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Abstract − To collect zinc, Fe and Zn in spent pickling solution were extracted by using TBP (tributyl phosphate), and

Zn was recovered from extracted solution to zinc oxalate particles by oxalic acid solution. The reusability of TBP sol-

vent was also tested. The distribution coefficient of Zn was not affected by the concentration of Fe in spent pickling

solution, almost constant with the values of 7.12~9.31 when extracted by TBP solvent. It was found that the extraction

capacity of TBP solvent for Zn is higher than that for Fe. The extraction efficiency of Zn was higher than 95%, while

most of Fe was left in aqueous phase. After the recovery, the used TBP solvent could be repeatedly reused for the

extraction of Zn up to eight times. XRD analysis showed that zinc oxalate (ZnC
2
O

4
 2H

2
O) was formed from the reac-

tion of Zn-TBP and oxalic acid. From the results of SEM analysis, the formation of zinc oxalate particle was strongly

affected by the concentration of oxalic acid. In summary, Zn in spent pickling solution was successfully separated and

recovered with TBP solvent and oxalic acid solution, respectively.
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1. Introduction

Metallic coating is a principal technique used to improve the cor-

rosion resistance of various types of steel. Zinc layers are commonly

used to protect steel goods from corrosion. The process of zinc depo-

sition consists of the following steps: (i) degreasing with a hot alka-

line solution, (ii) rinsing with water, (iii) pickling with 20% HCl

solution, and (iv) rinsing and fluxing with zinc and ammonium chlo-

rides and hot-dip coating with molten zinc at temperatures of about

450 oC, In the pickling step, hydrochloric acid is consumed during

the process, and several types of effluents can be generated by the

mixture of the various washing waters and the saturated solutions

which are substituted regularly. These solutions normally contain

hydrochloric acid, oils, processing additives and metals of high con-

centrations. In the pickling effluents from the zinc-plating processing,

zinc (Zn) and iron (Fe, mainly Fe2+) are dissolved in hydrochloric acid

as forms of metal-chloride complexes that might be recovered [1,2].

The metallic components in a spent pickling solution are pre-

sented in a dissolved or solid state. Metals in a solid state are easily

removed from the solution by gravitational sedimentation or filtra-

tion. But ionic species should be separated by neutralization and pre-

cipitation using chemicals such as lime or soda [3-6]. The resulting

sludge is dewatered, stabilized, and incinerated or finally disposed in

landfill. In this conventional treatment method, however, valuable

components in the waste are not recovered for reuse. In addition, it

becomes increasingly difficult to secure enough landfill space [7].

Various types of separation technologies have been proposed to

recover metals from the spent solution. They are referred to as sol-

vent extraction [8,9], membrane distillation [10,11], selective precip-

itation [12], anion exchange and membrane electroextraction [6],

and microbial oxidation followed by liquid-liquid extraction and sol-

vothermal synthesis of ferrites [13].

For the recovery of valuable metals from waste, which is to sepa-

rate, purify and concentrate the metals from its mixed solution, the

solvent extraction process is attractive because of its efficient, versa-

tile, and flexible application to concentrations and species of metals

in wastes, compared with other processes [14].

In non-ferrous metal industries, the solvent extraction process has

been applied to the separation of nickel and cobalt solutions, and the

extraction of copper, platinum group and rare earths metals [9,15].

Extensive studies have been recently carried out on the extraction

and separation of zinc from pickling solutions using various solvents

because the concentration of Zn in pickling solution is relatively

high; thus, their recovery is very important from both environmental

and economical aspects [8,9,16,17]. These studies were conducted to

select adequate solvent for extraction of Zn and Fe from pickling

solution with various solvent such as ALMIN 336 (tertiary amines),

D2EHPA (di-2(-ethylhexyl) phosphoric acid), CYANEX 272 (bis(2,4,4-

trimethylpentyl) monothiophosphinic acid), CYANEX 302 (bis(2,4,4-

trimethylpentyl) dithiophosphinic acid) and TBP (tributyl phosphate)

[1,8,9,18,19]. 

However, most of these studies rarely considered the reusability of

solvent and recovery of Zn from extracted solution, but only focused

on the extraction efficiency of Zn and Fe for a specific solvent. For
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the field application of the solvent extraction method, solvent reus-

ability and recovery of valuable metals must be considered.

In this study, therefore, TBP was selected as an adequate solvent

because its solubility for water and loss of solvent are lower than

those of other solvents in the Zn extraction process [19]. The extraction

efficiency of Zn in spent pickling solution and the recovery effi-

ciency of Zn from extracted solution were investigated by using TBP

solvent and oxalic acid solution, respectively. To investigate the reus-

ability of TBP solvent, the extraction efficiency of Zn in pickling

solution was also investigated according to the number of repeated

extraction with used TBP solvent. 

2. Materials and methods

2-1. Materials

Spent pickling solution was generally produced from Zn-plating

process, and thus experimental solution was prepared artificially to

control the Zn and Fe concentrations. Zn powder (Kanto chemical

Co., Inc.) and reduced iron (JUNSEI, extra pure) were dissolved in 6

M HCl solution. TBP (tributyl phosphate, JUNSEI, special grade)

was used as an organic solvent, and oxalic acid (H
2
C

2
O

4
·2H

2
O, JUN-

SEI, extra pure) was used to recover Zn from extracted solution.

2-2. Methods 

Fig. 1 is the flow diagram of the pretreatment, extraction and strip-

ping procedures of Zn in spent pickling solution. To investigate the

effect of Fe pretreatment, Fe2+ present in spent pickling solution was

oxidized to Fe3+ by oxidizing agent (0.1N of KMnO
4
). And the solu-

tion was hydrolyzed in conditions of pH 4.8~5.0 controlled by 2 M

of NaOH solution. The precipitated Fe in the solution was filtered

and the filtrate was controlled around pH 1.2 as shown in Fig. 1(a). 

The extraction procedure of Zn and Fe is presented in Fig. 1(b). As

shown in Fig. 1(b), 200 ml of TBP solvent was mixed with the same

volume of pickling solution. The mixed solution was agitated suffi-

ciently and separated by a centrifugal separator (2000 rpm, 10 min)

into organic (TBP solvent) and aqueous (pickling solution) phases.

Recovery procedure of Zn from extracted solution in organic phase

is presented in Fig. 1(c). To extract reversely Zn in organic phase, a

small amount of oxalic acid was injected into Zn-loaded organic

solution (TBP solvent). Particulate matters were formed and precipi-

tated by the reaction of Zn-loaded TBP solvent and oxalic acid, and

those were filtered, dried and analyzed by X-ray diffraction analyzer

(X'Pert Philips) and SEM (HITACHI S-2400). After filtration of par-

ticulate matters, the filtrate was recycled into the extraction process

without new supply of TBP to assess the reusability of TBP solvent.

The concentrations of Zn and Fe were analyzed by atomic absorp-

tion spectroscopy (AAS) in the sampled solutions from the pretreat-

ment, extraction and stripping processes. 

The bonding force between TBP solvent and water is very weak,

as low as about 4.5 kcal/mol. The solubility of TBP for water is about

1.5×10-3 M (0.041%) in room temperature and decreases with tem-

perature increase. The reason is that the dissociation degree of TBP

is decreased with increase of temperature. Therefore, volume correc-

tion was carried out because the volume of TBP solvent was changed

in extraction procedure.

3. Results and discussion

3-1. Effect of Fe component in pickling solution

According to Hwang et al. [20], the extraction efficiency of Zn is

strongly affected by the presence of Fe when spent pickling solution

containing Zn and Fe is separated by liquid membrane method. In

this case, Fe ion plays an inhibition role in the separation of Zn ion

because of its similar extraction characteristics. 

To investigate the effect of Fe concentration on the extraction

characteristics of Zn, therefore, Fe concentrations were controlled by

20 mg/L and 200 mg/L with constant Zn concentration (800 mg/L)

in spent pickling solution. Effect of Fe2+ concentration on the extraction

rate of Zn into the TBP solvent was then investigated when spent

pickling solution was pretreated or not. 

The extraction efficiency of metal component in spent pickling

solution can be determined by the assessment of distribution coeffi-

cient (k) of each metal component. The concentrations and distribu-

tion coefficients of Zn and Fe with the pretreatment of Fe2+ were

analyzed and calculated, respectively. The distribution coefficient of

metal component was defined as the ratio of the metal concentration

in the organic solvent (C
o
) to that in aqueous solvent (C

a
). The distri-

bution coefficients are listed in Table 1. As shown in Table 1, the dis-

tribution coefficient of Zn was not nearly affected by the pretreatment of

Fe2+, and the values were in the range of 7.12~9.31. But the distribu-

tion coefficient of Fe was lower than that of Zn, and the range was

below 0.34. 

In extracting pickling solution by TBP, metals participated in

extraction reaction were ion forms of metal chlorides. Thus, the extraction

rate was remarkably affected by the concentration of chlorine ion,

and that was proportionally determined by the formation rate of

complex compound reacted with chlorine anion [21]. Fig. 1. Flow diagram of experiments.
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Therefore, it was found that the distribution coefficient of Zn was

not considerably affected by the concentration of Fe. The reason is

that pH of pickling solution was maintained at much lower level than

that of the oxidation range of Fe2+. If pH condition had been main-

tained at above 4, extraction characteristics of Zn would have been

considerably decreased by the concentration of Fe3+ because most of

Fe2+ in pickling solution would have been oxidized to Fe3+. Although

Fe2+ existed in pickling solution, the extraction efficiency of Zn was

not affected because extraction experiments were carried out around

pH 1.2. 

Also, the extraction efficiency of Zn was not seriously affected by

the concentration of Fe in pickling solution, due to the differences of

formation energies of complex compounds which can be formed by

chlorine ions of Zn and Fe. 

3-2. Effect of extraction number

Generally, repeated extraction could be conducted to enhance the

overall extraction efficiency. Therefore, repeated extraction test with-

out new supply of solvent was carried out to investigate the effect of

the number of repeated extractions on the extraction efficiency of Zn

and remaining efficiency of Fe in pickling solution. In this test, Fe

concentrations were 1000 mg/L and 5000 mg/L, and the pH of pick-

ling solution was controlled at about 1. The extraction efficiency of

Zn was measured according to the concentration of Zn (100~5000

mg/L) in pickling solution, and the results are profiled in Fig. 2. As

shown, the extraction efficiency of Zn in 1000 mg/L of Fe was higher

than that in 5000 mg/L of Fe. And the extraction efficiency of Zn

was higher than 95%, and that was slightly decreased with increase

of Zn. It was attributed to the fact that the distribution coefficient of

Zn for TBP was increased with decrease of Zn concentration. And it

was suggested that the extraction performance of TBP for Zn was

very high in pickling solution. 

Fig. 3 shows the remaining efficiency of Fe in pickling solution

with regard to iterative extractions using TBP solvent. The iterative

extraction was carried out ten times using new organic solvent (TBP).

As mentioned, the distribution coefficient of Fe in TBP solvent was

remarkably lower than that of Zn. The remaining efficiency was

decreased with increase of extraction number. In the first extraction,

the remaining efficiency of Fe in pickling solution was about 92~95%,

and that was slightly decreased to around 85% until eight times

extraction. But when the extraction number exceeded eight times,

the efficiency was remarkably deceased to the range of 61~70%. The

reason is that the bonding energy of Fe with chlorine ion in pickling

solution is significantly higher than that of Zn. Therefore, Zn was

preferentially extracted while Fe remained in pickling solution.

It was estimated that the extraction of Fe progressed after the

extraction of Zn was almost accomplished and the concentration of

Zn was sufficiently lowered. To enhance the utilization rate of extraction

Table 1. Effect of Fe concentration and pretreatment on the distribution coefficients of Zn and Fe in TBP solution

Zn

(mg/L)
Pretreatment

Fe (mg/L) Distribution coefficient

Total Fe2+ k
Zn

*(-) k
Fe

*(-)

800

800

800

800

No

Yes

No

Yes

20

20

200

200

15.94

0.05

164.26

4.00

7.23

7.12

9.31

7.15

0.11

0.34

0.25

0.25

*k
Zn

, k
Fe

 (=C
o
/C

a
); distribution coefficients of Zn and Fe, respectively

Fig. 2. Extraction efficiency of Zn according to concentrations of

Zn and Fe in pickling solution.

Fig. 3. Remaining efficiency of Fe in pickling solution with extraction

number.
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solvent, therefore, iterative extraction was found to be suitable to

selective extraction of Zn and Fe in pickling solution until 8 times.

3-3. Recovery of Zn in organic phase 

It has been reported that there are many ways for production pro-

cesses of ZnO powder [20]. The precipitation stripping method in

these processes is very excellent. The reason is that metals or com-

pounds are able to be produced directly by reducing agent or chemi-

cal precipitant after extracting metal ions into organic phase. The

stripping process is not separately conducted because the precipita-

tion and stripping reactions of metal ions occurred simultaneously.

To extract reversely Zn in organic phase (TBP), therefore, backward

extraction was carried out by oxalic acid, and their reaction equa-

tions are as follow: 

Extraction 

Zn2+ + n(TBP) → n(TBP)−Zn (1)

Stripping 

Zn- n(TBP) + 2H+ 
→ Zn2+ + n(TBP) (2)

Precipitation 

Zn2+ + C
2
O

4

2- 
→ Zn C

2
O

4 
(3)

Fig. 4 shows the result of backward extraction with oxalic acid. C
w

and C
o
 are defined as the concentrations of Zn in water phase (oxalic

acid) and organic phase (TBP), respectively. As shown in Fig. 4, the

concentration ratio of C
w
 to C

o 
increased exponentially with increase

of Zn concentration in TBP. This might be due to the production of

zinc oxalate through the reaction of oxalic acid added and Zn in TBP.

By adding the oxalic acid into the stirred TBP solvent, emulsion of

oxalic acid was formed, and Zn2+ in TBP solvent which is organic

phase was stripped in through the ion exchange with H+ in oxalic

acid which is aqueous phase. Finally, stripped Zn2+ was precipitated

as a form of zinc oxalate according to the reaction of Equation (3).

XRD analysis was carried out to verify the compound of precipi-

tated material according to the concentrations of oxalic acid for

backward extraction. Fig. 5 shows the X-Ray diffraction patterns of

precipitated materials from Zn-loaded TBP solution by backward

extraction. The peaks mean the precipitated zinc oxalate (ZnC
2
O

4
·2H

2
O)

with the concentration of oxalic acid. As shown in Fig. 5, the precipi-

tated powder was pure state of zinc.

For the purpose of Zn recovery, Zn component in TBP was

inversely extracted by oxalic acid and zinc oxalate (ZnC
2
O

4
·2H

2
O)

was precipitated as powder. Fig. 6 shows the results of SEM analysis

for ZnC
2
O

4
·2H

2
O, which was precipitated by the reaction of oxalic

acid and Zn-TBP. As shown in Fig. 6, crystal forms of oxalate parti-

cles remarkably varied with regard to the concentration of oxalic acid.

The form of zinc oxalate particle obtained in 0.1 M of oxalic acid

was very irregular and flat type particles. When 0.5 M of oxalic acid

was added, the shape of particles was similar to the result of 0.1 M of

oxalic acid, but their size was slightly decreased. The SEM analysis

result of ZnC
2
O

4
·2H

2
O particle, which was formed by the reaction

of 1.0 M oxalic acid and Zn-TBP, significantly differed from the pre-

vious two results. Most of the particles were very regular and had tet-

rahedral shapes. From these results, it was found that the concentration

of oxalic acid is a very important parameter for Zn recovery. From

the remarkable effect of oxalic acid concentration on the formation

of homogenized fine particles of zinc oxalate, it is expected that the

recovery rate of fine powder of ZnO will be increased with increase

of oxalic acid concentration. 
Fig. 4. Ratio of C

w
/C

o
 according to various concentration of Zn in

TBP by stripping of oxalic acid. 

Fig. 5. X-Ray diffraction pattern of zinc oxalate precipitated from

Zn-loaded TBP solution.
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4. Conclusions

Extraction characteristics of Zn, and the remaining efficiency of

Fe in pickling solution were investigated by TBP solvent extraction

method. Zn in Zn-loaded TBP solvent was also extracted inversely

with oxalic acid.

(1) At the conditions of 800 mg/L of Zn in pickling solution, it was

estimated that the distribution coefficients of Zn were about 7.12~9.31

by TBP solvent extraction, and these distribution coefficients were

not affected by Fe concentration in pickling solution. 

(2) The extraction efficiency of Zn in pickling solution was over

95% with TBP solvent used, and the extraction performance of TBP

was very excellent for Zn in pickling solution. The remaining effi-

ciency of Fe in pickling solution was remarkably higher than that of

Zn when TBP was used as extracting solution. 

(3) It was estimated that the extraction of Fe progressed after

extraction of Zn was nearly accomplished and the concentration of

Zn was sufficiently lowered. In iterative extraction, therefore, it was

found that extraction more than eight times was not suitable for

selective extraction of Zn and Fe in pickling solution. 

(4) Zn in TBP solvent was reversely extracted by oxalic acid for

the purpose of Zn recovery. The Zn concentration ratio of C
w
 to C

o

increased exponentially with increase of Zn concentration in TBP

solvent. 

(5) From the result of XRD analysis, it was confirmed that the pre-

cipitated products in the reaction of Zn-TBP and oxalic acid were

ZnC
2
O

4
·2H

2
O which can be precursor of ZnO. And that the concen-

tration of oxalic acid was very important parameter for the forma-

tion of zinc oxalate from the result of SEM analysis. 

In summary, Zn in spent pickling solution was successfully sepa-

rated and recovered by TBP solvent and oxalic acid, respectively. 
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