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Addition of chitosan to calcium-alginate membranes for
seawater NaCl adsorption

Anugrah Ricky Wijaya*, Alif Alfarisyi Syah, Dhea Chelsea Hana and Helwani
Fuadi Sujoko Putra
Department of Chemistry, Faculty of Mathematics and Natural Sciences, Universitas
Negeri Malang, JI. Semarang 5 Malang 65145, Indonesia

ABSTRACT

Ve

Initial research was focused on the production of calcium-based alginate-chitosan membranes ﬁ’om\
coral skeletons collected from the Gulf of Prigi. The coral skeleton's composition was analyzed using
XREF, revealing a calcium oxide content ranging from 90.86% to 93.41%. These membranes showed the
significant potential for salt adsorption, as evidenced by FTIR analysis, which showed the presence of
Sfunctional groups such as -OH, C=0, C-O, and N-H involved in the binding process. SEM analysis
showed the particle size diameter of 185.96 nm, indicating a relatively rough and porous morphology.
Under optimized conditions, the resulting calcium-based alginatechitosan membrane achieved 40.5%
Na+ and 48.39% ClI- adsorptions, using 13.3 mL of 2% (w/v) chitosan and 26.6 mL of 2% (w/v)
alginate with a 40-minutes contact time. The subsequent we applied for the desalination potential of
calcium alginate, revealing the efficient reduction of NaCl levels in seawater. The calcium of coral
skeletons collected was 90.86% and 93.41% before and after calcination, respectively, affirming the
dominant calcium composition suitable for calcium alginate production. We identified an optimal 8-
minute contact time for calcium alginate to effectively absorb NaCl, resulting in an 88.17% and 50%
for Na+ and CI- absorptions. We applied the addition of chitosan into calciumalginate membranes and

its impact on enhancing salt adsorption efficiency for seawater desalination.

Keywords: Ca-alginate; chitosan; adsorption; Cl-; Na+

- J

1. Introduction

The coastal regions often face water scarcity despite the proximity to abundant seawater resources due
to challenges in obtaining clean water [1]. Seawater, with an average salinity of 3.5% and a salinity
measurement of around 35 psu, contains NaCl rendering and unsuitable for direct human consumption
[2]. The salinity measurement and Total Dissolved Solids (TDS) ranging from 20.000 to 50.000 ppm in
the Gulf of Prigi is needed for desalination processes [3—5]. Desalination offers a viable solution, often
utilizing adsorption methods involving membrane technology, which efficiently reduce NaCl levels in
seawater [6]. The demand for clean water remains a challenge, necessitating innovative solutions.

The exploration of calcium-based membranes for salt adsorption was aimed to optimize desalination
efficiency [7]. The membranes synthesized from coral skeletons, predominantly composed of calcium
carbonate (CaCO3), are augmented with chitosan and sodium alginate, providing a cost-effective yet
efficient solution for desalination [8,9]. The membrane synthesis process involves the crosslinking of
sodium alginate and calcium, forming calcium alginate membranes capable of adsorbing NaCl from
seawater [10,11].

Chitosan, a biopolymer with active NH2 and OH- functional groups, holds potential for membrane
manufacturing, specifically in adsorption applications [12]. Combination chitosan with alginate
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potentially enhances the membrane's properties, potentially forming pores and binding with metals
[13,14]. The coral skeleton is a significant resource for calcium-based membrane production [9]. The
extraction of calcium oxide (CaO) from coral skeletons through the calcination process further
improves the membrane's functional properties [15]. Through future desalination, power material
membranes aim to transform mineral-rich seawater into clean water in coastal areas where water supply
remains insufficient[16].

Here, the synthesis of calcium alginate membranes involve the utilization of abundant coral skeletons,
primarily composed of CaCO3, and crosslinked with sodium alginate and calcium to form membranes
capable of binding salt from seawater [17,18]. The combined coral skeletons and polymer materials
like chitosan and sodium alginate in membrane synthesis provided a significant step toward creating
efficient and cost-effective desalination methods [19]. We explored the addition of chitosan to
calcium-alginate membranes for enhanced seawater salt adsorption, further advancing the
development of viable desalination processes.

2. Experimental detail

2.1. Materials

The materials were coral skeletons, chitosan powder, sodium alginate, 37% HCI solution, NaCl solid,
1% K2CrO4 solution, AgNO3 solid, distilled water, NaOH solution, and filter paper.

2.2. Methods

2.2.1. Sample coral preparation

Corals taken from Prigi Beach undergo a series of preparation stages, such as cleaning with
demineralized water, drying at 60 °C until dryness, grinding and sieving (200 mesh) until a fine powder
was obtained. The resulting coral powder was calcined at 800 °C for 2 hours to produce high purity
CaC03[20,21].

2.2.2. Preparation of CaCl2 solution from calcined coral

This CaCO3 was processed into a homogeneous CaCl2 solution, starting with diluting 83.3 mL of 37%
HCI to obtain a 1 M HCI solution. Five grams of CaCO3 was combined with 100 mL of 1 M Hcl
solution, producing a CaCl2 solution after homogenization and filtration.

2.2.3. Preparation of alginate and chitosan solutions

Actotal of 1 and 2 g of sodium alginate were individually weighed and each added to 100 mL of distilled
water. The solutions were stirred using a hotplate magnetic stirrer at 300 rpm at 80 °C and left for 24
hours. Chitosan was prepared in concentrations of 1%, 2%, and 3%, respectively. Atotal of 1,2,and 3 g
of chitosan powder (w/v) were added to 100 mL of acetic acid solution with a concentration
corresponding to the chitosan mass (1%, 2%, and 3% acetic acid). The solutions were then stirred using
ahotplate magnetic stirrer at 300 rpm at 80 °C and left for 24 hours.

2.2.4. Synthesis of calcium- alginate-chitosan membranes

The synthesis of Ca-alginate-chitosan membranes was carried out by mixing the polymer solutions
(sodium alginate and chitosan) in a volume of 40 mL with a chitosan-to-alginate ratio of 1:2, resulting in
a chitosan solution volume of 16.13 mL and a sodium alginate solution volume of 26.6 mL with the
variation concentration ratio of chitosan to alginate (1:1, 1:2, 1:3, 1:4). After 24 hours, the alginate-
chitosan mixture was added with 10 mL of 0.5 M CaCl2 and left for 8 hours, followed by lifting and
drying at room temperature for 24 hours. The resulting beads and transparent membranes were then
characterized by measuring pH and washing with distilled water.
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2.2.5. Optimization of calcium- alginate-chitosan membrane synthesis

The process of optimizing the concentration of the alginate solution involved adsorption experiments
with NaCl solutions using different chitosan-alginate compositions. This aims to determine the
optimum alginate composition that produces the highest Cl- adsorption concentration. Further
optimization was focused on determining the ideal chitosan concentration for maximum CI-
adsorption. The characterized membranes were applied by FT-IR analysis to identify functional groups
and SEM analysis for microstructural observation.

2.2.6. Characterization of calcium- alginate-chitosan membrane synthesis

The initial characterization of Calcium- Alginate-Chitosan Membrane Synthesis involved employing a
Fourier transform infrared spectrometer (FT-IR, Shimadzu IR Prestige 21) to identify the compounds'
functional groups. Subsequently, X-ray fluorescence (PANalytical) determined the elemental
composition of a material/sample, while Scanning Electron Microscopy and Energy Dispersive X-ray
(SEM EDX) can be used to characterize a material and its morphology.

2.2.7. Adsorption experiments

In laboratory scale applications, the membrane was tested by stirring a 0.1 N NaCl solution with
varying contact times. The resulting solution underwent Na+ concentration analysis using AAS
(Thermo scientific ICE3000) after appropriate dilution. In addition, analysis of Cl- concentration was
carried out via Mohr's argentometric titration, which involves titration with a 0.1 N AgNO3 standard
solution.

After adsorption, the filtrate was analyzed for Na+ and Cl- concentrations using specific techniques.
The Na+ concentration was determined using AAS after adequate dilution, while the CI- concentration
was determined via Mohr's argentometry titration involving titration with a 0.1 N AgNO3 standard
solution, both carried out in duplicate for accuracy. Blank titration was carried out as a reference for
calculating CI- levels.

3. Results and discussion

3.1. Characterization of coral skeleton using XRF Test

The sieved coral skeleton was calcined at 800 °C to obtain high purity calcium oxide. Calcination
functions remove CO?2, dirt, and minerals other than calcium. During this process, heat was applied to
the surface of the coral particles, thereby encouraging the released CO2 gas to migrate to the surface and
disperse into the calcined sample. The resulting calcined coral as the natural sources for material CaCl2
productions. XRF analysis of corals determines the content of calcium and various other elements. The
elemental composition of coral, both before and after calcination is listed in Tables 1 and 2.
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Table 1. XRF Analyses of coral before alcination.

No Elements Wt (%) Oxide Wt (%)
1 Ca 90.82 CaO 90.86
2 Si 1.30 Si0; 2.30
3 Sr 4.40 SrO 3.42
4 Fe 1.70 Fe;03 1.62
5 Ti 0.15 TiOz 0.16
6 Mo 0.89 MoOs 1.10
7 Cu 0.03 CuO 0.03
8 Mn 0.07 MnO 0.06
9 Ba 0.10 BaO 0.10
10 Yb 0.47 Yb203 0.35
11 Lu 0.09 Luz03 0.06
Table 2. XRF analyses of coral after calcination.

No Elements Wt (%) Oxide Wt (%)

1 Ca 92.58 CaO 93.41

2 Si - Si0: -

3 Sr 4.54 SrO 3.56

4 Fe - F8203 1.43

5 Ti 0.11 TiO; 0.12

6 Mo 1.10 MoO;3; 1.30

7 Cu 0.04 CuO 0.03

8 Mn 0.06 MnO 0.05

9 Ba 0.10 BaO 0.08

10 Yb - Ybz03 -

11 Lu - Ll.l203 -

The XRF measurements showed that the coral was composed mainly of calcium oxide, which has the
potential to be used as a component of Ca2+ in the membrane. The percentage of CaO before and after
calcination was 90.82 and 93.41%, respectively.

3.2. Synthesis of calcium-alginate-chitosan

The process of dissolving sodium alginate in water using a hotplate magnetic stirrer is recommended at
80 °C with a speed of 300 rpm [22]. Chitosan powder was dissolved in highconcentration acetate acid or
organic acid solvents with a pH range of 4-6 [22]. Furthermore, chitosan was dissolved at a relatively
high temperature, around 80°—100°C. The solubility process of chitosan occurs through a protonation
reaction, where the amine group (-NH2) in chitosan accepts H+ released by acetic acid, resulting in a
positive charge (-Nh3+). The addition of Ca2+ ion from CaCl2 reacted as a cross-link with sodium
alginate and chitosan. CaCl2 functions as a crosslinking bound sodium alginate, with Ca2+ replacing
Na+ to form calcium alginate. That cross link is essential for the formation of the gel structure. The
formation of Ca-alginate-chitosan involves a drip technique, where a vacuum pump ensures a
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consistent drip frequency of the sodium alginate solution into the calcium chloride solution.

During Ca-alginate-chitosan beads production, the NaCl was removed through washing, achieved by
soaking the beads in distilled water. The process requires a 300 mL sodium alginate solution and 150
mL of calcium chloride solution to release 100 grams of calcium alginate granules. This method is

widely used in various scientific studies and industrial applications, and offers a controlled and efficient
means of producing calcium alginate beads for diverse uses.

Figure 1. Ca-alginate-chitosan beads.
3.3. Characterization of Calcium-Based Alginate-Chitosan Membrane Using FTIR
The calcium alginate-chitosan membrane was analyzed using FTIR to determine the functional group

content present in the membrane. FTIR spectrum analysis was performed using the Origin application.
The FTIR characterization is shown in Figure 2.
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Figure 2. FTIR Spectra of Calcium Alginate Membrane and Calcium Alginate-Chitosan Membrane.
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The infrared (IR) spectrum shows characteristic features of calcium alginate and calcium
alginatechitosan membranes. In the calcium alginate spectrum, the prominent peak at 1683.85 cm™
indicates the characteristics of the carboxyl functional group (C=0). The range between 1594-1418
cm! depicts the C-O symmetric stretch of the carboxyl group, and the presence of a C-O asymmetric
stretch was identified at 1180.43 cm™ [23]. The peak at 2945.3 cm™ indicates intramolecular hydrogen
bonds involving O-H and -COO- along with Ca*" ions, while the peak at 3647.39 cm ™ represents O-H
stretching vibrations especially in calcium alginate [24].

In the alginate-chitosan spectrum, there was a shift and the emergence of new functional groups due to
the addition of chitosan. An important shift occurs at 3630.15 cm™, which indicates O-H stretching
vibrations and N-H stretching vibrations, consistent with previous research by Venkatesan et al. [25].
The wider band at 2943.37 cm™ indicates intramolecular bonds between O-H, -COO-, and Ca?" ions
together with the NH2 group. The peak at 1186.22 and 1750.10 cm™" indicates asymmetric C-O and
C=0 stretching. The characteristic peak at 1649.13 cm™ represents the ketone C=0 stretching vibration
on primary NH>, which indicates the presence of N-H bending which indicates interaction with the
protonated amino group on chitosan. The wavenumber shift in the -OH group indicates an increase in
energy level [26].

3.4. Characterization of calcium-based alginate-chitosan membrane using SEM

The calcium-based alginate-chitosan membrane that has been formed is analyzed for its microstructure
using SEM (Scanning Electron Microscope) to examine the surface and pore diameter of the
membrane. The SEM results obtained under optimal conditions can be observed in Figure 3.

(a) (b)

Figure 3. SEM analysis of a calcium alginate membrane at (a) 1000x (b) 5000x magnification.

Under 5000x magnification, the surface of the calcium alginate particles shows a considerable surface
area, displaying a particle diameter of 138 nm. Smaller particle size correlates with expanded surface
area, leading to increase adsorption rates. These characteristics place calcium alginate in the
classification of microporous materials, as indicated by its particle size and is described in detail in this
study [27]. Figure 4 illustrates the comparative analysis between various calcium alginate membranes.
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Figure 4. SEM analysis of calcium alginate-chitosan membrane at (a) 1000x, (b) 5000x magnification.

SEM analysis findings at 5000x magnification show the inner surface structure of the membrane, which
is characterized by roughness and porosity, with a diameter of 185.96 nm. This size classification aligns
them with microporous membranes [27]. These membrane pores play an important role as adsorbents
during NaCl adsorption, facilitating movement within the pore walls in the adsorption process.

3.5.Adsorption of NaCl using calcium-based alginate-chitosan membrane synthesis

3.5.1. Adsorption of NaCl using variation of alginate solution for optimization

Sodium alginate functions as the base material in gel formation along with Ca2+ from CaCl2, which
cross-links with sodium alginate and chitosan. The optimization process focuses on identifying the
most effective concentration of sodium alginate for adsorption purposes. This optimization phase
involves testing membrane configurations utilizing sodium alginate solutions at concentrations of 1
and 2% w/v, combined with 1% w/v of chitosan. The quantities utilized consist of 26.6 mL of
NaAlginate solution, 13.3 mL of chitosan solution, and 10 mL of 0.5 M CaCl2. The optimized condition
ofideal composition is shown in Table 3, as follows:

Table 3. Optimized sodium alginate solution concentration form maximum adsorption.

Concentration (ppm)

Na-Alginate Chitosan ) ) ) ]
[CT] [CT] [CT] %Adsorption

(ml; wiv) (vol; wiv) o )
Initial Residue Adsorbed

26.6: 1% 13.3: 1% 3543 2290 1253 34.8

26.6: 2% 13.3; 1% 3543 2130 1413 40.0

26.6; 3% 13.3;1% 3543 2330 1213 34.2

26.6; 4% 13.3:1% 3543 2370 1173 33.1

As listed in Table, the membrane containing a 2%w/v alginate concentration demonstrates a higher
capacity for adsorbing Cl- ions compared to the 1% w/v alginate concentration membrane. The
concentration of sodium alginate plays a crucial role in gel formation, influencing the density of
particles within the solution. Higher concentrations lead to a denser presence of charges or particles,
facilitating increased electrostatic interactions between more functional groups and the -NH3+ groups
in chitosan. Consequently, this interaction enhances the membrane's capacity for substance adsorption
[28].

AIMS Environmental Science (Volume - 11, Issue - 03, Sep - Dec 2024) Page No - 7



‘ISSN 2372-0352

3.5.2. Adsorption of NaCl using Variation of Chitosan for Optimized adsorption

The optimization of chitosan solution concentration is performed to determine the best membrane
composition for further membrane application with contact time. The optimization data is listed in
Table 4.

Table 4. Optimized Chitosan Solution for adsorption maximum.

Na-Alginate Chitosan Concentration (ppm) %Adsorption
(ml ; w/v) (ml ; wiv) [CI'] Initial [Cl']Residue  [Cl] Adsorbed

26.6 ; 2% 13.3;0% 3542 2662 880 24.8

26.6 ; 2% 13.3;1% 3542 2130 1412 39.8

26.6 ; 2% 13.3:2% 3542 1846.0 1696 48.4

26.6 ; 2% 13.3:3% 3542 2378.5 1164 32.3

Table 4 shows the membrane incorporating chitosan exhibits superior performance due to the
incorporation of active cross-linking agents, which leads to an increase in membrane pore size, thereby
enhancing its capacity for adsorption. The alginate-chitosan composite membrane was presumed to
demonstrate superior absorption of chloride ions (CI-) up to 48.4%, and then decreasing of 32.3% with
variation 2:3 between Na-Alginate and Chitosan composition.

The decrease in adsorption level at the 2:3 ratio of Na-alginate to chitosan may be due to the saturation
of the chitosan solution, resulting in a decrease in the availability of active amino groups for cross-
linking with alginate. This reduced the effective surface area for ion adsorption. Additionally, excess
chitosan content possibly causes the formation of chitosan aggregates, which can hinder the formation
of a uniform and stable membrane. The phenomenon of influenced chemical factors are related to the
balance of ionic interactions between chitosan and alginate, as well as the availability of functional
groups for cross-linking. An abundance of chitosan can disrupt this optimal interaction balance,
resulting in a decrease in adsorption efficiency [29,30].

The process of combination between chitosan solution with alginate reveals in an interaction between
the positively charged amino groups (-Nh3+) of chitosan and the -COO- groups of alginates through
ionic interactions, establishing cross-linking bonds.

3.5.3. Adsorption of NaCl using the optimized condition

The utilization of the calcium alginate and chitosan as the membrane was assessed by adsorbing NaCl
in the ranged from 10 to 50 minutes in the batch system. The outcomes of the membrane’s work were
measured in terms of the maximal percentage adsorption of Na+ and CI-. The data of adsorption test of
calcium alginate with addition chitosan in the membrane for Na+ adsorption is presented in Table 5.

Table 5. Analysis of the Na+ ion adsorption level by membrane using AAS.

Contact Time Concentration (ppm) %Adsorption
(Minutes) [Na*] Initial [Na*] Residue [Na*] Adsorbed

10 1105 668 437 39.5

20 1105 693 411 37.2

30 1105 688 416 37.7

40 1105 657 447 40.5

50 1105 745 359 325
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As listed in Table 5, the optimal time analysis towards the maxima Na+ ion adsorption is 40 minutes.
The particle aggregation on the membrane potentially affected the adsorption of Na+ions.

These ions are typically bound by -COO- groups originating from alginate, crucial in the NaCl
adsorption process. The presence of -NH3+ groups from chitosan is suspected to contribute to this
aggregation.

Figure 5 illustrates the correlation between contact time and the percentage of Na+ adsorption. This
reveals a notable decline at the 50-minute. This implies a reduction in the membrane's adsorption
capacity, potentially linked to a decrease in chitosan content or a decline in NH2 groups within the
membrane. Chitosan's efficacy in binding metals stems from its free amino groups and integral for ion
exchange capabilities. The nitrogen content in chitosan with its high polymer chain correlates with its
capacity to bind metals.

As listed in Table 6, the ion Cl- adsorption test was utilized using the Mohr method. As listed in the
table, it becomes evident that the optimal duration for CI- ion adsorption is 40 minutes, the same with its
pattern of Na+ ion. The contact time plays a vital role in the adsorption process, directly impacting the
amount of adsorbed substance. The optimized contact allows for more solute molecules to be adsorbed,
facilitating a well-functioning diffusion process [31]. It significantly influences adsorption until
equilibrium is attained. Once equilibrium is reached, further contact time does not affect the process or
possibly desorption.

Table 6. Analysis of the Cl- adsorption levels in the NaCl 0.1 N solution using the Mohr Method
Argentometric titration.

Contact Time Concentration (ppm)
(Minute) |CI'] Initial [CI'] Residue  [Cl'] Adsorbed %Adsorption
10 3543 1988 1554 43.9
20 3543 1952 1590 44.9
30 3543 1864 1661 47 .4
40 3543 1828 1696 48.4
50 3543 1881 1661 46.9
48 .
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Figure 5. Relationship between contact time and the percentage of Na+ and CI- ion adsorption.
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Figure 5 indicates a substantial increase in the Na+ and Cl- ions adsorption process at 40 minutes,
revealing them as the optimal time for both ions. Conversely, there is a decline in observing them at 50
minutes. Prolonging the process beyond 60 minutes could potentially lead to desorption, releasing the
adsorbate back into the solution. Figure 5 depicts the graphical representation of the relationship
between contact time and the percentage of Na+and Cl- ions adsorption.

The possible mechanism reaction between Ca-alginate and chitosan during adsorption of Na+ and CI-
as shown in Figure 6, as follows:
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Figure 6. The possible mechanism reaction between Ca-alginate chitosan with NaCl during the
adsorption process.
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The initial mechanism reaction started a reaction between Ca-alginate and chitosan to form a
Caalginate-chitosan complex, causing the cross linking of the polymer to involve hydrogel formation
for potentially adsorption application. During the adsorption, the first step involved the displacement of
Ca2+ changing with Na+ ion due to the higher affinity of Na+ ion to alginate. The first product in the
adsorption process was the dissolution of Ca complex and trapped Na-alginate chitosan in the
membrane. In the second product, when the Cl- ion was applied in the adsorption process, chitosan
could possibly interact with Cl- ions through electrostatic interactions, hydrogen bonding, and its
positively charged amino groups attracted Cl- ions. The residue of this process adsorption formed a
Ca(OH)2 complex. In the future prospect, the specific condition of pH and temperature between
Caalginate chitosan and NaCl should be considered to determine the best capability membrane as
adsorbent.

4. Conclusions

The inclusion of chitosan in calcium alginate had an impact on membrane formation, which was
reflected in FTIR characterization by observing shifts in the wave numbers of certain functional groups.
On the calcium alginate membrane, the absorption of the O-H group at 3647.39 shifted to 3437 cm-1,
which indicated the existence of intramolecular bonds with the N-H group of chitosan. In addition,
C=0, CO, and N-H groups were involved in NaCl binding. SEM analysis showed a particle size
diameter of 185.96 nm, indicating rough and porous surface characteristics, indicating the microporous
nature of the membrane, which is capable of absorbing NaCl. The calcium alginate-chitosan based
membrane showed a Na+ and CI- adsorption peak of 40.5% and 48.4%, respectively. This maximum
adsorption level was achieved using a membrane composition consisting of 13.3 mL of 2% chitosan
(w/v)and 26.6 mL. The optimized contact time for this Ca-alginate addition with chitosan was detected
at 40 minutes to adsorb of Na+and Cl- ions.
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ABSTRACT

Novel catalysts for recycling PET bottles into monomers have been developed by depositing zinc onto
the surface of SBA-15, mitigating ZnO catalyst agglomeration in glycolysis separation processes to
enhance reaction yields. Various zinc compounds (Zn(OAc)2, ZnCI2, and ZnSO4) were employed as
substrates for catalyst design on the porous, high-surface-area material SBA-15 via impregnation. The
presence of distinct Zn species on SBA-15 was confirmed through XRD and EDS analyses. The acidity
of the catalyst, a crucial factor in the PET glycolysis process, was assessed using different Zn-
containing precursors. NH3-TPD measurement has revealed the highest acidity in ZnCI2, followed by
Zn(OAc)2 and ZnSO4, respectively. Glycolysis reactions with a PET:EG ratio of 1:5 and a 1% catalyst
at 200°C for 2 hours revealed the catalytic efficacy of zincdeposited compounds in the sequence ZnCl2
> Zn(OAc)2 > ZnSO4. Surprisingly, the ZnCl2 catalyst produced the highest yield of bis-2-
hydroxyethyl terephthalate (BHET) at 75% and displayed exceptional recycling capability over three
cycles, contributing significantly to resource recovery objectives aligned with the Sustainable
Development Goals (SDGs).

Keywords: sustainable development goals; glycolysis; SBA-15; Zn catalyst; polyethylene
terephthalate

1. Introduction

Polyethylene terephthalate (PET) is widely used for beverage packaging due to its exceptional
properties, including transparency, gas and water resistance, high impact strength, UV resistance, and
being lightweight. However, the global production and use of PET bottles have led to significant plastic
waste, causing environmental pollution and reducing landfill space. Incineration as a waste
management method not only generates energy but also contributes to air pollution. The Great Pacific
Garbage Patch serves as a clear example of the negative impacts of plastic waste on a global scale,
breaking down into microplastics that contaminate soil, water, and air. Studies have even found
microplastics in seafood and human blood, which have been linked to respiratory problems and the
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development of cancer [1]. Additionally, the production of PET bottles relies on fossil fuels,
contributing to greenhouse gas emissions and climate change. Therefore, immediate action is essential
to address and prevent this issue from escalating into a worldwide public health and environmental
crisis.

Recycling is a promising way to reduce waste in landfills. Various methods can be employed to recover
PET, including primary (re-extrusion), secondary (mechanical), tertiary (chemical), and quadruple
(energy recovery) methods that possess their own advantages and disadvantages in terms of cost,
quality, and environmental impact. For primary and secondary methods, the properties of recycled-
grade PET deteriorate by thermal degradation during the process due to contamination of acid, water,
color, and additives in the plastic [2]. Chemical recycling, on the other hand, involves breaking down
polymer chains into monomers, providing valuable feedstock for the plastic industry, and promoting a
circular economy. Among the chemical recycling reactions, glycolysis has gained significant attention
due to its moderate operating temperature, mild reagents, normal pressure, high yield, and scalability.
Glycolysis involves the trans-esterification of PET polymers using glycols, primarily ethylene glycol
(EG), resulting in the cleavage of ester linkages to obtain bis-2hydroxyethyl terephthalate (BHET) [3].

However, without a catalyst, the glycolysis of PET is inherently slow. This is primarily because the
adjacent aromatic ring in the PET structure stabilizes the carbonyl group, which has a low degree of
reactivity. Zinc acetate (Zn(OAc)2) is widely used as a catalyst in PET glycolysis, offering a high yield
of BHET compared to other metal salts. Nevertheless, its drawback lies in the dissolution of the metal
saltin EG, making it challenging to recover for reuse. Even trace amounts of metal ions remaining in the
BHET monomer can adversely affect the properties of the polymer, including rheological behavior,
discoloration, and degradation of polymer chains [2,4]. While solid catalysts composed of metal oxide
particles, mostly transition metals, have been used, their toxicity poses significant risks to the
environment. Zinc oxide (ZnO), a non-toxic metal oxide commonly found in sunscreen [5], presents a
promising alternative. It is not only environmentally friendly, but also exhibits excellent catalytic
potential. Previous studies have investigated the reactivity of ZnO in PET glycolysis, showing a high
yield of BHET but requiring high operating temperatures and pressures (260 °C and 5 atm) [6]. Our
work explored the use of ZnO nanoparticles via reflux under normal pressure to achieve a high yield of
BHET [7], although the aggregation of nanoparticles after use reduces the efficiency of the reaction
acceleration.

Furthermore, nanoparticles may mix with the wastewater used for BHET washing, potentially leading
to environmental contamination that could impact living organisms. To address this issue, distributing
the catalyst on the surface of a support material could be offered. Santa Barbara Amorphous-15 (SBA-
15) is a mesoporous silica with a uniform hexagonal pore, a narrow pore-size distribution, and a high
surface area. It has been applied to be a supported material for ZnO to utilize in various applications,
including photocatalytic degradation [8,9], antibacterial agents [10], and catalysts [11-13]. For
instance, Bhuyan et al. successfully prepared a ZnO/SBA-15 catalyst for the synthesis of
dihydropyrimidinones. The catalytic efficiency of the ZnO nanocomposite was superior to that of pure
ZnO nanoparticles, requiring a lower catalyst loading and a shorter reaction time [11]. Yao et al.
employed ZnO/SBA-15 for the glycolysis of PET, achieving a remarkable 91% yield of BHET. The
authors also noted that the resulting product exhibited improved whiteness compared to catalysts such
as Zn(OAc)2, ZnO, and ionic liquids [14].
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The role of zinc in the glycolysis reaction was studied and generally proposed at the acid site of the
catalyst. Both zinc atoms and zinc ions (Zn2+) possess the ability to activate the carbonyl group of PET,
facilitating its reaction with EG. However, most of the solid catalysts described in the literature for the
glycolysis of PET are composed of metals or metal oxides. In a notable study, Datta and Pasha reported
the preparation of ZnCI2 absorbed on silica for the synthesis of 4-methylcoumarins.

Their results demonstrated that Zn2+ ions on the silica surface could catalyze the reaction and be reused
up to five times without a significant loss in efficiency [ 15].

The objective of this research is to develop catalysts comprising Zn2+ ions and ZnO distributed on
SBA-15 for the purpose of catalyzing the glycolysis of PET waste bottles. Metal salts, namely
Zn(0OAc)2, ZnCl2, and ZnSO4, were introduced using a wet impregnation technique. The calcination
temperature was maintained at a constant 550°C to prevent any alterations to the pore structure caused
by excessive heat [10]. At this temperature, the Zn salts decompose in different ways, resulting in the
formation of either ZnO or Zn2+ ions on the SBA-15 support material [16,17]. Subsequently, the
prepared catalysts underwent characterization and were employed in the glycolysis of PET to
investigate their efficiency and optimize reaction conditions.

2.Materials and methods

2.1. Materialss

The disposal PET bottles were collected, removed labels, and cleaned with detergent, then airdried and
cut into chips (size 0.3 % 0.3 cm), avoiding the adhesive area. The chips were pulverized using a rotary
cutter to obtain a PET particle size of 0.1 mm, further dried at 60 °C in an oven to remove moisture, and
stored in a zip bag. Pluronic P123 (copolymer), tetraethyl orthosilicate (TEOS), 37% w/w hydrochloric
acid (HCI), zinc acetate (Zn(OAc)2), zinc chloride (ZnCl2), zinc sulfate (ZnSO4), 95% ethanol, and
ethylene glycol (EG) were analytical grade and used as received.

2.2. Synthesis of SBA-15

A Pluronic P123 solution was prepared by adding 4.0 g of Pluronic P123, 90.0 g of distilled water, and
60.0 gof4 M HCl in a round-bottom flask. The mixture was stirred at room temperature for 2 hours until
it was fully dissolved. Then, 8.5 g of TEOS was gradually added dropwise to the mixture while
continuously stirring at 40 °C for 20 hours. The mixture was poured into the autoclave with the
temperature controlled at 100 oC for 24 hours in an oven. After finishing the reaction, the autoclave was
cooled to room temperature by soaking in water. The precipitate was filtered using vacuum filtration,
washed thoroughly with 95% ethanol to remove the copolymer, and oven-dried at 100 °C for 24 hours.

The resulting solid was calcine at 550 °C with a heating rate of 10 °C/min for 6 hours to obtain a white
solid of SBA-15.

2.3. Synthesis of Zn/SBA-15

SBA-15 was added to the solutions of Zn(OAc)2, ZnCl2, or ZnSO4 by controlling the concentration of
Zn at 10% wt. The mixture was impregnated at room temperature for 7 days. The precipitate was
filtered using vacuum filtration, washed with distilled water, and dried at 100 °C for 24 hours. The
resulting solid was calcine at 550 °C with a heating rate of 10 °C/min for 6 hours to obtain the expected
Zn2+ or ZnO distributed on SBA-15 support. The prepared catalysts doped by Zn(OAc)2, ZnCI2, and
ZnS0O4 were designated as ZA, ZC, and ZS, respectively.

2.4. Glycolysis of PET plastics
PET particles were mixed with EG at a weight ratio of 1:5 in a digestion tube. The catalysts, calculated
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as apercentage of the weight of PET, were then added, and the mixture was heated in a digestion box for
a specified period. The obtained mixture was filtered using the Biichner funnel and washed with hot
distilled water to separate the catalyst and incomplete depolymerized PET. Distilled water was added to
the filtrate and stirred using a magnetic bar for 45 minutes to dissolve EG from the product. Then, water
was removed using a rotary vacuum evaporator until the volume of the remaining mixture was about 60
cm3. The mixture was transferred to a conical flask, closed with parafilm, and then placed in a
refrigerator (4 °C) for 24 hours to crystallize BHET. The white solid of BHET was filtered using a
Biichner funnel and washed with cold distilled water several times. The product was placed in an oven
at 60 °C for 24 hours. The weight of BHET was recorded for calculating the percent yield of BHET
(%YBHET) as in the equation below.

mol BHET
HoYpuer = o < 100

Where mol BHET is the weight of BHET divided by a molecular weight of BHET (254 g/mol) and mol
PET is the weight of PET divided by a molecular weight of the repeating unit of PET (192 g/mol).

2.5. Characterization

The prepared catalysts were characterized by X-ray diffraction (XRD) (Rigaku, smart lab) to obtain the
crystal information of the catalysts. Surface morphology and 2D projection pictures were examined by
a field emission scanning electron microscope (SEM-Hitachi; SU-8030) equipped with Energy-
dispersive X-ray spectroscopy (EDS) to determine the percentage of elements on the surface. A
transmission electron microscope (TEM-Hitachi HT7700) was applied to explore the pore structure of
SBA-15 and the lattice fringe of the Zn catalyst on the surface. Surface area, pore volume, and pore
diameter were examined by the physisorption of N2 molecules using a BET analyzer (Micromeritics,
3Flex). The chemical functional group was confirmed using Fourier transform infrared spectroscopy
(Jasco; FT-IR4000). The chemical state information from the surface of the catalysts was revealed by
X-ray photoelectron spectroscopy (AXIS Ultra DLD). Temperature-programmed desorption (NH3-
TPD) experiments on the catalysts were carried out using a TA instrument (SDT2960 Simultaneous
DTA-TGA Universal 2000). Differential scanning calorimetry (DSC, Netzsch DSC 214 polyma) was
applied to confirm the purity of BHET products.

3. Results and Discussion

3.1. Characterization of the catalysts

3.1.1. Chemical structure

The XRD spectra of the samples reveal intriguing findings. Figure 1 presents a broad peak within the
15-40 2-theta range, indicating the presence of amorphous silica. The distinctive peak pattern of ZnO
wurtzite was observed in the ZA within the 2-theta range of 30-70. The signals of the ZS spectrum
correspond to the crystalline structure of ZnSO4[1H20 [pdf card No: 01-074-1331], indicating the
unchanged nature of the ZnSO4 precursor. These observations can be attributed to the different
decomposition temperatures of the various zinc salts, where Zn(OAc)2 decomposed at 280°C, ZnCl2 at
500°C, and ZnSO4 at 680°C, respectively [11,13]. Consequently, the experimental calcination
temperature set at 500°C was exclusively adequate for the transformation of Zn(OAc)2 to ZnO.
Nonetheless, the applied temperature might have been sufficient for ZC transformation, but the heating
time possibly fell short of completely decomposing ZnCl2 into ZnO. Accordingly, it is plausible that
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the size of the ZnO crystallites was too small to be detected by the XRD technique. As for ZC, the
applied temperature might have been sufficient, but the heating time possibly fell short of completely
decomposing ZnCl2 into ZnO. Consequently, it is plausible that the size of the ZnO crystallites was too
small to be detected by the XRD technique [10,18].
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Figure 1. XRD patterns of the catalysts, prepared by impregnation and calcination at 550 °C.

Figure 2 displays the FTIR spectra of all the samples. The weak broad peaks at wavenumbers 3454 cm-
1 (stretching and bending vibrations in the O—H bonds of silanol groups (Si—O—H)) and 1639 cm-1
suggest the residual adsorbed water molecules [19]. The relatively weak intensity of the O—H signal
indicates a low level of O—H functionality on the surfaces of the samples. Notably, a strong broad peak
within the range of 1280-1000 cm-1 and a weak peak at 800 cm-1 correspond to the asymmetric and
symmetric stretching vibrations of Si—O—Si, and the prominent signal at 460 cm-1 pertains to the
bending vibration of Si—O—Si, respectively. Additionally, a minor peak at 965 cm-1 was attributed to
the asymmetric stretching of Si-OH [20]. Surprisingly, the characteristic ZnO signal at 400 cm-1
disappeared for the catalyst samples, indicating a limited presence of the catalyst on the surface of
SBA-15.

%T

4000 3500 3000 2500 2000 1500 1000 500 0

Wavenumber (em'!)

Figure 2. FTIR spectra of the commercial ZnO, SBA-15, and the catalysts.
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3.1.2. The chemical state information from the surface

The XPS technique was employed to investigate the type of Zn atoms presenting on the surface of SBA-
15, with their respective binding energies (BE) documented in Table 2. Intriguingly, the binding energy
of Zn (2p3/2) in all samples was observed to be higher than that of pure ZnO (1021.11022.0 eV)
[21-24]. This discrepancy could be attributed to the interaction between the Zn atom and silica through
the formation of a Si—O—Zn bond. The difference in electronegativity between Si atoms (1.90) and the
Zn atom (1.65) resulted in electron withdrawal from the Zn atoms.

Consequently, the reduction of electron density in the Zn atom contributes to a higher shift in its binding
energy [21].

In the case of ZA, the Zn(2p) signal was detected at 1022.17 eV, which closely aligns with the binding
energy of the pure ZnO, providing solid evidence for the presence of ZnO crystalline structures [21,25].
On the other hand, the Zn(2p) signal observed in ZS exhibited a higher energy value of 1023.02 eV,
indicating a significant deviation of 0.88 eV from the pure ZnO. This variation could be attributed to the
presence of Zn2+ ions with the characteristic Zn(2p) signals ranging from 1022.54 to 1023.07 eV
[4,26], indicating their interaction with SBA-15. These findings further confirm the specific type of the
presented Zn atoms and are consistent with the results obtained from the previous analytical techniques.
The Zn(2p) signal of ZC was found at 1022.71 eV, which was greater than that of ZA. ZC spectra also
showed a slight signal around 200 eV, corresponding to the Zn—CI(2p3/2) and ZnCl(2p1/2) species
[23]. These results implied that the prepared catalysts contain ZnO and Zn2+ ions on the surface of the
ZC sample. In addition, the energy difference of 23 eV between the Zn(2p3/2) and Zn(2p1/2) signals
serves as a characteristic indicator of the presence of ZnO in both ZA and ZC samples.

Table 2. Binding energy of the Zn atom from the XPS technique.

Samples Zn(2pszsp) Zn(2pus) Different BE
ZA 1022.17 1045.22 23.05
ZC 1022.71 1045.74 23.03
ZS 1023.02 1046.13 23.12

3.1.3. Morphological and elemental analysis

SEM and EDS analyses provided insights into the surface morphology and elemental composition of
the samples, as illustrated in Figure 3 and Table 1. The surface roughness of the Zncontaining catalysts
exhibited aresemblance to that of SBA-15. Notably, chlorine and sulfur atoms were detected on ZC and
ZS, indicating an incomplete decomposition of ZnCI2 and ZnSO4 into ZnO.
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Figure 3. Surface morphology of the samples investigated by SEM.
Table 1. Atomic composition on the surface of the samples investigated by the EDS technique.

Samples Elemental composition (Atomic%)

O Si Zn Cl S others
SBA-15 80.64 19.36 - - - -
ZA 76.54 20.59 2.29 - - 0.58
ZC 77.11 18.91 2.90 1.08 = -
A 77.35 16.93 1.92 - 2.37 1.43

TEM images (Figure 4) depict a remarkable two-dimensional hexagonal and honeycomb structure with
long-range ordered channels, featuring a pore diameter ranging from 6 to 8 nm. Notably, the ZA sample
showcases the presence of aggregated ZnO particles on the surface of SBA15. Upon closer inspection,
the magnified image reveals the distinct parallel lattice fringes with a width of 0.28 nm, which
corresponds to the (100) crystal face. In contrast, the ZS sample displays lattice fringes characteristic of
ZnS0O4, while the ZC sample exhibits no discernible features apart from SBA-15. These TEM findings

align perfectly with the XRD data, reinforcing the consistency of the results.
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Figure 4. TEM images of SBA-15 and the catalyst samples. The scale bars of SBA-15, ZA, ZC, and
ZS are 100 nm.

3.1.4. Surface area analysis

To assess the absorption characteristics of the sample, nitrogen adsorption/desorption isotherms were
employed, providing useful insights into the surface area, pore volume, and pore size, as outlined in
Table 3. Remarkably, all isotherms exhibited Langmuir type IV adsorption behavior, while the
hysteresis branches with near-parallel alignment indicated the presence of cylindrical pores with a
relatively consistent pore size [27]. Notably, the Zn-containing catalysts displayed a significant
reduction in both BET-specific surface area and pore volume. Interestingly, the reduction in surface
area surpassed the decline in pore volume, resulting in an overall increase in pore diameter compared to
the SBA-15.

Table 3. Surface area, pore volume, and pore diameter of SBA-15 and prepared catalysts.

Samples BET Surface area (m#/g) BJH (Desorption)
Surface area Pore volume Pore diameter*
(m2/g) (em¥/g) (nm)

SBA-15 651.41 550.18 0.88 6.39

ZA 333.37 390.76 0.72 7.32

ZC 291.26 346.86 0.65 7.46

VA 289.34 304.29 0.59 7.70

*Pore diameter is calculated using BJH (desorption) as 4V/A (V = pore volume and A = surface area).
The data was calculated from the raw data of surface area and pore volume with 4 and 6 decimal places,
respectively.

3.1.5. Acidity of the catalysts

The acidic properties of the samples were assessed using NH3-TPD (Figure 5). NH3 desorption
temperature indicated acid site strength: weak (T <200 °C), moderate (200 °C <T <500°C), and strong
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(T >500°C) [28]. SBA-15 had limited acidic sites, with a broad desorption peak suggesting weak to
moderate acidity. Incorporating Zn into SBA-15 increases acidic sites. ZA (ZnO) showed weak acidity
at 160 °C and broad moderate acidity (200—400 °C) [29]. ZS (Zn2+) exhibited a distinct desorption
peak at 238 °C, indicating moderate acidity [30]. These findings align with the literature on ZnO/S-1
and Zn2+/S-1 [25]. ZC provided the highest acidic site concentration, suggesting the coexistence of
ZnO and Zn2+ions. The total acidity trend is in the order of ZC>ZA>ZS > SBA1S5.
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Figure 5. NH3-TPD profiles of SBA-15 and the catalysts.
3.2. Glycolysis of PET

SBA-15 and the catalysts were tested for PET glycolysis to evaluate their efficiency in recovering the
BHET monomer. The catalyst at 1% (w/w) of PET was added to the PET:EG with a 1:5 (w/w) ratio ata
constant temperature of 200°C. In the presence of catalysts, the %yield of BHET (% YBHET) rapidly
increased within the first hour, followed by a gradual increase, and remained stabilized after 2 hours
(Figure 6). Catalyst reactivity is in the order of ZC>ZA >ZS, which is correlated to their acidity. On the
contrary to the zinc-deposited catalysts, SBA-15 exhibited no changes in the starting material after 3
hours due to the insufficiency of'its acidity. Even with a small amount of Zn (1-3% atomic ratio) on the
surface of SBA-15, the glycolysis reaction could be activated, yielding a higher amount of BHET
compared to 15 of pure ZnO [7]. Consequently, ZC was selected for further optimization of PET
glycolysis conditions.

The increase in catalytic efficiency can be attributed to the enhanced surface area of the active site. This
suggests that the prepared catalysts exhibit a well-distributed Zn active site on the surface of SBA-15,
which prevents agglomeration compared to the use of ZnO nanoparticles. Another contributing factor
is the binding of Zn atoms to SBA-15, which enhances the acidity of the active site. The higher
electronegativity of Si atoms compared to Zn atoms results in electron withdrawal from Zn atoms,
increasing electrophilicity to accept electron pairs from carbonyl groups. Furthermore, in our research,
we employed a digestion tube for PET glycolysis without additional stirring or dispersing techniques
for the catalyst. During the reaction, EG vaporizes and condenses within the digestion tube. Reflux
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occurs when the temperature surpasses the boiling point of EG (197°C). After 2 hours, the reaction
reaches equilibrium, yielding a constant BHET yield. This glycolysis method is easy to set up,
employing mild reagents and requiring only an available heating source, making it suitable for potential
large-scale applications.
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Figure 6. Efficiency of prepared catalysts on the glycolysis of PET. The reaction condition is the
ratio of PET:EG (1:5) with a 1% catalyst at 200 °C.

To optimize the level of each parameter, a scanning experiment using ZC as the catalyst was conducted.
Figure 7 illustrates that % YBHET consistently increased across all experiments. The PET:EG ratio of
1:5 was found to be adequate for the reaction, as previously reported [7]. The cost of chemical
compounds was minimized by exploring the optimization range of 1:3 to 1:5. % YBHET remained
constant at a temperature of 200°C and a catalyst concentration of 1%. Consequently, we conducted
glycolysis experiments with 0.5—1.5% catalysts, temperatures ranging from 180—220°C, and durations
of 1-2 hours, each with three replicated runs.
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Figure 7. The scanning experiment to estimate the level of each parameter for the optimization.
Figure 8 presents the results of the optimized experiment. Temperature has a significant impact on
%YBHET. At a temperature of 180°C, all conditions resulted in a product yield of less than 50%, likely
due to glycolysis being a diffusion-controlled kinetic reaction [31]. The softening point of PET occurs
at 220°C, and it is speculated that a solvent like EG can lower this point, facilitating faster
depolymerization. The reported temperature for glycolysis of PET with EG is approximately 197°C
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(the boiling point of EG) or higher. Increasing the EG content greatly enhances glycolysis at lower
reaction temperatures, but its effectiveness diminishes at 200°C and 220°C. The addition of catalyst
from 1% to 1.5% slightly improves %YBHET. Glycolysis for a duration of 2 hours yields over 70% of
the product, as summarized in Table 5. Based on these findings, we optimized the glycolysis conditions
usinga 1:5 PET:EGratio and a 1% ZC catalystat 200°C for 2 hours, resulting ina 75% yield of BHET.
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Figure 8. 3D graph for optimization of the parameters for glycolysis of PET using a ZC catalyst.

3.3. Purity of the BHET product

The FTIR spectrum of BHET displays prominent absorption peaks corresponding to the hydroxyl
group (O—H) and carbonyl group (C=0) at wavenumbers of 3492-3432 cm-1 and 1713 cml,
respectively. The C—O stretching vibration signal was observed at 1270 cm-1. The methylene group is
identified by stretching signals at 2954—2904 cm-1 (C—H stretching of methylene) and a bending signal
at 1408 cm-1 (C—H bending). The presence of the aromatic ring is confirmed by the signals at 3090 cm-
1 (C—H stretching of unsaturated carbon), 1650—1629 cm-1 (C=C stretching of aromatic ring), and 730
cm-1 (1,4-disubstituted benzene ring), respectively. The FTIR spectrum of the obtained BHET closely
resembles that of the BHET standard, confirming the purity of BHET obtained from our glycolysis
reaction (see SI, Figure S1).

The purity of the BHET product was also further assessed using melting point and DSC analysis. Our
product exhibited a melting point range of 107—-110°C, consistent with the reported standard value
[7,32]. The DSC thermogram, spanning a range of 30—200°C, displayed a single sharp endothermic
peak at 111°C, with no indication of a dimer by product signal (170°C) [33]. These findings confirm the
purity of the BHET obtained from the glycolysis process (see SI, Figure S2).

AIMS Environmental Science (Volume - 11, Issue - 03, Sep - Dec 2024) Page No - 24



3.4. Reusability

The ZC catalyst can be recovered by filtration, followed by washing with hot distilled water and drying
at 80°C for 6 hours. By recycling the catalyst three times, the producibility of the BHET remained at
70%[11,15] (see SI, Figure S3).

4. Conclusion

Impregnating SBA-15 with various zinc salts and calcining at 550°C yielded active sites in the form of
ZnO and Zn2+ ions. The presence of Zn atoms led to a decrease in surface area and pore volume
compared to bare SBA-15. XRD and XPS analysis confirmed the presence of ZnO, ZnO/Zn2+, and
Zn2+in ZA, ZC, and ZS, respectively. The efficiency of catalysts in glycolysis has depended on their
acidity, which is in the order of ZC > ZA > ZS >> SBA-15. Using a PET:EG ratio of 1:5, a 1% ZC
catalyst based on the weight of PET, and heating at 200 °C for 2 hours resulted in the highest yield of
BHET at 75% via recrystallization. The catalysts are conveniently prepared, reusable, and
environmentally friendly. The catalyst we developed has the potential to be further enhanced in the
future to enable industrial-scale PET bottle degradation. This work has implications for resource
recovery and the circulation of BHET monomers in the PET industry, aligning with the goal of
sustainable development.
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ABSTRACT

( Chromium (Cr(V1)) is a type of hazardous waste generated by the batik industry. In this study, the\
gamma irradiation technique was applied to precipitate chromium in simulated batik mordanting
waste. Gamma irradiation induced the generation of active species, including hydrated electrons
(eag-) and hydrogen atoms (*H), which effectively reduced Cr(VI) ions to Cr(lll) and caused
precipitation as chromium hydroxide (Cr(OH)3) upon interaction with hydroxide ions (OH-). Optimal
precipitation conditions were observed at 40 kGy irradiation dose, 4M of 2-propanol work as
scavenger, andpH 9. The applied reaction conditions led to a decrease in the concentration of Cr(VI) in
simulated waste from 11,673 ppm to 177 ppm. The Cr(OH)3 was calcined to form chromium oxide
(Cr203) and through a chemical process was synthesized back into K2Cr207 with the total Cr
recovery of 63.39%. SEM and FTIR analysis indicated that the recovery of Cr(VI) into Cr(OH)3,
Cr203, and K2Cr207 can be considered successful.

Keywords: potassium dichromate; batik waste; gamma irradiation; chromium

1. Introduction

Batik has developed and evolved throughout its extensive journey. Originating from the limited
environment of the palace, batik has now evolved into one of Indonesia's creative industry commodities
entering the global market. Batik is a motif technique that uses "canting" or stamps as its drawing
media, and the colors of batik itself are applied using dyes. There are two types of dye materials for
batik: Natural dyes are extracted from natural substances and synthetic dyes, which are artificial dyes
produced by factories [1]. Batik was officially recognized by UNESCO as a Masterpiece of the Oral and
Intangible Heritage of Humanity on October 2, 2009 [2]. The formal recognition from international
institutions regarding batik can be assumed to have a positive correlation with the increased production
and consumer demand for batik. The batik industry has long been a sector that significantly contributes
to the national economy.

In addition to the positive impacts it has brought, the development of the batik industry has also raised
environmental issues due to the potential pollution from its waste. The waste, characterized by dark
color and containing hazardous heavy metals, is generated during the batik process, which includes
mordanting, waxing, dyeing, fixation, and the final stripping process [3]. Besides that, toxic heavy
metal compounds found in the industrial waste of batik include chromium (Cr), lead (Pb), nickel (Ni),
copper (Cu), and manganese (Mn) [4].

Chromium (Cr(VI)) was come from a process called mordanting. Mordanting was a process to
overcome the limitation of natural dyes that were difficult to penetrate into the fabric and prone to
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fading. Mordanting is employed during dyeing, involving the use of mordant compounds to enhance
the dye's affinity for the material/fabric [5]. Some effective and commonly used mordants include
potassium aluminum sulfate (KAI(SO4)2); potassium dichromate (K2Cr207); iron(Il) sulfate
(FeS04); copper(I1) sulfate (CuSO4); and tin(IT) chloride (SnCl12) [6].

Cr(VI) heavy metal is a persistent, highly bioaccumulative, and toxic chemical that does not easily
degrade in the environment and accumulates in the body through the food chain[7]. The toxicity of
chromium species depends significantly on its oxidation state. Chromium as Cr(VI) is toxic and
considered carcinogenic, while chromium as Cr(III) is an essential micronutrient for humans[7]. The
waste of Cr(VI) heavy metal is one of the hazardous wastes in the batik industry.

The heavy metal Cr(VI) in the liquid waste must be treated to become less hazardous before being
safely disposed into the environment to reduce its toxicity by reducing it to Cr(IlI). Recent
advancements in removal technique of Cr(VI) toxic ion from aqueous solution are adsorption,
membrane technology, photocatalyst, electrochemical treatment, microbial treatment, microbial fuel
cell, floatation, and ion exchange [8]. However, dealing with these methods has a fundamental
disadvantage, namely the occurrence of secondary contamination in waste and the need for the use of
reagents to separate deposits. Therefore, a new approach is needed to overcome these drawbacks,
including utilizing the gamma irradiation technique.

When gamma rays hit a medium in the form of a solution, radiolysis reactions occur, producing radical
species such as hydrated electrons (eaq-), hydrogen atoms (*H), and hydroxyl radicals (*OH) [9-11].
The bracketed values with reactive species produced from radiolysis of water depicts radiation
chemical yield (G-value), the number of species (i.e., atoms, ions, and molecules) in micromole (umol)
formed or consumed by 1 J of absorbed radiation energy[12]. The strong reducing effect of hydrated
electrons (eag-) and hydrogen atoms (*H) can directly reduce Cr(VI) ions to a lower valence state,
turning them into Cr(III) that forms precipitate when reacting with hydroxide ions (OH-) present in
wastewater as shown in the Eqs 1-4[13]. This reaction forms a Cr(OH)3 precipitate, which can be
separated by ordinary filtration.

H,0 > ez, (0.28),2 H(0.06),» 0H(0.29), H,(0.047), H,0,(0.07), H;0* (0.27) 1)
Cre* +3egy — Cr3* 2)
Cré* +3eH — Cr3*t +3H* (3)
Cr3* + 30H™ - Cr(0H); | ()

The presence of hydroxyl radicals (*OH), which act as oxidizers, can interfere with the precipitation
process, but their presence can be eliminated using a scavenger. Scavengers that can be used include 2-
propanol, t-butanol, formic acid, and sodium formate [10,13]. The scavenger used in this study is 2-
propanol.

The precipitation process of Cr with the radiolytic reduction method will be optimal in the pH range of
7-9.5. At a pH that is too low, hydrated electrons are quickly captured by hydrogen ions and converted
into hydrogen atoms. On the other hand, ata pH above 9.5, it causes G-values for *OH and eaq- decrease
[10]. Additionally, Cr(III) compound will remain soluble at low pH and will begin to precipitate as
Cr(OH)3, reaching amaximum at pH 7 t0 9.72 [ 14]. If Cr(OH)3 is heated, Cr203 will be formed [9,13].
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The difference between this research and the other research involving the reduction of Cr(VI) to Cr(III)
is the uniqueness of batik waste composition. The batik waste contains dyes and wax that may influence
the reduction and precipitation processes of chromium. In this research, the effect of irradiation doses,
pH, and scavenger concentrations was studied to determine the optimal conditions for the formation of
Crprecipitates from simulated liquid waste of batik using gamma irradiation.

Furthermore, the formed Cr precipitates will be converted back into potassium dichromate through a
chemical process so that the potassium dichromate can be reused. The percentage recovery of the
resulting potassium dichromate from this recycling process was calculated.

2. Materials and methods

2.1. Materials

Jalawe fruit skin, batik wax, potassium dichromate (K2Cr207) from Merck, pro analysis 2propanol
from Merck, perchloric acid (HCIO4) from Supelco, sodium hydroxide (NaOH) from Merck, and
aquadest from Merck Millipore with resistance 18.2 MOhm.cm were used in this study.

2.2. Instrumentation

A type I of gamma irradiator with a Co-60 radioactive source was used to irradiated sample. The
irradiator was installed at Polytechnic Institute of Nuclear Technology BRIN with dose rate 2.930
kGy/h at November, 2022. The irradiator has been calibrated with reference from Riso High Dose
Reference Laboratory, Technical University of Denmark. B3 DoseStix was used as dosimeter.
Monitoring the pH solution was used a pH/C meter Hanna Instruments HI 2210, remained Cr(VI)
concentration in sample solution was determined used XRF Rigaku Nex QC by generated standar curve
of Cr(VI) from K2Cr20O7. Analysis of solid samples resulted from precipitation was done with FTIR
Shimadzu IR-Spirit and SEM-EDS Hitachi Su3500.

2.3. Procedures

2.3.1. Prepared simulated liquid batik mordanting waste (receipt from batik craftsmen in
Giriloyo, Yogyakarta, Indonesia)

The 50 grams of Jalawe fruit skin in 500 ml of water was boiled for 2 hours, the filtrate was taken to get
the natural dyes. The 3.3 grams of K2Cr207 was added with 1 ml of natural dye from the extract of
Jalawe fruit skin that has been made and 0.02 grams batik wax. The mixture was dissolved in 100 ml of
water and stirred.

2.3.2. Separation of wax from waste solution
The liquid waste from batik fixation was filtered with Whatman paper to separate wax from the waste
solution.

2.3.3. Effect of scavenger concentration on the Cr precipitation

The simulated waste was added with 2-propanol at variations of 1M, 2M, 4M, 6M, 8M, and irradiated at
a dose 0f40 kGy, as well as measured the pH of the waste. The obtained precipitate was dried in an oven
at 105 °C for 2 hours, and the formed precipitate was weighed and the remained Cr(VI) at solution was
measured.

2.3.4. Effect of irradiation dose on the Cr precipitation

The simulated waste was added with optimum scavenger concentration and irradiated at dose 10, 20,
30, 40, and 50 kGy and measured the pH of the waste. The obtained precipitate was dried in an oven at
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105 °C for 2 hours. The formed precipitate was weighed and the remained Cr(VI) at solution was
measured.

2.3.6. Chromium recovery from simulated waste through gamma irradiation

The simulated waste was added with optimum scavenger concentration and conditioned at optimum
pH, and Irradiated at optimum irradiation dose. The precipitate was filtered with Whatman paper and
dried the precipitate at 105 °C for 2 hours. It was expected that Cr(OH)3 is formed. Weighed the
Cr(OH)3 precipitate.

2.3.7. Synthesis of potassium dichromate [14]

The obtained Cr(OH)3 precipitate was calcined at 500 °C for 5 hours. It was expected that Cr203
formed in this process. KOH was heated at 200 °C, after KOH melted completely, was added Cr203
with amass ratio of KOH to Cr203 is 2:1. KNO3 was added to the mixture with a mass ratio of KNO3 to
Cr203 is 3:1. The mixture was mixed until homogenous and becomes a thick paste. The mixture was
cooled and dissolved at 100 ml of aquadest then heated until dissolved. The solution was filtered and the
obtained filtrate was collected in an evaporating dish (a yellow filtrate).

The filtrate was heated at 120 °C until saturated, added glacial acetic acid dropwise while stirred (until it
turned orange-red and did not change anymore). The filtrate was cooled immediately in an ice bath until
crystals formed. The formed crystal was filtered then dried at 150 °C and weighed its mass. The
percentage of chromium (Cr) recovery was calculated.

3. Results and discussion

3.1. Effect of scavenger concentration on the Cr precipitation

A scavenger is a radical attractor intentionally added to control the products of a reaction. In the context
of the deposition of Cr(VI) into Cr(IIl) in the form Cr(OH)3, the scavenger will attract *OH radicals
thereby preventing the re-oxidation of Cr(III) back into Cr(VI) by reacting with «OH radicals.

In this study, 2-propanol was employed as the scavenger. The 2-propanol reacts with *OH radicals
(oxidative) and form reducing (CH3)2C+OH radicals according to the reaction (6). Therefore, when
adding a scavenger, the number of reducing radicals (G-value) in solution could be increased twice.
Both solvated electrons and (CH3)2C+OH radicals participate in reduction of Cr(VI) to Cr(III). The
contribution of hydrogen radicals to this process is negligible, since their G-value is small. The 2-
propanol scavenger was varied with concentrations of 0 M, 1 M, 2 M, 4 M, 6 M, and 8 M. The measured
pH of the waste solution before irradiation was 4.3 and the waste was irradiated 40.0 kGy. The graph
showed that the lowest mass of Cr(OH)3 precipitate was reached without the addition of 2-propanol
scavenger. This occurs due to the absence of the radical scavenger, so that the hydroxyl ions (¢OH)
reacting with reduced Cr(III) ions. As a result, Cr(III) ions oxidize back to Cr(VI) ions without reacting
with hydroxide ions (OH-) as shown at Eq 5.

Cr3* + 30H o > Cro* + 30H- (5)
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Figure 1. The mass of the formed Cr(OH)3 precipitate and the remaining concentration Cr(VI) in
the solution as function of scavenger concentration.

The mass of the Cr(OH)3 precipitate increases with the rising concentration of 2-propanol scavenger.
The maximum amount of precipitate was observed at a concentration of 4 M followed by decreased
Cr(VI) concentration in the solutions. At 6 M and beyond concentration of 2-propanol, the mass of
Cr(OH)3 is decreased. This indicates that the optimal capture of hydroxyl radicals (*OH) and hydrogen
ions (*H) by 2-propanol occurs ata concentration of 4 M.

(CHs),CHOH + OH e - (CHs),C « OH + H,0 ©6)

(CH3),CHOH + He — (CHs),C +OH + H, )

Reactions (6-7) [15] result in the release of one hydrogen atom from 2-propanol, produced the unstable
radical (CH3)2C+OH. To achieve stability, this radical reacted with Cr(VI) ions to created Cr(III) and
C3H60 (propanal) as the products (Eq 8). Furthermore, the formed Cr(IIl) ions reacted with hydroxide
ions (OH-) to form the Cr(OH)3 precipitate.

[3(CHs),C » OH + Cro* — Cr3* + 3H* + 3C3H,0 )

Increasing the concentration of 2-propanol after 6 M will decrease the mass of Cr(OH)3 precipitate.
This occurs because the excessive concentration of 2-propanol scavenger competes with hexavalent
chromium to react with hydrated electrons (eaq-). According to the calculation, the amount of
scavenger needed capture the *OH and *H radicals are 0.14 M, with estimation of precipitated Cr(OH)3
was0.47 g.
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3.2. Effect of irradiation dose on the Cr precipitation

The simulated chromium waste was irradiated with varying doses of 10 kGy, 20 kGy, 30 kGy, 40 kGy,
and 50 kGy, with the addition of 4 M 2-propanol as scavenger and the measured pH before irradiation
was 4.3. Figure 2 showed that with increasing irradiation doses, the mass of the formed Cr(OH)3
precipitate increased. The optimum mass of the Cr(OH)3 precipitate was observed at dose 40 kGy, but
followed by a decreased at dose 50 kGy.
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Figure 2. The mass of the formed Cr(OH)3 precipitate and the remaining Cr(VI) concentration in
the solution as function of total irradiation dose.

The increase in the mass of the Cr(OH)3 precipitate occurs because the amount of reducing agents
produced is influenced by the absorbed dose. The higher the irradiation dose, the more reducing agents
were generated from the radiolysis process. These agents reduced Cr(VI) ions to lower-charged
chromium ions (Cr(III)). As a result, the concentration of Cr(VI) in the waste decreased and the formed
Cr(OH)3 precipitate increased.

At a dose 50 kGy, there is a decreased in the mass of the formed Cr(OH)3 precipitate or an increase in
the remaining Cr(V1]) in the solution. This is due to the larger radiation intensity applied to the sample,
causing more hydroxyl radical (¢*OH) compounds to be generated in the solution through water
radiolysis. Consequently, the concentration of 2-propanol scavenger used should be higher. The
concentration of the scavenger used is not sufficient to capture the abundant hydroxyl radicals formed
at doses above 40 kGy. As a result, hydroxyl radicals (¢*OH) react with Cr(III) ions, and the Cr(III) ions
are re-oxidized, producing Cr(VI) ions. This leads to an increased in the concentration of Cr(VI) in the
waste solution, and the formed Cr(OH)3 precipitate decreased.

3.3. Effect of pH solution on the Cr precipitation

The acidity levels of simulated chromium waste were varied to pH 2, 4, 7, 8, 9, 10, and 11 by adding
sulfuric acid (H2SO4) or NaOH. The 4 M of 2-propanol as a scavenger was added, followed by
irradiation at a dose of 40 kGy. Figure 3 showed the optimum formation of Cr(OH)3 precipitate and the
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lowest remains of Cr(VI) was observed at alkaline pH, with the optimum pH was 9. Some studies have
reported that the optimum pH for this conditions is between 8.5-9.5 due to the solubility of chromium
hydroxide in that range [16,17]. It is rational to expect that the generated Cr(I1I) could be spontaneously
precipitated under alkaline conditions due to the low solubility of Cr(OH)3 (pKsp = 30.2) [17].
However, it dissolves more readily in low or acidic pH conditions. Cr(OH)3 is amphoterous, that can
react with both hydrogen and hydroxide ions.
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Figure 3. The mass of the formed Cr(OH)3 precipitate and the remaining Cr(VI) concentration in
the solution as function of pH.

At pH 2 and 4, which are acidic conditions, an excess of hydrogen ions (H+) was formed, leading to
more reactions between hydrogen and hydroxide ions than the precipitation reaction. At pH 8 and the
optimal pH of 9, which are alkaline conditions, the formation of an excess of hydrogen ions (H+) was
minimized. This ensures that the precipitation reaction was not disturbed by the reaction between
hydrogen and hydroxide ions, facilitating the desired Cr(OH)3 precipitation. At pH 7 (neutral
conditions), the concentration of hydrogen ions (H+) and hydroxide ions (OH-) was balanced, resulting
in no excessive reaction between H+ and OH-, as observed in acidic and alkaline environments. In this
condition, Cr(OH)3 precipitation can occur but not optimal. At pH 11 (highly alkaline conditions), if
there is an excess of OH-, the Cr(OH)3 precipitate will redissolve, forming tetrahydroxo chromate (I1I)
ions with the following reaction equation:

Cr(OH)s + OH™ = [Cr(OH),]” ©)

3.4. Chromium recovery from simulated wastewater treated with gamma irradiation

The optimum conditions for chromium precipitation from the simulated batik fixation waste were at
scavenger concentration of 4 M, irradiation dose of 40 kGy, and at alkaline environment with a pH
before irradiation was 9. The resulting Cr(OH)3 precipitate under these conditions was 1.678 grams
from 3.3 grams of K2Cr20O7 in the simulated waste. The Chromium recovery in this process was 72,6
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Chromium(III) Oxide (Cr203) formation occurs through the calcined of chromium(III) hydroxide
Cr(OH)3 at a temperature of 500 °C for 5 hours as shown at Eq10. From 1.678 grams of Cr(OH)3 was
obtained 1.2 grams of Cr203. The Chromium recovery in this process was 96.9 %

2Cr(0H)s - Cry05 + 3H,0 (10)

By Heating a mixture of KOH, KNO3, and Cr203 was produced a yellow filtrate, namely potassium
chromate (K2CrO4). The reaction formed at Eq 11 [18].

Cr,05 4+ 3KNO; + 4 KOH — 2K,Cr,0, + 3KNO, + 2H,0 (11)

The acidification process was carried out by adding glacial acetic acid to convert potassium chromate
into orange-colored potassium dichromate (K2Cr207). Potassium dichromate was stable in an acidic
environment and the ion's reaction was reversible. In a neutral or alkaline solution, chromate ions are
stable, while in an acidic environment, chromate ions are present. Besides accelerating the formation of
potassium dichromate, the addition of acetic acid aims to bind impurities that may be present in the
potassium dichromate formation process. The reaction that occurs was shownat Eq 12 [18].

2K,Cr0, + 2CH;CO0H = K,Cry0, + 2CH3COOK + H,0 (12)

Subsequently, the purification of the resulting potassium dichromate product is carried out using the
recrystallization principle, where the substance is cooled directly in an ice bath while in a hot state. This
accelerates crystal formation. The next steps involve filtration and drying of the crystals. The mass of
potassium dichromate (K2Cr207) formed in this process was 2.01 grams from 1.2 grams of Cr203.
The Chromium recovery in this process was 89.28 %, with the total Cr recovery was 63.39%.

3.5. SEM characterizations of Cr(OH)3, Cr203, and K2Cr207 obtained from simulated
wastewater recovery

The SEM results of Cr(OH)3 (Figure 4a) showed a rough surface at a magnification of 2000 times. This
aligned with previous study which states that at the micrometer scale Cr(OH)3 SEM results showed a
rougher surface compared to Cr203 [19]. The C203 (Figure 4b) particles appear smaller than Cr(OH)3
and showed concave pits indicating water loss in the Cr203 formation through calcination. SEM results
for Cr203 showed that all particles exhibit a spherical shape with a high level of agglomeration among
fine particles. Potassium dichromate crystals (Figure 4c) appear as fine particles or particle clusters.
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Figure 4 - L2Cr207.

3.6. FTIR characterizations of Cr(OH)3, Cr203, and K2Cr207 obtained from simulated
wastewater recovery

Figure 5 (a) showed the FTIR spectrum of the Cr(OH)3 precipitate sample. An absorption band at
around 940 cm-1 was assigned to stretching vibrations of the Cr-O bond [20]. The two weak and broad
bands at about 1630 cm-1 and 3400 cm-1 are due to the O-H vibration of water molecules adsorbed on
the surfaces [21]. The peaks at 1480 cm-1 and 1370 cm-1 can be assigned to the splitting of the
asymmetric stretching of metal carbonate [22] absorbed from the air during the synthesis. Figure 5(b)
presented the FTIR spectrum of the Cr203 sample calcined at 500 °C. The result aligned with previous
research which showed two sharp peaks at 575 and 630 cm-1 assigned to the Cr

O stretching [21]. The peak at 3416 cm-1 is attributed to the stretching of O-H from hydroxyl groups
bonded with H. Peaks at 1039 cm-1 and 1628 cm-1 represent the bending vibration of H-O-H from
physically adsorbed water molecules. The peak at 950 cm-1 is associated with the stretching of Cr-O
bonds.

Figure 5 (c) presented the FTIR spectrum of the K2Cr207 sample and commercial one. The result
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showed peak at 555 and 754 cm-1 confirming the previous studies. The peak at the wavenumber of
555 cm-1 was caused by the symmetric stretching vibration of Cr-O-Cr, while the peak at 754 cm-1 was
caused by the anti-symmetric stretching vibration of Cr-O-Cr [23]. The peak at the wavenumber of 891
cm-1 was attributed to the symmetric stretching vibration of Cr-O3, while the very intense peak at 935
cm-1 was caused by the asymmetric stretching vibration of Cr-O3 [23]. It can be observed that there
was no significant difference between the peaks of the K2Cr20O7 sample and the K2Cr207 commercial
product. This indicated that the recovery of Cr(VI) into K2Cr20O7 can be considered successful.
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Figure 5. FTIR spectrum of (a) Cr(OH)3, (b) Cr203, and (c) K2Cr207 sample and commercial

4.Conclusions

The reduction of Cr(VI) to Cr(Ill) was carried in the synthetic chrome mordanting batik waste by
gamma radiolysis of water in the presence of natural jalawe dye and the wax. Optimal conditions were
observed at 40 kGy irradiation dose, 4M of 2-propanol work as scavenger, and pH 9. Radiolytic
precipitation produced Cr(OH)3, followed by calcination to form Cr203. Through a chemical process,
Cr203 can be change back to K2Cr207. The SEM and FTIR result revealed that the recovery of Cr(VI)
into Cr(OH)3, Cr203, and K2Cr207 can be considered successful.
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