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ABSTRACT

The valorization of coal gasification fly ash is studied by leaching the fly ash with water
and a subsequent precipitation of trace amounts of germanium from the leachates.
Experimental investigations were focused on the optimization of the precipitation of a
germanium-catechol (CAT) complex with cetyl trimethyl ammonium bromide (CTAB).

The influences of pH and the amounts of CTAB and CAT on the precipitation yield were
investigated. For a appropriate set of experiments, a statistical technique such as the
response surface methodology (RSM) has been used. A central composite rotatable
design was employed for experimental design and analysis of the results. The
independent and combined effects of pH, CAT/Ge and CTAB/Ge molar ratios were
investigated and optimized using a quadratic mathematical model. The optimum values
of these factors were found to be 10, 12 and 4 respectively. In this case, the germanium
precipitation yield was 98.8%. The analysis of variance was performed to validate the
regression model. Also, the response surface plots were drawn for spatial
representation of the regression equations.

The precipitation of germanium as a complex compound with catechol and CTAB can
be selective towards germanium and this element can be effectively separated from As,
Mo, Sh, V or Zn.

Thermo-gravimetric analysis has been applied to the germanium-complex solids and as

a result of which 600°C was determined as the minimum temperature to completely
remove the organic content of the precipitate.

1. INTRODUCTION



Germanium is a semiconductor, hard and crystalline element. Germanium is found in
the earth's crust in an abundance of 1-7 ppm and is concentrated in very few minerals
such as argirodite, canfieldite, germanite or ranierite. Some silver, tin, copper or iron
and especially Zn ores contain germanium and small traces of the metal can also be
found in many silicates. Germanium is not extracted from any specific mineral, but the
majority is obtained as a by-product of the zinc metal extraction™?.

Germanium is mainly used in fiber optics, optical infrared devices, polymerization
catalysts for the manufacture of polyethylene terephthalate (PET), solar panels and
different electronics. As a consequence of its important uses, demand for germanium
(and its price) has been growing every year. Secondary sources of germanium are very
important because 60% of the consumed germanium is used in the manufacture of
electronic devices and it can be obtained by recycling*?.

Coal and coal combustion/gasification by-products may be an attractive source of Ge.
For instance, the element occurs in relatively high concentrations in a number of coal
basins>® and it is usually concentrated in coal combustion/gasification fly ashes that
can reach Ge contents 10 times higher than in coal®*?. Commercial Ge end-products
are mainly Ge metal and GeO,, with different purity depending on producers. The
industrial recovery of Ge is usually based on hydrometallurgical processes with high
economic and environmental costs. Most of the industrial processes for the recovery of
Ge involve the generation of a Ge-bearing solution by acid leaching of raw materials
followed by production of Ge end-products.

The occurrence of Ge as water soluble species (GeS;, GeS and hexagonal-GeOy) in
the fly ash from the 335 MW Puertollano Integration Gasification with Combined Cycle
(IGCC) power plant (Spain), fed with a 50:50 blend of a local metal-rich bituminous
coal®® and pet-coke'**™, may help to find a low cost and environmentally acceptable
germanium recovery process from fly ashes, culminating in a commercial Ge end-
product. The research on the extraction of germanium with water from the Puertollano
IGCC fly ash'® revealed that relatively high extraction yields (up to 86%) were obtained
using pure water.

These promising results conducted research towards the study of enrichment and
precipitation methods for Ge recovery, such as ion flotation'”*%, adsorption on activated
carbon (AAC)'? or solvent extraction (SX)?**2. Using AAC and SX enrichment
methods, germanium concentration was raised up to 8 and 40 times the initial leachate
concentration respectively, achieving Ge-bearing solutions with 256 and 1623 mg/L
respectively. Those enrichment methods are mainly based in the formation of a
germanium complex with catechol (CAT) (Fig. 1). The formation of the complex is

shown in Eq. (1)2>7%;

Ge(OH)4 + 3 CgH4(OH), — Ge(C6H402)32_ +2H" + 4H,0 Q)
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Figure 1. Complex structure of germanium-catechol

This article focuses on evaluating the feasibility of a novel method for the precipitation of
germanium from the Puertollano IGCC fly ash leachates, based on precipitating Ge with
cetyltrimethylammonium (hexadecyltrimethylammonium) bromide (CTAB) and catechol
(CAT).

CTAB is a quaternary ammonium salt, with a long alkyl group, whose chemical formula
is C19H42NBr (Figure 2).
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Figure 2. CTAB structure

CTAB is a surfactant with a hydrophobic group (the long chain hydrocarbon) and a
hydrophilic group (quaternary ammonium). CTAB is dissolved in water as follows:

CTAB(S) 9 CTA+(ac) + Br-(ac) (2)
Probably due to its polarity, the complex Ge-CAT is very soluble in water. When CTAB
is added to a solution with the complex Ge-CAT, the CTA" and the chelate formed a
large ion pair (molar mass = 964.6) which precipitates. The ion-pair could be formed as
follows:

2CTA"ae) + GECAT? 359 > CTA;GeCAT; (3)

The global reaction involved would be:

2C19H4oNBYr + [Ge(C6H402)3]2' -> (C19H42N)2GG(CGH402)3 + 2Br~ (4)



This mechanism agrees with that proposed by Scott et al*® for the complex Sn-CAT-
CTA and by Barreto®’ for the complex CAT-CTA-Fe.

In a recent article®® we have studied two different precipitation methods carried out on
germanium-bearing solutions as a last step of a hydrometallurgical process for the
recovery of Ge from the Puertollano IGCC fly ash. One of these methods, the
precipitation with CAT and CTAB, now applied directly to the IGCC fly ash leachate, has
been optimized and the main results are presented in this paper.

2. EXPERIMENTAL
2.1. Materials

Prior to the precipitation tests, leaching of Puertollano IGCC fly ash in water was
performed. The leachate was obtained using an L/S ratio of 5 L/kg at room temperature
for 24 hours with mechanical agitation. Precipitation reagents (CAT, CTAB and NaOH
for pH adjustment) were added to this leachate for the germanium precipitation. The
precipitation tests with CTAB were focused on evaluating the selective precipitation
efficiency of germanium, and the optimization of the experimental parameters.

The batch experiments were carried out by controlling pH and CAT/Ge and CTAB/Ge
molar ratios. The CAT and CTAB were added to the Ge-bearing solutions as
complexant and precipitation agent, respectively.

2.2. Design of experiments (DOE)

The design of experiments (DOE) is a practical tool that reduces the number of
experiments to conduct a study for a high number of variables and allows a more
efficient approach using only a portion of the possible combinations to estimate the
main effects of all factors. In this work, a multilevel analysis with three variables has
been chosen using a design of central points® to optimize the Ge precipitation method.
In this design the possible experiments which are defined by the values of three
independent variables (x, y, z) (X1, X2, X3), are situated in a cube centered in the origin of
the coordinate axis. Figure 3 shows the chosen design. For three variables the total
number of points is 20: 8 Hadamard points in the cube vertices, 6 central points and 6
star points in the cube faces. The value of W for three variables is 1.682, where W gives
the situation of the star points.
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Figure 3. Coded points for a three variable multilevel design
Three variables affecting the precipitation of the germanium contained in leachates
were included in the optimization study: the molar ratios of CAT/Ge and CTAB/Ge and
the final pH of the solution: two of these variables refer to the reagents needed for the
germanium precipitation through the complexation mechanism described in the previous
section, while the third variable refers to the medium in which the precipitation occurs.

To design the experiments, it is firstly necessary to code the variables, which can be
described in the following steps:

1. Define the space of interest for the experiment (see Table 1).

2. Express each test in coded terms (see Figure 3 and Table 1).

3. Scale tests to obtain the actual values with the following expressions:

A=0.5(xp—x1)/ ¥ )

where X, is the value of higher value and x; is the lower value of the range

Aactual = Acoded + 0.5:(X2 + X1) (6)
With the results obtained, the surface response can be calculated. The ranges of
variability of each variable were obtained from literature®® and actual and coded values
of variables are shown in Table 1.

Table 1. Coded variables used in the precipitation tests

) CTAB/Ge
Variable | CAT/Ge (molar) (molar) pH Gein filtrate %
Range 3-12 2.6 7-13 (mg/L) n o
TeSt NO- Ccoded Cactual Tcoded Tactual Pcoded Pactual
1 1 10.18 1 5.19 1 11.78 1.3 96.3




2 1 10.18 -1 2.81 -1 8.22 2.7 92.4
3 -1 4.82 1 5.19 -1 8.22 2.8 92.1
4 -1 4.82 -1 2.81 1 11.78 5.0 86.1
5 1 10.18 1 5.19 -1 8.22 3.4 90.5
6 1 10.18 -1 2.81 1 11.78 1.8 94.9
7 -1 4.82 1 5.19 1 11.78 2.5 93.0
8 -1 4.82 -1 2.81 -1 8.22 1.0 97.1
9 1.682 | 12.00 0 4.00 0 10.00 0.4 98.8
10 0 7.50 1.682 6.00 0 10.00 0.7 98.1
11 0 7.50 0 4.00 | 1.682 13.00 1.0 97.1
12 -1.682 | 3.00 0 4.00 0 10.00 5.9 83.3
13 0 7.50 -1.682 2.00 0 10.00 5.2 85.5
14 0 7.50 0 4.00 |-1.682 7.00 3.9 88.9
15-20 0 7.50 0 4.00 0 10.00 06-21 98.4-94.1

2.3. Precipitation tests

The precipitation method used for the tests is described as follows: CAT is added to the
agueous solution containing Ge (fly ash leachate) with mechanical stirring until
complete dissolution. Then, CTAB is added. A number of batch precipitation tests were
performed by mechanically shaking the mixtures in 250 mL glass vessels at room
temperature to assure a complete dissolution of both reagents (15 — 30 min approx.).
Finally the pH is adjusted by adding the appropriate amount of 4M NaOH solution. After
one hour without stirring to assure the precipitate formation, the solution is filtered
through ALBET 145 filter (ash content < 0.007%) with a pore size of 7-11 um, washed
and subsequently dried at 110°C in an oven for 24 h.

The content of major and trace elements were analyzed in the solutions before and after
the precipitation experiments by inductively coupled plasma atomic emission
spectrometry (ICP-AES) and inductively coupled plasma mass spectrometry (ICP-MS).

2.4. Thermogravimetry

In thermo-gravimetric tests, the mass of a sample is measured as a function of
temperature when it is heated in a controlled atmosphere. The sample is prepared in an
alumina crucible, and is submitted to a heating ramp. The program measures the
temperature and the weight changes produced during the process. The equipment used
was a Mettler-Toledo thermo-balance, model TGA / SDTA 851.

According to Hernandez-Exposito et al'®, a similar precipitate formed by Ge, CAT and

dodecylamine must be dried up for 24 hours at 105 °C, followed by heating in an oven

at 10°C/min in an air atmosphere until constant weight is achieved at a temperature of
600 °C. Barreto et al*’ performed a thermogravimetric study of the complex formed by
iron (lll), catechol and CTAB. The thermogravimetric analysis was performed under air
and nitrogen atmospheres with a heating rate of 10°C/min from 25 to 750 °C, obtaining
a thermal decomposition mechanism (in which SQ refers to semiquinone, a product of




the CAT oxidation) that could also be applied to the mixed complex of catechol, CTAB
and germanium:

[CTA][Fe(SQ)2(CAT)] 5H.0 - [CTA][Fe(SQ)2(CAT)] + 5H,0 T=50°C
[CTA][Fe(SQ)2(CAT)] = [Fe(SQ)2(CAT)] + CTA T=226°C
[Fe(SQ)2(CAT)] = [Fe(CAT)] + 2SQ T=277°C
[Fe(CAT)] = Fe O3 + CAT T=297°C
Fe,O3 (residue) T>550°C

3. RESULTS AND DISCUSSION
3.1. Precipitation optimization
The germanium content in leachate was 35.6 mg/L. The precipitation yield (Table 1)

was calculated by a mass balance between the Ge concentrations in leachate
(Geleachate) and filtrate (Geirate):

(Geleachate - Gefiltrate) .100
GeIeeu:hate (7)

’r]:

In general, all the tests achieved high precipitation yields, higher than 83%, indicating
that the precipitation method used is very effective. It can be seen that the highest yield
was obtained in the test No. 9 with more than 98% of Ge precipitated.

Figure 4 shows the level curves obtained with the Design-Expert (Design-Expert®
Version 6.0.10 from Stat-Ease, www.statease.com) application for optimal values of
variables: CAT / Ge =12, CTAB/ Ge =4 and pH = 10.

C: pH
B: CTAB/Ge

B: CTAB/Ge A CAT/Ge A CAT/Ge

Figure 4. Level curves of germanium precipitation with fixed CAT/Ge = 12 (left),
CTAB/Ge = 4 (center) and pH = 10 (right)

The equation of the germanium precipitation yield (%) obtained with the Stat Ease
Design-Expert program, according to the ANOVA analysis is:



n=259.70 + 1.62 - CAT/Ge + 4.95 - CTAB/Ge + 2.18 - pH—-0.19 - CAT/Ge - CTAB/Ge +

0.41 - CAT/Ge - pH + 0.73 - CTAB/Ge - pH — 0.26 - (CAT/Ge)? — 1.14 - (CTAB/Ge)* —
0.38 - pH? (8)

with R?=0.7587

Figure 5 shows two response surfaces of Ge precipitation yield obtained for CAT/Ge =
12 (left) and CTAB/Ge 4 (right).
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Figure 5. Response surfaces of the precipitation with CAT/Ge = 12 (left) and
CTAB/Ge =4 (right)

Finally, when the pH is fixed at 10, the maximum Ge precipitation yield is about 95% for
molar ratios CAT/Ge and CTAB/Ge of 8.40 and 5.10 respectively (Figure 6).
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Figure 6. Response surface of the Ge precipitation at pH = 10

In the germanium precipitation yields the three variables above have influence
independently and jointly. CAT/Ge, CTAB/Ge molar ratios and pH linearly increased



precipitation: CTAB/Ge (4.95) > pH (2.18) > CAT/Ge (1.62). Regarding the quadratic
influence, interactions with the CAT/Ge and CTAB/Ge molar ratios are negative but the
effect is very small (-0.20). Moreover, the interaction of the molar ratios on the pH is
positive; however, the quadratic terms of each variable are all negative.
Notwithstanding, the most influential values are the linear ones since the coefficients
multiplying each factor are the highest.

According to equation 8, in order to maximize the germanium precipitation it is
convenient to take a high molar CAT/Ge ratio since the linear term and the interaction
with the pH term are higher than the interaction with the CTAB/Ge and the quadratic
terms. The CTAB/Ge molar should have an intermediate value since the quadratic term
is negative. The effect of pH is similar to that of CAT/Ge ratio, a higher value is better
since the linear and interactions terms are positive and higher than the quadratic term
that is negative.

When the germanium precipitation yield is optimized within the range previously defined
for the three variables, a 99.99% precipitation yield (practically 100%) can be achieved
for CAT/Ge = 8.71, CTAB/Ge = 4.86 and pH = 11.51.

However, when the precipitation yield is maximized, minimizing at the same time the
amount of reagents consumed (as the optimal precipitation supposes a high amount of
catechol), lower yields are obtained. Results obtained minimizing the reagents are
summarized in Table 2.

Table 2. Optimization of germanium precipitation minimizing reagents

Variables Calculated variables (Stat-Ease)

CAT/Ge CTAB/Ge pH CAT/Ge* | CTAB/Ge* | pH* | n (%)
Minimization | Range [2,6] | Range [7,13] 6.3 5.2 114 | 97
Range [3,12] | Minimization | Range [7,13] 11.1 2.8 116 | 95
Minimization | Minimization | Range [7,13] 6.6 2.9 9.3 92

As can be seen, when the CAT/Ge molar ratio is minimized, the Ge precipitation yield
was 95%, whereas for the minimum CTAB/Ge ratio the value reached 97%. When both
molar ratios were minimized the germanium precipitation fell around 92%.

3.2 Precipitation interferences

Table 3 shows the concentrations of the metals found in the water leachate of the IGCC
fly ash from the Puertollano power plant.

Table 3. Metal concentrations in the fly ash leachate

Element | As Ba Cd Co Cr Cu Hg Mo
mg/L | 15.2 | <0.001 | <0.003 | 0.25 | <0.002 | <0.003 | <0.03 | 0.43
Element | Ni Pb Sb Se Sn Vv Zn
mg/L | 37.7 | <0.03 19.1 | <0.04| <0.02 | 0.33 | 2.04




The elements in the fly ash leachate that can interfere in the germanium precipitation
process are antimony, arsenic, molybdenum, nickel, vanadium and zinc. The content of
those elements in the leachate and filtrates, as well as the precipitation yields obtained
in some selected precipitation tests are shown in Table 4.

Table 4. Precipitation yields (n) for the elements analyzed in selected trials

Leachate | Test No. 1| Test No. 8 | Test No. 9| Test No. 10| Test No. 11 | Test No. 17
mg/L |mg/L| n mg/L| n |mg/L| n |mg/k| n {mg/L| n |mg/lL| n

As 15.2 168 | - | 13.3 |12.5| 16.1 | - 13.8 | 9.2 | 143 | 59| 15.8 -

Mo 0.43 <0.01|100|<0.01| 100 |<0.01{100| <0.01 | 100 | <0.01 | 100 | <0.01 | 100
Ni 37.7 03 |99 |16.0| 58 | 80 |79 | 115 | 69 |<0.01|100| 95 | 75
Sh 19.1 141 |26 | 13.0| 32 | 131 |31 | 11.2 | 41 | 11.0 | 42 | 14.1 | 26
\% 0.33 0.12 | 64 | 0.04 | 88 [<0.02|100| 0.07 | 79 | 0.14 | 58 | 0.07 | 79
Zn 2.04 0.04 |98 | 0.28 | 86 | 0.24 | 88| 0.48 | 76 | 0.85 | 58 | 0.15 | 93

As can be seen, precipitation of arsenic, an element with similar properties to
germanium, was low. The content of nickel in the leachate is virtually the same as Ge
(37.7 mg/L for nickel and 35.6 mg/L for germanium) and the precipitation yields were
high in all tests, so it could become an important interference in the precipitate.
Antimony precipitated with intermediate yields but its concentration in the leachate was
19.1 mg/L, so that for a maximum precipitation yield of 42%, it was an interference with
little importance. The contents of molybdenum, vanadium and zinc in the fly ash
leachate (0.43, 0.33 and 2.04 mg/L) make them low significant interferences in the
precipitation process.

3.3. Thermogravimetric tests

Before submitting the Ge precipitate to a roasting process that renders an end-product
in the form of GeO,, a thermogravimetric study was carried out to find the best roasting
conditions. In this study, the following heating ramp was scheduled: from 25 to 300°C in
a nitrogen atmosphere with a flow of 100 mL/min and from 300 to 750°C in air
atmosphere (100 mL/min), in both cases using a heating rate of 4°C/min.

Figure 7 shows the mass loss as a function of temperature. From room temperature to
100°C the loss of water occurred, but it was not very significant. In the first step, a
24.5% of mass was reduced (in the range 180-290°C). The reaction was endothermic
and took place in a nitrogen atmosphere, so it was not combustion. The second step
(reaction) started at 290 °C, when air is introduced. The reduced mass in this interval
was 19.04%. The following step began at 340 °C and the mass loss was 24.42%. The
last step began at around 500 °C. At constant weight, the roasted precipitate had
16.26% of the initial precipitate mass.
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Figure 7. Mass loss of the Ge precipitate as a function of temperature in the
thermogravimetric test

As a result of this study, a mechanism for the decomposition of the germanium-complex
could be proposed and the optimum conditions for roasting were determined:

1) [(CTA),Ge(CAT)3] = [Ge(CAT)3] + 2 CTA T=180°C
2) [Ge(CAT)3] 2 [Ge(CAT)] + 2 CAT T=300°C
3) [Ge(CAT)] = Ge + CAT T=340°C
4) Ge + 0,2 GeOy T=500°C

GeO; (residue) T>600°C

First, there was a reaction due to the loss of the chemically combined water and after
that four reactions occurred: the first reaction at a temperature around 200 °C, which,
according to the literature, corresponds to the decomposition of the mixed complex into
the Ge-CAT complex and CTA. Then, the separation of germanium and CAT would be
produced in two steps. The last exothermic reaction is the reaction of formation of
germanium dioxide.

4. CONCLUSIONS
- Recovery of germanium from coal fly ash aqueous leachates by precipitation adding

CAT and CTAB occurred with very high yields (> 83%) achieving a maximum yield close
to 99%.
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- The highest yield (98.8%) was obtained in the following conditions: CAT/Ge molar ratio
=12, CTAB/Ge molar ratio = 4 and pH of 10.

- The most important interference found in the precipitation method proposed is nickel,
because its content in the fly ash leachate is similar to the germanium content and the
precipitation yields are in the range: 57 - 99 %. The order of interference of other metals
is as follows: Ni> Sb> Zn> Mo> V> As.

- To recover Ge, a roasting process of the mixed Ge CAT-CTAB complex was studied
using thermogravimetric techniques. This study shows that a temperature of 600°C was
needed to achieve a constant weight. In addition, a mechanism of decomposition of the
complex in four stages was proposed.
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