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ARTICLE INFO ABSTRACT

Keywords: Cellulose, activated carbon, zeolite, and similar materials have a weak effect against anionic pollutants.

Polymeric particles Therefore, further modifications are needed for the use of such substances. In this study, polymer particles (GD)

Adsorption that were economical and directly effective against anionic pollutants were synthesized as an alternative. GD

E]:omt)lphenol blue particles were synthesized with glutaraldehyde and diethylenetriamine as monomers for the first time. The
eno

polymer particles were characterized in detail. Then, GD particles were used in the adsorption of anionic
Bromophenol blue (BPB) and phenol (PH). As a result, it was determined that i) the adsorption process between
GD particles, Bromophenol blue and phenol was chemisorption, ii) the adsorption of BPB and PH on to GD
particles obeyed the Langmuir isotherm and pseudo second order kinetic model. pH, temperature, initial dye
concentration, adsorbent dosage, and contact time were determined orderly 4, 50 °C, 300 mg L7410 mg, and
180 mins for BPB and 5, 50 °C, 10 mg L™}, 15 mg, and 30 mins for PH. The maximum adsorption capacities of
GD polymer particles for BPB and PH were ascertained as 136.40 mg g~ ' and 98.26 mg g™, respectively. As a

result, it was produced economical, simple, feasible, and functional adsorbents against anionic pollutants.

1. Introduction

Water pollution not only causes serious damage to the environment
but also leads significant irreversible financial losses. Dyes and organic
pollutants are two of the most important pollutant groups that cause
water pollution [1-7]. Because every year, tons of dyes and organic
pollutants from many industries such as food, paper, cosmetics, paint,
textile, leather, pesticide and fertilizer are discharged uncontrollably
into water resources [8,9]. To protect water resources, many methods
have been developed for the treatment of dyes and organic pollutants
[8,10-13]. However, it is accepted in the scientific world that adsorp-
tion is the most promising and successful method due to its advantages
such as ease, energy efficiency, and cheapness [8,14-24].

Most of the dyes used in the industry are anionic dyes, and they
contain disease-causing and carcinogenic groups [19,23,25-29]. In
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addition, they can change water resources' physical and chemical
properties even at very low concentrations. BPB is widely used in the
textile and printing industries and as an indicator in laboratory studies
[30]. BPB was classified as acute toxic (dermal), serious eye irritant,
and acute toxic (inhalation) by the European Chemicals Agency (ECHA)
[31]. On the other hand, Phenols (PH) especially those containing
chlorine, are considered priority pollutants [32]. PHs are en-
vironmentally important aromatic organic compounds and have at-
tracted much attention recently due to their high toxicity to human and
living health [33,34]. It is one of the primary pollutants in most che-
mical and petrochemical industries, such as coal refineries, paper,
plastics, and agriculture.

Today, the common approach for effectively removing pollutants is
using activated carbon (AC), zeolite, sepiolite, cellulose and similar
natural materials as adsorbents because they are easily accessible and
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inexpensive. However, these adsorbents have very low effects against
anionic pollutants due to the active groups on their surfaces. For ex-
ample, it was determined that the natural composite material prepared
with Fe304, CuO, and AC for the adsorption of BPB had an adsorption
capacity of 88.60 mg g~ ! [58]. In another study conducted with ACs
produced from date pits, Eriochrome Balck T and BPB were removed
[1]. As a result, it was observed that these ACs had an adsorption ca-
pacity of 36.5 and 39.68 mg g™}, respectively. Another study used ACs
produced from banyan root for PH adsorption [59]. Although the sur-
face areas of these produced ACs were very high (988 m? g~ 1), their PH
removal capacity was relatively low (26.95 mg g~ '). Briefly, the in-
ability to efficiently remove anionic pollutants with these natural ad-
sorbents is an important problem. To overcome this problem, these
materials must be modified. Adsorption capacities of these adsorbents
against anionic pollutants can be increased only with modification.
There are many studies in the literature for this purpose [28,58,60-63].
However, the modification process causes an additional problem to
arise by increasing the cost of these natural adsorbents.

Glutaraldehyde (GA) is a highly reactive dialdehyde that reacts
easily and quickly with nucleophiles such as amines, hydroxyls, and
thiols under mild conditions. Therefore, GA used mostly as a cross-
linking agent. Due to these advantages, it was used in scientific studies
for many years [35-45]. Diethylenetriamine (DETA), on the other hand,
contains three amine groups in its structure and therefore has high
reactivity. Thus, it was used in materials science for many years in
many different disciplines, from polymers to metals and biomaterials
[46-57]. It is understood that both molecules will be used in many
scientific studies in the future, as in the past, due to their high re-
activity, cheap and high reaction efficiency. However, interestingly, in
our literature research, we could not find the synthesis of polymer
particles with GA and DETA. Therefore, in order to fill this major gap in
the literature, GA and DETA were polymerized with high efficiency and
ease in this study for the first time.

The main aim of this study was to synthesize new polymers that
were effective directly against anionic pollutants, were low-cost, could
be easily synthesized, and were alternatives to widely used adsorbents.
This was achieved with polymer particles synthesized by polymerizing
of GA and DETA for the first time. Within the scope of this study, two
different models of anionic pollutants (Bromophenol blue, BPB, and
phenol, PH) belonging to two different pollutant types (dyes and or-
ganic pollutants) were selected. GA and DETA used as monomers for the
first time to obtain highly functional polymeric particles (GD).
Adsorbents such as AC, zeolite or sepiolite have poor direct removal
efficiency against anionic pollutants. When they are modified, they
become uneconomical. As a solution to this problem, new adsorbent
(GD) that was low-cost and directly effective on anionic pollutants was
produced in this study. No further modification was required for these
GD polymer particles.

2. Materials and Methods
2.1. Materials

Glutaraldehyde (25%, aqueous sol.) and DETA (99%) were pur-
chased from Sigma Aldrich. EtOH (absolute), AC (99.5%), PH (99%)
and THF (=99.5%) were bought from Merck. BPB were purchased from
AFG Scientific. All chemicals were used directly without extra pur-
ification.

2.2. Synthesis of GD polymer particles

After adding 80 mL (0.212 mol, 1.5 equivalents) of GA to the round
bottom reaction flask, the balloon was closed with a septum to provide
N, inert environment. Meanwhile, 15.25 mL (0.141 mol, 1.0 equiva-
lent) of DETA was added to a separate vial, and the vial was closed with
a septum similarly. Both solutions were degassed separately with N, gas
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Fig. 1. Synthesis of GD polymer particles.

for 20 min. Then, a cannula added the DETA solution to the GA solution
at room temperature. The solution was stirred at a slow mixing speed
until the formation of polymeric particles of tile color (the character-
istic color of Schiff bases; Fig. 1). At the end of the reaction, GD par-
ticles were washed three times with distilled water (DW), ethanol
(EtOH), acetone (Ac), tetrahydrofuran (THF), DW, and Ac, respectively.
Thus, unreacted GA and DETA were removed. Finally, the particles
were dried in a freeze dryer and made ready for characterization and
adsorption.

2.3. Characterization of GD polymer particles

SEM images for the morphologies of GD particles were obtained
with the FEI Quanta FEG250 device. Chemical characterization was
determined by Bruker Alpha model FT-IR instrument.
Thermogravimetric analyses (TGA) were carried out with a Tetra SII
Exster 6000 device at a rate of 5°C/min in a nitrogen atmosphere be-
tween 25 °C and 800 °C.

2.4. Adsorption studies

All adsorption experiments were carried out in triplicate according
to the batch adsorption method (Fig. 2). The effects of pH (2, 4, 6, 8,
and 10), temperature (25, 35, 45 and 50 °C), contact time (0 -
210 mins), initial dye concentration (40, 80, 100, 250, 300, 400, and
500 ppm) and GD dose (10, 25, 50, 75, and 100 mg) on the adsorption
capacity of GD particles were completed according to the procedure
reported by Shahbazi [64]. In all adsorption studies, the solution vo-
lume was 25 mlL, and the shaking speed of 150 rpm was kept constant.
The concentration or absorbance of BPB and PH solutions before and
after the adsorption experiments were measured using the Hach Lange
DR9000 UV Spectrophotometer at wavelengths 589 and 270 nm, re-
spectively. The adsorption capacity and removal efficiency (%) of GD
particles were calculated by Egs. (I) and (II), respectively:

(Co - Ce ) 174

9. = W (08}

Co=Cli 100 4

R | Effici %) =
emoval Efficiency (%) c. a

where V (L) is the solution volume, Co and Ce (mg L™ ! or ppm) re-
present the initial and final solution concentration of BPB dye, re-
spectively, and W (g) is the adsorbed dry mass.
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Fig. 2. Adsorption of BPB and PH with GD polymer particles.

3. Results and discussion
3.1. Synthesis approach

One of the goals of this study was the synthesis of polymers that
were easily accessible, cheap, easy to synthesize and have high synth-
esis efficiency. Our main approach for this was to identify molecules
that were highly reactive but economical. Our literature research
showed that GA and DETA fit this approach. Because both molecules
react rapidly under very mild conditions. In most of the studies, GA was
used as a cross-linking agent and DETA was employed for modification
purposes. They were not preferred as monomers until this study. In this
study, GD polymer particles with GA and DETA were synthesized in
very high yields (99.5%) under room conditions and in approximately
one minute. These properties indicated that GD polymer particles had
significant potential against conventional adsorbents.

3.2. Characterization

The chemical structure of the synthesized polymeric particles was
revealed using FT-IR spectroscopy. The FT-IR spectra of all the samples
were recorded in transmission mode using a Bruker-Alpha spectrometer
ranging the wave number from 4000 to 400 cm ™~ '. The FT-IR spectrum
of GD particles was shown in Fig. 3. Aliphatic -CH,-stretching vibra-
tions were observed in relatively broad bands under 3000 cm ~* at 2928
and 2862 cm ™!, while the peaks at 1439 and 1358 cm ™! were their
bending vibrations. The broad peak at 3350 cm ™! was due to water
adsorbed by GD particles, also seen in the TGA. Many peaks observed
on this peak could belong to amine groups likely present in the resulting
polymer end-groups. The strong peak in 1659 cm ™! was vibrations of
imine groups (C=N), which were abundant in the structure of poly-
meric particles. On the left side of the imine peak, a peak (1697 cm™1)
belonging to the C=C binary group was seen as a shoulder. Ad-
ditionally, an amine bending peak was observed at 1609 cm ™.

The surface morphologies of GD particles were elucidated by SEM
analysis. SEM micrographs obtained at different scales (200 and 500 nm
and 2 pum) were given in Fig. 4. It was seen from the images that the
polymer particles were successfully synthesized. Particle sizes were
determined with the ImageJ software. The diameters of 106 different
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Fig. 3. FT-IR spectrum of GD polymer particles.

particles in the 2 ym SEM image were measured for this. Accordingly, it
was determined that the average particle size was 703 nm, the smallest
particle was 195 nm, and the largest particle was 1146 nm.

Thermal stability and decomposition of GD particles were de-
termined by using TGA analysis. TGA analysis was conducted by
heating the sample from room temperature to 800 °C at a heating rate
of 5°C/min under a nitrogen atmosphere. The thermogram of GD
particles was depicted in Figure S1. Accordingly, weight loss was seen
in two stages. In the first stage, a weight loss of about 5% (5.26%)
occurred in the weight of the polymer particles up to 105 °C. The mass
loss in this first stage was thought to be due to water loss. The second
weight-loss stage started at 200 °C and ended at 500 °C. A weight loss of
approximately 73% (73.11%) occurred at this stage. After the tem-
perature of 200 °C, the polymer particles started to decompose and
completely decomposed at 500 °C. After this second stage, approxi-
mately 22% (21.63%) of the mass remained as char.
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Fig. 4. SEM micrographs of GD polymer particles.

3.3. Adsorption experiments

3.3.1. Contact time effect and adsorption kinetics

Adsorption is an equilibrium process involving the interactions be-
tween adsorbate and adsorbent. Correctly determining the contact time
between the adsorbate and the adsorbent is the first step for the most
efficient use of the adsorbent. If this time is insufficient, the adsorption
process cannot continue effectively. Otherwise, it will lead to a waste of
time and energy. Therefore, this study determined contact times for
BPB and PH first. Experiments were conducted between 0-210 min for
BPB (300mgL~! BPB concentration, 25 °C, and 50 mg GD particles)
and 0-150 min for PH (pH 5.5, 25 °C, 15 mg GD particles, 50 mg L.~ PH
concentration) (Fig. 5). Accordingly, BPB was rapidly adsorbed on GD
particles for up to 180 mins. After this time, this increase in adsorption
stopped. Therefore, the adsorption contact time for BPB was de-
termined to be 180 mins. A similar trend was observed for PH, and PH's
contact time was 30 min. Subsequent experiments were carried out over
these times. Due to physisorption between PH and GD particles, PH was
adsorbed quickly on the surface of the polymer particles up to 30 mins.
However, as adsorption progressed, the physical interactions between
PH and GD particles weakened, and PH moved away from the surface
(Fig. 5b). Conversely, chemisorption occurred between the BPB and GD
particles. Since the chemical interaction is stronger than the physical
interaction, the change in pH over time has not been observed in BPB
(Fig. 5a).

Adsorption is a time-dependent process, and the equilibrium time is
proportional to the adsorption rate. Therefore, the adsorption rate is
essential when choosing an effective adsorbent to remove impurities
from the solution [65]. Adsorption kinetics are calculated with this
change in adsorption rate depending on time. These calculations de-
termine the possible mechanism of dye adsorption on the adsorbent

surface. Therefore, in order to understand the mechanism of adsorption
between BPB, PH, and GD particles, the pseudo-first-order (PFO) kinetic
model [66], pseudo-second-order (PSO) kinetic model [67], Weber-
Morris intraparticle diffusion [68] and Elovich [69] kinetic models
were used. Models and calculations were presented in the “Supple-
mentary document.".

The results for the four models were given in Table 1, and the graphs
obtained were given in Figures S2 and S3, respectively. The PFO model
assumes that the occupancy rate of the adsorption sites is proportional
to the number of occupied sites. In contrast, the PSO model considers
that the occupancy rate of the adsorption sites is proportional to the
square of the number of occupied sites [1,69]. Accordingly, when the
correlation coefficients (R?) calculated with the PFO and PSO models
for BPB were compared, the R? of the PSO model was found to be higher
(0.98). The adsorption for BPB fits the PSO kinetic model. This fitting
showed that the rate-limiting step could be chemisorption involving
valence forces through sharing or electron exchange between GD par-
ticles and BPB [19]. In addition, the adsorption energy in the Dubinin-
Radushkevic (D-R) isotherm revealed that the adsorption had a che-
mical character. At the same time, when the calculated q.
(111.89mg g~ 1) and experimental q. (94.33 and 99.8 mg g~ !, respec-
tively) amounts for both models were compared, it was understood that
the PSO model was more appropriate for the adsorption.

Adsorption generally occurs in three mass transfer stages, depending
on time. The first is the external diffusion of dye molecules in the liquid
phase to the adsorbent surface. The second is the intraparticle diffusion
of dye molecules into the pores of the adsorbent, and the third is the
formation of physical or chemical bonds of the adsorbate at the active
centers in the pores of the adsorbent [3]. Therefore, the linearity of the
graphs obtained by kinetic studies does not cover the entire time in-
terval. They exhibit multicollinearity, revealing the existence of
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Fig. 5. Effects of contact time on (a) BPB adsorption (initial conc.: 100 mg L™ % T: 25 °C; adsorbent: 50 mg; V: 25mL) and (b) PH adsorption (pH:5.5; initial conc.

50 mg L™ !; adsorbent 15 mg, V:10 mL, T:25 °C, 400 rpm).

Table 1
Kinetic parameters of PH and BPB adsorption on GD particles.

Models Parameters GD particles
PH BPB
Pseudo-first order q. (mg.g™") 23.8 111.89
k; (min™") 0.08 -0.016
R? 0.9936 0.970
Qexp (mg.g™ ") 25.98 94.33
Pseudo-second order q. (mg.g™ ) 25.32 111.89
ks (g.mg~L.min" 1) 0.01 0.00036
R? 0.9968 0.98
Qexp (mg.g™h) 25.98 99.8
Weber-Morris ki (mg. g~ 'min~"?) 4.24 3.05
intra-particle I(mg.g™ ") 1.34 10.49
diffusion R? 0.9694 0.90
Elovich a (mg.g”'min™?) 6.33 5,28
B (g.mg™1) 0.145 0088
R? 0.9929 0,98

successive adsorption steps. The adsorption process between GD par-
ticles and BPB occurred in two stages, as seen in the graph obtained by
Weber-Morris intraparticle diffusion (Figure S3c). Accordingly, the
adsorption capacity increased rapidly up to 43.36 mgg~! in the first
stage, and then this increase rate slowed down in the second stage.
Since the active sites on the surface of GD particles were empty at the
beginning of the adsorption (first step), BPB molecules were rapidly
adsorbed to these sites. Therefore, in the first stage, adsorption took
place rapidly. In the second step, where the adsorption rate decreased,
BPB molecules diffused into the macro pores of GD particles. Therefore,
the rate of adsorption decreased. When the Weber-Morris diffusion
diagram within the particles was examined to determine the rate-lim-
iting step of the adsorption mechanism (Figure S3c), it was found that
PH adsorption occurs in two stages. In the first stage, intraparticle
diffusion was active, where PH ions moved towards the surface where
adsorption took place into the pores of the GD particles. In the second
phase, the adsorption equilibrium part was observed, where the in-
traparticle diffusion slowed down as less PH concentration remained in
the solution and the pores of the GD particles were more filled.

The Elovich equation is a kinetic model that explains chemical ad-
sorption on heterogeneous solid surfaces. The correlation coefficient
(R? = 0.98) showed that the fit of this model was the same as for PSO.
These results showed that the adsorption between GD particles and BPB

fits the PSO and Elovich kinetic model. In other words, it was under-
stood that the surface of GD particles was heterogeneous, and chemical
adsorption took place between GD particles and BPB. When the kinetic
models for PH adsorption were examined, the correlation coefficient
(0.9968) was higher in the PSO kinetic model. At the same time, the
calculated qe . values (25.32mg g~ ') were extremely close to the ex-
perimental Qe exp value (25.98 mg g~ 1. Thus, the PSO kinetic model
proved to be more suitable to represent the kinetics of PH adsorption on
GD particles (Table 1). As is well known, the PSO model is based on the
hypothesis that valence forces can control the rate-limiting step through
electron sharing or exchange between adsorbent and adsorbate [37].
This result was also consistent with the kinetic behavior of PH ad-
sorption on other adsorbents [70,71]. In summary, the PSO kinetic
model, which fitted well with PH adsorption, showed that the adsorp-
tion process was due to the interaction between the s-electrons in the
PH ring and the basal plane of GD particles [72].

3.3.2. Effect of pH

pH changes the surface charge of the dyes and adsorbents and the
degree of protonation of the functional groups in the adsorbent. In
short, since the change in pH seriously affects the adsorption process, it
is necessary to determine the optimum pH. Therefore, experiments
were conducted with GD particles for the adsorption of BPB dye at
different pHs (2, 4, 6, 8, and 10) (25 °C, 50 mg GD particles, 100 ppm
BPB concentration, and 180 min). Accordingly, the lowest BPB ad-
sorption was determined at pH 10 (32.44 mg g~ !) and the highest at pH
4 (48.85mgg~ 1) (Fig. 6a). The adsorption efficiency decreased as pH
increased. BPB is a weakly acidic dye. Therefore, BPB is anionic below
pH 7 [2,4,73,74]. Briefly, BPB is anionic at pH 2, 4 and 6 and ionic at
pH 8 and 10. On the other hand, Zeta Potential measurements (25.5 mV
and 0.0802mscm 1) at pH 7 showed that the surface of GD particles
was cationic (Figure S4). In addition, GD particles had amino groups in
their structure. It was also well known that amino groups become
quaternized by protonation in acidic medium and acquire cationic
properties. In an acidic environment, the cationic character of GD
polymer particles increased. Thus, the electrostatic interactions be-
tween BPB molecules and GD polymer particles became stronger in
acidic conditions. As a result, the highest adsorption efficiency was
achieved at pH 4. After pH 8, the interaction between BPB dye and GD
particles weakened due to deprotonation of amine groups. As a result of
this, the adsorption efficiency decreased significantly at pH 10. In ad-
dition, Ghaedi [2] also obtained similar results. Furthermore, it was
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Fig. 6. Effects of pH on (a) BPB (t: 180 min; concentration: 100 mg L~% T: 25 °C; adsorbent: 50 mg; V: 25mL) and (b) phenol adsorption (t: 30 min; initial conc.

50 mg L~ %; adsorbent 15 mg, V:10 mL, T:25 °C, 400 rpm).

known that the adsorption of anionic dyes decreased with increasing
pH, and the adsorption of cationic dyes increased [75]. On the other
hand, to determine the optimum pH for PH adsorption onto GD parti-
cles, experiments were performed between pH 4 and 10 (30 min, 25 °C,
15mg GD, 50 mg L~ ! PH concentration). The amount of adsorbed PH
reached its maximum value at pH 5 and tended to decrease at higher
and lower pH values (Fig. 6b). This decrease in pH values other than pH
5 may be due to the anionic character of PH and the cationic character
of GD particles, as in BPB adsorption. Adsorption of PH molecules was
adversely affected due to the suppression of increased proton and hy-
droxyl groups in the environment [76]. While PH becomes protonated
and has a cationic charge up to pH 5, PH acquires a neutral character
above 5 and an anionic character at higher pHs. Therefore, PH ad-
sorption was highest at pH 5. In a more acidic environment, protons
competed with PH and adsorbed faster to the surface of GD particles. As
a result, PH removal decreased at lower pH.

3.3.3. Initial BPB and PH concentration effects and adsorption isotherms
Determining the optimum dye concentration for an adsorbent is one
of the essential parameters to reveal the use potential or capacity.
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Therefore, with different initial BPB concentrations (40 — 500 mg L™,
the optimal BPB concentration for GD particles was determined (25 °C,
50 mg GD particles, and 180 min; Fig. 7a). The adsorption efficiency of
GD particles increased rapidly from 40mgL~! to 300mgL~' con-
centration (from 19.23mgg ™" to 111.90 mg g~ '), after which the in-
crease did not change much (from 111.90mgg~' to 116.58 mgg™").
Up to 300 mg L~ ! concentration, BPB molecules were rapidly adsorbed
on the surface of GD particles, after which the adsorption rate decreased
markedly. This rapid increase could be explained by the increasing
amount of BPB molecules repel each other. Under the influence of this
possible repulsion, BPB molecules rapidly diffused to the surface of GD
particles. This may have triggered both faster adsorption and better
diffusion of particles into the pores of GD particles. As a result,
300 mg L~ ! was determined as the most suitable BPB concentration for
GD adsorbent.

Regarding PH, the effect of different initial concentrations
(5-250 mg L™ ') was demonstrated by shaking the PH solution at 15 mg
GD particles and pH 5 for 30 min (Fig. 7b). Accordingly, the highest PH
removal efficiency was 88.9% for the initial 10mgL~" PH concentra-
tion. Adsorption sites and specific adsorbent surfaces were more
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Fig. 7. Effects of initial concentration on (a) BPB (t: 180 min; pH: 4.0; T: 25 °C; adsorbent: 50 mg; V: 25 mL) and (b) phenol adsorption (t: 30 min; pH: 5.0; adsorbent

15mg, V:10 mL, 400 rpm).
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Table 2
Isotherm parameters of phenol and BPB adsorption on GD particles.

Desalination and Water Treatment 318 (2024) 100402

Models Parameters GD particles
PH BPB
Langmuir Qmax (mg.g™ 1) 107.53 120.48
Qe,exp (Mg.g™ ") 98.26 111,89
K. (L.mg~ 1) 0.04 0.13
Ry, 0.7 0.16
R? 0.9941 0.9998
Freundlich K; [(mg.g~H(L.mg~H™] 6.27 22.45
n 1.66 2.97
R? 0.9811 0.903
Temkin Br 19.5 20.43
KT (Lg™ ) 0.72 1.93
R? 0.9536 0.963
Dubinin-Radushkevich Qmax (mgg™ 1) 50.82 89.35
Qeexp (Mg.g ™) 98.26 111,89
B (mol ™2 J~?) 0.9%10°° 1.04*10°°
E (kJ.mol ™) 235.7 692.26
R? 0.6817 0.979

attractive at low PH concentrations, so the removal efficiency was high.
In the opposite case, the removal efficiency decreased due to the sa-
turation of the adsorption areas quickly [76].

Experimental data tests in Langmuir [77], Freundlich [78], Tempkin
[79], and Dubinin-Radushkevich [80] isotherm models were performed
for this study to evaluate the adsorption equilibrium process and to
comprehensively investigate and reveal the interaction between BPB,
PH and GD particles. Details of models and calculations were given in
the "Supplementary document.".

Parameters of all isotherms for BPB and PH adsorption on GD par-
ticles were presented in Table 2, and graphs of isotherms were depicted
in Figures S5 and S6, respectively. Isotherm calculations and graphs for
BPB were created using data obtained with 300 ppm BPB concentration.
Accordingly, the highest R? value of 0.9998 among all isotherms for
BPB was obtained in the Langmuir isotherm. This showed that the ad-
sorption was monolayer and homogeneous. The calculated q,, and ex-
perimental q. results (120.48 mgg ™' and 111.89 mg g~ *, respectively)
also supported these results. On the other hand, the adsorption energy
(119.02Jmg 1) calculated for BPB with the Temkin isotherm clearly
revealed that the adsorption process was endothermic. Therefore, there
was a strong interaction between BPB and GD particles. It was also
explained in the section where the effect of temperature on adsorption
was explained that the adsorption process was endothermic (Fig. 9). In
order to decide on the adsorption type, the adsorption energy values
calculated from the D-R adsorption isotherm were used. The fact that
the adsorption energy calculated by the D-R isotherm (E = 691.07 kJ
mol ~ 1) was greater than 16 kJ mol ™! indicated a chemical adsorption
process between GD particles and BPB.

As in BPB, the highest R? (0.9941) was determined for PH adsorp-
tion in the Langmuir model. This showed that PH molecules were ad-
sorbed on the GD particles' surface in a monolayer and homogeneous
manner. The fact that the maximum monolayer adsorption capacity
(Qm; 107.53 mg g~ 1) calculated from the Langmuir isotherm model was
very close to the experimental results (qe; 98.26 mg g~ ) supported that
monolayer adsorption took place. Similarly, Sridar [81] in their study
of PH adsorption on zinc oxide (ZnO) nanoparticles, stated that Lang-
muir isotherm showed good agreement with PH removal data com-
pared to other isotherms. Another study, which determined the PH
adsorption capacity with clay-carbon composites, reported that the
Langmuir isotherm was the most suitable isotherm model for adsorp-
tion [82]. The n values calculated from the Freundlich isotherm equa-
tion were 1.66 for PH. Since this value was in the range of 1 <n < 10,
it can be concluded that adsorption was feasible. The adsorption energy
calculated with the D-R isotherm (E = 235.7kJmol™') for PH

adsorption is greater than 16 kJ mol~*, indicating that a chemical ad-
sorption process takes place between GD particles and PH.

3.3.4. Adsorbent dosage

Determining the optimum amount of adsorbent for adsorption is
very important in terms of not decreasing the adsorption efficiency and
increasing the cost. If the amount of adsorbent is kept low, the surface
area of the adsorbent and the number of active sites will not be suffi-
cient to adsorb the dye at the desired concentrations. The use of high
amount of adsorbent will not be economical. Therefore, experiments
were conducted to determine the optimum amount of adsorbent (be-
tween 10 and 100mg) (25 °C, 100 ppm BPB concentration, and
180 min). Accordingly, the adsorption efficiency of GD particles de-
creased as the amount of adsorbent increased. The highest adsorption
capacity was determined at the amount of 10mg adsorbent
(104.10mgg™"), and the lowest capacity was determined at the
amount of 100 mg adsorbent (22.98 mgg™~!) (Fig. 8a). The agglom-
eration of GD particles could explain the decrease in adsorption effi-
ciency with the amount of adsorbent during the process (it may be that
the agitation speed was insufficient for the amount of adsorbent
100 mg). The possibility of agglomeration of GD particles made it dif-
ficult for BPB molecules to diffuse into or onto the adsorbent surface.
Therefore, this effect was dominant above the amount of 100 mg ad-
sorbent. Similar results were obtained in highly cross-linked polyamine
folic acid (PFCs) polymers synthesized by the polycondensation tech-
nique [19]. In the adsorption of Congo red, it was stated that the active
sites were closed due to agglomeration of the polymers, and the ad-
sorption efficiency decreased. In experiments to determine the effect of
adsorbent dose on PH adsorption, despite the amount of adsorbent
varying in the range of 5-120mg, the initial PH concentration was
50 mgL~*, contact time 30 min, pH 5, temperature adjusted to 25 °C
(Fig. 8b). Maximum adsorption efficiency (85.2%) was obtained when
the adsorbent dose was 15 mg. As the amount of adsorbent increased,
the adsorption efficiency decreased.

3.3.5. Effect of temperature and chemical thermodynamics

Experiments were carried out at different temperatures (15 — 50 °C)
(50 mg GD particles, 100 ppm BPB concentration, and 180 min) to in-
vestigate the effect of temperature on the adsorption process.
Accordingly, the lowest result (112.231 mg g_l) was obtained at 25 °C
and the highest (136.40mgg~"') at 50 °C. Results increased slightly
from 25 °C to 45 °C (Fig. 9a). At 50 °C, the adsorption efficiency
reached its maximum level with a sudden increase. This continuous
increase indicated that the adsorption process was endothermic. In
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30 min; pH: 5.0; adsorbent 15 mg, V:10 mL, 400 rpm).

other words, as the temperature increased, more BPB molecules were
adsorbed on the surface of GD particles. In order to determine the ef-
fects of temperature on PH adsorption, at temperatures ranging from
20-50 °C, PH solutions at an initial concentration of 50 mgL~' at pH
5.0 were shaken for 30 min. As the temperature increased, the ad-
sorption capacity increased, as shown in Fig. 9b. The optimum tem-
perature value was found to be 50 °C. This showed that the adsorption
reaction also occurred endothermically for PH. For both BPB and PH,
the adsorption efficiencies of GD particles increased with the increase in
temperature. The kinetic energy increased with increasing temperature.
This increase in kinetic energy made it easier to overcome the mass
transfer resistances between BPB and PH molecules and GD particles
[30]. In this case, it explained the increase in efficiency of BPB and PH
adsorption as the temperature increases. Similar results obtained in the
literature [18,30,72].

Evaluation of the adsorption process from a thermodynamic point of
view is critical to deciding whether adsorption is spontaneous. In this
study, these evaluations were made using thermodynamic parameters
such as Gibbs free energy, enthalpy, and entropy changes. The
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equations used for the calculations were given in the "Supplementary
document.".

In order to calculate the adsorption thermodynamic function values
such as AG®, AS° and AH’, adsorption experiments were carried out at
25, 35, 45 and 50 °C with 300 ppm BPB concentration and 50 mg GD
particles. The adsorption process usually takes place at constant pres-
sure. Therefore, the thermodynamic function Gibbs free energy change
(AG®) was used to decide whether the adsorption process was stable at
constant pressure. Since the reaction changes with time or the ad-
sorption process takes place, whether the reaction is spontaneous is
determined by the decrease or increase of AG® [83]. When the data in
Table 3 were examined, it was determined that the AG® value calculated
for all temperatures varied between — 0.98 and — 4.33kJmol~'. The
negative Gibbs free energy indicated that adsorption was voluntary and
spontaneous for BPB. The standard enthalpy change (AH®) represented
the heat change for reactions under constant pressure. A negative value
indicated that the system gave off heat (exothermic), and a positive
value indicated that the reaction received heat (endothermic). As a
result of the calculations, the AH®° value was found to be 31.96 kJ
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Fig. 9. Effects of temperature on (a) BPB (t: 180 min; concentration: 100 mg L~ '; pH: 4.0; adsorbent: 50 mg; V: 25 mL) and (b) phenol adsorption (t: 30 min; pH: 5.0;

initial conc. 50 mg L~ !; adsorbent 15 mg, V:10 mL, 400 rpm).
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Table 3
Thermodynamics parameters of phenol and BPB adsorption on GD particles.

Desalination and Water Treatment 318 (2024) 100402

Temp. (K) AH° (kJ mol™1) AS° (J mol 'K~ 1) TAS’ (kJ mol 1) AG’ (kJ mol ™)
Phenol 293 17.96 70.79 20.74 -2.95

303 21.45 -3.45

313 22.16 -3.96

323 22.87 -5.05
BPB 298 31.96 109.22 32.55 -0.98

308 33.64 -1.30

318 34.73 -1.75

323 35.28 -4.33

Table 4
Optimum adsorption conditions for BPB and PH with GD particles (Optimum
adsorption conditions regarding BPB and PH interaction with GD particles).

BPB PH
pH 4 5
Temperature (°C) 50 50
Initial concentration (mg L") 300 10
GD dosage (mg) 10 15
Contact time (min) 180 30

mol ', That was, the adsorption between GD particles and BPB was
endothermic. This showed why the adsorption efficiency between GD
particles and BPB increased with increasing temperature. If the stan-
dard entropy change (AS°), which indicates the disorder in the reaction,
is positive, the randomness increases during adsorption. As a result of
the experiments, the AS® value of 109.22Jmol ™' K for GD particles
indicated that the adsorption at the GD particles and BPB interface
increased irregularity.

Thermodynamic parameters calculated for PH adsorption on GD
particles were also given in Table 3. Accordingly, negative AG® values
(—2.95 and —5.05kJ mol™ 1), as in BPB, indicated that PH adsorption
was a spontaneous and positive process. In addition, the fact that the
AG® value becomes more negative with increasing temperature con-
firmed that increasing temperature supported adsorption. On the other
hand, it was observed that the entropy changes also contributed to the
negative AG® value. Regarding standard enthalpy change, the magni-
tude of AH® showed that the adsorption was chemisorption [84].
Therefore, it was understood that PH adsorption on GD particles took
the form of chemisorption. A positive AS® value increased the ran-
domness of the solid-solution interface during the adsorption reaction
[85]. The increase in temperature promoted stabilization of the bonds
between the binding sites on the PH molecules and GD particles,

Table 5

indicating that the high temperature promoted the adsorption process.
Like thermodynamic behaviors, Liitke [61] also found PH adsorption on
activated carbon from black acacia bark.

Optimum conditions for BPB and PH were determined in the ex-
periments carried out with different pH, temperature, initial pollutant
concentration, and adsorbent dosage (Table 4).

In the literature, studies on the adsorption of BPB dye, especially
with polymers, are very few compared to other dyes [30]. For PH, there
are more studies conducted. In Table 5, the results obtained in the lit-
erature for both BPB and PH adsorption were summarized. In terms of
BPB, it was understood that polymers had lower adsorption capacity
compared to other dyes. The highest adsorption capacity
(136.40mg g~ ') was achieved with GD polymer particles, while the
lowest capacity (7.43mg g~ ') was with azo-dye-functionalized super-
paramagnetic iron oxide nanoparticles polymers. When the results were
examined, it was seen that GD polymer particles were on average 7.88
times more effective against BPB dye than in the literature. We thought
that two strong interactions led to these results. The first was the strong
hydrogen bonds formed between the hydrogens of amine groups in the
structure of GD particles and the hydroxyl, sulfonate groups, and aro-
matic structures in the BPB dye. The second was the s-;t interactions
that could occur between pi bonds of imine groups and aromatic rings.
The situation was different in terms of PH. It was seen in the literature
that higher results were achieved. The highest PH adsorption
(318.6mgg~') was obtained with acylamino-functionalized hyper-
cross-linked polymers and the lowest (16.52 mg g~ ') with Fe;0, @SiO,
magnetic double-network nanocomposite. It was concluded that the
interactions between the amine and imine groups in the structure of GD
polymer particles and the -OH and phenyl groups of PH were weaker.
Therefore, the capacity of GD polymer particles against PH was rela-
tively low (98.26 mgg~') compared to the literature. Moreover, the
high PH adsorption capacities in the literature were obtained with
hyper cross-linked polymers. Hyper cross-linked polymers are rich in

Comparison of the results obtained for BPB and PH with other studies in the literature.

Pollutants Adsorbent Capacity (q., mg g~ ") Kinetics Isotherm References

BPB GD particles 136.40 PSO Langmuir This work
PAN nanofibers 42.017 PSO Freundlich [88]
PAN-CD nanofibers 79.365 PSO Freundlich
crosslinked with citric acid
Polymer-clay composite 10.7 PFO Freundlich [89]
Polyethyleneimine-coated SPIONs 11.3 PSO Freundlich [87]
Azo-dye-functionalized superparamagnetic iron oxide nanoparticles 7.43 PSO Freundlich [90]
PAN@SiO, nanocomposites 129.6 PSO Langmuir [91]

CNP 22.72 PSO Langmuir [18]

PH GD particles 98.26 PSO Langmuir This work
PCNS-gel 104.2 PFO D-R [92]
Acylamino-functionalized hyper-cross-linked polymers 318.6 PSO Langmuir [93]
Hydroxyl-functionalized hypercrosslinked polymers 156.74 PSO Freundlich [94]
PS-PDAT-FDA(SnCl,) 214.5 PFO Freundlich [95]
Acrylate-functionalized hyper-cross-linked polymers 163.6 - Langmuir [96]
Collagen-(AMPS-MAA/AAm)-Fe;04 @SiO, magnetic double-network 16.52 PSO Langmuir [97]

nanocomposite
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hetero atoms and aromatic groups. They also have high surface area
and pore volumes. These properties of hyper-cross-linked polymers led
significantly to increase PH adsorption. On the other hand, phenol in
wastewater has been found at various concentrations ranging from
< 10mgL™? to several thousands of mg L™! [86]. For example, was-
tewater from the resin industry (600-2000mg L™Y, refineries
(6-500mg L™ 1Y), petrochemical (2.8-1220mg L™ 1Y), coal
(28-3900mgL.™") and pulp, and paper, pharmaceutical, plastic and
paint processing industries (0.1-1600 mgL~') contain very high PH
concentrations [87]. According to these concentrations, it iss under-
stood that the adsorbents produced in the literature and in this study
may be insufficient for PH adsorption, or very high amounts of ad-
sorbents will need to be used for adequate PH removal. Using high
amounts of adsorbent will not be economical. Therefore, much more
adsorbents should be used for efficient PH removal.

4. Conclusion

Dye and organic materials are two of the most severe pollutants for
water resources due to i) their high production and use and ii) their high
potential as pollutants. Both types of pollutants cause rapid changes in water
resources' physical and chemical properties. This change adversely affects
the health and life of all living things. Therefore, high-efficiency anionic
BPB and PH adsorption were aimed to protect water resources in this study.

Within the scope of the study, anionic pollutants were selected.
Because adsorption of anionic pollutants remains a severe problem in
synthetic supramolecular chemistry. Thus, an essential approach to this
problem was presented in this study. Polymeric particles were synthe-
sized quickly with Schiff base chemistry using GA and DETA as
monomers for the first time. Appropriate characterization methods
proved the successful synthesis of GD particles.

The batch adsorption method was used for BPB and PH. As a result,
it was determined that GD polymer particles had a very high capacity of
136.40 mg g~ ! for BPB and 98.26 mg g~ ! for PH. In addition, the me-
chanism of adsorption was elucidated by adsorption isotherms
(Langmuir, Freundlich, Temkin, and D-R), adsorption kinetics (PFO,
PSO, W-M intra-particle diffusion, and Elovich), and thermodynamic
parameters (Gibb's free energy, enthalpy, and entropy). Thus, it was
understood that the adsorption process between GD particles,
Bromophenol blue and phenol was chemisorption. It was also de-
termined that the adsorption of BPB and PH on to GD particles obeyed
the Langmuir isotherm and PSO kinetic model. The pH, temperature,
initial dye concentration, GD dosage, and contact time were ascertained
orderly 4, 50 °C, 300 mg L7110 mg, and 180 mins for BPB and 5, 50 °C,
10mgL~", 15mg, and 30 mins for PH.

In this study, very fast and easy to synthesize, and cheap polymeric
particles were synthesized. It was demonstrated that these polymers could
be used successfully against BPB and PH, which were important regarding
water pollution. The polymeric particles obtained with this synthesis ap-
proach are believed to shed important light on future studies.
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