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Abstract

Organophosphate-based compounds, particularly 2-phosphonobutane-1,2,4-tricarboxylic
acid (PBTC), have played a crucial role in circulating cooling systems and wastewater treatments
as corrosion inhibitors preventing scale deposits in industrial facilities. Employing the reagent
within its optimum concentration range is essential for effective performance, minimizing costs
and environmental impacts. However, measuring PBTC separately can be challenging due to its
functional groups' similarity to other common molecules found in natural water, necessitating
complex procedures. In this study, amine-functionalized polystyrene (PS) latex nanoparticles
were synthesized through emulsifier-free emulsion polymerization and utilized as nanosorbents
for PBTC detection via a straightforward latex agglutination method. This phenomenon is
facilitated by electrostatic and hydrogen bonding interactions between the positively charged
layers on the particle's surface and the negatively charged PBTC molecules. The pH and
concentration of the PBTC solution are key factors influencing the adsorption behaviour and
capacity of the functionalized latex particles. A graphical representation of aggregation domains,
dependent on both PBTC concentration and pH, was created. This map serves as an effective

tool for detecting PBTC concentration. The resulting particles show great promise for monitoring
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the concentration range of phosphate additives in water, offering a simple, rapid detection

process with low costs and reduced chemical and equipment requirements.

Keywords: PBTC, Latex agglutination, Cationic particles, Polystyrene, Phosphate detection
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1. Introduction

Scale formation poses a significant challenge in industrial processes. To address this
issue, antiscalant agents are employed to inhibit scale formation. Among these, 2-
phosphonobutane-1,2,4-tricarboxylic acid (PBTC) is a crucial organophosphate reagent widely
used in industrial processes, particularly in circulating cooling water systems. This compound
effectively prevents mineral scale formation and corrosion [1-4]. PBTC contains carboxylic and
phosphonic acid groups, providing high solubility and strong binding capabilities with various
metal ions [5-7]. The fast and accurate monitoring of PBTC concentration during operations and
corresponding wastewater treatment processes is essential [8, 9]. In cooling water applications,
continuous addition of PBTC is necessary to maintain its optimal concentration and prevent scale
formation and corrosion in pipelines and manufacturing equipment [10]. Inadequate
organophosphate content in the cooling system can lead to corrosion and scale accumulation
during operations. Conversely, an excessive phosphate presence results in higher operating costs
and challenges in wastewater treatment. Improper treatments before discharging can degrade
water quality and contribute to eutrophication in water resources [11-13]. In aquatic ecosystems,
elevated levels of dissolved nutrients can lead to the accelerated growth of water plants or algae
blooms, directly affecting surface water conditions and reducing dissolved oxygen levels in
water bodies [14, 15].

Detecting the presence of phosphate in a water-cooling system is challenging using
conventional spectrophotometric methods because phosphate lacks both fluorescence groups and
chromophores. Consequently, it becomes necessary to convert phosphate into free phosphorus,
which can then be quantified through optical emission microscopy or a colorimetric method with
a reasonable degree of accuracy [16-18]. However, this approach is time-consuming, expensive,
and involves intricate processes, the use of toxic chemicals, and costly instruments [19, 20].
Therefore, there is a growing interest in developing novel materials and eco-friendly methods
that offer swift responses, enabling time-efficient, accurate monitoring of phosphate in industrial
settings at a lower cost.

Adsorption is a promising technology for phosphate removal, demonstrating favourable
performance across a wide range of pH values. It offers ease of operation, rapid capture
capabilities, cost-effectiveness, a high removal rate for highly toxic pollutants, and generates low

levels of harmful secondary products [21-25]. The interaction between compounds and
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adsorbents varies depending on environmental factors, including the nature of the adsorbent
surface, the pH of the medium, surface charge density, incubation time and temperature, solvent
polarity, and the presence of competing molecules [26-28]. Numerous natural silica-based
adsorbents, such as zeolites, diatomite, clays, and porous silica materials, have proven effective
for phosphate removal. However, raw silica materials lack functional groups or adsorption sites
for phosphate adsorption [29]. Modified adsorbents with functional groups have enhanced
adsorptive removal efficiency, typically measured in terms of selectivity for specific compounds,
adsorption capacity, renewability, and durability. A range of surface functionalization techniques
can be employed to improve various surface properties, including hydrophilicity, electrostatic
interaction, surface energy, roughness, and biocompatibility [30, 31]. Recently, we developed
carboxylated magnetic polymeric nanoparticles (MPNPs) as nanosorbents for the removal of
calcium ions (Ca?") [32]. The formulated MPNPs exhibited a 92% efficiency in Ca** removal
and can be effectively reused for up to four cycles. This efficiency is achieved through
electrostatic interactions between the negatively charged polymer containing carboxylate groups
and the hydrated Ca?*, resulting in precipitation that prevents calcium carbonate scale formation.

Developing a rapid and user-friendly technique for detecting target compounds in
practical environments remains a challenge. Polystyrene (PS) is considered a highly promising
material due to its cost-effectiveness, versatility, and minimal negative environmental impact. PS
is frequently used to create latex nanoparticles and is applied in various applications due to its
substantial surface area, low density, and stability [33, 34]. The latex agglutination test quantifies
a measurable aggregation phenomenon that can be easily observed with the naked eye. The
particle supports are functionalized with active sites. When specific targets bind to these sites,
particle clumping occurs, serving as an indicator of the presence of the target components or
molecules. The extent of aggregation can be assessed visually by examining the area of the
aggregate formations. Latex agglutination, using synthetic PS particles, has been extensively
applied in various fields, including in vitro biomedical diagnosis, ecological risk assessment, and
food contamination monitoring [35-38] thanks to its advantages, ease of use, cost-effectiveness,
and high reliability. Furthermore, the reaction is visible, eliminating the need for specialized
equipment or complex detection systems [39-41].

This research aims to develop functionalized polystyrene nanoparticles suitable for the

rapid detection of the commonly used organophosphate, PBTC, in industrial water-cooling
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systems and wastewater treatment processes using a latex agglutination assay. The research
findings will be used to construct a map of aggregation domains as a function of PBTC
concentration and pH, offering an effective approach for detecting PBTC concentration in

unknown samples.

2. Materials and Methods
2.1 Materials

Styrene monomer (Janssen Chimica), 2,2'-azobis(2-amidinopropane) dihydrochloride
(V50; >97%, Wako Chemical), 2-amino ethyl methacrylate hydrochloride (AEMH; Kodak
chemicals), 2-phosphonobutane-1,2,4,-tricarboxylic acid (PBTC; >47% solution, Carl Roth),
potassium antimony (I11) oxide tartrate trihydrate (Carl Roth), ascorbic acid (Carl Roth),
ammonium molybdate tetrahydrate (>99%, Sigma-Aldrich), sodium hydroxide (98%, Thermo
Scientific), sulfuric acid (95%, VWR chemical BDH) were used as received. Deionized (D)

water was used throughout the study.

2.2 Methods
2.2.1 Preparation of cationic polystyrene latex particles

PS latexes bearing cationic amine groups were prepared following the procedure described
elsewhere [42, 43]. Briefly, 20 g of styrene monomer and 2.5 x 10 g of AEMH functional
monomer were added to a thermostat glass reactor containing 200 g deoxygenated water (DI
water boiled under a nitrogen atmosphere). The mixture was continuously stirred at 300 rpm
under a controlled temperature of 70 °C. After that, a small amount of initiator solution (\V50,

0.32 g) was added to the mixture, and the polymerization was conducted for 20 h.

2.2.2 Characterization of cationic PS latex particles

The specimen was positioned inside a vacuum chamber with an accelerated voltage of 120
kV. The hydrodynamic size and size distribution of the prepared PS latex particles were
measured using dynamic light scattering (DLS) with a ZetaSizer (nano series 3000MS, Malvern
Instruments). The obtained polymer particles were diluted in 1 mM NaCl at a given pH. The

reported size value was the average of three measurements. The morphology of the prepared
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particles was examined using a scanning electron microscope (SEM, COXEM EM-30Plus). A
droplet of the diluted latex particles was evaporated at room temperature, and the dried solid
sample was gold-coated before analysis. Additionally, the synthesized particles were
characterized using a transmission electron microscope (TEM, JEOL 1400 FLASH — Source
LaB6). A droplet of diluted latex particles was deposited onto a formvar/carbon-coated copper
200-mesh grid. The specimen was positioned inside a vacuum chamber with an accelerated
voltage of 120 kV.

2.2.3 Electrokinetic study of cationic PS latex particles

Electrophoretic mobility analysis was conducted on a ZetaSizer (nano series 3000HS,
Malvern instrument). The measurements were operated using highly diluted dispersed latexes in
1 mM NacCl solution. The zeta potential deduced from the electrophoretic mobility of the PS
latex particles was measured as a function of pH. The effect of PBTC concentrations (10-2,000
ppm) under different pH conditions (pH 3-11) on the electrokinetic behaviour was investigated.
All measurements were conducted at 25 °C and interpreted as a direct study of the effective total
surface charge density.

2.2.4 Adsorption of PBTC on cationic PS particles

A titration using a standard molybdate solution was employed to determine the amount of
the adsorbed PBTC on the cationic PS particles. Molybdate reagent was prepared by combining;
the following components: 100 mL of 2.5 M sulfuric acid solution, 10 mL of potassium
antimony tartrate solution (dissolution of 0.28 g in 80 mL of distilled water and diluted to 100
mL), 30 mL of ammonium molybdate solution (prepared at 4% w/v), and 60 mL of ascorbic acid
solution (1.76 g in 100 mL of DI water). After mixing, a light-yellow solution was obtained.

Adsorption kinetic of PBTC on PS latex particles

The synthesized PS latex particles (10 mg) were added to a series of centrifuge tubes,
containing 10 mL of PBTC solution at an initial concentration of 1,000 ppm (with a fixed pH of
5). The samples were mixed for 0 — 120 min. At specific intervals during this period, the
mixtures were centrifuged to separate the remaining phosphate phase. The supernatant of each
sample was collected and filtered using a nylon microfilter (0.20 um pore size). The post-

treatment solution (5 mL) was transferred into a clean cuvette, and 0.8 mL of molybdate reagent
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was added to the mixture for colorimetric measurements. The solution changed to a blue colour
between 15-20 min. Subsequently, the solution’s absorbance was recorded at 880 nm using an
ultra-fast UV/Vis spectrometer (FLUOstar Omega). The batch experiment and sampling method
were applied to obtain the adsorption kinetic of PBTC on the cationic PS latexes, as illustrated in
Fig 1.

Adsorption rate of PBTC on PS particles

The adsorption isotherms were investigated in a similar manner to the Kkinetic
experiments with 1 g/L of each solid-liquid latex. PBTC solutions at various concentrations
ranging from 0 to 15,000 ppm were prepared at fixed pH values of 5, 6.5, and 11. The samples
were gently mixed end-over-end at 35 rpm for 20 min. Subsequently, the mixtures were
centrifuged at 7,500 rpm for 5 min, followed by filtration. The adsorption of the phosphate
compound was examined using a colorimetric technique employing UV/Vis spectroscopy.

2.2.5 Latex agglutination assay for PBTC detection

The detection of PBTC at varied concentrations, from 0 to 2,000 ppm at a pH range from
3 to 11, was performed on a clean glass slide. Droplets of 10 pL of the synthesized PS latexes
(containing 1 mg of particles) were deposited on the glass slide, forming separate circular
domains. Subsequently, 30 uL of the prepared PBTC solutions at different concentrations were
added and manually mixed for 15 seconds. The presence of agglutination phenomenon at each
condition was observed by the naked eye, and photographs were taken.

3. Results and Discussion
3.1 Characterization of cationic PS latex particles

The PS latex particles were successfully prepared with a high polymerization conversion
(~98%) using cationic 2-amino ethyl methacrylate hydrochloride (AEMH) as a functional
monomer and 2,2’-azobis(2-amidinopropane) dihydrochloride (V50) as an initiator. The
morphology of the prepared particles was examined by SEM and TEM, as shown in Figs 2(A
and B). Spherical polymeric particles with smooth surfaces were generated. The synthesized
particles exhibited uniform shape and morphology, as evidenced by the particle diameter of
approximately 100£11 nm. Similar results were also observed from TEM analyses, where the

average size of the functionalized PS colloidal particles, calculated from the statistical
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distribution was 98+35 nm. A hydrodynamic particle size of 107.8+14 nm was observed (Fig
2C). It is important to note that the size determined from DLS is generally larger than that from
TEM images [44], as the results from DLS represent the hydrodynamic diameter, which includes
the hydrated layers on the colloidal surface. In contrast, TEM measures the diameter of the
particles, under a dried state [45]. Nevertheless, high-quality size distribution curves of the
colloidal dispersion were observed using the Contin analysis mode. This reflects the well-defined
dispersion composed of homogeneous nano-spherical particles with a standard deviation of 27.92

nm relatively narrow size distribution [46].

3.2 Electrokinetic study

The zeta potential deduced from the electrophoretic mobility of the prepared PS latex
particles was measured as a function of pH (with 1 mM NaCl solution), as summarized in Fig
3(A). The zeta potential exhibited positive values in the investigated pH range (3-12), indicating
the cationic characteristic of the protonated amine groups on the particle’s surfaces. The
incorporated primary amine (-NH;) groups from the functional monomer copolymerized with
styrene onto the PS particles, were protonated, resulting in a high positive zeta potential at a pH
lower than 10 [47, 48]. The zeta potential of the PS latex particles exhibited a rapid decrease in a
strong basic environment (pH 11-12). The decrease of the zeta potential at high basic
environments can be attributed to the deprotonation of ammonium ions to amine since the pH is
above the pKa value of the applied 2-amino ethyl methacrylate hydrochloride, which is between
9 and 10. In addition, the decrease in the zeta potential at high pH can also be attributed to the
possible condensation of hydroxyl groups on the particles’ surface. However, the salinity
variation is too low to induce the observed phenomenon. These results indicate that the
synthesized products are suitable materials with high cationic properties, which should interact
with the negatively charged compounds through favourable attractive electrostatic interactions
[49, 50]. In addition, the electrophoretic mobility has been investigated as a function of
electrolyte concentration, as presented in Fig 3(B). As expected, the electrophoretic mobility (in
absolute value) decreases with increasing the salinity of the medium. This is in good agreement
with the theory [51].
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The surface charge density of the prepared particles was calculated using the following

Helmholtz and Smoluchowski equation (Eq. 1):

where; u, is the electrophoretic mobility (um-cm/ V-s); o is the surface charge density
(LC/cm?); 7 is the dynamic viscosity of the continuous medium (Pa-s); and K (Greek kappa) is

referred to as the inverse Debye length (k™) which is called the double layer thickness.

Since the surface potential is replaced by zeta potential (which is also an approximation
approach), the surface charge density is not far from the presented approximated equation. In
fact, the results data in which the surface charge density is reported as a function of surface
potential, the deduced zeta potential was found to be in the limit of the linearity domain.
Therefore, the equation used in this study is just for estimating the surface charge density rather
than its exact determination [43]. It is noted that the surface charge density was calculated by
considering the electrophoretic mobility, i.e., the zeta potential of +46 mV, at a plateau value.
The deduced surface charge density was 10 uC/cm? (where the specific surface area is 56 m?/g).
The value is comparable to those reported for PS latexes with amine or amidine groups prepared
via the same polymerization process, which showed similar electrophoretic mobility tendencies
[52].

3.3 pH effect on particles as a function of PBTC concentrations

The effect of adding the amine-functionalized colloidal latexes to PBTC stock solutions
on the pH of the solutions was initially investigated, as shown in Fig 4. The addition of amine-
functionalized PS latex particles did not affect the pH levels of the organophosphate solution,
regardless of its concentrations. This confirms that the cationic characteristic of the polymer
latex did not interfere with the controlled parameter in subsequent experiments. The zeta
potential of amine-functionalized particles added to PBTC solutions was then examined as a
function of pH, as summarized in Fig 5. As expected, the zeta potential was positive and
slightly decreased due to the deprotonation of the primary amine and amidine groups from the

AEMH copolymer and V50 initiator. Interestingly, the zeta potential remains positive until
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reaching the vicinity of pH 10, which is close to the pKa of the primary amine [53]. Therefore,
the zeta potential of latex particles was investigated as a function of both pH and PBTC
concentration. The positive zeta potential of latex particles decreased with increasing PBTC
concentrations, irrespective of their incubation pH. This decrease can be attributed to (i) the
adsorption of negatively charged PBTC on the positively charged functionals (protonated amines
and amidines) and (ii) the ionic strength effect of PBTC. Increasing the PBTC concentration
increases the ionic strength of the incubation medium, leading to a reduction in the zeta potential.

PBTC has multiple acid functional groups (carboxylic acid), resulting in multiple pKa
values (1.08+0.42, 3.99+0.21, 4.44+0.10, 4.99+0.14, and 8.59+0.50 for pKa 1-5, respectively)
[6]. The pH is a significant factor that should be considered for controlling the number of
negatively charged sites in the system. Furthermore, the zeta potential is highly influenced by the
organophosphoric acid, which typically exhibits a positive charge in strongly acidic
environments (pH 3-4), but immediately reduces in ionic strength with an increase in the PBTC
dosage. The increase in the initial concentration results in more negative potential values,
especially in basic conditions. The negative ion values likely originate from the three carboxylic
groups and the orthophosphates, which are correlate with the amount of the reagent and the pKa

of the solutions.

3.4 Adsorption behavior of PBTC on amine-functionalized PS latex particles

The adsorption efficiency of absorbents is commonly influenced by several factors,
including electrostatic and other available interactions. For materials, the aggregation
phenomenon typically occurs when the zeta potential reaches zero mV, which is defined as the
isoelectric point and is often used as a reliable indicator of the pH range of instability [54, 55].
The surface charge represents the effective net and counter ions on the contact layer and reflects
the ability of the amino-functional group to interact with negative counter ions. The observed
changes in this study are associated with the adsorption of negative ions from PBTC structures in
the solutions. Even though the ionic strength is the key determining factor for aggregation-
dispersion according to DLVO theory, in this study, the salinity in the PBTC solution to be
analyzed the critical coagulation concentration (CCC) is low (below 1 mM NaCl, since pure
water is generally used in cooling systems). Therefore, the PBTC concentration to be detected is

below the CCC of the applied latex particles.
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Adsorption kinetics of PS latex particles

The adsorption kinetics of PBTC on the functionalized PS latex particles was investigated
by measuring the adsorption capacity as a function of incubation time, as shown in Fig 6. The
sorption event rapidly occurred during the first 3 min of the experiment. As the ionic strength of
the functionalized PS particles at the studied pH (pH 5) is positive and the target PBTC
compound contains anionic species, it appears that the primary mechanism of this adsorption is
induced by electrostatic attraction. However, after 10 min, however, there is no significant
increase in the adsorption capacity, indicating an equilibrium state. The observed relatively short
equilibrium time is consistent with prior studies, where the strong interaction from oppositely-
charged molecules/groups on the particle surfaces led to a fast equilibrium within 10-20 min [56,
57]. These results confirm the interactions between the protonated amine groups and the
available active anions in the PBTC structures.

Adsorption isotherms of PBTC as a function of pH and initial PBTC concentration
The adsorption isotherms of the organophosphate reagent on the PS latex particles’s surfaces at
different pH conditions are compared in Fig 7. The equilibrium adsorption capacity of the
particles as a function of residual PBTC concentration is compared at different pH conditions.
The equilibrium adsorption capacity increased with the residual PBTC concentration from 0 to
9000 ppm, due to higher contents of available negatively charged species in the system. The
value reached a plateau value of around 0.011-0.012 pmol/cm?, reflecting the maximum
adsorption capacity. This indicates that the essential factor affecting the adsorption capacity is
the concentration of PBTC, as its -COOH and -POsH, groups undergo ionization via
deprotonation. The increase in the initial concentration of PBTC leads to higher adsorption
capacity on the adsorbent surface, due to the electrostatic force between the protonated
functionalized nanoparticles and negative PBTC in the media [58, 59]. Similar results were also
observed at all pH conditions. Although the effect of pH on the adsorption capacity has not been
widely studied, the results on PBTC adsorption as a function of pH on ZrFeZn adsorbent, which
carries positive charges have been reported [60]. The authors reported a similar tendency, where
the adsorption of PBTC occurred at pH range > 5 and did not significantly change with increased
pH values. It is noted that upon closer examination of our results, the PBTC adsorption capacity
was slightly reduced in the solution with high pH (> 10). This is likely because the charge on the
PS adsorbent particles may shift in the negative direction with increasing solution pH due to a



330
331
332
333
334
335
336
337
338
339
340
341
342

343

344
345

346

347
348
349
350
351
352
353
354
355
356
357
358

359

12

lower degree of protonation. Even though the critical coagulation concentration (CCC) can be
estimated from the surface charge density and macroscopically examined for such latex particles,
also the CCC domain has been estimated from quick latex particle agglutination as a function of
NaCl and found to be in between 5 x 10-2 to 10-1 M. In this work, the salinity of the PBTC
solution to be analyzed is very low (below 1mM NaCl, since pure water is generally used in
cooling systems). Thus, the PBTC concentration to be detected is below the CCC of the used
latex particles.

Considering that the surface charge density of latex particles is related to the number of
mobile charges carried per unit area, the adsorption experiments were performed under a
controlled number of particles that carry positive charges to investigate the adsorption
mechanism. The proton equivalents were calculated to reveal a suitable mechanism for the

adsorption features. The total surface charge was estimated by equation (Eq. 2);

equp
6

~
~

X Ngg X Ny X Co (Eq. 2)

where; ¢ is the surface charge density (LC/cm?) deduced from zeta potential as discussed above;

epis the solid density (glcm®); qbp is particle diameter (nm); n., is the number of protons

equivalent (umole/cm?); N, is the Avogadro’s number (6.022x10% mol™); and C,” is the

electric charge (1.602x10™° C, coulomb).

The n,, value of the original PS latex particles, calculated from Eq. 2 was 1.04x10™* umole/cm?.
From the adsorption experiments, the total adsorption amount of PBTC on the positively charged
particles is also expressed in pmole/cm® The calculated values as a function of pH are
summarized in Fig 8. The PBTC adsorption capacity is significantly higher than the available
positive sites for adsorption. This indicated that the available protonated amino groups on the
surface completely interact with an equimolar amount of negative PBTC ions through
electrostatic interaction. Additionally, the presence of a large excess of adsorbed PBTC is likely
due to hydrogen bonding between carboxylic acids and -NH, acceptor [61].

3.5 Latex aggregation assay



360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390

13

From the adsorption results, the observed aggregation of the latex particles is likely
correlated with the incubation pH and PBTC concentration at a given latex particle content.
However, in this study, however, specific attention is dedicated to the rapid agglutination only to
detect the PBTC concentration range of unknown aqueous samples, as shown in Fig 9. As
evidenced from the experiments (agglutination vs. pH and PBTC concentrations), two
macroscopic aggregation domains were well distinguished, i.e., stable (no macroscopic
aggregation) and unstable domain. Below 50 ppm of PBTC, only a stable domain was observed,
irrespective of pH. This is due to the low PBTC adsorption amounts. In contrast, when the PBTC
concentration was above 50 ppm, the presence of the aggregation domain was dependent on both
PBTC concentration and pH. At 100 ppm PBTC, the aggregation appeared at pH 11, while at
500 and 1000 to 2000 ppm PBTC, this occurred at pH > 6.5, and > 5, respectively. As discussed
above, the amount of adsorbed PBTC increases with increasing PBTC initial concentration. In
addition, increasing the incubation pH above the average pKa of PBTC also leads to an increase
in adsorption capacity. The excess adsorption of PBTC, in turn, causes surface charge screening,
leading to lower surface charge density and low colloidal stability of the dispersion. Therefore,
aggregation of the latex particles is observed. This phenomenon can also be deduced from zeta
potential measurement as a function of both pH and PBTC concentration. The results, as reported
in Fig 10, quantitatively indicate the macroscopic phenomenon observed in Fig 9. At low PBTC
concentration (<500 ppm) and acidic pH (<5), PBTC dissociation is low. Consequently, low
PBTC adsorption occurred, and no zero-zeta potential domain was observed. By increasing the
PBTC concentration and the incubation pH, the aggregation phenomenon occurred in the zero-
zeta potential range. This is mainly governed by charge-charge electrostatic interactions. This
phenomenon can be applied in rapidly detecting the PBTC concentration range of unknown
aqueous solutions.

In the practical detection of PBTC concentration, an unknown solution is sampled, and its
pH is measured. PBTC or PBTC derivatives are employed in a low concentration range. The
major competitive compounds that possess similar functional groups may be other phosphate
species. The experiments were conducted in a phosphate buffer solution, which accounts for a
high concentration of possible competitors. Then, the agglutination test is performed by mixing
the solution and the synthesized PS latexes at a given ratio. After 1 min, the aggregation domain

state (stable/unstable) is evaluated. For example, if the unknown sample (measured at pH 7)
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shows macroscopic aggregation after mixing, this means that the concentration range of PBTC is
higher than 500 ppm. The sample’s pH is then adjusted to a more acidic value until a stable
domain (no macroscopic aggregation) is observed. The concentration of PBTC in the unknown
solution is therefore identified. However, if there is still macroscopic aggregation after adjusting
the pH to strong acidic conditions, dilution of the unknown sample is required, and the diluted
solution is subjected to the same procedure. In contrast, if the macroscopic aggregation is not
detected at the first test, the pH of the solution is adjusted to more basic conditions until
aggregation occurs. However, if no macroscopic aggregation is observed after reaching very
strong basic conditions, it may be due to an excessively low PBTC concentration, and the
unknown solution needs to go through a concentrating process (e.g., by evaporation method).
The developed latex agglutination assay is facile and does not require special skills or equipment
for operation. The technique is applicable for monitoring a wide range of PBTC concentrations
and has high potential for practical use in various fields, especially in industrial water-cooling

systems, wastewater treatment processes, and toxic compound monitoring.

4. Conclusions

A process for gqualitative and quantitative detection of organophosphate (PBTC) has been
successfully developed using a simple latex agglutination assay. Positively charged PS latex
particles, prepared through emulsifier-free emulsion polymerization, serve as the adsorbent. The
obtained amine-functionalized PS particles exhibit monodispersity with an average diameter of
100£11 nm. The incorporation of primary amine from the AEMH comonomer results in a high
positive zeta potential value (+46 mV) at a pH below 10. In addition, the behaviour of the
nanoparticles under different conditions (pH and PBTC concentration) was investigated. The
zeta potential decreased with the rising pH and PBTC concentration, especially at high
concentrations. This rapid modification of the surface charge is attributed to an overload of
negative charge values in the system. Furthermore, increasing the PBTC dosage led to a decrease
in the zeta potential of the particles, eventually reaching equilibrium under basic conditions,
indicating that suitable positive sites were completely occupied. Adsorption Kinetics and
isotherms of PBTC on the material’s surface were examined to determine the adsorption capacity

and mechanism using a colorimetric method. The quantitative results indicated that increasing
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PBTC content in the aqueous medium improves the particle’s adsorption capacity. In addition,
increasing the pH value generated more negative ions from the deprotonation of the acid groups,
leading to increased adsorption capacity. The results suggest that the electrostatic interactions
and hydrogen bonding between the positively charged layer on the particle’s surface and
negatively charged organophosphate molecules drive the latex aggregation mechanism. This
mechanism can be effectively employed for the rapid detection of PBTC concentration.
Positively charged PS particles offer promising opportunities for the practical monitoring of
phosphate additives in a water medium, offering a simple process, fast detection, low cost, and
reduced chemical and equipment. In the case of mixtures, the PBTC detection may be impacted
depending on the nature of the compounds present in the system. However, without dedicated
experiments, it is not possible to affirm to which extent the detection will be impacted at this

stage.
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Fig 1. The adsorption process of PBTC on the cationic PS latex particles and the colorimetric
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Fig 3. (A) Zeta potential of the prepared cationic PS latex particles as a function of pH and
(B) Impact of electrolyte concentration on the electrophoretic mobility of PS latex particles
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Fig 4. Effect of adding PS latex particles on the pH of PBTC solutions at different concentrations
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