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Abstract: A formula was proposed to calculate the distribution of metal ions quantitatively in chemical reaction system forming
hydroxide where precipitation and complex are formed together. The effects of some factors on formation of precipitation and
complex were investigated, and the corresponding precipitation rates of zinc, iron (III), aluminum, copper and magnesium were
calculated. As a result, it shows that the proposed formula is reliable. By the proposed formula, the existence state of metal ions in
hydroxides reaction system with any metal ions can be well described and the effects of some factors on the distribution of metal ions

were determined.
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1 Introduction

In non ferrous metallurgy, hydroxide precipitate
method is commonly used to recover valuable metals and
purify the leaching solution usually [1—7]. For example,
magnesium hydroxide and calcium hydroxide are used to
form hydroxides precipitates to recover valuable metals
such as nickel, cobalt, cadmium, copper, zinc and
chrome from leaching solution or wastewater [1-5]. In
zinc hydrometallurgy, zinc calcine is leached by sulfuric
acid solution first, and then it is put into the leaching
solution to neutralize in order to separate impure metals
by hydroxides precipitation method [6,7]. In addition,
hydroxide precipitation method is wused in the
manufacture of nano-sized metal hydroxides, e.g.
nano-sized copper hydroxide and magnesium hydroxide
[8-10], and complex metal hydroxides materials, e.g.
rare earth (Pr, Nd, Sm, Eu, Gd, etc.) complex metal

hydroxide, and Ni(II)~Cr(III) double hydroxides [11-13].

Except for the alkali metals and another few metals,
most metal hydroxide solution contain precipitates

( M,;(OH), ) and complex ions ( M, (OH)(g‘f i) )
[14-16]. Therefore the quantitative descrlptlon and
reasonable explanation for the distribution of metal ions
in this complex metal hydroxide solution system have an
important significance for scientific research and
industrial production.

Research on chemical reactions in hydroxide
solution system has been reported [1,5,14,15], but it is
restricted to precipitation reaction system (M, (OH),,)
or coordination reaction system ( M; (OH)(‘S” - ) in the
single component. Therefore, few works v/vere reported
on the multi-component chemical reaction system
containing both precipitate (M,(OH), ) and complex
(M, (OH) 577,

Based on the quantitative study on the chemical
reaction in the above solution system, a reaction model
and a formula were proposed, which are suitable for the
multi-component chemical reaction system containing
both precipitate (M;(OH),, )  and complex
(M; (OH)(g‘f e ). According to the calculation results,
the d1str1but10n of metal ions is analyzed in the multi-

Foundation item: Project (51304047) supported by the National Natural Science Foundation of China; Project (20131037) supported by Science and

Technology Foundation of Liaoning Province, China

Corresponding author: Zhe-nan JIN; Tel: +86-24-83681319; E-mail: jinzn@smm.neu.edu.cn

DOI: 10.1016/S1003-6326(13)62931-3



3794 Zhe-nan JIN, et al/Trans. Nonferrous Met. Soc. China 23(2013) 3793—-3798

component solution containing zinc, iron (III), aluminum,

copper and magnesium and pH changes with the increase
of the total alkali concentration. Furthermore, the
calculated results and experimental results are compared.
2 Multi-component reaction
system mode

hydroxide

When certain amount of alkali is added to
multi-component solution containing several metal ions,
the metal ions (M}"") and hydroxide ion (OH) will
react and form precipitate (M;(OH), ) and complex
(M, (OR)7™"7),

Reactlon system model is shown in Fig. 1, where
M}"" represents any metal ions in solution (=1, 2,
p), Yi represents the complexing agent, while the solid
line represents main reaction and the dotted line
represents side reaction.

3 Theoretical derivation of formula

The precipitation rate (G) of metal cations is
defined as the ratio of the concentration of metal cation
used to form hydroxide precipitation (M;(OH), ) and
the total concentration of the metal cation, expressed as

M, (OH),, (Mlnl +)
¢ (M;"™)

G =

1

=12, ,p) (1)

where ¢, (M/*
any metal

) represents the total concentration of

cations in solution,

cu,(omy,, (M}
represents the concentration of metal cation (M) used
to form hydroxide precipitation (M;(OH),, ). The
concentration of metal cation (M}"") that reacts with
hydroxide ion (OH") to form hydroxide precipitation

(M;(OH), ) is given by formula (2).

CM,'(OH),,, (M?i+) =c, (M?'+)—C(M;”+)_
8ij
2 en,om,, (M) )
8=l

where ¢(M!") represents the concentration of residual
free metal cation remaining in solution after metal cation

M OH~ M, (OH)=)~

M5 M, (OH)"™"=)-

Mt Y, M, (OH)!"~")~

M M, (0l
P P

(M”") reacting with hydroxide ion (OH) to form
precipitation and complex; g; represents the maximum
coordination number of complex formed by metal cation
(M!") and hydroxide ion (OH ).

The concentration (cy; J(OH),, (M) of complex
(M;(OH),, ) formed by metal cation (M) and
hydrox1de 10n (OH") is calculated by

cMi(OH)g,/ (M;’,‘+) = C(M;’i+)c(OH7)ﬁ]'\’/[[(OH)gI/

(=1,2, ,p;g~l.2, .g) €)

where ¢(OH") represents the concentration of residual
hydroxide ion (OH") remaining in solution after metal
cation (M/"
form precipitation and complex; ﬂl(’/I,-(OH)g,-,

) reacting with hydroxide ion (OH) to
represents
the conditional accumulative stability constants of
complex (M;(OH), )

Deriving formula (1) to formula (3) gests formula

(4):
g” .
c(M)(1+ D c(OH7)* P, omy,,)
G =1- £;=]
’ ¢, (M)
(=12, .p “)

The concentration of residual metal cation
remaining in solution after the reaction with hydroxide
ion (OH") is expressed by conditional solubility product
constant formula [1,4,16,17] as follows:

"

SPM; (OH),,;

M) = Do
M= oy

(=1, 2, ,p) Q)

The sedimentation rate of any metal cations is
obtained by substituting formula (5) into formula (1):

i

KSPM (OH); (1+ ZIC(OH )g‘/ ﬁM (OH)g )
G =1- S
¢ (M;"")e(OH)"
(=12, ,p) (6)
M,(OH), ¥ M, (OH) & ™"
M,(OH), M, (OH) " -
M,(OH), 4 - M,(OH) ™
M, (OH), { M, (OH) ")~

Fig. 1 Model of metal ion distribution when alkali is added to multi-component solution
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The formation rate of complex (Mi(OH)g,,) is
expressed by formula (7) as follows:
_ Cm,0m,, M)
T e
(=12, .pig~L2, g (7
Formulas (3) and (4) are deformed first and then

substituted into formula (7), then,

(=GO By om),)

ij %
1+ (C(OH_))éUﬂI,\'/Ii(OH)gV_
;=1
(121927 9pa gljzls 2, s lj) (8)

According to formulas (6) and (8), in order to get
the sedimentation rate (G;) of precipitate (Ml—(OH)n[)
and the formation rate of complex (Mi(OH)g‘j ), the
concentration ¢(OH") of residual hydroxide ion (OH")
remaining in solution after metal cation (M}"") reacting
with hydroxide ion (OH') to form precipitation and
complex must be obtained.

The total concentration of hydroxide ion (OH ) in
the reaction system was defined as ¢(OH ), then,

p
¢, (OH ) =c(OH )+ ZCM‘_ oy, (OH)+
i=1 '

P 8
2 2 o, (OH) ©)

i=l g;=I

where €M, (OH),, (OH") represents the concentration of
hydroxide ion (OH) that reacts with metal cation (M)
to form precipitate; M, (OH),,; (OH™) represents the
concentration of hydroxide ion (OH") that reacts with
metal cation (M") to form complex.

According to formulas (1) and (7), M, (OH),, (OH™)

and ¢y (OH),, (OH™) can be expressed as
em,omy, (OH ) =mey omy, M) = n(Gie )M ™)
(=12, .p) (10)
CM, (0H),, (OH") = &M, (om),, M]") = g5 (F, e )(M]™)
(=12, .p;g~L2, g (11)

Formulas (6), (8), (10) and (11) are substituted into
formula (9), then,

P
¢(OH")=c(OH) =Y ;| ey K om, 0
i=1 !
2. (c(OH™ )™ By (omy, YN (OH)™ |-
gij:l

r 8
Y. 3 &Kl 0, (OB By oy, 1=0
i=1g;=1 !

(12)
4 Result and discussion

Solution components and their concentrations used
in the experiment are listed in Table 1. The water for the
experiment was deionized water.

Table 1 Components and concentrations of mixed solution

c@Zn®™)  «F®eY (AP e(Cu*h  e(Mg?hY/
(mmol-L ") (mmol-L™")(mmol-L ") (mmol-L ") mmol-L ™)
291 96.9 28.9 9.34 19.7 1.16

The precipitation rates of zinc, iron, aluminum,
copper and magnesium were determined as follows. 0.5
L solution of metal ions was prepared firstly and its
component is listed in Table 1. Then 1.06 mol/L sodium
hydroxide solution was added and stirred for 30 min.
After that the mixture was placed and held for 2 h. When
the precipitation process was finished, the concentrations
of metallic cations remaining in the solution were
determined by flame atomic absorption
spectrophotometry (AAS). The instruments used in AAS
WFX1F2B2 absorption
spectrophotometer (Beijing Second Optical Instrument
Factory), XWT-S desk type recorder (Shanghai
Automation Instrumentation Third Factory), magnesium,
iron, zinc, aluminum, copper element hollow cathode

are as follows: atomic

lamp (Shanghai Optoelectronic Components Factory).

When alkali was added to the experimental solution
whose components are shown in Table 1. The effects of
alkaline quantities on the distribution of metal cation in
the solution and the pH change are shown in Fig. 2. The
data about the solubility product of metal hydroxides
precipitation and cumulative stability constant of metal
hydroxide complex are from literatures [1,5,14—16].
From Fig. 2(a), the zinc ion (Zn*") transformed into
precipitate (Zn(OH),) gradually with the increase of
c(OH). When ¢(OH) was 0974 mol/L, the
sedimentation rate could surpass 99%. When ¢,(OH")
was higher than 1.03 mol/L, precipitate transformed into
complex ion (Zn(OH)ﬁ’). When ¢(OH) was 1.76
mol/L, the sedimentation rate reduced to below 1.13%,
the formation rate of complex ion (Zn(OH)f[)
could surpass 98.6%, the formation rate of complex ion
(Zn(OH);) was as low as 0.21%, and complex ion
(Zn(OH)") almost did not exist.

Figure 2(b) shows that Fe*" existed in the form of
metal cation Fe'' (about 81%) and complex ion
Fe(OH)*" (about 19%) in the solution first. After alkali
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was added to solution, Fe’" formed precipitate Fe(OH);
gradually, while complex ion (Fe(OH);)almost did not
exist. When the concentration of alkali reached above
0.292 mol/L, the sedimentation rate could surpass
99.99%.

From Fig. 2(c), aluminium ion(Al’") transformed
into complex ion (AI(OH)*") and precipitated (Al(OH);)
gradually with the increase of ¢(OH ). But the formation
rate of complex ion (AI(OH)*") was not large, even when
c¢(OH) was 0.294 mol/L, it reached 6.20%. When

13+

-0.015 0 0.015 0.030
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02}

0 2eaco
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1g[c(OH)/(mol-L71)]
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Ig. nfluence of total alkali concentration on distribution o n a), re 5 C), Lu . g €) and p
Fig. 2 Infl f total alkali i distribution of Zn®* (a), Fe** (b), A’ (¢), Cu*" (d), Mg®" (e) and pH

¢(OH") increased continuously, the formation rate of
complex ion (AI(OH)*") reduced and sedimentation rate
increased. When ¢(OH) was 0.378 mol/L, the
sedimentation rate could surpass 99.99%. When ¢,(OH")
increased further, precipitate began to dissolve and form
complex ion (Al(OH),). When the alkali concentration
reached 1.08 mol/L, precipitate was completely
dissolved in the form of complex ion (AI(OH),) .
Figure 2(d) shows that copper ion (Cu
transformed into complex ion (Cu(OH)") and precipitate

2+)
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(Cu(OH),) gradually with the increase of ¢(OH ). But
the formation rate of complex ion (Cu(OH)") was not
large, even when ¢(OH ) was 0.376 mol/L, it reached
1.47%. When c¢(OH) increased continuously, the
formation rate of complex ion (Cu(OH)") reduced and
sedimentation rate increased. When ¢,(OH ) was 0.570
mol/L, the sedimentation rate could surpass 99.99%.
When ¢(OH") increased further, precipitate began to
dissolve and form complex ion (Cu(OH);) and
complex ion (Cu(OH)ﬁ_). But the formation rate of
complex ion (Cu(OH);) was not large, even when
c¢(OH") was 2.11 mol/L, it reached 6.38%. With the
increase of ¢(OH’), the formation rate of complex
ion (Cu(OH)i_) increased, when ¢(OH ") was 2.00 mol/L,
it could reach 55.60%.

From Fig. 2(e), magnesium ion (Mg>") transformed
into complex ion (Mg(OH)") gradually with the increase
of ¢(OH). When ¢(OH) was 0980 mol/L, the
formation rate of complex ion (Mg(OH)") reached 6.56%.
When ¢(OH") increased continuously, the formation rate
of complex ion (Mg(OH)") reduced and sedimentation
rate increased. When ¢(OH ) was 1.02 mol/L, the
sedimentation rate of Mg(OH), could surpass 99%.

Figure 2(f) shows that when alkali was added to
solution, pH of the solution varied complicatedly. With
the increase of ¢(OH'), pH increased slowly. When
c(OH") was 0.282 mol/L, pH reached 2.07, which was
0.91 higher than the initial pH 1.16. Then ¢(OH)
increased, pH increased rapidly. When ¢(OH) was
0.294 mol/L, pH reached 3.56. When ¢(OH") was 0.370
mol/L, pH increased slowly (pH=3.92). When ¢(OH")
increased continuously, pH increased rapidly. As ¢(OH")
was 0.370 mol/L, pH reached 6.02. As ¢,(OH ) increased,
pH increased gradually. When ¢(OH ") was 0.974 mol/L,
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pH reached 7.09. When ¢(OH") increased continuously,
pH increased rapidly. As ¢(OH) was 1.04 mol/L, pH
reached 11.90. At this point, when ¢(OH ) was 9.84
mol/L (pH=10.3), a inflection point occurred. When
c(OH") increased, pH increased faster. As ¢(OH ) was
2 mol/L, pH reached 13.56.

The inflection points in some curves in Fig. 2 were
related to the formation of precipitate and complex ion
by the reaction of metal cation and hydroxide ion.
Therefore, with the increase of ¢(OH), if the
concentration of any component of the solution changed,
the existence form (sedimentation rate and formation rate
of complex ion) of other components and the value of pH
changed.

The reason that the distribution of metal cation in
chemical reaction system containing both hydroxide
precipitate and complex ion is that the ability (solubility
product of hydroxide precipitate and cumulative stability
constant of hydroxide complex ion) of forming
precipitate and complex ion by the reaction of metal
cation and hydroxide ion and their concentration is
different. That is to say, the formation amount of
precipitate and complex ion changes with the change of
species and concentration of metal cation.

When alkali is added to solution, the sedimentation
rate of Zn*', Fe**, A", Cu®, Mg2+ and pH change are
calculated. The comparison of calculated values and
experimental values is listed in Table 2. The comparative
result proves the reliability of the proposed formula.

Based on the above formula, the maximum ¢(OH")
corresponding to the sedimentation of metal cation and
pH of the solution can be obtained when alkali is added
to multi-component solution containing some metal
cations.

Table 2 Comparison of calculation result and experimental values of precipitation rates for Zn>*, Fe**, AI**, Cu*", Mg®" and pH

G/%

_ Lo
¢(OH )/(mol-L ™) Method o Fob N o Mg pH
Experiment - 96.15 - - - 1.97
0.280
Calculation 0 96.30 0 0 0 2.03
Experiment - 99.59 78.46 - - 3.47
0.362
Calculation 0 99.99 81.58 0 0 3.81
0.394 Experiment - 99.94 96.38 89.24 - 5.14
. Calculation 0 100 99.99 88.67 0 5.55
0.630 Experiment 38.17 99.96 99.91 98.25 - 597
. Calculation 40.22 100 100 99.14 0 6.13
0.954 Experiment 94.32 99.99 99.99 99.94 - 6.73
. Calculation 95.87 100 100 99.92 0 6.71
Lo22 Experiment 98.86 99.99 93.71 99.98 94.28 11.6
. Calculation 99.98 100 90.45 99.97 98.64 311.31

Temperature 18.9-20.3 °C
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5 Conclusions

1) The distribution of metal cation in
multi-component hydroxide reaction system is well
described and the influence of several factors (the
amount of alkali, cation concentration) on sedimentation
rate and formation rate of complex ion is investigated
quantitatively.

2) The distribution of metal cation and pH change
are complicated when alkali is added to multi-component
solution containing Zn*', Fe*', A, Cu?*' and Mg%.

3) The calculated values based on proposed
formulas are in accordance with the experimental values
significantly.
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