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The present study explored the adsorptive characteristics of Brilliant Green dye from aqueous solution onto
NaOH treated saw dust of Indian Eucalyptus wood, a timber industry waste. Batch studies were performed to
evaluate the influence of various experimental parameters like initial pH, contact time, adsorbent dose, initial
concentration and temperature on the removal of Brilliant Green. Optimum conditions were found to be
initial pH=2.9, contact time=3 h and adsorbent dose=4 g/l. The pseudo-second-order kinetic model
represented the adsorption kinetics of Brilliant Green onto NaOH treated saw dust. Equilibrium isotherms
were analyzed by Freundlich, Langmuir, Redlich–Peterson and Temkin isotherm models using non-linear
regression technique. NaOH treated saw dust which was used showed surface area=0.3742 m2/g, pore
volume=0.00836 cm3/g and average pore diameter=893.6 A0. Adsorption of Brilliant Green onto NaOH
treated saw dust is favorably influenced by decrease in the temperature of the operation. Thermodynamics
showed that the Brilliant Green adsorption was most favorable onto NaOH treated saw dust.
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1. Introduction

The applications of dyes and pigments have increased in a
considerable way in recent years [1]. A lot of industries have been
set up to mitigate the continuously increasing demand of dyes and
pigments [2]. Dyes are used in textiles, food and beverage industries
and printing processes [3]. The total dye consumption of the textile
industry worldwide is in excess of 107 kg per year [4]. However,
approximately 1 million kg/yr of dyes is discharged into water
streams by the textile industry [5]. Dye producers and users are
interested in stability and fastness and, consequently, are producing
dyestuffs that are more difficult to degrade after use [6]. Unless
properly treated, the dyes present in wastewaters can affect
photosynthetic activity due to reduced light penetration and may
also be toxic to certain forms of aquatic life [7].

Brilliant Green (BG) dye is odorless yellow-green to green powder
used for various purposes, e.g. biological stain, dermatological agent,
veterinary medicine, and an additive to poultry feed to inhibit
propagation of mold, intestinal parasites and fungus [8]. It is also
extensively used in textile dying and paper printing [9]. About 0.8–
1.0 kg of BG is consumed per ton of paper produced [10]. However, in
humans BG causes irritation to the gastrointestinal tract; symptoms
include nausea, vomiting and diarrhea [9]. It also causes irritation to
the respiratory tract, leading to cough and shortness of breath. Skin
contact causes irritation with redness and pain [9]. Brilliant Green
may form hazardous products like carbon oxides, nitrogen oxides, and
sulfur oxides when heated to decomposition [10].

Various researches have been performed to develop effective
treatment technologies for wastewaters containing dyes; however, no
single solution has been satisfactory for remediating the broad
diversity of textile wastes [11]. Different physico-chemical processes
like electro-kinetic coagulation, ion-exchange, membrane filtration,
electrochemical oxidation, and photo-catalytic degradation process
have shown considerable success in treating these wastewaters [12–
17]; however, there are certain short comings. Coagulation process
produces large amount of sludge leading to high disposal costs [12].
Ion-exchange process has no loss of adsorbent on regeneration,
however, it cannot accommodate wide range of dyes, and is expensive
[18]. Membrane separation process is also effective in removal of dyes,
however, due to relatively high investment and membrane fouling
problem, its application is restricted [12]. As there is a wide range in
pH and dyes are difficult to decompose biologically, conventional
biological methods are not effective to treat dye bearing wastewaters
[19]. Moreover, all these processes are costly and cannot be used by
small industries to treat the wide range of dye wastewater [12,19].
The adsorption process provides an attractive alternative treatment,
especially if the adsorbent is inexpensive and readily available [20].
This process is becoming an attractive and promising technology
because of its simplicity, ease of operation and handling, sludge free
operation, and regeneration capacity. Adsorption produces a high
quality product, and is a process which is economically feasible [21].
Almost complete removal of impurities with negligible side effects
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explains its wide application for the treatment of dye bearing
wastewaters [9]. Activated carbon (AC) is themost popular adsorbent,
which has been used with great success. However, AC is expensive
and its regeneration and reuse make it more costly [2].

Many researchers have studied the feasibility of using low cost
materials, such as waste orange peel [22], banana pith [23], bottom
ash [24–26], deoiled soya [9], rice husk [27], kaolin [8], bentonite clay
[28], neem leaf powder [29,30], powdered activated sludge [31],
perlite [32], powdered peanut hull [33], natural and modified clays
like sepiolite [34], zeolite [35], bamboo dust [36], coconut shell [37],
groundnut shell [36], rice straw [38], duck weed [39], sewage sludge
[40], saw dust carbon [41], agricultural waste and timber industry
waste carbons [42] and gram husk [43] as adsorbents for removal of
various dyes from wastewaters. Critical review of low cost adsorbents
for wastewater treatment has been presented by earlier researchers
[12,44–46].

The by-products from the forestry and agricultural industries
could be assumed to be low-cost adsorbents since they are abundant
in nature, inexpensive, require little processing and are effective
materials [46]. Saw dust is an abundant by-product of the wood
industry that is either used as cooking fuel or as packing material [47].
Saw dust is easily available at negligible price [38]. The role of saw
dust materials in the removal of pollutants from aqueous solutions
has been reviewed recently [48]. Saw dust has proven to be a
promising effective material for the removal of various dyes. Various
researchers utilized saw dust for removal of dyes like beech saw dust
[49], oakwood saw dust [50], neem saw dust (Azadirachta indica) [51],
and pine wood saw dust [52,53]. Saw dust was also utilized for heavy
metals removal like teakwood saw dust [54], saguan (Tectona grandis)
wood saw dust [55], raw saw dust (RSD) [56], meranti tree saw dust
[57], Indian Rosewood saw dust (Dalbergia sissoo) [58], and hard-
wood saw dust [59] utilized for removal of p-nitrophenol. Timber of
Indian Eucalyptus wood tree is widely used for furniture making and
the waste saw dust so produced is generally used as cooking fuel due
to its zero or negligible cost. In our previous studies, other industrial
waste, bagasse fly ash (BFA) and rice husk ash (RHA) were
successfully utilized for the removal of Brilliant Green from aqueous
solution [10,60]. The other researchers had also successfully removed
Brilliant Green by utilizing low cost adsorbents like kaolin [8], bottom
ash and deoiled soya [9], neem leaf powder [29] and modified peat-
resin particles [61]. This study is yet another attempt to explore the
possibility of utilizing NaOH treated saw dust (SD) of Indian
Eucalyptus wood for the removal of hazardous BG from aqueous
solution by performing batch studies. The effect of factors such as
initial pH (pH0), adsorbent dose (m), contact time (t), initial
concentration (C0) and temperature (T) was investigated. The kinetics
of adsorption has been studied, and various kinetic models, such as
pseudo-first-order, pseudo-second-order, and diffusion models have
been tested with experimental data for their validity. The equilibrium
sorption behavior of the adsorbents has been studied using the
adsorption isotherm technique. Experimental data have been fitted to
various isotherm equations to determine the best isotherm to
correlate the experimental data. Thermodynamics of the adsorption
process has been studied and the changes in Gibbs free energy,
enthalpy and the entropy have been determined.

2. Material and methods

2.1. Adsorbent development and their characterization

Saw dust of Eucalyptus (Eucalyptus globulus) wood origin was
collected from a sawmill at Nashik, Maharashtra, India. Then saw dust
was washedwith distilled water to removemuddymaterials and then
dried in sunlight until all the moisture evaporated. The material was
grounded and sieved to desired particle sizes such as ((b53 BSS
mesh), (53–75 BSS mesh), (75–106 BSS mesh), (106–180 BSS mesh),
(180–212 BSS mesh), (212–300 BSS mesh), (300–425 BSS mesh),
(425–600 BSS mesh), and (600–850 BSS mesh)). The ground powder
was treated with 1% sodium hydroxide in the ratio of 1:5 (saw dust:
sodium hydroxide, w/v) at 50 °C for 4 h to remove lignin based color
materials. The saw dust was filtered out, washed with distilled water
to remove free sodium hydroxide and activated at 80 °C in a hot air
oven for 24 h. The material was placed in an airtight container for
further use.

The physico-chemical characteristics of these adsorbents were
determined using standard procedures. Proximate analysis of the
adsorbents was carried out using the standard procedure [62]. Bulk
density was determined by using MAC bulk density meter and particle
size analysis was carried out using standard sieves. Scanning electron
micrographs (SEM) were obtained to study the morphological features
and surface characteristics of the SD by using an LEO 435 VP scanning
electronmicroscope. FT-IR (FTIR RX-1, PerkinElmer, USA) spectrometer
was employed to determine the type of functional groups in saw dust
responsible for adsorption of BG. The weight percentages of carbon,
hydrogen and nitrogen analysiswere determined by using Perkin Elmer
CHN elemental analyzer. X-ray diffraction analysis was carried out with
a Phillips (Holland) diffraction unit (Model PW 1140/90), using copper
target with nickel as a filter medium, and K radiation maintained at
1.542 Å. Goniometer speedwas kept at 2°min−1. The range of scanning
angle (2θ) was kept at 10–90°. Thermogravimetric analysis (TGA),
differential thermal analysis (DTA), and derivative thermogravity (dTG)
was performed using a Perkin Elmer Pyris Diamond TG/TGA instrument
at a fixed heating rate of 20 °C min−1 over a temperature range of 30–
1000 °Cusing alphaalumina(0 mg)as reference. SDsample of 4.747 mg
wasuniformly spreadover thebalancepan. The specific surface area and
pore diameterweremeasured byN2 adsorption isothermusing anASAP
2010 Micromeritics instrument and by the Brunauer–Emmett–Teller
(BET) method, using the software of Micromeritics. Nitrogen was used
as cold bath (4.35 °C). The Barrett–Joyner–Halenda (BJH) method [63]
was used to calculate the mesopore distribution for the SD.

2.2. Adsorbate

The adsorbate, Brilliant Green (BG) dye [C.I.=42,040, chemical
formula=C27H34N2 O4 S, FW=482.62; nature=basic green 4] was
supplied by S.D. Fine Chemicals, Mumbai, India. The dye was of
analytical reagent grade, and of 99.8% purity. The structure of BG is
illustrated in Fig. 2. Stock solution (1000 mg/l) of dye was prepared by
dissolving an accurately weighed quantity of dye in double-distilled
water. Experimental solutions of the desired concentrations were
then obtained by successive dilutions with distilled water.

2.3. Analytical measurements

The Brilliant Green in the aqueous solution was analyzed by using a
UVspectrophotometer (Perkin Elmer Lambda 35). Standard solutions of
the Brilliant Green for different pH values were scanned to determine
the wavelengths (λmax) corresponding to maximum absorbance. The
wavelengths corresponding tomaximum absorbancewere different for
different pH values. By using these wavelengths the calibration graphs
of absorbance versus concentration of Brilliant Green for different pH
values were prepared for accurate determination of the Brilliant Green
residual concentration at equilibrium pH values.

2.4. Batch experimental program

Adsorption studies were mainly carried out by batch technique to
obtain rate and equilibrium data. The experiments were performed to
observe the effect of important parameters like initial pH (pH0),
adsorbent dose (m), initial concentration (C0) and contact time (t) on
the adsorptive removal of BG, and batch experiments were conducted
at 30±1 °C. For each experimental run, 50 ml of BG solution of known
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Fig. 2. Molecular structure of Brilliant Green.
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concentration, pH0 and a known amount of the adsorbent were taken
in a 100 ml stoppered conical flask. This mixture was agitated in a
temperature-controlled orbital shaker at a constant speed of 150 rpm
at 30±1 °C. Samples were withdrawn at appropriate time intervals.
Some SD particles remain suspended and do not settle down easily.
Therefore, all the samples were centrifuged (Research Centrifuge,
Remi scientific works,Mumbai) at 8000 rpm for 10 min to settle down
suspended particles. After centrifugation clear supernatant samples
were obtained and their residual dye concentration was analyzed. The
effect of pH0 on dye removal was studied for pH0 values of 2, 2.9, 4, 6,
7, 9 and 11. pH0 was adjusted by the addition of dilute aqueous
solutions of 0.1 N H2SO4 or 0.1 N NaOH. The effect of equilibrium pH
was studied in comparison with the initial pH (pH0) of the dye
solution. For the optimum amount of adsorbent per unit mass of
adsorbate, a 50 ml dye solution, contacted with different amounts of
SD till equilibrium, was attained. The kinetics of adsorption was
determined by analyzing adsorptive uptake of the dye from the
aqueous solution at different time intervals. For adsorption isotherms,
dye solutions of different C0 were agitated with the known amount of
adsorbent till the equilibriumwas achieved. The effect of temperature
on the sorption characteristics was investigated by determining the
adsorption isotherms at 288, 303 and 318 K. C0 range used was 50–
300 mg/l, solutions of which obtained by successive dilutions with
distilled water from stock solution (1000 mg/l) of dye prepared by
dissolving an accurately weighed quantity of dye in double-distilled
water. The residual dye concentration (C) of the solution was then
determined. Blank experimental runs, with only the adsorbent in
50 ml of double-distilled water, were conducted simultaneously at
similar conditions to account for any color leached by the adsorbents
and adsorbed by glass containers. All experiments were performed in
triplicate and reported values are on average of three. The deviation
was found to be 5% of the average value.

3. Results and discussion

3.1. Characterization of adsorbent

The particle sizes of SD were b53 (5.5%), 53–75 (6.6%), 75–106
(9.2%), 106–180 (24%), 180–212 (10.8%), 212–300 (5.8%), 300–425
(27.2%), 425–600 (7.0%) and 600–850 (4.0%) and N850 (0.4%)μm.
Average particle size of SD was 182.8 μm. Proximate analysis showed
the presence of 2.1681%, 4.633%, 59.33% and 33.8689% moisture,
volatile matter, ash and fixed carbon, respectively, in SD. Thus very
high amount of ash was present in SD. The CHN analysis of SD showed
47.78% carbon, 8.18% hydrogen, 5.0% nitrogen and others. Bulk density
of SD was 212 kg/m3. Scanning electron microscopic photograph
(Fig. 1) of SD reveals surface texture and porosity. This photomicro-
Fig. 1. Scanning electron micrograph of blank SD.
graph shows fibrous structure of saw dust. It shows very fine particle
size to the order of a millimeter or less and that there are pores within
the particle of varying size. The FTIR technique is an important tool to
identify same characteristic functional groups, which are capable of
adsorbing dye ions. The spectra of the adsorbents were measured by
an FTIR spectrometer within the range of 400–4000 cm−1 wave
number. The FTIR spectrum of SD studied as KBr pellets shows peaks
at 3488 cm−1 due to NH stretching and peaks at 2923 cm−1 (stretch),
1465.95 attributed to CH2 group. C_0 stretching is observed at
1654 cm−1 and another band at 1425.44 cm−1 due to C―N stretch-
ing, thereby sharing the pressure of―CONH2 group. d-Spacing values
of X-ray spectra reflect the presence of cellulose and minerals like
goethite, mullite, hematite, kaolinite, α-quartz, γ-alumina etc. in the
material. Thermal analysis shows there is no moisture after 150 °C.
The net weight loss is of 9.5859% for a temperature range of 415 to
618 °C. For the temperature range of 112.73 to 413 °C, weight loss is
49.0687%. The active pyrolysis zone is from 200 to 1000 °C. Maximum
energy change occurs at temperature of 359.8 °C and exothermic
change at this temperature. The Brunauer–Emmett Teller (BET)
surface area, pore volume and average pore diameter of SD were
0.3742 m2/g, 0.00836 cm3/g and 893.6 A0. The porosity of SD is 0.3.
The analysis of the BJH desorption pore distribution shows that the
mesopores (13 A0bdb1526.04 A0) have a total pore area of about 99%
and the macropores of about 1%. The SD, thus, is found to consist of
mesopores predominantly. This is what is desirable for the liquid
phase adsorptive removal of BG dye.

3.2. Effect of initial pH (pH0)

The initial pH of the dye solution is an important parameter, which
controls the adsorption process particularly the adsorption capacity
[8]. The pH value affects the structural stability of Brilliant Green and,
therefore, its concentration [9]. Fig. 3 shows the Brilliant Green
removal trend from aqueous solution with and without SD for pH0

values of 2, 2.9, 4, 6, 7, 9 and 11. The effect of pH0 was studied with
blank solutions of C0=50 mg/l having natural pH0=2.9. The solution
was kept for 1 h, after which the absorbance of the solution was
determined. There was insignificant change in absorbance of Brilliant
Green solution after 1 h with respect to that after 15 min. Therefore,
stability of Brilliant Green was examined only for solutions held for
1 h. It is inferred that the Brilliant Green solution is stable at the
natural pH0=2.9 and it becomes unstable if the solution pH is either
increased or decreased. Brilliant Green instability due to pH change
alonemay be due to the structural changes taking place in the Brilliant
Green molecules. The change in natural pH of Brilliant Green solution,
therefore, changes the structure of Brilliant Green and, hence,
destabilizes the solution. It can also be inferred from Fig. 3 that the

image of Fig.�2
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Brilliant Green removal due to adsorption on SD is maximum and
nearly constant for pH0 greater than or equal to 2.9. The ion exchange
mode of adsorption might be operative [64]. The solution is most
stable at thispH0. Therefore, further adsorption experiments were
carried out at pH0 2.9.

The system pH changes during the adsorption process. Fig. 4 shows
the final pH values (pHf) as a function of pH0 in Fig. 4. The pHf values
are higher than the pH0 values for pH0b7.0 and for C0=50 mg/l.
Although the BG removal increases sharply with an increase in pH0,
the pHf values were almost constant for 6.5≤pH0≥11. The pHf values
are, therefore, considered to indicate the equilibrium pH values [65].
The increase in pH of the solution during sorption process appears to
be due to the adsorption of H+ ions onto SD, and the hydrolysis of SD
to release basic cations in solution [66,67]. The degree of pH variation
was small in higher pH0 solutions because of their higher buffering
capacities [66–68].

3.3. Effect of adsorbent dosage (m)

Adsorbent dosage is an important parameter because this factor
determines the capacity of an adsorbent for a given initial concentration
of the adsorbate [69]. The effect of m on the uptake of Brilliant Green
onto SD was studied at T=30 °C and C0=100 mg/l and the results are
shown in Fig. 5. The removal of Brilliant Green was found to be
increasing with an increase in the m from 1 to 30 g/l. Initially, rapid
increase in adsorption with the increase in adsorbent dose can be
attributed to greater surface area and availability of more adsorption
sites [8]. The removal remained unchanged for mN4 g/l for SD. At
mb3.5 g/l, the SD surface becomes saturated with Brilliant Green and
the residual Brilliant Green concentration in the solution is large. With
an increase inm, the Brilliant Green removal increases due to increased
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Fig. 4. The variation in equilibrium system pHf with PH0 during the adsorption of BG by
SD (T=303 K, t=3 h, C0=50 mg/l, m=4 g/l).
Brilliant Green uptake by the increased amount of SD. FormN3.5 g/l, the
incremental Brilliant Green removal became low. At aboutm=4 g/l, the
removal efficiency became almost constant for Brilliant Green removal
by SD.

3.4. Effect of contact time (t) and initial dye concentration (C0)

The effect of contact time for the removal of BG by the SD atC0=50,
100 and 200 mg/l for m=4 g/l (Fig. 6) (three top curves for % removal
versus t) showed rapid adsorption of dye in the first 15 min and,
thereafter, the adsorption rate decreased gradually and the adsorption
reached equilibrium in about 3 h. Increase in contact time up to 24 h
showed that the BG removal by SD was only about 0.6% over those
obtained for 3 h contact time. This is the reason why an insignificant
enhancement in adsorption is effected in 24 h as compared to that in 3 h.
Since the difference in the adsorption values at 3 h and at 24 h is very
small, after 3 h contact a steady-state approximationwas assumed and a
quasi-equilibrium situation was accepted. Further experiments were
conducted for 3 h contact time only. Accordingly all batch experiments
were conducted with a contact time of 3 h under shaking speed of
150 rpm. A large number of vacant surface sites are available for
adsorptionduring the initial stage, andafter a lapseof time, the remaining
vacant surface sites are difficult to be occupied due to repulsive forces
between the solute molecules on the solid and bulk phases [8,56,70].
Besides, the BG is adsorbed into the macro- and meso-pores that get
almost saturated with BG during the initial stage of adsorption.
Thereafter, the BG molecules have to traverse farther and deeper into
themicro-pores encounteringmuch larger resistance [71]. This results in
the slowing down of the adsorption during the later period of adsorption
[72].

The effect of C0 on the removal of BG by SD is shown in Fig. 6. It is
evident from the figure (three bottom curves for qt versus t) that the
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Table 1
Kinetic parameters for the removal of BG by SD.

Pseudo-first-order model

C0 (mg/l)a qe, exp (mg/g) qe, calc (mg/g) kf (min−1) R2

50 12.4890 1.2019 0.01635 −0.7775
100 24.8873 8.1865 0.03202 −0.9684
200 45.3534 34.3321 0.03319 −0.9963

Pseudo-second-order model

C0 (mg/l)a qe, calc (mg/g) h (mg/g min) kS (g/mg min) R2

50 12.500 15.747 0.100780 0.9999
100 25.1890 9.552 0.015054 0.9998
200 46.5100 6.8639 0.003173 0.9995

W–M intra-particle diffusion model

C0 (mg/l)a kid (mg/g min1/2) I (mg/g) R2

50 0.039 11.87 0.8643
100 1.102 14.99 0.9888
200 3.139 15.49 0.9791
100 0.051 24.099 0.7341
200 0.3502 39.928 0.799

a Initial concentration (C0)=50–200 mg/l, temperature (T)=303 K, shaking (t)=5 h,
adsorbent dose (m)=4 g/l.
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amount of BG adsorbed per unit mass of SD (qt) increased with the
increase in C0, although percentage BG removal decreased with the
increase in C0. The C0 provides necessary driving force to overcome
the resistances to the mass transfer of BG between the aqueous and
the solid phases. The increase in C0 also enhances the interaction
between BG and SD. Therefore, an increase in C0 of BG enhances the
adsorption uptake of BG. The rate of adsorption also increaseswith the
increase in C0 due to increase in the driving force [56]. On changing
the initial concentration of BG from 50 mg/l to 200 mg/l, the amount
adsorbed increases from 12.48905 mg/g to 45.3534 mg/g respective-
ly. Similar trend has been reported in literature for effect of time and
C0 for removal of BG by adsorbents like kaolin [8], bottom ash and
deoiled soya [9], neem leaf powder [29] and modified peat-resin
particles [61].

3.5. Adsorption kinetic study

3.5.1. Pseudo-first-order and pseudo-second-order models
The adsorption of BG molecules from the liquid phase to the solid

phase can be considered as a reversible process with equilibrium
being established between the solution and the solid phase. Assuming
non-dissociating molecular adsorption of BG molecules on SD
particles with no BG molecules initially present on the adsorbent,
the uptake of the BG molecules by the SD at any instant (t) is given as
[73]

qt = qe 1−exp −kf t
� ih

ð1Þ

where, qt is the amount of adsorbate adsorbed at time t (mg/g), qe is
the adsorption capacity at equilibrium (mg/g), kf is the pseudo-first-
order rate constant (min−1), and t is the contact time (min). The
pseudo-second-order model is represented as: [74,75]

qt =
tksq

2
e

1 + tksqe
ð2Þ

The initial sorption rate, h (mg/g min), at t→0 is defined as

h = kSq
2
e ð3Þ

The prediction of the batch adsorption kinetics is necessary for the
design of industrial adsorption columns. In the present study, the
frequently used kinetic models, namely pseudo-first-order and pseudo-
second-order models have been tested to investigate the adsorption of
BG onto SD.

The experimental value of solid phase concentration of adsorbate at
equilibrium (qe, exp) and the calculated value of solid phase concentra-
tion of adsorbate at equilibrium (qe, calc) for the pseudo-first-order and
pseudo second-order models are also shown in Table 1. The qe, exp and
the qe, calc values from the pseudo-second-order kinetic model are very
close to each other, and also, the calculated coefficients of determina-
tion, R2 are also closer to unity for pseudo-second-order kinetics than
that for the pseudo first-order kinetics. Therefore, the sorption can be
approximated more appropriately by the pseudo-second-order kinetic
model than the first-order kinetic model for the adsorption of BG by SD.
Similar resultswere reported by earlier researchers for removal of BGby
various adsorbents [8,9,29,61].

3.5.2. Weber–Morris intra-particle diffusion equation
For the interpretation of experimental kinetics data, from a

mechanistic viewpoint, prediction of the rate-limiting step is an
important consideration. The adsorbate transport from the solution
phase to the surface of the adsorbent particles occurs in several steps.
The overall adsorption process may be controlled either by one ormore
steps, e.g. film or external diffusion, pore diffusion, surface diffusion and
adsorption on the pore surface, or a combination of more than one step
[76]. The possibility of intra-particle diffusionwas explored by using the
intra-particle diffusion model [77].

qt = kidt
1=2 + I ð4Þ

where kid is the intra-particle diffusion rate constant (mg/g min1/2) and I
(mg/g) is a constant. If theWeber–Morris plot of qt versus t1/2 satisfies the
linear relationshipwith the experimental data, then the sorption process
is found to be controlled by intra-particle diffusion only. However, if the
data exhibit multi-linear plots, then two or more steps influence the
sorption process. Thefirst, sharper portion is attributed to the diffusion of
adsorbate through the solution to the external surface of adsorbent or
boundary layer diffusionof solutemolecules. The second, linear portion is
the gradual equilibrium stage with intra-particle diffusion dominating.
The third portion is attributed to thefinal equilibrium stage forwhich the
intra-particle diffusion starts to slow down due to the extremely low
adsorbate concentration left in the solution [56,78]. The mathematical
dependence of fractional uptake of adsorbate on t1/2 is obtained if the
sorption process is considered to be influenced by diffusion in the
cylindrical (or spherical) and convective diffusion in the adsorbate
solution. Fig. 7 shows a representative qt versus t1/2 plot for BG adsorption
onto SD for C0=50, 100 and 200 mg/l at 30 °C. In the figure, the plots are
not linear over the whole time range, implying that more than one
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process is controlling the sorption process. If the two steps are
independent of one another, the plot of qt versus t1/2 appears as a
combination of two or more intersecting lines [79]; the first of the lines
represents surface adsorption and the second intraparticle diffusion. The
presence of such distinctive features in the plots of the present work
could be interpreted as due to distinction between the two steps. Surface
adsorption and intraparticle diffusionwere likely to take place separately
[80]. The first portion (line not drawn for the clarity of picture) in Fig. 7
gives boundary layer diffusion, and further linear portions depict intra-
particle diffusion. For C0=100 and 200 mg/l, there are two linear
portions—the first straight portion depicting mesopore diffusion and the
second representing micropore diffusion [76]. These show only the pore
diffusion data. For C0=50mg/l, there is only one linear portion depicting
combined mesopore diffusion.

Extrapolation of the linear portions of the plots back to the y-axis
gives the intercepts, i.e. the value of I, which provide themeasure of the
boundary layer thickness. If the intercept is large, the boundary layer
effect will also be large. The deviation of straight lines from the origin
may be due to the difference in rate of mass transfer in the initial and
final stages of adsorption [76]. Further, such deviation of straight line
from the origin indicates that the pore diffusion is not the sole rate
controlling step [54]. Therefore, the adsorption proceeds via a complex
mechanism. It seems that the intra-particle diffusion of BG dye into
pores (mesopore diffusion for C0=50 mg/l and micropore diffusion for
C0=100 and 200 mg/l) is the rate-controlling step in the adsorption
process. The amount of adsorbate and the driving force for BG
adsorption is less for C0=50 mg/l, as compared to that for C0=100
and 200 mg/l; therefore, BG gets adsorbed in mesopores only, and
adsorption into mesopores is the rate-limiting step. For C0=100 and
200 mg/l, the driving force increases and overcomes the resistance for
getting adsorbed into micropores; and therefore, adsorption into
micropores is the rate-limiting step for higher C0. Also, slopes of the
second and third portions (kid, 1 andkid, 2) are higher for higher C0, which
corresponds to an enhanced diffusion of BG through meso- and
micropores at higher C0. This is due to the higher driving force at higher
C0 [76]. Similar results were reported in the literature for adsorption of
BG on kaolin [8], rice husk ash [10] and bagasse fly ash [60].

3.6. Effect of temperature

Temperature has a pronounced effect on the adsorption capacity of
the adsorbents. Fig. 8 shows the plots of adsorption isotherms, qe
versus equilibrium liquid phase concentration (Ce) for BG–SD system
at different temperatures of 288, 303, and 318 K. It shows that with
the increase in temperature, the adsorptivity of BG by SD decreases.
This figure also shows that at lower adsorbate concentrations, qe rises
sharply and thereafter the increase is gradual with solute concentra-
5

15

25

35

45

55

65

0 40 80 120

Ce(mg/l)

q e
(m

g/
g)

15 C
30 C
45 C

Fig. 8. Equilibrium adsorption isotherms at different temperatures for BG–SD system
(t=3 h, C0=50–200 mg/l, m=4 g/l).
tion in the solution. Since sorption is an exothermic process, it would
be expected that an increase in temperature of the adsorbate–
adsorbent system would result in decreased sorption capacity of SD.
The increase in BG sorption capacity with the decrease in temperature
has also been reported by other investigators on kaolin [8] and neem
leaf powder [29].

3.7. Adsorption equilibrium study

To optimize the design of an adsorption system for the removal of
adsorption of adsorbates, it is important to establish the most
appropriate correlation for the equilibrium curves. Various isotherm
equations have been used to describe the equilibrium nature of
adsorption. Large numbers of researchers in the field of environmental
engineering have used Freundlich and Langmuir isotherm equations to
represent equilibrium adsorption data using activated carbon–organic
contaminant systems. Despite the fact that these equations have serious
limitations on their usage, the most popular Freundlich isotherm is
suitable for highly heterogeneous surfaces, however, it is valid for
adsorption data over only a restricted range of concentrations. For highly
heterogeneous surfaces and extremely low concentrations, Henry's law
is valid. However, the Freundlich equation [81] does not approach
Henry's law at vanishing concentrations. The Langmuir equation [82],
although it follows Henry's law at vanishing concentrations, is valid for
homogeneous surfaces. The Temkin isotherm contains a factor that
explicitly takes into account the interactions between adsorbing species
and the adsorbate. This isotherm assumes that (a) the heat of adsorption
of all the molecules in the layer decreases linearly with coverage due to
adsorbate–adsorbate interactions, and (b) adsorption is characterized by
a uniform distribution of binding energies, up to some maximum
binding energy [83]. The Redlich and Peterson (R–P) equation [84] is a
three-parameter equation, often used to represent solute adsorption
data on heterogeneous surfaces. This equation reduces to the Freundlich
equation at high concentrations and to Henry's equation at very low
concentrations [66,67,72].

The Marquardt's percent standard deviation (MPSD) error func-
tion [85] has been employed in this study to find out the most suitable
isotherm model to represent the experimental data. The MPSD error
function has been used previously by a number of researchers in the
field [66,67,72,76]. This error function is given as

MPSD = 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n−p
∑
n

i=1
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� �
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0
@

1
A

2

i

vuuut ð5Þ

The isotherm constants for Freundlich, Langmuir, Temkin and R–P
isotherms, and the correlation coefficient, R2 with the experimental data
are listed in Table 2. Freundlich constants, KF and 1/n indicate the
adsorption capacity and adsorption intensity, respectively. The higher the
value of 1/n, the higherwill be the affinity between the adsorbate and the
adsorbent, and the heterogeneity of the adsorbent sites. The 1/n value
indicates the relative distribution of energy sites and depends on the
nature and strength of the adsorption process; for example, 1/n=0.90
refers to the fact that 90% of the active adsorption sites have equal energy
level. Since1/nb1, BG is favorably adsorbedby SDat all temperatures. The
surface heterogeneity is due to the existence of crystal edges, type of
cations, surface charges, and the degree of crystallinity of the surface. The
net effect of these factors is temperature dependent [76]. The Freundlich
isotherm does not predict the saturation of the adsorbent surface by the
adsorbate. The KF value can be taken as a relative indicator of the
adsorption capacity of SD for a narrow sub-region having equally
distributed energy sites for the sorption of BG dye. The magnitude of KF
also showed the lower uptake of BG at higher temperature indicating
exothermic nature of the adsorption process. The maximum adsorption
capacity of the adsorbent (qm) is themonolayer saturation at equilibrium,



Table 2
Isotherm parameters for removal of BG by SD.

Freundlich: qe = KFCe
1
n

T (K) KF ((mg/g) (l/mg)1/n) 1/n R2a MPSD

288 24.6678 0.2318 0.9800 11.63948
303 22.6917 0.2251 0.9789 11.66024
318 13.06713 0.295 0.9968 4.091748

Langmuir: qe =
qmKLCe

1 + KLCe

T (K) KL (l/mg) qm (mg/g) R2a MPSD

288 0.6705 58.4795 0.9990 37.40156
303 0.4864 55.8659 0.9979 40.72022
318 0.1147 52.6315 0.9954 31.12133

Temkin constants: qe=B1 ln KT+B1 ln Ce

T (K) KT (l/mg) B1 R2a MPSD

288 47.1435 7.1089 0.9982 6.519368
303 40.2983 6.7029 0.9987 2.252088
318 3.7144 7.8149 0.9739 17.79075

Redlich–Peterson constants: qe =
KRCe

1 + aRC
β
e

T (K) KR (l/g) aR(l/mg)1/β β R2a MPSD

288 7500 302.1428 0.7705 0.9982 11.19954
303 194.5 6.8141 0.8501 0.9999 0.92375
318 40.7922 2.2117 0.7982 0.9967 9.519523

a Calculated correlation coefficient (R2), initial concentration (C0)=50–200 mg/l,
shaking time (t)=3 h, adsorbent dose (m)=4 g/l.
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whereas, KL indicates the affinity of the BG dye to bind with the
adsorbents. A high KL value indicates a higher affinity. The data in Table 2
also indicate that the values of qm and KF decreased with an increase in
temperature confirming exothermic nature of the overall sorption
process for BG–SD system. Another researcher has reported qm value of
65.42 mg/g for BG adsorption on kaolin [8]. The R–P isotherm
incorporates three parameters and can be applied to the homogenous
and heterogeneous systems alike. It is noted from Table 2 that β lies
between0 and1, indicating a favorable adsorption. The value ofβhelps in
determining themechanismof adsorption. Ifβ=1, the physio-sorption is
the main mechanism of adsorption of adsorbate onto the adsorbent.
While β=0 shows that the adsorption isotherm is linear. For β=1−(1/
n), the adsorption is more heterogeneous in nature. Also, we can notice
from Table 2 that the value of β lies closer to [1−(1/n)] as compared to
one, therefore, the adsorptionof BGdyeonto SD ismoreheterogeneous in
nature. The R2 values for R–P and Temkin isotherms are closer to unity in
comparison to the values obtained for other isotherms (Table 2).
Similarly, the values of the MPSD error function are lowest for R–P and
Temkin isotherms. Therefore, anyone of the R–P and Temkin isotherm
could be used to represent the equilibrium adsorption of BG on SD at all
temperatures. Fig. 9 presents how well the five equations fit the data for
BG–SD system at 303 K.

3.8. Estimation of thermodynamic parameters

The Gibbs free energy change of the adsorption process is related
to the equilibrium constant by the classic Van't Hoff equation

ΔG0 = −RTln K: ð6Þ

According to thermodynamics, the Gibbs free energy change is also
related to the entropy change and heat of adsorption at constant
temperature by the following equation:

ΔG0 = ΔH0−TΔS0: ð7Þ
Combining the above two equations, we get

ln K =
−ΔG0

RT
=

ΔS0

R
−ΔH0

R
1
T

ð8Þ

where ΔG0 is the free energy change (kJ/mol), ΔH0 is the change in
enthalpy (kJ/mol), ΔS0 is the entropy change (kJ/mol K), T is the
absolute temperature (K) and R is the universal gas constant (8.314 J/
mol K). Thus ΔH0 can be determined by the slope of the linear Van't
Hoff plot i.e. as ln K versus (1/T), using equation:

ΔH0 = R
dln K
d 1= Tð Þ

� �
ð9Þ

ΔH0 obtained here corresponds to isosteric heat of adsorption (ΔHst,0)
with zero surface coverage (i.e. qe=0) [86]. Fig. 10 shows Van't Hoff's
plot for Freundlich, Langmuir, Temkin and Redlich–Peterson iso-
therms, from which ΔHst,0 and ΔS0 values have been obtained
(Table 3). For significant adsorption to occur, the free energy changes
of adsorption, ΔG0 must be negative [73]. The thermodynamics
relation among ΔG0, ΔH0 and ΔS0 suggests that either (a) ΔH0 is
positive and ΔS0 is positive and that the value of TΔS is much larger
thanΔH0, or (b)ΔH0 is negative andΔS0 is positive or that the value of
ΔH0 is more than TΔS. BG adsorption is exothermic in nature, giving a
negative value of ΔH0. Hence, ΔS0 has to be positive or that the value
of ΔH0 is more than TΔS. ΔG0 values were negative indicating that the
sorption process led to a decrease in Gibbs free energy. Negative ΔG0

indicates the feasibility and spontaneity of the adsorption process. The
earlier researchers reported the exothermic adsorption of BG on



Table 3
Thermodynamic parameters for adsorption of BG by SD.

ΔG (kJ/mol K) ΔH (kJ/mol K) ΔS (J/mol K)

288 K 303 K 318 K

Langmuira −30.8496 −30.1470 −29.4444 −44.346876 −46.841
Freundlicha −39.2156 −40.42778 −41.6399 −15.929624 80.812
R–Pa −52.0506 −47.8241 −43.5977 −133.2401 −281.7614
Temkina −41.473502 −40.3233 −39.1731 −63.568844 −76.68

a Van't Hoff's plot used for calculating Gibbs free energy change (ΔG), change in
enthalpy (ΔH0) and the entropy change (ΔS0).
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kaolin [8] and neem leaf powder [29]. These results are in agreement
with the present work.

4. Conclusion

The results presented herein showed that NaOH treated saw dust
(SD) enhances its adsorption properties considerably for the removal
of Brilliant Green (BG) from aqueous solution. A higher percentage of
BG removal by SD was possible provided that the C0 in the solution
was low. The optimum adsorbent dose was 4 g/l of solution. The
equilibrium between the adsorbate in the solution and on the
adsorbent surface was practically achieved in 3 h. Adsorption kinetics
was found to follow a second-order rate expression. The adsorption of
BG onto SD was found to be exothermic in nature. Equilibrium
adsorption data for BG on SD were well represented by the R–P and
Temkin isotherm models. Adsorption of BG on SD is favorably
influenced by a decrease in the temperature of the operation. The
adsorption capacities of SD for BG dye were obtained as 58.4795,
55.8659 and 52.6315 mg/g at 288, 303 and 318 K, respectively. The
negative value of ΔG0 indicates spontaneous adsorption of BG on SD.
This study concludes that the SD could be employed as low-cost
adsorbent for the removal of BG dye from aqueous solution.

Symbols
1/n heterogeneity factor, dimensionless
aR constant of Redlich–Peterson isotherm, l/mg
C0 initial concentration of adsorbate in solution, mg/l
Ce equilibrium liquid phase concentration, mg/l
h initial sorption rate, mg/g min
I constant that gives idea about the thickness of boundary

layer, mg/g
kf rate constant of pseudo-first-order adsorption model, min−1

kid intra-particle diffusion rate constant, mg/g min1/2

kS rate constant of pseudo-second-order adsorption model,
g/mg min

KF constant of Freundlich isotherm, (mg/g)/(l/mg)1/n

KL constant of Langmuir isotherm, l/mg
KR constant of Redlich–Peterson isotherm, l/g
n number of data points
p number of parameters
qe equilibrium solid phase concentration, mg/g
qe, calc calculated value of solid phase concentration of adsorbate at

equilibrium, mg/g
qe, exp experimental value of solid phase concentration of adsor-

bate at equilibrium, mg/g
qm maximum adsorption capacity of adsorbent, mg/g
qt amount of adsorbate adsorbed by adsorbent at time t, mg/g
R universal gas constant, 8.314 J/K mol
t time, min
T absolute temperature, K
ΔG0 Gibbs free energy of adsorption, kJ/mol
ΔH0 enthalpy of adsorption, kJ/mol
ΔS0 entropy of adsorption, J/K mol
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