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ABSTRACT

Sawdust supported nano-zerovalent (NZVI/SD) iron was synthesized by treating sawdust with
ferrous sulphate followed by reduction with NaBH,. The NZVI/SD was characterized by SEM, XRD,
FTIR and Chemical method. Adsorption of As (lll) by NZVI/SD was investigated and the maximum
uptake of As (lll) was found at pH value of 7.74 and equilibrium time of 3 hrs. The adsorption
isotherm modelling revealed that the equilibrium adsorption data were better fitted with the
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aqueous systems.

Langmuir isotherm model compared with the Freundlich Isotherm model. This study revealed that
the maximum As (lll) ions adsorption capacity was found to be 12.66 mg/g for using NZVI/SD
adsorbent. However, the kinetics data were tested by pseudo-first-order and pseudo-second-order
kinetic models; and it was observed that the adsorption data could be well fitted with pseudo-
second-order kinetics for As (lll) adsorption onto NZVI/SD depending on both adsorbate
concentration and adsorption sites. The result of this study suggested that NZVI/SD could be
developed as a prominent environment-friendly adsorbent for the removal of As (Ill) ions from

Keywords: Sawdust; nano zerovalent iron; adsorption; isotherm; kinetics.

1. INTRODUCTION

Nowadays environmental pollution with heavy
metals is a major environmental concern [1].
These heavy metals are known to be highly toxic
even at low concentration. Because, heavy
metals are non-biodegradable, and accumulate
to a certain level which causes different health
problems in animals, humans and aquatic
organisms [2,3]. Among different types of heavy
metals, arsenic contamination in natural and
groundwater has been receiving significant
attention. The United States Environmental
Protection Agency (US-EPA) and World Health
Organization (WHO) have set the maximum
allowable concentration (MAC) for As at 0.01
mg/L in drinking water [4]. Materially, arsenic has
been introduced into the environment through a
combination of natural processes (weathering
reactions, biological activities, and volcanic
emissions) as well as anthropogenic activities [5].
Also, Arsenic exists in groundwater
predominantly as inorganic arsenite, As(lll)
(H3AsO3, H2AsO31', HAsO32'), and arsenate,
As(V) (HsAsO,, HAsO,", HAsO,*) [6,7,8].
Therefore, it is necessary to eliminate As from
the environment to prevent its deleterious impact
on the ecosystem and public health. Besides,
greater attention is required for the removal of
As(lll) from groundwater due to its higher toxicity
and mobility compared to the charged As(V)
species, which predominate near pH 6-9 [6,
9,10]. So its removal has become a considerable
challenge for environmental scientists and
engineers [7,8,11,12].

Since arsenic contamination is an extensive
problem, many methods have been developed
for the removal of arsenic such as adsorption
[13-16], ion exchange [17], reverse osmosis,
microbial transformation [18,19], coagulation (co-
precipitation) [20] and bioremediation [21]. Of
these methods, absorption techniques are
relatively simple to conduct and are cost-
effective. Various materials have already been

tested as sorbents such as magnetic ion
exchange resins, hydrous ion oxide particles,
granular ferric hydroxide, activated alumina,
sawdust, clay, zeolite, activated carbon and zero-
valent iron oxide nanoparticles. Attention has
recently focused on zero-valent iron (ZVI) for
rapid As(lll) and As(V) removal in the subsurface
environment [9,22]. Therefore, initiatives taken to
increase the surface area with the view to
increase the reactivity of zero-valent iron (ZVI)
had emerged eventually. lIts significance to
remove varieties of pollutants such as, TCE,
PCE [23-26], carbon tetrachloride [27], heavy
metals (e.g., Ni**,Hg®"), As(lll) [28] and organic
compounds such as benzoic acid [29].
Furthermore, the direct application of NZzZVI
particle in the water treatment system may cause
fast loss of NZVI particle and lead to iron
pollution due to its small particle size. Hence, for
the treatment of pollutant, it is necessary to load
NZVI particle onto an efficient supporting
material. In this study, sawdust the economical
and easily available option as supporting
materials for NZVI. Herein, we have
demonstrated that the sawdust supported NZVI
particle showed much better As(lll) adsorption,
while sawdust itself was not an efficient
adsorbent for arsenic.

2. MATERIALS AND METHODS
2.1 Adsorbent and Reagents

Sawdust (or wood shavings) is a by-product or
waste product of woodworking operations such
as sawing, milling, planning, routing, drilling and
sanding. It is composed of fine particles of wood.
These operations can be performed by
woodworking machinery, portable power tools or
by use of hand tools. Sawdust was collected
from a sawmill at Mirpur, Dhaka as principal raw
material. It was then washed repeatedly with a
sufficient amount of demineralized water to
remove dust and soluble impurities and dried at
100°C for 12 hr. It was screened in with sieves



and size of 1.18 mm (oversize), was collected
and was preserved in a hermetic plastic bottle.
To avoid moisture, 2-3 silica gel packets were
introduced in the bottle. Chemical analysis of the
sawdust was done using standard methods [30]
and found that it contained 7.3% extractible
materials, 57.6% cellulose and 28.1% lignin. A
1000 ppm arsenious acid (H3;AsOs;, ACS, IS0,
reagent grade, Merck-KgaA, Germany) solution;
Ferrous sulphate heptahydrate (FeSO4. 7H,0,
ACS, reagent grade, Merck-KgaA, Germany);
sodium borohydride (NaBH,;, 99.99%, Merck,
Germany) were used as received. The stock
solution of As (lll) compound was further diluted
to the desired concentration using deionized
water.

2.2 Preparation of the Adsorbent

Sawdust supported nanoscale zero-valent iron
(NzVI1) have been synthesized following a
literature protocol [31]. The synthesis of NZVI/SD
was performed in three open necks. The dried
sawdust (2.0 g) was soaked in N, — purged
ferrous sulfate solution (30 ml and 1.0 M) and left
for three hours. The slurry was diluted by five
times using a mixture of ethanol and deionized
water (v/v 1:1). NaBH, (0.2 M, 100 ml) was then
added dropwise (1.0 mL/min) into the slurry at
25°C temperature under magnetic stirring and N,
bubbling, which resulted in the rapid formation of
fine black solid particles and deposited on
sawdust. After 30 minutes of agitation, the
sawdust supported NZVI was separated from the
mixture by filtration through a glass sintered
tunnel under vacuum. The solid particles thus
obtained were washed with acetone (3*20 ml),
dried at 60°C temperature in an oven for 8 h.
Finally, the dried powder sample was stored in a
desiccator for further use.

2.3 Batch Adsorption Experiments

NZVI/ sawdust (10 mg was added to the
aqueous solution of As(lll) (10 ml, 22 ppm and
35 ppm) in 25 ml conical flasks and the solutions
were left out at 25°C and shaking in an orbital
shaker at 180 rpm for 3 hours (equilibrium time).
The effect of pH (2.1 to 11.4) on the removal of
As (lll) was studied with the constant adsorbent
dosage of 1 g/L, adsorption time of 180 minutes,
agitation speed of 180 rpm and metal ion
concentration of 20.5 ppm. The effect of contact
time was studied with initial As(lll) concentrations
of 22 and 37 ppm, pH of 7.74 and constant
adsorbent dosage of 1 gL'1. The effect of initial
As (Ill) ions concentration was studied by varying
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the initial concentration of As (lll) from 18.5 to
447 mg L' while maintaining the adsorbent
dosage of 1 gL™, contact time of 180 minutes
and equilibrium pH of 7.74. The amount of As
(1) adsorbed per unit mass of the adsorbent (g)
was obtained by using the following equation

(Eq. (1)):

_ Gi-Co)V
=& (1)
Where C; and C, are initial and equilibrium
concentrations of the metal ions (g/L), m is dry
mass of the adsorbent (g) and V is the volume of
the solution (L).

2.4 Analysis the Samples

The Adsorbents were characterized using an
FTIR 8400S Shimadzu spectrophotometer
(Irprestige-21 model, Shimadzu, Japan) in the
range of 4000 to 700 cm™” and 20 scanning rate
with a resolution of 4 cm™. Experiments were
carried out using ATR sampling technique. The
morphology of the adsorbents was also
characterized using a JEOL JSM-7600F Field
Emission Scanning Electron Microscope (SEM)
coupled with Energy-Dispersive X-ray (EDX)
spectroscopy at an accelerating voltage of 5.0/kV
and a working distance of 8 mm. For X-ray
diffraction analysis, an X-ray Diffractometer
(XRD) was used (Ultima IV, Rigaku Corporation,
Japan) at 40 kV and 40 mA for a scan range of
26 from 20° to 100°. The pH measurements were
performed using a pH meter (Hanna instruments,
HI 2211-02, Hanna, Romania). An orbital Shaker
(SSL1, Stuart UK) was used for the batch
adsorption experiments. After the adsorption
process, the metal solution was filtered through
Whatman 41 filter paper. The residual As (lll)
was analyzed using Atomic Absorption
Spectrophotometer (Varian AA240, USA) at the

Analytical Chemistry Laboratory, Chemistry
Division, Atomic Energy Centre, Dhaka,
Bangladesh.

3. RESULTS AND DISCUSSION
3.1 Characterization of NZVI/SD

3.1.1 Scanning electron microscope

The cell wall of sawdust mainly consists of dry
matter (96.93%). The proximate composition of
wood sawdust is 7.3% extractible materials,
57.6% cellulose and 28.1% lignin. Cellulose,
hemicellulose and lignin are the main
components of acid detergent fiber. All those



compounds are active ion-exchange compound
[30]. The surface structure of wood sawdust was
analyzed using a scanning electron microscope
(SEM) for raw sawdust [Fig. 1(a)], freshly
prepared NZVI/SD [Fig. 1(b)] and finally after
used for As (lll) ions adsorption study [Fig. 1(C)].
The SEM micrograph of the freshly prepared
NZVI/SD [Fig. 1(b)], revealed that the surface of
the sawdust appeared to be quite rough as seen
at 2000X magnification. This Figure also clearly
showed a non-uniform particle size with the
presence of pores on the sawdust surface. It
revealed that the ZVIN sawdust samples were
spherical in shape and polydispersed in nature
with different sizes. Comparing the size of the
particles with the scale of Fig. 1(a), it has been
confirmed that the size of the iron particles on the
surface of NZVI/SD was ranging from 10 to 80
nm and almost uniform sized particles were
observed. However, the SEM image of saturated
NZVI/SD was shown in Fig. 1(c). From this Fig.
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1(c), it was suggested that after adsorption of As
(I ions, the surface of NZVI was more even
than fresh NZVI/SD and the particles were
almost uniformly dispersed in the saturated
NzZVI/SD. From the SEM images, it was also
observed that the adsorbent revealed a porous
nature, a considerable number of heterogeneous
pores and particle aggregation of various shapes
and sizes. Generally, the porous nature of the
adsorbents revealed their suitability for
adsorption of As (lll) from aqueous solution [32].

3.1.2 Fourier-Transform Infrared
spectroscopy

(FTIR)

The metal adsorption capacity is influenced
strongly by the surface structures of carbon-
oxygen (functional groups) and surface
behaviour of carbon [16]. Functional groups in
wood sawdust were determined using Fourier-
transform infrared (FTIR) spectroscopy [Fig. 2].
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Fig. 1. Scanning electron microscope for (a) raw sawdust, (b) freshly prepared NZVI/SD and (c)
finally after used for As(lll) ions adsorption study
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Fig. 2. FTIR spectrums for (a) raw sawdust, (b) freshly prepared NZVI/SD and (c) finally after
used for As(lll) ions adsorption study

The untreated wood sawdust FTIR spectrum
showed eight major intense bands at 769.6
cm-1, 885.33 cm-1, 1028.06 cm-1, 1213.23
cm-1, 1409.96 cm-1, 1510.26 cm-1, 2881.65
cm-1, and 3394.72 cm-1, whereas treated NZVI
sawdust showed nine bands at 900.76 cm-1,

1008.77 cm-1, 1217.08 cm-1, 1373.32 cm-1,
1523.76 cm-1, 1687.71 cm-1, 2883.58 cm-1,
3604.96 cm-1 and 3718.76 cm-1 and As(lll)
ions adsorbed saturated NZVI/SD showed six
bands at 900.76 cm-1, 1035.77 cm-1, 1508.33
cm-1, 1600.92 cm-1, 2879.72 cm-1, and



3456.44 cm—1 respectively. The FTIR spectrum
of sawdust showed broadband, at 3456 cm™ and
it is attributed to the hydrogen-bonded -OH
stretching of phenol ( -OH ) groups can undergo
protonation reactions [33]. The band appearing
at (2879 to 2881.65 cm'1) corresponds to CH
stretching vibrations from —CH,. The presence of
a band at around 1600 cm’ may be due to
amide (N-H) groups in sawdust. A band
appearing at 1053 is due to C-O in cellulose,
ether, carboxylic acids and other natural
compounds present [34,32]. The FTIR (ATR)
spectra of NZVI/SD is similar to that of the
spectrum of sawdust because of Fe, it was used
to modify the sawdust and there was no change
in the cellulose of the sawdust. If Fe was present
in its oxide form then there would have been new
peaks in the FTIR spectra of NZVI/SD.

3.1.3 X-Ray Diffractograms (XRD)

The X-ray diffractograms of raw sawdust and
sawdust supported Nano-zerovalent (NZVI/SD)
iron were shown in Fig. 3. This analysis was
carried out to evaluate the crystalline nature and
size of sawdust supported nano-zerovalent
(NZVI/SD) iron.

Fig. 3 reveals that the diffraction peaks were
located at 30.1, 35.5, 41.6, 53.6 and 57.0 are
evident of XRD pattern of synthesized iron
nanoparticles [35]. It also reveals that the iron
present in the sample is mainly in its zero-valent
state and all zero-valent irons are in a single-
phase cubic closed packed structure and
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amorphous [36]. However, two additional peaks
around 16° and 22° are evident in Fig. 3. These
two peaks could be attributed to raw sawdust,
due to the presence of carbon in the sawdust
sample. It is also evident from the figure that the
intensities of these two peaks were decreased
markedly, demonstrating partial carbon
degradation of NZVI/SD sample. This may be
because the porous structure of sawdust
decreased after iron deposition on its surface.
Hence the crystalline phases of sawdust may
have been reduced after iron deposition [37].
Crystallite Size of ZVIN is calculated from
Scherrer’s formula, given below:

09A

D =Bcose (2)

Where D is the crystallite size in A, A the
wavelength of CuK, radiation, i.e., 1.54 A, B the
full width at half maximum (FWHM), and 8is the
angle obtained from 2 6 correspondings to
maximum peak intensity. The crystalline
dimension of the Fe° particles was found to be
4.96 nm.

Iron content present in the synthesized NZVI/SD
was determined by a chemical method. In this
case, 0.05 g of adsorbent was mixed with 15 ml
of 7M HCI, followed by shaking at 25°C for 2
hours. The supernatant was collected by filtration
and analyzed on an atomic absorption
spectrophotometer (Model: PerkinElmer Analyst
800) [38]. Fe content was found to be 38.8 mg of
Fe per gram of adsorbent.

Intensity (counts)

— NZVI/SD
Raw Sawdust

A e

20 40

60 80
2-theta (deg)

T
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Fig. 3. XRD for Sawdust and NZVI/SD



3.2 Arsenic (lll) lons Removal
3.2.1 Effect of pH

The pH-dependent behaviour of the adsorption of
As (lll) on the NZVI/SD is shown in Fig 4. The
variation of adsorption capacity from 3 mg/g to
8.32 mg/g was observed in the pH range 2.2-
11.07. The pH-dependent behaviour can be
illustrated in terms of the existence of the
different forms of As (lll), surface complexation
and electrostatic interactions. At pH< 9.1 As (lll)
exist as neutral compound H3;AsO3) while at 9.1
< pH < 12.1, it exists as anions H,AsO; [33,39].
From the figure it is apparent that the adsorption
capacity was increased from 3 to 8.32 in the pH
range 2.0 to 8 because of the existence of
neutral compound, H3AsO; in this pH range and
this result implies that adsorption is controlled by
surface complexation process. Moreover, further
increase of basicity reduced the adsorption
capacity due to the presence of anions H,AsOj,
which confirms that at pH > 8, the adsorption of
As (lll) on NZVI/SD depends on electrostatic
interactions [13,27,34].

3.2.2 Effect of time

To find out the effect of agitation time on As(lIl)
ions adsorption onto NZVI/SD, this study was
conducted for an adsorption dose of 10 mg in 10
mL of 22 ppm and 37 ppm of As(lll) solutions for
the agitation time of 5, 10, 20, 30, 40, 60, 120,
180 and 240 minutes respectively. The study
revealed that As(lll) ions adsorption capacity of
NZVI/SD adsorbent was increased rapidly for the
first 40 minutes, and then increase slowly with
increasing of agitation time (Fig. 5). For instance,
the optimum As(lll) ions adsorption capacity of
NZVI/SD for the initial 22 ppm As(lll) solution
was observed for the agitation time of 40 min and
then very slowly increased with the increase of
agitation time. The same trend was observed for
the 37 ppm As (lll) solution, which showed that
the optimum As(lll) ions adsorption capacity of
NZVI/SD adsorbent was obtained around 60
minutes. Furthermore, there was a significant
difference between adsorption among the
obtained data for 120 min and 180 min. As a
consequence, 60 min contact time was chosen
as an optimum time in each experiment.

3.3 Adsorption Isotherm
To explain the nature of the interaction between

adsorbate and adsorbent, two adsorption
isotherm models namely Langmuir and
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Freundlich isotherm models were tested. The
Langmuir adsorption isotherm model is based on
the assumption that the adsorption process
proceeds through monolayer homogeneous
adsorption, while, Freundlich isotherm model
supports multilayer heterogeneous adsorption
process [39]. The linearized form of Langmuir
and Freundlich isotherm models are given in the
following equations (Eq. 3 and 4):

C C

e Ce, 1 (3)
q e qmax qmax K L

- 1 4
logqe—logKF+n10gCe (4)

Where, g, is the adsorption capacity of adsorbent
at equilibrium (mg/g), C. is the concentration of
adsorbent at equilibrium (mg/L), Qmax is the
maximum monolayer adsorption capacity (mg/g),
KL is the Langmuir isotherm constant(L/mg)which
represents the affinity between the solute and
adsorbent, Kg is Freundlich constant related to
adsorption capacity of the adsorbent, n is a
constant of Freundlich isotherm which gives the
probability of adsorption process and 1/n is the
adsorption intensity.

The value of correlation coefficient r* for
Langmuir isotherm was 0.997 while that for
Freundlich isotherm was 0.554. It was concluded
that the adsorption process fitted with Langmuir
adsorption  process which indicates the
adsorption of As(lll) on NZVI/SD is monolayer
homogeneous adsorption [40]. The maximum
monolayer adsorption capacity was found to be
12.66 mg/g obtained from the Langmuir isotherm
model. The isotherm parameters are listed in
Table 1. A comparison is made between
NZVI/SD and some adsorbent materials for the
removal of As(lll) that are listed in Table 2.

R_ is a dimensionless constant called separation
factor or equilibrium factor, which is expressed
by the following equation [41].

R 5
Ry 1+K,Ci )

Where C; is the initial concentration of the
adsorbate (mg/L), K_ is the Langmuir
constant. The value of R, is from 0 to greater
than 1. The Langmuir isotherm is irreversible,
linear, unfavourable, favourable at R. =0, R =
1, Re>1and 0 < R_ < 1 respectively. R_. was
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found to be from 0.22 to 0.40 indicating that the  favourable in the range of 18.5 to 44.7 ppm
adsorption of As(lll) on NZVI on sawdust is concentration (Table 3).

e =

. . . . .
2 4 & & 10 12
pH

Fig. 4. Effect of pH on As (lll) ions adsorption by NZVI supported on sawdust

—a— 22 ppm
—a— 37ppm

ge (mg/g)

0 T T T T T T T T T T
0 50 100 150 200 250
Time (min)

Fig. 5. Effect of contact time on As (lll) ions adsorption using NZVI/SD adsorbent

Table 1. Adsorption isotherm parameters for the adsorption of As (lll) on NZVI/Sawdust

Adsorbent Langmuir isotherm model Freundlich isotherm model
NZVI on sawdust Qmax K. R? n Ke R?
12.66 0.081 0.997 1.31 0.35 0.554
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Fig. 6. Langmuir isotherm (Left) and freundlich isotherm (Right) for adsorption of As (lll) on
NZVI supported on sawdust

Table 2. Comparison of As (lll) adsorption capacity with some adsorbent materials in the

references
Adsorbent Adsorption capacity(mg/g)  Reference
Sawdust Carbon 1.716 [41]
Nanozervalent Iron nanoparticle 3.5 [42]
Magnetic nanoparticles 3.7 [43]
Iron-containing ordered mesoporous carbon 9.3 [20]
Nanozerovalent iron supported on Sawdust  12.66 Present study

Table 3. Separation factor values for the adsorption of As (lll) on NZVI/Sawdust

Metal Initial concentration(ppm) R, Value
As(lI1) 18.5 0.40
22 0.36
37 0.25
44.7 0.22

3.4 Adsorption Kinetics

Pseudo-first-order and second-order kinetics
model were tested to describe the adsorption
mechanism of As (lll) on NZVI/Sawdust. The
linearized form of the pseudo-first-order and
second-order kinetics equations are given below

(6)
(7)

IN(ge-ar) = InQe - Kyt

L1
qe
Where ge is the adsorption capacity of adsorbent
at equilibrium, qt is the adsorption capacity of
adsorbent at time t, t is time (min), K, is the rate
constant for the pseudo-first-order reaction, min-
1 and K; is the rate constant for pseudo-second-
order reaction g mg-1 min-1.  Variation of
adsorption capacity of the adsorbent with time is
shown in Fig. 7. From the figure it is clear that

the adsorption process reached equilibrium at 3
hours.

The plot of In (ge-qy) vs t is shown in Fig. 7 and it
is lucid that the experimental data did not fit well
with pseudo-first-order kinetics model, while it
fitted well with the pseudo-second-order kinetics
(right). Thus the adsorption of As(lll) on sawdust
supported NZVI depends on both the As(ll)
concentration and available active sites of the
adsorbent. With the increase of initial
concentration of As(lll) solution rate constant of
the  pseudo-second-order  kinetics  model
decreased from 0.019 to 0.0024 (Fig. 7). This
also explains that the adsorption process
depends on As (lll) concentration. A similar
phenomenon of adsorption kinetics on As(lll)
adsorption was reported previously
[34,42,43,44]. Different kinetic parameters that
were obtained from the graphs are listed in
Fig. 7.
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Fig. 7. As (lll) ions adsorption study using on NZVI supported on sawdust for (a) pseudo-first-
order kinetics and (b) pseudo-second-order kinetics

4. CONCLUSION

In this study, NZzZVI/SD was successfully
synthesized by impregnating sawdust with
ferrous sulphate followed by chemical reduction
of Fe (Il) to Fe (0). Adsorption performance of as-
prepared adsorbent for the removal of As (lll)
from aqueous solution was investigated. It was
found that equilibrium time and optimum pH were
3 hours and 7.74 respectively for this adsorption
process. SEM results revealed that NZVI
appears as a spherical particle with a particle
size in the range 10-80 nm. The uptake of As(lll)
by NzZVI/SD is a homogeneous adsorption
process as the adsorption process followed the
Langmuir Isotherm model. Kinetics of this
adsorption process can be better explained by
the pseudo-second-order model. This model
indicates both adsorbate and adsorbent which
influence the adsorption of As (lll) on NZVI/SD.
Therefore, the present study suggests that
NZVI/SD is a promising and effective material for
the removal of As (lll) from aqueous solution.
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