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Abstract: Due to higher levels of industrial activity, the concentrations of toxic substances in natural
water bodies are increasing. One of the most dangerous groups of toxic compounds is heavy
metals, with even trace amounts of most heavy metals being harmful to aquatic life. This is why
purifying water has become an urgent priority. In this context, ion-exchange resins have become
more widely used in water treatment processes. However, to reduce the costs and improve the
sustainability of this strategy, natural resins are favored over synthetic versions. Therefore, in the
present study, a natural tamarind-based chelating resin was developed. The tamarind triazine amino
propanoic acid (TTAPA) resin was synthesized and characterized using Fourier-transform infrared
spectroscopy, thermogravimetry analysis, scanning electron microscopy, elemental analysis, and
physicochemical analysis of the moisture content, total ion-exchange capacity, bulk volume, bulk
density, and percentage nitrogen content. The biological oxygen demand and chemical oxygen
demand of the industrial effluent before and after treatment were also analyzed. The batch analysis
was used to determine the distribution coefficient and percentage removal of the metal ions Fe(II),
Zn(II), Pb(II), Cu(II), and Cd(II). The removal efficiency of the prepared TTAPA resin was highest for
Fe(II), followed by Cu(II), Zn(II), Pb(II), and Cd(II) in order. The chelating ion-exchange resin also
had a metal ion recovery of more than 95%, thus demonstrating great promise for the sequestration of
heavy metal ions from industrial wastewater. The proposed TTAPA resin is biodegradable, non-toxic,
cost-effective, reproducible, and eco-friendly.

Keywords: water; water treatment; chelating; toxic; eco-friendly; adsorption

1. Introduction

One of the major threats to natural ecosystems is the environmental pollution arising
from urbanization and industrialization [1–3]. In particular, metal ions are released as
a result of various human activities, causing a variety of negative environmental conse-
quences [4–6]. In recent decades, there has been a significant increase in the use of toxic
heavy metals in various industries, many of which enter the natural environment and
damage flora and fauna [7]. These heavy metals are non-biodegradable [8] and dam-
aging to human health when present above certain levels, including raising the risk of
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cancer [9]. Once released, heavy metals can persist in the environment for long periods;
thus, researchers, scientists, and environmentalists have pursued the development of viable
methods for water purification [10–12].

Conventional methods of water purification based on the precipitation of heavy metal
ions have disadvantages in terms of the need to maintain a specific temperature, pH,
and ion concentration. They also produce colloids and sludge at quantities much higher
than the original heavy metals [13]. For this reason, a number of adsorbents have been
developed for the removal of heavy metals from industrial effluent, including activated
charcoal [14], biomass [15–17], polymers [18–20], fly ash [21], zeolites [22], and graphene
oxide [23]. Other methods that have been used to decrease the metal ion concentration in
water include ultra-filtration, electrolysis, phytoextraction, and reverse osmosis. However,
many of these methods are difficult to implement and are not very cost-effective. Therefore,
a treatment strategy that is both simple and compatible with local resources and constraints
is required.

Recently, ion-exchange resins have been considered as a potential solution to the
sequestration of metal ions from industrial wastewater [24,25]. The removal of toxic metals
via ion-exchange methods were proven to be effective in previous studies [26]. In addition,
these resins can be easily recovered and reused using regeneration processes.

Ion-exchange resins can act as a cation exchanger, an anion exchanger, or a chelating
exchange resin, based on the functional groups involved. Ion exchangers can be effectively
employed for the adsorption and separation of several toxic metal ions, such as cobalt [27],
zinc [28], nickel [28], copper [29], lead [28,29], cadmium [30,31], and iron [32].

These ion exchangers can be produced from synthetic or natural resins. Synthetic
ion exchangers based on petroleum products (e.g., DVB styrene) [33] and polymers [34]
are widely used, but due to their high costs and the increasing social demand for sustain-
ability, ion exchangers based on natural resins have attracted increasing attention [35] as
inexpensive and high-quality alternatives.

Several natural-resource-based ion exchangers have been developed, and a prominent
one among them is the biomass-derived carbon-based ion exchanger [24]. Examples
include Indigofera tinctoria plant-derived carbon incorporated with phenol-formaldehyde
resin [24] and a natural cation exchanger from the waste biomass of pineapple peel [25].

These ion exchangers have shown better wastewater treatment results. However,
considering the increasing demand for ion exchangers with increasing water pollution,
it is very necessary to develop more ion exchangers that can be easily produced at an
economical cost. Effort was made in this study in this regard.

In this respect, the tamarind tree (Tamarindus indica), which is naturally found in forests
in India, Sri Lanka, Bangladesh, and Burma but which can also be easily cultivated, has
the potential to be used to develop eco-friendly and sustainable products. In particular,
tamarind seeds, which are generally thrown away rather than eaten, can be employed in a
sustainable circular economy in which waste products are repurposed [36,37]. The seeds
of T. indica can be used to produce tamarind kernel powder (TKP), which is a polymer
containing three types of sugar, namely galactose, xylose, and glucose, at a molar ratio
of 1:2:3, respectively [38]. The molecular weight of TKP is approximately 52,350, and it
is classified as a xyloglucan, which is a linear polysaccharide that has excellent compati-
bility with other molecules via physical and chemical interactions and is biodegradable.
Another advantage of this natural product over its synthetic counterparts is that TKP is
hydrophilic and biodegradable [36–38]. In addition, the rising price of petroleum products
means that synthetic ion exchangers are less cost-effective, while tamarind-based resin is
inexpensive and can be procured easily from the local market due to its abundant supply
from agricultural resources.

Due to these advantages of TKP, a new resin based on the tamarind-derived polymer
tamarind triazine amino propanoic acid (TTAPA) was synthesized in the present study for
the first time. Crosslinking of the polymer matrix produces an insoluble resin, which is
useful in column separation. The synthesized TTAPA resin was characterized, and various
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physiochemical properties were assessed, after which it was applied to the removal of heavy
metal ions from effluent from Balaji Steel Industries under favorable analytical conditions.
The partition coefficient (Kd) values of the heavy metal ions and their adsorption to the resin
indicate that TTAPA has significant potential for the control of water pollution. Therefore,
the objective of this study was to develop an ion-exchange resin from natural resources and
investigate its wastewater treatment application. This is the only study in which a resin
has been produced using a natural resource, seeds of the tamarind kernel, and has given
satisfactory wastewater treatment results.

2. Methodology
2.1. Reagents and Chemicals

TKP and cyanuric acid were purchased from Ases Chemical Work, Jodhpur, India.
Epichlorohydrin was procured from S.D. Ases Chemicals in Baroda, India. Dioxane was
purchased from E-Merck, Mumbai, India; sodium hydroxide was purchased from Sarabhai
M. Chemicals, Baroda, India; and amino propanoic acid was procured from Loba Chemical
Pvt. Ltd., Mumbai, India. The industrial effluent from a Balaji Steel Industries plant in
Jodhpur, Rajasthan, was used as the model for the wastewater treatment experiment.

2.2. Experiment
Synthesis of Tamarind Triazine Amino Propanoic Acid (TTAPA) Resin

The TTAPA resin was prepared in two steps, following a previous study [39].

(i) Preparation of tamarind triazine ether (TTE)

First, 0.1 mol of TKP (91.10 g) was added to a flask containing 100 cm3 of dioxane. It
was stirred continuously at about 5 ◦C under external cooling. To this solution, 9.27 g of
cyanuric chloride was added, and 40% NaOH solution was used to maintain the pH at
7–8. The mixture was stirred for another 30 min to obtain tamarind triazine ether (TTE)
(Figure 1).
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(ii) Preparation of TTAPA

Amino propanoic acid (0.1 mol; 9.9 g) was added to the TTE solution, which was
adjusted to a pH of 9–10, using sodium hydroxide solution at 25–30 ◦C. The synthesized
TTAPA resin was filtered, washed, and dried at 110 ◦C, obtaining 110 g of the resin
(Figure 2). The dried TTAPA resin was then placed in a 0.05 N HCl solution for 4 h to obtain
its hydrogen form (H-TTAPA), and its chemical characteristics, physical properties, and
wastewater treatment performance were subsequently assessed.
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Figure 2. Preparation of tamarind triazine amino propanoic acid (TTAPA).

2.3. Characterization

The H-TTAPA resin was characterized using several spectroscopic techniques. The
detection of trace metals was carried out using atomic absorption spectroscopy (AAS;
Perkin Elmer 2380, Artisan Scientific Product, Champaign, IL, USA). Fourier-transform
infrared (FTIR) spectroscopy (Perkin Elmer, Buckinghamshire, UK) was used to record
the infrared (IR) spectra of the resin with KBr pellets. The X-ray diffraction pattern of the
developed resin was recorded in the range of θ = 10 to 80◦, using MiniFlex 600 (Rigaku,
The Woodlands, TX, USA). A digital pH meter (Jenway PHM-10, Delhi, India) was used to
measure the pH of each solution, while an elemental analyzer (Carlo Erba 1160, Cornaredo
(Milano), Italy) was employed to identify the presence of C, H, N, and O in the synthe-
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sized H-TTAPA resin. The thermal stability of the resin was measured using a DuPont
951 Thermogravimetric Analyzer (DuPont Instruments, Wilmington, DE, USA), and scan-
ning electron microscopy (SEM; Nova NanoSEM 450, Hillsboro, OR, USA) was used for
the morphological characterization.

2.4. Physical Analysis of the Synthesized H-TTAPA Resin
2.4.1. Moisture Content Analysis

The hydrogen form of the resin was placed in a vacuum desiccator at 70 ◦C for 24 h. It
was then weighed after heating until a constant weight was obtained [39].

2.4.2. Bulk Density Analysis

Ten grams of dried H-TTAPA resin was placed in a 25 cm3 graduated cylinder. A
consistent volume of the resin was obtained by gently tapping the measuring cylinder
against a hard rubber filler [40].

2.4.3. Swelling Analysis

The H-TTAPA resin was placed in a column and lightly tapped. The resin was
equilibrated with deionized water for 1 h. The degree of swelling was determined by
recording the height of the column, which was significantly influenced by the degree of
crosslinking in the resin. The resin was filtered and dried between the folds of filter paper
and then weighed. It was kept in a vacuum for 24 h to dry further and then reweighed.

The equation used to determine the equilibrium water content (EWC) was as fol-
lows [41]:

EWC = Weight of wet resin − weight of dry resin (1)

2.4.4. Ion-Exchange Capacity of the H-TTAPA Resin

Equivalents per liter (eq/L) of resin and milli-equivalents per dry gram of resin are
two common units used to measure the ion-exchange capacity of a resin. In a conical
flask, 0.9541 g of the H-TTAPA resin was mixed with 200 mL of a standardized sodium
hydroxide (0.05 N) solution and 5 mL of sodium chloride (5%) solution. The solution was
left overnight, and then 25 mL of the supernatant was pipetted out of the prepared solution
into an Erlenmeyer flask. A burette containing 0.05 N HCl solution was taken. Titration
was carried out using phenolphthalein as the indicator until the pink color disappeared.

The ion-exchange capacity was calculated as follows [42]:

Q = 0.05NV1-8(0.05NV2)m (2)

where Q (meq/g) is the calculated ion-exchange capacity of the H-TTAPA resin; V1 and V2
are the volumes of NaOH and HCl, respectively; and m is the mass of dry H-TTAPA resin.

2.4.5. Estimation of the Nitrogen Content of H-TTAPA

The nitrogen content of the H-TTAPA resin was measured using the standard Kjeldahl
model. In a dried Kjeldahl flask, 0.2 g of vacuum-dried resin was mixed with 10 cm3 of
concentrated sulfuric acid and 0.6 g of a catalyst (prepared via the grinding of 5.0 g of
metallic selenium, 120.0 g of copper sulfate, and 150 g of potassium sulfate to a homogenous
powder). The mixture was heated for 2 h to obtain a clear solution. The solution was then
chilled and quantitatively transferred to a distillation instrument with 30 cm3 of water
to estimate the content of ammonia. Following this, 12 cm3 of 10 M sodium hydroxide
solution was added to a final volume of 75 cm3 in the flask. The evolved ammonia was
steam distilled for 5 min into a receiver containing 5 cm3 of 4% boric acid and 5 or 6 drops
of a phenolphthalein indicator. The distilled NH3 was titrated with 0.05 M hydrochloric
acid (1.0 mL of 0.05 mol HCL is equal to mg of N2) [43].



Water 2023, 15, 2924 6 of 15

2.5. Batch Adsorption Experiments

Batch adsorption was used to determine the distribution coefficient and adsorption
efficiency of the H-TTAPA resin for metal ions in natural water. H-TTAPA (1 g) was placed
in a corked conical glass flask containing 10 mL (corresponding to 1 mg of metal ions)
of 1000 ppm metal ion solution, and a known volume of buffer solution was then added
(40 mL). For an acidic pH, sodium-acetate–acetic-acid buffer solution was used, and for a
basic pH, ammonium hydroxide and ammonium chloride buffer solution were used. The
solution was continuously stirred with a magnetic stirrer for 4 h at 25 ◦C. The two phases
were separated using Whatman filter paper no. 42.

AAS was used to determine the concentration of the ions in the solution before and
after absorption. Air acetylene was selected as the gas to generate the flame, and the metal
ions were measured in the column at various wavelengths along the main resonance line:
Cu(II) at 324.7 nm, Fe(II) at 248.3 nm, Zn(II) at 213.9, Pb(II) at 283.2 nm, and Cd(II) at
228.8 nm. A series of standards for the metal ions were prepared to obtain the calibration
curves, with which unknown concentrations of metal ions were determined.

The removal efficiency (%) was determined using Equation (3), and the distribution
coefficient (Kd) of the H-TTAPA resin was calculated using Equation (4) [44–48]:

Removal efficiency (%) =

(
Co − Ce

Co

)
100 (3)

Distribution coefficient = Adsorption capacity/initial concentration×removal rate (4)

where Co (mg/L) is the initial concentration, Ce (mg/L) is the equilibrium concentration,
and V (L) is the volume of the dye solution.

2.6. Recovery of Metal Ions from a Column Using a Suitable Eluent

Column experiments were performed to identify the recovery efficiency (%) of metal
ions from H-TTAPA resin. First, the column was washed with demineralized water, which
was subsequently filled with resin. To quantify the elution of the metal ions, the quantity
and strength of hydrochloric acid were adjusted when passing the eluent through the
column. Fe(II) was eluted with 2 N HCl (60 mL), Cu(II) was eluted with 1.5 N HCl (55 mL),
Zn(II) was eluted with 1.0 N HCl (50 mL), Pb(II) was eluted with 0.5 N HCl (45 mL),
and Cd(II) was eluted with 0.1 N HCl (40 mL). After the resin was thoroughly washed
with demineralized water, it was dried for 24 h in a hot oven at 70 ◦C. AAS was used to
determine the number of metal ions in the filtrate [49]. The recovery of metal ions was
calculated using Equation (5).

Recovery (%) =
Amount o f metal ion desorbed to the elution medium

Solution o f metal ions adsorbed on the resin
× 100 (5)

To investigate the reusability of recycled resin, the regenerated resin was reutilized for
five adsorption–desorption cycles.

3. Results and Discussion
3.1. Physical Analysis of the Synthesized H-TTAPA Resin

The results for the quantitative analysis of the moisture content, swelling, bulk den-
sity, ion-exchange capacity, and nitrogen content of the synthesized H-TTAPA resin are
summarized in Table 1.
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Table 1. Physical properties of the prepared H-TTAPA resin.

Order Analysis Result

1. Moisture content 4.59%

2. Bulk density 0.713 g/cm3

3. Swelling 9.9%

4. Ion-exchange capacity 1.5556 meq/g of H+ ions

5. Nitrogen content 2.65%

3.2. Characterization
3.2.1. FTIR Analysis

The FTIR spectrum in the range of 400–4000 cm−1 for the H-TTAPA resin is presented
in Figure 3. The band observed at 1625 cm−1 was matched to the of
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3.2.2. Thermogravimetric Analysis

The results for the thermogravimetric analysis of the prepared H-TTAPA resin are
shown in Figure 4. The finely powdered resin was vacuum-dried in a desiccator under
a static-air atmosphere. The sample was heated at a rate of 20 ◦C per min until it was
completely decomposed. TTAPA resin was stable at temperatures up to 425 ◦C, above
which it rapidly decomposed.
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3.2.3. X-ray Diffraction Analysis

The developed resin was further characterized with the XRD pattern, as shown in
Figure 5. The characteristic broad peak for carbonaceous resin was observed around 2θ
values from 20 to 30◦, suggesting the homogeneous amorphous nature of the developed
resin [53].

Water 2023, 15, x FOR PEER REVIEW 9 of 17 
 

 

 
Figure 4. Thermogravimetric analysis curve for the H-TTAPA resin. 

3.2.3. X-ray Diffraction Analysis 
The developed resin was further characterized with the XRD pattern, as shown in 

Figure 5. The characteristic broad peak for carbonaceous resin was observed around 2θ 
values from 20 to 30°, suggesting the homogeneous amorphous nature of the developed 
resin [53]. 

 

Figure 5. XRD of TTAPA resin 

3.2.4. Surface Morphological Analysis 
The morphology of the resin was analyzed using SEM images (Figure 6). Previously 

reported epoxy resins were also analyzed with SEM images. For example, the SEM images 

Figure 5. XRD of TTAPA resin.

3.2.4. Surface Morphological Analysis

The morphology of the resin was analyzed using SEM images (Figure 6). Previously
reported epoxy resins were also analyzed with SEM images. For example, the SEM images
of oligosalicyaldehyde-based epoxy resin suggested the shape of a coral reef [54]. The
morphology of the modified resins was also characterized by SEM images. For example,
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the SEM image of rubber-modified epoxy suggested a two-phase microstructure consisting
of relatively small rubber particles dispersed in the epoxy matrix [55].

Water 2023, 15, x FOR PEER REVIEW 10 of 17 
 

 

of oligosalicyaldehyde-based epoxy resin suggested the shape of a coral reef [54]. The 
morphology of the modified resins was also characterized by SEM images. For example, 
the SEM image of rubber-modified epoxy suggested a two-phase microstructure consist-
ing of relatively small rubber particles dispersed in the epoxy matrix [55]. 

For the present study, the morphology of the synthesized resin was smooth and 
rough, with agglomeration visible at different magnifications (500 nm and 1 µm). In ad-
dition, the elemental analysis results presented in Table 2 for the synthesized H-TTAPA 
resin supported the structure shown in Figure 2, revealing the presence of C, O, N, and H. 

 

Water 2023, 15, x FOR PEER REVIEW 11 of 17 
 

 

 
Figure 6. SEM images of the H-TTAPA resin at different magnifications. 

Table 2. Elemental analysis results for the H-TTAPA resin. 

Order Element 
Theoretical 
Value (%) 

Experimental 
Value (%) Error Function (χ) 

1 C 36.36 36.04  0.008801 
2 H 3.03  3.00 0.009901 
3 N 28.28 27.98  0.010608 
4 O 32.32 32.02 0.009282 

3.3. Metal Ion Removal from Natural Water 
A batch experiment was performed to evaluate the adsorption efficiency of the H-

TTAPA resin. Under optimal conditions, 1 g of in H-TTAPA was placed in a conical flask 
containing 10 mL (corresponding to 1 mg metal ions) of 1000 ppm metal ion solution 
(Fe(II), Cu(II), Pb(II), Cd(II), and Zn(II)) and stirred using a magnetic stirrer, at 27 °C and 
a pH of 7, for 4 h. The percentage extraction of the metal ions from the effluent using the 
H-TTAPA resin is presented in Figure 7a. The removal rates for Fe(II), Zn(II), Cu(II), Pb(II), 
and Cd(II) were 98.11%, 95.06%, 96.44%, 93.19%, and 91.17%, respectively. 

Figure 6. SEM images of the H-TTAPA resin at different magnifications.



Water 2023, 15, 2924 10 of 15

For the present study, the morphology of the synthesized resin was smooth and rough,
with agglomeration visible at different magnifications (500 nm and 1 µm). In addition,
the elemental analysis results presented in Table 2 for the synthesized H-TTAPA resin
supported the structure shown in Figure 2, revealing the presence of C, O, N, and H.

Table 2. Elemental analysis results for the H-TTAPA resin.

Order Element Theoretical
Value (%)

Experimental
Value (%) Error Function (χ)

1. C 36.36 36.04 0.008801

2. H 3.03 3.00 0.009901

3. N 28.28 27.98 0.010608

4. O 32.32 32.02 0.009282

3.3. Metal Ion Removal from Natural Water

A batch experiment was performed to evaluate the adsorption efficiency of the H-
TTAPA resin. Under optimal conditions, 1 g of in H-TTAPA was placed in a conical flask
containing 10 mL (corresponding to 1 mg metal ions) of 1000 ppm metal ion solution (Fe(II),
Cu(II), Pb(II), Cd(II), and Zn(II)) and stirred using a magnetic stirrer, at 27 ◦C and a pH of 7,
for 4 h. The percentage extraction of the metal ions from the effluent using the H-TTAPA
resin is presented in Figure 7a. The removal rates for Fe(II), Zn(II), Cu(II), Pb(II), and Cd(II)
were 98.11%, 95.06%, 96.44%, 93.19%, and 91.17%, respectively.

3.4. Effect of Contact Time on the Removal of Metal Ions

The equilibrium time should be considered for cost-effective wastewater treatment.
Figure 7b shows that an increase in the contact time before attaining equilibrium increases
the adsorption efficiency (%) for metal ions. By maintaining a constant stirring speed
(150 rpm), pH (7), and temperature (27 ◦C), it was observed that an increase in the contract
time from 30 min to 240 min increased the rate of adsorption of the metal ions to the
H-TTAPA resin. The presence of large functional groups in the H-TTAPA resin significantly
increases the binding capacity, thus helping to accelerate the process [56].

3.5. Effect of pH on Adsorption and the Distribution Coefficient

Complexation is a pH-dependent factor; thus, the pH level plays a significant role in
the adsorption of metal ions from industrial effluent. It influences the degree to which the
adsorbent dissociates during the reaction and the accumulation of ions on the functional
groups. Accordingly, the metal ions’ adsorption on the resin was investigated for a pH
range of 3.0–9.0. It was observed that, with an increase in the pH, the distribution of metal
ions on the H-TTAPA resin increased to a maximum value and then decreased (Figure 7c). It
was previously reported that a very low or a very high pH is not suitable for the adsorption
and complexation of metal ions on H-TTAPA resin [54]. This is because hydrogen ions
compete for the same binding sites and because the pH of the solution affects the chemical
specifications of the metal ions. After the optimal pH is reached, a decrease in sorption
occurs because of the formation of insoluble metal hydroxyl complexes. At a higher pH,
the precipitation of insoluble metal ions hinders adsorption. Therefore, identifying and
maintaining the optimal pH is necessary to ensure the maximum adsorption of metal ions.
The H-TTAPA resin exhibited maximum adsorption at pH 5 for Fe(II), 6 for Pb(II) and
Cu(II), and 7 for Cd(II) and Zn(II).

The results for the distribution coefficient (Kd) from the batch experiments at various
pH levels are presented in Figure 7c. A large value for Kd indicates the retention of metal
ions by the resin through adsorption, while a smaller value indicates that a greater fraction
of metal ions remain in the solution. Kd increased with a decrease in the acidity, with the
optimal results obtained at pH 5–7. When the pH rises to a range at which H+ ions are
exchanged with the metal ions, the maximum exchange capacity is reached when all of the
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ion-exchange sites are involved, and stable complexes form between the functional groups
and metal cations.
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3.6. Recovery of Metal Ions from a Column Using a Suitable Eluent

A column experiment was conducted to determine the percentage recovery of metal
ions, using the H-TTAPA resin (Figure 8a). Different concentrations of HCl were used to
eluate the metal ions. The volume of eluent used varied between the metal ion species. The
recovery of the metal ions ranged from 96.12% to 99.03%, which suggests that the H-TTAPA
resin was very effective in removing metal ions from the solution.

3.7. Resin Durability and Reproducibility

A cycling experiment was conducted to verify the durability and reproducibility of
the H-TTAPA resin. In particular, after the metal ions were adsorbed onto the resin, they
were desorbed using mineral acids of different strengths. Figure 8b shows that, even after
five adsorption–desorption cycles, there was only a very slight change in the exchange
capacity of the H-TTAPA resin with each of the metal ions.
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3.8. Comparative Analysis

The ion-exchange process has advantages, such as lower sludge production and high
selectivity and specificity as compared to other process. As discussed above, various
polymeric ion-exchangers have been used for metal removal from water; however, the
motive of this study was to construct a better ion exchanger at a low cost. Thus, we
developed a natural-resource-based ion exchanger. Compared to many other discussed
ion exchangers, it can be said that the present ion exchanger is sustainable, cheap, and
environmentally benign. As a current ion-exchanger was used for the removal of metal ions
from a natural water resource, its comparative study is a bit difficult due to the competitive
ion effect. Apart from this, due to the different operation conditions for each study, it is
very difficult to compare one ion exchanger with another. As far as adsorption efficiency
is concerned, we tried to perform a comparative study in this study. The present ion-
exchanger displayed comparable removal efficiency with other reported ion exchangers.
It can be seen in the Table 3 that the current ion exchanger has better removal efficiency
compared to the previous reported ion-exchangers. The removal efficiency of TKP, a
precursor of the TTAPA resin, was also examined, and it was observed that the developed
resin showed enhanced efficiency in comparison to TKP (Table 3). Thus, it can be said that
the present ion-exchanger can be the better option for wastewater treatment.

Table 3. Comparative analysis of TTAPA with other ion exchangers.

Order Ion Exchanger Experimental Conditions Ions % Removal References

1. Tamarind-tripropylamine
resin (TTA)

pH = 7.0; Dose = 0.4 g/L;
Contact time = 3 h; 25 ◦C

Pb(II) 53.38 [56]

Cd(II) 71.35

Zn(II) 74.88

Cu(II) 77.84

Fe(II) 83.42

2. Raw pineapple waste biomass ion
exchange (RPWB)

pH = 3.5; 30 mg of RPWB with
20 mL of 11 mg/L Fe(II) solution

Fe(II) 47% [25]

3. Saponified pineapple waste
biomass ion exchange (SPWB)

pH = 3.0; 30 mg of SPWB with
20 mL of 11 mg/L Fe(II) solution

94%

4. Purolite C 100 - Pb(II) 99.17 [57]

5. Amberjet 1200 Na 800, 1000,
1250 mg/L

Pb(II) 99.0 [58]
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Table 3. Cont.

Order Ion Exchanger Experimental Conditions Ions % Removal References

6. TTAPA pH = 7.0; Dose = 1.0 g;
Contact time = 4 h; 25 ◦C

Fe(II) 98.11 This study

Cu(II) 96.44

Zn(II) 95.06

Pb(II) 93.10

Cd(II) 91.17

7. TKP pH = 7.0; Dose = 1.0 g;
Contact time = 4 h; 25 ◦C

Fe(II) 67.21

Cu(II) 57.41

Zn(II) 61.24

Pb(II) 66.60

Cd(II) 64.57

4. Conclusions

Due to its relatively low cost, high ion-exchange potential, and environmentally
benign structure, TTAPA resin represents a promising adsorbent for the elimination of
heavy metal ions from industrial effluent. Fe, Cu, Zn, Pb, and Cd heavy metals were able to
be effectively removed from industrial effluent. The prepared H-TTAPA resin was found to
show a characteristic effect, with variations in the pH of the solution leading to variations
in the adsorption. TTAPA acts as a flocculant and metal ion exchanger that helps in the
sequestration of toxic and hazardous metal ions from industrial effluent. The adsorption
strength of the prepared H-TTAPA resin for the tested metal ions was found to follow
the order Fe(II) > Cu(II) > Zn(II) > Pb(II) > Cd(II). Other methods are not feasible due
to their technical complexity and expense but, when the concentration of pollutants is
low, the proposed process is very efficient. It was thus confirmed that TTAPA resin can be
successfully used for the effective removal of various metal ions from industrial wastewater.
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