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AICOPBLIMA 2-XJIOP-4-HUTPOAHNJIMHA HA AKTUBHOM YTJIE
N3 PACTBOPOB 2-ITPOITAHOJIA
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Kadenpa pusznueckoii u komnougHow xuMuu, MIBAHOBCKUI TOCYIapCTBEHHBI XMMUKO-TEXHOJIOTHUSCKUN
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H3yuenue 3aKkonomepHocmeli adcopoyuyu HUMpPOCoeOUHEHUI U3 600HbIX U OP2AHUYECKUX
pacmeopumeieii HA ROGEPXHOCM U 2€MEPOZEHHBIX KAMAIU3AMOopo6 NO3601:1€m PACKPbIeams 0COOeH-
HOCMU UHMUMHO20 MEXAHUIMA UX KAMATUMUYECKO020 2UOPUPOBARUS U 6TUAHUA PACMEOPUMEA HA
npouecc zuopozenuszayuu. B nacmoaweii pabome uzyuena adcopoyusn 2-xnop-4-numpoanununa na
axkmuenom yzine mapku AP-J[ uz pacmeopos 2-nponanona npu memnepamypax 293 u 313 K. Ilony-
YeHbl U3OMEPMbL A0COPOUUU, O8yMeEPHbIE OUAZPAMMBL COCIMOARUA NOBEPXHOCHIHBIX C10€6 U PACCYU-
mManvl u30cmepuiecKue menaomosl npoyecca. Ycmanoeneno, Ymo nHu mooens JIrnemopa, nu mooesnsp
B3T uzomepmol aocopouyuu 2-xnop-4-numpoanununa 60 écem uUHmepeéane KOHUEHMPAUUI Kop-
pexkmmno ne onucvigarom. Haubonee 6vicokylo cmenens 1uneapuzayuu 0OHapysHcuio ypagHenue meo-
puu 005emMH020 3an0aHeRUA 0151 ME3ONOPUCHBIX A0COpOenmos. Benuuunvl mennom aenaiomes K-
30mepmudecKuMU, U ¢ POCMOM A0COPOUUL UX YUC/IEHHblEe 3HAYEHUA NO AOCOTIOMHON enudune
ymenvuaromes. llonyuennsle 3agucumocmu meniom om KoJu4ecmea adcopouposantozo 6euiecmea
umeiom 6uod, XapaxKmepHulii 0711 a0COpOEHmo8 ¢ IHePeemudecKu He0OHOPOOHONl nogepxnocmoio. Ilo
adconomnoil eNUYUHE MEeNn10Mmol UMEIOM HeGblCOKUE 3HAYEH U, YO N0360714€m OMHECHU U3)YeH-
Hblil npoyecc K uzuueckoit aocopoyuu. Ha 08ymepuix ouazpammax coCmoAHUs NOEEPXHOCHIHBIX
Cll0€8 3aUKCUPOBAHO HATUYUE U3IOMOG, CEUOCMENbCHBYIOWUX 00 USMEHEHUAX COCMOAHUA NO-
8EPXHOCHHBIX C10€6 C POCHOM CHENeHU 3AN0JIHEeHUA NOGEPXHOCIU Y2 adcop bamom. Adcopo-
yua 2-xa0p-4-Humpoanununa Ha AKMUGHOM Y2l CORPOBOHCOACMCA YACMUYHOU 0eCO1beamayuert
KOMNOHEHM 068 A0COPOUUOHHO20 PACMEOpPA, YMO, 8 C6010 0Uepedb, 0yoen onpedensams 3HAK meno-
6020 Ihhexma u uucnennvle 3nauenus menaom aocopoyuu. Kpome mozo, uzmenenue cocmoanus
HOGEPXHOCMHO20 C10A 8 X00€e npouecca npomekaem c "Konuenmpuposanuem' adcopoyuonnozo
pacmeopa 6 o6veme nop aocopoenma.

KurodeBsble ci1oBa: yroyib akTUBHBIN, aICOPOIIHS, H30TEPMBI, IHarpaMMBbl COCTOSIHHA, TTIOBEPXHOCTHBIE CJIOU
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Aromatic nitro compounds, such as nitro anilines and its halogen derivatives, are widely
used in the industrial synthesis of dispersed azo dyes and some pharmaceutical products. For its
preparation the processes of heterogeneous catalysis in various liquid media are used. One of the
most important stages of catalysis, which in some cases determines its rate, is adsorption. The study
of the nitro compounds adsorption from aqueous and non-aqueous solvents on the heterogeneous
catalysts surface makes it possible to reveal the catalytic hydrogenation intimate mechanism fea-
tures and the solvent influence on the hydrogenation process. In this work, we studied the 2-chloro-
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4-nitroaniline adsorption on active carbon from 2-propanol solutions at 293 and 313 K. Adsorption
isotherms, two-dimensional state diagrams of the surface layers were obtained, and the isosteric
heats of the process were calculated. The experimental adsorption isotherms are described in the
framework of the volume filling of micropores for mesoporous adsorbents theory. The heat of ad-
sorption is negative and decreases in absolute value with increasing degree of surface filling. On
two-dimensional surface layers state diagrams the breaks presence, which corresponds to two-di-
mensional phase transitions, similar to second-order transitions in surface films. This fact indicates
changes in the surface layers state with an increase in the degree of filling the coal surface with

adsorbate, is observed.
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INTRODUCTION

Adsorption phenomena are widespread; there-
fore, they are of great theoretical and practical interest
[1-4]. The issue of surface layer properties during ad-
sorption on solid surfaces is of fundamental im-
portance for fundamental research of surface phenom-
ena and adsorption, and for the development of modern
high technologies in the field of hydrogen energy, nan-
otechnology, petrochemistry and biotechnology.

One of the key areas of adsorption practical ap-
plication is heterogeneous catalysis. The solution of
many problems of both theoretical and applied nature
in this area is impossible without taking into account
the laws of adsorption of participants in a heterogene-
ous catalytic process [4, 5], establishing the structure
of the adsorption layer and the nature of the interaction
of adsorbed substances and the adsorbent. For exam-
ple, the results of a study of the laws of adsorption of
aromatic nitro compounds of various structures com-
plement the array of input data for solving problems of
the synthesis and modification of dyes, optical bright-
eners, pharmaceuticals and substances, the production
of components in the production of polymer fibers with
unique properties of additives to motor fuels and etc.

The 2-chloro-1,4-phenylenediamine is one of
the key compounds used in the production technolo-
gies of polymer fibers with enhanced strength proper-
ties [6-8], the chemical technology of which is based
on the 2-chloro-4-nitroaniline (2C4NA) heterogene-
ous-catalytic reduction reaction. At the same time, one
of the most widely used of organic solvents is 2-propa-
nol. Thus, in its environment, the substrate conversion
highest degree is often realized, in addition, it is char-
acterized by wide availability, low cost, and low tox-
icity [9]. Active carbons have increased mechanical

strength and resistance to abrasion, as a result of which
they have found primary use as carriers of highly dis-
persed catalysts.

The purpose of this work was to establish pat-
terns of 2C4NA adsorption on the active carbon AR-D
from 2-propanol. To solve the problem posed, it was
necessary to obtain experimentally the 2C4NA adsorp-
tion isotherms on the active angle at different temper-
atures, as well as two-dimensional surface layers state
diagrams on the angle.

EXPERIMENTAL PART

We used 2-chloro-4-nitroaniline brand «chem-
ically pure». It was further purified by double recrys-
tallization from 2-propanol. The adsorbent used was
AR-D active carbon with a specific surface area of
755+37 m?/g, a pore volume of 0.42 £0.01 cm®g [10].
The solvent was 2-propanol brand «chemically pure».
The 2C4NA adsorption was studied by the volumetric
method. Working solutions of a fixed volume and a
portion of the active carbon were placed in a hermetic
reactor with an isothermal shell. It was maintained at a
constant temperature for 40-50 min with occasional
stirring. The results of individual experiments have
shown that such a time interval is sufficient to establish
the adsorption equilibrium in the system. Then samples
were taken from the equilibrium mixture. Each aliquot
was filtered from coal and diluted several times with 2-
propanol to determine the composition of the equilib-
rium solution.

The 2C4NA equilibrium concentrations were
determined by a photometric method on a LEKI
SS2110UV spectrophotometer in a quantitative mode
of measuring the optical density of the solution. The
working wavelength was set separately according to
the absorption spectrum of the 2C4NA solutions in 2-
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propanol in the concentration range 10-2-10° mol/I. Its
value was 362 nm, since it was established that, at this
wavelength, electromagnetic radiation absorbs only
2C4NA. Errors in the determination of concentrations
did not exceed 3-5% of the measured value.
The 2C4ANA excess adsorption values were
calculated by the ratio:
ro(C-C)v, &)
m
In (1): Co is initial 2C4ANA concentration,

mol/liter; C is equilibrium 2C4NA concentration in
the sample, mol/liter; V is the solution volume, liter; m
— weight of adsorbent, g.

The structural characteristics of AR-D coal, es-
tablished by the authors [10], allow us to accept the ad-
sorption volume for the system under study equal to the
pore volume of the adsorbent. In this case, the excess
adsorption values are equal to the complete adsorption
values with an error not exceeding the error of deter-
mining the adsorption magnitudes. The 2C4NA ad-
sorption isotherms on coal in 2-propanol at tempera-
tures of 293 and 313 K are presented in Fig. 1.
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Fig. 1. 2CANA adsorption isotherms on the AR-D from 2-propa-
nol at temperatures: 1- 293 K, 2 - 313 K
Puc. 1. 3oTepmbl afcopOumu 2-xmop-4-HUTPOAHUINHA Ha YTIIe
AP-]1 u3 2-nnponanona npu temneparypax: 1-293 K, 2 -313 K

To establish the 2C4NA on the active carbon
from 2-propanol solutions adsorption regularities, the
experimental adsorption isotherms were processed
within the linear coordinates of the Langmuir, BET,
and Micropore volume filling theory (MVFT) equa-
tions [11]. It has been established that neither the Lang-
muir model nor the BET model of 2C4NA adsorption
isotherm correctly describes the entire concentration
range. The highest degree of linearization was found
by the MVVFT equation for mesoporous adsorbents. Ex-
amples of 2C4NA adsorption isotherms in MVFT lin-
ear coordinates for mesoporous adsorbents at different
temperatures are presented in Fig. 2.
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Fig. 2. 2C4ANA adsorption isotherms in MVFT linear coordinates
equation at temperatures: 1 - 293 K, 2 - 313 K
Puc. 2. U3otepmsbr agcopOiin 2-X10p-4-HUTPOAHUITHHA B JIMHEH-

HBIX KoopauHaTtax ypaBaerus TO3M mpu Temmeparypax: 1-293 K,
2-313K

The differential heat of 2C4NA adsorption was
determined by the ratio: o
o R In(C /Cz), ?
T2 - T1
In (2): C1and C, are 2C4NA equilibrium
concentrations values in the solution at temperatures T
and T, respectively.
The dependence differential heat of 2C4NA
adsorption on the value of adsorption is shown in Fig. 3.
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Fig. 3. The dependence of the differential heat on the 2C4ANA ad-
sorption values
Puc. 3. 3aBucumocts auddepeHnnaabHON TEIIOTE OT BETUIHH
afcopOuuu 2-Xja0p-4-HUTPOAHWIIMHA

The state and structure of surface layers
formed on solid surfaces in adsorption are character-
ized by two-dimensional state diagrams [11-13]. These
represent the dependence of two-dimensional surface
pressure on the surface area on which accounts 1 mole
of adsorbate. The state of the adsorbate in the adsorp-
tion volume will be similar to the state of the substance
in the surface film. Therefore, the use of two-dimen-
sional state diagrams is an effective way to study the
structure of surface layers and adsorption mechanisms.

The two-dimensional surface pressure calcula-
tion is based on the estimate of the Gibbs integral [13]:
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In equation (3): & is two-dimensional surface
pressure, R is universal gas constant, I is the excess
adsorption value (under the conditions of the experi-
ment is equal to the value of complete adsorption
within the limits of errors), C is the equilibrium adsorb-
ate concentration.

It was carried out by numerical integration of
the experimental adsorption isotherm. The trapezoid
method with a large number of integrable dependence
points was used as a numerical method. The applying
of a large number of points provided the requirement
of low error when performing numerical integration.
The required number of points of the integrable func-
tion was obtained by interpolating the cubic spline-
function.

The molar area Sy was determined by the
equation

Sm=1/a, 4)

In equation (4): a — total adsorption value,
which is corresponds to the concentration C in equa-
tion (3).

As a result of the calculations carried out, two-
dimensional state diagrams of the active carbon surface
layers were obtained during the 2C4NA adsorption at
different temperatures. They are shown in Fig. 4.

On the dependences Fig. 4, arrows indicate
fractures that characterize changes in the surface layer
state, similar to two-dimensional phase transitions in
surface films.
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Fig. 4. State diagrams of the activated carbon AR-D surface layers dur-
ing 2C4NA adsorption from 2-propanol at temperatures of 293 K (1)
and 313K (2)
Puc. 4. I[I/Ial‘paMMI)I COCTOSIHUS TOBEPXHOCTHBIX CJIOEB aKTUBHOT'O
yrist AP-]1 B ancopOuun 2-xnop-4-HUTpOAHWIIHHA U3 2-TIpoTia-
HoJa npu Temmeparypax: 293 K (1), 313 K (2)

RESULTS AND DISCUSSION

The obtained 2C4NA adsorption isotherms on
activated carbon in 2-propanol at temperatures of 293
and 313 K (Fig. 1) have the form corresponding to the
S-type isotherms according to Giles classification [11].

It was established that the highest degree of the
experimental data linearization is achieved by using
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the MVFT linear coordinates of the equation for mes-
oporous adsorbents (Fig. 2). In addition, it should be
noted that in the concentration range up to (5.5-
7.8)x10°° mol/I (hereinafter referred to as the region of
low concentrations) the adsorption of the organic com-
pound proceeds according to the volume filling mech-
anism. In the region of concentrations greater than
(5.5-7.8)x10° mol/I (hereinafter referred to as the re-
gion of high concentrations), none of the equations
used correctly describe the experimental dependences.

The resulting heat values are exothermic. With
an increase in the adsorption magnitudes, the numeri-
cal value of heats decreases in absolute dimension. The
dependence of 2C4NA adsorption heat on the values of
adsorption (Fig. 3) has the form characteristic of adsor-
bents with an energetically inhomogeneous surface
[14-16]. The heat absolute dimension has low values.
This allows us to relate the studied process to physical
adsorption. The adsorption solutions interaction with
the surface of the active carbon pores is similar to the
liquefaction of vapors of substances in the pores of sol-
ids. This is observed when the adsorbate from the gas
phase, entering the porous space of the adsorbent, con-
denses as a liquid. Based on this, it can be assumed that
a change in the surface layer state during 2C4NA ad-
sorption on the active carbon is accompanied by a
«concentration» of the adsorption solution in the ad-
sorbent pore volume. Physically justified such a pro-
cess can be described as the removal of a solvent part
from the adsorption solution volume into the bulk
phase.

On two-dimensional state diagrams (Fig. 4),
with the values of the molar area corresponding to the
boundary of the areas of low and high concentrations,
there is a break (marked by an arrow). On the surface
films state diagrams = = f(Sm) such changes are ex-
plained by a two-dimensional phase transition, for ex-
ample, a transition from a «gas» filmto a «liquid» film.
In the case of the active carbon state diagram in
2C4ANA adsorption from 2-propanol solutions, such a
fracture suggests that 2C4NA state in the adsorption
volume of active carbon changes with varying nitro
compound concentration in the solution. This transi-
tion is attributed to the adsorption values of (2.7-
7.1)x10° mol/g. In addition, a change in the state of
the surface layer may be accompanied by partial
desolvation of the adsorption system components,
which, in turn, will determine the sign and magnitude
of the heats of adsorption.

The liquid-phase systems studies [17-20] have
shown that the solvent has a significant role in pro-
cesses involving liquid media. That is why, it should
be concluded that to accurately determine the nature
and patterns of the solvent effect on the organic com-
pound adsorption by the adsorbent surface in the
2CANA-2-propanol-active carbon systems further
studies are needed to investigate the adsorption in
aqueous and aqueous-organic solvents of different
composition.
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