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ARTICLE INFO ABSTRACT
Article history: Identifying factors that can improve the ability of mixed matrix membrane (MMM)
Received 15 May 2023 adsorbents to isolate phenolic chemicals from palm oil waste is a major challenge. This

Received in revised form 17 November 2023 sty dy prepared a mixed matrix membrane with improved efficiency using a quaternary
Accepted 1 January 2024 doping solution and a hydroxyapatite (HAp) filler and denoted as modified mixed matrix
Available online 12 February 2024 membrane (MMMyy,). Prior to use, HAp powder obtained from eggshells calcined at
different temperatures was evaluated as an absorbent for the desired phenolic
compounds. All the prepared HAp and MMMya, powders were evaluated for their
properties by Fourier transform infrared spectroscopy (FTIR), scanning electron
microscope (SEM) and X-ray diffraction (XRD). For this study, vanillic acid was selected
as a phenolic chemical because it is widely used in the pharmaceutical, biomedical and
food industries. The optimal adsorption and vanillic acid isolation from crude palm oil
samples by MMMuap occurred using an acetate buffer solution with a pH of 8. The data
from the equilibrium adsorption study were also in agreement with the Freundlich
isotherm, as the R2 value was 0.9900 suggesting heterogeneous adsorption of vanillic
acid on the surface of MMMyap. The kinetic adsorption study clearly shows a pseudo-
second-order fit (R2=0.9992), suggesting that chemisorption occurs between the
adsorbed substance and the adsorbent. The modified membrane (MMMup,) has
characteristics of its finger-like structures is more elongated and connected to the
porous layer, indicating that the incorporation of hydroxyapatite nanoparticles into the
membrane enhances the adsorption of vanillic acid from real sample and has the
highest adsorption capacity of 170.8 mg/g. These results show that this improved
MMMuap can be developed and used for waste utilization to obtain useful materials.
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1. Introduction

Between 2019 and 2020, approximately 74.6 million tons of palm oil will be consumed worldwide,
with Malaysia being one of the leading producers [1]. It is expected that the palm oil industry in
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Malaysia will produce about 80 million tons of oil palm solid biomass by 2020 due to the increasing
demand, which consists of empty fruit bunches, palm kernel shells (PKS), oil palm fronds, and
mesocarp fibres [2]. At the same time, a considerable volume of solid biowaste is generated.
Currently, the trend in conservation is to convert this solid biowaste into a valuable resource. Biomass
processing enables the commercialization of bioenergy by-products using newly developed
technologies [3].

Previous studies have demonstrated the presence of phenolics in palm oil seeds, fresh fruit
bunches, fruit branches without fruits and leaves [4,5]. The economic viability of lignocellulosic
biomass rich in palm kernel shells (PKS), oil palm fronds (OPF) and empty fruit bunches (EFB) is
remarkable. Due to high lignin concentration, 70% of PKS consists of phenolic compounds [6,7]. Lignin
has a saccharide structure composed of cellulose and hemicellulose. As the reaction temperature
increases, lignin is degraded over a wide temperature range as the bonds (ether and carbon-carbon
bonds) are gradually broken. The bond breaking between the monomer units results in the formation
of significant amounts of phenolic compounds [8].

Vanillic acid has been reported to be a nutrient with antioxidant and antibacterial activity and a
by-product of lignin degradation [9,10]. Its derivatives have significant functional uses as primary
flavouring agents in the pharmaceutical, culinary, and cosmetic industries [11,12]. It has also been
recovered from biomass and used in the food and pharmaceutical industries [13,14]. Membrane-
based separation could be one of the most unique and distinctive approaches for downstream
production of high-value goods in biorefineries. Membrane technology is gaining popularity because
it is inexpensive, provides barriers to dissolved particles and pathogens, provides reliable filtration
and adsorption processes, and is very easy to fabricate devices. This technique depends on binding
and close association between ion exchange resins and the target molecule in solution to achieve
high adsorption.

However, the limitation of these separation techniques has led to continued research into the
most efficient technologies for lignocellulose recovery. The combination of adsorbent and membrane
separation is considered the most effective mixed membrane technology. Mixed matrix membrane
(MMM) usually involves the incorporation of nano- or micro-sized adsorbents into a polymer matrix
to form porous adsorptive membranes. Moreover, the elution method is so modest that vanillic acid
remains bound [15]. The presence of adsorption sites on the surface of a mixed matrix membrane
containing hydroxyl and phosphate groups could lead to high purity of vanillic acid. Adsorptive
membrane technology requires simpler equipment and safer procedures. This technology can
increase the yield and adsorption capacity, reduce the production cost, and simplify the fabrication
and scalability [16]. Therefore, a mixed matrix membrane adsorbent is considered the most effective
and efficient approach for the recovery of vanillic acid.

Hydroxyapatite provides synergistic performance by combining the advantages of organic and
inorganic elements [17]. The production of HAP from natural calcium resources such as bones, shells,
corals, minerals, eggshells, and fish scales, among others, is a viable option to produce HAP because
of its high calcium content. However, commercial hydroxyapatites are very expensive due to the high
purity of their reagents [18]. On the other hand, HAP, which is derived from eggshells, exhibits these
chemical properties, and can be prepared by simple and inexpensive methods. Common methods for
the preparation of HAp include solid-state, hydrothermal, co-precipitation, sol-gel, and
mechanochemical synthesis [19].

Vanillic acid is a natural compound found in fruits and vegetables that has antioxidant properties.
Vanillic acid can interact with hydroxyapatite in several ways, including adhering to the surface,
forming complexes with calcium ions, and altering the surface [20]. The exact details of this
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interaction are determined by factors such as concentration, pH, temperature and time. Further
research is needed to fully understand the interaction of hydroxyapatite and vanillic acid.

In this study, a functionalized mixed matrix membrane (MMMuap) with a bio-filler was prepared
to enhance the recovery of vanillic acid from palm oil black liquor. The objective was to investigate
whether the addition of hydroxyapatite (HAp) as a filler can improve the affinity and adsorption
capacity of MMM for vanillic acid. It was hypothesized that modifying the existing MMM with HAp
would improve its ability to separate vanillic acid by increasing its adsorption capacity for this
compound. The optimal method for separating vanillic acid, including pH and initial concentration,
was determined, and the physicochemical changes were evaluated using Fourier transform infrared
spectroscopy (FTIR), scanning electron microscope (SEM), and X-ray diffraction (XRD). The results of
this study pave the way for the synthesis and recovery of value-added products from biowaste and
represent a significant achievement.

2. Methodology
2.1 Materials

Only analytical grade chemicals were used. Hydroxyapatites were prepared using 85%
orthophosphoric acid (H3POas)(Merck, Germany) as the phosphate source. Folin-Ciocalteu reagent
(FC)(Sigma Aldrich, USA), vanillic acid (Sigma Aldrich, USA), anhydrous sodium carbonate
(Na2COs3)(R&M Chemicals, UK), disodium hydrogen phosphate (Na;HPO4)(R&M Chemicals, UK), and
disodium hydrogen phosphate dihydrate (Na;HPO4.2H,0)(R&M Chemicals, UK) were purchased for
MMMuap assay. Polyethersulfone pellets (PES) (MW=25000 g/mol, AMTEC, Universiti Teknologi
Malaysia), polyvinylpyrrolidone (PVP) (MW=24000 g/mol, Sigma Aldrich, USA) and N-methyl-2-
pyrrolidone (NMP)(Sigma Aldrich, USA) were used as pore-forming agent and solvent, respectively.

2.2 Preparation of Hydroxyapatite (HAp)

Eggshells were collected from bakery stores in the Kuala Terengganu region. First, the eggshells
were cleaned and boiled in distilled water for 30 min to remove the eggshell membrane. Then, they
were calcined in an oven at 100 °C for 60 min, and the temperature was raised to 900 °C for 3 h to
recover the calcium oxide (CaO). Then, a wet chemical precipitation method was used to prepare
HAp [21]. First, 79.6 g CaO from calcined eggshells was dissolved in 500 mL distilled water and stirred
at 1000 rpm for 24 h. Then, 97.3 g of H3PO4 solution was added and stirred continuously for 24 h for
the maturation phase. The mixture was maintained at pH 9 by the addition of NH4OH solution. Then,
the obtained white precipitate (hydroxyapatite) was filtered, purified and dried in an oven at 100 °C
for 4 h. Subsequently, the hydroxyapatite was calcined in the furnace for 1 h at various temperatures
from 100 °C to 800 °C and designated as HAp-ES100, HAp-ES200, HAp-ES300, HAp-ES400, HAp-ES500,
HAp-ES600, HAp-ES700 and HAp-ES800, respectively.

2.3 Preparation of the Modified Mixed Matrix Membrane (MMM}ap)

The modified MMMua, dope solution was prepared, 74 g of NMP was heated to 60 2C for 10 min,
then 19 g of PES was added, and the solution was homogenized with constant stirring. Then 7 g of
distilled water was added with a dropper. Finally, the heat was turned off, and 1 g of PVP was added
dropwise, followed by 2 g of selected HAp. The solution was cooled to room temperature before
degassing in a Schott flask to avoid defects in the casting solution [22]. The asymmetric flat sheet
MMMuap film was fabricated using the dry/wet inversion method with a semi-automatic electric
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casting machine with a 200 um casting knife gap on the glass plate. The MMMua, was washed with
distilled water before being subjected to a water permeation test. Then, the MMMuap was cut into a
disk with an area of 0.00146 m? for the filtration setup and into rectangular shapes with a size of 2
mm x 1 mm and a weight of 0.015 g with an accuracy of £0.001 using an electrical balance for further
analysis.

2.4 Characterization of Hydroxyapatites (HAp) and Mixed Matrix Membranes (MMM}ap)

Prior to characterization, HAp and MMMua, were oven dried overnight at 70 2C and ground to
powder. For analysis at SEM, MMMuap plates were cut into 1 cm x 1 cm pieces to represent the cross-
sectional image. HAp and MMMuap Were examined for surface morphology analysis using a scanning
electron microscope (SEM) (model JSM 63 80 LA) at 700x magnification and 10 kV under high vacuum
conditions. Fourier transform infrared spectrophotometer with attenuated total reflectance (ATR-
FTIR) (IRTRACE100, Shimadzu) using the KBr pellet technique at a ratio of (1:7) was used to identify
the presence of the functional group of HAp and MMMua,. The purity of the HAp was also
investigated by X-ray diffraction (XRD, Rigaku D/ MAX 2200/ PC Model).

2.5 Preparation of Black Liquor from Palm Kernel Shell (PKS)

The palm kernel shell (PKS) was extensively rinsed with distilled water and dried overnight at 100
°Cin a vacuum oven. Then, 28 g of PKS was extracted using the Soxhlet extraction process with 400
ml anhydrous ethanol in a 500 ml round bottom flask and heated at 79°C using a heating mantle for
12 h. Next, the dark brown extraction solvent was filtered and dried using a rotary evaporator at 79°C
until the solution turned black liquor. Then, the black liquor was transferred to a glass vial and chilled
at -4 °C for two weeks before further use.

2.6 Performance test of Hydroxyapatite (HAp) on Vanillic Acid Adsorption

A batch adsorption study of vanillic acid was carried out to determine the best performance of
hydroxyapatite (HAp) calcined at different temperatures. First, 0.1 g of HAp was added to a centrifuge
tube, and 10 mL of 50 mg/L vanillic acid was added. The mixture was then shaken with a multirotator
at 250 rpm. After 1 h, the eluent was tested using the Folin—Ciocaltue (FC) reagent method and
evaluated at UV-VIS at 310 nm for detection of vanillic acid. All experiments were performed in
triplicate. The adsorption capacity was calculated using the following equation:

de = (Co - Cf)% (1)

Where g is the adsorption capacity (mg/g) of the adsorbent at equilibrium; C, and Cr are the
initial and final concentrations of the adsorbate in the solution (mg/L), V is the volume of the solution
(L), and m is the mass of the adsorbent (g). The best performance of HAp was determined and
selected for subsequent analysis. The percentage of adsorption was calculated as follows:

% = S x 100 (2)

1

Ci and Cr were the initial and final vanillic acid concentrations, respectively.
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2.7 Performance test of MMMuqap on Vanillic Acid Adsorption
2.7.1 Effect on pH

The effect of pH conditions was studied at pH 3-8 to determine the optimum pH for adsorption
of vanillic acid using a buffer solution. For pH 3-5, acetate buffer was used by mixing 15 ml of buffer
solution with 0.015 g of MMMuap membrane film and 0.005 g of vanillic acid powder, followed by
stirring for 1 h at room temperature. Then, the eluent was quantified by the method Folin — Ciocaltue
(FC) and repeated in triplicate. Finally, the adsorption capacity was calculated using Eq. (1). These
procedures were repeated for pH6-pH8 (Table 1).

Table 1
Preparation of buffer solutions for vanillic acid adsorption study
Acetate buffer solutions

pH 0.2 M acetic acid 0.2 M sodium acetate Water (mL)
solution (mL) solution (mL)

3.0 2.0 48.0 50

4.0 41.0 9.0 50

5.0 14.8 35.2 50

Phosphate buffer solution

pH Sodium phosphate, Sodium phosphate, di- Water (mL)
mono salt solution (mL)  salt solution (mL)

6.0 43.85 6.15 50

7.0 19.50 30.50 50

8.0 2.65 47.35 50

2.7.2 Effect on initial concentration

The concentration of vanillic acid (50-250 mg/l) was used to study the effect of the initial
concentration of vanillic acid. The MMM@uap membrane was dried at 80°C in a vacuum oven before
use. Then, 0.015 g of MMMHa, was added to 10 ml of vanillic acid solution in a 15 ml centrifuge tube
and shaken at room temperature (25 °C) for 4 h. The percentage (%) of removal and the amount of
adsorbent in the solid phase (mg/g) were calculated according to Eq. (1) and Eq. (2). These data are
used for the analysis of the adsorption study.

2.8 Equilibrium Study of MMMuap Adsorbent

In developing a biosorption system, the equilibrium adsorption isotherm is essential. The type of
adsorption isotherms data shown can describe the interaction between the adsorbent and adsorbate
in equilibrium. For the adsorption equilibrium study, the MMMua, adsorbent was evaluated using
equilibrium Langmuir and Freundlich's isotherm models to describe the adsorbent's adsorption,
either homogenous or heterogeneous sorption. These models were used for vanillic acid adsorption
onto MMMuap. The non-linear of Langmuir equation can be written as follows:

_ Qmax'K1L Ce
Qe =" ikc, (3)
Where can be represent in linear form,

1 1 K 1
—_ = — 4 4 — (4)
Jeq dm dm Ceq
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e 1 +(1)Ce )

de N (Amaxk) Amax

Ce is the equilibrium concentration of vanillic acid in solution (mg/L), ge is the adsorbed vanillic
acid concentration on the membrane adsorbent (mg/g), gmax is the maximum adsorption capacity
(mg/g), and Kgq is the dissociation constant of the adsorption rate. A plot of Ce/qe versus Ce was plotted
d to determine qmax and Kq as Langmuir isotherm’s parameters using a linear curve fitting. From the
value of Kq obtained from the graph, the equilibrium parameter, R, was calculated as follows.

RL= — (6)

1+ Ky, Co

Where,
Co = maximum initial concentration (mg/L)
Kq = Langmuir dissociation constant (L/mg)

The R; value of the Langmuir isotherm shows the adsorption nature to be unfavorable (R, > 1),
linear (R. = 1) and favorable (0 < R, < 1). The Freundlich isotherm equation can be written in non-
linear equation as stated below:

qe = KpC'™ (7)
And in linear equations as follows [23];
Lng, = InK¢ + (%) InC, (8)

Where Ce is the equilibrium of vanillic acid concentration (mg/L), ge is the equilibrium quantity of
the vanillic acid adsorbed onto the membrane surfaces (mg/L), and n is the Freundlich constant,
which corresponds to the affinity of ion absorbed onto the surface of the membranes, and Ks is the
Freundlich dissociation constant. A plot of In ge and In Ce was plotted to find the value of n and Kt
from the slope and intercept of the plot, respectively.

2.9 Kinetic Study of MMMuap Adsorbent

The study of kinetic models is necessary to identify the mechanism involved in the adsorption of
adsorbate onto adsorbent in an aqueous solution, as well as its possible rate-controlling processes,
such as mass transport and the chemical reaction process. It may be calculated by fitting the
experimental data to McKay's and Ho's pseudo-first-order and pseudo-second-order kinetic models,
respectively [24]. A simple kinetic analysis of adsorption is the pseudo-first-order equation in non-
linear form;

Y= k- (qe — q0) (9)

at

Where (., the equilibrium quantity of lead adsorbed by the adsorbent and q;, the specific time
(mg/g). The integration of Eq. (9) represents the linear of pseudo-first equation is denoted by the
following equation [25]:
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2.303

log(qe — q¢) =logqe — (10)

The biosorption rate constant of pseudo-first-order sorption is K; (1/min). The pseudo-first-order
graph was displayed as a log (qe — q¢) against t . K; is the slope of the graph, whereas q,, the
intercept-y. In addition, a pseudo-second-order equation based on adsorption capacity is shown in
Eq. (11).

d
f = ks ’ (qe - qt)z (11)

And, in linear equation of the pseudo-second-order model is given below:

t 1

1
= —t 12
ar  kpq? + de (12)

Where, the rate is constant, k, (g/mg min), and g, are calculated from the intercept and slope of a
pseudo-second-order linear curve plotted t/qt versus t. The initial biosorption rate, h, can
alternatively be calculated using the equation above and the k,q2 formula.

2.10 Performance of Mixed Matrix Membrane (MMMua,) Modified Adsorbent for Vanillic Acid
Separation from Real Wastes of Palm Kernel Shells (PKS)

0.015 g of MMMuap was put in 10 mL black liquor solutions with a 500x dilution factor. Following
the previous procedure, the vanillic acid was analyzed at intervals using the UV-Vis
spectrophotometer at 310 nm wavelength. All the experiments were repeated in triplicate. The
performance of MMMy, was determined by evaluating the adsorption capacity using Eq. (1) and Eq.

(2).

3. Results

3.1 Characterization of Hydroxyapatite (HAp) Recovered from the Eggshell Effect of Calcination
Temperature

3.1.1 Morphology of HAp at different temperature

Figure 1 shows the SEM micrographs of HAP powders prepared by wet chemical precipitation at
various calcination temperatures [26]. Hydroxyapatite was present as relatively uniform fine particles
that were slightly agglomerated and cold welded. The aggregates were rough, granular to dense, and
their particles had different shapes such as short and long columns.

All HAp nanoparticles had irregular morphology and small rod-shaped crystals with size less than
100 nm. The microstructure consisted of small pores that were constantly present at the grain
boundaries. The morphology of hydroxyapatite crystals varied as a function of calcination
temperature [27]. Agglomeration was observed at HAP with increasing calcination temperature [28].
The images from SEM show the cross-linked HAp particles in voluminous form. The initial
nanocrystals have grown together (Figure 1 (a)), and the presence of additional porosity caused by
crystal development can be seen (Figure 1(b) to Figure 1(h)), but the porosity within the nanocrystals
remains.
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Fig. 1. SEM micrographs for HAp at different calcination temperature; (a) 100
°C, (b) 200 °C, (c) 300 °C, (d) 400 °C, (e) 500 °C, (f) 600 °C, (g) 700 °C, and (h)
800 °C
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The images from SEM show that the crystal particles agglomerated with increasing calcination
temperature [29,30]. Crystal growth was initiated by the process of nucleation, aggregation and
agglomeration [31]. The aggregation of elemental nanocrystals is driven by various
nanometer/colloid-scale forces that promote the reduction of surface free energy [32].

3.1.2 Fourier Transform Infrared (FTIR) of hap from eggshell

The formation of HAP was further characterized by FTIR analysis. Figure 2 presents FTIR spectra
of HAP powders after wet chemical precipitation process at different calcination temperatures which
is 100 °C to 800 °C. The representative FTIR spectrum shows all adsorption peaks of HAP synthesized
from eggshells. FTIR tested for the presence of functional groups such as carbonate (COs?),
phosphate (P04)32- and hydroxyl (OH) which accounts for the presence of hydroxyapatite.

-PO3 OH -POs* | ____ 100 °Cc
] \¢ 200 °C
450 .
4 300 °C
400 - 400 °C
— d A
N 350 500 °C
~— - o
8 4 GOOV Cc
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Fig. 2. The FT-IR spectra of HAp calcined at (a) 100 °C, (b) 200 °C, (c)
300 °C, (d) 400 °C, (e) 500 °C, (f) 600 °C, (g) 700 °C, and (h) 800 °C

FTIR analysis of HAP spectra reveals the presence of phosphate (-PO4*) and hydroxyl (- OH") peaks
characteristic of HAp compounds (Figure 2). A medium-sharp peak at 650 cm™ indicates the hydroxyl
(O-H) bending deformation mode [33]. This peak of O-H bands embodying adsorbed water starts to
disappear when the calcination temperature increases to 800 °C. The P-O vibrations of the bending
and stretching modes appear at 554 cm™ and 1031 cm?, respectively [34]. The weak carbonate peak
(COs%) at a wavelength of 1465 cm™ suggests that the PO4> substituted by the carbonate group may
be due to the interaction of calcite and carbon dioxide at high temperatures (800°) [35]. Under certain
conditions, the carbonated compound enhanced the bioactivity of HAp [36].

3.1.3 X-Ray diffraction of HAp
The effect of calcination temperatures on the crystallinity of the powders of HAP was studied in

detail using XRD analysis. The obtained XRD peaks (Figure 3) were consistent with the conventional
hydroxyapatite peaks (HAP).
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Fig. 3. X-ray diffraction patterns of hydroxyapatite

synthesized with different temperatures ranging from
100 °C-800 °C

It indicated the successful formation of hydroxyapatite according to the International Centre for
Diffraction Data (JSDS No. 09-0432), as shown at 26=25° to 34° [37]. The peaks at 26 from 26° to 34°
become narrower when HAP is calcined at high temperatures. The broad XRD spectra show the
fraction of amorphous phase at low temperatures in the calcination phase (100 °C to 300 °C). The
XRD patterns of HAp calcined at 600 °C show high shaper peaks, demonstrating the high crystallinity
[38]. When the temperature increases from 500 °C to 800 °C, the peaks become narrower, indicating
the highly crystalline phase, and fixing the sintering temperature improves the production of
crystalline HAp powder [39,40]. However, from the XRD analysis, the presence of a weak carbonate
peak in the FTIR does not affect the purity of the HAp produced.

3.2 Selection of Eggshell-Derived Hydroxyapatite (HAP): The Effect of Calcination Temperatures on
Adsorption of Vanillic Acid

In this section, the performance of hydroxyapatites (HAp) calcined at different temperatures for
the adsorption of vanillic acid, as shown in Figure 4. The results show that the trend of increasing the
vanillic acid adsorption capacity of HAp calcined at temperatures between 100°C and 500°C was
reversed when the calcination temperature was increased to 800°C.
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Fig. 4. The adsorption capacity of vanillic acid by
hydroxyapatites calcined at different temperatures
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The effect of calcination temperature resulted in different crystallinity, porosity, surface area and
purity of HAp [41]. HAp calcined at 500°C showed the best performance, as it had a large active site
surface area. This is consistent with a previous study which showed that HAp prepared at high
calcination temperatures caused lower absorption of fluoride ions [42]. Another study showed that
the tetrahedral (Td) structure of the dehydroxylate and the structure of the Pd?*-containing species
changed to a square-planar geometry (D4h) with increasing calcination temperature [43]. HAp
calcined at 600 °C for 5 hours improved the quality of bovine bone-derived hydroxyapatite in the
manufacture of wound dressings and implantable materials (BB-HAP) [44].

The adsorption tendency implies the active functional group between sorbent and adsorbent. In
this study, HAp calcined at 500 °C was shown to have the best physical properties for adsorption of
vanillic acid and was selected as a filler to improve mixed matrix membrane (MMMua,). These results
demonstrate the importance of optimizing the calcination temperature of HAp to improve its
performance for specific applications, such as the recovery of valuable compounds from biowaste.

3.3 Adsorption Vanillic Acid between Native Membrane (PES) and PES-Hap Membrane (MMM}ap)
Two different types of membrane have been discovered the adsorption of the vanillic acid. Figure

5 showed the removal percentage of vanillic acid form simulated water by using two different types
of mixed matrix membranes in finding the selected membrane to be used for this study.

Adsorption capacity (mg/g)
O B N W B U1 OO N ©

Native-PES PES-HAP

Types of adsorbent

Fig. 5. Graph of adsorption capacity versus different
mixed matrix membranes sample

Figure 5 showed modified membrane have higher adsorption capacity compared to native
membrane. PES—-HAP or MMMa, showed the highest adsorption capacity which was 7.23mg/g. This
is show that HAP can improved the adsorption efficiency. Thus, PES—-HAP or MMMuap membrane was
selected as the best membrane to be used next.

3.4 Characterization Morphology of Native PES Membrane and PES-HAP Membrane
To observe the differences in the pore structures with and without the addition of hydroxyapatite
(Hap), the morphology of the membrane cross-section was analyzed. As shown in Figure 6, the cross-

sectional images of both membrane types show asymmetric structures with a dense skin layer, a
porous intermediate layer, and macropores at the bottom.
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Dense Finger-like
skin layer structure

(a) (b)
Fig. 6. Morphology cross section membrane; (a) native membrane
(PES), (b) PES-Hap (MMMya,)

However, a significant difference between the native polyethersulfone membrane (PES) and the
PES -HAp membrane is that the finger-like structures of the modified membrane are much smaller
than those of the native membrane. In addition, the finger-like structures in the modified membrane
are more elongated and more connected to the porous layer. This could be due to the successful
incorporation of hydroxyapatite nanoparticles into the membrane. The accumulation of
hydroxyapatite in certain areas of the membrane, especially in the finger-like structures and the
porous layers, indicates that the Hap nanoparticles were effectively integrated. It is worth noting that
Hap naturally exists in the form of aggregates, which could explain the observed agglomeration.

In the native membrane, the finger-like structures were larger and formed a sponge-like
structure, probably due to the rapid precipitation during the phase inversion process. The strong
interaction of hydroxyl groups (O-H) in the membrane also contributed to the formation of the
sponge-like structure. The active layer of the modified membrane was denser than that of the native
membrane, which may indicate improved performance. Overall, the results suggest that the addition
of Hap nanoparticles could improve the morphology and performance of the membrane PES.

3.5 Determination of pH-Medium Conditions for Modified Mixed Matrix Membranes (MMM}ap)

The adsorption of vanillic acid by modified MMMuap was studied in a medium with acidic to
alkaline pH (Figure 7). The study showed that the maximum adsorption of vanillic acid occurred at pH
8, which is slightly alkaline. The reason for this high adsorption capacity was attributed to the
modified configuration of vanillic acid, which increased the chemical interaction with the active sites
of MMMuap. Vanillic acid tends to ionize and increase its ionic strength under alkaline conditions,
which enhances the electrostatic interaction and adsorption on HAp adsorbents. The increase in ionic
strength of vanillic acid under alkaline conditions also leads to a stronger attraction between the
positively charged HAp surface and the negatively charged vanillic acid molecules, promoting
adsorption [45]. The pH influences not only the active sites on the biosorption surface, but also the
properties of the adsorbed ions [46]. When the pH of the medium changes, the availability of H" ions
decrease, which affects the chemical interactions between the solution and the sorbent and leads to
a change in the properties of the adsorbed ions.
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In an acidic medium, the interaction between vanillic acid and the MMMua, surface is low due to
the competitive adsorption between the predominantly available H* and vanillic acid at the active
site. However, when the pH of the medium increased to a natural and alkaline range, the maximum
adsorption capacity of vanillic acid increased. This indicates that the pH of the medium plays a crucial
role in determining the efficiency of the adsorption process [47]. Therefore, for the following analysis
of MMMuap, pH 8 was used as the most favorable pH medium for the adsorption of vanillic acid onto
MMMuap. This is because the maximum adsorption of vanillic acid was observed at pH 8, indicating
that the chemical interaction between vanillic acid and MMMuap surface was most efficient. This
information is important for the optimization of the adsorption process for the removal of vanillic
acid with |V||V||V||-|Ap.

3.6 Effect of Different Initial Concentrations on Adsorption of Vanillic Acid on MMMHuap

Figure 8 shows the effect of different initial concentrations on the adsorption capacity of vanillic
acid for 240 min. Adsorption is the process of attaching molecules, ions or particles to a surface and
is a common method of removing impurities from aqueous solutions. The figure shows that the
adsorption capacity of vanillic acid increases rapidly within the first 15 min of contact with MMMuap
surfaces. It remained constant as the optimum duration approached 60 min and then 240 min. This
phenomenon can be explained by the availability of active sites on the MMMuap surfaces for the
attachment of vanillic acid. The active sites refer to the vacant sites on the surface to which the
vanillic acid molecules can bind via various mechanisms such as hydrogen bonding, electrostatic
interactions, or van der Waals forces. The MMMua, adsorbent has a large surface area and inter- or
intra-nanofibrous pores, which provide a large number of active sites for vanillic acid binding, as
reported in the literature [48].
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As the contact time between MMMuap surfaces and vanillic acid molecules increases, the
adsorption capacity of vanillic acid reaches a plateau. This plateau signifies the equilibrium state
where the adsorption rate equals the desorption rate of vanillic acid molecules from the active sites
of the surface. At this point, the surface sites are saturated with vanillic acid molecules, and no further
adsorption can occur. In this study, the maximum adsorption capacity of the MMMuap adsorbent was
found to be 60.2 mg/g, and equilibrium was reached within 60 min of contact time [49].

3.7 Equilibrium and Kinetic Adsorption Study of Vanillic Acid on an Improved Mixed Membrane
Adsorbent (MMMyap)

The evaluation of sorption mechanisms was based on the Langmuir and Freundlich isotherm
models (Figure 9). The Freundlich isotherm model provided a better fit to the experimental data, as
evidenced by the higher regression value (R?) of 0.9999. In contrast, the Langmuir isotherm model
proved to be inadequate for describing the adsorption process, as indicated by the negative value of
gmax from the Langmuir isotherm equation as stated in Table 2.

2 - 6 -
5 *
1.5 - y =-0.0317x + 5.7981
4 - 2 _
@ " R?=0.8349
o 1 > 3 -
e © \¢
y =1.6864x - 1.7732 2
0.5 4 R? = 0.9900 1
O T 1 O T T 1
0 2 4 0 50 100 150
log Ce ge
(a) (b)

Fig. 9. The adsorption of vanillic acid onto PES/HAP MMM s plotted based on
(a) Freundlich isotherm and (b) Langmuir isotherm models
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Table 2

The Langmuir and Freundlich parameters of vanillic acid adsorption onto PES/HAP MMMs
Phenolic Freundlich constants Langmuir constants

compound R? Ke n R? Qmax (Mg/g) K R.
Vanillic acid 0.9900 0.067 0.593 0.8349 -31.546 -0.0055 1.2658

The Freundlich isotherm model defines adsorption as a phenomenon occurring on
heterogeneous surfaces by a multilayer adsorption process, and their energies are exponentially
distributed [50]. The stronger binding sites are occupied first, and the adsorption energy decreases
exponentially when the adsorption process is completed. The n value refers to the adsorption
intensity of the adsorbate on the heterogeneous surface of the MMMua, adsorbent. The value of n
ranges between 0<n<1 indicates a favourable adsorption isotherm [51], and a less intense value
indicates a heterogeneous binding type [52].

As shown in Figure 10, the data from the vanillic acid adsorption experiment were well fitted to
the pseudo-second order, with a higher R? of 0.9992 compared to the pseudo-first order (R2=0.6717).
This result is consistent with the value of ge (39.22 mg/L) and close to the experimental ge value
(38.74 mg/L), as shown in Table 3. This model defined the chemisorption mechanism between vanillic
acid and adsorbent surfaces and proposed the adsorption process as the rate-limiting step of the
reaction [53]. It also described a sharing or exchange of electrons with activation energy [54].
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Fig. 10. The kinetic adsorption study of (a) pseudo-first-order and (b) pseudo-
second-order for vanillic adsorption onto MMMyap

Table 3
Kinetic parameters for vanillic acid adsorption study onto MMM,
Je EXP Pseudo-first-order Pseudo-second-order
Rz Kl Qe Rz Kz Qe
38.74 0.6717 0.01198 10.26 0.9992 0.00607 39.22

3.8 Application of MMMuap for Vanillic Acid Recovery in Palm Oil Black Liquor

The result showed that the modified MMMuap exhibited high active vanillic acid adsorption in the
complex structure of the real sample and reached the highest adsorption capacity of 170.8 mg/g. The
percentage recovery of vanillic acid from palm oil black liquor was 60.9%. The enormous capacity of
MMMuap to adsorb vanillic acid in the real sample compared to the synthetic solution was reflected
in the presence of other phenolic compounds in the crude solution, which activated the active site of
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MMMuap and increased the adsorption capacity [55]. Moreover, the addition of HAp as a filler in
MMMuap could be a reliable approach to improve the efficiency of the adsorbent and is expected to
be a promising approach for vanillic acid recovery in biomedical applications.

4. Conclusions

The use of eggshells as calcium precursors for hydroxyapatite formation and their subsequent
incorporation as a filler in a mixed matrix membrane (MMMuap) has proven to be a successful
approach to improve the recovery of vanillic acid from biowaste and palm oil black liquor. Calcination
temperature plays a crucial role in determining the structural properties of HAp, and the study found
that 500 °Cis the optimal temperature for the preparation of HAp with suitable properties for vanillic
acid adsorption. The high adsorption capacity of MMMuap in the multisystem indicates that it is a
promising adsorbent for the recovery of significant amounts of vanillic acid from biowaste, especially
from palm kernel shells. These results highlight the commercial and industrial potential of MMMuap
and provide valuable insights to optimize its application for the recovery of valuable compounds in
the pharmaceutical, chemical and food industries. This research highlights the importance of a green
circular economy approach to generate income through resource recovery. Overall, the use of
MMMuap as an effective adsorbent for vanillic acid recovery contributes to the sustainability of our
environment and economy.
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