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ABSTRACT

For the first time an advanced carbon sorbent modified with salicylic acid for
medicinal and veterinary applications was synthesized by the adsorption from
solutions. Optimal parameters of the modification were determined: Solvent,
“carbon sorbent-modifier” ratio, concentration of salicylic acid, equilibration
time of the process in the “sorbent—salicylic acid solution” system, pH, and
process temperature. The effect of the drying parameters on stability and
amount of oxygen-containing groups on the carbon sorbent surface after mod-
ification was established. Physicochemical properties of the carbon sorbent and
sorbents modified with different concentrations of salicylic acid were investi-
gated: textural characteristics, qualitative and quantitative compositions of the
surface functional groups, and amount of the deposited modifier. The possibility
of salicylic acid desorption into the media simulating biological fluids, partic-
ularly the gastrointestinal medium, was explored. Adsorption characteristics of
the carbon sorbent and sorbents modified with different concentrations of sal-
icylic acid with respect to organic dyes—methylene blue and metanil yellow in a
wide range of operating concentrations—were revealed.
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Introduction

The wide application of carbon materials as adsor-
bents in various fields of science and technology is
caused by their unique properties, the variety of
structures, and the developed surface area. Carbon
materials are used for the adsorption of gases, heavy
metals, organic dyes, polymers and biomolecules.
Depending on the specified tasks and purposes of
carbon materials, it is possible to adjust their pore
structure and change chemical features of their sur-
face by modification with various substances [1-13].

The adsorption of biologically active substances on
the carbon surface (adsorption modification) is one of
the most simple and accessible methods to obtain
new modified materials for the sorption processes,
which can extend their application field [14].
Promising for such goals are the carbon sorbents
having some advantages over other materials: high
adsorption surface area, biocompatibility, and insol-
ubility in biological media. Impregnation or immo-
bilization of biologically active substances onto a
carbon support is widely employed now [5, 6]. This
process increases the number of oxygen- and nitro-
gen-containing functional groups on the carbon sur-
face, thus enhancing their chemical and adsorption
interactions with the deposited modifiers. There are
various ways to use carbon sorbents with the bio-
logically active and medicinal substances impreg-
nated or immobilized on them [5, 6].

An increasing interest in salicylic acid and its
derivatives is observed now. Such substances possess
antibacterial, anti-inflammatory, antimicrobial,
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antioxidant, wound healing and other biospecific
properties [15-20]. However, the possibility to apply
salicylic acid and obtain the related medicinal
preparations is limited because high concentrations
of the acid produce undesirable side effects: a detri-
mental effect on the gastrointestinal mucosa, distur-
bance of the kidney functions, and others [21, 22]. At
present, 1-2% alcoholic solutions of salicylic acid and
ointments with the salicylic acid content from 2 to
10% are used in the national medical practice for
outward application [23-25].

Complex preparations based on various matrices
(supports) with the deposited salicylic acid or its
derivatives have been developed to increase the
efficiency, prolong their action and reduce the toxic-
ity. Such preparations include the application
hemostatic implants modified with salicylic acid,
antibacterial polymeric composites with salicylic and
rosemary acids, medicinal preparations containing
polysalicylic acid for treatment of osteoporosis, films
with antioxidant and antibacterial properties based
on chitosan with conjugated salicylic acid, and
pharmaceutical compositions based on polysaccha-
ride with salicylic acid [26-30].

The analysis of the literature data demonstrates
that carbon materials, particularly the active carbons
with high adsorptivity, are widely employed for the
adsorption of salicylic acid from aqueous media
[31-33]. The revealed regularities and mechanisms of
salicylic acid adsorption on the carbon surface allow
using the acquired data to develop a method for
modifying the carbon sorbents with salicylic acid or
its derivatives [2, 34, 35].
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Different grades of active carbons, particularly
those modified with metal oxides, are applied to
concentrate salicylic acid and recover it from aqueous
media. Such carbons exhibit high adsorptivity toward
salicylic acid (above 240 mg/g). Their drawbacks
include long equilibration time, incomplete desorp-
tion of the sorbate, and high cost of the carbons [31].

An adsorbent for the removal of methylene blue
dye has been developed using steel slag modified
with a salicylic acid solution in methanol with the
concentration of 100 g/1. The maximum adsorption
capacity of the modified sorbent with respect to the
dye was 41.6 mg/g (the concentration of methylene
blue was 200 mg/]; the equilibration time, 6 h; pH, 7;
and temperature, 25 °C) [36].

The quantitative characteristic of the efficiency of
carbon sorbents is their adsorptivity toward model
substances. The substances used for modeling vari-
ous compounds with the molecular weight up to 500
D are represented by organic dyes — basic methylene
blue and acidic metanil yellow [37-40]. To estimate
the operation time of the modified carbon sorbents,
the possibility of releasing the modifier was studied
in different media and at different pH values [41, 42].

The goal of the work was to develop a method for
the adsorption modification of the carbon sorbent
surface with salicylic acid. The tasks of the study
were as follows. Determination of the optimal mod-
ification parameters (solvent, sorbent to modifier
ratio, concentration of salicylic acid, equilibration
time of the process in the “sorbent-salicylic acid
solution” system, pH, and temperature of the pro-
cess). Investigation of the adsorption properties of the
material with respect to salicylic acid used as the
modifier and determination of conditions ensuring
the deposition of the maximum amount of salicylic
acid (the amount of adsorption). The synthesis of the
modified samples and investigation of their physic-
ochemical properties. A study on the desorption of
the deposited modifier into model solutions.

Investigation of the adsorption properties with
respect to organic dyes (methylene blue and metanil
yellow), which are used for modeling toxic com-
pounds (model substances), will allow us to estimate
the effect of deposited salicylic acid on the properties
of the carbon sorbent samples and predict their effi-
ciency as the medicinal and veterinary materials for
sorption therapy.
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Experimental
Materials

The initial material was represented by a mesoporous
carbon sorbent (CS) with the specific surface area
390 m?/g and the predominant grain diameter
0.50 mm. The micromorphology and microstructure
of the carbon sorbent used as a support have been
studied and described in our earlier publications
[43, 44].

The modification was performed using salicylic
acid (SA) (99%, Sigma-Aldrich, Germany) and etha-
nol (95%, OAO Kemerovo Pharmaceutical Plant,
Russia). Methylene blue (MB, analytically pure,
Omskreaktiv, Russia) and metanil yellow (MY, 98%,
Merck Schuchardt OHG, Germany) served as the
adsorbates (model substances).

Physicochemical characterization

Specific surface area of the samples was measured by
the low-temperature nitrogen adsorption on a Gem-
ini 2380 (Micromeritics, USA) analyzer. The Boehm
titrimetric method was used to estimate the quanti-
tative content of functional groups on the surface of
samples under consideration. Adsorption and des-
orption of the modifier and model substances from
the carbon sorbent surface were investigated spec-
trophotometrically on a CECIL-1021 (Cecil Instru-
ments Limited, UK) spectrophotometer. To perform
the adsorption with shaking, an Edmund Buehler SM
30 B (Buehler, Germany) shaker was used. The
modification process was controlled by thermal
analysis on a DTG-60 (Shimadzu, Japan) thermal
analyzer. Heating was carried out in the temperature
range of 21400 °C at a rate of 10 °C/min in a static
air medium.

IR spectra were recorded on a Shimadzu IRPres-
tige-21 spectrometer in a range of 3507900 cm™" with
a resolution 4 cm™' and spectrum accumulation from
50 scans. The spectra were processed using the
ORIGIN software package for baseline correction and
smoothing. The pH value of solutions was measured
on a Sartorius PP-20 (Sartorius AG, Germany) pH-
meter.
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Adsorption

The concentration of salicylic acid in solutions before
and after contacting the sorbent was estimated
spectrophotometrically using a quartz cuvette with a
10 mm thick adsorption layer; optical density was
measured in the adsorption maximum at a wave-
length of 295 nm. To plot a calibration chart, a series
of salicylic acid solutions was prepared: in the con-
centration range of 10-500 mg/l for the aqueous
solution and 10-100 mg/1 for the alcohol solution.

The adsorption of salicylic acid onto the carbon
sorbent was performed from aqueous and alcoholic
solutions in the concentration ranges of
100-1500 mg/1 and 0.10-60.00 g/1, respectively. The
amount of adsorption (2, mg/g) and the degree of
recovery (R, %) were calculated by the formula
reported in [33, 45]. The effect produced by stirring
the aqueous solution of salicylic acid during the
adsorption on the equilibration time and degree of
recovery under mechanical shaking was estimated at
a shaking frequency of 100-150 vibrations/min or
without shaking.

The optimal conditions of the adsorption modifi-
cation were chosen by varying the following
parameters:

e The sorbent to salicylic acid solution volume ratio
of 1/10, 1/25 and 1/50 (temperature 25 °C,
without shaking, the concentration of salicylic
acid 100 mg/1);

e The pH value from 2 to 12 (from aqueous
solutions, the concentrations of salicylic acid 500
and 1500 mg/1, 1/50 ratio, temperature 25 °C,
with shaking);

e The process temperatures of 25 °C, 40 °C and
60 °C (from aqueous solutions, 1/50 ratio, the
concentrations of salicylic acid 500 and 1500 mg/1,
with shaking).

The adsorption of model substances was studied
under static conditions at the sorbent/solution vol-
ume ratio 1/10 and temperature 25 °C (with or
without shaking). To plot the calibrations charts, a
series of initial solutions of the dyes was prepared:
methylene blue (0.0007-0.0100 mg/ml) and metanil
yellow (0.0063-0.0500 mg/ml). The concentration of
substances in the solution was estimated spec-
trophotometrically using a cuvette with a 10 mm
thick adsorption layer; optical density was measured
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in the adsorption maximum at a 660 nm wavelength
for methylene blue and at 440 nm for metanil yellow.

The following experimental procedure was
employed to investigate the adsorption properties of
samples toward model substances: 1.0 ml of the car-
bon sorbent was supplemented with 10.0 ml of an
aqueous solution of a dye with the concentration
0.10-2.00 mg/ml  for  methylene blue and
0.10-0.50 mg/ml for metanil yellow; the adsorbate
amount in the solution was measured after a speci-
fied contact time (from 1 to 24 h). The concentrations
of substances in the solutions were estimated before
and after the adsorption using the calibrations charts.
The results obtained were used to calculate the
amount of adsorption (a, mg/g) and the degree of
recovery (R, %).

Desorption study

The possibility of desorption of the modifier in dif-
ferent solvents was examined under static conditions
(with or without shaking) at the sorbent (g) to solu-
tion (ml) ratio of 1/10 and room temperature. The
experiments were carried out in alcoholic and aque-
ous solutions: an alcoholic solution (95% C,HsOH), a
0.9% aqueous solution of NaCl (physiological solu-
tion), and an aqueous solution.

Reliability of the data obtained and their
statistical treatment

To verify reliability of the data obtained in experi-
mental studies, their statistical treatment was per-
formed using the Statictica 6.0 software package.
Sampling of the objects of research complied with the
requirements of mathematical statistics.

Every adsorption/desorption experiment was
repeated twice, and the average value was reported.

Experimental results

Table 1 lists the data obtained on the adsorption of
salicylic acid from aqueous (H,O) and alcoholic
(C,H50H) solutions at different sorbent/solution
volume ratios.

The highest static adsorption capacity on the car-
bon sorbent from aqueous and alcoholic solutions
was observed at the volume ratio 1/50. This result is
consistent with the literature data: the higher is the
concentration of solution, the more pronounced is the
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Table 1 Adsorption of salicylic acid from aqueous and alcoholic solutions at different sorbent/solution volume ratios

Sorbent/solution volume ratio Amount of adsorption, mg/g

Equilibration time, h Degree of recovery, %

H,0 C,HsOH H,O C,H;OH H,0 C,H;OH
1/10 15 1.6 8 24 100 99
1/25 3.6 3.2 8 24 99 89
1/50 7.7 4.6 24 24 94 60

competition between salicylic acid molecules and
adsorption sites on the carbon sorbent surface, which
leads to a decrease in the amount of adsorption [35].

At the 1/50 ratio, a greater amount of salicylic acid
was adsorbed from the aqueous solution (7.7 mg/g)
as compared to the alcoholic solution (4.6 mg/g).
This regularity is observed also when comparing the
degree of salicylic acid recovery and equilibration
time in the “sorbent-solution” system. The adsorption
of organic substances from alcoholic solutions is
accompanied by competitive sorption of the solvent
(ethanol) on the carbon surface, which complicates
the process. Therewith, the diffusion of salicylic acid
molecules to the adsorbent becomes slower [2, 46, 47].

It was found that the solvent nature is of great
importance in the study of salicylic acid adsorption.
The following regularity is known: the more readily
the adsorbate dissolves in a solvent, the more difficult
is its adsorption; the worse is the adsorbate dissolu-
tion, the better is its adsorption [48]. Due to the poor
solubility of the adsorbate in water, it is difficult to
use an aqueous solution of salicylic acid with the
concentration above 1500 mg/l in the study of
adsorption on the carbon sorbent. In ethanol, salicylic
acid readily dissolves even at high concentrations
(0.10-60.00 g/1). Supposedly, salicylic acid on the
carbon adsorbent will be adsorbed better from
aqueous solution than from alcoholic one.

This hypothesis was supported by the data
obtained in our experiments (Table 2): the adsorption
of salicylic acid from alcoholic solutions onto the
carbon sorbent was characterized by a low degree of
recovery, 3-41%.

Table 2 Adsorption of

Taking into account the acquired data, in our study
the adsorption of salicylic acid on the carbon sorbent
was performed from aqueous solutions under the
following conditions: concentration of the acid
100-1500 mg/1, sorbent/solution volume ratio 1/50,
and temperature 25 °C.

The effect exerted by stirring the aqueous solution
of salicylic acid with the carbon sorbent by mechan-
ical shaking on the equilibration time and degree of
recovery was investigated. Shaking led to a consid-
erable decrease in the equilibration time from 24 to
4 h and an increase in the degree of recovery from 94
to 100% at a minor decrease in the amount of salicylic
acid adsorption from 7.7 to 7.2 mg/g due to intensi-
fication of the process [34, 49].

Figure 1a illustrates the results obtained for the
salicylic acid adsorption on the carbon sorbent from
aqueous solutions in the concentration range of
100-1500 mg/1 versus the contact time. An increase
in the concentration is accompanied by an increase in
the equilibration time and amount of salicylic acid
adsorbed on the carbon sorbent. High degrees of
recovery, 90-99%, are observed for all the
concentrations.

It was found that the equilibration time in the
system “aqueous solution of salicylic acid-carbon
sorbent” was reached in 4 h. At the operating con-
centration of the salicylic acid solution equal to
1500 mg/1, the static adsorption capacity of the
adsorbent reached 90.0 mg/g.

The effect produced by the pH value on the
adsorption of salicylic acid onto the carbon sorbent
from aqueous solutions with the concentration of 500
and 1500 mg/1 (Fig. 2a) was revealed.

salicylic acid from alcoholic

SA concentration, g/l Amount of adsorption, mg/g Equilibration time, i Degree of recovery, %

solutions on the carbon

ot 20 40
sorben 40 410
60 1070

3 3
4 14
6 41
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Figure 2 Adsorption of salicylic acid on the carbon sorbent from aqueous solutions with the concentration of 500 mg/1 (1) and 1500 mg/1

(2) versus the pH value (a) and temperature (b).

The pH of the solution was shown to affect the
adsorption of salicylic acid on the carbon sorbent
from aqueous solutions only at the initial concentra-
tion of 500 mg/1 at pH 2. With a further increase in
the pH value, the amount of adsorption virtually did
not change and remained equal to 27-29 mg/g. The
adsorption of salicylic acid from a solution with the
concentration of 1500 mg/1 did not change with the
pH of the solution and was equal to 112-121 mg/g. It
should be noted that at the initial concentration of
salicylic acid of 500 mg/l the equilibrium was
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reached within 24 h, while at the concentration of
1500 mg/l-within 24 h.

It is known that almost all salicylic acid molecules
in the solution with pH 2 are not dissociated and can
form strong hydrogen bonds with the oxygen-con-
taining surface functional groups of the sorbent; they
are not repelled from the positively charged surface
of the sorbent (the pH of the carbon sorbent point of
zero charge is 7.0) [32, 34, 50, 51].

The effect of temperature on the adsorption of
salicylic acid from an aqueous solution was studied



] Mater Sci (2023) 58:11469-11485

(Fig. 2b). The analysis of the data revealed that an
increase in temperature virtually does not affect the
adsorption of salicylic acid on the carbon sorbent.

Elevation of the process temperature was shown to
increase the equilibration time in the “adsorbate-ad-
sorbent” system. This indicates that the adsorption of
salicylic acid by the carbon sorbent is an exothermic
process [35, 49, 52]. The optimal temperature is taken
equal to 25 °C.

Adsorption characteristics of the carbon sorbent
with respect to salicylic acid were estimated at the
equilibration time of 4 h (Fig.1b) [1, 53, 54].
According to the C.H. Giles classification of adsorp-
tion isotherms from solutions on the solid surface, the
form of the adsorption isotherm of salicylic acid on
the carbon sorbent, which was plotted with the
experimental data, corresponds to type L2. This type
of isotherms is analyzed using the Freundlich,
Langmuir or Dubinin-Astakhov equations, whereas
the linear isotherms are analyzed using the Henry
equation [55-57]. The analysis of adsorption curves in
Fig. 1b shows that the experimental adsorption curve
in the range of equilibrium concentrations
1.0-210.0 mg/1 is better described by the Freundlich
equation (the correlation coefficient 0.99) than by the
Langmuir equation (the correlation coefficient 0.97).

Parameters of the Freundlich equation for the
adsorption of salicylic acid by the carbon sorbent
were calculated: the maximum theoretical amount of
adsorption aeor = 96 mg/g and constants for the
Freundlich equation Kt = 18.65 and 1/n = 0.31.

Table 3 lists comparative data on the adsorption of
salicylic acid by various carbon materials [58-61].

The adsorption of salicylic acid on the studied
carbon sorbent is higher as compared to the data
reported in the literature for various carbon
materials.

Two samples containing salicylic acid were pre-
pared with different initial concentrations of the
modifier: CS-SA-1 (the initial concentration of sali-
cylic acid 500 mg/1) and CS-SA-2 (the initial con-
centration of salicylic acid 1500 mg/l). Various
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physicochemical methods were employed to investi-
gate their properties: textural characteristics, amount
of the deposited modifier, qualitative and quantita-
tive composition of functional groups on the surface
of samples.

According to the thermal analysis data, for the CS-
SA-2 sample modified with salicylic acid, a 10.6%
weight loss with a maximum at 63 °C is observed on
the DTG curve in the low-temperature region up to
100 °C, which may be related to the removal of highly
volatile compounds and adsorbed water (Fig. 3a). In
the temperature region of 130-350 °C the weight loss
is 5.6% and the maximum decomposition rate is
observed at 251 °C (Fig. 3b). Decomposition of the
modifier is known to occur in this temperature range
[62, 63]. One can see in the thermogram that 150 °C is
the optimal temperature for the removal of highly
volatile compounds and adsorbed moisture from the
CS-SA-2 sample after the impregnation step. As the
temperature is increased up to 180 °C, partial
decomposition of the modifier is observed, which is
undesirable.

The effect exerted by the thermal treatment step on
the content of oxygen-containing groups on the sur-
face of modified samples was established (Fig. 4). The
amounts of oxygen-containing groups on the surface
of modified samples before and after thermal treat-
ment were compared. Thus, in comparison with the
unmodified (initial) sorbent sample CS, the modified
samples CS-SA-1 and CS-SA-2 showed a 2-threefold
increase in the total number of oxygen-containing
groups on the surface of samples. An increase from
0.065 to 0.200 mmol/g was observed for the CS-SA-1
sample, and from 0.065 to 0.130 mmol/g—for CS-SA-
2. The study showed that thermal treatment of CS-
SA-1 and CS-SA-2 samples at different temperatures
led to a decrease in the content of functional groups
on the surface; the maximum decrease was observed
for the thermal treatment at 180 °C.

Thus, it is necessary to introduce a step of addi-
tional thermal treatment at 150 °C in a drying oven

Table 3 A comparison of the

adsorption capacity toward Adsorbent SA adsorbed, mg/g Reference

Zzzzzéfn?:ﬁsj dV?r:Kt)lTes Carbon sorbent 90.0 This work

literature Pine wood biochar 22.7 [58]
Sibunit 80.0 [59]
Activated carbon Cloth 50.0 [60]
Modified activated carbon CA-TiO, 4.0 [61]
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Figure 3 Thermogravimetric a and differential thermogravimetric b curves for carbon sorbents after the adsorption of salicylic acid.

Figure 4 The content of
oxygen-containing groups on
the surface of tested carbon
sorbents before and after
thermal treatment.

Number of groups (mmol/g)

0.200 -
NTotal number of oxygen-containing groups (mmol/g)

B Number of carboxyl groups (mmol/g)
SNumber of phenol groups (mmol/g)
0.150

0.100 -

0.050

0.000

for 1 h into the procedure of carbon sorbent modifi- sorbent with salicylic acid by its adsorption from an

cation with salicylic acid.

aqueous solution: sorbent/solution ratio SA = 1/50,

The data obtained made it possible to determine solution pH 2, temperature 25 °C, and drying of
the optimal conditions for modification of the carbon samples at 150 °C in a drying oven for 1 h.

Table 4 Textural characteristics of the tested samples

Sample  Specific surface area, m*/ Total pore volume, cm®/ Mesopore volume, cm®/ Micropore volume, cm®/  Mean pore size,

g g g g nm
CS 390 0.340 0.330 0.010 4
CS-SA- 260 0.289 0.284 0.005 4
1
CS-SA- 180 0.234 0.234 - 5
2
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Figure 5 IR spectra of the
initial carbon sorbent CS and
sorbents after the adsorption of
salicylic acid: CS-SA-1 and

1162 1210

1547
v
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CS-SA-2.
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Table 5 Adsorption of model substances on the tested sorbents
Model substance Adsorption conditions Sample
CS CS-SA-1 CS-SA-2
a, mg/g T, h R, % a, mg/g T, h R, % a, mg/g T, h R, %
Methylene blue Without shaking 7.4 26 100 6.8 27 100 6.1 24 100
With shaking 7.2 3 100 7.1 3 100 6.0 4 100
Metanil yellow Without shaking 7.3 7 100 7.0 7 99 5.5 7 99
With shaking 7.7 0.5 99 7.3 0.5 99 5.6 0.5 100

a The amount of adsorption, T The equilibration time, R The degree of recovery

The specific surface area was studied during
modification of the carbon sorbent with a salicylic
acid solution of different concentrations. A 1.5-fold
decrease in the specific surface area was observed for
CS-SA-1 sample and a 2.2-fold decrease — for CS-SA-2
(Table 4). It should be noted that the mesoporous
structure of the samples is retained during the
modification. Along with the textural characteristics,
the adsorption properties of the modified samples
also depend on the qualitative composition of surface
functional groups and the pH value of the sorbent
point of zero charge.

Figure 5 displays IR spectra of the initial and
modified samples. The IR spectra of the tested

sorbents (Fig. 5, spectra 1-3) contain the adsorption
bands (a.b.) that are typical of the stretching vibra-
tions of C = O bonds in carboxylic acids, ketones and
esters (the region of 1690-1760 cm™), C = C bonds in
the aromatic ring of conjugated systems (the region of
1500-1590 cm™'), C-O bonds in phenolic and alco-
holic structures (the region of 10001200 cm™), and
C-0 bonds in lactones and phenol esters (the region
of 1200-1300 cm™). Low-intensity a.b. at 1461 and
1373 cm™ are observed in the IR spectrum of the
initial sample; they may correspond to CO;> as the
impurity ions that emerge upon contacting the
atmosphere. For the samples after adsorption of sal-
icylic acid, a.b. in the spectral region of
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Figure 6 Isotherms of methylene blue adsorption from aqueous
solutions on the tested carbon sorbents. A comparison of
experimental adsorption curves with the data calculated by

1700-1760 cm™ disappeared from the IR spectra
(Fig. 5, spectrum 2-3).

The pH values of the point of zero charge for the
initial carbon sorbent (CS) and carbon sorbents
modified with salicylic acid (CS-SA-1 and CS-SA-2)
were determined by the pH drift method [50, 51]. A
considerable shift of the pH value for the point of
zero charge toward the acidic region from 7.0 to 2.3 is
observed only for the CS-SA-2 sample (the carbon
sorbent modified with an aqueous solution of sali-
cylic acid with the concentration of 1500 mg/1). This
may be caused by a large amount of the deposited
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Langmuir and Freundlich equations: CS (a), CS-SA-1 (b), and
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modifier and its acidic properties. In the case of CS-
SA-1 sample, the pH value for the point of zero
charge did not change.

The adsorption of model substances from aqueous
solutions with the concentration of 0.50 mg/ml on
the initial and modified carbon sorbents was studied
in dependence on the contact time (Table 5).

The adsorption of all the model substances was
shown to have the same order of magnitude for the
initial carbon sorbent and those modified with sali-
cylic acid. A minor decrease in the adsorption
amount in the series CS > CS-SA-1 > CS-5A-2 is
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Table 6 Parameters of the Langmuir and Freundlich equations for
the adsorption of methylene blue

Parameters CS CS-SA-1 CS-SA-2
Langmuir equation

Atheor ME/E 124 17.0 18.3
K, Umg 5.78 3.32 7.48
” 0.791 0.883 0.990
Freundlich equation

Atheor, ME/E 16.1 17.0 242
Ky 108.30 60.62 131.33
1/n 1.149 0.772 0.990
? 0.992 0.997 0.961

where ay,eo 1S the maximum theoretical amount of adsorption, r
The correlation coefficient, K'; The Langmuir equation constant,
K¢, n The Freundlich equation constants

caused by a decrease in specific surface area of the
modified samples compared to the initial carbon
sorbent. The main difference in the adsorption of
marker substances with and without shaking is the
equilibration time. Without shaking, an equilibrium
in the “sorbent-adsorbate” system is established
during 7-24 h, while with shaking, during 0.5-4 h.

Adsorption characteristics of the tested carbon
sorbents with respect to the methylene blue adsorp-
tion in the concentration range of 0.1-2.0 mg/ml
were determined using the Langmuir monomolecu-
lar adsorption equation and the Freundlich equation
at the equilibration time of 24 h (Fig. 6a—c).

The analysis of curves in Fig. 6a—c and a compar-
ison of correlation coefficients for the equations
(Table 6) revealed changes in the adsorption of
methylene blue: for the initial CS sample (in the range
of equilibrium concentrations 0.006-0.190 mg/ml),
the curve is better described by the Freundlich
equation; for the CS-SA-1 sample (in the range of
equilibrium concentrations 0.004-0.192 mg/ml), the
adsorption curve is well described by the Freundlich
equation; and for the CS-SA-2 sample (in the range of
equilibrium concentrations 0.008-0.181 mg/ml), the
experimental curve is better described by the Lang-
muir equation.

Figure 6d displays the experimental adsorption
isotherms of methylene blue by the initial sorbent
(CS) and those modified with salicylic acid (CS-SA-1
and CS-SA-2) at the equilibration time of 24 h.
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The adsorption isotherms of methylene blue by the
tested carbon sorbents have different shapes, which
indicate differences in the adsorption mechanisms of
methylene blue by the initial and modified sorbents.
This is caused by the presence of a modifier and by its
different amounts in the modified samples.

The shape of the adsorption isotherm of methylene
blue on the carbon sorbent CS, which was plotted
using the experimental data, corresponds to type S
according to the C.H. Giles classification of adsorp-
tion isotherms from solutions on the solid surface.
The shape of the adsorption isotherm of methylene
blue on the CS-SA-1 and CS-SA-2 carbon sorbents
modified with salicylic acid, which was plotted using
the experimental data, corresponds to type L1
[55-57].

Adsorption characteristics of the tested carbon
sorbents with respect to the adsorption of metanil
yellow in the concentration range 0.10-0.50 mg/ml
were determined using the Langmuir monomolecu-
lar adsorption equation and the Freundlich equation
at the equilibration time of 7 h (Fig. 7a—c). Parameters
of the Langmuir and Freundlich equations for the
adsorption of metanil yellow by the carbon sorbents
are listed in Table 7.

It is difficult to reveal differences between experi-
mental and calculated adsorption curves in Fig. 7 by
their visual comparison. However, the analysis of the
calculated correlation coefficients (Table 7) leads to a
conclusion that the adsorption isotherms of metanil
yellow for all the samples under consideration are
better described by the Freundlich equation than by
the Langmuir one: for the CS sample—in the range of
equilibrium concentrations 0.0030-0.0168 mg/ml, for
CS-SA-1-0.0030-0.0128 mg/ml, and for CS-SA-
2-0.0062-0.0444 mg/ml.

Figure 7d illustrates a comparison of the adsorp-
tion isotherms of metanil yellow by the initial sorbent
(CS) and those modified with salicylic acid (CS-SA-1,
CS-SA-2) at the equilibration time of 7 h. An essential
difference of the adsorption isotherm of metanil yel-
low by the CS-SA-2 sample may be caused by a more
acidic nature of the modified sorbent surface (the pH
of the point of zero charge is 2.3) and the acidic
nature of the dye.

The desorption of salicylic acid from the surface of
modified samples into the model solutions was
studied (Fig. 8).

The maximum amount of the modifier passes into
ethanol due to a better solubility of salicylic acid in
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Figure 7 Isotherms of metanil yellow adsorption from aqueous
solutions on the tested carbon sorbents. A comparison of
experimental adsorption curves with the data calculated by

alcoholic solutions as compared to aqueous ones. For
the CS-SA-1 sample modified with the 500 mg/1
salicylic acid solution, 49-50 rel.% of SA passes into
alcoholic solution. For the CS-SA-2 sample modified
with the 1500 mg/1 salicylic acid solution—16-17
rel.% of SA. For the alcoholic model solution, stirring
of the solution during the desorption of salicylic acid
was shown to exert no effect.
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For the CS-SA-1 sample, ca. 3 rel.% of the modifier
(relative to the 500 mg/1 concentration of salicylic
acid solution chosen for modification) passes into
physiological and aqueous solutions with or without
shaking. For the CS-SA-2 sample, ca. 10 rel.% of the
modifier (relative to the 1500 mg/1 concentration of
salicylic acid solution chosen for modification) passes
into physiological and aqueous solutions with or
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Table 7 Parameters of the Langmuir and Freundlich equations for
the adsorption of metanil yellow by the carbon sorbents

Parameters CS CS-SA-1 CS-SA-2
Langmuir equation

Atheor, ME/E 7.5 5.7 2.8
K, Umg 23.75 5.90 2.64

” 0.548 0.067 0.007
Freundlich equation

Atheor, ME/E 7.9 6.7 2.9

Ky 290.01 626.03 22.84
1/n 0.883 1.042 0.668
? 0.965 0.979 0.629

where ay,eo 1S the maximum theoretical amount of adsorption, r
The correlation coefficient, K'; The Langmuir equation constant,
K¢, n The Freundlich equation constants

without shaking. Thus, the amount of deposited
modifier that passes into solution is greater for the
CS-SA-2 sample.

Figure 8 Changes in the 300

11481

Conclusion

Physical adsorption from solutions was used to
obtain a carbon sorbent modified with salicylic acid.
Optimal conditions of the modification were deter-
mined. The adsorption of salicylic acid on the carbon
sorbent is adequately described by the Freundlich
equation; the maximum adsorbed amount was
90.0 mg/g, which compares well with the published
data on the adsorption of salicylic acid on the surface
of carbon materials.

The pore structure and the presence of oxygen-
containing groups on the surface of the modified
carbon sorbent ensure high adsorption capacity
toward organic dyes. The adsorption of methylene
blue and metanil yellow on the surface of the modi-
fied carbon sorbent is adequately described by the
Freundlich equation. The maximum adsorbed
amount was 182 mg/g for methylene blue and
24.7 mg/g for metanil yellow.

The desorption of salicylic acid from the surface of
the modified carbon sorbent into model solutions

4.2

concentration of salicylic acid

a, ¢ and pH of the solution b,
d upon contact of the modified
sorbents CS-SA-1 a, b and
CS-SA-2 ¢, d with the model
solutions of NaCl (1),
C2H50H (2) and H20 (3).
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makes it possible to use the modified sorbent in
medicinal and veterinary applications as a prolonged
action material.

Acknowledgements

The authors are grateful to A.B. Arbuzov (Center for
New Chemical Technologies, Federal Research Cen-
ter Boreskov Institute of Catalysis, Siberian Branch,
Russian Academy of Sciences) for performing IR
spectroscopy studies of the samples. The studies
were carried out using facilities of the shared
research center “National center of investigation of
catalysts” at Boreskov Institute of Catalysis. This
work was supported by the Ministry of Science and
Higher Education of the Russian Federation within
the governmental order for Boreskov Institute of
Catalysis (project AAAA-A21-121011890076-8).

Author contribution

AVS: Conceptualization, Methodology, Data cura-
tion, Writing—review & editing, Validation. LGP":
Methodology, Visualization. NVK: Methodology,
Investigation, Writing—original draft, Visualization,
Writing—review & editing. MSD: Methodology,
Visualization, Investigation, Writing—review &
editing. VAD: Methodology, Visualization. AVV:
Investigation, Methodology, Visualization. NNL:
Supervision. MSM: Formal analysis, Writing—review
& editing. AVL: Project administration. All authors
have read and agreed to the published manuscript.

Data availability

No data was used for the research described in the
article.

Declarations

Conlflict of interest The authors declare that they
have no known competing financial interests or per-
sonal relationships that could have appeared to
influence the work reported in this paper. The
authors declare that they have no conflict of interest.

@ Springer

J Mater Sci (2023) 58:11469-11485

References

(1]

(2]

(3]

(4]

(]

(6]

(7]

(8]

(9]

[10]

Sabzehmeidani MM, Mahnaee S, Ghaedi M, HeidariRoy
HAL (2021) Carbon based materials: a review of adsorbents
for inorganic and organic compounds. Mater Adv
2:598-627. https://doi.org/10.1039/DOMA00087F
Moreno-Castilla C (2004) Adsorption of organic molecules
from aqueous solutions on carbon materials. Carbon
42:83-94. https://doi.org/10.1016/j.carbon.2003.09.022
Azari A, Nabizadeh R, Nasseri S, Mahvi AH, Mesdaghinia
AR (2020) Comprehensive systematic review and meta-
analysis of dyes adsorption by carbon-based adsorbent
materials: classification and analysis of last decade studies.
Chemosphere 250:126238-126256. https://doi.org/10.1016/
j.chemosphere.2020.126238

Bosacka A, Zienkiewicz-Strzatka M, Derylo-Marczewska A,
Chrzanowska A, Wasilewska M, Sternik D (2022) Physic-
ochemical, structural, and adsorption properties of chemi-
cally and thermally modified activated carbons. Coll Surf A
Physicochem Eng Asp 647:129130-129148. https://doi.org/
10.1016/j.colsurfa.2022.129130

Wang W, Gao M, Cao M, Liu X, Yang H, Li Y (2021) A
series of novel carbohydrate-based carbon adsorbents were
synthesized by self-propagating combustion for tetracycline
removal. Bioresour Technol 332:125059-125067. https://d
oi.org/10.1016/j.biortech.2021.125059

Shaida MA, Dutta RK, Sen AK, Ram SS, Sudarshan M,
Naushad Mu, Boczkaj G, Nawab MS (2022) Chemical
analysis of low carbon content coals and their applications as
dye adsorbent. Chemosphere 287:132286. https://doi.org/10.
1016/j.chemosphere.2021.132286

Gao M, Wang W, Yang H, Ye BC (2020) Efficient removal
of fluoride from aqueous solutions using 3D flower-like
hierarchical zinc-magnesium-aluminum ternary oxide
microspheres. Chem Eng J 380:122459-122470. https://doi.
org/10.1016/j.cej.2019.122459

Gao M, Wang W, Cao M, Yang H, Li Y (2020) Hierarchical
hollow manganese-magnesium-aluminum ternary metal
oxide for fluoride elimination.  Environ  Res
188:109735-109744. https://doi.org/10.1016/j.envres.2020.
109735

Gao M, Wang W, Cao M, Yang H, Li Y (2020) Constructing
hydrangea-like hierarchical zinc-zirconium oxide micro-
spheres for accelerating fluoride elimination. J Mol Liq
317:114133-114144. https://doi.org/10.1016/j.molliq.2020.
114133

Cao M, Liu X, Wang W, Gao M, Yang H (2022) Bifunc-
tional two-dimensional copper-aluminum modified filter
paper composite for efficient tetracycline removal: synergy
of adsorption and reusability by degradation. Chemosphere


https://doi.org/10.1039/D0MA00087F
https://doi.org/10.1016/j.carbon.2003.09.022
https://doi.org/10.1016/j.chemosphere.2020.126238
https://doi.org/10.1016/j.chemosphere.2020.126238
https://doi.org/10.1016/j.colsurfa.2022.129130
https://doi.org/10.1016/j.colsurfa.2022.129130
https://doi.org/10.1016/j.biortech.2021.125059
https://doi.org/10.1016/j.biortech.2021.125059
https://doi.org/10.1016/j.chemosphere.2021.132286
https://doi.org/10.1016/j.chemosphere.2021.132286
https://doi.org/10.1016/j.cej.2019.122459
https://doi.org/10.1016/j.cej.2019.122459
https://doi.org/10.1016/j.envres.2020.109735
https://doi.org/10.1016/j.envres.2020.109735
https://doi.org/10.1016/j.molliq.2020.114133
https://doi.org/10.1016/j.molliq.2020.114133

] Mater Sci (2023) 58:11469-11485

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

287:132031-132041. https://doi.org/10.1016/j.chemosphere.
2021.132031

Zhao W, Wang M, Yang B, Feng Q, Liu D (2022) Enhanced
sulfidization flotation mechanism of smithsonite in the syn-
ergistic activation system of copper—ammonium species.
Min Eng 187:107796—107807. https://doi.org/10.1016/j.min
eng.2022.107796

Feng Q, Yang W, Wen S, Wang H, Zhao W, Han G (2022)
Flotation of copper oxide minerals: a review. Int J Min Sci
Technol 32:1351-1364. https://doi.org/10.1016/j.ijmst.2022.
09.011

Zhao W, Yang B, Yi Y, Feng Q, Liu D (2023) Synergistic
activation of smithsonite with copper-ammonium species for
enhancing surface reactivity and xanthate adsorption. Int J
Min Sci Technol 33:519-527. https://doi.org/10.1016/j.ijmst.
2023.03.001

Terzyk AP (2004) Adsorption of biologically active com-
pounds from aqueous solutions on to commercial unmodi-
fied activated carbons. Part VI. The mechanism of the
physical and chemical adsorption of acetanilide. Adsorpt Sci
Technol 22:353-376. https://doi.org/10.1260/02636170415
14910

Yan YD, Sung JH, Lee DW, Kim JS, Jeon EM, Kim DD,
Kim DW, Kim JO, Piao MG, Li DX, Yong CS, Choi HG
(2011) Evaluation of physicochemical properties, skin per-
meation and accumulation profiles of salicylic acid amide
prodrugs as sunscreen agent. Int J Pharm 419:154-160. h
ttps://doi.org/10.1016/j.ijpharm.2011.07.043
Sorzabal-Bellido I, Diaz-Fernandez YA, Susarrey-Arce A,
Skelton AA, McBride F, Beckett AJ, Prior 1A, Raval R
(2019) Exploiting covalent, h-bonding, and n—n interactions
to design antibacterial PDMS interfaces that load and release
salicylic acid. ACS Appl Bio Mater 2:4801-4811. https://d
oi.org/10.1021/acsabm.9b00562

Kantouch A, El-Sayed AA, Salama M, El-Kheir AA,
Mowafi S (2013) Salicylic acid and some of its derivatives as
antibacterial agents for viscose fabric. Int J Biol Macromol
62:603-607. https://doi.org/10.1016/].ijbiomac.2013.09.021
Ekinci D, Sentiirk M, Kfrevioglu OI (2011) Salicylic acid
derivatives: Synthesis, features and usage as therapeutic
tools. Expert Opin Ther Pat 21:1831-1841. https://doi.org/
10.1517/13543776.2011.636354

Randjelovi¢ P, Veljkovi¢ S, Stojiljkovi¢ N, Sokolovi¢ D, Ili¢
I, Laketi¢ D, Randjelovi¢ N (2015) The beneficial biological
properties of salicylic acid. Acta Fac Med Naissensis
32:259-265. https://doi.org/10.1515/afmnai-2015-0026

Han G, Wen S, Wang H, Feng Q (2020) Selective adsorption
mechanism of salicylic acid on pyrite surfaces and its
application in flotation separation of chalcopyrite from

[21]

[22]

(23]

[24]

(23]

[26]

[27]

[28]

[29]

(30]

11483

pyrite. Sep Purif Technol 240:116650-116659. https://doi.
org/10.1016/j.seppur.2020.116650

Trubitsyna IE, Stvolinsky SL, Kulikova OI, Fedorova TN,
Tarasova TB, Efremov LI, Mikhailova SF, Varvanina GG
(2019) Protective effect of the new compound—salicyl-car-
nosine—on the formation of chronic acetate gastric ulcer in
rats. Exp Clin Gastroenterol 163(3):58—64. https://doi.org/
10.31146/1682-8658-ecg-163-3-58-64

Egorova KS, Seitkalieva MM, Posvyatenko AV, Khrustalev
VN, Ananikov VP (2015) Cytotoxic activity of salicylic
acid-containing drug models with ionic and covalent bind-
ing. ACS Med Chem Lett 6(11):1099-1104. https://doi.org/
10.1021/acsmedchemlett. 5600258

Bao Y, Zhao H (2019) Commentary concerning the solu-
bility of salicylic acid in pure alcohols at different temper-
atures. J Chem Thermodyn 132:488-490. https://doi.org/10.
1016/j.jct.2018.09.032

Garg T, Rath G, Goyal AK (2015) Comprehensive review on
additives of topical dosage forms for drug delivery. Drug-
Deliv 22:969-987. https://doi.org/10.3109/10717544.2013.
879355

Xu X, Al-Ghabeish M, Krishnaiah YS, Rahman Z, Khan
MA (2015) Kinetics of drug release from ointments: role of
transient-boundary layer. Int J Pharm 494:31-39. https://doi.
org/10.1016/j.ijpharm.2015.07.077

Lipatov VA, Lazarenko SV, Sotnikov KA, Severinov DA,
Morgunova AA (2020) Application implants based on cel-
lulose derivatives in in vitro experiments. Sci Young (Eru-
ditio  Juvenium)  8:45-52.  https://doi.org/10.23888/
HMJ20208145-52

Coiai S, Cicogna F, Pinna S, Spiniello R, Onor M, Ober-
hauser W, Coltelli MB, Passaglia E (2021) Antibacterial
LDPE-based nanocomposites with salicylic and rosmarinic
acid-modified layered double hydroxides. Appl Clay Sci
214:106276. https://doi.org/10.1016/j.clay.2021.106276

Li Y, Bolei C, Zhaoyichun Z, Guanlin Q, Lu C, Guojun C,
Tingxizi L, Chi Y, Ling F, Zhiyuan Z (2021) Salicylic acid-
based nanomedicine with self-immunomodulatory activity
facilitates microRNA therapy for metabolic skeletal disor-
ders. Acta Biomater 130:435-446. https://doi.org/10.1016/
j-actbio.2021.05.024

Hu F, Tao S, Jing X, Bin X, Xiaohui L, Jianhong G, Li L,
Xiaojun B, Zehuai S (2021) Functional properties of chi-
tosan films with conjugated or incorporated salicylic acid.
J Mol Struct 1223:129237. https://doi.org/10.1016/j.mol
struc.2020.129237

Mudarisova RKh, Badykova LA, Novoselov IV (2018)
Reaction of arabinogalactan modified by salicylic and
4-aminobenzoic acids with iodine. Russ J Gen Chem

@ Springer


https://doi.org/10.1016/j.chemosphere.2021.132031
https://doi.org/10.1016/j.chemosphere.2021.132031
https://doi.org/10.1016/j.mineng.2022.107796
https://doi.org/10.1016/j.mineng.2022.107796
https://doi.org/10.1016/j.ijmst.2022.09.011
https://doi.org/10.1016/j.ijmst.2022.09.011
https://doi.org/10.1016/j.ijmst.2023.03.001
https://doi.org/10.1016/j.ijmst.2023.03.001
https://doi.org/10.1260/0263617041514910
https://doi.org/10.1260/0263617041514910
https://doi.org/10.1016/j.ijpharm.2011.07.043
https://doi.org/10.1016/j.ijpharm.2011.07.043
https://doi.org/10.1021/acsabm.9b00562
https://doi.org/10.1021/acsabm.9b00562
https://doi.org/10.1016/j.ijbiomac.2013.09.021
https://doi.org/10.1517/13543776.2011.636354
https://doi.org/10.1517/13543776.2011.636354
https://doi.org/10.1515/afmnai-2015-0026
https://doi.org/10.1016/j.seppur.2020.116650
https://doi.org/10.1016/j.seppur.2020.116650
https://doi.org/10.31146/1682-8658-ecg-163-3-58-64
https://doi.org/10.31146/1682-8658-ecg-163-3-58-64
https://doi.org/10.1021/acsmedchemlett.5b00258
https://doi.org/10.1021/acsmedchemlett.5b00258
https://doi.org/10.1016/j.jct.2018.09.032
https://doi.org/10.1016/j.jct.2018.09.032
https://doi.org/10.3109/10717544.2013.879355
https://doi.org/10.3109/10717544.2013.879355
https://doi.org/10.1016/j.ijpharm.2015.07.077
https://doi.org/10.1016/j.ijpharm.2015.07.077
https://doi.org/10.23888/HMJ20208145-52
https://doi.org/10.23888/HMJ20208145-52
https://doi.org/10.1016/j.clay.2021.106276
https://doi.org/10.1016/j.actbio.2021.05.024
https://doi.org/10.1016/j.actbio.2021.05.024
https://doi.org/10.1016/j.molstruc.2020.129237
https://doi.org/10.1016/j.molstruc.2020.129237

11484

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[39]

88(12):2572-2577.
20186

Sukhanov PT, Savvina AG, Kushnir AA, Poluzhenkova EV
(2018) Benzoic and Salicylic acids concentration and

https://doi.org/10.1134/S10703632181

determination in food and water mediums. Anal Control
22(2):92-116. https://doi.org/10.15826/analitika.2018.22.2.
003

Lach J, Szymonik A, Ociepa-Kubicka A (2018) Adsorption
of selected pharmaceuticals on activated carbons from water.
E3S Web Conf 44:00089-00097. https://doi.org/10.1051/e
3sconf/20184400089

Taoufik N, Boumya W, Achak M, Barka N (2021) Com-
parative analysis of response surface methodology and some
artificial intelligence models in the prediction of methyl
green degradation by fenton process. Int J Environ Anal
Chem: 1-18 https://doi.org/10.1080/03067319.2021.19693
83s

Bernal V, Giraldo L, Moreno-Pirajan JC (2020) Thermody-
namic analysis of acetaminophen and salicylic acid adsorp-
tion onto granular activated carbon: importance of chemical
surface and effect of ionic strength. Thermochim Acta
683:178467-178492. https://doi.org/10.1016/j.tca.2019.
178467

Ahmed MJ, Hameed BH (2018) Adsorption behavior of
salicylic acid on biochar as derived from the thermal
pyrolysis of barley straws. J Clean Prod 195:1162-1169. h
ttps://doi.org/10.1016/j.jclepro.2018.05.257

Cheng M, Zeng G, Huang D, Lai C, Liu Y, Zhang C, Wang
R, Qin L, Xue W, Song B, Ye S, Yi H (2018) High
adsorption of methylene blue by salicylic acid—methanol
modified steel converter slag and evaluation of its mecha-
nism. J Colloid Interface Sci 515:232-239. https://doi.org/
10.1016/j.jcis.2018.01.008

Radoor S, Karayil J, Parameswaranpillai J, Siengchin S
(2020) Adsorption of methylene blue dye from aqueous
solution by a novel PVA/CMC/halloysite nanoclay bio
composite: characterization, kinetics, isotherm and antibac-
terial properties. J Environ Health Sci Eng 18:1311-1327. h
ttps://doi.org/10.1007/s40201-020-00549-x

Li S, Huang L, Zhang H, Huang Z, Jia Q, Zhang S (2021)
Adsorption mechanism of methylene blue on oxygen-con-
taining functional groups modified graphitic carbon spheres:
experiment and DFT study. Appl Surf Sci
540:148386—-148393. https://doi.org/10.1016/j.apsusc.2020.
148386

Martini BK, Daniel TG, Corazza MZ, Carvalho AE (2018)
Methyl orange and tartrazine yellow adsorption on activated
carbon prepared from boiler residue: kinetics, isotherms,
and material characterization.

thermodynamics studies

@ Springer

[40]

[41]

[42]

(43]

[44]

[43]

[46]

[47]

[48]

[49]

[50]

J Mater Sci (2023) 58:11469-11485

J Environ Chem Eng 6(5):6669—6679. https://doi.org/10.10
16/j.jece.2018.10.013

Bannova EA, Kitaeva NK (2015) Carbon sorbent from
carbonized peat. Solid Fuel Chem 49:49377-49380. https://d
0i.0rg/10.3103/S0361521915060026

Zhang R, Olin H (2012) Carbon nanomaterials as drug
carriers: Real time drug release investigation. Mater Sci Eng
32:1247-1252. https://doi.org/10.1016/j.msec.2012.03.016
Bondarev YV, Zhilyakova ET (2019) Use of sorption pro-
cesses in the technology of drug delivery systems. Pharm
Pharmacol 7:4-12. https://doi.org/10.19163/2307-9266-201
9-7-1-4-12

Likholobov VA, P’yanova LG, Danilenko AM, Godovikova
TS, Sedanova AV (2019) Protein-functionalized fluorocar-
bon hemosorbent for binding to hepatitis B surface antigen.
J Fluorine Chem 227:109372-109383. https://doi.org/10.10
16/j.jfluchem.2019.109372

Lavrenov AV, P’yanova LG, Leont’eva NN, Sedanova AV,
Delyagina MS, Trenikhin MV (2023) Physicochemical
approach for the modification of medical nanoporous carbon
sorbents. Adsorption:1-13 https://doi.org/10.1007/s10450-0
23-00378-y

P’yanova LG, Likholobov VA, Gerunova LK, Drozdetskaya
MS, Sedanova AV, Kornienko NV (2017) Adsorption of
methylene blue and metanil yellow dyes by modified carbon
sorbents. Russ J Appl Chem 90(12):2004-2008. https://doi.
org/10.1134/S1070427217120163

Silvestre-Albero A, Silvestre-Albero J, Sepulveda-Escribano
A, Rodriguez-Reinoso F (2009) Ethanol removal using
activated carbon: effect of porous structure and surface
chemistry. Microporous Mesoporous Mater 120(1-2):62—68.
https://doi.org/10.1016/j.micromeso.2008.10.012

Krishna R, Van Baten JM (2020) Water/alcohol mixture
adsorption in hydrophobic materials: enhanced water ingress
caused by hydrogen bonding. ACS Omega 5:28393-28402.
https://doi.org/10.1021/acsomega.0c04491

Gould NS, Li S, Cho HJ, Landfield H, Caratzoulas S, Vla-
chos D, Bai P, Xu B (2020) Understanding solvent effects on
adsorption and protonation in porous catalysts. Nat Commun
11:1060-1073. https://doi.org/10.1038/s41467-020-14860-6
Otero M, Grande CA, Rodrigues AE (2004) Adsorption of
salicylic acid onto polymeric adsorbents and activated
charcoal. React Funct Polym 60:203-213. https://doi.org/10.
1016/j.reactfunctpolym.2004.02.024

Lopez-Ramon MV, Stoeckli F, Moreno-Castilla C, Carrasco-
Marin F (1999) On the characterization of acidic and basic
surface sites on carbons by various techniques. Carbon
37(8):1215-1221. https://doi.org/10.1016/S0008-6223(98)0
0317-0


https://doi.org/10.1134/S1070363218120186
https://doi.org/10.1134/S1070363218120186
https://doi.org/10.15826/analitika.2018.22.2.003
https://doi.org/10.15826/analitika.2018.22.2.003
https://doi.org/10.1051/e3sconf/20184400089
https://doi.org/10.1051/e3sconf/20184400089
https://doi.org/10.1080/03067319.2021.1969383s
https://doi.org/10.1080/03067319.2021.1969383s
https://doi.org/10.1016/j.tca.2019.178467
https://doi.org/10.1016/j.tca.2019.178467
https://doi.org/10.1016/j.jclepro.2018.05.257
https://doi.org/10.1016/j.jclepro.2018.05.257
https://doi.org/10.1016/j.jcis.2018.01.008
https://doi.org/10.1016/j.jcis.2018.01.008
https://doi.org/10.1007/s40201-020-00549-x
https://doi.org/10.1007/s40201-020-00549-x
https://doi.org/10.1016/j.apsusc.2020.148386
https://doi.org/10.1016/j.apsusc.2020.148386
https://doi.org/10.1016/j.jece.2018.10.013
https://doi.org/10.1016/j.jece.2018.10.013
https://doi.org/10.3103/S0361521915060026
https://doi.org/10.3103/S0361521915060026
https://doi.org/10.1016/j.msec.2012.03.016
https://doi.org/10.19163/2307-9266-2019-7-1-4-12
https://doi.org/10.19163/2307-9266-2019-7-1-4-12
https://doi.org/10.1016/j.jfluchem.2019.109372
https://doi.org/10.1016/j.jfluchem.2019.109372
https://doi.org/10.1007/s10450-023-00378-y
https://doi.org/10.1007/s10450-023-00378-y
https://doi.org/10.1134/S1070427217120163
https://doi.org/10.1134/S1070427217120163
https://doi.org/10.1016/j.micromeso.2008.10.012
https://doi.org/10.1021/acsomega.0c04491
https://doi.org/10.1038/s41467-020-14860-6
https://doi.org/10.1016/j.reactfunctpolym.2004.02.024
https://doi.org/10.1016/j.reactfunctpolym.2004.02.024
https://doi.org/10.1016/S0008-6223(98)00317-0
https://doi.org/10.1016/S0008-6223(98)00317-0

] Mater Sci (2023) 58:11469-11485

[51]

[53]

[54]

[55]

[56]

[57]

[58]

Nouha S, Souad NS, Abdelmottalab O (2019) Enhanced
adsorption of phenol using alkaline modified activated car-
bon prepared from olive stones. J Chil Chem Soc
64:4352-4359. https://doi.org/10.4067/s0717-97072019000
104352

Likholobov VA, P’yanova LG, Boronin Al, Koshcheev SV,
Salanov AN, Baklanova ON, Veselovskaya AV (2011)
Composition and properties of functional groups on surface
of carbon sorbents modified by aminocaproic acid. Prot Met
Phys Chem Surf 47:181-190. https://doi.org/10.1134/
S2070205111020134

Tchuifon DR, Anagho SG, Nche GN, Ketcha JM (2015)
Adsorption of salicylic and sulfosalicylic acid onto pow-
dered activated carbon prepared from rice and coffee husks.
Int J Curr Eng Technol 5:1641-1652

Rakishev AK, Vedenyapina MD, Kulaishin SA, Kurilov DV
(2021) Adsorption of salicylic acid from aqueous solutions
on microporous granular activated carbon. Solid Fuel Chem
55(2):117-122. https://doi.org/10.3103/S036152192102
0063

Alagarbeh M (2021) Adsorption phenomena: definition,
mechanisms, and adsorption types: short review. RHAZES
Green Appl Chem 13:43-51

McGinley J, Healy MG, Ryan PC, Mellander PE, Morrison
L, Harmon J, Siggins A (2022) Batch adsorption of herbi-
cides from aqueous solution onto diverse reusable materials
and granulated activated carbon. J Environ Manage
323:116102. https://doi.org/10.1016/j.jenvman.2022.116102
Terzyk AP, Gauden PA, Kowalczyk P (2008) Carbon
materials: theory and practice, research signpost, edition: 1
publisher: research signpost. Kerala, India

Essandoh M, Kunwar B, Pittman CU, Mohan D, Mlsna T
(2015) Sorptive removal of salicylic acid and ibuprofen from
aqueous solutions using pine wood fast pyrolysis biochar.
Chem Eng J 265:219-227. https://doi.org/10.1016/j.cej.201
4.12.006

[59]

[60]

[61]

[62]

[63]

11485

Vedenyapina MD, Rakishev AK, Tsaplin DE, Vedenyapin
AA, Lapidus AL (2018) Adsorption of salicylic acid on
Sibunit. Solid Fuel Chem 52:179-187. https://doi.org/10.31
03/S0361521918030126

Taoufik N, Elmchaouri A, Anouar F, Korili SA, Gil A (2019)
Improvement of the adsorption properties of an activated
carbon coated by titanium dioxide for the removal of
emerging contaminants. J Water Process Eng 31:100876—
100887. https://doi.org/10.1016/j.jwpe.2019.100876
Boudrahem N, Ouldriane SD, Khenniche L, Boudrahema F,
Aissani-Benissad F, Gineys M (2017) Single and mixture
adsorption of clofibric acid, tetracycline and paracetamol
onto activated carbon developed from cotton cloth residue.
Process Saf Environ Prot 111:244-559. https://doi.org/10.
1016/j.psep.2017.08.025

Khan IM, Alam K, Afshan M, Shakya S, Islam M (2020)
Thermodynamic and structural studies of newly prepared CT
complex between pyrazole as a donor and salicylic acid
asacceptor at various temperatures in ethanol. J Mol Struct
1206:127758-127768. https://doi.org/10.1016/j.molstruc.20
20.127758

Elbagerma MA, Edwards HGM, Munshi T, Scowen IJ
(2010) Identification of a new co-crystal of salicylic acid and
benzamide of pharmaceutical relevance. Anal Bioanal Chem
397:137-146. https://doi.org/10.1007/300216-009-3375-7

Publisher’'s Note Springer Nature remains neutral with

regard to jurisdictional claims in published maps and

institutional affiliations.

Springer Nature or its licensor (e.g. a society or other

partner) holds exclusive rights to this article under a

publishing agreement with the author(s) or other rightsh-

older(s); author self-archiving of the accepted manuscript

version of this article is solely governed by the terms of

such publishing agreement and applicable law.

@ Springer


https://doi.org/10.4067/s0717-97072019000104352
https://doi.org/10.4067/s0717-97072019000104352
https://doi.org/10.1134/S2070205111020134
https://doi.org/10.1134/S2070205111020134
https://doi.org/10.3103/S0361521921020063
https://doi.org/10.3103/S0361521921020063
https://doi.org/10.1016/j.jenvman.2022.116102
https://doi.org/10.1016/j.cej.2014.12.006
https://doi.org/10.1016/j.cej.2014.12.006
https://doi.org/10.3103/S0361521918030126
https://doi.org/10.3103/S0361521918030126
https://doi.org/10.1016/j.jwpe.2019.100876
https://doi.org/10.1016/j.psep.2017.08.025
https://doi.org/10.1016/j.psep.2017.08.025
https://doi.org/10.1016/j.molstruc.2020.127758
https://doi.org/10.1016/j.molstruc.2020.127758
https://doi.org/10.1007/s00216-009-3375-7

	Adsorption of organic dyes in mesoporous carbon sorbent modified with salicylic acid
	Abstract
	Graphical abstract

	Introduction
	Experimental
	Materials
	Physicochemical characterization
	Adsorption
	Desorption study
	Reliability of the data obtained and their statistical treatment
	Experimental results

	Conclusion
	Data availability
	References




