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Schiff Bazli Fonksiyonellestirilmis Yeni Sporopollenin Mikrokapsiiliiniin Sentezi ve Karakterizasyonu ve Cu(II)'nin
Etkili Adsorpsiyonu i¢cin Kullanimi
Ali BILGICY

OZET: Kanser ve karaciger hasar1 gibi ciddi hastaliklara neden olan Cu (II) iyonlar 6zellikle su kirliliginde énemli bir yere
sahiptir. Bu oliimcil bakir (II) iyonlarim sulu ¢ozeltiden etkin bir sekilde uzaklastirmak igin, adsorban olarak kullanilacak
yeni islevsellestirilmis sporopollenin mikrokapsiillerinin (Sp-CPTS-HNMAA) sentezi amaglandi. Sporopollenin yiizeyini
islevsellestirmek igin kullanilan Schiff bazt (HNMAA), 2-Hidroksi-1-naftaldehit ve glisinin reaksiyonu sonucu elde edilmis
ve 'H ve 1®C NMR ile karakterize edilmistir. Sentezlenen Sp-CPTS-HNMAA mikrokapsiil adsorbani, FTIR, XRD ve SEM
teknikleri ile bagarili bir sekilde karakterize edildi. Adsorpsiyon deneylerinde baglangi¢c Cu (II) konsantrasyonu, sicaklik,
pH, anyon, temas siiresi ve adsorban dozunun etkileri aragtirildi. Adsorpsiyon dengesi, 150 dakikalik bir temas siiresi, 30 mg
L baslangig Cu (II) iyon konsantrasyonu, pH = 6 ve 0.03 g adsorban dozu ile maksimum Cu(ll) giderimi ile % 92.73 olarak
hesaplandi. Sp-CPTS-HNMA A mikrokapsiil adsorbaninin maksimum Cu (IT) adsorpsiyon kapasitesi Langmuir izoterminden
hesapland ve 32.57 mg g* olarak bulundu. Adsorpsiyon izotermi ve kinetik galigmalari, Langmuir adsorpsiyon izotermine
ve yalanci ikinci dereceden kinetik modele uydugunu gdstermistir. Termodinamik calismalarin sonuglari, adsorpsiyon
reaksiyonunun tersinir, kendiliginden ve endotermik oldugunu ve ayrica Cu (II) iyonlarinin Sp-CPTS-HNMAA iizerinde
adsorpsiyonunun kimyasal bir adsorpsiyon iglemi oldugunu gostermistir.

Anahtar Kelimeler: Sporopollenin, adsorpsiyon, termodinamik, Cu (II), mikrokapsiil

Synthesis and Characterization of the Schiff Base-on Functionalized Novel Sporopollenin Microcapsule and Its Use
for Effective Adsorption of Cu (1)

ABSTRACT: Cu (1) ions, which cause serious diseases such as cancer and liver damage, have an important place, especially
in water pollution. To effectively remove these deadly copper (Il) ions from aqueous solution, the synthesis of a new
functionalized sporopollenin microcapsules (Sp-CPTS-HNMAA) to be used as an adsorbent was aimed. Schiff base
(HNMAA), used to functionalize the surface of sporopollenin, was obtained as a result of the reaction of 2-Hydroxy-1-
naphthaldehyde and glycine and was characterized by *H and **C NMR. The synthesized Sp-CPTS-HNMAA microcapsule
adsorbent was successfully characterized by FTIR, XRD, and SEM techniques. The effects of initial Cu (Il) concentration,
temperature, pH, anion, contact time, and adsorbent dose were researched in adsorption experiments. The adsorption
equilibrium was calculated as 92.73%, with a contact time of 150 min, initial Cu (I1) ion concentration of 30 mg L, pH =
6, and maximum Cu(ll) removal with 0.03 g adsorbent dose. The maximum Cu (Il) adsorption capacity of Sp-CPTS-
HNMAA microcapsule adsorbent was calculated from the Langmuir isotherm and found to be 32.57 mg g*. Adsorption
isotherm and kinetic studies indicated that it fits the Langmuir adsorption isotherm and pseudo-second-order kinetic model.
The results of thermodynamic studies show that the adsorption reaction is reversible, spontaneous, and endothermic, and
also showed that the adsorption of Cu (ll) ions on Sp-CPTS-HNMAA is a chemical adsorption process.
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INTRODUCTION

Because of their toxicity, non-biodegradability, and bioaccumulation in living habitats, heavy
metal pollution has become a global issue (Sutirman et al., 2020). Effluent discharges containing these
heavy metal ions pose a severe danger to both the Earth's biological cycle and human health. One of
these dangerous and widely distributed heavy metals is copper. Copper (Cu) is involved in many
important industrial applications such as pulp production, fertilizer industries, sugar industry, jewelry
making, alloys, kitchen appliances, war machines and weapons manufacturing, welding industry, and
electrical wire construction, and it is also considered one of the elements that contribute to the activity
of enzymes in the human body and engage in the metabolism and growth processes (Manzoor et al.,
2019). Although the copper disclosed above is a very important element, its presence in high
concentrations in water can cause deadly serious illnesses such as cancer and liver damage (Lavanya et
al., 2017).

There are common conventional techniques used to remove copper or other heavy metals from
water, such as reverse osmosis, chemical precipitation, ion exchange, solvent extraction, membrane
filtration, etc., but these techniques are pricey and/or not fine for getting high removal efficiency (Gamal
et al., 2021). Among these methods, the adsorption technique is widely utilized because of its high
removal efficiency, wide application range, low cost, simplicity, and reusability (Yang et al., 2019; Tang
et al., 2021a). Many natural adsorbents have been used to remove many different metal ions, including
sporopollenin (Sp), from water. Sporopollenin (Sp) is a natural biopolymer that occurs in the outer
membranes of fern and moss spores, as well as of most pollen grains (Chandrasekaram et al., 2021). The
pollen and spore membranes of this biopolymer have been shown to have two layers; the outer part is
known as exine containing a substance called sporopollenin, and the inner part is expressed as intine
(Unlii and Ersoz, 2007). It may survive millions of years in geological layers while retaining all of its
morphological features, indicating that Sp is stable under severe circumstances (Gode and Pehlivan,
2007). The Sp's exact chemical structure is unknown. However, it has a stable cross-linked aromatic
structure with hydrogen, oxygen, and carbon in a stoichiometry of CgooH144027 (Ibrahim et al., 2020).
The main functional group of Sp has hydroxyl functional groups existing for large amounts of
modification, and this group serves as anchor sites for metal ion complexation as well as adding the
desired surface functional groups and other materials with high affinity for the metal ion (Gtirten et al.
2006; Ibrahim et al., 2020). However, the literature search shows that studies with Spropollenin
microcapsule-based materials for the removal of metal ions are quite scarce. To the best of our
knowledge, there exists no report on the use of sporopollenin microcapsule for the immobilization of
HNMAA. The goal of this research was to investigate the Cu (Il) adsorption performance of Sp-CPTS-
HNMAA microcapsule adsorbents as a new adsorbent. For this purpose, the adsorption conditions of
copper (1) ions were explored, and also the nature of the adsorption process in terms of isotherm,
thermodynamic and kinetic aspects was evaluated.

MATERIALS AND METHODS

Chemicals and Instrumentation

The microcapsule (particle size 20 um) of the L. clavatum sporopollenin, the starting support
material of the prepared adsorbent, was provided from Sigma-Aldrich. 2-Hydroxy-1-naphthaldehyde,
glycine (99%), petroleum ether (90%), copper (Il) nitrate trihydrate (puriss. p.a., 99-104%), and 3-
Chloropropyltrimethoxy silane (CPTS), were obtained from Sigma-Aldrich. Sodium hydroxide (>98%),
ethanol (99%), methanol (>99.9%), acetone (99.5%), toluene (99.8%), and hydrochloric acid (37%)
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were obtained from Merck (Darmstadt, Germany). Unless otherwise noted, all compounds utilized in
the investigation were utilized without additional purification.

The FTIR spectra of the microcapsules and microcapsule adsorbent prepared in each step were
scanned using a Perkin Elmer 100 FTIR spectrometer. XRD patterns of prepared microcapsules and
microcapsule adsorbent were determined using a Bruker brand device (D8 Advance with Davinci). The
surface morphologies of the pure sporopollenin (Sp), modified Sp-CPTS, and the Sp-CPTS-HNMAA
microcapsule adsorbent was determined with the SEM apparatus (HITACHI (SU5000)). An NMR
spectrometer (Varian 400 MHz) was used to record *H and 3C NMR spectra measurements of the
HNMAA compound. Cr (V1) ion concentrations remaining in the solutions were determined using
Analytical Jena, Contr AA 300 brand flame atomic absorption spectrometry (FAAS).

Experimental Procedure

The synthesis of (Z)-2-(((2-hydroxynaphthalen-1-yl)methylene)amino)acetic acid (HNMAA):
0.172 g of 2-hydroxy-1-naphthaldehyde was added to a 150 mL reaction bottle containing 50 mL of
methanol and dissolved by stirring for 10 min. Then 0.119 g of glycine dissolved in 30 ml of water was
added to this solution. This mixture was refluxed for 3 h with constant stirring (Sevgi et al., 2018). After
refluxing was complete, it was filtered. After 24 h, yellow crystals were obtained and recrystallized from
methanol/petroleum ether. The synthesis of the HNMAA compound is shown in Figure 1.
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Figure 1. Schematic illustration of Sp, Sp-CPTS, Sp-CPTS-HNMAA, and HNMAA compound

The synthesis of Sp-CPTS-HNMAA microcapsule adsorbent: 100 mL of acetone and 5.0 g of
sporopollenin were added to a 250 mL reaction vessel and the resulting suspension mixture was refluxed
for 4 hours with continuous stirring (Gubbuk et al., 2012a). The suspension mixture was filtered, and
the resulting active L. clavatum sporopollenin microcapsule was washed with pure water followed by
methanol and then dried at 70 °C for 12 h. 5.0 g of active sporopollenin microcapsule was added into
the reaction vessel containing 150 mL of anhydrous toluene, and he resultant mixture was stirred for 10
min at ambient temperature. Then (3-chloropropyltriethoxysilane (CPTS) was added to this mixture
and was refluxed for 72 h (Cimen et al., 2014; Gubbuk et al., 2021b). Sp-CPTS microcapsules were
separated by filtration washed with CeHsCHs, CH3OH, and CH3CH2OH, and dried at 70 °C. In a 250
mL one-neck round-bottom flask, 5.0 g Sp-CPTS microcapsules were suspended in 100 mL anhydrous
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toluene. Then 0.1 g of HNMAA compound was added to this mixture and stirred under reflux conditions
for 72 h. After mixing was complete, the Sp-CPTS-HNMAA microcapsule adsorbent in suspension was
separated by filtration, washed with C¢HsCH3, CH3OH, and CH3CH2OH, and dried at 70 °C. The
schematic route for the synthesis of the Sp-CPTS-HNMAA microcapsule adsorbent is given in Figure
1.

Batch Adsorption Experiments For Cu (11)

Cu (I1) adsorption onto Sp-CPTS-HNMAA microcapsule adsorbent was carried out by batch
adsorption process, and the influence of contact time, pH, temperature, adsorbent dose, anion, and initial
copper concentration on adsorption was studied. The stock solution of copper (II) was prepared from
100 mg L* of Cu(NOs). - 3H20 salt then diluted to the desired concentrations. Adsorption equilibrium
studies were carried out by shaking 0.03 g of Sp-CPTS-HNMAA microcapsule adsorbent with 30 mL
of copper (I1) ion solutions of desired concentration at optimum conditions. Sp-CPTS-HNMAA
microcapsule adsorbent was filtered from the suspension mixtures through filters (0.02 pm) at the end
of the predetermined time interval. Then, the remaining copper ions in the solutions were measured by
the FAAS. Each adsorption experiment was carried out with two replications to control calculations.

The following equation 1 and 2 were used to determine the amount of metal retained in the
adsorbent phase (e, mg g*) and % Removal of metal ion, respectively, (Ali et al., 2016; Pavithra et al.,

2021):

Co—C
Qe = ——=xV (1)
% Removal = ———2x100 (2

e
Here, ge (Mg g%), V (L), Ce (mg L), m (g), and Co (mg L) are the equilibrium adsorption
capacity, the volume of copper solution, the initial copper concentration, the weight of the adsorbent and
equilibrium copper concentration, respectively.

RESULTS AND DISCUSSION

Characterization
FTIR and XRD analyses

The result of FTIR measurements for the natural sporopollenin (Sp), modified microcapsule (Sp-
CPTS) and Sp-CPTS-HNMAA microcapsule adsorbent is shown in Figure 2a. In the FTIR spectrum of
the sporopollenin microcapsule (Sp), the adsorption peaks observed at 3316 cm™, 2854-2925 cm™ and
1709 cmt represent the hydroxyl (OH) (Ahmad et al., 2017), aliphatic (-CH, -CHz, -CH3) and carbonyl
(C=0) groups, respectively (Dyab and Sadek, 2018). In the FTIR spectrum of the Sp-CPTS
microcapsule, the two new absorption peaks at 1252 cm™ and 693 cm™ represent Si-C and C-CI groups
in the Sp-CPTS microcapsule structure, respectively. The frequency of OH stretching vibration in Sp-
CPTS s shifted to 3287 cm™ from 3316 cm™ (Sp). Other new peaks and shifts in the Sp-CPTS
microcapsule's FTIR spectra show that the CPTS was modified to the sporopollenin's surface (Sp). In
the FTIR spectrum of the Sp-CPTS-HNMAA microcapsule adsorbent, the absorption peaks at 1698 cm-
11632 cm, and 1496 cm™ represent the —C=0 stretching vibration of a carboxylic group, -C=N
stretching vibrations, and the C=C stretching vibration of the aromatic rings, respectively. Also, the
absorption peaks at 1343 cm™ and 1194 cm™ represent the stretching vibration of the C-O and the C-N
bonds, respectively. In the FTIR spectrum of the Sp-CPTS-HNMAA microcapsule adsorbent, other new
peaks and shifts show that the HNMAA compound was successfully immobilized to the Sp-CPTS
surface.

327



Ali BILGIC 12(1): 324-336, 2022
Synthesis and Characterization of the Schiff Base-on Functionalized Novel Sporopollenin Microcapsule and Its Use for
Effective Adsorption of Cu (1)

@ @ = =
7 %0 200
300
22% pi»
3 20 3
um b oo
| 100
g'sl"CPTS 3316 | 5 sp “; Sp-CPTS
= |5|7/ 12?4/ 111 =' 10 20 3 40 5 60 70 10 20 30 40 % 60 70
8 1709, 13?3 ml 992 754 3 V 26 (degree) 26 (degree)
8 > o
E = ,
E 5 'q : -m ‘
= - | AR 3100 R \
g i E .".‘w . 4
- W [ o )
) Ml T AW 2 30 4 5 &0 70
\ X g, P 28 (degree) .
a4 | 2881 1698 Pk ) e Ll
2032 .
153/ 380 uu[ gs/ / Sp-CPTS MMWMW
1517 f1aa1 L 8 688 s et o
L] L} L] L) L) L) L] T L] L) L]
4000 3500 3000 2500 2000 1500 1000 10 20 30 40 50 60 70
Wawenumber (cm™) 20 (degree)

Figure 2. (a) FT-IR spectrum and (b) XRD patterns of the natural sporopollenin (Sp), Sp-CPTS, and
the Sp-CPTS-HNMAA microcapsule adsorbent

The natural sporopollenin (Sp), modified microcapsule (Sp-CPTS), and the Sp-CPTS-HNMAA
microcapsule adsorbent was investigated using XRD analysis, and the results are given in Figures 2b.
The Natural L. clavatum sporopollenin microcapsules (Sp) (Figure 2b) showed a typical amorphous
structure with a characteristic broad peak in the 25 - 8° range and about 15.24° (Sahin et al., 2012; Dyab
and Sadek, 2018). In the XRD model of the Sp-CPTS (Figure 2b), the density of the characteristic
sporopollenin peak was diminished. In the XRD model of the Sp-CPTS-HNMAA microcapsule
adsorbent (Figure 2b), the intensity of the characteristic sporopollenin peak appears to be more reduced.
These results approve that the characteristic structure of the sporopollenin is preserved, and the designed
Sp-CPTS-HNMAA microcapsule adsorbent has been successfully synthesized.

'H and 3C NMR spectra of HNMAA compound; M.p.: 215 °C. *H-NMR [400 MHz, CDCl3]:
13.71 (bs, OH) 13.07 (bs, COOH), 10.94 (s, HC=N), 8.2 (d, Ar-H), 7.88 (d, Ar-H), 7.74 (d, Ar-H), 7.45
(t, Ar-H), 7.22 (t, Ar-H), 6.71 (d, Ar-H), 4.41 (s, CH,) ¥CNMR [100 MHz, d5-DMSO]: § (ppm) 52.2,
106.3, 118.8, 123.8, 126.2, 126.8, 128.8, 129.8, 135.7, 138.3, 160.3, 172.3, 177.4.

SEM analysis

To detect the morphological differences of the surface of the sporopollenin, it was characterized
by Scanning electron microscopy (SEM), and the SEM images obtained are given in Figure 3a-c. As
seen in the SEM image of the native L. clavatum sporopollenin microcapsules in Figure 3a, the surfaces
of the microcapsules are smooth, pore structure (round microcapsule shape) and consist of a uniform
hexagonal shape connected (Ahmad et al., 2017). The SEM image of Sp-CPTS in Figure 3b shows that
the pores of the sporopollenin microcapsules are disrupted, and the surface is rough. Moreover, the SEM
image of Sp-CPTS (Figure 3b) compared to the SEM image of the precursor natural microcapsules
(Figure 3a) preserved the natural morphology of consistent size (approximately 25 um in diameter) of
the microcapsules. As seen in the SEM image of Sp-CPTS-HNMAA microcapsule adsorbent in Figure
3c, the pores of the microcapsules filled with HNMAA, and the pores became more rough and bumpy.
The prepared Sp-CPTS-HNMAA microcapsule adsorbent confirms that it has been successfully
synthesized according to these results.
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Figure 3. SEM microphotographs of (a) the natural sporopollenin (Sp), (b) Sp-CPTS, and (c) the Sp-
CPTS-HNMAA microcapsule adsorbent

Adsorption Studies
Effect of microcapsule adsorbent dose and pH on adsorption

The influence of Sp-CPTS-HNMAA microcapsule adsorbent dose (in the range of (0.01 - 0.05 g)
on the copper (1) adsorption by the Sp-CPTS-HNMAA microcapsule adsorbent was investigated (\Vol
of Cu (I1) solution = 30 mL; copper (1) concentration = 30 mg L!; shaking speed = 250 rpm; temperature
=298 K, and contact time = 3 h.) and the results are given in Figure 4a. As shown in Figure 4a, in terms
of general changes, Cu (Il) removal efficiencies increased, and adsorption capacities of Sp-CPTS-
HNMAA microcapsule adsorbents decreased with increasing Sp-CPTS-HNMAA microcapsule
adsorbent dose. The increments in Cu(ll) removal percentages can be attributed to the larger quantity of
adsorption sites (the increased adsorbent surface area, active sites, pores, and the number of unsaturated
sites) provided by the increasing Sp-CPTS-HNMAA microcapsule adsorbent dose (Nair et al., 2014;
Tang et al., 2021b). However, the decrease in adsorption capacity (ge) value with increasing adsorbent
dose may be due to overlapping or aggregation of adsorption sites, thus reducing the total surface area
available for the metal ion (Kayalvizhi et al., 2021). The number of metal ions adsorbed to the adsorbent
unit mass decreases, causing the ge value to reduce as the adsorbent dose increases. Considering the
removal efficiency and cost, the adsorbent dose of 0.03 g was selected and used in further studies.

The pH of the solution is one of the most important factors impacting the adsorption process. In
this study, the influence of initial pH (1.0 - 7.0) on the removal percentage and adsorption capacity of
Sp-CPTS-HNMAA microcapsule adsorbent against Cu (1) was investigated (Sp-CPTS-HNMAA
microcapsule adsorbent dose = 0.03 g; vol of Cu (II) solution = 30 mL; contact time = 3 h; Cu (II)
concentration= 30 mg L; temperature = 298 K, and shaking speed = 250 rpm). Figure 4b depicts the
results achieved. As seen in Figure 4b, the lowest adsorption efficiency (33%) and capacity (9.73 mg g
1) were detected at pH 1. However, as the pH improved from 1 to 6, the adsorption capacity and
efficiency were improved. At pH 6, the maximum adsorption capacity (27.67 mg g*) and efficiency
(92.07%) were observed.
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Figure 4. Influence of (a) Sp-CPTS-HNMAA microcapsule adsorbent dose and (b) pH on the
adsorption of Cu (1) ions by the Sp-CPTS-HNMAA microcapsule adsorbent

Influence of contact time and initial concentration on Cu (1) adsorption

The influence of contact time on copper (I1) adsorption by the Sp-CPTS-HNMAA microcapsule
adsorbent was explored in the range of 5 - 300 min (Sp-CPTS-HNMAA microcapsule adsorbent dose =
0.03 g; vol of copper (11) solution = 30 mL; temperature = 298 K; pH = 6; Cu (Il) concentration = 30 mg
L%; and shaking speed = 250 rpm) and the obtained results are given in Figure 5a. As shown in Figure
5a, it is viewed that the adsorption efficiency and capacity of copper (1) ions increment with increasing
time between 0 - 150 minutes and remain constant after this min (150 min).
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Figure 5. Effect of (a) contact time and (b) initial Cu (I1) concentration on Cu (Il) adsorption by the
Sp-CPTS-HNMAA microcapsule adsorbent

The influence of initial Cu (I1) concentration (10, 20, 30, 40 and 50 mg L) on Cu (I1) adsorption
by the Sp-CPTS-HNMAA microcapsule adsorbents was investigated (Sp-CPTS-HNMAA microcapsule
adsorbent dose = 0.03 g; vol of copper (11 solution = 30 mL; temperature = 298 K pH = 6 and shaking
speed = 250 rpm) and the results are given in Figure 5b. As seen in Figure 5b, the removal percentage
of Cu (1) decreased when the initial copper concentration was increased from 10 mg L to 50 mg L.
On the other hand, it is seen that the adsorption capacity against increasing initial copper (II) ion
concentration increases (Figure 5b). The initial concentration of copper (Il) ion with the highest
adsorption efficiency and capacity by the Sp-CPTS-HNMAA microcapsule adsorbent is 30 mg L.
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Adsorption isotherms

The adsorption isotherm gives important information about the adsorption capacity of the
adsorbent and is also important in the optimization and design of the adsorption process (Sutirman et al.,
2020). For this purpose, Temkin (Yu, 2020), Freundlich (Barbosa et al., 2018), Langmuir (Chen et al.,
2021), and Dubinin-Radushkevich (Agarwal et al., 2021) isotherm models were applied to define the
experimental data. The equations for these isotherm models are listed in Table 1. The graphs obtained
from these equations are given in Figure 6(a-d), and the obtained isotherm parameters are shown in

Table 1.
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Figure 6. The plots of (a) Langmuir, (b) Freundlich, (c) Dubinin—Radushkevich, (d) Temkin, (e)
Pseudo-first-order kinetic, and (f) Pseudo-second-order kinetic models

Table 1. Equations, parameter constants, and values of isotherm models

Models Equation Parameter constants Parameter values
gm ((mg g?) 32.57
Cel0e= (Ce/m) + (L/(KLgm)) b (L mg?) 4.449
Langmuir R? 0.9961
RL=1/[1+ (KL. Co)] RL 0.002 - 0.004
n 10.905
1nt 0.0917
Freundlich Logge = logKg +(1/n)logCe Ke (mg g?) 4.090
R? 0.9581
Dubinin - Lnge= Ingp-r - Kage? gor (Mg g?) 29.297
Radushkevich £ = RTIn(1+(1/C¢)) Kp-r (Mol? J2) 0.02x10”7
(D-R) E = (2Kag) 2 R? 0.9649
E (KJ mol?) 15.811
bt (kJ mol?) 1.544
Temkin ge = (RT/br)InAt + (RT/b7)In C. Ar(Lgh 3.7 x108
R? 0.9868

As shown in Table 1, since the R? value of the Langmuir model is higher than the other three
models, we can say that the adsorption process fits the Langmuir isotherm. Its suitability for the
Langmuir isotherm indicates the formation of monolayer coverage on surface of the Sp-CPTS-HNMAA

331



Ali BILGIC 12(1): 324-336, 2022
Synthesis and Characterization of the Schiff Base-on Functionalized Novel Sporopollenin Microcapsule and Its Use for
Effective Adsorption of Cu (1)

microcapsule adsorbent of Cu (11) ions. Also, R. values (0.022 - 0.004) is in the range of 0 to 1, which
means that the adsorption of copper (I1) ions onto the Sp-CPTS-HNMAA microcapsule adsorbent is
appropriate under the operating conditions used in this work. Since the E value (15.811 kJ mol?)
calculated from the D-R isotherm model is in the range of 8 - 16 kJ mol?, it was concluded that the
adsorption of Cu (II) ions on Sp-CPTS-HNMAA microcapsule adsorbent was realized by chemical ion
exchange (Tural et al., 2018).

Adsorption kinetics
Adsorption kinetics were studied to explain the adsorption mechanism of copper (11) ions on Sp-
CPTS-HNMAA microcapsule adsorbent and the associated rate-limiting steps. To examine the
adsorption Kinetics, widely used pseudo-second-order kinetic and pseudo-first-order models were
analyzed (Ge et al., 2017). Equations ((3) and (4)) of these kinetic models are as follows, respectively.
t 1 t
a kpq02 " 4, @)
t.k,
log(de — q) = logqe — 5252 (4)
The data obtained regarding the influence of contact time on adsorption of Cu (Il) ions by the Sp-
CPTS-HNMAA microcapsule adsorbent were fitted to these models, and the graphs and kinetic
parameters of the results obtained are given in Figure 6 (e and f) and Table 2, respectively. As can be
seen from the correlation coefficient (R?) values in Table 2, the adsorption kinetics fits better the pseudo-
second-order model (R? = 0.9989). Also, the value of ge (27,782 mg g*) obtained in the experimental
value is consistent with the value of ge (30.303 mg g!) calculated from the pseudo-second-order model.
These findings show that the adsorption process fits the pseudo-second model, and it can be concluded
that the copper (I1) adsorption by the Sp-CPTS-HNMAA microcapsule adsorbent is related to the
chemical interaction (Ge et al., 2014).

Table 2. Calculated thermodynamic and adsorption Kinetic parameters

Kinetic model Parameter Cu (1D Thermodynamic parameters Cu(ll

R? 0.9663 AH° (kJ mol?) 36.712

Pseudo-first-order ki(1 mint) 0.0214 AS° (J K mol?) 143.151
ge(mg g?) 18.638 R? 0.9691

298 (K) -5.968

k2 (g mg* min?) 0.001 308(K) -7.399

Pseudo-second-order R? 0.9989 AG° (kJ mol?) 318 (K) -8.831
ge (mg gh) 30.303 328 (K) -10.263

Effect of temperature and thermodynamic studies

The influence of temperature on copper adsorption by the Sp-CPTS-HNMAA microcapsule
adsorbent was investigated in the range of 298 K to 328 K (Sp-CPTS-HNMAA microcapsule dose =
0.03 g; pH = 6; vol of copper (I1) solution = 30 mL; Cu (II) concentration = 30 mg L and shaking speed
=250 rpm) and the results are given in Figure 7a. As seen in Figure 7a, it is seen that as the temperature
of the suspension solution increases, the adsorption efficiency and capacity of Cu (lI) ions slightly
increase, indicating that the adsorption process of copper ions by the Sp-CPTS-HNMAA microcapsule
adsorbent is endothermic in nature. To analyze the thermodynamic nature of Cu (I1) adsorption on Sp-
CPTS-HNMAA microcapsule adsorbent, the data from the influence of temperature on adsorption were
applied to the following equations ((5), (6) and (7)) (EI-Massaoudi et al., 2021).

AG° = -RTInKq (%)
AG® = AH°- TAS® (6)
InKg = (AS°/R) — (AH°/RT) (7)
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Van't Hoff plot obtained from Equation 7 is given in Figure 7b, and the thermodynamic parameters
obtained from these equations are listed in Table 2. As seen in Table 2, the positive enthalpy (AH®) value
(36.712 kJ molt) demonstrates that the adsorption process is endothermic. At the same time, the enthalpy
(AH®) value (36.712 kJ mol™*) was greater than 20 kJ mol, which proved that the adsorption performed
in this study is a chemical adsorption process (Bartell et al., 1951; Tang et al., 2021). The Gibbs free
energy (AG®) is negative values at different temperatures, indicating that Sp-CPTS-HNMAA
microcapsule adsorbent can spontaneously adsorb Cu (11) ions. In addition, the Gibbs free energy (AG®)
value reduces as the temperature increments, indicating that the adsorption on Sp-CPTS-HNMAA
microcapsules of Cu (Il) ions is easier under high-temperature conditions (Zhang et al., 2019). The
positive value of entropy (AS®) is a result of the increment in randomness at the solid-liquid interface.
In addition, since the obtained entropy (AS®) value (143.151 J K*mol™) is greater than -10 J K'*mol, it
shows that the copper adsorption involves a dissociative adsorption mechanism (Akpomie et al., 2015;
Ahmad and Mirza, 2017).

® . ©

100 4

y =-44157x + 17.218

% Remgval

q.(rhg g”)

% Removal
T
a.mg g”)

" 0.00304 000312 000320 000328 0.00336
171 (KY) NO, | [CH,co0 clo,
0 1 1 1

U T T T T T T v =
295 300 305 310 315 320 325 330 Anions
Temperature (K)

Fig. 7. (a) Influence of temperature on Cu (Il) adsorption by the Sp-CPTS-HNMAA microcapsule
adsorbent, (b) Van't Hoff plot for the removal of Cu (I1) ions by the Sp-CPTS-HNMAA microcapsule
adsorbent, and (c) Effect of the anions (NOs~, CH3COO", ClO4, CI” and SO4*") on the adsorption of Cu
(1) ions by the Sp-CPTS-HNMAA microcapsule adsorbent

Effect of the anions (NOs~, CH3COO", ClO4, CI~ and SO4*)

Based on the above adsorption experiments, the influence of different anions (NO3;~, CH3:COO,
ClO4, CI” and SO4*) on copper adsorption by the Sp-CPTS-HNMAA microcapsule adsorbent under
the same conditions (Sp-CPTS-HNMAA microcapsule dose = 0.03 g; temperature = 298 K; contact time
= 150 min; vol of Cu (I1) solution = 30 mL; pH = 6; Cu (Il) concentration = 30 mg L*; and shaking
speed = 250 rpm) was investigated. The results obtained are demonstrated in Figure 7(c). As seen in
Figure 7(c), the removal percentage and adsorption capacity of copper (I1) ions were approximately the
same in the asset of different anions. Different anions have no important effect on Cu (I1) adsorption.
Therefore, there is a strong bond between adsorbate (copper (I1)) and adsorbent (Sp-CPTS-HNMAA)
(Wang et al., 2018; Mu et al., 2020).

CONCLUSION

In this study, environmentally friendly Sp-CPTS-HNMAA microcapsule adsorbents were
prepared for the effective removal of Cu (Il) ions from aqueous solutions. Sp-CPTS-HNMAA
microcapsule adsorbent was characterized by SEM, FTIR, and XRD analysis and confirmed that it was
successfully synthesized. In adsorption studies, the equilibrium time is 150 min, and the maximum

adsorption is at optimum pH = 6. Thermodynamic parameters were derived from the effect of
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temperature, and positive AH® and AS° values demonstrated that the adsorption process was
endothermic and reversible, while negative AG® values demonstrated that adsorption was spontaneous.
The Dubinin - Radushkevich, Temkin, Freundlich, and Langmuir isotherm models were used in the
adsorption isotherm calculations, and the Langmuir model was determined to have the best fit. The
maximum adsorption capacity calculated according to the Langmuir model is 32.57 mg g*. The
adsorption kinetics fit the pseudo-second-order model. All these results show that the synthesized Sp-
CPTS-HNMAA microcapsule adsorbent has great potential; it can be concluded that it is low cost,
environmentally friendly, can remove Cu (I1) effectively, and is promising and efficient.
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