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,QRUGHUWRFUHDWHDQHI¿FLHQWVRUEHQWIRUWKHK\GURPHWDOOXUJLFDOH[WUDFWLRQRIJDOOLXP
germanium from the poor raw materials and for the arsenic removal from the technological
solutionsDPRGL¿FDWLRQRIFRPPHUFLDOO\DYDLODEOHWLWDQLXPR[LGHDQGLWVVRUSWLRQSURSHUties studies were performed. The mechanical activation in the high-energy planetary mill
DQGXOWUDVRQLFDWLRQRIWKHDTXHRXVVXVSHQVLRQZHUHXVHGIRUPRGL¿FDWLRQRIWKH7L22. ParWLFOHVL]HDQDO\VLVRIPRGL¿HGPDWHULDOSHUIRUPHGE\G\QDPLFOLJKWVFDWWHULQJLQGLFDWHGWKH
SUHVHQFHRISDUWLFOHVRIQDQRPHWHUUDQJH$FFRUGLQJWR;UD\GLIIUDFWLRQWKHSURSRUWLRQRI
QDQRVFDOHIUDFWLRQLVVLJQL¿FDQW,WZDVIRXQGWKDWWKHPHFKDQLFDODFWLYDWLRQDQGVXEVHTXHQW
XOWUDVRQLFWUHDWPHQWRI7L22 increases sorption of gallium, germanium and arsenic (III, V),
from 10-40 % to 96-97 % at the optimum pH values of the solution.

Introduction
Titanium dioxide ± a popular sorption material, characterized the low
cost, environmental safety and chemical stability. It is used for sorption of
UDGLRQXFOLGHVRUJDQLFVXEVWDQFHVYDULRXVFDWLRQVDQGDQLRQVIRUSXUL¿FDWLRQRIÀXLGVIURPWKHPDQGDOVRIRUdetermining of their contents [1±4].
7KHUHDUHVHYHUDOFU\VWDOORJUDSKLFPRGL¿FDWLRQVRIWLWDQLXPGLR[LGH
2QO\UXWLOHLVWKHUPRG\QDPLFDOO\VWDEOHDPRQJDOOPRGL¿FDWLRQVEXWLW
has the lowest sorption properties, it was found that the sorption capacity
LQFUHDVHV LQ D VHULHV RI UXWLOH DQDWDVH DPRUSKRXV7L22 [1]. Sorption
DFWLYHPRGL¿FDWLRQVRIWLWDQLXPGLR[LGH DQDWDVHDPRUSKRXV7L22) are
obtained by chemical methods, such as hydrolysis of inorganic salts or
organic derivatives of titanium. The high sorption degree of germanium
and gallium (over 96%) was obtained on the nanoscale anatase [5]. AnaWDVHDQGDPRUSKRXV7L22 and materials based on titanium oxide, have
also found wide application as sorbents for extracting Group V elements
of the periodic system (phosphorus, arsenic, antimony and bismuth)
from solution [3, 6±8].
The aim of this work is investigation of sorption of germanium, galOLXPDUVHQLF 9 DUVHQLF ,,, ZLWKWKHPRVWVWDEOHPRGL¿FDWLRQRIWLWDnium dioxide – rutile after its mechanical activation. Studies about the
HIIHFWRIWKHVXFKPRGL¿FDWLRQRIUXWLOHRQLWVVRUSWLRQDELOLW\WRWKHVH
elements had not been conducted before.
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5HVXOWVDQGGLVFXVVLRQ
5XWLOH PRGL¿FDWLRQ ZDV SHUIRUPHG E\ PHFKDQLFDO DFWLYDWLRQ IROlowed by ultrasonic treatment of its aqueous suspension. Ultrasonic
treatment promotes disaggregate of the agglomerates, mechanical activation causes grinding of powder oxide particles and increases its surface
DUHDDQGPRGL¿HVWKHVXUIDFHSURSHUWLHVpromotes the growth of crystal
defects.
0HFKDQLFDODFWLYDWLRQRI7L22 TXDOL¿FDWLRQ± special purity grade,
100% rutile) was carried out in a high-energy planetary ball mill Pulverisette 7 PremiumLine with a headset from tungsten carbide (diameter
balls ± 10 mm, the primary disk rotation speed ± 800 rpm). Duration of
mechanical activation - 150 min. Mode of grinding is dry, beakers cools
in air every 15 min.
;UD\ H[DPLQDWLRQ RI 7L22 samples was carried out on a Shimadzu
;5'GLIIUDFWRPHWHULQ&X.DUDGLDWLRQXVLQJFHUWL¿HGVLOLFRQSRZGHU
as an internal standard. Measurement conditions: I = 30 mA, V = 40 kV,
WKHDQJOHUDQJHIURPWRLQĬDVWHSVL]HRIDQGDVWHSVFDQ
of 3 s. It was found that during of mechanical activation crystalline
PRGL¿FDWLRQD7L22 UXWLOHVWUXFWXUH ZDVQRWFKDQJHG )LJ 
The mean size of coherent scattering regions (CSR) of the samples was
FDOFXODWHGXVLQJ6FKHUUHU¶VIRUPXOD)LJVKRZVWKDWWKHLQWHQVLYHPLOOLQJ
WDNHVSODFHLQWKH¿UVWPLQRIJULQGLQJ7KHDYHUDJHVL]H&65LVUHGXFHG
IURP§QPWR§QP2YHUWKHQH[WPLQVL]H&65LVUHGXFHGVOLJKWO\
±WR§QP
8VLQJG\QDPLFOLJKWVFDWWHULQJPHWKRGLWZDVFRQ¿UPHGWKDWWKHVL]H
RIWKHSDUWLFOHVIRUPHGGXULQJWKHPHFKDQLFDODFWLYDWLRQ7L22 is almost
LGHQWLFDO WR WKH VL]H RI WKH FU\VWDOOLWHV PHDVXUHG E\ ;UD\ GLIIUDFWLRQ
)RU PHDVXUHPHQWV  J 7L22 after 150 min of mechanical activation
was dispersed in 75 ml of a 0.2% solution of anionic surfactant - sodium
dodecyl sulfate - in an ultrasonic bath PSB-2835-05 (ultrasonic frequency
LVN+] $IWHUWKDWREWDLQHGVXVSHQVLRQZDV¿OWHUHGWKURXJKWKH*UHHQ
5LEERQ¿OWHUSDSHUPRLVWHQHGWRUHPRYHRILQGHVWUXFWLEOHDJJORPHUDWHV
The results of three consecutive measurements of particle diameter on
DQDO\]HU =HWDVL]HU 1DQR 6 DUH SUHVHQWHG LQ )LJ   D PD[LPXP RI
SDUWLFOHVL]HGLVWULEXWLRQLV§QP
Sorption of Ge, Ga, As from the aqueous solutions were carried out
in static mode. A solution of the elements was prepared (all reagents were
of analytical grade and purchased ±*H22, metallic gallium with purity of
99.99 wt. %, Na3$V24·12H22$V223), then 50 mg/100 mg (Ge, Ga/As) of
the rutile were placed (per 25 ml (Ge, Ga) or 100 ml (As) solution, unless
RWKHUZLVHVSHFL¿HG ±LQLWLDO7L22 FDOFLQHGDWɋ RUDIWHUPHFKDQLFDO
DFWLYDWLRQ7KHUHTXLUHGS+RIVROXWLRQZDVDGMXVWHGE\DGGLWLRQRI1D2+
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Fig. 1.;UD\GLIIUDFWLRQSDWWHUQVRI7L22 after different time of mechanical activation

)LJ7KHGHSHQGHQFHRIDYHUDJHVL]H&657L22 vs the duration of mechanical activation
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)LJ7KHUHVXOWVRIG\QDPLFOLJKWVFDWWHULQJPHDVXUHPHQWVRI7L22 particle size, mechanically activated 150 min. The aqueous suspension was stabilized by sodium dodecyl sulfate
(0.2 wt.%)

and HCl solutions by using ionomer. Sorption without ultrasonic treatment
was performed for one day, using - for 30 min. After sorption the sorbent
was separated by centrifuging for 15 min at 8000 rpm.
The aim element content in solution before and after sorption was
PHDVXUHGE\DWRPLFHPLVVLRQVSHFWURPHWHU©2SWLPD'9ª ©3HUNLQ
(OPHUª 7KHUHFRYHU\VRUSWLRQGHJUHH 5 ZDVFDOFXODWHGRQIROORZLQJ
equation:
R

ɋ0  ɋe
100%,
ɋ0

where C0 and Ce (mol/l) are the initial and equilibrium concentrations of
Ge, Ga, As in solution, respectively.
7KHIROORZLQJRSHUDWLRQDOSDUDPHWHUVZHUHHPSOR\LQJ5)SRZHU±
 : $U JDV ÀRZ UDWH±  OPLQ JDV ÀRZ UDWHV IRU DX[LOLDU\ ±
OPLQJDVÀRZUDWHVIRUQHEXOL]HU±OPLQSXPSÀRZUDWH±
1.5 ml/min; observation optics – radial; delay time – 45 sec. Spectral
analytical lines: Ge I 265.118 nm, Ga I 417.206 nm, As I 193.696 nm.
7KHHIIHFWRIS+RQWKHUHFRYHU\GHJUHHRI*D*HLVVKRZQRQ)LJ
DQG$V 9 $V ,,, RQ)LJ7KHJDSLQWKHFHQWHURIGHSHQGHQFLHVIRU
JDOOLXPLQ)LJ E GXHWRWKHIRUPDWLRQRIJDOOLXPK\GUR[LGHSUHFLSLtate at this pH range.
It was found that the maximum sorption degree of germanium
5DERXW LVDFKLHYHGDWS+ZLWKPRGL¿HG7L22, and gallium
(R about 96%) at pH = 3-4. Thus, it is shown that mechanically activated
rutile in the experimental conditions are not inferior to the recovery de22
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Fig. 4. Effects of pH on the sorption germanium (a), gallium (b) on sorbents:
Ŷ±LQLWLDO7L22ZLWKXOWUDVRQLFWUHDWPHQWƇPHFKDQLFDOO\DFWLYDWHG7L22 with ultrasonic treatment;
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Fig. 5. Effects of pH on the sorption As (V) (a), As (III) (b) on sorbents:

Ŷ±LQLWLDO7L22ZLWKXOWUDVRQLFWUHDWPHQWƇ±PHFKDQLFDOO\DFWLYDWHG7L22 with ultrasonic treatment;
C(As)=10 mg/l

gree of germanium and gallium sorption on nanoscale anatase (in [5]
the maximum recovery degree of sorption was determined for germanium and gallium on the anatase with particle size 10-15 nm 96.6% and
96.3%, respectively).
As for arsenic, the maximum sorption degree of As (V) is achieved
LQDFLGLFPHGLXPDWS+±ZLWKPRGL¿HG7L22, and As (III) at pH 1–5
(R about 97 %).
Thus, mechanical activation followed by ultrasonic treatment of rutile led to increasing the degree of sorption in several times. It is due
particularly to a decrease in particle size and increase in the surface of
sorbent.
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In the optimum sorption pH range the isotherm of germanium, galOLXPDUVHQLF VHH)LJVDQG ZHUHREWDLQHG7KH/DQJPXLUPRGHO
DQG )UHXQGOLFK PRGHO DUH RIWHQ XVHG WR GHVFULEH HTXLOLEULXP VRUSWLRQ
isotherms (see. Table 2) [9-10]. In a series of 25 ml /100 ml (Ge, Ga/As)
ÀDVNVDOLTXRWYROXPHVRIWKHHOHPHQWVVROXWLRQVFRUUHVSRQGLQJWRGLIIHUent concentrations (from 10 mg/l to 250 – 300 mg/l) were placed, pH was
adjusted to the optimum value, 0.05 g/0.1 g (Ge, Ga/As) of sorbent was
added and amounts of sorbed element per unit weight were determined.
The Langmuir model assumes that the adsorbed layer is one molecule in thickness. The Langmuir equation is based on the assumption of
a structurally homogeneous adsorbent where all sorption sites are identiFDO DQG HQHUJHWLFDOO\ HTXLYDOHQW7KHRUHWLFDOO\ WKH VRUEHQW KDV D ¿QLWH
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capacity for the sorbate. The Langmuir equation can be represented by
the expression

ɋ

a
e = 1 + L C ,
ɚ
.
. e
e
L
L

where ae is the solid-phase sorbate concentration at equilibrium (mmol/g),
Ce is the aqueous phase sorbate concentration at equilibrium (mmol/l),
KL and aL (l/mmol) are the Langmuir isotherm constants. A plot of Ce/ae
versus Ce gives a straight line of slope aL/KL and intercept 1/KL, where
KL/aL gives the theoretical monolayer saturation capacity.
)UHXQGOLFKPRGHODVVXPHVWKDWWKHUHLVDFRQWLQXRXVYDULDWLRQRIDEVRUSWLRQHQHUJ\VLQFH¿UVWWKHUHLVWKH¿OOLQJRIWKHPRVWDFWLYHFHQWHUVRI
VRUSWLRQWKHQWKHVXUIDFHLVFRQWLQXRXVO\¿OOHGXSXQWLOQRWEXV\FHQWHUV
ZLWKWKHORZHVWHQHUJ\$OLQHDUIRUPRIWKH)UHXQGOLFKH[SUHVVLRQFDQ
be represented as

1
ln ɚ = ln . + ln & ,
H
) n
e
where ae is the solid-phase sorbate concentration at equilibrium (mmol/g),
Ce is the liquid-phase sorbate concentration at equilibrium (mmol/l), K)
LVWKH)UHXQGOLFKFRQVWDQW O Q(mmol)Q, and 1/n is the heterogeneity
factor. A plot of lnae versus lnCe enables the constant K) and the exponent
1/n to be determined.
7DEOHGHPRQVWUDWHVWKDWIRUPHFKDQLFDOO\DFWLYDWHG7L22 after the
ultrasonic treatment experimental data for Ga and As (III) closely folORZWKH)UHXQGOLFKPRGHORIVRUSWLRQDQGIRU*H$V 9 WKH/DQJPXLU
PRGHO WKHFRUUHODWLRQFRHI¿FLHQWVZHUHKLJK &RPSDULQJWKHFKDUDFWHULVWLFVRI7L22RIGLIIHUHQWPRGL¿FDWLRQVWKHPD[LPXPVRUSWLRQFDSDFLW\
is even higher than the values obtained for the sorption of germanium at
nanoscale anatase (in [5]) – 27.5 mg/g vs 19.68 mg/g, and for the sorption of gallium (in [11]) – 21.8 mg/g vs 8.28 mg/g. As for arsenic obtained in the present work sorption capacity ( > 100 mg/g) is higher than
WKHYDOXHVREWDLQHGIRUWKHVRUSWLRQRI$VDW7L22 with different crystal
morphology (in general 2 – 40 mg/g for 1 g/l of anatase, amorphous
7L22, anatase and rutile mix and others) [6].
7KHDI¿QLW\RI$V ,,, WR7L22 is higher than for As (V) as indicated
by a parameter K)LQ)UHXQGOLFKLVRWKHUPHTXDWLRQZKLFKLVDTXDQWLWDWLYHPHDVXUHRIWKHDI¿QLW\RIVRUEDWHWRWKHVRUEHQWVXUIDFH$OVRVRUStion capacity for As (III) is higher than for As (V).
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Table 1
/DQJPXLUDQG)UHXQGOLFKFRQVWDQWVIRUVRUSWLRQRI*H*D$VRQPRGL¿HG7L22
The Langmuir model
Analyte

K/, l/g

a/,
l/mmol

am, mg/g
(sorption
capacity)

R

Ge

2.23

5.81

27.5

0.957

Ga

1.05

3.45

21.8

0.967

As (III)

4.33

1.8

147

0.802

As (V)

7.07

5.25

113

0.948

7KH)UHXQGOLFKPRGHO
Analyte

KF,
(l)Q(mmol)Q

Q

n

R

Ge

0.31

0.33

3.02

0.865

Ga

0.21

0.30

3.32

0.983

As (III)

1.62

0.48

2.07

0.919

As (V)

1.00

0.31

3.23

0.939

&RQFOXVLRQ
A result of investigations it was found that the mechanical activation
in combination with ultrasonic treatment radically changes the sorption
properties of rutile, which promotes an increasing the degree of sorption
compared to the original rutile in several times. It was found for modi¿HG 7L22 that the maximum sorption degree of germanium is achieved
at pH 4-9, gallium at pH = 3-4, arsenic (III) at pH = 4, arsenic (V) at
S+ 2EWDLQHGVRUSWLRQLVRWKHUPVRIHOHPHQWVIURPDTXHRXVVROXWLRQV
DUHDGHTXDWHO\GHVFULEHGE\WKH/DQJPXLU *H$V 9 DQGWKH)UHXQGOLFK
equations (Ga, As(III)). Sorption capacity value of mechanically activated
rutile respect to arsenic, gallium and germanium exceeds the capacity values of anatase and amorphous titanium oxide found in the literature.
7KHVWXG\LVVXSSRUWHGE\6WDWHSURJUDPRI,0(78%5$6ʋ
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