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Kinetic Parameters Estimation of MgO-C Refractory
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Kinetics of oxidation of MgO-C refractories was investigated by shrinking core modeling of the gas-solid
reactions taking place during heating the porous materials to the high temperatures. Samples containing
4.5~17 wt pct graphite were isothermally oxidized at 1000~1350°C. Weight loss data was compared with
predictions of the model. A mixed 2-stage mechanism comprised of pore diffusion plus boundary layer gas
transfer was shown to generally control the oxidation rate. Pore diffusion was however more effective, especially
at graphite contents lower than 10 wt pct under forced convection blowing of the air. Model calculations showed
that effective gas diffusion coefficients were in the range of 0.08 to 0.55 cm?/s. These values can be utilized to
determine the corresponding tortuosity factors of 6.85 to 2.22. Activation energies related to the pore diffusion
mechanism appeared to be around (46.4+2) kJ/mol. The estimated intermolecular diffusion coefficients were
shown to be independent of the graphite content, when the percentage of the graphite exceeded a marginal

value of 10.
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1. Introduction

Presence of graphite in MgO-C refractories re-
sults in good resistance to slag corrosion and thermal
shock!™?. Direct and indirect oxidations of graphite
degrade, however, these desirable effects. Direct ox-
idation results in lowering of the graphite content.
Indirect reaction causes a major diminution in both
magnesia and graphite percentage of the sample. In-
direct oxidation (MgO+C=Mg+CO) is important at
temperatures higher than 1400°C, while direct oxi-
dation (2C+02=2CO) occurs at temperatures higher
than 800°C. Both direct and indirect oxidation pro-
cesses have, therefore, great influence on physical and
chemical properties of the MgO-C refractories and
need to be investigated in more details to determine
their average life timel3~5!.

Presence of oxidizing atmosphere in steelmaking
furnace causes graphite oxidation during oxygen lanc-
ing, metal tapping or waiting periods. Gas-solid re-
actions must, therefore, be considered in almost all
stages of the steelmaking process(®~8]. Numerous au-
thors have written on kinetic modeling of gas-solid
reactions®13].  None of them provided, however,
enough details on the oxidation kinetics of the MgO-C
refractories. Faghihi-Sani and Yamaguchil'*, Ghosh
et al.'%, Rongti et al.' and Li et al.'7 have, for
example, studied the oxidation kinetics of MgO-C re-
fractories. They did not, however, determine general
model and prevailing mechanism of the process.

This paper follows last reports!'®'9 and gives
more details of achievement on MgO-C oxidation
kinetics data and recent software developments re-
lated to gas-solid reactions occurring in a refrac-
tory type porous media. Samples containing different
amounts of graphite (4.5~17 wt pct) were isother-
mally oxidized at different temperatures and frac-
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Table 1 Particle size distribution of MgO

Size/mm Percent/wt pct
3~5 225
2~3 14.2
0.1~2 49.2
<0.1 14.1

tional weight losses were measured. Results were com-
pared with the model predictions. Determination of
the prevailing mechanisms resulted in determination
of the effective diffusion coefficients and the involved
activation energies.

2. Experimental

Cylindrical samples with 30 mm in diameter and
25 mm in height were prepared using Chinese sintered
magnesia with a 9 wt pct MgO and natural graphite
flakes with an ash content of 5 wt pct, which have
been presented previously!8l. Particle size distribu-
tions of magnesia grains are shown in Table 1.

The samples contained 4.5~17 wt pct graphite and
5 wt pct liquid phenolic resin (Novalac) as a binder.
The samples were pressed uniaxially in a die press at
pressures up to 120 MPa. The specimens were tem-
pered at 240°C for 18 h prior to oxidation, heated at
600°C for 5 h in a coke bed to remove the volatile
species. The bulk density and open porosity of sam-
ples were measured according to ASTM C20.

The samples were isothermally oxidized at 1000,
1175 and 1350°C, respectively for 3 h in a tubular fur-
nace with 4.5 cm inside diameter, 45 cm height and
a temperature accuracy of £5°C as shown in Fig.1.
Natural convection of air from bottom to top of the
furnace provided the oxygen required for oxidation of
the samples. A few samples were oxidized under blow-
ing of the air from bottom of the furnace. Each sample
was placed on an alumina tube that could be inserted,
gradually, into the hot furnace at desired temperature
in 2~3 min and then weight loss was recorded ws



J. Mater. Sci. Technol., Vol.22 No.6, 2006 827

Furnace

Sample

Air convection

Alumina —>
tube

Weight
balance

Fig.1 Schematic view of setup used for weight loss mea-
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Fig.2 Cross-section of a cylindrical sample partially re-
acted with oxygen

time by an electronic balance with a weight accuracy
of £0.01 gr. To obtain a unidirectional process initi-
ating from the sidewall and progressing towards the
centerline of the sample, top and bottom of the sam-
ples were covered by alumina plates. To exactly de-
termine total weight loss, from each group of samples
having constant graphite content a typical, one was
depicted and completely oxidized in a separate box
furnace for a long time. The fractional weight loss
(X)) was then calculated from:

- Weight loss at time ¢
~ Total weight loss after complete oxidation

3.Modeling

Shrinking core model with a first order isothermal
gas-solid reaction occurring in a constant size speci-
men was used for development of the softwarel). The
model depicted in Fig.2 assumes three steps compris-
ing of mass transfer from gas layer or external diffu-
sion (ext), gas diffusion inwards and outwards through
the interstices of the specimens (dif) and chemical re-
action at the unreacted core surface of the sample
(che). A sharp boundary separates the non-oxidized
zone from the oxidized region of the samples. Exis-
tence of the sharp reaction front indicates that chem-
ical reaction is not the only controlling step in the
system. The radius of the un-reacted core (r.) is the
main parameter in this model, which is related to the
fractional weight loss (x) by x=1—(r./R)? (where R

is the radius of the sample). According to the concept
of additive reaction times and considering necessary
corrections for sample bed diffusion and external mass
transfer, the time ¢ to achieve a certain degree of con-
version x can be found as literature [9].

t= Tche X fche(‘r) + Tair X fdif(x) + Text X fext(x) (]-)

where t is overall reaction time; Tche, Tair and Text
are time constants for chemical kinetics, diffusion and
external mass transfer, respectively; fone(z), fait(z)
and fext(x) are conversion functions describing kinet-
ics, diffusion and mass transfer, respectively.

The conversion functions for different mechanisms
are defined as follows:

fext(z) =2

fone(z) =1—-+/(1 — )

far(x) =z + (1 —2) x In(1 — 2)
For a specified controlling step, the overall reaction
time is equal to multiplication of the corresponding
time constant and conversion function. For double
or three-mechanism systems, all corresponding terms
should be considered to obtain the most appropriate
result.

The conversion times are all positive quantities
that can be obtained from the closest fit of the exper-
imental data. Different methods can be used to find
the best fit. Linear methods called “least square” and
“least vertical distance” are both usable for this pur-
pose. In a single-mechanism system, both methods
are useable. For a limited number of empirical data,
least vertical distance method gives more accurate re-
sult. Analytical solution of the “least square” rela-
tions is, however, usually easier than “least vertical
distance” method. Although both methods are used
to find the most appropriate relationship, the former
has been applied to the systems with more than one
controlling mechanism.

3.1 Single mechanism method

In single mechanism systems, experimental results
(z; — t;) are simply translated into time vs fene(z),
fair(x) or fext(z) plots. Those lines having mini-
mum standard deviations from the experimental data
demonstrate the dominant oxidation mechanism with
the closest time constants Tcpe, Tgif OF Text being equal
to slopes of the linear curves.

In the “least vertical distance” method, vertical
distance of each point to the line of time vs fopo(z),
fait(x) or fext(x) is calculated. Sum of the vertical
distances is minimized with selection of the best slope
of the curve. The vertical distance between point A
(tiy f(z;)) and the line of time vs fehe(x), fair(z) or
fext(2) is represented by the distance between points
A and B (tp, f(x,)) shown in Fig.3. This distance d
can be calculated from the following equation:

d* = (fzy) = f@)® + (7 x fla) —t:)*  (2)

where T=7f(123__ft€%) and f(a:B):7TxTifz(ri)

Sum of the vertical distances is evaluated by:
Dodi =D (flag) = f@)+(rx fz,) —t:)* (3)
i=1

i=1
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Fig.3 Vertical distance of the experimental results from
line t=7f(x)

This quantity would be minimized when:
ti)*) =0 (4)

E(Z(ﬂ%) = @)+ (7% f(z,) —

Equation (4) has two roots. The positive root is only
acceptable.

2 (3 (R )

(e

3.2 Double mechanism systems

“Least square” method was used here. Standard
deviation of the experimental results from the curve
t=Tche X fene(x) + Tair X fair(z) was calculated. Devi-
ations summed up to be:

n

o? = Z[ti -7 X fi(@) — 12 % fo(x)]? (6)

i=1

Minimum deviation is obtained when:

o2
o 0 (7)
Ao
> =0 ®)

Solving Eqgs.(7) and (8) end up with the following re-
lations:

7’1><Zf1 x;) +T2><Zf1 x;) X fa(x;)

i=1

Zt ><fl xz
(9)

T1><Zf1 i) X fo(x

i=1

+T2><Zf2 )2 = tix folwi)
=1

(10)

Substituting for f; and f5 results in the value of 7.

3.3 Triple mechanism systems

“Least square” technique was also used for as-
sessment of the triple mechanism systems. Devia-
tion of the experimental results from the line t=7¢}¢ X
Fene () 4 Taie X fait (@) + Toxt X foxt(z) was evaluated
and the summation of the deviations resulted in:

n

O'2 = Z(tl -

i=1

Tche X fche(xi) -

Tdif X fdif(xi) — Text X fext(xi))Q (11)

To minimize the total deviation, its derivatives must
be zero:

do? B Oo? B Oo? B

LI =

or:

Tche X § fche xz +7—d1f X E fche

i=1 i=1

X fdlf(xl>+

Text X chhe xz X fext xz

i=1

Zt X fche xz

Tche X Z fche xz X fdlf('r’L + Taif X Z fdlf xz

=1

Zt X fdlf xz

Text X Zfdlf :Ez X fext 331

Tche X chhc x’L X fcxt(l'z + Tair X Zfdlf 1’1

=1 =

= Zti X fext(xz)
i=1

By solving the above equations, the values of Tepe, Tait
and 7.yt are obtained.

n
fext(xi) + Text X Z fext(xi)Q
=1

4. Results and Discussion

Standard deviations of the experimental data from
the straight time vs f(z) lines were used to determine
the controlling mechanism of the MgO-C oxidation
system. Results (presented in Table 2) were consistent
with the time constant data (Table 3). With a single-
step presumption, the fractional weight loss measure-
ments indicated a minimum standard deviation at-
tributing to the gas mixture interdiffusion into the
refractory pores. The best fit curves depicted for oxi-
dation of the refractory samples containing 13 wt pct
graphite at 1000 and 1350°C show a very small devi-
ation tending to a negligible value as shown in Figs.4
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Table 2 Standard deviation of oxidation results from the best fit line for different mechanisms
Sample  Graphite/wt pct Temp./°C Mechanism deviations/%
Che Dif  Ext Dif&Ext  Dif&Che
4G1 4.5 1350 1391 1.43 23.45 1.13 1.12
4G2 4.5 1175 14.88 3.35 25.40 2.27 2.44
4G3 4.5 1000 18.00 1.98 22.93 - -
9G1 9 1350 13.70 6.68 27.83 1.57 2.19
9G2 9 1175 16.70  5.96 26.15 2.05 2.21
9G3 9 1000 21.17 2.07 28.53 1.31 1.33
13G1 13 1350 14.40 5.38 25.04 1.48 1.74
13G2 13 1175 892 2.06 10.70 1.03 1.04
13G3 13 1000 15.70  3.26 20.44 0.73 0.72
17G1 17 1350 16.00 6.31 34.71 1.01 1.91
17G2 17 1175 23.10 7.56 37.48 1.46 1.60
17G3 17 1000 16.82 3.50 2191 1.35 1.33
Table 3 Time constant of various mechanisms in
one mechanism system !
0.9 /_‘6 :
Sample Mechanism 9 08 3 =
T4if /min Text/min Tehe/MiN % 07 ’_o,é/ﬂ}/
4G1 177.93 118.65 161.80 5 o6 TS
4G2 194.02 128.66 175.79 S s 50
4G3 328.67 145.22 229.58 = ¥ L [ o Che
9G1 224.90 155.50 206.44 5§ M 27 of ||
9G2 322.95 177.77 262.83 S 0 B Eo
9G3 418.44 192.82 301.258 r 02 F o Ext | |
13G1 239.99 150.69 211.27 01 o
13G2 457.67 128.30 221.95 0 0 56 10'0 15'0
13G3 485.40 186.70 304.89 Time / min
17G1 255.28 180.57 234.186
17G2 412.45 241.50 384.94 Fig.5 Experimental and software evaluations of the frac-
17G3 497.60 192.40 313.70 tional weight loss for samples containing 13 wt pct
graphite at 1350°C
0.80
0.70 g | creases with increasing air flow rate. Similar data are
@ 7 / 0% plotted in Fig.7 for internal diffusion mechanism. As
£ 0.60 P air flow increases, deviation from straight line of the
5 050 . 6'?’/ experimental data becomes lower. At 50 SCFH (stan-
g 040 _§5° S dard cubic foot per hour) the best straight line fit is
s 5 / _____ che obtained.
8 030 ——oL 1 . Dif [— The diffusional time constant (7g;) of different
'g 0.20 S . Ef L samples are shown in Table 5. They are calculated
I ',é? ,/ & based on a double mechanism process. Effective co-
0.10 27 efficient of gas diffusion (D.) was calculated from the
0.00 & . . . time constant evaluated from the best fitting curves:
0 50 100 150
Time / min Tait = (pmR?)/(8co, Do) (12)

Fig.4 Experimental and software evaluations of the frac-
tional weight loss for samples containing 13 wt pct
graphite at 1000°C

and 5. Assuming a double step mechanism, the low-
est standard deviations were associated with pore dif-
fusion process combined with an external boundary
layer gas transfer. Above 1000°C, the chemical re-
action is usually too fast to be considered as a con-
trolling stage. The best-fit plots shown in Fig.6 in-
dicate the smallest possible differences between the
experimental and calculated data. External layer gas
transfer step does not appear to show any consider-
able effect unless a double mechanism system is taken
into account. Time constant of the oxidized samples is
shown in Table 4. These data are obtained at 1250°C
for different air flow rates. It is seen that 7.y de-

where py, is molar density of graphite in the sam-
ple, R is initial radius of the sample, cp, is bulk
concentration of oxygen at the exterior of the sam-
ple and D, is the effective diffusion coefficient of the
gas phase. Figure 8 shows that the effective diffu-
sion coefficient increases with the graphite content of
the sample. With increasing the graphite content, the
volumes associated with the graphite flakes increase
as well. Higher amounts of pores are then produced
as a result of the oxidation progress. With an ex-
tremely porous layer, the inter-diffusivity of Oy and
CO is much larger within the macropores created in
the oxidized layer.

Variation of the effective diffusion coefficient of
the samples containing 9 wt pct graphite is plot-
ted against temperature in Fig.9. Linear relation of
In(D,) with (1/T) is due to exponential relation be-
tween them. The slope of the line is proportional to
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Table 4 Time constant of the samples oxidized at 1250°C with air

Sample Temp./°C Density/(g/cm®) Graphite/(%) Air flow/SCFH  7qif/min  Tex;/min

GC1 1250 2.50 16.4 0 153.04 15.16
GC2 1250 2.49 16.4 30 135.94 9.89
GR1 1250 2.77 20.2 0 333.31 24.03
GR2 1250 2.77 20.1 25 293.96 6.64
GR3 1250 2.78 20.1 50 281.00 1.30

G1 1175 2.67 21.2 0 300.10 55.37

G2 1175 2.67 21.2 25 259.80 44.57

Table 5 Diffusion controlled time constant, initial porosity and graphite molar
density of the different samples

Sample Temp./°C  Molar density of graphite  7air/min  Porosity/%

50 55 60 65 70 75
Time / min

-
[=]

4G1 1350 0.0108 167.2 13.5
4G2 1175 0.0108 200.4 13.6
4G3 1000 0.0108 328.4 13.4
9G1 1350 0.0207 182.3 11.9
9G2 1175 0.0207 265.7 11.9
9G3 1000 0.0207 396.1 11.8
9G4 900 0.0206 461.7 12.0
13G1 1350 0.0293 198.8 11.5
13G2 1175 0.0295 287.2 114
13G3 1000 0.0294 420.0 114
17G1 1350 0.0371 213.0 11.3
17G2 1175 0.0372 304.1 11.5
17G3 1000 0.0371 433.0 11.3
1 07
(a) & Without air flow, 20%G, 2.77 glom*®
09 0.5 [ W Air flow=50, 20%G, 2.77 glom® R=0.9952

@ 0.8 / AAIr flow=25, 20%G, 2.78 glem* /

L o7 / O5 1 s with out air flow, 16%G, 2,50 glom® / 4

% 0.8 // § 0.4 || XAIr flaw=30 SCFH, 16%G, 249 glom /Rﬂ:m%

2 5 F=0.9994

E 05 ’f‘ & . //‘S‘/ Cd

® 0.4 / T B0 ES ////ﬁ:o 9987

-% 0.3 Dif & ext £ ‘/Rz‘o;:

& o2 F e Dif & che| / o

w ] 01
0.1

.
0 0
0 50 100 150 q 20 40 60 80 100
Time / min Time / min
065 Fig.7 Diffusion mechanism function of the samples oxi-
04 D) / dized at 1250°C, where G presents graphite

® 0863 i

2 oe2

R 7 35

S 061 5

S 060 7 % | [—e—1000°C /‘

S o059 / —a—1175°C //

S - € S 55 ||-a—1350C

§ o0se ~a—— — 2 /

L 057 ) Dif & ext [ € 52 -
0.56 — - _Dif&che —]| ° //
0ss L 2

o
£
L

coeffiecient / (cm?/min)
o

il
i

Fig.6 (a) Comparison of the experimental and software
results of double mechanism system for sample 3 5 S 1 1:5 18
initially containing 13 wt pct graphite oxidized at Graphite content / wt pct
1350°C, (b) enlarged part of Fig.6(a)

ol

(=3

Fig.8 Effective diffusion coefficient wvs initial graphite

the activation energy for diffusion. The activation en- content of the samples

ergy for gas diffusion in the samples is averaged to

about (46.4+2) kJ/mol. sfer through the oxidized porous layer. This process
Inter diffusion of the gases within the pores con- can occur by one, two or any combination of three

sists of concomitant inward O vs outward CO tran- mechanisms called molecular, Knudsen or surface
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Fig.11 Variation of tortuosity vs temperature of samples
with different graphite content

diffusion, respectively. The share of each stage de-
pends on the pore’s structure and volume of the ox-
idized layer. From literature [12], the effective diffu-
sion coefficient is defined as:

€

D, = Dorcoo

(13)
where Do,_co is the molecular diffusivity of Os in
CO, ¢ is the total porosity content of the oxidized
layer and 6 is tortuosity of the pores. Since deter-
mination of €, is not too easy, it is approximated
by the term e~'/2['2l. The total porosity content of
the oxidized layer is calculated based on the initial

porosity and the initial graphite content of the sam-
ple. Substituting the values of € and D, into Eq.(13),
one can obtain the amount of the inter-diffusion co-
efficient (Do,—co). Figure 10 shows the variation of
Do,_co vs graphite content of the samples. Within
the experimental ranges of temperature and poros-
ity, the values of Do,_co are nearly independent of
the graphite content, when graphite content is greater
than 9 wt pct. Szekely et al.l?”) has previously indi-
cated that at high sizes of the pores, the gaseous diffu-
sion is dominated by molecular diffusion and is, there-
fore, independent of the pore size. Our findings show
that at high graphite contents, due to the increase in
the size of the pores at oxidized layer, the gas diffu-
sion coefficient is independent of the pore size of the
samples. Lower values of the molecular diffusion coef-
ficient for samples containing 4.5 wt pct graphite may
be due to the lower total porosity of the samples and
deviation from pure molecular diffusion mechanism to
a mixed one.

To evaluate the effects of temperature and the
graphite content of the sample on the tortuosity () of
the pores, Eq.(13) was used with the quantities of the
molecular diffusion coefficient (Do, —co), the effective
gas diffusion coefficient (D,) and the porosity content
€ determined at different temperatures and graphite
contents. Chapman-Enskog equation®! was used to
determine Dq,_co; time constant was used to deter-
mine D, and the initial porosity and graphite content
of the sample was used to determine . Variation of
tortuosity with temperature and initial graphite con-
tent of the samples is shown in Fig.11. It is seen
that the amount of tortuosity decreases with increas-
ing the temperature and the initial graphite content.
The decrease in the tortuosity with increasing the ini-
tial graphite content can be attributed to the enlarge-
ment of the holes produced within the porous layer of
the MgO-C refractory because of the oxidation reac-
tions. By increase in the temperature, the shape of
the holes may also change due to both localized heat-
ing and sintering processes that may occur owing to
the much faster oxidation reactions.

5. Conclusions

(1) A computer program was developed to predict
the oxidation mechanisms of the MgO-C refractories
at high temperatures under normal atmosphere. The
software showed capability of extracting kinetic pa-
rameters from the empirical information.

(2) Pore diffusion is the predominant mechanism
that controls the oxidation rate of the high graphite
content refractory samples.

(3) By the diffusion time constant, obtained from
the model, the effective diffusion coefficient was de-
termined.

(4) Variations of the tortuosity factor of the pores
were determined against temperature and graphite
content by using semi-empirical data and the simu-
lated kinetic results.
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