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ANALYSIS OF GRAPHITE ORE SAMPLES
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Abstract

The evaluation of a graphite deposit inevitably involves the determination of graphitic carbon content in the ore.
This work consisted in a detailed assessment of the method for the determination of this element in graphite ore samples
using a process, which involves acid leaching, calcination, combustion and infrared detection stages. From the data obtained,
it was possible to understand the importance of each one of these operations and to identify the optimal conditions for
the analysis with a significant turnaround time reduction. The optimized methodology was then validated with certified
reference materials according to selected parameters. Inter-laboratory tests were carried out with ore samples from
Almenara/Brazil graphite deposit. The data demonstrate that the method is very appropriate for determining the graphitic

carbon content in ore samples, generating reliable and high quality results.
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I INTRODUCTION

Graphite corresponds to the more stable natural
allotropic form of carbon under normal pressure and
temperature conditions. Its structure is formed by hexagonal
carbon atoms arrays linked by covalent bonds [I]. The arrays
overlap each other in sheets connected together by Van
der Waals type forces.

The difference between the intensities of the forces in
both directions is responsible for the anisotropic properties
of the material [2]. Furthermore, due to the weak bonding
between planes, the graphite crystals are very susceptible
to disorder in this direction, which gives the material its
softness and lubricity characteristics [3].

Carbon in the graphite ores may have different origins,
whether organic, carbonates and/or graphitic (or elementary).
For industrial applications, the most important species is
the graphitic carbon, which has the crystalline structure
responsible for the unique physical-chemical properties
of the material. Therefore, in the evaluation of a graphite
deposit, it is essential to have knowledge of graphitic carbon
content in the ore.

Most common procedures for determining the graphitic
carbon content in ore the samples consist of leaching the
material with hydrochloric acid solution to remove carbonates.
Then the material is heated to eliminate organic carbon by
conversion to CO,. The product obtained in the end of
this process contains only the graphitic carbon which can
be measured either by combustion and infrared detection
in a specific analyzer [4-7] or by gravimetric method [8].

The present study was set to investigate each step
of the methodology for graphitic carbon determination and
identify the optimum analysis conditions. The improved
methodology was validated using certified reference materials
and inter-laboratory tests were performed with ore samples
to certify the quality of the results.

2 EXPERIMENTAL PROCEDURE
2.1 Methodology Development

The first part of this work consisted of an evaluation
of the steps involved in the current method of graphitic
carbon determination used in Almenara Graphite Project.
A detailed study about the influence of test conditions on
the final results was carried out in order to improve the
analytical procedure. The main objective was to reduce the
eight hours turnaround time for the analysis.

To measure the effect of changes in tests conditions
on the analytical results, this development was done using
the certified reference materials (CRM) produced by
Geostats Pty Ltd, as showed in Table |. These graphite ore
standards have the expected graphitic carbon levels for the
laboratory routine.

The original methodology for determination of graphitic
carbon in ore samples comprises the following steps:
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Table I. Certificate reference materials

Total carbon (%)

Graphitic carbon (%)

CRM Certified value Standard deviation Certified value Standard deviation
GGC-06 8.16 0.24 7.68 0.38
GGC-08 1.03 0.04 0.39 0.06
GGC-09 2.95 0.27 2.41 0.27
GGC-10 5.22 0.18 4.79 0.29

a. weighing the sample as received on the ceramic
combustion boat;

b. drying the sample in an oven at 108 °C for | hour
to remove moisture;

c. It leaching with HCI 1:1, using enough solution to
fill the combustion boat;

d. removing the solution from the combustion boat by
washing and filtration;

e. 2" leaching with HCI I:1, using enough solution to
fill the combustion boat;

f.  removing the solution from the combustion boat by
washing and filtration;

g. calcination of the sample in an electric oven at 400 °C
for two hours;

h. cooling the sample at room temperature;

analysis of residual material in carbon analyzer
LECO SC-632.

The stages were evaluated individually through
analysis conducted with seven replicates. Grubbs test [9] was
applied to certify that there were no outliers in the results.

2.1.1 Sample drying

At this stage, the influence of sample moisture in
the results was evaluated. Dried and non dried samples
were analyzed and the values obtained for graphitic carbon
were compared.

2.1.2 Acid leaching

The ore leaching with hydrochloric acid is a key
stage in graphitic carbon analysis process, since carbonates
are eliminated at this point. The number of stages needed
to ensure the effectiveness of this operation (one, two or
three) was studied.

2.1.3 Removing acid solution

The original analysis procedure requires removing of
hydrochloric acid of the combustion boat by vacuum filtration.
In this case, the replacement of the filtering operation by
the evaporation of the acid at 100 °C on a hot plate was
investigated. The main advantage of this change would be
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the reduction in analysis time, because the heating process
is much faster than filtering.

2.1.4 Calcination

The influence of the oven temperature and calcination
time on the graphitic carbon results was also studied. Initially
the work was done only with the CRM GGC-09 sample.
The following conditions were evaluated: time (1h and 2h)
and temperatures (400 °C, 450 °C, 500 °C, 550 °C and
600 °C). The best time and temperatures pairs were tested
for other standards.

2.1.5 Equipment calibration curve

The last evaluated step was the analysis of the
samples in the LECO SC-632. The reference materials were
analyzed with two different calibration curves, one being
constructed with the graphite ore standard GGC-06 and
another with the standard LECO 501-025, recommended
by the equipment supplier, which is metallic and has carbon
content equal to 3.35%

2.2 Method Validation

The validation of an analytical method is the confirmation
that a specific requirement for a specific use is fulfilled [10].
This should include, when applicable: selectivity, linearity, linear
working range, detection limit, quantification limit, recovery,
accuracy, precision and robustness [| I]. The parameters
evaluated in this work are listed in the items that follow.

2.2.1 Linearity and linear range

The linearity is the ability of a method to demonstrate
that its results are directly proportional to the concentration
of the analyte in the sample, within the linear working range.
Five samples with known graphitic carbon content were
used to calculate these parameters. They were produced
from diluting the CRM GGC-06 with the silica standard
BCS-313/2, produced by Bureau of Analyzed Samples.
The concentration levels were 0.5%, 2.5%, 4.5%, 6.5%
and 8.0%. Each of these samples was analyzed seven times
and the average results were compared with the values
expected by linear regression analysis.
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2.2.2 Accuracy and precision

To check the precision and accuracy of the proposed
methodology, seven replicates of the GGC-09 standard
were analyzed.

The precision refers to the degree of agreement
among repeated measurements of the same characteristic in
the same sample collected in the closest possible conditions.
This was assessed by the Horrat test, which is the ratio of
the method standard deviation and the Horwitz relative
standard deviation (Equation |). Precision is approved when
Horrat parameter is less or equal 2 [12].

RSD — (1-05i0g0) (I)

Horwitz —

where C is the analyte concentration in mass percentage.

Accuracy indicates how close the measured and the
true values are. Its evaluation was performed using the relative
error (Equation 2). If this parameter is between = 5.0%
then the method has a good level o accuracy.

RE = (Xlabin)/Xv (2)

where X  is the average concentration of the seven replicates
and X, is the certified value.

2.2.3 Quantification and detection limits

To determine the detection and quantification limits,
seven replicates of blank samples were analyzed according
to the optimized methodology. These blanks were, actually,
the ceramic combustion boat with the burn accelerator
COM-CAT LECO.

The detection limit corresponds to the smallest value
of analyte concentration that can be detected by the method.
Its value is estimated from the average concentration of blanks
plus three times the standard deviation for the replicates.

The quantification limit corresponds to the lowest
amount of analyte concentration which can be quantified
by the method. Its value is estimated from the average
concentration of blanks plus ten times the standard deviation
obtained for the replicates.

2.3 Inter-laboratory Tests

After the method development and validation, an
inter-laboratory study was conducted with 170 graphite
drilling samples from Almenara/Brazil graphite deposit.
It is a flake graphite deposit, located in the Minas-Bahia
graphite province, with an average grade of 2.2% graphitic
carbon [13,14].

Two commerecial laboratories participated in these trials.
The relative differences between the results obtained by them
were calculated as shown in Equation 3. These results were
graphically compared to the standard deviation calculated
from the Horwitz equation. If the relative difference (RD)

is smaller than the Horwitz standard deviation, then the
data are comparable.

RD = [(Xymsi— X))/ ((Xymss + X,)/2)]¥100 ()

where X, is the result in Magnesita’s laboratory and X is
the result in the commercial laboratory (| or 2).

3 RESULTS AND DISCUSSION
3.1 Methodology Development

The first evaluated parameter was the influence of
samples moisture on the final results. As can be seen in
Figure |, the relative differences between the certificate
value and analysis results for each condition (dried and non
dried samples) were very close, showing that there was
no influence of drying on the final result. As the tests were
carried out with very low moisture content standards, it was
decided to keep this operation in the procedure.

The results of tests carried out with one, two and
three hydrochloric acid leaching stages are shown in Table 2.
There is no relevant difference between the results obtained
with two or three leaching stages.

The relative differences between the expected values
and the results for the single leaching samples are much higher
than that observed for the other conditions, indicating that
it is insufficient to remove all carbonates from the material.
In fact, the larger relative differences were obtained for the
samples containing more non graphitic carbon: GGC-08 and
GGC-09. This shows that it is not possible to reduce the
number of leaching stages from two to one.

The investigation about the best way to remove
the hydrochloric acid from the combustion boats showed
that there is no significant difference between the results
obtained in filtering/washing and evaporation routes
(Figure 2). This means that is possible to replace the one
operation by the other without compromising the quality
of the analysis. This is a very important conclusion, since
filtering and washing is the most time consuming step in
graphitic carbon determination method. This process, which
is done in two stages (one after each leaching step), takes
around four hours to be complete, while each evaporation

Influence of moisture content
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Figure 1. Influence of moisture content in graphitic carbon results.
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Table 2. Influence of number of leaching stages in graphitic carbon results

C graph - One stage (%)

C graph - Two stages (%) C graph - Three stages (%)

Certified " A N . N .
CRM value (%) Analytical Relative Analytical Relative Analytical Relative
result difference result difference result difference
GGC-08 0.39 0.6l 56.4 0.41 4.0 0.40 3.7
GGC-09 2.41 2.89 19.9 251 4.2 2.50 39
GGC-10 4.79 5.19 8.4 4.71 -1.7 4.76 -0.7
GGC-06 7.68 8.79 14.5 7.77 1.2 7.80 1.6
step lasts only 10 minutes. This is a key factor for reduction - I )
. K . L Removing acid solution procedures results
of analysis turnaround time and increased productivity in e
the laboratory. g 8.0 E—
. . . . c i
Figure 3 shows the results of calcination time and 2 o
temperature tests for CRM GGC-09. The data indicate S 40 o _
that the graphitic carbon content tends to decrease with % 20 7.———‘7 —
increasing of both parameters and the temperature seems to S 00 m— — - -
have more influence on the results. The values obtained for GGC-08 GGC-09 GGC-10 GGC-06
550 °C and 600 °C are very low, indicating loss of graphitic W Filtration / Washing  OEvaporation
carbon. Results for 400°C, 450 °C and 500 °C (in one or

two hours) are within the acceptable range calculated
considering the CRM standard deviation.

Considering these results and seeking to optimize the
analysis time, it was decided to perform new tests at 400 °C
and 500 °C during one hour for the four certified reference
materials. As showed in Figure 4, the values obtained in both
conditions are very similar and within the standard deviation
for the reference materials. This indicates that is possible
to reduce the calcination time from two to one hour while
maintaining the oven temperature at 400 °C.

The last evaluated parameter was the equipment
calibration curve. The results, shown in Table 3, indicate that
the values tend to fit better in the GGC-06 curve. This may
be occurring due to two different factors. The first and most
important is the matrix effect. GGC-06 is a mineral ore
standard, very similar to the samples that are being analyzed,
while LECO 501-024 is a metallic reference material which
may contain components that can affect the instrumental
response. The second is that LECO 501-024 has only 3.35%
of graphitic carbon, which means that all results above this
value were obtained by extrapolation in the curve, thereby
increasing the analytical error.

After completing the evaluation about the impact of
modifying the analysis conditions, an optimized procedure
for graphitic carbon determination was proposed as follows:

a. weighing the sample as received on the ceramic
combustion boat;

b. drying the sample in an oven at 108 °C for | hour
to remove moisture;

c. It leaching with HCI 1:1, using enough solution to
fill the combustion boat;

d. removing the solution from the combustion boat by
evaporation at 100 °C;

Figure 2. Influence of HCI filtration/washing and evaporation in
graphitic carbon results.
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Figure 3. Influence of calcination time and temperature in graphitic
carbon results for CRM GGC-09
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Figure 4. Influence of calcination time and temperature in graphitic
carbon results.

e. 2" leaching with HCI 1:1, using enough solution to
fill the combustion boat;

f. removing the solution from the combustion boat by
evaporation at 100 °C;

g. calcination of the sample in an electric oven at 400 °C
for one hour;

h. cooling the sample at room temperature;
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Table 3. Influence of calibration curve in graphitic carbon results

C graph C graph
CRM Certified value (%) GGC-06 Curve (%) LECO 501-024 Curve (%)
Analytical result  Relative difference  Analytical result  Relative difference
GGC-08 0.39 0.39 -0.1 0.47 20.9
GGC-09 241 2.36 -1.9 2.44 1.1
GGC-10 4.79 4.78 -0.2 5.13 7.0
GGC-06 7.68 7.78 1.3 8.14 5.9

i. analysis of the residual material in the LECO SC-632
carbon analyzer, using the GGC-06 calibration curve.

With this new procedure the analysis turnaround time
has been reduced from eight to four hours with no losses
in the quality of the results produced by the laboratory.

3.2 Method Validation

Once the analytical procedure was set, the method
validation was initiated. The first two parameters evaluated
were linearity and linear working range, as shown in Figure 5.
The linearity was verified by the linear regression obtained
by comparing the measured and expected concentrations for
the analyte. The determination coefficient (R?) is greater than
0.99, which means that the method is suitable for analyzes
in the defined working range (0.5% to 8.0%).

Precision and accuracy were evaluated from seven
replicate analyses of the GGC-09 standard. The results are
presented in Table 4.

The method has good repeatability since the result of
Horrat test is less than two. Moreover, the relative standard
deviation was only 0.33%, indicating that it presents good
precision.

The relative error was 0.53%, an extremely low
value, which indicates good accuracy. The results were very
close to the certificate value.

The detection and quantification limits calculated
from seven replicates of blank samples were 0.02% and
0.07%, respectively.

3.3. Inter-laboratory Tests

The inter-laboratory tests were performed with
170 drilling samples collected in Almenara deposit with
graphitic carbon grade ranging from 0.01% up to 26.0%,
of which 85% presented content of this element within
the validated working range. It should be emphasized that
this set of samples contains ore and waste samples, which
explains the wide variation observed in graphitic carbon levels.

The graphs in Figures 6 and 7 show that the relative
differences calculated between the analytical results of the
internal laboratory (MRSA) and the commerecial laboratories
“A’ and “B” are within the limits established by the Horwitz
equation. This indicates that the data are reproducible and
can be compared.

Linearity and linear range
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Figure 5. Linearity and linear working range for graphitic carbon
optimized method.

Table 4. Precision and accuracy

Analyical Mean 293 %
nalytica o

vt Standard deviation (SD) 001 %
results

Certified value 295 %

Relative standard deviation (RSD) 033 %

Precision Horwitz relative standard deviation RSD 3.40 %

Horrat 0.10
Accuracy Relative error 053 %
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Figure 6. Comparison between results of graphitic carbon reported
by MRSA and commerecial laboratory “A’ — Horwitz analysis.

It is an important conclusion since it shows that
the results achieved through the optimized methodology
proposed in this paper have good agreement with those
obtained by methods established and practiced by commercial
laboratories.
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Relative difference versus average value - C graf
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Figure 7. Comparison between results of graphitic carbon reported
by MRSA and commercial laboratory “B” — Horwitz analysis.

4 CONCLUSIONS

The present study presents an optimized methodology
for graphitic carbon analysis in ore samples. It is based in
classic methods and involves several stages of treatment
for removing non graphitic carbon, besides combustion and
infrared detection. However, with some improvements, it
was possible to reduce the turnaround analysis time from
eight to four hours, without compromising the quality of
the analysis.

The main proposed changes were the replacement of
the washing and filtration stages for removing the hydrochloric
acid of the combustion boat by the evaporation process and
reduction in calcination time. The other standard conditions
should not be changed since it may affect the resuilts.

Filtering and washing is the most time consuming
step in the original methodology, taking about four hours
to be completed. When this operation is substituted by the
evaporation process this time drops to only 20 minutes,
enhancing the laboratory capacity.
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