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Abstract: The mechanism of seeded precipitation of sodium aluminate solution was studied by measuring the seeded-precipitation
rate and electrical conductivity online, as well as calculating the activity and fraction of ion pair. The results show that the electrical
conductivity of sodium aluminate slurry linearly decreases with increasing aluminum hydroxide addition. Moreover, both the
electrical conductivity of slurry and the difference in electrical conductivity between sodium aluminate solution and slurry
remarkably decline in the first 60 min before gradually increasing in the preliminary 10 h and finally reaching almost the same level
after 10 h. In low Na,O concentration solution the activities of NaOH and NaAl(OH), in seeded precipitation are high, which can
enlarge the difference in conductivity between slurry and solution. Additionally, more ion pairs exist in solution in preliminary
seeded precipitation, and the adsorption of Na*AIl(OH), on seed surface is likely to break the equilibrium of ion pair formation and
to decrease the difference in conductivity in preliminary seeded precipitation.
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1 Introduction

Seeded precipitation for preparing aluminum
hydroxide (AH) is used in alumina refineries, including
AH precipitated from pregnant sodium aluminate
solution (Al(OH), ==AI(OH);+OH") and coarse AH
crystallized by nucleation [1], agglomeration, and
growth [2]. The mechanism of seeded precipitation was
extensively studied by solubility of AH [3—5], electrical
conductivity [6], surface tension [7], viscosity [8],
activity [9] in the solution and the structure of aluminate
ion. Based on kinetic studies [10], various methods, such
as varying the concentration of caustic soda or
alumina [11], adding active seed [12] and crystallization
additives [13], irradiating with ultrasonic sound [14], and
setting up an additional electric field or magnetic
field [15] have been used to increase precipitation rate.
However, the seeded-precipitation ratio in theory is
greater than that in practice in the precipitation time
range of 30—55 h. Low seeded- precipitation rate, long
precipitation time, and low output of equipment are the
disadvantages in alumina refineries for preparing sandy
alumina. The main reason lies in the uncertainty of the

mechanism in seeded precipitation with high seed
content.

The structure of aluminate ion is the key to
understand the mechanism of seeded precipitation.
Numerous researchers have studied the structure of
aluminate ion in synthetic solution or solution from
alumina refinery by filtration or centrifugation [16]. By
measuring electrical conductivity, surface tension,
viscosity or obtaining ultraviolet spectrum, infrared
spectrum, Raman spectrum, or nuclear magnetic
resonance (NMR) [17-19], the following conclusions
about the aluminate ion structure can be drawn. Firstly,
aluminate ion structure varies with the concentration,
preparation method and hold time of solution [20—22].
Secondly, tetrahedral AI(OH), is the dominant form in
sodium aluminate solution, though dimer ion
[ALO(OH)s]* and other aluminate ion may exist in
concentrated solution [6]. Thirdly, polymer aluminate
anion, acting as growth units in precipitation, is
aggregated from Al(OH)s; in seeded precipitation [23].
Fourthly, Na®, OH™ or H,O also affect the forms of the
aluminate ion because of the formation of ion hydration
or ion pair [24,25]. All results suggest that various
conversions among aluminate ions extremely affect the
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seeded precipitation. However, we often neglect the
significant difference in aluminate ion structure in
solution and slurry with high content of seed, and pay
little attention on the influence of seed on the aluminate
structure. Moreover, the changes in structure and
mechanism of the preliminary period in seeded
precipitation are rarely studied.

In this work, we investigated the influence of AH
seed and solution composition on the -electrical
conductivity of sodium aluminate solution by detecting
electrical conductivity online, discussed the variation of
electrical conductivity based on the calculation of mean
activity coefficient and ion pair, and further explored the
mechanism of seeded precipitation. All results will
benefit the development of new technology for seeded
precipitation.

2 Experimental

2.1 Materials

Sodium aluminate solution was prepared with
analytically pure AH and sodium hydroxide (Xilong
Chemical Co., Ltd.). AH was added as the seed in
precipitation. Seeded precipitation was conducted in an
1.5 L steel-tank which was heated by water bath. The
electrical conductivity of solution was measured online
by M300 conductivity meter (METTLER TOLEDO,
Shanghai, Co., Ltd.).

2.2 Experimental procedures

1 L sodium aluminate solution with a=1.41 (molar
ratio of caustic soda (Na,O) to alumina (Al,O3) in
sodium aluminate solution) was added into 1.5 L tank,
heated to 55 °C and stirred at 150 r/min. AH was then
added according to the seed coefficient K,=3.4 (mass
ratio of alumina in seed to alumina in solution).
Meanwhile, the online conductivity meter was turned on,
and the data were recorded simultaneously. Lastly, the
slurry in seeded precipitation was obtained at a given
time, and Na,O and Al,O; concentrations were detected
following the separation of solid and solution.

2.3 Methods

Na,O and Al,O; concentrations in sodium aluminate
solution were determined by titration. Afterwards, the
seeded-precipitation rate () was calculated according to
the following equation:
n =2~ %0 100% (1)

Ay

where subscripts 0 and ¢ stand for initial time and time ¢
in seeded precipitation, respectively.

The difference in conductivity value (Ao) in seeded
precipitation was obtained by subtracting the electrical

conductivity of the slurry from the electrical conductivity
of the solution.

3 Results and discussion

3.1 Electrical conductivity of slurry in seeded
precipitation at constant temperature
3.1.1 Influence of AH addition on electrical conductivity
of slurry
The strong polarity of AH highly affects the
electrical conductivity of sodium aluminate solution, as
shown in Fig. 1.
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Fig. 1 Influence of AH addition on electrical conductivity of
slurry

The test conditions are as follows: p(Na,0)=130 g/L;
ox=1.45; seeded precipitation temperature 55 °C; stirring
speed 150 r/min.

The electrical conductivity (o) of the slurry linearly
decreases with increasing AH concentration in the
solution of 130 g/L Na,O (Fig. 1). The decrease of the
electrical conductivity of the slurry can be attributed to
the inversely induced-electrical field, resulting from the
polar surface of AH. Afterwards, linear equation is
obtained:

o =—0.054p(AH) +153.72 )

where o is the electrical conductivity, and p(AH) is the
AH concentration, g/L. The correlation coefficient R is
0.985.

Based on Eq. (2), the influence of AH (seed and AH
precipitated from solution) on the electrical conductivity
of the slurry can be discussed.

3.1.2 Changes in electrical conductivity in preliminary
seeded precipitation

The stability of the sodium aluminate solution is
broken after adding seed. However, few researchers have
reported changes in electrical conductivity in preliminary
seeded precipitation. The electrical conductivity of
sodium aluminate solution after adding seed in the first
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60 s is shown in Fig. 2.

Interestingly, the electrical conductivity of the slurry
sharply decreases at the first 30 s and then slowly
increases, a minimum value at 37 s can be observed in
Fig. 2. However, the seeded-precipitation rate is almost
close to zero within 60 s because of good metastability of
the sodium aluminate solution. This fact implies that
aluminate ion structure remarkably changes in
preliminary seeded precipitation.
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Fig. 2 Effect of time on electrical conductivity of slurry in
preliminary precipitation (p(Na,0)=130 g/L, a,=1.45, constant
temperature 55 °C, K,=3.4, stirring speed 150 r/min)

3.1.3 Influence of caustic soda concentration on seeded-
precipitation rate and electrical conductivity of
slurry

The effect of Na,O concentration and time on the

seeded-precipitation rate at 55 °C is presented in Fig. 3.

As shown in Fig. 3, the seeded-precipitation rate
gradually increases with prolonging seeded precipitation
time, and the seeded-precipitation rate in 130 g/L Na,O
solution is greater than that in 200 g/L Na,O solution.

However, the seeded-precipitation rate is only 0.62% in
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Fig. 3 Effect of Na,O concentration on seeded-precipitation

rate in sodium aluminate solution (o=1.45, 55 °C, 150 r/min,
K=3.4)

the 130 g/ Na,O solution at 20 min. Afterwards,
significant increases with seeded-precipitation rate of
2.78% and 5.01% can be observed at 30 and 60 min,
respectively. By contrast, the seeded-precipitation rates is
less than 1% in sodium aluminate solutions of 170 and
200 g/L Na,O at 20 min, and low seeded-precipitation
rates of 2% and 3% can be observed at 60 min for 170
and 200 g/L Na,O solution, respectively. Hence, few AH
is precipitated in the first 1 h in the concentrated
solution.

The electrical conductivity of the slurry in seeded
precipitation is shown in Fig. 4.
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Fig. 4 Effect of time on electrical conductivity of slurry in
seeded precipitation (oy=1.45, 55 °C, 150 r/min, K,=3.4)

Figure 4 indicates that the electrical conductivity of
the slurry sharply increases at the first 5 h, and then
almost levels off or increases very slowly in solution of
200 g/l Na)O, differing from the variation of
seeded-precipitation rates in Fig. 3. Meanwhile, the
conductivity in the dilute solution is greater than that in
the concentrated solution, though more ions may exist in
the concentrated solution. In addition, during the
preliminary 60 min, electrical conductivity of the
130 g/L Na,O solution more remarkably increases than
that of the 170 and 200 g/L Na,O solutions, which is in
accordance with the seeded-precipitation rate in different
solutions. The reason is mainly attributed to releasing
free OH ion in seeded precipitation according to the
following equation:

Al(OH); =Al(OH);+OH" 3)

Generally, Na" concentration is constant in seeded
precipitation at a given Na,O concentration, and the
migration rate of OH  is faster than that of AI(OH), and
AIZO(OH)(,z*. Thus, the electrical conductivity of the
solution synchronously increases with the increase of the
seeded-precipitation rate in theory. However, the
electrical conductivity of the slurry sharply increases at
the first 5 h, though all seeded-precipitation rates are less
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than 15%, and then slowly increase (almost levels off)
after 10 h, though the seeded-precipitation rate still
noticeably increases. All the above facts imply that the
electrical conductivity is related to the variation of
aluminate ions structure besides OH .

3.2 Influence of AH addition on electrical
conductivity of sodium aluminate solution

The results in Fig. 1 show a linear relationship
between the electrical conductivity of slurry and AH
concentration, but the effect of the seed on the electrical
conductivity of the solution in seeded precipitation
remains unknown. Therefore, the difference in electrical
conductivity (Ao) between slurry and solution is obtained
according to the following procedures: obtaining the
electrical conductivity of sodium aluminate solution at
different concentrations, and subtracting the electrical
conductivity from the electrical conductivity of the
solution.

Electrical conductivity of sodium aluminate solution
was measured according to an orthogonal design method
at oy of 1.45-3.30, p(Na,0O) of 123.03—205.60 g/L and
55 °C. The data are listed in Table 1.

Table 1 Electrical conductivities of sodium aluminate solution
at 55 °C and different Na,O concentrations

o p(Na,0)/(gL™") o/(mS-cm ")
1.45 123.03 163.89
1.45 161.67 139.00
1.45 183.02 114.92
1.45 205.39 111.96
2.00 126.08 270.28
2.00 164.11 207.21
2.00 213.40 197.70
3.30 128.12 312.58
3.30 170.00 315.66
3.30 205.60 309.15

The following equation was obtained by data fitting:

0=176.96-3.67p(Na,0)+249 2 1 o+
0.0096p*(Na,0)—31.39a,” (4)

The correlation coefficient R” is 0.99.

Thus, the electrical conductivity of sodium
aluminate solution in seeded precipitation was calculated
according to Eq. (4) based on Na,O and ALO;
concentrations in seeded precipitation. The difference in
electrical conductivity (Ac) in seeded precipitation is
shown in Fig. 5.

Figure 5 shows that Ac remarkably decreases before
2.5 h and then sharply increases, differing from the
results in Fig. 4. Moreover, Ao of 130 g/L Na,O solution

increases more significantly after 25 h compared with
that of the 170 and 200 g/L Na,O solutions. The increase
in electrical conductivity of the solution is more than that
of the slurry in seeded precipitation due to more OH"
forming. Additionally, the sharp decrease of the electrical
conductivity before 2.5 h is also attributed to notable
changes in aluminate ion structure, confirming the
significant influence of AH seed on the aluminate ion
structure in Fig. 2. Both imply that aluminate ion
complicatedly varies in seeded precipitation, which
subsequently influences the mechanism of seeded
precipitation.
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Fig. 5 Effect of time on electric conductivity difference in
seeded precipitation (oy=1.45, 55 °C, 150 r/min, K,=3.4)

3.3 Activity and fraction of ion pair for sodium
aluminate in seeded precipitation
3.3.1 Activity of sodium aluminate and sodium
hydroxide
Based on mean activity coefficient calculation
model of sodium aluminate in NaOH—NaAl(OH),—H,O
system derived from Pitzer equation [3], changes in the
mean activity coefficient of NaOH and NaAl(OH), in
seeded precipitation can be determined. The activities of
NaOH and NaAl(OH), are obtained according to Eq. (5).

a; =(a.)’ =(myys) =my: Q)

where subscript i stands for i substance, m and jp.
represent mass molar concentration (mol/kg) and the
mean activity coefficient, respectively. The results are
presented in Fig. 6.

The results in Figs. 6(a) and (b) show that the mean
activity coefficient of NaOH gradually decreases,
whereas its activity slowly increases because of NaOH
formation in seeded precipitation according to Eq. (3).
Meanwhile, low concentration of Na,O increases the
activity of NaOH compared with the electrical
conductivity in 170 and 200 g/L Na,O solutions, which
leads to the increase of the electrical conductivity and
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Fig. 6 Changes in mean activity coefficients and activities of sodium hydroxide and sodium aluminate in seeded precipitation

seeded precipitation. By contrast, the mean activity
coefficient and activity of sodium aluminate increase in
seeded precipitation, but its activity is lower than that of
NaOH in seeded precipitation. Thus, the small increase
of NaOH activity mainly is ascribed to the slow increase
of electrical conductivity in Figs. 4 and 5.

However, the remarkable decrease of Ao
preliminary seeded precipitation may be caused by the
formation of ion pair.

3.3.2 Changes in fraction of ion pair in seeded
precipitation

Ion pair can be easily found in the concentrated
solution. Given that various ion pairs may be formed in
the sodium aluminate solution [26] and ion pair
simplification is adopted, two kinds of ion pairs
Na'OH [3] and Na'Al(OH),  [27] are -calculated
according to Bjerrum theory. The equation is written as
follows:

in

2 3
_ 4nNc | Z,Z; | e

= b 6
1000 kT o) ©)
Z.z,|e

p=ltJ (7N
ckTa

where 6 is the ion associated degree, N is the number of
ions, ¢ is the molar concentration, Z; and Z; are ionic

charges of ions i and j, respectively, Z,Z; is associated
with ionic charge number, e is the electric charge, ¢ is the
dielectric constant of solution, and & is the Boltzmann
constant, 7' is the thermodynamic temperature, a is the
distance of ion pair.

The distances between Na™ and OH , Na' and
Al(OH); are 331 and 3.595A, respectively.
Temperature is 328.15 K. Meanwhile, the total
concentration of caustic soda (NaOHy) is equal to the
sum of the concentration of sodium hydroxide ¢(NaOHy)
and sodium aluminate, as shown in Eq. (8):

m(NaOH 1 )=m(NaOH, )+m(NaAl(OH),) ®)

The fraction of ion pair is shown in Table 2.
Table 2 shows that the ion pair of Na'OH ™ is easily
formed. Moreover, increasing the alumina concentration

Table 2 Fraction of ion pair for Na'OH™ and Na'Al(OH), in
different solutions

Fraction of ion pair

ax  Na'OH at m(NaOHyp) Na'Al(OH), at m(NaOHr)
of 2 mol/kg of 3 mol/kg

1.5 0.79 0.22

3.0 0.20 0.11

5.0 0.099 0.065
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favors the formations of Na"OH™ and Na'Al(OH), . The
ion pairs of Na"OH™ and Na'Al(OH), still occur in the
later seeded precipitation because the fractions of ion
pairs of Na'OH and Na"Al(OH), in solution of ¢=3.0
are 0.20 and 0.11, respectively. These results verify that
ion pairs of Na'OH and Na'Al(OH),; in seeded
precipitation affect the activity of aluminate ion and
contribute to changes in Ao.

Ion pair of Na'Al(OH), exists in sodium aluminate
solution, resulting in the low electrical conductivity as
shown in Fig. 4. Meanwhile, AH surface is characterized
by negative charge precipitated from sodium aluminate
solution [27]. When AH seed is added, the adsorption of
Na’Al(OH),” on seeded surface also breaks up the
following equilibrium: Na'+Al(OH), ==Na Al(OH), .

Consequently, more free Na' and AI(OH), in
solution form Na'Al(OH), and subsequently decrease
the electrical conductivity of the solution. Thus,
significant decrease in Ao in the preliminary period of
seeded precipitation as mentioned in Fig. 6 can be
observed. The finding provides a valuable reference in
raising seeded precipitation rate. However, more
evidences are required to support this conclusion.

4 Conclusions

1) The electrical conductivity of slurry linearly
decreases with AH addition increasing in sodium
aluminate solution; it sharply decreases at the
preliminary stage and then remarkably increases, and
almost levels off after 10 h in seeded precipitation.

2) The activities of NaOH and NaAl(OH), increase
in seeded precipitation, and the high activity in dilute
solution benefits the electrical conductivity. High
concentration and low molar ratio facilitate the formation
of ion pair, and ion pair still occurs in later seeded
precipitation.

3) The activity of NaOH mainly contributes to the
increase in electrical conductivity and difference
electrical conductivity change in the seeded precipitation.
The adsorption of Na'Al(OH), on seed surface may lead
to the sharp decrease in electrical conductivity in
preliminary seeded precipitation.

References

[1]  SEYSSIECQ I, VEESLER S, BOISTELLE R, LAME'RANT J M.
Agglomeration of gibbsite AIl(OH); crystals in Bayer liquors:
Influence of the process parameters [J]. Chemical Engineering
Science, 1998, 53(12): 2177-2185.

[21  ZHOU Qiu-sheng, PENG Dian-jun, PENG Zhi-hong, LIU Gui-hua,
LI Xiao-bin. Agglomeration of gibbsite particles from carbonation
process of sodium aluminate solution [J]. Hydrometallurgy, 2009,
99(3—4): 163—-169.

[3] LI Xiao-bin, YAN Li, ZHOU Qiu-sheng, LIU Gui-hua, PENG

Zhi-hong. Thermodynamic model for equilibrium solubility of

(4]

(3]

(6]

(7]

(8]

9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

4165

gibbsite in concentrated NaOH solutions [J]. Transactions of
Nonferrous Metals Society of China, 2012, 22(2): 447-455.

LI Xiao-bin, YAN Li, ZHAO Dong-feng, ZHOU Qiu-sheng, LIU
Gui-hua, PENG Zhi-hong, YANG Shuai-shuai, QI Tian-gui.
Relationship between AI(OH); solubility and particle size in
synthetic Bayer liquors [J]. Transactions of Nonferrous Metals
Society of China, 2013, 23(5): 1472—-1479.

BROWNE G R, FINN C W P. The effects of aluminum content,
temperature and impurities on the electrical conductivity of synthetic
bayer liquors [J]. Metallurgical Transactions B, 1981, 12(3):
487-492.

WANG Ya-jing, ZHAI Yu-chun, TIAN Yan-wen, JI Zhi-ling, QU
Xing-tao, YANG Xing-man. Mathematical model on surface tension
of aluminate solution [J]. Nonferrous Metals, 2004, 56(3): 60—62. (in
Chinese)

LI J, PRESTIDGE C A, ADDAI-MENSAH J. Viscosity, density, and
refractive index of aqueous sodium and potassium aluminate
solutions [J]. Journal of Chemical and Engineering Data, 2000, 45(4):
665—-671.

WESOLOWSKI D J. Aluminum speciation and equilibria in aqueous
solubility of gibbsite in the system
Na—K—-CI-OH-AI(OH); from 0 to 100 °C [J]. Geochimica et
Cosmochimica Acta, 1992, 56(3): 1065—-1091.

LI  Xiao-bin, ZHAO Dong-feng, @ YANG  Shuai-shuai,
WANG Dan-qin, ZHOU Qiu-sheng, LIU Gui-hua. Influence of
thermal history on conversion of aluminate species in sodium

solution: 1. The

aluminate solution [J]. Transactions of Nonferrous Metals Society of
China, 2014, 24(10): 3348-3355.

FARHADI F, BABAHEIDARY M B. Mechanism and estimation of
Al(OH); crystal growth [J]. Journal of Crystal Growth, 2002, 234(4):
721-730.

LIU Gui-hua, WANG Peng, QI Tian-gui, LI Xiao-bin, TIAN Lii,
ZHOU Qiu-sheng, PENG Zhi-hong. Variation of soda content in fine
alumina trihydrate by seeded precipitation [J]. Transactions of
Nonferrous Metals Society of China, 2014, 24(1): 243—249.

ZENG Ji-shu, YIN Zhou-lan, CHEN Qi-yuan. Intensification of
precipitation of gibbsite from seeded caustic sodium aluminate liquor
by seed activation and addition of crown ether [J]. Hydrometallurgy,
2007, 89(1-2): 107-116.

WU Yu-sheng, YU Hai-yan, YANG Yi-hong, BI Shi-wen. Effects of
additives on agglomeration and secondary nucleation in seed
precipitation in sodium aluminate solution [J]. Journal of Chemical
Industry and Engineering, 2005, 56(12): 2434-2439. (in Chinese)
ZHANG Bin, LI Jie, CHEN Qi-yuan, CHEN Guo-hui. Precipitation
of AI(OH); crystals from supersaturated sodium aluminate solution
irradiated with ultrasonic sound [J]. Minerals Engineering, 2009,
22(9-10): 853—858.

LI Xiao-bin, WANG Dan-qin, ZHOU Qiu-sheng, LIU Giu-hua,
PENG Zhi-hong. Influence of magnetic field on the seeded
precipitation of gibbsite from sodium aluminate solution [J].
Minerals Engineering, 2012, 32: 12—18.

GALE J D, ROHL A L, WATLING H R, PARKINSON G M.
Theoretical investigation of the nature of aluminum-containing
species present in alkaline solution [J]. Journal of Physical Chemistry
B, 1998, 102(50): 10372—10382.

CARREIRA L A, MARONI V A, SWAINE J W Jr, PLUMB R C,
Raman and infrared spectra and structures of the aluminate ions [J].
The Journal of Chemical Physics, 1966, 45(6): 2216—2220.

LI H X, ADDAI-MENSAH J, THOMAS J C, GERSON A. The
influence of Al (IIT) supersaturation and NaOH concentration on the
rate of crystallization of AI(OH); precursor particles from sodium
aluminate solutions [J]. Journal of Colloid and Interface Science,
2005, 286(2): 511-519.



4166
[19]

(20]

(21]

[22]

Gui-hua LIU, et al/Trans. Nonferrous Met. Soc. China 25(2015) 41604166

SIPOS P, HEFTER G, MAY P M. Al NMR and Raman
spectroscopic studies of alkaline aluminate solutions with extremely
high caustic content—Does the octahedral species AI(OH),~ exist in
solution? [J]. Talanta, 2006, 70(4): 761-765.

BRADLEY S M, HANNA J V. Al and ®Na MAS NMR and
powder X-ray diffraction studies of sodium aluminate speciation and
the mechanistics of aluminum hydroxide precipitation upon acid
hydrolysis [J]. Journal of the American Chemical Society, 1994,
116(17): 7771-7783.

RADNAI T, MAY P M, HEFTER G T, SIPOS P. Structure of
aqueous sodium aluminate solutions: A solution X-ray diffraction
study [J]. The Journal of Physical Chemistry A, 1998, 102(40):
7841-7850.

SWEEGERS C, MEEKES H, ENCKEVORT V W J P. Growth rate
analysis of gibbsite single crystals growing from aqueous sodium
aluminate solutions [J]. Crystal Growth & Design, 2004, 4(1):

[23]

[24]

[25]

[26]

[27]

185-198.

GUTOWSKY H S, SAIKA A, Dissociation, chemical exchange, and
the proton magnetic resonance in some aqueous electrolytes [J]. The
Journal of Chemical Physics, 1953, 21(10): 1688—1694.
LIPPINCOTT E R, PSELLOS J A, TOBIN M C. The Raman spectra
and structures of aluminate and zincate ions [J]. The Journal of
Chemical Physics, 1952, 20(3): 536.

MOOLENAAR R J, EVANS J C, MCKEEVER L D. Structure of the
aluminate ion in solutions at high pH [J]. The Journal of Physical
Chemistry, 1970, 74(20): 3629-3636.

SIPOS P. The structure of AI(II) in strong alkaline aluminate
solutions—A review [J]. Journal of Molecular Liquids, 2009,
146(1-2): 1-14.

LI Yun-feng. Study on surface modification and flame retardant of
super-fine aluminium trihydroxide powder [D]. Changsha: Central
South University, 2012. (in Chinese)

mRERINA RIS D2 P S RAEST L RE

j(l]*iifé’ ? é%’ %7“:\%’ )"";]ﬁki, ?ﬁ'ﬁ‘}z, ?'J‘i@&

R K% IRESHEEERE, KD 410083

B . AL E R T R IR I A, TR R R R AL RIS FEAN AR A L, B IR R
T HLER . S5 SRR JRUE R A AR RN 2 LR Fh A7 60 min PR HL S AR IR B
VBRIV L5 40 1 22 (B 4 S 5 BRI, SR B 0 RO EAT 10 2 25 T, (ELAE 10 h i LSRRI FEAR /N o ARIR LS
B NaOH HI NaAl(OH), i FLH i, AAITHR o), AU Sn] v 3 R 22 LR WU+ 1)
%, AAT Na'AOH), WEFHTE SRR, BB A 08 T X PR T, TR S A ZE (R o

KA HRWIEEG Fhas

LA TR B TR

(Edited by Wei-ping CHEN)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


