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ABSTRACT

Date palm stones (DPS) can be used as inexpensive adsorbents, which are inferior to commercial acti-
vated carbons, but their potential low cost makes them competitive. The promising microemulsion
modification process has the potential to improve the adsorption performance of DPS. In this study,
the extent of change in the physicochemical properties of DPS due to the microemulsion modification
and the removal of methylene blue (MB) and hexavalent chromium Cr(VI) have been investigated.
Fourier transform infrared (FTIR) analysis showed that DPS surface contains non-polar/hydrophobic
and polar/hydrophilic functional groups, whilst the microemulsion attachment to DPS surface is either
by its hydrophilic or by its hydrophobic part. The microemulsion modification increased the basicity
of the surface, causing an increase in the zero point of charge (pH,,,.) and significantly reduced the sur-
face area and total pore volume of DPS. The sequestration of MB and Cr(VI) from aqueous solutions
by DPS and microemulsion-modified DPS (MDPS) showed that the solution pH had the most noticed
effect on Cr(VI) removal. The sequestration of MB by DPS was endothermic but changed to exothermic
after modification, whilst the sequestration of Cr(VI) by both solid adsorbents was endothermic. The
sequestration capacity of MB was higher but lower for Cr(VI) by MDPS compared with DPS. Overall,
microemulsion modification of DPS had changed their physicochemical properties and altered their
capacity of sequestrating different pollutants from aqueous solutions.

Keywords: Date palm stones; Microemulsion modification; Surface characterisation; FTIR analysis;
Sequestration

1. Introduction

Freshwater counts for <1% of the earth’s water sources
and is increasingly under pressure due to the fast growth
of population, technological development, urbanisation and
economic growth [1]. Pollution decreases the supply of usable
water and increases the cost of purifying it. Two of the most
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hazardous water pollutants are heavy metals and dyes. Heavy
metals, such as chromium, are regarded as major inorganic
pollutants due to their notable toxicity, even at relatively min-
imal degrees of exposure. These heavy metals are presented
in the effluents of petroleum refining, textile, electroplating,
fertilizers and paper manufacturing industries [2]. Dyes are
chemical substances that are used to impart colour to fabrics
or surfaces. Synthetic dyes are complex organic molecules that
are widely used in the manufacturing industries of textile,
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leather tanning, paper and food. They can cause considerable
environmental pollution and serious health risks [3].

Liquid-phase adsorption is a process that is widely
applied to treat polluted waters. Proper design of the adsorp-
tion process produces a high-quality treated effluent and
hence offers an appealing option for the treatment of con-
taminated waters, particularly if the adsorbent is inexpensive
[4]. Commercial activated carbon (CAC) is the most effective
adsorbent because of its structural characteristics and poros-
ity that gives it a large surface area. However, CAC is quite
expensive and non-selective, and requires complexion agents
to improve its removal performance. The need for more
economically viable substitutes to CAC has encouraged the
search for adsorbents that are inexpensive, are easily obtain-
able and require little processing. One of the most viable and
promising low-cost adsorbents are agrowastes, which are
produced from plentiful waste materials and present a com-
parable efficiency and selectivity [5].

Date palm is a key agricultural produce in the Middle
East and North Africa, and plays a central role in the culture
and tradition of the people of these regions. Date palm stone
(DPS) forms an integral part of the date fruit, which accounts
up to 15% of its total weight. At present, DPS is mainly used
for animal feeding because it is rich in protein, fat, dietary
fibre and antioxidants [6]. The use of date palm as an adsor-
bent has been reviewed by Ahmad et al. [7]. They reported
that natural and activated DPS have been used to remove
heavy metals, dyes and phenolic compounds from aqueous
solutions. However, they have not reported any previous
work investigating the effect of microemulsion modification
on the properties and the sequestration potential of DPS.

Microemulsion is a heterogeneous system made up of a
mixture of immiscible liquids i.e. water, hydrocarbons and
co-surfactants. Typical co-surfactants are short chain alcohols
(i.e. ethanol to butanol), medium chain alcohols, amines or
acids [8]. Microemulsion modification was applied mostly to
clay, zeolites and diatomite to improve their ability to remove
heavy metals and dyes [9-13]. To the best of our knowledge,
there has been no previous publication that investigated the
use of microemulsion-modified agrowastes to remove pollut-
ants from aqueous solution, apart from Al-Ghouti et al. [8].
However, they have not thoroughly investigated the effect
of microemulsion modification on the surface characteris-
tics of DPS. Therefore, this paper will investigate the extent
of change in the physical and chemical characteristics (spe-
cific surface areas, pore volumes, surface acidity and basic-
ity, Fourier transform infrared [FTIR] and scanning electron
microscopy [SEM] analysis) and sequestration of methylene
blue (MB) and Cr(VI) under different experimental parame-
ters (solution pH, adsorbate initial concentration and solution
temperature) of DPS due to microemulsion modification.

2. Materials and methods
2.1. Chemicals

All the chemicals used in this work were of analyti-
cal grade (Sigma-Aldrich, UK). The aqueous solutions of
the adsorbates were prepared from MB (C H N.SCI)
and potassium dichromate (K,Cr,O,). The microemulsion
was prepared by mixing 10 wt% surfactant (saponified

coconut oil) and 25 wt% aqueous phase (deionised water).
Coconut oil was saponified by an ASTM standard procedure
(ASTM D-5558/1995) to form CH,(CH,), [ COO"Na*. The mix-
ture was then mixed with 40 wt% co-surfactant (isoamyl alco-
hol, 99%) and 25 wt% oil phase (heavy distillate). Due to the
spontaneous formation of microemulsion, it can be prepared
in one step by simply mixing the constituents. The addition
order of the constituents is not considered a critical factor for
the preparation of the microemulsion, but it can influence the
time required to obtain equilibrium. This time will increase
if the co-surfactant is added to the organic phase, due to its
greater solubility in this phase, and hence, will prevent its
diffusion in the aqueous phase. Solutions of sodium hydrox-
ide and hydrochloric acid were prepared for adjusting the
solution pH and as eluents.

2.2. Adsorbents

DPS were obtained from a date-processing factory in
Jordan. They were collected and washed with deionised
water, dried in an oven at 105°C for 3 h and crushed into
a dark brown powder. The powder was sieved, and the
smallest particle size of 125-300 um was used to prepare
the microemulsion-modified DPS (MDPS) and for the batch
adsorption experiments. To prepare MDPS, 10 + 0.1 g of DPS
and 20 + 0.5 mL of microemulsion were mixed and then dried
at 65°C for 48 h.

2.3. Physical and chemical characterisation of adsorbents

Surface characterisation of DPS and MDPS included
determining the total, external and micropore specific sur-
face areas, total pore, micropore and mesopore volumes,
and the average pore size. Adsorption/desorption isotherms
of N, were generated using a gas porosimeter (Nova 4200,
Quantachrome Instruments, UK). The total surface area
(Aggp), total pore volume (V, ) and average pore size for each
adsorbent were estimated from the generated N, adsorption
isotherms by Brunauer-Emmett-Teller (BET) isotherm as
shown in Eq. (1):
ﬂzi_,.ci_l(p/po) (1)
V(1-P/P) Ve Vc
where V (mL STP g™) is the volume of nitrogen adsorbed at
pressure P; P, is the standard vapour pressure of the liquid
at the temperature of experiment (77 K); V. (mL STP g™') is
the equivalent volume to an adsorbed monolayer and c is the
BET constant linked to the adsorption molar energy of the
first monolayer (i.e. a representation of the scale of the adsor-
bent-adsorbate interaction energy). The total pore volume
(V) Was estimated from the volume of nitrogen held at the
relative pressure P/P = 0.98 (maximum relative pressure).

The t-plot method was applied to estimate the micropore
volume (V. ), micropore surface area (A, ) and the exter-
nal surface area (A_,) of the adsorbents. The thickness of the
adsorbed layer (t) is a function of the gas relative pressure
(P/P,) and is calculated using Harkins and Jura equation:

@)

t (nm) = 0.1{ 13.99 } |
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The amount of nitrogen adsorbed (V) is plotted against
t, and the plot usually gives two distinct linear regions, and
therefore, two straight lines can be drawn for these two
regions. The slope of the first linear line passing through the
origin can be used to calculate the micropore surface area
(A, ... whilst the slope of the second straight line is used to
calculate the external surface area (A_ ). Those two areas are
calculated using Eq. (3):

m-m

A=(V,a NA)/(mV,) €)

where V equals 0.354 multiplied by the slope; a is the
cross-sectional area occupied by each nitrogen molecule
(0.162 nm?); NA is Avogadro’s number (6.023 x 10 molecule
mol™); m is weight of the sample (g) and V, is the molar vol-
ume of nitrogen gas (22,414 mL STP).

The intercept of the second line gives the volume of
micropores (V). However, this intercept will be at STP
conditions and, therefore, should be modified to present
the values in the unit of mL g™ by applying the following
formula:

Voo = (Intercept / VL)(MW/ pL) 4)
where MW (g mol”) is the molecular weight of the
adsorbed nitrogen, and p, is liquid nitrogen density at 77 K
(0.807 g mL™). The volume of mesopores (V___ ) was obtained
by subtracting the volume of micropores from the total pore
volume. The pore size distributions of DPS and MDPS were
determined from N, adsorption/desorption data by applying
a simplified method proposed by Dollimore and Heal [14].

The pH of the suspension (pH_, ) was evaluated by
mixing the appropriate weights of an adsorbent and deion-
ised water in a glass jar to form 10% (w/w) suspension. This
suspension was constantly shaken for 24 h at room tempera-
ture (20°C + 2°C). The pH was measured several times until
a constant value was reached. The jar was then removed
and left until the adsorbent’s particles settled, and after that,
the final value of the suspension pH was recorded. The pH
measurements were duplicated, and the average value was
regarded as the pH_ . .

The simple and reliable alkalimetric titration method had
been used to evaluate the surface charges of the adsorbents.
This method started with preparing a series of adsorbent
samples (0.5 + 0.1 g) and then mixed with varying amounts of
0.25 M HCl and 0.25 M NaOH solutions to give different pH
values. The acid or alkaline solutions were cautiously trans-
ferred using 1.00 mL micropipette. Afterwards, they were
diluted to a final volume of 25 + 0.5 mL with deionised water
in a 60-mL glass jar. The bottles were then tightly sealed
and shaken for 24 h at room temperature (20°C + 2°C). After
that, the equilibrium pH of the solutions was measured, and
the concentrations of H* and OH~ were calculated. Surface
charge density (o) of each solution was calculated, and a plot
of o vs. pH was created. The value of zero point of charge,
pH,,., refers to the pH value where zero-net adsorption of
H* and OH" ions has been achieved. The intersection of the
curve with x-axis at o equals zero gives pH,. [15].

Simple titration technique was used to determine the
basicity and acidity of the adsorbent surface. 0.5 + 0.1 g of
the adsorbent was mixed with 50 + 0.5 mL of 0.01 M NaOH

(for acidity) or 0.1 M HCI (for basicity), and constantly agi-
tated until reaching equilibrium. The mixture was filtered
and back titrated with 0.1 M HCI or 0.01 M NaOH to offset
the excess of sodium hydroxide or hydrochloric acid, respec-
tively. Phenolphthalein 1% was used as an indicator. The
acidity of the surface, measured in mol g™, was determined
based on the concentration of NaOH in the solution calcu-
lated from the amount of HCl used in titration and vice versa
for determining the basicity of the surface [16].

Characterisation of the surface of the adsorbents by FTIR
method involves the observation of perturbations of sur-
face functional groups. Infrared spectra were collected by
using an FTIR-Perkin Elmer Spectrophotometer RXI instru-
ment (PerkinElmer, USA). The texture of the adsorbents had
been examined using SEM using JEOL-JSM 6400 scanning
microscope.

2.4. Adsorption equilibrium experiments

Batch experiments were undertaken to study the effect
of microemulsion modification on the sequestration of MB
dye and Cr(VI) under different experimental parameters.
The initial pH of the pollutant solutions was adjusted to the
required value (a range of 2-10) by adding either 1 M HCl
or 1 M NaOH. The initial concentrations of MB were 50, 100,
150, 200, 300, 500, 700 and 900 mg L-'. For Cr(VI), the ini-
tial concentrations were 1, 3, 5, 10, 20, 30, 40 and 50 mg L.
The adsorption equilibrium studies were conducted at var-
ious solution temperatures (20°C, 30°C, 45°C and 60°C) in
a water bath/shaker. For all experiments, duplicate samples
were measured, and the standard error in the readings was
<5%. The experiments were completed in 50-mL glass jars,
where mixtures of 0.025 g of an adsorbent and 25 mL of each
pollutant under the investigated parameters were constantly
agitated at 150 rpm for 96 h to reach equilibrium at room tem-
perature (20°C + 2°C). After that, the jars were removed, and
the mixtures were filtered to remove the spent adsorbent.
The initial fraction of the remainder was dismissed to reduce
the effects of adsorbed pollutants onto the filter paper. The
removal percentage of each pollutant was calculated using
the following equation:

Removal (%) =100(C, - C,)/C, (5)

with C, and C, (mg L) are the liquid-phase concentration
of each pollutant at initial and equilibrium conditions,
respectively.

The initial and final MB concentrations were determined
using a PerkinElmer UV-Vis spectrophotometer. The initial
and equilibrium concentrations of chromium were deter-
mined using inductively coupled plasma (ICP) after diluting
the filtrate to an adequate concentration.

The adsorption capacity (7, mg g™'), which is the amount
adsorbed of each pollutant in 1 g of adsorbent, was calculated
according to Eq. (6):

q,=(v/m)(C,-C,) (6)

where V is the volume of solution (L), and m is the mass of
the adsorbate (g).
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The relation between equilibrium solid and liquid con-
centrations is described by an adsorption isotherm. Langmuir
adsorption isotherm is expressed as:

9, = (7.,.C.)/(1+1C,) @)

where g (mg g™) is the maximum monolayer adsorption
capacity, and b (L mg™) is a constant related to the free energy
of adsorption.

Non-linear regression of adsorption equilibrium data
was applied to fit the experimental data to Langmuir adsorp-
tion isotherm. Non-linear regression involves minimising
the difference between the experimental g, and the predicted
value (g, ) using different well-established error functions.
These error functions are the sum of the square errors (SSE),
hybrid fractional error function (HYBRID), Marquardt’s per-
cent standard deviation (MPSD) and root mean square error
(RMSE). Applying different error functions will produce
different sets of isotherm parameters. Thus, it is essential to
apply a method that allows a direct comparison among the
scaled errors and hence identifies the set of isotherm param-
eters that provides the closest fit to the measured data. This
method is called the sum of normalized errors (SNE) [17].

The non-linear regression software used in this work is
GAMSP®, which is a graphic user interface (GUI) that embod-
ies the use of optimisation subroutines such as the KNITRO®,
which is based on the successive quadratic programming
(SQP) algorithm. Non-linear regression can be achieved by
Microsoft Excel Solver®, which is based on the generalised
reduced gradient (GRG) algorithm. However, the SQP
method requires much smaller evaluation time because of its
second-order convergence [18].

The desorption experiments were carried out using
different eluents (deionised water, 1 M NaOH and 1 M
HCI) in order to determine the most appropriate eluent to
regenerate the adsorbent to be used in multiple adsorption—
desorption cycles. After the equilibrium adsorption experi-
ment, the adsorbent was separated by filtration and washed
with deionised water to remove any remaining adsorbate.
Afterwards, adsorbent was mixed with 25 mL of each eluent
solution. The suspensions were shaken for 24 h, filtered and
analysed to find out the concentration of the pollutants after
desorption. Desorption percentage can be calculated using
the following equation:

®)

Desorption (%) =100 [ amount pollutant desorbedJ

amount pollutant adsorbed

3. Results and discussion
3.1. Physicochemical characteristics of DPS and MDPS

It is well known that the surface characteristics of an
adsorbent can significantly influence its potential to remove
pollutants from aqueous solutions [16]. DPS mainly consists
of three components: cellulose, hemicellulose and lignin,
and their average percent are 17.5%, 11.0% and 42.5% dry
weight, respectively [8]. The elemental analysis of DPS gives
45.3%—-45.8% C, 46.6%—47.2% O, 5.6%—6.3% H, 0.8%-1.0% N
and 0.2%-0.8% S. This elemental analysis shows the existence

of heteroatoms (O, N and S) and hence the presence of func-
tional groups, mainly oxygen-containing surface groups.
These oxygen functional groups, along with the delocalised
electrons of the DPS structure, determine DPS surface acidity
or basicity [19]. Therefore, it is very important to understand
the surface chemistry of DPS to assess in depth its overall
characteristics and functional groups contributing to its acid-
ity and basicity.

3.1.1. Surface charge density and pH

ZPC

DPS surface is expected to exhibit electrical charge prop-
erties that will strongly influence the sequestration of ionic
and polar pollutants from aqueous solutions. Therefore,
the surface charge of DPS must be counterbalanced in the
aqueous phase to maintain an electroneutrality. Therefore,
an electrical double-layer will exist at the DPS—water inter-
face. The hydroxyl groups present on the surface of DPS can
gain or lose a proton, resulting in a surface charge that var-
ies with changing solution pH. It is possible that the average
surface charge to become neutral and the solution pH that
establishes such neutral charge is called pH,,.. Furthermore,
pH,. is useful in predicting the nature of the surface reaction
since it is a function of the acidity and the electrostatic field
strength of the adsorbent [20].

Surface charge densities, o, of the DPS and MDPS as a
function of the solution pH are shown in Fig. 1. The inter-
section of the curve with x-axis is pH,,.. For DPS, pH,_ is
4.42, whilst it is 5.14 for MDPS. For initial solution pH values
below pH,,., the overall surface charge of each adsorbent
will be positive and attracts anions. For initial solution pH
above pH,,, the surface of each adsorbent will be bearing an
overall negative charge attracting cations [20].

The pHsuspension was found to be 4.49 for DPS, which was
very similar to pH,,. and that would indicate that pH__ .
could be taken as equivalent to the pH,,., as has been
demonstrated by previous investigators [18]. However, the
PH,pension 0T MDPS was 6.87 and higher than pH, ., which
would be due to the possibility of sodium ion dissociation
from microemulsion molecules (CH,(CH,),,COONa*), and
the presence of Na* ions would increase the overall value of
solution pH.
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Fig. 1. Surface charge density and pH,,. of DPS and MDPS
(experimental conditions: mass of adsorbent = 0.5 g, volume of
solution = 50 mL, equilibrium time = 24 h, temperature = 20°C
and shaking speed = 100 rpm).
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If the microemulsion droplets are presumed to be spheri-
cal, then high surface charge is expected to produce sufficient
electrostatic repulsion between the droplets to maintain the
stability of the system [21]. It could be noticed from Fig. 1
that all the values of o for MDPS were higher than those for
DPS, indicating that the addition of microemulsion produced
a stable adsorbent.

3.1.2. Surface acidity and basicity

The surface of adsorbents may have acidic or basic
chemical functional groups. These groups will influence
the sequestration of pollutants from aqueous solutions. The
acidity and basicity of an adsorbent usually refer to acidic
and basic groups existing on its surface. Agrowastes, such
as DPS, contain different functional groups. The most com-
mon groups are: carboxyl, carbonyl and phenolic groups.
Agrowastes with low oxygen content show basic properties
and anion exchange behaviour, whilst agrowastes with high
oxygen content show acidic properties and cation exchange
behaviour [22]. The surface acidity and basicity of DPS and
MDPS are listed in Table 1.

Table 1 shows that DPS has higher acidic characteristics
than its basic characteristics. The acidity of an adsorbent
is predominantly governed by the presence of carboxylic
groups. Carboxylic groups are already presented in lignin,
which accounts for 42.5% of DPS, and these groups are able to
act as a source of ion exchange and can be utilised to evaluate
the adsorption mechanisms of dyes and heavy metals [23].
On the other hand, the basicity of MDPS was higher by 50%,
which is due to the basicity of the functional group (RCOO")
on the surface of MDPS. The higher basicity of MDPS would
explain the higher values of pH,,. and pH___ . than those
of DPS.

ZPC

3.1.3. FTIR and SEM analysis

The characterisation of the different surface functional
groups of DPS can be carried out by FTIR analysis. Surface
functional groups connect polymer chains by hydrogen
bonds to give structural support and perform a key part in
the sequestration processes [22]. Therefore, it is important to
identify the surface functional groups of DPS before and after
microemulsion modification to examine the extent of change
in surface chemistry. The results of FTIR analysis for DPS and
MDPS are presented in Fig. 2.

The core constituents of DPS are cellulose, hemicellu-
loses and lignin. These constituents have hydroxyl groups
(CH-O-H) with bands around 3,350 and 1,050 cm™. For DPS,

Table 1

Acidity and basicity values, solution pH,,. and solution

PH, i pension Of DPS and MDPS
Adsorbent DPS MDPS
Acidity, C, (mmol g™) 0.681 0.693
Basicity, C, (mmol g™) 0.415 0.616
Solution pH,,. 4.42 5.14
Solution pH (10 wt%, 20°C) 4.49 6.87

suspension

broader and more intense bands appeared around 3,460 cm™,
suggesting that cellulose and lignin (which contains a higher
density of hydroxyl groups) are more freely vibrated by
infrared energy resulting in stretching O—-H bond because of
some loss of hemicelluloses and extractives from DPS during
water washing [23].

Lignin and hemicellulose contain carboxyl groups
(-C(=0O)OH) with characteristic infrared bands around 1,740
and 1,660 cm™, which are associated with aliphatic and aro-
matic compounds, respectively. For DPS, a very sharp and
intense band is noticed at 1,744 cm™ as a result of free car-
bonyl group (-C=0) stretching within the carboxylic groups
found in xylans (hemicellulose) [24]. The broad band around
1,610 cm™ is associated with the existence of negatively
charged carboxylate ion (—(C=0)-O") attributed to lignin in
DPS. Also, nitrogen-based functional groups (e.g. amine and
amide) show characteristics bands around 1,610 cm™, which
are attributed to (C=C) aromatic rings stretching within the
lignin that contains higher density of nitrogen-based groups
[25]. Stretching bands are often divided into two divisions:
symmetric stretch (where the two C-H bonds stretch in the
same direction) and asymmetric stretch (where the two C-H
bonds stretch in the opposite directions). The asymmetric
stretch is slightly of higher energy and hence has higher
wave number. That can be seen in Fig. 2 where two intense
characteristic bands at 2,925 and 2,854 cm™ corresponding to
the asymmetrical and symmetrical stretching vibrations of
C-H bond, respectively [26].

The surface functional groups of DPS can be classed into
two major categories: non-polar (hydrophobic) functional
groups (e.g. aromatic rings and methylene groups) and polar
(hydrophilic) functional groups (e.g. hydroxyl, carboxyl and
carbonyl groups) [7]. The microemulsion molecules have two
parts: hydrophilic head and hydrophobic tail. Therefore, it
is possible for the microemulsion to attach to DPS surface
by hydrophobic interaction between the microemulsion tail
and DPS hydrophobic functional groups. Consequently,
the negative charge of the microemulsion head will be
towards the solution. Another interaction possibility is due
to the hydrophilic bonding between the negatively charged
head of the microemulsion molecules and the hydrophilic
groups of DPS. However, the carboxyl groups are negatively
charged and will not bond with the head of the microemul-
sion and instead such bonding will be with polar hydroxyl

Wmm
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100

-\
-\

30

Transmittance (a.u.)

20 2854

——DPS
10

——MDPS
0
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm-")

Fig. 2. FTIR spectra of DPS and MDPS adsorbents.



N.M.A. Al Lagtah et al. / Desalination and Water Treatment 71 (2017) 244-260 249

and carbonyl groups. These arrangements may lead to a
multilayer adsorption of the microemulsion on the surface
of DPS. To examine the extent of change to DPS surface due
to the microemulsion modification, MDPS was subjected to
FTIR analysis (Fig. 2). Microemulsion modification resulted
in the appearance of shifted bands at 1,633 cm™, referring to
(COO), and at 1,462 cm™, referring to stretching in -CH, in
lignin. That means a chemisorption occurred, where carbox-
ylic acids (from saponified coconut oil) have been adsorbed
on the surface of DPS increasing the concentration of carbox-
ylate groups. After microemulsion modification, the absorp-
tion band at 3,460 cm™ became broader because of the excess
water molecules attached to OH groups [27]. On the other
hand, most of the absorption bands that disappeared after
microemulsion modification were those of aromatics and
O-H bonds of carboxylic acids within lignin, almost elim-
inating its hydrophobic nature. The bands of methylene
groups contracted and became less stretched after micro-
emulsion modification. That means that the microemulsion
attached to DPS surface by H-C-H bond, which is hydro-
phobic. Another band that became less intense was that at
1,744 cm™ attributed to xylans. Xylans have hydrophilic and
hydrophobic properties [28], and consequently, the micro-
emulsion molecule interacts with xylan in the DPS surface
either via its head or via its tail. However, because of the large
size of microemulsion molecules, not all methylene groups
and xylans will be linked up, and hence few still exist on
MDPS surface, explaining why FTIR analysis of MDPS still
shows absorption bands of methylene groups and xylans.

In conclusion, the FTIR analysis of MDPS surface indi-
cates that its nature cannot be simply described either as
hydrophilic or hydrophobic since the interactions between
the microemulsion molecules and DPS surface are either
hydrophilic or hydrophobic. Moreover, there is still a pos-
sibility of incomplete coverage of the whole surface of DPS
since the microemulsion molecules are considered large in
size.

Fig. 3 shows the surface morphology of DPS and MDPS.
The SEM image of DPS surface showed that it is porous and
heterogeneous. After modification, the SEM image of MDPS

ulsion
modified
date
palm
stone
¥ (MDPS)

Fig. 3. Scanning electron microscopy (SEM) images of DPS (top
images) and MDPS (bottom images). (Note: The magnification of
the left images is X20,000 and for the right images is X50,000 of
original A6 photo.)

showed the formation of spherical agglomerates on the
surface. At the start of DPS modification, the microemulsion
concentration is low and hence arranges itself parallel to DPS
surface, occupying the corresponding plan projection area.
As the microemulsion concentration increases and becomes
greater than the critical micelle concentration, aggregates of
two-and three-dimension micelles will be formed on DPS
surface. These agglomerates will take the spherical shape
because it is thermodynamically more stable than other
shapes [29]. Therefore, the mechanism of the microemulsion
modification of DPS starts through hydrophilic interaction,
and as the microemulsion concentration increases, the mod-
ification happens mainly through hydrophobic interaction.
The attachment of the microemulsion system to DPS surface
is illustrated in Fig. 4. The microemulsion molecules interact
electrostatically and align with their charged heads towards
the surface of the DPS (circled section in Fig. 4) or through the
growth of aggregates on DPS surface (Fig. 3).

3.1.4. Adsorbents specific surface area, pore volume and pore
size distributions

The adsorptive properties of an agrowaste depend
mainly on its physical characteristics (specific surface area,
pore volume and pore size distribution), together with its
surface chemistry. It is expected that microemulsion modi-
fication will change the surface area, porosity and accessi-
bility to internal sites of DPS [27]. To investigate the extent
of such a change, the N, adsorption-desorption isotherms
of DPS and MDPS (not shown) were analysed, and it was
found that they can be classified as type III isotherm,
which is a rare isotherm and is commonly linked to water
vapour adsorption. In this type of isotherms, the interac-
tions between the adsorbent and adsorbate are weak [16].
The two adsorbents also showed low-pressure hysteresis
loops, and their desorption branches went parallel to the

o

stone Microemulsion
system

DPS surface

Fig. 4. Graphic presentation of the electrostatic interaction
between microemulsion system and DPS surface.
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adsorption curves. This behaviour is usually associated to
the swelling of the adsorbent particles. This swelling is not
completely elastic, and some N, molecules get entrapped
within the adsorbent and hence cannot escape during
desorption phase. The lower end of the two hysteresis loops
occurred at relative pressure of 0.35, suggesting the pres-
ence of ink-bottle effect. However, the very narrow hyster-
esis loops indicate the existence of lesser amount of porous
spaces and ink-bottle pores [14].

The BET equation (Eq. (1)) was applied to the linear
ranges of the two N, adsorption isotherms, and Table 2 sum-
marises the estimated values of A, , V,  and average pore
size for DPS and MDPS. It is clear that the A, of DPS sig-
nificantly decreased after the microemulsion modification,
indicating a considerable structure change. The value of BET
constant (c) for DPS was the highest, attributed to the exis-
tence of micropores. Moreover, V,  of MDPS was 6.7 times
smaller than that of DPS. This decrease can be related to the
possible blocking of micropores by the large-size microemul-
sion molecules.

The pore size distributions of DPS and MDPS are shown
in Fig. 5. The pore size distribution of DPS shows more
noticeable existence of micropores compared with MDPS.
The main peak representing the average pore size of DPS is
at 1.16 nm and can be considered narrow. After microemul-
sion modification, the peak shifted to the right and became
wider. The average pore size of MDPS, responding to this
shifted peak, is 2.20 nm and is identical to the reported value
in Table 3. Fig. 5 also shows that most of DPS pores are micro-
pores, whilst the majority of MDPS pores are mesopores.
The main distinction between the adsorption in micropores

Table 2
Surface area, monolayer capacity, total pore volume and average
pore size of DPS and MDPS using BET analysis

Adsorbent DPS MDPS
BET specific surface area (A,;;) (m*g™) 80.49 8.258

c 2.79 1.03
Total pore volume (V) (m’ g™) 7.261E-02 1.083E-02
Average pore size (nm) 1.80 221
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Fig. 5. Pore size distribution of DPS and MDPS determined by
Dollimore and Heal method.

and in larger pores (mesopores or macropores) is that the
sizes of micropores are comparable with those of the adsor-
bate molecules. Therefore, the adsorption in micropores
is a pore-filling process, in which their volume is the main
controlling factor. On the other hand, the presence of meso-
pores and macropores suggests the possibility of multilayer
adsorption behaviour [34].

The t-plot method was applied to determine A__

micro/ © Text/

V. wand V. of DPSand MDPS, and their values are shown
in Table 3, along with their estimated values of total pore vol-
ume and average pore size using Dollimore and Heal method.
The comparison of the f-plot of DPS and MDPS (not shown)
revealed some interesting differences. The t-plot of DPS was
relatively simple in form, having two easy-to-distinguish lin-
ear portions; whilst the t-plot of MDPS appeared to only have
one linear range, which strongly deviates from ideal t-plot.
This deviation is associated to the large size of microemul-
sion molecules that would not diffuse into the micropores,
and thusly, the attachment of the microemulsion to DPS sur-
face happened mainly inside the mesopores, indicating that
the external surface area will be almost equal to the total area.

The contribution of micropores to the total surface area
of DPS (~74%) is considerably significant, even that A, of
DPS can be considered small if compared with the surface
area of CACs that ranges from 500 to 2,000 m? g'. However,
agrowastes usually have small surface areas [5], and A,
of DPS could be considered relatively high among them.
Mesopores have the utmost influence on the sequestration of
organic pollutants such as dyes since they permit the access
of dyes within the adsorbent structure [30].

3.2. Batch adsorption equilibrium studies
3.2.1. Effect of solution pH

The effect of microemulsion modification on the
adsorption equilibria of MB and Cr(VI) at different solution
pH and temperatures is summarised in Appendix A, which
contains supplementary figures for the removal efficiencies

Table 3

Total area, micropore volume, micropore area, mesopore vol-
ume, mesopore area, total pore volume, average pore radius,
total pore volume and percentage of micropores and mesopores
of DPS and MDPS

DPS MDPS
Total area® (m? g™') 61.5 6.96
Micropore area® (A_,_ ) (m*g™) 453 0.368
External surface area® (A_,) (m? g™) 16.2 6.60
Micropore volume® (V. (cm® g™) 458E-02  1.04E-04
Mesopore volume® (V) (cm’ g™) 2.69E-02  1.07E-02
Total pore volume® (cm?® g™) 7.30E-02  1.09E-02
Micropore volume percentage® (%) 63.0 1.00
Mesopore volume percentage® (%) 37.0 99.0
Average pore size® (nm) 1.84 2.15

*Calculated by t-plot method.
Calculated by Dollimore and Heal method.
‘Based on the V__ calculated by BET equation.

total
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of these pollutants by DPS and MDPS and, more importantly,
the extent of change in these efficiencies due to microemul-
sion modification.

The effect of microemulsion modification on MB removal
efficiency at different solution pH is shown in Fig. Al. The
removal of MB by DPS was minimal at solution pH of 2.0 and
increased with the increase of solution pH. Microemulsion
modification has the beneficial effect of changing the hydro-
phobic character of DPS surface, resulting in an increase in
the removal of the highly hydrophobic molecules of MB.
The microemulsion modification almost covered DPS sur-
face with surfactants (RCOONa'), and thusly, the posi-
tively charged MB molecules will exchange with Na* ions.
Moreover, Fig. Al shows that microemulsion modification
almost eliminated the effect of solution pH on MB removal
efficiency at solution pH >5.14 (pH,,. of MDPS). However,
the high removal efficiency of MB at solution pH of 4.0 might
be related to the affinity of MB molecules onto MDPS surface
or their capture by microemulsion micelles.

The effect of solution pH on the removal of Cr(VI) by
DPS and MDPS (Fig. A2) showed a total different behaviour.
Cr(VI) removal by DPS and MDPS depended immensely on
solution pH. High solution acidity results in the formation
of more polymerised Cr oxide species, whilst the adsorbent
surface becomes highly protonated and favours the uptake
of chromium in these anionic forms. With increasing solu-
tion pH, the degree of protonation of the surface reduces
gradually, and hence, Cr(VI) removal decreases due to the
competition between OH~ and dominant chromate species
(CrO,¥) ultimately leading to low removal efficiencies [23].
The removal efficiency of Cr(VI) by MDPS reached its highest
value at solution pH of 2.0; at which the predominant species
of chromium would be Cr,O, > and Cr,O,.*, whilst the sur-
face of MDPS is highly protonated and favours the uptake
of these anionic species. However, the highest removal effi-
ciency by MDPS was lower than the highest removal effi-
ciency by DPS, which was at solution pH of 3.0. This shift
in solution pH is because that microemulsion droplets have
covered DPS surface and almost eliminated the role of sur-
face functional groups by replacing them with the surfactant
groups. Therefore, the removal of Cr(VI) by MDPS is mainly
related to the protonation of the surface, whilst the presence
of lignin in DPS will further enhance the removal process
under acidic conditions. Fig. A3 shows the extent of change
in MB and Cr(VI) removal efficiencies at different solution
pH due to microemulsion modification. For MB, microemul-
sion modification increased its removal efficiency regardless
of the solution pH. In contrast, the negative effect of micro-
emulsion modification on Cr(VI) removal is very noticeable,
where the removal by MDPS at solution pH > 3 was lesser by
half than that by DPS.

3.2.2. Effect of solution temperature

The removal efficiencies of MB by DPS and MDPS at
different solution temperatures are shown in Fig. A4. The
removal efficiencies of MB by DPS increased from 86.5% to
95.0% as the solution temperature increased from 20°C to
60°C, indicating that MB uptake by DPS was endothermic.
In contrast, MB uptake by MDPS slightly decreased (by only
2.5%) for the same range of temperatures, indicating that

microemulsion modification has changed the nature of MB
sequestration process to exothermic. Even though, it seems
that microemulsion modification almost eliminated the effect
of solution temperature on MB sequestration. The effect of
solution temperature on Cr(VI) uptake by DPS and MDPS
is shown in Fig. A5. Its removal efficiency increased with
the increase of solution temperature for both adsorbents
indicating that Cr(VI) sequestration process is endothermic.
It is believed that sequestration of Cr(VI) by agrowastes is
determined by a reduction step, which is endothermic [23].
Fig. A6 shows that the extent of change in MB removal was
positive, proving once more that microemulsion modifica-
tion enhances the sequestration of MB. However, the extent
of that enhancement decreased as the solution temperature
increased and became negligible at 60°C. Therefore, it would
be recommended that the sequestration of MB by MDPS to
be carried on at ambient temperature. The extent of change in
Cr(VI) was once more negative due to microemulsion modi-
fication, and the increase of solution temperature almost has
no effect on such extent.

3.2.3. Isotherm studies

The sequestration of MB onto DPS was modelled using
Langmuir isotherm either in its linearised or actual form. The
linearised form of Langmuir isotherm (Fig. A7) produced
two distinguished straight lines; the first line obtained at the
first four initial MB concentrations (50-200 mg L), whilst
the second line obtained at the last four initial MB concen-
trations (300-900 mg L™). The presence of two straight lines
indicates the existence of two different types of adsorption
sites with a wide spectrum of binding energies on the surface
of DPS, where the surface sites with the highest energy to be
occupied first [11]. This behaviour could be explained as fol-
lows: (i) the Coulombic attraction between DPS surface and
MB molecules decreases as the surface charge becomes more
positive due to the sequestration of the positively charged
MB molecules, (ii) there are unfavourable chemical inter-
actions between adjacent adsorbed MB molecules and (iii)
there are variety of site types on the adsorbent surface. Kyzas
et al. [31] explained that the deviation from linearity happens
when all available monolayer sites are occupied; then some
fresh internal surface is created as a result of the pressure
of adsorbate molecules forcing into the mesopore and micro-
pore structures. Moreover, MB molecules can be linked to
molecular wedges creating access to new surfaces, increasing
further the adsorption capacity of DPS. Hence, this process
will cause a change in the rate and extent of sequestration
and thusly create two linear regions.

Due to the presence of two linear regions, the non-linear
regression of MB-DPS isotherm using the actual form of
Langmuir isotherm was carried out by dividing the exper-
imental data into two sets. Different error functions were
applied, and the function that produced the lowest SNE
was selected. The set of isotherm parameters predicted by
that function would provide the closest fit to the measured
data. A summary of the different sets of isotherm parameters
according to different error functions is given in Table Al.
The lowest SNE value was obtained when the HYBRID error
function was applied. Also, Langmuir isotherm parameters
for the whole range of MB concentrations (50-900 mg L) are
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shown in Table A2. The lowest value of SNE was obtained
when MPSD error function was used.

The comparison between the fittings of the two models of
Langmuir isotherm is shown in Fig. 6. The one-range model
overestimated the values of g, corresponding to the last two
concentrations of the first range. However, it showed good
fitting for the second-range data.

The value of b parameter of Langmuir isotherm indicates
the affinity of the adsorbent to the adsorbate, and it is related
to the free energy of adsorption (i.e. Gibbs free energy).
Therefore, if the value of b of an adsorbent is greater than that
of another under the same experimental conditions (espe-
cially temperature), the adsorbent with the higher value of b
will be more favourable. The value of b for the first range of
MB initial concentrations was higher than that for the second
range of MB initial concentrations. That would confirm that
the active sites with higher energy were occupied first, and
thusly, new adsorption area would be created but with lower
free energy of adsorption and hence lower value of b.

The main adsorption mechanism of MB onto DPS is
mainly due to the parallel alignment of MB molecules with
the adsorbent surface, and hence, the adsorption of MB can
be used to estimate the surface area of an adsorbent. Based
on BET surface area of DPS of 80.49 m? g™, the molecular area
of MB molecule is much less than the cited ranges from 0.69
to 2.10 nm? Therefore, other adsorption mechanisms of MB
onto DPS are suggested based on hydrophobic interactions,
which will create agglomerates of MB molecules on DPS
surface [32]. Ferrero [33] suggested that the agglomeration
of MB on a charged surface would usually happen at high
MB loading, which would be the case in our research. At
such high loadings, the MB cations would be tilted nearly
perpendicular with respect to the adsorbent surface rather
than arranged parallel with the layer plane. Such perpendic-
ular orientation of MB cations would enable a better align-
ment of adjacent aromatic rings of neighbouring cations via
hydrophobic interactions. This would also allow formation
of large agglomerates on the adsorbent surface, and simulta-
neously, each MB cation would be electrostatically bound to
negatively charged functional groups. Therefore, it would be
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Fig. 6. Comparison of the fittings of the two models of Langmuir
isotherm for the adsorption of MB onto DPS (experimental
conditions: mass of DPS = 0.05 g, volume of solution = 50 mL,
equilibrium time = 72 h, temperature = 20°C, shaking speed =
100 rpm and solution pH = 8.0).

expected that atlow MB initial concentrations (50-200 mg L™),
the two orientations would be possible leading to a rela-
tive high adsorption capacity (g, . = 109.9 mg g'). On the
other hand, for the range of high MB initial concentrations
(300-900 mg L), DPS was still capable to adsorb more dye
molecules indicating that the main orientation of MB mol-
ecules would be perpendicular to DPS surface and increas-
ing the adsorption capacity to 285.6 mg g™. Such behaviour
would also explain the presence of two distinguished ranges
regarding MB adsorption isotherm.

The adsorption isotherm of MB onto MDPS was best fit
using one-range Langmuir isotherm model as can be seen
in Fig. 7. The best fitting was achieved using HYBRID error
function, which resulted in the lowest value of SNE as can
be seen in Table A3. It seems that the microemulsion mod-
ification of DPS resulted in increasing the homogeneity of
the new created surface. It is expected that microemulsion
micelles to cover most of DPS surface, and therefore, the
main active functional group would be the surfactant, lead-
ing to uniform adsorption energy.

The microemulsion modification of DPS enhanced the
adsorption of MB, which can be concluded from the signif-
icant increase in g, to 555.0 mg g™'. Also, the favourability
of MB adsorption by MDPS can be proven since the value of
b has increased significantly after the modification. Finally,
since the presence of two distinguished regions disappeared
after the modification, it is expected that the perpendicular
orientation of MB molecules is predominant, and hence,
the main adsorption mechanism of MB by MDPS would be
hydrophobic attraction.

The adsorption of Cr(VI) onto DPS was modelled by
Langmuir isotherm, which demonstrated the presence of
two distinguished linear ranges (Fig. A8). The parameters
of the two models of Langmuir isotherm with error analysis
are presented in Tables A4 and A5. The two-range Langmuir
isotherm gave the best fitting of the experimental adsorption
data with the lowest values of SNE. The value of Langmuir
parameter of b for the second range was lower than that for
the first range, confirming that the adsorption sites with
highest energy would be utilised firstly. Finally, the fittings
of the two models of Langmuir isotherm for the adsorption
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Fig. 7. Fitting of MB adsorption onto MDPS using one-range
Langmuir isotherm (experimental conditions: mass of MDPS =
0.05 g, volume of solution =50 mL, equilibrium time =72 h, tem-
perature = 20°C, shaking speed = 100 rpm and solution pH = 8.0).
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of Cr(VI) onto DPS are presented in Fig. 8. The one-range
Langmuir model was not able to predict the experimental
data for the last five concentrations, and from Table A5, it
can be seen that the one range of the Langmuir isotherm was
not capable of providing suitable fitting since some of the
estimated parameters were unrealistic even at low values of
SNE. Therefore, the most realistic values of the parameters
were estimated using the linearised form of the two-range
Langmuir isotherm regardless of the value of SNE.

The removal of Cr(VI) by MDPS was studied at solu-
tion pH of 2.0 since Cr(VI) adsorption is highly sensitive to
solution pH. It was shown that the microemulsion modifica-
tion caused a shift in the optimal value of solution pH from
3.0 to 2.0, signifying that the solution acidity would be the
controlling parameter for Cr(VI) uptake by MDPS. In other
words, Cr(VI) adsorption mechanism by DPS might be due
to interaction between chromium anionic compounds and
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Fig. 8. Comparison of the fittings of the two models of Langmuir
isotherm for the adsorption of Cr(VI) onto DPS (experimental
conditions: mass of DPS = 0.05 g, volume of solution = 50 mL,
equilibrium time = 72 h, temperature = 20°C, shaking speed =
80 rpm and solution pH = 3.0).
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Fig. 9. Comparison of the fittings of the two models of Langmuir

isotherm for the adsorption of Cr(VI) onto MDPS (experimental

conditions: mass of MDPS = 0.05 g, volume of solution = 50 mL,

equilibrium time = 72 h, temperature = 20°C, shaking speed =

80 rpm and solution pH = 2.0).

positively charged parts of surface functional groups with
the possibility of reducing those compounds to Cr** and
then adsorbed by negative charged parts of surface func-
tional groups. Whilst for MDPS, adsorbent surface would be
mainly covered by surfactant molecules (RCOONa") indi-
cating that the main removal mechanism of Cr(VI) would be
ion exchange. To achieve that, Cr(VI) anionic compounds are
reduced by H* ions to Cr* and then ionic exchanged with
three cations of Na*. That would explain the need of lower
solution pH to provide higher concentration of H" ions. Due
to that, the adsorption capacities of Cr(VI) by MDPS were
lower than that of DPS as shown in Table A6. Once more,
the one-range Langmuir isotherm was not capable to fit the
experimental data since the values of g estimated from
non-linear regression were totally unrealistic as can be seen
in Table A7.

A comparison between the fittings of the two models of
Langmuir isotherm is shown in Fig. 9. It is noticed that val-
ues of g, corresponding to the low range of initial concentra-
tions of Cr(VI) (1-10 mg L) were significantly lower than
those of Cr(VI) adsorption onto DPS (Fig. 8). That would be
due to the high acidity of the solution, which would provide
H" ions greater than needed to reduce the entire amount of
Cr(VI) anionic compounds, and hence, the remained H' ions
would compete with Cr*" ions to be exchanged with Na*. The
Pauling’s electronegativity of H' ions is 2.20 and higher than
that of Cr*, which is 1.66. Due to that, the ion exchange rate
between H" and Na*ions would be higher and thusly reduc-
ing the total chromium adsorption capacity. The value of
adsorption capacity, q,__, for the first range was considerably
low (3.843 mg g™'), almost 7% of g, for the second range
(56.25 mg g™).

The two-range Langmuir isotherm gave the best fitting of
Cr(VI) adsorption onto MDPS. The microemulsion modifica-
tion of DPS would reduce its surface heterogeneity. But due
to the different chemical bonding between the microemul-
sion molecules and surface functional groups, the adsorp-
tion energy would be uneven and might be divided into
two sets and, hence, the two values of Langmuir isotherm
energy-related parameter (b).

Langmuir isotherm is usually used to predict the mono-
layer maximum adsorption capacity, g, _, for different adsor-
bents. However, these predictions are intensively depending
firstly on the fitting accuracy and secondly on the experimen-
tal conditions. Generally, the fitting criteria is the correlation
factor, R? which is easily abused since it is sensitive to extreme
data points that are further complicated with Langmuir lin-
earisation [34]. Also, the values of g depend on the exper-
imental conditions, such as solution pH and temperature,
adsorbent particle size, adsorbent surface modification, pres-
ence of different ions in solutions, etc. For example, Cr(VI)
adsorption would be highly deteriorated by slight change
in solution pH, and if the adsorption mechanism involved
reduction of chromium anionic compounds, the increase
of the solution temperature would increase the adsorption
capacity. Therefore, if the values of g of different adsor-
bents to be compared, this comparison should be treated
with caution. Even though, such comparison can be used
as a loose guide to determine the advantages of using low-
cost adsorbents over CACs. Therefore, values of g _of CACs
and agrowastes are compared with those predicted in this
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Table 4

The monolayer maximum adsorption capacity, g, , of MB onto different adsorbents

Adsorbents 9o (Mg g7 Comments

Commercial activated carbon 980.3 Solution pH =7.4, dose =2 g L, speed =200 rpm, contact time = 35 min,

(AC) particle size = 90 um, concentration = 600-900 mg L™

MDPS 555.0 Present study

Filtrasorb 400 AC 476 Solution pH =9, dose =1 g L™, concentration = 100-800 mg L™,
particle size <106 um, temperature = 20°C

Rice husk 312.26 Contact time = 6 h, concentration = 10-1,000 mg L, temperature = 20°C,
particle size =242.2 ym

Filtrasorb 400 AC 295 Dose =1 g L, contact time = 30 min, concentration = 200-500 mg L,
temperature = 25°C, particle size < 66 um, Solution pH uncontrolled

Cotton waste 277.77 Contact time = 6 h, concentration = 10-1,000 mg L, temperature = 20°C,
particle size = 5-10 mm

DPSs 277.6 Present study

Norit AC 276 Dose =1 g L, contact time = 30 min, concentration = 200-500 mg L™,
temperature = 25°C, particle size < 66 um, Solution pH uncontrolled

Banana stalk waste 243.90 Solution pH =7, dose =1 g L, contact time = 330 min, concentration =
50-500 mg L™, temperature = 30°C, particle size = 0.5-1 mm, shaking
speed =100 rpm

Palm kernel fibre 217.95 Solution pH =7.1, dose = 0.67 g L™, contact time = 360 min, concentration
=10-550 mg L7, temperature = 26°C, particle size = 50-60 um, shaking
speed =80 rpm

H,PO,-modified rice straw 208.33 Natural solution pH, dose =2 g L, contact time = 6 h, concentration =
50-350 mg L™, temperature = 20°C + 2°C, shaking speed = 150 rpm

Commercial AC 200 Solution pH = 6.94, dose =4 g L, contact time = 30 min, concentration =
100-1,000 mg L, temperature = 24°C

Cedar sawdust 142.36 Solution pH = 7.1, adsorbent mass = 0.001-0.015 g, solution volume =
10 mL, contact time =5 h, concentration = 40 mg L™, temperature = 20°C,
particle size = 80-315 um, shaking speed =400 rpm

Meranti sawdust 120.48 Solution pH =9, dose =5 g L™, a contact time =3 h, concentration =
50-200 mg L™, temperature = 30°C, particle size = 100-150 pm, shaking
speed =150 rpm

Coffee husks 90.1 Solution pH =8, dose = 10 g L™, concentration = 50-500 mg L,
temperature = 30°C, shaking speed = 100 rpm

RDP 80.29 Dose =5 g L7, concentration = 20-400 mg L, particle size 125-212 um,
temperature = 25°C, contact time =24 h

Ground hazelnut shells 76.9 Solution pH =8, dose =1 g L, concentration = 250-1,000 mg L,

Walnut sawdust 59.17 temperature = 20°C, particle size = 125 pm, shaking speed = 60 rpm

Cherry sawdust 39.84

Oak sawdust 29.94

Pitch-pine sawdust 27.78

Banana peel 20.8 Solution pH =7.2, dose =1 g L7, contact time = 24 h, concentration =

Orange peel 20.3 10-120 mg L, temperature = 30°C, shaking speed =180 rpm

Activated date pits (900°C) 17.27 Dose =5 g L7, concentration = 20-400 mg L™, particle size = 125-212 um,

Activated date pits (500°C) 12.94 temperature = 25°C, contact time =24 h

research. The values of q__for MB adsorption onto different
adsorbents are compared in Table 4 where all the reported
values for other adsorbents were taken from Rafatullah et al.
[35]. For Cr(VI), the comparison is given in Table 5 where all
the reported values for other adsorbents were taken from
Hubbe et al. [36]. Also, some comments were given regarding
experimental conditions when available.

The tabulated gq__ values of MB showed that the g of
MDPS was the second best value and it was higher than some
CAGs. Also, the q___of RDP was in the top ten values, and the
only two better agrowastes were rice husk and cotton waste.
Therefore, it could be concluded that use of MDP and DPS
to remove MB from aqueous solutions had a great potential
over other agrowastes.
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Table 5
The monolayer maximum adsorption capacity, g, _, of Cr(VI) onto different adsorbents
Adsorbents 9. (mgg?’) Comments
DPS 85.95 Present study
Cocoa shells 53 Solution pH =2, particle size = 1-30 mm, solution volume =200 mL, dose =
5-40 g L, contact time =24 h, temperature = 22°C-24°C, shaking speed = 150 rpm
Commercial AC 44.44 Solution pH = 2, particle size = 0.65 mm, dose = 0.8 g L, concentration =
100-1,000 mg L, contact time = 48 h, temperature = 22°C, shaking speed = 150 rpm
MDPS 42.54 Present study
Wool 41.15 Wool particle size = 1 cm, other adsorbents’ particle size = 200 pum, solution pH =
Olive cake 33.44 2, dose =8 g L7, contact time = 2 h, concentration = 20-1,000 mg L, temperature =
Sawdust 15.28 30°C
Pine needles 21.50
Almond 10.62
Coal 6.78
Dyestuff-treated rice hulls 39.7 Particle size <2 mm, solution volume =50 mL, adsorbent mass = 0.5 g, contact
(red and yellow) 39.1 time=2h
Acorn 31.5 Solution pH =2

Pine bark, cones and needles 22

CH,O-modified rosewood 23 Solution pH =3

Smaller particles higher uptake. Solution pH =2

Hazelnut shells 18 Solution pH =2.5-3.5
Olive stone 15 Higher temperature favoured. Solution pH =2-3
Maple sawdust 5 Solution pH =6
Conifer needles 6.3 Solution pH =3
Rice husk 6-10 Solution pH =2
Table 6 When a process of adsorption is studied, it is very import-

Percentages of MB, Cd(II), Cu(Il) and Cr(VI) desorption from
DPS and MDPS

DPS
Desorption (%)
Eluent MB Cr(VI)
H,0 0.619 0.411
NaOH (1 M) 0.789 31.78
HCI (1 M) 4.041 2.007
MDPS
Desorption (%)
MB Cr(VI)
H,0O 0.665 0.443
NaOH (1 M) 0.521 22.94
HCI (1 M) 3.161 1.870
Extent of change (%) due to microemulsion modification
MB Cr(VI)
H,O +7.431 +7.786
NaOH (1 M) -33.97 -27.82
HCl (1 M) -21.78 -6.826

Regarding the adsorption capacities of Cr(VI), the revised
values in Table 5 showed that the q__ of DPS was the highest,
whilst the g of MDPS was higher than most of the reported
agrowastes. Finally, the experimental conditions reported in
Table 5 show that the optimal solution pH for Cr(VI) adsorption
would be between 2 and 3, similar to those used in this research.

ant to ascertain if it is a reversible process or not. Investigating
the extent of desorption is essential to examine the potential
to recover adsorbed compounds and the adsorbent regenera-
tion for successive reuse [23]. The desorption percentages of
MB and Cr(VI) by each eluent are listed in Table 6. For MB,
the acidic solution of HCI showed higher desorption percent-
age than neutral and basic solutions. However, none of the
eluents gave substantial desorption percentages, indicating
that the bonding of MB molecules to the surface of DPS or
MDPS was strong. Sites with high bonding energy create
stable bonds leading to an irreversible adsorption process,
and hence, chemisorption might here be the major adsorp-
tion mechanism [37,38]. The neutral and acidic eluents gave
very low desorption percentages of Cr(VI), whilst the basic
solution (1 M NaOH) generated the largest desorption per-
centages, confirming that adsorption mechanism of Cr(VI) by
DPS or MDPS was totally different than that of MB. Finally,
desorption from MDPS was lower, proposing that the inter-
actions between these pollutants and MDPS surface are
stronger than those with DPS surface.

Desorption studies can elucidate the adsorption mech-
anism of pollutants by assessing their extraction using dif-
ferent eluents. For Cr(VI), alkaline solutions gave the lowest
removal efficiencies. Therefore, using alkaline solutions will
weaken the adsorption forces and consequently facilitate
the elution and the release of adsorbed chromium ions into
the aqueous solution. The adsorption of chromium involves
several mechanisms including chemisorption, which is an
irreversible process. Since the desorption of Cr(VI) from
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MDPS or DPS by 1 M NaOH ranged from 23% to 31%, the
chemisorption mechanism might still be significant. On the
other hand, the highest desorption of MB was achieved by
HCI, indicating the involvement of ion-exchange process
in its adsorption. Even though, MB desorption percentages
were very low because its main adsorption mechanism was
chemisorption.

4. Conclusions

In this investigation, DPS showed higher negative
surface charges and lower pH,,. value compared with
microemulsion-MDPS, concluding that the surface of MDPS
was more basic than DPS. Moreover, the attachment mecha-
nism of microemulsion molecules to the DPS surface would
be either by the hydrophilic part or by the hydrophobic part
of the surfactant molecule, and therefore, the nature of MDPS
surface cannot be simply described either as hydrophilic or
hydrophobic. The microemulsion modification consider-
ably reduced the surface area and total pore volume of the
unmodified stones, where the large size of the microemul-
sion molecules would block DPS micropores. That was con-
firmed since the fraction of the micropore volume to the total
pore volume of DPS of 63% drastically decreased to <1% after
microemulsion modification.

The effect of microemulsion modification on the
sequestration of MB and Cr(VI) from aqueous solution
was investigated under different operating conditions. The
sequestration of Cr(VI) was highly dependent on the solu-
tion pH, and its effect was more noticed after the microemul-
sion modification, where the optimal solution pH shifted to
further acidic conditions. The microemulsion modification
changed the thermodynamic nature of MB sequestration pro-
cess from endothermic by DPS to exothermic by MDPS. Even
though, the removal efficiency of MB by MDPS at different
solution temperatures was still higher. However, the ther-
modynamic nature of Cr(VI) sequestration process has not
changed after the microemulsion modification. The micro-
emulsion-MDPS showed higher adsorption capacity of MB
but showed lower capacity of Cr(VI).
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Appendix A

Supplementary figures and tables

A.1. Effect of solution pH
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Fig. Al. Solution pH dependency of MB removal by DPS and
MDPS (experimental conditions: mass of adsorbent = 0.05 g,
volume of solute solution = 50 mL, equilibrium time = 96 h,
shaking speed = 150 rpm, temperature = 20°C, initial concen-
tration = 100 mg L™).
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Fig. A2. Solution pH dependency Cr(VI) removal by DPS and
MDPS (experimental conditions: mass of adsorbent = 0.05 g,
volume of solute solution = 50 mL, equilibrium time = 96 h,
shaking speed = 150 rpm, temperature = 20°C, initial concen-
tration = 50 mg L).
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Fig. A3. Extent of change in the removal efficiency of MB and
Cr(VI) at different solution pH due to microemulsion modifica-
tion of DPS.
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A.2. Effect of solution temperature
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Fig. A4. Effect of solution temperature on the removal efficien-
cies of MB by DPS and MDPS (experimental conditions: mass
of adsorbent = 0.05 g, volume of solution = 50 mL, equilibrium
time = 96 h, shaking speed = 150 rpm, solution pH = 8.0, initial
concentration = 100 mg L™).
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Fig. A5. Effect of solution temperature on the removal efficien-
cies of Cr(VI) by DPS and MDPS (experimental conditions: mass
of adsorbent = 0.05 g, volume of solution = 50 mL, equilibrium
time = 96 h, shaking speed = 150 rpm, solution pH = 3.0 for DPS
and 2.0 for MDPS, initial concentration = 50 mg L™).
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Fig. A6. Extent of change in removal efficiency of MB and
Cr(VI) at different solution temperatures due to microemulsion
modification of DPS.
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A.3. Adsorption equilibrium isotherms
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Fig. A7. Adsorption isotherm of MB onto DPS after linearizing
Langmuir isotherm model (experimental conditions: mass of
DPS = 0.05 g, volume of solution = 50 mL, equilibrium time =
72 h, temperature = 20°C, shaking speed = 100 rpm and solution
pH =8.0).
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Fig. A8. Adsorption isotherm of Cr(VI) onto DPS after lineariz-
ing Langmuir isotherm model (experimental conditions: mass of
RDP = 0.05 g, volume of solution = 50 mL, equilibrium time =
72 h, temperature = 20°C, shaking speed = 80 rpm and solution
pH=3.0).

Table A1l

Two-range Langmuir isotherm parameters for MB adsorption
onto DPS

First range of MB initial concentrations (50-200 mg L)
Linearised SSE HYBRID MPSD RMSE

form
b (Lmg™) 0.633 0.560 0.633 0.680 0.560
g, (mgg’) 109.6 117 1099 1077 1117
SNE 3.832 3.618 3.525 3.622 3.618

Second range of MB initial concentrations (300-900 mg L)

259

Table A2
One-range Langmuir isotherm parameters for MB adsorption
onto DPS

Whole range of MB initial concentrations (50-900 mg L™)
Linearised SSE ~ HYBRID MPSD RMSE

form
b (Lmg™) 0.017 0.020 0.038 0.020 0.014
... (mgg?) 280.8 277.6  241.1 277.6 291.7
SNE 3.062 3.222  3.993 2.984 3.038
Table A3

One-range Langmuir isotherm parameters for MB adsorption
onto MDPS

Whole range of MB initial concentrations (50-900 mg L)
Linearised SSE HYBRID MPSD RMSE

form
b (Lmg™) 0.181 0.186 0.186 0.179 0.186
q,.. (mgg') 5642 556.1 555.0 566.5 556.1
SNE 3.626 3.362 3.407 3.884 3.362
Table A4

Two-range Langmuir isotherm parameters for Cr(VI) adsorption
onto DPS

First range of Cr(VI) initial concentrations (1-10 mg L)

Linearised SSE  HYBRID MPSD RMSE

form
b (Lmg™) 0.115 0.102 0.039 0.117 0.102
q,..(mgg?) 31.02 34.09 80.00 30.55 34.09
SNE 0.493 0.482  4.000 2.208 0.472

Second range of MB initial concentrations (20-50 mg L)

Linearised SSE  HYBRID MPSD RMSE

form
b (Lmg™) 0.044 0.045 0.044 0.043 0.045
... (mgg?) 1055 103.5 104.9 106.4 103.5
SNE 1.883 2131 2926 4.000 2.131
Table A5

One-range Langmuir isotherm parameters for Cr(VI) adsorption
onto DPS

Whole range of MB initial concentrations (1-50 mg L)

Linearised SSE  HYBRID MPSD RMSE

form
b (Lmg™) 0.018 0.018 0.018 0.018 0.018
q,.. (mgg?) 2856 285.6 285.6 290.7 285.6
SNE 1.286 1.287 1.286 4.000 1.287

Linearised SSE  HYBRID MPSD RMSE

form
b (Lmg™) 0.041 0.004 0.010 0.002 0.026
9. (mgg") 85.95 791.0 345.5 1,420 156.7
SNE 3.885 1.785 1.141 1.294 1.654
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Table A6
Two-range Langmuir isotherm parameters for Cr(VI) adsorption
onto MDPS

Table A7
One-range Langmuir isotherm parameters for Cr(VI) adsorption
onto MDPS

First range of Cr(VI) initial concentrations (1-10 mg L™)

Whole range of MB initial concentrations (1-50 mg L)

Linearised SSE  HYBRID MPSD RMSE

Linearised SSE HYBRID MPSD RMSE

form form
b (Lmg™) 0.075 0.070  0.020 0.054 0.075 b(Lmg?') 6.37E-03 8.90E-06 1.34E-06 1.74E-06 1.11E-05
9. (Mg g™) 3.843 4.021 11.052 4.868 3.843 4. (Mg g™) 42.54 53,157 302,058 151,177 42,530
SNE 0.140 0.284 4.000 0.746 0.117 SNE 3.501 1.788 1.647 2.899 1.792

Second range of MB initial concentrations (20-50 mg L)

Linearised SSE  HYBRID MPSD RMSE

form
b (Lmg™) 0.011 0.013 0.013 0.011 0.011
9, (Mg g™)  56.07 49.30 51.59 56.25 56.07
SNE 1.436 4.000 2.560 1.435 1.436




