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Abstract  The interaction between peat, lignite and germanium(Ge)-bearing solution with an 
initial Ge concentration of 5 mg/L was studied at 25―100℃ and at pH 2.96―12.08. The results 
show that the apparent transfer ratios of peat and lignite for Ge in the solution were positively 
correlated with temperature in acid environment (initial pH=2.96), and the ratios (up to 86.5%) of 
lignite were obviously higher than those (up to 58.5%) of peat, but the organic transfer ratios of 
lignite were lower than those of peat. The activation energy values for interaction between peat, 
lignite and Ge-bearing solution are 30.96 and 15.67 kJmol−1, respectively. The strong acid (initial 
pH=2.96) and the strong alkaline (initial pH=12.08) environment contribute to the transfer of Ge in 
the solution. At 4＜pH＜10, the influences of pH on the interaction between peat and Ge-bearing 
solution are not significant, while weak acid environment (initial pH=6.38) conduces to the 
transfer of Ge into lignite. The interaction between peat, lignite and Ge-bearing solution are 
mainly attributable for the complexation of Ge with organic substrate. The experimental results 
from this study provide direct experimental evidence for the hydrothermal sedimentary genesis of 
abnormal enrichment of Ge in coal. 
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Since Goldschmidt discovered unexpectedly high 
concentration of Ge in coal in 1930[1], many research-
ers have studied the characteristics of Ge-bearing coal, 
the existing form or mode of occurrence and the dis-
tribution characteristics of Ge in coal[2―13], but little 
was known about the pathway and the physical- 
chemical conditions of Ge entering the coal[7]. Al-
though Ge exists mainly in the organic form in coal[8,9], 
the organic Ge in natural water is stable and does not 
participate in the geochemical cycle of Ge[14]. Along 
with the intensive studies on the geochemical behavior 
of Ge in the hydrothermal systems in middle ocean 

ridges and the continental geothermal systems[15―17], 
the solubility of tetrahedral GeO2

[18―20], and the geo-
chemical studies on several typical Ge-rich coal de-
posits, such as the Ge-coal deposit in Eastern Russia[5], 
the Lincang Ge deposit and the Wulantuga Ge de-
posit[6―13], more and more evidences have shown that 
the interaction between inorganic Ge rich hydrother-
mal solution and the coal seams is the main factor 
controlling the abnormal enrichment of Ge in coal, 
with the coupling effect of various metallogenic fac-
tors[5,6,11,12]. The findings from the above-discovered 
superlarge Ge deposits have shown that Ge occurs 
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mainly in the lignite with low maturity. Therefore, the 
experimental studies on the interaction between peat, 
lignite and Ge-bearing solution are significant for re-
vealing the mechanism of the abnormal enrichment of 
Ge, even the formation of independent Ge deposit in 
coal. 

1  Experimental material and procedure 

The peat and lignite samples were collected from 
Yunnan and Guizhou, and the sampling location, the 
R0,max and the elemental analysis results are listed in 
Table 1. Considering the solubility of tetrahedral GeO2 
in the solution varying from 0.6 to 9.9 mg/L at 25― 
90℃[18], the initial Ge concentration (C0) of the Ge- 
bearing solution was selected at 5 mg/L, closer to the 
natural geological condition. Market sold amorphous 
GeO2 with purity of 99.99% was dissolved into rare 
HCl solution, then the solution was diluted until C0=5 
mg/L Ge was obtained from the diluents. The initial 
pH values (pH0) of the prepared Ge-bearing solution 
were adjusted by adding rare NaOH solution, and were 
determined by pH-2C exact acidity meter (error <0.02). 
All the interactions were conducted in a constant tem-
perature box and PTFE or Teflon vessels sealed with 
stainless steel cannulas. 

0.5 g peat and lignite ground samples (meshed <63 
µm) were put into PTFE vessels, to which 10 mL Ge- 
bearing solution was added, and then PTFE vessels 
were sealed with stainless steel cannula, and were put 
into a constant temperature box after the samples and 
the solutions were mixed well. After the samples and 
the solutions have been reacted at different tempera-
tures with various durations, the vessels were taken 
out, and the residual solutions were filtrated and the 
residua of peat and lignite were washed for several 
times, then the filtrate and the lotion were switched 
into a 50 mL volumetric flask. The residual Ge con-
centrations in the solution were analyzed by ICP-MS 
using In as inner standard, and the analytical precision 

is better than 5%. The apparent transfer ratios for Ge 
and the kinetic parameters were calculated. 

2  Experimental results 

2.1  Kinetic parameters 

The pH values of the peat forming environment of 
the domical modern woody peat in Southeast Asia 
varies from 2 to 5[21], thus the pH0 of the Ge-bearing 
solution was selected to be 2.96. The results of the 
interaction between 10 mL Ge-bearing solution and 
0.5 g peat or lignite, at pH0=2.96, T= 25―100℃, and 
C0=5 mg/L, show that the apparent transfer ratios 
(ATR) of peat and lignite for Ge in the solution are 
positively correlated with temperature; and the inter-
action durations are positively correlated with the re-
ciprocal of the residual Ge concentration in the solu-
tion (Table 2, Figs. 1 and 2). Many studies have shown 
that Ge mainly exists in the organic component of 
coal[3,8,9]. Suppose that C, H, O, N and S occur in the 
organic form in the determined peat and lignite sam-
ples, the calculations of the organic transfer ratio 
(OTR) indicate that, the ATRs of lignite were higher 
than those of the peat，but their OTRs were lower than 
those of the peat and the diversity enhanced with the 
increase of temperature (Table 2). The results of vari-
ous quantities of lignite in the solution, at pH0=2.96, 
T=75℃ and C0=5 mg/L with a duration of 60 h, indi-
cate that the ATRs of lignite for Ge are positively 
correlated with its quantities (Table 2). 

According to the classical kinetic theory, the inter-
action between Ge4+ and the organic substrate should 
be described by the following expression: 

 4 4d[Ge ]/ dt [Ge ] [OM] ,k α β+ += − ⋅ ⋅  (1) 

where k represents the rate constant of the reaction at a 
given temperature and α and β represent respectively 
the partial orders relative to Ge4+ and the organic sub- 
strate (OM). [Ge4+] represents the residual Ge4+ con- 

 
Table 1  The elemental analysis results of the peat and lignite samples (%) 

Sample No. Location R0,max Rank N C S H O Moisture Ash Total
SC-18 Weining County in Guizhou 0.26 Peat 0.54 21.75 0.20 2.11 7.36 6.00 57.58 95.54 
ZT-20 Zhaotong County in Yunnan 0.37 Lignite 1.26 44.44 0.54 3.44 14.61 12.73 20.73 97.75 
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Table 2  The results of the interaction between 0.5 g peat, lignite and Ge-bearing solution at pH0=2.96, T= 25―100℃ and C0=5 mg/L 
Peat Lignite 

T/℃ t/h 
C ATRb(%) OTRc/µg·g−1 C ATR (%) OTR/µg·g−1

12 4.44 11.2 33.5 3.85 23.0 35.0 
24 4.26 14.9 44.5 3.55 29.0 44.1 
36 4.15 17.1 51.1 3.36 32.9 50.0 
48 3.85 23.0 68.8 3.28 34.5 52.5 

25 

60 3.83 23.5 70.0 3.23 35.5 54.0 
12 3.78 24.5 73.2 3.07 38.7 58.8 
24 3.47 30.6 91.5 2.66 47.3 71.9 
36 3.26 34.9 104 2.49 50.3 76.5 
48 3.05 39.0 117 2.40 52.0 79.1 

50 

60 2.90 42.0 126 2.34 53.3 81.0 
12 3.30 34.0 102 2.39 52.3 79.5 
24 2.83 43.5 130 1.82 63.7 96.9 
36 2.64 47.2 141 1.60 68.0 103 
48 2.51 49.8 149 1.40 72.0 109 

75 

60 2.48 50.5 151 1.34 73.3 111 
12 2.98 40.5 121 1.86 62.9 95.6 
24 2.64 47.2 141 1.17 76.7 117 
36 2.30 54.1 162 0.92 81.6 124 
48 2.26 54.9 164 0.84 83.3 127 

100 

60 2.08 58.5 175 0.68 86.5 132 
60 0.1g lignite + Ge-bearing solution 3.90 22.1 33.6 
60 0.2g lignite + Ge-bearing solution 3.24 35.3 53.7 75 
60 0.3g lignite + Ge-bearing solution 2.41 51.8 78.8 

C, The residual Ge concentration in the solution (mg/L); ATR = (C0−C)/C0×100%; OTR=[(C0−C)×10]/[0.5×((C+H+O+H+S)/Total)]. 

 
Fig. 1.  The apparent transfer ratio (ATR) of the peat and lignite for Ge in the solution, as a function of duration, at pH0=2.96, C0=5 mg/L and T= 
25―100℃. 

centration in the solution with various durations. [OM] 
represents the amounts of the organic substrate with 
various durations. The amount of organic substrate is 
abundant with respect to Ge4+ ions, and the consump-
tion of organic substrate during the reaction can be 
neglected, so [OM] equals [OM]0. The rate constant 

can be  

  (2) app 0[OM] .k k β= ⋅

In this case, kapp is an apparent (or conditional) con-
stant.  
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⋅

k

At a given temperature, the experimental results 
show a linear increase of the reciprocal of Ge4+ ions as 
a function of time for the four temperature values con-
sidered, indicating that the partial order (α ) with re-
gard to Ge4+ is equal to 2. After integration, eq. (1) can 
be rewritten as 

  (3) 4 4
0 app1/[Ge ] 1/[Ge ] ,k t+ +− =

where [Ge4+]0 represents the initial Ge4+ concentration 
in the solution. Eq. (3) shows that, the slope of linear 
equation of the reciprocal of [Ge4+] as a function of 
duration equals to the kapp of the reaction at a given 
reaction system and temperature (Fig. 2). 

At constant temperature (75℃ in this case), the 
partial order β can be determined by the reaction with 
various amounts of the organic substrate. Eq. (2) can 
be transformed in the logarithmic way: 

  (4) app 0log log[OM] log .k β= +

Equation (4) shows that logkapp is positively correlated 
with log[OM]0 and the slope equals the partial order β. 
The values of logkapp and log[OM]0 of different reac-
tions with various amounts of organic substrate were 
calculated from eq. (3), and a value of 1.18 for β was 
calculated from these results. Considering the analyti-
cal error and β should be an integer, β was chosen to  

 
Fig. 2. The reciprocal of residual Ge concentration in the solution (1/Ge4+), as a function of duration, at pH0=2.96, C0=5 mg/L and various tempera-
tures. Blank cycles refer to lignite and blank triangle to peat. 
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be equal to 1. 

According to the Arrhenius equation, 

 

,

R

  (5) /
app e E RTk A −=

where A is a constant, and InA was selected to be an-
other constant (C). Then, eq. (5) can be rewritten as 

  (6) appln /( ),k C E RT= −

where E is the activation energy, R is the gas constant 
(8.32 JK−1mol−1), and T is the temperature (K). Eq. (6) 
shows that lnkapp is linearly correlated with 1/T, and 
the slope in Fig. 3 equals −E/R. Then  

  (7) (slope) .E = − ⋅

The apparent rate constant (kapp) and the activation 
energy (E) of the interaction between peat or lignite 
and Ge4+ in the solution, with various temperatures, 
were calculated using the above methods, and the re-
sults are listed in Table 3. 

2.2  pH and ATR of Ge in the Ge-bearing solution 

At 75℃, various initial pH values (pH0) and a dura-
tion of 60 h, the results (Table 4 and Fig. 4) of the in-
teractions of 0.5 g peat, lignite and 10 mL Ge-bearing 
solution (C0=5 mg/L Ge) show that strong acid 
(pH0=2.96) and strong alkaline（pH0=12.08）contribute 
to the transfer of Ge in the solution; at 4＜pH＜10, the 
influences of pH on the interaction between peat and 
Ge-bearing solution are not significant, while weak 
acid (pH0=6.38) conduces to the transfer of Ge into  
lignite. 

3  Discussions 

In order to explain the anomalously high amounts 
of some trace elements in black shale, peat, coal and 
petroleum, it is commonly thought that there are three 
kinds of mechanisms, biological processes, comple- 
xation and reduction, for the concentration of trace 
element, such as germanium, uranium, gold, zinc, etc., 
in organic substrate[1]. 

Plants apparently absorb and concentrate Ge from 
both the air and the soil, but superfluous Ge will in-
hibit the growth of the plants and even produce poi-
sonous effect[3]. The distribution of Ge in coal is un-
even whether in cross or longitudinal directions[5―7,12], 
and there are only a few of coal seams containing rela-
tively high Ge content[7]. The concentrations of Ge 
show great diversities in coal which were derived from 
the same plants and grew in the same environment and 
the same era[7]. The wall rock with high infiltration 
capacity favours the accumulation of Ge in coal[2]. In 
addition, the distribution of Ge-rich coal seams was 
geologically controlled by fault zones[5,12,13]. It is al-
most widely accepted that Ge in coal was not inherited 
from the coal forming plants, but introduced mainly 
from the surroundings in coal forming process and the 
later evolution[3,7]. 

The reducing ability of the organic substrate is 
tightly associated with the standard potentials (E0) of 
organic substrate and metallic ion redox or oxide cou-
ples[4]. The Eh0 of Ge4+ reduced to Ge (0.0V)[22] is 
obviously lower than those of lignite and the other 
organic substrate (0.50―0.76 V)[4], indicating that 
lignite, humic acid, etc. are incapable of reducing Ge4+ 
to Ge0 at low temperature. Experimental studies on the 
reduction of Au3+ by lignite with low maturity or bi-
tumen and kerogen[23―25] have demonstrated the uni-
versality of the following mechanism: [MOred]+ Mn+→

[MOox]+pH++M(n-p)+, where [MOred] and  [MOox] 
represent the initial (redox) organic substrate and the 
final (oxide) organic substrate, respectively. That is to 
say, protons（H+）were released during the process of 
reduction of metallic ion by organic substrate. The pH 
values of the solutions were apparently increased, after 
the interaction between 10 mL Ge-bearing solution 
and coal with various maturities at 25℃1). These facts 
further show that the interaction between Ge-bearing 
solution and organic substrate is not a process of re-
duction.  

The mechanism during the interaction between  

 
                          

1) Qi Huawen, Continental hydrothermal sedimentation and the genesis of superlarge germanium deposit: A case study on the Lincang Ge deposit, Ph.D 
dissertation, Guiyang Institute of Geochemistry, Chinese Academy of Sciences, 2002. 
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Table 3  The kinetic parameters of the interaction between 0.5 g peat, lignite and Ge-bearing solution at pH0=2.96, C0=5 mg/L and T= 25―100℃ 
kapp 

25℃ 50℃ 75℃ 100℃ 
E/kJmol−1

Peat 3.33×10−7 t−1 6.11×10−7 t−1 8.89×10−7 t−1 11.9×10−7 t−1 30.96 
Lignite 4.72×10−7 t−1 9.44×10−7 t−1 24.44×10−7 t−1 56.94×10−7 t−1 15.67 

 

 
Fig. 3.  lnkapp as a function of 1000/T at various temperatures (P, peat; 
L, lignite). 

Table 4  ATRs of peat and lignite for Ge at 75℃, C0=5 mg/L, duration 
of 60 h and various pH0

pH0 2.96 4.26 6.38 7.44 8.49 10.3 12.08 
C 1.34 2.03 1.56 1.71 1.82 1.9 1.36

Peat 
ATR(%) 49.8 49.3 46.5 45.1 47.4 50.4 55.8

C 2.51 2.54 2.68 2.75 2.63 2.48 2.21
Lignite 

ATR(%) 73.3 59.5 68.9 65.9 63.6 62 72.9

 

Notes are the same as in Table 2. 

peat, lignite and Ge-bearing solution is mainly the 
complexation of Ge by organic substrate, and Ge 
probably mainly formed complexes with the oxygen- 
bearing function groups. The main evidences are from: 
(1) many studies show that Ge is a typical organophile 
element and mainly incorporated in huminite or the 
macromolecular structure of vitrain, and no simple 
substance of Ge was discovered[3,8,9]; (2) the experi-
mental data available indicate that Ge4+ can form sta-
ble organic complexes with 6 oxygens in carboxylic 
acid and phenols, and Ge-O distance varies from 1.85 
to 1.94 nm[19,20]; and (3) the distribution of Ge and 
sulfur in the subvolcano thermally affected coal also 
indicates that the organic substrate in coal mainly “ab-
sorbed” Ge in the thermal fluid[26]. 

 
Fig. 4.  ATRs of peat and lignite for Ge as a function of initial pH at  
75℃, C0=5 mg/L and a duration of 60 h (P, peat; L, lignite). 

4  Conclusions 

The experimental results of the interaction between 
peat, lignite and Ge-bearing solution at temperature 
from 25 to 100℃, C0=5 mg/L and various initial pH 
values show that the apparent transfer ratios of peat 
and lignite for Ge in the solution were positively cor- 
related with temperature in acid environment (initial 
pH=2.96), and at the same conditions, the apparent 
transfer ratios (up to 86.5%) of the lignite were obvi- 
ously higher than those (up to 58.5%) of the peat, 
while their organic transfer ratios for Ge were lower 
than those of the peat samples. The activation energy 
values for the interaction between peat, lignite and 
Ge-bearing solution are 30.96 and 15.67 kJmol−1, re- 
spectively. This study also found that strong acid (ini- 
tial pH=2.96) and strong alkaline (initial pH=12.08) 
environment favour the transfer of Ge in the solution; 
at 4＜pH＜10, the influences of pH on the interaction 
between peat and Ge-bearing solution are not signifi- 
cant, while weak acid (initial pH=6.38) conduces to 
the transfer of Ge into lignite. The mechanisms of in- 
teraction between peat, lignite and Ge-bearing solution 
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are mainly the complexation of Ge with organic sub- 
strate. The above results provide direct experimental 
evidence for the hydrothermal sedimentary genesis of 
abnormal enrichment of Ge in coal, and are significant 
for revealing the mode of Ge in coal. 
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