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ABSTRACT ARTICLE HISTORY

The presence of chromium in aquatic streams due to the discharge Received 25 August 2019

of industrial effluents is of great concern because of its toxic nature. Accepted 23 September 2019
Removal of Cr(Vl) ion from wastewater is a necessary task. To KEYWORDS

enhance the adsorption capacity of sawdust for heavy metals, Chromium(Vl): sawdust;
sawdust was modified with formaldehyde and used for the adsorp-  adsorption isotherm;

tion of heavy metal Cr(Vl). The process of modifying was charac- kinetics; thermodynamics
terised by Fourier Transform Infrared Spectroscopy (FTIR) and
Scanning Electron Microscopy (SEM). The effects of various para-
meters such as pH, contact time, adsorbent dose and initial metal
ion concentration on the adsorption process were investigated. The
maximum removal of chromium (VI) was found to be 100% at pH
2.0, initial Cr(VI) concentration of 10 mg/L, and adsorbent dose of 4
g/L. Equilibrium isotherms for the removal of Cr(VIl) were analysed
by the Langmuir, Freundlich, and Temkin isotherm models and the
experimental data were well explained by the Freundlich isotherm
model. The maximum adsorption capacity was found to be
8.84 mg/g. Kinetic studies were performed by pseudo-first-order,
pseudo-second-order, intraparticle diffusion and Elovich models.
The R? value of the pseudo-second-order model is higher than
other kinetic models. Therefore, the obtained data were the best
fit with the pseudo-second-order kinetic model. The thermody-
namics indicated that the adsorption process of sawdust for Cr(VI)
was endothermic and spontaneous in nature.

1. Introduction

Among the various types of pollution, water pollution is a most dangerous one due to heavy
metal ions, dyes, phenols, inorganic anions, humic acid and pesticides, etc., present in it, got
from the wastewater stream by industrial activities [1-3]. Industrial wastewater affects the
environment and causes various dreadful diseases. Heavy metal ions which are non-
biodegradable accumulate in the nature. Chromium can exist at different oxidation states
ranging from -4 to +6 and the most stable forms of chromium in the environment are
trivalent Cr(lll) and hexavalent Cr(VI) species. Toxicity of Cr(lll) is low. It is an essential trace
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element in the human body. The Cr(lll) form is insoluble in water and is easily oxidised while,
the Cr(VI) anions are highly soluble and most of the hexavalent compounds are toxic,
carcinogenic, teratogenic and mutagenic. The hexavalent chromium compounds are widely
used in chromium electroplating, textile dyeing, leather tanning, metal finishing, and wood
preservation [4,5]. Many health lesions caused by excessive intake of Cr(VI) are cancer and
damages in kidney, liver and gastric disorders [6]. World Health Organization (WHO 2004)
and United States Environmental Protection Agency (USEPA 2011) have prescribed the
permissible limit of drinking water for Cr(Vl) as 0.05 mg dm™ [7].

Various conventional methods used for the removal of chromium include ion-exchange
[8], chemical precipitation [9], membrane filtration [10], reverse osmosis [11], and electrocoa-
gulation [12]. But these methods have many drawbacks such as high cost, huge amount of
toxic sludge production and its disposal problem, incomplete removal, high energy consump-
tion and it also requires an excess amount of chemicals. Therefore, there is a need to try and
remove Cr(Vl) ions from wastewater and create a suitable treatment method, which are
simple, effective, and eco-friendly with low cost. In comparison with other methods adsorp-
tion has been more cheaper and an effective method for the Cr(VI) removal from the waste-
waters. Activated carbon and nanoparticles [13] are the extensively used as an adsorbent due
to its large surface area, microporous structure and high adsorption capacity, but it is
expensive. Therefore, there is need to search for a cheaper and an easily available substitute.
Consequently, a large number of potentially low-cost adsorbents available include agro-based
material [14], micro-organisms [15], industrial wastes [4], animal waste [16] and seaweed [17],
which has been prepared for chromium removal as reported in the literature.

Sawdust is generally obtained by sawmills in large quantities as a solid waste. Which is
easily available and the price is very low. It is composed of lignin, cellulose and hemi-
celluloses. Sawdust contains polyphenolic groups they are binders of heavy metal ions.
But, without any activation sawdust have low adsorption capacities. Generally, chemically
modified adsorbent enhances the surface area of the adsorbent and exhibits a higher
adsorption capacity than the unmodified adsorbent. So, there is a need to the preparation
of activated carbon from various cheaper and alternative materials.

The main objective of this work is to develop a suitable and low-cost adsorbent which
enhances the adsorption capacity by modifying the adsorbent surface for the removal of
Cr (V1) ions. The effect of various parameters i.e. initial Cr(Vl) concentration, pH, contact
time, and adsorbent dose was investigated. Moreover, adsorption isotherm, kinetics and
thermodynamics were studied to determine the Cr(VI) removal from aqueous solutions.
The main important point of this research work that the adsorbent is easily available, low
cost, sustainable, environmental friendly and highly efficient for metal sorption capacity
and which is used for heavy metal pollution control and wastewater treatment.

2. Experimental
2.1. Materials and reagents

All chemicals were of analytical reagent grade and were obtained from Merck, CDH and
HIMEDIA. Potassium dichromate (K,Cr,05) was received from HIMEDIA. Hydrochloric acid
(HCI), sulphuric acid (H,SO4) and Acetone (CHsCOCHs) were obtained from Merck.
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Formaldehyde (HCHO), sodium hydroxide (NaOH) and 1, 5-diphenylcarbazide was pur-
chased from CDH.

2.2. Preparation of adsorbate

Synthetic solution of heavy metal was prepared from potassium dichromate (K,Cr,05),
dissolved in distilled water to give a concentration of 1000 ppm. The desired concentra-
tion of the standard solution was prepared by dilution of the stock solution. Initial pH of
the Cr(VI) solutions was 5.29 before addition of adsorbents.

2.3. Preparation of adsorbent

Locally used wood sawdust from local market (Chhattisgarh, Durg) furniture manufac-
turers were procured. The sawdust was washed several times with double distilled water
and sun dried for 8 h. The dried material was stored for subsequent chemical treatment.
Two grams of dried sawdust was treated with 20 mL of 0.2 N H,504 and 5 mL of 39%
HCHO. This sample was kept in an oven at 100°C for 4 h. After modification sawdust was
washed with double distilled water to remove free formaldehyde and dried at 60°C.
Finally, the prepared adsorbent was stored for further use.

2.4. Characterisation analysis

The Fourier transform infrared spectroscopy analyses (FTIR) of the samples were recorded
on a Thermo Nicolet Nexus 670 spectrometer. The FTIR spectra for the functional groups
on the surface of the materials were recorded at a resolution of 4 cm™ from 500 to
4000 cm™". The surface morphology of the adsorbent was obtained by Scanning Electron
Microscopy (SEM) (JEOL JSM-6390). The determination of the point of zero charge (pHpc)
of the MSD was carried out to a series of conical flasks, 5 mL of KNOs solution (0.1 M) was
transferred to each conical flasks and the initial pH (pH;) of the solution was maintained in
between 2.0 and 10.0 by adding 0.1 N HCl or 0.1 N NaOH solutions. 0.1 g of MSD was
added to each flask and the suspensions were securely capped and shaken for 24 h on an
orbital rotatory shaker at 150 rpm. The final pH (pH) of the solution was find out and
noted accurately. The difference of initial (pH;) and final (pHs) pH values i.e. ApH = pH; _
pHs, was calculated and plotted against the initial pH (pH;) of the solution. The intersection
point of the horizontal line (x-axis) in graph at which ApH = 0 is the pH,..

2.5. Batch adsorption study

The adsorption experiments of Cr(VIl) by modified sawdust (MSD) were determined with
batch experiments in a water bath incubator shaker (Tempstar). Batch adsorption experi-
ments were carried out in a 100 mL conical flasks filled with 10 mL solution of Cr(VI). The
experiments were carried out by varying the pH of the solution (2.0-8.0), contact time
(2-20 min), adsorbent dosage (1-6 g/L) and the concentration of Cr(Vl) in the solution
(5-50 mg/L). 0.1 N HCl and 0.1 N NaOH were used for pH value adjustment by pH metre
(Systronics Digital pH Metre-802). Then, proper amounts of dried sawdust (Fig. 1(b)) were
added in the above solution with desired initial pH and contact time to achieve
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adsorption equilibrium. The initial concentrations of Cr(VI) were 10 mg/L (Fig. 1(a)). After
adsorption, the adsorbents were separated by filter paper and then filtrate of the Cr(VI)
(Fig. 1(a)) solutions were determined according to the absorbance at the wavelength of
540 nm by a UV-visible spectrophotometer (Systronics UV-Vis spectrophometer- 117).
Percentage removal (R%) of Cr(VI) from synthetic solution with modified sawdust was
calculated by using the following equation,

The percentage of the Cr(VI) removal R (%) was calculated by this equation:

C

R(%):%x 100 (1)
0

The amount of Cr(Vl) ion adsorbed g. was calculated using this equation:

_G -G
m

. % (2)
where Cy and C, are the initial and equilibrium concentrations of Cr(VI) ion in the aqueous
solution, respectively (in mg/L), m is the mass of adsorbent (g) and v is the volume of the
solution (L).

3. Results and discussion
3.1. Characterisation of the adsorbents

3.1.1. Fourier Transform Infrared Spectroscopy (FTIR)

The Fourier Transform Infrared Spectroscopy was carried out to analyse the functional
group of the surface of the raw sawdust (R-SD) and MSD in the range of 500 to 4000 cm™".
The FTIR spectrums of R-SD and MSD are shown in Figure 2(a,b), respectively (Table 1). In
both spectra the broad absorption band at 3418 cm™ is assigned to the — OH stretching
vibrations of cellulose, hemicellulose, and lignin. The peak at 2924 cm™' in R-SD is
indicating the presence of — CH, stretching of phenyl propane. The bands around 1643
and 1505 cm™' in R-SD could be assigned to the carboxylic groups. In case of MSD, the
peak at 1736 cm™" which indicates the carbonyl (C = O) stretching vibration and this band
was strong due to the attachment of carbonyl group on the surface of sawdust as
compared to R-SD which confirmed that carbonyl groups were present due to aldehyde

Figure 1. (a) Before and after adsorption of Cr(VI) solution (b) Modified sawdust (MSD).
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Figure 2. FTIR spectra of (a) R-SD and (b) MSD.

groups attached on the surface of adsorbent after treating it with formaldehyde. The
absorption bands at lower wave number range 1463 cm™" and 1461 cm™' were associated
with lignin present in sawdust [18] and these peaks are assigned to O-H bending.
The peaks in the range 1300-1000 cm™' could be assigned to the C-O stretching vibration
of hemicelluloses [19].

3.1.2. SEM characterisation

Scanning Electron Microscopy was used to characterise the surface morphology of the
sawdust. Figure 3 indicates the surface morphology of R-SD and MSD at 1000X and
5000X magnifications, respectively. Noteworthy differences were observed between
the surface morphology of the R-SD and MSD. As represented in Figure 3(a,b) indi-
cated that the external morphology of R-SD showed much less surface roughness
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Figure 3. SEM images of (a) R-SD at 1000 magnification, (b) R-SD at 5000 magnification (c) MSD at
1000 magnification, and (d) MSD at 5000 magnification.

morphology (regular plain surface) with no pores on it. Whereas, after modification,
the SEM image of MSD in Figure 3(c,d) became rough and ruptured, resulting large
cavities (pores) were produced. This indicated high surface area and Cr(VI) ions trapped
and adsorbed into these pores.

3.1.3. Point of zero charge

The value of point of zero charge (pHp,) for MSD was 5.77 (Figure 4). The charges
on the surface of the adsorbents depend on this pHy,. value. The MSD surface is
positively charged for pH below the PZC (pH < pHy,), and negatively charged at
pH above PZC (pH > pHy,J). According to the literature, chromium present in
different oxy-anionic forms such as HCrO,, CrO,%, HCr,0,, and Cr,0,%. The max-
imum removal of Cr(VI) at acidic pH (pH = 2) and it is below to the pHp, value (pH
< pHpzo). Therefore, it reveals that Cr(VI) adsorption is favourable when the surface
of the adsorbent is positive.

3.2. Effect of pH

pH of the solution of chromium is an important parameter which affects the
adsorption process. As seen from this figure, the adsorption of chromium (VI)
MSD is strongly pH dependent and the removal efficiency decreases continuously
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Figure 5. Effect of pH on the removal of Cr(VI) ions using MSD at an initial metal ion concentration
10 mg L™", contact time 20 min, and adsorbent dose 4 g L™".

with increase in initial pH from 2 to 8. Chromium removal efficiency was decreased
from 100% (at pH 2) to 38.6% (Figure 5). Hexavalent chromium exists in five
different forms of H,CrO, CrO, 2, Cr,O, 2, HCrO, ' and HCr,O, in the aqueous
solution. HCrO4~ anion is the dominant form of Cr(VI) at a pH 2.0, while Cr042_ is
mostly shown in the range of pH >7. Cr,0,> anions are seen at a pH < 2.0 and H,
CrO,4 exists below a pH < 1.0 [20].

At lower pH, the adsorbent is positively charged due to protonation and dichro-
mate ion exists as anion and the electrostatic forces were developed between
them. Thus, the adsorption was high at lower pH and a drastic decrease in
adsorption above pH 3. The MSD was analysed using a Fourier Transform Infrared
Spectrometer (FTIR) and the result shows the presence of functional groups such as
carboxyl and hydroxyl groups responsible for the binding of chromium (VI) onto
the surface of MSD. But at a higher pH values the decrease in adsorption may be
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due to the overall surface charge on the adsorbents which becomes negative and
adsorption decreased.

3.3. Effect of contact time

The effect of contact time on adsorption of Cr(VI) was studied at different times ranged
from 2 to 20 min and pH 2. For chromium, minimum percentage removal was 49.4% at
time of 2 min and it increased to maximum value 100% at the time of 20 min (Figure 6).

Figure 6 shows that the adsorption rate was fast and adsorption equilibrium reached
within 20 min. It can be observed that in the initial stage, the rate of metal uptake on MSD
was high because of availability of large number of vacant surface sites for binding with
metal ions. As the adsorption increases, the surface of MSD is occupied by Cr(VI) ions
gradually, and the rate of removal becomes slower. Then, adsorption reached equilibrium
as a result of the reduction of available surface sites which are difficult to be occupied due
to electrostatic repulsive forces between adsorbent surface area and the Cr(VI) ions
[21-23].

3.4. Effect of adsorbent dose

The dependence of Cr(VI) adsorption on sawdust dose was studied at a room temperature
by varying the sawdust amount from 1 to 6 g L™". Figure 7 shows that the adsorption
increased rapidly with increasing adsorbent mass, to a maximum at4 g L~ for Cr(Vl) ion
which may be due to greater availability of the vacant sites. After this maximum equili-
brium value, the removal efficiency did not increase with increasing adsorbent mass. The
percentage of Cr(VI) removal increased from 35.5% to 100% with increasing the MSD
dosage from 1.0to 40 g L.

100

80

60

40 4

Removal (%)

20

T
0 5 10 15 20 25

Time (min)

Figure 6. Effect of time on the removal of Cr(VI) ions using MSD at an initial metal ion concentration
10 mg L™', pH 2, and adsorbent dose 4 g L.
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Figure 7. Effect of adsorbent dose on the removal of Cr(VI) ions using MSD at an initial metal ion
concentration 10 mg L™, pH 2, and adsorbent dose 4 g L™".

3.5. Effect of temperature

Effect of temperature on the removal efficiency of Cr(VI) at 20, 30, 40, 45, 50, 55 and 60°C
by MSD was studied at an optimum pH of 2.0 and the initial concentration of Cr (VI) was
10 mg L™". The adsorption efficiency for Cr(Vl) increases with the increase in temperature
at the range from 20°C to 45°C and remained constant with the rise in temperature
(Figure 8). Adsorption is considered as an endothermic process; therefore, increase in
temperature increase the adsorption rate [24].

110

100 ~
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80
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Removal (%)

60

50

40 T T T T T
0 10 20 30 40 50 60
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Figure 8. Effect of temperature on the removal of Cr(Vl) ions using MSD at an initial metal ion
concentration 10 mg L™, pH 2, and adsorbent dose 4 g L™".
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Figure 9. Fit of adsorption isotherms to (a) Langmuir (b) Freundlich (c) Temkin models for Cr(VI)
adsorption onto MSD.

3.6. Adsorption isotherm

The conventional adsorption isotherms are used to determine the relationship between
the equilibrium adsorption capacity and the equilibrium concentration at a certain tem-
perature. Adsorption isotherms are very useful for determining the adsorption capacity
and the interactions between adsorbate and adsorbent [25]. The equilibrium data were
fitted to different theoretical models, Langmuir [26], Freundlich [27] and Temkin [28]
(Figure 9). Determination of the adsorption mechanism and the correlation coefficient
were compared to judge a better fit in order to study the maximum adsorption capacity.
The adsorption of Cr(VI) was investigated at room temperature and pH 2.0 with the initial
Cr(Vl) concentration in the range of 5-50 mg L™". The Langmuir model is based on the
assumption that the adsorption of metal ions occurs on a homogeneous surface by
monolayer adsorption without any interaction between the adsorbed ions. The
Langmuir equation can be expressed as:

o quLCe

= 3
e 1+ K. Ce 3)
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where g, is the amount of Cr(VI) adsorbed per specific amount of adsorbent (mg/g), C. is
the equilibrium concentration of Cr(Vl) in the solution (mg/L), g is the maximum
adsorption capacity and K| is the Langmuir constant (L/mg).

The plots of 1/q. as a function of 1/C, for the adsorption of Chromium were found
linear and the values of q,,, and K, was determined by this Equation (4):

-2 0
qe_qm qm'KL Ce

The dimensionless separation factor (Ry), is an essential characteristic of the Langmuir
isotherm model. R, can be determined by the following Equation (5):

1

RR=———
t 1+ K.GCo

(5)
where C, denotes the initial concentration (mg/g). The value of R_ shows the type of
the isotherm. The adsorption process is unfavourable at (R > 1), linear at (R, = 1),
favourable at (0 < R < 1), or irreversible at (R, = 0). The value of R, is much less than 1,
thereby confirming that the adsorption of Cr(VIl) onto MSD is a favourable process
[29-31].

The Freundlich model assumes that the adsorption of metal ions occurs on
a heterogeneous surface by multilayer adsorption. The Freundlich equation can be
expressed as:

de = KeCe'/™ (6)

Equation (6) can be rearranged to obtain a linear form by taking logarithms. The deter-
mination of the Freundlich constant is as shown below:

1
log q. = log K¢ + (ﬁ) log Ce (7)

where g is the amount of Cr(VI) adsorbed per specific amount of adsorbent (mg/qg), C. is
the equilibrium concentration of Cr(Vl) in the solution (mg/L), Ks (mg/g)(mg/L)" and n are
the Freundlich adsorption isotherm constants. The linear plot was found between log C,
and log g and the values of Kr and 1/n can be determined from intercept and slope by
Equation (7).

The Temkin isotherm explained the nature of adsorption heterogeneous system. The
Temkin isotherm assumes that the adsorption heat linearly decreases with increasing
adsorption capacity. The Temkin equation can be expressed as:

d.=B1 InKt + B; InC, (8)

where B; = RT/b, T is the absolute temperature (K) and R is the universal gas
constant (8.314 J/mol K). B, is the constant related to the heat of adsorption (J/mol),
Kt is the equilibrium binding constant (L/g) corresponding to the maximum binding
energy.

In this work, the results of the three isotherm equations are listed in Table 2. As Table 2
presented, the R? value for the Freundlich isotherm was higher than the other two
isotherms, which shows that the Freundlich isotherm was the best fit to the experimental



12 (&) R.CHAKRABORTY ET AL.

Table 1. FT-IR spectral characteristics of R-SD and MSD.

IR Peak R-SD (1/cm) MSD (1/cm) Assignment

1 3418 3419 -OH Stretching

2 2924 2927 -CH, Stretching

3 Absent 1736 C = 0 Stretching

4 1643 1645 Carboxylic groups

5 1505 1504 Carboxylic groups

6 1463 1461 0O-H bending

7 1430 Absent Symmetric bending of CH;
8 1329 1321 C-O0 stretching

9 1267 1259 0-H alcohols and aliphatic ether
10 1163 1159 Stretching C-O of COOH
1" 1026 1027 C-0 Stretching

12 614 605 C-H bending

Table 2. Isotherm model constants and coefficients of determination for adsorption of Cr(VI) onto
sawdust.

Adsorbent Langmuir isotherm Freundlich isotherm Temkin isotherm
gm (Ma/g) K R R Ki (mg/g) (mg/L)" N R Br K R
(L/mg)
Sawdust 8.84 0561 0.151 0969 3.84 327 0972 186 1.81 0.963

data. Thus, it can be concluded that Cr(VI) adsorption onto MSD can be determined for
multilayer adsorption processes.

3.7. Adsorption kinetics

The adsorption kinetics indicates the relationship between rates of adsorption with its contact
time. The adsorption process was investigated by fitting the experimental data with pseudo-
first-order, pseudo-second-order kinetic models and the intra-particle diffusion model.

The pseudo-first-order kinetic model assumes that the adsorption is a pseudo-chemical
reaction [32]. The integral form of the pseudo-first-order model is given as:

IN(9e—q¢)= In qe— kit 9

where g, and g, are the adsorption capacity (mg/g) at equilibrium and at time t (time) and
k, is the rate constant (min~') of pseudo-first-order adsorption. The values of k; and e
were determined from the slope and intercept of the straight line graph, respectively. The
plot of log (ge-g;) versus t was shown in Figure 10(a).

The linear form of pseudo-second-order kinetics model is given as:

t 1 t

= 4= (10)
g ka? Qe

where q. is the amount of adsorbate adsorbed at equilibrium in mg g~', g, is the amount
of adsorbate adsorbed at time t, in mg g~' and k, is the pseudo-second-order rate
constant in g mg™' min~". The linear plot of t/qt versus t was used to determine the
values of g. and pseudo-second rate constant k, from the slope and the intercept of the
straight line graph, respectively Figure 10(b).

The intra-particle diffusion model is applied to determine the adsorption progress of
Cr(VIl) by the MSD and it can be represented as:
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intraparticle diffusion model and (d) Elovich model at an initial metal ions concentration 10 mg L,
contact time up to 20 min, adsorbent 4 g L™ and pH 2.

q, = kigt'/2+1 (11)

where Ky shows the intra-particle diffusion model rate constant (mg/g min'?) and

| represents the intercept. Value of the intercept | can determine the thickness of molecule
boundary layer. The linear plot of g, against t"/? was used to determine the constants of
Kig and | were obtained from the slope and intercept, respectively Figure 10(c).

Elovich equation is a rate equation based on a kinetic principle assumes that the
adsorption sites increase exponentially with adsorption, which implies a multilayer
adsorption [33]. The model is commonly expressed by the following Equation (12):

g, = % In(aB) + % Int (12)
where a (mg g~' min™") is the initial adsorption rate and B (gmg™') is the desorption
constant and g, (mg/q) is the amount of chromium (V1) adsorbed at time t (min) per unit of
weight of MSD. The plot of g, against In t should yield a linear relationship with a slope of
1/B and intercept of (1/B)In(ap), which confirms to the Elovich model Figure 10(d).

The parameters and the correlation coefficients (R?) for the four models are presented
in Table 3. This indicates that the R? value of the pseudo-second-order model is 0.996,

1
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Table 4. Thermodynamic parameters for Cr(VI) adsorption onto sawdust.

AG® (KJ/mol)
Co (mg/L) AH° (KJ/mol) AS® (J/mol/K) 303K 313K 318 K
10.0 45.60 162.70 -3.68 -5.42 -6.08

which is higher than that of pseudo-first-order (0.978), Elovich (0.986) and intra-particles
diffusion model (0.972). Therefore, the obtained data were the best fit with the pseudo-
second-order kinetic model [34-36].

3.8. Adsorption thermodynamics

Thermodynamic parameters indicate the information on the adsorption mechanism and
the nature of the adsorption process with respect to Van't Hoff's equation. The changes in
Gibbs free energy (AGP), enthalpy (AH), and entropy (AS?) were obtained using the
following equations [37].

Ca

Ky =—
4= G

(1)

AS®  AHC
InKg = — — — 2
Md =R "R )

The value of AG® can be determined by Equation (3):
AG® = —RTInKy 3)

where Ky is the thermodynamic equilibrium constant corresponding to the temperatures
of 303, 313 and 318 K. C4 and Cg are the concentration on the adsorbate on the adsorbent
and residual concentration at equilibrium, respectively. T is the absolute temperature in
Kelvin (K) and R is the universal gas constant (8.314 x 1073 kJ/mol K). The values of AS® and
AH® were calculated from slope and intercept of van't Hoff plot of InKy versus 1/T shown
in Figure 11. The AH® and AS° evaluated as 45.60 kJ mol™" and 162.70 Jmol™' K™,
respectively. The positive value of enthalpy indicates the endothermic nature of the
process and it shows the possible strong bonding between the metal and adsorbent.
The temperature increment with a positive value of AS® confirmed an increased random-
ness at the solid-liquid interface during the adsorption process. The value of AG® was
calculated - 3.68, — 5.42 and - 6.08 kJ mol™" for 30°C, 40°C and 45°C, respectively, that Hn
MSD was thermodynamically feasible and spontaneous at all temperatures (Table 4). The
magnitude of Gibbs free energy change increased with the increasing temperature. The
small AG® (less than — 40 kJ mol™") indicated that the interaction between adsorbed
chromium (VI) and the MSD involved a strong chemical reaction.

3.9. Desorption and Regeneration studies

Chromium adsorbed on the surface of MSD was desorbed using NaOH (10 mL, 1N).
For the desorption studies, 0.04 g of MSD was used for the adsorption of 10 mL of
10 ppm Cr(VI) ion aqueous solution at pH 2.0. After the adsorption of MSD, 10 mL
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2.4

2.2+

2.0+

0.003136 0.003168 0.003200 0.003232 0.003264 0.003296
1/T

Figure 11. Van't Hoff's plot to determine thermodynamic parameters for removal of Cr(VI) by MSD.

Table 5. Removal of Cr(VI) by various waste materials used as adsorbents and comparison of their
maximum adsorption capacity.

S. no. Adsorbent materials Adsorption capacity (mg/g) pH References
1. Teff straw 3.51 2.0 [39]

2. Wheat bran 4.53 2.0 [40]

3. Modified wheat bran 5.28 2.2 [40]

4. Walnut shell 8.01 3.5 [41]

5. Hazelnut shell 8.28 35 [41]

6. Almond shell 3.40 3.2 [41]

7. Sugarcane bagasse 1.76 2.0 [42]

8. Rice straw 3.15 2.0 [43]

9. Rice husk 8.5 2.0 [44]

10. HCl treated sawdust (H-SD) 6.34 2.0 [45]

11. Formaldehyde (1%) treated sawdust (HF-SD) 8.2 20 [45]

12. Modified sawdust (MSD) 8.84 2.0 Present work

of 1N NaOH was added in the contents in the conical flask was shaking in an orbital
shaking incubator at an rpm of 150. This process was used to determine the
reusability of MSD. The adsorption-desorption cycles were repeated for four times.

4. Comparison with other adsorbents for chromium adsorption

Table 5 shows that a maximum Cr(VIl) adsorption capacity of various type of
adsorbents. The adsorption capacity of MSD was relatively high as compared with
other inexpensive adsorbents. Most recently developed materials, such as carbon
nanotubes [38] have maximum adsorption capacity for chromium but its cost is
expensive, so their use is limited. The waste material (sawdust) used in the present
study is generally obtained easily in large amount and its cost is very cheap. Hence,
significantly we can conclude that sawdust can be used as a low-cost adsorbent for
the removal of chromium.
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5. Conclusions

The eco-friendly, low cost and recyclable sawdust were used for effective removal of Cr(VI)
ions from the aqueous solution. Modification of sawdust enhanced the adsorption
capacity of the MSD due to the increase of carboxylic groups in the adsorbent. The FTIR
analysis reveals that the presence of carboxylate groups at the binding site of MSD and
the rough surface was found in SEM images. The maximum removal of chromium (VI) was
found to be 100% at pH 2.0, initial Cr(VI) concentration of 10 mg/L, and adsorbent dose of
4 g/L. The MSD followed Freundlich isotherm model and pseudo-second order kinetic
model. The thermodynamics indicated that the adsorption process of sawdust for Cr(VI)
was endothermic and spontaneous in nature.
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