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Section 6

PHASE BOUNDARIES FOR C-H-0 SYSTEM IN EQUILIBRIUM WITH
CARBIDES AND OXIDES CF IRON AND NICKEL

6,1 Introduction

In the catalytic conversior of coal to gaseous and liquid fuels,
the formation of carbon and metal compounds, such as metal carbides and
oxides, have been observed.l* The potential for carbon and metal-
compotund formation can be evaluzted by znalyzing thermodynamic equilibria
between the gaseous C-H-0 system and the various solid phases in co-
existence. The carbon (graphite) phase boundaries in equilibrium with
the C-H-O gas phase bhave been examined in some deta11,2’3 but the
equilibria involving solid metai carbide and oxide phases have received
less attention. The availability of thermodynamic data for tke carbides
and oxides of iron and nickel allows us to evaluate the gas/solid phase
boundaries, thus providing insight into tke thermodynamic stability of

the metal compounds under catalytic operating conditions.

Thermodynamic calculations have been performed for the gas pbase

C-H-0 compositions in equilibrium with Fezc (Hagg carbide), Fea

Fe O, (magnetite), and Ni_C over a rarge of temperatures and pressures,

34 3
These data establish the phase boundaries for formation of the metal
carbide or oxlde phases under comditions of interest to catalytic

processes used in Fischer-Tropsch synthesis and methanation.

In the following analysis, we comsider CO, CO H_©O, CH4, and E

2 "2 2
as the most stable gaseous species in the pressure range from } to 323.3

atm (15 to 500 psi) at 500 to 800 K. A more exact calculation would make

E
References for Sectlon & are listed on page 6.7.
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it necessary to include higher molecular weight species containing C,

H, and 0, but their contribution to the phase—boundary analysis is ex-

pectzd to be small. For our calculations we selected cementite (Feac),

Hagg carbide (Fezc), nickel carbide (Nisc) and 4iron oxide (Feso 4). In
part, we based this cholce of solid phases on the availability of ther-

modynamic data for these compounds and their potential role in catalytic
methanation and Fischer=Tropsch synthesis.

6.2 Thermodynamic Considerations

According to the phase rule, compliete specification of a svstem
at equilibrium containing five gaseous component (CO, 002, EZO’ CRB " Hz)
and two solid-phase components (metal, metal carbide, or oxide) requires

a total of six wvariables. We chose the following variables:

Tot. as SSUur = + + +
(a) otal gas pre e (P =p co pco2 p320 pCH4 . Py h)

(b) Temperature

{(c¢) C/H or O0/H ratio (gas phase)

ard equilibrium constants for three independent reactions. In the case

of Fesc, we evaluated the equilibrium constants oi:

CH4 + 3Fefa) = Fesc(s) + 232 (6-1a)
(':4:)2 + Hz = CO + 1120(3) (6-2)
3E, +CO =CH, + H,0(g) (6-3)

In the case of FeZC, we replaced reaction (6-1la) by:

o)y = —
(:34 + 2Fe(x) Fezc(s) + 232 . (6-1b)
‘The thermodynamic data were taken from the JANAF Tables and the standard

free cnergies of formation of Feac and Fezc from Reference 4, For the
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phase boundaries linvolving NiSC, we used the standard free energies

5
of formation of N13c reported by Richardson and the reaction
-— a - - -
CI:I4 + 3Ni{s) N13C(s) 2H2 (6-1c)

In the calculations pertaining to &-iron and magnetite (Fe304), we used

. 6
the following independent reactions:

3Fe(qa) + 4H20 = Fe304(s) + 4H2 (6-4)
3Fe(a) + 4CO2 = 4C0 + Fe304 (6-5)
332 + CO = CH4"+ Hzo(g) (6-6)

The standard free energies of formation of FeSO4 (magnetite) were taken
from JANAF Tables. The ideal gas law was used over the entire pressure
range. In addition, the calculations were based on isothermal conditions
at the gas/solid interphase, in the bulk of the solid, and in the gas

phase.

6.3 Nurerical Analysis

Te calculate the gas/solid equilibria involving the metal
carbides and oxide, it is necessary to solve five simultaneous equations.
Instead of reducing these equations to one equation, 2 fifth degree
polynomial, we transformed them to two quadratic equaticmns in two
inknowns, Newton's method was used to solve this system of equations.

Detailis of the numerical method are appended to this section.

G.4 Results

The results of the thermodynamic calcslations for the terpary
C-H-0 system are most informative when represented in terms of solid=
phase deposition boundaries in barycentric coordinates (triangular

diagram), and gas phase compositions in equilibrium with the solid phase

6,3




at different O/H (or C/H) ratios, For the iron carbides systems, the
data in Figure 6«1 depict the boundary lines above which Fesc or Fe2C

are thermodynamicalily stable and below which they are absenf at equi-
librium. Although the phase boundaries for Fasc and Fezc nearly ccincide
2t 500 K, they begin to separate with increasing temperature (Figures 6-2
to 6-4), with the Fe2C curve lying above Fesc. Of interest 1s the location
of the carbon (graph;te)* deposition boundaryz relative to that of the
iron carbides, In the temperature range examined in this study, the

carbor boundary is displaced from the Fe,C and Fe C curves in a downward

2 3

direction (Figures 6-1 and 6-3), indicating the uigher stability of C(gr).
The pnase boundaries calculated for the NiBC system at 500 and 790 K are
shown in Figures 6-5 and 6-6., Also included are the C{gr) phase

3
boundaries.

The effect of total gas pressure on the phas. boundaries of
Fezc and Fesc was evaluated in the range from 1 to 33-1/3 atm, Within
the limits of accuracy of the computed data, we detected no change in

the phase boundary limits,

For the C--B-O/Fe304 system, iron oxide exhibits stability in the
reglon below the curve (iabeled Fe304 in Figures 6«1 to 6-4). It is

apparent from these calculatiopns that the Fea°4 phase can coexist with
Fe3C and Fezc at the points of intersection of the respective boundary

curves in the triangular diagrams.

In equilibrium with the different solid phases, the gas phase
compositions, in terms of the five stable chemical species urder con-
sideration, have been ealculated for a range of O/H ratios, indicative
for example, of different H2/CO or BZO/CO feed ratios. Representative

curves at 1 and 33-1/2 atm are shown in Figures 6=7 and 6-8 for equilibria

*
Carbon (graphite) is abbreviated as C(gr) throughout thais report,
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involving Fe3C and in Figures €-9 and 6-10 for FeZC. At low O/H ratios,
methane is the predominant product, but with inereasing O/H ratic,

oxidation of CH,, H_, and CO leads to water and carbon dioxide as the

a4’ "2

major products. The mole fraction of water goes through a maximum at
the stoichiometric ratio O/H = 0.5. At higher 0/H the marked increase
in CO partizl pressurc is caused by reaction of the iron carbide with
HZO and by oxidation of metbane to CO and coz. with increasing pressure
tl.e mole fractions CH4, HZO’ and CO2 increase, while those of H2 and

CO diminish. A rise in temperature lowers the mole fractions of CH4

ard 002 in egquilibrium with Fesc and Fe2C but raises those of Hz' co,
and H20. These trends can be seen hy comparing the curves in Figures 6-7
and 6-11 for FeSC, and Figures 6-9 and 6-12 for Fezc. Similar consid-
erations apply to the eguilibriunm product distribution in the presence
of NiSC (Figures 6-13 and 6-14). In the case of 1-"9304 (Figure 6-15) the
product distribution is plotted as a fanction of C/H ratic {(rather than
0/f). In this presentation, the CH, mole fraction reaches a maximum at

C/H = 0,25,

6.5 " Discussion

In the design and operation of catalytic reactors for metbanation,
water-gas shift, and Fischer=Tropsch synthesis, the equilibrium bound-
aries for formation of Gifferent solid pbases as a function of gas phase
composition are important for adjustment of feed-gas composition., For
example, the change ir gas composition from feed gas to equilibrium is
demonstrated by the dashed line for an initial feed ratio Hzfco =3 at
700 K and 1 atm (Figure 6-3). 1In following this line in an upward
direction toward the C-apex of the triapgular diagram, We Cross four
phase boundaries. The first relates tc the C{gr) equilibrium: the
second, to the Fe,C equilibrium; the third, t6 the T2

3 2
znd the fourth, to the Fe30 equilibrium. The gas phase composition, in

C equilibriuam;

4
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equilibrium with Fe,C, Fe,C, and Fe O , for 112/CO = 3 (equivalent to
O/HE = 0.167), can be found from the curves shown in Figures 6-7, 6-9,

and 6-15; the gas composition 1n equilibrium with C(gr) from Reference 2.

For industrial methanation with Ni as a catalyst, the H2/C0 feed
gas composition chosen7 for a nuaber of process designs is 3,24 < Hz/co
< 3.95. This gas composition is considered to be well outside the
carbon- or Niac-forming regions because of rate-limited displacement
from equilibrium, Fowever, the presence of hydrocarbon impurities in
the feed gas ccuid shift the system across the phase boundary for carbon
formztion, In Fischer-Tropsch synthasis, the formation of the iron
carbides EFezc (Hagg carbide) and Fe3C (cementite)] has beern well
documented.8 Theilr presence appears to be concomitant to the pretreat-
ment process to which Fe catalysts are subjected in the early stages of

Fischer-Tropsch synthesis. Similarly, the presence of Fe 04 as a stable

3
rhase has been cbservad in samples of Fischer-Tropsch catalyst removed
from a reactor after several days exposure to syn gas at 10 to 20 atm
and 600 to 675 K, including fused-iron and Raney-iron ca.talysts.9
Thermomagnetic studies indicated that Fezc (Hagg carbide) as well as
re304 are present in Raney iron catalwsts, whereas the fused-iron

catalysts exhibited Fe as the predominant phase.

304
For the water-gas shift reaction, the phase boundary calculations

for the iron system indicate that at typical operating temperatures of

700 to BOO K and H20/CO < 1, the formation of Fe304 is favored thermo—

dynamically.

Laboratory experimentsg with fused iron catalysts demonstrate
the gradual disappearance of Fesc (cementite) and growth of Fezc (Hagg
carbide) accompanied by carbon depositior when the catalyst is exposed
to feed gas at 1 atm (Hzfco = 3/1) and 598 E. We appear to be dealing

with kinetically limited transformations to the equilibxium products,
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10
It bas generally been assumed that Fe3C is the result of the reaction

rezc + Fe = Fe3C. According to the thermodynamic analysis, the reverse
process would be more favorable, as confirmed experimentally in our

studies (Section 5).,

The catalytic properties of the various solid phases are also
of interest. In the Ni catalyzed methanation reaction, the bulk Nisc
phase, although thermodypnamically stable, does not form, i.e., the
reaction must occur far removed from the equilibrium involving Nisc. In
Fischer-Tropsch synthesis with Fe catalysts, tlfe carbide phases appear
to be important in the synthesis of high molecular weight hydrocarbons.
Eguilibrium calculationsll indicate that Fezc, CC, and H2 participation
in hvdrocarbon synthesis is thermodynamically possible. The same
calculations would apply to Fesc, because its free energy of formation
is nearly the same as that of Fezc. 1t is well known that during car-
burization of the catalyst, the formﬁtion of CH4 as the major product
precedes Fischer Tropsch synthesis of higher molecular weight hydro- -
carbon, Thus, thaz iron carbide phase appears to be a key compopent in

the reaction.

The gradual formation of Fe304, as favored thermodynamically,
may lead to deactivatian of Fischer-Tropsch catalysts. The Fe-based
catalysts are generally in the form of an oxide or a surface-oxidized
solid 25 a siarting material. Their catalytic properties for Tischer
Tropsch synthesis are acquired by careful reduction and carburizatﬁon.
Ultimately, however, the reaction conditions lead to Fe304 formation
and catalyst decay, indicative of transiepnt catalytic properties favorable

for hydrocarbon synthesis,
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FIGURE 6-1

PHASE BOUNDARIES FOR GASEQUS C,H,0 SYSTEM IN EQUILIBRIUM
WITH SOLID FeaC OR FeyC OR Fey0g AT 500 K AND 1 atm
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FIGURE 52 PHASE BOUNDARIES FOR GASEGUS CH,0 SYSTEM IN EQUILIBRIUM
WiTH SOLID Fe,C OR Fe,C OR Fe;0, AT 600 K AND 1 atm
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FIGURE &3

PHASE BOUNDARIES FOR GASEQUS CH.0 SYSTEM IN EQUILIBRIUM
WITH SOLID Fe,C OR Fe,C OR C. Fe304 AT 700 K AND 1 atm
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FIGURE 6-4 PHASE BOUNDARIES FOR GASEOQUS C,H,0 SYSTEM IN EQUILIBRIUM
WiTH SOLID FesC OR Fe,C OR Feg04 AT 800 K AND 1 atm
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FHASE BOUNDARIES FOR GASEOUS C,H,0 SYSTEM IN EQUILIBRIUM
WITH SOLID C OR NiyC AT 500 K AND 1 atm
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FIGURE 66 PHASE BOUNDARIES FOR GASEOUS CH,0 SYSTEM IN EQUILIBRIUM
WITH SOLID C OR NizC AT 700 K AND 1 aim



mer

[ " P

e

T T 1 T EHIT T 11

b CH‘ CO, :
__H:e_____ /" "'-u-___-

w0 // T —— o~ —

— ~— ~. H0 =

| 7 U2 ]

| Hzo/ \\ —

L co,
=]
= 1072 — —
(=} — o]
2 .._
[+ — —]
v - —
w L —
] | COo ]
-3
— ' p—
1073 == Fey C ’ —
— 700 K —
— 1 atm _'__
] llilllll | Illllll| L3t 1idti
1072
1072 15-? 1 0
{0 /H e

S4-4387-81

FIGURE 6-7 MOLE FRACTION OF 3TABLE PRODUCTS !N EQUILIBRIUM WITH FezC
AT 700 K AND 1 atm



= T TTTIT]
i ey
33 1/3 amn
Z
2 2
gL A ey e
< — —
E - p—
w - Ha :
2 — —_————
— S —
\""h-
\‘\.
_ - _
109 b
os U R 11 S T S NI 3 1| I A W AN
1072 1077 h 10

{O/H )=
SA-a387-82

FIGURE 6-8 MOLE FRACTION OF STABLE PRODUCTS IN EQUILIBRIUM WITH FesC
AT 700 KAND 33-1/3 atm

e P mean



B e —— e

1

1y
.

+

L. TR

i.—--.-—-:-—.—_-m .

P ———— LT Y T

1Y

1071 |

TTTTT] T T 17T

|

[
co, —

[

|

CH
ST
= H2
9 2
£ G -
< —
o —
U —
] —
-l
o et
=z
1078 Fey C —
— 700 K —
- 1 atm -
o Looerrend L bl [ 11 id)l
102 1077 1 19
©/H)
SA-4387-83
FIGURE 69 MOLE FRACTION OF STABLE PRODUCTS IN EQUILIBRIUM WITH FezC

AT 700 K AND 1 atm



‘ T T TTITI]

AL

10!

l

Q

= 1072 —

[T b

=3 —

E e

w =

(=]

g [
- 33 1/3 am 5
e 700 X —

SO0 N T I 1 1 T 0 U 11 (OO S B I HU R
102 1077 1 1

O/H)——

SA-4387-84

FIGURE 610 MOLE FRACTION OF STABLE PRODUCTS IN EQUILIBRIUM WITH Fe,C
AT 700 K AND 33-1/2 atm



102 p—

MOLE FRACTION ———»

|

l

1072

I

|

Y]

BRI

108

Lot gl

FIGURE 611

10-1 1 10
O/ ———p
SA-1945-68

MOLE FRACTION OF STABLE PRODUCTS IN EQUILIBRIUM WITH NiyC
AT 500 K AND 1 atmn



LI = T T 1T I
[ CH,
10! |—
I . co
=z b—
Q
= |—
2 Ha
&
N .
w
)
2
02—
Co,
103 y sl o Ll
12 1071 T 10
OfH—

SA-194%-69

FIGURE 6-12 MOLE FRACTION OF STABLE PRODUCTS IN EQUILIBRIUM WITH Ni;C
AT 700 X AND 1 atm

6.20



— i T T 1Tl
— CH,
107 —
— I-l:_&
— .~
e
co,
=
<]
= 1072 —
5 —
e .
[« —
[ |
[*33
w L
o —
z co
1073 = —
- Fey C —
— ¢o 600 K ___
w 1 atm
ot frnl L1yl | 1 L1
102 107 1 10
(OfH}——=
SA-4387-85

FIGURE 673 WMOLE FRACTION GF STABLE PRODUCTS IN EQUILIBRIUM WITH Fe,C
AT 600 K AND 1 atm

6.21



1571

=

2 -2

1510

.9

<

wl

g

=

1078 — Fe, © =
— €00 K —
ll =] 1 atm —
’_ —

e L1l Lo1r 1l {011l
10-2 10! 1 10

[O/H)

5A-4337-86

FIGURE 6-14 MOLE FRACTION OF STABLE PRODUCTS IN EQUILIBRIUM WITH Fe,C
AT 600 K AND 1 atm

6.22




=
w0 —
= —
8
[ e
o
<
=
a S
w
P )
o
=
=
—
e
- Lol Lyl
T 10! 1 10
C/ H et
SA-2387-67

FIGURE 6-15 MOLE FRACTION OF STABLE PRODUCTS 1IN EQUILIBRIUM WITH Fe 04
AT 700 K AND 1 atm

6.23



Appendix to Section 6

i DETATILS OF NUMERICAL ANALYSIS

The equilibrium calculations involving the iron carbidec require

the solution for the f£ive unknowns

X, =P..» X =D » X =P X, =P
1 H ' 2 co’ "3 4
o CH4 4 CO2 5 H20
of five simultaneous eguations:
n
P = xl + x2 + 23 + x4 + xs
2 t’
K, =x./%x_ =p_ /p /
1
3 CH4 H2 f
= - = / ;'J
K2 (xzxs)/(z.lx4) (pc0 Py 0) (PH Foo )
2 2 2
K, =< 3 = ¢ Y/¢ )
By = Wxgxgd /(%)) = Py ’ Py 0 Peo Paz

+ 2
(xz x, + xs)/(z X, + 4 X, + 2 xs)

o
e,
- 11=)
B
0
i

= (p +2p +p Y/ (2 p +4p + 2 p y .
co
C02 Hzo Bé CH4 nzo

Let the temperature be fixed and the three equilibrium constants K, Kz;

Ka be given as well as the pressure P and {(0/H) ratio p.

It is customary t¢ reduce these equations to one equation, a
fifth degree polyncmial, in xl. This polynomial 1s solved for a2 suitable

root, which in turn 1s used to obtain the other variables.

6.24



We will not follow this procedure to completion since for large
values of the Ki the coefficlients in the polynomial may become quite
large, whereas the root sought may be small. This conditicn could cause

numerical instability.

1f we elimirate xs by

x®x =K, X 2
3 11
then
x_ K 2 =K X 3
58 % T3 Fe .
1f X # 0, then
=K
*s ¥ %2
e 't K =K .
?here we se 3/K1
Similarly
x = K X 2
4 K, 2 *

Insertion in the first and last of the original equations yields two

quadratic equations in two unknowns:
f_(x x.)) = +x +x (K, x K x) +-§— x 2 p =0
1t T2 o 11 ' -

2 1 2 Kz 2

K
= o - 2= = -
fz(xl, x2) 2 p xl(l + K x, + 2 Kl xl) x2(1 + Kz X, + K xl) 0

To solve this system we use Newton's method for the above system:



1"‘,%!“, thean

o
d +bd £
(a b d1)= (a 1 2)= —( ‘]i> (6-7)
cd 1:12 c dl +d d2 fz
where (x:, xg) is a guessed peilnt, f: = fi(x:, xg), and the corrected

point (xl, :icz)1 is given by:

2

Thus we must solve the equation (6~7) for d_ and d2 where the matrix

ab

(c d)' the Jacobian of the transformation {fl), is evaluated at
(] o -

(xl, xl). That is, a = fll’ b = f12 c = :t'21, and d = f22, where fij is

the partial derivative of fi with respect to xJ_. In this case

a=1 +2K1xl+!{x2
b 1 K +2K
= + xl 2x2

c = 2p(1 +4K1x1) +K (2p - 1) :w:2

K
=1 + K(2p - 1) x1-4K2x2 .

o
It

In practice about five iterations are required to get four-

Place accuracy. Use of the polynomial method is more cumbersome.

For the system involving Feg 0 (magpnetite) one has:

4



K4 = xl/x5
Ks = ::2/::‘:l
3
K. =x, xR/(xo x1)
)
P = }:1 xl

p = (xz + x4 + xs)/(Z(xl + 2 x

Elimipating all but xl and *, yields

p=x41x1+K51 ;\".2+e:!:2 xl

. 2
2p = [(1{51 Te X ) x2]/[(K4l +2e X xz) xll
where K =1+1/K4 s K =1+1/1-i5 , e =K K .

41 51

The two equations may further be written as

1 1 2
12-2p§x1-§x2=0
where x =K +e:\r2
51 1
; =341 + 2e xlxz
K=K41 -

17
This system is not quadratic, and the large value of e (~ 10 ) makes

the use of Newton's method unsatisfacrory.
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We may further eliminate x, from x, = (P - K xl)/; so that £

2

becomes

f2 =2p vy x, - (P - K xl) =0

and ipserting the value for ; yields

2
(2p+1)xx,-p+4p-‘-‘_f—(p—xx1)=o .

2 -
Setting T = exl/x we get that

®-K5 x)/(P - K x ) =4 pT (6-8)
where 5 =2p +1 .

2 2
Note that T <1
ote a (ex1 )/(K51 + exl )

2
and that for ex, > Ksl, T is close to 1. Since T(0) = 0 and T is
increasing to 1, while the left side of Equation 6-8 is 1 at xl =0 and
decreasing to 0 at x = § = P/Kp <1, we must get a single root between

0 and €, We find this root by a method of nesting, That is if we set

glx, , p)

P K B 3 - T -
: P -EKfx)-4p T (R -Kx)

P>o0

then g0, p

g(E, »

-4pT(1-—%)P<0 )

since E =1 .

This approach allows an imitizsl intervzi (0, E) to be used to bound th=

root and a new guess is chosen to be E/2. Then g(E/2, p) is checked for

6.28
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its sign and paired with O or E. Cne of thes previous bounds is discarded

and the process repeated, This iteration converged at a slower rate than
that for the previous gquadratic system vhere Newton's method was used.
When Newion's nethod was trie” for this problem, the iteration became

unstable due to large values of e and multiplicity of roots.

A small value of p was chasen at the start of the nesting iteration
foliowed by a monotic incrzase. To chtain 2 new upper bound for a root
z(p) for a larger p value we may use the root for the previouvs smaller o,

since the root z (p) as a function of p will decrease as P increases.

p + h and z(p) is the zero for p, set z = z(pP) to get

That is, if pl

glz(p), 5 + h) <0, since

m
H

gz, ol) g(z) =P -Kpz-2kh-4p 7T (P -Kz) -4 h 7 (P = K2)

-2k h - 4 hT{P - Kz) .

LA )

Since z < E(p) < B/Kp < , this is a negative value.

To see that z decreases with p iacreasing, we note that if

gz, p) =0
iz . (& %
dp 3 R

%E = = 2Kz = 4T(P - XKz) < 0 for 0 < x < P/K

%=-—KE-—4pT'(P-—Kz)+4pTx s

but if z is a root

- P(S - 1)
- - 4pT) = = K ——— < .
K(p 4pT) K - 0



is decreasing with 1increasing p.
2
For values of 0 < p < 1/4, there is only one real positive root

d
Thus — < 0, and the the p
28] H

and in this case the solutions may be obtained for large e by setting

T =1. This yields the root

-
)

wls

)

N

[l
=i
0

which agrees wzll with computational values. For values of p in this

range, 2 may be qsed as a2 lower bound for the actual roct,



