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Abstract

Parabens—specifically methylparaben (MeP), ethylparaben (EtP), propylparaben (PrP),
and butylparaben (BuP)—are widely used substances in everyday life, particularly as
preservatives in pharmaceutical and food products. However, these compounds are not
effectively removed by conventional water and wastewater treatment processes, potentially
causing disruptions to human homeostasis and the endocrine system. This study conducted
a transport and dimensional analysis through simulation of the adsorption process for
these parabens, using zinc chloride-activated carbon derived from spent coffee grounds
(ACZnCl2) as the adsorbent, implemented via Aspen Properties® and Aspen Adsorption®.
Simulations were performed for two inlet concentrations (50 mg/L and 100 mg/L) and
two adsorption column heights (3 m and 4 m), considering a volumetric flow rate rep-
resentative of a medium-sized city with approximately 100,000 inhabitants. The results
showed that both density and surface tension of the parabens varied linearly with in-
creasing temperature, and viscosity exhibited a marked reduction above 30 ◦C. Among
the tested conditions, the configuration with 50 mg·L−1 inlet concentration and a 4 m
column height demonstrated the highest adsorption capacity and better performance under
adsorption–desorption equilibrium. These findings indicate that the implementation of
adsorption beds on an industrial scale in water and wastewater treatment systems is both
environmentally and socially viable.

Keywords: Aspen Plus® and Adsorption®; aliphatic parabens; water treatment; dynamic
simulation; filtered coffee cake

1. Introduction
Lifestyle changes over the last decade have significantly altered human behavior.

Parabens are synthetic chemical compounds widely used across various industrial sectors,
including food products, preservatives, cosmetics, and pharmaceuticals [1]. The long-term
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use of parabens has raised concerns about their potential impact on the human endocrine
system and the possible disturbances they may cause to homeostasis [2,3]. Additionally,
their association with hormonal disorders has also been increasingly investigated [4].

Parabens are composed of ester bonds linked to various functional groups, most com-
monly linear and open-chain alkyl radicals such as methylparaben (MeP), ethylparaben (EtP),
propylparaben (PrP), and butylparaben (BuP) [5]. Their physicochemical properties vary
depending on the attached radicals, with increasing alkyl chain length resulting in greater
hydrophobicity. In their pure form, these compounds are white, solid, odorless, and have
a mild burnt taste [4]. Parabens are water-soluble [1] and are found as residues in various
matrices, including wastewater, surface water, drinking water, soil, sludge, urine, blood
serum, seminal plasma, tissues, and mammary placentas [6]. In Brazil, the reported concen-
trations range as follows: MeP-0.11–0.98 µg/L, EtP 0.38–9.70 µg/L, PrP-0.70–7.90 µg/L, and
BuP-1.90–11.0 µg/L [6,7].

Several treatment methods have been proposed, including microextraction [8] and
sorptive extraction [9]. However, due to the limited data on the presence of parabens in
various environmental matrices, especially in developing countries such as Brazil and dif-
ferent regions in Africa [10], no regulatory limits have yet been established. This highlights
the urgent need to simulate non-conventional treatment processes for these chemical com-
pounds. The absence of regulation could lead to a progressive accumulation of parabens in
the aforementioned environments.

Conventional water and wastewater treatment methods are currently ineffective in re-
moving such organic contaminants. Therefore, alternative unit processes such as advanced
oxidation processes, membrane separation, heterogeneous photocatalysis, electroprecipita-
tion, and adsorption are gaining interest for the removal of organic pollutants [11]. Among
these alternatives, adsorption stands out as one of the most promising due to its advan-
tages: low sludge generation, use of low-cost and abundant reagents, potential for circular
economy applications, high removal efficiency, and practical feasibility for both industrial
and environmental applications [3,12,13].

Materials with circular economy potential—particularly those rich in carbon chains—
are suitable for chemical modification and impregnation with reactive agents for the
adsorption of parabens. Among various agricultural residues, such as rice husks and
clay, spent coffee grounds (from Coffea arabica) are a promising raw material for producing
activated carbon (AC) [14]. Coffee waste is generated from a globally significant commodity,
producing millions of sacks annually [15], with approximately 2.1 billion tons of spent
coffee grounds being discarded each year [16]. This biomass, which contains approximately
50% carbon, is currently sent to landfills despite its environmental toxicity. When converted
into AC, especially using chemical activating agents such as zinc chloride (ZnCl2), the
resulting material exhibits enhanced internal porosity, a microcrystalline structure, and
microporous surface areas, along with good selectivity for adsorption. It can also form
various surface functional groups, including carboxylic acids, hydroxyls, lactone carbonyls,
and quinones [17,18].

In the context of paraben removal, optimizing the adsorption process plays a critical
role in the potential implementation of this technology in water and wastewater treatment
facilities. Computational tools such as Aspen Plus® and Aspen Adsorption® are essential
for applications in chemical, environmental, sanitary, and energy engineering. Aspen
Plus® allows the modeling of transport and thermodynamic properties across various unit
operations, including chemical reactors, heat exchangers, and separation systems. Aspen
Adsorption® enables manipulation of process variables that affect adsorption, such as
kinetic constants and mass transfer coefficients [19].
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Given the scarcity of studies focused on analyzing adsorption at an industrial scale and
the pressing need for treating paraben-contaminated aquatic environments, this study aims
to evaluate the adsorption capacity of ZnCl2-activated carbon (ACZnCl2) for the removal of
MeP, EtP, PrP, and BuP. This will be accomplished using component property data (Aspen
Properties) and breakthrough curves simulated using a proposed model implemented in
Aspen Adsorption® V14.

2. Materials and Methods
2.1. Experimental Information

The physical properties of ZnCl2-activated carbon (ACZnCl2) were obtained from pre-
vious studies conducted by the research group using this adsorbent [11,18]. The ACZnCl2
was synthesized using spent coffee grounds, a material primarily composed of carbona-
ceous and lignocellulosic matter. The synthesis involved treating the spent coffee grounds
with ZnCl2 at a 2:1 ratio (spent coffee grounds: chemical reagent). This mixture was held at
85 ◦C for 7 h, after which the temperature was increased to 110 ◦C for 24 h. Following the
material’s cooling and moisture stabilization, the sample underwent calcination in a Coel
muffle furnace (Manaus, Brazil). This calcination was performed at 600 ◦C for 2 h under an
inert nitrogen atmosphere, maintained at a flow rate of approximately 1 mL/min. Finally,
the activated carbon was purified by washing it with 0.1 M HCl for 20 min, followed by a
wash with deionized water at 85 ◦C for 20 min. The material was then sieved at 25 ◦C using
100-mesh sieves to standardize its particle size. The spent coffee grounds were supplied
by COAMO (Campo Mourão, Brazil) [11,20]. It applied Aspen Propriety® V14 to simulate
the propriety of the transport, and Aspen Adsorption® V14 to simulate the fixed-bed
column adsorption process. The experimental values used in the simulations are presented
in Table 1.

Table 1. Physicochemical properties of adsorbents and adsorbates.

Property Value References

Concentration paraben—mg/L 50 and 100 Variable
Concentration water—kmol/m3 55.55 Fixed

Height of adsorbent layer—(Hb) m 3 and 4 Variable
Particle radius—(RP) m 8.47 × 10−8 Fixed

Pore radius—(rp) m 1.11 × 10−9 Fixed
Diameter of adsorbent layer—(dp) m 1.69 × 10−7 Fixed

Inter-particle voidage—(εb)
m3·void/m3·bed 0.50 Fixed

Particle porosity—εP 0.42 Fixed
Bulk density −

(
pACZnCl2

)
kg/m3 740 Fixed

2.2. Physicochemical Properties of Parabens

Aspen Properties® V14, a tool within the Aspen® platform, was used to obtain the
physicochemical properties of pure parabens and their binary systems with water. The
Non-Random Two-Liquid (NRTL) activity coefficient model was applied to estimate the
thermodynamic properties of methylparaben (MeP), ethylparaben (EtP), propylparaben
(PrP), and butylparaben (BuP) [21,22]. The physicochemical properties and molecu-
lar structures of the parabens used in this study were based on the data reported by
Nowak et al. [1].

2.3. Simulations in Aspen Adsorption®

The adsorption process simulations for MeP, EtP, PrP, and BuP onto ZnCl2-activated
carbon (ACZnCl2) were conducted based on the determination of key process parameters.
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The molecular sizes of MeP, EtP, PrP, and BuP are considered smaller than the pore sizes of
the ACZnCl2 adsorbent; therefore, Knudsen diffusion was taken into account. The flow
through the adsorption bed was assumed to occur only in the axial direction. The fixed-bed
column was modeled with a uniform cross-sectional flow, operating under isothermal
conditions without pressure drop and constant at the 1 bar. A constant linear velocity was
assumed, and the adsorbent particles were considered to be spherical, uniform in size and
density [21]. For the fixed-bed model, the Upwind 1 finite difference scheme was used
for discretization.

2.3.1. Mass/Momentum Balance

In this study, the mass/momentum balance was formulated considering convective
transport with estimated dispersion. The partial mass balance of parabens in a differential
volume element of the column is described by the following partial differential equation
(Equation (1)):

−εb × Dz ×
∂2C
∂z2 +

∂(viC)
∂z

+ εb ×
∂C
∂t

+ pa ×
∂q
∂t

= 0 (1)

Equation (1) includes the axial dispersion phenomena, 1st term, the mass transfer
by convection, 2nd term, which means the accumulation of pollutant in adsorbents, the
3rd term, and the relationship that occurs by the adsorption process of MeP, EtP, PrP,
BuP in adsorbent particles, Dz is the axial dispersion coefficient given in m2/s, q is the
concentration of parabens adsorbed in the solid phase mg/g, C is the concentration in
the liquid phase in mg/L, z is the distance along the bed given in meters (m), vi is the
interstitial velocity of the fluid through the bed in m/s, εb is the void fraction of the bed,
dimensionless, and pa is the apparent density of the bed, kg/m3, and Dz was estimated
from Equation (2).

vi×dP
Dz

= 0.2 + 0.011×
(

Re
εb

)0.48
(2)

where dp is the particle diameter of the adsorbent given in meters (m), Re is the Reynolds
number used to determine whether the system is laminar or turbulent.

2.3.2. Kinetic Model

The kinetic model used in this study was the concentrated linear resistance model,
specifically a first-order model. This model indicates that the mass transfer coefficient (Ki)
occurs in the solid phase at a rate of s−1 and is represented by Equation (3).

∂q
∂t

= Ki × (qe − q) (3)

The variable qe is defined as the instantaneous equilibrium capacity in mg/g. If we
consider the resistance of the external fluid film and the diffusional resistance of the pores,
Ki can be estimated by Equation (4).

1
Ki

=
RP

3 × k f i
+

R2
P

15 × εp×DP
(4)

where kfi is the mass transfer coefficient of the external film of adsorbate i, m2/s, and Dp is
the effective diffusivity coefficient of the pores, given in m2/s. The missing parameters: kfi,
Dp, and the Knudsen diffusion coefficient Dk in m2/s, as well as the molecular diffusion
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coefficient of ACZnCl2, Dm in m2/s, were estimated using empirical correlations. The
effective pore diffusivity coefficient (Dp) was estimated using the following correlation [23].

1
Dp

= τp ×
(

1
Dm

+
1

Dk

)
(5)

The molecular diffusion coefficient (Dm) was estimated using the following correlation
for nonelectrolytes in an infinitely dilute solution [21].

Dm = 7.4 × 10−8 ×
(
αA × Ms)0.5 × T

ηs×V0.6
m

(6)

In Equation (6), (Dm) is in cm2/s, Ms is molecular weight of solvent give in g/mol, T
is temperature (K), ηs is the dynamic viscosity of solvent in kg/m·s, αA is the association
factor of solvent, and Vm is obtained from the Aspen Property at 298.15 K. Values are shown
in Table S1. The Knudsen diffusion coefficient (Dk) and the tortuosity factor (τp) were
estimated by Equations (7) and (8), respectively [23].

Dk = 97×τp ×
(

T
Ms

)0.5
(7)

τp = εp + 1.5 ×
(
1 − εp

)
(8)

The external film mass transfer coefficient (kfi) was calculated using Equation (9) [21].

Sh =
k f idp

Dm
= 2 + 1.58Re0.4Sc1/3 (9)

where Reynolds number and Schmidt number are estimated by Equations (10) and (11),
respectively.

Sc =
ηsol

ρsol×Dm
(10)

Re =
ρsol × dP × vs

ηsol
(11)

2.3.3. Adsorption Isotherm

The equilibrium isotherm used in this adsorption process of ACZnCl2 with each
paraben, MeP, EtP, PrP, and BuP, was the Langmuir model, which has been validated in
many works of the group [11,18], and was a determinant of adsorption capacity, propor-
tional maximum adsorption capacity, equilibrium concentration, and adsorption energy
constant, and inversely proportional to one plus the equilibrium concentration times the
maximum energy constant.

In Aspen Adsorption®, to use the Langmuir isotherm, the equilibrium adsorption
capacity was replaced by wi, which denotes the amount of solute adsorbed per unit mass of
the adsorbent, changing the unit from mg/g to kmol/kg, the maximum adsorption capacity
was expressed by IP1, which represents the maximum adsorption capacity of the solid
phase in a monolayer, in the same unit used for determination in modeling experimental
equilibrium processes, and the adsorption energy constant is replaced by IP2, changing the
unit from L/mg to m3/kmol. Thus, the Langmuir model for use in Aspen Adsorption is
expressed by Equation (12).

wi =
IP1 × IP2 × C
1 + IP2 × C

(12)
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The quantitative values for IP1 and IP2 can be calculated using Equation (13), where
M represents the molar mass of the parabens in g/mol. The kL and qmax parameters used
in the simulations were obtained from studies employing a paraben concentration of
10 mg/L. For MeP and PrP, the reported qmax values are 167 and 151 mg/g, and the kL

values are 5.40 and 22.3 L/g, respectively [24]. Due to the lack of specific data, EtP was
modeled using the same constants as MeP. For BuP, the values of qmax and kL used were
7.52 mg/g and 0.093 L/g, respectively [17].

IP1 =
qmax

1000 × M
→ IP2 = 1000 × kL × M (13)

The bed height (Hb), given in meters, is fixed. In the product section, the flow
rate, temperature, and pressure remain constant, matching the values at the inlet of the
adsorption process.

2.3.4. Column Performance Study

The analysis of the adsorption process for MeP, EtP, PrP, and BuP occurred according
to the column rupture time tbreak (min), volumetric flow rate (Q) m3/min, saturation time
tsat (min), and total treated volume Veff (m3), estimated via Equations (14)–(16).

Ve f f = Q × tsat (14)

qmax = Q ×
∫ t=tsat

t=0
CRdt (15)

qe =
qmax

m
(16)

The values were established within a range of 0.05 and 0.9 of C·Ci
−1, where CR is the

concentration of MeP, EtP, PrP, and BuP adsorbed (C·Ci
−1) mg/L, and m represents the

mass of adsorbent used in the column in g.

3. Results and Discussion
3.1. Physical and Chemical Properties of Parabens

Figure 1 illustrates key properties that play a critical role in the transport of emerging
pollutants during an adsorption process. It can be observed that, for all four parabens
analyzed in this study, these properties decrease with increasing temperature.

Figure 1a presents the relationship between fluid density and temperature. The
observed decrease in density is attributed to the gain in kinetic energy by the molecules,
which results in increased intermolecular spacing. This leads to a reduction in fluid mass
per unit volume. Consequently, lower density results in reduced hydrostatic pressure,
which may enhance the penetration of the liquid phase into the pores of ACZnCl2 [21].

Figure 1b shows that surface tension decreases as temperature increases. This occurs
because molecules with higher kinetic energy experience weaker cohesive forces, making
the solution more deformable and improving its ability to enter both macro- and micropores.
Surface tension also affects the formation of liquid films on the adsorbent surface, thereby
facilitating contact between adsorbent and adsorbate [25]. Figure 1c indicates that the
viscosity of parabens decreases with increasing temperature. This reduction is due to
the enhanced molecular motion, which overcomes intermolecular forces more easily. In
the context of adsorption as a unit operation, lower viscosity promotes mass transfer by
facilitating diffusion and penetration of the pollutant into the micropores of the ACZnCl2
surface [26].
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Figure 1. Analysis of pure compounds for density (a), surface tension (b), and viscosity (c).

3.2. Adsorption Column Simulation

Table 1 presents the fixed variables and system properties used and calculated for
the adsorption column simulation. The paraben concentrations were intentionally set
at values significantly higher than those currently reported in water bodies [6,7], based
on the assumption that, due to the absence of regulatory standards, the environmental
levels of these pollutants may increase exponentially soon. The average volumetric flow
rate considered for sizing the adsorption column—assuming integration with a water or
wastewater treatment plant—was 12,000 m3/day [27,28].

Additional parameters used in the calculations are presented in Table 2 and were obtained
by solving Equations (2)–(14). The water properties adopted in this study include the following:
ηs, the dynamic viscosity of the solvent, 0.001 kg/m·s; αA, the solvent association factor, 2.26;
and the molar mass of water, 18.01 g/mol [21]. The bed height (Hb) values used as design
parameters were 3 m and 4 m [25], and the column diameter was defined using the ratio
Hb/D = 10 [29]. The Reynolds numbers (Re) obtained for each Hb were 0.33 for 3 m and
0.19 for 4 m, indicating that higher column heights result in lower interstitial fluid velocities.
Additionally, increasing Hb can lead to a higher pressure drop. Conversely, shorter columns
exhibit higher axial dispersion coefficients (Dz), which were found to be 5.82 × 10−7 m2/s,
1.47 × 10−7 m2/s, and 3.71 × 10−8 m2/s for 3 m and 4 m, respectively. The values of the
intraparticle diffusion coefficient (Ki) and molecular diffusivity in water (Dp) used were
2.7 × 10−3 m2/s [30] and 5.1 × 10−11 m2/s [31], respectively.
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Table 2. Parameters calculated and utilized for a volumetric flow rate of 12,000 m3/day using
ACZnCl2.

Parameters-Unit MeP EtP PrP BuP

Sc 0.0119 0.0112 0.0106 0.0101
Dm-m2/s 8.41 × 10−5 8.94 × 10−5 9.47 × 10−5 9.97 × 10−5

Dk-m2/s 4.37 × 10−7

Dp-m2/s 3.37 × 10−7 3.37 × 10−7 3.37 × 10−7 3.38 × 10−7

Ki-s−1 1.48 × 108

IP1-mmol/g 1.10 × 10−3 1.00 × 10−3 8.38 × 10−4 3.87 × 10−5

IP2-L/mol 8.22 × 105 8.97 × 105 4.02 × 106 1.81 × 104

Table 2 presents the calculated parameters for all parabens evaluated in this work.
It was observed that, as the molecular chain length of the parabens increases, all related
parameters also increase. The bed height (Hb) did not significantly affect the equilibrium
or kinetic constants. Finally, the IP1 and IP2 parameters of the Langmuir equilibrium
isotherm, calculated from Equation (13), are also presented in Table 2. The initial sim-
ulation performed in this study aimed to evaluate the influence of column height on
the outlet concentration of the contaminants. It was found that Hb directly affects the
effluent concentration.

Based on the data in Table 2, Aspen Adsorption® was inserted into the treatment
model analyzed (Figure 2).

Figure 2. Flowsheet after conventional water and effluent treatment.

This type of treatment would be installed after conventional water and effluent treat-
ment, since parabens can react with other ions and reagents present in the water or effluent
during treatment, forming transformation products that can be more persistent or toxic
than the original compounds. In conventional water treatment processes, adsorption with
ACZnCl2 should be implemented as a tertiary treatment step, following the primary (physi-
cal screening, sand removal, and primary clarification) and secondary (biological treatment,
such as activated sludge, followed by secondary clarification) processes. At this stage,
most of the organic matter, suspended solids, and nitrogen/phosphorus compounds have
already been removed, significantly reducing the load on the activated carbon. This opti-
mizes the efficiency and economic viability of the adsorption process for micropollutants
such as parabens [32–34].

In wastewater treatment, the goal is to meet discharge limits and protect receiving
water bodies. Wastewater contains a much larger and more diverse range of pollutants than
raw water for potable use, including high organic loads, suspended solids, and various
micropollutants. Therefore, pretreatment is crucial: Adequate pretreatment (e.g., coagu-
lation, flocculation, sedimentation, filtration, biological treatment) is essential to remove
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suspended solids, colloids, natural organic matter (NOM), and other macropollutants.
These substances can contaminate the activated carbon bed, reducing its available sur-
face area for paraben adsorption, increasing pressure drop, and requiring more frequent
backwashing or regeneration [35–37].

The importance of adsorbent placement, empty bed contact time (EBT), regeneration,
pressure drop, and chemical interactions is extremely important for the process as a whole.
Failure to place them in the correct locations can result in the following: halogenation is a
transformation product that can be generated by the reaction with chlorine (Cl2), in systems
with residual chlorine, such as in the disinfection of sewage or drinking water, reacting with
the phenolic group of parabens, generating mono- and dichlorinated parabens. This alters
the rate constants, which are dependent on pH, temperature, and the concentration of NH4

+

(ammonium ion), leading to the formation of 3-chloro- and 3,5-dichloro-parabens [38,39].
Another transformation product that can be generated is oxidation with ozone (O3), pure
O3 reacts slowly with undissociated parabens ~105 M−1·s−1, and, at high pH, it forms
OH− radicals on a scale in ~109 M−1·s−1 [40]. From the data entered into the software, the
following paraben fractions were obtained as a function of time (Figure 3).

Figure 3. Adsorption advancement curves of parabens in ACZnCl2 by varying bed height and
concentration.

Figure 3 presents the time-dependent analysis of the adsorption process for the four
tested parabens using ACZnCl2 as the adsorbent, at initial concentrations of 50 and
100 mg/L and bed heights of 3 and 4 m, respectively. When analyzing each paraben
individually, a consistent trend was observed: systems with an initial concentration of
100 mg/L exhibited an earlier breakthrough time (tbreak) compared to those with an initial
concentration of 50 mg/L. Furthermore, the data show that shorter bed heights (Hb) led to
faster saturation times (tsat). This behavior can be attributed to several factors, including
the compound’s polarity, operational pH, temperature, and, most notably, the specific
surface area of the adsorbent [11]. In adsorption processes, the fastest adsorption typically
occurs within the interior of the pores, driven by intraparticle diffusion and concentra-
tion gradients of the adsorbate [12]. The adsorption–desorption capacity in this study is
phenomenologically correlated with the initial concentration (Ci) in the first-order kinetic
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model. Systems with higher Ci values generally exhibit faster adsorption onto active sites
compared to those with lower initial concentrations [11,20].

Another key feature observable in Figure 3 is the mass transfer zone (MTZ), defined
as the interval between the breakthrough time (tbreak) and the saturation time (tsat). This
region of the adsorption front progresses along the bed and over time. An exponential
increase in this zone was observed, likely due to the presence of unsaturated pores within
the ACZnCl2 structure in this region [11,18,20]. The width of the MTZ reflects the efficiency
of bed utilization: the narrower the zone, the more efficient the adsorption process [12].
The saturation time (tsat) marks the maximum operational limit of the system, indicating
the point at which the active sites in the ACZnCl2 pores become fully occupied. Beyond
this point, the adsorption–desorption equilibrium becomes dominant and constant on the
adsorbent surface. This stage, governed by molecular diffusion from the aqueous solution
to the adsorbent surface, is relatively slow and precedes the need for adsorbent regeneration
or replacement [12]. Table 3 shows the performance calculations of the columns analyzed
in this study.

Table 3. Column parameters obtained at various inlet concentrations and bed heights.

Parabens Ci
mg/L

Hb
m

tbreak
min

tsat
min

Veff

m3
qmax
mg

qe
mg/g

MeP

50 3 8.6 16.6 0.0387 3.869 0.77
100 3 5.2 8.8 0.0206 2.057 0.41
50 4 18.2 41.5 0.0968 9.683 1.94

100 4 10.5 20.5 0.0478 4.783 0.96

EtP

50 3 9.5 25.5 0.0595 5.950 1.19
100 3 5.3 12.9 0.0301 3.006 0.60
50 4 10.2 40.2 0.0937 9.372 1.87
100 4 10.8 22.5 0.0525 5.250 1.05

PrP

50 3 8.3 20.8 0.0486 4.861 0.97
100 3 4.7 10.4 0.0242 2.419 0.48
50 4 19.2 47.7 0.1112 11.122 2.22

100 4 10.1 24.2 0.0564 5.639 1.13

BuP

50 3 7.1 13.6 0.0318 3.181 0.64
100 3 5.9 10.8 0.0253 2.528 0.51
50 4 10.9 22.8 0.0533 5.328 1.07

100 4 10.2 20.7 0.0482 4.822 0.96

Based on Figure 3, the breakthrough time (tbreak) and saturation time (tsat) were
analyzed for different bed height (Hb) configurations and paraben concentrations.
Equations (14)–(16) were applied using an adsorbent concentration of 5 g/L [2] and a
flow rate of 12,000 m3/day to calculate the unknown parameters presented in Table 3.
All time units were converted to minutes. Under the assumption of constant interstitial
velocity, it was observed that Hb significantly influences both tbreak and tsat in fixed-bed
adsorption columns. For all four parabens tested—MeP, EtP, PrP, and BuP—it is evident
that shorter columns lead to faster bed saturation and reduced mass transfer zone (MTZ)
width [21,25]. When analyzing the influence of concentration alone, it was also noted that
lower inlet concentrations resulted in higher maximum adsorption capacities (qmax). This
outcome is attributed to two factors. First, higher concentrations initiate adsorption more
rapidly due to the greater driving force [11,20]. Second, shorter residence times in the
column limit the opportunity for the paraben molecules to diffuse into the mesopores and
micropores of the ACZnCl2, thereby reducing deposition in the internal structure of the
adsorbent [21].
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From a process design perspective, the optimal configuration must balance residence
time so that it is neither excessively long nor too short, while still allowing equilibrium to
be reached within the system. This ensures that the adsorption step does not become a
limiting factor in full-scale water or wastewater treatment processes. As shown in Table 3,
shorter saturation times correspond to lower qmax values [41]. Although simulation studies
involving paraben adsorption are unprecedented, similar behaviors have been reported in
other adsorption modeling studies for organic pollutants [21,42]. Ultimately, considering
all results, the most effective configuration identified in this study—consistent across all
parabens tested—is an inlet concentration of 50 mg/L combined with a bed height of 4 m,
which provided the highest qmax and qe values for the designed systems.

Future research focuses on monitoring and control, as continuous monitoring of
paraben concentrations in the adsorption bed effluent is essential for detecting when
parabens begin to appear in the treated water, signaling that the bed is approaching
saturation and requires regeneration or replacement. A thorough assessment of pressure
drop and monitoring of this variable in the bed indicates potential clogging due to particle
or biomass growth, requiring backwashing. The cost–benefit analysis of implementing
these processes, including the capital cost of installing the adsorption columns, operational
costs, and maintenance, must be weighed against the benefits of paraben removal and
public health protection. Finally, a pilot plant study of the entire treatment process to
remove parabens is needed to validate the designed and simulated parameters.

4. Conclusions
This study evaluated the technical feasibility of implementing a paraben treatment

system in water and wastewater treatment plants based on dynamic simulation results
of the adsorption of MeP, EtP, PrP, and BuP in a fixed-bed column packed with ACZnCl2.
An industrial-scale adsorption column was proposed to assess the adsorption capacity
of parabens in contaminated drinking water for individual domestic use. Based on the
optimized simulation results, the industrial-scale adsorption column is shown to be suitable
for individual domestic applications. To treat drinking water contaminated with 50 mg·L−1

of parabens under daily usage conditions, the column should be designed with a height-
to-diameter ratio (HB/D) of 10, a bed height of 3 m, and ACZnCl2 particle diameters
of 1.69 × 10−7 m. The system operates with an inlet liquid flow rate of 12,000 m3/day.
Under these conditions, the fixed-bed column can supply treated water continuously,
requiring complete bed replacement once per day, as the activated carbon may reach
saturation at a breakthrough concentration ratio (C·Ci

−1) of up to 0.999. Finally, it is
essential to emphasize the importance of treating wastewater and contaminated water
containing emerging pollutants, such as parabens, as a means of ensuring sanitary safety
and minimizing the occurrence of health issues related to homeostatic imbalances and
endocrine disorders in local populations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr13082481/s1, Table S1. Parameters utilized for a volumetric
flow rate of 12,000 m3/day using ACZnCl2.
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