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The C—O—H, ternary diagram is presented to characterize the carbon activity in equilib-
rium with gas mixtures containing CH,, CO, CO,, H,0, and H, at different temperatures and
pressures. The three reactions for carbon deposition from CH4, CO, and CO + H, are
considered jointly, and the combined equilibrium carbon activity is calculated. The lines on
the diagram show a set of gas compositions that is in equilibrium with a defined value of
carbon activity at a given temperature and pressure. It was possible to verify that carbon
activity in equilibrium with the direct reduction process gas of Midrex is 0.15 and of
Energiron ZR is 8.5, explaining the higher carbon content in the reduced iron for the latter.
In the case of steam reforming of methane and methanol, carbon activity in usual in-
dustrial conditions are of 0.35 and 0.73 respectively. Finally steam reforming of ethanol was
evaluated and it was shown that carbon deposition is expected at 240 °C but would be
avoided at temperatures of 500 °C and higher in equilibrium conditions. The proposed
diagram could be useful in many chemical, catalytic, and metallurgical processes for study
or prevention of carbon formation.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Carbon deposition is a theme of interest in chemical and
It must be avoided in the

metallurgical processes.

* Corresponding author.

Fischer—Tropsch synthesis and in the reforming of natural
gas, hydrocarbons, and alcohols. In such processes, carbon
deposition increases pressure drop in a catalytic bed, causes
catalyst deactivation [1,2], and a corrosion failure named
metal dusting [3—11]. Metal dusting is a catastrophic event
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that disintegrates metals and alloys into fine particles
composed of graphite and metallic material. The phenome-
non typically occurs in the presence of reducing and highly
carburizing atmospheres (carbon activity - ac > 1) at temper-
atures normally higher than 400 °C. It leads to a reduced metal
catalyst lifetime and damages structural materials. On the
other hand, in the direct reduction of iron ore, carbon depo-
sition into reduced iron ore pellets is desirable since it is a
source of chemical energy in the subsequent steps of steel
production [11-13,24].

The chemical reactions that cause carbon deposition are
shown in Egs. (1) through (3):

CO + H, = C + H,0 AH® = — 131.3 kJ/mol (1)
2 CO = C + CO, AH® = — 172.5 kJ/mol )
CH, = C + 2H, AH® = 4 74.9 kJ/mol (3)

Reactions 1 and 2 are the most important in the occurrence
of metal dusting in reforming of hydrocarbons, since tem-
peratures in such processes are lower than 900 °C [3—10].
Carburization of reduced iron may happen by all three re-
actions, depending on process parameters. Metallic iron is
formed at temperatures above 700 °C in reducing conditions.
CO plays an essential role as a carburizing agent up to 850 °C
[12]. Modern practices of direct reduction processes include
injection of natural gas in the high-temperature zone of the
reactor (900 °C—1050 °C) to enhance reaction 3 and increase
the carbon content of reduced iron [13].

Rostrup-Nielsen and Christiansen [14] propose three
different ways to evaluate the potential for carbon deposition
of a given gas mixture in syngas production. The first one is
the Principle of the Equilibrated Gas, in which the final state of
thermodynamic equilibrium is calculated, and carbon activity
is evaluated at such conditions. One single value for carbon
activity is obtained which makes it easy to compare different
conditions.

The other two approaches are not at equilibrium con-
ditions. The more conservative method is the Principle of
the Actual Gas, in which the three carbon-forming re-
actions are considered separately. Carbon activity is
calculated for each reaction, resulting in three different
values. When ac > 1 for at least one reaction, carbon
deposition may be expected. This is the easiest method,
because no complicated calculations are required. How-
ever, the obtained carbon activities for the three reactions
may be misleading since they may differ much from one
to another.

The third way is based on the steady-state carbon activity,
in which the possible formation of carbon will be the result of
the rates of carbon deposition for all three reactions. This is
the most complete method, since it encompass all aspects of
carbon deposition, both reaction thermodynamics and ki-
netics. However, calculation of the rate of carbon deposition
for each reaction prior to tests is usually complicated.

Equilibrium diagrams with O/C and H/C ratios being the
values for the two axes are presented in the literature [14], and
some authors have also proposed ternary diagrams with C, H,
and O molar fractions on the three axes.

The evaluation of conditions for CVD diamond growth was
performed using a C—H—O ternary graph by Wan et al. [15] and
Bachman, Leers, and Lydtin [16]. Wan et al. [15] proposed a
theoretic evaluation considering temperature and pressure.
They performed a thermodynamic assessment on a system
composed of carbon in the form of graphite and diamond.
Hydrogen, and oxygen, both in the gas phase (H, and O,) and
atomic form (H and O) were also considered. Diamond growth
domains were determined on the C—H—O graph at different
pressures, temperatures, and oxygen contents. Bachman,
Leers, and Lydtin [16] plotted many experimental gas com-
positions on a C—H—O chart in which they were able to set
boundaries for the diamond growth domain. However, they
did not consider the temperature and pressure in performed
experiments. The points obtained at different conditions were
plotted on the same chart.

Li et al. [17] developed a non-stoichiometric equilibrium
model based on free energy minimization for coal gasification.
C, 0, H, N, and S were the elements considered in the model in
the form of 42 different gas and solid species. The authors
calculated system compositions in which 99% of solid carbon
is gasified at different temperatures and pressures, and 1%
remains in solid-state. Muramoto et al. [18] did a calculation
for carbon deposition on solid oxide fuel cells (SOFC) consid-
ering H,, H,0, CO, CO,, CH, as gaseous species and solid car-
bon. Calculations were performed both analytically and using
thermodynamic simulators (HSC® [19] and FactSage® [20]).
The final solid carbon amount in the system was set to be 1
ppmw of its original content. In both studies, the presence of
carbon in final states, even in low amounts, shows that gas
compositions must be in equilibrium with solid carbon of
unitary activity.

Takeguchi et al. [21] also presented C—H—O charts for
analyzing thermodynamic equilibrium conditions in gas
mixtures. They considered the same chemical species as
Muramoto et al. [18]. However, they did not specify how the
calculation was performed. The final charts showed the
boundaries for the carbon deposition region at different
temperatures.

Jaworski and Pianko-Oprych [22] evaluated carbon depo-
sition in the reforming of hydrocarbons. Five different solid
carbon allotropes were considered: graphite, diamond,
amorphous, multi-walled carbon nanotubes, and single-
walled nanotubes in bundles. The calculation was per-
formed in the HSC software. The results showed that the
domain for carbon deposition only in the form of graphite is
smaller than the domain calculated when all allotropes were
considered in the calculation.

Lal [23] calculated C—H—O graphs with carbon iso-activity
lines at different temperatures and pressures, assessing the
effect of gas compositions on the growth of carbon nanotubes.
The author programmed the MathCad® software to solve a
system of non-linear equations in which the solid carbon ac-
tivity, the oxygen, and hydrogen partial pressure may be pre-
defined, as well as temperature and pressure. The program
calculates the gas compositions in equilibrium in such
conditions.

Some of the diagrams from previous studys were about
diamond growth [15,16], which is a different application of
what is proposed in the present work. Most of previous
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diagrams did not considered carbon activity valuers different
than one [15-18,21,22] and that is of importance for quanti-
fying the potential for carbon deposition. Lal [23] is the only
author that presented diagrams with lines of different carbon
activities, however calculations required the use of a solver.
Others works [18,22] used simulation softwares, requiring
those tools for replicating the results and making new dia-
grams for new set of conditions.

In the present work, a thermodynamic analysis of carbon-
forming reactions was performed. The result is a graphic
display of the equilibrium carbon activity for different gas
compositions in various temperatures and pressures. All the
steps for calculating gas compositions in equilibrium with
defined carbon activities are shown. The thermodynamic
model was solved analytically, which allows the use of this
method for constructions of other diagrams based on condi-
tions of interest without the need of any simulation software
or solver. The proposed ternary diagram is a straightforward
way to determine the carbon activity based on the Principle of
the Equilibrated Gas. Moreover, the diagram is used to analyze
possibility of carbon deposition in conditions related to the
direct reduction of iron ore and reforming of methane,
methanol, and ethanol.

2. Thermodynamic model of carbon
deposition reactions

The chemical reactions 1 and 2 are exothermic and favored at
lower temperatures (typically < 860 °C). Reaction 3 is endo-
thermic and favored at higher temperatures (usually> 1000 °C)
[9].

The potential for carbon deposition given by carbon ac-
tivity can be calculated for each of these reactions by Egs.
(4)—(6). The partial pressures of the gases are identified as p;.
The values of the Gibbs Free Energy (AG®) were obtained at
FactSage 7.1 thermodynamic package, and equilibrium con-
stants (K;, K,, and K3) were calculated from such data.

a, = K, - P2 P @
Pu,0
2

ac, = K, - (po) )
Pco,

ac, = Ky » L% (6)

(p)

Fig. 1 shows the carbon activity for typical syngas produced
by steam methane reforming (SMR) for each of the carbon
forming reactions (Egs. (1)—(3)). The pressure is 20 bar, and gas
composition in volume percentages is shown in Table 1. The
reactor exit temperature for SMR is around 850 °C, and carbon
activity will be lower than one for all reactions. Temperatures
lower than 800 °C could result in carbon deposition since
carbon activity will be higher than one for reactions 1 and 2.
Reactions were considered separately as proposed by the
Principle of the Actual Gas [14].

Reactions 1-3 must be jointly considered to perform the
equilibrium analysis for the whole gas mixture as in the

Principle of the Equilibrated Gas [14]. Therefore, there is a
system of equations composed by Egs. (4)—(6) and Eq. (7) that
represents the total pressure, piotal, Obtained by the sum of the
partial pressure of each gas.

Pco +Pcu, + Pco, + PH, + PH,0 = Protal (7)

Since the system has four equations and five unknowns,
which are the gases’ partial pressures, more than one gas
composition will be equilibrated with a given carbon activity
at specific temperature and pressure (Protal)-

Eqg. (8) is obtained by applying Eqgs. (4)—(6) to (7).

&+ pH22
a. Ks/ac

K
Pco + pco2 + Pu, + PHzpcoa—; = Dtotal (8)

Rearranging Eq. (8) results in a quadratic equation (Eq. (9))
in terms of pH,, with y; being the quadratic coefficient, v,
being the linear coefficient, and y; the constant term.

Y1 Pm’ + Yaobu, +v3 =0 ©)

where, v, = ﬁ§ Y2 = <1 +Pco§—é>; Y3 = (Pco +Pcozf—§ - Ptotal)

For obtaining real roots for Eq. (9), the discriminant mustbe
positive (Aeq. 09), as shown in Eq. (10). From this condition, two
boundaries for pCO are obtained. Eq. (11) shows such bound-
aries in the case for v, > 0. When vy, < 0, the obtained values for
pCO are not real numbers and do not have any physical
meaning.

Aeg. 09 > 0—1,? —4ry1073 >0_“Y4'10C02 +vs*Pco +v6>0 (10)
2
where, 7y, = <f 4%+§§<%> ); s = <2%%7 4); Yo =

(1:_2 +4’pt0tal>

e — w2 — 4
Vs Vs Y4“/6<

< s + /752 — 47476
27,

27,

Pco (12)

The solution for Eq. (9) is shown in Eq. (12).

I (VA et CR 6 (12)

Prz 27,

1.E+05
LE+04 o
1.E+03
1.E+02
1.E+01
1.E+00
1600 — N—
1.E-02 T L

1E03 |-

1.E-04

Carbon activity

450 500 550 600 650 700 750 800
Temperature (°C)

Fig. 1 — Carbon activities calculated for syngas produced by
SRM at different temperatures. Total pressure at 20 atm [9].
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Table 1 — Gas compositions in molar percentage of direct reduction processes and steam reforming of methane (SMR),

methanol and ethanol.

CcO H, CO, H,0 CH,4 CH50H C,HsOH Ref.
Energiron ZR 15.0 60.0 0.0 5.0 20.0 0.0 0.0 [24]
Midrex 347 53.0 2.5 5.2 47 0.0 0.0 [25]
Methanol reforming 0.0 0.0 0.0 60.0 0.0 40.0 0.0 [26]
Ethanol reforming 0.0 0.0 0.0 75.0 0.0 0.0 25.0 [27]
SMR Syngas 13.6 56.5 4.1 21.8 4.1 0.0 0.0 9]

Since v; > 0 and v, > 0, there is only one positive solution
that is presented in Eq. (13). Additionally, the inequality of Eq.
(14) must be met for pH, to be positive, and two more
boundary conditions for pCO arise from that. These are shown
in Eq. (15). Applying the values of K4, K, and Kj in the tem-
perature range of this work, as well as with carbon activities
between 10~* and 10 the only condition that limited pCO is
that displayed in Eq. (16) - which is the upper level of Eq. (15).
The other boundaries for pCO are met numerically in all cal-
culations, but they are not useful in representing real condi-
tions (e.g., the upper bound of Eq. (11) often resulted in
PCO > Protal)-

_ Y2+ Y22 — 47173 (13)

27,

=72 + V722 —4v173>0 (14)

Puy

2 2
oKLy K1) oxs _gKios _ gya % Y4 I
2ﬂc +K3 \/4 (%) K3 4ﬂc K3 4K3 K3 +4K3 + <K3>

R

2 2
oK x5 Ki) 6 _gKiys _g7a 76 Y4 s
20c+K3+ 4 ac K3 4ﬂc K3 4K3 K3+4K3 + K3

o((t) -2)

<Pco

(15)

2 2
ot a(5) -k g -sn e (8)
2
K
@9

Lastly, to calculate the lines in the ternary diagram based
on the equations shown above, the following procedure was
used:

Pcomax =

(16)

e Equilibrium constants (Kj, K, and Kj3) are calculated from
defined temperature.

e Carbon activity and total pressure (ptota1) are set.

e pCOpax is calculated from Eq. (16).

e pH, is calculated using Eq. (13) for different gas composi-
tions by varying pCO from zero to pCOmax.

e pCO,, pCH,, and pH,0 are computed using Egs. (4)—(6) for
each combination of pCO and pH,.

Equilibrium results of such gas mixtures are usually pre-
sented in graphs that O/C and H/C ratios are the values for the
two axes [14]. Nevertheless, the H/O ratio is also important. To
present the three molar fractions O, C, and H, on the axes of a
graph, equilibrium carbon activities were plotted in a ternary
diagram. Gas compositions are shown as molar fractions of C,
O, and H,, calculated according to Egs. (17)—(23).

N¢ =Yco + Yco, + Ycu, (17)
Ny, =Yu, + Ym0 + 2 Yeu, (18)
No = Yco + 2 Yco, + Y0 (19)

where y; is the molar fraction of gas i.

Nnr="n¢ +No + Ny, (20)
c= :—: (21)
0= % (22)
H, = ';—HTZ (23)

Ternary diagrams calculated at different temperatures,
pressures and carbon activities are presented below.

3. Results and discussion

The C—0—H, diagram of iso-activity lines of unitary carbon
activity at different temperatures and total pressure of 1 atm
is shown in Fig. 2. The lines are the set of gas compositions in
thermodynamic equilibrium with solid carbon. The region
above each line represents gas compositions with potential
for carbon deposition at each temperature.

At 200 °C and 400 °C, the lines intersect the OC axis close
to the CO, point, which means that small amounts of CO
would be enough for obtaining carbon activities equal or
higher than one. And in such cases, there is thermodynamic
potential for carburization due to disproportionation of CO
(reaction 2). On the other hand, these lines intersect the CH,
axis close to the CH4 point, showing that carbon deposition
due to methane decomposition is not expected at such low
temperatures. It is also observed that the curves bend to-
wards the H,O point, indicating that unitary equilibrium
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carbon activity for reaction 1 is reached even with a high
content of H,0.

As temperature increases, CO becomes more stable, and
methane begins to be the main carburizing agent. Therefore,
iso-activities lines of unitary carbon activity tend to approxi-
mate to the CO point and to distance from the CH4 point.
Accordingly, the curvilinear aspect of low temperature curves
disappears, as equilibrium of reaction 1, with unitary carbon
activity displaces in the direction of the reagents (CO and H,).
At temperatures equal and higher than 900 °C, gas composi-
tions in equilibrium with solid carbon, lay approximately in
the line connecting CO and H, points. The presence of H,0 in
the gas mixture would reduce the equilibrium carbon activity
and the presence of methane would cause the opposite effect.

At intermediate temperatures, between 400 °C and 900 °C,
both CO and CH, may act as carburizing agents according to
reactions 1, 2 and 3.

Figs. 3 and 4 presents a similar C—O—H, diagram for total
pressures of 7 atm and 20 atm, respectively. Increase in total
pressure displaces the equilibrium of reactions 1 and 2 towards
the products favoring carburization due to CO disproportion-
ation and CO reduction by H,. However, the equilibrium of
reaction 3 is displaced towards methane, making it a weaker
carburizing agent. The changes caused by pressure increase are
observed in the iso-activity lines, as the ends that intersect the
OC axis divert from the CO point and get closer to the CO, point,
and the opposite ends approximate the CH, point. Additionally,
the lines of 700 °C, 800 °C and 900 °C become curved as pressure
increases, showing that carbon deposition may be expected
from gas mixtures containing higher amounts of H,0.

Fig. 5 shows the changes in iso-activities for different
pressures at temperatures of 400 °C, 700 °C and 1100 °C. The

Protal = latm
ac=1

1.0 ] 0
00 01 02 03 04 05 06 07 08 09 10
(o) Molar fraction H,

Fig. 2 — G—0O—H, diagram showing iso-activities (ac = 1)
lines for different temperatures and total pressure of 1 atm.

change in pressure has a more significant impact on the line
for 700 °C, since all three carbon forming reactions are rele-
vant in that temperature. For 1100 °C, carburization is ex-
pected to occur mainly due to methane decomposition
(reaction 3), and more notable changes were observed in the
end that intersects the CH, axis. For 400 °C, lines are
remarkably close to CO, point and could not move further in
that direction as pressure increases, and some changes are
also observed in the CH, axis, as lines divert from the CH,
point.

All the observed changes in iso-activity lines for unitary
carbon activity at different temperatures and pressures are
result of the equilibrium of the three carbon forming reactions
considered jointly. Therefore, diagrams presented in Figs. 2—5
are helpful in evaluating the effect of process variables in the
potential for carbon deposition.

To quantify the potential for carbon deposition of a given
gas mixture, the activity of solid carbon in equilibrium with
such gas mixture has to be calculated. Iso-activity lines for
different carbon activities at total pressure of 1 atm and
temperatures of 400 °C and 1100 °C are showed in Fig. 6.

At 400 °C, gas mixtures with carbon activities equal to and
lower than 102 lies approximately in the line connecting the
CO,, H,0 and H, points, which shows that small amounts of
CO or CH, would cause an increase in carbon activity. On the
other hand, gas mixtures with carbon activities of 50 and 100
lie approximately in the line connecting CO, and CH,. In such
conditions, the pcomax Obtained from Eq. (16) for carbon ac-
tivity of 100 was 8.2 x 1072 atm. Higher CO contents would
result in even higher equilibrium carbon activities.

At 1100 °C, it is difficult to distinguish gas compositions in
equilibrium with carbon activities in the range of 107" to 10, as

00 01 02 03 04 05 06 07 08 09 10
o Molar fraction Hz

Fig. 3 — C—O—H, diagram showing iso-activities (ac = 1)
lines for different temperatures and total pressure of 7 atm.
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00 01 02 03 04 05 06 07 08 09 10
0 Molar fraction H,

Fig. 4 — C—O—H, diagram showing iso-activities (ac = 1)
lines for different temperatures and total pressure of
20 atm.

lines are close to each other. This means that small changes in
gas compositions around those lines will have major impact
in the carbon activity in equilibrium with such gas composi-
tion. Lines for carbon activities lower than 10 " are closer to
CO, and H,0 points and lines for 50 and 100 shift towards CH,.

Fig. 7 presents iso-activity lines for different carbon activ-
ities and different total pressures at 400 °C and 1100 °C. At
400 °C, change in total pressure from 1 to 20 atm had small
effect on iso-activity lines for carbon activities of 1 up to 100.
Therefore, carbon activities in equilibrium with gas mixtures
in such regions of the C—O—H, diagram would not be

(a)

0.6 Prota = 1 atm — 0.4,
7 atm ----

significantly altered as pressure is increased. For carbon ac-
tivities of 1072, the change in total pressure has no apparent
effect on the section connecting CO, to H,0, but lines shifted
towards methane as pressure increases.

At 1100 °C, increasing total pressure has a different effect
whether carbon activity is higher or lower than one. Lines for
carbon activities of one and higher are straight starting close
to the CO point for all considered pressures. As total pressure
increases, the other end moves in the direction of the CH,
point, showing that higher contents of methane and lower
contents of H,0, H, and CO, are required for maintaining the
same carbon activity. Lines for carbon activities lower than
one move away from CH, and CO as pressure increases,
meaning that lower amounts of such gases and higher
amounts of H,O and CO, are necessary to maintain carbon
activity constant.

Diagrams of Fig. 2 through 5 allow evaluation whether a
gas mixture of interest has or has not potential to cause car-
bon deposition. Figs. 6 and 7 permit a deeper and more precise
analysis, as quantitative values for carbon activities are taken
from such diagrams. These values are direct measures on the
equilibrium potential for carbon deposition.

Activities lower than one are also of interest, since carbon
can not only deposit onto but also dissolve in some metallic
compounds. Moreover, it is possible to determine the equi-
librium carbon content in the solid metal based on the carbon
activity in the gas.

3.1. Application of the ternary C—O—H, diagram in
direct reduction of iron and in reforming of hydrocarbons

The C—O—H, ternary diagram will be applied to analyze gas
compositions of direct reduction of iron and reforming of hy-
drocarbons. Gas compositions of such processes are listed in
Table 1. Nitrogen and other hydrocarbons were not considered
for gas compositions of Energiron ZR (24) and Midrex (25) pro-
cess gases. SMR syngas is the outlet gas composition with
steam-to-carbon (S/C) ratio of 2.5. Methanol and ethanol
reforming are the inlet compositions with S/C of 1.5, which is

(b)

0.9 0.1
1.0

00 01 02 03 04 05 06 07 08 09 1.0
o Molar fraction H,

0.9 0.1
0.0

00 01 02 03 04 05 06 07 08 09 1.0

o] Molar fraction H,

Fig. 5 — G—O—H, diagram showing iso-activities (ac = 1) lines for different temperatures pressures.


https://doi.org/10.1016/j.jmrt.2021.05.033
https://doi.org/10.1016/j.jmrt.2021.05.033

1582

JOURNAL OF MATERIALS RESEARCH

AND TECHNOLOGY 2021;13:1576-1585

(b)
Protat = 1 atm
T=1100"°C

00 01 02 03 04 05 06 07 08 09 10
o Molar fraction H,

0.0
00 01 02 03 04 05 06 07 08 09 10
(o] Molar fraction H,

Fig. 6 — Lines for different carbon activities (ac) at 400 °C and 1100 °C and total pressure of 1 atm.

the usual S/C for methanol reforming [26]. In the case of ethanol
reforming, other S/C are also used depending of the process
(27), and the value of 1.5 was chosen for this work.

3.1.1. Application of the ternary C—O—H, diagram in the
direct reduction of iron

The composition of the bustle gas of Midrex (25) and Energiron
ZR [24] direct reduction processes are presented in Fig. 8.
Midrex and Energiron ZR compositions show different carbon
activities at the usual operating conditions of temperature
and pressure of each process. The Midrex process operates
close to atmospheric pressure, while Energiron ZR operates at
6—8 atm at the injection point of the reducing gas.

Carbon activity in equilibrium with Midrex gas at 1 atm
(Fig. 2) is 0.15 at 1000 °C. Industrially, the reducing gas is
injected at the bottom of the reduction zone at temperatures
above 950 °C. Carbon may be incorporated in iron in solid
solution. At 1000 °C, iron is in the form of austenite and the
equilibrium content of dissolved carbon with activity of 0.15 is
0.35 wt %. This value was calculated in FactSage™ 7.1 using
FStel database. This is an example in which carbon activities
lower than one are of interest to understand the equilibrium
condition of the industrial system.

The diagram of Fig. 2 shows that carbon activity of the
MIDREX bustle gas would be higher than one at lower tem-
peratures, more specifically, below 900 °C. This means lower
bustle temperature would favor carburization. However, the
rate of reduction reactions would decrease and negatively
impact process productivity. To overcome that problem and
increase carbon content of reduced iron pellets, natural gas is
injected just below the reduction zone where solids are at high
temperature (>900 °C). This favors reaction 3. The discharged
material contains about 2,5 wt.% of carbon (12).

Energiron ZR gas is in equilibrium with carbon activity of
8.5 at 1100 °C and 7 atm. The gas is injected in the reactor at
the bottom of the reduction zone at temperatures above
1050 °C. Carbon deposition is expected as a result of the con-
tact of reducing gases and solid reduced iron pellets. The
discharged material of Energiron ZR may contain up to
4,5 wt.% of carbon, which is higher than the value obtained
with the Midrex process.

Based on the proposed diagram, it is simple to compare the
gas compositions of the two processes (Midrex and Energiron
ZR) and explain the difference of carbon content on the
product by observing the equilibrium carbon activity of the
reducing gases.

(b)

T=1100"°C

1.0 -
00 01 02 03 04 05 06 07 08 09 10
o Molar fraction H,

0.0
00 01 02 03 04 05 06 07 08 09 1.0
(o] Molar fraction H,

Fig. 7 — Lines for different carbon activities (ac) at 400 °C and 1100 °C and different total pressures.
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(b)
Protal = 7 AtM
T=1100"°C

Energiron\ Y
ZR

1.0 £ *0.0 1.0 0.0
00 01 02 03 04 05 06 07 08 09 1.0 00 01 02 03 04 05 06 07 08 09 10
o Molar fraction H, (o] Molar fraction H,

Fig. 8 — Application of the ternary C—O—H, diagram for direct reduction processes showing carbon activity in equilibrium
with bustle gas of (a) the Midrex process and (b) the Energiron ZR process.

It is also possible to calculate gas mixtures composed
of H,, CO, CO, and H,O that are in equilibrium with iron
oxides and metallic iron. The procedure is analogous to
what was performed to determine gas compositions in
equilibrium with different carbon activity. The curves for
reduction reactions are also presented in Fig. 8 and both
Midrex and Energiron compositions are within the pre-
dominance area of metallic iron and far from the FeO/Fe
transition, showing a high reducing potential. The authors
of this work have used this graph to compare different gas
compositions according to their equilibrium carbon activ-
ity and reducing potential for iron oxides [28]. Gas com-
positions were selected in order to avoid oxidation of

reduced iron pellets and to vary the carburization
potential.
3.1.2. Application of the ternary C—O—H, diagram for

reforming of hydrocarbons
Lately, steam reforming of methane, methanol and ethanol
are gaining attention for the production of hydrogen.

H,0- SMR éyngas

A typical syngas composition produced by SMR (9) at 850 °C
is presented in Fig. 9a. At 850 °C, equilibrium carbon activity is
0.35. Methanol reforming gas is shown in Fig. 9b at 240 °C and
2 atm that are usual industrial conditions [26]. In such con-
ditions, carbon activity is equal to 0.73. Therefore, carbon
deposition is not thermodynamically favored for SMR and
methanol reforming in such conditions. The carbon activity
for methanol reforming is higher, and in the presence of iron
from steel reactor walls or iron-based catalysts, more carbon
is expected to dissolve in solid iron.

Ethanol reforming s still under development, and different
conditions are found in the literature. Hence, a diagram with
temperatures of 240 °C, 500 °C and 850 °C and pressures of
2 atm and 20 atm is presented in Fig. 10. This diagram shows
that ethanol reforming gas is on the line of carbon activity of
one at 240 °C. At this temperature, the change of pressure
from 2 atm to 20 atm has little influence on the equilibrium
carbon activity line. At 500 °C and 850 °C, carbon activity is
lower than one for both pressure levels and carbon deposition
is not expected in equilibrium conditions.

(b)
Protal = 2 atm
T=240°C

Methanol

00 01 02 03 04 05 06 07 08 09 10
(o] Molar fraction H,

N reforming
o 73100
1.0 = 0.0
00 01 02 03 04 05 06 07 08 09 1.0
[o] Molar fraction H,

Fig. 9 — Application of the ternary C—O—H, diagram for (a) steam methane reforming (SMR) at 850 °C and 20 atm and for (b)

methanol reforming at 240 °C and 2 atm.
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Cabon deposition

850 °C

Methanol _—*\ *_ SMR
reforming  Ethanol Syngas
H,0 reforming

1.0 0.0
00 01 02 03 04 05 06 07 08 09 10
(o) Molar fraction H,

Fig. 10 — Application of the ternary C—O—H, diagram for
steam methane (SMR), methanol and ethanol reforming at
different temperatures and pressures.

Fig. 1 showed that, at temperatures lower than 800 °C, the
SRM syngas could cause carbon deposition due to reactions 1
and 2. However, this carbon could be consumed by the reverse
of reaction 3 since carbon activity is lower than one for this
reaction. The graph in Fig. 10 takes all of this into consider-
ation and gives the overall equilibrium condition. Even at low
temperatures as 240 °C, SMR syngas is under the lines for
carbon activity of one and carbon activity is not expected in
equilibrium conditions. The same is valid for methanol
reforming.

The observed difference on the ethanol reforming gas is
related to the higher amount of carbon in the molecule in
comparison to the methanol molecule. So, ethanol reforming
gas has higher C/O ratio than the methanol reforming gas,
even though the S/C is the same for both.

Methanol and ethanol were not considered in the ther-
modynamic model presented in equations [7—16]. However,
reaction mechanism of carbon deposition for both compo-
nents occurs through decomposition to methane or formation
of CO or CO, [27,29,30]. From that, carbon is then adsorbed on
the catalyst surface. This means that the proposed thermo-
dynamic model can be of use for methanol and ethanol
reforming.

It is very common in the study of reforming of hydro-
carbons, the computation of the amount of deposited car-
bon after the study of a determined catalyst. It is suggested
that a comparison between different catalysts should be
performed with equal or similar carbon activity in equilib-
rium with the tested gas mixture. Hence, catalyst tendence
for carbon deposition will not be erroneously affected by a
different (higher or lower) potential for carbon deposition,
i.e., higher carbon activity in equilibrium with the used gas
mixture.

4. Summary and conclusions

An analytical model for calculating carbon activity with
gas mixtures containing CH,, H,, H,O0, CO and CO, was
proposed. The results were composed of iso-activity lines
for carbon activity in different temperatures and pressures
plotted in a ternary C—O—H, diagram. The proposed dia-
gram is a simple way of displaying equilibrium carbon
activities at different conditions and gas compositions.
The customization of such diagram may be useful in
comparing different process conditions, selecting gas
mixtures, and evaluating carburization potential in in-
dustrial processes.

Using the proposed diagram, it was possible to verify that
carbon activity in equilibrium with the direct reduction pro-
cess gas of Midrex process is of 0.15 and of Energiron ZR
process is of 8.5, explaining the higher carbon content in the
reduced iron for the latter.

In the case of reforming of hydrocarbons, equilibrium
carbon activity in usual industrial conditions for steam
reforming of methane and methanol are 0.35 and 0.73,
respectively. This means, that carbon deposition is not ex-
pected in equilibrium conditions. For ethanol reforming, car-
bon deposition is expected at 240 °C and this would be
prevented at temperatures equal or higher of 500 °C and
pressures between 2 atm and 20 atm.

The proposed diagram could be useful in many chemical,
catalytic, and metallurgical processes for study or prevention
of carbon formation.
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