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Abstract

This study aims to prepare cation exchange resin from the stems and leaves of water hyacinth via the sulfonation
process and to evaluate their efficiency and capacity for water softening. The water hyacinth was separated into
stems and leaves and was then ground to powder. The powders were subjected to sulfuric acid treatment
(sulfonation) to introduce active sulfonic acid (-SO3sH) groups. Treated materials were classified as stem- and leaf-
derived water hyacinth resin. The results revealed that sulfuric acid-treated water hyacinth enhanced the porosity
of resin due to the incorporation of sulfonic acid groups. This improvement provided a larger surface area and
more active sites for cation exchange compared to untreated samples. Sulfuric acid-treated water hyacinth leaves
demonstrated greater hardness removal efficiency compared to stems, attributed to the higher cellulose content in
the leaves. The optimal dosage of leaf-derived resin for complete hardness removal (414 mg-L™ as CaCOs) was
determined to be 22.5 g-L %, equivalent to an ion exchange capacity of 0.810 meq-g*. The resin exhibited selective
affinity for ions in the order of Mg?* > Ca?* >> Na*. Additionally, the resin retained its efficiency after the first
and second regeneration cycles using 0.01 M hydrochloric acid, maintaining 100% hardness removal, comparable
to the performance of the new resin. These results highlight the potential of bio-based resins derived from water
hyacinth leaves as a sustainable, cost-effective solution for water softening. Bio-based resins contribute to
environmental conservation, promote eco-friendly materials, and support the circular economy and sustainable
resource management principles.
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1. Introduction

Water hyacinth (Eichhornia crassipes) is an invasive aquatic plant that grows rapidly, particularly in tropical
and subtropical freshwater ecosystems. Its uncontrolled growth poses significant ecological challenges, primarily
due to its impact on aquatic environments. The extensive layer of water hyacinth reduces sunlight penetration into
the water column, inhibiting the growth of submerged aquatic plants and disrupting photosynthesis, resulting in
dissolved oxygen depletion. This hypoxic condition negatively affects aquatic organisms, ultimately decreasing
biodiversity and disrupting ecosystem stability [1]. Moreover, the decomposition of accumulated plant matter
contributes to water quality deterioration by increasing nutrient concentrations, accelerating eutrophication, and
exacerbating water pollution issues. From an economic perspective, excessive water hyacinth growth obstructs
waterways, impedes navigation, interferes with hydroelectric power operations by clogging turbines and intake
structures, leading to increased maintenance costs [2]. Although various control measures, including mechanical
removal, biological interventions, and chemical treatments, have been implemented, their effectiveness is often
limited by requiring significant labour, financial investment, and ongoing management to prevent regrowth [3].

To address these challenges, researchers have explored sustainable applications of water hyacinth, including
its use as raw material for biofuel production, composting, animal feed, and wastewater treatment [4]. Its high
nitrogen and low lignin content enhance the conversion of hemicellulose into fermentable sugars, making it a



promising feedstock for bioethanol production [5]. Additionally, water hyacinth is rich in essential macronutrients
including nitrogen, phosphorus, and potassium, which improve soil fertility when incorporated into composting
systems [6]. It has also been studied as an alternative feed source for livestock and aquaculture due to its favourable
amino acid composition and high protein content [7]. However, its tendency to adsorb heavy metals from
contaminated water poses potential health risks, necessitating thorough assessment before its application in
agriculture and animal nutrition [8]. Beyond its agricultural and bioenergy applications, water hyacinth is also
used in the production of handicrafts. In Thailand, its stem fibres are utilized in weaving eco-friendly products
such as bags, sandals, and mats [9]. However, the roots and leaves remain largely underutilized. ldentifying
appropriate methods for effective water hyacinth utilization is an ongoing research topic. Recent studies have
focused on converting water hyacinth into bio-based materials, adsorbents, and resins. These approaches
contribute to sustainable water hyacinth management by promoting resource management and waste valorization.

Groundwater serves as an essential resource for various purposes, including drinking water supply, domestic
use, agriculture, and industrial applications. However, in some regions, such as Nakhon Ratchasima, Thailand,
excessive groundwater hardness, exceeding 300 mg-L as CaCOs, has raised significant concerns [10]. High water
hardness presents challenges for household and industrial activities. It also poses potential health risks, including
increased risks of cardiovascular diseases, kidney stones, and reproductive diseases after prolonged consumption
[11]. Consequently, effective removal of hardness is necessary to ensure safe and high-quality water for
consumption.

Water hardness primarily results from elevated concentrations of calcium ions (Ca?*) and magnesium ions
(Mg?"). Permanent water hardness can be treated using chelating agents such as ethylenediaminetetraacetic acid
(EDTA), ion exchange resins, or zeolite, while temporary hardness can be eliminated through boiling. lon
exchange using synthetic resins [12] and zeolite-based treatments [13] are among the most widely applied methods
for water softening. Recently, the use of plant-based materials for water treatment has gained attention due to their
natural biosorption properties. Biosorption provides a cost-effective and environmentally sustainable approach
for removing hazardous heavy metals from industrial effluents while improving water quality. Several agricultural
residues, including sugarcane bagasse [14], congress grass, rice husk, rape straw, sawdust, and eggshell [15], have
been investigated for their adsorption capabilities. In addition, pinecone-based materials have been studied for ion
exchange efficiency and their potential for regeneration and reuse as resin [16]. Additionally, previous research
has demonstrated the potential of water hyacinth-derived resins for heavy metal removal, particularly in chromium
(Cr) ion exchange [17]. Water hyacinth is particularly suitable for resin synthesis due to its high cellulose content,
comprising approximately 45% of its biomass [17], making it a promising material for the development of
environmentally friendly ion-exchange materials. However, research on water hyacinth-derived resins for water
hardness removal remains limited.

Material modification has been demonstrated to enhance pollutant removal from water using strong acids (e.g.,
sulfuric acid), weak acids (e.g., acetic acid), or alkaline agents (e.g., sodium hydroxide) [16, 18]. Sulfuric acid
treatment (sulfonation) is one of the most commonly utilized methods for functionalizing materials. This
procedure involves adding sulfonic acid (-SO3H) groups to the polymeric structure of materials. Sulfonic acid
groups are strong acidic functional groups that operate as very efficient active sites in cation exchange resins [18].
Additionally, these groups readily dissolve in aqueous solutions, resulting in an excessive number of negatively
charged sites. Sulfonic acid showed a greater affinity and exchange capacity for divalent ions (e.g., Ca?* and Mg?")
compared to weak acid functional groups, such as carboxyl groups, under a wide pH range. It therefore has high
dissolution and ion exchange performance in many water treatment applications [12]. As a result, sulfonation is a
practical and appropriate technique for generating bio-based resins from water hyacinth for water softening
applications, due to the high ion exchange capacity and operating stability required throughout a wide range of
conditions.

Previous studies have focused on the use of water hyacinth for sustainable purposes. It has been applied as a
raw material for biofuel production, composting to improve soil fertility, animal feed, and as a biosorbent for
wastewater treatment [5-8]. Many studies have primarily examined heavy metal adsorption. However, the ability
of water hyacinth to synthesize ion-exchange resins has received limited attention, particularly for reducing water
hardness. Water hyacinth contains a high amount of cellulose and is readily available. As a result, it is a promising
raw material for the production of bio-based resins. This study focuses on the development of cation exchange
resins from both stems and leaves of water hyacinth. The leaves are often underutilized, but they were valorized
as a bio-based material in this study. A sulfonation process is used to introduce sulfonic acid (-SOsH) groups.
These strong acid groups enhance ion exchange capacity and selectivity toward hardness ions. This approach
differs from previous studies that mainly focused on heavy metal removal. This study expands the application of
water hyacinth to groundwater hardness treatment. It also evaluates removal efficiency, ion selectivity, ion
exchange capacity, and regeneration performance. From a practical perspective, converting water hyacinth into
reusable resins helps control this invasive plant in aquatic systems. It also provides a sustainable option for water
treatment. The use of local biomass could reduce commercial synthetic resin use, water treatment costs, and
environmental impact. Additionally, the water hyacinth-derived resins can be regenerated and reused.



Therefore, this study focuses on the synthesis and application of water hyacinth-based resin for groundwater
hardness removal. The specific objectives are: (1) to prepare and characterize water hyacinth resin for water
hardness removal and (2) to determine the efficiency of water hardness removal, ion selectivity, ion exchange
capacity, and regeneration performance. The findings of this study are expected to contribute to the development
of bio-based materials for water treatment, offering a sustainable and cost-effective alternative for water softening.
This supports long-term application that aligns with circular economy principles through waste valorization.
Furthermore, this research supports environmental conservation efforts by reducing waste, minimizing ecosystem
pollution, and promoting eco-friendly water treatment technologies.

2. Materials and Methods
2.1 Materials

Groundwater samples were collected from the Saphanhin community near Suranaree University of
Technology (SUT) in Nakhon Ratchasima, Thailand. Water hyacinth was obtained from the constructed wetland
at the wastewater treatment system of SUT. Fresh samples were harvested during the dry season at approximately
4-6 weeks old and were characterized by large, thick leaves, swollen petioles, and prolific stolon development.
The roots were first removed, and the stems and leaves were thoroughly washed with tap water to eliminate
adhering impurities. The cleaned stems and leaves were then sun-dried for 2-3 days, followed by cutting into
small pieces. Subsequently, the samples were dried in a hot air oven at 80 °C for 24 h to ensure complete moisture
removal. The dried materials were then stored in zip-lock plastic bags and kept in a desiccator prior to use. The
chemicals used in this study included sulfuric acid (96% H,SQOs, Carlo-Erba), sodium hydroxide (97% NaOH,
Carlo-Erba), ethanol (98% CHs;CH,OH, Sigma-Aldrich), calcium carbonate (99% CaCOs, Sigma-Aldrich),
ethylenediaminetetraacetic acid (99% EDTA, Sigma-Aldrich), Eriochrome Black T (ACS reagent-indicator grade,
Sigma-Aldrich), and hydrochloric acid (37% HCI, Carlo-Erba).

2.2 Water hyacinth resin (WHR) preparation

The dried-water hyacinth was ground into a fine powder and sieved using an 18-mesh sieve. For the resin
preparation, the stem and leaf powder of the water hyacinth were subsequently treated with a sulfonation process,
as described by Chamkrom (2003) [19]. Fifty grams of water hyacinth stem or leaf powder were digested with
100 mL of 14 N sodium hydroxide (NaOH) solution, stirred for 20 min in an ice bath, and then allowed to rest at
room temperature for 30 min. Subsequently, 50 mL of sulfuric acid (H2SO4) was added, and the mixture was
stirred for 20 min in a water bath maintained at 45°C. The treated samples were thoroughly washed with deionized
water and ethanol to remove impurities and then dried at 80 °C for 24 hours. The final product was obtained as
black material. The stem-derived resin was designated as WHSR, while the leaf-derived resin was labeled WHLR.

2.3WHR characterization

The untreated stems and leaves of water hyacinth were analyzed for their morphology to serve as baseline
data. Additionally, sulfonated WHSR and WHLR samples were examined to observe morphological changes
resulting from the acidic treatment. The morphology of all samples was investigated using a Carl Zeiss Auriga
Field Emission Scanning Electron Microscope (SEM) operated at an accelerating voltage of 5.00 kV with a
secondary electron (SE) detector. A Leica EM ACE600 instrument was employed to prepare the samples for SEM
analysis. To identify functional groups in the WHSR and WHLR samples, Fourier Transform Infrared
Spectroscopy (FT-IR) analysis was performed. A Bruker Tensor 27 FTIR spectrometer with ATR mode was used
to capture spectra in the range of 4000 to 400 cm™.

2.4 Activity of water hardness removal

The efficiency of water hardness removal, cation selectivity, and cation exchange capacity of water hyacinth
resin were investigated. For efficiency of water hardness removal, two variables were examined: the effect of
plant components (stem- or leaf-derived resin) and resin dosage. The amount of WHSR or WHLR at different
dosages, including 2.5, 5.0, 7.5, 10.0, and 12.5 g-L* was added to individual beakers. Then, 200 mL of
groundwater was added into the beaker. The samples were stirred at 200 rpm using a magnetic stirrer at room
temperature for 30 min. Afterward, the WHR was separated using a 0.45 pm syringe filter. The total hardness in
raw and treated groundwater was determined using the EDTA titrimetric method, following the Standard Methods
for the Examination of Water and Wastewater [20]. All experiments were carried out in triplicate.

For cation selectivity analysis, the better-performing resin (stem- or leaf-derived) was tested at 12.5 g-L™* with
200 mL of groundwater under the same stirring conditions as the hardness removal study. The removal efficiency



of specific cations (Na*, Mg?*, and Ca?*) in the groundwater was analyzed. The cation concentrations in raw and
treated groundwater were measured using ion chromatography. The cation exchange capacity (CEC) of WHSR
and WHLR was examined by mixing 5 g-L™* of resin with 200 mL of 0.1 M NacCl solution. The samples were
stirred at 200 rpm using a magnetic stirrer at room temperature for 30 min. The treated solution was filtered with
a syringe filter and titrated with 0.1 M NaOH solution. The CEC was calculated in milliequivalents per gram
(meg-g™?). The regeneration efficiency of better-performing resin (WHSR or WHLR) was determined using resin
previously used for hardness removal (at 22.5 g-L™%). The resin was washed with distilled water and regenerated
with 200 mL of 0.01 M HCI, stirred at 200 rpm for an hour. The resin was washed again with distilled water, dried
at 80°C for 24 hours, and reused for hardness removal in the second and third cycles, following the method of
Chawakitchareon and Sanguanduan (2003) [21]. All experiments were carried out in triplicate.

2.5 Statistical analysis

The statistical analysis in this study employed descriptive statistics to summarize data characteristics and
variability. Results were reported as the average, standard deviation (S.D.), minimum, maximum, and number of
samples (n). All experiments were conducted in replicate to ensure data reliability and reproducibility. To improve
data quality and minimize the impact of outliers, analytical findings showing an efficiency deviation greater than
10% compared with replicate measurements were excluded from statistical calculations, and the experiments were
repeated. This study employed only consistent data for result interpretation and discussion, ensuring robustness
and reliability of the reported findings.

3. Results and Discussion
3.1 Characteristics of WHR
3.1.1 Morphology of WHR resin

The morphology of WHR (prepared from the stem and leaves of water hyacinth) was analyzed using a
scanning electron microscope (SEM), and their SEM images are presented in Figure 1. The results revealed that
the surface morphology of untreated water hyacinth stems and leaves exhibit a relatively smooth surface texture
and fabric-like sheets with multiple layers as illustrated in Figure 1(A) and 1(B). Upon sulfuric acid treatment, the
surface morphology of the stems and leaves underwent significant changes. The previously smooth surface
transformed into an uneven texture with deep grooves and irregular patterns, attributed to the corrosive effects of
sulfuric acid, as shown in Figure 1(C) and 1(D). The observed modifications are consistent with previous findings
on the effects of acidic treatments on lignocellulosic materials. For instance, studies have demonstrated that acid
hydrolysis may effectively remove lignin and hemicellulose, leading to surface erosion and increased porosity
[22], [23]. These structural alterations are advantageous for applications such as ion exchange, which requires a
highly porous structure to maximize interaction with ions in solutions. Consequently, the sulfonation of water
hyacinth enhanced the porosity of the WHR materials, resulting in a larger surface area. Such morphological
features are essential in ion exchange processes, because a higher surface area facilitates improved ion exchange
capacity, thereby boosting the efficiency of the resin.

(A) (B)
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Figure 1 SEM images of the WHR morphology (A) water hyacinth stem, (B) sulfonated water hyacinth stem,
(C) water hyacinth leaf and (D) sulfonated water hyacinth leaf.
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Figure 1 SEM images of the WHR morphology (A) water hyacinth stem, (B) sulfonated water hyacinth stem,
(C) water hyacinth leaf and (D) sulfonated water hyacinth leaf. (Cont.)

3.1.2 FT-IR spectrum of WHR resin

The surface morphology of water hyacinth stems and leaves (PWHL) was analyzed using Fourier Transform
Infrared Spectroscopy (FT-IR) to identify the functional groups present in the samples, as illustrated in Figure 2.
The results revealed that, prior to sulfuric acid treatment, the FT-IR spectra of WHR displayed characteristic
functional groups, including -OH stretching (3400-3200 cm™), C-Hj, stretching (2860-2970 cm™), C=0 stretching
associated with ketones and carbonyls (1717.8-1513.4 cm™), and -O- ether stretching (1488.7-1278.1 cm™* and
1197.6-912.7 cmY), as shown in Figure 2(A) and 2(C). These functional groups are indicative of the primary
structure of cellulose [24]. Following sulfuric acid treatment, the FT-IR spectra, depicted in Figure 2(B) and 2(D),
revealed the additional functional groups, including sulfonic acid group (-SOsH) stretching at 1296 cm, SO;
asymmetric stretching (1382 c¢cm™), and SOz symmetric stretching (1500-1600 cm™). This transformation
highlights the introduction of sulfonic acid groups into the WHR surface structure as a result of the sulfonation
process [18], [25]. The incorporation of sulfonic acid groups significantly improves the material's capacity to
function as a cation exchange resin, allowing the removal of divalent cations such as calcium ions (Ca?*) and
magnesium ions (Mg?*). Consequently, the modified PWHL demonstrates a strong potential for applications in
water treatment as an effective cation exchange resin.

(A) (B)

= -O- Ether (1488.7-1278.1 cm™) and 3

=z 1197.6-912.7 cm™* i

s " fx

\ | < (-SO;H, sulfonic acid) 1296 ¢m™! ‘;'.
1 )

g | \ I |
il -O1I Stretchi | SO, asymmetric stretching at \ /
£ _ OII Stretching C=0 ketone and carbonyl / | SO, asymmetric stretching a \ I‘ | /
S S (3400-3200 cm) (1717.8-1513.4 ey 1 ¥ 1382 cm™! L il J
P 8-1513. 2 =z \ | !

-E' % | “I H 3 \ \ ! | |

iz C-H, Stretching b1 H SO, symmetric stretching. ~ \ L

2 /7 (2860-2970 el L < g The peaks at 1500 - 1600 cm™ < v/

<8 \ / W / S i o
v ! v/

= 3 s 1%

P W £ / o

s Wat / A /

g- e - = / e \\\_ 1"

=3 — o IR ¢ ;

e S
15:"7 2000 2500 2000 Ii‘(H) 1000 00 2500 ;(l;)ﬂ 2500 1II('!II 1 5('!" V()I;() 500
Wavenumber (cm”) Wavenumber (cm)
b1
E =
=
-O- Ether (1488.7-1278.1 cm™) & (-SO;H, sulfonic acid) 1296 cm™!

o i

2 and 1197.6-912.7 cm! i o v
1] i SO, asymmetric stretching at \ /|
=8 C=0 ketone and carbonyl \‘ Il 2 | e e .I;KZI = 1 \ I ‘-“/
B3 | z =
- OII Stretching (1717.8-1513.4 em’) ! | = cm e /

i \ \it |
E £ (3400-3200 en!) : l fs W
£ C.H, Stretching (2860- 1} | ’\I J E SO, symmetric stretching, _ |
© = ' f & The neaks:3 s 1 \.
2 § 2970 cmt) | t “. 2 I'he peaks at 1500 - 1600 cm b/
i .
Vs | 9 i
z AN | E AN K {
N ! g Y !
\. o " !
g e 3 / Ty ;
= A L./ . /
PUR A e s
r T 3 ! ! ! ! | !
2500 3000 2500 2000 1500 1000 500 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm) Wavenumber (cm”)

Figure 2 FT-IR spectrum of the water hyacinth powder (A) water hyacinth stem, (B) sulfonated water hyacinth
stem (WHSR), (C) water hyacinth leaf and (D) sulfonated water hyacinth leaf (WHLR).



3.2 Water hardness removal using WHR resin

The efficiency of WHR resin for water hardness ion exchange was investigated in two aspects: (1) the effect
of water hyacinth components used in resin synthesis and (2) the effect of resin dosage on ion exchange
performance. The results and discussion are as follows;

3.2.1 Effect of plant component

This study evaluated the ion exchange efficiency of resins synthesized from sulfuric acid-treated stems and
leaves of water hyacinth. The resins were used to treat groundwater with a total hardness of approximately 414
mg-L as CaCOs. The efficiency of hardness removal using resins derived from the stems and leaves is presented
in Figure 3. The results revealed that WHSR achieved average ion exchange efficiencies of 22.19%, 26.18%,
37.94%, 45.59%, and 70.29% at resin dosages of 2.5, 5, 7.5, 10, and 12.5 g-L, respectively. In comparison,
WHLR demonstrated superior performance, with average ion exchange efficiencies of 23.18%, 39.65%, 52.07%,
67.93%, and 79.31% at the same dosages. The results indicate that sulfuric acid-treated water hyacinth leaves are
more successful at hardness reduction than the stems. This enhanced performance can be attributed to the higher
cellulose content in the leaves compared to those of stems. According to Barua and Kalamdhad (2017) [26], water
hyacinth leaves contain approximately 30.9% cellulose, whereas the stems comprise 27.1%. Cellulose functions
as a structural matrix that facilitates the attachment of functional groups, increasing the ion exchange capacity of
the resin. The greater cellulose content in leaves likely offers the incorporation of sulfonic acid and other active
functional groups during acidic treatment. These functional groups play a critical role in the ion exchange process,
enabling effective interaction with hardness ions such as Ca?* and Mg?* [25]. Additionally, the porous structure
of WHLR may increase its efficiency by providing more active sites for ion exchange. These findings emphasize
the importance of selecting appropriate plant components for synthesizing bio-based resins for water treatment
applications.
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Figure 3 Efficiency of water hardness removal using sulfonated WHR derived from different plant components.
3.2.2 Effect of water hyacinth resin dosage

Given the superior performance of WHLR compared to WHSR for hardness removal, this section discusses
the effect of leaf-derived water hyacinth resin dosages. The results revealed that the WHLR at dosages of 2.5, 5,
7.5,10,12.5,17.5,22.5,27.5, and 32.5 g-L* achieved average hardness removal efficiencies of 23.18%, 39.65%,
52.07%, 67.93%, 79.31%, 92.94%, 100%, 100%, and 100%, respectively, as illustrated in Figure 4. This finding
demonstrates that the optimal dosage of leaf-derived water hyacinth resin for complete hardness removal was 22.5
g-L1, achieving a 100% efficiency in hardness removal, equivalent to 18.41 mg of hardness ions removed per
gram of resin. The plateau in efficiency at increasing dosages suggests that at 22.5 g-L™, the sulfonated WHLR
provides sufficient active sites to interact with all hardness ions present in the solution. The high cellulose content
allows for the additional insertion of active functional groups, including sulfonic acid groups, which are necessary
for ion exchange activities. Increasing the dosage beyond this point does not enhance efficiency because the
available ions in the water have been completely exchanged.
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Figure 4 Efficiency of water hardness removal using different dosage of sulfonated water hyacinth resin.

3.3 Cation selectivity of WHR

To evaluate the ion-specific selectivity of the WHLR for ion exchange, the concentrations of three cations
commonly present in the water were examined, including Na*, Mg?*, and Ca?*. The results of the ion-specific
exchange efficiency are summarized in Table 1.

Table 1 Concentrations of cations in groundwater before and after hardness removal using WHLR.
Ion concentration (mg-L™")

Ion type Ton removal efficiency (%)

Before After
Na* 125.34 £0.49 122.10 £0.36 2.58+0.19
Mg 22.73+0.25 14.04 £ 0.09 38.23+0.32
Ca* 44.47 £0.03 30.88 + 0.08 30.56 £0.16
Remark: resin dosage = 12.5 g-L* raw water pH = 8.10 after treatment pH = 7.12

As shown in Table 1, the resin exhibited the highest ion exchange efficiency for Mg?*, with a removal rate of
38.23%, followed by Ca?* at 30.56% and Na* at 2.58%. These findings indicate that the WHLR is particularly
effective in exchanging Mg?* > Ca?* >> Na*. This behavior is attributed to the resin's functional groups, such as
H* ions derived from sulfonic acid groups, which demonstrate a higher affinity for divalent cations such as Mg?*
and Ca?* compared to monovalent cations such as Na* [27], [28]. Additionally, the experimental results were
found that the ion exchanged during the water hardness reduction is H*, which corresponds to the observed
decrease in pH from original 8.12 to 7.12 after treatment. This pH drop is caused by the release of H* ions from
the resin during the ion exchange process.

The selectivity for Mg?* and Ca?* can also be explained by the dependence of the ion exchange process on
charge density and hydration energy. Divalent cations (Mg?* and Ca?*) have higher charge densities than those of
monovalent cations (Na*), resulting in stronger electrostatic interactions with the negatively charged sulfonic acid
groups in the resin matrix. Furthermore, divalent cations are less hydrated than monovalent ions, which increases
their affinity for the resin's exchange sites [29]. This selectivity makes the WHLR especially suitable for water
softening applications for Mg?* and Ca?* removal, such as in the treatment of groundwater or industrial water
streams.

3.4 lon exchange capacity of WHR
3.4.1 WHR capacity for water hardness removal

To further validate the ion exchange capacity of resins prepared from different components of acid-treated
water hyacinth, the ion exchange capacities of the WHSL and WHRL were determined. The resins were evaluated
by ion exchange with a 0.1 M NacCl solution and subsequently titrated with a 0.1 M NaOH solution. The results
revealed that the WHLR has a higher IEC (0.810 + 0.020 meq-g™) compared to the WHSR (0.685 * 0.013
meq-g'), as shown in Figure 5. This difference in CEC is consistent with the previously observed greater
efficiency of the leaf-derived resin in reducing water hardness in Section 3.2.1. Additionally, the higher IEC
demonstrates that the leaf-derived resin has more active sites available for exchanging hardness-causing ions such
as Mg?* and Ca?*, which supports its suitability for water treatment applications [30]. These findings confirm that
the WHLR prepared through strong acid treatment exhibits a superior ion exchange capacity compared to the
stem-derived resin, making it more effective for water hardness removal.
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Figure 5 Water hyacinth resin capacity for water hardness removal
3.4.2 WHR capacity for water hardness removal after regeneration

This study evaluated the ion exchange efficiency of groundwater hardness removal utilizing regenerated resin
prepared from sulfonated WHLR. The sulfonated WHLR retained its effectiveness, achieving 99.88% = 0.08 and
99.65 + 0.13 hardness removal (at 22.5 g-L) after the first and second regeneration cycles, respectively,
comparable to the performance of new resin (99.98% =+ 0.03). These findings highlight the appropriateness of
acid-treated WHLR resin for successful groundwater hardness reduction, as well as its potential for reuse after
regeneration. The high regeneration efficiency is attributed to the strong acid functional groups, such as sulfonic
acid, which remain intact during the ion exchange and regeneration processes [31]. This characteristic ensures
that the resin retains its ion exchange capacity even after multiple cycles, making it a sustainable and cost-effective
solution for water treatment applications. The ability to regenerate the resin also significantly reduces the
environmental and economic expenses involved with its disposal and replacement. Compared to conventional
synthetic ion exchange resins, bio-based resins derived from agricultural waste, such as water hyacinth, provide a
promising alternative that adheres to the principles of circular economy and sustainable resource management
[32].

3.4.3 Water hyacinth-based material for metal removal

Several studies have been conducted on water hyacinth-based materials for metal removal. Table 2 summarizes
the information with an emphasis on preparation techniques, applications, and efficiency. The results
demonstrated that two major types of materials were employed to remove metal from wastewater, including
adsorbent (activated carbon) and ion exchange resin. The effectiveness of water hyacinth-based products was
determined by testing a variety of metals. Untreated water hyacinth roots exhibited a removal capacity of 22.7
mg-g* for Cu?* [33]. Thermally activated materials enhanced metal adsorption efficiency. Water hyacinth-derived
activated carbon had Cd?* adsorption capacities of 9.08 and 11.84 mg-g* for root- and leaf-based activated carbon,
respectively [34]. For ion exchange resin, water hyacinth-based ion exchange resins exhibited encouraging results,
with the citric acid-modified resin removing 23.38 mg-g* of Cr**. However, regeneration efficiency decreased
dramatically after the first cycle [17]. Sulfonated water hyacinth leaf-derived resin (WHLR) successfully removes
Ca?* and Mg?* (water hardness) from groundwater at 18.41 mg-g* and maintains 100% hardness removal
effectiveness after the second regeneration cycle. This emphasizes WHLR's potential as a sustainable and reusable
water softening material. The findings highlight the relevance of material modification in improving performance
and the promise of water hyacinth-based materials for metal removal, particularly WHLR for groundwater
treatment due to its superior regeneration capability.

When compared with other bio-based resins, WHLR has a moderate ability to remove water hardness while
maintaining greater regeneration stability. The modified pine cone resin treated with citric acid has a higher
capacity of 70.40 mg-g* (1.41 meq-g™). After ten cycles, its generation efficiency has reduced to about 90% [16].
Sugarcane bagasse treated with 10 mM of citric acid with microwave radiation removed Ca?* at a higher capacity
(165 mg-g*) in 20 minutes, but no generation data was recorded [14]. This limits its application for repeated
usage. Natural zeolite treated with 1 M NaCl had a lower water hardness removal efficiency at 11.1 mg-g*. 80%
efficiency was found after the first-generation cycle under extreme conditions (3 M NaCl at 90°C) [13]. This
regeneration capacity indicates decreased reusability compared to WHLR. The commercial synthetic resin
demonstrates high hardness removal efficiency at 89.38 mg-g™. It also retained more than 90% efficiency after
three regeneration cycles with NaCl [35]. This confirms its effectiveness as a benchmark material. Nonetheless,



WHLR offers a competitive alternative, as it achieves complete regeneration at low acid concentration. The water
hyacinth-based resin is derived from an abundant biowaste material, thereby reducing material cost and

environmental impact.

Table 2 Preparation techniques, applications, and efficiency of water hyacinth-based materials for metal removal

. . L Efficiency
Materials Preparation Application Removal capacity Regeneration Reference
water hyacinth untreated adsorption Cu?* 22.7mg-g'in2 hr. - [33]
roots in synthetic
wastewater
water hyacinth thermal process at adsorption Cd?* 9.08 mg-g™! (root) and - [34]
activated carbon 300°C with 10% in synthetic 11.84 mg-g! (leaves) in
ZnCl, wastewater 8 hr.
water hyacinth catalytic ion exchange Cr*"  23.38 mg-g!in 1 hr. 0.25 M nitric acid, [17]
derived resin esterification of in synthetic (4.49 meq-g™) <45% adsorption
cellulose and citric wastewater efficiency after first
acid cycle
water hyacinth sulfuric acid ion exchange 18.41 mg'g"in 1 hr. 0.01 M HCI, 100% This work
leave-derived resin  treatment Ca”" and Mg?" in (0.81 meq-g™) hardness removal after
(WHLR) (sulfonation groundwater second cycle
process)
modified pine cone 0.6 M citric acid ion exchange 70.40 mg-g'in 12 hr. 0.1 M HCI, ~90% [16]
Ca® and Mg*"in  (1.41 meq-g") removal efficiency
tap water from after 10 cycle
deep wells
sugarcane bagasse 10 mM of citric adsorption Ca*" 165 mg-g™' in 20 min. - [14]
acid with from groundwater
microwave
radiation
natural zeolite 1 M NaCl ion exchange 11.1 mg-g'in 1 hr. 3M NaCl and 90°C, [13]
Ca’*, Mg*', and 80% removal
total hardness in efficiency after first
groundwater cycle
commercial untreated ion exchange 89.38 mg-g™ in 3 hr. NacCl, >90% removal [35]
synthetic resin total hardness in efficiency after third
domestic water cycle

supply

Remark: (-) = not regeneration
4. Conclusion

Sulfuric acid-treated water hyacinth demonstrated enhanced porosity and cation exchange efficiency due to
the presence of sulfonic acid groups. The leaf-derived resin exhibited approximately 10% higher ion-exchange
efficiency than the stem-derived resin. The optimal dosage for complete water hardness removal from
groundwater (414 mg-L* as CaCOs) was 22.5 g-L, equivalent to 18.41 mg of hardness ions removed per gram
of resin. The resin showed the most ion selectivity of Mg?* and Ca?*. After two regeneration cycles, the resin
maintained 100% efficiency, confirming its reusability and potential as a sustainable solution for water softening.
Importantly, this study highlights the development of ion exchange resin from the stems and leaves of water
hyacinth, a locally abundant biowaste material. The results presented a water hardness removal performance
comparable to commercial synthetic resins while being economically feasible and more environmentally friendly.
This accomplishment demonstrates the high potential of water hyacinth-based resin as a sustainable alternative to
water softening technologies. For further research, studies should optimize synthesis conditions to improve ion
exchange capacity. The performance of the resin should be evaluated in continuous and pilot-scale systems. Long-
term stability over multiple regeneration cycles should be systematically examined. Cost analysis and life cycle
assessment should also be conducted. These directions will support the development and practical application of
water hyacinth as bio-based resins in real water treatment systems.
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