Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 November 2018 d0i:10.20944/preprints201810.0769.v1

Enhancing the Adsorption of Lead (II) by Bentonite Enriched with pH-
adjusted Meranti Sawdust

P. Mohajeri ¢, C. Smith **, H. Abdul Aziz ®, M. R. Selamat °

a Department of Soil and Physical Science, Lincoln University, New Zealand

®School of Civil Engineering, Engineering Campus, Universiti Sains Malaysia, 14300 Nibong
Tebal, Penang, Malaysia

Abstract

In recent years, the need for safe and modern composite barrier for the prevention of
groundwater contamination and the provision of Geo-environmental protection has been studied
together with the need of designing low cost and effective liner for isolating landfill contents
from the environment. In this study, various mix designs involving two natural adsorbents, the
Na-Bentonite and the pH-adjusted sawdust were prepared for a series of Geo-environmental
experiments to be carried out to determine the adsorption capacity, buffering capacity, pH
changes, and COD changes among others, in the presence of Pb(NO3), contaminant
concentrations. Generally, the results showed an increase in adsorption capacity in the acidic
segment of the treatment. An increase of 58% of the adsorption efficiency of the Na-Bentonite in
adsorbing the contaminant at the highest concentration was the most important achievement of

the system while in the acidic segment.
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1. Introduction

Soils, underground water, and surface water are continuously polluted by heavy metals issued by
various resources such as industry and mining [1]. Soils contaminated with heavy metals have
long been recognized as one of the most common outcomes of environmental pollution. The
metal contaminants commonly found in soils are lead, copper, mercury, arsenic, chromium, and

cadmium; but lead and copper are the ones that have received the most attention [2]. Only a
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little quantity of heavy metals is necessary for feeding into the biological cycles. The bulk that is
expelled every day into the environment by human activities will add to the toxicity of these
elements. Lead is among the few toxic heavy metals that can exist in the environment and be
stable against the micro-biological degradation [3]. But once it gets into drinking water at more
than 0.02 mg/L, the effects to human health could be anemia, encephalopathy, diarrhea, hepatitis,
and nephritic syndrome of the kidneys, among others [4]. Thus laws have been passed in many
countries in order to ensure protection of the environment against lead contamination or to retain

the contaminants rather than deal with the consequences.

In checking against infiltration of leachate that pollutes the soils as well as the groundwater, a
clay based obstruction is always necessary. These Geo-chemical barriers such as for nuclear
waste reservoirs and hazardous waste landfills would involve linings made of Bentonite, or to be
more precise, the montmorillonite. The low cost, high specific surface, and ubiquitous presence
associated with Bentonite have made it a precious material for Geo-environmental projects [5].
Previous researches showed that Bentonite is an appropriate adsorbent in solidifying and
stabilizing heavy metal contaminants, even when these were in high concentrations [6,7].
The clay soils, due to the specific capability at the molecular level, would have a special
interaction with the contaminants causing all or a portion of the hazardous substances in the
solution to be assimilated [8]. This property has made clay soils with Bentonite in them as choice
base liner materials for underlying industrial and municipal waste landfills when exposed to

intensive physical-chemical attacks by the leachates of the wastes.

In many cases heavy metals are made to retain or entrapped in clay soils by three main particle
properties of the clays namely the carbonation, cation exchange capacity (CEC), and specific
surface area (SSA). Heavy metal retention capacity in each of the above cases also depends on

the pH of the soil containing the heavy metal [9].

With increasing concentration of heavy metal pollutants, the pH of the system decreases. The
presence of heavy metals decreases the pH of the system by two main reasons: first, the release
of H' due to the retention of metal ions and second, when the metal contaminant is dissolved in
water, the hydrated ions are produced and due to the hydrolysis process of metals, the solution
will be acidified and the pH of the soil-metal system decreases [9]. Therefore, particularly for the

latter, an acidification leads to an increase in mobility of the metals bound to the soil.
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In an adsorption process, there are a lot of happenings such as chemical sedimentation, ion
exchange, and solvent extraction which will affect the choice of an adsorbent to use. The choice
in a landfill will also depend on cost, availability, ease of use, and adaptability with the
surroundings. Recently researchers have nominated a number of inorganic adsorbent such as fly
ash [10,11], zeolite [12], and agriculture adsorbent like onion skin [13], rice husks [14], clays

[15], and activated carbon.

The new design approach has a preference for a low cost and biomass type of adsorbent. The
sawdust proposed by this research is a lignocellulose material associated with wood. The
cellulose, hemicellulose, and lignin, coming from the sawdust will provide for the adsorption

capacity, strength, flexural, and impact properties of clay materials.

2. Materials and methods
2.1. Physical and chemical properties of the adsorbents
2.1.1 Na-Bentonite

Bentonite clay provided by AMC Australia, was used in this research. It was first washed with
deionized water several times in order to remove dust, unwanted materials, and water-soluble
impurities. The sample was then oven dried at 150 to 200 C for 48 hours before being used as an
adsorbent. At this point, the grey colored bentonite was in fine form passing mesh No. 30. Its
physical properties such as specific gravity, particle size distribution, atterberg limits, organic
content, and moisture content were determined according to the ASTM D1237 [16]. Until the
next stage, it was stored in cool, shaded, and dry environment. The sample was then air-dried and
sieved through mesh No. 200 before headed for chemical analyses which were in accordance to
the laboratory manual of the Geotechnical Research Center, McGill University. The cation
exchange capacity (CEC) was determined using the BaCl, replacement method [17]. The XRD
analysis was performed based on the method by Moore and Reynold [18]. The carbonate content
was determined using the titration method [19]. The specific surface area (SSA) was determined
according to the Brunauer—Emmett-Teller (BET) method [20]. The pH was measured on the

bentonite-water solution of 1:10 ratio by mass — i.e. one portion of bentonite for every 10
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portions of water. The resulting physical and chemical properties of the sample are given in

Table 1.
Table. 1. Physical properties of Na-bentonite
Physical Characteristics Quantity measured
Clay (%) 76
Silt (%) 23
Sand (%) 1
Liquid limit (%) 423
Plastic Limit (%) 32
PI (%) 391
Activity (%) 3.73
Soil Classification (%) CH
Water content (air-dried) (%) 59
Water content (oven-dried) (%) 7.1
Gs(%) 2.45
Table. 2. Chemical properties of Na-bentonite
Chemical characteristics Quantity measured
Mineral composition in decreasing abundance Montmorilonite, Quartz, Calsit
Carbonite content (%) 8
Organic content (%) 1.4
CEC (Cmol/kg soil) 80
Specific surface area (107 m*/kg) 425

PH (1:10, Soil / Water ratio ) 9.9
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Table. 3. Chemical composition of Na-bentonite

Constituent SiO:  AIRRO3 Fe:0s FeO NaO K20 CaO MgO MnO TiO:2 Loss of ignition
Percentage 69.17  14.43 3.12 0.02 1.95 0.83 1.29 3.31 0.04 0.13 5.40

present

2.1.2 Sawdust

The Red-Meranti sawdust was obtained from the workshop center of civil engineering
faculty of University Sains Malaysia (5°08'49.6"N 100°29'33.0"E). The sawdust was washed by
with deionized water several times and it was oven dried in 70c to evaporating the whole
moisture content. The adsorbent was converted to a fine powder by the ball mill. The resulting
material was sieved to the 100-150 (um) particle size according to the ASTM D4779 method
[21,22]. 0.5 M HCL solution was used to remove the color and water soluble substances in the
room temperature for 6 h. Eventually the sawdust was filtered and washed several times by the
distilled water and after that oven dried in 70c. The adsorbent was kept in the airtight condition

until the treatment process.
2.1.3 Alkali and acidic treatment of sawdust

The pH of raw sawdust was measured in 1:10 adsorbent/water ratio by EUTECH
measuremet700 pH meter. The sawdust placed into the five different groups of glass containers
in order to adjusting the pH of the sawdust to 2, 4, 6, 8, and 10. To achieve this purpose, 0.1 M
HCL for acidic treatment and 0.5 M NaOH for alkali treatment was considered to use. The
sawdust was soaked in to deionized water at room temperature with the continuous stirring and
the different amount of acidic and alkali reagents were added to the different containers due to
the pH targets, while the pH meter is located into the solutions. Until the stabilization of pH of
different containers, the addition of HCL and NaOH drops continued. After this step, the solution
was kept overnight and the pH of the next day was measured. This process was continued up to
achieve the same amount of pH for two consecutive days. To eliminate the adsorbed alkali, the
sawdust was then washed several times with distilled water and acetone. The alkali-treated and
acidic-treated sawdust was dried in a hot-air oven at 60c and for subsequent analysis kept in a

dessicator.
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2.2. Sample preparation and experimental methods

The equilibrium saturated mix test (EPA) was used in order to monitoring the interaction of the
Bentonite clay soil and different mix designs of Bentonite + % pH adjusted sawdust. Firstly, 20 g
Bentonite clay soil by adding a different percentage of the sawdust in various pH was added to
the transparent bottles with 1.5 L volume. Then 1 L of each concentration of lead nitrate
Pb(NO3), electrolyte was added to the bottles. The suspension of soil + sawdust + electrolyte was
shacked for 3 h on the electric screed. To make the equilibrium condition, all the shacked
specimens were kept for 24 h. The suspensions were shacked again for another 3 h with an
electric screed. In the following, the specimens were kept for 120 h to let the system be
completely homogenous and cation exchange to be done. After this step, the liquid phase of the
specimens was separated from the solid phase by the means of centrifuge with 3000 rpm. Then,
the concentration of lead ion was determined by Atomic Adsorption Spectrometry (A.A.S)

method.

To investigate the effect of the sawdust in different amounts and pH on the environmental
behavior of the Bentonite clay soil in the presence of heavy metal (HM) Pb(NO3),, a series of
batch equilibrium tests was performed according to [23]. According to the different variable
factors in this study, 80 numbers of the batches were prepared. The constant factor in all the
specimens was 20 g Bentonite while the amount of sawdust was changing between 10%, 20%,
and 30% weight of the Bentonite. The pH of each percent of sawdust was divided into 5 main
groups (2, 4, raw sawdust (6), 8, and 10). The samples were prepared by adding solutions of lead
nitrate Pb(NO3)2 in the range of 50 to 250 cmol/kg-soil to the Bentonite + % pH adjusted

samples. The suspensions of soil—electrolyte were prepared at a 1:10 soil/solution ratio.

3. Results and discussion
3.1 Component Analysis of the sawdust

An adjustment of the raw Meranti sawdust pH to the acidic and alkali was conducted to
improving the environmental and mechanical properties. These properties are dependent to the

lignin, cellulose, and hemicellulose content of the sawdust. So, to proving the effect due to the
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chemically treatments Fourier transform infrared spectroscopy (FTIR) was applied to the five
groups of the sawdust after the adjusting process. Two samples belong to the acidic (pH: 2 and
pH: 4), one the raw sawdust without any treatment (pH: 6), and two others (pH: 8 and pH: 10)

belong to the alkali treatment.
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Fig. 1. FTIR of the different pH-adjusted sawdust

Fig. 1 illustrates the wavenumbers of the different groups of sawdust versus the percentage
of the transmittance. Cellulose, hemicellulose, and lignin are the main components of the
sawdust. Each of them has a particular function and it was expected an improvement in the
environmental and geotechnical properties of the clay by changes in the amount of components.
Cellulose has prominent peaks at wavenumbers of 1,606, 1,461, 1,251, 1,213, 1,166 cm"
! Similarly hemicellulose spectrum has five distinct peaks at wavenumbers of 1,431, 1,373,
1,338, 1,319 and 1,203 cm™'. The lignin spectrum illustrates the peaks at wavenumbers of 1,599,
1,511, 1,467, 1,429, 1,157 and 1,054

As the previous study has demonstrated [24] the acidic treatment of the sawdust leading to an
increase in the amount of lignin content while the alkali treatment has the same effect on the
amount of the cellulose and hemicellulose. The acidic treatment increases the proportion of the
active surfaces of the sawdust such as pores. The alkalization process not only directly influences
the cellulosic fibril and degree of the polymerization, but also causes the extraction of the lignin

[25]. In the geo-environmental point of view, the heavy metals are adsorbed by lignin rather than

d0i:10.20944/preprints201810.0769.v1


http://dx.doi.org/10.20944/preprints201810.0769.v1
http://dx.doi.org/10.3390/w10121875

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 November 2018 d0i:10.20944/preprints201810.0769.v1

cellulose and hemicellulose [26]. On the other side, from the mechanical properties of composite
materials aspect the physical strength of the system including sawdust is obtained by the

cellulose and hemicellulose [27].

The adsorption bands at 2939 and 2880 are due to a contribution from C-H stretching that can
prove the presence of the vinyl and methyl groups. Also, according to Fig.l a strong band
observed at1046 to 1053 that indicating the presence of many C-OH and C-O-C bonds. The other
strong band between 500 to 600 is belongs to the C-X groups [28]. So, due to the different bands
and wavenumbers an improvement in environmental properties by acidic treatment was

expected.
3.2 Charge Characteristic

The zero point of charge is a fundamental description of a mineral surface, and is more or
less the point where the total concentration of surface anionic sites is equal to the total
concentration of surface cationic sites, and most of the sites are as the neutral hydroxide. At the
pH above ZPC, the surface of the adsorbent is negatively charged and the surface would
participate in the cation adsorption and cation exchange reactions. On the other hand, when the
pH of the solution is below ZPC the surface has a net positive charge, and the surface will attract

anions, and participate in anion exchange reactions.
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Fig. 2. Zero point of charge (ZPC) of the raw sawdust
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Each mineral and mineral crystal structures have zero point of charge. This value has
reported for montmorillonite 2.5 [29]. The charge developed on the oxides surfaces are
temporary charge and because it is dependent to the pH. This kind of charge is relatively weaker
than the permanent charge of clay minerals. In the sawdust case, the pH over (ZPC=5.15) is
favorable in order to chemically heavy metal cation adsorption. So, while the pH of the solution
is over the ZPC it can be expected that the sawdust participate in the cation adsorption process
by the clay mineral. It should be considered that while the pH of the solution is below than ZPC

the other adsorption mechanisms of the sawdust such as physically adsorption is still active.

3.3 Brunauer—Emmett—Teller (BET) surface area & particle size

Specific surface area is one the important factors in the heavy metal adsorption case of
study. Fig 3 and Table 4 present the data of BET experiment on different pH-adjusted sawdust.
The surface area of raw sawdust (SD¢) is 4.2 m*/g. This amount is relatively a good amount
compared with the other bio-adsorbents [30]. As it was expressed before, the particle size of the
sawdust was limited to 100-150 um. The particle size directly effects on the surface area. This
limitation was chosen based on the previous studies [31,27]. Intra-particle diffusion research
shows that the adsorption rate is directly under influence of the particle size [32]. Reduction in
the particle size can lead to increase in the surface area and then, augmentation of the adsorption
opportunity and capacity at the outer surface of the sawdust. On the other hand, the possibility of
intra-particle diffusion from the outer surface into the inner parts and the pores of the material is
a noteworthy fact. The diffusional resistance to mass transfer is lesser for fine particles.
Diffusional path length, mass transfer resistance, contacting time, and blockage of some
diffusional path are a number of factors which can be effective on the adsorption capacity and

are influenced from the particle size.
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Fig. 3. Trend of the change in (SSA) of sawdust during the chemical treatments

Table. 4.Surface and pore (BET) data of different sawdust

Surface area data Pore volume
data
Single point BET Surface Langmuir t-Plot External ~ t-Plot micro-pore
surface area at Area (m%/g) Surface Area Surface Area volume (cm?/g)
P/Po (m*/g) (m*/g) (m*/g)
Sawdust pH: 0.0973 0.1237 0.2237 0.1907 0.000032
Sawdust pHa 0.3869 13.2607 1.1502 13.7163 0.000468
Sawdust pHe 1.8732 4.2070 1.29.21 4.5690 0.001185
Sawdust pHg 1.1082 1.3198 2.3011 1.5219 0.000152
Sawdust pHio 1.2048 1.7812 4.0343 1.8255 0.000183

3.4 Atomic Adsorption Spectrometry (A.A.S) ’Adsorption Behavior’ Results

Fig. 4 to Fig. 8 illustrate the comparison of Pb(NO3)> adsorption between bentonite and
different mix designs of the bentonite and the pH-adjusted sawdust. Due to the presented results,
the sawdust in pH = 4 is more effective to improving the adsorption capacity of the bentonite

rather than the others.
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Fig. 4 and Fig. 5 demonstrate the effect of the acidic treatment of the sawdust on improving
of environmental behavior of the bentonite. As it could be seen from the graphs, all the
specimens have the same adsorption pattern in low Pb concentration (50cmol/kg-soil). As the
concentration increased to 100 cmol/kg-soil and more, the specimens with sawdust in pH=2
behaved differently compared with the bentonite while the specimens including sawdust in
pH=4, divided to two trend of adsorption improvement. Totally the acidic treatment had a
significant effect on the Pb adsorption by bentonite. According to Fig. 4 addition of 10%, 20%,
and 30% sawdust in pH=2 increased the adsorption capability of the bentonite in 100 cmol/kg-
soil Pb by 15%, 15%, and 18% consequently. As the heavy metal concentration increased to150
cmol/kg-soil the adsorption behavior of the bentonite followed a constant line by sorption of 88
cmol/kg-soil of Pb contaminant. The involvement of 10%, 20%, and 30% SD> ameliorated the
adsorption capacity of the bentonite by 24%, 30%, and 42%, in contact with 150 cmol/kg-soil Pb

consequently.
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Fig. 4. The effect of different amount of sawdust pH=2 on Pb adsorption by bentonite
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Fig. 5. The effect of different amount of sawdust pH=4 on Pb adsorption by bentonite

In high Pb concentrations the same trend continued. According to the Fig. 4 and Fig. 5
while the pH of the sawdust is adjusted to two, the maximum amount participation of sawdust
had a more positive effect on the environmental behavior of the bentonite. Conversely, this
improvement occurred in the presence of the lowest percentage of the SD4. 52% and 58%
increasing in the adsorption efficiency of the bentonite were the consequences of the

participation of 30%SD: and 10%SD4 in 200 and 250 cmol/kg-soil concentration of Pb.
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Fig. 6. The effect of different amount of sawdust pH=6 (raw sawdust) on Pb adsorption by

bentonite

In the other part of the study the sawdust was added in different amounts to the system
without any chemical treatments. The main target was to monitoring that how much the chemical
treatments are improving the adsorption system. So, as the other groups three different amounts
of raw sawdust (10%, 20%, 30%) was added to the bentonite and the system put to contact with
different Pb concentrations. There are two considerable points in Fig. 6. The first is the same
effect and behavior of the different amount of raw sawdust. The other point is the negative effect

of raw sawdust on adsorption capacity of the system in the maximum Pb concentration.

It can be seen from the Fig. 6 that 5%, 12%, 11%, and 6% are the maximum positive effect of
raw sawdust on the efficiency of the adsorption capacity of bentonite in contact with 50, 100,
150, and 200 cmol/kg-soil Pb concentrations respectively. On the other side, sawdust decreased

the efficiency of the system up to 9% in 250 cmol/kg-soil Pb concentration.
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Fig. 7. The effect of different amount of sawdust pH=8 on Pb adsorption by bentonite
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Fig. 8. The effect of different amount of sawdust pH=10 on Pb adsorption by bentonite

The Pb(NOs), retention efficiency of bentonite including alkali sawdust is presented in Fig. 7

and Fig. 8. Generally, the addition of different amounts of alkali sawdust could be effective
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except in 250 cmol/kg-soil Pb concentration like as raw sawdust. The improvement was more
than raw sawdust but much less than acidic sawdust. According to Fig. 7 from 50 to 150
cmol/kg-soil heavy metal concentration the presence of 30% SDg was more effective than the
others while decreasing this amount to 20%SDg helped the adsorption system better in high
concentrations from 150 to 250 cmol/kg-soil Pb. Addition of 30% SDg led to 5%, 15%, and 18%
improvement in adsorption of Pb with the bentonite retention system. On the other hand, 20%
SDg increased the Pb retention by 18% in 200 cmol/kg-soil concentration. Otherwise, loss
adsorption rate is in the lowest amount when 250 cmol/kg-soil Pb presented in the system. Fig. 8
demonstrates the maximum potential of SDio to improving the Pb adsorption capability of
bentonite. Although the trends follow the same pattern as SDg but the effect of sawdust dosage is
different. In almost the concentrations the minimum dosage 10% of the bentonite weight led to a
better function than the others. 5%, 15%, 17%, and 10% improvement in adsorption capacity
were the result of the addition of 10% SDjo. It is noticeable that increasing the alkaline degree
could not meliorate the adsorption behavior of the bentonite in maximum Pb concentration in

this study.

3.5 Adsorption mechanisms
3.5.1 Na-Bentonite adsorption mechanism

The retention and attenuation of heavy metal characteristics in soils are particularly
influenced by soil structure, composition, and the environmental condition of pore fluid. Na-
bentonite is a montmorillonite-rich clay. So, it is expected that the geo-environmental behavior
of the system follows the montmorillonite characteristics. The high cation exchange capacity
(CEC) of montmorillonite clay mineral is the most notable part which is responsible to obtain a
favorable heavy metal retention capacity of the soil [33]. Otherwise, specific surface area (SSA)
is the other part of bentonite to provide an appropriate condition to heavy metal adsorption.
Montmorillonite has a very large specific surface area (800 m2/g) and a very small thickness
(about 1 nm). Affected by these characters, the double layer repulsive force can dominate over
the van der Walls attractive force. Such conditions are likely to lead to more parallel layer

arrangements. In sodium montmorillonite, unrestrained double layer swelling in pure water (due
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to water uptake) can result in the dispersion of the unit layers and the formation of a gel phase,
where the plate-like unit layers form a “house-of-cards” structure [34]. Na-Bentonite through the
montmorillonite mineral can adsorb Pb via two different mechanisms [35,36]: (1) Cation
exchange in the interlayers resulting from the interactions between ions and negative permanent
charge and (2) Formation of inner-sphere complexes through Si—-O and Al-O_ groups at the

clay particle edges.

Montmorillonite is a clay mineral with substantial isomorphic substitution. The negative
charges which generated by isomorphic substitution balances by exchangeable cations in the 2:1
layers. In the different environmental conditions such as pressure, temperature, pH, and chemical
and biological composition of the water, bentonite adsorbs the heavy metals in different types
and concentrations. Cation exchange reactions are a response to changes in the environmental
conditions of clay. This point is noteworthy that, the exchange reactions lead to the changes in
physical and physicochemical properties while don’t affect the structure of clay particles

directly. Totally three sources of clay exchange capacity is known.

Isomorphous substitution: Mg?" for A" in the octahedral sheets and AI** for Si*" in the silica
sheet are the most common isomorphous substitution in the bentonite. This is the major source of

bentonite exchange capacity.

Broken Bonds: The exchange sites along particle edges and on non-cleavage surfaces just
contribute up to 20 percent of the total exchange capacity in the smectites. This source is the
major source for kaolinite mineral exchange capacity. Otherwise, the importance of broken bond

sites decrease with increasing the particle size.
Replacement The hydrogen of an exposed hydroxyl is replaced by another type of cations.
3.5.2 Sawdust adsorption mechanism

According to the previous studies on the adsorption of heavy metals by sawdust, the ion
exchange and hydrogen bounding were known as the principal sawdust heavy metal adsorption
mechanism [31]. The components and complexing properties of the sawdust, the properties of
heavy metals and the adsorption behavior, such as the effect of pH of the aqueous media all are

the factors which support and effect on this concept. Pb(NO3), cations are readily form
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complexes with O-, N-; S-, or P-containing functional groups in polymer materials [31].
Cellulose, lignin, and many hydroxyl groups, such as tannins or other phenolic compounds form
the cell walls of sawdust while all of these components are active ion exchange compounds.
Lignin, the third major component of the wood cell wall, is a polymer material. Lignin molecule
is built up from the phenylpropane nucleus, i.e. an aromatic ring with a three-carbon side chain.
Vanillin and syringaldehyde are the two of other basic structural units of lignin molecule. The
lignin content of hardwoods is usually in the range of 18-25%, whereas that of softwoods varies
between 25 and 35%. However, tropical hardwoods can exceed the lignin content of many types

of softwood.

Due to the modification process of sawdust in many researches with some other materials,
more extractive sites, such as N-, S-, and P-containing group, will be introduced to sawdust. The
materials which were used for sawdust chemically treatments were included dyestuff [37],
polyacrylamide [32], CPEI [38], ZrO> [39], or other chemicals [40]. Consequently, the binding
ability of modified sawdust will be enhanced. Based on the electron-donating nature of the O-, S-
, N-, and P-containing groups in sawdust materials and the electron-accepting nature of heavy
metal ions, the ion exchange mechanism could be preferentially considered. Pb?* as a divalent
heavy metal ion may attach itself to two adjacent hydroxyl groups and oxyl groups which can
donate two pare of electrons to the metal ion and following this reaction forming four

coordination number compounds and releasing two hydrogen ions into solution.

These mechanisms are shown in the following equations [31]:

Ion exchange

2(-ROH) + M?" =2(RO) M + 2H" (1)
-ROH + M(OH)" = ((RO)M(OH) + H"

Hydrogen bonding

2(-ROH) + M(OH)2 = (-ROH), + M(OH)2 (2)

Where M represents the metal ions and R represents the matrix of sawdust.
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Sometimes it is hard to tell a part of the two. Adsorption of metal ions from solutions by
solid phase can occur with formation of surface complex between the adsorbed ligand and the

metal. However, the sites on modified sawdust can also contribute to the adsorption process.

The other part of the sawdust functions in the retention of contaminants process is the physical
adsorption mechanism. As it was expressed, the acidic modification led to the activation of the
surface and creation of the well-developed pores. So, beside the chemically adsorption
mechanisms, due to the pore sizes, the physical adsorption mechanism was the other part which

participated in the Pb retention process.

About the optimum dosage of sawdust, it would be say that at low adsorbent dose, all types
of surface sites are entirely exposed for sorption and the surface reaches saturation faster and as a
consequence leading to a higher sorption capacity. But at higher particle participant the
availability of higher energy sites decreases with a larger fraction of lower energy sites becoming

occupied, resulting in a lower sorption capacity.

3.6 pH Variation of the system

One of the other effective factors on the interaction of solid phase including bentonite + pH-
adjusted sawdust and heavy metal electrolyte is the changes in pH of the system. The presence of
heavy metal in the system leads to pH reduction [9] and the soils with high buffering capacity are
more resistance to pH changes [41]. Fig. 9 illustrates the changes of pH versus increasing Pb
concentrations. As expected, with increasing the Pb concentration the pH of the system was
decreased. The pH reduction pattern follows the Pb retention pattern with different mix designs.
As it can be seen from Fig. 9 from the optimum specimens and raw bentonite the sample
including 10% SD4 have shown more resistance to the pH reduction. With increasing the Pb
concentration to 200 cmol/kg-soil and more the curves are coincided approximately. In fact,
from this concentration of contaminant and more, all the active phases in Pb retention are full

filled with the heavy metal ions and the system has not been able to adsorb more contaminants.

The equilibrium is quite dependent on pH of the aqueous solution. At lower pH, the H' ions

compete with Pb cations for the exchange sites on the sawdust, thereby partially releasing the
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latter. The Pb cations are completely released under circumstances of extreme acidic conditions.
In most cases, the percentage of adsorption of Pb ions increased with an increase in pH up to a
certain value and then decreased with further increase of pH. Due to different properties of
various heavy metal ions and different sawdust materials, the maximum adsorption took place in

a slightly different pH range for different metals.

| —&— Bentonite

;S\ —i— 20gBentonites 103502

20zBentonite+209%502

57 A 20gBentonite+103%5D4

—=— 20zBentonite+20%:5D4

55

53

pH
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49 -

47 -

45

50 100 150 200 250

Equilibrium Pb Concentration (cmol/kg.soil)

Fig. 9. pH variation of four optimum specimens and bentonite versus the Pb concentrations

In a certain pH range, for one specific heavy metal there may be a number of species
present in solution, such as M, MOH", M(OH),, etc. At lower pH, the positive charged Pb ion
species may compete with H+ and be adsorbed at the surface of the sawdust by ion exchange
mechanism. A decrease in adsorption at high pH is due to the formation of soluble hydroxyl
complexes. With an increase in pH, metal ion species, mainly neutral, may be adsorbed by

hydrogen bonding mechanism along with ion exchange.

As a result, the adsorption of Pb decreased with decreasing pH because the aluminol and silanol
groups are more protonated and, hence, they are less available to retain the Pb contamination.
This effect is strongly evident for Pb. The reason of this behaviour is that the surface
complexation reactions are influenced also by the electrostatic attraction between the surface

charge and the dissolved ions. In fact, since lead has larger ionic radius (1.20), it has lower
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charge density and, therefore, is more affected by the protonation of the surface groups that

determine a reduction of the adsorption sites on clay [42].

3.7 Buffering Capacity

In order to ensure the results presented in Fig. 4 to Fig. 8, the changes of pH in the optimum
adsorption specimens versus changes of acid concentration were measures. The monitoring of
this point could be the basic criteria in the evaluation of heavy metal adsorption and retention
capacity in the geo-environmental projects [33]. According to Fig. 10 the samples including 10%
and 20% SD4 could improve the buffering capacity of the bentonite as well. The result of
buffering capacity experiment compliance with the results of adsorption behavior obtained from

AAS.

One of the major components of clayey soils in arid and semi-arid lands is carbonate. This
component of clay soils contributes significantly to the contaminant attenuation properties of a
soil [43]. The most common of the carbonate minerals found in soils is calcite (CaCO3), derived
primarily from calcareous parent materials [44]. Generally all carbonate groups, are known to be
poorly soluble in water [45]. Heavy metals are, for the most part, retained in the clay soils by
exchangeable, carbonate, hydroxide and organic phases and mechanisms. Among the entirely
different components contributing to contaminant attenuation, carbonates play an important role
[46,47]. Usually the carbonate phase contributes to the contaminant retention process while the
pH is excess 5. It has been shown [41] that the buffer capacities of soils are strongly affected by
the carbonate content and CEC of the soils. Calcite (CaCO3) mineral functions well as a buffer
for pH changes in the soil-water system. This mineral is believed to be good adsorbent of heavy

metals [48,49].

High contents of carbonates caused an increase of extract pH, changing the conditions for
desorbing ions [50]. In the presence of carbonate, the CEC may or may not be changed, due to
the fact that the CEC of carbonates is relatively small and its contribution to the overall CEC of
the soil may not be effectively felt. Generally, carbonates contribute to the prevention of
contaminant transport in soils in three different ways: firstly, by neutralizing the acidity of soil;

secondly, by raising the pH level of the soil pore fluid; and finally by reacting with different
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components of contaminants to form insoluble constituents. Solid phase carbonates contribute to

the attenuation characteristics of soil through an acid-consuming process.

This reaction process can be summarized as follows:

For the calcite reaction:

H'+CaCO; —> Ca* + HCOs 3)
And, for the dolomite reaction:

2H" + CaMg(COs); —> Ca*' +Mg?" + 2HCO5 4)

At low pH levels, the dissolution of carbonates originally present in the soil appears to be
responsible for the decreased amounts of heavy metals retained by the carbonate phase [51,52].
So, according to the results from buffering capacity experiment sawdust could be nominated as
the other phase of the system to improve the buffering capacity while the carbonate is not active

by the pH.

10 .

Bentonite
20g Bentonite + 10% 5D4
—Z—20g Bentonite +20% SD4

20z Bentonite + 20% 5D2

"| —4—20g Bentonite + 10% 502
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Equilibrium HNO; Concentration (cmol/kg-soil )

Fig. 10. Comparison of the buffering capacity in the optimum specimens and bentonite
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3.8 Scanning Electron Microscope (SEM)

The results of the morphological study are illustrated in Fig. 11 and Fig. 12. The raw sawdust is
recognized by a structure in the form of filaments, which exists among various other materials.
This type of arrangement causes the anisotropic character or nature of the sawdust. So, the main
aim of the acidic and/or alkali treatment was to induce some changes in the structure of the
sawdust in order to assign a special characteristic to the surfaces in each treatment. The acidic
treatment was carried out in this research to make the surface active. The surface was activated
with the well-developed pores. It seemed that the acidic treatment was effective and the
operation was parallel to the intended aim of inducing or enhancing the environmental
adsorption capacity of the raw sawdust. The empty channels and pores on the sawdust particles
are the consequences of eliminating of filaments. The acidic treatment reacted with the sawdust

components and created the honeycomb structure, which agreed with the findings by [53,54].

Typical SEM micrograph of 150 cmol/kg-soil Pb loaded bentonite + 10%SDy is given in
Fig. 12. The micrograph reveals the heterogeneous nature of surface morphology of the clay
sample. The surface fabric changed to the flocculated after Pb adsorption. The Pb loaded sawdust
fiber is also appears beside the bentonite particle. Approximately, all the macro-pores are filled
by Pb through the sawdust functional surface adsorption [55,56] (Guerra et al., 2013; Rafatullah
& Sulaiman, 2009).
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Fig. 11. SEM micrograph of acidic modified sawdust
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Fig. 12. Bentonite and sawdust Pb loaded Scanning Electron Microscope (SEM)

3.9 XRD Analysis

The interaction between clay and heavy metal contaminants changes the microstructure of the
clayey soils by impacting the forces between the clay particles. Evaluation of the XRD spectrum
is known as a criterion in determining the microstructure of the soils. The peak of the clay soils
with the dispersive structure has a more intensity in comparison with the soils with the
flocculated structure. In order to the investigation of the effect of Pb on the microstructure of the

studied samples, the X-ray spectra of the optimum and the blank samples were prepared.

Fig. 13 illustrates the result of the X-ray diffraction of the Bentonite before and after the
interaction with 200 (cmol/kg-soil) Pb, and Bentonite with 10% SD4 in the presence of 200
(cmol/kg-soil). Based on the presented results, with the presence of the Pb, the main peak
intensity decreased. This fits the fact that, the increasing of the salt concentration in the pore
fluid leads to the formation of the flucculated structure and as a result the peak intensity of the
major peaks decreased. Presence of the 10% SD4 improved the peak intensity of the sample in
the presence of the 200 (cmol/kg-soil) Pb. So, the results of the atomic adsorption compliance
with the XRD diffraction results. It is noteworthy that, increasing the salt concentration of the

pore fluid is not affected the position of the major peaks and just affected the peak intensity.
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Fig. 13. Changes of the peak intensity of the optimum and the blank samples (XRD)
3.10 Chemical Oxygen Demand (COD)

Decreasing in the non-biodegradable organic matters leads to decreasing in the COD
amount [57]. The interaction between clay minerals and organic compounds makes many
complexes of different stabilities and properties. In this case there are many variables such as
silicate layers, the inorganic cations, water, and the organic molecules. In the recent years,
different studies were conducted about the application of sawdust to heavy metal removal from
the aqueous solution. Most of them have not monitored the amount of COD of the solution after
the removal process. It is noticeable that the use of aquatic plants, microorganisms, and wood-
based materials such as sawdust and bark increases the COD of water [24]. So, the main target of
this part of experiment was to surveying the effect of pH and dosage of sawdust, and Pb

concentration on the presence of COD in the solution.
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Fig. 14. COD variation of all the specimens in different Pb(NO3)> concentrations

Fig. 14 illustrates the trend of COD amounts of different specimens with changing in Pb
concentration. The maximum COD amount belongs to the specimens with the highest alkali
degree (SD1o) in this study and the minimum amount of COD appertains to the most acidic
samples (SD»). It can be stated that in an acidic solution both surface functional groups of the
bentonite and sawdust got the positive charge while in the alkali it converts to the negative. So,
adsorption efficiency of the organic matters which have negative charge is high in acidic
situation. On the other hand for the acidic treatment of sawdust HCI was used to increase the
proportion of active surfaces and to prevent the elution of tannin compounds that would stain the
treated water and that greatly increase COD [24]. However, parallel with increasing the Pb
concentration from 50 cmol/kg-soil to 150 cmol/kg-soil the COD amount decreased, but with
increasing the cation concentration to 200 and 250 cmol/kg-soil the COD amount had an
incremental leap. So, the acidic treatment could be so effective on controlling the COD amount

in the solution.
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4. Conclusion

The modification of raw sawdust into an acidic adsorbent has lead to the improvement of its
environmental behavior. The natural acidification processes are different for various sawdust
types depending on the lignin, cellulose, and hemicellulose content and the structural
characteristics of the sawdust. The results from this research have suggested that Na-Bentonite
plus 10% to 20% SD4 could eliminate a wide range of Pb contamination up to the 250 (cmol/kg-
soil) and therefore can be used for the clay liner in a landfill. The given recommendation is based

on the following findings coming out of this current research.

1. The acid treatment, also called acidification, of the sawdust has led to the
improvement in its adsorption capacity through the activation of particle surfaces and the
creation of the honeycomb structures.

2. The acid treatment has caused an increase in the specific surface area of the
sawdust particles.

3. The reduction in the particle size can lead to increased specific surface area (SSA)
and the subsequent augmentation in the adsorption opportunity and adsorption capacity
of the outer sawdust surface.

4. The high specific surface area (SSA) and high cation exchange capacity (CEC) of
the Na-Bentonite clay with high plasticity characteristics have caused them capable of a
high Pb retention through different adsorption mechanisms out of a solution with 100
(cmol/kg-soil) of Pb concentration, without using any sawdust additive.

5. The 10% SD4 and the 30% SD> designs had substantial effects on the Pb
adsorption capacity of the Na-Bentonite and therefore were the optimum mix designs.
These are the 10% sawdust additive of pH4 and the 30% sawdust additive of pH2.

6. The presence of 10% SD4 or 30% SD» could improve the adsorption capacity of
the system as it was capable of adsorbing 100% of the Pb for concentrations up to 150
(cmol/kg-soil).

7. For higher Pb concentrations, i.e. between 150 (cmol/kg-soil) and 250 (cmol/kg-
soil), the given optimum mix designs of 10% SD4 and the 30% SD> were capable of 58%
adsorption of the Pb.
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8. The ion exchange and the hyrogen bonding were the main mechanisms introduced
by the chemical adsorption capability of the sawdust. Also, the surface complexes and
the functional groups have affected the cation adsorption capacity of the sawdust.

9. The acid treatment has led to the activation of the surface and creation of the
well-developed pores. So due to the improved pore sizes in the process, beside the
chemically adsorption mechanisms, the physical adsorption mechanisms have also
participated in retaining the Pb contaminant.

10.  The buffering capacity of the system has been improved by the addition of 10%
SD4. Thus the change in pH and the resulting improved buffering capacity of a clay
linear system in contact with heavy metals were the most significant geo-environmental
behaviors that have aided the adsorption.

11.  The maximum COD was found with specimens of the highest alkali degree, i.e.
involving the SD1o samples, while the minimum COD was found with specimens of the
most acidic degree, i.e. involving the SD> samples. Therefore the acidification of the
sawdust could solve the problem associated with the COD creation, which also

corresponds to the maximum adsorption capacity.
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