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On the prevailing reaction pathways during
magnesium production via carbothermic reduction
of magnesium oxide under low pressures†

Adrian Coray and Zoran R. Jovanovic *

In this work we identify the prevailing reaction pathways of carbothermic reduction of MgO for the tem-

perature and pressure ranges of 1375–1450 °C and 1–2 kPa, respectively, and normalized reduction extents

of up to 0.4. It has been previously suggested that Mg(g) is produced by either (i) MgO dissociation forming

O2 as the reaction intermediate or (ii) MgO(s)–C(s) boundary reaction producing CO that then reduces MgO

while forming CO2 as the reaction intermediate. Either of the intermediates (O2 or CO2) are then con-

sumed by C, which is necessary to sustain further Mg(g) production. To identify the prevailing pathways, O2

or CO2 was co-fed with Ar to sweep reacting MgO–C blends with the intent to shift the equilibrium of one

of the suspected Mg(g)-producing reactions. After accounting for envisaged effects of both the C/MgO ra-

tio in the reacting blends and the CO concentration in the reaction atmosphere, it is demonstrated that

Mg(g) is produced via (1) MgO thermal dissociation and (2) MgO reduction with CO that take place in paral-

lel. At 1375 °C and 1400 °C, roughly twice as much Mg(g) was produced via pathway (1) as compared to

pathway (2). There is no evidence supporting the relevance of a direct MgO(s)–C(s) boundary reaction.

1 Introduction

The automotive industry has been considering magnesium (Mg)
as an attractive substitute for the 50% denser aluminum (Al) to
decrease the fuel consumption of vehicles by lowering their
weight.1–3 Commercially, Mg is produced mainly by the Pidgeon
process, which is based on the reduction of magnesium oxide
(MgO) by ferrosilicon (FexSi).

1,3,4 However, compared to the pro-
cess for making Al this process consumes more than twice the
energy (133 versus 54 MJ kg−1)‡ and releases as much as three
times more CO2 (25.4 versus 8.7 kg CO2eq per kg).5,6 Therefore,
in order to exploit the potential for the fuel efficiency benefit
owing to lightweighting of vehicles, the embedded energy con-
tent in Mg must be reduced.7 One way to achieve this goal is to
circumvent the need for the energy-intensive production of fer-
rosilicon by using carbon (C) as the reducing agent and produce
Mg via carbothermic reduction (CTR) of MgO.2,8,9

The carbothermic reduction of MgO constitutes a myriad
of elementary reaction steps that can be summarized by the
following overall reaction (1):8–13

MgO C Mg COs s g g         (1)

Thermodynamic calculations indicate that the tempera-
ture required for the forward reaction (1) to proceed is depen-
dent on the partial pressures of the products.8,9,13,14 Reduc-
ing these from 50 to 0.5 kPa decreases the onset temperature
of the forward reaction from ∼1750 °C to ∼1350 °C, thereby
reducing heat losses and the energy required to preheat the
reactants. In addition, it has been demonstrated that lower
CO partial pressures drastically decrease the severity of the
reverse reaction (1), which takes place during cooling of the
product mixture.14,15 These benefits thus present a strong in-
centive for investigating the CTR under vacuum, as they may
compensate for the additional pumping work required to
maintain low reaction pressures.

In spite of the extensive research dedicated to understand-
ing the constituent steps of reaction (1),14,16,17 at present
there is no consensus on the prevailing mechanism of the
carbothermic reduction. The reported findings gravitate
around two hypotheses. The first one has been advocated by
Komarek et al.16 who have proposed that MgO first dissoci-
ates into Mg(g) and O and that the latter then diffuses to the
C-surface where it reacts to form CO. The authors have not
commented on excluding the recombination of the atomic
oxygen from consideration, which is believed to be very fast
at the temperatures of interest. This recombination
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transforms their proposed mechanism into its equivalent,
summarized as follows:

MgO Mg 0.5Os g 2 g       (2)

0.5O C CO .2 g s g       (3)

On the other hand, Rongti et al.17 and Chubukov et al.14 have
advocated the mechanism according to which MgO is directly re-
duced by both C and CO. Specifically, the Mg(g) production is ini-
tiated by the MgO(s)–C(s) boundary reaction (1) that prevails up

to MgO conversions of XMgO = 0.2 (ref. 14)–0.25 (ref. 17). At con-

versions higher than these, the MgO is reduced mainly by CO

MgO CO Mg COs g g 2 g         (4)

as the contribution of the MgO(s)–C(s) boundary reaction to the
total Mg(g) production decreases because of a loss in the C(s)/
MgO(s) contact that has been attributed to (i) the decrease in the
surface areas of the reactants due to CTR itself,14 (ii) sintering
of MgO,14 or (iii) densification of MgO.17 The production of
Mg(g) by reaction (4) is sustained by oxidation of C with CO2

CO C 2CO2 g s g       (5)

which not only removes CO2 from the reaction site but also re-
plenishes the reducing agent CO.

Experimental evidence supporting the significance of reac-
tion (4) has been provided by Rongti et al.17 and Chubukov
et al.14 Rongti et al.17 investigated the effect of CO concentra-
tion on the kinetics of MgO reduction by graphite. Exploiting
non-isothermal thermogravimetry at atmospheric pressure,
these authors have observed an increase in the Mg(g) produc-
tion rate upon switching the reaction atmosphere from pure
Ar to CO–Ar mixtures containing 10 or 20% CO. The authors
have attributed this observation to the facilitating effect of an
increase in the CO concentration on reaction (4). However,
the reduction in pure CO was much slower than in pure Ar
which has been attributed to the suppressing effect of high
CO concentrations on the removal of CO2 from the reduction
site via reaction (5). Chubukov et al.14 studied the kinetics of
MgO reduction with carbon black under isothermal/isobaric
conditions at temperatures and total pressures in the range
of 1350–1650 °C and 0.1–100 kPa, respectively. Depending on
the MgO conversion, these authors observed a dual effect of
decreasing the total pressure on the Mg(g) production rate
that they explained as follows:

1. At XMgO < 0.2, a decrease in the total pressure increases

the reaction rate, which was attributed to favoring the
MgO(s)–C(s) boundary reaction (1).

2. At XMgO > 0.35, reducing the total pressure decreases

the reaction rate, which was attributed to higher removal
rates of CO and CO2 from the reaction zone. It, however, re-
mains unclear why an increased removal rate of CO2 from
the reaction zone would decrease the rate of CTR as it should
actually favor reaction (4).

In spite of the limited experimental evidence supporting the
contribution of the reaction pathway comprising reaction steps
4 and 5,14,17 the current literature12,14,17–20 neither conclusively
proves its prevalence in the overall reaction nor justifies ruling
out the contribution of the alternative pathway comprising re-
actions (2) and (3). The objective of this work is to reconcile
previously reported findings and conclusively discriminate pre-
vailing reaction pathways that dominate the Mg(g) production.

2 Methodology
2.1 The principle

The candidates for the prevailing reaction pathways
discussed in the previous section may be distinguished by
the gaseous intermediates they involve:

I. If Mg(g) is produced by the thermal dissociation of MgO
via reaction (2), O2 acts as the key intermediate.

II. If Mg(g) is produced by the MgO reduction with CO via
reaction (4), CO2 acts as the key intermediate.

III. If Mg(g) is produced by the MgO(s)–C(s) boundary reac-
tion (1), no gaseous intermediate is formed.

It should be noted that in cases I and II involving the for-
mation of gaseous intermediates the Mg(g) production is
sustained by the removal of those intermediates from the re-
action site by the reactions with C. This means that the Mg(g)
production should be suppressed if the partial pressures of
those intermediates were increased above the values shown in
section S1 of the ESI,† thereby shifting the equilibria of both
reactions (2) and (4) towards the reactants. Therefore, the pre-
vailing reaction pathway(s) may be discriminated by compar-
ing the extents of CTR in the case when a reacting C/MgO
blend is swept with an O2–Ar mixture and a CO2–Ar mixture
with the extents of CTR in the cases when the same blend is
reacted without adding any oxidants to the sweep and then
implementing the logic outlined in Fig. 1 as follows:

• The MgO dissociation is the prevailing pathway if the CTR
is suppressed with the O2–Ar but not with the CO2–Ar sweep.

• The MgO reduction with CO is the prevailing pathway if the
CTR is suppressed with the CO2–Ar but not with the O2–Ar sweep.

• The MgO(s)–C(s) boundary reaction is the prevailing path-
way if the CTR remains unaffected by the presence of either
O2 or CO2 in the sweep gas.

• If the CTR were suppressed with both the O2–Ar and the
CO2–Ar sweeps, it would appear that both MgO dissociation
and MgO reduction with CO pertain to the Mg production.
However, this conclusion may be confounded by an extra
CO2 production under the O2–Ar sweep via reactions

C O COs 2 g 2 g       (6)

CO 0.5O COg 2 g 2 g       (7)

that may increase the ratio  p pCO CO2
, thereby shifting the equi-

librium of reaction (4) towards the reactants. It would therefore
be unclear whether the suppression of the CTR under the O2–Ar
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sweep was the result of the equilibrium shifts of reaction (2) or
(4) without information about the effective partial pressures of
CO2, CO, and Mg(g) in the reaction atmosphere.

It should be noted, however, that compared to the refer-
ence cases in which no oxidant is added into the gas sweep-
ing a reacting C/MgO blend, the addition of O2 or CO2 into
the sweep gas introduces two side effects: (i) it increases con-
sumption of C via reactions (3), (5), and (6) and (ii) it affects
the effective pCO in the reacting atmosphere because of the
additional CO production via reactions (3) and (5) and/or its
consumption via reaction (7). Previous research has
suggested that the rate of CTR decreases with a decrease in
C/MgO molar ratio11,17 while it may either increase or de-
crease with an increase in pCO.

14,17 In addition, it has also
been reported that the rate of CTR decreases with time,
which has been attributed to a gradual sintering of MgO par-
ticles14 that may proceed at different rates depending on the
reaction atmosphere. Therefore, the addition of either of the
suspected intermediates into the sweep gas may affect the
Mg(g) production not only because of favoring reverse reac-
tion (2) or (4) but also because of (i) the differences in the
effective C/MgO ratios and CO partial pressures and (ii) the
atmosphere-assisted sintering of the MgO particles.

2.2 Accounting for the effects of side reactions

Fig. 2 qualitatively illustrates the expected temporal amounts
of C in a MgO–C blend (top) and CO partial pressures over
the same blend (bottom) when the blend is swept with Ar
(Fig. 2a) or Ar diluted with a suspected intermediate (Fig. 2b)
while subjected to a temperature program indicated by the

dotted lines (middle) comprising three stages: (i) heat up ramp
from ambient to a setpoint reaction temperature TSP  , (ii)
hold at TSP , and (iii) cool-down ramp from TSP to the ambient
temperature. As shown in the top part of Fig. 2a, when pure Ar
is used as the sweep gas the amount of C remains at its initial
value NC

0 until t  I when the blend reaches the onset tem-
perature of CTR TI  , thus N NC C I

0    for t  I . With the
further progress of the temperature program, C is consumed
solely by CTR until t  II when the temperature drops below

TI during the cool-down ramp. Therefore the amount of C re-
mains at NC f  for t  II . However, if either O2 or CO2 is
added to the sweep gas, it starts oxidizing C at a temperature
Tox that is generally lower than TI . This is illustrated by the
top part of Fig. 2b illustrating that within the time interval

 ox I t C is consumed by the reaction with the added oxi-
dant before TI is reached, implying that the amount of C at
the onset of CTR NC I  |int is lower than the initial amount
NC

0 |int  . After this point of time, i.e.,  I II t , C is con-
sumed both by the reaction with the added oxidant and by

CTR until the temperature drops below TI . As the temperature
decreases from TI to Tox  II f  t the amount of C con-
tinues to decrease because of the reaction with the oxidant to
eventually stabilize at NC  1  |int for t  f . Due to likely high
rates of the oxidation reactions at the temperatures in ques-
tion, the consumption of C by the added oxidant is expected to
be mass-transfer limited, thereby occurring at a constant rate
owing to a constant gas velocity and an insignificantly decreas-
ing particle size.21 Accordingly, the amount of C that would be
observed in the absence of CTR, i.e. in the absence of MgO, is
designated by the straight dashed line in the top sketch of
Fig. 2b N tC   |int . Therefore, the amount of C consumed by

CTR only is represented by N NC f C f     | |int int . The analo-
gous description applies for the discussion of temporal CO
partial pressures illustrated in the bottom parts of Fig. 2.
Again, the constant partial pressure of CO that would be ob-
served in the absence of CTR pCO |int stems from the assump-
tion that the consumption of C by the added intermediate is
mass-transfer limited.

In general, the rates of C consumption and the
resulting CO production by the side reactions of the
suspected intermediates with C are specific to the oxidant
added to the sweep gas. The dependence of these rates
on the total sweep gas flow rate and/or the partial pres-
sure of the oxidants can be assessed through a series of
tests with pure C and/or C-(inert solid) blends swept with
O2–Ar and CO2–Ar mixtures. The equal amounts of C
available for CTR regardless of which oxidant is fed with
the sweep, i.e.,

 
 
N N

N N
C I O C I CO

C f O C f CO

2 2

2 2

 

 

    
    

| |

| |
, (8)

can then be ensured by manipulating one or more of the
following parameters: (i) the initial amounts of C
N NC O C COand0 0

2 2
| |  , (ii) the flow rates of the O2–Ar and

Fig. 1 The logic for discriminating the prevailing reaction pathway.
Note: the question mark for the MgO dissociation pathway in the top
middle box implies the need for consideration of the effective species
partial pressures in the reaction atmosphere under the O2–Ar sweep.
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CO2–Ar sweep gas mixtures, and (iii) the partial pressures
of O2 and CO2 in the sweep gas mixtures.

However, even when the feed rates and compositions of
the O2–Ar and the CO2–Ar sweep gas mixtures are adjusted to
ensure the same consumption rates of C, the corresponding
CO production rates are different because the oxidation of C
with CO2 produces twice as much CO per mole of C. This re-
sults in    p pCO CO CO O2 2

| | , which may affect the extent of CTR
through the effect of the CO partial pressure on the onset
temperature of CTR and/or its rate. Moreover, even though
satisfying the equation set (8) ensures that the amounts of C
available for CTR under the O2–Ar and CO2–Ar sweeps are
roughly the same at all times, the amount of C decreases
with time faster in these cases than if no oxidant is added to
the sweep. Therefore, the presence of oxidants in the sweep
may result in a lower extent of the CTR merely because of a
lower amount of C available for CTR but not because of sup-
pressing forward reactions (2) and/or (4). To account for the
effects of the differences in both the amounts of C available
for CTR and the effective CO partial pressures, one thus
needs to establish a reference for comparing the extents of
CTR obtained under sweep gas mixtures containing O2 or
CO2 with those measured in the absence of either of the oxi-
dants in the sweep. Such a reference range of the extents may

be determined by using the initial amounts of C set at

N NC high C I
0 |     (9)

N NC low C f
0 |     (10)

to react the same amount of MgO under (i) an Ar sweep and
(ii) the CO–Ar sweep having the CO partial pressure in the
sweep adjusted at pCO CO2

| . This choice of the reaction condi-
tions encompasses the expected effects of the extra consump-
tion of C by the oxidants added to the sweep on the C/MgO
ratios and CO partial pressures during the CTR. The perti-
nent reaction pathway(s) may then be conclusively identified
if adding an oxidant to the sweep (i) has no effect on the ex-
tent of CTR or (ii) it results in a CTR extent that is below the
reference range of the CTR extents. If, however, adding an ox-
idant to the sweep suppresses the Mg production but the cor-
responding CTR extent is higher than that obtained with no
oxidant in the sweep and with NC low

0 | , the decision cannot be
made without considering the effective species partial pres-
sures in the reaction atmosphere and/or the effect of the
initial C/MgO ratio on the extent of CTR.

Fig. 2 Qualitative temporal amounts of C in a reacting MgO–C blend (top) and CO partial pressures over the same blend (bottom) when it is swept
with (a) Ar and (b) Ar diluted with O2 or CO2 as the suspected intermediate (abbreviated as “int”) under the temperature program indicated by the
dotted lines (middle). The dashed lines indicate the amounts of C and the partial pressures of CO that would be observed in the absence of the
carbothermal reduction.
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3 Experimental
3.1 Program

The methodology presented in the previous section was
implemented through the experimental program comprising
three phases as outlined in Table S1 of section S2 of the ESI.†
The first phase involves experiments exploiting a standard
temperature program under an O2–Ar sweep having the total
inlet molar rate and composition set at n0 |O2

and yO2

0 , re-
spectively. It starts with comparison experiment #1 which
represents the reaction of NMgO

0 moles of MgO blended with
NC O2

0 | moles of C to determine temporal amounts of the re-

sidual carbon in the blend N tC O2
  | indicated by the solid

line in the top sketch of Fig. 2b. In the next step of this
phase, the same initial amount of C NC O2

0 |  was oxidized un-
der the same sweep gas mixture in the absence of MgO to
quantify the C consumption in the absence of CTR, i.e., to de-
termine the values of N tC O2

  | indicated by the dashed line
in the top sketch of Fig. 2b. With N tC O2

  | and NC O2

0 | at
hand, one can determine  I and  f and, therefore, NC I O2

  |
and NC f O2

  | , as well as the extent of CTR during compari-
son experiment #1.

Phase 2 repeats the same steps of phase 1 under the stan-
dard NC CO2

0 | , n0 |CO2
, and yCO2

0 that ensures the same C con-
sumption in the absence of MgO, as observed in phase 1
(i.e.,  N t N tC CO C O2 2

    | | A for t  I ). The reaction of NMgO
0

moles of MgO blended with NC CO2

0 | moles of C under the
CO2–Ar sweep gas mixture having the molar rate and CO2

composition adjusted to satisfy the equalities imposed by
eqn (8) represents comparison experiment #2.

Phase 3 involves the reference CTR experiments
performed under the standard temperature program in the
absence of either O2 or CO2 in the sweep. The reacting blends
comprised NMgO

0 moles of MgO and C in the amounts set

according to eqns (9) and (10), with NC I  and NC f  deter-
mined in phases 1 and 2. Each of these blends is then
reacted under both (i) an Ar sweep and (ii) the CO–Ar sweep
having the flow rate and composition adjusted to ensure that
the CO partial pressures during the experiments resemble

those observed during comparison experiment #2   pCO CO2
| .

The conclusive discrimination among the reaction path-
ways under consideration is based on establishing that the
extent of CTR observed in the comparison experiments (#1
and/or #2) is either (i) unaffected by the presence of the oxi-
dants in the sweep or (ii) lower than the lowest extent of the
CTR observed in the reference experiments of phase 3. The
former would imply the relevance of the MgO(s)–C(s) boundary
reaction while the latter would point to reactions (2) and/or
(4) as the prevailing pathwayĲs).

3.2 Materials

Table 1 lists the sources, specific surface areas (Micromeritics
TriStar 3000 N2 adsorption analyzer), volume-based mean
particle sizes (HORIBA LA-950 laser scattering analyzer), and

impurities contained in the as-received solid raw materials
used in this study: MgO and C as reactants and Al2O3 as the
inert diluent for the C oxidation experiments in the absence
of MgO. The discrepancy between the ratios of the BET areas
and the mean particle sizes of MgO and C implies that these
materials were either highly porous or that they comprised
agglomerates of finer particles.

MgO and Al2O3 powders contained H2O and CO2 as im-
purities adsorbed from the surroundings. The MgO powder
additionally contained both of these impurities chemically
bonded in the forms of MgĲOH)2 and MgCO3. The as-
received charcoal contained moisture, volatile matter, and
ash. The weight fractions of the impurities in the as-
received MgO and Al2O3 powders ( wimp

MgO and wimp
Al O2 3 , respec-

tively) and charcoal ( wH O
C

2
, wvm

C , and wash
C ) were determined

as described in section S3 of the ESI.†

3.3 Apparatus

Fig. 3 shows a schematic of the experimental apparatus.
The reactant bed ② (a MgO–C blend, an Al2O3–C blend, or
C alone) was placed into the assembly shown in more de-
tail on the left side of the figure. The reactant bed was
poured over the graphite felt (Sigratherm® GFA5) ④

protected with a C layer of mC* = 0.23 g ③ to prevent the
infiltration of MgO into the felt, thereby allowing the com-
plete recovery of the residual MgO after the reaction. Seven
Al2O3 tubes (∅10 × 2 mm, l = 10 mm) ⑤ separated the felt
bottom from the support ⑥ (Schupp Ceramics, Ultraboard,
mullite fibers, ∅58 mm, l = 20 mm) in order to prevent a
reaction of the SiO2 from the mullite support with the
graphite felt. Seven boreholes (∅4 mm) in the support
allowed the removal of sweep and product gases. The
packed bed assembly was placed into a reactor tube ⑦

(Al2O3, ∅70 × 5 mm, l = 1200 mm) and held in place at
the location of the hot zone by five support tubes ⑧ (Al2O3,
∅58 × 5 mm, l = 100 mm). Heat was provided by an electri-
cally heated tube furnace ⑨ (Carbolite STF 16-450)
equipped with an R-type thermocouple ⑩ measuring the
temperature in the furnace chamber at the height of the
hot zone (the location is indicated by a dot in Fig. 3). The
part of the reactor tube below the furnace was cooled by sur-
rounding air via natural convection and provided a cooling
zone for precipitating the Mg(g) product. Sweep gas flow rates
were controlled by calibrated mass flow controllers and
(Bronkhorst EL-Flow Select series). The low-pressure environ-
ment was provided by a vacuum pump (Adixen ACP15)
protected by a particle filter (Whatman, GF/F grade glass
fiber filter). The pressure inside the reactor tube was moni-
tored using a pressure sensor (Kistler Instrumente AG,
type 4045A1) positioned in the cold zone above the furnace
and controlled via a globe valve positioned in front of the
vacuum pump. An overpressure relief valve was set at
30 kPa overpressure relative to ambient pressure. The prod-
uct gas composition was measured every 65 seconds using a
gas chromatograph (Agilent M200).
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3.4 Procedure

The MgO–C blends were prepared by stirring m1
0 grams of as-

received MgO powder and m2
0 grams of as-received charcoal

powder with a spatula in a pill glass and occasionally break-
ing agglomerates until the blends appeared homogeneous.
To investigate the reaction of C with O2 added to the sweep
gas, MgO was substituted with m3

0 grams of as-received Al2O3

powder that does not react with C within the pressure and
temperature ranges investigated.22 The effective amounts of
the MgO, Al2O3 and C in the blends (mMgO

0 , mAl O
0

2 3
and mC

0 ,
respectively) were calculated as

m m w

m m w

m m w

MgO
0

1
0

imp
MgO

Al O
0

1
0

imp
Al O

C
0

2
0

H O
C

2 3

2 3

2

  
  

 

1

1

1   w wvm
C

ash
C

(11)

The reaction of C with CO2 added to the sweep gas was in-
vestigated using m2

0 grams of as-received charcoal powder
without diluting it with Al2O3.

The reactant beds (MgO–C, Al2O3–C, or C alone) were
poured into the packed bed assembly after which the appara-
tus was sealed and the vacuum pump was started. Then, the
globe valve in front of the vacuum pump was opened and the
total pressure inside the reactor was reduced to 0.8–1.9 kPa
under 0.16–0.39 LN min−1 of Ar sweep (Messer 4.6). After
pressure equilibration, the furnace was heated under a con-
tinuing Ar flow to 1000 °C at a 20 °C min−1 ramp rate and
held at 1000 °C for 15 minutes to ensure the complete disso-
ciation of MgĲOH)2 and MgCO3 contained in the starting
MgO and the evaporation of volatile matter contained in the
starting charcoal. In some experiments, the gas flow was then
switched to one of the bottled gas mixtures – 5% O2–Ar
(Messer 5.0), 5% CO2–Ar (Messer 4.8), or 5% CO–Ar (Messer
4.7) flowing at rates in the range of 0.16–0.39 LN min−1 which
resulted in a total pressure of 0.8–1.9 kPa and therefore ini-
tial partial pressures of O2, CO2 and CO of 40–95 Pa. The fur-
nace was then ramped at 20 °C min−1 to the desired setpoint
temperature TSP  of 1375, 1400 or 1450 °C and held there
for 30 minutes, after which the furnace was shut off and

Table 1 Properties of the starting solid materials.

Material Source
BET surface area

(m2 g−1)

d
(μm)

Impurities

Type Wt%

MgO Sigma-Aldrich, # 342793 141 ± 1 5.2 H2O + CO2 5.5

C Fluka analytical, # 05120 680 ± 20 37
H2O 1.6

Volatiles 2.4
Ash 4.1

Al2O3 Sigma-Aldrich, # 265497 — 10a H2O + CO2 0.1

a As reported by the manufacturer.

Fig. 3 Schematic of the experimental apparatus with the packed bed assembly situated in the hot zone. The components of the apparatus are the
following: ① alumina assembly wall, ② reactant bed, ③ extra C layer, ④ graphite felt, ⑤ alumina separator tubes, ⑥ mullite packed bed support, ⑦
alumina reactor tube, ⑧ alumina support tubes, ⑨ furnace, ⑩ thermocouple, mass-flow controller MFC 1, mass-flow controller MFC 2,
vacuum pump, particle filter, globe valve, pressure sensor, overpressure relief valve, and gas chromatograph.
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allowed to cool off. When a gas mixture was used as the
sweep, it was replaced by Ar when the furnace temperature
reached 1250 °C.

A possible deposition of C in the cooling zone via reverse
Boudouard reaction (5)23 was tested by feeding a 5% CO–Ar
mixture into the empty reactor maintained at 1450 °C under
a CO partial pressure of ∼95 Pa and measuring the amount
of produced CO2 in the product gas.

3.5 Calculations

3.5.1 Consumption of C and net generation of CO owing
to O2 and CO2 added to the sweep. The removal of C by the
oxidants co-fed with the sweep was quantified exploiting the
experiments performed in the absence of MgO based on the
reactions listed in Table 2 and the corresponding C balance
equations listed in Table 3. The molar extents of reactions oc-
curring in the hot zone (i) and the cooling zone (j) are desig-
nated i and  j , respectively. The extent 5* refers to the ex-
tent of the reverse reaction (5), i.e.,  5 5 * .

NC I  and NC f  (see Fig. 2) were estimated combining
balance eqns (12), (14), and (16) for the O2–Ar sweep and eqns
(13) and (15) for the CO2–Ar sweep as

N N N NC i O C
0

CO i CO i i O2 2 2
 with  i = I,                | |5 ff*

(18)

N N NC i CO C
0

CO i i CO2 2
 with  i = I, f.*            | . |0 5 5 (19)

In eqns (18) and (19), Ni   represents the total molar
amount of species i entrained with the product gas up to the
point of time  calculated as

N n t ti i d
ox





      (20)

where the temporal molar flow rate of species i in the prod-
uct gas was determined as

 n t y t n ti i       (21)

with y ti   and n t  representing the temporal mole frac-
tions of species i determined by gas chromatography and the
temporal total molar rates of the product gas, respectively.
The latter was calculated as




n t
n t
y t

    
 

Ar

Ar

(22)

with

y t y t y t y tAr O CO CO1
2 2

            (23)

and

 n t y n tAr Ar    0 0 (24)

where yAr
0 represents the mole fraction of Ar in the inlet

sweep gas mixture and n t0   is the total molar flow rate of
the sweep gas




n t
p V t
R T

0
0

    N N

N

(25)

based on the total volumetric inlet flow rate of the sweep gas
V tN

0   standardized with a flow definer (MesaLabs, Bios
DryCal Definer 220) at pN = 101.3 kPa and TN = 0 °C for a
given output to the mass-flow controller MFC 2.

The only remaining variables needed to calculate the tem-
poral amounts of carbon via eqns (18) and (19) are the extents
of Boudouard reaction (5) 5 * . As these extents scale with the
CO concentration in the cooling zone, they were evaluated by

Table 2 Extents of the reactions (i) and (j) taking place (a) in the hot zone i  and (b) in the cooling zone  j  when C is swept with O2–Ar and

CO2–Ar mixtures in the absence of MgO. Note: the extent 5* ≥ 0 refers to the extent of the reverse reaction (5).

C source/sink

Reactions Phase 1 Phase 2

Extent Stoichiometry O2–Ar CO2–Ar

Hot zone Consumed by the oxidant added to the sweep
6

C(s) + O2Ĳg) ⇄ CO2Ĳg) ✓ ✗

5
C(s) + CO2Ĳg) ⇄ 2CO(g) ✓ ✓

Cooling zone Deposited on the column wall 5* 2CO(g) ⇄ C(s) + CO2Ĳg) ✓ ✓

Table 3 Species material balance equations for the reactions of C with O2 or CO2 added to the sweep gas in the absence of MgO.

Amount of C Phase 1: O2–Ar Phase 2: CO2–Ar

Remained in the hot zone NC NC
0

6 5   (12) NC
0

5 (13)

Removed as CO and CO2 in the product gas
NCO 2 25 5  * (14) 2 25 5  * (15)

NCO2
  6 5 5  * (16) NCO ,fed2

  6 5* (17)
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flowing a pilot CO–Ar stream through the setup kept under
typical reaction conditions. This evaluation demonstrated the
absence of CO2 in the effluent at a CO partial pressure of
95 Pa, thereby allowing to consider that 5 0* for pCO ≤ 95 Pa.

Under the CO2–Ar sweep, temporal partial pressures of CO
in the hot zone expected in the absence of CTR were approxi-
mated by the values that were observed during the C oxida-
tion experiments in the absence of MgO as

         p y t p tCO CO CO tot CO2 2
| | . (26)

Under the O2–Ar sweep, however, the outlet rate of CO
may not be representative of the CO rate coming from the
hot zone because of CO oxidation via reaction (7) that may
have proceeded in the cooling zone. However, as reaction (7)
produces a mole of CO2 per mole of CO, the rate of CO in the
hot zone  nCO O| 2

may be bounded as

   n t n t n t n tCO O CO O CO CO O            | | |
2 2 2 2

(27)

Owing to the high dilution of the product gas with Ar
( y tAr   ≈ 0.9–0.95) the total molar rate was not signifi-
cantly different between the hot zone and the outlet, i.e.
     n t n t , which results in      y t y t . Therefore, the par-

tial pressure of CO in the hot zone is estimated as

     y t p t p t y t y t pCO tot O CO O CO CO t                 | |
2 2 2 oot Ot 



 |

2

(28)

3.5.2 Selecting the initial amounts of C and partial pres-
sures of CO in the sweep for the reference CTR experiments.
As already discussed in section 2.2, the initial amounts of C
for the reference CTR experiments performed in phase 3 of
the experimental program were selected according to eqns
(18) and (19). It should be noted that eqns (18) and (19) ac-
count for the consumption of C not only from the reactant
blend but also from both the extra layer of C and the graphite
felt, thereby making the effective C/MgO ratios in the refer-
ence CTR experiments lower than their counterparts in the
comparison runs of experimental phases 1 and 2. This could
only have an adverse effect on the extent of CTR in the refer-
ence experiments. Therefore, if the CTR extents in the refer-
ence experiments are still higher than the CTR extents
resulting from those of the comparison runs then the dis-
crimination of the reaction pathway becomes only more
conservative.

The composition and the flow rate of the CO–Ar sweep in
the reference CTR experiments was selected such that the
resulting pCO observed in the absence of CTR matched the
highest CO partial pressures observed during the C oxidation
experiments performed under O2–Ar and CO2–Ar sweeps in
the absence of MgO.

3.5.3 The extents of CTR. In the absence of O2 or CO2 in
the feed, the extent of CTR was calculated from the MgO bal-

ance in the hot zone as

1   


N N
m m
MMgO

0
MgO
f MgO

0
MgO
f

MgO

, (29)

where mMgO
f is the mass of the unreacted MgO in the residual

reactant blend that was determined by thermogravimetry, as
described in section S4 of the ESI.†

The presence of O2 or CO2 in the sweep gas, however, pre-
cludes direct calculation of 1 via eqn (29) as some of the

produced Mg(g) may re-oxidize within the hot zone via reverse
reactions (2) and (4) to the extent that is not known. For this
reason, the extents of CTR for the comparison runs of phases
1 and 2 were estimated exploiting the overall C balance and
assuming that the amount of C removed by the CTR is ap-
proximately equal to the amount of the reduced MgO, as
suggested by the overall reaction (1). Based on the reactions
listed in Table 4, this amount of C corresponds to the molar
extent of reaction (1) expressed as

  1 |t N N       f 2CO f CO f

amount of C
entrained by the prooduct gas

C,fed f

amount of C
fed with the sw

  
  N 

eeep gas

C
0

C f

amount of C consumed
by the ox

  

    N N 

iidant in the sweep

C, dep f

amount of C deposite
  

  N 
dd

in the cooling zone

  
(30)

with the individual terms defined as follows:

N NC,fed f
O

CO ,fed f CO2

      







0
2

2

|
| , (31)

N NC
0

C f
f f O

f CO
         

  






 

   
 

5 6

5

2

2

|
|

, (32)

NC,dep f
f f O

f f CO


   
           
     


 1 5

1 5

2

2

|* *
|* *




(33)

The total amount of fed CO2 was determined as

N y n t tCO ,fed f CO2
ox

f d



   2

0 0 ( ) (34)

where yCO2

0 represents the mole fraction of CO2 in the inlet
sweep gas mixture. However, if either O2 or CO2 is present in
the sweep gas, the five reaction extents listed in Table 4 can-
not be calculated based on the measured CO and CO2 outlet
mole rates as the only information available. While the need
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for extents 5 and 6 can be conveniently circumvented by
calculating the final amount of C in the absence of CTR
NC f  according to eqns (18) and (19), respectively, the final

amount of deposited C NC,dep f  ranging as

0 1 5  C,dep f f f         N     * * (35)

cannot be calculated. However, this amount can be readily
calculated for the reference CTR experiments performed
under Ar or an Ar–CO sweep for which the extent of CTR 1
is determined via the MgO balance eqn (29). As in this case
5 = 6 = 0 and

N N y n t dtC,fed f CO,fed f CO
ox

f 



       0 0 , (36)

eqns (30), (32), (33), and (36) imply that

N
N

C,dep f ref f f ref

CO.fed f f

    
  

        
      

| |* *1 5

1 NN NCO f CO f ref      2
| .

(37)
As the amount of C deposited in the cooling zone in-

creases with the increase in the partial pressures of Mg and
CO, one of the reference experiments should be performed
under conditions ensuring the highest    1 5f f ref      |* *
within the range of the conditions investigated. Using this
value as the estimate of the higher limit for the amount of C
deposited during the comparison runs of phases 1 and 2 will
only inflate the extents of the CTR in those runs. Since the
CTR mechanism can be discriminated if one of the CTR ex-
tents from the comparison runs is lower than the lowest CTR
extent observed in the reference experiments of phase 3, this
approach should make the decision only more conservative.

4 Results and discussion
4.1 Phase 1: O2–Ar sweep

4.1.1 Detection of the onset of CTR. Table 5 summarizes
the initial conditions selected for the tests under an O2–Ar
sweep. These conditions were implemented at three furnace
setpoint temperatures TSP  : 1375, 1400, and 1450 °C. Fig. 4
shows a comparison of the outlet CO, CO2, and O2 molar flow
rates in the product gas from the experiments with the
MgO–C and Al2O3–C blends at 1375 °C; the results for the
remaining two setpoint temperatures are shown in section S5

of the ESI.† The onset of the CTR was identified at  I ≈ 22 min
by the inflection point of the CO molar rate observed with
the MgO–C blend. The amount of Al2O3 for the Al2O3–C
blend (20.1 mmol) was selected to match the heat capacity of
the substituted MgO, thereby providing an equal sink for the
heat released by the exothermic reaction (3). This resulted in a
good agreement between the CO production rates with these
two blends prior to the onset of CTR. This agreement could
not be achieved with C alone (see Fig. S2 of section S5 of the
ESI†) which has been attributed to the increase in the local
temperature of the C bed due to exothermic reaction (3) ( h0 =
−110.5 kJ mol−1 (ref. 24)). The CO2 observed in the outlet was
attributed to reaction (6) taking place in the hot zone and/or
reaction (7) taking place in the hot and/or cooling zone. Lower
CO2 and O2 product flows in the test with MgO–C compared
to those observed with Al2O3–C implied the re-oxidation of (i)
Mg(g/l/s) via reverse reactions (2) and (4) taking place in the hot
and/or cooling zone and (ii) deposited C via reactions (3) and
(6) taking place in the cooling zone only.

4.1.2 Quantifying the amount of C removed by co-fed O2.
Following the procedure outlined in section 3.5.1, the
amounts of C at the onset of CTR were found to be
NC I O  |

2
= 47.1 ± 0.15 mmol over the entire temperature

range investigated. The final amount of C in the absence of

Table 4 Reactions involving C during the CTR experiments. Note: the extents 1* ≥ 0 and 5* ≥ 0 refer to the extents of the reverse reactions (1) and (5).

Amounts of C

Reactions Phase 1: Phase 2: Phase 3:

Extent Stoichiometry O2–Ar CO2–Ar CO–Ar, Ar

Hot zone

Consumed by the CTR 1
MgO(s) + C(s) ⇄ Mg(g) + CO(g) ✓ ✓ ✓

Consumed by the oxidant added to the sweep
6

C(s) + O2Ĳg) ⇄ CO2Ĳg) ✓ ✗ ✗

5
C(s) + CO2Ĳg) ⇄ 2CO(g) ✓ ✓ ✗

Cooling zone Deposited on the column wall
1* Mg(g/l/s) + CO(g) ⇄ MgO(s) + C(s) ✓ ✓ ✓

5* 2CO(g) ⇄ C(s) + CO2Ĳg) ✓ ✓ ✓

Table 5 The initial conditions for the tests under an O2–Ar sweep (phase 1 of the experimental program).

Sweep gas

VN

(LN min−1)

pO2
in the sweep

(Pa) Solids

NMgO
0

(mmol)

NAl O
0

2 3

(mmol)

NC
0

(mmol)

N NC MgO
0 0

(—)

5% O2–Ar 0.160 40 C — — 53.3 —
5% O2–Ar 0.160 40 Al2O3–C — 20.1 53.3 —
5% O2–Ar 0.160 40 MgO–C 49.6 — 53.3 1.08
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CTR NC I O  |
2
decreased from 31.6 at 1375 °C to 26.6 mmol

at 1450 °C. This decrease was attributed mainly to the in-
crease in the durations of the heating and cooling tempera-
ture ramps that increased the total duration of O2 co-feed
from 60 min at TSP = 1375 °C to 73 min at TSP = 1450 °C.

At the same time, the C consumption in the experiments
with the Al2O3–C blend was essentially unaffected by an in-
crease in TSP (see section S5 of the ESI†). This, together
with a roughly constant CO production rate once the tem-
perature stabilized at TSP , confirms that the oxidation of C
in these experiments was controlled by film diffusion which
for the typical C conversion of 12–17% implies an essentially
constant conversion rate.25 With the total ptot O| 2

∼0.8 kPa,
pCO O| 2

was in the range 55–65 Pa and 60–75 Pa at 1375 °C
and 1450 °C, respectively.

4.2 Phase 2: CO2–Ar sweep

4.2.1 Detection of the onset of CTR. Table 6 summarizes
the initial conditions selected for the tests under a CO2–Ar
sweep. These conditions were implemented at three furnace
setpoint temperatures TSP  : 1375, 1400, and 1450 °C. Fig. 5
shows a comparison of the outlet CO, CO2, and O2 molar flow
rates in the product gas from the experiments with the
MgO–C blend and C alone at 1375 °C; the results for the

remaining two setpoint temperatures are shown in section S5
of the ESI† and the repeatability of the experiments is dem-
onstrated in section S6 of the ESI.† The onset point of CTR
was identified at  I ≈ 22 min as the time stamp of the inflec-
tion point of the CO molar flow rate obtained with the
MgO–C blend. Markedly, good agreement between the data
sets for t  I was achieved even without diluting C with
Al2O3. This was attributed to the endothermic consumption
of C by CO2 via reaction (5) ( h0 = +172.4 kJ mol−1 (ref. 24)).
As was the case for the O2–Ar sweep, once the temperature
stabilized at TSP the production of CO due to the consump-
tion of C with co-fed CO2 was approximately constant and es-
sentially independent of TSP (see section S5 of the ESI†). A
decrease in the molar rate of CO2 observed with the C–MgO
during CTR compared to that observed during C oxidation ex-
periments with C alone was attributed to the oxidation of
Mg(g/l/s) and via reverse reaction (4) taking place in the hot
and/or cooling zone.

4.2.2 Quantifying the amount of C removed by co-fed CO2.
Following the procedure outlined in section 3.5.1, the
amounts of C at the onset of CTR were found to be
NC I CO  |

2
= 47.8 ± 0.05 mmol over the entire temperature

range investigated. As was the case for the tests under an O2–
Ar sweep, the final amount of C in the absence of CTR
NC f CO  |

2
decreased with increasing TSP from 32.6 mmol at

1375 °C to 31.8 and 27.5 mmol at 1400 °C and 1450 °C, re-
spectively, mainly because of the prolonged duration of the
CO2 co-feed. Compared to the O2–Ar sweep experiments, the
relative differences between the calculated values of NC I 
and of NC f  were ≤2% and ≤4%, respectively (see section
S7 of the ESI†). The set of conditions listed in Table 6
therefore provided that  N NC I CO C I O     | |

2 2
and

 N NC f CO C f O     | |
2 2

(see eqn (8)) thus no iterations with
different CO2–Ar sweep flow rates and/or compositions men-
tioned in section 2.2 and Table S1 of section S2 in the ESI†
were needed. With  ptot CO kPa| .

2
1 5 ,  pCO CO|

2
was approxi-

mately constant at TSP and ranged from 94 Pa (TSP = 1375
°C) to 97 Pa (TSP = 1450 °C) (see section S7 of the ESI†).

4.3 Phase 3: Ar and CO–Ar sweeps

The initial conditions selected for the reference CTR experi-
ments under CO–Ar and Ar sweeps are shown in Table 7. The
starting amounts of C for the blends with NMgO

0 moles of
MgO were selected to satisfy N NC high C I

0 |     and

N NC low C f
0 |     . To account for the observed decrease in
NC f  with an increase in TSP , NC low

0 | was adjusted to 32.9,

Fig. 4 Outlet molar rates of CO, CO2, and O2 for MgO–C and Al2O3–C
blends subjected to an O2–Ar sweep at TSP = 1375 °C. Note: the mole
rate of CO2 is shown doubled to ease visual distinction from the mole
rate of O2.

Table 6 The initial conditions for the tests under a CO2–Ar sweep (phase 2 of the experimental program).

Sweep
gas

VN

(LN min−1)

pCO2
in the sweep

(Pa) Solids

NMgO
0

(mmol)

NC
0

(mmol)

N NC MgO
0 0

(—)

5% CO2–Ar 0.310 75 C — 53.3 —
5% CO2–Ar 0.310 75 MgO–C 49.6 53.3 1.08
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31.6, and 26.6 mmol for TSP = 1375, 1400, and 1450 °C, re-
spectively. The higher limit of CO partial pressure in the
sweep was set to pCO = 95 Pa to match  pCO CO|

2
that ranged

from 94 to 97 Pa. This was accomplished by flowing a 5%
CO–Ar mixture with a normal flow rate VN = 0.39 LN min−1,
which resulted in  ptot kPa1 9. . The total normal flow rate of
the Ar sweep was chosen to be the same as that of the CO–Ar
sweep (0.39 LN min−1) also resulting in  ptot kPa1 9. .

The outlet gas in all the reference experiments comprised
only Ar and CO. Fig. 6 indicates a remarkable similarity be-
tween the outlet CO molar rates observed during the compar-
ison experiments under the CO2–Ar sweep and the reference
experiments under the CO–Ar sweep with NC high

0 | . As
expected, the outlet CO molar rates observed under the O2–Ar
sweep were lower. The results of the experiments performed
under the Ar sweep with NC high

0 | and the CO–Ar sweep with
NC low

0 | are also available in section S5 of the ESI.†

In spite of the absence of CO2 in the outlet gas during the
experiments completed under CO–Ar and Ar sweeps, visual

inspection of the cooling zone upon these experiments con-
firmed the presence of deposited C, MgO and/or Mg. This im-
plies that C may have deposited as a consequence of the di-
rect recombination of the products via the reverse reaction
(1). The other possibility is that the condensed Mg(l/s) may
have catalyzed the Boudouard reaction (as C deposition was
not observed at up to pCO ≤ 95 Pa in the absence of CTR)
but that the produced CO2 was completely consumed by the
Mg(g/l/s) reoxidation via the reverse reaction (4). This scenario
would impose the equality of the extents of the reverse reac-
tions (4) and (5), i.e.  4 5* * , thereby making the Boudouard
reaction only a step of the reverse overall reaction (1), as
suggested by Hischier et al.15

4.4 Discrimination of the prevailing reaction pathways

The extents of CTR calculated as outlined in section 3.5.3 are
normalized by NMgO

0 = 49.6 mmol and shown in Fig. 7 as a
function of TSP . The highest amount of C deposited in the
cooling zone, indicating the highest 1* and 5* , is expected
to be observed in the experiment performed with the higher
initial amount of C NC high

0 | = 47.5 mmol under the CO–Ar
sweep as this experiment resulted in the highest Mg(g) pro-
duction and the highest pCO in the cooling zone. Therefore,
setting the maximum amount of deposited C to the amount
calculated for this particular experiment, i.e.,

max * * |**
, |

       1 5 1 5 0f f f f CO C high
             N (38)

allows for bounding the extents of CTR calculated for the
comparison runs via eqn (30) by the error bars reflecting the
uncertainty of NC,dep f  as

0 1 5 0         N
NC,dep f f f CO C high

     |* *
, | (39)

The results presented in Fig. 7 can be summarized as
follows:

(A) The addition of CO to the sweep gas slightly sup-
presses the Mg(g) production (data set II versus data set I);

Fig. 5 Outlet molar rates of CO and CO2 for MgO–C and C alone
subjected to the CO2–Ar sweep at TSP = 1375 °C.

Table 7 The initial conditions for the reference tests completed under a CO–Ar or Ar sweep (phase 3 of the experimental program).

TSP

(°C)
Sweep gas

VN

(LN min−1)

pCO in the sweep

(Pa) Solids

NMgO
0

(mmol)

NC high
0 |

(mmol)

NC low
0 |

(mmol)

N NC MgO
0 0

(—)

1375
5% CO–Ar 0.390 95 MgO–C 49.6 47.5 — 0.96
5% CO–Ar 0.390 95 MgO–C 49.6 — 32.9 0.67

Ar 0.390 — MgO–C 49.6 47.5 — 0.96

1400
5% CO–Ar 0.390 95 MgO–C 49.6 47.5 — 0.96
5% CO–Ar 0.390 95 MgO–C 49.6 — 31.6 0.64

Ar 0.390 — MgO–C 49.6 47.5 — 0.96

1450
5% CO–Ar 0.390 95 MgO–C 49.6 47.5 — 0.96
5% CO–Ar 0.390 95 MgO–C 49.6 — 26.6 0.54

Ar 0.390 — MgO–C 49.6 47.5 — 0.96
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therefore, the runs performed under the CO–Ar sweep (data
sets II and IV) may serve as a conservative reference for the
CTR in the absence of the oxidants in the sweep.

(B) The extents of CTR in the comparison experiments
performed under the O2–Ar sweep with NC high

0 | (data set V)

were up to 60% lower than those obtained under the CO–Ar
sweep with NC low

0 | (data set IV).

(C) The extents of CTR in the comparison experiments
performed under the CO2–Ar sweep with NC high

0 | (data set III)
were lower than those obtained under the CO–Ar sweep with
NC high

0 | (data set II) but higher than those obtained under the
CO–Ar sweep with NC low

0 | (data set IV).

As the addition of O2 to the sweep showed no facilitating
effect on the sintering of MgO (see Fig. S13 in section S8 of
the ESI†), the O2-induced suppression of the Mg(g) production
in spite of a more favorable C/MgO ratio (observation B) can
be attributed only to the equilibrium shifts of reactions (2)
and/or (4) because of the potential increase in both pO2

and
the ratio  p pCO CO2 . The former can be estimated from the
outlet O2 molar rates and then used to calculate the equilib-
rium partial pressures of Mg resulting from the MgO dissoci-
ation (reaction (2)) according to the analysis presented in sec-
tion S10 of the ESI.† These equilibrium partial pressures were
five to six orders of magnitude lower than the partial pres-
sures of Mg estimated from the observed Mg(g) productions,
as described in section S9 of the ESI.† This implies that at
TSP values of 1375 °C and 1400 °C the MgO dissociation (re-
action (2)) essentially did not contribute to the Mg(g) produc-
tion under the O2–Ar sweep (data set V). It should be noted
that this claim cannot be extended to the experiment
performed at TSP = 1450 °C as the outlet O2 molar rate was
essentially zero during a part of this experiment, hence the
thermal dissociation could have taken place also. Using anal-
ogous reasoning outlined in S10 of the ESI† to estimate
 p pCO CO2 ratios for the experiments under the CO2–Ar sweep

(data set III) indicates that the partial pressures of Mg esti-
mated from the observed Mg(g) productions are ∼20 to
4000 times higher than those predicted by the equilibrium of
reaction (4). This implies that under the CO2–Ar sweep (data
set III) the MgO reduction with CO (reaction (4)) essentially
did not contribute to the Mg(g) production.

Fig. 6 CO molar rates observed at (a) TSP = 1400 °C and (b) 1450 °C with N NC high C I
0 |     ≈ NC I  = 47.5 mmol and NMgO

0 = 49.6 mmol
under CO–Ar (black solid line), CO2–Ar (green dashed line) and O2–Ar (blue dotted line). A comparison of the CO molar rates for 1375 °C is shown
in section S5 of the ESI.†

Fig. 7 Normalized extents of CTR as a function of TSP under (I) an Ar

sweep with N NC C high
0 0 | = 47.5 mmol (open circles), (II) a CO–Ar

sweep with N NC C high
0 0 | = 47.5 mmol (filled circles), (III) a CO2–Ar

sweep with NC
0 = 53.3 mmol corresponding to NC I  = 47.8 mmol

≈ NC high
0 | (open diamonds), (IV) a CO–Ar sweep with N NC C low

0 0 | =

32.9 (1375 °C), 31.6 (1400 °C), and 26.6 mmol (1450 °C) (filled squares)

and (V) an O2–Ar sweep with NC
0 = 53.3 mmol corresponding to

NC I  = 47.1 mmol ≈ NC high
0 | (open triangles). The error bars for

the comparison runs (III and V) represent    1 5f f     * *
calculated via eqn (37) for the experiments from the set (II) as the

expected maximum of NC,dep f  . The dotted lines are added only to

indicate trends.
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A plausible explanation for the observed O2 and CO2

effects is that Mg(g) is produced via both (a) MgO thermal dis-
sociation and (b) MgO reduction with CO that take place in
parallel. The role of C is to remove the intermediates O2 and
CO2 from the reaction sites, thereby favoring forward reac-
tions (2) and (4). Markedly, at 1375 °C and 1400 °C the sums
of the extents obtained under the CO2–Ar (data set III) and
O2–Ar sweeps (data set V) are essentially equal to the extents
obtained under the Ar–CO sweep (data set II) (see Fig. S14,
section S11 of the ESI†); at 1450 °C, the sum slightly exceeds
the extent from the data set II which could be attributed to
the Mg(g) production under the O2–Ar sweep partly to the
MgO dissociation also. This implies that adding O2 or CO2 to
the sweep allows the isolation of one of the steps by
preventing the other and to determine that at 1375 °C and
1400 °C roughly twice as much Mg(g) was produced via the
MgO dissociation compared to the MgO reduction with CO.

The conclusion outlined above appears to contradict the
claim by Chubukov et al.14 who have advocated that under
the same reaction conditions MgO(s)–C(s) boundary reaction
governs the Mg(g) production rather than MgO dissociation.
It should be noted that the disagreement may be existing
only in the interpretation of the same reaction mechanism.
Specifically, the MgO dissociation (reaction (2)) is sustained
by the removal of O2 from the MgO surface via oxidation of C
(reaction (3)) and the sum of these two steps results in the
stoichiometry of the overall reaction (1). However, there is no
evidence supporting the relevance of a direct solid–solid reac-
tion. In fact, the results of the comparison experiments
presented in Fig. 7 indirectly demonstrate that the contact
between the materials is not a factor. In particular, the CTR
experiments under the O2–Ar and the CO2–Ar sweeps (data
sets III and V, respectively) were performed with the same ini-
tial amount of C which was pre-oxidized to essentially the
same extent before reaching the onset temperature of CTR
(see Fig. S10 of section S7 in the ESI†). Therefore, the pre-
oxidation of C with O2 and CO2 should have affected the
interfacial contact between the materials in the same way.
Yet, the extents of the MgO reduction under the CO2–Ar
sweep are roughly twice as high compared to those observed
under the O2–Ar sweep.

5 Summary and conclusions

This work discriminates the prevailing reaction pathways
of the carbothermic reduction of MgO for normalized re-
duction extents of up to 0.4 achieved within the tempera-
ture and pressure ranges of 1375–1450 °C and 1–2 kPa,
respectively. It demonstrates that Mg(g) is produced in the
ratio ∼2 : 1 via (1) MgO thermal dissociation and (2) MgO
reduction with CO that take place in parallel. These path-
ways generate O2 (pathway 1) and CO2 (pathway 2) as the
intermediates that diffuse and react with C, thereby sus-
taining the Mg production. It is also argued that the
MgO dissociation pathway may have been confused with

the MgO(s)–C(s) boundary reaction advocated by previous
investigators, which relies on the direct contact of the
solid reactants. Therefore, our findings imply that the
rate of the overall MgO reduction may be controlled by the
diffusion of the intermediates from the MgO(s) surface to the
C(s) surface and/or a loss of the MgO surface area due to
sintering rather than by the loss of the direct contact
between MgO(s) and C(s).

Nomenclature

d Volume-based mean particle size (μm)

h0 Standard molar enthalpy of reaction (kJ mol−1)
Ki Equilibrium constant of reaction i
l Length (mm)
mj

0 Initial mass of species, as-received material, or
sample j (g)

mj
f Final mass of species, as-received material, or sam-

ple j (g)
mC* Mass of extra C layer on top of the felt (g)
M j Molar mass of species j (g mmol−1)
N j

0 Initial molar amount of species j (mmol)
N tj   Temporal molar amount of species j (mmol)
N tj   Temporal molar amount of species j in the

absence of CTR (mmol)
NC,dep   Molar amount of C deposited as solid in the

cooling zone at time τ (mmol)
N j,fed   Molar amount of species j co-fed with the sweep

up to time τ (mmol)
NMgO

f Final molar amount of residual MgO after the
experiment (mmol)

n tj
0   Temporal molar flow rate of species j at the inlet

(mmol min−1)
n tj   Temporal molar flow rate of species j in the hot

zone (mmol min−1)
n tj   Temporal molar flow rate of species j at the outlet

(mmol min−1)

n tj   Temporal molar flow rate of species j in the
absence of CTR (mmol min−1)

n tj   Average molar flow rate of species j (mmol min−1)

n tC,dep   Rate of C depositing as solid in the cooling zone
(mmol min−1)

p j Partial pressure of species j in the hot zone (Pa)
p j Partial pressure of species j in the hot zone in the

absence of CTR (Pa)
p j Average partial pressure of species j in the hot

zone (Pa)
pMg,eq Equilibrium partial pressure of Mg in the hot zone

(Pa)

T Temperature (°C)
Tox Onset temperature of oxidation of C by co-fed oxi-

dants (°C)
TI Onset temperature of CTR (°C)
TSP Setpoint temperature of the furnace (°C)
Tsint Sintering temperature (°C)
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t Time (min)
V tN

0   Temporal normal volume flow rate at the inlet (L
min−1)

wi
j Mass fraction of compound i in the as-received

material j (%)
XMgO Conversion extent of MgO
y tj

0   Temporal molar fraction of species j at the inlet

y tj  * Temporal molar fraction of species j in the hot
zone

y tj   Temporal molar fraction of species j at the outlet

Z Fraction of CO consumed by Mg in the cooling
zone

Greek symbols

 j Molar extent of reaction j taking place in the cooling
zone (mmol)

 j* Molar extent of reverse reaction j taking place in the
cooling zone (mmol)

i Molar extent of reaction i taking place in the hot zone
(mmol)

i* Molar extent of reverse reaction i taking place in the hot
zone (mmol)

 ox Onset point of oxidation of C by co-fed oxidants (min)
 I Onset point of CTR (min)
 II End point of CTR (min)
 f Final point of test (min)

Subscripts

imp Impurity
N Normal (0 °C and 101.3 kPa)
tot Total
vm Volatile matter
|O2

O2–Ar sweep
|CO2

CO2–Ar sweep
|int Intermediate (O2–Ar sweep or CO2–Ar sweep)
|high High initial amount of C
|low Low initial amount of C

Abbreviations

CTR Carbothermic reduction
MFC Mass flow controller
SSA Specific surface area
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