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BENZALKONIUM CHLORIDES SORPTION ONTO
ACTIVATED CARBON AND ION-EXCHANGE RESINS.
EQUILIBRIUM ANALYSIS

Benzalkonium chlorides (BACs) are cationic surfactants with amphiphilic structure and relatively
large molecular size, which strongly influences their interaction with sorbent materials. This study com-
pares the sorption of BACs onto cation-exchange resins and activated carbons. The highest sorption ca-
pacities were observed for macroporous resins (up to 370 mg/g), while activated carbons showed lower
performance due to limited pore accessibility. The results indicate that sorption efficiency is governed by
pore structure, functional groups, and BAC molecular characteristics. Overall, macroporous cation-ex-
change resins were identified as the most effective materials for BAC removal from aqueous solutions.

1. INTRODUCTION

The continuous release of anthropogenic micropollutants into aquatic systems repre-
sents a significant environmental and engineering challenge. Many of these compounds
are not efficiently removed by conventional wastewater treatment due to their low bio-
degradability and complex structures. Among these pollutants, surfactants form a distinct
and environmentally relevant group, owing to their widespread use and unique physico-
chemical properties [1-3].

Surfactants are commonly present in industrial products, pharmaceuticals, personal
care items, and cleaning and disinfection agents. Their amphiphilic nature enables inter-
actions with both nonpolar (hydrophobic) and polar (hydrophilic) components of aquatic
environments, thereby influencing transport, bioavailability, and potential toxicity. Cationic
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surfactants, in particular, exhibit high toxicity to aquatic organisms and microbial commu-
nities, complicating their removal in biological treatment systems [4—6]. Quaternary am-
monium compounds (QACs), including benzalkonium chlorides (BACs), are widely used
due to their strong antimicrobial properties. Their use has increased significantly in recent
years, resulting in widespread occurrence in municipal and industrial wastewater. During
treatment, some BACs may be partially removed via sorption onto activated sludge; how-
ever, this process rarely achieves complete elimination, and notable amounts may still
enter surface waters or remain in the sludge [7-9]. Effective post-treatment or comple-
mentary removal strategies are therefore necessary.

Several physicochemical methods have been investigated for cationic surfactant re-
moval, including advanced oxidation processes (AOPs), membrane separations (ultrafil-
tration, nanofiltration, reverse osmosis), coagulation—flocculation, and electrochemical
treatments [10-14]. While AOPs degrade surfactants through highly reactive species,
their application is limited by cost and potential by-product formation. High-pressure
membrane processes are highly effective but face challenges such as fouling, concentrate
handling, and high energy demand. Conventional coagulation—flocculation achieves only
partial removal and is generally insufficient for dissolved micropollutants.

Adsorption and ion exchange are promising methods for the removal of cationic sur-
factants, such as benzalkonium chlorides (BACs), whose amphiphilic nature and positive
charge facilitate their removal via both processes. These approaches are operationally sim-
ple, efficient, and adaptable to different water matrices, and can serve as polishing steps
in advanced treatment trains. Activated carbons and ion-exchange resins operate via dis-
tinct mechanisms: adsorption is primarily driven by physical forces (van der Waals inter-
actions, hydrophobic effects, and, in some cases, electrostatic or hydrogen-bonding inter-
actions), whereas ion-exchange resins remove ionic compounds via reversible exchange
of charged species, sometimes enhanced by hydrophobic domains. The relative contribu-
tion of each mechanism depends on the sorbent type, surface chemistry, and micropollu-
tant properties [15-18].

Although adsorption of surfactants has been reported in the literature, available stud-
ies often focus on single materials or selected conditions, and systematic comparisons
between different types of cation-exchange resins and activated carbon remain scarce. To
address this gap, the removal of BACs from aqueous solutions was investigated using
selected activated carbons and cation-exchange resins. Equilibrium experiments were
conducted using classical adsorption isotherms (Langmuir, Freundlich, Temkin, and Du-
binin—Radushkevich) to characterize sorption behavior and assess the relative contribu-
tions of adsorption and ion exchange, enabling a direct comparison of the effectiveness of
the different sorbent types. The work focused on evaluating adsorption and ion-exchange
mechanisms and assessing the influence of sorbent properties on BAC uptake.
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2. MATERIALS AND METHODS

Sorbents. Four brand-new cation-exchange resins (C150H, Dowex 88, Marathon 1200,
and C104 Plus) and two activated carbons (PAC and GAC) were used. The characteristics
of the sorbents are summarized in Table 1.

Cation-exchange resins were converted to their sodium form by immersing them in
a 12% NaCl solution for 1 hour under gentle stirring (40 rpm), followed by thorough rinsing
with distilled water until no residual brine remained. The resins and granular activated car-
bon were measured volumetrically in the hydrated state using a graduated cylinder, while
powdered activated carbon was weighed directly and then transferred into separate contain-
ers for adsorption experiments. Before the experimental series, granular activated carbon
was pre-soaked in distilled water and thoroughly pre-washed before being introduced into
reactors to remove fines and ensure uniform wetting. To unify the results, the sorption capac-
ities of all materials were expressed per dry mass of sorbent. Therefore, the resins were dried
separately, and the dry mass corresponding to the applied resin volume was determined.

C150H, Dowex 88, and C104 Plus are macroporous resins, with pore structures ex-
pected to permit penetration of small molecules. The gel-type Marathon 1200 resin pos-
sesses a microporous network with a uniform distribution of functional sites. WG-12 has
a microporous and heterogeneous structure, while PWA-HA exhibits a high external sur-
face area. These structural differences may influence the accessibility of adsorption sites
for BAC molecules.

Adsorbate. Benzalkonium chlorides (BACs) are widely used quaternary ammonium
compounds (QACs) with antiseptic and disinfectant properties. BAC molecules consist of
a quaternary ammonium center attached to hydrophobic alkyl chains and a hydrophilic am-
monium group, making them amphiphilic and able to interact with both polar and non-polar
phases. BAC solutions were prepared in distilled water (80% purity, mixture of Cs—Cis al-
kylbenzyldimethyl ammonium chlorides, CMC = 350 mg/L, MW = 283.80-423.97 Da,
monomer length = 5.9+0.5 nm [19]). The solution pH was adjusted to 6.5+0.2, and experi-
ments were performed at 25+1 °C. BAC concentrations were determined at a wavelength of
215 nm using a UV Minil1240 UV-Vis spectrophotometer (Shimadzu, Japan). A calibra-
tion curve (R* = 0.997) was prepared over a concentration range up to 200 mg/L.

Sorption capacity tests. Batch adsorption experiments were conducted to evaluate the
sorption capacities of the selected materials. Specific volumes of each sorbent were added
to BAC solutions with initial concentrations ranging from 0 to 350 mg/L. The samples
were agitated on a laboratory shaker (WL-2000, JW Electronic, Poland) to reach equilib-
rium. Based on preliminary kinetic tests, a contact time of 24 h was chosen, as it ensured
that BAC concentrations stabilized and equilibrium was achieved for all sorbents. After
equilibration, samples were filtered through 0.45 pm cellulose acetate membranes, and
residual BAC concentrations were measured spectrophotometrically.
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Equilibrium adsorption data were fitted using classical isotherm models, including
Langmuir, Freundlich, Temkin, and Dubinin—Radushkevich (D-R). Each model charac-
terizes different aspects of adsorption:

e [angmuir assumes monolayer adsorption on homogeneous active sites and allows
estimation of the maximum adsorption capacity (¢max).

e Freundlich accounts for adsorption on heterogeneous surfaces with variable site en-
ergies.

o Temkin evaluates the effect of adsorbate—adsorbent interactions on the distribution
of adsorption energies.

¢ Dubinin—Radushkevich provides an estimate of adsorption energy, which may be
used to infer the nature of adsorption interactions and provides insight into the dominant
interaction types (van der Waals, electrostatic, or ion-exchange).

3. RESULTS AND DISCUSSION

This study aimed to investigate the sorption mechanism of benzalkonium chloride
(BAC) onto four cation-exchange resins (C150H, Marathon 1200, Dowex 88, and C104
Plus), as well as two types of activated carbons (powdered PWA-HA (PAC) and granular
WG-12 (GAC)). The applied concentration range was at or below the reported CMC;
therefore, BAC was expected to remain predominantly in monomeric form, although par-
tial aggregation near the upper concentration limit cannot be excluded.

The equilibrium adsorption parameters obtained from the applied isotherm models
are summarized in Table 2. Langmuir provided a good fit to the experimental data and
allowed estimation of gmax, suggesting monolayer-type adsorption behavior; Freundlich
described surface heterogeneity; Temkin captured adsorption energy variation; and Du-
binin—Radushkevich provided insight into the possible nature of adsorption interactions
based on calculated adsorption energy.

Macroporous cation-exchange resins, including C150H, C104 Plus, and Dowex 88,
exhibited high sorption capacities due to the combination of accessible ion-exchange sites,
chemically defined functional groups, and favorable hydrophobic interactions with BAC
monomers. Among them, C150H reached the highest gmax of 370 mg/g, while C104 Plus
and Dowex 88 reached 278 mg/g and 256 mg/g, respectively. Langmuir R? values were
generally high (0.903-0.995), indicating that the model adequately describes the experi-
mental data, consistent with monolayer-type adsorption assumptions, although the fit for
C150H was slightly lower (R? = 0.903). Freundlich heterogeneity values (n = 1.40-3.22)
indicate favorable adsorption, but R? values for some resins (0.809 for Dowex 88; 0.825
for C104 Plus) suggest moderately less ideal fitting, while C150H (R? = 0.945) shows
reasonably good agreement. These observations align with previous reports demonstrat-
ing that full accessibility of active sites enhances adsorption efficiency. Well-developed



Benzalkonium chlorides sorption onto activated carbon and ion-exchange resins 105

porous structures and high surface area facilitate access to these active binding sites, im-
proving the interaction between adsorbent and adsorbate, and leading to higher adsorption
capacities [15, 17, 20].

The gel-type Marathon 1200 resin, microporous but lacking macropores, exhibited
gmax 0f 313 mg/g. Despite slightly lower capacity than C150H, its uniform distribution of
ion-exchange sites allowed relatively predictable adsorption behavior consistent with
monolayer assumptions. High Langmuir R? (0.996) and moderate Freundlich heterogene-
ity (n = 1.56, R* = 0.987) reflect efficient site utilization despite limited pore size.

Activated carbons showed lower sorption capacities due to micropore limitations and
heterogeneous surface energies. PWA-HA (PAC) achieved gmax 0f 217 mg/g, while WG-12
(GAC) reached only 121 mg/g. The relatively uniform microporous structure of PWA-HA
allowed effective access of BAC monomers to adsorption sites, whereas the variable pores
of WG-12 may restrict penetration, particularly for longer BAC homologues. The adsorp-
tion on activated carbons was likely influenced primarily by van der Waals interactions,
with electrostatic contributions playing a secondary role. Langmuir R* values were high
(PWA-HA =0.999; WG-12 = 0.987), indicating a good fit of the Langmuir model. Steric
hindrance due to the relatively large size of BAC molecules, combined with limited pore
accessibility, further restricted adsorption, particularly for longer-chain homologues [21].

The observed trends reflect the interplay between the sorbent pore structure and the
size of BAC monomers. Shorter homologues (Cz—Ci2) can more easily access smaller
pores, whereas longer homologues (Ci4—Cig) preferentially adsorb on macroporous resins
(e.g., C150H, C104 Plus) or on gel-type resins (e.g., Marathon 1200), where the uniform
distribution of ion-exchange sites allows effective adsorption despite the limited pore size.
Macroporous resins provide greater accessibility to BAC molecules and facilitate utiliza-
tion of ion-exchange sites, while gel-type resins promote more uniform monolayer ad-
sorption due to their homogeneous active site distribution. Microporous activated carbons
(PWA-HA, WG-12) mainly favor physical adsorption, as indicated by low D—R adsorp-
tion energies (£ < 1 kJ/mol), which suggests weak interaction energies and limited uptake
of larger BAC homologues.

Adsorption capacities are likely influenced by a combination of electrostatic attraction,
hydrophobic interactions, steric effects, and ion-exchange processes. High Langmuir R? val-
ues (0.987-0.999) across most sorbents suggest that monolayer-type adsorption may be
a dominant approximation for the studied systems, while a slightly lower fit for C150H
(R* = 0.903) indicates partial surface heterogeneity. Freundlich modeling better describes
activated carbons, especially GAC (R* = 0.988), reflecting heterogeneous surfaces with var-
iable site accessibility. High n values for PAC (5.59) and GAC (4.96) confirm favorable ad-
sorption dominated by physical interactions, whereas lower »n values for resins (1.40-3.22)
suggest a more homogeneous distribution of adsorption sites. Temkin parameters
(br=32.6-48.6 J/mol for resins; 84.7-164.5 J/mol for activated carbons) reflect variations
in apparent adsorption energy, consistent with coexisting electrostatic, hydrophobic, and
ion-exchange interactions, and greater energetic heterogeneity for activated carbons. The
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Dubinin—Radushkevich model suggests that physical adsorption is likely to be a dominant
mechanism, although contributions from other interactions cannot be excluded, with ad-
ditional electrostatic and ion-exchange contributions in resins. The very low R? for C104
Plus (0.126) indicates that the D-R model does not adequately describe adsorption for this
macroporous resin, likely due to its heterogeneous pore structure and mixed adsorption
mechanisms. An additional factor affecting BAC sorption on C104 Plus is the weak-acid
nature of this resin, associated with the presence of carboxylic groups. Unlike strongly
acidic sulfonic resins, the degree of dissociation of carboxylic groups depends on pH,
which may result in less uniform ion-exchange behavior. Thus, the sorption performance
of C104 Plus is likely determined not only by its macroporous structure, but also by the
pH-dependent reactivity of its functional groups. In contrast, higher R? values for other
macroporous resins (C150H, Dowex 88) may reflect a more uniform distribution of active
sites and a relatively simpler adsorption mechanism, allowing better model fit.

Overall, BAC sorption appears to be governed by its amphiphilic structure and rela-
tively large molecular size, which dictate pore accessibility and interaction mechanisms.
Macroporous resins enable efficient utilization of active sites due to improved accessibil-
ity. Gel-type resins provide uniform and predictable monolayer adsorption, while acti-
vated carbons restrict access to micropores, resulting predominantly in physical adsorp-
tion, with possible contributions from other interactions. From a practical perspective,
macroporous resins are optimal for high-capacity BAC removal, gel-type resins provide
stable and predictable performance, and activated carbons are better suited for partial or
slower adsorption processes.

4. CONCLUSIONS

Macroporous cation-exchange resins C150H and C104 Plus, along with the gel-type
Marathon 1200 resin, showed high BAC adsorption capacities (gmax of 370, 278, and
313 mg/g, respectively), highlighting the importance of accessible ion-exchange sites and
uniform functional group distribution. In contrast, activated carbons (PWA-HA and
WG-12) displayed lower capacities (gmax of 217 and 121 mg/g) due to micropore limita-
tions and heterogeneous surfaces, where sorption was mainly associated with physical
interactions. The amphiphilic structure and relatively large monomer size of BAC further
influenced adsorption, suggesting that sorption efficiency results from the combined ef-
fects of sorbent morphology and BAC properties.

REFERENCES

[1] TARIGAN M., RATT S., AL-FATESH H., CZERMAK P., EBRAHIMI M., The occurrence of micropollutants in the
aquatic environment and technologies for their removal, Processes, 2025, 13, 843. DOIL: 10.3390/pr
13030843.



Benzalkonium chlorides sorption onto activated carbon and ion-exchange resins 107

[2] THAKRE M.B., KAPOOR S.B., GANDHARE N., Methods for eliminating micropollutants from wastewater:
A review, Environment Conserv. J., 2024, 25 (1), 267-273. DOI: 10.36953/ECJ.26652643.

[3] NasM A.A.,RADEEF A.Y., Surfactants: hygiene’s first line of defence against pollution, J. Environ. Eng.
Sci., 2024, 19, 157-176. DOI: 10.1680/jenes.23.00095.

[4] JOHNSON P., TRYBALA A., STAROV V., PINFIELD V.J., Effect of synthetic surfactants on the environment
and the potential for substitution by biosurfactants, Adv. Coll. Inter. Sci., 2021, 288, 102340. DOI:
10.1016/j.cis.2020.102340.

[5] BADMUS S.0., AMUSA H.K., OYEHAN T.A,, SALEH T.A., Environmental risks and toxicity of surfactants:
overview of analysis, assessment, and remediation techniques, Environ. Sci. Pollut. Res., 2021, 28,
62085-62104. DOI: 10.1007/511356-021-16483-w.

[6] NUNES R.F., TEIXEIRA A.C.S.C., An overview on surfactants as pollutants of concern: Occurrence, im-
pacts and persulfate-based remediation technologies, Chemosphere, 2022, 307, 134507. DOI: 10.1016
/j.chemosphere.2022.134507.

[7] YAO D., OsAKA T., MINAMI Y., HONDA M., HANAMOTO S., Removal and fate of quaternary ammonium
compounds in sewage treatment plants with conventional activated sludge and oxidation ditch processes,
J. Environ. Chem. Eng., 2025, 13, 117259. DOI: 10.1016/j.jece.2025.117259.

[8] LARSSON Y., MONGELLI A., KISIELIUS V., BESTER K., Microbial biofilm metabolization of benzalkonium
compounds (benzyl dimethyl dodecyl ammonium and benzyl dimethyl tetradecyl ammonium chloride),
J. Hazard. Mater., 2024, 463, 132834. DOI: 10.1016/j.jhazmat.2023.132834.

[9] MaHONY A K., CLAIRR T.A., MENDEZ M.A., MCNAMARA P.J., ARNOLD W.A., Quaternary ammonium com-
pounds in wastewater influents, effluents, and biosolids: Analysis from twelve wastewater treatment plants
from 2020 to 2023, Environ. Sci. Technol., 2025, 59, 27929-27942. DOI: 10.1021/acs.est.5¢14775.

[10] KLIMONDA A., KOWALSKA 1., Membrane technology for the treatment of industrial wastewater contain-
ing cationic surfactants, Water Resour. Ind., 2021, 26, 100157. DOI: 10.1016/j.wri.2021.100157.

[11] ZHANG X., LI F., ZHAO X., Treatment of surfactants with concentrations below critical micelle concen-
tration by ultrafiltration: A mini-review, Water Cycle, 2022, 3. DOI: 10.1016/j.watcyc.2022.04.002.

[12] MARTINEZ-HUITLE C.A., FERRO S., Electrochemical oxidation of organic pollutants for the wastewater
treatment: direct and indirect processes, Chem. Soc. Rev., 2006, 35, 1324-1340. DOI: 10.1039/B517632H.

[13] ABOULHASSAN M.A., SOUABI S., YAACOUBI A., BAUDU M., Removal of surfactant from industrial
wastewaters by coagulation flocculation process, Int. J. Environ. Sci. Technol., 2006, 3, 3-4. DOLI:
10.1007/BF03325941.

[14] LiH., YANG Y., L1 X., ULLAH H., Remediation of surfactants used by VUV/Os techniques: Degradation ef-
ficiency, pathway and toxicological analysis, Molecules, 2023, 28, 3312. DOI: 10.3390/molecules
28083312.

[15] OGBEH G.O., OGUNLELA A.O., AKINBILE C.O., IWAR R.T., Adsorption of organic micropollutants in wa-
ter: A review of advances in modelling, mechanisms, adsorbents, and their characteristics, Environ. Eng.
Res., 2025, 30,230733. DOI: 10.4491/eer.2023.733.

[16] ALL A., SADIA M., AZEEM M., AHMAD M.Z., UMAR M., UL ABBAS Z., lon exchange resins and their ap-
plications in water treatment and pollutants removal from environment: A review, Futurist. Biotechnol.,
2023, 3, 03. DOI: 10.54393/fbt.v3i03.51.

[17] MARIN N.M., NIiTA LAZAR M., POPA M., GALAON T., PASCU L.F., Current trends in development and use
of polymeric ion-exchange resins in wastewater treatment, Materials, 2024, 17, 5994. DOI: 10.3390
/mal7235994.

[18] CHEN H., HU Q., HUANG H., CHEN L., ZHANG C., JIN Y., ZHANG W., Adsorption and removal of emerging
pollutants from water by activated carbon and its composites: Research hotspots, recent advances, and

future prospects, Water, 2026, 18, 300. DOI: 10.3390/w18030300.

[19] KLIMONDA A., KOWALSKA 1., Separation of benzalkonium chloride using polymeric membranes, Desal.
Water Treat., 2020, 186, 78-87. DOI: 10.5004/dwt.2020.25234.



108 A. KLIMONDA, . KOWALSKA

[20] TSEKA T., FINKBEINER P., PHIRI Z., NKAMBULE T.T.1., JARVIS P., DE KOCK L.-A., Comparative evaluation
of ion-exchange resins for natural organic matter removal from power plant source waters, J. Water
Process Eng., 2025, 78, 108829. DOI: 10.1016/j.jwpe.2025.108829.

[21] KM T.-K., CHOE W.-S., KM T., CHAE S.-H., HWANG Y .S., ZoH K.-D., Adsorption of benzalkonium chlo-
rides onto powdered activated carbon: mechanisms and detoxification, Environ. Eng. Res., 2022, 27,
210496. DOLI: 10.4491/eer.2021.496.



	Benzalkonium Chlorides Sorption onto  Activated Carbon and Ion-Exchange Resins.  Equilibrium Analysis
	1. Introduction
	2. Materials and methods
	3. Results and discussion
	4. Conclusions
	References



