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Abstract

BACKGROUND: In pressing environmental challenges, practical solutions to remove organic contaminants from water are par-
amount. This study undertook a crucial task of comparing two adsorbents: BT-KOH, synthesized from Tingui bark activated
with potassium hydroxide, and Norit commercial carbon. The comparison was based on experimental data from adsorption
kinetics and isotherm tests in batch and fixed bed systems, targeting the removal of acetaminophen and diclofenac. Physico-
chemical characterization analyses of the materials were also conducted to enhance the comparison.

RESULTS: The study's key finding was the superior performance of BT-KOH over Norit in removing acetaminophen and diclofe-
nac. The maximum adsorption capacities for acetaminophen were 357.7 mg g~ for BT-KOH and 226.3 mg g™’ for Norit. For
diclofenac, these values were 250.6 mg g~ for BT-KOH and 220.9 mg g~ for Norit. This superiority was attributed to BT-KOH's
larger specific surface area and higher quantities of oxygen-containing functional groups.

CONCLUSION: The result underscores the importance of considering the physical-chemical composition of materials in the
quest for more effective and sustainable water treatment methods.
© 2024 Society of Chemical Industry (SCl).
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INTRODUCTION In addition, these micropollutants are in the aquatic ecosystem
in low concentrations, generally ranging from ng to pg L™". Due

The daily consumption of micropollutants such as medicines, per-
to this low concentration, detecting and removing these

sonal hygiene products, hormones, pesticides, and others has

increased significantly in the last decade. This trend has led to
the emergence of new substances in surface and groundwater."  E —
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chronic exposure.?

Acetaminophen and diclofenac are the most widely consumed
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consequently, their behavioral and ecotoxicological effects are
not yet well understood.” In this context, the research on the
adsorption efficiency of Tingui and Norit carbons in removing acet-
aminophen and diclofenac from water is of utmost importance.
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micropollutants by standard water treatment methods becomes
difficult, creating a significant challenge to the reuse of treated
water and the sustainability of water management.> Generally,
water and sewage treatment plants aim to remove organic and
bacteriological contaminants.®

There are various techniques to eliminate micropollutants
from water, such as photocatalytic or ultrasonic oxidation, aero-
bic or anaerobic biodegradation, electrocoagulation, nanofiltra-
tion, ozonation, adsorption, and others.” Adsorption stands out
among these methods, attracting significant attention due to
its accessibility, simplicity, effectiveness, and the wide range of
materials available as adsorbents.® Adsorbent from sugarcane
bagasse,” Norway spruce bark,'® banana peel,'" and coconut
shell’® were used to adsorb acetaminophen. In contrast, palm
fibers,"® Guazuma ulmifolia Lam. Fruit,'* and apricot seed'”
derived adsorbents were used to remove diclofenac from aque-
ous solutions.

These adsorbent materials are synthesized from various raw
materials, which are carbonized at high temperatures in a con-
trolled environment. Carbon activation can be carried out by
two main methods: physical activation and chemical activation.
Physical activation involves treating carbonized coal with oxidiz-
ing agents such as water vapor or carbon dioxide. This process
creates pores and increases the surface area of the carbon, result-
ing in a highly porous material. On the other hand, chemical acti-
vation uses chemical agents, such as phosphoric acid or
potassium hydroxide, which are applied to the precursor prior to
carbonization, facilitating the formation of pores during carboni-
zation. The main difference between the two methods lies in
the way the porous structure is developed. Chemical activation
tends to produce activated carbons with a wider pore distribution
and a larger specific surface area compared to physical activation.
This increased porosity and surface area are crucial to the adsorp-
tion process as they provide more available sites for interaction
with contaminant molecules, improving the efficiency of pollut-
ant removal in water and wastewater treatment applications.'®'®

Generally, the efficiency of an adsorbent in removing a given
adsorbate is determined using batch adsorption processes. How-
ever, fixed-bed columns are the most widely used in industry
because the contaminated effluent can be treated continuously.
In addition, continuous column adsorption allows large volumes
of adsorbates to be treated with minimal instantaneous contact
between the adsorbed pollutants and the adsorbent bed.'®?°

In this context, this study aimed to evaluate the adsorption effi-
ciency of a produced Tingui biochar activated with potassium
hydroxide (BT-KOH) in removing acetaminophen and diclofenac
from aqueous solutions using experimental data obtained from
adsorption kinetics and isotherm tests in batch and fixed-bed sys-
tems. These data were compared with those of Norit commercial
carbon. In addition, both BT-KOH and Norit were characterized
using physicochemical techniques to understand their main
structural differences.

It should be noted that comparing carbons synthesized from
waste raw materials with known commercial carbon is a valuable
opportunity to evaluate its properties, performance, and appli-
cability in various fields. Norit is one of the most recognized
commercial activated carbons, widely used in industrial and
research applications. Its consistent, high-quality performance
is a reliable parameter for comparing the effectiveness of new
adsorbent materials. Moreover, this commercial carbon is
intended to be used for potable water processing, removing a
wide range of organic micropollutants. This practice provides a

reliable reference point for new materials and drives significant
advances in science and technology, leading to the develop-
ment of more efficient and sustainable products. By comparing
these materials, strengths and areas for improvement can be
identified in each, stimulating innovation and improving pro-
duction processes. In addition, this approach facilitates the
selection of the most suitable material for a given application,
considering factors such as cost, availability, and environmental
impact.

Through these comparisons, new ways of optimizing the pro-
duction of synthesized carbons can be discovered, improving
their efficiency and performance in a wide range of applications,
from water and air purification to environmental remediation.
These advances can benefit the industry and promote more sus-
tainable and environmentally friendly practices. Therefore, by
comparing synthesized with commercial carbons we are boosting
scientific and technological progress and contributing to a more
promising future where natural resources are used more effi-
ciently and responsibly.

MATERIALS AND METHODS

Adsorbents

Preparation of activated Tingui carbon (BT-KOH)

The Tingui bark was pyrolyzed in a reactor placed in a tube fur-
nace at 550 °C for 120 min using a heating rate of 10 °C min
and a nitrogen flow of 150 mL min~". The Tingui carbon obtained
by the pyrolytic route was then activated with potassium hydrox-
ide in a ratio of 1:4 (m/V). To do this, 50 g of Tingui carbon was
mixed with 200 mL of aqueous KOH solution (1 g mL™"). This mix-
ture was heated at 210 °C for 360 min. The paste formed was
dried in an oven at 105 °C for 1440 min. Finally, the dried paste
was added to a stainless steel reactor and taken to a tube furnace
at 850 °C for 60 min using a heating rate of 10 °C and a nitrogen
flow of 150 mL min~'%'

Commercial carbon (Norit)

The commercial carbon Norit GAC 1240 W was purchased by
Sigma-Aldrich. It is a granular coal, steam-activated, for potable
water processing.

Textural and chemical characterization of adsorbents
The Tingui barks, BT-KOH, and Norit were characterized using the
methods described in Table 1.

Adsorbates

Acetaminophen and diclofenac (Purity 99%, Merck, Sigma-
Aldrich) were quantified using UV-VIS spectrophotometry (Hach
DR 5000) at a wavelength of 243 and 275 nm, respectively.

Adsorption kinetics and isotherms

All the adsorption tests were carried out in a batch system under
agitation of 150 rpm and a temperature of 25 °C in an orbital
shaker.

The adsorption kinetics tests were carried out by adding 50 mL
of contaminant solution (acetaminophen or diclofenac,
100 mg L") to 20 mg of adsorbent (BT-KOH or Norit) and varying
the contact time between the adsorbate and the adsorbent over
2880 min. Equation (1) determined the adsorption capacity of
BT-KOH and Norit at a given time t. The experimental data
obtained were fitted to the Pseudo-First-Order, Pseudo-Second-
Order, and Elovich theoretical models (see Table 3).
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Table 1. Characterization methods of Tingui bark, BT-KOH, and Norit

Objective

Methodology

Nitrogen adsorption/desorption
isotherms (Micromeritics
ASAP2020 Plus)

Thermogravimetric (TG) (TA
Instruments thermal analyzer,
Discovery series, model TGA
55)

Fourier transform infrared
spectroscopy (FTIR) (Thermo
Fisher Scientific Inc)

Elemental analysis (Thermo
Finnigan—CE Instruments,
model Flash EA 1112 CHNS
series)

pHpzc (PHmeter, Digimed)

Ash analysis (Muffle, QUIMIS)

Mineral analysis (Milestone
microwave digester, model
Ethos 1600)

Determine the textural properties of the material.

Explore the degradation mechanisms and durability
of adsorbent materials.

Determine the functional groups on the surface of
adsorbent materials.
Quantification of the carbon, hydrogen, nitrogen, and

sulfur content of adsorbent materials

Establish the overall net charge balance.

Quantify the ash content of the adsorbent materials.

The following metals were quantified: zinc (Zn),
Copper (Cu), Manganese (Mn), Potassium (K), Iron
(Fe), Sodium (Na), Calcium (Ca), Aluminum (Al), and

Determine the amount of nitrogen adsorbed at a
relative pressure (P/Po) of 0.95.

During the analysis, the samples were heated from 25
to 1000 °C with a heating ramp of 10 C min™" under
an atmosphere of synthetic air.

The functional groups were identified using the KBr
wafer method (Vertex 70v, Bruker) in transmittance
mode in the 400 to 4000 cm-1 infrared range.

The oxygen content (O) was calculated using the
following difference: 0 =100 - C—H — N = S.

20 mg of the material was mixed in 50 mL of aqueous
NaCl solution (0.1 mol L") at different initial pH
values (2 to 12), adjusted with HCl or NaOH solution
(0.1 mol L™"). The pH was measured after 24 h of
stirring in an orbital shaker at 150 rpm and 25 °C.

Ash analysis was conducted at 750°C following the
Standard Test Method—Designation: D1762-84
(Reapproved in 2021).

Mineral analysis followed the European Standard EN
15290 (2011).

Magnesium (Mg).

(Co—Ct)V
9= m (1)
Wherein g, (mg g~') is the amount adsorbed on the solid phase at
time t; C, and C, (mg L™") are the initial concentration of adsor-
bate and the concentration of adsorbate at time t, respectively;
V (L) is the volume of the solution; and m (g) is the mass of the
adsorbent material.

The adsorption isotherm was carried out by adding 50 mL of
contaminant solution (acetaminophen or diclofenac) with an ini-
tial concentration ranging from 50 to 1000 mg L™ in 20 mg of
adsorbent (BT-KOH or Norit), with the equilibrium time obtained
in the kinetic tests. The adsorption capacity of BT-KOH and Norit
at equilibrium was determined using Eqn (2). The experimental
data obtained was fitted to the Langmuir and Freundlich theoret-
ical models, see Table 4.

g= (7t @)

m
Wherein g. (mg g™ is the amount of adsorbate adsorbed at equi-
librium; C, and C, (mg L™") are the initial concentration of adsor-
bate and the equilibrium adsorbate concentration, respectively;
V (L) is the volume of the solution; and m (g) is the mass of the
adsorbent material.

Fixed bed
The continuous system studies were carried out in a jacketed
glass column with an internal diameter of 0.5 cm and a height

of 5 ¢cm, coupled to a peristaltic pump at the base of the column
(upward flow). In all the fixed bed tests, the adsorbent mass was
set at 0.2 g, and (inert) sponges supported the bed. The temper-
ature and flow rate were controlled at 25 °C and 3 mL min~",
respectively. Samples of adsorbate were collected at the column
outlet at predetermined intervals throughout the experiment to
obtain breakthrough curves. The performance of the column
was determined by calculating the breakthrough time (t,, min),
the saturation time (t;, min), the mass transfer zone (MTZ, cm),
the volume of effluent that passed through the column up to
the saturation point (V,, mL), the total mass of adsorbate
induced in the column up to the saturation point (Magsorbater
mg), total mass of adsorbate adsorbed by the adsorbent at the
saturation point (M, Mg), and total adsorption capacity in
the column (Qeorar Mg g~ ') according to Eqns (3)-(9), respec-
tively. The experimental data obtained was adjusted to the the-
oretical models of Thomas, Adams-Bohart, Yoon-Nelson and
Dose-Response.

C
t,=—=0.

=G 0.05 (3)

C
t;=—=0.95 4
= @
MTZ=h (1_5) (5)

ts
Ve=Qt; (6)
QGCot

Madsorbate = T((;OS (7)
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QG (* G
=— 1——|dt 8
Miotal 1000 JO GCo (8)
Motal
Giotal = ————— 9
total Madsorbent ®)

Wherein C (mg L™") is the outlet concentration; C, (mg L™") is the
inlet concentration; h (cm) is the bed height; m (g) is the adsor-
bent mass; and Q (L min~") is the volumetric flow rate.

RESULTS AND DISCUSSION

Characterization of Tingui bark, BT-KOH, and Norit

The nitrogen adsorption/desorption isotherms for Tingui bark,
BT-KOH, and Norit are shown in Fig. 1(A)-(C), respectively. Mean-
while, Table 1 shows the values obtained from the nitrogen phy-
sisorption analysis. According to the classification established by
IUPAC, the N, adsorption/desorption isotherm of Tingui bark
(Fig. 1(A)) is categorized as Type II. This classification indicates that
the adsorbent and adsorbate interactions are comparatively weak
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and that the adsorbent has a non-porous or macroporous sur-
face.?? This model aligns with the data provided in Table 1, where
Tingui bark exhibited a low BET surface area and a low pore
volume.

Moreover, the N, adsorption/desorption isotherms exhibited by
BT-KOH (Fig. 1(B)) and Norit (Fig. 1(C)) refer to a mixture of type |
(b) and IV isotherms. This observation suggests that these materials
have wider micropores and narrow mesopores. In addition, their
hysteresis pattern is characteristic of narrow slit-shaped pores, a
feature often observed in activated carbon materials.? Table 2 also
shows that the surface area and pore volume of Tingui bark were
notably improved through chemical activation with KOH. In chem-
ical activation, the chemical agents develop the porosity through
dehydration and degradation of the feedstock structure.®* Activa-
tion with KOH occurs by collapsing the carbon network by trans-
forming KOH into K,COs. The gaseous species of CO, CO,, H,0,
and H, generated during activation leave the material, generating
pores, whereas the metallic K generated in situ diffuses into the
internal structure.?® Also, the removal of potassium salts and metal-
lic K by washing creates the microporosity.*

.
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Figure 1. N, adsorption/desorption isotherms of Tingui (A), TB-KOH (B) and Norit (C). TGA analysis of Tingui, BT-KOH and Norit (D).
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Table 2. Material characteristics
Characteristics Tingui BT-KOH Norit
Nitrogen adsorption
Sger (M2 g™") 4,033 1775 966
Dp (nm) 6.38 1.97 2.06
Ve (cm®* g™ 643 x 1073 0.873 0.497
Vimicrop (€m® g7") 0.00 0.374 0.360
Vimesop (€M> g7 643 x 107> 0.499 0.137
Elemental analysis
C (%) 4741 72.86 80.1
H (%) 5.77 0.36 0.3
N (%) 1.46 0.39 04
S (%) <0.03 <0.03 <0.03
0 (%)* 45.36 26.39 19.2
Zero charge point analysis
PHpcz nd 5.91 8.00
Analysis of ash (%) and metals (mg g~")
Ash 2.18 1.73 11.60
Al 0.0251 0.0650 13.47
Ca 0.534 0.208 1.52
Cu <0.001 <0.001 0.009
Fe 0.066 0.705 7.26
K 5417 1.444 0.623
Mg 0.498 0.189 0.170
Mn 0.008 0.010 0.030
Na <0.0002 <0.0002 0.257
Zn <0.0004 <0.0004 0.020
@ By difference; nd, not determined.

Furthermore, in the data presented in Table 2, BT-KOH shows a
higher Sger and Vp than Norit. An adsorbent with higher Sger and
Vp exhibits a remarkable capacity for adsorbing aromatic pollut-
ants, especially if pore filling is the primary adsorption mecha-
nism.2® Therefore, it is expected that BT-KOH, with its higher
specific surface area and well-developed internal pore structure,
can efficiently remove acetaminophen and diclofenac molecules
from the aquatic environment through the pore-filling
mechanism.

Regarding the thermal stability of activated carbon, TGA analy-
sis (as shown in Fig. 1(D)) revealed that Tingui bark showed three
distinct stages of mass loss. The initial phase, responsible for a
mass loss of 3.4%, occurred between 50 and 200 °C, indicating
the removal of physically adsorbed water through dehydration.?’”
The subsequent mass loss, totaling 69.6%, occurred in the 200 to
700 °C temperature range. This significant loss can be attributed
to the decomposition of lignocellulosic components, such as cel-
lulose, hemicellulose, and lignin, present in the biomass.?® The
final mass loss of 6.3% occurred in the 700 to 950 °C temperature
range. This loss is attributed to the sample's decomposition of
residual lignin and carbonaceous materials.>’ BT-KOH and Norit
showed remarkable stability about the activated carbons, with
mass losses of 10.04% and 2.42% at 800 °C, respectively.

The data obtained from the elemental analysis is shown in
Table 2. Compared to Norit, BT-KOH had a lower carbon and oxy-
gen content. These results indicate that the surface of BT-KOH has
more oxygen than that of Norit. This suggests that BT-KOH may
have more hydroxyl functional groups (—OH) than Norit, which
favors the adsorption of organic contaminants. This is because

the presence of hydroxyl groups increases the polarity of the sur-
face of the adsorbent material, which can improve its affinity with
various substances.*°

The point of zero charge (PZC) is an important parameter that
describes the pH at which an adsorbent material's surface has a
zero net charge. In other words, it is the point at which the
amount of positive and negative charges on the material's surface
equalizes. For BT-KOH and Norit, these values were determined as
5.91 and 8.0, respectively, as detailed in Table 2. These results
reveal significant differences, such as the surface difference
between these adsorbent materials. BT-KOH has a relatively low
PZC, indicating a tendency towards an acidic surface, while Norit
has a higher PZC, suggesting a basic surface nature.®' These char-
acteristics have important implications for the adsorption of com-
pounds in solution, especially about their isoelectric points (pH at
which the net charge of the molecule is zero). For example, the
material's surface will be predominantly positively charged in a
medium with a pH below the PZC of BT-KOH. In contrast, in
a medium with a pH above the PZC of Norit, the surface will be
predominantly negatively charged.®

The ash and metal content results are also shown in Table 2. It
can be seen that Norit has the highest levels of these elements
compared to BT-KOH. This significant difference could consider-
ably impact the adsorption efficiency of the adsorbents. A more
substantial amount of ash and inorganic matter in an adsorbent
can significantly compromise its adsorption efficiency. These
unwanted materials can interfere with the active sites available
for adsorption, competing with the target contaminants and thus
reducing the removal capacity. The ash in the adsorbent can clog
the pores, reducing the surface area available for interacting with
the contaminants. This limits the adsorbent's ability to efficiently
capture unwanted molecules, reducing the effectiveness of the
adsorption process. In addition, metals can trigger undesirable
reactions with contaminants or interfere with forming
adsorbent-contaminant complexes, thus impairing removal
capacity. These metals can act as catalysts for chemical reactions
that reduce the affinity of the adsorbent for the contaminant or
lead to the formation of unwanted products.

The FTIR analysis technique provides a qualitative view of the
functional groups on the surface of adsorbent materials. These
groups play a fundamental role in the adsorption capacity of
adsorbates in aqueous solutions.>” The FTIR spectra of the mate-
rials are shown in Fig. 2. As can be seen, Norit and BT-KOH showed
similar spectra. The FTIR revealed the presence of chemical
groups on the surface of both adsorbents, as evidenced by the
broad peaks at 3600 and 3410 cm™' (A and B) associated with
the elongation of the —OH group. The band at 2960 cm™' Q) is
attributable to the stretching vibrations of the C—H groups.>
The peak at 2300 cm™" (D) is attributed to the —OH stretching
of the carboxylic acid.>* The band at 1780 cm™" (E) can be attrib-
uted to the symmetrical stretching of the C=0 group referring to
the carboxylic acid portions.®® The band at 1610 cm™ (F) is char-
acteristic of stretching the C—O double bond in esters or carbox-
ylic acids. The small peaks at 1390 cm™ (G) are attributed to the
ring modes of aromatic compounds. The peaks at 1030 and
1000 cm™" (H and 1) are associated with the C—O stretching of
phenolic or carboxylate groups.® The peaks at 800, 600, and
450 cm™' (J, K, and L) are associated with stretching vibrations
of the C—N or C—O group.*’ It is also observed that, in the FTIR
of Tingui, the peaks at 1030 and 1000 cm™' (designated as H
and ) correspond to the C—O stretching of phenolic and/or car-
boxylate functional groups present on the surface. However,
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these peaks are significantly reduced in the BT-KOH spectrum,
which indicates the removal of these groups during the KOH acti-
vation process. This removal occurs due to the caustic effect of
KOH, which favors the degradation and volatilization of these oxy-
genated groups. This process contributes to the increase in the
surface area and porosity of the activated material, since the elim-
ination of the oxygenated groups expands the pores and
improves the microporous structure of BT-KOH.*®

| (L)
©  gPem pu

Transmitance (a.u)

G —TNew i ¥
PR - BT B A TS R NP

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™)

Figure 2. FTIR of Tingui biomass, BT-KOH, and Norit.

(A)

Figure 3. SEM images of Tingui bark in 5000x% (A), BT-KOH in 5000 (B)
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Tingui bark SEM image (Fig. 3(A)) showed heterogeneous char-
acteristics structure in the form of cracks, roughness, and crevices.
Ordered fibrils are also seen, in consonance with a lignocellulosic
structure. After activation, BT-KOH (Fig. 3(B)) changed to a
completely different morphology. It is possible to observe a larger
number of cavities, smaller in diameter, indicating the develop-
ment of pores. In fact, KOH activation generally promotes disrup-
tion of the raw material. Thus, no morphological similarities to the
raw material are observed.*

Adsorption kinetic
Figure 4(A), (B) show the adsorption kinetics of Norit and BT-KOH
for acetaminophen and diclofenac, respectively. The Pseudo-First
Order (PFO), Pseudo-Second Order (PSO), and Elovich theoretical
models were selected to describe the experimental data, as
detailed in Table 3.

The time required to reach equilibrium in the removal of acet-
aminophen by both Norit and BT-KOH was 540 min, whereas,
for diclofenac, this time was 1440 min. These values represent
the period in which the adsorption rate stabilizes, indicating that
the amount of acetaminophen or diclofenac adsorbed by the
adsorbents does not increase significantly after this point.*® This
equilibrium time is essential to understand adsorption efficiency
and determine the time required for water treatment or environ-
mental remediation.*’

This discrepancy in equilibrium time suggests that removing
diclofenac takes longer than removing acetaminophen when
using Norit and BT-KOH as adsorbents. One reason for this differ-
ence in equilibrium time between acetaminophen and diclofenac
lies in the competition for new active sites. Different compounds
can interact in other ways with adsorbents, competing for the
sites available for adsorption. Thus, the increase in contact time
required for diclofenac can be attributed, in part, to this greater
competition for active adsorption sites.*?

At the equilibrium point, it was also observed that Norit
removed 1459mgg~' of acetaminophen, while BT-KOH
removed 191.4 mg g~'. The Pseudo-Second-Order was the theo-
retical model that best described the experimental data for acet-
aminophen adsorption. Norit removed 1333 mgg™" from
diclofenac, while BT-KOH removed 157.4 mg g~ The theoretical
model that best described the experimental data for diclofenac
adsorption was that of Elovich.

The choice of kinetic models was crucial to interpreting the
experimental data. The Pseudo-Second-Order model adopted
for acetaminophen is based on the premise that the adsorption
rate is controlled by the speed of adsorption on the solid surface.

(B)
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Figure 4. Adsorption kinetics of acetaminophen (A) and diclofenac (B) by Norit and BT-KOH. Adsorption isotherm of acetaminophen (C) and diclofenac

(D) by Norit and BT-KOH.

Table 3. Adsorption kinetic parameters of Norit and BT-KOH
Acetaminophen Diclofenac
Model Parameters Norit BT-KOH Norit BT-KOH
PFO ge (Mg g™ 138.1 183.7 121.73 150.98
A= (1—e~1 1) kq (min™") 0.186 0.0943 0.0324 0.0035
R? 0.935 0917 0.922 0.936
PSO de (Mg g™ 142.7 189.1 127.6 162.6
o= 1szq§t ky (min™") 206 x 1072 9.00 x 1072 370 x 107* 370 x 107°
e t
Tea R? 0.983 0.980 0.970 0.965
Elovich a(mgg™ min™") 7.29 x 10° 1.78 x 10* 49.54 248
G=}In(1+apt) pmgg™) 0.126 0.0739 0.0643 0.0332
R? 0.982 0.962 0.990 0.990

Nevertheless, the Elovich model, selected

for diclofenac,

describes the adsorption kinetics considering the gradual filling
of the available adsorption sites on the solid surface over time.

Furthermore, these results suggest that BT-KOH has a higher
adsorption capacity for acetaminophen and diclofenac than Norit.
This difference may be related to the specific physicochemical
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properties of each adsorbent, such as surface area and functional
groups available for interaction with the adsorbed molecules.*?

Another explanation for BT-KOH having a greater adsorption
capacity than Norit is correlated with the type of nitrogen adsorp-
tion/desorption isotherms of each material. Type | isotherms
(BT-KOH) are characteristic of microporous adsorbents, which
exhibit strong adsorption at low pressures and saturation at high
pressures. This suggests that the material has a highly developed
porous structure with many micropores, allowing a higher
adsorption capacity for small molecules. Type IV (Norit) isotherms
are associated with mesoporous adsorbents and may present dif-
ferent adsorption behavior, such as increased adsorption at mod-
erate pressures and saturation behavior at higher pressures,
although less pronounced than in Type | isotherms.** Thus, BT-
KOH, with its micropore structure, may also have a faster adsorp-
tion rate, as the molecules have more adsorption sites available
from the beginning of the adsorption process, whereas Norit
may have a slower or less efficient adsorption rate for certain con-
taminants, due to the need for the molecules to move into the
mesopores, which may take longer.

These findings contribute to a more complete understanding of
the adsorption kinetics of these drugs by different adsorbents,
providing essential insights for practical applications in pollutant
removal and treatment processes.

Adsorption isotherm

Figure 4(C), (D) show the adsorption isotherms of Norit and BT-
KOH for acetaminophen and diclofenac, respectively. In this anal-
ysis, the Langmuir and Freundlich theoretical models were
selected to describe the experimental data, as detailed in Table 4.

The maximum adsorption capacity of Norit and BT-KOH to
remove acetaminophen was 226.3 and 357.7 mg g~', respec-
tively. For diclofenac, these values were 220.9 and 250.6 mg g™,
respectively. It can be seen that BT-KOH had a higher adsorption
capacity for both contaminants compared to Norit, as was also
observed in the experimental adsorption kinetics data.

This significant discrepancy in adsorption capacity between the
two adsorbent materials can be explained by several different
characteristics, such as chemical composition, surface area, poros-
ity, and the presence of functional groups on the surface of the
materials, as evidenced by the results of the physicochemical ana-
lyses of each adsorbent. As revealed by these analyses, BT-KOH
had more oxygen-containing functional groups and higher Sger
than Norit. Due to its greater adsorption capacity, BT-KOH is
potentially more efficient at removing acetaminophen and diclo-
fenac from the solution, making it a more promising candidate for
water treatment and environmental remediation applications.
Furthermore, Table 5 presents the maximum adsorption capacity
of different adsorbent materials. The results also demonstrate that

Table 4. Parameters of the BT-KOH and Norit adsorption isotherm
Acetaminophen Diclofenac
Model Parameters Norit BT-KOH Norit BT-KOH
Langmuir Qmax (Mg g™ ") 220.8 368.3 202.57 245.99
— Imac KL Ce k. (L mg™") 0.106 0.0284 0.263 0.0382

e ="k C. .

R 0.947 0.927 0.865 0.903

SSR 333.6 1342.9 713.86 706.82
Freundlich ke (mg g~ )/(L mg™")'" 75.23 91.60 85.91 70.42
q.=Kr C2 n2 5.73 4.70 7.09 5.20

R 0.980 0.990 0.932 0.992

SSR 154.12 250.60 361.9 51.80
Table 5. Maximum adsorption capacities of acetaminophen and diclofenac on different adsorbents

Experimental conditions
T Mass Time Ginitial Amax
Adsorbent °Q) (mq) (min) (mg L™ Contaminant (mg g_1) Reference
Banana peel 45 2000 1500 0-200 Acetaminophen 57.3 51
Calcium alginate/activated hydrochar 25 25 240 25-1000 Acetaminophen 165.94 2
composite

Brazil nutshells 45 30 10 100-1500 Acetaminophen 2326 32
Guazuma ulmifolia Lam. fruit 45 25 1440 20-350 Diclofenac 27.80 1
Apricot seeds activated carbon 25 267 150 30 Diclofenac 5.35 =
Palm fibers functionalized with FAH,0, 25 250 150 0-120 Diclofenac 33.12 3
BT-KOH 25 20 540 50-1000 Acetaminophen 357.7 This work
BT-KOH 25 20 1440 50-1000 Diclofenac 250.6 This work
Norit 25 20 540 50-1000 Acetaminophen 2263 This work
Norit 25 20 1440 50-1000 Diclofenac 2209 This work

wileyonlinelibrary.com/jctb © 2024 Society of Chemical Industry (SCI). J Chem Technol Biotechnol 2025; 100: 555-567
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BT-KOH stands out among other adsorbents, evidencing its effec-
tiveness in the removal of diclofenac and acetaminophen. This
also indicates that BT-KOH is a promising alternative for the treat-
ment of contaminated water.

Furthermore, the Freundlich model best fits the experimental
data for substances and adsorbent materials. This suggests that
the adsorption of the contaminants does not strictly follow the
monolayer behavior proposed by the Langmuir model but rather
a multilayer adsorption process, where the amount adsorbed
increases proportionally to the concentration of the contaminant
in the solution.*® Thus, the multi-surface adsorption observed
may have unfolded in two distinct phases, the first on the avail-
able surface adsorption sites, followed by interactions between
the adsorbed molecules.*®

The parameter n in the Freundlich equation plays a fundamen-
tal role in characterizing the reactivity and heterogeneity of an
adsorbent's active sites. A value of n greater than 1 implies that
the adsorption process is predominantly chemical, indicating a
considerable affinity of the contaminants for the adsorption sites.
In this work, the value of n for all the situations investigated was
more significant than 1, pointing to a high affinity of acetamino-
phen and diclofenac for the adsorption sites in the adsorbent
materials. This finding suggests a strong interaction between
the contaminants and the adsorbents and significant binding
energy, highlighting the effectiveness of these materials in
removing these unwanted compounds.?

Fixed bed

Figure 5(A), (B) present the studies obtained on the adsorption of
acetaminophen and diclofenac by Norit and BT-KOH in a fixed-
bed column, respectively. Furthermore, column performance data
regarding acetaminophen and diclofenac removal are presented
in Tables 6 and 7, respectively.

Comparing the results obtained in the adsorption of acetamin-
ophen and diclofenac by BT-KOH and Norit in a fixed bed (see
Tables 6 and 7), it was possible to observe that, although both
experiments used the same initial conditions in terms of adsor-
bent mass, flow rate and initial contaminant concentration, BT-
KOH showed longer retention and saturation times as well as a

(A) T ¥ T L) T ¥ T L3 T L] T L T L T L3 T
1.0 -
-'::..zgnol.nunn
0.8 i
o 0.6 -
Q
O 044 i
NORIT
« BT-KOH
0.2+ Thomas .
Adams-Bohart
00d siiansnee® Yoon-Nelson
- —— Dose-Response |

1 1 1 T
0 100 200 300 400 500 600 700 800
Time (min)

higher maximum adsorption capacity and a higher removal effi-
ciency compared to Norit for the two contaminants tested. This
can be attributed to the height of the adsorbent bed, where as
the bed increases, the contact time of the solute present in the
solution with the compacted bed increases. Thus, interparticle
diffusion in the pores is improved.?” These results suggest that
BT-KOH is more effective in removing acetaminophen and diclo-
fenac in fixed bed systems, making it a preferred choice for water
treatment applications contaminated by these pharmaceutical
contaminants.

The theoretical dose-response model was the one that best
fitted the experimental data on acetaminophen or diclofenac
adsorption, both for BT-KOH and Norit. Its relevance lies in the fact
that it describes the complete rupture curve with high precision,
in addition to being able to reduce errors associated with the
use of the Thomas model, especially at low or high removal
times.? Furthermore, in the adsorption of contaminants by adsor-
bent materials, the dose-response model is applied to quantify
the relationship between the concentration of the contaminant
in the solution and the amount adsorbed by the adsorbent. Spe-
cifically, the model describes how the adsorption capacity of the
material varies in response to the concentration of the contami-
nant in the solution.

Possible adsorption mechanism
The adsorption of acetaminophen and diclofenac on carbona-
ceous adsorbents is a complex process influenced by various mac-
roscopic and microscopic interactions. The pharmaceutical
compounds' unique properties determine their affinity and
adsorption behavior on carbonaceous surfaces. The interactions
involved in this process are diverse and include hydrogen bonds,
#-m interactions, n-x interactions, and pore filling. These mecha-
nisms play distinct roles in the adsorption of these drugs and
are influenced by factors such as the chemical structure of the
compounds, the morphology of the adsorbent, discussed in SEM
analysis, and the environmental conditions. 254748

Hydrogen bonds can be established in two different ways.
Firstly, dipole-dipole H bonds occur between the surface hydro-
gen of the hydroxyl groups (—OH) present on the surface of the

(B) T T T T T T T T
1.0 - |
0.8 - i
o 0.6 1 |
(8]
O 04 |
< NORIT
+ BT-KOH
0.2 4 Thomas T
Adams-Bohart
----- Yoon-Nelson
0.0 4 —— Dose-Response |

T T T T T T T 1
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Time (min)

Figure 5. Breakthrough curves with mathematical modeling of acetaminophen (A) and diclofenac (B) adsorption on Norit and BT-KOH.

I EEEEEEEEE———
© 2024 Society of Chemical Industry (SCI).

J Chem Technol Biotechnol 2025; 100: 555-567

wileyonlinelibrary.com/jctb

e a4} Aq peuIenob ae Sapile O '8sN JO S9IN1 10} AR1G1T 8UIUO /8|1 UO (SUOTHIPUOD-PUR-SLUISYWO A8 | I ARed|1|BU UO//:SdNY) SUONIPUOD pUe SWis | 8U) 89S *[9202/£0/08] U0 Akeiqi8ulluo A8|IM ‘saded A 16/, d1(/Z00T 0T/I0p/W0d" A3 1M AseIq Ul juo'S U0 19s//:5cy Wouy papeojumoq ' ‘SZ0Z ‘0997260T



http://wileyonlinelibrary.com/jctb

®)
SCl

where science
meets business

WWW.50Ci.org

DF dos Santos et al.

Table 6. Parameters of the Thomas, Adams-Bohart, Yoon-Nelson, Dose—Response model using Norit and BT-KOH to remove acetaminophen

(50 mg L")
Norit BT-KOH
m=02g m=02g
Q=3 mLmin™" Q=3 mLmin™"
Co=50mgL™" Co=50mgL™"
Z=14cm Z=22cm
t, (C/Co = 0.05) = 101.1 min t, (C/Co = 0.05) = 250.6 min
Model Parameters ts (C/Co = 0.94) = 387.1 min ts (C/Co = 0.94) = 578.3 min
ZTM = 1.03 cm ZTM = 1.24 cm
Veau = 1161.42 mL Ve = 1734.8 mL
Mpic_total = 58.07 mg Mpic_total = 86.7 Mg
Mpic_ads = 32.31 mg Mpic_ads = 53.7 Mg
Grotal = 161.6 Mg g™’ Qotal = 2683 mg g™’
%R = 55.65% %R = 61.85%
Thomas & = T am=crar] e ’(“nf;g'i‘;‘_“ e x 1077 480
o . .
R? 0.995 0.994
Adams-Bohart & = —_e@KuCt____ kag (L mg™" min™") 446 x 1073 487 x 1073
exp (“427) -1+ exp(Kep Cot) N, (mg L") 8068.5 13 6460
R? 0.995 0.994
Yoon-Nelson C% = m Kyn (min_1) 0.0223 0.0242
Zeal (MiN) 210.7 375.1
R? 0.995 0.994
Dose-Response c% =1 —# a 451 8.35
1 (—m) 9o (Mg g™ 7.68 13.30
R? 0.998 0.996

Table 7. Parameters of the Thomas, Adams-Bohart, Yoon-Nelson, Dose—Response model using Norit and BT-KOH to remove diclofenac (50 mg L

Model
Thomas $ =————1
[ Hexp[(KTT”)(qom—CoQt)]
Adams-Bohart & = —_@®KuSt
0 exp (%) —1+exp(KagCot)

1

- - 1
Yoon-Nelson & = Tr ekl

Dose-Response & =1-—-1—=
0T, (@)

dom

Parameters

krn (L mg’1 min~")
4o (Mg g™
R2
kag (L mg™" min™")
No (mg L™
R2
kyn (min™")
Teal (MiN)

Norit BT-KOH
m=02g m=02g
Q=3 mLmin™" Q=3 mLmin™
Co=50mg L™’ Co=50mgL™"
Z=14cm Z=22cm

t; (C/Co = 0.05) = 15.9 min
ts (C/Co = 0.94) = 456.1 min
ZTM =135 cm
Vefiu = 1368.3 mL
Mpic_total = 68.4 Mg
Mpic_ads = 22.2 Mg
Qtotal = 110.9 mg 9_1
%R = 32.42%

280 % 107*

95.96
0.945
270 x 107*

1084 x 10°
0.945
0.0135
132.8
0.945
1.66
78.62
0.998

t; (C/Co = 0.05) = 38.6 min
ts (C/Co = 0.94) = 756.2 min
ZTM = 2.1 cm
Vefiu = 2268.4 mL
Mpic_total = 113.4 mg
Mpic_ads = 29.3 Mg
Qrotal = 146.6 mg 9_1
%R = 35.85%
26x 107
109.31
0.895
250 x 107*

77.9 x 10°
0.895
0.0123
151.16
0.896
1.63
91.44
0.991

|
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adsorbent and appropriate atoms, such as oxygen and nitrogen,
in the aromatic molecules of the adsorbate. Secondly, there is
the Yoshida H bond between the aromatic ring in the adsorbate
molecules and the hydroxyl groups (—OH) on the surface of the
adsorbent. In the case of acetaminophen, the oxygen and nitro-
gen atoms in its structure play the role of hydrogen receptors,
while the —OH groups on the adsorbent surface act as hydrogen
donors.*® As for diclofenac, the amino and carboxyl groups pre-
sent in its molecule form hydrogen bonds with the oxygen-
containing functional groups on the surface of the adsorbent
material.*®

The z-r interaction occurs when the aromatic rings of the drug
molecules approach and interact with the aromatic structure of
the carbonaceous adsorbents. Acetaminophen's molecule's
—OH and —NH groups act as influential electron donors.** Diclo-
fenac's rich density of x electrons and the benzene rings' delocal-
ization characteristics in its molecule favor the generation of z-x
interactions.>®

On the other hand, the n-z interaction occurs when electron-
depleted sites on the adsorbate molecules and z-electron donors,
such as oxygen electron pairs, form a donor-acceptor complex. In
this case, the aromatic rings of the acetaminophen and diclofenac
molecules serve as electron acceptors, while the oxygen groups
on the adsorbent surface, such as —COOH and —OH, act as elec-
tron donors.?

Finally, pore filling is considered the dominant adsorption
mechanism for acetaminophen and diclofenac on carbonaceous
adsorbents. The drug molecules are adsorbed in the pores of
the carbonaceous structure, which provides a large surface area
for the interaction between the drug molecules and the
adsorbent.*®

Together, these interaction mechanisms contribute to the com-
plexity of the acetaminophen and diclofenac adsorption process
on carbonaceous adsorbents. Understanding these mechanisms
is essential for developing effective environmental remediation
strategies and optimizing controlled drug release systems based
on carbonaceous materials.

CONCLUSION

It is concluded that the adsorbent developed from Tingui bark
and activated with KOH (BT-KOH) showed superior performance
in removing acetaminophen and diclofenac, both in terms of
batch and fixed bed adsorption, when compared to the commer-
cial adsorbent (Norit).

The superiority of BT-KOH is attributed to its distinct physico-
chemical characteristics. Its more developed surface and higher
oxygen content provide a more effective adsorption capacity for
organic contaminants present in water. These results offer
encouraging prospects for the practical application of this adsor-
bent in environmental remediation and contaminated water
treatment processes.

Using materials of natural origin, such as Tingui bark, demon-
strates a sustainable approach to developing environmental tech-
nologies. This innovation demonstrates efficiency and reduces
environmental impact by taking advantage of renewable
resources and avoiding the waste of agricultural residues.

However, despite the promising results, it is essential to high-
light the need for further research. Fully understanding the mech-
anisms underlying the adsorption process and further optimizing
the efficiency of BT-KOH are crucial steps to ensure its viability and
widespread application.

In short, the development of the BT-KOH adsorbent represents a
significant advance in removing organic contaminants from
water. Its superior efficacy and sustainable origin offer a promis-
ing solution to pressing environmental challenges, indicating a
positive path toward protecting and preserving water resources.
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