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C yenvio uzyuenusa cCOpoOYUOHHBIX CEOICHIE MOOUDUUUPOBAHHBIX ME30NOPUCHIBIX KPEMHE-
3eMHbBIX COPOEHMO6 O OMHOULeRUI0 K uonam eanaousa(V) cunmesupoeanst peazennvl o CHPYK-
mypoit nop MCM-41, moouguuuposannsie N',N'-Oumemuncuopazuoamu mpem-kKapoHoHo8bIxX
kucnom Versatic ppaxyuu C10. Ycmanoeneno, umo npueuexka (yHKUUOHAIbHBIX ZPDYRI HA RO-
séepxnocme MCM-41 akmueusupyem ezo ¢ omuouiehuu copoyuu uonoe eanaous (V). Makcu-
manvnan copoyuonnan emkocmov (EM = 2,8 mmons/m®) nabniodaemca 6 cepnoxucnoii cpeoe
(pH=3,5 - 4) npu 40 mun xonmaxme copoenma ¢ pacmeopom. Yeenuuenue KonyeHmpayuu npu-
GUMBIX ZPYNN HPUGOOUN K 3HAUUMETLHOMY POCHLY COPOUUOHHOI eEMKOCHU MOOUPUUUPOBCAHHO20
cunuxkamnozo mamepuana. Ilocmpoena usomepma adcopoyuu, ee napamempsvt RPOAHATUIUPO-
eanbl ¢ nomoubto mooeieil JIenemiopa u @peiindnuxa. Onupasnce Ha 3HaueHus KOIPPuyuenmos
Koppenayuu, MOX}cHO 3aKII0UUNLb, YHO A0COPOUUOHHbBIE Poyecchl UoH06 éanaous (V) ¢ Gonvuent
cmenenu noouunawmea ypasnuenuto Ppeiinonuxa. Mexanusm copoyuu onpeoenen ycmamnosne-
HUemM auMumupyrouwiell Cmaouu aocopoyuu ¢ UcnoIb308aHueM paPhoanaiumuyecKozo Memooa
aHanu3a 3a86UCUMOCHU CHenenu 3agepuienHocmu npoyecca aocopoyuu (F) om epemenu (t). Ilo-
Ka3amo, umo npoyecc copouuu npomexaem 60 6Hympuoupy3uonnom pexcume u OnUCbIBACMCcs
MOO€bIo NCesd0-6mopo20 NOPAOKA, m.e. UHMEHCUGHOCb NPOMEKARUA COPOUUOHHO20 npoyecca
3aeucum He MOAbKO OM KOHUEHMPAYUU U361EKAEMbIX UOHO8, HO U OM KOHUEHMPAUUU aKmue-
HbBIX YEeHMPO8 HA NOBEPXHOCMU A0COPOAMaA, KOMOPAs HANPAMYIO CE6A3AHA C KOAUUECHBOM NPU-
eumuix zpynn. C nogvluieHueM memnepamypsl useieuenue memaina ygeauuugaemces. B koop-
ounamax mooeau /Jyoununa-Padywikeeuua eplnoinen paciem 3HaueHus c60000HOI IHepeul
aocopouuu. Ee evicokoe 3nauenue (32,62 k/lrc/mob) u pocm copoyuoHHoil EmMKocmu npu yee-
JIUYeHUU meMnepamypsl npoyecca yKasvléaom Ha o0pa3oeanue Xumuueckux ceaseil mexcoy
npusumvimu Ha me3onopucmolii kKpemuezem MCM-41 N',N'-oumemunzuopazuonvimu zpyn-
namu u UoOHaAMU 6AHAOUA.
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With the purpose of studying the sorption properties of mesoporous silica sorbents towards

vanadium(V) ions, MCM-41pore-structured reagents modified with NN “dimethylhydrazides of
Versatic C10 tert-carboxylic acids have been synthesized. Functional groups grafted onto the sur-
face of a MCM-41 structured reagent have been ascertained to activate it towards the sorption of
vanadium (V) ions. Maximal sorption capacity (EM = 2.8 mmol/m?) is observed in a sulfuric me-
dium (pH 3.5-4.0) after a 40-min contact with solution. With increasing concentration of grafted
groups, the sorption capacity of a modified silica material grows markedly. An adsorption isotherm
has been plotted, with its parameters analyzed using the Langmuir-Freundlich model. With the
correlation coefficients’ values as a basis, one can conclude that the vanadium(V) adsorption pro-
cesses are to a greater extent subject to the Freundlich equation. The sorption mechanism has been
determined by establishing a limiting adsorption stage, using a graph-analytic method to analyze
the completeness degree of the adsorption process (F) with time (z). The sorption process has been
evinced to proceed in an inter-diffusive regime and to be described by a pseudo-second order model,
i.e. the intensity of the sorption process is dependent not only on the concentration of ions being
extracted, but on that of active centers on the adsorbate surface, which is directly attributed to the
number of the groups grafted. With increasing temperature, the extraction of a metal enhances. In
the Dubinin-Radushkevich model coordinates, a value of adsorption free energy has been calcu-
lated. Its value (32.62 kJ/mol) and the enhancement of sorption capacity, with increasing temper-
ature, indicate the formation of chemical bonds between NN ~dimethylhydrazide groups grafted
onto the MCM-41 mesoporous silica, and vanadium ions.

Key words: mesoporous silica, modification, dimethylhydrazide, sorption, Versatic acids, vanadium,

impregnation method

INTRODUCTION

Iron and titanium-vanadium ores containing
vanadium as an impurity have been basic commercial
sources to extract vanadium. Apart from natural re-
sources, a great deal of vanadium has been amassed as
technogenic raw materials (tailing dumps of the works
recycling vanadium dross, exhausted catalysts of sul-
furic productions, waste solutions of metallurgical
works, etc.) [1].

To extract vanadium from technological solu-
tions and industrial sewage, the sorption materials of
different types have been offered, including: active
coals [2], inorganic sorbents, strongly-basic anionites,
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cellulose-based fiber anionites [3-7], ion-exchange res-
ins [8], natural materials — kaolinite and montmorillo-
nite [9], silicon dioxide [10], “humic acid-silica” sys-
tem [11]. The use of sorption materials extracting va-
nadium via different routes is foreordained by different
forms (cationic, anionic, and polymerized) of its pres-
ence in solutions.

Earlier [12, 13], we had explored the sorption
of tungsten (VI) and molybdenum (V1) by means of
highly-ordered silicates of MCM-41 type modified
with dimethylhydrazide groups. Owing to an apprecia-
ble surface area and the ordered structure of meso-
pores, these materials are characterized by a high ad-
sorption capacity. The accessibility of mesopores for
volumetric organic molecules to penetrate, a hard-
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structured inorganic matrix, and a possibility for or-
ganic monolayers of a modifier to be grafted enable
highly-selective sorbents to be produced.

This work is aimed at studying the sorption ca-
pacities of mesoporous silica sorbents modified with
dimethylhydrazide groups towards vanadium(V) ions.

EXPERIMENTAL METHODS

A silica basis for MCM-41structured sorbents
was obtained by template hydrothermal synthesis at
100 °C for 48 h [14]. Tetraethoxysilane (TEOS) was
used as a source of silica, cetyltrimethylammonium
bromide (CTAB) was used as a structure-forming
agent, with the synthesis components taken at the ratios
TEOS 1: CTAB 0.2 : NH3; 3.5 : H,0 100. Versatic
tert-carboxylic acid N’,N’-dimethylhydrazides —
CH3R;:R2CC(O)OH, where R; and R are alkyl radi-
cals with the number of carbon atoms totaling 10, —
were prepared by acylation of 1,1-dimethylhydrazine
with Versatic acid chloroanhydride in hexane.

The surface of mesoporous silicas was func-
tionalized by the post-synthetic modification method
as follows: a weighed portion of MCM-41 was put into
a round-bottom flask and, with a calculated quantity of
DMH and ethyl alcohol added, refluxed for 4 h, where-
upon the sample was filtered, dried out at 80 °C until
removal of ethanol.

The structural pore organization of the silica
basis was corroborated by X-ray phase analysis with
use of a XRD-7000 diffractometer (Shimadzu, Japan)
using CuKg-radiation (hav. = 1.54184 A); the structure
of functionalized silica sorbents — by FTIR spectros-
copy using a Vertex 80V spectrometer (Bruker, Ger-
many) [12].

A standard stock solution of NaVOs salt was
prepared from a preparation of chemical pure grade
(2.5 mg of vanadium (V) per 1 ml of solution). Solu-
tions with lesser contents of vanadium (V) were pre-
pared from the stock solution successively diluted. Ex-
ploring the sorption properties of the reagents involved
the following steps: (a) hydrochloric (or sulfuric) ac-
ids, or ammonia, were added to 100 ml of a solution
containing only vanadium (V) ions to attain a needful
pH value; (b) the mixture produced was stirred with
0.200 g of modified silica (MCM-41 + DMH), with es-
tablishing sorption equilibrium taking 40 min; (c) next,
the solution was filtered to separate the sorbent; (d) the
residual content of V(V) in the filtrate was determined
titrometrically with Moore salt of analytical pure
grade, the milligram concentrations of V(V) — photo-
metrically with potassium permanganate.
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To construct adsorption isotherm, solutions
containing 3.06 to 10.188 g/l concentrations of vana-
dium (V) were used. Adsorption was carried out at 20 °C
for 40 min. The value of static metal sorption capacity
(EM) and the degree of extraction (E) were calculated
as described in [12].

To determine the limiting stage of the adsorp-
tion process, the graph-analytic method for analyzing
the completeness degree of the adsorption process (F)
with time (1) was employed. The completeness degree

of the F process was calculated as per the formula:
At

F= Amax (1)
Herein, Amax Stands for limiting adsorption
value, A: — for current adsorption value.
For external diffusive processes, the kinetic
equation has the form as below:

In(1-F)=y-t 2
where y is the constant under given conditions of the
process; t — duration of adsorption [17].

The quantity of adsorbate in a diffusion-con-
trolled process can be expressed by the following
equation:

1
Ay =Kkg -tz 3
where A is a quantity of adsorbate per one unit of ad-
sorbate area, mol/m?; kq is the rate constant of internal
diffusion, mol/m2-min®5; t — time, min.

RESULTS AND DISCUSSION

In accord with the textural-structural charac-
teristics of the sorbents explored earlier [12], a carrier
sample is a mesoporous material with developed spe-
cific surface area (up to 952 m?/g), with grafted groups
firmly enough linked to the surface of the carrier. Mod-
ifying markedly (to 239 m?/g) curtails the surface area.
However, taking into account a high content of func-
tional groups (13-22 mmol/g) capable of forming com-
plex compounds with non-ferrous/rare metal ions, the
materials produced can exhibit themselves as effi-
cient sorbents for concentrating elements from aque-
ous solutions.

Sorption properties of MCM-41 + DMH

The starting MCM-41 at pH 1-10 was found
to practically not sorb vanadium (V) ions
(EM = 1-10 mmol/m?). However, when modified with
DMH groups, it drastically changes its sorption prop-
erties (EM = 2.8 mmol/m?).

Modified silica appears to be a polyampholyte
and, depending on the pH value of a medium, can be-
have as either a polyacid or a polybase (4):

RCONHNH*(CHz), =—=
RCONHN(CHz), =—=

RC(O)NN(CHs), (4)
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Protolytic equilibriums can be characterized by
following constants: pK = 3.13+0.02; pKa = 14.20+0.02 [19].

Vanadium is featured by a great variety of its
valence form changing as dependent on pH values and
vanadium ions’ concentration in solutions [20, 21].

In diluted solutions, such monomer species as
VO,", HVO;3, VO3, HVO.%, VO are in equilibrium
and predominate at pH 0-3, 3.5-8, 8.0-12.0 u 12-14, re-
spectively:

+OH" -H* +OH" -H*

VO,;* == HVO; == VO3 == HVOs* == VO

At concentrations of vanadium over 1.10*
mmol/m? and pH 0-3, the VO_* species remain pre-
dominant. With decreasing acidity (pH > 3), these spe-
cies react with OH" ions to form vanadium polyions.
For example, V304> and V4O12* ions are present in a
solution at pH 5.0-8.0, and H,V,0-* ions — at pH 10-
12. These ions, when condensed, give rise to more
complicated polyions [22, 23].

As follows from the data in Table 1, the maxi-
mal capacity of vanadium (V) ions is observed in the
interval pH 3.5-4, apparently, at the expense of linking
the anion forms of VO3 and HV1002s* [1] into a com-
plex with protonated [18] grafted DMH groups. The
composition of an electrically neutral complex being
formed with DMH at pH 3-4 during the extraction pro-
cess, was earlier found as corresponding to formula
(C12H26N20)s-HV O3 [24].

Table 1
Extraction of vanadium (V) ions by the MCM-41 +
DMH sorbent in sulfuric and hydrochloric solutions.
Conditions: Msorb = 0.200 g, Viask = 100 ml, Cvvjinitial =
0.026 mol/l
Tabnuya 1. N3Baevenne nouos V(V) copoeHTomM
MCM-41+JMI'Jl B cepHO- 1 COJISIHOKUCJIBIX PACTBOPAX;
Meops = 0,200 T, Vions = 100 Ma1; Cvv)" = 0,026 MoJIb/J

EM, mmol/m?

CH+, mol/l H2SO04 HCI
3 0.5 0.5
2 0.2 0.2
1 0.1 0.15

pH
1.6 0.5 0.4
2 1.0 -
3 2.0 0.5
3.8 2.8 0.15
45 2.7 -
5.0 25 0.1
6.8 1.2 -
10.5 0.5 -
12.8 1.23 -
14.0 2.0 -
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At pH < 3, vanadium is present basically as the
VO, cation form being inacceptable to interaction
with the DMH form protonated at these pH values [1].
In the interval pH 4-10, the sorption capacity de-
creases. This phenomenon is, apparently, attributed to
the instability of a “sorbent-metal” complex being
formed under these conditions.

The nature of an acid markedly affects the ex-
traction of vanadium (V) ions (Table 1). In hydrochlo-
ric medium, vanadium (V) ions are extracted to a lesser
degree as compared with that in sulfuric one. Such reg-
ularity is due to a possible redox reaction with partici-
pation of vanadium (V) ions in the presence of Cl-ions.
Therefore, sulfuric acid was used in all the subsequent
experiments.

The sorption of vanadium (V) as affected by
the modifier’s concentration was investigated as well.
With the mass ratio of “matrix solvent : modifier” in-
creasing from 1: 0.1to 1: 0.2 at pH 3, the sorption ca-
pacity markedly grows in acidic media from 0.6 mmol/m?
to 2.8 mmol/m?, respectively.

The adsorption isotherm of vanadium (V) ions
by the MCM-41 + DMH sorbent (Fig. 1) resembles the
Langmuir dependence; however, the complete satura-
tion of the surface, being to a greater extent typical of
microporous sorbents, is not observed.

2
A, mmol/m

10000 4
8000 -
6000 -
4000 -

2000 +

0

; ; ; ; ;  C
0 2000 4000 6000 8000 10000 12000 ?
Fig. 1. The adsorption isotherm of vanadium (V) ions by the
MCM-41 + DMH sorbent at pH 3.5
Puc. 1. U3otepma aacop6uuu V(V) copbenrom MCM-
41+IMTJT; pH = 3,5

The smooth growth of adsorption, with in-
creasing concentration of the substance being ab-
sorbed, is explained by intrapore diffusion. The de-
pendence of that kind can be described in the coordi-
nates of both the Langmuir and Freundlich equations,
for which correlation coefficients (r?) equaling respec-
tively 0.848 and 0.976, were obtained from the adsorp-
tion isotherm graphically processed. With these values
as a basis, the conclusion can be drawn that the adsorp-
tion processes of vanadium (V) ions are to a greater
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extent subject to the Freundlich equation which takes
into account the adsorbate-adsorbate interactions oc-
curring on the energetically non-uniform surface of
modified sorbent.

Kinetics and sorption mechanism of vana-
dium (V) ions

The mechanism describing interaction be-
tween substance and adsorbent was determined by as-
certaining the limiting stage of the sorption process, the
steps of which are: (a) external diffusion of absorbed
substance to adsorbent, (b) internal diffusion of ad-
sorptive inside pores to active centers of adsorbent, and
(c) condensation of absorbed substance on internal sur-
face of pores as a result of physical adsorption, or
chemisorption.

The findings are graphically interpreted in Fig. 2,
whence it follows that the complete sorption period of
vanadium takes 40 minutes (Fig. 2a). The curve mir-
roring the completeness degree of the adsorption pro-
cess (F) with time (t) in the coordinates of external
(In(1-F) —t) and internal (F —t*?) diffusive kinetics and
expressed numerically is presented in Table 2.

A mmol/me
3000 -

2500
2000 -
1500
1000 4

500
t, min

0

10

0.6
04 4
02
00

t, min

20 40 60 80 100

b
Fig. 2. Kinetic adsorption curve of vanadium (V) by MCM-41 +
DMH sorbent (a); dependence of the degree of completion of the
process on time (b)
Puc. 2. Kunerndeckast kpuas agcopOimm V(V) copdeHToOM
MCM-41+IMTI'[1 (a); (a) u 3aBUCEMOCTB CTETICHU 3aBEPIICHHO-
ctu mporecca ot Bpemenu (b)
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Table 2
Processing results in coordinates of external and inter-
nal diffusive kinetics
Tabnuya 2. O6padoTKa pe3yJabTATOB B KOOPANHATAX
BHeIIHe- 1 BHYTPHIM((PY3MOHHONH KHHETUKH

Correlation coefficients of
starting (r1%) and completive

Kinetics coordinates (%) steps of the process

I'12 I’22
External diffusive kinetics
(In(1-F) — 1) 0.974 0.999
Internal diffusive kinetics 1 1
(F _ t1/2)

The fairly expressed linear kinetic dependence
in the coordinates F — tY2 permits the conclusion that
the adsorption of vanadium (V) ions is to a larger ex-
tent limited by internal diffusive processes [17].

To determine the order of the quasi-chemical
interaction reaction between modified MCM and vana-
dium ions, the findings obtained were processed using
the kinetic models of pseudo-first and pseudo-second
orders.

In the systems under consideration, the pseudo-
first order kinetics is described using the Lagergren
equation [25]:

Ig(C; —Ce) =1gCc —ky ° 7T ®)

Herein, C; — current concentration of adsorp-
tive, mmol; C. — equilibrium concentration of adsorp-
tive, mmol; t — duration of adsorption, min; k; — rate
constant, min-t.

The pseudo-second order kinetics is described

using the classical equation, in its integral form as below:
1 1 T

Ct kG | (6)
Herein, ko — rate constant, (mmol-min)?; C, —
current concentration of adsorptive, mmol; Ce — equi-
librium concentration of adsorptive, mmol.
Proceeding from kinetic dependences Ig(Ci-
C.) with t and the values of correlation coefficients (r?
= 0.983 in the starting step, and r? = 0.974 in the com-
pletive step of the adsorption process), the adsorption
process of vanadium (V) is with a high degree of prob-
ability described by the pseudo-second order model,
i.e. with rectilinear dependence (t/C. with t, min), the
correlation coefficient r> = 1. This permits the conclu-
sion that the intensity of the adsorption process would
depend not only on the concentration of the ions being
extracted, but on the active centers’ concentration on
the surface of adsorbate as directly linked to the num-
ber of the groups grafted.
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The adsorption of vanadium (V) as affected
by temperature

Generally, with rising temperature, the degree
of metal extraction increases (Fig. 3), being, arguably,
attributed to the chemical adsorption of vanadium (V)
on DMH-modified sorbent.

E, %

80 A

&4

20 A

[ &

9 T T T T T 1 pH
0 2 4 6 8 10 12

Fig. 3. Ther influence of temperature and pH on degree of V (V) ions’
extraction by MCM-41 + DMH sorbent. 1 - 90 °C, 2 - 60 °C, 3 - 20 °C.
Conditions: Msorb = 0.200 g, Viiask = 100 ml, Cv(vjinitial = 0.026 mol/I
Puc. 3. Biusaue Temniepartypsl v pH Ha cTenieHb U3Ne4eHns HOHOB
V(V) copberrom MCM-41+IMI'[1:1 - 90 °C, 2 - 60 °C, 3 - 20 °C;
Meops = 0,200 T, Vions = 100 M1, ; Cvvy™*= 0,026 Monp- it

To corroborate this assumption, the depend-
ences InE (EM, mmol/m?) with (Ing)? were sectioned at
pH 3.5, whereupon the results were processed in the
coordinates of the Dubinin-Radushkevich model [27]:

2
InE = InE,, — (%) . ( nsTs) 2 @)

From the dependence produced, the free en-
ergy of adsorption was calculated (Table 2). Its value,
equaling 32.62 kJ/mol, corroborates the extraction of
vanadium (V) by DMH-modified MCM-41 to be ac-
companied by forming a chemical bond between ions
being extracted and groups grafted.

JIUTEPATYPA

1. Iean H.Y, Tpomkuna U.JI., Aye Mun, lllunsie A.B.
C0p6I_II/IH PEHUA U BaHA/IUA U3 MUHEPAJIM30BAHHBIX PaCTBO-
POB BOJIOKHUCTBIMU HOHUTaMMH. U3s. 8)Y3086. l[@em. memail-
aypeusi. 2014, Ne 2. C. 42-46. DOI: 10.17073/0021-3438-
2014-2-161.

2. Namasivayam C., Sangeetha D. Removal and recovery of va-
nadium(V) by adsorption onto ZnCl: activated carbon: Kinet-
ics and isotherms. Adsorption. 2006. V. 12. N 2. P. 103-117.
DOI: 10.1007/c10450-006-0373-3.

3. Abbas A, Conway B.E. Investigation of Removal of Cr(V1),
MO(VI), W(VI), V(IV) and V(V) Oxyions from Industrial
Wastewaters by Adsorption and Electrosorption at High-area
Carbon Cloth. J. Coll. Interf. Sci. 2002. V. 251. P. 248-255.
DOI: 10.1006/jcis.2001.8157.

40

CONCLUSIONS

In this work, modifying the surface of MCM-41
by means of Versatic acid dimethylhydrazide groups
has been experimentally ascertained to activate the sur-
face of mesoporous silicate material towards vanadium
(V) ions. Maximal extraction is observed at room tem-
perature in sulfuric medium (pH 3-4) for 40-min con-
tact of adsorbent with solution.

The adsorption isotherms obtained are with a
high degree of correlation described using the Freun-
dlich models, thereby indicating the surface non-uni-
formity of the sorbent synthesized. The adsorption pro-
cess has been evinced to proceed in internal diffusive
regime and is described by the pseudo-second order
model, i.e. increasing concentration of the groups
grafted onto the MCM surface markedly increases its
adsorption capacity.

The value of activation energy and the growth
of adsorption capacity, with rising temperature, indi-
cate forming chemical bonds between ions being ex-
tracted and groups grafted.
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