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Abstract

Objectives. The study set out to investigate the sorption, toxicological, and regeneration properties of a composite sorbent based on
chitosan hydrogel and unsuspended silicon dioxide (chitosan—colloidal silica), which manifest themselves under dynamic conditions of
purification of aqueous solutions, as a means of removing heavy metal ions.

Methods. The total dynamic exchange capacity of a chitosan—colloidal silica composite sorbent was evaluated under dynamic sorption
conditions by passing solutions containing Zn(II), Cd(II), Cu(II), and Cr(III) ions having a concentration of 240-251 mg/L through a fixed
sorption bed. The method for determining acute toxicity using daphnia (Daphnia magna Straus) is based on the direct calculation of the
mortality of daphnia exposed to toxic substances contained in the test aqueous extract in comparison with a reference culture in samples
that do not contain toxic substances. The regeneration ability of the sorbent was assessed by counting the number of sorption—desorption
cycles using 0.1 M NaOH and 0.1 M NaHCO, eluents, as well as aqueous solutions of H,O, (1 and 3%).

Results. The effectiveness of the chitosan—colloidal silica composite sorbent in the process of dynamic purification of aqueous media
to remove Cu(Il), Zn(II), Cd(II), and Cr(III) ions was established. After determining the times of ion breakthrough and saturation of the
developed sorbent, its dynamic exchange capacity was calculated by processing the kinetic curves of sorption of heavy metal ions under
dynamic conditions. The results of regeneration of the sorbent were presented in the context of the possibility of its reuse. It is shown that
the sorbent can withstand up to five sorption—desorption cycles while maintaining a level copper cation extraction above 90%.
Conclusions. Analysis of the kinetic curves demonstrated that the driving force behind the removal of heavy metals from aqueous media
by means of the obtained sorbent is the external diffusion mass transfer of ions from the mobile phase of the solution. Biotesting of
samples showed that the developed chitosan-based sorbent does not have acute toxicity.
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AHHOTaUuS

Heﬂﬂ. I/I3yquI/Ie COp6HI/IOHHLIX, TOKCHUKOJIOTUYECKUX U PETCHEPAIIMOHHBIX CBOMCTB KOMITO3HITHOHHOTO COp6CHTa Ha OCHOBC ' IPOTreiis
XHUTO3aHa U HECYCIICHAUPOBAHHOI'O JJUOKCH/Ia KPEMHU (((XHTOSaH—KOJIHOHIIHLIﬁ erMHe3CM»), MPOABJIAOIINXCA B TUHAMUYECKUX yC-
JIOBUSIX OYUCTKU BOAHBIX PACTBOPOB OT MOHOB TSKEJIbIX METAJIJIOB.

Mertoabl. [TosiHy0 THHAMHYECKYIO OOMEHHYIO eMKOCTb KOMIIO3UIIHOHHOTO COPOCHTA «XUTO3aH—KOJUIOUTHBIH KPEMHE3EeM» OLCHHBAIIH
B YCIIOBUSIX JTMHAMHYECKOM COPOLINH, POITyCcKasi 4Yepe3 HeMOABKHBINA COPOIIOHHBIN CII0 pacTBOPEI, cofepskamue nousl Zn(11), Cd(1D),
Cu(Il) u Cr(Ill) ¢ xoHuenTpammeit 240-251 mr/n. Meron onpeneneHust OCTPOH TOKCHYHOCTH C UCITIONb30BaHNeM maduuil (Daphnia
magna Straus) OCHOBAaH Ha NPSIMOM CYETE IPOLIEHTAa CMEPTHOCTH adHUil P BO3/IEHCTBUU TOKCHYECKUX BEILIECTB, IPHCYTCTBYIOMIHUX
B HCCJICIyeMOii BOZHOM BBITSKKE, [0 CPABHEHUIO C KOHTPOJIBHOM KYJIBTYPOii B MpoOax, He COAEPIKAIIMX TOKCHYECKUX BerecTB. OLeHKY
pereHepannoHHON cIIoCOOHOCTH COpOEHTA ONpeAeIsTN (PUKCHPOBAHMEM KOJMUYECTBA IIUKIOB COPOIIMU—IECOPOIMU C UCTIONIB30BAaHUEM
smoentoB — 0.1 M NaOH, 0.1 M NaHCO,, a Taxxke Bonabrx pactBopos H,O, (1 1 3%).

PesyabTarbl. YcranosneHa 3pQeKkTuBHOCT paboThl KOMIIO3HUIIMOHHOTO COPOCHTA «XHTO3aH—KOJUIOMIHBIH KpeMHe3eM» B Ipolecce
JMHAMHUYECKol ourcTKH BoaHbIX cpe oT noHoB Cu(Il), Zn(IT), Cd(II) u Cr(III). Onpenesensl BpeMeHa MPOCKOKAa HOHOB U HACBHILICHHS
pa3paboTaHHOro copOeHTa U paccCYMTaHa €ro AWHaMH4YecKas OOMEHHasi eMKOCTh MyTeM 00pabOTKH KMHETHYECKUX KPHBBIX COPOIMHU
HOHOB TSDKENBIX METAJJIOB, CHATBIX P OCYIIECTBICHUH COPOIMHU B THHAMUYECKHX YCIOBHAX. [IpecTaBIeHbl pe3ybTaThl perenepa-
LUK ¥ BO3MOXKHOCTb ITOBTOPHOTO HCIIONB30BaHUS COPOEHTA, KOTOPBIN CIIOCOOCH BBIACPIKHUBATH /IO MSATH LUKIOB COPOINH—IECOPOLUH
C COXpaHEHHEM CTETIEeHH U3BJICUEHHs KaTHOHOB Menu BbIme 90%.

BI)IBOZII)I. AHann3 KHHETHYECKUX KPUBBIX ITOKa3aj, 4To )Z[BPI)KyH.ICﬁ CHJION I[I/IHaMPI‘IeCKOI;'I OYUCTKH BOAHBIX CPEI OT TAKEIIbIX METAJJIIOB
TOJTY4YEHHBIM COp66HTOM ABJIACTCS BHeIJ_IHeI[I/Id)(by?,I/IOHHLIﬁ MacconepeHoC MOHOB U3 HO)IBPI)KHOfI (1)8.3131 pacTBoOpa. BI/IOTCCTI/IpOBaHHe
06pa3u013 II0Kasajio, 4To pa3paGOTaHHHﬁ COp6€HT Ha OCHOBC XMTO3aHa HC 06J1az[aeT OCTpoﬁ TOKCUYHOCTBIO.
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Anga uMTMpOBaHUNA

I'a6pun B.A., Huxugoposa T.E., Koznos B.A., Pazrosopos I1.b. KonnentprnpoBanne HOHOB TSKEJIBIX METAJUIOB U3 BOAHBIX CPEX B JIU-
HAaMHYECKHUX YCIIOBUSIX KOMIIO3MIIMOHHBIM COpPOGHTOM HA OCHOBE XWTO3aHA M JAMOKCHAA KPeMHUS. ToHKUe XuMuueckue mexHono2ull.
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INTRODUCTION adsorption approaches [4-6]. Due to its low energy

intensity and high efficiency, the last of these methods

The need to improve the quality of water, representing
a major technological and life resource, continues to
present challenges [1-3]. Current improvements in
wastewater treatment methods are mainly achieved by
improving previously introduced methods, including
those based on ion exchange-, electrolysis-, membrane
separation-, ultrafiltration-, reverse osmosis-, catalysis-,
sedimentation-,  coagulation-  (flocculation),  and

is considered optimal for the removal of hazardous
pollutants, including heavy metals [ 7-9]. Adsorption water
treatment methods use a variety of materials: silica gel,
activated carbon, resins, clays, and polymers. In terms of
their economic feasibility and environmental significance,
carbohydrate biopolymers (cellulose, alginate, and
chitosan) have received increased attention as efficient
alternative adsorbents over the past twenty years. This is
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mainly due to their key advantages—natural abundance,
environmental friendliness, biodegradability, ease of
modification, and relatively low production cost [10].
Among the abovementioned carbohydrate biopolymers,
chitosan is the most environmentally friendly due to its
improved target sorption characteristics [11].

The main advantages of chitosan-based adsorbents
are their high absorption capacity for heavy and rare earth
metal ions. However, a key disadvantage of chitosan is
its insolubility in aqueous solutions with pH < 6.5. In this
regard, the development of chitosan-containing sorbents
that are stable in acidic media was studied in numerous
works. Attempts to solve the problem include the use of
crosslinking agents: glutaraldehyde, epichlorohydrin,
ethylene glycol diglycidyl ether, etc. [12].

The possibility of using chitosan adsorbents to obtain
products of any shape (in the form of powder, microspheres,
fibers, or membranes) dramatically expands its potential for
wastewater treatment and in modern medicine. Chitosan
can be used as a matrix to obtain composite sorbents,
representing relatively inexpensive and effective materials
with a developed surface. The fillers of this matrix can be
zeolites, diatomite, silica, titania, montmorillonite, cellulose,
etc. Although the introduction of such fillers into the
chitosan matrix does not always lead to a significant increase
in sorption capacity, the development of the scientific
foundations and technology for creating new composite
chitosan-containing sorbents based on its structural and
mechanical characteristics represents a very promising
direction in the development of industrial ecology [1, 7, 13].

The present work set out to investigate the sorption,
toxicological, and regeneration properties of a composite
sorbent based on chitosan hydrogel and unsuspended
silicon dioxide (“chitosan—colloidal silica”), manifested
under dynamic conditions of purification of aqueous
solutions, as a means of removing heavy metal ions.

EXPERIMENTAL
Materials

Chitosan (Bioprogress, Russia; degree of deacetylation,
88%; molar mass, 220 kDa); epichlorohydrin
(Sigma-Aldrich, USA; >98.0%); colloidal silica (silicon
dioxide) (Ekokremnii, Russia; Kovelos 35/05;
r = 3-5 um); sulfates of copper (CuSO, 5H,0);
zinc  (ZnSO, 7H,0);  cadmium (CdSO, 8H,0);
chromium  (Cry(SO,);-6H,0); sodium hydroxide;
acetic acid (50 vol %); sodium bicarbonate; hydrogen
peroxide (aqueous) (LenReaktiv, Russia). These reagents
were used without additional purification.

Along with sorbent regeneration efficiency and
acute toxicity of aqueous extracts, the dynamic
sorption characteristics of a chitosan—colloidal silica
composite sorbent obtained according to the previously

published procedure were studied [13]. The obtained
physicochemical and structural-mechanical characteristics,
as well as the static sorption of copper ions, agree with the
previous results [13].

Equipment and research methods

The total dynamic exchange capacity (TDEC) of the
chitosan—colloidal silica composite sorbent was assessed
under dynamic sorption conditions by passing solutions
containing Zn(II), Cd(II), Cu(Il), and Cr(IIl) ions at
concentrations of 240-251 mg-L~!' through a fixed
sorption bed. In a dynamic experiment, the sorbent (0.2 g
on chitosan basis) was placed in a laboratory column
in the sorption plant (Fig. 1). Every 10 min, the metal
salt solution passing through the column was collected
to determine its cation concentration with a 210 VGP
atomic absorption spectrometer (Buck Scientific, USA).

Fig. 1. Plant for studying dynamic sorption characteristics:
(1) container with metal salt solution (electrolyte),

(2) pump, (3) fixed-bed column with a sorbent,

and (4) receiving container

The TDEC value was determined by analyzing the
obtained dynamic curves by calculating the area above
the output sorption curve:

C. xA
A 2, (1)
TDEC=3X€. @)
Msorb

where Q is the flow rate of the solution, L-s™'; M4 18
the mass of the sorbent placed in the ion-exchange
column, g; At and At, are the times of breakthrough and
saturation, respectively, s; and C; is the concentration of
copper ions at the inlet, mg-L 1.

Determination of the acute toxicity
of the sorption material

The acute toxicity of the aqueous extract was determined
using daphnia (Daphnia magna Straus) as a test object.
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The method is based on direct calculation of the mortality
percentage of daphnia exposed to toxic substances
contained in the studied aqueous extract in comparison
with a reference culture in the form of samples that do
not contain toxic substances.

The acute toxicity 4 (%) of the aqueous extract was
determined by the formula
A= Xref Xtest x 100, (3)

ref
where X, is the number of surviving daphnia in the
reference culture and X, is the number of surviving
daphnia in the water extract.

The preparation of cultivation water and dilutions of
aqueous extracts for biotesting, and the biotesting itself
were carried out according to the published method [14]
for water samples obtained after contact with the studied
modified sorbent. The biotesting was performed as follows.
After growing daphnia cultures in a climatostat maintaining
a 12-h photoperiod at room temperature (25 + 0.1°C), ten
age-synchronized daphnia cultures were placed for 1 day
into each of the test tubes with test solutions pre-aerated
for 30 min. The experimental conditions corresponded
to the conditions for daphnia cultivation: 7'= (20 £ 2)°C,
pH 7.0-8.2, and time 48 h.

Determination of the number
of sorption—desorption cycles

In order to evaluate the possibility of reusing a composite
sorbent without losing its effectiveness against heavy
metal ions, desorption-based approaches can be used.
Desorption of heavy metal ions was carried out using
the suitable eluents 0.1 M NaOH and 0.1 M NaHCO;,
as well as aqueous solutions of H,O, (1 and 3%). The
spent sorbent containing 0.1 g of dry chitosan was placed
in 10 mL of a desorbing eluent solution and kept for
10 min. Following desorption, the chitosan—colloidal
silica sorbent was washed with distilled water. When
determining the number of sorption—desorption cycles,
the sorbent regenerated in this way was reused to extract
Cu(II) ions.

Regeneration  efficiency  was  selected  as
a characteristic parameter of the recovery of spent
sorbent. The regeneration efficiency RE (%) of the
sorbent was calculated by the formula

A
RE =Lx100, 4)
4,

where 4, and A, are the sorption after regeneration and
the initial sorption of the sorbent, mg-g~!, respectively.

RESULTS AND DISCUSSION

The chitosan—colloidal silica composite sorbent was
tested under dynamic conditions of sorption of various
heavy metals (Fig. 2). The ion breakthrough time and
sorbent saturation time were determined along with
the TDEC (Table 1). In the experiment, the height
of the packed sorbent bed (5 - 1072 m) and the diameter
of the column (4 - 1072 m) remained unchanged. When
calculating the total dynamic exchange capacity, the mass
of the sorbent and the time consumption of the model
wastewater solution were taken into account.

0 600 1200 1800 2400 3000 3600 4200 4800 5400 6000 6600 7200

1,8
Fig. 2. Kinetic curves of sorption

of (1) Cu(Il), (2) Cd(I1), (3) Zn(1I), and () Cr(III) under
dynamic conditions by the chitosan—colloidal silica sorbent
atpH 5.9, T=298K,m_, =02 g,and 0=0.15L-h"!

sorb

The shape of the kinetic curves of sorption under
dynamic conditions suggests that the sorption of Cu(Il),
Cd(II), Zn(I1), and Cr(III) ions predominantly occurs by
the external diffusion mechanism of mass transfer of ions

Table 1. TDEC of the sorbent and variables determined under dynamic conditions

TDEC
Metal C,, mgL™! mg ., h 7,8 T,, 8 m m
mg-g mol-kg
Cu(II) 240 900 5400 180 2.8
Cd(In) 250 1050 6200 216 2.0
0.2
Zn(II) 251 1000 5800 204 3.0
Cr(I1I) 248 1100 6300 219 4.2

186 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2024;19(3):183-191



Concentration of heavy metal ions from aqueous media under dynamic conditions

Victoria A. Gabrin,

using a composite sorbent based on chitosan and silica etal.
Table 2. Acute toxicity of aqueous extract after contact with the chitosan—colloidal silica sorbent
Sorbent Dilution ratio (aqueous Number of surviving daphnia Mortality of daphnia in
extract content), % Tesi Reranes test, %
Biotesting time: 48 h
10 (10) 10 10 0
Chitosan—silica composite 3(33.3) 10 10 0
1(89) 10 10 0

from the mobile phase of the solution to the fixed sorbent
bed. This may be due to the value of the crystallographic
radius of the ion. Under both dynamic and static sorption
conditions, sorbate—sorbate interactions are not excluded,
leading to the formation of electrostatically bound ionic
clusters. In a constant flow of liquid, such clusters do not
significantly penetrate into the bulk phase through pore
channels, but are mainly retained on the surface [15].

Further dynamic experiments will be aimed at
identifying optimal process parameters and increasing
the efficiency of wusing the chitosan—colloidal
silica sorbent. Taking into account the increased
sorption (sorption capacity) of the resulting material
under static conditions, this primarily concerns the
dosage of the sorbent and the dimensions of the
column (8-10 mol/kg) [13].

Biotesting of the aqueous extract demonstrated the
absence of an acute toxic effect at 4 < 10% (Table 2),

95 1

90 1

85 | -

80 1

: ]

X
o
=
1 2 3 4 5
Number of cycles
(a)

100

98 4

96 4

94 4

92 ] -
X 90
S
X

1 2 3 4 5

Number of cycles

©

RE, %

RE, %

whereas in the case of 4 > 50%, the previously shown
acute toxic effect on living organisms is confirmed [14].

The biotesting of the water extract showed that, in the
tested water after 48 h, the mortality of daphnia was less
than 10%, which indicates the nontoxicity of the sorbent.

Figure 3 illustrates the change in the efficiency of
regeneration of the chitosan—colloidal silica sorbent
with an increasing number of sorption—desorption cycles
using different eluents.

As noted earlier, a very important characteristic of
sorbents is their regeneration ability. The developed
chitosan—colloidal silica sorbent can maintain its efficient
extraction of copper ions after five sorption—desorption
cycles. The most efficient eluent is an H,0, solution;
here, the efficiency of using a 1% solution is comparable
to that of a 3% solution. After five sorption—desorption
cycles, the sorption capacity can be restored by more
than 90%. When using sodium bicarbonate, the reduction

100+
90
80

70 A
60 A
50 4

.
8]
61
4]
2]
01l
1 2 3
Number of cycles
(b)
100+
98 4
96 4
94 4
—
8 ]
61
4]
2]
0l
1 2 3 4 5
Number of cycles
(d)

Fig. 3. Change in the efficiency of regeneration of the chitosan—colloidal silica sorbent with increasing number of sorption—desorption
cycles. Eluents: (a) 0.1 M NaOH, (b) 0.1 M NaHCOj,, (¢) 3% H,0,, and (d) 1% H,0,
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Table 3. Effect of the contact time of the spent sorbent with the eluent on the efficiency of sorbent regeneration and its mass loss

in the first sorption—desorption cycle

0.1 M NaOH 0.1 M NaHCO, 3% H,0, 1% H,0,
Sorbent Sorbent Sorbent Sorbent
.C ontac.t mass loss,| RE, % C ontac‘t mass loss,| RE, % C ontac.t mass loss,| RE, % .Contac.t mass loss,| RE, %
time, min o time, min o time, min o time, min a
% % % %
Vsolution =10 mL
1 0 15 1 0 10 1 0 2 1 0 1
3 1 45 3 0 30 3 0 20 3 0 25
5 2 70 5 0 59 5 0 80 5 0 86
10 5 97 10 0.5 92 10 0 97 10 0 98
15 8 96 15 2 93 15 1 95 15 0.5 97

in regeneration efficiency to 47% after three cycles
makes further testing impractical. The optimal contact
time of the sorbent and eluent was determined to be
10 min (Table 3).

A further increase in the contact time between the
sorbent and the eluent did not provide more efficient
regeneration. In addition, an increase in regeneration
time was accompanied by a significant (up to 8% in the
first cycle) sorbent mass loss in comparison with the
initial mass of the sorbent.

Thus, crosslinked chitosan granules bulk-modified
with colloidal silica, which have valuable properties
in terms of permitting their reuse, can serve as an
economical and effective sorbent for the extraction of
heavy metal ions from aqueous media.

CONCLUSIONS

Dynamic parameters of the extraction of heavy metal
ions by the chitosan—colloidal silica composite sorbent
were obtained. It is shown that the column sorption of
Cu(Il), Cd(II), Zn(II), and Cr(Ill) ions from aqueous
media predominately occurs by the external diffusion
mechanism of mass transfer of ions from the mobile
phase of the solution to the fixed bed of the sorbent. The
conditions for the regeneration of the spent composite
sorbent are identified. It is determined that the use of
a 1% hydrogen peroxide solution as a reducing eluent
allows the obtained sorbent to be used in five sorption—
desorption cycles while maintaining the degree of
extraction of metal ions above 90%. The biotesting
method established the absence of acute toxicity for

living organisms of the aqueous extract of the solution
in contact with the sorbent. In the future, the developed
sorbent based on chitosan and silicon dioxide will be
tested under conditions of purification of aqueous media
similar to industrial conditions in order to evaluate
the quality of purification of aqueous solutions for
removing heavy metal ions used in electroplating and
hydrocarbon processing (oil refining). This will help
to improve effectiveness of natural water protection
systems and reduce anthropogenic impacts on the
environment.
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