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ELECTROCHEMICALLY CONTROLLED SORPTION PROCESSES ON CARBON ELECTRODES

The brief overview of results obtained on electrochemical control in adsorption phenomena on carbon electrodes
presented. As the examples, adsorption of phenol, benzoic acid and chloroform on the fixed flow-through beds
of granulated and fiber carbon materials studied. The ability of surface charge control on eectrochemically controlled
adsorption phenomena is shown both from the choice of material and application of current. Polarization profiles
of 3D-carbon electrodes measured. Characteristics of power consumption during electrochemical regeneration are
determined. Laboratory scale experiments on water purification have shown the problems of electrochemical rege-
neration due to the accumulation of sorbate in the microporous structure of adsorbent.

One of the ways to control adsorption and
ion exchange of substances of different nature (io-
nic or molecular) on carbon materials is changing
the structure of interfacial double eectric layer
(DL), or, in other words, changing the sign and
value of interface charge. The surface of sorption
electrode acts as a capacitor. According to Frum-
kin [1], the adsorption of negatively charged species
preferably takes place, on the positive charged
electrode surface, while on the negative charged
surface the adsorption of positively charged ones
occurs. In the area of the zero charge potential
(zcp) the species of molecular structure are mainly
adsorbed. In this way, at the formation of needed
surface charge or at application of dectric current,
the electrochemically controlled adsorption or eec-
trosorption takes place.

The phenomena electrosorption were studied
practically completely on the surface of metal
electrodes [1]. The changes in surface tension
correlate with energy dissipation upon the act of
adsorption. The place of electrosorption in the
field of parametric pumping is well defined [2, 3].
The couple of theoretical models and experi-
mental data dealing with these processes exist
[4—7]. Still the problem is constantly under con-
sideration [8—11].

Situation is more complicated on carbon eec-
trode, where not only the semiconductivity of
the carbon body is to be taken into account [12]
but, as it shown by Soffer et al. [4], even the chan-
ges in dimensions of disperse carbon electrode.
This property, in turn, could be utilized, for exam-
ple, in design of artificial muscles [13].
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Electrochemically controlled adsorption on car-
bon materials can be operated in two ways, na-
medy from the synthesis of the prescheduled car-
bon material and from the application of pola-
rizing current.

Thevolume of investigation of porous structu-
re on electrosorption processes is quite sufficient
[14—18]. It was shown [15] that the sorbents with
250<S, <450 m>g~* and with average pore radii
more t?en 5nM are most efficient in electrosor-
ption processes. Such materials combine the suf-
ficient adsorption capacity with high eectrosorp-
tion reversibility. The depth of porous electrode
polarization has been investigated with poten-
tiodynamic impulse technique [16]. It was shown
that the part of working surface on micro- and
mezoporous sorbents depends on potential sweep
rate. In the range from 0.04 up to 5mV>s* the
internal surface of mezoporous sorbents can be
used completely without any influence of granu-
lometric composition of carbon material. For full
penetration into the internal surface of micropo-
rous carbon electrode it is necessary to keep very
small potential sweep rate. Moreover, it depends
also on granule sze of carbon material [17].

Some limitations exist in the processes of
porous carbon materials polarization, and there-
fore the efficiency of such electrodes decrease.
One of these limitations is impossibility of DL
formation in microprobes. The efficiency of rege-
neration process is also determined by porous
structure of carbon adsorbent. According to [19],
the electrochemical regeneration is possible for
mezoporous adsorbents only.
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The dectrosorption processes have
been investigated in the application

Table 1
Structure sorption characteristics of studied samples

to some organic compounds, such as

aliphatic and aromatic alcohols [18— V_ | Sorption of

20], dyes [8], organic acids [19]. It Sample \penzene| M B, Mggt| Smi | Sme | Sma | St
was shown for the extraction of alip-

hatic alcohols on mezoporous carbon 823 Fibert 0.36 320 651 311 0005 682
adsorbent under conditions of whole 4

adsorbent surface accessibility [18] 4-97 Fiber 0.42 310 225 405 1125 682
that adsorption maximum was reac-  9-186 Fiber’  0.83 520 468 450 045 918
hed in the region of own carbon gtatio-  scs granule?  0.70 250 750 100 120 850
nary po- tential Eg, and adsorption ooy oone? 071 250 770 9 056 860

value reduced on anodic or cathodic po-
tential shift. The maximum efficiency
for samples with surface values of 200
—400m>g ™ and pore radii of 5—10
nM was confirmed.

At studies of the dependence of

Comment Sma— specific surface area of macropores, Sme —
mezopores, Smi — micropores, Stotat — carbon material, m2>g‘l; MB —
M ethylene Blue;
of Sorption and Endoecology NAS Ukraine.

! Ingtitute of Material Sciences NAS Ukraine; 2 Ingtitute

aromatic alcohol adsorption—desorp-

tion on polarizing potential at graphite surface
[18] the influence of material structure on adsor-
ption, as wel as competitive dectrolyte molecules
adsorption was discussed. It was concluded that
reversion of electrodes polarity could be used in
the regeneration of adsorbent and obtaining of
concentrated solutions.

Some unusual results were obtained in [20]
for electrosorption of phenol, p-aminophenol and
p-nitrophenol on the fibers based on pyrolized po-
lyacrilonitrile (PAN). Even on microporous samp-
les of PAN the complete desorption was possible,
while on the samples produced from hydrated
cellulose it took place only partially.

In spite of a large volume of studies in this
field the structure of carbon body solution inter-
face with the reference to eectrochemically con-
trolled adsorption was not taken into account. The-
refore, studies of material design for dectrosorp-
tion are quite rare [12, 21, 22]. Problems of the
influence of the material surface charge and of
the adequacy of applied potential to itsreal value
inside the bed of material in electrosorption pro-
cesxes are quite undear. Therefore, the aims of pre-
sent work consgted in: determination the influence
of the surface charge of carbon body on its sorp-
tion properties, measurement of potential profiles
of 3D-carbon eectrosorption electrode to ensure
the influence of polarization; determination of
theinfluence of porous structure on electrosorp-
tion characteristics during the cyclic process of
adsorption — electrochemical regeneration of ma-
terial. The main goal was to show the state-of-art
in electrosorption studies and trends in technolo-

gical application of the process.

The studies of electrochemically controlled ad-
sorption—-desorption processes of some organic mo-
lecules in the fixed and dynamic beds of different
carbon materials were carried out.

The fiber and granulated carbon materials,
obtained from the Institute of Material Sciences
NAS Ukraine, and the Institute of Sorption and
Endoecology NAS Ukraine were used as sorpti-
on electrodes. Their characteristics obtained by
Hg porosimetry and sorption methods are shown
in the table 1.

Prior to experiment, the materials were wa-
shed in boiling ultra pure water to remove air
from porous structure and than rapidly placed
into the cell. The samples of granulated carbon
SCN were also oxidized in the boiling 5 % soluti-
on of HN O, (20 volumes for 1 volume of material)
during 1.5h. All the experimental data on ad-
sorption are shown for equilibrating times no
less than 120 min.

The electrochemical measurements were held
in the dectrochemical cell shown in fig. 1. The cdll
consisted of two coaxial compartments divided
by porous separator. The working space of 30 mm
diameter had the Platinum mesh current collec-
tor in the bottom. It was placed onto the current
flow predistributor. Platinum counter electrode was
used. It was placed in the uppe part of the cdl
behind the porous separator.

The bed of carbon granules or carbon fiber
sheets was placed onto the current collector. The
mesh packet was additionally pressed with plas-
tic ring for better contact. The ring was attached do-
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sdy to the wall of working compartment of the cdll.

The measurements of electrode potentials for
carbon materials were made by two independent
sources. Thefirst was the voltmeter of the potenti-
ostat PI-50-1 connected to the current collector
and Luggin capillary of the Ag/AgCI reference elec-
trode, RE1, near the surface of current collector.

The second source was the composite probe,
which could move inside of the bed by means
of micrometric screw. The composite probe consis-
ted of the small Platinum sphere welded to insula-
ted Platinum wire. The Luggin capillary with
Ag/AQCI reference electrode RE was placed near
to the surface of the sphere. In this case the po-
larizing current was applied from the potentio-
stat on 3-électrode circuit with the control of wor-
king electrode by RE 1. Such method was used
successfully in measurements of electrode poten-
tial of solid phase in porous and fluidized bed
electrodes [23—26]. The mode of measurements
allows to avoid ohmic drops inside of 3-dimen-
sional electrode and to obtain pure values of
electrode potential.

To obtain average values of electrode potential
the T-integrator bridge was used in the input
chain of voltmeter V, analogoudy to [25]. Its
time constant was t=RC=1s (R=1mOhm, C=1
microfarad).

All the electrode potential values are given
in the scale of Hydrogen electrode.

The benzoic acid, phenol and chloroform we-
re under consideration. Their dilute solutions were
prepared of the chemical purity grade reagents on
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Fig. 1. Electrosorption cell design: 1 — current collector;
2 — counter electrode; 3 — the bed of electrosorption
material; 4 — composite probe; 5 — separator of electrode
spaces, 6 — Luggin capillaries; 7 — flow pre-distributor;
A — ammeter of the potentiostat circuit; V| — independent
multimeter: V, — voltmeter of the potentiostat. RE1 —
reference dectrode of the potentiostat; RE — reference
electrode of the composite probe. Separately the circuit
of T-Integrator Bridge is shown (right).

ultra pure water in the presence of strong back-
ground electrolyte — 0.007 M Na,S0, of different
pH. The pH value of solutions in desired range
was maintained by means of 0.1 N solutions of
H,SO, or NaOH.

The residual concentration of sorbates was
measured on standard methodic with Pye U nicam
PU 8800 UVVis Spectrophotometer. The 4-ami-
noantypirine was added for measurements in the
case of phenol and chlorphenol, and pyridine in
the case of chlorophorm.

The influence of surface charge on adsorption.
To show the influence of the surface charge of
carbon material the adsorption of a weak electro-
lyte was studied. Despite of multiplicity of studi-
ed influences on adsorption act, such as a magnitu-
de of a free energy [16—18], change of activity of
functional groups [6], influence of porous structu-
re of a material and particulate size [17], a com-
petitive adsorption of a weak eectrolyte in its mo-
lecular and ionized forms [16—18], the electrical
charge of a material surface was not considered.
As we have shown recently [12], the surface charge
of carbon material may be set at the stage of its
preparation. This allows us to consider the adsor-
ption of a weak electrolyte in the terms of change
of a carbon surface charge.

The SCS™ and SCN ™ charcoals (containing
N in amounts up to 2 %) and their oxidized forms
were studied in sorption of weak electrolyte. The
benzoic acid (BA) was used as the sorbate. It is
known [6], that BA is sorbed on carbon materials
mainly in the molecular form and its pK,=4.2.
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Fig. 2. The dependence of the adsorption of the weak
eectrolyte — benzoic acid (BA) in the bed of granulated
carbon SCS™ and its oxidized form, SCS,, on pH of
the solution: 1 — adsorption of BA on SCS; 2 — adsorp-
tion SO42_ on SCS; 3 — adsorption of BA on SCS,.
4 — adsorption 8042_ on SCS,. Electrolyte compositi-
on: Benzoic acid (BA) — 0.007, Na,S0, — 0.1 M.

The adsorption BA on active charcoal SCS
and its oxidized form SCS; as the function of
the solution pH is shown in a fig. 2. The values
of adsorption of the strong €eectrolyte 8042‘ are
also shown here. It is visible that on starting char-
coal SCS the capacity on BA is small in the
field of small pH and passes through the maximum
laying in the area of pK, BA (curvel). The ad-
sorption of a strong electrolyte is smoothly dimi-
nished with pH increase. On oxidized carbon,
the adsorption of BA increases with diminishing
of pH (curve 3), and the adsorption of the strong
glectrolyte is inappreciable (curve 4). The obtai-
ned data are similar for all charcoals studied;
guantitative features of the adsorption of BA
differ at the value dependent on the surface area
of different carbon materials.

The competitive adsorption of weak and
strong electrolytes is obvious. Its nature can be
explained taking into account the surface charge
of the material. This charge results from the oxy-
gen chemisorption on the surface [1], when the
DL is formed. The surface equilibrium is char-
acterized by a stationary electrode potential Eg
and is defined [1] as:
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Eq = E, — 0.0591pH — 0.0295Iga(H,0,) +

+ 0.0295IgP(0,) . 1)

The ion exchange on the carbon surface may
thus occur in two steps depending on the quantity
of oxygen chemisorbed [1]:

C,+0, + 2H" + SO, ®
® C,..S0,% + H,0,; 2
C,O+2H"+S0,7 ® C,..S0,>+H,0.(3

From egns. (2—(3) it comes that the firs sta-
ge of oxygen chemisorption with consumption of 2
dectrons per Mol of oxygen

O, + H" + 26 ® HO, (4
yields on changing pH the isoelectric shift of po-
tential TE/TpH = —29.5 mV/pH, while in the comp-

lete chemisorption act with the consumption of
4 eectrons

0, +2H,0 + 4e- ® 4OH~ (alkaline); (5)
O, + 4H™ + 46 ® 2H,0 (acid)  (6)

the isoelectric shift value is of -59 mV/pH. There-
fore, at the surface of materials with weak elect-
ron donor ability the oxygen chemisorption runs
only over the first stage and yields generation
of mainly some superoxide species. The same on
the surface with pronounced electron donor ability
forms mainly OH™ groups.

Therefore, the isodectric shifts of dectrode po-
tentials of granulated carbon materials were stu-
died after [11, 27]. Obtained data are enlisted in
the table2. The value of pzc obtained in [9, 11,
27] in inert media, when after [1] the DL is not
formed, were taken into account. The positional
relationship of zcp and Eg allows determining
the surface charge of different carbons (fig. 3).
If DE = Eg —E,;>0 (positive), the surface char-

Table 2

The electrochemical parameters of granulated carbon
materials studied

Type of [ Agy @ pH 4 2, V| Eq V| qE/pH,
charcoal mgeqy oH mV
SCN (N=2 %) 1.56 008 048 46
SCN, 0.44 049 045 29
scs 1.22 010 038 a7
scs 0.28 058  0.37 29

(0]
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Fig. 3. The diagram of the surface charge formation for
carbon material in oxygen containing electrolyte [10].

ge is positive and adsorption of anions takes place
on the surface; in opposite, if DE<O (negative),
the adsorption of cations takes place. The DE=0
means zcp point. The value of DE gives initial infor-
mation on adsorption capacity of the material.
It comes from table 2 that the presence of he-
teroatom—donor N the zcp value shifts towards
cathodic potentials, while in presence of hetero-
atom—-acceptor, =0 on oxidation the isoelectric
shift lowers down to =30 mV indicating the lowe-
ring of the ability to chemisorb oxygen. The corre-
lation of E4 and zcp values for relevant initial
and oxidized materials gives the information on
the interfacial charge of charcoals (fig. 3).
Theadsorption of a strong elec- )
trolyte increases with the increase &V
of this charge for the charcoa with ¢ 3
the positive surface charge. Accor-
dingly, BA, astheweak acid, issorbed ¢
in the molecular form in the area
of neutral pH. Below pH 4 its dis-
sociation is suppressed, and the
adsorption of the strong acid beco-
mes more preferable. In contrary,
for oxidized charcoal, in which the

The difference of the values of BA adsorption
on pure carbon charcoal SCS and N-containing
charcoal SCN is mirroring the role of heteroa-
tom-donor in adsorption of BA.

Thus, on the particular example the influen-
ce of the surface charge of charcoal on the adsor-
ption of a weak dectrolyte was shown. Observed
phenomenon gives the opportunity to control the
adsorption rate by means of forming the electrode
potential of carbon material.

The behavior of the carbon bed under pola-
rization. Usually the application of electrosorpti-
on using carbon eectrodes is considered as not
enough efficient [3]. It was supposed to be connected
to the non-uniform potential distribution within
the bed of carbon material. Therefore, polarization
profiles in the bed of carbon fibers were measured
with the composite probe (fig. 1). They are shown
in fig. 4. Obtained potential profiles look similarly
to the same in the fixed or fluidized beds of car-
bon granules [27]. They depend not only on bed po-
rosity and conductivity. The changes of potential
values in time are observed, too.

The polarization phenomena on 3D-carbon
electrode differ from known for electrodes contai-
ning metallic particles, as with increasing of eec-
trolyte conductivity the average polarization shifts
not to the current collector, but to the front of the
electrode. It may be caused by charging of internal
micropores of carbon body, which can influence
the changes in the structure of DL.

On this reason, in diluted eectrolytes the ap-
plication of current is unproductive. Electrode po-
tential of the carbon bed dlightly changes in time,
and differs from those of current collector. Increa-
sing the concentration of electrolyte gives the

surface charge is small and changes °
the sign in the area of 3<pH<4, the
adsorption of a strong dectrolyte is
suppressed, and in the area close to
pzc the partially dissociated substan-
ce is sorbed.
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L, mm

Fig. 4. Polarization profiles of carbon fiber beds (15 layers of sample
Ne 4-97) in 0.007 M (a) and 0.08 M (b) solution of Na,SO,4, pH 5. Current
collector is placed at L=0.
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Fig. 5. Adsorption and electrodesorption of CHCI; at a
potential of —1.4V on microporous (1, 2) and mezoporous
(3) carbon fibers. Samples: 1 — 9- 186 31—918m >g ;
2 — 497, 3 — 823 323—682m Sk

possibility to control the potential distribution
within the bed.

The surface areas and porous structure are
known to play significant role, too, in eectrosorp-
tion process. This point was checked out during
éectrodesorption of CHCI; on different carbon
fiber materials. The uptake of CH Cl;was conduc-
ted from the solution modeling drink water and
containing 0.007 M solution of Na,SO,, pH 5.
The dectrodesorption was conducted from the
solution containing 0.08 M Na,SO, at pH 5.

As it comes from flgl 5, carbon materials with
Ssp of average 600 m >g and mainly mezoporous
structure are efficient in electrodesorption. On the
microporous carbon material with large surface
area the rate of adsorption—desorption practi-
cally cannot be controlled electrochemically.

It is also shown that the cathodic polarizati-
on is optimum for the desorption of most orga-
nic molecules. In such conditions adsorbed hyd-
rogen atoms displace each molecule being adsor-
bed previoudly.

Power consumption during electrochemical
regeneration. Polarization of the beds of carbon mate-
rials in time is determined by the sum of dectroche-
mical processes: changing the DL gructure in the
porous media of carbon materials; electroreduc-
tion of dissolved oxygen; adsorption of hydrogen.

The processes of charging and Faradays pro-
cesses could not be divided, as in any case two
systems of current distribution exist, namely
the first in the 3D bed, and the second in 3D
granule media.

The dependence of current density on time in

the bed of fiber and granulated carbon materials
dung electrochemical regeneration is shown at figs.
6, 7. On increasing of polarizing potential the cur-
rent density reaches its plateau. As the overvolta-
ge of hydrogen evolution on carbon materials is
rather high (Tafe coefficient a= —-0.9V) [7], the
current is mainly spent on the eectroreduction of
dissolved oxygen. So the current in the cdl may be
considered as the iy for oxygen.

On the gationary value of ijat the long times
of polarization the working area of the carbon
bed was determined for granulated carbon sample
ScNT (f|g 7, curve 3) according to equation:

iq = nFc,D/d, @

L. mA'cm*®

L ot
-
| / /
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Fig. 6. Dependence of current density on time in the bed
of carbon fiber material during electrochemical regenera-
tion. Sample 497 5 layers (L=2.5mm); electrolyte —
Na,SO, 10 g4, pH 6.5. Potential of current collector, V:

1—02 2—04 3—08

1 mASC
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Fig. 7. Dependence of current density on time in the bed
of granulated carbon materlaJ during dectrochemical re-
generation. Sample SCN™TM ") =10 mm, 0.6<d,<0.9 mm;
eectrolyte — Na,SO, 10 g*_ pH 6.5. Potential of current
collector, V: 1 — 0.0; 2 — 0.3; 3 — 0.6.
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where iy — diffusion current density, mAsxm™
¢, — concentration of dissolved oxygen, ¢, 83mg>lc‘1
after [23]; diffusion coefficient, D, —14><10 cm?s L
[23]; thickness of diffusion Iayer d=1.240" cm,
determined by us [24].

From the values of total current and taking
into account the condition, that all the electrode
area is working under diffusion current conditi-
ons [23], the effective working surface S%, was
estimated. The value of S =44.8 cmcm

The geometrical surface area was calculated as

S = 6(1-V)/d, (8)

where V — voidage, V=1- Vbed/V artales (V=0.39
—0.4 for packed bed) d — average particle size,
cm: S=465cmbem’, and so S is practically
equal to geometric surface.

This result shows that the part of current,
spent in porous structure, is negligibly small.

It may also be seen from fig. 6 and 7, that
current density on fiber materials is more then
order higher then on granulated materials due to
its open surface structure. This confirms the better
sorption capacity of fibers compared to granules.

Laboratory scale electrosorption cell. On the
basic of microkinetic measurements, the labora-
tory scale electrosorption cell was designed (fig. 8).
Its working electrode consisted of 5—15 layers
of carbon fibers, each 0.5 mm sickness. Electrode
was pressed by the system of screws to the current
collector 4, made of impregnated graphite MPG?7,

Power supply

o

with the contact mesh, made of stainless steel
X18N9T. Counter electrode is divided from
working electrode by means of polypropylene fi-
ber separator 2.

The system of inlet—outlet couples made pos-
sible to change flow directions of electrolyte. Such
cell could be used in cathodic regeneration regime
only. This regime is most reasonable, taking into
account literature overview and experimental data,
and also from the point of choice of dectrode ma-
terial, stable under anodic polarization. The prob-
lem of anodic passive oxide films on carbon mate-
rials thus was also avoided.

Proposed cell design is made to minimize
interelectrode spaces and thus to minimize the
working voltage. The single module was tested,
but it could be contacted in bipolar side-by-side
connection of cells, in parallel to eectrolyte flow
and in consequence on current flow.

Laboratory scale runs were aimed on the re-
moval of phenol from drink water. The working
electrode consisted of 5 sheets of carbon fibers (sam-
ple 4-97, dimensions of each sheet 50x60 mm).
The volume of treated solution modeling drmk
water was 200 ml. It contained av. 200 mg>t of
NaCl and 200 mg>t‘ of NaySO,. The initial con-
centration of phenol was 20 mg>t‘ The 100 ml
of electrolyte containing 10 g>t Na,SO, was used
for the regeneration. Regeneration was provided
in steady state and cyclic mode; regenerate was
then removed. Calculations on the rate of rege

neration of sorption electrode were made
by following equation:

Rreg = (Mgyrp— mdeeorb)smsorb . 9

The data of laboratory scale runs are

(Y KT}

s

Wuorking

Counler Electrolve

lilectrolyte

listed in table 2.

Asit follows from the pilot runs, both
sorption capacity of eectrode material and
the regeneration rate decrease in time. It is
connected to the storing of phenol in the
micropores of studied material. Only using
materials with prevailing mezoporous struc-
ture can improve the process.

Adsorption of phenol, benzoic acid and
chloroform on the fixed flow-through beds

LD
i O]

of granulated and fiber carbon materials
studied. The capability of surface charge
control on dectrochemically controlled ad-

Fig. 8. Laboratory scale electrosorption cell: 1 — current col- S_Orption phen_omena_isshown. Theads)rp—
lector of counter electrode; 2 — porous separator; 3 — carbon tion of organic species on carbon materi-
fiber material; 4 — current collector and 5 — current feeder of als can be controlled by the surface charge

working electrode.
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Table 2

List of laboratory scale runs on water purification from phenol (Ph)

nucs Ha npoOieMy HarpomapKeHHs copbary
B MIKPOTIOPHUCTIH CTPYKTYpi MaTepiairy.

Quantity of | Quantity of PE3IOME. IlpexacraBieH kpaTkuii 00630p
sorbed Ph, |desorbed and Rate of, % pE3yNLTATOB M3y4YEHUS IJIEKTPOXUMUYUECKH YII-
Run mg left Ph, mg t. hiu vip wt paBisgeMoil agcopOuIuM Ha YTIepOJIHBIX MaTe-
Ne ’ ’ ’ . B xauectBe mpumMepos MOTpEH -
puanax a4ecTBe MPUMEPOB PACCMOTpEHA aJ
Initial | Total De- L eft pur_ifi- regene- copbuus peHona, 6EH30MHON KHCIOTHI U XJIOPO-
sorbed cation |ration  ¢opma Ha 0OBEMHBIX IPOTOYHEIX BOJTOKHHUCTHIX
U IpaHyJIUPOBaHHBIX 3JIeKTpojax. M3mepeHsl
1 28 28 22 05 05 21 025 70 80 MPOQUIIH NOTEHIHATIOB TPEXMEPHBIX YIJICPOA-
HBIX 3JICKTPOAOB. IToka3aHa BO3MOXKHOCTH yo-
3 3.75 5.75 1.88 388 05 2.0 0.24 57 33 KaK CO CTOPOHBI CMHTE3a, TaK U HAJIOKCHUECM
TOoKa. B To xke BpEMs, NONBITKH OYHUCTKHU BOJbI
4 372 760 167 593 05 20 024 46 22 OT OPraHMUECKUX BEIIECTB JJIEKTPOCOpOLHeil
5 312 905 162 743 05 20 024 27 13 B IHUKJINYCCKOM PCKHUME MOTJIOM[CHUS—PEre-
HEpalu HATOJKHYJIUCh Ha HpoGneMy HaKoOII-
6 333 1076 100 976 05 20 0.255 46 9 NMeHWs cop6aTa B MHKPONODPHCTOH CTPYKTYpE
7 351 1327 083 124 05 20 024 29 6 MaTepuaa.
8 357 1596 082 1514 05 20 024 23 5
9 367 1882 081 1801 05 20 024 23 4 1. @pymun A.H. TIOTEHIMATBI HYIEBOTO 33~
10 371 2172 345 1827 10 30 036 21 16 paza. -M: Haya, 1982
) ) ) ) ) ) 2. Grevillot G. // Handbook of Heat and
11* 273 21.00 138 1962 30 3.0 0.36 62 6 Mass Transfer. -Gulf Publ. Co., 1986.
12 31 2272 152 2120 35 30 036 44 7 “P. 1429—1474.
3. Grevillot G. // Adsorption. Science and Tech-
*7 . nology / Ed. by A .E. Rodriges. -K luwer Acad.
Flow-through regime. Press Publ., 1989, -P. 193—221.
4. Golub D., Oren Y., Soffer A. // Carbon.

material can be achieved by its choice and surface
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B.C. IIpouenko, ® .M. Jlanuios

HCIOJBb30BAHUE TEOPUIN AHAJIM3A PASMEPHOCTEW M MMOJOBUS
AJIsI ONUNCAHUA KUHETUKH JIEKTPOXUMHUYECKHUX INPOLOECCOB

IToxa3aHa BO3MOYXHOCTH HWCITOJIb30BaHUS TEOpHUHn OGOGH.[CHHBIX NEPEMECHHBIX JIsI ONMMCAaHUSA KUHCTHUKH HpOCTeﬁHJeﬁ
3IIeKTp0XI/IMI/I'l€CKOI>‘I peakuuu. HOJ’Iy'{CHBI TpU KOMIIJICKCHBIC 663pa3MepHme BCIWMYUHBI, XapaKTEPpU3IYHOIIUE COOT-
BETCTBCHHO OTHOCHUTCJIBHYIO CKOPOCTbH, CTCIICHb HEJIMHEWHOCTH U CTEICHb HCOGpaTI/IMOCTI/I QJICKTPOJHOTO IpoIecca.
HyTCM YUCJICHHOTO MOJCIHNPOBAaHUA YCTAHOBJICHA KOJIMYCCTBCHHAS B3aWMOCBA3b MEXKAY 3TUMH KOMIUICKCAMHU JIA

3II€KTp0XI/IMI/I'IGCKOI71 peakouu ¢ J'II/IMI/ITPIpYIOIHGﬁ CTaHHCﬁ pa3psaga-noHU3aluu.

Pa3paboTka 1 aHaIU3 KHHETUYECKUX MOJENeH
INEKTPOXUMHUUYECKUX peakluii MmpeacTaBiseT coboit
B 0011eM cllydae BeCcbMa CI0XKHYIO 3ajauy. 3aTpya-
HEHUs, C KOTOPBIMU MPUXOUTCS CTATKUBATHCS MPH
peieHun 3Toi npoOyemMbl, 00yCIOBIEHBI KaK He-
MPOCTHIM (PU3HKO-XUMUIECKUM COJICPKAHUEM TIPO-
L[ECCOB MEPEHOCa MAacChl U 3apsjga uepe3 rpaHully
pasnmena ¢a3 npoBoIHUK 1-To poga—npoBOAHUK
2-To poJa, TaK M CI0XHOU (OPMOIl COOTBETCTBYIO-
oero MaTeMaTH4ecKoro amnmnapara. bonbioe uuc-
JIO Pa3HOPO/IHBIX MEPEMEHHBIX, BBOJUMBIX JIJIsl OIHU-
CaHUS KHUHETUKH JJICKTPOXUMHUYCCKHUX peaKIlui,
3a4acCTyl0 3aTeMHsEeT OOIYyI0 KapTUHY SIBICHUHA H
HE TI03BOJISIET HAUTH CKPBITHIC CBSI3H CUCTEMBI K 00be-
JUHUTH TU CBS3U B MPOCTHIC KOJUYCCTBECHHBIC 3a-
KOHOMEPHOCTH.

OnHako B NEHCTBUTEIHHOCTU BIIUSHUE OTICNb-
HBIX (DAKTOPOB, MPEACTABICHHBIX Pa3HBIMU BEJH-
YUHAMHM, TPOSBISICTCS HE MO OTICIbHOCTH, & COB-
MECTHO, W aHalu3upys MOBEJEHUE CIOXKHBIX CH-
CTEeM, K YHCIY KOTOPBIX MOJXHO OTHECTH JIO0OM
3MEKTPOXUMUUYECKUH MpoLece, CIeAyeT paccMaTpu-
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BaTh 3TH BEJIMYUHBI B COBOKYIHOCTH, 00bEeIHH SIS
WX B KOMIUIEKCHI, OMpeAensionne KOHEYHbIH pe-
3yJabTaT BO3JeHCTBUA psAla (GaKTOPOB U UMEIOIIHE,
TakuM 00Opa3oM, SICHBIH (U3UUYECKUN CMBICIH.

JanHas ujes JeKXUT B OCHOBE TEOpH mogo0us
W aHajgu3a pasMepHocreil (reopun 0000IIEHHBIX TTe-
pemenHbIX) [1, 2], WIHPOKO HCMONB3YyEeMBIX B pas-
JUYHBIX 00JaCTSIX HAYKH U TEXHUKHU IS aHaln3a
MOBEAEHUSI CaMbIX Pa3HOOOpPa3HBIX CIOXHBIX CHC-
TeM U MPOIEccCOoB. B To ke BpeMs B COBpEMEHHOM
3JEKTPOXUMHUH ITH TEOPUU €llle HE HaXOJAT ILIU-
POKOTO MPUMEHEHHU S, XOTSI MOTYT OKa3aThCs BECh-
Ma TOJIE3HBIMU U TJIOJOTBOPHBIMH B LIEJIOM ps-
ne cnyuaes [3, 4]. Ienp Hamell paboThl 3aKirOYa-
Jach B PacCMOTPEHUU BO3MOKHOCTH MPUMEHEHUS
METOJIOB TEOpHUH OOOOIIEHHBIX NEPEMEHHBIX IS
OMHUCAHUSI KHHETUKH MPOCTEUIIEH dJIEKTPOXUMHUIec-
KO#l peakuuu.

OCo0EHHOCTBIO U IOCTOMHCTBOM JaHHBIX T€O-
puil sBIS€TCA TO, YTO OHM NPUMEHHMBI, JaKe eCliu
ypaBHEHHUS, ONpeAeNsIIoNHe NPoLecc, HEN3BECTHBI.
B takom cnydae Juis MOJIy4eHHUsI KOMIUIEKCOB, OTH-
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