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ADSORPTION OF ARSENIC, CHROMIUM, LEAD, CADMIUM BY ADSORBENTS ON
THE BASIS OF Zr(IV), Ti(IV), Sn(IV), Al(III), Fe(IIl) OXIDES
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It was studied sorption of As (V), Cr (VI), Cu (1), Cd (II), Pb (Il) ions by inorganic and
organic-inorganic ionites based on hydrated oxides of Zr (IV), Ti (IV), Sn ( IV), Al (IlI), Fe (IIl) from
isotherms of sorption and values of the distribution coefficients are calculated. High selectivity of
oxides was observed in the presence of singly charged competing ions. It was found that in the case
of the use of Zr (IV), Ti (IV), Sn (IV) oxyhydrates as a hybrid ionite in the composition, regeneration
of 0.1 M with NaOH results in a 70-80% reduction in the absorptivity. The use of Fe (Ill) oxide as
adsorbent leads to formation of intraspheric complexes. In this case, regeneration of ion-exchange
adsorbents is difficult and requires higher concentrations of regenerating reagents and/or energy
inputs.

Key words: adsorption, distribution coefficient, organic-inorganic oxide, multivalent metal.

INTRODUCTION

The values of the distribution coefficients of the target component Kq and the selectivity
coefficients Ky are criteria for choosing adsorbents for the solution of a particular problem. The
distribution coefficient equals how many times the concentration of adsorbate on the sorbent surface
exceeds the concentration of this substance in the solution volume. The selectivity coefficient is the
ratio of the distribution coefficients of the target component and the inert salt. In some cases,
selectivity is the most important criterion, for example, when it is necessary to extract and
concentrate valuable, toxic, radioactive components from solutions of complex composition. The
peculiarities of the spatial structure are the reason of the high selectivity of the inorganic compounds.
The inorganic compounds with a tunnel or layered structure possessed the highest selectivity. The
oxyhydrates of the Group IV are constructed from MO6 octahedra forming spatial tunnels 0.5-1 nm
in size and exhibit high selectivity with respect to oxygen-containing anions and multiply charged
cations [1-3]. The individual and double hydrated metal oxides Zr (IV), Ti (IV), Sn (IV), Fe (III), Zr
(IV)-Fe (III), Sn (IV)-Fe (III), Zr (IV)-Al (III), Sn (IV)-Al (III) were studied in this research as
selective sorbents with respect to some toxic component of water. The adsorption of As (V), Cr (VI),
Cu (II), Cd (II), Pb (II), K* and boric acid ions are studied from dilute aqueous solutions of salts and
model solutions of more complex composition containing I-I-charged electrolyte . A sol-gel method
was chosen for the synthesis of oxides. The oxyhydrates were also precipitated in the bulk of strongly
basic anion exchangers of Dowex SBR-P, Dowex Marathon-11 and strong acid cation exchange resin
Dowex HCR-S to improve hydrodynamic properties. The objectives of the research included a
quantitative assessment of the selectivity of adsorbate absorption, as well as the possibility of
regenerating adsorbents.
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EXPERIMENTAL PART

The oxyhydrates were synthesized by precipitation from solutions of salts followed by
hydrolysis, gel formation and subsequent granulation during drying at 70 ° C. Hybrid organic-
inorganic adsorbents were prepared by introducing into the polymer matrix of solution of salts
followed by hydrolysis. The ion exchange resin was placed in 1 M (1 M, 1: 1) solution and held for
24 hours with periodic mixing. The granules were filtered, washed with a small amount of distilled
water and treated with a solution of the gelling agent for 24 hours with intermittent stirring. The
granules were dried in air to constant weight after washing with distilled water. The impregnation
was carried out repeatedly. The quantity of oxyhydrates in the hybrid adsorbents was determined by
the weight of the residue after combustion at 700°C [4]. The distribution of the pores along the radii
and the specific surface area of the oxides was calculated from the isotherms of the thermal
desorption of nitrogen [5].

The solutions of salts (KNO3, CuCl,, CdClz, Pb (NO3)2, K2Cr207 and NaHAsO4) were used
for studies of sorption. Sorption of ions from one-component solutions was studied under static
conditions at a ratio of solid and liquid phases (g:cm?) from 1:50 to 1: 200. The values of sorption,
distribution coefficient and selectivity coefficient were calculated by decreasing the concentration in
the solution after equilibrium was established. The concentration of ions in solutions was determined
by the atomic-adsorption method on the Pye Unicam SP9 ("Philips") instrument.

Sorption of boric acid by individual oxyhydrates was also studied. To study the effect of the
presence of a salt background on the adsorption properties of inorganic and inorganic organic
adsorbents, the composition of a model solution of 0.02 M NaCl and 0.004 M H3BO3s was chosen.
The titration method with mannitol was used to determine boric acid [6]. Sorption of arsenic from a
two-component solution (0.1 M KCl and 0.001 M NaH>AsO4) was also investigated.

Regeneration of organic resins and hybrid sorbents was carried out with a 0.1 M solution of
NaOH at a ratio of solid and liquid phases of 1:50.

RESULTS & DISCUSSIONS

In Fig. 1 shows pore distribution of radii for hydrated dioxides of zirconium (HDZ). H
calculated from the thermal desorption of nitrogen using the Kelvin equation [5]. The sorbent is
characterized by a considerable number of pores of radius less than 2 nm, mesopores predominate
among the pore radius of 2, 3 and 4.3 nm. Based on the data obtained by thermal desorption of
nitrogen, to determine the pore size radius is less than 1 nm is not possible. The presence of the
selective pores on the surface of HDZ also confirmed by the adsorption of certain ions (Fig. 2).
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Fig. 1. Distribution of pores along radii for HDZ.
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From the results shown in Fig. 2, it follows that strongly hydrated copper hexaaqvacathions
[7] are not selectively adsorbed to the HDZ from the combined solution: the isotherms of adsorption
of these ions are very close. Only in the case of lead cations, selective adsorption in three-
dimensional cylindrical pores formed by ZrOs octahedra can be assumed. Less selective is HDZ for
boric acid, however, in comparison with other individual oxyhydrates, the selectivity of this sorbent
is most pronounced.

A, mg-eqv-g”’

0.8

3 2
06 } .

1

0,4 | 4
0,2
0,0 A A A A A
35 30 25 20 15 10

log ¢, g-eqv-dm™
Fig. 2. Dependence of adsorption values ions K* (1), Cu?" (2), Pb** (3), H3BO; (H.BOs") (4)
against the logarithm of the equilibrium concentration of solutions KNO3, CuClz, Pb(NO3)., H3;BO3

We have previously shown that double oxyhydrates of the composition MxAl;.xOy-nH,O (M-
Zr, Sn, Ti) are characterized by increased microporosity ((ZrxAlixOy nH20 — 70%, SnxAl1«Oy-nH>,O
— 81%, TixAlixOy'nH20 — 50%) [8]. In Fig. 3, isotherms of adsorption of anions and cations in the
sorbent based on Sn (IV) and Al (III) oxyhydrates are shown in logarithmic coordinates. It can be
concluded on the basis of the obtained data, that the charge of the surface also affects the value of the
distribution coefficient of specific ions, in addition to the presence of micropores. In particular, for
As (V) anions (see Fig. 2b), a change in the equilibrium pH value from 8-9 to 3-6 leads to an increase
in K4 by two orders of magnitude. The mechanism of sorption on oxyhydrates can be the electrostatic
interaction of the adsorbed ion and surface-OH groups [2], localized in both micro- and mesopores.
At the same time, the sorption of ions depending on the pH of the solution and the near-surface layer
can proceed with the formation of both intraspheric and outer-sphere (containing fragments of water)
surface complexes (HnAsO4 G- HyCrO4 - Cu(OH), ™, Cd(OH), @™ 7, Pb(OH), @™ *):

anions: HhAnO4™ ™+ (m-n)(-OH>") ¢ ((m-n)(-OH2)")(H,AnOg)™™- (1)

cations:  Cat(OH),®™" + (2-n)-O" <> ((2-n)(-O")(Cat(OH),*™*")  (2)

boric acid: HsBOs + n(-OH;") < (n)(-OH2"))(B(OH)3.,") + nH* 3)
B(OH)4” + n(-OHz") < (n)(-OH2")(B(OH)4-n*™-) + nH* 4)

In the case of boric acid, at pH <9, the interaction is carried out according to scheme (4) [9].

The difference in the degree of inclusion of selective micropores in the sorption process
determines the selectivity of absorption of the ion with respect to the other.

The results obtained for individual, double oxyhydrates and organic-inorganic ionites in the
pH range of 5-8 are summarized in Tables 1 and 2. The organic-inorganic HCR-S / TiO; ionite
contains 22% of the inorganic component, and HCR-S / SnO>-12 %, anion exchange organic-
inorganic ion exchangers contains from 2 to 51%.
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Fig. 3. Dependences of the logarithm of the distribution coefficient of the monoB H2AsO4 (1),
HCrO4 (2), Cd** (3), Pb*" (4) ions on the logarithm of the equilibrium solution (Fig. 3, a) and
HAsO4> (H2AsOy4) ions at a pH value of 8-9 (1), 4-6 (2), 3-4 (3) (Fig. 3, b) for a double oxyhydrate
of the composition Sn02-Al,03

log C,equ-dm’

As follows from the obtained results, the introduction of an inorganic component to the ion
exchange resin decreases the adsorption capacity of ion-exchange resins with respect to Cu?" ions
and significantly increases the capacity with respect to Pb>" and HAsO4> (H2AsO%) ions. When the
initial solutions are acidified with nitric acid, the adsorption capacity of the polymeric anionite with
respect to HAsO4? (H2AsO*) decreases significantly, but does not change with respect to HCrO*. In
Fig. 4 shows the logarithm of the distribution coefficient of the HAsO4** (H2AsO*) and HCrO* ions
as a function of the logarithm of the equilibrium concentration for the anion exchange resin Dowex
SBR-P and modified anion exchangers and hybrid anion exchangers containing tin oxyhydrate and
tin-iron double oxyhydrate upon acidification of the solutions with nitric acid (pH of an equilibrium
solution equal from 3 to 4).

Table 1. Adsorption characteristics of cation-exchange sorbents with respect to ions Cu®*,
Cd?*, Pb?". Amax was determined from sorption of ion Pb**

Conj[aining Qf A Kq, sm3-g’!
Sorbent the inorganic Mome V’_ 1

component, % geqve Cu(1l) Cdd1) Pb(II)
TiO; 100 1.8 320 13200 18000
SnO» 100 1,1 14 - 2000
HCR-S - 3,0 4900 5300 7000
HCR-S/TiO» 22 3,2 1000 - 12000
HCR-S/SnO» 12 3,1 - - 10000

In this case, the K4 values of the organic-inorganic adsorbents are conserved, probably due to
the buffer properties of the oxyhydrates. A similar result was obtained for the adsorption of the
organic-inorganic ionite Marathon-11/Ti02 (14%) without acidification. The K4 value was 1300
cm?-g! for the adsorption of the organic-inorganic ionite Marathon-11 / TiO, (at pH = 3.5), (for
unmodified anion exchange resin this value is 250 cm?-g™!) [10]. Thus, the possibility of a positive
effect of inorganic constituents on sorption of arsenate ions in the presence of competing ions (in this
case NO3") is shown by the addition of polyvalent metal oxyhydrates selective to oxygen-containing
multiply charged anions.
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Table 2. Adsorption characteristics of anion-exchange adsorbents with respect to HCrO4™ and
HAsO4* (H2As04") ions. Amax was determined from sorption of ion HAsO4* (H2AsO4)

Conj[aining Qf the A Kq, sm3-g’!
Adsorbent inorganic Mome V’_ 1
component, % geave Cr(1V) As(IV)
Z1r0sz- AO3 100 0,60 13000 2700
Sn0,-ALL03 100 0,40 5000 4000
SBR-P - 0,77 7300 1100
SBR-P/ZrO> 2 0,80 - 1900
SBR-P/Fe>O3 6 0,80 - 2200
SBR-P/Sn0O> 51 0,83 20000 2000
SBR-P/ SnOy- 34 0,85 55000 3200
Fe20;
SBR-P/ ZrO;-
Fe,Os 8 0,80 - 4000

In Fig. 5 shows the dependence of the absorption of the target component (H3:BOs3, As (V))
from the solution of the complex composition on the equilibrium pH value for ion exchange resins,
HDZ and organic-inorganic sorbents based on Dowex SBR-P ion exchanger and hydrated double
zirconium and iron oxides [10].
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Fig. 4. Dependences of the logarithm of the distribution coefficient of the HAsO4* (H2AsOq")
(a), HCrOys (b) ions on the logarithm of the equilibrium concentration for the anion exchange resin
Dowex SBR-P (1) and anion exchangers containing tin oxyhydrate (2) and tin-iron double
oxyhydrate (3)

At the same equilibrium concentration, the ratio of the distribution coefficients of the
absorbed components (selectivity coefficient) approximately corresponds to the ratio of the sorption
capacity. For ion-exchange resins, the value of selectivity coefficient of the extraction of the target
component with respect to the chloride ions is in the first approximation the ratio of the initial salt
concentration (NaCl, KCI) and the target component in the solution. These results (see Table 3)
confirm the absence of selectivity for strongly basic resins and a sufficiently high selectivity of
oxyhydrates and hybrid adsorbents on their basis.
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Fig. 5. Effect of pH of the solution on the sorption capacity of anion-exchange resins (a: 1 —
AN-31, 2 — EDE-10P; b: 1 — Dowex SBR-P), HDZ (a: 3) and organic-inorganic anion exchangers (b:
2 — Dowex SBR-P/ZrO;, 3 — Dowex SBR-P/Fe;O3 upon sorption from model solutions containing
H3BO3 against sodium (a) and HAsO4?" against the background of potassium chloride (b)

Anion exchange resin Dowex SBR-P is regenerated by 54% after the establishment of
sorption equilibrium sorbent solution NaxHAsOs. The results of the regeneration of organo-inorganic
sorbents after sorption of arsenate ions are given in Table 4. For most organo-inorganic anion
exchangers, a recovery of up to 70-80% of the capacity occurs, which makes it possible to predict the
possibility of their reusable use.

Table 3. The evaluation of the selectivity of ion exchangers for the target component (H3BO3,
HAsO4%) with respect to chloride ion

The ratio of
Capacitance 1 partial ion
Tonite Composition of Composition of | /Capacitance 2 (of | concentrations in
solution number 1 | solution number 2 the target ion and in
component) solution number
2
AN-31 0,004 M H3;BO:; 0,02 M NaCl 24/4,0 1,0
0,004 M H3BO:s
EDE-10P 0,004 M H3;BO:; 0,02 M NaCl 26/4,3 1,0
0,004 M H3BO:s
HDZ 0,004 M H3;BO:; 0,02 M NaCl 7,5/4,3 3.4
0,004 M H3BO:s
Dowex SBR-P 0,001 M 0,1 M KC1 0,001 50/0,6 1,2
NaH2AsO4 M Na,HAsOq4
Dowex SBR-P 0,001 M 0,1 M KC1 0,001 55/9,3 17,1
/7rO» NaH;AsO4 M NayHAsO4
Dowex SBR-P 0,001 M 0,1 M KC1 0,001 54/2,5 4,7
/Fe203 NaH>AsO4 M Na,HAsOg4

The obtained results can be explained by the fact that in the case of adsorbents based on Zr
(IV), Ti (IV), Sn (IV) oxides, the adsorbate forms outer-surface complexes containing fragments of
water with the surface [11]. Iron oxide impairs regeneration. In this case, the regeneration of ion-
exchange adsorbents is difficult and requires higher concentrations of regenerating reagents (during
chemical regeneration) and/or energy consumption (with thermal or electrochemical regeneration).
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Table 4. Regenerability of organic resins and organo-inorganic ion exchangers with 0.1 M by
NaOH after sorption of HAsO4*

Ion exchanger Containing of the inorganic Regeneration, %

component, %

Dowex SBR-P 0 69
Dowex SBR-P/ZrO» 1,5 92
Dowex SBR-P/ZrO» 2,0 75

Dowex SBR-P/ZrO»/Fe; 03 6,0 76

Dowex SBR-P/ZrO,/Fe; 03 8,0 70
Dowex SBR-P/Fe;03 10,0 3
Dowex SBR-P/Sn0O, 51,6 42

Dowex SBR-P/SnO,/Fe;03 34,8 51
CONCLUSIONS

It was found that the introduction of individual and double oxyhydrates Zr (IV), Ti (IV), Sn
(IV), Fe (I1I) into organic ionites leads to an increase in sorption capacity with respect to Pb**, CrOy’,
HAsO4* ions and a decrease with respect to Cu?" ions. The possibility of a positive effect on the
value of the sorption capacity of organic anion exchangers with respect to HAsO4? under conditions
of the presence of competing nitrate ions is shown by the addition of polyvalent metal oxyhydrate
selective oxygen-containing multiply charged anions. The results of studies in model solutions of
complex composition confirm the absence of selectivity in organic ion exchangers and a sufficiently
high selectivity of inorganic sorbents and organic-inorganic ion exchangers. The regenerability of
organic-inorganic sorbents is comparable and even higher than that of organic resins. With a
relatively small amount of the introduced inorganic component, a recovery of up to 70-80% of the
capacity occurs, which makes it possible to predict their effective use in multi-cycle operation modes.
The regenerability of organic-inorganic sorbents containing only iron oxide under similar conditions
is close to zero. In this case, the regeneration of ion-exchange adsorbents is difficult and requires
higher concentrations of regenerating reagents (during chemical regeneration) and / or energy
consumption (with thermal or electrochemical regeneration).

AJICOPBLISI APCEHY, XPOMY, CBUHLIIO, KAJIMIIO AJICOPBETAMU HA
OCHOBI OKCH/IB Zr (IV), Ti (IV), Sn (IV), Al (I1I), Fe (I1I)

€.0. Koaomieup, K.O. Kyaeaxo, T.B. Maasuea, C.JI. Bacumiok, 10.C. [I313pK0
IHctuTyT 3aranpHOI Ta HeopraniyHoi ximii iM. B.1. Bepraacbkoro Hamionansnoi Akagemii
Hayx Ykpainu, M. Kuis-142
email: kolomiyetsy@gmail.com

Busueno aocopoyiio ionie As (V), Cr (VI), Cu (1), Cd (II), Pb (Il) neopeaniunumu ma opeao-
Heop2aHiuHuMU aocopbenmamu Ha ocHogi ciopamosanux okcudie Zr (1V), Ti (IV), Sn (IV), Al (I1l), Fe
(I1l) i pospaxosani eeruyunu Koepiyicumis po3nodiny. Beedenus iHOUIOyaATbHUX MA NOOBIUIHUX
oxcueiopamie Zr (IV), Ti (IV), Sn (IV), Fe (IIl) y opeaniuni ionimu npuzgooums 00 30i1bUieHHS
copbyitinoi 30ammnocmi gionocno Pb2+, CrO4-, HAsO42- ionu ma 3menutents 6i0HocHO ionie Cul+.
Busienena sucoka cenekmugHicmov OKcudig i OpeaHO-HEOPeAHIYHUX AOCOPOEHmI8 )y NPUCYMHOCHI
O00HO3APAOHUX KOHKYpYIOUUX ionig. Illoxazana Modfcaugicms NOZUMUBHO20 6NIUBY HA BEIUYUHY
COpOYitiHOI  eMHOCMI Op2aHiYHUX aHIOHO0OMIHHUKIE wodo HAsO42- 6 ymosax npucymnocmi
KOHKYPYIOUUX HIMPpaAm-ioHi8 wisaxom O000A8aAHHS CeleKMUBHO20 NONIBANEHMHO20 OKcuciopamy
memany. Pesynomamu 0ocniodcens 8 080KOMNOHEHMHUX MOOEIbHUX POZYUHAX NIOMEEPOANCYIOMb
BIOCYMHICMb  CENeKMUBHOCMI 8 OP2AHIYHUX [OHIMAx ma OOCUMb BUCOKY CeleKMUBHICMb
HeOp2aHiuHUuX CcopOenmis ma OpeaHO-HeOP2aHiYHUux I0HOO0OMIHHUKIE. 30amuicmb 00 pecenepayii
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OP2aHO-HeOP2aHIYHUX COPOEeHMI8 NOPIBHAHHA I HABIMb GUWA, HIdNC Y OpeaHiuHux cmoa. IIpu 8i0HOCHO
HeBeNuKill KiIbKOCMI 86e0eH020 HeOpP2aHiuH020 KOMIOHEHma 8i00ysacmuvcs 8i0HosnenHss 00 70-80%
EMHOCMI, WO 00360JIAE NPOSHO3YEAMU iX e(heKmueHe GUKOPUCMAHHS 8 PEHCUMAX O6a2amocmynenesoi
excnayamayii. Pecenepyemicmos opeano-Heop2aniuHux copoeHmis, wo Micmsamso Juuie OKCUo 3aiizd 8
AHANIOCTYHUX YMOBAX, OIU3bKA 00 HYIA. YV ybomy 6unaoky peceHepayis ioHOOOMIHHUX a0cOpOeHmis €
CKIAOHOI0 | 8uMazae OLbuoi KoHYeHmpayii peceHepyoyux peazenmis (nio uac XimiuHoi pecenepayii)
ma / abo cnodicueants enepeii (3 mepmiuHow abo eleKkmpoxXimiuHo pecenepayicio). 3uatioeno, wo 8
pasi 3acmocy8amnus 8 CKiadi opeaHo-HeopeaniyHux adcopbenmis 2iopamoganux oxcudie Zr (1V), Ti
(IV), Sn (IV) aocopbam ymeopioe 3 nogepxmerd 308HiUHbOCHEPHI KOMNIEKCU. 3acmocy8anHs 8
AKOCMI HeOp2amiuHo20 KOMNOHeHmY aocopbenmy okcudy Fe (IIl) npuzeooumsv 00 ymeopeHHs
BHYMPIUHbOCHEepHUX KoMNIeKkcig. YV yvbomy 6unadky peeenepayiss I0OHOOOMIHHUX adcopOenmis
VCKAAOHeHa ma OJisi Hei nompiOHi Oilbul BUCOKI KOHYeHmMpayii pecenepylouux peazeHmis i/abo
eHepeosUmpamu.

Kniouosi cnosa: aocopbyis, xoegiyiecnm po3nooiny, apcew, ceuHeyb, OpeaHO-HeOpeaHiyHuUlL
aocopbenm, oxcuod, 6a2amosaienmHuLl Memal.

AJICOPBIMSI MBIIIBSIKA, XPOMA, CBUHIIA, KAJIMUSI ATICOPBEHTAMHY HA
OCHOBE OKCHJIOB Zr(IV), Ti(IV), Sn(IV), AI(I1I), Fe(I1I),

E.A. Koaomuen, E.O. Kyneako, T.B. MaasueBa, C.JI. Bacunwk, 10.C. [[3513bK0
Wuctutyt ob1ieii u Heopranndeckoit xumun uMm. B.W. Bepuaackoro HannonansHo#
Axanemun Hayk Ykpaunsl, r. Kues-142
email: kolomiyetsy@gmail.com

Uszyuena aocopoyus uonos As(V), Cr(VI), Cu(ll), Cd(Il), Pb(Il) neopeanuueckumu u opeano-
Heop2aHu4yecKuMu aocopboeHmamu Ha ocHose euopamuposanuvix okcuooe Zr(lV), Ti(IV), Sn(lV),
Al(Il), Fe(lll) u paccuumansl senuuunvl Ko3ppuyuenma pacnpedenenus. QOHapyiceHa 8bICOKAL
u30OUpamenrbHOCMb OKCUO08 U OP2AHO-HEOPLAHUYECKUX A0COPOEHMO8 8 NPUCYIMCMBUU 00HO3APAOHBIX
KOHKYpUpylowux uonos. Haiioeno, umo 6 ciyuae npumeHeHUus 6 cocmase op2aHo-HeOpeaHUYecKUx
aocopbenmos  okcuoos Zr(lV), Ti(lV), Sn(V) adcopbam obpasyem ¢ NOBEPXHOCMbIO
gHeuinecghepuvie Komniexcol. Ilpumenenue 6 Kauecmee HeOpeaHU4eCKol KOMNOHEHMbl a0copbenma
oxcuoa Fe(lll) npusooum x o0bpazosanuio 6Hympuc@epHvlx KoMnliekcos. B smom cayuae
pecenepayusi UOHOOOMEHHBIX A0COPOEHmMOo8 3ampyoHeHa u Ol Hee MpeOVIomcs Oojnee 8blCOKUe
KOHYEHMPAayuu pe2eHepupyoujux peazenmos u/uiiu dHep2o3ampamol.

Kniouesvie cnosa: aocopoyus, kosgpguyuenm pacnpeoenenusi, MblibsK, C8UHEY, HEOPeaHO-
op2anuyeckull a0copoeHm, oKCuo, MHO208AIeHMHbIL MEMAJl.
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