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Abstract

Poly(styrene-glycidyl methacrylate) (PSGMA) latex was synthesized by emulsion polymerization method. PSGMA latex
was modified with N-methyl-p-glucamine (NMDG), 1,2-bis(3-aminopropylamino)ethane (BAPE), N-(2-hydroxyethyl)ethyl-
enediamine (HEA), and N,N'-dimethylethylenediamine (NMEA). The presence of N amount varying between 2.1 and 4.4%
in the results of elemental analysis showed that the modification was successful. Boron adsorption studies were carried out
using these modified latexes. The study was carried out using the curcumin method by UV-vis spectrophotometry. For the
most effective adsorption process, at pH value of 9, the boron concentration was 10 ppm and the contact time was 60 min.
It was found that latex modified with NMDG had a higher adsorption capacity (0.195 mmol/g) than other modified latexes.
Particle sizes were determined by dynamic light scattering spectrometry and scanning electron microscopy (SEM) analyses.
The particle diameter of PSGMA latex was found to be approximately 140 nm in SEM analysis and the particles were almost
monodisperse. After PSGMA latex was modified with NMDG, BAPE, HEA, and NMEA agents and boron adsorption was
performed, it was observed that the particle diameters increased to approximately 170, 270, 220, and 260 nm, respectively.
An elemental analyzer was used to determine the %N of the structures. The %B,05 of the structures was determined with
a thermogravimetric analyzer. While thermal analysis studies showed that organic components were completely removed
from the structure at 700 °C, residues ranging from 4.8 to 10.4% (%B,0;) were found in boron adsorption polymers. The %B
amounts were determined with an inductively coupled plasma mass spectroscopy device. It was observed that the amount
of adsorbed boron varied between 0.42 and 0.95%, and the highest amount of %B belonged to latex modified with NMDG
due to its very simple structure and the location of the —OH groups.
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Introduction

Emulsion polymerization is an important method used in the
synthesis of polymer particles, scientifically, commercially,
and technologically [1, 2]. Polymeric particles prepared by
emulsion polymerization have been extensively researched
in recent years and used in many fields such as paints, cos-
metic, adhesives, drug delivery systems, automotive indus-
try, textile, and paper coating [3—5]. Water is generally used
as a solvent in emulsion polymerization, which proceeds
through the radical polymerization reaction [6, 7]. An
emulsion of the hydrophobic monomer with a surfactant is
formed and the reaction is initiated with an initiator capable
to form radicals. At the end of the reaction, a milky liquid
called “latex” is obtained. The latex is a dispersion of inor-
ganic or organic polymer particles with a colloidal structure
dispersed in water. The sizes of the resulting spherical latex
particles can vary between 0.1 and 1 um [8, 9].

Boron (B) element is a natural mineral which is found in
the form of borate salts, boric acid, and borosilicate min-
erals [10], with atomic number five, found in the earth's
crust and constituting approximately 0.001 of the earth's
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crust by weight. Considering the world rankings, Turkey
is the country with the most boron reserves and the coun-
try that produces the most boron minerals [11]. Boron and
boron compounds are widely used in many industries such
as ceramics, fuels, porcelain, cosmetics, insecticides, glass,
semiconductors, leather, cleaning products pharmaceuticals,
electronics, and catalysts. Additionally, the isotope boron-
10 plays a crucial role in the nuclear industry, being able
to control the rate of nuclear reaction to prevent a nuclear
explosion [12]. Boron, which is used in many areas and is
very useful, can cause toxic effects in humans, animals and
plants if the exposure limit is exceeded [13]. Since there
are a number of environmental and health problems caused
by boron, the World Health Organization (WHO) has cre-
ated guidelines for boron limits in drinking water. In 2011,
there was a revised the guideline value of boron to 2.4 mg/L.
[14]. Many methods such as adsorption, membrane filtra-
tion, electrodialysis, solvent extraction, and precipitation are
used in the literature to remove boron from water. The most
economical technique among these methods is adsorption,
because this technique can be used easily even if boron is in
low concentration [15, 16]. When the literature is examined,
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many natural and synthetic materials such as minerals and
clay, polymeric particles, resins, MOFs, metal oxides and
activated carbon have been used to remove boron from aque-
ous solutions [17]. In recent years, there are many polymers
used as boron-selective sorbents in the literature. Some of
these are those: poly(glycidyl methacrylate-co-trimethylol-
propane trimethacrylate) [18], iminobis-(propylene glycol)-
modified chitosan beads [19], the silica—polyallylamine
composites [20], glycidyl methacrylate grafted on p(VBC)
beads [21], the monodisperse poly(vinylbenzylchloride-co-
divinylbenzene) [22], poly(styrene-co-divinylbenzene) [23],
and glycidyl methacrylate—-methyl methacrylate—divinyl ben-
zene terpolymer [24].

In the study carried out by Xin Li et al., the efficiency of
hydrophilic silica—polyallylamine composite (SPC)-based pol-
ymer in the water treatment industry was investigated. In the
study, first, a new boron adsorbent based on hydrophilic SPC
matrix was prepared and N-methyl-p-glucamine (NMDG)
modification was carried out. The adsorbent maintained its
integrity and high boron removal efficiency after multiple
adsorption and desorption cycles [20]. Highly porous poly-
mers have shown promise in adsorption retention of boric acid,
a neutral pollutant that is difficult to separate from seawater
using conventional reverse osmosis membranes [25]. The
incorporation of NMDG into the porous walls of high sur-
face area porous aromatic frameworks (PAF) is accomplished
through a straightforward two-step synthesis, resulting in the
creation of adsorbents known as PAF-NMDG. PAF-NMDG
demonstrates the remarkable ability to reduce boron concen-
trations in synthetic seawater from 2.91 to less than 0.5 ppm in
under 3 min, using only 0.3 mg/mL of adsorbent. Furthermore,
it exhibits a high degree of regenerability through acid and
base treatment, maintaining stable boron adsorption capacities
over at least 10 regeneration cycles. These findings underscore
the manifold advantages of employing PAFs over conventional
porous polymers in water treatment applications. The spheri-
cal NMDG-based hybrid adsorbent is a commonly utilized
solution for the highly efficient adsorption of boric acid from
water. A novel spherical boron-selective hybrid adsorbent was
prepared through a reverse suspension polymerization process,
utilizing a sol-gel reaction involving an organosiloxane precur-
sor derived from NMDG and tetramethoxysilane [26]. Notably,
this synthesized hybrid adsorbent exhibited an exceptionally
high boron adsorption capacity in aqueous solutions, surpass-
ing the performance of the majority of commercial polymer
resins and grafting-type adsorbents. Mass spectrometry analy-
sis of the NMDG complex with boric acid confirmed that the
predominant interaction during adsorption in the hybrid adsor-
bent was a 1:1 complexation between NMDG and boron. This
research underscores the significant potential of the studied
adsorbent for the removal of boron from aqueous solutions. A
new multi-hydroxyl functional group based on methacrylate-
containing polymeric sorbent was prepared starting from

cross-linked glycidyl methacrylate-containing spherical beads
[27]. Epoxy-functional spheres can easily undergo a reaction
with excess tris(2-aminoethyl)amine to produce an amine sorb-
ent. This resin is subsequently modified with glycidol to intro-
duce multiple hydroxyl groups. The obtained polymeric sorb-
ent was shown to be effective in chelating with H;BO; and the
maximum boron retention capacity of the resin was found to be
4.20 mmol/g resin. The kinetic results of boron retention indi-
cated that the resin is suitable for removing boron, even at ppm
concentrations. Furthermore, after undergoing four consecu-
tive adsorption—desorption cycles, the resin exhibited reliable
performance for reuse. The adsorbents employed during the
adsorption process must possess two primary characteristics:
a porous structure and specific functional groups that exhibit
preference for adsorbates. The research encompassed the crea-
tion of a porous polymer with selective functional groups for
boron, achieved by initiating suspension polymerization using
readily available GMA and ethylene glycol dimethacrylate
(EGDMA) monomers.

In here, poly(styrene-glycidyl methacrylate) (PSGMA)
latex was synthesized by emulsion polymer and modified
with NMDG, 1,2-bis(3-aminopropylamino)ethane (BAPE),
N-(2-hydroxyethyl)ethylenediamine (HEA) and N,N'-
dimethylethylenediamine (NMEA). Particle size and poly-
dispersity index (PDI) values of the synthesized PSGMA
latex were determined by examining the dynamic light scat-
tering spectrometry (DLS) results. In addition, the obtained
results were supported by scanning electron microscope
(SEM) images. The modified structures were used in boron
adsorption studies. As a result of this adsorption process,
the amount of boron oxide (%B,0;) in their structure was
determined from the thermogravimetric analyzes of the par-
ticles. When the results of the four modified latexes were
compared, it was observed that the percentage B,O; value of
the NMDG modified latex was higher than the others. Also,
the boron adsorption study was carried out using the cur-
cumin method by UV-vis spectrophotometry. It was found
that latex modified with NMDG had a higher adsorption
than other latexes. There is no study in the literature where
PSGMA latex was modified with four different agents such
as NMDG, BAPE, HEA, and NMEA in the same study and
used in boron adsorption studies. In this respect, it will add
innovation to the literature in terms of using four different
modification agents in a single study and revealing the dif-
ferences of the new materials in boron adsorption studies.

Experimental
Materials

Glycidyl methacrylate (GMA, 97%, Aldrich) and styrene
(S, 99%, Aldrich) monomers were used in the synthesis of
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PSGMA. Monomers were passed through basic alumina col-
umn before use to remove inhibitors. Sodium dodecyl sulfate
(SDS, >99%, Merck) was used as a stabilizer and ammo-
nium persulfate (APS, >98%, Merck) was used as an ini-
tiator. BAPE (95%, Aldrich), NMEA (95%, Aldrich), HEA
(99%, Sigma), NDMG (99%, Fluka), N,N-dimethylforma-
mide (DMF, 99%, Sigma-Aldrich), glycidol (96%, Aldrich),
and boric acid (H;BO;, 99%, Alpha-Aesar) were used in
PSGMA latex modification. Curcumin (Naturel, TCI) was
used for boron adsorption studies. Double-distilled water
was used throughout the synthesis.

Methods

The diameters and PDI of the synthesized latexes were meas-
ured using a 90° angle with the Malvern ALV/CGS-3 DLS
device at room conditions with 3 repetitions after degassing
in an ultrasonic bath. Seiko SII EXSTAR600 model ther-
mogravimetric analyzer (TGA) device was used in thermal
analysis studies. The analysis was carried out using N, at a
flow rate of 200 mL/min in the range of 30-700 °C with a
temperature increase rate of 15 °C/min. The surface mor-
phology of the synthesized, modified particles was examined
with a Jeol JSM 5600 brand SEM. ThermoiCAP RQ induc-
tively coupled plasma mass spectroscopy (ICP-MS) device
was used to determine the elements in the particles quali-
tatively and quantitatively as a result of the modifications.
Perkin Elmer 2400 Series II organic elemental analyzer
(CHNS/O) device was used to determine %C, %H, and %N
amounts as a result of modifications. Boron adsorption stud-
ies using the curcumin method were carried out using a Per-
kin Elmer Lambda 35 UV-vis spectrophotometer (UV—-vis)
at 200-700 nm at 25 °C.

Poly(styrene-glycidyl methacrylate) latex synthesis

PSGMA latex was synthesized by emulsion polymerization.
An amount of 0.06 g of surfactant SDS was dissolved in
68 mL of water. It was mixed in nitrogen environment at
400 rpm for 10 min. A volume of 5 mL styrene (S) was

Fig.1 Synthesis reaction of
PSGMA

Z +

transferred to the medium. 0.1 g of APS was added to the
medium with 2 mL of water to start the reaction, and the
reaction flask was placed in an oil bath at 60 °C. GMA
monomer of 5 mL was added to the flask after 300 min. The
reaction was continued for 24 h at 400 rpm. The polymeriza-
tion reaction is given in Fig. 1. Purification of PSGMA latex
was done by centrifugation with distilled water three times at
15,000 rpm for 10 min. The synthesized PSGMA latex par-
ticles were in nanometer size and had a milky appearance.
The particle was freeze-dried and the latex was preserved
in a solid state after purification. DLS and SEM analyzes
were performed to determine the particle size of the latex
obtained at the end of the synthesis. Then the modification
processes were started.

Modifications of PSGMA latex

It is aimed to increase the hydroxyl ends in the structure
by opening the epoxy ring on the surface of PSGMA latex.
For this purpose, four different amine structures containing
hydroxyl groups were selected such as NMDG, BAPE, HEA,
and NMEA. After the modification, boron adsorption studies
were carried out and the effect of amine groups on adsorp-
tion was examined.

Modification of PSGMA latex with NMDG (PSGMA1)

0.5 g of PSGMA latex, 2.5 g of NMDG, 40 mL of DMF
were added into a reaction bottle, and it was mixed kept on
an oil bath at 500 rpm for 48 h at 80 °C. The modified latex
was washed three times with distilled water, centrifuged at
25,000 rpm, and freeze-dried. As seen in Fig. 2, the modi-
fication reaction occurs when the amine group opens the
epoxy ring of GMA.

Modification of PSGMA latex with amine structures
(BAPE, HEA, and NMEA)

On 0.45 g of PSGMA latex in a bottle 35 mL of amine struc-
tures (BAPE, HEA, and NMEA) were added. It was stirred

/
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at room temperature for 24 h and then at 90 °C on an oil bath
at 500 rpm for 2 h. The modified latexes were washed three
times with distilled water, centrifuged at 25,000 rpm, and
freeze-dried. Next, 0.45 g of the latexes was taken into the
bottle, 6 mL of DMF and 2 mL of glycidol were added and
mixed at room temperature for 24 h and then 60 °C on oil
bath at 500 rpm. The modified latexes were washed 3 times
for 20 min at 25,000 rpm and freeze-dried. Latexes modi-
fied with BAPE, HEA, and NMEA are named PSGMA?2,
PSGMA3, and PSGMAA4, respectively. As seen in Fig. 3, the
modification reactions occur when the amine group opens
the epoxy ring of GMA.

The success of the modifications of PSGMA latexes
with structures containing amine groups was confirmed by

looking at %N data from the elemental analysis results in
Table 1.

Boron adsorption studies

—OH group is a highly specific group in boron adsorption.
The aim of the study was to modify the PSGMA latex sur-
face with chemicals containing different amounts of —-OH
groups, determine boron adsorption capacities, compare
the values, and determine the latex with the highest boron
adsorption capacity.

In boron adsorption studies, modified PSGMA latexes
were weighed separately as 500 mg and placed in capped
bottles. 20 mL of boric acid solution (pH 9) of different

OH OH
0 ([on gon
0o N/\/\N/\/N\/\/N
OH OH OH Hojﬁ
PSGMA2 OH oM oH
OH
' 9 N OH
PSGMA3 o
o CH; OH
N/\/N OH

PSGMA4

Fig. 3 Modification reaction of PSGMA with amine structures (BAPE, HEA, and NMEA)
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Table 1 Elemental analysis results (%C, %H, and %N)
C (%)

Code H(%) N (%)

Formula of modifying agent

PSGMA 674 171 - -

PSGMAl 542 7.1 2.1 C,H,,NO5 (NMDG)
PSGMA2 564 7.9 44  CgHyN, (BAPE)
PSGMA3 575 79 26  C.H,N,(HEA)
PSGMA4 589 7.8 32 C,Hp,N, (NMEA)

concentrations (1, 3, 5, 10, 15, 20, 50 and 100 mg/L) was
placed on them and mixed at 400 rpm for 24 h. Boric acid
concentration was measured before and after the process
using the spectrophotometry method with curcumin as the
color-developing reagent in accordance with the literature.
Following each experiment, the remaining concentration
of the boric acid solution post-adsorption was determined
using a UV-vis spectrophotometer at wavelength of
540 nm, in accordance with the curcumin method [28, 29].
0.5 M HCI solution and 0.5 M NaOH solution were used to
adjust the pH values of boron solutions. As a result, boron
adsorption capacities were calculated.

In the experiment, the adsorption capacity of boric acid,
denoted as q (mmol/g), was determined using the follow-
ing equation:

_ V(Co-Ce)
=

where Co represents the initial concentration of the boric
acid solution before adsorption (mmol/L), Ce signifies
the residual concentration of the boric acid solution after
adsorption (mmol/L), V denotes the volume of the boric acid
solution (L), and m stands for the dry weight of PSGMA
latexes (g).

To investigate the pH impact on the adsorption capa-
bilities of PSGMA latexes, experiments were conducted
using boric acid solutions at temperature of 25 °C, a

Fig.4 SEM image and DLS
analysis of PSGMA latex

Regulus 1 0!-\4 15.8mm x50.0k SE(L)
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concentration of 10 ppm (20 mL), and pH values ranging
from 3 to 12.

Boron-adsorbed modified latexes were dried in an oven at
50 °C. At the same time, SEM images of these latexes, TGA
results, and ICP-MS were examined after boron adsorption.

Results and discussion
Characterizations of PSGMA latex

Particle sizes and PDI values of PSGMA latex were exam-
ined by DLS and SEM. The DLS results and SEM image
are given in Fig. 4. When the SEM image of PSGMA latex
was examined, it was determined that the particle diameters
were approximately 140 nm and the particles had a highly
monodisperse distribution. In the DLS results, the radius of
the latex was 74 nm (diameter 148 nm) and the PDI value
was 0.04. SEM and DLS analysis results support each other.

Elemental analysis results of modified PSGMA
latexes

First, modification process with amine groups and then
boron adsorption were applied to PSGMA latex. %C, %H,
and %N amounts of modified latexes were determined by
elemental analysis. The elemental analysis results are given
in Table 1.

In the elemental analysis results, it is seen that the modi-
fication processes with amine groups are successful. As
a result of elemental analysis, it was concluded that the
unmodified latex (PSGMA) does not contain nitrogen. The
%N content of modified latexes varies between 2.1 and 4.4%.
Due to different number of amine groups in the modifica-
tion agents, %N amounts showed different results in each
of them.

‘—11 r: 74 nm

_hg, PDI: 0.04

1 10 100
Radius (nm)
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Evaluation of boron-adsorbed PSGMA latexes

SEM images and DLS chromatograms of PSGMA1 latex
after boron adsorption process (PSGMA 1b) were examined
and the change in latex size after adsorption was exam-
ined. Looking at the SEM images, the particle diameter of
PSGMA latex was approximately 140 nm (Fig. 4) before the
modification process and boron adsorption, but it increased
to 170 nm after the modification and boron adsorption
(Fig. 5). This increase in particle size confirms that modifi-
cation and boron adsorption have occurred. Likewise, DLS
results confirm this situation. It was observed that the parti-
cle radius increased from 74 to 82 nm. At the same time, the
particles are highly monodisperse. The SEM image and DLS
chromatogram of PSGMAb are given in Fig. 5.

SEM images of boron-adsorbed latexes (PSGMA1b,
PSGMA2b, PSGMA3b, and PSGMA4b) were taken and
TGA analyzes were performed. SEM images are given in
Fig. 6 and TGA results are given in Fig. 7.

When we look at the SEM images, the monodisperse
structure is not disappeared and the particle diameters
increase after the modifications of PSGMA and the adsorp-
tion of boric acid. After PSGMA latex was modified
with NMDG, BAPE, HEA, and NMEA agents and boron
adsorption was performed, it was observed that the particle
diameters increased to approximately 170, 270, 220, and
260 nm, respectively. Thermogravimetric analysis was used
to compare the amount of %B,0; adsorbed by the modi-
fied latexes. Thermogravimetric analyzes of the synthesized
particles were performed using nitrogen gas at a temperature
increase rate of 15 °C/min in the range of 30-700 °C and a
flow rate of 200 mL/min (Fig. 7). When TGA data are ana-
lyzed, the most obvious difference is that the decomposition
graph gives a single weight loss up to 400 °C since PSGMA
is in the raw state, while the weight loss occurs gradually
in PSGMA, which has been subjected to the other modified
and boron adsorption application, due to the presence of the

Fig.5 SEM image and DLS
chromatogram of PSGMA1b

amine group in its structure. Apart from this, it is observed
that first the solvent and then the carbon, oxygen, hydrogen,
and amine groups that make up the polymer are removed
from structure. We see that there is a structure that does not
move away from the polymer when the temperature reaches
700 °C in PSGMA with boric acid adsorption process. It has
been confirmed by the examples in the literature that this
structure is B,0;, which is known to start at 1400 °C [30,
31]. The remaining %B,0; amounts are given in Table 2.

As a result of the thermogravimetric analysis, it was
observed that the boron adsorption rates were different due
to the different positions of the —OH groups in the structures
selected as the modification agent. While the sample that
adsorbs the most boron is PSGMA1 modified with NMDG,
the least adsorption is observed in PSGMA4 latex modified
with NMEA. Looking at the differences in %B,0, amounts
in Table 2, it is quite clear that these amounts arise from
steric hindrances, the number and positions of —OH groups
in the molecules.

The amount of %B adsorbed by boron-adsorbed latexes
was determined by the ICP-MS analysis method. The pres-
ence of —OH groups in different positions and in different
numbers in the structures gave results varying between 0.42
and 0.95% of the adsorbed boron amounts (Table 3). It is
seen that the highest amount of %B is in PSGMAT1 latex
due to its rather simple structure and the positions of -OH
groups.

Boron adsorption studies with curcumin method

The boron adsorption studies were carried out using the
curcumin method by UV-vis spectrophotometry. The study
focused on evaluating the boron adsorption performance of
PSGMA latexes, taking into account the variables of pH
value, boron concentration, and contact time. The results of
these investigations are presented in Fig. 8.

AP
r: 82 nm
PDI: 0.09

1 10 100
Radius (nm)
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Fig.6 SEM images of PSGMA latex after NMDG (PSGMAL1), BAPE (PSGMA2), HEA (PSGMA3), and NMEA (PSGMA4) modification and

boron adsorption
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PSGMA4b
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Fig.7 The thermal analysis curves of PSGMA, PSGMA1b, PSG-

MAZ2b, PSGMA3b, and PSGMA4b
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Table 2 Remaining boron
oxide percentage as a result

of thermogravimetric analysis
according to modification types

Table 3 ICP-MS analysis
results (%B)

Code B,05 (%)
PSGMA -
PSGMA1 10.4
PSGMA2 7.7
PSGMA3 5.6
PSGMA4 4.8
Code B (%)
PSGMA1 0.95
PSGMA2 0.82
PSGMA3 0.62
PSGMA4 0.42
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Fig. 8 Effect of: (a) pH, (b) boron concentration, and (c) contact time
on boron adsorption

Effect of pH on boron adsorption

Solution pH values were adjusted between 3 and 12 and
20 mL of boric acid solution with a concentration of 10 ppm
was used. These solutions were mixed with 0.5 g of modi-
fied PSGMA latexes for 24 h. At the end of this period,
boron adsorption capacities were calculated and the effect
of solution pH on adsorption was examined. The q-pH graph
is given in Fig. 8a. As can be seen from the graph, the high-
est adsorption capacity was reached in PSGMAL1 latex at
pH 9. This value for PSGMA1 latex was determined to be
0.195 mmol/g. All subsequent studies were carried out at
pH 9, where the highest adsorption capacity was reached.
The highest boron adsorption capacity value was reached
in NMDG modified PSGMA latex (PSGMAL1). The pH-
dependent nature of boron adsorption can be elucidated
by considering the formation of a tetradentate complex

between borate and NMDG, alongside the dissociation
process of H;BO;. The adsorption of boron, particularly
its selective adsorption, is primarily governed by the crea-
tion of the tetradentate complex. An increase in pH levels
proves to be advantageous in facilitating the formation of
the tetradentate complex, thereby leading to an elevated
boron adsorption capacity. This mechanistic insight under-
scores the importance of pH control in optimizing boron
adsorption processes. Nevertheless, it is important to note
that an escalation in pH levels also promotes a competi-
tive reaction, namely, the dissociation process of H;BO;
into tetrahydroxyborate anions. This phenomenon exerts an
unfavorable impact on the overall boron adsorption capac-
ity. At pH values approximately around 9, H;BOj; attains a
state of dissociation equilibrium (with a pK, value of 9.2).
In this context, an increase in pH becomes more conducive
to the formation of tetrahydroxyborate anions rather than the
tetradentate complex, ultimately leading to a reduction in
boron adsorption capacity. Conversely, within the pH range
of 4.0-9.0, the quantity of adsorbed boron, as well as the
prevalence of tetrahydroxyborate anions, both exhibits an
upward trend in correlation with rising pH levels [20].

As a result of modifications, latexes have different num-
bers of —OH groups, and the ~OH groups found in the struc-
tures are specific groups that are very important in boron
adsorption. The numbers of —OH groups in PSGMA1,
PSGMA2, PSGMA3, and PSGMA4 latexes are 5, 11, 6,
and 3, respectively. While the highest adsorption is expected
to be in PSGMAZ2 latex, which contains 11 —OH groups, the
amount of boron binding decreases due to the steric hin-
drance in the structure and the boron adsorption capacity
decreases. PSGMAL latex is a simple molecule with less
steric hindrance and its conformation is more suitable for
binding boron to the structure. For these reasons, the highest
adsorption capacity belongs to PSGMALI latex. Although
PSGMA3 latex has one more —OH group in its structure
than PSGMALT1 latex, it adsorbs less boron than PSGMA1
latex due to the more complex structure in PSGMA3 latex
and the location of the —OH groups creating steric hindrance
and reducing the binding of boron to the structure. Although
PSGMAA4 latex has the simplest structure, it has the lowest
boron adsorption capacity due to the presence of 3 —OH
groups.

The influence of boric acid concentration

To elucidate the connection between the adsorption capac-
ity of PSGMA and the initial concentration of boric acid,
a comprehensive examination was conducted. The study
involved evaluating the adsorption capacity of modified
PSGMA latexes at a range of boric acid concentrations
ranging from 1 to 100 ppm, while maintaining a constant
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temperature of 25 °C and an initial pH of 9. The graphic
showing the effect of boric acid concentration on adsorption
capacity is given in Fig. 8b.

In the case where the boric acid concentration varied
from 1 to 9 ppm, the predominant form of boron in solution
was the single-molecule H;BO,/B(OH),™ [29]. During this
range, the adsorption capacity of modified PSGMA latexes
exhibited a direct correlation with the boron concentration,
showing an increase in adsorption as the concentration
of boron increased. In this range, the adsorption capacity
increases rapidly. However, within the concentration range
of 10-100 ppm, as the boric acid concentration contin-
ued to rise, the adsorption capacity of modified PSGMA
latexes reached a plateau and that is, the adsorption capacity
remained unchanged after 10 ppm. When the graph is exam-
ined (Fig. 8b), the latex with the highest adsorption capacity
under the same conditions is PSGMALI latex.

The impact of contact time

To ascertain the optimal contact time and investigate the
correlation between the boron adsorption capacity and con-
tact time of the modified PSGMA latexes, an adsorption
equilibrium experiment was conducted. The latex of 0.5 g
was used and the experiment was performed with an initial
concentration of 10 ppm of 20 mL of boric acid, a tempera-
ture of 25 °C, and an initial pH of 9. The findings of this
experiment are depicted in Fig. 8c.

The results indicated that modified PSGMA latexes
exhibited a rapid initial rate of boron adsorption. However,
as the contact time increased, the rate of boron adsorption
gradually declined until it reached a plateau. After approxi-
mately 60 min of contact time, the adsorption capacity of
modified PSGMA latexes remained relatively constant, sig-
nifying the attainment of adsorption equilibrium. By exam-
ining the graph in Fig. 8c, the highest adsorption capac-
ity under the same conditions is shown by PSGMA1 latex.
Additionally, a comparison of the boron adsorption capaci-
ties of the various adsorbents in the literature is given in
Table 4. Although the value obtained in this study seems

low, PSGMA latex among others is considered the promis-
ing materials in boron adsorption studies when appropriate
modification processes are applied.

Conclusion

A poly(styrene-glycidyl methacrylate) latex was synthe-
sized by emulsion polymerization method. The size of the
latex was analyzed by DLS and it was observed that the
PDI values were 0.04 and the particle radius was nearly
70 nm. In addition, it has been proven that the spherical
particles in SEM image have a highly monodisperse size
distribution and their diameter was determined to be about
140 nm, showing consistent results with the DLS device
data. The PSGMA latex was modified with NMDG, BAPE,
HEA, and NMEA. Epoxy ring of glycidyl methacrylate
was opened by amine modification agents containing —-OH
group and boron adsorption was investigated. The suc-
cess of the amine groups' attempt to open the epoxy ring
has been proven by the elemental analysis results show-
ing values varying between 2.1 and 4.4%N amount. After
modifications, boron adsorption study was studied. The
effects of solution pH, boron concentration, and contact
time on boron adsorption were examined with curcumin
method using UV-vis spectrophotometry. The pH value
was determined as 9, the boron concentration was 10 ppm,
and the contact time was 60 min for the most effective
adsorption. Interestingly, it was observed that latex modi-
fied with NMDG exhibited a superior adsorption capac-
ity of 0.195 mmol/g compared to other latex variations.
Thermal analysis studies were carried out between 30
and 700 °C. It was observed that the organic components
were completely removed from the structure reaching
700 °C. However, residues (%B,05) varying between 4.8
and 10.4% were found in the polymers with boron adsorp-
tion. According to the results of ICP-MS analysis, it was
observed that the boron content percentage of the NMEA
agent with the least -OH group was 0.42% and the boron
content percentage of the BAPE agent with the most -OH

Table 4 Comparison of the boron adsorption capacity of various adsorbents in literature

Absorbent Max. q Refs.
Poly(glycidyl methacrylate-co-ethylene dimethacrylate) 12 mg/g [32]
NMDG functionalized silica—polyallylamine composites 1.16 mmol/g [20]
Poly(vinylbenzyl chloride-co-divinylbenzene) 14.4 mg/g [33]
GMA-grafted PPE-f 1.0 mmol/g [34]
Amberlite IRA 743 (N-methylglucamine with cross-linked chloromethylated PS) 0.37 mmol/g [35]
Dowex XUS 43594 resin 0.15 mmol/g [36]
Purolite® S108 (polystyrenic macroporous N-methylglucamine chelating) 0.58 mmol/g [37]

PSGMA

0.195 mmol/g This work
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group was 0.82%. However, since there are five -OH
groups on a single amine in the NMDG agent and there
is no steric hindrance problem like other agents, it is seen
that the boron content is 0.95% higher than the others. As
a result, the four modifying agents used in the study were
compared and it was decided that NMDG was the best
modification agent that could be used in boron adsorption.
When appropriate modification processes are applied to
PSGMA latex, it will be among the promising materials
in boron adsorption studies.
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