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librium adsorption capacity for
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� Negative DG values indicated the
feasibility of carbofuran adsorption
process.

� Physisorption was evident with
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der kinetics.

� Pore diffusion, p*ep interactions and
H-bonding were physisorption
interactions.

� Chemisorption mechanisms led via
chemical bonding with phenolic and
amine groups.
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This study reports the thermodynamic application and non-linear kinetic models in order to postulate
the mechanisms and compare the carbofuran adsorption behavior onto rice husk and tea waste derived
biochars. Locally available rice husk and infused tea waste biochars were produced at 700 �C. Biochars
were characterized by using proximate, ultimate and surface characterization methods. Batch experi-
ments were conducted at 25, 35, and 45 �C for a series of carbofuran solutions ranging from 5 to
100 mg L�1 with a biochar dose of 1 g L�1 at pH 5.0 with acetate buffer. Molar O/C ratios indicated that
rice husk biochar (RHBC700) is more hydrophilic than tea waste biochar (TWBC700). Negative DG (Gibbs
free energy change) values indicated the feasibility of carbofuran adsorption on biochar. Increasing DG
values with the rise in temperature indicated high favorability at higher temperatures for both RHBC and
TWBC. Enthalpy values suggested the involvement of physisorption type interactions. Kinetic data
modeling exhibited contribution of both physisorption, via pore diffusion, p*�p electron donor
eacceptor interaction, H-bonding, and van der Waals dispersion forces and chemisorption via chemical
bonding with phenolic, and amine groups. Equilibrium adsorption capacities of RHBC and TWBC
determined by pseudo second order kinetic model were 25.2 and 10.2 mg g�1, respectively.
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1. Introduction

Biochar (BC) is emerging as a cost-effective alternative for
activated carbon to remove various different pollutants from
aqueous media as it can be produced bymany feed stocks in the aid
of different pyrolysis processes (Ahmad et al., 2014). Biochar
preparation requires less energy versus activated carbon (Lehmann
et al., 2011). However, type of feedstocks, process and pyrolysis
temperature are the crucial factors which determines the quality
and economic feasibility of biochars (Lehmann et al., 2011; Many�a
et al., 2014). Biochars have been extensively used to remediate
heavy metal, metalloids, antibiotics, pesticides from contaminated
soils and waters (Ahmad et al., 2014). Pesticides are intensively
used for preventing, destroying, repelling any pest in agricultural
practice and their worldwide use has increased dramatically during
the last two decades (Diez, 2010).

Due to widespread use of pesticides, their residues are
frequently found in thewater environment. Carbamate is one of the
most frequently used pesticide. Carbofuran is a type of broad
spectrum systemic carbamate used to control of soil dwelling and
foliar feeding insects in many crop cultivations such as potatoes,
corn, rice and grapes. Furthermore, carbofuran is known to bemore
persistent than other carbamate or organophosphate insecticides
and thus often detected in water (Salman and Hameed, 2010). Low
concentrations of carbofuran and its metabolites have been recor-
ded in water samples from Kenya (0.005e0.495 mg L�1) in the
farmlands (Otieno et al., 2010) whereas highest concentrations
reported from Bangladesh paddy land water were 0.198 mg L�1

(Chowdhury et al., 2012). The World Health Organization specified
the permissible limit of 0.007 mg L�1for carbofuran (Stewart et al.,
2002) in drinking water. Generally, carbofuran has a half-life of
30e117 days depending on environmental conditions such as soil
organic matter, pH and moisture content (Bermúdez-Couso et al.,
2011). Due to high mobility of carbofuran in soils, it has high po-
tential to runoff from treated sites, thereby contaminating
groundwater in aquifers at elevated concentrations (Bermúdez-
Couso et al., 2011).

In the recent decades, carbofuran is considered as one of the
most hazardous pesticides widely used whole over the world
including Sri Lanka, due to its toxicity, carcinogenicity, and muta-
genicity (Bermúdez-Couso et al., 2011; Chen et al., 2012;
Chowdhury et al., 2012; Makehelwala et al., 2012). Adverse ef-
fects of carbofuran contamination in soil and water systems may
impact on humans, wildlife, animals as well as microorganisms.
Presence of carbofuran in drinking water may directly cause irre-
versible neurological damages in living organisms causing atten-
tion deficit hyperactivity disorder, and developmental disorder in
fetuses and children (Chowdhury et al., 2012). Carbofuran is
currently encountered in malicious poisoning and hence, it can be
considered as an emerging pollutant in the environment
(Bermúdez-Couso et al., 2011; Chen et al., 2012). So that, experi-
ment upon cost effective and environmental friendly strategies to
remediate carbofuran contaminated waters is an urgent necessity.

Up to date, several treatment methods including ozonation,
membrane filtration, chemical oxidationwith ozone, photocatalytic
method, combined ozone, UV radiation and adsorption have been
applied for removal of pesticides from water (Makehelwala et al.,
2012; Salman, 2012). The OH radical is being recognized as the
best treatment strategy to destroy contumacious macro pollutants
present in water (Makehelwala et al., 2012). However, aforemen-
tioned methods are highly expensive, destructive to the environ-
ment and required skill training (Makehelwala et al., 2012).
Adsorption is effective and promising method of decontaminating
wastewaters (Foo and Hameed, 2010; Chang et al., 2011; Salman,
2012). Carbon rich materials including biochars (BC) have been
Please cite this article in press as: Vithanage, M., et al., Kinetics, thermody
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recently applied as an economically and environmentally feasible
adsorbent to immobilize organic as well as inorganic pollutants,
such as pesticides, pharmaceuticals, heavy metals and nutrients
present in soil and water systems (Ahmad et al., 2014; Vithanage
et al., 2014; Herath et al., 2015). The adsorption characteristics of
carbofuran on different types of adsorbents including, commer-
cially activated carbon (Salman et al., 2011a), woody biochar (Yu
et al., 2009), rice straw derived activated carbon (Chang et al.,
2011) and walnut shells (Memon et al., 2014) have been investi-
gated. Application of BC for the removal of pesticides fromwaters is
of particular concern, since choosing a non-selective type of
adsorbent has still become quite a difficult task. In a previous study,
newspaper derived activated carbon has proved useful in removing
glyphosate from aqueous solution with an adsorption capacity of
48.4 mg g�1. More recently, it has been reported that birch wood
derived BC can significantly reduce the mobility of glyphosate in
the soil (Hagner et al., 2013).

The most important physicochemical aspects for the evaluation
of adsorption batch process are the adsorption equilibria and the
adsorption kinetics (Ho and Ofomaja, 2005). Mechanistic modeling
of kinetic parameters plays a crucial role in describing the
adsorption behavior of liquidesolid phase sorption systems. For
practical applications such as designing a wastewater treatment
plant for pesticides, it is essential to model the rate of adsorption
and equilibrium time under different process conditions (El-
Khaiary et al., 2010; Malarvizhi and Ho, 2010). Since adsorption/
desorption of pesticides including carbofuran in soils is not an
instantaneous processes, evaluation of their kinetics would provide
an accurate prediction of the potential of carbofuran to be leached
in the soil. In a recent study, adsorption-desorption kinetics of
carbofuran have been tested by using three different methods such
as, batch, soil column and stirred flow chamber to distinguish their
performances (Bermúdez-Couso et al., 2012). Moreover, adsorp-
tion/desorption kinetics of carbofuran in acid soils have suggested
that the desorption kinetic constant for carbofuran is generally
higher than its adsorption kinetic constant and hence it is capable
of rapidly leaching out than it is adsorbed in this soil system
(Bermúdez-Couso et al., 2011). Walnut shell has been applied as an
adsorbent to remove carbofuran from aqueous solution and this
adsorption was first order process controlled by film diffusion
(Memon et al., 2014). Hence, it is clear that adsorption kinetics is of
great significance to evaluate the performance of a given adsorbent
for particular contaminants and to gain insight into the underlying
mechanisms. Kinetic performance of a given adsorbent is also
important for the pilot application in order to design field scale
remediation systems (Ho and Ofomaja, 2005).

Thermodynamics is important in terms of assessing the feasi-
bility of adsorption reactions as well as the stability of solideliquid
phase system. Effects of temperature on the adsorption of carbo-
furan onto certain type of adsorbent can particularly be examined
by thermodynamic parameters. The nature of carbofuran adsorp-
tion process onto walnut shells have further been described by
thermodynamic parameters including, enthalpy change (DH) and
gift free energy change (DG) in which, values of (DG) and (DH)
indicated that carbofuran adsorption ontowalnut shells is naturally
feasible through an exothermic reaction (Memon et al., 2014).

However, to our knowledge, limited studies are available on
using kinetics and thermodynamics data to assess the potential of
biocharecarbofuran interactions in aqueous media (Mahmoud
et al., 2012; Van Vinh et al., 2015; Yakout and Elsherif, 2015). The
equilibrium of different pollutants in adsorption on biochars is still
in its immaturity due to variable surface characteristics depending
on pyrolysis temperature, production mechanisms and feedstocks,
complexity of operating mechanisms of pollutants binding to bio-
char with ion exchange, complexation, electron donoreacceptor
namics and mechanistic studies of carbofuran removal using biochars
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interactions and surface adsorption as the prevalent ones (Ahmad
et al., 2013; Rajapaksha et al., 2015; Vithanage et al., 2015).
Furthermore, these processes are strongly affected by the solution
pH as it controls the protonation of different surface functional
groups such as alcoholic, carboxylic, phenolic, amine, etc. and
pollutant speciation (Rajapaksha et al., 2014, 2015). Hence, the
mechanistic modeling of kinetics and thermodynamic parameters
would provide a substantial understanding to ensure the efficiency
of BC to remove pollutants including carbofuran from wastewater.
Hence, the present study is aimed to explore potential mechanisms
of carbofuran adsorption on two different types of biochars derived
from tea waste and rice husk at 700 �C pyrolytic temperature. The
mechanism of carbofuran adsorption was postulated through a
series of kinetic and thermodynamic experiments under varying
temperature.

2. Materials and methods

2.1. Biochar production

In this study, two different types of feed stocks; rice husk and tea
refuse were particularly selected for BC production due to high
availability of these materials as waste byproducts in Sri Lanka. Rice
husk was obtained from a local rice processing mill and infused tea
residues were collected from restaurants in Kandy city, Central
province, Sri Lanka. Tea residues were washed several times with
distilled water and dried in an oven at 60 �C for 48 h. Rice husk was
air dried prior to pyrolysis process. Both types of dried feedstock
was ground to <1 mm particle size and slow pyrolyzed at 700 �C
using a muffle furnance (model P330, Nabertherm, Germany) un-
der limited oxygen for 3 h. BCs were produced at 700 �C pyrolysis
temperature, since previous studies have proved that high tem-
perature derived BCs are greatly effective in the remediation of
organic and inorganic pollutants (Ahmad et al., 2012). Heating rate
was adjusted to 7 �C min�1 and produced biochar was allowed to
cool down overnight in the furnace. Biochars thus produced from
tea residues and rice husk at 700 �C were designated as TWBC700
and RHBC700, respectively.

2.2. Biochar characterization

Rice Husk Biochar was characterized prior to the adsorption
experiments whereas TWBC700 was fully characterized in our
previous study (Rajapaksha et al., 2014). Biochar pH and electrical
conductivity (EC) was determined in 1:10 biochar/water suspen-
sion (W/V) using a digital pH meter (model 702SM, Metrohm,
Switzerland) and electrical conductivity meter (model 5 STAR,
Thermo Scientific, Environmental Instruments, USA), respectively.
Proximate analysis was carried out to determine moisture, volatile
matter, resident matter and ash content according to the method
given elsewhere (Ahmad et al., 2013). Ultimate analysis was carried
out to evaluate elemental composition by using an elemental
analyzer (model Vario MAX CN, elementar, Hanau, Germany). Pore
characteristics of BCs including pore volume and pore diameter
were determined by using the Barret-Joyner-Halender (BJH)
method from the N2 adsorption data. Surface morphology was
examined by field emission scanning electronmicroscope (FE-SEM)
equipped with an energy dispersive spectrophotometer (model
SU8000, Hitachi, Tokyo, Japan). Specific surfaces were determined
from adsorption isotherms using BrunauereEmmetteTeller (BET)
equation. The surface functional groups of biochars were charac-
terized by Fourier-transform infrared spectroscopy (FTIR) (Bio-Rad
Excalibur 3000MX spectrophotometer, Hercules, CA, USA). The FTIR
spectra of vacuum dried sample pellets, prepared with fused-KBr,
were obtained with a resolution of 1 cm�1 between 4000 and
Please cite this article in press as: Vithanage, M., et al., Kinetics, thermody
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400 cm�1 and the spectra were analyzed using OMNIC version 8.0
software. Morphology of the surface of biochars were qualitatively
characterized by scanning electron microscopy (SEM, HITACHI S-
4800 FE-SEM).
2.3. Adsorption kinetic experiments

Adsorption kinetics was studied using a batch method. Carbo-
furan (99% purity) was purchased from Sigma Aldrich, USA and
dissolved in distilled deionized water, buffered to pH 5.0 using
acetate buffer to obtain the sorbate solution of 50 mg L�1. Each
biochar was added to the carbofuran solutions in teflon-lined screw
caped glass vials separately at a rate of 1 g L�1 and the vials were
equilibrated at 100 rpm in a mechanical shaker (model EYELA
B603) at room temperature (30 �C). Samples were withdrawn at
specific time intervals, filtered and analyzed for carbofuran at
276 nm using a double beam UVeVis spectrophotometer (model
UV-160A, Shimadzu, Japan). The amount of carbofuran adsorbed
onto the biochar was calculated using Eq. 1

qe ¼ ½C0 � Ce�VM�1 (1)

where qe is the carbofuran amount adsorbed on biochar (mg g�1);
C0 and Ce are the initial and equilibrium carbofuran aqueous phase
concentrations (mg L�1); V is the solution volume (L) and M is the
biochar mass (g).
2.4. Kinetic models

The chemical kinetics describes reaction pathways in a rela-
tionship with reaction time to reach the equilibrium. In this study,
non-linear kinetic models were applied to the experimental data
due to discrepancies of linear models (El-Khaiary et al., 2010; Foo
and Hameed, 2010). It is reported that in cases, where the experi-
mental data are tentatively fitted to specific linearized kinetic
equations, it is statistically inaccurate to compare the goodness of
fit based on R2 values. Hence, in cases where the goodness of fit is
determined based on R2 values, applying non-linear regression
would always produce accurate and efficient estimates of the
experimental data (El-Khaiary et al., 2010). In order to postulate the
carbofuran adsorption mechanism, various kinetic models were
employed to fit the carbofuran adsorption data using Origin 6.0
software. The pseudo-first order equation is generally expressed as,

qt ¼ qe
h
1� e�k1t

i
(2)

where qt and qe are the amounts of carbofuran adsorbed at time t
and equilibrium (mg g�1), while k1 is the rate constant for the
pseudo-first order reaction. The pseudo-second order equation can
be written as,

qt ¼ q2ek2t
1þ k2tqe

(3)

where k2 is the rate constant for the pseudo-second order reaction.
The Elovich and parabolic equations can be written as Eq. (4) and
Eq. (5) respectively.

qt ¼ 1
b
lnðabÞ þ 1

b
lnðtÞ (4)

qt ¼ aþ kp
ffiffi
t

p
(5)

while a is the initial sorption rate (mg g�1 min�1), b is the
namics and mechanistic studies of carbofuran removal using biochars
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adsorption constant (mg g�1 min�1) and a is a constant. Power
function equation (expressed as Eq. (6))also is used to describe the
adsorption kinetics.

qt ¼ b
�
tkf

�
(6)

where kf is the rate coefficient value (mg g�1 min�1) and b is a
constant.

2.5. Adsorption thermodynamic experiments

Isotherm experiments were conducted at 25, 35, and 45 �C.
Briefly, a series of carbofuran solutions ranging from 5 to
100 mg L�1 were prepared and fixed at pH 5.0 with acetate buffer.
Biochar dose of 1 g L�1 from TWBC700 and RHBC700 was added
into the solutions separately. Samples were mechanically shaken
for 3 h at desired temperature using a incubator shaker (THZ100).
The data obtained from the thermodynamic experiments modeled
according to the method given elsewhere (Salman et al., 2011b)
using following thermodynamic equations.

lnkd ¼ DS0

R
� DH0

RT
(7)

G ¼ DH0 � TDS0 (8)

where, DG represents the change in Gibbs free energy (J mol�1), T
represents the temperature (K), R is the universal gas constant
(8.314 J K�1 mol�1), DS0 is the standard entropy (J mol� K�1) and
DH0 is the standard enthalpy (J mol�1) respectively.

3. Results and discussion

3.1. Physiochemical properties of biochars

Selected physicochemical characteristics of TWBC700 and
RHBC700 are given in Table 1. Both TWBC700 and RHBC700
possessed alkaline pH of 10.21 and 9.87, respectively. This may be
due to the separation of alkali salts from organic materials at a high
pyrolysis temperature like 700 �C in the present case (Yuan et al.,
2011). According to proximate analysis, TWBC700 showed higher
resident matter content (75.53%) compared to RHBC700 (31.21%).
Ash content for both the biochars (12.84 and 39.24% for TWBC700
and RHBC700 respectively) were within the range of typical ash
Table 1
Proximate and ultimate analyses of TWBC700 and RHBC700.

Sample TWBC700a RHBC700

pH 10.21 9.87
EC (mS cm�1) 640 440
Proximate analysis
Moisture (%) 1.57 3.42
Mobile matter (%) 10.05 26.13
Resident matter (%) 75.53 31.21
Ash (%) 12.84 39.24

Ultimate analysis
C (%) 73.63 47.71
H (%) 1.71 1.29
O (%) 7.67 7.69
N (%) 3.39 0.65
Molar H/C 0.27 0.32
Molar O/C 0.07 0.12

Surface area (m2 g�1) 342.22 377.00
Pore volume (cm3 g�1) 0.02 0.05
Pore diameter (nm) 1.75 5.29

a Values from Rajapaksha et al., 2014.
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content (5.62e52.9%) reported from biochar produced at high py-
rolysis temperatures (Lee, 2012). However, high ash and volatile
matter contents was higher in RHBC700. This may be due to the
presence of lignin in rice husk biomass and possible interactions
between organics and inorganics during biomass pyrolysis (Jindo
et al., 2014).

According to elemental analysis data, carbon content in
TWBC700 and RHBC700 were 73.63% and 47.71% respectively. In
rice husk derived biochar, carbon contents have been reported from
46 to 57% (Prakongkep et al., 2013). Hydrogen and oxygen contents
were almost same in both the biochars. Breaking of weaker bonds
in biochar structure and removal of water, hydrocarbons, H2, CO
and CO2 during pyrolysis at high temperature may cause lowering
inO and H contents in TWBC700 and RHBC700 than those biochars
produced at <700 �C (Ahmad et al., 2013, 2014). Furthermore,
molar H/C ratio of �0.3 indicates highly condensed aromatic ring
systems whereas molar H/C ratio of �0.7 suggests non condensed
structures (Cely et al., 2014). Hence, RHBC 700 and TWBC700
(having molar H/C ratios of 0.27 and 0.32 respectively) may contain
condensed aromatic rings in their structures. Nevertheless, molar
H/C ratio of TWBC700 was lower than that of RHBC700 indicating
the higher degree of carbonization in TWBC700 (Kuhlbusch, 1995).
In addition, TWBC700 may contain a lower amount of plant resi-
dues as cellulose than RHBC700 (Chun et al., 2004). Moreover,
molar ratio values of O/C were 0.07 and 0.12 for TWBC700 and
RHBC700 respectively. As molar ratio of O/C is indicative of the
polarity, RHBC700 may be more hydrophilic than TWBC700
(Kuhlbusch, 1995).

The scanning electron micrographs for TWBC700 and RHBC700
are shown in Fig. 1. Both the biochars exhibit clear porous charac-
teristics and the voids development. There was no significant dif-
ference between the surface area of the RHBC700 and TWBC700.
The pore diameters were 1.75 and 5.29 nm for TWBC700 and
RHBC700, respectively, implying that micropores which may play
an essential role in many liquidesolid adsorption processes were
dominant in both the biochars (Mohan et al., 2011b, 2012).

3.2. Thermodynamics of carbofuran sorption

The consideration of thermodynamic parameters is fundamen-
tally important to determine the spontaneous occurrence of a given
adsorption process at a given temperature (Hercigonja et al., 2012).
Thermodynamic parameters of carbofuran adsorption are given in
Table 2. The change in Gibbs free energy (DG) determined by both
energy and entropy factors, indicates the spontaneous nature of the
adsorption process and the reaction feasibility. Negative DG in-
dicates the spontaneous nature of the reaction at a given temper-
ature (Hercigonja et al., 2012). TheDG values for TWBC700 at 25, 35
and 45 �C were �89.79, �91.25 and �92.71 kJ mol�1 respectively.
For RHBC700, DG at 25, 35 and 45 �C were �81.06, �82.41
and �83.76 kJ mol�1 respectively. All the DG values were negative,
indicating the spontaneous nature and feasibility of carbofuran
adsorption onto the biochar at all temperatures. Furthermore, the
negative DG values increased with the increase in temperature,
indicating the carbofuran adsorption favorability at higher tem-
peratures, leading to a high driving force and thereby resulting a
high adsorption capacity in both RHBC700 and TWBC700. This may
be attributed to the enlargement of biochar pore size and
enhancement of carbofuranmolecular velocity towards the interior
of the biochar (Memon et al., 2009).

Enthalpy change (DH0) is an indicative of the energy variations
that occur due to the interaction of adsorbate molecules with the
adsorbent (Hercigonja et al., 2012). The DH0 values calculated for
both biochars showed a negative magnitude, indicating the
exothermic adsorption reaction. Also, DH0 values for an adsorption
namics and mechanistic studies of carbofuran removal using biochars
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Fig. 1. Scanning electron micrographs of (a) TWBC700 (b) RHBC700.
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process may be used to distinguish between chemical and physical
adsorption. For physical adsorption, enthalpy change is usually in
the range of 0 to �20 kJ mol�1 (Dula et al., 2014). Calculated
enthalpy values for TWBC700 and RHBC700 are �46.29
and �40.80 kJ mol�1 respectively, suggesting that carbofuran
adsorption is more inclined towards physisorption mechanism.

The entropy change (DS0) provides a measure of binding or
repulsive forces in the system and is associated with the spatial
arrangements at the adsorbateeadsorbent interface (Hercigonja
et al., 2012). The positive DS0 value reflects the affinity of the
TWBC700 and RHBC700 for carbofuran and describes the structural
changes in biochar during the adsorption process (Hamid et al.,
2014). Further, the value of DS0 of TWBC700 (140 J mol� K�1) is
more than RHBC700 (130 J mol� K�1). As DS0 value is linked to the
water molecules movement of adsorbed by the adsorbate (Rinc�on-
Silva et al., 2015), it can be suggested thatmorewater molecules are
displaced by carbofuran having higher substitution degrees on the
surface of TWBC700 than on the surface of RHBC700.
3.3. Kinetics of carbofuran removal

The effect of contact time on carbofuran removal was investi-
gated using an initial carbofuran concentration of 50 mgL�1 at pH
5.0. Fig. 2 shows the effects of agitation time on carbofuran
adsorption onto RHBC700 and TWBC700. Adsorption is pre-
dominated by a rapid phase and a relatively slow phase (Ahmad
et al., 2012). The adsorption kinetics of carbofuran exhibited two
stages, a very rapid adsorption in the initial stage followed by a slow
adsorption. This could be attributed to the fact that the available
active sites on both adsorbents tend to get progressively saturated
with time, thereby resulting in a slow adsorption of the carbofuran
onto the bulk of biochar. A rapid carbofuran adsorption onto both
RHBC700 and TWBC700 was observed within first 120 min of
contact time resulting in an adsorption of 22.3 and 6.9 mg g�1

respectively, and it was then followed by a slow adsorption rate
reaching to the equilibrium after 240 min standing 24.6 ± 0.4 and
9.6 ± 0.2 mg g�1 of maximum carbofuran adsorption respectively.
Hence, it is shown that the experimental carbofuran adsorption
capacity of RHBC700 was over 2.5-fold higher than that of
TWBC700.
Table 2
Thermodynamic parameters of carbofuran adsorption ontoTWBC700 and RHBC700.

DH0 (kJ mol�1) DS0 (J mol� K�1) DG(kJ mol�1)

25 �C 35 �C 45 �C

TWBC700 �46.29 140 �81.06 �82.41 �83.76
RHBC700 �40.80 130 �89.79 �91.25 �92.71

Please cite this article in press as: Vithanage, M., et al., Kinetics, thermody
from tea waste and rice husks, Chemosphere (2015), http://dx.doi.org/10
The estimated values of kinetic model parameters together with
the correlation coefficient (R2) values are summarized in Table 3.
Based on the high correlation coefficient values, carbofuran
adsorption kinetics can be well represented by both the pseudo-
first and pseudo second order non-linear kinetic models. (Fig. 2).
The goodness of the fitting of experimental data to the pseudo-first
and pseudo-second order non-linearmodel is further proven by the
values of equilibrium adsorption capacity (qe) predicted from ki-
netic models, as those are very much close to the experimental
values. The qe values of RHBC700 and TWBC700 predicted by the
pseudo-first order model were 23.9 and 10.7 mg g�1 respectively,
which are more reasonable compared to the experimental equi-
librium adsorption capacities of 24.6 ± 0.4 and
9.6 ± 0.2 mg g�1respectively. Similarly, the qe values of RHBC700
and TWBC700 predicted by the pseudo-second order model were
25.2 and 10.2 mg g�1, respectively and these values also are very
much close to the experimental values. The qe values of different
adsorbents for carbofuran reported in literature are compared in
Table 4.

The pseudo first order model can particularly be used to
distinguish the concentration of carbofuran and qe values of
RHBC700 and TWBC700 (Ho and McKay, 1998). Fitting experi-
mental data best to the pseudo-first order model assumes that the
adsorption of carbofuran onto the adsorbents could be more in-
clined towards physisorption interactions, and also the adsorption
process depends on the initial concentration of carbofuran. The
pseudo-first order kinetics is also highly applicable when the initial
concentration is more compared to surface coverage (Azizian,
2004). The pseudo-first order rate constant (k1) of carbofuran
adsorption onto RHBC700 was ~10-fold higher than TWBC700,
indicating fast rate of carbofuran removal on RHBC700 versus
TWBC700 (Table 3). Moreover, the equilibrium adsorption capacity
of RHBC700 estimated by the pseudo-first order model was twice
as much as that of the TWBC700. Fitting experimental data well to
the pseudo-second order kinetic model with high regression co-
efficients (R2 > 0.95) indicated that chemisorption may be the rate
controlling step (Ho andMcKay, 1999). Therefore, this suggests that
the chemisorption mechanisms also can govern the carbofuran
adsorption onto both types of biochars. Chemisorption kinetic rate
constant is usually associatedwith the pseudo-second order kinetic
model. A good fitting of pseudo-second order kinetic model further
suggested that there are abundant sorption sites available on the
surface and the initial concentration of carbofuran is low compared
to the sorption capacities of the biochars (Azizian, 2004; Zhang
et al., 2015). Though, the pseudo-second order rate constant (k2)
is quite similar for the adsorption of carbofuran onto both adsor-
bents, the qe value of RHBC700 was 2.5-fold higher than that of
TWBC700, which further corroborates with the estimated qe values
namics and mechanistic studies of carbofuran removal using biochars
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Fig. 2. Non-linear pseudo-first and pseudo-second order kinetic models for (a) RHBC700 (b) TWBC700.

Table 3
Kinetic parameters for carbofuran adsorption onto TWBC and RHBC.

Name Parameter Adsorbent

TWBC700 RHBC700

Pseudo first order k1 0.007 0.073
qe (mg g�1) 10.740 23.859
R2 0.964 0.959
c2 0.568 2.445

Pseudo second order k2 0.004 0.004
qe (mg g�1) 10.174 25.208
R2 0.959 0.962
c2 0.654 2.287

Elovich a (mg g�1 min�1) 0.242 13.297
b (mg g�1 min�1) 0.359 0.289
R2 0.938 0.882
c2 1.008 7.155

Parabolic a �0.160 11.367
kp 0.525 0.656
R2 0.929 0.640
c2 1.149 21.957

Power function b 0.556 8.739
kf (mg g�1 min�1) 0.486 0.175
R2 0.929 0.802
c2 1.149 12.041
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by the pseudo-first order kinetic model. Initial adsorption rate (h) is
given by the integrated rate law for a pseudo-second order equa-
tion and h can be calculated by using the following expression (Ho
and McKay, 1999).

h ¼ k2q
2
e (10)
Table 4
Comparison of adsorption capacities of different adsorbents for the removal of carbofura

Adsorbent Kinetic model Equilibrium adsorption capacity (qe)
g�1

RHBC700 pseudo-first order 23.86
TWBC700 pseudo-first order 10.74
Activated carbon pseudo-second

order
25.50

Soil pseudo-first order 0.0016e0.0073

Rice straw activated
carbon

e 135.99e296.52

Walnut shell pseudo-first order 0.19

Please cite this article in press as: Vithanage, M., et al., Kinetics, thermody
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Initial carbofuran adsorption rate of RHBC700 and TWBC700
were 2.54 and 0.41 mg g�1 min�1 respectively, so that the initial
carbofuran adsorption of RHBC700 was much higher (6-fold) than
that of TWBC. Overall, the kinetic modeling indicated that the
experimental data are highly corroborated with the estimated
values by the pseudo-first and second order non-linear kinetic
models and the mechanisms towards the carbofuran adsorption
onto both adsorbents are triggered by both physical and chemical
interactions between carbofuran molecules and the surface of the
adsorbents. Furthermore, kinetic modeling data suggested that the
RHBC700 as an adsorbent is much better to remove carbofuran
from aqueous solution than TWBC700.

3.4. Possible mechanisms for carbofuran adsorption

In the present study, kinetic data interpretation revealed the
involvement of both physisorption and chemisorption mechanisms
for carbofuran interaction onto selected biochars. Similarly, ther-
modynamic parameters indicated a naturally feasible carbofuran
adsorption process. Physical adsorption is mainly associated with
the forces of molecular interactions including permanent dipole/
induced dipole and quadrapole interactions, van der Waals
dispersion forces, pþep electron donoreacceptor interactions as
well as hydrogen bonding via H-donor acceptor interactions
(Mohan et al., 2011a; Essandoh et al., 2015). These forces are
particularly formed by the physical changes such as surface area,
pore volume and surface functional groups that exist in RHBC700
and TWBC700, thereby facilitating the carbofuran adsorption onto
the surface of adsorbents. Change in surface area, pore volume and
surface functional groups are very much depended on type of
n.

/mg Adsorption respect to initial concentration
%

Reference

47.7 This study
21.5 This study
51.0 (Salman et al., 2011a)

17.1e44.0 (Bermúdez-Couso et al.,
2011)

59.0 (Chang et al., 2011)

97e99 (Memon et al., 2014)
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biomass, reactor type, pyrolysis temperature, and residence time, A
graphical representation of possible mechanisms for carbofuran
adsorption onto biochars at pH 5.0 is illustrated in Fig. 3.

The diffusion of carbofuran through the pores of biochar would
likely to be the primary mechanism involved in the increased car-
bofuran adsorption onto biocahrs. Both RHBC700 and TWBC700
consisted of a large number of micro-, meso- andmacro-pores with
high pore volumes. The carbofuranmolecule may easily diffuse into
micro-, meso-, and macro-pores of these adsorbents. High surface
area of RHBC700 and TWBC700 (Table 1) can greatly influence the
carbofuran adsorption.

The pþep electron donoreacceptor interaction is another
possible physisorption type mechanism for carbofuran adsorption.
In acidic medium, carbofuran can exist as a cation due to proton-
ation of amine group. Electron rich graphene surface of the
RHBC700 and TWBC700 can be bonded with protonated amino
group of the carbofuran molecule giving rise strong pþep electron
donoreacceptor interactions. The typical C¼N and CeN stretching
frequencies can generally be assigned to the bands at 1560 and
1218 cm�1 respectively (Chen et al., 2012), and hence this newly
formed CeN bond stretching vibration is confirmed by the peaks
appeared at 1560 and 1460 cm�1 in the FTIR spectra of carbofuran
treated TWBC700 and RHBC700 respectively (Fig. 4). Moreover, the
appearance of a new free C¼O bond stretching vibration at
1630 cm�1 in the FTIR spectrum of carbofuran adsorbed RHBC 700
as well as the disappearance of p electron rich aromatic C¼C bond
stretching vibration appeared in the spectrum of non-treated
RHBC700 could possibly be due to different types of physi-
oechemical interactions including electrostatic and pep electron
donoreacceptor interactions with carbofuran molecules, shielding
the aromatic core of the surface of adsorbents.

In acidic pHs, surface phenolic groups of the adsorbents tested
in this study showa great tendency to act as H-donor and acceptors,
thereby resulting in strong H-bonding with carbofuran molecule.
Broad peaks at 3370e3420 cm�1 in the both RHBC700 and
TWBC700 spectra are due to the presence of OeH stretching vi-
brations of alcohols, phenols and carboxylic acid groups in the
adsorbents (Fig. 4) (Chen et al., 2012; Herath et al., 2015). The
Fig. 3. Graphical representation of possible carbofuran ads
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presence of phenolic OH in the adsorbents is further confirmed by
the intense peaks appeared at 1050e1100 cm�1 in both non-treated
RHBC700 and TWBC700. Thus the formation of such strong inter-
molecular H-bonding is evident with appearing relatively a
reduced stretching vibration of phenolic OH at 1100 cm�1 in the
spectrum of carbofuran treated RHBC700, and also shifting the
phenolic OeH band from 1050 to 1150 cm�1 in the FTIR spectrum of
carbofuran adsorbed TWBC700.

Chemisorption mechanisms can be taken place via chemical
bonding with phenolic groups present in adsorbents and the amine
and carbonyl groups of the carbofuran molecule (Fig. 4). Acidic
phenolic OH can rapidly react with the basic amine group of car-
bofuran forming strong ionic bonding between the biochar surface
and carbofuran molecule. Moreover, in acidic medium, carbonyl
carbon (C¼O) of the carbofuran molecule has high tendency to act
as an electrophile, which is capable of attacking on electron rich O
atom of the phenolic OH group leading to strong chemical in-
teractions. Similarly, the protonated amine group of the carbofuran
molecule also can attack either on ortho or para positions of
phenolic aromatic ring, giving rise electrophilic addition reactions
(Fig. 4). Hence, as suggested by the kinetic and thermodynamic
interpretations, physisorption as well as chemisorption mecha-
nisms can trigger the adsorption of carbofuran onto RHBC700 and
TWBC700.
4. Conclusions

Here, we claim the importance of thermodynamics and non-
linear kinetic models in order to propose mechanisms and
compare the adsorption behavior of carbofuran onto rice husk and
teawaste derived biochars since only a limited data are available on
the use kinetics and thermodynamics data to assess remediation
potential of biochar produced by different feedstocks. Different
thermodynamic parameters exhibited spontaneous and feasible
nature of carbofuran adsorption showing great favorability at
higher temperatures, relatively more pronounced chemisorption
mechanism and structural change of biochars during the adsorp-
tion process. Furthermore, value of DS0 described more water
orption mechanisms onto RHBC and TWBC at pH 5.0.

namics and mechanistic studies of carbofuran removal using biochars
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Fig. 4. FTIR spectra of untreated and carbofuran-adsorbed (a) RHBC700 (b) TWBC700. The spectra at the top are bare biochars whereas the spectra below are carbofuran treated
biochars.
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molecules are displaced by carbofuran with higher substitution
degrees on the surface of TWBC700 than on the surface of
RHBC700. Carbofuran kinetic data was well fitted by non-linear
pseudo first order and for pseudo second order models, thereby,
indicating the involvement of both physisorption and chemisorp-
tion interactions. FTIR facilitated the kinetic modeling to propose
mechanisms engaged in carbofuranebiochar interaction demon-
strated that different strong intermolecular H-bonding with
phenolic groups present in adsorbents and the amine group of the
carbofuran molecule. Van der Waals dispersion forces, pþep
electron donoreacceptor interactions as well as hydrogen bonding
via H-donor acceptor interactions are proposed physisorption
mechanisms, whereas electrophilic and electrostatic interactions
led to chemisorption type of mechanism, facilitating the carbofuran
adsorption onto the surface of RHBC700 and TWBC700.
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