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ABSTRACT: The methylparaben adsorption from aqueous solution 4 ) . :
onto activated carbon is a relevant topic because of the toxicity of this . ﬂJ AL,
compound for human and environmental health. The physicochem- N Activated carbon Methylparaben
ical parameters allow us to evaluate the performance of the o O water

adsorption and the relationship between the surface chemistry and ———
the adsorbed amount of methylparaben. The effect of the solution OEOO? Kinetics-diffusion

chemistry on the adsorption was also evaluated. In this work, the %&:Qw
methylparaben adsorption on three activated carbons with different é:‘
!«3

. . . . . “o” J—c:»c. Adsorption-Qmax
physicochemical properties, specifically different contents of oxy- SOQ
e’ A

genated groups and total basicity, is presented. Kinetic, equilibrium,

and calorimetry tests were conducted. The maximum adsorbed )
amount of methylparaben was achieved on an activated carbon with

basic characteristics, Q. = 1.64 mmol g™'; in the same activated

carbon, the initial rate was 0.20 mmol g_1 h™!, and the value determined for the interaction enthalpy was —12.6 X 1072 J
molecules™, and the Gibbs energy change was close to —14.96 kJ mol ™.

Calorimetry-Affinity

B INTRODUCTION pollutants depending on the adsorbent. Activated carbon is
used as an adsorbent for its physicochemical properties such as
the large surface area and microporosity.'' For the removal of
methylparaben, several adsorbents such as polymer resins,
activated carbon, polymer nanoparticles, and so forth have
been used. Table 1 given below summarizes some adsorbents
reported in the literature and their capacity to adsorb
methylparaben.

According to the data reported in Table 1, it is observed that
with activated carbon, the highest adsorption capacity of
methylparaben is achieved because of its large surface area and
ease of preparation, but difficulties for its reuse exist.

Other techniques are used for the removal of methylparaben
from the water resources; photocatalytic degradation is one of
them. For this method, TiO, and ultraviolet light are used to
convert methylparaben into CO, and water. However, 10
degradation compounds are produced, including dihydrox-
ybenzene, a phenol that is also considered a pollutant. From
the experimental point of view, this method is dependent on

Methylparaben and other parabens are esters of the para-
aminobenzoic acid; they are used in the cosmetic, alimentary,
and pharmaceutical industry as antibacterial and antifungal
preservatives in products with short shelf lives."

Methylparaben is considered an emerging pollutant by its
ubiquitous presence in the water resources. In some cases,
people use deep water wells for drinking water; therefore, they
are exposed to the toxic effects associated with methylparaben
and other pharmaceutical pollutants.z’3 In the literature, it was
reported that the constant exposure to methylparaben
generates modulation of the neutrophil function in humans
and endocrine disruption associated with breast and ovary
cancer.”’

It is a priority for governments to supply quality water to the
population and meet the sustainable development goals
proposed by the United Nations for the year 2030 and enforce
the local and international technical quality standards such as
the drinking water guidelines from the World Health
Organization. For these reasons, water treatment plants are
necessary in all countries.t ™8 Received: November 3, 2020

The drinking water guidelines recommend a wide range of Accepted: December 2, 2020
treatments for sanitation of raw water resources; one of them Published: March 25, 2021
will be studied in this work because it is a tertiary wastewater
treatment commonly used around the word.”'’ The
adsorption allows the removal of inorganic and organic
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8 the pH and oxygen concentration, variables that are difficult to
§ 9 o % maintain in a water treatment plant.16
B The sonochemical and sonocatalytic destruction of methyl-

Table 1. Adsorbents and their Methylparaben Adsorption Capabilities

amount of methylparaben

disadvantage

advantage

i

adsorbed (mmol g

adsorbent

the regeneration of the adsorbent is carried out with methanol/HCI, which implies high costs

capacity
easy reuse and the adsorption capacity is

easy adsorbent preparation and high adsorption

0.215

submicrosized molecularly
imprinted polymer

the adsorbent preparation requires several steps and the use of reagents that are toxic to the

0.023

magnetic nanoparticles

azodiisobutyronitrile)

2,2-

(
the adsorption capacity is pH-dependent

environment

pH-independent

PS/Fe;0,
activated carbon-chitosan

used in real wastewater samples. large specific

0.56

surface area easy reuse

composite

material for the preparation of the adsorbent

easy adsorbent preparation and high adsorption no information is available on the reuse of the adsorbent and high variability of the starting
capacity

0.11

lime and lemon waste
(bioadsorbents)
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paraben has also been reported in the literature. The results are
similar to those obtained with photodegradation; there is the
formation of a greater number of organic pollutants in the
solution and the experimental conditions (200 kHz bath) are
difficult to obtain in a water treatment plant."”

In conclusion, adsorption continues to be a good option to
treat waters contaminated with methylparaben. In fact, when
chemically modified activated carbons are used as adsorbents,
an adsorption capacity of 1.45 mmol L™ is reached.'®

In the heterogeneous adsorption (the adsorbent is a solid
and the adsorbate is the solution), the surface energy of the
adsorbent is compensated by the formation of interactions
with the solvent (in greater proportion in the system) and the
adsorbate; these interactions depend on the chemical groups
on the activated carbon surface and the chemical structure of
the adsorbate; when the adsorbent—adsorbate affinity is higher,
a greater amount of adsorption will be achieved.

The adsorbate—adsorbent interactions can be formed with a
specific chemical group on the activated carbon or several of
them; in the first case, the process is considered homogeneous
and it is described by Langmuir’s model. In the second case,
the process is heterogeneous by the formation of different
interactions with the chemical groups on the adsorbent, and it
can be described by models reported in the literature such as
yrj Freundlich model, Sips model, Toth model, and so
forth,'*°

For methylparaben adsorption onto activated carbon, the
Langmuir model describes appropriately the equilibrium data
(adsorption isotherms). In addition, Langmuir’s model
assumes that if the adsorbent—adsorbate interactions are one
by one, a monolayer will be formed on the adsorbent surface
and the energy of the process will only depend on these
interactions because the interactions between the neighboring
molecules adsorbed on the surface are negligible. The
mathematical expression for the Langmuir model is shown in
eql

o Q, (mmol/g)K;, (L/mmol)C, (mmol/L)
B 1+ K. C, (1)

Q

where Q is an amount adsorbed at any concentration, Q,, is the
maximum amount adsorbed, K; is the Langmuir constant, and
C. is the equilibrium concentration.

The Langmuir constant is considered an equilibrium
constant, if the adsorption process is carried out in dilute
solutions where the activity coefficient is not affected. To
cancel the units, K, is multiplied by 55.5 mol L™".

Langmuir’s constant represents the affinity constant because
the adsorption depends on the number of active sites available
to interact with the adsorbate; therefore, at low adsorbate
concentrations, the adsorbent surface is not saturated and the
filling of the active sites is fast; then, as the active sites
decrease, the filling rate decreases until the monolayer
formation. In aqueous solutions, unlike the gas-phase
adsorption, three processes are carried out at the same time:
the water adsorption and its subsequent desorption induced by
the formation of the adsorbate—adsorbent interactions
(adsorption). Therefore, according to Langmuir’s model,
when the constant is increasing, the amount adsorbed

https://doi.org/10.1021/acsomega.0c05368
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increases; then, the adsorbent affinity by the adsorbate is
higher than that of water.”!

Although Langmuir’s model explains how the adsorbate
molecules interact with the adsorbent, it cannot be used to
explain the kinetics of the process. Therefore, it is necessary to
use other models to calculate the adsorption rate. The models
that consider the adsorption rate only from physical aspects are
the intraparticle diffusion and pseudo-first-order or Lagergren’s
model. In the intraparticle diffusion model, the kinetics is
divided into three zones: (i) adsorption on the external surface,
(i) intraparticle diffusion into the carbonaceous matrix, and
(iii) equilibrium. In this model, the kinetics depends on the
amount adsorbed at the different times and the value of the
external liquid film layer.”” In the pseudo-first-order model, the
adsorption rate depends on the amount adsorbed at
equilibrium time, the amount adsorbed at any time, and the
kinetic constant.”®

Other models contemplate the chemical aspects involved in
the kinetic adsorption, two of them are the pseudo-second-
order model and Elovich’s model; the first model is used to
calculate the initial rate of adsorption and it is proportional to
the square of active sites available to interact with the
methylparaben. From Elovich’s model, the desorption rate can
be calculated; in this model, the amount of the adsorbate
adsorbed at any time is related with the inverse of the
desorption. The rate decreases exponentially as the amount
adsorbed increases. In addition, Elovich’s model describes the
adsorption rate in heterogeneous materials as activated
carbon.”*

The kinetic and thermodynamic parameters are related with
the chemical properties in the system: chemical surface groups
on the activated carbon, substituents on the chemical structure
of the adsorbate, and pH or ionic strength of the solution.”

The adsorbent—adsorbate affinity and its effects on the
amount adsorbed can be evaluated through the calorimetry
tests. Immersion calorimetry is the tool used in this work to
measure the energy exchanged when the activated carbon is
immersed in a pure liquid solution. In this work, the
calorimetry tests are carried out in water and methylparaben
solutions to determine the affinity between the different
components of the system (activated carbon—water and
activated carbon—methylparaben) from the energy released
during the immersion of the adsorbent in the liquid. This
parameter is important assuming that if the adsorbate—
adsorbent affinity is higher, the amount of methylparaben
adsorbed will increase until reaching the amount adsorbed on
the monolayer.

The immersion of the activated carbon in water allows us to
determine the energy released when the water molecules bind
to surface groups on the adsorbent; then, the process is
exothermic and AH is negative. Therefore, the lower value is
associated with the greater affinity for the water.

‘When the immersion liquid is not water or any solvent but a
solution, the enthalpy is associated with the surface affinity of
the adsorbate and the water and other interactions in the
system.

One of the limitations of the calorimetry is the impossibility
to determine the enthalpy of adsorbate—adsorbate and
adsorbate—solvent interactions. However, the adsorbate—
adsorbate interactions are negligible in diluted solutions, and
we assume that the adsorbate is adsorbed in its hydrated form.

The immersion enthalpy depends on the following:*®
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1) The extension of the surface area on the activated
carbon.

2) The chemical nature of the adsorbent and adsorbate
(affinity, polarity, and pH in solution).

3) The porosity of the activated carbon.

This paper presents the adsorption, kinetic, and thermody-
namic data of the methylparaben adsorption onto activated
carbons with different physicochemical properties (mainly
contents of oxygenated groups); their effect on the uptake was
also evaluated. The kinetic (initial adsorption and desorption
rate) and thermodynamic parameters (Gibbs energy and
enthalpy change at different concentrations of the adsorbate)
were determined for the process at 293 K.

B RESULTS AND DISCUSSION

The adsorption performance is highly dependent on the
physicochemical characteristics of activated carbon and the
adsorbate; however the surface area, porosity, and content of
surface groups on the activated carbon are the most relevant
characteristics of the adsorption of organic compounds from
aqueous solutions. Figure 1A shows the nitrogen adsorption/
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Figure 1. (A) Nitrogen adsorption/desorption isotherms (B) Pore

size distribution for activated carbons (QSDFT-slit/cylindr.pores)
ACWM, ACCM, and ACPM.

desorption isotherms, and Figure 1B shows the pore size
distribution, while Table 2 summarizes the physical parameters
obtained from the nitrogen adsorption isotherms, and Table 3
presents the chemical characteristics of the activated carbons
ACWM, ACCM, and ACPM.

The nitrogen adsorption isotherms (Figure 1A) can be
classified as type I (a) typical of activated carbons and other
microporous adsorbents. In this type of isotherms, the uptake
depends on the accessibility to the micropores and not to the

https://doi.org/10.1021/acsomega.0c05368
ACS Omega 2021, 6, 8797—-8807
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Table 2. Physical Properties of Activated Carbons ACCM,
ACPM, and ACWM

ACCM ACWM ACPM
surface area (m* g™')-BET 469 864 814
C 118 173 113
micropore volume (cm® g™')-DA 0.18 0.34 0.29
N 2.10 1.8 2.30
total pore volume (cm® g7') 021 0.35 0.34
% micropores 85.7 97.1 85.3

Table 3. Chemical Properties of Activated Carbons ACCM,
ACPM, and ACWM

ACCM ACWM ACPM
phenols content (molecules g™') x 10* 3.25 2.81 2.23
lactones content (molecules g™*) x 10% 29.5 1.31 1.43
carboxylic acid (molecules g™*) x 10% 6.38 1.34 3.95
total acidity (molecules g™') x 10! 39.5 5.4S 5.60
total basicity (molecules g™*) x 10 44.3 44.7 123
amphoteric factor 0.89 0.12 0.05
pH,, 340 5.40 8.90

internal surface area of the adsorbent. The Brunauer—
Emmett—Teller (BET) model was applied to the isotherms
and the apparent surface area and the results show that this
parameter decreases with the chemical and physical treatments
carried out on the activated carbons. The modified activated
carbon with nitric acid has a smaller apparent surface area than
the activated carbon subjected to thermal treatment. The same
trend is found for the micropore volume, where the sample
without modification not only had the largest surface area but
also a greater number of micropores. Indeed, the percentage of
micropores with regard to the total porosity is higher than 85%
in all samples, but in the activated carbon ACWM, it increases
10% more. Thus, by decreasing the amount of micropores in
the activated carbons, the amount of nitrogen adsorbed
decreases and subsequently the apparent surface area
decreases.

The thermal treatment was carried out on the activated
carbon to decrease the oxygenated surface groups by their
thermal instability at temperatures higher than 973 K;*’
however, above 1073 K, the physical structure of the activated
carbon collapses and pore sizes are increased to larger than 2
nm. Then, although the activated carbons ACWM and ACPM
have a similar pore volume, the number of micropores
decreases in ACPM.**

It is observed in the pore size distribution (Figure 1B) that
the greatest number of pores is in the range between 8—16 and
20—28 A. This implies that the methylparaben will not have
restricted diffusion because its molecular size is 8.69 X 5.02 A2,

The oxidation with nitric acid generates a great number of
oxygenated surface groups as carboxylic acids, lactones, or
phenols on the activated carbon. These groups are usually
formed in the edge of micropores; therefore, they generate
diffusive restriction to nitrogen adsorption and the pore
volume or surface area decreases.””’

The chemical properties corroborate the effect of the
treatments on the activated carbons. In ACCM, the content
of phenols, lactones, and carboxylic acids increases up until
29% (lactones) compared with that in the ACWM; however,
the total basicity does not change except in ACPM; this
behavior can be explained by the thermal treatment and its
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generation of s-electrons after the break of carbonaceous
chains or aromatic rings. The 7-electrons are considered Lewis
bases; therefore, they are contributing to the total basicity.
Moreover, the free radicals generated in the thermal process
can react with the environmental oxygen creating new
oxygenated surface groups.”””!

The amphoteric properties of activated carbon can modify
the adsorption behavior depending on the pH of solution and
the ionization of the adsorbate. The amphoteric factor (AF) is
defined as the ratio between the total acidity and total basicity;
when the result is unity, the surface can react with acids or
bases because the content of acid groups is equal to that of the
basic groups. If the values are greater than 1, the surface is
acidic and the adsorbent—adsorbate affinity will be toward the
basic adsorbates. However, if the total basicity is highest as is
the case of the activated carbons and the AF does not exceed
the unity; then, the highest value corresponds to the acidic
surface. On the contrary, lower values indicate higher affinity
for acidic adsorbates.

The pH,,  indicates the electric charge on the activated
carbon surface in solution. At the pH,,, the net electric charge
on the surface is zero; when the pH of solution is higher than
the pH,,, the electric charge on the surface is negative. In
acidic activated carbons, the pH,, is lower than in basic
activated carbons because acid groups deprotonate at lowest
values of solution pH. The basic activated carbons can form
interactions with 7-cations; then, the pH increases by
adsorption of hydroniums.*

The methylparaben adsorption isotherms on the activated
carbons are shown in Figure 2. The tests were carried out at
293 K and the equilibrium data were fitted with Langmuir’s
model; the results of the parameters are presented in Table 4.

18
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00 05 1.0 15 2.0 25
Ce (mmol L)

Figure 2. Methylparaben adsorption isotherms on activated carbons

ACCM, ACPM, and ACWM at 293 K.

The maximum adsorption capacity was achieved on the
activated carbon ACPM despite that it does not have the

Table 4. Parameters for the Langmuir Model Applied to
Methylparaben Adsorption on Activated Carbons ACCM,
ACPM, and ACWM

molecules of methylparaben on

(mmolatg’l) Kp» the monolayer X 10" R?
ACCM 1.18 217.6 7.11 0.93
ACWM 1.58 345.6 9.51 0.98
ACPM 1.64 480.6 9.88 0.97

https://doi.org/10.1021/acsomega.0c05368
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largest surface area or the greatest number of micropores; this
indicates that the methylparaben adsorption depends on the
surface groups on the adsorbent and solution chemistry.

The amount adsorbed follows the trend Q,,,, ACPM > Q..
ACWM > Q. ACCM, which is the same presented by the
total basicity. In the literature, it has been reported that the
main interactions on the adsorption of aromatic compounds
on the activated carbons are the 7z-stacked interactions, which
are directly related with the number of z-electrons available on
the adsorbent surface; then, the methylparaben uptake is
greater on the activated ACPM because it has a greater number
of m-electrons available to interact with the adsorbate.

Likewise, oxidized activated carbon has a greater number of
oxygenated groups; they are part of the adsorbent’s structure
and they can deactivate the aromatic rings of graphenic layers
decreasing their reactivity.

Langmuir’s model assumes that the adsorbate forms a
monolayer on the adsorbent surface; therefore, if the mass of
activated carbon is constant, the maximum amount adsorbed
corresponds to the number of adsorbate molecules on the
activated carbon surface. These data will be used to calculate
the energy exchanged during the formation of adsorbate—
adsorbent interactions per molecule adsorbed.

The equilibrium or affinity constant is increasing propor-
tionally to the amount of methylparaben adsorbed, which is an
expected behavior because if the adsorbate—adsorbent affinity
is higher, the uptake increases, as shown in Figure 3.

1.8
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1.5 e

14 1 -

Qpmax (mmol g™')
\

1.3 - P
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T

300 350 400 450

Ky *

200 250 500

Figure 3. Relationship between the maximum adsorption capacity
and the equilibrium constant.

The effect of solution chemistry was also evaluated by its
importance in the adsorption of organic molecules on activated
carbon and its relationship with surface chemistry. Table S
summarizes the most relevant parameters of the chemistry
solution in the methylparaben adsorption.

The pK, value for methylparaben is 8.20 and its ionization
increases with the solution pH; in water, this value is close up
to 6—7, but this value changes with the presence of activated

Table 5. Equilibrium pH in the Adsorption, Percent
Ionization for Methylparaben, and Charge on the Surface of
the Activated Carbons ACCT, ACPM, and ACWM

% ionization

pH equilibrium electric charge AC

ACCM 3.07 1 +
ACWM 7.18 10 -
ACPM 7.85 33 +
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carbons because they can release H' jons into the medium,
that is, the solution pH varies depending on the number of
oxygenated groups on the surface. In ACCM, the solution pH
is acidic and the ionization of methylparaben can be negligible;
additionally, the electric charge of the adsorbent is positive;
then, the coulomb forces are not predominant in this system.
On the contrary, in ACWM and ACPM, the number of ionized
molecules (negatively charged) is increasing with the solution
pH and it cannot be negligible; therefore, repulsive forces are
present in the methylparaben—ACCM interaction and it is
disfavoring the uptake. The electrostatic attractive forces
between methylparaben andACPM increase the effect of the
m-stacked interactions.

In other work, the results of potentiometric titration for the
samples were reported;”* however, the pK, distribution for the
different oxygenated groups on the surface allows us to
determine the number of groups that are deprotonated at a
certain pH value in the solution. The adsorption data show
that the affinity (represented by K;) is proportional to the
ionized molecules of the adsorbate and inversely proportional
to the ionized functional groups (negative charge) on the
activated carbon at equilibrium pH (Figure 4).
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Figure 4. Relationship between the ionized molecules of methylpar-
aben, ionized surface groups on the activated carbon, and the
equilibrium constant.

The amphoteric properties of the adsorbent surface can
affect the uptake; methylparaben is a weak acidic compound,
so its affinity to acidic surfaces is lower; hence, the uptake
increases at lowest values of the amphoteric factor, as shown in
Figure 5. This trend is related with the deprotonation of acid
groups and the generation of repulsive forces.

The kinetics were also determined at 293 K using a solution
of methylparaben (1.31 mmol L™'). The data obtained were
fitted with two models where the limiting step of adsorption is
the diffusion in one and the limiting step is the chemistry
reactions in the other; we assume that these reactions are
physical interactions between the adsorbent and adsorbate.

The kinetic data are presented in Figure 6; they were fitted
with the intraparticle diffusion model and the pseudo-first-
order, pseudo-second-order, and Elovich model. The param-
eters for each model are shown in Tables 6—9.

It was observed that the best-fitting models for the
experimental kinetic data are those models used to describe
chemical adsorption. For all models, the kinetic constant
increases with the following trend Kc ACPM > Kc ACWM >
Kc ACCM; indeed, it is the same trend found for Q..

https://doi.org/10.1021/acsomega.0c05368
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105 The initial rate is also related with the adsorption of
1001 , methylparaben and the solvent desorption on the adsorbent

c ® . .
235 95| w surface. If the adsorbent—solvent affinity is greater than that of
3 Y adsorbent—methylparaben, more time will be required to
£ E 801 S displace the solvent on the surface and the active sites available
.g s 851 \‘\\ to bind the methylparaben will be increased. Figure 7 shows
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Figure 6. Adsorption kinetics for methylparaben onto activated
carbons ACCM, ACPM, and ACWM.

Therefore, it corroborated the relationship between the
kinetics and surface chemistry.

The intraparticle diffusion model divides the experimental
data into three regions: boundary layer diffusion and
intraparticle diffusion and reaction. For all samples, Ky >
Kpp > Ky, so the rate is higher in Kp; and decreases with the
passage of time and the adsorbate diffusion through the
carbonaceous matrix. Additionally, the external liquid film layer
(C) is inversely proportional to the kinetic constant; therefore,
if the external liquid film layer is formed after the diffusion
stage, the active sites are microporous.

The pseudo-first-order model presents a percentage of error
greater than the pseudo-second-order model. Thus, the
adsorption rate of methylparaben depends on the square of
the number of active sites available. The parameter V,
represents the initial rate of the adsorption and it shows that
the rate is greater in the activated carbon ACPM because of the
number of 7-electrons available to interact with the adsorbate.

adsorption is inversely proportional to the number of phenol
groups on the activated carbon surface. The total basicity
represents the number of z-electrons (Lewis bases) that
interact with the methylparaben (weak acid) and the
relationship with the initial rate is directly proportional.

Elovich’s model allows us to determine the initial rate, which
follows the same trend found with the pseudo-second-order
model, and the desorption rate of the adsorbate given that the
adsorption is a dynamic equilibrium. It is observed that the
desorption rate decreases with the adsorbent—adsorbate
affinity represented as K; and maximum adsorption capacity,
Q.. At the same time, the desorption rate increases, if the
surface affinity of water is greater than that of methylparaben.
For this case, the desorption rate is directly proportional to
phenol content on the surface because these functional groups
interact with the water and increase the solvent adsorption, as
shown in Figure 8.

To determine the magnitude of the adsorbent—adsorbate
and adsorbent—water interactions, we carried out calorimetric
test.

In Figure 9, are presented the immersion enthalpy values of
activated carbons ACCM, ACPM, and ACWM,; it is observed
that the immersion enthalpy increases (AH,,,ACCM >
AH,;, . ACWM > AH, ACPM) with the phenol content on
the activated carbons®* and amphoteric factor. In Figure 9, it is
observed that the immersion enthalpy is inversely proportional
to the amphoteric factor. The water is an amphoteric molecule;
thus, it can interact with acids or bases. Therefore, the increase
in the enthalpy is related with the formation of hydrogen
bonds between the solvent and acidic groups on the activated
carbon.

The immersion and interaction enthalpy values between
methylparaben and the activated carbons ACCM, ACPM, and
ACWM are presented in Table 10.

The immersion enthalpies at low concentrations have values
between —9.38 and —18.2 ] g™/; the lowest values are achieved
on the activated carbon ACCM, but this behavior is related
with the solvent interaction. At medium and high concen-
trations, the number of methylparaben molecules can induce
the displacement of the water on the surface and enthalpy

Table 6. Parameters of the Intraparticle Diffusion Model for Methylparaben Adsorption on Activated Carbons ACCM, ACPM,

intra-particle diffusion (IP) reaction (R)

and ACWM.”
boundary layer diffusion (BL)
compound I, G R?
ACCM methylparaben 0.04 0.004 0.93
ACWM 0.06 0.002 0.97
ACPM 0.09 0.008 0.99

“K: mmol g "'h™" C: mmol g™%°

Kip Cp R? Ky Ch R?

0.03 0.03 0.99 0.003 0.15 0.52

0.04 0.05 0.97 0.006 0.17 0.94
0.006 0.21 0.91
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Table 7. Parameters of the Pseudo-First-Order Model for Methylparaben Adsorption on Activated Carbons ACCM, ACPM,
and ACWM

compound Qqss (mmol g™") Qs (mmol g') % error Kpro (h71) R?
ACCM methylparaben 0.16 0.17 5.3 0.34 0.98
ACWM 0.19 0.21 10 0.51 0.98
ACPM 0.25 0.26 3.9 0.61 0.98

Table 8. Parameters of the Pseudo-Second-Order Model for Methylparaben Adsorption on Activated Carbons ACCM, ACPM,

and ACWM

compound Qqss (mmol g™*) Qzyp (mmol g™") % error Kpso (g mmol™ h™") V, (mmol g™* h™") R?
ACCM methylparaben 0.17 0.17 0 2.47 0.07 0.99
ACWM 0.21 0.21 0 2.94 0.13 0.99
ACPM 0.26 0.26 0 2.99 0.20 0.99
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Figure 8. Relationship between the desorption rate (ff) and content
of phenols on the activated carbons ACCM, ACPM, and ACWM.

decreases to values lower than those determined at low
concentrations of methylparaben.

8803

concentration
(mmol L") ACCM ACWM  ACPM
immersion enthalpy 0.33 —-17.8 —15.4 —-11.4
(AHjpp) J g7
0.66 —18.2 —10.1 -9.38
1.32 -30.3 -39.7 —25.4
329 -30.7 —54.0 —41.1
6.58 —69.5 —59.3 —49.7
interaction enthalpy 0.33 48.8 41.3 21.0
(AHacomer) J g7
0.66 48.4 39.5 23.0
1.32 36.0 10.0 6.99
329 36.3 —4.27 -8.73
interaction enthalpy at the 6.58 —4.08 —10.1 -12.6

monolayer concentration
M

(AHc mer)

J molecules™ x 1072°

The interaction enthalpy is directly related with the
adsorbent—adsorbate affinity; the positive enthalpy values
(endothermic) indicate that the system requires energy from
the surroundings to break the solvent—adsorbent interactions
or the adsorbate—solvent interactions (hydration layer);
however, it is assumed that methylparaben is adsorbed in its
hydrated form. The exothermic enthalpy changes indicate the
formation of new interactions.

For ACCM, the interaction enthalpies for methylparaben
adsorption are positive until reaching the concentration of 3.29
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Figure 10. Relationship between the interaction enthalpy and (A) number of molecules on the monolayer or (B) content of phenols on the

activated carbons.

mmol L7'; this shows the highest affinity of this activated
carbon to the water. At the highest working concentration, the
enthalpy values are negative in all activated carbons, indicating
that the active sites in the activated carbon have been occupied
by the methylparaben.

Figure 10 A shows that an increase in the number of
molecules on the monolayer generates a higher interaction
enthalpy; as the process releases energy, it has more stability.
Therefore, the stability of the systems follows the trend ACPM
> ACWM > ACCM, which is contrary to that of the
amphoteric factor and the high content of phenols on the
activated carbons (Figure 10 B).

The contribution of the ester group was calculated using the
interaction enthalpy at 6.58 mmol L™ and the interaction
enthalpy was calculated for the phenol under the same
conditions of concentration and temperature. Then, the Hess
law was applied, and the results are shown in Figure 11.

30

N
(&)

Interaction enthalpy ester (J g'1)

o.

ACCM

ACWM ACPM

Figure 11. Contribution of the ester group to the interaction enthalpy
of methylparaben adsorption on activated carbons ACCM, ACPM,
and ACWM.

The contribution of the ester group to the enthalpy is
endothermic; thus, the highest contribution to the adsorbate—
adsorbent interaction is by the phenolic ring; it proves that the
activated carbons have great affinity to molecules containing
functional groups capable of forming hydrogen bonds or z-
stacked interactions. The low contribution of the ester group
to the adsorbate—adsorbent interactions is associated with its
volume, which can generate steric hindrance. In ACPM, the
enthalpy value is higher because the phenolic ring is

8804

deprotonated and increases the electrostatic forces in the
system.

Finally, the equilibrium constant was used to determine the
Gibbs energy change using eq 2. The results are presented in
Table 11.

AG = —RTLnK, @)
R is the gas constant and T is the temperature in Kelvin.
Table 11. Gibbs Energy Change for Methylparaben
Adsorption on Activated Carbons ACCM, ACPM, and
ACWM
ACCM ACWM ACPM
AG (kJ mol™") -13.1 —142 -15.0

All values for Gibbs energy change are negative; therefore,
the adsorption of methylparaben on activated carbons is
classified as a spontaneous process.

B CONCLUSIONS

The methylparaben adsorption on activated carbons depends
on the chemical characteristics of the adsorbent and solution.
The maximum adsorbed capacity (Q,,, ACPM = 1.64 mmol
g™") decreases on activated carbons with a great number of
acidic groups because these groups increase the affinity to the
water; additionally, a highest value of the amphoteric factor is
related with a decrease in the amount of methylparaben
adsorbed because methylparaben is a weak acid and its affinity
is to basic surfaces.

The initial rate of adsorption is inversely proportional to the
content of phenol groups on the activated carbon because
these groups favor the formation of adsorbent—solvent
interactions and increase the desorption rate.

The immersion enthalpies have values between —9.38 and
—69.5 ] g~'. The values are greater when the concentration of
methylparaben increases, indicating the displacement of water
on the adsorbent surface.

The Gibbs energy change is negative in all systems; the
values are between —13 and —15 kJ mol™.

B METHODOLOGY

Activated Carbons. Three activated carbons were used for
this study. ACWM is an activated carbon without modifica-
tion; this adsorbent was acquired commercially and made from

https://doi.org/10.1021/acsomega.0c05368
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coconut shell and physical activation with CO, according to
the safety datasheet attached by the manufacturer. The
activated carbon was conditioned for its use by immersing it
in dilute HCI solution and washing with distilled water until
the wash waters had a constant pH (5—6). Some
physicochemical characteristics reported by the manufacturer
are shown in Table 12.

Table 12. Safety Datasheet of the Activated Carbon ACWM

trade Carbochem LQ-900S (Carbochem Inc., U.S.A)
activation physical, CO,, 1073 K
particle size 1-1.5 mm
iodine number 850—950 mg I g™
density 50—-500 g L™*

The activated carbon ACWM was subjected to chemical and
physical treatments to modify its initial properties. The
chemically modified activated carbon was called ACCM. A
quantity of ACWM was weighed and then, it was immersed in
nitric acid solution (30 g of ACWM/600 mL of HNO,
solution S M) at boiling point for 2 h; this treatment oxidized
the chemical groups on the surface. Once the chemical
treatment has been carried out, the adsorbent was washed with
water at room temperature. The wash was repeated until the
wash waters had a constant pH (3—4). Before storage, the
adsorbent was put in an oven to dry the sample at 383 K.
Finally, the activated carbon was stored in an amber glass
container.

ACPM is the name of the activated carbon modified by
thermal treatments. A quantity of ACWM was weighed and
then, it was deposited in a quartz cell and put in a furnace at
1173 K for 2 h. The heating ramp was 2 K min™" in a nitrogen
(inert) atmosphere. Once the procedure has finished, the
activated carbon is left in the furnace with nitrogen flow until
the next day. The activated carbon was stored in an amber
glass container.

The physicochemical characterization of activated carbons
was determined by nitrogen adsorption at 77 K, Boehm
titration, and mass titration. The detailed procedure was
previously published.”> However, some aspects will be briefly
reported. The physical properties of activated carbons were
determined using the nitrogen adsorption isotherms and
mathematical models such as the BET model to determine
the surface area, Dubinin—Astakhov model to calculate the
micropore volume, and density functional theory to calculate
pore size distribution from the kernels charged in software of
the sortometer (Quantachrome Instruments, Anton Paar,
US.A).

The chemical characteristics were determined by Boehm
and mass titration. Boehm titration is a back titration of basic
solutions (with different strengths) that have been previously
put in contact with the activated carbon until they reach a
chemical equilibrium. It allows us to determine the content of
carboxylic acids, lactones, and phenols on the activated carbon.
In the case of the total basicity, the procedure changes and an
acid is used as the immersion liquid.*®

Mass titration is used to determine the pHp,; with this
value, the electric charge on the adsorbent surface in solution
can be known.”

Adsorption Tests. For the adsorption tests, the concen-
tration range selected for the methylparaben solutions was
between 0.07 and 6.58 mmol L™'. These solutions were
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prepared from a stock solution with a concentration of 13.2
mmol L7', which was made of 2 g of analytical-grade
methylparaben (PanReac chemistry SLU, Castellar del Valles,
Barcelona, Spain) and then, it was added to 1 L of distilled
water; the solution was stirred at 150 rpm and stored at 293 K.
The working solutions were prepared with distilled water and
an adequate aliquot.

A quantity of 100 mg of the activate carbons (ACWM,
ACCM, and ACPM) is weighed and put in an amber glass
containers and 25 mL of methylparaben solution was added
and stirred at 100 rpm for 10 min. The containers were stored
for 10 days at room temperature (293 + 1 K) with sporadic
agitation (100 rpm), as it was reported in previous studies.”®

At 10 days, an aliquot of the solution in the container is
taken and the remaining concentration of methylparaben was
determined by UV-—vis spectroscopy at 4, 254 nm
(GENESYS 10S Vis spectrophotometer, Thermo Fisher
Scientific, Madison, WI, USA), and the calibration curves
were previously characterized. The adsorbed amount of
methylparaben for each concentration and activated carbon
was calculated using the equation

_ (Cy = C, (mmol/L))V (L)
mAC (g)

Q
()

where Q (mmol g™') is the amount adsorbed; Cj is the initial
concentration of methylparaben in solution before the
adsorption; C, is the adsorbate concentration at equilibrium;
V is the volume of the solution used for adsorption tests; and
m represents the activated carbon mass.

The experimental data were fitted with the Langmuir model
using the nonlinear equation.

Kinetics. The kinetic tests were carried out following the
same procedure used in the adsorption test but the
concentration of the methylparaben solution was 1.31 mmol
L™". The containers with the activated carbon and solution
were stirred each for 1S min at 100 rpm and room
temperature. An aliquot of the solution is taken from the
containers each at 5 min during the first hour and then every
half hour until the fifth hour and finally every hour until the
methylparaben concentration remains constant. The remaining
concentration in the supernatant was determined by UV—vis
spectroscopy at A, = 254 nm and the mass balance was
determined by eq 7. The analyses were carried out at 293 K.

The kinetic data were adjusted with the following models:
intraparticle diffusion (eq 4), pseudo-first and pseudo-second-
order model (eqs 5—7) and Elovich model (eq 8).

q, = Kpp (mmol/g h)t** (h) + C (mmol/\/g) (4)
where Kjp, is a kinetic constant, t is the time, and C represents
the external liquid film layer

0q A

o Kpro (17)(q, — q,) (mmol/g)

()

where Kppg is a kinetic constant and g, and g, are the amount
adsorbed at equilibrium and at each time, respectively.

% _ Ky (g/mmolh) (g — q)°

ot PSO e (6)
2

Vo = Kpsod, (7)
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where Kpgg is a kinetic constant and V, is the adsorption initial
rate.

1
B f (g/mmol) (8)

where f is the desorption rate and « is the adsorption rate.

Calorimetry Test. Immersion enthalpies were determined
for activated carbons ACWM, ACCM, and ACPM in
methylparaben solutions at 293 K. The concentration range
of the solution was divided into three groups to determine the
enthalpy changes: 0.33—0.66 mmol L™ for low concentrations,
1.32 mmol L™ for intermediate concentrations, and 3.29—6.58
mmol L™! for high concentrations.

The instrument used to carry out the tests was a heat
conduction microcalorimeter type Tyan. The calorimeter is
made up of a stainless-steel cell that is embedded in a metal
block. The measurement system is through thermopiles that
surround the cell, and they determine the energy transferred
when the activated carbon is put into contact with the
immersion liquid. The energy released during this process is
visualized in the calorimeter as electric potentials.

A total of 10 mL of the immersion liquid was put in the cell
(water or methylparaben solutions); a glass ampoule
containing 100 mg of activated carbon is fitted into the lid
of the calorimeter, and the calorimeter is capped and turned
on. The potential recording is started until obtaining a baseline
and then, the glass ampoule is broken by hitting it against the
lower wall of the cell; the electric potential increases to a
maximum value and begins to decrease to the baseline. The
calorimeter requires electric calibration. The immersion
enthalpy is represented by eq 9 and can be calculated with
eq 10.

AH,,,SIn(J/g) = AHyc_p,0 (J/g) + AHyc_yir J/8)
+ AHy o_n,0 (J/mol)
+ AHHZO_MET (J/mol)

+ AHygr_ypr (J/mol)

q, Ln (a (mmol/g h)pt)

)
AHimm
_ K (watts/V)*AUC immersion peak (V*s)

mass of activated carbon (g)

calorimeter

(10)

where K jorimeter T€presents the calorimeter constant obtained
by electric calibration. AUC is the area under the curve of the
immersion peak.

The assays were made in water to determine the adsorbent—
solvent affinity; the test was also carried out using the
methylparaben solutions. With these values, the interaction
enthalpy can be calculated using the Hess law, as shown in eq
11. The interaction enthalpy measures the adsorbate—
adsorbent affinity.

AHyc_\gr (J/8) = AH,,,,S In(J/g) — AHAC—HZOU/g)
(11)
In addition, phenol solutions (at the same concentration of
methylparaben) were used to determine the contribution of

the ester group to the adsorbate—adsorbent interactions
because methylparaben contains the phenolic ring, as shown
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in Figure 12. This test was only carried out at 6.58 mmol L™
and using water as a solvent.

9

PHENOL METHYLPARABEN

Figure 12. Chemical structures of the phenol and methylparaben.

The black spheres represent carbon atoms, the white spheres
represent hydrogen atoms, and the red spheres represent
oxygen atoms.
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