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KEYWORDS Abstract  This study has investigated the efficiency of eucalyptus bark (EB) to remove COD, oil,
Adsorption; and Cr(111) from raw petroleum refinery effluent. Experimental works were conducted to assess the
COoD: performance of raw and modified EB using chemical impregnation, carbonization, and hybrid pre-
0il: treatment. Then modified EB by hybrid H:POy/carbonization that showed the best performance
Cr{llly, was further examined under different operating conditions: namely contact time, solution pH, tem-
Eucalyptus bark; perature, and sorbent dosage. In general, removal efficiencies of COD, oil, and Cr(IIl) increased
Isotherm models with the increase in contact time and sorbent dosage while acidic pH was favourable for achieving

higher removal efficiency for targeted pollutants. The maximum removal efficiencies of COD, oil,
and Cr(1I) were 80, 91, and 61%, respectively. Meanwhile, the optimum operating conditions were
found at contact time 100 min, sorbent dosage 10 g/L, pH 3, and te rature 25 °C. FTIR and
SEM were also applied to characterize the sorbent. The Freundlich adsorption isotherm model
shows a better correlation coefficient among the other isotherm models including Langmuir and
Dupin—Radushkevich with the R® value of 0.9758. The adsorption kinetic examined using differ-
ent kinetic models including pseudo-first order, pseudo-second order, intra-particle diffusion, liquid

film sion, and double exponential follows intra-particle diffusion model.
2020 The Authors. Published by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org,
licenses/by-nc-nd/4.0/).

1. Introduction to be removed before the water can be reused for other pur-
poses or discharged into open water system [1.2]. As parts of
Industrial oily effluents which are generated in various indus- ~ Major pollutants in PRE, COD and oil content must be

tries including petroleum refinery effluent (PRE) contain  adjusted to fulfil the allowable standard values stated by regu-
lation when the effluent is disposed to the environment as it
can cause adverse effect on aquatic organisms and human
health [3.4]. However, removing the emulsified oil is more chal-
E-mail address: s.puaddahtan(@graduate.curtin.edu.au (5. Martini). lenging due to its stability in the aqueous phase [5].

Peer review under responsibility of Faculty of Engineering, Alexandria _Anmhcr thra._:atcn‘ing comc_m in raw PRE is heavy r}1ctails
#li\-’ersily. which have toxic effect both in elemental and soluble forms.
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COD. oil forms, and heavy metals contaminations that need
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Unlike organic pollutants, metals in wastewater cannot be
degraded through biological processes. Hence, the eradication
of toxic metals such as chromium from industrial effluents is
challenging and important to be conducted to avoid further
damage of environment condition and disastrous effect on
human health as remaining metal ions in open water and con-
taminated food are responsible for poisoning, cancer, and
brain damage [6.7].

Assorted methods including advanced oxidation processes,
membrane filtration, and biologically activated sludge have
been investigated in order to mitigate various hazardous pollu-
tants including COD, oil, and metal ions in PRE [& 11]. How-
ever, the demanding drawbacks of these methods are high
operational and maintenance costs, gcncrationq toxic sludge
and complicated procedure [3]. Comparatively, adsorption has
been found to be an efficient and economic due to its relatively
lower processing cost and simple design [12].

Adsorption materials are generally categorized into three
main types; inorganics mineral, synthetic organic, and organic
sorbents. Inorganic materials such as vermiculite and graphite
are leaning toward poorer buoyancy and oil removal effi-
ciency. while commercially available synthetic organic sorbents
such as polypropylene might cause detrimental environment
issues after their usage [13]. Therefore, compared to others,
the use of organic materials or biosorbents from agricultural
and plant wastes offers more advantages such as low-cost sor-
bent, good removal percentage, and environmentally friendly
solution for oily waste disposal problems [14-17]. There are
varying biodegradable plant-based sorbents which were exam-
ined and reported as potential effective sorbents to adsorb oil
content such as sago bark, cotton grass, corn stalk, banana
peel, barley straw, bagasse. and rice husk [18- 21]. In addition.
the use of biosorbents was also investigated to degrade COD
and some detrimental heavy metals in synthetic or raw indus-
trial effluents such as date pits, sultone, lentil husk, cashew nut.
rice husk, palm leaf, and water hyacinth [4.7.22 24].

However, some organic sorbents were also found to show
poor oil, metals, and other pollutants removal efficiencies in
their raw forms. Then several initial modifications have
attempted to bolster the efficiency such as esterification process
[25]. cellulose enzymes [17]. acylation and thermal modifica-
tions [26.27] or impregnation method using certain salts and
surfactants [14.20.28].

Accordingly, it is worth to investigate and modify other
organic materials as a sorbent to treat raw industrial wastew-
aters including PRE. Eucalyptus trees are fast growing and
ubiquitously available in Australia generating huge amounts
of its barks in which they are disposed as waste. Even though
literature shows that eucalyptus bark (EB) has been examined
as the sorbent for cationic dyes and certain heavy metals
removal from mostly synthetic aqueous solutions or other
industrial wastewaters [29-35]. to the best of our knowledge.
there are limited or no known reported studies of its potential
usﬁr COD. oil and Cr(III) removals from raw PRE.

erefore, this research was undertaken to explore the effi-
ciency of raw and modified EB for COD. oil, and Cr(III)
removals in raw PRE simultancously. The effectiveness of
varying modifications such as carbonization, chemical treat-
ment using various chemical solutions, and hybrid treatment
mode was also compared in order to obtain better efficacy of
EB to reduce the concentration of selected pollutants. Then
the use of modified eucalyptus bark (MEB) showing best

perfor: ce in preliminary experiment was further imple-
mented under different operating conditions to evaluate the
effect of contact time, pH. temperature, and adsorbent dosage
on the removal efficiency of targeted pollutants. The effect of
rinsing method on the regeneration of saturated MEB using
water and different salt solutions was also studied. The adsorp-
tion equilibrium data were then analyzed using Langmuir, Fre-
undlich, and Dubinin-Radushkevich models. Besides,
adsorption kinetics and thermodynamic parameters were stud-
ied to explain the diffusion mode of selected adsorbate in the
pores and process feasibility.

2. Materials and methods

2.1. Raw PRE and chemical reagents

Raw PRE was collected from the outlet of the DAF unit of the
British Petroleum Kwinana il Refinery, Western Australia,
prior to biological treatment. Before characterization, the
effluent sample was filtered to remove solid particles greater
than a millimetre in size. The characteristics of filtered PRE
are shown in Table 1. All the samples were stored at 4 °C
before use in order to minimize its physical-chemical condition
deterioration. ﬁ

All reagents used were of analytical reagent grade. The pH
of the solutions was adjusted by adding either 0.1 M HCI or
0.1 M NaOH solutions. All sample bottles and glass wares
were cleaned, rinsed with deionized water, and then oven-
dried at 60 °C.
2.2, Adsorbent preparation

91(::1 lyptus barks (EB) was collected from yard environment of
urtin University ~Bentley Campus, Western Australia. The
EB material were washed several times with distilled water to
remove any impurities and dried at 105 °C for 24 h in a labo-
ratory oven. Then it was crushed by a meclffhical grinder
(RETSCH. GmbH & Co. KG, West Germany) to obtain pow-
der form then passed through British Standard Sieves (BSS) of
106 um. Fig. | shows the biosorbent appearance before and
after initial preparation.

Furthermore, EB biomass was chemically modified by
soaking a known amount of the biosorbent in separately
selected chemical solutions namely; ZnCl,, NaOH. and
H;PO, which have 0.1 M of concentration. The suspensions
were shaken on the orbital shaker at 200 rpm at room temper-
ature for 24 hr. Ultimately, biosorbent was further separated

Table1 Characteristics of raw
PRE used in this work.
Parameter PRE
COoD 900
Qil 300
pH 9.5
Cr(I1T) L.115
TDS 1300

*Concentrations in mg/L, except
pH.
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Fig. 1

from chemical solution and rinsed with deionized water, then it
was dried in an oven at 60 °C overnight.

Carbonization modification was conducted by putting the
raw biosorbent in a closed tube having a small hole in the
top for venting gases produced during carbonization process.
The tube was heated in a laboratory muffle furnace to
400 °C and maintained at the selected temperature for 1 h then
left to cool to room temperature.

Thus hybrid modification was performed by initially con-
ducting chemical treatment for raw biosorbent followed by
carbonization process. All raw and modified sorbents were
then stored in the separate airtight plastic containers and were
used for conducting adsorption experiments.

2.3. Adsorption experimental and analvtical procedures

Raw PRE was measured using a measuring cylinder, then
poured into a glass screw cap bottle through a glass filter fun-
nel. Measured biosorbent was added to the botq Then the
wastewater sample bottles with sorbent were shaken in a
Thermo Line Scientific Orbital Incubator at a speed of
200 rpm at decided temperature. After designed contact time,
the liquid was withdrawn from the shaker, filtered, and ana-
lyzed for its COD, oil, and Cr{IlI) contents. The effects of
sele%d operating parameters such as contact time (10, 30,
50, 70, 100, 150, 180, and 200 min), initial solution pH (3. 5.
7. 9 and 10). temperature (25, 30, 35, 40, and 45 °C), and
adsorbent dosage (5, 10, 15, 20, and 25 g/L) were thoroughly
investigated.

Surface morphology and infrared spectrum of the sorbent
were characterized by a JEOL 6400 field emission scanning
electron microscope (SEM) and a PerkinElmer Spectrum 100
spectrophotometer, respectively.

A HACH DRB200 reactor, DRE90 colorimeter, and
HACH COD reagent vials with HR 0-1500 mg/L, purchased
from Rowe scientific, Australia, were used to measure COD
concentration based on the procedure handbook provided (s-
tandard method 5220 D) [36].

The oil concentfon was measured by a gravimetric
method. Raw PRE (20 mL) was transferred to a separating
funnel. Then few drops of sulphuric acid (H2S04) solution

(b)

Raw eucalyptus bark material (a) before and (b) after initial preparation.

were added to obtain pH 2.0 before adding 3 mL of n-
hexane. The separating funnel was mechanically shaken for
2 min and left to form two separate layers. Then 10 g of anhy-
drous sodium sulphate (Na,S0,4) was put on Whatman filter
paper of 180 mm that covered the weighed round bottomed
flask mouth. Ble oil layer was collected onto the round bot-
tomed flask. Furthermore, the hexane in oil was separated
using rotary evaporator (Butchi Rotavapor R-210 series). Oil
sample in the round flask was dried at 103 °C for 15 min
and then cooled to room temperature in the desiccator.

The concentration of Cr(III) was determined using a Shi-
madzu flame model AA-7000 machine of Atomic Absorption
Spectrophotometry (AAS) with standard solution and opera-
tion set by the manufacture.

The values of COD, oil, and Cr(IIl) removal efficiencies
were determined based on the following equations [37].

Co—C,

0

Removal efficiency(%) =

x100% (1)

where Cypand C,are the initial and final concentration (mg/L)
in raw PRE, respectively.

2.4. Regeneration study

Regeneration study was also performed to investigate the per-
formance of the sorbent regarding its efficiency to remove
adsorbed pollutant from PRE after certain number of cycle.
This analysis was done by placing 5 g/L of sorbent in PRE.
The mixture was digitally shaken for 60 min at 200 rpm speed.
The mixture was then separated by filtering the filtrate for fur-
ther analysis. The used sorbent was drained for 30 min before
starting the next adsorption cycle. Targeted pollutant removal
efficiency was recorded and calculated for each cycle.

2.5, Adsorption isotherm models

Three reliable isotherm models; namely Langmuir, Freundlich,
and Dubinin-Radushkevich were applied to understand the
mechanism of selected pollutant removal during the adsorp-
tion process related to the way of adsorbate particles distribu-
tion between solid and liquid phase [23]. In this section, the
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experimental data of Cr(III) was chosen for both isotherm and
kinetic analysis. Further, the correlation coefficient, R”, was
used as a parameter of isotherm model applicability and the
results are figured in Figs. 1113 as well as tabulated in
Table 3.

1
2.5.1. Freundlich sotherm model

This model assumes that the adsorption process occurs on the
heterogeneous surface as formulated in Eq. (2) [38.39].

Ing, = Inky + l{_lnC}) (2)
n

where ¢g,, C., ky, and n are the amount of Cr(III) ions adsorbed
per unit of ad@@rbent at equilibrium time (mg/g). the equilib-
rium Cr(III) concentration in the solution (mg/L). isotherm
constant (mg/g), and the adsorption intensity (g/L),
respectively.

2.5.2. gﬂgmu."r isotherm model

This model describes that the adsorption takes place onto an
ideal homogeneous uniform surface with all sites on the adsor-
bent surface being equivalent and stated in general linearized
Langmuir isotherm as below [38].

C, 1 C,
== ( ) il (3)
4 K-Lqm G
whcnqm and K are the values of maximum adsorption capac-

ity (mg/g) and Langmuir constant (L/g) related to adsorption
energy (L/mg) which is predicted by plotting ET vs C.,.

2.5.3. Dubifiin-Radu.s';‘ikEh‘i isotherm model

This model indicates the adsorption mechanism related to
Gaussian energy distribution onto a heterogeneous surface.
The linearized form of this model is expressed as follows
[40].

Ing, = Ing,, — Be (4)
where §§ and ¢ are a constant related to adsorption energy and
the Polanyi potential related to the equilibrium concentration,
respectively. The value of & can be obtained from Eq. (5) which
is stated below.

1
:= RTIn| 1 + — 5
£ n( + C!.) { )
where R is the gas constant (8.314 J/mol K) and T is the abso-
lute temperature (K).

2.6. Adsorption kinetic modelling

4
Numerous kinetic models including pseudo-first order,
pseudo-second order, intra particle diffusion. liquid film diffu-
sion, and double exponential models were applied to study
kinetic performance of targeted pollutant adsorption on
hybrid MEB sorbent.

1. Pseudo-first order
Pseudo-first order kinetic model can be linearized in an inte-
eral form (Eq. (6)) [38.39.41.42].
(6)

K
log(g. — ¢,) = loglg.) - ﬁr

where ¢,, Ki.and 1 are pollutants gsorbed at specific time
(mg/g). equilibrium rate constant of pseudo first order adsorp-
tion (min~"), and time (min), respectively. The adsorption rate
constant, K| can be calculated from the plot of log (g.—¢,) vs 1.

2.6.2. Pseudo-second order
The pseudo-second order kinetic model can be linearized as
following [43.44].

f 1 1
=t —t (7)
4 K g, '

where K, 18 the pseudo-second order rate constant (g/mg min)
that can be estimated by plotting [ vs 7. Thus the constant K>
can be used to obtain the initial sorption rate (h) at ¢ = 0, as
follows.

h=leq; (8)

The values of k2, h, and ¢, can be calculated by the plot of
tlg vs 1.

2.6.3. Intra-particle diffusion

This model is generally used for adsorption mechanism identi-
fication for design purpose [45]. For most adsorption process,
the uptake varies proportionally with ¢ “ rather than with con-
tact time as represented by the following equation [38].

o = Kl’a.ff‘].5 {9)

where K.-J(mgfg,min':"s) is the rate constant of intra-particle
diffusion, and ¢ “° (min) is the square root of time. Plotting
Vs I o gives a linear relationship. Then K value can be
decided from the slope of the plot.

1
2.6.4. Liquid film diffusion

In liquid and solid adsorption system, the rate of accumulated
solute in the solid phase is equal to that of solute transfer and
can be written as follows [38.46].

m(l —i) = Kyt (10)
4.

where In(l - 7“) is the fractional attainment of equilibrium,
and Ky is the film diffusion rate constant. By plotting
!n(l —;ﬂ) vs 1, it gives a linear relationship, then Kjcan be

obtained from the slope of the plot.

2.6.5. Double-exponential

A double exponential function model can be written as follows
[47).

4, —# =exp(—kut) — exp(—kat) (rn

k3 ks, it means that the rapid process can be assumed to
be negligible on the overall kinetics, and the linearized form of
the equation can be written as follows:

Inlg, g )= —kit (12)

where K| (min~") is diffusion parameter of the rapid step, and
K is for the slow step. Plotting In (g,-g,) vs ¢ gives a linear rela-
tionship, and K, can be obtained from the slope of the plot.
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2.7. Thermodvnamics analysis

The thermodynamics parameters, such as changes in Gibb's
free energy (dG‘cnthalpy (AH"), and entropy (AS"), have
been determined in order to understand the reaction changes
during the process using the following Eqs. (13) and (14)
[32]. In this case, COD removal efficiency values under varying
temperatures were used.

AG" = AH" — TAS’ (13)
AS"  AH°
fog (9) T 2303R | 2303RT (14)

where g, is the solid-phase concentration at equilibrium
(mg/L), and C. is equilibrium cornntration in solution
(mg/L). The values of AS” and AH" can be calculated from

the intercept and slope of the linear Van't Hoft plot log (;—)

vs. 1/T. From those values, then Gibb's free energy (AG")
can be determined.

3. Results and discussion
3.1, Biosorbent characterization

2.1.1. Swrface chemistry and elemental analysis

Some important surface chemistry characteristics of eucalyp-
tus bark in its raw version such as specific surface area. total
pore volume, and average pore size were measured while the
elemental analysis of the biosorbent was also evaluated using
elemental analyzer. Then the results are presented in Table 2.

Based on the table, it can be seen that REB has sufficient
surface area and bulk density in which they are valuable mat-
ters for the sorbent to act as capable biosorbent since the
advised decent value of bulk density for practical adsaation
process should be higher than 0.25 g/fem™ [32]. While specific
surface area was accounted using BET equation, total pore
volume was calculated by converting the adsorption velume
of nitrogen at relative pressure 0.95 to equivalent adsorbate
liquid volume [48]. In accordance with elemental assessment,
the vast majority element of REB is carbon by 40.39%, fol-
lowed by oxygen as the second highest component. Hydrogen
and nitrogen, at the same time, sit as other elements detected in
less significant amount. Nevertheless, this is common in plant-
based adsorbent materials including EB as due to its organic
content [32.39].

Table 2 Physico-chemical proper-
ties of REB.

ramelers Values
BET surface area (m*/g) 6.1178
Bulk density (gm/cm—?) 0.37
Total pore volume (cm¥/g)  0.00355
Average pore size (A°) 18.42
Nitrogen, N (%) 0.24
Carbon, C (%) 40.39
Hydrogen, H (%) 5.49
Oxygen, O (%) 35.5

3.1.2. FTIR analysis

Fig. 2a—c describe FTIR images which were used to analyze
the functional groups of REB and both of hybrid MEB before
and after pollutants removal process.

For REB (Fig. n several peaks were observed such as at
3339,n923,5, and 1730.6 cm~" that can be assigned to N-H,
C-H. and C=0 cm~' stretching, respectively [49]. Peak at
1615.7 cm ™" is due to C=0 bend with nitro groups while
the strong asymmetric stretching N-O and medium C-C bond
in aromatics were shown at 151889 and 1443.9 ecm ™', respec-
tively. The existence of alcohols, esters, and ethers functional
groups was detected through C-O strong stretch in the adsorp-
tion band of 1320 — 1000 em™' frequency range with some
absorption peaks at 1317.5, 1236, and 1032 em™', respectively
[50.51]. Peak at 780 em~' confirmed the =C-H bend with
alkene group [51].

For hybrid MEB before pollutant removal (Fig. 2b), the
spectrums show some heteroatoms bonding to the edges of
the carbon layers which govern the surface chemistry of sor-
bent. Broad band at 1000-1300 em™' (maxima at 1190
1200 cm™ ') can be considered as a characteristic of phospho-
rous and phosphor carbonaceous compounds present in the
phosphoric acid activated carbons [52.53], while peak at
1607.9 cm” can be assigned to C-C = C asymmetric stretch with
alkenes functional groups [50]. Afterwards. Fig. 2¢ represent-
ing the spectrums of hybrid MEB after pollutant removal pro-
cess displays some new peaks such as 3329.7, 2853.2, and
1745.2 em~" indicating the existence of phenol, alkanes, and
ketone functional groups, respectively [50].

3.1.3. Spectrometric surface morphological analysis

To examine the morphology of REB biomass, scanning clec-
tron micrograph (SEM) was applied, and the image shown
in Fig. 3 indicated that naturally raw EB has adequate pores
that are amorphous carbon with non-crystalline structure. This
pore structure is required as a place for adsorbed pollutant
trapped in the internal surface of the sorbent.

3.2. Effect of modification process

The initial modification positively affects the efficacy of EB to
adsorb targeted pollutants in the effluent. To assess how mod-
ification methods influencing on the performance of EB, the
comparison of selected pollutants removal efficiency amongst
REB. chemically treated EB using different chemical solutions
(ZnCl,, NaOH, and H;P0Q,). carbonized EB, and MEB by
hybrid treatment was studied. The biosorbent which was pre-
viously treated using decided chemical solution was examined
regarding its performance for COD. oil, and Cr(11I) removals
in raw PRE using 10 g/L of biosorbent dosage for 100 min of
contact time. According to Fig. 4. it can be noticed that HyPOy
figured better values of COD, oil, and Cr(ILI) removal efficien-
cies by more than 55, 66, and 41%, respectively. This result is
similar to several studies reporting that H;PQy is a reliable
effective dehydrating agent as it can promote higher dehydra-
tion, better pyrolytic decomposition, and more cross-linked
structure establishment [54.55]. This conditions support pores
generation expanding biomass structure that is fundamental
for adsorption capacity because it can increase fibrous struc-
ture of raw organic materials and enlarge them [6]. Addition-
ally, acidic atmosphere also attributes to functional surface
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Fig.2  FTIR spectrum (a) REB (b) Hybrid H;PO, + Carbonization MEB before pollutant removal (¢) Hybnd H;PO, + Carbonization

MEB after pollutant removal.

group dissociation resulting in an increase in charge densities
[28.56].
Fig. 5 shows further preliminary tests for varying biosor-
bent modification assessment. As H;PO, performed better on
targeted pollutant removal. it was then compared to other
MEB; namely carbonized and hybrid MEB. From this point,
biosorbent treated by hybrid treatment performed tangibly
better achievement for COD, oil, and Cr(III) removal values
by more than 72, 88, and 54%. respectively. Based on the
figure, it is also worthy to mention that despite having less
targeted pollutant reduction than chemical modified EB,
stand-alone carbonized EB has comparatively effective
results as during carbonization process, the biosorbent is pyr-
olyzed to eliminate low molecular weight and volatiles organic

residues creating higher carbon content material and more
mesoporous structure [57.58]. Since hybrid MEB sorbent
showed better removal efficiency. it ultimately was chosen to
be applied for further experiments to assess the effect of differ-
ent operating conditions on COD, oil, and Cr(III) removal

efficiency.
3.3. Adsorption studies

3.3, Effect of contact time

The effect of varying contact time between hybrid MEB and
raw PRE on the removal efficiencies of COD, oil, and Cr
(III) was investigated under constant operating conditions of
pH 3, temperature 30 °C, agitation speed 200 rpm, and sorbent
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Fig. 3

SEM analysis of raw EB biosorbent.
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Fig. 4 Removal efficiency of COD, oil, and Cr(I1l}) in raw PRE

using chemically treated EB.
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Fig. 5 The comparison of COD, oil, and Cr(Ill) removal

efficiencies from raw PRE using raw and modified EB.

dosage 10 g/L. Based on the experimental results shown in
Fig. 6, contact time has a tangible effect on the removal effi-
ciency of the targeted pollutants. As can also be seen in the fig-
ure, all removal efficiencies increased with the increase in
contact time. Longer immersion time of sorbent in the effluent
can increase the amounts of metal ions, oil particles, and COD
pollutants adsorbed onto sorbent material [23.59]. The adsorp-
tion rate increased fast in the first 70 min for both COD and Cr
(L) and in the first 100 min for oil adsorption. This is caused
by the large availability of free binding sorbent sites at certain
initial contact time creating more attraction between pollutant
particles and sorbent to interact with each other [15.45.60].
However, it was observed that the removal process reached
the equilibrium point at 100 min for all three types of pollu-
tants. At that point, the removal efficiency tended to level

.

T =—{=C0D
0 ={=0il

g /+___,../-"'z_'_'_-: ] crily

Remaoval Efficienc
L
\

o T T T T T T T 1
0 10 a0 50 70 100 150 180 200

Contact Time (min)

Fig. 6  Effect of contact time (sorbent dosage; 10 g/L, pH; 3, T;
25 °C, Agitation speed; 200 rpm).

off due to limited surface available for pollutant particles cap-
ture [18.61]. Thus this study found that, at 200 min, the max-
imum removal efficiencies achieved were 77, 90, and 39% for
COD, oil, and Cr(LII), respectively.

3.3.2. Effect of pH
The effect of initial pH on pollutants removal efficiency was
also investigated at different pH values (3, 5. 7, 9, and 10)
while other operating conditions were still kept constant. As
can be observed in Fig. 7, pH has a prominent role to the fluc-
tuation of oil and Cr(I1I) removal profiles where the maximum
removal occurred at acidic pH of 3. For metal adsorption, pH
is one of the important parameters as it can control the proto-
nation of the functional groups on the sorbent materials [62].
Mostly, metal ions removal is favorable in acidic atmosphere
even though certain metals reported showing increasing
removal percentage at higher alkaline solution [6.63].

For oil removal section, the influence of acidic pH environ-
ment can promote oil droplets to destabilize by supporting de-
emulsification and larger oil droplets formation which
enhanced oil adsorption onto the hybrid MEB sorbent surface.
Conversely, at alkaline pH, the saponification process
occurred dominantly which caused lower oil content removal
[15]. At neutral pH, oil removal efficiency is lower than that
of in both acidic and alkaline solutions which can be correlated
to the destabilization of organic sorbent materials at neutral
pH environment [64]. Furthermore, compared to oil and Cr
(LI} profiles, the effect of solution pH on COD removal tends
to have insignificant influence on the adsorption process as
there were slight enhancement of COD removal for all pH val-
ues ranging from 3 to 10. In addition, several studies reported
nearly similar results regarding pH function on COD adsorp-
tion using different organic sorbent materials [4.65].

e OO

e (]

T T .
\P/«_: Cr{lil)

Removal Efficiency (%)

pH

Fig. 7 Effect of pH (T; 25 °C, sorbent dosage; 10 g/L, t; 100 min,
agitation speed; 200 rpm).
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3.3.3. Effect of temperature

Effect of temperature was measured at varying values. Based
on the observation of experimental results depicted in Fig. 8,
temperature has to be considered as part of notable aspects
in targeted pollutants removal, especially for oil and Cr(III)
adsorption processes.

It can be witnessed that, at lower temperatures (25 - 30 °C),
both oil and Cr(III) reached better removal efficiency by more
than 88 and 54%., respectively. Then they gradually decreased
at higher temperatures. For oil removal, this lowering trend
can be caused by several factors including lower viscosity of
raw PRE solution resulting monolayer oil adsorption on sor-
bent surface at higher solution temperature, increasing Brow-
nian motion of oil molecules that decreasing their
entrapment onto sorbent surface and higher energy needed
to attach oil particles [18.66]. For Cr(IlI) decrease with
increasing temperature, this demonstrates that the adsorption
of metal ions onto sorbent material is exothermic in nature
[67.68]. Reversely, better performance of sorbent to adsorb
oil at lower temperature might be supported by more i?rac-
tion between oil and sorbent during adsorption process due to
the effect of higher diffusion rate of the adsorbate molecules
across sorbent surface [20.64]. In accordance with COD pro-
file, for an increase in temperatP®e, there is an insignificant
change which may be attributed to the increase in the kinetic
energy of the adsorbate with temperature enhancing the adsor-
bate availability at the active sites of the MEB sorbent. There-
with increasing temperature can slightly booster the pore
expansion within the sorbent particles escalating the COD pol-
lutants adsorption capacity [4].

4
3.34. Effect of dosage

In order to study the effect of sorbent dosage on the profile of
targeted pollutants removal, the experiments were conducted
by applying assorted dosage values (5, 10, 15, 20, and
25 g/L) in the effluent. Fig. 9 shows that the increasing the
dosage increased the removal efficiency of three types of pollu-
tants up to 80, 90, and 61% for COD, oil and Cr(I1I), respec-
tively, at maximum dosage of 25 g/L. This figure also envisages
that the more sorbent dosage used to absorb the adsorbate
particles, the higher the availability of the active sites for sor-
bent potential binding [15.69]. As shown in Fig. 9, COD, olil,
and Cr(III) removal efficiencies gradually increased from 55
to 72%, from 66 to 88%, and from 36 to 54%, respectively,
with the rise in hybrid MEB dosage from 5 to 10 g/L. How-
ever, the figure also confirms that increasing sorbent dosage
beyond 10 g/L had less effect on oil and Cr(IIl) reduction,

g
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Fig. 8 Effect of temperature [sorbenlgjsage; 10 g/L, pH; 3. t;
100 min, agitation speed; 200 rpm).
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Fig. 9  Effect of biosorbent dosage (T; 25 C, pH; 3, t; 100 min,
agitation speed; 200 rpm).

and hence this value was considered as the optimum dosage
while for COD removal, the optimum sorbent dosage observed
was 15 g/L. In addition, the uptake which decreases with
increasing the amount of dosage can be attributed to several
factors such as the availability of solute, limited amount of
adsorbate that can be adsorbed by sorbent surface. interfer-
ence between binding sites, electrostatic interactions, and less
mixing chance due to high adsorbent concentration in the solu-
tion [4.44,70].

3.3.5. Sorbent regeneration

Hybrid MEB regeneration was also examined in order to study
its reusability efficiency by rinsing method using pure water
and varying salt solutions; namely NaHCO;, NH4HSO, and
NaCL. As oil adsorption rate consistently showed better
removal percentage in previous experiments under varying
operating conditions, this parameter was therefore used in
the sorbent regeneration analysis. The results shown in
Fig. 10 propose the use of rinsing technique to repair the effec-
tiveness of saturated hybrid MEB for oil adsorption. Based on
the figure, we can notice that both water and salt solutions can
partly remove the adsorbed oil from previous cycle.

However, this regeneration has limited efficacy since rinsing
method showed its significant performance only up to the
fourth adsorption cycle with 50 to 60% of oil were removed
from raw PRE. Then it consistently alleviated at the further
cycle. Other than that, it was also observed that alkaline solu-
tion represented by NaHCO; can act better in removing and
washing away organic pollutants including trapped oils con-
tent on sorbent surface via hydrolysis and solubilisation reac-
tions [71]. This results indicated that hybrid MEB has an
adequate regeneration ability that plays a vital role as a sor-
bent material.

a0 = Water

80 ®NaHCO3
70 u NH4HS04
Mal’l

Oil removal efficiency (%)
n
=

1 2 3 4 5
Number of cvele

Fig. 10 The regeneration of hybrid MEB using different rinsing
solutions.
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3.3.6. Adsorprion isotherm

To understand the interactive nature between the adsorbate
and hybrid MEB sorbent and design the efficient adsorption
system, the e@@ilibrium adsorption isotherm analysis can be
implemented. This study applied three isotherm fitting models;
namely Langmuir. Freundlich. and Dubinin-Radushkevich
isotherm models for Cr(I1I) ions adsorption taken as an exam-
ple case (Figs. 11-13). It found that Freundlich isotherm
model has best fitting with the R value which tends to be
much closer to 1 (Table 3).

Freundlich model was analyzed by fitting adsorption equi-
librium data with experimental data (Fig. 12) wh@J the value
of correlation coefficient obtained is 0.9758. The values of Ky
and N were calculated from the slope and intercept of the plot
between g, vs. [nC,. This model assumes that the adsorption
process takes place on heterogencous surface, and the amount
of adsorbate adsorbed per unit weight of sorbent is related to
the concentration of adsorbed Cr(III) ions at equilibrium.

3.3.7. Adsorption kinetic modelling

The experimental data was fitted using pseudo-first order.
pseudo-second order, intra-particle diffusion, liquid film diffu-
sion, and double exponential models in accordance with the
kinetic analysis of Cr(IIT) ions onto hf@flrid MEB sorbent.
The experiments were conducted under operating conditions
of pH 3, temperature 25 °C, agitation speed 200 rpm, and sor-
bent dosage 10 g/L. As can be seen in Table 4, the equilibrium
adsorption of intra-particle diffusion model which is confirmed
by performing the regression analysis on experimental data
seemed be the best one compared with the other Kinetic
models. According to e‘a-particle diffusion model. if a plot
of adsorption capacity, g,. vs. square foot of contact time illus-
trates a linear plot, it predicts that intra-particle/pore diffusion
is the rate-limiting step during the adsorption process [32.44].
Therefore, the adsorption of Cr(IIl) from raw PRE onto
hybrid MEB sorbent is considered more as an intra-particle
diffusion model reaction with the R” value of 0.9822, but it
also suggested that some other mechanism might be involved.

3.3.8. Thermodvnamic analys

Thermodynamic study has gen investigat ased on the
equilibrium data, and all the calculated thermodynamic
parameters are presented in Table 5. From the table, the
change in Gibbs free energy(AG") was found to be positive
at all temperatures indicating that nature of the process is
unfavourable or non-spontaneous. Enthalpy (AH") positive
value means that during adsorption proc@8, the reactions
occurred in endothermic mode while the positive value of
entropy (AS") indicates favourable randomness factor though

1/Ce

Fig. 11 Langmuir isoterm model for Cr(III) adsorption.
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Fig. 13 Dubinin-Radushkevich isoterm model for Cr(lll)
adsorption.
Table 3 Parameters of Langmuir, Freundlich,
and Dubinin-Radushkevich isotherm models
for Cr(11I) adsorption.
Langmuir Values
K, (L/mg) 0.00628
4(me/g) 0.0263
R* 0.9069
Freudlich
Ky 37337
N —1.3704
R’ 0.9758
Dubinin-Radushkevich
i, (mg/g) 0.033
0.0074
R’ 0.9528
Table 4 Adsorption kinetic model parameters.
Pseudo-first order model Values
Qe experimental {mg/g) 0.066
Qe caleulated {mg/'g) 0061433499
K, (min ') 0.0764596
0.943

eudo-second order model

Qe caleulated (mg/g)
K (mg/gmin)
R

h (mg/gmin)

Intra-particle diffusion model
Kig (min™")

RZ

Liquid film diffusion model

Kra(min ™)

ouble exponential model
K> (min ')
R2

7.342143906
0.00340375
09613
0.183486239

0.5708
09822

0.0317
09291

0.0317
09291
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