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Abstract: The precipitation of tannin complex of germanium from sulfuric solutions obtained after
dross leaching was investigated. The tested solutions contained mainly zinc, germanium, indium, and
tin. The influence of temperature, time, amount of added tannic acid and its purity was determined.
The application of pure tannic acid allowed the precipitation of >99% of germanium and decreased
its concentration in a solution <0.015 g/dm?. It required ca. 11~13 g of pure tannic acid per each 1 g
of dissolved germanium. The preferred process conditions for Ge precipitation using powder tannic
acid were 90 °C, 90 min, whereas for 20% aq. solution—5 min. It was found that 40% to 50% of tin
coprecipitated at these conditions. Therefore, a detinning operation using hydrogen peroxide was
proposed. It allowed the removal of >99% Sn and reduced its concentration in the solution below
0.025 g/dm?.
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1. Introduction

Germanium is considered as a critical raw material by the European Union [1]. It is important to
many different industrial sectors like optic fibers, infrared optics, electronics, photovoltaics or catalysts
for polyethylene terephthalate (PET) production [2]. Ge minerals are not present in economically
mineable aggregates, but they are scattered in their surroundings. Therefore, Ge is obtained as an
accompanying element during the processing of other raw materials—mainly from coal ash and
by-products of zinc production. About 30% of Ge production comes from recycling [2].

One of the ways to process Ge is leaching in aqueous solutions of different acids (usually
sulfuric, hydrochloric or oxalic). Dissolved Ge may be later precipitated from sulfuric solutions
using hydrogen sulfide [3] or tannic acid, alternatively using ion-exchange resins [4,5], membranes [6],
or solvent extraction [7]. Precipitation of tannin complex is more Ge-selective than precipitation by pH
adjustment. It was found that tannic acid gave better results than the application of sodium hydroxide
or ammonia [8]. In aqueous solutions, tannic acid forms a water insoluble complex with Ge, firstly
described in 1938 by Davies and Morgan [9-11]. The Ge-tannin complex in aqueous solutions is formed
according to the following equation [12]:

Ge** + HoT — (GeT)** + 2H*

where T is tannin. Precipitation with tannic acid allows to recover 99% of the Ge present in the solution
and to achieve final Ge concentration below 0.5 mg/ dm3 [12].

Tannic acid is not a single compound. Generally, its chemical formula is described as CygHs5yO46
and molecular weight 1701.2 g/mol. However, it is a mixture of gallic acid, gallotannins, and their
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derivatives [13]. The application of tannins in non-ferrous metallurgy is not limited only to Ge. It is
used as a depressant in flotation processes for ore treatment or Au recovery [14].

The application of tannin for selective precipitation of Ge was investigated during the processing
of industrial materials from Yunnan Chihong Zinc and Germanium (China) [12], Cinkur Plant (Kayseri,
Turkey) [15], or Puertollano IGCC power plant (Spain) [16]. The composition of the solution used
for the precipitation of Ge-tannin complex is different and depends on the source of initial material.
Leachates from processing of coal fly ash or zinc refining by-products besides germanium may contain
Zn as well as Ni, V, Sb, As, or Fe [8,12,16,17]. However, there is no information concerning processing
of industrial solutions containing Ge, Zn, In, and Sn.

In this study, the precipitation of Ge from sulfate solution containing Sn, In, and Zn using technical
and pure tannic acid was analyzed. The detinning operation, which was an essential part of the entire
process, was also described. The initial solution was obtained after the leaching of the dross coming
from thermal oxidation of by-product alloy from New Jersey process, described in the previous
study [18,19].

2. Materials and Methods

Solutions used for precipitation of Ge-tannin complex were prepared according to the procedure
developed in the previous publications [19]. The following conditions of Geln dross leaching were
applied: concentration of sulfuric acid solution—10%, temperature—80 °C, process time—2 h, and
dross-to-solution ratio (S/L)—0.1 kg/dm3. In the first part of the investigation, freshly prepared
leachates were used. In the second part, detinned solutions were tested.

Two kinds of tannic acid were investigated: pure (99%, Stanlab, Lublin, Poland) and technical
(80%, Roeper, Hamburg, Germany). They were used in the original powder form as well as dissolved
in water. A solution of NaOH (30%, PCC Rokita, Brzeg Dolny, Poland) was applied for pH adjustment,
H,0; (30%, Avantor, Gliwice, Poland) was used for tin removal, while Magnafloc 338 (BASF, Bradford,
UK) was used as a flocculant.

The original solutions obtained after the leaching of Geln dross, which contained tin, were used
for initial tests. However, it was found that tin was also precipitated by tannic acid. Therefore, the
solution was detinned using 30% H;O, solution in the amount of 6 cm3 per 1 dm? of the original
solutions while mixing. Then, the resulting solution was heated to 70 °C and mixed for 1 h to remove
excess HyO,. Finally, 2 cm® of 0.1% flocculant solution was added, mixing was stopped and the
suspension was left overnight to settle. The clarified part of the suspension was collected, while
the suspension was filtered—the filtrate was combined with clarified solution and used for further
investigation, whereas the solid phase was analyzed.

Ge was removed from the solution according to the following methodology. Firstly, the pH
of the solution was adjusted to 2.0 using 30% NaOH. Then, the solution was heated to the desired
temperature and the appropriate amount of tannic acid in the form of powder or solution (20%) was
added while mixing. The suspension was mixed for a set period of time and filtered. For several
tests tannic acid was added in portions. In this case, the suspension was mixed for 1 h before sample
collection and the addition of the next portion. The mixing speed for all tests was 500 rpm.

Solutions and solids were analyzed at the IMN'’s Department of Analytical Chemistry according to
the previously applied procedure [18]. The composition of solutions and solids was determined using
ICP OES (Inductively Coupled Plasma—Optical Emission Spectrometry; OPTIMA 5300V, PerkinElmer,
Waltham, MA, USA). Solutions were diluted and acidified using HCI (35%, Avantor, Gliwice, Poland)
prior to analysis. Samples of Ge-tannin precipitates were wetted and dissolved in the mixture of
concentrated HNOj3 (65%, Avantor, Gliwice, Poland) and HF (40%, VWR, Lutterworth, UK). In the
case of Sn precipitate, an initial pretreatment was performed by melting with Na,O, (p.a., Avantor,
Gliwice, Poland) at 600 °C for 30 min in a corundum crucible before dissolution in acid mixture.
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3. Results

3.1. Ge Precipitation from Solutions Containing Sn

Firstly, the precipitation of Ge-tannin complex from the original solutions obtained after leaching
of Geln dross was investigated. Table 1 and Figure 1A present the temperature influence on
composition of solutions and precipitates as well as precipitation yields of Ge, In, and Sn. During these
tests 100 g pure tannic acid was added to 1 dm? of the solution. Results of pure tannic acid addition in
20 g portions to 1 dm? of the solutions are shown in Table 2 and Figure 1B.

Table 1. Composition of the solution and precipitate after precipitation with tannic acid (2 h, 100 g/dm?
pure tannic acid, 1 portion).

Csolution g/dm3 Cprecipitate %

Temperature °C PHsolution
Ge In Sn Ge In Sn
initial 6.0 1.7 44 2.0 - - -
20 2.1 1.6 3.6 1.6 3.67 0.03 0.77
60 0.1 1.5 3.3 14 548 0.07 1.04
90 0.03 14 3.0 1.3 534 0.13 1.96

Table 2. Composition of the solution and precipitate after precipitation with tannic acid (90 °C, pure
tannic acid added in portions, 1 h between portions).

Tannic Acid g/dm? Csolution g/dm® PHgolution Chrecipitate 70
Ge PHsolution Sn Ge In Sn
initial 7.8 2.1 54 2.0 - - -

20 52 2.0 4.7 1.8 9.37 0.12 1.69
40 2.7 1.8 3.8 1.6 8.81 0.12 1.73
60 1.0 1.7 3.3 1.4 8.21 0.13 1.71
80 0.15 1.6 3.1 1.3 7.23 0.14 1.70
100 0.04 1.6 2.8 1.3 6.55 0.13 1.65

It was noticed that after the addition of solid tannic acid it was not dissolved in the solution,
but formed a suspension. Ge concentration in solution after addition of tannic acid decreased from
6.0 g/dm? down to 0.03 g/dm3. The lowest concentration was noticed for the highest applied
temperature. Moreover, the concentration of Ge in the precipitate increased from 3.67% for 20 °C to
5.48% at 90 °C. It corresponded to a change in Ge precipitation yield from 64% at 20 °C to >99% at 90 °C.
The concentration of Sn also significantly decreased from 4.4 g/dm? in the original solution down to
3.0 g/dm?3. Sn precipitation yield changed from 16% at 20 °C to 33% at 90 °C. It was accompanied by
the increase of tin content in the precipitate—from 0.77% at 20°C to 1.96% at 90°. The change in In
concentration was small—it decreased from 1.7 to 1.4 g/dm?>. In concentration in the precipitate was
also low—between 0.03% at 20 °C and 0.13% at 90 °C. The precipitation yield of In varied from 4% at
20 °C to 19% at 90 °C.

In the case of tannic acid addition in portions, it was observed that Ge concentration in the solution
declined during the process. The decrease was highest for first portion added—from 7.8 g/dm? in the
initial solution to 5.2 g/dm?> (32% precipitation yield). For the last added portion, the decrease was the
lowest—from 0.15 g/dm? to 0.04 g/dm3—total Ge precipitation yield increased from ca. 98% to >99%.
The concentration of Sn also significantly decreased during the course of the process—from 5.4 g/dm3
in the initial solution to 2.8 g/dm?3 after the fifth portion of tannic acid was added. Sn precipitation
yield after the last portion was found at the level of 45%. A small decrease of In concentration was also
noticeable—from 2.1 gm/dm? to 1.6 g/dm? (22% precipitation yield). A change of Ge content in the
precipitate was also observed. After the first added portion it contained 9.37% Ge, while after the fifth



Appl. Sci. 2019, 9, 966 40f 10

portion Ge content was 6.55%. The concentration of Sn and In in the precipitate was stable and in the
range between 1.65% and 1.73% and 0.12% and 0.14%, respectively.
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Figure 1. Influence of (A) temperature and (B) tannic acid amount on precipitation yield of Ge, In, and
Sn from the solution ((A)—2h, 100 g/ dm?3 pure tannic acid, 1 portion; (B)—90 °C, pure tannic acid
added in portions, 1 h between portions).

3.2. Sn Removal

The investigation of the solution containing Sn was associated with significant drawbacks.
The original solutions were not stable, due to solution turbidity caused by Sn oxidation. Additionally,
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the obtained tannin precipitates contained undesirable Sn. Therefore, Sn was removed from the
original solutions using HyO,. Solution composition before and after detinning is shown in Table 3.

Table 3. Composition of the solution and precipitate before and after tin removal (70 °C, 1 h, 6 cm3/dm?3

H0,).
Step Csolution g/ dm? PHolution Cprecipitate %
Ge In Sn Zn Ge In Sn Zn
initial 63 18 46 5.7 0.1 - - - -
detinned 56 1.6 0.024 57 0.0 797 274 439 0.53

It was noticed that the addition of H,O, followed by heating to 70 °C for 1 h allowed the removal
of >99% of the Sn present in the original solution. Additionally, part of the Ge and the In (ca. 15%)
were also precipitated. Zn was the only major component of the solution, and its concentration in the
liquid did not significantly change.

3.3. Ge Precipitation from Detinned Solution Using Solid and Dissolved Tannic Acid

The comparison of two ways of tannic acid addition (as a solid and dissolved in water) was
investigated. Firstly, it was done using tannic acid powder and the freshly prepared 20% aqueous
solution. In both cases three 20 g portions of the acid per 1 dm? of the solution were added. The results
of the tests are shown in Table 4 and Figure 2A. Secondly, the time influence on the composition of the
solution after tannic acid addition was determined. Changes in the compositions and precipitation
yields are shown in Table 5 and Figure 2B.

Table 4. Composition of the solution and precipitate after precipitation with tannic acid powder and
20 wt% solution (90 °C, tannic acid added in portions, 1 h between portions).

Csolution g/ dm® Cprecipitate %

Tannic Acid Form  Tannic Acid g/dm? PHsolution
Ge In Ge In
- initial 5.6 1.6 2.0 - -
20 2.4 1.3 1.6 7.09 0.14
powder 40 0.9 1.2 1.3 6.57 0.17
60 0.01 1.1 1.3 6.09 0.21
20 1.9 1.3 1.5 7.45 0.19
20 wt% solution 40 0.9 1.2 1.3 6.74 0.23
60 0.006 1.1 1.2 5.96 0.26

Table 5. Composition of the solution after precipitation with tannic acid powder and 20 wt% solution
(90°C, 60g/ dm? active tannic added in 1 portion).

Csolution g/ dm?

Time min Powder 20 wt% Solution
Ge In Ge In
initial 5.6 1.6 5.6 1.6
15 1.6 14 0.13 1.3
30 0.61 1.3 0.11 1.3
60 0.33 1.3 0.074 1.3

90 0.12 1.3 0.066 1.3
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Figure 2. Influence of (A) tannic acid added in powder form and as 20% solution and (B) time on the
precipitation yield of Ge and In from detinned solution ((A)—90 °C, tannic acid added in portions, 1 h
between portions; (B)—90 °C, 60 g/dm? tannic acid added in 1 portion).

There was no significant influence of the tannic acid form on the process efficiency.
A small difference between Ge concentrations in the solution after the first added portion was
noticed—2.4 g/dm?3 for the powder form and 1.9 g/dm? for the dissolved tannic acid. After the
addition of the next portions, the difference became less significant—0.91 g/dm?3 vs. 0.89 g/dm? after
the second portion and 0.010 g/dm? vs. 0.0057 g/dm? after the third portion. A slightly higher Ge
precipitation yield after first (58%-50%) and second (84%—-80%) portions was noticed for tannic acid
solution. After the addition of the third portion, Ge precipitation yield in both cases exceeded 99%.
The concentration of In in the solution slightly decreased from 1.6 g/dm? in the initial solution to
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1.1-1.3 g/dm?>. The final In precipitation yield in both cases was ca. 19%. The form of tannic acid
added had no influence on In concentration. The concentration of Ge in the precipitate decreased as
portions of the acid were added—for powder it declined from 7.09% after the first portion to 6.09%
after the third portion, while for the solution it changed from 7.45% to 5.96%. On the other hand,
the concentration of In in the precipitate increased with the amount of tannic acid added—from
0.14% to 0.21% for powder form and from 0.19% to 0.26% for the solution. It was noticed that more
pure precipitate was obtained when solid tannic acid was applied—after the third portion added it
contained more Ge and less In than the precipitate obtained after addition of tannic acid solution.

The form of the added tannic acid had an influence on the Ge precipitation process rate.
The highest difference in Ge concentrations was noticed at the beginning of the process. After
5 min the solution contained 1.6 g/dm? Ge for powder form and 0.13 g/dm?3 for solution. During
the course of the process the difference became less significant—after 30 min it was 0.33 g/ dm? and
0.074 g/dm?, while after 90 min it was 0.12 g/dm? and 0.065 g/dm?, respectively. Ge precipitation
yield for tannic acid solution exceeded 97% after 5 min. In the case of solid tannic acid, a similar result
was achieved after 60 min. In the case of In concentration, there was no significant difference. The final
In precipitation yield was ca. 20% for both forms of tannic acid.

3.4. Ge Precipitation from Detinned Solution Using Tannic Acid of Different Purity

The influence of tannic acid purity on the Ge precipitation process was investigated. Analytical
(99%) and technical (80%) purity grades were analyzed. In all cases three 20 g portions of the acid per
1 dm? of the solution were added. The results of the tests are presented in Table 6 and Figure 3.
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Figure 3. Influence of tannic acid purity on Ge precipitation yield in the solution (90 °C, tannic acid
added in portions, 1 h between portions).

The purity of tannic acid had some influence on the Ge content in the solution. A higher decrease
of Ge concentration was achieved for the pure form. It was noticed that for 60 g/dm? active tannic
acid added in pure form, Ge concentration was 0.013 g/dm3, while precipitation yield exceeded 99%.
For technical tannic acid, Ge concentration was 0.46 g/dm?, while precipitation yield was 92%.
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Table 6. Concentration of germanium after precipitation with pure and technical tannic acid powder
(90 °C, tannic acid added in portions, 1 h between portions).

3
CGe,solution g/ dm

Tannic Acid g/dm3
Pure (99%) Technical (80%)
initial 5.6 5.6
20 2.9 3.7
40 1.3 2.5
60 0.013 1.6
80 - 0.46

4. Discussion

During the tests on the precipitation of Ge-tannin complex from the solution containing Sn, it
was found that Ge was almost completely precipitated. However, Sn and In were also present in the
precipitate. Sn was present in the solution in divalent form, because its tetravalent form is not soluble
in weak sulfuric acid. Divalent Sn was partially precipitated by tannic acid. In is not precipitated by
tannic acid [20]. Therefore, its presence may be explained by adsorption of In on precipitate surface.
The highest Ge precipitation yield was at 90 °C. It may be explained by an increase of tannic acid
solubility and reaction rate.

Detinning of the solution with HyO, allowed almost complete removal of Sn from the solution.
Sn was oxidized to its tetravalent state, which precipitated from weakly acidic sulfate solution. During
precipitation, parts of Ge and In were coprecipitated on the surface of the tiny SnO, precipitate.

In the case of detinned solution, it was noticed that less tannic acid was consumed to precipitate
>99% Ge. It was due to the lower Ge and Sn content in the detinned solution. Original leachates
contained 6.3-7.8 g/ dm?3 Ge, while the detinned one contained 5.6 g/ dm3. Part of the tannin was also
used for Sn precipitation. Therefore, in the first case, tannic acid consumption was 100 g/dm3, whereas
in the second one, it was 60 g/dm>. To achieve >99% Ge precipitation yield and Ge concentration
<0.05 g/dm?, ca. 11-13 g of pure tannic acid should be used per each 1 g of dissolved Ge. This level
of tannic acid consumption was achieved for Ge concentration level >5 g/dm3. For lower Ge
concentrations more tannin should be used—e.g., it was reported that for 0.06 g/dm?, 10 g of tannic
acid was needed to precipitate 0.02811 g Ge [12].

The form of tannic acid had an influence mainly on the process kinetics. When 60 g of tannic acid
solution was added at once, over 95% of Ge was precipitated after just 5 min. For the powder form,
more than 60 min was required to achieve a similar result. It is connected with the availability of tannic
acid molecules. When the dissolved form is used, the reaction takes place almost immediately, whereas
the powder form is first dissolving and then dissolved molecules react with Ge. Slight differences in
Ge precipitation yields were observed, when smaller amounts of tannic acid were applied. However,
the differences decrease as more acid was added. The purity of tannic acid also had an influence on the
precipitation yield of Ge. Technical tannic acid contained 80% of active compounds. It was noticed that
if 60 g/dm? tannic acid was added to the pure one, >99% Ge was precipitated, while for the technical
one it was 71%.

The presence of In in the precipitate may be explained by the high concentration of the precipitate
in the suspension and high moisture (ca. 55%) of the filtered solid. It was not possible to remove whole
In during post-filtration washing.

Based on the results of the tests, the following procedure for leachate processing may be proposed.
Firstly, solution is detinned using H,O, and heated to 70 °C to remove any HyO, remaining in the
liquid and filtered. Then tannic acid is added to the solution at 80-90 °C while mixing. The process is
carried out for at least 90 min. The selection of the tannic acid form should depend on several factors.
The solution may be used to reduce process time; however, the amount of generated effluents would
increase. Technical tannic acid may be also used to reduce process costs; however the final Ge-tannin
precipitate will contain less Ge than one precipitated with pure tannic acid.
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The main product, i.e., Ge-tannin precipitate, may be later used for Ge recovery either by
incineration or another technique, which may allow the reuse of tannic acid. The precipitate from
detinning may be later re-leached with dross to recover at least part of the Ge and In. The resulting
solution contains >1.3 g/dm?® In, and therefore it may be used for In recovery by, e.g., precipitation.

5. Conclusions

The precipitation of Ge from leachate containing mainly Zn, Ge, In, and Sn with tannic acid
was investigated. Precipitation yields of the elements were determined. It was found that detinning
by HyO; is a necessary step. It allows the removal of Sn, which after the addition of tannic acid
co-precipitates with Ge. Precipitation yield of Ge increases with temperature, process time and amount
of added tannic acid. The preferred process conditions for Ge precipitation using tannic acid powder
are 80-90 °C, 90 min, while for 20 wt% solution, >98% Ge is precipitated after 15 min. Tannic acid
solution allows a faster precipitation process, but it also increases the volume of generated effluents.
The precipitation of Ge with tannin is quite selective—Ge precipitation yield is >99%, while In is <20%.
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