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Abstract

was pseudo-second order.

Heavy metals pollution was considered as one of the most serious environmental problems. The removal of heavy
metals ions (Pb?* and Cu?*) from dilute aqueous solutions was investigated by using biomaterials like nano-sawdust
particles as bio-sorbent. The nano-sawdust was prepared and identified by (SEM), (TEM) and (FTIR) spectroscopy.
Results of SEM study showed that the surface of sawdust has many pores with nano size in rang of (40-51 nm). The
TEM image suggests that the produced material consists of nano particles. The FTIR gave characteristic bands due
to presence of OH, NH, and C=0 groups. The batch experiment indicates that the maximum bio-sorption efficiency
for Pb?* was 100% at optimum conditions of, pH 6, contact time 40 min and bio-sorbent dosage 2.0 g. However
nano-sawdust gave removal efficiency 98.78% of Cu?* under optimum conditions of, pH 7, contact time 50 min and
bio-sorbent dosage 1.0 g. Kinetic studies indicated that the biosorption of Pb(Il) and Cu(ll) ions onto nono-sawdust
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Introduction

Many serious environmental problems were arised from the
presence of heavy metals in the industrial waste water attributed to their
non-biodegradable properties and toxicity [1]. Exposed to toxic heavy
metals (Pb, Cu, Hg), even at low concentration lead to a wide range of
spectrum health problems, such as convulsions, capillary, hepatic and
renal damage. Precipitation, membrane processes, electrolytic recovery,
liquid-liquid extraction, ion exchange and adsorption are techniques
employed to the removal of heavy metals [2-4]. These techniques are
ineffective or expensive, especially when the heavy metal ions are present
in high concentration in the polluted media. Biosorption occurs due
to chemico-physical interactions of metal ions with active groups such
as carboxylic, phosphate, sulfate, amino, amide and hydroxyl groups
[5,6]. Sawdust is one of agricultural waste materials that are available in
large quantities, has low cost, easily regenerated after use and may have
potential as inexpensive adsorbents. The mechanism of adsorption by
sawdust is supposed by the active sites existing in the cellulose structure
of sawdust and an ion exchange mechanism of adsorption by replacing
protons of hydroxyl groups by metal ions [7]. Nano-fiber mats have
agreat advantages, such as high porosity, high gas permeability, and
high specific surface area per unit mass, which lead to a high adsorption
capacity. The efficiency the chitosan electrospun nanofiber to adsorb
Cu(II) ions was 6 and 11 times higher than that reported by chitosan
microsphere and the plain chitosan [8]. The aim of the present work
is to prepare nano-sawdust particles as a bio sorbent and evaluate the
potential of using the prepared nano-sawdust particles as an adsorbent
for removal of Pb** and Cu** ions from polluted aqueous media. The
factors that affect adsorption capacity such as pH, contact time and
the initial metal concentration were investigated to optimize the
adsorption process. Langmuir and Freundlich isotherm models were
used to simulate the adsorption characterization. The sorption kinetics
was also investigated.

Materials and Methods

Preparation of nano-sawdust

Sawdust collected from carpentry workshop in Menoufia
Governorate, Egypt. It was washed with distilled water to remove
surface impurities and dried at 80°C for 24 h. Nano sawdust was

prepared by the acid hydrolysis, which was carried out by sulphuric
acid (H,SO,) solution 60 wt% at 45°C, 30 min under continuous
agitation. The produced nano-sawdust was washed with distilled water
several times up to constant pH, and then dried at 80°C for 24 h. The
functional groups of the prepared bio-sorbent were characterized by
using a Shimadzu Fourier Transform Infrared Spectrophotometer
(FTIR system-BX 0.8009) with the range of 200-4000 cm™. Surface size
was analyzed by a Scanning Electron Microscope (SEM,) (JSM-5300,
JEOL Ltd.). An ion sputtering coating device (JEOL-JFC-1100E) was
used to coat the SEM specimens with gold to increase the conductivity.
The size of bio-sorbent was measured by JEOI Jem-1230 Transmission
Electron Microscope.

Chemicals and reagents

The aqueous solutions of metal ions used in the present investigation
were prepared by using analytical grade chemicals. Individual stock
Cu(II) and Pb(II) solutions of 1000 mg metal ion/L concentration were
prepared from CuSO,.5H,0 and Pb(NO,), respectively. These stock
solutions were used to prepare a series of dilute solutions. The pH of
solutions in range of 2-8 was adjusted by using 1.0 M hydrochloric
acid solution and 1.0 M anhydrous sodium acetate solution. The
pH-value of resulting solutions was measured by a pH meter, WTW-
inolab, Germany. The metal concentrations in aqueous solutions were
determined by Flame Atomic Absorption Spectrophotometer (FAAS)
(Perkin Elmer 503) using a calibration curve prepared with standard
metal ion solutions.

Batch adsorption study

Batch adsorption experiments were carried out to assessment
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the effect of various adsorption parameters such as pH, contact time,
dosage of adsorbent and initial concentration of metal ions on the
adsorption capacity of removal of metal ions (Pb** and Cu*") by using
nano-sawdust to conduct the optimum adsorption parameters.

Effect of initial solution pH: The effect of pH on removal of metal
ions by nano-sawdust was studied by changing the initial pH (2-8) of 50
ml of metal aqueous solution at concentration 5 mg/L by adjusting the
value of pH with 1.0 M HCl and 1.0 M sodium acetate. 0.4 g of nano-
sawdust was added to the solution in 100 ml flask. The mixture was
shaken on magnetic stirrer at 300 rpm for 30 min at room temperature
(25°C). The mixture was filtered then; the residual un-adsorbed metal
ion in the filtrates was measured by AAS. Note that the pH of the
aqueous solution was measured by the pH.

Effect of contact time: The effect of contact time on removal of
metal jons was studied for varying contact times (10, 20, 30, 40, 50,
60, 90 and 120 min.). Experiments were carried out on a number of
solutions each of them was composed of 50 ml of metal ion solution of
5 mg/L concentration at pH adjusted to the optimal pH then, 0.4 g of
nano-sawdust was added to each solution. The solutions mixtures were
shaken on a magnetic stirrer at 300 rpm for changing times (10-120)
min. at room temperature (25°C).

Effect of adsorbent dosage: Different dosages of the adsorbent
(0.2-2 g) were added to a number of flasks each of them was contained
50 mL of metal aqueous solution of 5 mg/L concentration and adjusted
to the optimal pH. The solutions mixtures were shaken on a magnetic
stirrer at 300 rpm for the optimal contact time at room temperature
(25°C).

Effect of initial metals ions concentrations: Different metal ions
concentrations over the range 1-13 mg/L were prepared in different
conical flasks containing 50 ml of each concentration. Experiments
were carried out at optimal conditions of pH of solution, contact time
and dosage of the adsorbent.

After each experiment, the suspensions were filtered off using 0.45
pum membrane filter paper and the residual unabsorbed concentrations
of metal ions in the filtrates were analyzed using Atomic Absorption
Spectrophotometer (AAS).

Data analysis: The percentage of metal ions (R %) removed was
calculated from equation:

R% =(C - C/C,) x 100 (1)

Where CO is the initial concentration (mg/L) of the metal ion
before adsorption and Ce is the concentration (mg/L) of metal ion at
equilibrium.

The amount of metal ion (qt at time t) adsorbed per unit mass of the
adsorbent (M) was evaluated by using the following equation:

q,=(C,-C)V/M (2)

Ct is the concentration (mg/L) of metal ion after time t min., V is
the volume of initial metal ion in liter and M the mass of adsorbent in
gram

The adsorption capacity (qe) was determined using the mass
balance equation:

q,=(C,- C)V/M (3)

4.3.6 Kinetic analysis: The kinetics of adsorption was determined
by analyzing adsorptive uptake of heavy metals from the aqueous

metal solution at different time intervals. The pseudo-first-order and
pseudo-second-order model equations are fitted to model the kinetics
of heavy metals adsorption onto nano sawdust. The linearity of each
model when plotted indicates whether the model suitably described the
adsorption process or not. The pseudo-first-order equation is generally
expressed as [9,10]

In(q, - q,) =Inq, - Kt (4)

Where ge and qt are the sorption capacities at equilibrium and at
time t, respectively (mg.g') and k1 is the rate constant of pseudo-first
order sorption (L.min™).

The pseudo- second-order equation is generally expressed as
[11,12]

t/q, = (1/K,q.2) +(t/q) (5)

Where ge and qt are the sorption capacity at equilibrium and at
time t, (mg.g") respectively and k, is the rate constant of the pseudo-
second order sorption (g.mg'.min").

Adsorption isotherm experiments: Adsorption isotherm studies
were carried out on the data of initial metal ions concentrations. The
results were fitted to the commonly-used Langmuir and Freundlich
isotherms.

Linear form of Langmuir isotherm equation is given as:

C/q,=1/(q,, KL) +(1/q, ) C,(6)

max max:

Where K| is Langmuir equilibrium constant (L.mg"'), and q_
(mg.g") is the monolayer adsorption capacity. Langmuir isotherm can
be characterized by a dimensionless constant separation factor (R )
[13,14].

R =1/[1+ (K x C)] (7)

Where Co in this case is the highest initial solute concentration. The
value of separation factor (R,) indicates the type of the isotherm and the
nature of the adsorption process either to be unfavorable (R, <0), linear
(R,=1), favorable (0<R <1) or irreversible (R =0).

Linear form of freundlich isotherm equation is given as:
log q, =log K, + (1/n) log C_(8)

Where K, (L.g") is Freundlich adsorption isotherm constant and
indicator of the multilayer adsorption capacity, 1/n is the adsorption
intensity. The value of 1 /n (indicative of favorability when (0.1<1/ n<1)
[15].

Multi-components system

The effect of adsorbent dosage on the removal of lead and copper
ions present together in the same aqueous solution was investigated
at dosages (0.5, 1, 1.5 and 2 g). The experiment was carried out at
controlled conditions, pH (6.5), 1 h contact time, temperature = 25°C
and 300 rpm.

Industrial wastewater

The wastewater sample used was collected from the Industrial
Area, Quesna, Menoufia Governorate, Egypt. It was carefully bottled in
a plastic container and taken to the laboratory for analysis. Wastewater
was filtered off using 0.45 um membranes. The wastewater sample was
analyzed by the Atomic-Absorption Spectrophotometer to determine
the concentrations of Pb**and Cu?®* ions. In the experiment, 2.0 g of
nano-sawdust was added to 50 mL of wastewater and shaken on a
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magnetic stirrer at 300 rpm at room temperature (25°C) for 1 hour at
pH 6.5. Suspensions were filtered off using 0.45 pm membrane filter
paper and kept for metal analyses.

Results and Discussion

Characterization of nano-sawdust bio-sorbent

Figure 1 shows the TEM image of the nano-sawdust sample. The
TEM image indicates that the particles are spherical, uniform and
mono-dispersed with an average size of (3 to 4 nm).

The SEM micrograph of nano-sawdust was carried out to analyze
surface morphology. Figure 2, the SEM image shows that the surface of
nano-sawdust has irregularly shaped pores.

Nano-sawdust is considered one of plant fibers which contain
cellulose, hemicellulose and lignin. These components are primarily
composed of alkanes, esters, aromatics, ketones and alcohols with
different oxygen containing functional groups. Figure 3 shows FTIR
spectra of free unloaded nano-sawdust (A) and loaded with metal
ion nano-sawdust (B). Table 1 gives the assignments for the different
functional groups. The strong peak at 3419 cm-1 due to stretching of
overlapped amine and hydroxyl groups. Peaks at 1640 and 1511 cm™
are corresponding to C=0 and C=C of a-p unsaturated ketones. The
observed peaks at 1269 and 1161 cm™ due to C-O-C stretch of ester
and lactones. Also the spectrum shows peaks at 2900, 1427 and 1375
cm! due to stretching and binding of C-H of alkyl group. The bands
which located at 1454 cm™ and (1111, 1050 cm™) are NH bond and
C-OH stretch.

The FTIR spectrum of the free unloaded nano-sawdust and that
of the loaded nano-sawdust after adsorption were compared. The
comparison showed that the bandes characteristic to amides and
hydroxyl groups at 3419 cm™ and that characteristic to alkenes and

Functional group Stretches cm’
Amine/hydroxyl N-H str:ttrzfzcind O-H 3419
Alkenes, aromatics C-H stretch 2900
Nitriles CN stretch vibration 2127

Amides and lactones C=0 stretch vibration 1641
Conjugated Phenyl Ketones C=0 conjugated 1511
Alkenes and aromatics C=C bond 1427
Esters, amides and ketones C-O stretch 1375
Alkyl groups C-H deformation 1050

Table 1: FTIR spectral bands of nano-sawdust before loading with metal ion and
their assignment.

Figure 1: TEM image of nano-sawdust.
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Figure 3: FTIR of free unloaded nano-sawdust and loaded with metal ion nano-
sawdust after biosorption.
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Figure 4: Effect of pH on removal percentage of Pb*2 and Cu*? ions by nano-
sawdus

aromatic protons at 2900 cm™ were slightly shifted to lower frequencies.
The Figure 3 shows also the bandes corresponding to nitriles, C=O
and conjugated C=0 , C=C and C-O were strongly shifted to lower
frequencies. This indicates that thes functional groups are participated
in the process of adsorption of metal ions.

Effect of pH

pH of the solution is one of the most important parameters that
affect biosorption process, its influence not only the dissociation of
functional groups on the active sites of the biosorbent but also the
solution ion chemistry [16]. Figure 4 shows the removal of Pb** and
Cu?* as a function of pH, where the adsorption takes place slightly
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at lower pH values (pH=2-4) then the removal of the two metal ions
increases with increasing pH of the solution and the maximum value
was reached at pH 6 and 7 for Pb(II) and Cu(II) ions with removal
percentage 69% and 75.99% respectively. At higher pH values [pH 7
for Pb(II) and pH 8 for Cu(II)], adsorption return to decrease again.
The metal species, M(II); Cu(II) and Pb(II), are present in forms of
M, M(OH)*, M(OH)2(S), etc. in water [17]. At low pH value of the
solution, the active groups are protonated reducing the number of
binding sites available for metal ions uptake so that the extent of Cu
(IT) and Pb(II) ions uptake is low in the high concentration of protons.
Also at this pH values, the H* ions present in the aqueous medium
compete with the positively charged metal ions for adsorbing on the
surface of biosorbent and a weak biosorption occurred due to strong
electrostatic repulsive force between the protonated surface of nano-
sawdust and positively-charged metal ions [18]. At pH (5-7) the
adsorbent surface is deprotonated and negatively charge, making the
sites available to the metal ions, which increasingly bind to adsorbent
surface through a mechanism similar to that of exchange interactions
[19]. The observed decrease of biosorption at higher pH probably due
to chemical precipitation of metal ions as M(OH), [20].

Effect of contact time

The effect of contact time on the biosorption of lead and copper
ions onto nano sawdust is studied at different times ranged from 10-120
min. and optimum pH [6 for Pb(II)and 7 for Cu(II)]. Figure 5 shows
that the removal of Pb** and Cu?* as a function of contact time, where
the removal percentage of the two metal ions increase rapidly with
increasing contact time (i.e., high adsorption rate). For lead, minimum
percentage removal was 43.43% at time of 10 min and it increased
to maximum value 73.98% at time of 40 min, whereas, for copper,
minimum value was 45.8% at time of 10 min to maximum value of
93% at time of 50 min. After maximal time, increasing in contact time
is not effective in the adsorption process. The rate of the biosorption
of the two metal ions onto the surface of the nano sawdust occurred
in two steps. The biosorption was very fast initially as a large number
of vacant surface sites are available for binding with metal ions. As the
surface adsorption sites become exhausted, the uptake rate is controlled
by the rate at which the adsorbate is transported from the exterior to
the interior sites of the adsorbent particles. Then biosorption reached
equilibrium as a result of the reduction of available sites which are
difficult to be occupied due to repulsive forces between metal ions
biosorbed onto the biosorbent surface and the bulk phase [16,21,22].

Effect of adsorbent dosage

Figure 6 shows the effect of changing the adsorbent dosage on the
biosorption of lead and copper ions onto nano-sawdust over a range
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Figure 5: Effect of contact time on removal Pb*2 and Cu*? ions by nano-sawdust.
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Figure 6: Effect of biosorbent dosage on removal percentage of Pb*2 and Cu*?
ions by nano-sawdust.

from 0.2-2 g. For lead, minimum percentage removal was 53.48% for
the dose of 0.2 g and it increased to maximum value 100% for dose of 2
g, whereas, for copper, minimum value was 84.74% for the dose of 0.2
¢ to maximum value of 98.78% for the dose of 1 g. But the maximum
adsorption of copper is attained after the dose 1 g of nano-sawdust,
and hence the amount of ions bound to the adsorbent and the amount
of free ions remains constant even with further addition of the dose
of adsorbent. The increase in biosorption with increasing biosorbent
dosage is due to increasing number of biosorbent particles thus more
surface areas were available for metal ions attachment [23,24]. It can be
concluded that by increasing the adsorbent dose, the availability of the
exchangeable sites or surface area increases and the removal efficiency
of nano-sawdust increases.

Effect of metal ions concentration

Figure 7 shows the effect of changing initial metals ions
concentration on the biosorption of lead and copper ions on nano-
sawdust over a range from 1-13 mg/1 at the optimal dosage for 5 mg/L of
metal ions [2 g for Pb(II) and 1 g for Cu(II)]. The initial concentration of
metal ions plays an important role, as a given mass of the adsorbent can
adsorb only a certain amount of the adsorbate. The more concentration
of the adsorbate in solution, the smaller is the ability of the adsorbent
to adsorb. In high concentration range, the fractional adsorption is low
[25,26]. For lead, maximum removal (100%) was at concentration (1-5
mg/1) then decreased to minimum removal (91.68%)at concentration
(13 mg/l). For copper, maximum removal (99%) was at concentration
(1.3 mg/l) and decreased to minimum removal (88.46) at (13 mg/l).
From data it is noted that, the biosorption of nano-sawdust decreased
with the increasing of initial metal ions concentrations. By increasing
the heavy metal ion concentration, the available adsorption sites are
already occupied and consequent adsorption is not as efficient as in
the beginning, leading to the observed decrease [27]. The biosorption
percentage decrease may be due to lack of surface active sites of
biosorbent to absorb the metal ions in the solution [28].

Adsorption kinetics

Adsorption is a physical-chemical process that the mass transfers
a solute (adsorbate) from the fluid phase to the adsorbent surface
[29]. A study of kinetics of adsorption is very important, as it provides
information about the mechanism of adsorption, which is important
for efficiency of the process [30]. Adsorption kinetics was studied at
different contact time (10-120). Data was analyzed to detect which
model is suitable explain adsorption of the two metals. Figure 8 shows
pseudo-first-order model, which obtained by plotting in (q,-q,) against
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Figure 7: Effect of initial metal ion concentration removal percentage of Pb*?
and Cu*? ions by nano-sawdust.
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Figure 8: Pseudo-first-order reaction model for adsorptionof Pb*2and Cu*2 ions
on nano-sawdust.
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Figure 9: Pseudo-second-order reaction model for adsorptionof Pb*2and Cu*?
ions on nano-sawdust.

Pseudo-first-order Pseudo-second-order

Metal ge (found) qe (cal) K1
ions (mg/g) | (mg/g) (L.min")

qe (found) q, (cal) | K*(g.mg"

R2 T(mgig) | (mglg) .min")

R2

Pb+2 9.22 11.13 | 0.091 0.9 9.22 9.82 0.018 0.99

Cu+2 11.62 15.64 | 0.076 [0.92 11.62 12.98 0.007 0.99

Table 2: Pseudo-first-order and pseudo-second -order parameters for adsorption
of Pb+2 and Cu+2 ions on nano- sawdust.

time (t). The value of K, is the rate constant of pseudo-first-order, which
obtained from the slopes of the plot. The capacity q, is calculated from
the intercepts.

Figures 8 and 9 shows that pseudo-second-order reaction model of
the two metals gave very good straight lines compared to the pseudo-
first-order reaction model, which is significantly nonlinear. Also by
comparing the theoretical (calculated) values of q, of the two models
with the experimental value of q_ in Table 2, it shows that calculated
values of q, of pseudo-second-order reaction model for the two metals
are very close to the experimental values of q. These facts suggest
that the adsorption of the two metals by nano-sawdust follows the
pseudo-second order reaction model, which relies on the assumption
that chemisorption may be the rate- limiting step. In chemisorption,
the heavy metals stick to the adsorbent surface by forming a chemical
(usually covalent) bond and tend to find sites that maximize their
coordination number with the surface. Chemisorption is usually
restricted to just one layer of molecules on the surface, although it may
be followed by additional layers of physically adsorbed molecules [31].
Also comparison between the correlation coefficients, R? of the two
models for the two metals can ensure that the biosorption follows the
pseudo-second -order which has higher R* value.

Adsorption isotherm

The equilibrium relationship between adsorbent and adsorbate
are described by adsorption isotherms, usually the ratio between the
quantity adsorbed and that remaining in solution at a fixed temperature
at equilibrium. Adsorption isotherm was studied at varying initial
metal ions concentrations (1-13 mg/L) and at constant temperature.
Various isotherm models have been developed for describe how solutes
interact with the sorbent, including Langmuir and Freundlich [32,33].
The Langmuir model was derived to describe monolayer adsorption of
an adsorbate on a homogenous, flat surface of an adsorbent and each
adsorptive site can be only occupied once in a one-on-one manner
[34,35]. Figure 10 shows Langmuir models for the two metals ions
by plotting C /q, versus C . Monolayer adsorption capacity q__ was
calculated from slope and K; was obtained from intercept.

The Freundlich model is used to describe the adsorption of an
absorbate on a heterogeneous surface of an adsorbent. Figure 11 shows
Freundlich models for the two metals ions by plotting log q, versus
log C,. The adsorption intensity 1/n, which indicates both the relative
distribution of energy and the heterogeneity of the adsorbent sites, was
determined from the slope and K, was calculated from intercept.

The isotherms parameters in Table 3, pointed to that Langmuir
isotherm is favorable for the two metals as R, is greater than zero and

0.2 1
0.18 - y = 0.0859x + 0.0132
0.16 R?=0.9648
0.14 2
@ 0.12
T . y=0.1521x + 0.0169
3 oos R?=0.9913
0.06
0.04 A Cu
O'Oi H Pb
0 0s L 1s 2 Linear (Cu)
C Linear (Pb)

Figure 10: Langmuir adsorption isotherm for Adsorption of Cu*? and Pb*? ions
on nano-sawdust.
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Figure 11: Freundlich adsorption isotherm for adsorption of Cu*2 and Pb*?ions
on nano- sawdust.

Langmuir isotherm Langmuir isotherm
Metal =\ mg" | gmax RL | R2 Kf 1/n R2
ions
Pb(ll) 9.51 6.57 | 0.008  0.99 5.91 0.26 0.98
Cu(ll) 6.61 11.62 0.01 | 0.96 1.004 0.41 0.89

Table 3: Langmuir and Freundlich isotherm parameters for adsorption of Cu*?2and
Pb*? jons on nano-sawdust.

108 g
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Figure 12: Effect of biosorbent dosage on removal percentage of Pb*2 and Cu*?
ions together by nano-sawdust.

. L . Residual Removal
Metal ions | Initial concentration . o
concentration percentage %
Pb+2 5.0215 - 100
Cu+2 5.0201 - 100

Table 4: Removal of heavy metal ions from wastewater by nano- sawdust.

less than unity, also Freundlish isotherm is favorable as 1\n which is
greater than 0.1 and less than unity. But by comparison between the
correlation coefficients, R? of the two models indicate that the higher
value of R? for Langmuir isotherm of the two metals as compared to
Freundlich isotherm for adsorption of the two metal ions showed a
better applicability of Langmuir isotherm model. This suggested that
the adsorption of the two metal ions occurs on a homogeneous surface
by monolayer adsorption [36].

Multi-Components System

Figure 12 shows the effect of adsorbent dose on the multi-
components system, where the removal percentage of the two metal

increase with increasing dosages of nano sawdust until they reach
maximum removal at 2 g of the adsorbent. As indicated previously,
the increase in biosorption with increasing biosorbent dosage is due to
increasing number of biosorbent particles thus more surface areas were
available for metal ions attachment [1].

Application on Wastewater

Nano-sawdust was used for removing metal ions from wastewater.

The pH of the wastewater was adjusted to a value 6.5 according to the
experimental results. Generally, the removal percentages obtained were
100% for Pb*?and 100% for Cu*?, indicating that nano-sawdust has a
high removal capability towards heavy metal ions as in Table 4.
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