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Abstract—Kinetic and equilibrium characteristics of the sorption of benzoic, salicylic and ortho-chlorobenzoic 
acids by a new cross-linked sorbent based on N-vinylpyrrolidone were studied at various pH values of the me-
dium. It was found that the molecular sorption of aromatic carboxylic acids from aqueous solutions occurs in 
the mixed-diffusion mode and the sorption capacity of the polymer grows with increasing acid-base equilibrium 
constants of the acids. The advisability of introducing a salting-out agent into sorption systems was confi rmed. 
Effective sorption systems and a method for concentration of aromatic carboxylic acids from aqueous solutions 
by the new cross-linked sorbent based on N-vinylpyrrolidone were suggested.
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Aromatic carboxylic acids are widely used in 
production of food products as conserving agents, 
as dermatic antiseptic (antimicrobial) and fungicidal 
(antimycotic) means in medicine, and in syntheses of 
benzoate plasticizers (glycol, diethylene glycol, and 
triethylene glycol esters), anthraquinone-oxazol dyes 
(Vat red), and fragrant substances (salicylic acid esters). 
However, excess amounts of any additives may lead to 
allergic reactions and imbalance of active substances in 
an organism; the sanitary regulations of various countries 
control the content of aromatic carboxylic acids in food 
products to below the admissible daily dose [1].

Because aromatic carboxylic acids are contained 
in food and pharmaceutical products in microscopic 
concentrations, the sorption is the most needed and 
effective extraction method.

Of practical interest are polymeric sorbents based on 
N-vinylpyrrolidone (NVP), which are characterized by 
a high effi ciency with respect to organic compounds of 
various classes [2].

The goal of our study was to determine the funda-
mental aspects of the extraction of aromatic acids and 

to develop a method for their concentration from dilute 
aqueous media by a new cross-linked polymer based on 
N-vinylpyrrolidone.

EXPERIMENTAL

We used benzoic (BA), salicylic (SA), and ortho-
chlorobenzoic (CBA) acids purifi ed by recrystallization 
of commercial preparations and identifi ed by their melting 
points. Working solutions were prepared by dissolution 
of precisely weighed portions of the starting substances 
in distilled water.

The aromatic carboxylic acids were concentrated by 
the sorbent (synthesized by the procedure described in [2] 
at the chair of chemistry of micromolecular compounds 
and colloids of Voronezh State University) produced 
by radical copolymerization of a functional monomer, 
N-vinylpyrrolidone, and a cross-linking agent, ethylene 
glycol dimethacrylate (EGDMA), in the presence of a 
polymerization-initiating agent (azo-bis-butyric acid 
dinitrile).

Chlorides and sulfates of sodium, potassium, and 
ammonium (salting-out agents) were twice recrystallized 
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from distilled water from preparations of chemically 
pure grade.

To examine the sorption of aromatic acids in the 
static mode, weighed portions (0.050 ± 0.001 g) of the 
sorbents were placed in test tubes with ground-in stoppers, 
10-cm3 portions of the sorbate solution with increasing 
concentrations were added, and the mixtures were 
agitated on a vibration mixer at a constant temperature 
until a sorption equilibrium was attained [3]. After that the 
sorbent was separated from the solution by decantation 
and the concentration of a compound under study in the 
equilibrium aqueous phase was spectrophotometrically 
determined. The measurements were made on a Shimadzu 
UV 1240 spectrophotometer at a wavelength λ (nm) 
corresponding to the maximum absorption of aromatic 
acids (BA 272, SA 275, and CBA 290) in quartz cuvettes 
with a 1-cm-thick absorbing layer. The pH of the medium 
was controlled potentiometrically.

The recovery R (%) and the sorption ae (mmol g–1) 
were calculated by the equations

R = 100(c0 – c)/с0,

aе = [(c0 – c)V]/m,

where c0 and c are the concentrations of the compound 
being determined in the starting and equilibrium 
solutions, respectively (mmol mL–1); V, volume of the 
aqueous solution (mL); and m, sorbent mass (g).

The concentration factor K was calculated by the 
formula

K = maq/morg,

where maq and morg are the masses of the aqueous and 
organic phases, respectively.

To examine the sorption kinetics, 0.050-g weighed 
portions of the sorbents were placed in thermostated 
vessels with ground-in stoppers, 10-mL portions of 
acid solutions with a certain concentration was added, 
and the mixtures were mixed on a vibration mixer. The 
sorption was performed at 22 ± 1°C and pH ~3.0. After a 
certain time, the sorbent was separated from the solution 
by fi ltration and the concentration of the acids in the 
equilibrium aqueous phase was spectrophotometrically 
determined.

The sorption at (mmol g–1) at certain instants of time 
was calculated by the formula

at = [(c0 – ct)V]/m,

where ct is the acid concentration after a certain time 
(mmol mL–1).

RESULTS  AND  DISCUSSION

Under the static conditions, the recovery of microcom-
ponents is determined by the distribution coeffi cients of 
the sorbate and by the time (rate) at which the sorption 
equilibrium is attained, with this rate being an important 
characteristic of any solid-phase concentration process 
and having a practical and theoretical importance [4]. The 
practical implementation of these processes assumes that 
the sorbent can be absorbed during a short time of contact 
between the substance and the sorbent.

As regards the whole set of kinetic characteristics 
(shorter time in which the sorption equilibrium is attained 
and the higher rate of formation of sorbate–sorbent 
bonds), the optimal sorbent for concentration of organic 
compounds, determined for the example of sorption of 
nitrophenol from aqueous media in the static mode, is the 
sorbent produced by polymerization in a CH3OH solution 
at NVP : EGDMA = 1 : 15 in the prepolymerization 
mixture [2, 5].

The aromatic carboxylic acids chosen for study differ 
in the hydrophobicity, which is evaluated by Ganja–Leo 
coeffi cients logP, acid dissociation constants pKa, and 
presence of various substituents in the aromatic ring 
(Table 1). Aromatic carboxylic acids contain simultane-
ously a polar carbonyl group and a hydrophobic aromatic 
ring, and, therefore, their sorption effi ciency strongly 
depends on the pH value of an aqueous solution. The 
acids are extracted in the molecular form: the maximum 

Fig. 1. Dependence of the recovery R of (1) BA, (2) SA, and 
(3) CBA by the polymeric sorbent based on N-vinylpyrrolidone 
on the pH of the aqueous phase. C0 = 0.1 mg mL–1, V = 10 mL, 
m = 0.05 g, t = 60 min.



RUSSIAN  JOURNAL  OF  APPLIED  CHEMISTRY  Vol.  89  No.  6  2016

893SORPTION  OF  AROMATIC  ACIDS

sorption (Fig. 1) is reached at pH ~3, at which the acid 
group is not dissociated. As the pH value increases from 4 
to 10, the number of not dissociated molecules decreases 
and the recovery of the acids becomes smaller.

According to the kinetic curves in Fig. 2, the sorption 
at (mmol g–1) of BA, SA, and CBA fi rst linearly grows and 
then gradually increases to reach a nearly constant value. 
As the initial concentration of the sorbate in solution 
increases, so does their recovery at a somewhat shorter 
phase contact duration.

The steep rise in at during the initial period of time 
(up to 8 min) can be attributed to the larger number of 
free active centers, which gives rise to a substantial 
concentration gradient between the ions being sorbed 
in solution and in the sorbent phase [6]. Due to the 
accumulation of the sorbate (from 8th min until 
attainment of the sorption equilibrium), the concentration 
gradient on active centers decreases, and the sorption rate 
becomes lower. The sorption equilibrium is attained for 
all the aromatic carboxylic acids in 40–50 min.

It was assumed that the sorption rate is determined 
at low sorbate concentrations by the diffusion of a 
component to the sorbent surface. The hypothesis was 
confi rmed by approximation of the experimental kinetic 
curves plotted in the coordinates

ln (1–F) = f(t),

where t is the time of contact between the sorbent and the 
sorbate solution (min), F = at/ae, and ae is the equilibrium 
amount of the sorbent (mmol g–1) [7].

Dependences of this kind are characteristic of 
outer-diffusion processes. Their linear run with a high 

Table 1. Ganja–Leo coeffi cients log P, acid-base equilibrium constants pKa, recovery R, maximum sorption арmax, and sorption 
equilibrium constants kg of aromatic acids by a polymeric sorbent based on N-vnylpyrrolidone

Acid Structural formula log Pa (pH 3) pKа
a R,b % арmax, mmol g–1 kg

Benzoic 1.53 4.20 ± 
0.10

32 ± 2 0.129 1.75

Salicylic 1.55 2.97 ± 
0.25

41 ± 3 0.174 2.11

ortho-Chlorobenzoic 1.13 2.97 ± 
0.25

49 ± 2 0.271 2.07

a The constants were calculated by software for log P and pKa (© ACDInc, Toronto, Canada).
b V = 10 mL, m = 0.05 g, pH 3, n = 3, P = 0.95.

Fig. 2. Kinetic curves for sorption at of aromatic carboxylic 
acids (1) BA, (2) SA, and (3) CBA by the polymeric sorbent 
based on N-vinylpyrrolidone. pH ~3, c0 = 0.1 mg mL–1, V = 
10 mL, m = 0.05. (t) Time; the same for Figs. 3 and 4.



RUSSIAN  JOURNAL  OF  APPLIED  CHEMISTRY  Vol.  89  No.  6  2016

894 KUSHNIR  et  al.

correlation coeffi cient was found in the initial portion 
during the fi rst 10 min of the process (Table 2), with 
the linearity disrupted during its further development. 
Consequently, the outer-diffusion sorption kinetics of 
aromatic carboxylic acids occurs at low degrees of fi lling 
of the polymeric sorbent.

To fi nd the rate-determining stage of the process 
upon an increase in the degree of fi lling of the polymeric 
sorbents, we approximated the kinetic dependences in 
the coordinates suggested by Weber and Morris. If the 
function of the specifi c amount of sorbed components, 
at (mmol g–1), on time t (min) is linear in the coordinates

at = kpt0.5,

where kp is the rate constant of the inner diffusion 
(mmol g–1 min–0.5), then the process is diffusion-
controlled [8]. The kinetic curves in Fig. 4 do not originate 
from the zero of the coordinate system and have two 

portions: the fi rst up to 8th min is nearly linear, but 
its correlation coeffi cient does not exceed 0.9; and the 
second, extending until equilibrium is attained, is linear 
with a large correlation coeffi cient (Table 2).

Thus, the results we obtained suggest that the sorption 
process occurs in the mixed-diffusion mode. At the 
beginning of the process, when there are free active 
centers on the surface of the polymeric sorbent, the 
absorption occurs with limited sorbate diffusion at the 
surface. Further, the infl uence of the outer-diffusion factor 
decreases, and that of the inner-diffusion factor grows, 
and then the sorption process passes to the mode in which 
the transfer in the polymer phase is limited.

At the chosen pH values an equilibrium attainment 
time, sorption isotherms (Fig. 5) of aromatic carboxylic 
acids were obtained, which belong according to the 
IUPAC classifi cation to type-1 isotherms of localized 
reversible adsorption on active energetically uniform 
centers [9]. The surface of the sorbents is saturated by 

Table 2. Kinetic equations for sorption of aromatic acids, plotted in the characteristic coordinates –ln(1 – F) = f(t), in portion 1 
(up to 5th min of the process) and at = f(t0.5) in portion 2 (after 10 min of the process)

Acid
Portion 1 Portion 2 

kinetic equation ln(1 – F) = f(t) r2 kinetic equation at = f(t0.5) r2

BA y = 0.297x + 0.025 0.983 y = 5.1 × 10–5х  + 5.6 × 10–3 0.987

SA y = 0.164x + 0.184 0.996 y = 5.7 × 10–5х + 6.7 × 10–3 0.962

CBA y = 0.204x + 0.227 0.996 y = 8.4 × 10–5х + 7.5 × 10–3 0.979

Fig. 3. Kinetic curves for sorption at of aromatic carboxylic 
acids (1) BA, (2) SA, and (3) CBA, plotted in the characteristic 
coordinates of the outer-diffusion limitation –ln(1 – F)–t.

Fig. 4. Kinetic curves for sorption at of aromatic carboxylic 
acids (1) BA, (2) SA, and (3) CBA, plotted in the characteristic 
coordinates of the inner-diffusion limitation at –t0.5.
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molecules of aromatic carboxylic acids at rather low 
equilibrium concentrations, which characterizes the high 
affi nity of sorbates for the polymers under study. The 
linear portions of the isotherms decrease with increasing 
constants of the acid-base equilibrium of the sorbates, 
which confi rms the molecular nature of the sorption 
interaction in the systems under study.

The experimental sorption isotherms were processed 
by the Langmuir and Freundlich sorption equations [10]. 
The largest correlation coeffi cients (r2 = 0.990–0.999) 
were found by plotting the sorption isotherm in the 
coordinates of the Langmuir equation; these coeffi cients 
can be used for calculating the maximum sorption арmax 

and the sorption-equilibrium coeffi cients kg (Table 1).
It was found that the amount of an absorbed acid grows 

as the constants of the acid-base equilibrium decrease. 
The affi nity of the aromatic carboxylic acids under study 
for the polymeric sorbent can be arranged in order BA < 
SA < CBA.

The sorption of the aromatic carboxylic acids under 
study is affected not only by pKa values (Table 1), but 
also by the Ganja–Leo coeffi cient log P. If the compounds 
being distributed have comparable pKa values (SA and 
CBA), then the more hydrophobic CBA is better sorbed.
Studies have demonstrated the molecular (extraction) 
sorption mechanism of the acids under study [11, 12], 
which suggested that the recovery grows in the presence 
of salting-out agents. With increasing degree of hydration 
of salt ions, their interaction with water is enhanced, with 
the amount of free water decreasing and, accordingly, the 
degree of sorbate hydration becoming smaller. Various 
salts frequently used in practice were chosen as salting-
out agents (Table 3). It was found that the salts can be 
arranged in order of decreasing effi ciency of the salting-
out effect as follows: (NH4)2SO4 > NH4Cl > Na2SO4 > 
K2SO4 > NaCl > KCl.

The salting-out effi ciency coincides with the ordering-
disordering effect of the corresponding ions on the 
structure of water [13]. For example, the difference in 
the degrees of recovery of ions having the same charge is 
due to the dissimilar extents of the hydration. The more 
strongly an ion is hydrated, the weaker its attraction to the 
oppositely charged surface and, accordingly, its hydration 
requires a larger amount of water, which leads to a lower 
hydration of the sorbate.

In systems with ammonium sulfate, the recovery 
increases by nearly 30%, compared with the sorption from 
an aqueous solution, similarly to the N-vinylpyrrolidone-
based polymer studied in sorption of nitrophenols from 
aqueous media [14].

Based on the results of the study in which the time of 
attainment of the sorption equilibrium and the maximum 

Table 3. Recovery of aromatic acids from 0.5 M aqueous solutions of salts by the polymeric sorbent based on N-vinylpyrrolidone 
(V = 10 mL, m = 0.05 g, pH 3)

Acid

Recovery R, %

without salting-
out agent

in the presence of a salting-out agent

(NH4)2SO4 NH4Cl Na2SO4 K2SO4 КCl NaCl

BA 32 61 54 45 42 35 33

SA 41 69 59 53 48 43 42

CBA 49 78 68 59 55 53 50

Fig. 5. Sorption isotherms as of aromatic carboxylic acids 
(1) BA, (2) SA, and (3) CBA by the polymeric sorbent based 
on N-vinylpyrrolidone from an aqueous solution at 298 K. T = 
60 min, V = 10 mL, m = 0.05 g, pH ~3.

c, μmol
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recovery at the optimal pH value of the medium were 
determined and the necessity for introduction of a 
salting-out agent was confi rmed, we suggest a method 
for concentration of aromatic carboxylic acids from dilute 
aqueous solutions. In this method, a sample taken from 
a solution of an aromatic carboxylic acid is acidifi ed to 
pH 3 with an HCl solution, crystalline ammonium sulfate 
is added until a solution with concentration of 0.5 mol 
dm–3 is obtained, a polymeric sorbent is introduced at 
a 100 : 1 ratio between the water-salt solution and the 
sorbent, the mixture is agitated on a vibration mixer for 
50 min, and the polymer with the sorbate are separated 
from the aqueous phase. Irrespective of the nature of an 
acid, a 100-fold concentration is provided at a nearly 
complete extraction (97–99%) from their dilute aqueous 
solutions (Table 4).

CONCLUSIONS

(1) The molecular (extraction) mechanism was 
identifi ed on the basis of kinetic sorption curves and 
sorption isotherms and it was found that the sorption 
process occurs in the mixed diffusion mode.

(2) It is recommended to use a cross-linked sorbent 
based on N-vinylpyrrolidone to perform a 100-fold 

concentration of aromatic carboxylic acids from dilute 
aqueous solutions. A nearly full extraction (97–99%) 
is reacted at pH 3 in the presence of a salting-out agent 
(ammonium sulfate).
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