Pazpen 02.00.01

YK 533.583.2

Heoprcu-mqecxaﬂ XmmMmusa

DOI: 10.17122/bcj-2021-3-97-103

C. 0. Kapa6aes (1.x.H., npod.) !, 1. II. Taitnymna (k.x.H., gon.) !, WM. M. Jlokumna (k.X.H., gom.) !,
A. K. JIxynymamuesa (ct. npen.) !, C. B. JIyrosckas (a.H., nou.) 2, . P. Kupeepa (k.X.H., c.H.C.) °

IMOBEPXHOCTHBIE U COJIbBATAIITMOHHBIE U3BbBITKU
MOHOB TSKEJIBIX METAJIJIOB M3 BOJ/IHBIX
PACTBOPOB HA /IVCIHEPTUPOBAHHOI I'YMHUHOBOI
KUCJOTE, BBIJIEJTEHHON N3 BYPOTO YIJ4A

" Kbiproiackuii HaumoHanbHbii yrusepcutet um. Xycyna banacarsiHa, kageapa ¢usmnieckosi u KonnougHONR Xummm,
*kapenpa opraHudeckos xummm n 06pPa30BATENbHLIX TEXHOOMMI
720033, Kviprsiscran, r. buwkek, yn. Abaymomyrosa, 328, e-mail: karabaev_s@mail.ru
2 ApH3abCKIMIT YHUBEPCHTET, MHXEHEPHBIN PaKymbTeT
47700, Uspauns, r. Apmsns, HayuHbid napk, e-mail: svetlanalu@ariel.il
3 Ypumekmii MHcTtyT xummm YOUL PAH, na6oparopus 61HoopraHmyeckos Xummm 1 KaTanmsa
450054, r. Yéa, np. Oktabps 71, e-mail: hetcom@anrb.ru

S. O. Karabaev !, 1. P. Gainullina !, I. M. Lokshina !,
A. K. Dzhunushalieva !, S. V. Lugovskaya 2, D. R. Kireeva *

SURFACE AND SOLVATION EXCESSES OF HEAVY METAL
IONS FROM AQUEOUS SOLUTIONS ON DISPERSED
HUMIC ACID EXTRACTED FROM BROWN COAL

" Kyrgyz National University named after Jusup Balasagyn
238, Abdymomunova Str., 720000, Bishkek, Kyrgyzstan, e-mail: karabaev_s@mail.ru
2 Ariel University
Science Park, Ariel, 47700, Israel; e-mail: svetlanalu@ariel.il
3 Ufa Institute of Chemistry of Ufa Federal Research Centre of the Russian Academy of Sciences
71, Prospekt Oktyabrya Str., 450054, Ufa, Russia; ph. (347)2355677, e-mail: hetcom@anrb.ru

WNccaenoBana nsorepMmuyeckas aacopOIins HOHOB
TSXKeJ/IbIX MeTaJJIOB U3 BOAHbBIX PACTBOPOB Ha JIC-
MepcHOM 06pasile TYMHHOBON KHCJOTHI B TBEPAOI
(paze. PaccmoTpeno BIHSAHNE CeTEKTHBHON COIbBA-
TallUK MOHOB TSDKEJbIX METAJLI0B Ha PEeaKl[UOHHbIE
LEHTPbl CTPYKTYPHOI eJUHULBI CYNPaMOJIEKY.IbI
JUCHEPCHOI I'YMUHOBOI KHMCJIOTBI B BOJHO-2JIEKT-
POJIUTHBIX pacTBOpPax 3aZaHHoro cocrasa. Ilo nan-
HBIM O IIpe/le/IbHbIX 3HAUEHHUSAX [IOBEPXHOCTHBIX U
COJbBATAI[MOHHBIX M30OLITKOB JaHa pas3MepHas
OLleHKa KOMILIEKCA CTPYKTYPHON €JUHUIBI CyIIpa-
MOJIEKYJIbl JUCHEPCHONH I'yMHUHOBOH KHCJOTHI C
HOHAMU TsKeJIbIX MeTaJlJIOB B PacTBOPE.

Katouesvie caoea: aacopOuys; IUCIePTHPOBAH-
Hasi TYMHHOBAsl KHUCJIOTA; MOHbBI TSKEJbIX MeTaJ-
JIOB; HyJieBble KOA((DHUIMEHTBI AKTUBHOCTH; 1TOBEP-
XHOCTHBIE M  COJIbBATAllMOHHBIE  U3OBITKHU;
pa3MepHbBIN 3 PeKT; pacTBOPUMOCTD.
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The isothermal adsorption of heavy metal ions
from aqueous solutions on a dispersed sample of
humic acid in the solid phase has been studied.
The effects of selective solvation of heavy metal
ions on the reaction centers of the structural unit
of the supramolecule of dispersed humic acid in
water-electrolyte solutions of a given composition
are considered. According to the data on the
limiting values of surface and solvation excesses a
dimensional estimate of the complex of the
structural unit of the supramolecule of dispersed
humic acid with heavy metal ions in solution is
given.

Key words: adsorption; dispersed humic acid;

heavy metal ions; size effect; solubility; surface
and solvation excesses; zero activity coefficients.
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The establishment of a heterogeneous equi-
librium at the humic acid — aqueous solution of an
asymmetric electrolyte interface is accompanied
by two coupled processes. Adsorption of heavy
metal ions from aqueous solutions on a macro-
molecule in the solid phase and selective solva-
tion of charged particles on the reaction centers
of the structural unit of a supermolecule of dis-
persed humic acid dissolved in the liquid phase.
The quantitative characteristics of these proc-
esses, under equilibrium conditions, are surface
and solvation excesses. The theory and practice
of ion-exchange adsorption from solutions on
solid adsorbents is described in !. It is shown
that to calculate the relative surface excess (ad-
sorption) of ions, the following relation can be
used (1):

azw'mm, 1)

a — adsorption value, mmol/g;
Cyp and C, — initial and final (equilibrium)

where

concentrations of adsorbate, mol/1;

V — solution volume, 1;

m — mass of adsorbent, g;

1000 — the conversion factor used to get the
data to be expressed in mmol/g.

For non-electrolyte solutions, in which the ad-
missible chemical reactions are homo- and hetero-
association reactions, the value of the solvation
excess is determined by the reference relation (2) %

Sy, = -Gy, )
dlg & TPa

where Giizj) — solvation excess of a particle of type

1 over a particle of type j in the solvation environment
of particles of type k;
yx — rational coefficient of activity of a parti-
cle of sort k;
a; — activity of a particle of type i;
T — temperature; P — pressure;
=i l=7.

The physical meaning of the solvation ex-
cess of an i-particle over j in the environment of
a mole of particles of type k is determined by the
relation (3):

N, 't
Gikm=7'I(ﬂki'pkj)'4ﬂf2dr, (3)
0

where 7¢ — molecular correlation radius;
N; — number of particles of type ¢ in volume V;

A (0g) — radial distribution function.

If the central particle k is a macromolecule,
then equation (2) is also applicable due to the ther-
modynamic definition of the concepts of chemical
potential and activity coefficient of supramole-
cules 3. For example, for aqueous solutions of urea,
saturated with the structural unit of a supermo-
lecule of dispersed humic acid 2, the reference rela-
tion (2) was written in the form of equation (4):

(dlg yémj e @
dlga, -

GKd .
where Gm(w) — solvation excess of urea over water
on a structural unit of a supermolecule of dispersed
humic acid in solution;

0
Yok
tural unit over a molecule of dispersed humic acid,;
a, — activity of urea in aqueous solution.

— zero activity coefficient of a struc-

Relation (2), taking into account identity
(3), establishes a connection between thermody-
namic quantities (left side) and radial distribu-
tion functions (right side) used in statistical
thermodynamics. Moreover, from the standpoint
of statistical thermodynamics, the correctness of
the problem of calculating the quantity is not
associated with whether the particles i, 7, k have
a charge or not “In this regard, for water-
electrolyte solutions of a given stoichiometric
composition ,saturated with the structural unit
of the supermolecule of dispersed humic acid °, it
is easy to obtain the expression:

l. % :-i.GGKd :-i.GGKd y (5)
v dlgai P M (w) VZ- AT (w)

Z+

GKd
o

(G 1y —

A () solvation excess of ion

where

over water on the reaction centers of the structural
unit over the dispersed humic acid molecule;
0
Yok
tural unit of the supramolecule of dispersed humic acid;
a. — average electrolyte activity M,.A,;

— zero activity coefficient of the struc-

v=(v; 1) — stoichiometric coefficients.

For aqueous solutions of heavy metal ions
(M?*= Cu?*, Ni*", Cd?"), saturated with a struc-
tural unit of a supermolecule of dispersed humic
acid(GKd), equation (5) takes the form:

R TG
3\ diga, -

In equation (6), the value of the solvation excess
of ion over water on the structural unit of
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the supramolecule of dispersed humic acid is an
analogue of the binding parameter of small ions
on the macromolecule in the liquid phase, which
is widely used in biothermodynamics to describe
complex equilibria 8.

This work is devoted to the characterization
of the adsorption and solvation properties of a
dispersed sample of humic acid in aqueous
solutions of heavy metal ions and estimation of the
size effect of the complex of the structural unit of
the supramolecule of dispersed humic acid with
heavy metal ions in an aqueous solution.

Experiment

In the work, we used humic acid (GK),
extracted from brown coal from the Kara-Keche
deposit (Kyrgyzstan) according to the Orlov
method 7. The ash content of the preparation was
10.70% and the moisture content was 3.63%.
According to the data on elemental composition,
atomic ratios, using Van Krevelen diagrams, it
was concluded that the initial GK sample
corresponds to the averaged complex of
characteristic features for humic acids extracted
from brown coals 8 Dispersed humic acid
(GKd), which is the main object of this study,
was obtained by mechanochemical treatment of
the initial GK sample in a ball mill. Note that in
order to avoid contamination of the final object
with metals, grinding balls and an agate beaker
were chosen. Milling was carried out at 300 rpm
for 3 minutes. The local macroelement composition
(C, O, N) at different points on the surface of
dispersed humic acid, in contrast to the initial
sample, is practically the same, which indicates
the homogeneity of the studied sorbent powder.
The surface of the particles of dispersed humic
acid is flat, not permeated with pores and
capillaries, and there are no roughnesses of any
kind. The sample is characterized by the presence
of condensed aromatic systems, aliphatic and
alicyclic hydrocarbon groups, and oxygen-
containing functional groups. As a result of the
mechanochemical destruction of the aromatic

framework of the carbon matrix of humic acid,
the relative amount of all functional groups in
relation to the relative amount of aromatic
polyconjugated systems increased markedly for
the dispersed sample .

Heterogeneous equilibrium in an aqueous
solution of an asymmetric electrolyte system
(CuCl,, NiCl,, CdCl,) — the dispersed humic
acid in the solid phase was set in a dry — air
thermostat at 298 °K for 24 hours.The mass of
the adsorbent in all cases was 0.1 g, and the
volume of the solution was 50 ml. In this case,
the first 2 hours of the phase were mixed every
10 minutes. After the establishment of
heterogeneous equilibrium, the water-electrolyte
solution, saturated with the structural unit of
the supermolecule of dispersed humic acid, was
separated from the sorbent in the solid phase
using a syringe filter with pore sizes of 1—5 um.
The resulting liquid phase (filtrate) was
analyzed for changes in the concentration of
heavy metal ions, pH after adsorption on a solid
adsorbent. The concentration of heavy metal
ions in solutions was determined by trilono-
metric titration. The acidity of water-electrolyte
solutions saturated with the structural unit of
the supermolecule of dispersed humic acid was
measured by the EMF method using a galvanic
pair, a glass electrode with a hydrogen function
and a saturated silver chloride electrode. At this
pH-metric electrodes previously calibrated by
standard buffer solutions !°. Experimental data
on equilibrium concentrations of heavy metal
ions, pH of water-electrolyte solutions before
and after adsorption on dispersed humic acid in
the solid phase are given in Tab. 1.

From Tab. 1, you can see a significant
decrease in the pH of water-electrolyte solutions
after the adsorption of charged particles on a
solid adsorbent. The obtained result indicates
the ion-exchange adsorption of heavy metal ions
from aqueous solutions on the acidic functional
groups of dispersed humic acid in the solid
phase. Obviously, these are, first of all, the

carboxyl groups of the polyelectrolyte .
Table 1

Concentrations of heavy metal ions, pH of water-electrolyte solutions before and after

adsorption on a dispersed sample of humic acid in a solid phase at 298 °K

o H,0-CuCl, H,O-NiCl, H,0-CdCl,

(molfy | PH | pH® C& .10?, moll | pH® | pH® | ¢ .10%, MOVl | pH° | pH® | C.107, mol/
0.0010 | 5.5 | 3.1 0.06+0.01 64 | 3.5 0.08+0.01 6.4 | 34 0.08+0.01
0.0050 | 50 | 2.9 0.44+0.04 6.0 | 3.2 0.4840.05 64 | 3.2 0.4440.04
0.0100 | 4.8 | 2.8 0.93+0.09 6.1 | 3.1 0.9640.10 6.4 | 3.1 0.92+0.09
0.0200 | 46 | 2.7 1.92+0.19 6.0 | 3.1 1.94+0.19 6.3 | 3.1 1.9240.19
0.0300 | 4.4 | 2.7 2.91+0.29 6.0 | 3.0 2.92+0.29 6.1 | 3.0 2.92+0.29
0.0400 | 4.3 | 2.7 3.90+0.39 6.1 | 3.0 3.9140.39 6.2 | 3.0 3.92+0.39
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The solubility of the structural unit of the su-
pramolecule of dispersed humic acid in an aqueous electro-
Iyte solution of a given composition was determined
spectrophotometrically at a wavelength of 340
nm. The data obtained were used to calculate the
zero activity coefficients of the structural unit of the
supramolecule of dispersed humic acid in the investigated
water-electrolyte solutions according to the equation !!:

Coxa(W) -
Ckal(w-el)

— solubility of a structural unit of

19 yeoxe = 19

sat.
where  Cgy (W)
a supramolecule of dispersed humic acid in water, g/1;
Cai(w-el) — solubility of a structural unit

of a supramolecule of dispersed humic acid in a water-
electrolyte solution of a given composition, g/1;

by the normalization condition = 1 at a, = 1
(in pure water).

The calculation results are shown in Tab. 2.
There are also presented the values of both the average
activities and the average activity coefficients of the stud-
ied asymmetric electrolytes, obtained by the second ap-
proximation of the Debye-Huckel theory in the
form of the Guntelberg equation 2.

Tab. 2 shows that with an increase in the
concentration of heavy metal chlorides in aque-
ous solutions, the structural unit of the su-
pramolecule of dispersed humic acid in the liquid
phase stabilizes, since the logarithms of the zero
activity coefficients of the polyelec-trolyte de-
crease. However, the dependence of (MCl,) on
the composition of the water-electrolyte solution
indicates the manifestation of the effects of se-
lective solvation in the systems under study !!.

The data in Tab. 1 and 2 were the basis for
further calculations of the surface and solvation
excess of heavy metal ions at the reaction centers
of dispersed humic acid in the solid phase, a
structural unit of a supermolecule in solution.

Results and discussion

Using the data in Tab. 1, according to equa-
tion (1), the surface excesses (adsorption) of
heavy metal ions from aqueous solutions on dis-
persed humic acid in the solid phase were calcu-
lated. The calculation results are shown in Fig. 1.

Table 2

Zero activity coefficients of the structural unit of the supramolecule

100

of dispersed humic acid in water-electrolyte solutions at 298 °K

CMCIZ » mol/l lgy. lga, Ig ngd (CuCly) lg ngd (NIiCl2) Ig ngd (CdCl)
0.0010 -0.053 -2.852 0.071+0.007 0.097+0.010 0.084+0.008
0.0050 -0.132 -2.211 0.071+0.007 0.097+0.010 0.115+0.012
0.0100 -0.177 -1.949 -0.051+0.005 -0.028+0.003 0.097+0.010
0.0200 -0.199 -1.698 -0.146+0.015 -0.061+0.006 0.084+0.008
0.0300 -0.234 -1.556 -0.237£0.024 -0.176+0.018 0.050+0.005
0.0400 -0.261 -1.458 -0.296%0.030 -0.235+0.024 0.066+0.007

a

GKd
pi+ (mmol/g)

05 ' ' ' ]
e :
03 — —
0,1 — —

0 [ ]

0,01

0,02

0,03

0,04

4™ (molf
Fig. 1. Isotherms of adsorption of heavy metal ions from water solutions on dispersed humic acid in solid
phase at 298 °K
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It is easy to see that Langmuir-type adsorp-
tion isotherms are observed. In this case, the
values of adsorption of heavy ions from aqueous
solutions on a dispersed sample of humic acid in
all considered cases are arranged in a row, simi-
lar to the row for the stability constants of ace-
tate complexes of copper (II), nickel (II), cad-
mium (II) ions '3.Thus, the adsorption of heavy
metal ions from aqueous solutions on dispersed
humic acid in the solid phase is provided mainly
by the surface carboxyl groups of the sorbent.

To calculate the solvation excesses, the
logarithms of the zero activity coefficients of the
structural unit of the supramolecule of dispersed
humic acid (Tab. 2) were described by the method
of nonlinear regression by quadratic functions of
the average activity of the electrolyte in solu-
tion. By analytical differentiation of the ob-
tained polynomials, according to equation (6),
we calculated the solvation excess of heavy metal
ions over water on the structural unit of the su-
permolecule of dispersed humic acid in solution.
The results of calculations of solvation excesses
are shown in Fig. 2 depending on the equilibrium
concentrations of heavy metal ions in solution.

Fig. 2 shows that the isotherms of solvation
excess of heavy metal ions over water on the
structural unit of the supramolecule of dispersed
humic acid are positive and increase with in-
creasing equilibrium concentrations of charged
particles in solution. The obtained result sug-
gests that the formation of solvation excess is
provided by the predominant filling of the reac-
tion centers of the structural unit of the su-
pramolecule of dispersed humic acid with heavy
metal ions in a water-electrolyte solution of a
given composition. In this case, the values of

GKd

solvation excesses are arranged in a row similar
to the row for the stability constants of acetate
complexes of copper (II), nickel (IT), cadmium
(I1) ions 3.

According to the theory 2°, the radius of
the structural unit of the supramolecule of dis-
persed humic acid, the reaction centers of which
are maximally filled with heavy metal ions in
the solution, can be written as the ratio:

Sais “Gpys: (=)

M2+

GKd
= (8
M2+ GKd ’
47N, - a o ()
where r,\fz'id — the radius of the structural unit of the

supermolecule of dispersed humic acid in solution with
the maximum filling of its reaction centers with heavy
metal ions;

G,\GA};? (0) — limiting solvation excess of a

heavy metal ion over water on the structural unit of

the supramolecule of dispersed humic acid in solution;
N
M2+

metal ion from a solution on dispersed humic acid in
the solid phase;
— the limiting value of the specific surface

(«0) — limiting adsorption of a heavy

Sng
area of the dispersed humic acid in the solid phase;
N, — Avogadro’s number.

In equation (8), the limiting value of the
solvation excess GP{’(e) is provided by the

maximum saturation of the reaction centers of
the structural unit above the dispersed humic
acid molecule with heavy metal ions in solution.
For this value (Gsl*jf‘ (=) ), by analogy with the

6

Scatchard equation °, we can write the expres-

sion:

GM2+

0,25 Tt
r = cu’f

020 = Nit*
C - cd*

0,15

01F

0,05

oF

GKd GKd GKd
> >
G2+ > Gy > G+

0 0,01

0,02 0,03 0,04

A (molf)

Fig. 2. Isotherms of the solvation excess of heavy metal ions over water on the structural unit of the su-

pramolecule of dispersed humic acid in solution at 298 °K
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GKd
M= GK(0).K - K-GSK  (9)
M2+ M2+ M2+v

e
where K — the constant of binding of a doubly charged
ion at the reaction center by a structural unit of a su-
permolecule of dispersed humic acid in a solution;

M2 e .
Ce — equilibrium concentration of a heavy

metal ion in solution;

GGKd . .
we solvation excess of an ion on a struc-

tural unit per molecule of dispersed humic acid in a
water-electrolyte solution of a given composition.

Limit value of adsorption aslf? (c°), obvi-

ously, it is also due to the maximum filling of
the sorbent surface in the solid phase with metal
ions from the solution. To calculate this value

(a,\G/lffj (e0) ) the Langmuir equation * was used in
the form of the ratio:
aCKd
M2 _ ,GKd GKd
M2+ - aM2+ (OO)K/ - K,.aM2+ ’ (10)
Ce
where K’ — constant of adsorption equilibrium;

M2 e .
Ce — equilibrium concentration of a heavy

metal ion in solution;

GKd

aM 2+

a water-electrolyte solution of a given composition on
dispersed humic acid in a solid phase.

— adsorption of a heavy metal ion from

Note that surface and solvation excesses by
their nature are excess thermodynamic quantities ',
the use of which to describe equilibria in homo
geneous and heterogeneous systems ~&16:17

is associated with the use of the law of mass ac-
tion. This explains the uniformity of equations
(9), (10).

Tab. 4 shows the values of all limiting val-
ues that are on the right side of equation (9).

The size of the limiting area (S, ), occupied by

the supramolecule of dispersed humic acid, was
obtained by the adsorption method, using a fer-
rication cation as a probe particle 8. To calcu-
late the limiting values of surface and solvation
excesses, the experimental data in Fig. 1 and 2
are considered in the coordinates of equations (9)
and (10). The corresponding linear regression
equations (K, i 0.98) are shown in Tab. 4.

There are also given the radii (I’Sid) complex

particles of the structural unit of the su-
pramolecule of dispersed humic acid with heavy
metal ions in aqueous solutions, calculated ac-
cording to equation (8).

Tab. 4 shows that in all cases the sizes of
the complexes of the structural unit of the su-
pramolecule of dispersed humic acid with heavy

. . . GKd
metal ions in solution (I‘NI2+ ) are less than one

nanometer. Thus, when a heterogeneous equilib-
rium is established between the investigated
sample of dispersed humic acid in the solid phase
and an aqueous solution of an asymmetric elec-
trolyte, as a result of the effects of solvation se-
lectivity, true weakly acid solutions of complex
compounds of small-sized structural units of the
polyelectrolyte supramolecule with heavy metal
ions are formed.

Table 4

Radii of complexes of the structural unit of the supramolecule of dispersed humic acid
with heavy metal ions in aqueous solutions at 298 °K

lon Linear regression equations Sexg » Mg aﬁﬁf (e°) , mmol/g GS'S (=) rﬁ'ﬁ , nm
GKd
G~ 208 - 728-GSK
Cu Cu
cu* GeKd 315.9 0.54+0.05 0.32+0.03 0.16+0.02
a o
% = 1373 - 2543-a§:§‘1
GKd
N = 328 - 1491-GX
Ni** — 315.9 0.4910.05 0.30£0.03 | 0.16£0.02
a o
—NZ_ — 1457 - 2973.-a°%¢
Ni Ni
Ce
GGKd
—G% _ 13,7 - 151,8-G%¢
CCd Cd
cd* ;Kd 315.9 0.44+0.04 0.11+0.01 0.10+0.01
a_ o
Cd” — 1517 - 3447-a%¢
CCd Cd
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