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Abstract: Water pollutant removal by biomass adsorbent has been considered innovative and
cost-effective, and thus commendable for application in industry. However, certain important aspects
have been overlooked by researchers, namely the efficiency in the operation time and pollutant
removal. In this research, landfill leachate samples with organic components were treated using a
bentonite-enriched sawdust-augmented sequencing batch reactor (SBR) process. By modifying the
pH, the sawdust samples were categorized into three groups: the acidic, the alkaline, and the neutral.
To bentonite samples, the pH-adjusted sawdust was added at 10%, 20%, and 30% amounts by mass,
respectively. At the optimum aeration rate of 7.5 L/min and contact period of 22 h, the treatment
achieved 99.28% and 95.41% removal of chemical oxygen demand (COD) and NH3-N with bentonite,
respectively. For both pollutants, in the presence of sawdust, the removal was only reduced by about
17% with the contact period reduced to 2 h, which was a considerable achievement.

Keywords: ammonia nitrogen; bentonite; chemical oxygen demand (COD); response surface
methodology (RSM); sawdust; sequencing batch reactor (SBR)

1. Introduction

Solid waste disposal by sanitary landfilling is the rational and cost-effective choice for most
circumstances. However, despite the advantages, the generation of leachate aided by the precipitation
or percolation through the landfill cap is the inevitable consequence of disposal by landfilling, and has
been the main problem of this method [1]. The presence of a huge amount of organic substances,
measurable by the chemical oxygen demand (COD) and the biochemical oxygen demand (BOD),
together with ammonia, inorganic salts, and high concentration of heavy metals such as lead and
copper could bring health issues to humans [2]. Recirculating the leachate back into the landfill,
discharging it into the sanitary sewer system, and treating it onsite are some of the options for
treatment that could also lead to surface and groundwater contamination.

Leachate and wastewater carry various pollutant concentrations for which the treatment and
the improvement procedures in qualifying them for direct discharge into surface water have not
been easy. In a high-quality treatment, a combination of physical, chemical, and biological methods
is often applied [3,4]. The physical method may involve adsorption by clay soil, activated carbon,
or zeolites; or the application of membrane techniques or air striping. The chemical method may use
coagulation–flocculation techniques, chemical oxidation, or ozonation; while the biological method
may also involve the use of activated carbon [5,6]. The activated carbon, in particular, could be a
carrier of microorganisms, could enhance biomass settling properties, or could provide sorption of
heavy metals and toxic organics; thus, scientists have been encouraged to use it as the main purifying
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substance for landfill leachates. However, the high cost of the material has been the main impediment
to its use; thus, alternative solutions such as using mineral additives and mineral clays became
attractive [7].

Bentonite is an alluvial clay of weathered and aged volcanic ash and belongs to the smectite
group [8]. It is formed by the hydrous aluminosilicate minerals, each less than 2 µm in size, which make
up the colloidal segments of it. The main reasons that bentonite has been preferred for various
applications are its cost-effectiveness and availability throughout the world. Bentonite has been
used as a soil additive in agricultural engineering and as a mixture component in construction
fluid in civil engineering. It has also been used as a landfill liner in environmental engineering,
as an encapsulator of certain waste deposits, and as an adsorbent of different contaminations in
the treatment of wastewater [9–12]. Its cation exchange capacity and dissociation capability of the
hydrogen ions are the main reasons for bentonite being negatively charged and therefore considered
a good adsorbent [13]. In addition, bentonite is also capable of adsorbing bacterial constituents of
the leachates.

One of the biological systems used for treating pollutants in leachates and wastewater is the
sequencing batch reactor (SBR), which merges all treatment units and processes into a single system,
while the traditional methods of pollutant removal normally rely on various systems. Typically, a SBR
accommodates five processing stages: fill, react, settle, draw, and idle [14]. Other than the landfill
leachates, the SBR has been used for treating domestic, municipal, industrial, dairy, synthetic, toxic,
and slaughterhouse wastewater [15].

Various methods are available in the literature and industry for removing organic pollutants from
leachate or wastewater through improving physical, chemical, electrical, thermal, and biological
properties [16–20]. Oxidation, reverse osmosis, ion exchange, electrodialysis, electrolysis,
and adsorption are just some of the treatment methods and excellent technologies available in the field.
However, the cost of water treatment in the aformentioned technologies is at least twice as much as the
cost of using the adsorption process [21]. Adsorption, due to its naturality, cost-effectiveness, and ease
of application, is thus considered the preferred wastewater treatment method for removing soluble
and insoluble organic pollutants.

Activated carbon was already known as an adsorbent in the 1940s. However, the costly nature of
the material has somewhat limited its use [22]. Consequently, the search for low-cost adsorbents has
continued [23–26]. The use of waste products in developing low-cost adsorbents has also contributed
to the minimization of waste production and recovery of waste materials [27].

Sawdust and other agricultural products have been the low-cost, biomass-based adsorbents used
in experiments since the 1980s for removing dyes [28–30]. The capacity of hardwood sawdust for the
adsorption of basic dye increases with increasing temperature; e.g., from 82.2 mg dye/g of wood at
25 ◦C to 105.7 mg dye/g of wood at 80 ◦C.

About half of the matter produced by the photosynthetic process in plants becomes the major
component of sawdust biomass; also called the lignocelluloses. The lignocelluloses are composed of the
three polymers of cellulose, hemicelluloses, and lignin, which are strongly intermeshed and chemically
bonded by noncovalent forces and by covalent cross-linkages. The cellulose and hemicelluloses
are macromolecules from various sugars, while the lignin is an aromatic polymer synthesized from
phenylpropanoid precursors. The composition and percentages of these components differ from one
plant type to another. In addition, the composition within a single plant varies with age, stage of
growth, and other conditions [31].

Paper Contribution and Organization

The main aim of this study is to investigate the removal efficiency and contact time of two main
organic components of leachates, the COD and ammonia nitrogen, by a biomass–clay matrix adsorbent.
This paper is organized as follows: Section 2 discusses the materials and methods used throughout this
research, results and discussions are presented in Section 3, and the paper is concluded in Section 4.



Clean Technol. 2018, 1 127

2. Materials and Methods

2.1. 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 h before being used as an
adsorbent. At this point, the grey-colored bentonite was in fine form, passing through mesh no. 30.
Its physical properties such as specific gravity, particle size distribution, Atterberg limits, organic
content, and moisture content were determined according to ASTM D2216 [32]. Until the next stage,
it was stored in a cool, shaded, and dry environment. The sample was then air-dried and sieved
through mesh no. 200 prior to chemical analyses, which were in accordance with the laboratory
manual of the Geotechnical Research Center, McGill University. The cation exchange capacity (CEC)
was determined using the BaCl2 replacement method [33].

The X-ray diffraction (XRD) analysis was performed based on the method by Moore and
Reynold [34]. The carbonate content was determined using the titration method [35]. The specific
surface area (SSA) was determined according to the Brunauer–Emmett–Teller (BET) method [36].
The pH was measured for the bentonite–water solution of 1:10 ratio by mass; i.e., one portion of
bentonite for every 10 portions of water. The resulting physical and chemical properties of the sample
are given in Table 1.

Table 1. Characteristics of bentonite sample.

Physical Characteristics Quantity Measured Geo-Environmental Characteristics Quantity Measured

Clay (%) 76 Mineral composition in
decreasing abundance Montmorilonite, Quartz, Calsit

Silt (%) 23 Carbonite content (%) 8
Sand (%) 1 Organic content (%) 1.4
Liquid limit (%) 423 CEC (cmol/kg soil) 80
Plastic limit (%) 32 Specific surface area (10−3 m2/kg) 425
PI (%) 391 pH (1:10, soil/water ratio) 9.9
Activity (%) 3.73
Soil classification (%) CH
Water content (air-dried) (%) 5.9
Water content (oven-dried) (%) 7.1
Gs (%) 2.45

PI: Plasticity Index, CEC: Cation Exchange Capacity, Gs: Specific Gravity, CH: High Plasticity Clay.

2.1.2. Sawdust

The wood sample was of the “Red Meranti” timber species. The sawdust was washed using
deionized water multiple times and was oven-dried at 70 ◦C for about 48 h in order to remove the
moisture content. The dried sample was converted to a fine powder using a ball mill. The resulting
material was sieved to the 100–150 µm particle size according to the ASTM D4779 method [37,38].
A 0.5 M HCl solution was used to remove the color and water-soluble substances by soaking at room
temperature for 6 h. Eventually, the sawdust was filtered and washed multiple times by distilled water
and then oven-dried at 70 ◦C for about 48 h. The adsorbent was stored in an airtight container before
use in the application.

2.1.3. Alkaline and Acidic Treatment of Sawdust

Sawdust–water solutions of 1:10 ratio by mass were prepared and tested for pH using the EUTECH
700 pH measurement meter. The water was deionized. The solutions were placed in five different
glass containers in the process of adjusting them to pH 2, 4, 6, 8, and 10. To achieve this, the 0.1 M
HCl reagent was used for the acidic adjustment, while 0.5 M NaOH reagent was used for the alkaline
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adjustment. The adjustment was carried out at room temperature while the solutions were shaken
continuously. Different amounts of acidic and alkaline reagents were added to the containers based
on the targeted pH of each. Until the pH became stabilized, the addition of HCl and NaOH drops
continued. Once achieved, the solutions were kept overnight and the pH of each was tested again
the next day. This process was continued until the pH became consistent for 2 consecutive days.
To eliminate the adsorbed acid or alkali, the sawdust was then washed several times with distilled
water and acetone. The alkali-treated and acid-treated sawdust was dried in a hot-air oven at 60 ◦C for
about 72 h and kept in the desiccator for subsequent use. Care was taken to avoid bonding in sawdust
that could turn into carbon.

2.2. Leachate Sampling and Characterization

Leachate samples were collected from the Pulau Burung sanitary landfill located 10 km away
from the Engineering Campus of Universiti Sains, Malaysia, in the city of Nibong Tebal, Malaysia,
or approximately 20 km southeast of Penang Island [39]. The 64-hectare disposal site, located at
5◦11′52.5′ ′ N 100◦25′35.8′ ′ E, was first established in the 1980s. In 1991, it was developed into a Level II
semiaerobic sanitary landfill and later in 2001 was upgraded to Level III, using controlled tipping with
a leachate reticulation system [40]. Only half of the area is currently operational and the daily incoming
waste stands at 2200 tons per day. The bed is a natural marine clay which is also the liner. The landfill
produces a dark black-green-colored leachate which is classified as stable with high concentrations of
COD and ammonia nitrogen and a low BOD/COD ratio [41].

The leachate samples were collected between May 2015 and August 2015. After each collection,
the samples were immediately taken to the environmental engineering laboratory of the School of
Civil Engineering and were kept in a cold room at 4 ◦C to avoid any biological and chemical reactions.
The properties of the leachate samples are given in Table 2. In order to evaluate the environmental
risks of the leachate, the parameters were compared against the Malaysian Environmental Quality
Regulations 2009: Control of Pollution from Waste Transfer Station and Landfill, which were developed
under the Malaysia Environmental Quality Act 1974 [42].

Table 2. Characteristics of leachate sample.

Parameter Unit Standard Sampling Average

Temperature ◦C 40 33
pH value - 6.0–9.0 9

COD mg L−1 400 2955
BOD mg L−1 20 269

Ammonia nitrogen mg L−1 5 120
Arsenic mg L−1 0.05 0.04

Manganese mg L−1 0.20 0.12
Nickel mg L−1 0.20 0.017

Iron mg L−1 5.0 0.48
Color ADMI 100 1220

Suspended solids mg L−1 50 710
TDS % - 5.72

COD: Chemical Oxygen Demand, BOD: Biological Oxygen Demand, TDS: Total Dissolved Solids, ADMI:
American Dye Manufacturer’s Institute.

2.3. Operation of the Reactors

The treatment was carried out in twenty 1700-mL plexiglass reactors. Each of the cylindrical
reactors had a 1000-mL working capacity with a “couple bottom aeration system” or simply two air
pressure inputs. The reactors were filled with 1000 mL of leachate sample, while the different mix
designs of the Na-bentonite and the pH-adjusted sawdust were as described earlier. The ratio of



Clean Technol. 2018, 1 129

sawdust plus bentonite against the untreated leachate put together in each reactor was constant at 1:50
by mass.

Therefore, each solid part of the reactor system consisted of 20 g of bentonite plus an odd from the
9 sawdust samples with pH of 2, 6, or 10 and with a percentage of sawdust of either 10%, 20%, or 30%
by mass of the 20 g of bentonite. Furthermore, for each group contact time, an additional reactor was
run with just the bentonite, while each of the other twenty reactors had the bentonite enhanced with
either the acidic or the alkaline sawdust content.

To supply the air, a pump was used with the following specifications: voltage of 240 V, frequency
of 50 Hz, input power of 61 W, and pressure of 0.012 MPa. The regulation of the air rate was manually
done by an airflow meter. Based on a previous study, an aeration rate of 7.5 L/min was applied with
3 possible contact times of 2, 12, and 22 h [43]. The room temperature during tests was set at 30 ◦C.

Fill, react, settle, draw, and idle were the sequential operation phases of the reactor system.
The times for filling and mixing, settling, and drawing and idling times were 20, 90, and 10 min,
respectively, thus totaling 2 h for the shortest complete operation. The removal efficiencies of COD
and NH3-N are defined in Equation (1).

Removal e f f iciency (%) =

(
Ci − C f

)
∗ 100

Ci
(1)

where Ci and Cf are the initial and final concentrations of the parameters, respectively.

2.4. Experimental Design

In this study, the response surface methodology (RSM), and central composite design (CCD) were
used for the gathering of mathematical and statistical techniques that are useful for the modeling and
analysis of problems, in which responses of interest are influenced by some variables and the statistical
design of experiments and data analysis, respectively. The design included k2 factorial points completed
by 2k axial points and a center point, where k is the number of variables. Thereupon, CCD and RSM
were applied in order to evaluate the association between the variables, i.e., percentage of sawdust (%),
pH of the sawdust, and contact time (h), and their responses.

In other words, the main scope of this design is to optimize the appropriate situation of operating
variables to predict the best value of responses. Aeration rate was 7.5 L/min in all the reactors,
and 2 dependent parameters (COD and NH3-N) were measured as the responses (see Table 3).

Table 3. Experimental variables and results for sequencing batch reactor (SBR).

Run
Variable Responses

A: Contact Time (h) B: pH C: Sawdust (%) Ammonia Removal (%) COD Removal (%)

1 2 2 30 52.5 76.58
2 2 10 30 45.8 79.6
3 22 10 10 97.7 99.2
4 12 10 20 61.2 78.5
5 22 6 20 97.9 84.4
6 12 6 20 35 82.9
7 2 2 10 60 83
8 22 2 10 98.3 99.4
9 22 10 30 97.7 98.9

10 22 2 30 98.3 99.2
11 2 10 10 40.8 56
12 12 6 30 67.9 82.7
13 12 6 20 39.1 84
14 12 2 20 63.7 83.6
15 12 6 10 67.5 83.4
16 12 6 20 64.1 83.8
17 2 6 20 78.3 59.3
18 12 6 20 42.3 83.6
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Table 3. Cont.

Run
Variable Responses

A: Contact Time (h) B: pH C: Sawdust (%) Ammonia Removal (%) COD Removal (%)

19 12 6 20 47.5 84.2
20 12 6 20 42.9 84

Blank1 2 - - 37.5 12.13
Blank2 12 - - 68.75 83.55
Blank3 22 - - 95.41 99.28

A reactor was considered without any sawdust in order to compare with the others and to monitor
the effect of the sawdust on the COD and ammonia removal. The following equation explains the
quadratic equation model for estimating the optimum conditions:

Y = β0 +
k

∑
i=1

βiXi +
k

∑
i=1

βiiX2 +
k

∑
ii<j

k

∑
j

βijXiXj + . . . + e (2)

where Y is the response; Xi and Xj are the variables; β0 is a constant coefficient; βi, βii, and βij are the
interaction coefficients of the linear, quadratic, and second-order terms, respectively; k is the number
of studied factors; and e is the error.

The aeration rate was a constant 7.5 L/min for all reactor systems. Another reactor was run free
of sawdust as the control. The values of the independent variables and the resulting responses are
given in Table 3.

2.5. Experimental Method

All experiments were carried out according to the Standard Methods for the Examination of
Water and Wastewater [44]. A spectrophotometer (DR/2800 HACH) was used for measuring color
(Pt.Co), NH3-N (mg/L), magnesium (mg/L), total iron (mg/L Fe), nickel (mg/L Ni), and arsenic
(mg/L As). COD concentration was determined using the closed reflux and colorimetric method
no. 5220D. YSI 556 MPS (YSI incorporated, Yellow Springs, OH, USA) was used for recording the
values of pH, temperature (◦C), and TDS (%).

3. Results and Discussion

3.1. COD Removal

3.1.1. Adsorption by Clay Mineral

For an SBR system with 20 g of bentonite, no sawdust, 1000 mL of leachate, and an aeration rate of
7.5 L/min, the COD removal was 12% after 2 h and 99% after 22 h. For a system with 20 g of bentonite
and 20% sawdust of pH 6, with all other conditions remaining the same, the COD removal was 83%
after 2 h and 84.2% after 12 h. Eventually, the maximum COD removal was 99.4% after 22 h, with 10%
sawdust of pH 2. More detailed results are given in Table 3 and Figure 1.

A decrease in the nonbiodegradable organic pollutants in wastewater translates to a decrease in
COD [45]. The complex interaction between the clay minerals and the organic compounds results in
a decrease in COD in a process which involves the roles of the silicate layers, the inorganic cations,
the water, and the organic molecules. First, between the organic matter and the clay minerals, there is
the ion exchange, which is either the cation exchange or the anion exchange. Cation exchange is the
term describing the adsorption of the organic cations by the clay minerals with the inorganic cations
leaving. The interaction of positive charge sites, at oxide surfaces or edge sites of clays with carboxylate
(COO−), sulfonate (SO3

−), and phenolate (aromatic O−) groups, is by replacement of univalent
exchangeable anions (e.g., Cl− or NO3

−) bound to a protonated surface hydroxyl (OH2
+) [46,47].
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Because of the weakness of the electrostatic bonds, this organic adsorption mechanism is not observed
often. On the other hand, the presence of the metal oxides at clay fractions can make this mechanism
complete [48]. Adsorption by dispersion forces is very important, since it is not only acts separately,
but also as a supplier in the other mechanisms. There is a parallel relationship between the adsorption
degree of this mechanism and the molecular weight of the adsorbate. Van der Waals interaction
occurs between the adsorbed molecules rather than the surface of the adsorbed molecules [49,50].
The mechanism of the protonation of organic molecules at clay surfaces makes many compounds
cationic. The acidity of the clay surface is the main factor causing the organic compound to be in
cationic form. The main source of the protons and the protonation reactions are exchangeable H+ ions
occupying cation exchange sites, water associated with metal cations at the exchange sites, and proton
transfer from another organic cation [51]. The hemisalt formation mechanism occurs while neutral
organic bases are adsorbed on H-clays in excess over the number of protons available, and in this
case, two molecules are competing for the proton [52,53]. Coordination by cation bridging and water
bridging are the other means of organic matter adsorption by clay minerals. Organic molecules may
be coordinated to the inorganic saturating cations by a direct bonding, which is called cation bridging,
or through water, which depends on the water content of the clay mineral and is known as water
bridging. When the water content is reduced in the system, there will be competition between the
water and the polar molecules for ligand position around the metal cation, initially through a water
bridge and then through a direct interaction [46–48].
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Figure 1. Plot of COD removal (A) with sawdust content of 10%, (B) with sawdust content of 20%,
and (C) with sawdust content of 30%.

Surface complexation of organic anions is formed between the organic ions or molecules and
functional groups and divided into two main groups. If no water intervened between the surface
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functional group and the ion it binds, the complex is inner-sphere, while in the presence of the water,
it will be the outer-sphere one. The outer-sphere surface complexes involve electrostatic bonding
mechanisms and are less stable than the inner-sphere ones, which involve ionic and covalent bonding.

One of the most important adsorption mechanisms in clay soils is hydrogen bonding, which occurs
at edge and surface sites. Mortland [46] suggested three main groups for this mechanism, as follows:

1. Water bridging involves the linking of a polar organic molecule to an exchangeable metal cation
through a water molecule in the primary hydration shell. One or both protons of the water
molecule can participate in the bonding.

2. Organic–organic hydrogen bonding occurs when the exchangeable cation on the clay is an organic
one. The organic–clay hydrogen bonding mechanism acts when the hydroxyls of the exposed
siloxane (Si–O) and aluminol (Al–OH) planes of clay minerals interact with a polar organic
molecule [49].

3. Adsorption by donation of π electrons [54] and hydrophobic bonding [55] are the other
mechanisms of organic adsorption with clay minerals.

3.1.2. Sawdust Adsorption Mechanism

In this study, various mix designs of bentonite and pH-adjusted sawdust are considered with
different operation procedures in order to monitor the effect of sawdust on the melioration of
adsorption efficiency. As given in Table 3 and Figure 1, the sawdust has a positive effect in reducing
the contact time with the same high removal efficiency. In a 2-h period, the addition of 10% sawdust
with pH 2 increased the COD removal by bentonite alone from 12.13% to 83%. On the other hand,
in a 12-h period, the addition of 20% sawdust with pH 6 increased the removal by 1%, while in a 22-h
period, the addition of 10% sawdust with pH 2 decreased the removal by 0.2%.

Chemical and physical adsorption mechanisms are the two main adsorption mechanisms of
sawdust in contact with unwanted materials. Chemically, adsorption is related to the structural
components of sawdust relating to the lignin, cellulose, hemicellulose, and active groups on the surface,
while physical adsorption behavior is activated by the treatment of sawdust with chemical materials.
The cell wall of the sawdust mainly consists of cellulose, lignin, and hydroxyl groups, which are active
ion exchange compounds [47]. Ion exchange, hydrogen bonding, and the electron-donating nature of
O-, S-, and P-containing groups in sawdust materials are the main indirect organic matter adsorption
mechanisms of sawdust, with cation and anion exchanging and different bridging mechanisms,
respectively. As explained earlier, the optimum efficiency in the early and final contact time occurred
with sawdust of pH 2. An acidic treatment of sawdust from pH 6 to 2 led to the generation of cylindrical
tubes which could capture the organic matter, as shown in Figure 2. The size of the organic matter and
the diameter of the tubes can affect the physical adsorption mechanism.
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3.2. Ammonia Nitrogen Removal Mechanism

3.2.1. Clay Mineral Adsorption Mechanisms

The NH3-N removal from the leachate sample is in the range of 35% to 98.3% (Table 3 and
Figure 3). The maximum removal of ammonia nitrogen occurred with 10% sawdust of pH 2 in a 22-h
contact time with constant operating conditions. In contrast, 20% sawdust of pH 2 in a 12-h contact
time leads to a negative effect on the efficiency of the system.
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Ion exchange and adsorption are two main mechanisms of the ammonia removal from
wastewaters by clay minerals. One of the advantages of using clays as the adsorbent for ammonia
removal is that the layered structure of the clay allows expansion (swelling) when in contact with
water, which exposes an additional mineral surface capable of ammonium ion (NH4

+) adsorption [56].
Specific surface area (SSA), cation exchange capacity (CEC), and the functional groups of the different
fractions of soils are the surface characteristics of the soil solids. Some exchangeable cations, such as K+,
Na+, Mg2+, and Ca2+, are available in the structure of bentonite molecules, and these cations can easily
exchange with other cations such as NH4+. The stage of the cation in the lyotropic series, concentration
of the cations, and the diameter of the cation molecule are the effective factors in the ion exchange
mechanism. Similar to the other mechanism, the reaction between the cation and the negatively
charged surface of the soil fractions leads to the adsorption of the cation by the clay. Consequently,
bentonite, which includes montmorillonite clay minerals with high cation exchange capacity (CEC)
and specific surface area (SSA), is one of the most important clay adsorbents.

3.2.2. Sawdust Adsorption Mechanism

In this study, the maximum adsorption of ammonia nitrogen, at 98.3%, was achieved by the
bentonite with 10% sawdust of pH 2 and after 22 h of contact, as given in Table 3 and Figure 3. Thus,
the conditions for maximum ammonia nitrogen removal were the same as for maximum COD removal.
The main point, however, was achieving an acceptable removal rate with a reduced contact time. Thus,
the bentonite with 20% sawdust of pH 6 could remove 78.3% ammonia nitrogen after 2 h, while the
bentonite without sawdust could remove 37.5% after the same 2 h, 68.8% after 12 h, and 95.3% after
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22 h. With only 17% more removal after 22 h, the bentonite with 20% sawdust of pH 6 was obviously a
design with considerable benefit in terms of savings in the contact time. At lower pH, the positively
charged ammonium has competition with the H+, and by the ion exchange mechanism, is adsorbed
into the surface of the sawdust. With an increase in pH, the ammonium may be adsorbed by the
hydrogen bonding mechanism, along with ion exchange.

The basic chemical phenylpropane units of lignin (primarily syringyl, guaiacyl, and p-hydroxy
phenol) are bonded together by a set of linkages to form a very complex matrix. This matrix comprises
a variety of functional groups, such as hydroxyl, methoxyl, and carbonyl groups, which impart a
high polarity to the lignin macromolecule. So, lignin is the constituent of lignocellulose materials
which participates in the adsorption process. Figure 4 illustrates the FTIR results of the sawdust of
pH 2 and pH 4. The graph shows an increase in the peaks at 1599, 1511, 1467, 1429, 1157, and 1054,
which belong to lignin. A strong aromatic ring stretch, phenylpropanoid polymer deformation
(methyl and methylene), glycosidic linkage, and vibrational stretching are indicative of a number of
bonds which are present in the lignin [57,58].
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3.3. Statistical Analysis

Response surface methodology (RSM) is used to analyze the correlation between the variables,
i.e., contact time, pH, and sawdust content, and COD and NH3-N removal. Considerable model
terms were preferred to achieve the best fit in a particular model. CCD permitted the development of
mathematical equations where predicted results (Y) are evaluated as a function of contact time (A),
pH (B), and sawdust (C). The results are computed as the sum of a constant, three first-order effects
(terms in A, B, and C), three interaction effects (AB, AC, and BC), and three second-order effects (A2, B2,
and C2), as shown in Equation (1), Tables 3 and 4. In order to determine the accuracy of fit, the results
were analyzed by ANOVA statistical technique. Equations from the first ANOVA analysis are adapted
by neglecting the terms found to be statistically irrelevant. The reduced quadratic models in terms of
actual factors are illustrated in Table 4.
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Table 4. ANOVA results for response parameters.

Response Final Equations in Terms of Actual Factors prob R2 Adj. R2 Adec. P. SD CV Press

NH3-N removal +102.79375 + 2.54999 × A − 6.38364 × B − 2.47927 × C + 0.073375 × A × B − 0.022100
× A × C + 0.093500 × B × C − 0.053418 × A2 + 0.24114 × B2 + 0.058582 × C2 0.0010 0.8897 0.7905 11.822 5.16 6.19 3322.24

COD removal +83.16323 − 3.99044 × A − 0.67818 × B − 1.44924 × C + 0.077188 × A × B + 3.125 ×
10−3 × A × C + 0.039063 × B × C + 0.23291 × A2 − 0.14744 × B2 + 0.028909 × C2 0.0228 0.7777 0.5777 5.036 14.66 22.57 9050.76

A, first variable, Contact time: h; Adeq. P, adequate precision; Adj. R2, adjusted R2; B, second variable, sawdust pH; C, third variable, Sawdust content: %; cv, coefficient of variance; Press,
predicted residual error sum of square; Prob, probability of error; R2, correlation coefficient; SD, standard deviation.
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According to the probability value (less than 0.05), all models were significant at the 5% confidence
level. R2 values close to 1 were favorable, and a high R2 coefficient ensured acceptable modification of
the quadratic model to fit the experimental data. The correlation coefficient (R2) gave the proportion of
total variation in the response predicted by the model, indicating the ratio of sum of squares due to
regression (SSR) to total sum of squares (SST). Adequate precision compared the range of the predicted
values at the design points to the mean prediction error [59]. Figure 5 shows the predicted versus
actual-value plots of the response parameters for the COD and ammonia removal. These plots signified
a sufficient agreement between the real data and the values achieved from the models.
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3.4. Optimization of the System

The final experimental results involving COD and NH3-N removals with various mix designs
of adsorbents and operating conditions were analyzed using RSM and CCD in order to determine a
specific operation system that could lead to the optimum removal of both organic compounds.

The resulting responses from optimizing the COD and NH3-N removals are given in Figure 6.
Accordingly, the optimized conditions were the sawdust content of 29.3% with pH of 3.3 and the
contact time of 21.8 h, which would result in 99.7% COD removal and 98.4% NH3-N removal.

Clean Technol. 2018, 1, x FOR PEER REVIEW  12 of 15 

 

According to the probability value (less than 0.05), all models were significant at the 5% 
confidence level. R2 values close to 1 were favorable, and a high R2 coefficient ensured acceptable 
modification of the quadratic model to fit the experimental data. The correlation coefficient (R2) gave 
the proportion of total variation in the response predicted by the model, indicating the ratio of sum 
of squares due to regression (SSR) to total sum of squares (SST). Adequate precision compared the 
range of the predicted values at the design points to the mean prediction error [59]. Figure 5 shows 
the predicted versus actual-value plots of the response parameters for the COD and ammonia 
removal. These plots signified a sufficient agreement between the real data and the values achieved 
from the models.  

 
Figure 5. Design-expert plot; predicted vs. actual values plot for (A) COD removal and (B) NH3-N 
removal. 

3.4. Optimization of the System 

The final experimental results involving COD and NH3-N removals with various mix designs of 
adsorbents and operating conditions were analyzed using RSM and CCD in order to determine a 
specific operation system that could lead to the optimum removal of both organic compounds.  

The resulting responses from optimizing the COD and NH3-N removals are given in Figure 6. 
Accordingly, the optimized conditions were the sawdust content of 29.3% with pH of 3.3 and the 
contact time of 21.8 h, which would result in 99.7% COD removal and 98.4% NH3-N removal. 

 
Figure 6. Desirability response of the removal system. 

  

Figure 6. Desirability response of the removal system.



Clean Technol. 2018, 1 138

4. Conclusions

The development of a sawdust-enriched bentonite powder adsorbent for the pollutant removal
of organic compounds of the Pulau Burung sanitary landfill has been investigated in this research.
The roles of pH-adjusted sawdust of various designs have been studied using the augmented SBR
processes. The COD and NH3-N of Pulau Burung landfill effluent exceeded the permissible discharge
limits and needed efficient removal. Using the SBR system, the COD removals by bentonite without
sawdust were 12.13%, 83.55%, and 99.28% for the COD and 37.5%, 68.75%, and 95.41% for the NH3-N
after 2 h, 12 h, and 22 h contact times, respectively. The COD removals by bentonite with the proper
pH-adjusted sawdust, on the other hand, were 83%, 84.2%, and 99.4% for the COD and 78.3%, 67.9%,
and 98.3% for the NH3-N after the same contact times, respectively. The results indicated that an acidic
treatment of the sawdust and adding it at 10% of the bentonite mass to the system could lead to a
sufficient and efficient removal of the pollutant parameters, even with the contact time reduced to 2 h.
So, by designing a natural adsorbent based on soil and a biowaste as a clean technology, the treatment
process can save 20 h of electricity consumption of the aeration pumps. On the other hand, the disposal
from the proposed wastewater treatment method will be 100% safe and usable. Additional research is
required to study the long-term removal efficiency of the system in the field scale over time periods of
a year. Furthermore, the environment variables such as temperature change during different seasons
could be considered.

Author Contributions: P.M. conducted Data curation, Formal analysis, Investigation, Software, Validation and
Writing—original draft. Funding acquisition, Methodology, Project administration, Resources and Supervision
were provided by M.R.S. and H.A.A. C.S. conducted Visualization and Writing—review & editing.

Funding: This research was partly funded by the iconic ‘Grant for Researches Associated with the Solid Waste
Management Cluster’ (grant number 1001/CKT/870023), Universiti Sains Malaysia.

Acknowledgments: The authors are grateful to all the technical staff of the Pulau Burung sanitary landfill to
allow to access to the site and their contribution in sampling.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Aziz, S.Q.; Aziz, H.A.; Yusoff, M.S.; Bashir, M.J.; Umar, M. Leachate characterization in semi-aerobic and
anaerobic sanitary landfills: A comparative study. J. Environ. Manag. 2010, 91, 2608–2614. [CrossRef]
[PubMed]

2. Renou, S.; Givaudan, J.G.; Poulain, S.; Dirassouyan, F.; Moulin, P. Landfill leachate treatment: Review and
opportunity. J. Hazard. Mater. 2008, 150, 468–493. [CrossRef] [PubMed]

3. Rivas, F.J.; Beltrán, F.; Gimeno, O.; Acedo, B.; Carvalho, F. Stabilized leachates: Ozone-activated carbon
treatment and kinetics. Water Res. 2003, 37, 4823–4834. [CrossRef] [PubMed]

4. Turan, M.; Gulsen, H.; Çelik, M.S. Treatment of landfill leachate by a combined anaerobic fluidized bed and
zeolite column system. J. Environ. Eng. 2005, 131, 815–819. [CrossRef]

5. Loukidou, M.X.; Zouboulis, A.I. Comparison of two biological treatment processes using attached-growth
biomass for sanitary landfill leachate treatment. Environ. Pollut. 2001, 111, 273–281. [CrossRef]

6. Kargi, F.; Pamukoglu, M.Y. Simultaneous adsorption and biological treatment of pre-treated landfill leachate
by fed-batch operation. Process Biochem. 2003, 38, 1413–1420. [CrossRef]

7. Seka, A.M.; Verstraete, W. Feasibility of a multi-component additive for efficient control of activated sludge
filamentous bulking. Water Res. 2001, 35, 2995–3003. [CrossRef]

8. Hosterman, J.W.; Patterson, S.H. Bentonite and fuller’s earth resources of the United States. U.S. Geol. Surv.
1992. [CrossRef]

9. European Bentonite Producers Association. Available online: https://uia.org/s/or/en/1100029366
(accessed on 12 January 1999).

10. Koch, D. Bentonites as a basic material for technical base liners and site encapsulation cut-off walls.
Appl. Clay Sci. 2002, 21, 1–11. [CrossRef]

http://dx.doi.org/10.1016/j.jenvman.2010.07.042
http://www.ncbi.nlm.nih.gov/pubmed/20739117
http://dx.doi.org/10.1016/j.jhazmat.2007.09.077
http://www.ncbi.nlm.nih.gov/pubmed/17997033
http://dx.doi.org/10.1016/j.watres.2003.08.007
http://www.ncbi.nlm.nih.gov/pubmed/14604628
http://dx.doi.org/10.1061/(ASCE)0733-9372(2005)131:5(815)
http://dx.doi.org/10.1016/S0269-7491(00)00069-5
http://dx.doi.org/10.1016/S0032-9592(03)00030-X
http://dx.doi.org/10.1016/S0043-1354(00)00589-3
http://dx.doi.org/10.3133/pp1522
https://uia.org/s/or/en/1100029366
http://dx.doi.org/10.1016/S0169-1317(01)00087-4


Clean Technol. 2018, 1 139

11. Bahmanpour, H.; Awhadi, S.; Enjili, J.; Eslamian, S.; Ostad-Ali-Askari, K. Optimizing absorbent bentonite
and evaluation of contaminants removal from petrochemical industries wastewater. Int. J. Constr. Res.
Civ. Eng. 2017, 3, 34–42.

12. Moradi, N.; Salem, S.; Salem, A. Optimizing adsorption of blue pigment from wastewater by nano-porous
modified Na-bentonite using spectrophotometry based on response surface method. Spectrochim. Acta A
Mol. Biomol. Spectrosc. 2018, 193, 54–62. [CrossRef] [PubMed]

13. Liu, Y.; Kang, Y.; Mu, B.; Wang, A. Attapulgite/bentonite interactions for methylene blue adsorption
characteristics from aqueous solution. Chem. Eng. J. 2014, 237, 403–410. [CrossRef]

14. Mahvi, A.H. Sequencing batch reactor: A promising technology in wastewatertreatment. Iran. J. Environ.
Health Sci. Eng. 2008, 5, 79–90.

15. Zhong, Q.; Li, D.; Tao, Y.; Wang, X.; He, X.; Zhang, J.; Wang, L. Nitrogen removal from landfill leachate
via ex situ nitrification and sequential in situ denitrification. Waste Manag. 2009, 29, 1347–1353. [CrossRef]
[PubMed]

16. Xiao, J.; Xie, Y.; Cao, H. Organic pollutants removal in wastewater by heterogeneous photocatalytic ozonation.
Chemosphere 2015, 121, 1–17. [CrossRef] [PubMed]

17. Ngo, H.H.; Guo, W.; Zhang, J.; Liang, S.; Ton-That, C.; Zhang, X. Typical low cost biosorbents for adsorptive
removal of specific organic pollutants from water. Bioresour. Technol. 2015, 182, 353–363.

18. Mota, J.P.; Lyubchik, S. Recent Advances in Adsorption Processes for Environmental Protection and Security;
Springer: New York, NY, USA, 2008.

19. Koros, W.J. Membranes: Learning a lesson from nature. Chem. Eng. Prog. 1995, 91, 68.
20. Yu, F.; Ma, J. Easy and Large-Scale Synthesis of Carbon Nanotube-Based Adsorbents for the Removal of

Arsenic and Organic Pollutants from Aqueous Solutions. Smart Mat. Waste Water Appl. 2016, 1. [CrossRef]
21. Gupta, V.K.; Ali, I.; Saleh, T.A.; Nayak, A.; Agarwal, S. Chemical treatment technologies for waste-water

recycling—An overview. RSC Adv. 2012, 2, 6380–6388. [CrossRef]
22. Cheremisinoff, P.N.; Ellerbusch, F. Carbon Adsorption Handbook; Ann Arbor Science Publishers:

Ann Arbor, MI, USA, 1978.
23. Ali, I. The quest for active carbon adsorbent substitutes: Inexpensive adsorbents for toxic metal ions removal

from wastewater. Sep. Purif. Rev. 2010, 39, 95–171. [CrossRef]
24. Kaur, K.; Mor, S.; Ravindra, K. Removal of Chemical Oxygen Demand from Landfill Leachate using

Cow-dung Ash as a Low-cost Adsorbent. J. Colloid Interface Sci. 2016, 469, 338–343. [CrossRef] [PubMed]
25. Verbinnen, B.; Block, C.; Van Caneghem, J.; Vandecasteele, C. Recycling of spent adsorbents for oxyanions

and heavy metal ions in the production of ceramics. Waste Manag. 2015, 45, 407–411. [CrossRef] [PubMed]
26. Srivastava, S.K.; Pant, N.; Pal, N. Studies on the efficiency of a local fertilizer waste as a low cost adsorbent.

Water Res. 1987, 21, 1389–1394. [CrossRef]
27. Patteson, J.W. Industrial wastes reduction. Environ. Sci. Technol. 1989, 23, 1032–1038. [CrossRef]
28. McKay, G.; Poots, V.J. Kinetics and diffusion processes in colour removal from effluent using wood as an

adsorbent. J. Chem. Technol. Biotechnol. 1980, 30, 279–292. [CrossRef]
29. Asfour, H.M.; Fadali, O.A.; Nassar, M.M.; El-Geundi, M.S. Equilibrium studies on adsorption of basic dyes

on hardwood. J. Chem. Technol. Biotechnol. Chem. Technol. 1985, 35, 21–27. [CrossRef]
30. Djilani, C.; Zaghdoudi, R.; Modarressi, A.; Rogalski, M.; Djazi, F.; Lallam, A. Elimination of organic

micropollutants by adsorption on activated carbon prepared from agricultural waste. Chem. Eng. J. 2012,
189, 203–212. [CrossRef]

31. Jeffries, T.W. Biodegradation of lignin and hemicelluloses. In Biochemistry of Microbial Degradation; Springer:
New York, NY, USA, 1994; pp. 233–277.

32. American Society for Testing and Materials; Annual Book of ASTM Standards: Philadelphia, PA, USA, 1992.
33. Hendershot, W.H.; Duquette, M. A simple barium chloride method for determining cation exchange capacity

and exchangeable cations. Soil Sci. Soc. Am. J. 1986, 50, 605–608. [CrossRef]
34. Moore, D.M.; Reynolds, R.C. X-ray Diffraction and the Identification and Analysis of Clay Minerals;

Oxford University Press: Oxford, UK, 1989; p. 378.
35. Hesse, P.R. A Textbook of Soil Chemical Analysis; William Clowes and Sons: London, UK, 1971.
36. Fagerlund, G. Determination of specific surface by the BET method. Matériauxet Constr. 1973, 6, 239–245.

[CrossRef]

http://dx.doi.org/10.1016/j.saa.2017.12.010
http://www.ncbi.nlm.nih.gov/pubmed/29223054
http://dx.doi.org/10.1016/j.cej.2013.10.048
http://dx.doi.org/10.1016/j.wasman.2008.10.014
http://www.ncbi.nlm.nih.gov/pubmed/19087900
http://dx.doi.org/10.1016/j.chemosphere.2014.10.072
http://www.ncbi.nlm.nih.gov/pubmed/25479808
http://dx.doi.org/10.1002/9781119041214.ch1
http://dx.doi.org/10.1039/c2ra20340e
http://dx.doi.org/10.1080/15422119.2010.527802
http://dx.doi.org/10.1016/j.jcis.2016.02.025
http://www.ncbi.nlm.nih.gov/pubmed/26919299
http://dx.doi.org/10.1016/j.wasman.2015.07.006
http://www.ncbi.nlm.nih.gov/pubmed/26174357
http://dx.doi.org/10.1016/0043-1354(87)90014-5
http://dx.doi.org/10.1021/es00067a609
http://dx.doi.org/10.1002/jctb.503300134
http://dx.doi.org/10.1002/jctb.5040350105
http://dx.doi.org/10.1016/j.cej.2012.02.059
http://dx.doi.org/10.2136/sssaj1986.03615995005000030013x
http://dx.doi.org/10.1007/BF02479039


Clean Technol. 2018, 1 140

37. Standard Test Method for Performing the Sieve Analysis of Coal and Designating Coal Size; American Society for
Testing and Materials: New York, NY, USA, 1994.

38. Brown, P.; Jefcoat, I.A.; Parrish, D.; Gill, S.; Graham, E. Evaluation of the adsorptive capacity of peanut hull
pellets for heavy metals in solution. Adv. Environ. Res. 2000, 4, 19–29. [CrossRef]

39. Aghamohammadi, N.; Hamidi, A.A.; Hasnain, I.M.; Zinatizadeh, A.A.; NasrollahzadehSaravi, H.;
Ghafari, S. Performance of a powdered activated carbon (PAC) augmented activated sludge process treating
semi-aerobic leachate. Int. J. Environ. Res. 2007, 1, 96–103.

40. Aziz, H.A.; Adlan, M.N.; Zahari, M.S.M.; Alias, S. Removal of ammoniacal nitrogen (N-NH3) from municipal
solid waste leachate by using activated carbon and limestone. Waste Manag. Res. 2004, 22, 371–375. [CrossRef]
[PubMed]

41. Aziz, H.A.; Alias, S.; Adlan, M.N.; Asaari, A.H.; Zahari, M.S. Colour removal from landfill leachate by
coagulation and flocculation processes. Bioresour. Technol. 2007, 98, 218–220. [CrossRef] [PubMed]

42. FAOLEX. Environmental Quality (Control of Pollution from Solid Waste Transfer Stationand Landfill)
Regulations 2009. Available online: http://www.fao.org/faolex/results/details/en/c/LEX-FAOC099122/
(accessed on 10 December 2009).

43. Farraji, H.; Zaman, N.Q.; Abdul Aziz, H.; Ashraf, M.A.; Mojiri, A.; Mohajeri, P. Landfill Leachate Treatment
by Bentonite Augmented Sequencing Batch Reactor (SBR) System. Appl. Mech. Mater. 2015, 802, 466–471.
[CrossRef]

44. APHA Standard Methods for the Examination of Water and Wastewater; American Public Health Association:
Washington, DC, USA, 2005.

45. Rodrıguez, J.; Castrillon, L.; Maranon, E.; Sastre, H.; Fernandez, E. Removal of non-biodegradable organic
matter from landfill leachates by adsorption. Water Res. 2004, 38, 3297–3303. [CrossRef] [PubMed]

46. Mortland, M.M. Clay-organic complexes and interactions. Adv. Agron. 1970, 22, 117.
47. Rosen, M.J.; Kunjappu, J.T. Surfactants and Interfacial Phenomena; John Wiley & Sons: Hoboken, NJ, USA,

2012.
48. Sposito, G. The Chemistry of Soils; Oxford University Press: Oxford, UK, 2008.
49. Greenland, D.J.; Quirk, J.P. Adsorption of 1-n-alkyl pyridinium bromides by montmorillonite.

Clays Clay Miner. 1962, 9, 484–499. [CrossRef]
50. Walker, G.F. Interactions of n-alkylammonium ions with mica-type layer lattices. Clay Miner. 1967, 7, 129–143.

[CrossRef]
51. Newman, A.C.D. Chemistry of Clays and Clay Minerals; Longman Scientific and Technical: London, UK, 1987.
52. Mortland, M.M. Urea complexes with montmorillonite: An infrared absorption study. Clay Miner. 1966, 6,

143–156. [CrossRef]
53. Tahoun, S.A.; Mortland, M.M. Complexes of Montmorillonite with Primary, Secondary, and Tertiary Amides:

II. Coordination of Amides on the Surface of Montmorillonite. Soil Sci. 1966, 102, 314–321. [CrossRef]
54. Doner, H.E.; Mortland, M.M. Benzene complexes with copper (II) montmorillonite. Science 1969, 166,

1406–1407. [CrossRef] [PubMed]
55. Giles, C.H.; D’Silva, A.P.; Easton, I.A. A general treatment and classification of the solute adsorption isotherm

part. II. Experimental interpretation. J. Colloid Interface Sci. 1974, 47, 766–778. [CrossRef]
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