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Abstract

When the purity of boron carbide raw materials is determined, it is important to quantitatively
analyze the free carbon impurity. The method of wet chemical oxidation and coulometric analysis
for the determination of the free carbon is provided in JIS R 2015 (Japanese Industrial Standards). In
this study, it was found that the quantitative analysis could be performed approximately according
to the JIS. However, the JIS has some problems about the accuracy of analysis. These problems
were improved by the following countermeasures. : Selecting the optimum temperature during
the wet chemical oxidation process, although it is different from that specified in JIS. Changing
the CO and CO. gas generated in the process to all CO. by a small improvement in the apparatus.
Selecting the optimum particle size of the samples in order to control the wet chemical oxidation
speed of boron carbide to obtain a constant speed. Using the appropriate device and procedures
with other improvements.

1. FC®IC 1. Introduction

AL 7 RERHE, BEUER SN TWBIK Boron carbide raw materials are used for
Wa L OIZEIERE L TR KR SN TW 525, the auxiliary materials of various refractories
ZOFEEOMERHL AP L LT, 2007412 ]IS — mainly those containing carbon. In order to

R 2015 : i K H AL S 7 RIEE O 5 ] © evaluate the chemical quality of the raw materi-
JISHEDSHIZEEN TS, T ORI, 200440 als, JIS R 2015 “Methods for chemical analysis
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of boron carbide raw materials for refractory
products” was standardized in 2007. The start
of drawing up the standard was that the TAR]
(The Technical Association of Refractories,
Japan) granted the request in a joint meeting
of ISO/TC33/WG17 and CEN/TC187/WG4 in
2004 and joined in the round robin of boron
carbide analysis”.

In order to determine the purity of boron
carbide raw materials, it is important to analyze
the free carbon content including amorphous
carbon, organic carbon and so on, which have
no bond with boron. The carbon content in
refractories is usually analyzed by infrared (IR)
method using a resistance furnace or a high-
frequency induction furnace in Japan. However
these methods are not effective for determining
the purity of boron carbide raw materials with
high accuracy. Because the boron carbide and
the free carbon present in raw materials can
not be separately burnt.

The JIS R 2015 standardized in 2007 describes
that the method for wet chemical oxidation
and coulometric analysis is applicable for the
determination of the free carbon content. When
a free carbon is selectively oxidized by wet
chemical oxidation and the oxide is analyzed
by coulometric method, the free carbon can be
analyzed with a high accuracy. However the
coulometric apparatus required for free carbon
analysis is not sold in Japan. We have had no
chance to analyze according to the standard.
So we purchased an apparatus made in behr
Labor-Technik GmbH, Germany. In this study,
the accuracy of the JIS analysis for free carbon
in boron carbide raw materials was investigated,
and the problems with the analysis were identi-
fied.
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2. Problems with the Analysis Method Used
for Boron Carbide Raw Materials

Very few technical reports have been written
about the analysis of carbon in boron carbide
raw materials by coulometric method. There-
fore, the designs of laboratory glassware and
analysis apparatuses, measurement conditions,
and the sequence of procedures, which the JIS
does not describe in details, need to be examined.
In addition, boron carbide raw materials would
also be oxidized by the strongly oxidizing solu-
tion which is used for wet chemical oxidation.
Such problem must be investigated, too.

In this study, the analytic conditions which
were able to provide results with high accuracy
were examined by using certified reference
materials for free carbon and some boron car-

bide raw materials.

3. Principle of Carbon Analysis by Wet
Chemical Oxidation and Coulometric
Method

First, the principles of wet chemical oxidation
and coulometric method are described, previous
to describing the analysis procedure.

When a boron carbide sample is put into chro-
mic sulfuric iodic acid solution heated at 100C,
free carbon present in the sample is oxidized to
carbon dioxide whose quantity is analyzed by
coulometric method according to equation (1)".

3C+2K,Cr.0,+8H.S0,=
2K2804 +2CI'2 (SO4> 3 +8H20 +3C02 T (1)

The appearance of the reaction vessel assem-
bly for the wet chemical oxidation is shown
in Fig. 1. The vessel was made referring to
a schematic diagram in the JIS". The carbon
dioxide gas which is produced in Fig. 1 is cooled
mixing with a nitrogen gas and conveyed to the
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Fig. 2 Reaction in a cathode cell and an anode cell.
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coulometric apparatus by gas pump.

The quantitative determination of a free car-
bon is carried out in the coulometric apparatus
which can directly analyze the carbon dioxide
produced according to (1). The electrode reac-
tion of coulometric method enables due to CO.
flowing cathode cell.

An electrolytic reaction device and a reaction
process in cathode and anode cells are shown
in Fig. 2. Barium perchlorate solution of 20%
by mass is prepared as the electrolyte solution.
The solution is separated into barium ion and
perchlorate ion. When carbon dioxide is sup-
plied to the solution vessel, barium carbonate
deposits according to equation (2).
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Fig. 3 Schematic diagram of chemical analysis for boron carbide.
(D : Nitrogen gas bombe, @ :Wet chemical oxidation apparatus (Fig. 1) with heater,

@ : Electric furnace,

@ : Coulometric titration device (Fig. 2) with gas pump,

® : Coulometric detector, ® : Computer and printer
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Equation (2) indicates that hydroxides are
consumed, whereby the pH temporarily lowers.
The pH change is detected by pH electrode.
Then, according to (3), the hydroxides are
compensated by electrons supplied from the
cathode.

OH,042e —=Hyt +20H " rrerrrrrrrreeeens

Electrons are moved the cathode to the
anode. In the anode and also, the distilled water
1s dissociated to give oxygen molecules and oxo-
nium ions while emitting electrons, as shown in

equation (4).

6:[_120_>O2 T +4e* _|_4>I_I30Jr .....................

Electrons which are generated according to
(4) are supplied to the cathode. In the anode,
the electric charge of the electrolyte solution is
compensated for by the consumption of barium
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Fig. 4 Coulometric titration device, electric furnace,
and coulometric detector made by behr
Labor-Technik GmbH. Indicated humbers @,
@, and ® are correspond to Fig.3.
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carbonate, as shown in (5) and (6).

H30++ CIO4_—’HC14+H20 ..................... (5)
BaCO;+2HCIO,—~Ba(ClO,),+H:CO;5 -+ (6)

The measurement of the electrolytic current
which is produced by reactions of the above can
quantitatively determine the carbon dioxide.

The schematic diagram of an entire ana-
lyzer is shown in Fig. 3 and the appearance
of coulometric device is shown in Fig. 4. The
coulometric apparatus for the quantitative
determination of carbon is composed of a nitro-
gen gas cylinder (), a vessel for wet chemical
oxidation (@), combustion tube/ resistance
furnace (®), coulometric titration device and
pump for drawing off the combustion gases
(@), coulometric detector (&) and computer
(®). The combustion furnace (), which was
an attachment device for the determination of
carbon by combustion technique, was used for
this study with coulometric technique.

4. Experiment

4. 1 Reagents
Reagents were prepared according to the

procedure below.

(DThe carrier gases were nitrogen ones with a
purity of 99.99%".

(@Wet chemical oxidation solution which was
a chromic-sulfuric-iodic acid mixture was
prepared from sodium dichromate dihydrate,
sulfuric acid and potassium iodate accord-
ing to the following procedure. 22g sodium
dichromate dihydrate was put in 1000ml
vessel and dissolved in 300ml distilled water.
Then 700ml sulfuric acid was poured into the
vessel with care, before heating at 150+10C
for 30min. During heating, 10g potassium
iodide was dissolved in the solution. This
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Fig. 5 Analytical value of carbon in JRRM 1002
certified reference material when changing
resolving temperature in wet chemical
oxidation process.
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solution was stored in a glass container after

cooling to RT".

(3The reagent in the cathode cell for absorb-
ing oxidation decomposable gas was made
by dissolving 200g barium perchlorate in
1L distilled water. The reagent in the anode
cell was made by adding barium carbonate
powders to barium perchlorate solution.

@A container made of aluminum was used to
enclose the powdered sample which was fed
into the wet chemical oxidation vessel. Though
JIS R 2015 standard describes a ¢6X15mm
aluminum capsule as the container, aluminum
foil was suitable for the purpose. JRRM1002
- fused silica powders containing carbon
with a certified value of 4.98% - which is a
certified reference material for free carbon
analysis conforming to JIS R 2011 was used
as reference materials for determining the
measurement conditions.

4. 2 Resolving temperature and analyzed

data

Based on the preliminary experiment, the
resolving time was set to 50min shorter than
the 120min determined in the JIS. The appro-
priate resolving temperature was examined at
a given time, although the JIS described the
resolving temperature of 100C.

Data analyzed in accordance with the resolv-
ing temperature are shown in Fig. 5. Results
depended on the resolving temperature. 4.00%
of the analyzed data at 120C was lower than
498% of the JRRMI1002 certified reference
material. When the resolving temperature rose
to 140C, the analyzed data was 4.52% higher
than that at the lower temperature. However,
when the resolving temperature rose even
higher to 150, the analyzed data dropped to
4.08%.

Data analyzed at 150C might be affected
by sulfuric acid, because white smoke was
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Table 1 Analytical value of carbon in JRRM
1002 under the condition of resolving
temperature at 140°C using electric

furnace with platinum catalyst at 900°C

JRRM1002 / mass%
(Certified Value 4.98%)

5.03
5.11

Sample name
ltem

n-1
n-2

Free carbon
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observed a little during measurement. More-
over, the reason why each data figure is lower
than the certified value must be because a part
of the products changes not to CO. gas, but to
CO gas during wet chemical oxidation process.
So a combustion tube which was equipped with
an oxidation reactor made of platinum catalyst
unit should be effective. The resistance furnace
shown in Fig. 3 3), which was originally used for
the carbon analysis by the combustion method,
was usable for this purpose as the oxidation
reactor with platinum wires in the combustion
tube. As a result, data obtained was closer to
the certified value, as shown in Table 1. On the
other hand, JIS R 2015 specified 100C as the
resolving temperature. However, the tempera-
ture was not effective in causing the oxidation
decomposition. Therefore, the resolving tem-
perature was fixed to 140C in the following
experiment.
4. 3 Procedure for measurement

The following procedure was determined in
consideration of to the other preliminary stud-
ies as well.

- Adjust the heater of the wet chemical oxida-
tion apparatus to 140=5C.

- Preheat the wet chemical oxidation vessel
with 40ml of chromic sulfuric iodic acid
solution for 10 minutes while flowing 0.5~
0.8L/min of nitrogen gases. The nitrogen gas
flows rate is adjusted to be set slightly higher
than the pump rate of nitrogen gas conveyed
to the coulometric apparatus.

- Weigh out the required amount of a sample
and wrap it in aluminum foil.

- Put the sample into the wet chemical oxida-
tion solution through the inlet of the vessel
shown in Fig. 3 @.

- Guide gases generated in the vessel to the
oxidation reactor in the combustion tube
shown in Fig. 3 ® and to the coulometric
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Fig. 6 Calculation procedure for free carbon in
JRRM1002 derived from graphical data
obtained by coulometric titration.
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titration device shown in Fig. 3 @.

- Record the value of the coulometric detector
shown in Fig. 3 ®.

- Heat the sample for about 50 minutes to pro-
duce reactants, although the JIS provides 120
minutes and confirms that the coulometric
values per unit time, which are counts per
unit time, become constant with the lapse of
time.

- Carry out similar operations for a blank test
without any sample (Cpran).

5. Calculation of Free Carbon Content

The results are provided as the integrated
value of carbon mass which is converted from
cuolometric counts. The determination method
for free carbon which is specified in a certified
reference material of JRRM1002 for analyzing
carbon is demonstrated by a coulometric inte-
grated curve for carbon and a Cs.. of the blank
test for correction.

In Fig. 6, t; is the time point returning to
10 of the initial pH, and v is the carbon mass
at that time. t. is the end time point on the
integrated curve which is similar to a straight
line and y. is the carbon mass at that time.
Then, straight line B is made moving in parallel
with straight line A joining the point (t;, y1) and
the point (t;, y;) and drawn to pass the origin
(to, vo) by extrapolation. The Cpu is equal to
y-coordinate value on the straight line B at
the given t;. Therefore, y:—Cpua=Y is the free
carbon content in the sample.

6. Discussion of Coulometric Data

The results for a JRRM1002 sample and a
B.C raw material are shown in Fig. 7(a) and
(b), respectively. As shown in Fig. 7(a), (b),
the period AO, in which the integrated curve
of carbon mass rises while the pH curve is
changing just after the start of measurement,
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Fig. 7 Graphical data obtained by coulometric titration.

Table 2 Borondissolutionin chromic sulfuric iodic
acid solution from B.C raw materials
Dissolution amount is represented by
compound (B.0s) quantity

Temp 20°C,/1h

0.26

100°C/1h
2.47

140°C/1h
156.90

ltem
B:0s / mass%

v#% (BC) ORI <THBY, #EEERENZ L
o2tk b T ABCOBIHIZE > THRAET S
# (Coe) DA SR TS ETIUE, X
MA2O T DEE BRI EDFHHTE 5,

CONREOMERERE LT, BCEEEZ 7oA
M - Bl - 37 KRB A20mIA - 728 —F —
12100mgid 2> Y BLh , 22| (20C), 100C, 140T
T1ERMREL, 207 0L - ik - 97 &%
B RE B L2k ZEZICPTHIEL
72 Table 2127 0 L - g - 3 7 ZBEHRO
FRALT R X B ISR RS DREEE RS
140C TIEMH S 2 7 1 A FE - Wl - 3 7 KR
WL o TBCHEESN TR ENBEH LTS
ZEDHERR S Tz

InXy, RALR T REFOBEHIKES R =
(Ciee) %KD 572901213 Coane 2 M 2 TChic b 1
FET50ENRHL I ENbIroT, I 2T,
Fig. 7(b) {28\ Tl i i 35 SO # O F H AR
KEA2HAIZIZEMTH B b, RibkvE

corresponds to the period causing the reaction
of free carbon by converting C to CO.. After
the pH returns to 10 of the initial pH, the inte-
grated curve, which is nearly a straight line,
shows the period without the reaction of free
carbon. Therefore, the inclination of the straight
line for the period Al should be equal to that
for the period A2, because data obtained from
this period is only Cgu.. However, as shown
in Fig. 7, the inclination for the period A2 is
higher than that for period Al. The carbon
mass between periods Al and A2 is different.
This problem can be explained as follows. Not
only a free carbon but also a carbon produced
by the decomposition of B,C was analyzed for
boron carbide raw material. The carbon (Cs.c)
produced by the decomposition of B,C which
continued after the completion of the free car-
bon reaction was integrated to make a higher
inclination in period AZ2.

This decomposition was confirmed by experi-
ments. The 100mg sample of a boron carbide
raw material was put in the vessel with 20ml
chromic sulfuric iodic acid solution. Each of
the three vessels prepared was heated at R.T.
(20C), 100C and 140 for 1 hour. The boron
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Fig. 8 Calculation procedure for free carbon in
B.C raw materials derived from graphical
data obtained by coulometric titration.
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(to, yo) = (t, y1) = (tz, y2) =FEE AR

(to, ¥0) = (t1, ¥1) = Ciree + Ciic + Cotan

(ti, y1) = (ts, v2) = Caic + Chian

to= RS, t=FT, =gk T

Y =Ciee, L =Cric+ Colane

toéiYo%’EU ELTIRRICE o TROSN S,
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ion which was eluted into the chromic sulfuric
iodic acid solution from the boron raw material
decomposed was analyzed by ICP (Inductively
Coupled Plasma Emission Spectrometry). The
elution results are shown in Table 2. It was
found that the decomposition and the elution
of B,C was remarkable at 140C of the chromic
sulfuric iodic acid solution.

This indicates that the free carbon content
Ciee in the boron carbide raw material should
be corrected by using both Cgu and Cec. In
addition to this, the decomposition rate of B,C
is estimated to be constant, because the inte-
grated curve of period A2 is almost similar to
the straight line after the completion of the free
carbon reaction. Therefore, Cs,c can be removed
from data by using a constant decomposition
rate.

The determination method for a free carbon
in boron carbide material is demonstrated
below. As shown in Fig. 8, the integrated curve
increased rapidly just after the start of mea-
surement. All of the free carbon in the boron
carbide raw material was oxidized during a A0
period from the start to about 16min. The boron
carbide was decomposed together with the free
carbon oxidation. It is considered that the boron
carbide was decomposed at a nearly fixed ratio
during measurement; the content of carbon
which was produced by the decomposition of
boron carbide was able to be removed from the
integrated value in the AO period with high
accuracy under the condition of lengthening in
the measurement time in period A3 without
free carbon. The optimum measurement con-
dition was to obtain period A3 at which the
integrated curve was similar to the straight line
for more than 30min.

The calculation method of the content of a
free carbon present in a boron carbide raw
material is provided below.
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Y.—Y, Y,y
L:#X@z_to)"'}’o: tz—tll ty e <7>
y,.t,—y,t
Y= yz_Lﬁ ........................... (8)
X= %XIOO ....................................... (9)

L Coc+ Cou [mg)

Y : A3 ) Frh ok EE AR (ng)

S #HFOE2 VI & (mg)

X RAbIE ) FhoOWER K FEEHZ (mass%)

7. EREEH

Db % v C & R 7 RIFEE O 547
4T o THATZ,

Table 312 &M i b 7 FIE R O R L5
il — BRI L > TR N EBERZ O R &
PRE (IRPUINEY)  — RIMRIIE I L o TR B
Te R FMERRB L L — =Rk %
AL CHlE L7 PR (Do) 289 F72,
Fig. OB ORI E 5 # FHE TR ¥ 5 &
BRE D ERFIITITE U, EEERER R
TRBERL DL Z bz,

Fig. 10125 0KNo. bR H il & pHilll# %2 7R 37
No. 5B OHIEIZ BT, WL D00 M S H
AN, MESAO—2HIE, EFICHETEN
EpHAS 10 BR LKA L 2 505, WO EThoT
BRSBZWVWETH D, “HBIIRFEOEBEEEE
DXEALD 7 F 7 SEMHMEZ R ST, FIZMhol

Table 3 Amount of free carbon obtained
by coulometric titration and that of
total carbon by combustion - infrared
absorption method

Sample name |Boron carbide raw materials / mass%

ltem No.1 | No.2 | No.3 | No.4 | No.b
Free carbon 0.68 | 2.86 | 0.0 | 0.32 | 0.69
Total carbon 20.72 | 21.50 | 21.04 | 20.58 | 20.95
Mean diameter /um| 35.7 | 4156 | 230.4 | 33.3 | 19.0
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(to, yo) = (t1, y1) = (tz, y») : Points on the inte-
grated curve

(to, y0) = (t1, ¥1) = Crreet Cric + Coiank

(tu, yi)— (to, v2) = Caic+ Chiank

to: Measurement start time,

t:: Time returning to the initial pH,

t.: End time measurement

Y=Ciree, L=CaictCohiank

Percentage [%] by mass for a free carbon
present in boron carbide is provided by the
following equation assuming t, and y, as zero.

Y, =¥ Y=Y

L= Xttt
t,—y,t

Y= yZ—L% ........................ (8)

X= %XIOO .................................... (9)

Where : L : Cp.c +Chan (mg)
Y: A free carbon content in boron
carbide sample (mg)
S : Weight of a sample (mg]
X :Mass fraction of a free carbon
content in a sample (mass%)

7. Scope of Application

Some boron carbide raw materials were ana-
lyzed using the method above.

The results for the free carbon content mea-
sured by a wet chemical oxidation - coulometric
method, total carbon content measured by a
combustion - infrared absorption method and
average particle diameter D50 measured by
using laser diffraction particles size analyzer in
the boron carbide raw material are shown in
Table 3. The cumulative distribution of particle
volume for each sample is shown in Fig. 9. The
total carbon contents of 5 samples were almost
the same. However, the difference between
respective samples was confirmed for the free
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Fig. 9 Cumulative distribution of particle volume fo
sample No.1 ~ No.b of B,C raw materials.
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Fig. 10 Analytical results for a sample No.b
of B.C raw materials.
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carbon content and the cumulative distribution
of particle volume.

The integrated coulometric curve and the
pH curve of sample No.5 are shown in Fig. 10.
Some problems were cleared from the measured
results of a sample No.5. First, the pH did not
seem to return to 10 of the initial pH. It was
presumed that the measurement had not been
carried out normally. Second, the integrated
coulometric curve did not show the straight line
in period A4, but an upwardly convex curve.
Third, the rate of increase of the integrated
curve in period A4 was larger than that in the
corresponding period for other samples.

The third above point suggests that the
amount of decomposed boron carbide in sample
No.b is greater than that in the other samples.
This can explain the first point, as follows. The
reduction of the hydroxide ion concentration
caused the reduction of the pH, as shown in
equation (2), and was recovered by the electrons
supplied from the cathode, as shown in equation
(3). However, the hydroxide ion consumption
rate was not able to catch up with the electron
supplying speed, because the decomposition
speed of boron carbide was relatively faster in
period A4. Therefore, the pH did not return to
its original figure.

The second above point suggests the effect
of the particle size of the boron carbide raw
materials. The raw material which was under a
certain size accelerated the decomposition speed
of boron carbide. However, when the particles
were over a certain size, their speed was almost
fixed. The reason why the integrated curve
increased at the start of period A4 was because
the fine particles still remained. The subsequent
quantity of carbon analyzed decreased with the
decrease in fine particles. So the decomposition
speed must be close to a constant value. On
the other hand, the behavior of the integrated
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curve for sample No.2 was not similar to that
for sample No.5 in spite of the relatively many
fine particles of sample No.2. It can be sug-
gested that most of the fine particles must not
be boron carbide but free carbon, because the
high value for the free carbon content of sample
No.2 is 2.86 % by mass.

Consequently, particles over a certain size
should be used in order to carry out an analysis
of the free carbon in a sample for high accuracy
by the improved measurement method.

8. Summary

- Measurement of the quantity of a free carbon
present in boron carbide raw materials can
generally be carried out according to the
regulations of JIS R 2015. However, it was
found that adhering to the standard is not
enough to obtain high precision results.

- Experimental precision was improved by
optimally adjusting the carrier gas - nitrogen
gas - flow rate, obtaining the most effective
temperature during the wet chemical oxida-
tion process, and using an oxidation reactor
made with a platinum catalyst unit and so
on.

- The appropriate measurement time facilitated
correction by removing the amount of car-
bon which was generated by boron carbide
decomposition from that of the total carbon
measured and provided analytical results
with high accuracy.

- The particle size of boron carbide raw
materials surely have an effect on analysis
accuracy.

1) JIS R 2015:2007 Methods for chemical analysis of boron carbide raw materials for refractory products
2) K. Ikegami, S. Nobuhara and S. Uchida : Shinagawa Technical Report, 52, 81-86 (2009)
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