Chemisorption � Physisorption � Cationic
dyes � Wastewater treatment � Crystal violet �
Gliricidia

Introduction

Synthetic dyes are extremely stable due to their

complex aromatic compounds. They are considered

to have disease causing properties such as carcino-

genic, mutagenic, teratogenic and allergic actions on
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living organisms (Yagub et al. 2014). Basically, 30%

of the world production of dyes may be lost during the

dyeing process and the effluents can consist of up to

10–50 mg L-1 of dye concentration (Nethaji and

Sivasamy 2011). It has been estimated that 10–20%

of triarylmethane dyes from the dyeing process are

released to the natural water surface without pre-

treatment (Schoonen and Schoonen 2014). Crystal

violet (CV) is one of the most commonly used

synthetic, cationic dyes, belongs to the triarylmethane

group and is widely used in textile dyeing, biological

staining and paintings. In addition, CV is also used as a

pH indicator, external disinfectant (Mittal et al. 2010),

dermatological agent and veterinary medicine (Guzel

et al. 2014).

Cationic dyes are highly toxic with respect to

anionic dyes, and their trinctorial values are very high

(\1 mg L-1) (Guzel et al. 2014). Accordingly, CV

has high color intensity and is highly visible in

aqueous solutions even in low concentrations, which

can lead to severe color pollution. In aquatic ecosys-

tems, the color prevents sunlight penetration through

the water column resulting in a decline in the primary

production besides health effects on aquatic fauna and

flora (Hameed and Ahmad 2009). Removal of CV dye

from industrial effluent is therefore essential prior to

their disposal to ensure the protection of the environ-

ment and human health. Generally, CV is classified as

carcinogenic and is a recalcitrant molecule due to its

non-biodegradability and can be persistent in a variety

of environments (Saeed et al. 2010). Hence, it may

tend to traverse through the food chains, leading to

bioaccumulation and biomagnification in wildlife and

humans (Guzel et al. 2014). Furthermore, CV dye

causes skin, respiratory and digestive tract irritations

(Zhang et al. 2014) and even in extreme cases as

respiratory ailments, kidney failures and permanent

blindness (Mittal et al. 2010). Thus, the remediation of

CV effluents prior to their disposal is an emerging

concern in addressing environmental and water

pollution.

For dye removal from aqueous systems, methods

such as flocculation, coagulation, membrane filtration,

chemical oxidation, ion exchange, electrolysis and

reverse osmosis have been used (Yagub et al. 2014;

Rafatullah et al. 2010). However, they are inefficient

and ineffective as the dyes are complex and fairly

highly soluble in aqueous medium (Mittal et al. 2010)

with high stability and recalcitrant nature toward light,

aerobic digestion and oxidizing agents (Demirbas

2009). Adsorption is a widely used technique world-

wide, due to its simplicity, cost-effectiveness and easy

operation without producing harmful by-products

(Feng et al. 2013) and also can be used for a wide

variety of dyes and for large-scale dye removal

(Ghaedi et al. 2013). Several studies have shown that

the activated carbon derived from different materials

such as coconut fiber (Demirbas 2009), and coconut

pith (Nethaji and Sivasamy 2011) can be successfully

applied for the removal of methylene blue from

aqueous solutions. However, the use of activated

carbon is not worthwhile due to its high cost (Alsha-

banat et al. 2013). Hence, finding alternatives for

activated carbon is necessary for a sustainable solution

for dye removal from aqueous systems.

Biochar is recognized as a sustainable alternative

for activated carbon for removing a wide spectrum of

pollutants from soil and aqueous systems (Vithanage

et al. 2016, 2017). While biochar has been used as a

soil amendment in the recent past to improve crop

yield and soil fertility, researchers have now explored

the possibility of using it as a biosorbent to isolate

environmental pollutants (Tan et al. 2015; Vithanage

et al. 2014). Biochar is economically and environ-

mentally beneficial due to less energy requirement,

carbon negative production and recycling of organic

waste materials, through the pyrolysis process (Ah-

mad et al. 2013). The temperature of pyrolysis and the

type of biomaterial are crucial parameters in terms of

biochar properties for sorption capacity (Ahmad et al.

2014). Pyrolysis of organic waste wood is an effective

strategy in terms of energy production. Through this

process, biochar and ash would be the possible by-

products and this biochar can be used directly for

remediation purposes (Lucchini et al. 2014).

Although, several adsorbents have been used to study

CV sorption such as organic waste products, grapefruit

peel, wheat bran, coniferous pinus (Yagub et al. 2014),

industrial by-products; bottom ash, de-oiled soya

(Mittal et al. 2010) and inorganic materials; kaolin

(Yagub et al. 2014), few studies have reported on dye

removal using biochar derived from different materi-

als such as water hyacinth (Xu et al. 2016), kenaf fiber

(Mahmoud et al. 2012), cellulose, coconut shell,

groundnut shell, rice husk and straw (Kannan and

Sundaram 2001; Kulkarni et al. 2017; Zhou et al.

2014). Magnetized biochar showed significant

improvement of the adsorption capacity of CV even
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more than activated carbon (349 mg g-1) (Sun et al.

2015; Yakout and Ali 2015). Gliricidia sepium

derived biochar, obtained from a bioenergy industry

as a by-product, has recently been applied for the

remediation of heavymetals in contaminated-soils and

pesticides in water (Herath et al. 2015; Bandara et al.

2015; Mayakaduwa et al. 2015). Nevertheless, this

woody biochar has not been tested for its potential for

removing dyes from wastewater.

Hence, investigating the potential of removal of

cationic dyes by using waste by-products could be a

crucial strategy for wastewater treatment while

addressing the waste management problem in bioen-

ergy industries. The primary objective of this study is

to provide a cost-effective solution for small dye

industries to effectively remove CV from their effluent

before discharging into public waterways. The sorp-

tion characteristics of biochar from Gliricidia sepium

(GBC) produced at different pyrolysis temperatures

and a bioenergy industry-derived GBC for CV

removal were evaluated and compared using equilib-

rium and kinetic mechanistic modeling.

Materials and methods

Chemicals

Crystal violet, CI 42555, IUPAC name Tris(4-

(dimethylamino)phenyl)methylium chloride (Fig. S1)

was purchased from Sigma-Aldrich (99% purity). A

stock solution of 1000 mg L-1 was prepared in distilled

water. Successive dilutions from the stock solutionwere

used to prepare the experimental solution of relevant

concentrations for batch sorption studies, and each

experiment was carried out with fresh dilutions. Nitric

acid (0.1 MHNO3) and sodiumhydroxide 0.1 MNaOH

were used for adjusting the pH of the dye solution. All

reagents were of analytical grade.

Biochar production and characterization

Biochar was produced from the biomass of a woody

tree, Gliricidia sepium, provided by a dendro thermal

power plant in Thirappane, Sri Lanka. The wood was

cut into small pieces, crushed and oven-dried at 60 �C
for 24 h. Dried biomass was pyrolyzed in closed

crucibles at 300, and 500 �C under limited O2 supply

by using a Muffle Furnace (model P330, Nabertherm,

Germany). Pyrolysis heating rate was adjusted to 7 �C
min-1 for 3 h to obtain a slow pyrolysis process

(Ahmad et al. 2013). GBC derived at 700 �C was

collected directly from the dendro thermal power

plant. Powdered GBCwas cooled to room temperature

and sieved to\1 mm particle size. GBC pyrolyzed at

300, 500 �C and the dendro bioenergy industry-

derived biochar at 700 �C were denoted as GBC300,

GBC500 and GBC700 for the experiments, respec-

tively. The pH and EC were measured by using pH

meter and electrical conductivity meter in 1:10

suspensions of biochar to water. Surface area was

determined by using BETmethod, while pore volumes

and pore diameter were measured through BJH

(Barrett-Joyner-Halenda) method. Elemental analysis

was conducted by using an elemental analyzer (Vario

MAX CN, elementar, Hanau, Germany). FTIR spectra

were collected in the range of 400–4000 cm-1 by a

Nicolet FTIR spectrophotometer (Model 6700, USA)

to detect surface functional groups of the biochar and

dye loaded biochar. In addition, quantification of

functional groups in biochar was determined by using

modified Boehm titration experiment (Fidel et al.

2013).

Batch sorption studies

The factors that affect the sorption process such as pH,

initial dye concentration and contact time were studied

for pyrolyzed GBC through batch experiments.

Experiments were carried out in 50 mL tubes with

25 mL of CV solution; the tubes were equilibrated in

the linear shaker at room temperature at 120 rpm. The

pH range was 3–9, and initial dye concentration was

5–200 mg L-1. The biochar dose of 2 g L-1 and

equilibrium time of 4 h were used for all sorption

experiments based on the preliminary dosage and

kinetic studies. After shaking for the required time

duration the samples were micro-centrifuged at

7000 rpm for 10 min. The supernatant was analyzed

by a UV–VIS spectrometer (UV-160A Shimadzu,

Japan) at 590 nm wave length to determine the

residual dye concentration (Sun et al. 2015).

Isotherm studies

Adsorption isotherms were carried out for the three

types of GBCs in different CV concentrations at pH 8,

keeping the temperature constant (30 �C). Dye
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solutions of 25 mL with different concentrations

(5–200 mg L-1) were used by adding an adsorbent

dose of 2 g L-1 and equilibrated. These tubes were

taken out, centrifuged and analyzed.

The amount of dye adsorption qe (mg g-1) was

calculated by Eq. (1).

qt ¼ ½C0 � Ce�V=M ð1Þ

where qe is the solid-phase dye equilibrium concen-

tration (mg g-1), C0 and Ce are the initial and

equilibrium dye concentrations (mg L-1), respec-

tively, V is the solution volume (L), andM is the mass

of biochar (g).

Equilibrium isotherm models of Langmuir, Fre-

undlich, Temkin, Dubinin–Radushkevich and Hill

were used to describe dye adsorption onto GBC300,

GBC500 and GBC700. The equations of Langmuir

and Freundlich, Temkin, Dubinin–Radushkevich and

Hill models are expressed, by Eqs. (2), (3), (5),(6)

(Rajapaksha et al. 2015) and (7) (Foo and Hameed

2010).

Langmuir isotherm (Eq. 2) refers to homogeneous

adsorption and assumes that all sites of the adsorbent

possess a uniform affinity for the adsorbate. In contrast

the Freundlich isotherm model (Eq. 3) suggests mul-

tilayer adsorption, with non-uniform affinities over the

heterogeneous surface of the adsorbent.

qads ¼
qmaxKLCe

1þ KLCe

ð2Þ

qads ¼ KFC
1=n
e ð3Þ

where qe is the amount of dye adsorbed per unit weight

of biochar (mg g-1), Ce is the equilibrium dye

concentration (mg L-1). qmax is the maximum adsorp-

tion capacity, and KL refers to the Langmuir affinity

parameter related to the energy adsorption. KF and

n are Freundlich constants; KF indicates the bond

strength, while n indicates the bond energies between

the dye and the biochar.

The separation factor (RL), which is based on

Langmuir parameters, is used to determine whether

the sorption of dye onto biochar was favorable or

unfavorable in batch experiments and is expressed by

Eq. 4:

RL ¼ 1

1þ KLCo

ð4Þ

The Temkin isotherm model Eq. (5) refers to the

heat of sorption which assumes that the adsorption

energy decreases linearly with the surface coverage

and the bonding energy implies a uniform distribution

up to a certain maximum energy.

qads ¼
RT

b
lnðACeÞ ð5Þ

where R is the universal gas constant (8.314 J K-1 -

mol-1), T is the absolute temperature, b is the heat of

adsorption, and A is the binding constant (L mg-1).

The Dubinin–Radushkevich Eq. (6) model refers to

the multilayer adsorption mechanism with Van der

Waals forces.

qads ¼ qD expð�BD RT lnð1þ 1=CeÞ½ �2 ð6Þ

where qD is the adsorption capacity (mg g-1) and BD

is the mean free energy of sorption.

Hill isotherm model Eq. (7) assumes that the

adsorption capacity is a cooperative phenomenon

and describes the binding of different molecules onto

homogeneous substrates.

qads ¼
qsHCnH

e

KD þ CnH
e

ð7Þ

where KD is the Hill constant, nH is the Hill

cooperativity coefficient of the binding interaction,

and qSH refers to the Hill isotherm maximum uptake

saturation (mg L-1).

Kinetic studies

Kinetic study was conducted for GBC700 to investi-

gate the effect of contact time on dye sorption.

Adsorbent dosage, pH and initial dye concentration

were kept constant and at their optimum value. Dye

solution of 25 mL was used for each tube with an

adsorbent dose of 2 g L-1 and equilibrated. The tubes

were taken out at different time intervals (from 5 min–

8 h), centrifuged and analyzed by the UV–Vis spec-

trophotometer at 590 nm wave length. The amount of

adsorption qt (mg g-1), at time t (min), was calculated

by Eq. (8).

qt ¼ ½C0 � Ct�V
�
M ð8Þ

where Ct is the concentration of the CV at time

t (mg L-1).
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Kinetic models of pseudo-first-order, pseudo-sec-

ond-order, Elovich and parabolic models were used to

investigate the mechanism of dye sorption onto

GBC700. The equations of pseudo-first-order,

pseudo-second-order, Elovich and parabolic kinetic

models are expressed as Eqs. (9), (10), (11) (Vitha-

nage et al. 2016) and (12) (Zeng et al. 2004).

The pseudo-first-order kinetic model (Eq. 9)

describes the reversibility of equilibrium between

the liquid and solid phases.

qt ¼ qe 1� exp�k1t
� �

ð9Þ

where qe is the amount of dye adsorbed at t = 0

(mg g-1), K1 is the pseudo-first-order rate constant

(min-1).

The pseudo-second-order kinetic model Eq. (10) is

related to the rate limiting of the chemical adsorption,

which is expressed as:

qt ¼
K2q

2
e t

1þ K2qet
ð10Þ

where qe is the amount of dye adsorbed at t = 0

(mg g-1), K2 is the pseudo-second-order rate constant

(min-1).

The Elovich kinetic model Eq. (11) is expressed as:

qt ¼ 1=b lnðabÞ þ ð1=bÞ ln t ð11Þ

The parabolic model Eq. (12) describes the diffu-

sion-controlled phenomena which are rate limiting.

qt ¼ aþ kpt
1
2 ð12Þ

where kp is the diffusion rate constant ((cm2 s-1))-0.5

and a is a constant.

Statistical analysis

All isotherm and kinetic parameters were determined

by nonlinear regressions using Origin 6.0 software.

The goodness of fit for the isotherm models was

evaluated by comparing the coefficient of determina-

tion (r2) and Chi-square (v2). The Chi-square (v2)
values were calculated by using Eq. (13).

v2 ¼
P

ðqex � qmÞ2

qm
ð13Þ

where qex and qm are the experimental and model

calculated equilibrium capacity (mg g-1), respectively.

Results and discussion

Biochar characterization

The properties of GBC varied with the temperature of

pyrolysis. The pH of GBC increased with raising

pyrolysis temperature (Table 1). This may be due to

separation of alkali salts from Gliricidia and loss of

acidic functional groups at higher pyrolysis tempera-

ture (Rajapaksha et al. 2015). Similarly, cation

exchange capacity (CEC) of the biochars increased

with the elevation of the pyrolysis temperature due to

the concentration of Ca2?, Mg2?, Na? and K?

elements without volatilizing through the pyrolysis

process (Al-Wabel et al. 2013).

Lower molar ratio of O/C indicated the poor

polarity nature of the GBC suggesting less

hydrophilicity and high stability of the biochar surface

(Ahmad et al. 2013), while lower polarity index

(O?N)/C links with the reduction in surface polar

functional groups (Rajapaksha et al. 2014). The molar

O/C ratio and the polarity index (O?N)/C decreased

with increasing pyrolysis temperature (Table 1). The

Table 1 Proximate analysis and ultimate analysis of Gliricidia

biochar derived at 300 �C (GBC300), 500 �C (GBC500) and

700 �C (GBC700)

Sample GBC300 GBC500 GBC700

pH 6.71 9.27 10.42

EC (lScm-1) 212.35 537.5 1703.50

Proximate analysis

Moisture (%) 3.57 2.66 11.27

Mobile matter (%) 28.58 11.79 23.81

Resident matter (%) 61.80 70.80 44.40

Ash (%) 6.03 14.68 20.51

Yield (%) 39.58 26.24 –

Ultimate analysis

C (%) 75.46 73.29 92.75

H (%) 4.76 3.55 1.46

O (%) 24.35 19.0 2.80

N (%) 0.72 0.84 0.73

Molar H/C 0.06 0.05 0.02

Molar O/C 0.32 0.26 0.03

Molar (O?N)/C 0.33 0.27 0.04

Surface area (m2 g-1) 1.02 76.30 808.00

Pore volume (cm3 g-1) 0.001 0.010 0.890
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molar O/C reduced from 0.32 at GBC300 to 0.25 at

GBC500 and 0.03 at GBC700, and polarity index

(O?N)/C reduced from 0.33 at GBC300 to 0.27 at

GBC500 and 0.04 at GBC700. GBCs became more

hydrophobic with the increase in pyrolysis tempera-

ture. Removal of acidic functional groups during the

pyrolysis process leads to enhanced basicity of biochar

surface, with the elevation of the pyrolysis tempera-

ture (Ahmad et al. 2013).

Molar H/C ratio implies the aromaticity, and H/C

ratio less than 0.1 indicates graphite-like structures

(Ahmad et al. 2013). Molar ratios of GBC700,

GBC500 and GBC300 were reduced to 0.06, 0.05

and 0.02, respectively. Lower molar H/C values of

GBC indicated that the GBC derived under the higher

pyrolysis temperature consisted of highly carbonized

aromatic structures (Rajapaksha et al. 2014). The

aromatic structure of the surface of GBC700 was

further confirmed by the FTIR spectral data. Thus, it

can be confirmed that GBC700 is highly stable with

respect to the GBC500 and GBC300.

Surface area and pore properties of GBC also

changed with the pyrolysis temperature (Table 1). A

drastic increment of surface area of GBC700

(808.00 m2 g-1) was observed relative to GBC500

(76.30 m2 g-1) and GBC300 (1.02 m2 g-1). Lower

surface area at low pyrolysis temperature (\700 �C) is
attributed to the formation of tar components during

the pyrolysis process which prevents the formation or

hinders the continuity of pores (Rajapaksha et al.

2015). In contrast, these tar components may volatilize

at higher pyrolysis temperature ([700 �C) under a

huge pressure and enhance the biochar surface area

(Ahmad et al. 2013). Similar results have been

reported in several previous studies, where they have

revealed that higher surface area often resulted at

higher pyrolysis temperature (700–750 �C) (Ahmad

et al. 2013). Similar to the surface area, the pore

volume was also increased with the elevation of

pyrolysis temperature and GBC700 showed the high-

est value of 0.89 cm3 g-1. However, pore diameters

were recorded as 38.40 nm at GBC300, 70.30 nm at

GBC500 and 4.08 nm at GBC700. These results

revealed that GBC300 and GBC700 dominate with

mesopores (2–50 nm), while GBC500 dominates with

macro pores ([50 nm).

Scanning electron microscopic (SEM) images

(Fig. S2) showed the amorphous and heterogeneous

structures of GBC relative to their biomass. The

occurrence and development of channels, macro-,

meso- and micropores were well observed in GBC700

compared to the GBC500 and GBC300. Formation of

these vesicles may be due to the release of volatile

components under an extensive internal pressure at

high pyrolysis temperatures resulting in combination

of smaller pores, enlargements of internal cavities and

the splitting into amorphous structures (Rajapaksha

et al. 2014).

FTIR characterization

The FTIR spectra of the GBC300, GBC500, GBC700

and the CV loaded GBC700 are shown in Fig. S3.

There is a significant decrease in the peaks of the

following functional groups with increasing pyrolysis

temperature: –OH stretching of hydrogen bonding, –

CH2 stretching of polar groups and C=O and C=C

stretching of lignin, phenolic –OH and C–O–C

stretching of cellulose. Pyrolysis of the Gliricidia

biomass results in a dehydration of the cellulose and

ligneous content, and condensation of the aromatic

units. The spectrum of GBC700 shows peaks at 875,

1090, 1429 and 3437 cm-1. The small peak at

875 cm-1 is attributed to the aromatic –CH out of

plane bending (Rajapaksha et al. 2015) due to the

condensation of the small aromatic units into larger

sheets, an indication of the highly aromatic nature of

GBC700. The broad peak at 1090 cm-1 can be

attributed to phenolic OH (Vithanage et al. 2016) or

Si–O stretching vibrations, and peak 1429 cm-1

represents the CO3
2- stretching frequencies (carbon-

ate) group (Herath et al. 2015). Further, quantitation of

functionalities within the GBC700 by Boehm titration

depicts the presence of acidic like lactonic, phenolic

and carboxylic groups in biochar, respectively,

297.61, 402.86 and 34.07 lmol g-1, while the

743.55 lmol g-1 of total acidic groups represents

within the adsorbent. Moreover, representation of

basic groups was quite high for GBC700 and quan-

titatively 2017.67 lmol g-1 present in the sample.

The peak at 3437 cm-1 of raw GBC700 is assigned to

the phenolic –O–H stretch. After the adsorption of CV,

the new peaks appeared at 1171, 1366 and 1586 cm-1

corresponding to secondary amine C–N stretch

(Coates 2000), aromatic tertiary amine C–N stretch

(Kant et al. 2014) and –NH (Sun et al. 2015) group,

respectively. This confirms the adsorption of CV by

these functional groups in GBC700.
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Adsorption studies

Effect of pH

The sorption of CV onto the three GBCs was highly

pH dependent. The variation in the amount of CV

adsorbed by the three GBCs with the initial pH of

the solution is shown in Fig. 1a. The equilibrium

adsorption capacity of GBC700 (7.9 mg g-1) was

twice as much as that of GBC500 (4.9 mg g-1) and

300 (4.4 mg g-1), at pH[ 7 and therefore GBC700

showed the highest equilibrium sorption capacity

compared to GBC500 and GBC300. With increasing

pH of the solution, the sorption of CV onto GBC700

increased significantly from 5.4 mg g-1 at pH 3 to

7.9 mg g-1 at pH 9 with equilibrium occurrence at

pH [ 7 (Fig. 1a). The optimum pH for maximum

sorption of CV (7.9 mg g-1) was observed at an

average of pH 8. Thus, the sorption of CV onto all

GBCs is highly pH dependent since it affects the

surface charge of the adsorbent. In addition, the

interaction of the ionic and functional surface group

can influence the adsorption process. Being a

cationic dye, CV would be preferably adsorbed

onto a biosorbent surface with a negative charge (El

Saliby et al. 2013). At low pH values (pH = 2) the

high concentration of H? ions and its smaller ionic

radius would give them a competitive advantage

over the larger CV molecules, resulting in reduced

adsorption of CV molecules (Sun et al. 2015). The

adsorption capacity of the adsorbent is further

reduced by the repulsion between the protonated

adsorbent and the CV molecules (Zhou et al. 2014).

Similar observation to our study was made by Sun

et al. (2015) with corn stalk biochar magnetized

with Fe3O4, where optimum pH was 6.0 (Table 4).

The point of zero charge (pHpzc) of the GBC700

further explains the role of pH in the CV adsorption

process. The pHpzc of the GBC700 was 7.4

(Fig. 1b). When the solution pH is below the pHpzc,

the surface of the adsorbent is positively charged

and it becomes negative if the pH is above the

pHpzc (Mohsen Nourouzi et al. 2010). In this study,

the maximum sorption occurred at 8 pH, which is

above the pHpzc (pH [ 7.4). At this point, the

surface of biochar becomes negatively charged,

exhibiting predominantly strong electrostatic inter-

actions with positively charged CV molecules, since

the CV dye is dissociated as C25H30N3
? and Cl- in

aqueous medium. At higher pH (pH [ 7), this

cationic form of CV is highly stable, thereby

resulting in a maximum sorption. With further

increase in the solution pH, the available binding

sites on the biochar surface are progressively

saturated leading to a constant CV adsorption. The

least CV sorption was observed at pH \ 7 due to

electrostatic repulsive forces of positively charged

biochar surface and the cationic CV molecule.

Studies have also shown that cationic dye adsorption

is more favored at pH[ pHpzc due to the presence

of OH-, COO- functional groups on the adsorbent

surface (Sahmoune and Yeddou 2016).

Fig. 1 a Effect of solution pH on the sorption of crystal violet

dye for Gliricidia biochar derived at 300 �C (GBC300), 500 �C
(GBC500) and 700 �C (GBC700). b Variations of surface

charge with pH based on the three different ionic strengths.

Gliricidia biochar derived at 700 �C (GBC700) concentra-

tion = 0.5 g L-1, pHpzc = 7.4
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Isotherm studies

Adsorption isotherm models generally describe the

relationship between the amount of CV adsorbed by a

unit weight of adsorbent and the remaining amount of

substance in the solution at equilibrium. The adsorption

amount of the CV increased with the increase of initial

dye concentration for all three types of GBCs. The

driving force of adsorption depends on the solute

concentration gradient between the adsorbent and the

adsorbate (Song et al. 2011). At low concentrations, the

adsorption of CV was much difficult due to the lower

concentration gradient of dye ions between the biochar

and the solution. In contrast, higher dye concentrations

enhanced the dye removal process through increasing

the driving force, which retards the resistance toward

the dye adsorption until the saturation of all the active

sites on the biochar surface is achieved (Mahmoud et al.

2012). In GBC700, the amount of dye adsorbed per unit

mass increased from 0.9 to 25 mg g-1. In contrast, the

amount of dye adsorbed per unit mass increased from

1.8 to 14 mg g-1 withGBC500 and 1 to 8.9 mg g-1 for

GBC300, respectively.

To understand the isotherm behaviors of CV

adsorption, onto GBC, the data were fitted to the

models of Langmuir, Freundlich, Temkin, Dubinin–

Radushkevich and Hill. The values for the parameters

of nonlinear adsorption isotherm models fitted for all

the biochars at pH 8 are summarized in Table 2. The

Freundlich and Hill isotherms fitted well for all the

biochars tested in this study with respect to the

Langmuir, Temkin and Dubinin–Radushkevich iso-

therm models according to the regression coefficient

(r2) and Chi-square (v2) values (Table 2). The adsorp-

tion isotherm models fitted for GBC700 are shown in

Fig. 2a. The Freundlich isotherm can be applied to

Table 2 Freundlich and Hill isotherm parameters for crystal violet dye adsorption onto Gliricidia biochar derived at 300 �C
(GBC300), 500 �C (GBC500) and 700 �C (GBC700) at pH 8

Isotherms

Adsorbent Freundlich Hill

r2 v2 KF 1/n r2 v2 qSH KD nH
(mg g-1) (mg g-1)

GBC300 0.9314 0.623 0.68 0.66 0.9477 0.631 11.02 0.0500 1.50

GBC500 0.9037 3.759 1.49 0.54 0.9013 3.853 23.71 0.0242 0.95

GBC700 0.9746 2.790 5.86 0.38 0.9747 3.338 125.53 0.0009 0.43

All parameters were calculated by nonlinear regression

Fig. 2 aAdsorption isotherm fitting of biochar at 700 �C (GBC700) to Freundlich model and Hill model at pH 8. bAdsorption kinetic

fitting of biochar produced at 700 �C (GBC700) to pseudo-second-order, pseudo-first-order and Elovich model
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multilayer adsorption with non-uniform distribution of

adsorption heat and affinities over the heterogeneous

surface (Foo and Hameed 2010). The experimental

data fitted to the Freundlich isotherm model indicated

that the adsorption process is more inclined toward

physisorption type interactions. The Freundlich con-

stant (Kf) expresses the degree of adsorption; an

increase in Kf values with increasing pyrolysis tem-

perature suggests that the adsorption process is highly

favorable in biochars produced at high pyrolysis

temperatures (Chakraborty 2011). Thus, the results

suggest that GBC700 has the highest adsorption

capacity for CV adsorption compared to GBC300

and GBC500. The term 1/n is considered as a measure

of the adsorption intensity, and the deviation of 1/

n from 1 indicated a greater heterogeneity of the

biochar surface (Vithanage et al. 2014). All the n

values lay between 1 and 10, and therefore, 1/n values

were lower than 1. This indicates a favorable adsorp-

tion of CV by all three types of biochars. The

availability of new binding sites for the adsorption

process from a greater surface heterogeneity of the

sorbent increased the adsorption capacity. The value

of 1/n significantly decreased with increasing pyrol-

ysis temperature of the GBC, and the least 1/n value of

GBC700 further confirmed the feasibility of the

adsorption process on GBC700. Biochars derived at

high temperatures have given high capacities for

adsorbing organic pollutants such as deisoprpyla-

trazine, trichloroethylene and carbofuran, etc. (Mah-

tab Ahmad et al. 2014).

The Hill isotherm model indicates the existence of

possible cooperative interactions via chemical bond-

ing between the CV molecules and the biochar

surface. The model illustrates when a ligand is capable

of binding with a macromolecule; it can also influence

the binding ability of other ligands onto the same

macromolecule (Foo and Hameed 2010). Hence,

cooperative interactions can occur on the surface of

the biochar creating strong chemical bonding between

the functional groups present on the biochar surface

and more than one group of the CV molecules. The

Hill cooperativity coefficient (nH) provides a way to

quantify this effect, and nH [1 indicates a positive

cooperativity (Vithanage et al. 2014), whereas n\1

indicates negative cooperativity. Maximum sorption

capacities (qSH) of CV were obtained through the

Hill equation with the values of GBC700

(125.53 mg g-1)[GBC500 (23.71 mg g-1)[
GBC300 (11.02 mg g-1). GBC700 showed the high-

est sorption capacity resulting in a relatively greater

adsorption of CV. This adsorption capacity was twice

as much as the Langmuir adsorption capacity of a

nonporous carbon derived from tomato paste

(68.97 mg g-1) for the removal of CV from aqueous

solution (Guzel et al. 2014).

Kinetic studies

The highest sorption capacity from the edge and

isotherm experiments was shown by GBC700. Kinetic

study was conducted only for GBC700 in order to

Fig. 3 Correlation among Hill adsorption capacityQmax and a surface area and b pore volume for Gliricidia biochar derived at 300 �C
(GBC300), 500 �C (GBC500) and 700 �C (GBC700). The linear regression is represented by the lines
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study the kinetic behavior and thereby postulate

further sorption mechanisms of CV onto GBC700.

The removal of CV increased with the time of contact

with GBC700 and equilibration was observed after

4 h. The rate of dye removal was initially rapid with

7.5 mg g-1 of CV adsorbed within 2 h; thereafter, it

gradually declined attaining equilibrium after 4 h at

8.1 ± 0.6 mg g-1 (Fig. 2b). Hence, the adsorption

kinetics showed a two-stage sorption process: an

initial rapid phase followed by a slow phase. This can

be attributed to the availability of vacant sites on the

biochar at the initial stages, which are rapidly occu-

pied by the CVmolecules followed by a slowing down

of the sorption process as less sites are available, and

reaching an equilibrium stage when all the available

sites are saturated. This was similar to the conclusions

made in previous studies on methylene blue adsorp-

tion onto modified biochar derived from Water

hyacinth (Xu et al. 2016).

The kinetic models fitted for GBC700 are shown in

Fig. 3, and the estimated values for kinetic model

parameters are given in Table 3. Based on the highest

regression coefficient (r2) and lowest Chi-squares (v2),
the pseudo-second-order kinetic model provided a

satisfactory fit for the adsorption kinetics of CV onto

GBC700. Predicted adsorption capacity value (qe

cal = 9.17) from the pseudo-second-order model

matched well with the experimental adsorption capac-

ity value (qe exp = 9.24), which further confirmed the

goodness of the fitting of experimental data to the

pseudo-second-order model. Fitting experimental data

to pseudo-second-order kinetic model suggests that

chemical sorption may have occurred by involving the

valency forces through sharing or exchange of elec-

trons between the sorbent and the sorbate and hence

chemisorption may be the rate limiting step (Chakra-

borty 2011). Thus, this may further confirm the

involvement of chemisorption interactions between

surface of GBC700 and CV dye molecules.

Possible mechanisms for CV dye adsorption

In this study, the mechanistic modeling of kinetic and

isotherm data indicated that both physisorption and

chemisorption mechanisms govern the adsorption of

CV by GBC700. Hence, the mechanisms of adsorption

onto GBC700 can be explained by the complexation of

CV dye via physical and chemical interactions

(Fig. 4). Physical adsorption occurs by the forces ofT
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molecular interactions including van der Waals dis-

persion forces, p?–p electron donor–acceptor inter-

actions and hydrogen bonding via H-donor acceptor

interactions (Nidheesh et al. 2012). These forces on

the surface of the biochar are created from physical

changes such as surface area, pore volume and surface

functional groups. On the other hand, chemisorption

mainly takes place through electrostatic interactions

between the negatively charged biochar surface and

positively charged CV molecule, thereby leading to a

strong CV adsorption on the biochar surface. The

graphical representation of possible CV adsorption

mechanism onto GBC700 is illustrated in Fig. 4.

The high pyrolysis temperature can induce physical

changes on the GBC surface such as surface area and

pore volume (M. Ahmad et al. 2014). Relatively,

GBC700 showed significant changes in surface area

and pore volume, which enhances the sorption capacity

through the diffusion of CV into the GBC pores. Pore

diffusion would be the primary mechanism of CV

sorption onto GBC produced at higher pyrolysis

temperatures. This is proven by the correlation tests

performed against the Hill maximum adsorption

capacity versus the surface area and pore volume

(Fig. 3) for all the three types of biochar. A positive

correlation was observed between the Hill adsorption

capacity and surface area (r2 = 0.9994), indicating

that the surface area is a key parameter of biochar for

the sorption of CV dye. Similarly, correlation test

against the pore volume of the biochars showed a

positive correlation (r2 = 0.9829)with theHill adsorp-

tion capacity. This is also supported by the pore data of

GBC700which consists of moremesopores (2–50 nm)

than micropores (0–2 nm) and macropores ([50 nm)

relative to GBC500 and GBC300. The molecular size

of the CV dye molecule is 1.4 nm 9 1.4 nm (Guzel

Fig. 4 Graphical representation of possible crystal violet dye adsorption mechanisms onto Gliricidia biochar derived at 700 �C
(GBC700)
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et al. 2014). Thus, the diffusion of CV molecules into

meso- and macropores is possible. In addition,

hydrophobic interactions can occur between the non-

polar long-chain graphene structure of the biochar

surface and less polar aromatic groups of the CV

molecule. The new peak at 1586 cm-1 in CV adsorbed

GBC700 (Fig. S3) may be due to NH-stretching (Sun

et al. 2015), or aromatic C=C stretching in the adsorbed

CV molecule (Guzel et al. 2014) that confirms the

adsorption of CV onto GBC700 surface.

The p?–p electron donor–acceptor interaction is

considered as another specific mechanism for CV

adsorption on the GBC. It is evident that the

organocations that has amine groups can act as p
electron acceptors and involve with the formation of

p?–p electron donor–acceptor interactions with the p
electron-rich polyaromatic surface of pyrogenic car-

bonaceous materials such as biochar, black carbon and

graphene. Hence, the electron-rich graphene surface

of the GBC can bind with the protonated amino group

of the CV molecule forming strong p?–p electron

donor–acceptor interactions. Here, the graphene sites

act as the electron donor, while CV dye cations act as

the electron acceptor. This newly formed C–N bond

stretching frequency corresponds to the new peak that

appeared at 1171 cm-1 in the FTIR spectrum of CV-

treated GBC 700 (Fig. S3). Similar observations are

reported in adsorption of carbofuran in acidic medium

on to biochar derived with rice husk and tea waste

through p?–p electron donor–acceptor interactions

(Vithanage et al. 2016). Moreover, strong H-bonding

can occur at H-donor and acceptor groups present on

the biochar surface and the CV molecule. This may

occur through involving the methane groups in CV

molecules and the phenolic, alcohol and carbonate

groups presence in biochar surface. The formation of

Table 4 Comparison of crystal violet adsorption by several adsorbents

Adsorbent Dosage

(g L-1)

Initial Conc. of

CV (mg L-1)

Contact

time

(min)

Solution

temperature

(�C)

Optimum

(pH)

Maximum

adsorption capacity

(mg g-1)

References

Coniferous pinus

bark powder

2.0 10–50 120 30 8.0 32.78 Ahmad (2009)

Grapefruit peel – 10–600 60 30 6.0 254.16 Saeed et al.

(2010)

NaOH-modified rice

husk

10.0 50 90 20 8.0 44.87 Chakraborty

(2011)

Magnetic

nanocomposite

1.0 240–400 135 50 8.5 113.13 Singh et al.

(2011)

TiO2-based

nanosheet

1.0 10–100 – – 8.5 56.30 Chen et al.

(2012a, 2012b)

Palm kernel fiber 2.0 20–160 60 25 8.0 78.90 El-Sayed (2011)

CarAlg/MMt

nanocomposite

hydrogels

1.0 10–100 120 – 6.4 88.80 Mahdavinia

et al. (2013)

Nano-porous carbon

from tomato waste

2.0 25–200 150 50 8.0 68.97 Guzel et al.

(2014)

Cellulose 1.0 50–200 150 20 9.0 112.00 Zhou et al.

(2014)

Cellulose-based

adsorbent

1.0 50–200 150 20 9.0 182.15 Zhou et al.

(2014)

Fe3O4-coated

biochar

1.0 100–500 240 40 6.0 349.90 Sun et al. (2015)

GBC700 (by-

product)

2.0 5–200 240 30 8.0 125.53 This study

GBC500 2.0 5–200 240 30 8.0 23.71 This study

GBC300 2.0 5–200 240 30 8.0 11.02 This study
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such intermolecular H-bonding is evident with the

appearance of significantly increased O–H stretching

frequencies at 3437 cm-1, with a decline in the

stretching vibration of phenolic O–H at 1090 cm-1

in the FTIR spectrum of CV adsorbed GBC700.

Adsorption through H-donor and acceptor groups

present on the biochar surface and cationic adsorbents

corroborates the previous findings (Vithanage et al.

2016).

Chemisorption can take place through electrostatic

forces between the negatively charged biochar surface

and positively charged CV molecule. The biochar

surface tends to be negatively charged at higher pH

(pH[ 7) due to phenolate and carbonate anions which

enhances the electrostatic attraction of the positively

charged cationic CV molecule (Ahmad et al. 2014).

Existence of such chemisorption interactions is evi-

dent with the FTIR spectral data. Boehm evidences

support to prove the presence and their protonation of

phenolic and lactonic groups. The peak at 1429 cm-1

in untreated GBC700 corresponds to the CO3
2-

stretching vibration, and this band clearly shifted to

1366 cm-1 in CV-treated GBC700. Furthermore,

phenolic O–H stretching frequencies at 1090 cm-1

diminished in the CV adsorbed GBC700 spectrum.

These changes in bond frequencies of CO3
2- and

phenolic OH groups could possibly be due to the

formation of strong chemical bonding between the CV

molecules. Electrostatic attraction of the positively

charged cationic dyes onto the negatively charged

biochar surface corroborates the finding of (Xu et al.

2011) with the proposed mechanism.

Conclusions

The present study was conducted to evaluate the

effects of different temperature-derived Gliricidia

biochars for the removal of crystal violet dye in

aqueous solution. Gliricidia biochar obtained from the

bioenergy industry (GBC700) had higher surface area

(808.00 m2 g-1) and pore sizes (0.890 cm3 g-1) rel-

ative to the biochar produced at 500 �C
(76.30 m2 g-1, 0.010 cm3 g-1) and 300 �C
(1.02 m2 g-1, 0.001 cm3 g-1). Biochar properties

changed significantly with the pyrolysis temperature.

The surface area (r2 = 0.9994) and pore volume

(r2 = 0.9829) of all three biochars correlated posi-

tively with the Hill adsorption capacity values,

confirming significant involvement of surface area

and pore size on the sorption of CV. GBC700 (7.9 mg

L-1) showed the highest equilibrium sorption capacity

compared to GBC500 (4.9 mg g-1) and GBC300

(4.4 mg g-1) at pH 8 through the edge experiments.

Both Freundlich and Hill isotherm models fitted best

with the equilibrium isotherm data suggesting coop-

erative-type interactions via physisorption and

chemisorption mechanisms which govern the CV

sorption process. The kinetics of the sorption process

was explainedwell by the pseudo-second-ordermodel,

indicating that the CV adsorption onto GBC would be

more inclined toward chemisorption-type interactions.

Pore diffusion, p–p electron donor–acceptor interac-

tion and H-bonding were postulated to be involved in

physisorption, whereas electrostatic interactions led to

chemisorption type of adsorption. From the overall

results, it can be concluded that Gliricidia biochars

produced at higher temperatures are highly effective in

removing CV from aqueous solutions.
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