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Abstract
Removing anionic pollutants from water sources remains a major challenge in supramolecular chemistry.
Today, cellulose, activated carbon, zeolite, and similar materials, which are widely preferred, have a weak
effect against anionic pollutants. Therefore, further modifications are needed for the use of such
substances. On the contrary, in this study, highly functional and economical polymeric particles (called
GD particles) were synthesized with high yield and did not require further modifications. GD particles were
synthesized with glutaraldehyde and diethylenetriamine as monomers for the first time. The structural
properties of the synthesized particles were characterized by FT-IR, TGA, and SEM analyses. Then, GD
particles were used in the adsorption of anionic Bromophenol blue and phenol. The isotherm,
thermodynamic, and kinetic models were used to explain the adsorption mechanism between
Bromophenol blue, phenol, and GD particles. Thus, it was determined that the adsorption process
between GD particles and Bromophenol blue was chemisorption, and between phenol and GD particles,
physical adsorption took place. It was determined that GD particles polymer particles had high adsorption
capacities, such as 136.40 mg/g for bromophenol blue and 98.26 mg/g for phenol than natural
adsorbents. As a result, it was produced economical, simple, feasible, and functional adsorbents against
anionic pollutants.

1. Introduction
Adsorption of anionic pollutants in water remains a significant challenge in synthetic supramolecular
chemistry (Gale et al., 2018; Ong et al., 2020). Because to retain an anionic pollutant in water, adsorbents
must meet the energy requirement for the desolvation of the anions (Cremer et al., 2018; Sullivan et al.,
2018). Polar, electrostatic interactions and/or combinations can meet this energy. For example, positively
charged adsorbents can interact electrostatically with anions. Likewise, Lewis acids can form
coordinated bonds with anions in water. On the other hand, polar groups (-OH, -NH, etc.), hydrophobic
groups (-CH, aromatic structure, etc.), and neutral structures containing halogens or π-bonds interact with
anions.

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 organic pollutants) were selected.
Because the dye industry and its wastes were considered one of the most important sources of pollutants
that caused water pollution (Altaher et al., 2014; Ghaedi et al., 2014; Ahmed and Abou-Gamra, 2016; Xiang
et al., 2019). In addition, most of the dyes used in the industry are anionic dyes, and they contain disease-
causing and carcinogenic groups (Bhaumik et al., 2013; Nayunigari et al., 2017; You et al., 2018; Guo et
al., 2019; Feng et al., 2020; Xu et al., 2020). In addition, they can change water resources' physical and
chemical properties even at very low concentrations. Most importantly, dyes are used extensively in
almost every industry. In other words, tons of dye are produced and used yearly (Yagub et al., 2014). This
means that large quantities of dye are wasted in water sources. On the other hand, PHs, which are
organic pollutants, especially those containing chlorine, are considered priority pollutants (Aygun et al.,
2003). Phenols are environmentally important aromatic organic compounds and have attracted much
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attention recently due to their high toxicity to human and living health (Alves et al., 2020; Demissie et al.,
2021). It is one of the primary pollutants in most chemical and petrochemical industries, such as coal
refineries, paper, plastics, and agriculture. Therefore, pollutants such as dye and PH must be effectively
treated and/or taken under control, especially to protect water resources.

Today, activated carbon (AC), cellulose, starch, glucose, zeolite, and similar substances frequently remove
pollutants because they are natural, cheap, and abundant. These substances contain a large number of
oxygen-containing functional groups. The strong electronegative nature of the oxygen atom make them
polar. Thanks to this polarity, such substances are highly effective against cationic pollutants, while their
effect is weak against anionic contaminants. For instance, Altaher et al. (2014) produced ACs from date
pits and used these ACs in the adsorption of Eriochrome Black T and BPB. As a result, these ACs’
adsorption capacity was found 36.5 and 39.68 mg/g, respectively. In another study, ACs were produced
from banyan root for PH adsorption (Nirmala et al., 2021). Although the surface areas of these ACs were
very high (988 m2/g), their PH removal capacity was relatively low (26.95 mg/g). Therefore, such
substances must be modified for high efficiency anion removal. For example, the surface of cellulose was
modified with 2,3-epoxypropyl trimethyl ammonium chloride (EPTMAC) (Kono et al., 2016; Feng et al.,
2020). After this modification, the surface of the cellulose gained a cationic character. The adsorption
capacity of this modified cellulose for Eosin Y dye increased to 364.22 mg/g (Feng et al., 2020). While
Mhlongo et al. (2022) modified the surface of the cellulose with glycidyl-trimethylammonium chloride, Liu
et al. (2022) used ethylenediamine. Alorabi et al. (2020) produced natural composite materials from
Fe3O4, CuO, and AC to enhance the AC adsorption performance against BPB. The adsorption capacity of
these composites was 88.60 mg/g for BFB. In the other study, natural sepiolite was treated only with acid
(Pardo et al., 2018). After acid treatment, the adsorption capacity of this natural sepiolite was determined
37 mg/g for methylene blue (MB). Lütke et al. (2019) produced ACs from black wattle bark with ZnCl2 for
PH adsorption. They reported that the capacities of these ACs were 98.57 mg/g.

On the other hand, when studies on the adsorption of anionic pollutants were examined, it was
understood that amine and imine groups had high affinities towards anionic pollutants. Because amine
and imine groups changed the surface charge of the adsorbents. For example, β-cyclodextrin contains
many -OH groups in its structure. As a result of the modification of these groups with ethanolamine, 602
and 1085 mg/g yields were obtained against methyl orange (MO) and Congo red (CR) anionic dyes,
respectively (Jiang et al., 2020). After modification, zeta measurements showed the surface of the β-
cyclodextrin gained cationic properties due to the presence of amine and imine groups. Feng et al. (2020)
revealed that polyethyleneimine-grafted celluloses adsorbed approximately 83 times more anionic dyes
than original cellulose. In the same study, cationic cellulose foams were also synthesized. These foams
showed 364.22 and 193.8 mg/g adsorption performance against Eosin Y and Malachite green dyes,
respectively. Similarly, Song et al. (2016) synthesized amine-containing biopolymer resins for the
adsorption of anionic dyes MO, Reactive Brilliant Red K-2BP (RBR), and Acid Red 18 (AR). The adsorption
capacities of these resins were calculated as 101.0 mg/g, 222.2 mg/g, and 99.4 mg/g, respectively. In
another study, it was determined that the capacities of glucose beads functionalized with amines were
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1487.29 mg/g and 699.30 mg/g for MO and tartrazine (TTZ) dyes respectively (Liu et al., 2022).
Therefore, it was understood that the presence of amine and/or imine groups was very significant for the
removal of an anionic pollutants.

In this study, polymer particles that are both cheap like natural materials and have high amine and imine
contents were produced with glutaraldehyde (GA) and diethylenetriamine (DETA). Glutaraldehyde is a
highly reactive dialdehyde that reacts easily and quickly with nucleophiles such as amines, hydroxyls,
and thiols under mild conditions. Due to these advantages, it was used in scientific studies for many
years (Genta et al., 1998; Ramires and Milella, 2002; Migneault et al., 2004; Kulkarni et al., 2007; Bolto et
al., 2009; More et al., 2010; Martinez et al., 2014; Li et al., 2018; Anrades et al., 2019; Gao et al., 2022; Khan
et al., 2022; Abellanas-Perez et al., 2023). Diethylenetriamine, 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 (Senkal and Bicak, 2001;
Kasgoz et al., 2003; Zahng et al., 2009; Wang et al., 2013; Lavrenyuk et al. 2016; Yang et al. 2020; Hasan
et al., 2021; Mohd et al. 2021; Jiang et al., 2022; Zelenka et al. 2022; Gao et al., 2023; Gokkus et al. 2023).
In short, it is understood that both molecules will be used in many scientific studies in the future, as in the
past, due to their high reactivity, 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, GA and DETA
used as monomers for the first time to obtain highly functional polymeric particles (called GD particles) in
this study.

An adsorbent should be economical and highly effective against the target pollutant. One of the reasons
why scientists concentrated their studies on cellulose, AC, zeolite, and similar materials was that these
materials were economical. From this point of view, it was aimed to synthesize simple, feasible, and
applicable (for many fields) polymeric particles with high amine and imine content that did not require
any modification in this study. This was achieved by polymerizing glutaraldehyde (GA) and
diethylenetriamine (DETA) as monomers for the first time. Afterward, these polymeric particles were
successfully used in the adsorption of anionic BFB and PH (Fig. 1).

2. Materials and Methods

2.1. 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 an inert environment. Meanwhile, 15.25 mL (0.141 mol, 1.0 equivalent)
of DETA was added to a separate vial, and the vial was closed with a septum similarly. Both solutions
were degassed separately with N2 gas for 20 minutes. 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 characteristic color of Schiff bases; Fig. 2). At the end of the reaction,
GD particles were washed three times with distilled water (DW), ethanol (EtOH), acetone (AC),
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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.

2.2. 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 between 25°C and 800°C.

2.3. Adsorption studies
All adsorption experiments were carried out in triplicate according to the batch adsorption method. The
effects of pH (2, 4, 6, 8 ve 10), temperature (25, 35, 45 ve 50ºC), contact time (0–210 mins), initial dye
concentration (40, 80, 100, 250, 300, 400 ve 500 ppm) and GD dose (10, 25, 50, 75 ve 100 mg) on the
adsorption capacity of GD particles were completed according to the procedure reported by Shahbazi et
al (2011). In all adsorption studies, the solution volume was 25 mL, 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, respectively. The adsorption capacity and removal efficiency (%) of GD
particles were calculated by Equation (I) and Equation (II), respectively:

where V (L) is the solution volume, Co and Ce (mg/L or ppm) represent the initial and final solution
concentration of BPB dye, respectively, and W (g) is the adsorbed dry mass.

3. Results and Discussion

3.1. 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-1. The FT-IR spectrum of GD particles was shown in
Fig. 3. Aliphatic -CH2-stretching vibrations were observed in relatively broad bands under 3000 cm-1 at
2928 and 2862 cm-1, while the peaks at 1439 and 1358 cm-1 were their bending vibrations. The broad
peak at 3350 cm-1 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-1 was vibrations of imine groups (C = N), which were abundant in the

qe = V (I)
(Co − Ce)

W

RemovalEfficiency (%) = x100% (II)
(Co − Ce)

Co
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structure of polymeric 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. Additionally, an amine bending peak was observed at 1609 cm-
1.

The surface morphologies of GD particles were elucidated by SEM analysis. SEM micrographs obtained
at different scales (200 and 500 nm and 2 µm) 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 particles in the 2 µm 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 determined by using TGA analysis. TGA
analysis was conducted by heating the sample from room temperature to 800 ºC at a heating rate of 5
oC/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 ºC. The mass loss in this first stage was thought
to be due to water loss. The second weight-loss stage started at 200 ºC and ended at 500 ºC. A weight
loss of approximately 73% (73.11%) occurred at this stage. After the temperature of 200 ºC, the polymer
particles started to decompose and completely decomposed at 500 ºC. After this second stage,
approximately 22% (21.63%) of the mass remained as char.

3.2. Adsorption experiments
Contact time effect and adsorption kinetics

Adsorption is an equilibrium process involving the interactions between 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 (300 mg/L BPB
concentration, 25ºC, and 50 mg GD particles) and 0–150 min for PH (pH 5.5, 25ºC, 15 mg GD particles,
50 mg/L PH concentration) (Fig. 5). Accordingly, BPB was rapidly adsorbed on GD particles for up to 180
minutes. After this time, this increase in adsorption stopped. Therefore, the adsorption contact time for
BPB was determined to be 180 minutes. A similar trend was observed for PH, and PH's contact time was
30 min. Subsequent experiments were carried out over these times.

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 (Repo et al., 2011). Adsorption kinetics are calculated with this change in adsorption
rate depending on time. These calculations determine 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 (Lagergren, 1898), pseudo-second-order (PSO)
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kinetic model (Ho and McKay, 1999), Weber-Morris intraparticle diffusion (Weber and Morris, 1963) and
Elovich (Chien and Clayton, 1980) kinetic models were used. Models and calculations were presented in
the “Supplementary 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 (Altaher et al.,
2014). Accordingly, when the correlation coefficients (R2) calculated with the PFO and PSO models for
BPB were compared, the R2 of the PSO model was found to be higher (0.98). That was, 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 particles and BPB [10]. In
addition, the adsorption energy in the Dubinin-Radushkevic (D-R) isotherm revealed that the adsorption
had a chemical character. At the same time, when the calculated qe (111.89 mg/g) and experimental qe
(94.33 and 99.8 mg/g, respectively) 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 (Ahmed and Abou-
Gamra, 2016). Therefore, the linearity of the graphs obtained by kinetic studies does not cover the entire
time interval. On the contrary, they exhibit multicollinearity, revealing the existence of successive
adsorption steps. The adsorption process between GD particles 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 mg/g 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 pores of GD particles. Therefore, the rate of adsorption decreased.

The Elovich equation is a kinetic model that explains chemical adsorption on heterogeneous solid
surfaces. The correlation coefficient (R2 = 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 understood 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,cal values (25.32 mg/g) were extremely close to the experimental qe,exp
value (25.98 mg/g). Thus, the PSO kinetic model proved to be more suitable to represent the kinetics of
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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 [31]. This result was also consistent with the kinetic behavior of PH adsorption on other
adsorbents (Juang et al., 2000; Mohanty et al., 2005). In summary, the PSO kinetic model, which fitted
well with PH adsorption, showed that the adsorption process was due to the interaction between the π-
electrons in the PH ring and the basal plane of GD particles (Coughlin and Ezra, 1968).

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

Models Parameters GD particles

PH BPB

Pseudo-first order q𝑒 (mg.g−1) 23.8 111.89

k1 (min− 1) 0.08 -0.016

R2 0.9936 0.970

qexp (mg. g− 1) 25.98 94.33

Pseudo-second order q𝑒 (mg.g−1) 25.32 111.89

k2 (g.mg− 1.min− 1) 0.01 0.00036

R2 0.9968 0.98

qexp (mg.g− 1) 25.98 99.8

Weber-Morris

intra-particle

diffusion

ki (mg. g− 1min− 1/2) 4.24 3.05

I (mg.g− 1) 1.34 10.49

R2 0.9694 0.90

Elovich α (mg.g− 1min− 1) 6.33 5,28

β (g.mg− 1) 0.145 0,088

R2 0.9929 0,98

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
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particles for the adsorption of BPB dye at different pHs (2, 4, 6, 8, and 10) (25ºC, 50 mg GD particles, 100
ppm BPB concentration, and 180 min). Accordingly, the lowest BPB adsorption was determined at pH 2
(27.61 mg/g) and the highest at pH 4 (48.85 mg/g) (Fig. 6a). The adsorption efficiency decreased after
this pH. The pKa value of BPB, a weakly acidic dye, was 4.10 (Ghaedi et al., 2014; Liu et al., 2014; Xiang et
al., 2019). Therefore, BPB was anionic in an acidic medium. On the other hand, Zeta Potential
measurements (25.5 mV and 0.0802 ms/cm) 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 environments and acquire cationic properties.
Briefly, the anionic structure of BPB and the gaining cationic properties of GD particles in acidic
conditions increased their electrostatic interaction. As a result, the highest adsorption efficiency was
achieved at pH 4. The low BPB adsorption at pH 2 could be explained by the medium's highly increased
number of protons. The protons surrounded BPB molecules (with electrostatic interactions) and created a
steric barrier between GD particles and BPB. In addition, it was known that the adsorption of anionic dyes
decreased with increasing pH, and the adsorption of cationic dyes increased (You et al., 2006). On the
other hand, to determine the optimum pH for PH adsorption onto GD particles, experiments were
performed between pH 4 and 10 (30 min, 25ºC, 15 mg 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 hydroxyl groups in the environment (Djebbar et
al., 2012).

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. Therefore, with different initial BPB concentrations (40–500 mg/L), the
optimal BPB concentration for GD particles was determined (25ºC, 50 mg GD particles, and 180 min;
Fig. 7a). The adsorption efficiency of GD particles increased rapidly from 40 mg/L to 300 mg/L
concentration (from 19.23 mg/g to 111.90 mg/g), after which the increase did not change much (from
111.90 mg/g to 116.58 mg/g). 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 minutes (Fig. 7b). Accordingly, the highest PH
removal efficiency was 88.9% for the initial 10 mg/L PH concentration. Adsorption sites and specific
adsorbent surfaces were more attractive at low PH concentrations, so the removal efficiency was high. In
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the opposite case, the removal efficiency decreased due to the saturation of the adsorption areas quickly
(Es’haghi et al., 2016).

Experimental data tests in Langmuir (Langmuir, 1916), Freundlich (Freundlich, 1906), Temkin (Temkin
and Pyzhev, 1940), and Dubinin-Radushkevich (D-R) (Dubinnin and Radushkevich, 1947) 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 particles 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 R2
value of 0.9998 among all isotherms for BPB was obtained in the Langmuir isotherm. This showed that
the adsorption was monolayer and homogeneous. The calculated qm and experimental qe results
(120.48 mg/g and 111.89 mg/g, respectively) also supported these results. On the other hand, the
adsorption energy (119.02 J/mg) 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) was greater than 16 kJ/mol
indicated a chemical adsorption process between GD particles and BPB.

As in BPB, the highest R2 (0.9941) was determined for PH adsorption in the Langmuir model. This
showed that PH molecules were adsorbed on the GD particles' surface in a monolayer and homogeneous
manner. The fact that the maximum monolayer adsorption capacity (qm; 107.53 mg/g) 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 et al. (2018), in their study of PH adsorption on zinc
oxide (ZnO) nanoparticles, stated that Langmuir isotherm showed good agreement with PH removal data
compared 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
adsorption (Tümsek and Demir, 2019). The n values calculated from the Freundlich isotherm equation
were 1.66 for PH. Since this value was in the range of 1 < n < 10, it can be concluded that adsorption was
feasible. On the other hand, regarding PH adsorption, the adsorption energy for the D-R isotherm was
calculated as 0.75 kJ/mol. The fact that this energy was lower than 8 kJ/mol indicated that the
adsorption of PH molecules on GD particles occurred in physical adsorption. Therefore, it could be said
that there were weak Van der Waals attraction forces between GD particles and PH molecules. In addition,
the differences between the calculated qm and experimental qe results (89.35 mg/g and 111.89 mg/g,
respectively) were acceptable, and the correlation coefficient was 0.98, which also supported the
chemical nature of adsorption.
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Table 2
Isotherm parameters of phenol and BPB adsorption on GD particles

Models Parameters GD particles

Phenol BPB

Langmuir qmax (mg.g− 1) 107.53 120.48

qe,exp (mg.g− 1) 98.26 111,89

KL (L.mg− 1) 0.04 0.13

RL 0.7 0.16

R2 0.9941 0.9998

Freundlich 𝐾𝑓

[(mg.g− 1)(L.mg− 1)1/n)]

6.27 22.45

n 1.66 2.97

R2 0.9811 0.903

Temkin βT 19.5 20.43

𝐾𝑇 (L.g−1) 0.72 1.93

R2 0.9536 0.963

Dubinin-Radushkevich q𝑚𝑎𝑥 (mg·g− 1) 50.82 89.35

qe,exp (mg.g− 1) 98.26 111,89

β (mol− 2.J− 2) 0.9 1.04*10− 6

E (kJ.mol− 1) 0.75 692.26

R2 0.6817 0.979

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 sufficient 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 (between 10 and 100 mg)
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(25ºC, 100 ppm BPB concentration, and 180 min). Accordingly, the adsorption efficiency of GD particles
decreased as the amount of adsorbent increased. The highest adsorption capacity was determined at the
amount of 10 mg adsorbent (104.10 mg/g), and the lowest capacity was determined at the amount of
100 mg adsorbent (22.98 mg/g) (Fig. 8a). The agglomeration of GD particles could explain the decrease
in adsorption efficiency 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 difficult for BPB molecules to diffuse into or onto the adsorbent surface. Therefore, this
effect was dominant above the amount of 100 mg adsorbent. Similar results were obtained in highly
cross-linked polyamine folic acid (PFCs) polymers synthesized by the polycondensation technique
(Nayunigari et al., 2017). In the adsorption of Congo red, it was stated that the active sites were closed
due to agglomeration of the polymers, and the adsorption efficiency decreased. In experiments to
determine the effect of adsorbent dose on PH adsorption, despite the amount of adsorbent varying in the
range of 5-120 mg, the initial PH concentration was 50 mg/L, 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.

Effect of Temperature and Chemical Thermodynamics

Experiments were carried out at different temperatures (15–50 ºC) (50 mg GD particles, 100 ppm BPB
concentration, and 180 min) to investigate the effect of temperature on the adsorption process.
Accordingly, the lowest result (112.231 mg/g) was obtained at 25 ºC and the highest (136.40 mg/g) at 50
ºC. Results increased slightly from 25 ºC to 45 ºC (Fig. 9a). At 50 ºC, the adsorption efficiency reached its
maximum level with a sudden increase. This continuous increase indicated that the adsorption process
was endothermic. In other words, as the temperature increased, more BPB molecules were adsorbed on
the surface of GD particles. In order to determine the effects of temperature on PH adsorption, at
temperatures ranging from 20–50 ºC, PH solutions at an initial concentration of 50 mg/L at pH 5.0 were
shaken for 30 minutes. As the temperature increased, the adsorption capacity increased, as shown in
Fig. 9b. The optimum temperature value was found to be 50 ºC. This showed that the adsorption reaction
also occurred endothermically for PH.

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 equations used for the calculations were
given in the "Supplementary document."

In order to calculate the adsorption thermodynamic function values such as ΔG°, ΔS° and ΔH°,
adsorption experiments were carried out at 25°C, 35°C, 45°C and 50°C with 300 ppm BPB concentration
and 50 mg GD particles. The adsorption process usually takes place at constant pressure. Therefore, the
thermodynamic function Gibbs free energy change (ΔG°) was used to decide whether the adsorption
process was stable at constant pressure. Since the reaction changes with time or the adsorption process
takes place, whether the reaction is spontaneous is determined by the decrease or increase of ΔG°
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(Aliabadi et al., 2013). When the data in Table 3 were examined, it was determined that the ΔG° value
calculated for all temperatures varied between − 0.98 and − 4.33 kJ/mol. The negative Gibbs free energy
indicated that adsorption was voluntary and spontaneous. The standard enthalpy change (ΔH°)
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 ΔH° value was found to be 31.96 kJ/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 standard entropy change
(ΔS°), which indicates the disorder in the reaction, is positive, the randomness increases during
adsorption. As a result of the experiments, the ΔS° value of 109.22 J/mol 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 ΔG° values, as in BPB, indicated that PH adsorption was a spontaneous and
positive process. In addition, the fact that the ΔG° value becomes more negative with increasing
temperature confirmed that increasing temperature supported adsorption. On the other hand, it was
observed that the entropy changes also contributed to the negative ΔG° value. Regarding standard
enthalpy change, the magnitude of ΔH° showed that the adsorption was physisorption (Sun and Wang,
2010). Therefore, it was understood that PH adsorption on GD particles took the form of physisorption. A
positive ΔS° value increased the randomness of the solid-solution interface during the adsorption
reaction (Yang et al., 2015). The increase in temperature promoted stabilization of the bonds between the
binding sites on the PH molecules and GD particles, indicating that the high temperature promoted the
adsorption process. Like thermodynamic behaviors, Lütke et al. (2019) also found PH adsorption on
activated carbon from black acacia bark.

Table 3
Thermodynamics parameters of phenol and BPB adsorption on GD particles

  Temperature (K) ΔH°

(kJ/mol)

ΔS°

(J/mol K)

TΔS°

(kJ/mol)

ΔG°

(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
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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 synthesized 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 bromophenol blue and PH. Optimum conditions for BPB and
PH were determined in the experiments carried out with different pH, temperature, initial pollutant
concentration, and adsorbent dosage (Table 4). 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 mechanism 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). As a result, it was determined that chemisorption occurred between GD
particles and BPB and physical adsorption between GD particles and 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 approach are believed to
shed important light on future studies.

Table 4
Optimum adsorption conditions for BPB and

PH with GD particles

  BPB PH

pH 4 5

Temperature (ºC) 50 50

Initial concentration (mg/L) 300 10

GD dosage (mg) 10 15

Contact time (min) 180 30
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Figures

Figure 1

Schematic summary of the study
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Figure 2

Synthesis of GD polymer particles

Figure 3
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FT-IR spectrum of GD polymer particles

Figure 4

SEM micrographs of GD polymer particles
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Figure 5

Effects of contact time on (a) BPB (initial conc.: 100 mg/L; T: 25ºC; adsorbent: 50 mg; V: 25 mL) and (b)
phenol adsorption (pH:5.5; initial conc. 50 mg/L; adsorbent 15 mg, V:10 mL, T:25°C, 400 rpm)

Figure 6

Effects of pH on (a) BPB (t: 180 min; concentration: 100 mg/L; T: 25ºC; adsorbent: 50 mg; V: 25 mL) and
(b) phenol adsorption (t: 30 min; initial conc. 50 mg/L; adsorbent 15 mg, V:10 mL, T:25°C, 400 rpm)
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Figure 7

Effects of initial concentration on (a) BPB (t: 180 min; pH: 4.0; T: 25ºC; adsorbent: 50 mg; V: 25 mL) and
(b) phenol adsorption (t: 30 min; pH: 5.0; adsorbent 15 mg, V:10 mL, 400 rpm)

Figure 8

Effects of adsorbent dosage on (a) BPB (t: 180 min; concentration: 100 mg/L; pH: 4.0; T: 25ºC; adsorbent:
50 mg; V: 25 mL) and (b) phenol adsorption (t: 30 min; pH: 5.0; adsorbent 15 mg, V:10 mL, 400 rpm)
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Figure 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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