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Conversion to ammonia with Haber–Bosch catalysts can be increased above 95% by selective absorption of ammonia
by MgCl2. The maximum conversion depends on reaction and absorption equilibria. At very short times, the measured
conversion rate is the same with and without absorption by the MgCl2 salt; the overall rate constants are comparable to
those in the literature. At larger times, conversion to ammonia can be over seven times greater with MgCl2 than without.
However, the overall rate constants can be over 10 times slower because they are controlled by ammonia diffusion in the
solid salt. An approximate, pseudosteady state theory consistent with these results provides a strategy for improving the
overall rate while keeping the conversion over 90%. For example, the absorption rates might be increased using smaller
particles of absorbent on a porous inert absorbent support. The results provide part of the basis for designing small scale
ammonia plants. VC 2015 American Institute of Chemical Engineers AIChE J, 61: 1364–1371, 2015
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Introduction

Ammonia is one of the most important chemicals in our
society.1,2 It is basic to chemical fertilizer and a key to feed-
ing a large percentage of the world’s population. Ammonia
is usually made by burning coal or natural gas in air to pro-
duce a mixture of nitrogen, hydrogen, water, and carbon
dioxide. After the carbon dioxide and water are carefully
removed, the nitrogen and hydrogen are reacted at high pres-
sure and temperature over an iron catalyst to make ammonia.
Because the reaction is not complete, the resulting gas mix-
ture must be separated. The ammonia product is harvested,
and the unreacted nitrogen and hydrogen are recycled. Part
of this recycle must be purged to prevent build-up of argon
which is present in the original air.

This process works well, the result of a century of careful
optimization.3,4 It is a centerpiece of our modern industrial
society. At the same time, it requires a major capital invest-
ment and a fossil fuel feedstock, and so may be hard to sus-
tain in the centuries to come. Accordingly, dreamers in
scattered agricultural stations have imagined making ammo-
nia locally from air, water, and wind.5–7 The air is separated
to make nitrogen; the water is split by electrolysis to make
hydrogen, using wind-generated electricity. However, when
the nitrogen and hydrogen are combined over the catalyst at
high pressure and temperature, the reaction is still incom-
plete: the unreacted gases must still be separated and
recycled. While such a process will work, the need for the
recycle means that the process is just a scaled down version
of the current one. Because the economies of scale of the

large plants are lost, the locally made ammonia will be more
expensive.

This article explores the potential of a small-scale ammo-
nia process which uses solid magnesium chloride as an
ammonia-selective absorbent.8 This absorbent has been care-
fully studied as a possible means of storing ammonia as a
fuel for automobiles.9–13 It absorbs and releases ammonia at
temperatures and pressures like those used in conventional
ammonia synthesis.14–16 Moreover, as is shown in Figure 1,
the combination of reaction and absorption can allow nearly
complete conversion of the nitrogen and hydrogen. In this
figure, the circles and diamonds are the conversions vs. time
with and without the absorbent, respectively. To be sure, the
times in Figure 1 are longer than the 1 min used in commer-
cial practice. However, as we show below, these times
reflect the amounts of catalyst and absorbent used and can
be reduced.

To explore these ideas in more detail, we first review the
kinetics of reaction and absorption.17,18 We then describe our
experiments and the results that they yield. Finally, we dis-
cuss the potential of this process for small-scale ammonia
production.

Theory

The equipment used in these experiments, shown sche-
matically in Figure 2, consists of two chambers and a pump.
One chamber contains catalyst at a temperature around
400�C; the second contains magnesium chloride absorbent,
sometimes at a lower temperature. The pump moves the
gases between the chambers. After the system is charged
with a 1:3 ratio of N2 and H2, the catalyst produces ammo-
nia, which can be absorbed by the MgCl2. Because the reac-
tion reduces the number of moles in the system, that is
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N213H2�2NH3 (1)

there is a change in total pressure, which is measured vs.
time.

The system involves three rates: that of reaction, that of
absorption, and that of convection, that is, that due to the
pump. The rates of reaction and absorption are both highly
nonlinear. Most obviously, the reaction is exothermic, and
the reaction’s rate constants show a sharp Arrhenius temper-
ature dependence. The forward reaction rate for consuming
nitrogen is linear in nitrogen but nonlinear in hydrogen and
varies inversely with ammonia. The reverse reaction rate
varies about linearly with ammonia but inversely with hydro-
gen. The absorption rate does vary linearly with the ammo-
nia concentration minus the concentration at equilibrium, but
that equilibrium concentration is a sharp nonlinear function
of temperature: one mole of MgCl2 can pick up one, two, or
six moles of ammonia. Because the absorption is diffusion
controlled, it is nonlinear in time.

The modeling of the preliminary experiments reported
here will be approximate, always seeking a linear form. The

reaction making ammonia is, under conditions used here,
controlled by nitrogen absorption on the catalyst. Under
many important conditions, the rate rN2

of nitrogen con-
sumption per volume catalyst VR is given by the Temkin–
Pyzhev equation19–22
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where pi is the partial pressure of component “i,” kR, and k0R
are forward and reverse reaction rate constants, respectively,
and a is a parameter close to one half. While this equation
often successfully correlates experimental data, it is less suc-
cessful at low partial pressures of ammonia. That is the case
studied here. In this limit, an alternative expression is22
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where kR and K are different constants. We will assume that
in our experiments, absorption keeps the ammonia pressure
low, so we have the simple linear kinetics of Eq. 3. Note
this implies that when the ammonia product accumulates, the
reverse reaction is linear in ammonia.

Earlier experiments have shown that the absorption rate
per absorbent volume rNH3

of pure low pressure ammonia by
magnesium chloride is explained at small times by the pene-
tration theory of mass transfer23,24
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where D is the diffusion coefficient of ammonia in solid
MgCl2, t is the time, a is the absorbent area per bed volume,
and H is a partition coefficient between solid and gas. In our
case, because we are absorbing ammonia from a high pressure
mixed gas, ammonia concentration gradients may exist both
in the solid and in the mixed gas. Thus we postulate that
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Figure 1. Conversion with MgCl2 is increased.

While the eventual conversion is much higher when the

absorbent is present, the initial rates are comparable.

Figure 2. Apparatus used in this work.

This equipment is used for the kinetic and transport studies described in this article. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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where kA is an overall mass-transfer coefficient for absorp-
tion and a is the absorbent area per absorbent volume. The
effective equilibrium partial pressure may be high if the
amount of absorbent is so limited that it is saturated.

Next, we combine these rate processes and the flow through
the pump in Figure 2 to find the overall rate of the process.
Because we are interested in correlating the preliminary data
obtained in this article, we give this description in terms of
the average “lumped” concentrations in reactor and absorber.
Moreover, in our experiments, the gas flow rates are typically
2 L/min, and the entire equipment volume is about 0.3 L, so
the cycle times is under 10 s, much shorter than the total time
of these experiments. Thus a single cycle is near steady state,
even though the total experiments are unsteady.

We begin with a mass balance on the ammonia in the
reactor, which we approximate for this small reactor as well-
mixed

05Q ðpNH3
2p0NH3

Þ12 kR VR ðp0N22p0NH3
=KÞ (6)

where pi amd p0i are the inlet and outlet partial pressures of
species “i,” respectively; Q is the flow rate; and VR is the
reactor volume. We also make a similar balance on the
absorber, which we also approximate as well-mixed

05Q p0NH3
2pNH3
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Þ (7)

where pi and p0i are now the outlet and inlet pressures,
respectively; VA is the solid absorbent volume; and p�NH3

is
the ammonia pressure which would be in equilibrium with
the solid. We also have the stoichiometric constraint
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By combining Eqs. 6–8, we make a pseudosteady-state
approximation on ammonia gas—that ammonia produced
equals ammonia absorbed—and so can eliminate pN2

and
pNH3

to find
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At the longer times and many cycles used for our experi-
ments, we make an unsteady state balance on nitrogen in the
full system volume, that is, both the reactor and the
absorber. The overall nitrogen atom gas balance, continuing
the pseudosteady-state assumption on ammonia gas occurring
after the short transient buildup of ammonia, says that twice
the moles of nitrogen gas converted to ammonia gas equals
the moles of ammonia absorbed by the solid

2V
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where V is the total volume of gas. Combining Eqs. 9 and
10, we find
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Notice that this rate increases with absorption rate kA and
absorber capacity VA, and that it also increases with flow
rate Q. Both trends reflect improved removal of product
ammonia from the reactor, thereby suppressing the reverse

reaction. When absorption and pumping are fast enough, and
the absorbent permits a low ammonia partial pressure, Eq.
11 suggests that we can experience the best case, where the
rate observed approaches the forward reaction rate.
The total pressure also varies with the nitrogen gas partial
pressure

dp

dt
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Neglecting the transient as the ammonia partial pressure
builds up to the pseudosteady-state value, we approximate

p5p022 pN2;0
2pN2

	 

(13)

Thus the reactor loop transient in terms of the total pressure
p is approximately
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where p� is the final equilibrium pressure, and k is an over-
all rate constant for these experiments, equal to the recipro-
cal of the quantity in braces.

Equation 14, which will be used to analyze the data pre-
sented in this article, merits some discussion now. First, the
final value of p includes both the effects of reaction equilib-
rium (as K) and absorption equilibrium (as p�NH3

). Second,
the three rate processes involved are harmonically averaged
in k as resistances in series. The resistance of the reaction
kinetics is [V/VRkR]. The resistance of absorption is
V=KkAaVA½ �; note this varies with reaction reversibility (as

K) and with the amount of absorbent (as VA). This resist-
ance also depends on the size of the absorbent particles, for
a equals (6/d) where d is the adsorbent particle size, the
diameter for spheres or the side for cubes. The resistance of
the pump, that is, the delay in moving the ammonia from the
reactor to the absorber, is represented by the term containing
the flow Q. We will use these approximate expectations as a
basis for discussing our experiments, described next.

Experimental

Materials

Reagent grade anhydrous magnesium chloride (MgCl2),
purchased from Sigma Aldrich, was used without further
purification. The catalysts for ammonia production vary,
largely because of variations if ruthenium and alumina25–28;
that chosen for this work was AmoMax-10, a prereduced
magnetite (Fe3O4) catalyst from S€ud-Chemie. The reactor
contained 1.5 g of catalyst in each experiment. Both the
MgCl2 and catalyst were stored in an inert nitrogen environ-
ment. The gases N2, H2, Ar, and He (ultrahigh purity;
99.9995%) were purchased from Matheson Trigas. Brooks
0–5 VDC mass flow controllers were used to control gas
supply from the pressurized cylinders. Liquid nitrogen was
purchased from Matheson Trigas in 160 L dewars.

Apparatus

The lab-scale apparatus, shown schematically in Figure 2,
was built using Swagelok 316 stainless steel tubing. The
reactor and absorbent vessels were of 1 inch diameter tubing.
The catalytic reactor, 4 inches long and containing the mag-
netite catalyst, was positioned upstream from an absorbent
vessel containing the MgCl2 crystals. One of two absorbent
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vessels was used: the smaller was 2 inches long, and the
larger was 5.5 inches long. Both the catalyst and MgCl2
were supported on quartz wool. Heating tapes connected to
Variacs were used to control the temperatures in the reactor
and the absorbent vessel, which were measured by Omega
KMTIN-032U-12 thermocouples within the vessels. A
Micromega CN77000 programmable proportional-intergral-
derivative controller was used to maintain the temperature
within the catalyst bed in the reactor. A WIKIA pressure
transducer (Model # 8392476), mounted directly before the
reactor, and a US Gauge 0–2000 psig analog pressure gauge,
placed after the absorbent bed, were used to measure system
pressure. The system was operated as a circulating batch sys-
tem with a variable speed piston pump (Model PW2070N,
PumpWorks, Minneapolis, MN) powering the flow of gases
through the system. National Instruments Labview software
was used to control and record data from the mass flow con-
trollers, actuator, and pressure transducer. A Swagelok SS-
4BMW bleeder valve installed downstream of the absorbent
vessel was used to obtain 1 mL gaseous samples which were
injected into an Agilent 6890 gas chromatograph with a
Hewlett-Packard Plot Q 30 m 3 0.32 mm 20 lm capillary
column—HP 19091P-Q04. Helium was used as an inert car-
rier at constant makeup rate and a trace amount of argon
was added to the reaction system for use as an inert. The
column was held at 260�C for 3 min during which time H2,
N2, and Ar exited the column. The column was then heated
at a rate 20�C per minute for 12 min to elute the ammonia.
Thus 14 min were required to elute all four gases. The sys-
tem took roughly 4 min to cool for the next injection. As the
amount of argon in the system remained constant, this
amount was used to determine the response factor RF of the
other gases

RF5
Fgas

Agas

4
Finert

Ainert

5
Fgas

Finert

Ainert

Agas

� �
(15)

where F is the flow of the gas of interest, and A is the area
under the peak. Once the response factors for N2, H2, and
NH3 based on Ar were known, they were used to determine
the amount of the gas of interest. System conversion was
then calculated based on N2 and H2 measurements. The aver-
age of these two values was reported as percent system
conversion
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Agilent ChemStation software was used to control and
record data from the gas chromatograph.

Procedure

Catalyst was pretreated before any ammonia experiments
were begun. New catalyst was added to the reactor and the
reactor sealed. Stoichiometric nitrogen and hydrogen were
flowed through the reactor vessel while slowly heating the
reactor to 400�C over 16 h. The reactor was then held at
400�C for 24 h while flowing nitrogen and hydrogen to
ensure the protective coating was burned off and the catalyst
fully reduced. During the entire reduction, the system pres-
sure was held at 8 MPa using a CPU-controlled actuator at
the system exit.

For each experiment, the reactor vessel was preheated to
400�C over 2 h and held at that temperature for 1 h before
the experiments began. If the absorbent vessel was used dur-
ing the experiment, it was preheated to 200�C over 2 h and
held at that temperature for 1 h. Before the first experiment,
the system was flushed with N2 at 1 SLPM for 30 min. A
similar flushing was performed for 15 min following each
experiment. All system contents were flared to exhaust dur-
ing the N2 flushing and when emptying the system after each
experiment.

To pressurize the system, the system exit valve was closed.
Most experiments used either the reactor alone or the reactor
and the absorbent vessel. Mass flow controllers were used to
feed N2 and H2 into the system at a molar ratio of 1:3, along
with the trace of Ar. The recirculating pump, turned on at the
beginning of pressurization, gave a recirculation rate of 0.5–6
L(STP)/min. Once the system reached the operating pressure
of 80 bar, the feed valve to the system was closed and the
mass flow controllers turned off. The system was allowed to
react for at least 45 min. Small gas samples were pulled from
the system using the bleeder valve every �20 min for analy-
sis. Once the experiment was complete, the system exit valve
was opened, the system contents completely emptied and
flared to exhaust, and nitrogen flushed through the system for
15 min. Measurements without catalyst but with magnesium
chloride showed a constant pressure, suggesting little nonse-
lective absorption of hydrogen or nitrogen.

Experiments focusing on strictly the absorption of NH3 by
MgCl2 were operated in a slightly different manner. First,
the system consisting of the reactor and recycle line only
was reacted to equilibrium, which took roughly 3 h. This
resulted in a NH3 gas-phase mole fraction of 15.6 6 0.3. The
gases produced then flowed through three-way valves into
the empty, preheated absorbent vessel. The pressure in the
absorbent vessel monitored vs. time allowed the absorption
kinetics of compressed ammonia to be studied at higher total
pressures than possible using pressurized ammonia cylinders.

Results

This work uses absorption to increase conversion of nitro-
gen and hydrogen into ammonia at temperatures similar to
those used in the Haber–Bosch process. The conversion rate
is a function both of catalyst activity in gases and of diffu-
sion into solid magnesium chloride. The rates and the mech-
anism for this conversion are the focus of the experiments
reported here.

Data illustrating the reproducibility of these experiments are
shown in Figure 3. Normally, the key measurement is of the sys-
tem’s total pressure as a function of time. The system is initially
charged with stoichiometric amounts of nitrogen and hydrogen
to an initial temperature of 400�C. Two groups of such experi-
ments, shown in the figure, used 1.5 g catalyst with either 15 or
35 g MgCl2. The system’s pressure p, normalized with its initial
pressure of 80 bar; decays with time as shown. The reproduc-
ability of 63% is typical of all our measurements.

The better conversion effected by the presence of the
absorbent MgCl2 is illustrated in Figure 4. Each of these
groups of experiments used 1.5 g catalyst; all but one also
used magnesium chloride in the amounts shown. The conver-
sion at a given time is dramatically improved by adding
absorbent. One and a half grams of absorbent increases con-
version by 12 times. Fifteen and 35 grams MgCl2 increase
conversion 13 and 18 times, respectively.
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The reasons for these increases in conversion vary, as sug-
gested by the theory summarized by Eqs. 11 and 14 above.
If we integrate Eq. 14 for small conversion, we get

p2p�

p02p�
5e2kt (18)

Thus a plot of the logarithm of the left hand side of this
equation should be linear in time. It is, as shown in Figure
5. We see that the initial slopes of the data for 0.0 and 1.5 g
absorbent are the same, even though the degree of conver-
sion shown in Figure 4 is different. The reaction rate when
ammonia is absent is too fast for us to measure, as implied
by the initially infinite rate suggest by Eq. 2. Nonetheless,
we expected the initial slope with MgCl2 present would be
greater than that without MgCl2. It is about the same—
suggesting that under these conditions, the kinetics are unaf-
fected by the equilibrium.

From the slopes in Figure 5, we infer that the catalyst
activity is about 0.38 kg NH3 /h kg catalyst. This agrees
with values in the literature, which range for 0.3–0.4 and
average 0.35 in the same units.22 The difference between the
data for 1.5 g MgCl2 in Figures 4 and 5 largely reflects the

altered p*, even while the apparent initial rate is almost the
same. Without MgCl2, p* is larger, and the pressure quickly
approaches equilibrium; with MgCl2, p* is smaller and the
reaction runs longer. Under these conditions, the overall rate
constant k is almost independent of the amount of MgCl2.

The resistances of chemical kinetics and of flow do both
matter, as shown by the experiments without any magnesium
chloride absorbent in Figure 6. Here, the conversion is plot-
ted vs. the reciprocal of flow rate: the line showing nitrogen
conversion equals (16.8–6.1 (pumping rate)21). Low flows
result in low conversion because the reaction is slowed by
the reverse reaction as the ammonia produced is allowed to
stay longer and reach higher concentration in the reactor,
and the empty absorber is not helping, except by diluting the
product.

The kinetics for larger amounts of absorbent also fit the
first order kinetics of Eq. 18, as shown in Figure 7. Now,
however, the rates, which include the effect of equilibria
lowered by ammonia absorption, show a clear effect of the

Figure 5. Reaction with minimal absorption.

The initial slope corresponds to a catalyst activity of

0.38 kg NH3/hr kg catalyst, consistent with the literature.

The p* values are 68 bar with no MgCl2, and 63 bar

with 1.5 g MgCl2. A small amount of absorption shifts

the equilibrium limit with no noticeable change in the

apparent rate constant.

Figure 6. Reaction without absorption vs. flow.

The kinetics at infinite flow reflects only chemistry; the

flow offers no resistance.

Figure 3. Repeated measurements of ammonia synthe-
sis and absorption.

In each experiment, the reactor and absorber tempera-

tures were 400�C and 200�C, respectively.

Figure 4. Reactor Pressure vs. amount of absorbent.

More absorbent gives greater conversion, though the

mechanism responsible is complicated.
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absorbent amount—more absorbent raises the apparent rate
constant. This is consistent with Eq. 11, which suggests that
in the limit of high absorption rate and flow rate, one could
approach a forward reaction rate dominated by chemical
kinetics. Published studies of ammonia syntheses kinetics18–22

imply that if ammonia were very rapidly absorbed, this over-
all rate would be very fast.

A difficulty remaining in our analysis is revealed by some-
what different experiments. In these, the system is started
and run until some ammonia has been made. Then the
absorber is isolated from the reactor by closing inlet and out-
let valves, and the absorber pressure is measured as a func-
tion of time. The results do not show the variation suggested
by Eq. 18, which is log linear in time. Instead, the logarithm
of pressure varies with the square root of time, as shown by
the results in Figure 8. Such behavior is a common charac-
teristic of a diffusion-controlled process; in particular, the
data are consistent with the penetration theory of mass trans-
fer.23 This is true both when absorption occurs from the

N2AH2ANH3 mixtures used here and from pure ammonia
studied earlier.24 However, the details of the rate-limiting
step in these studies is not completely clear. The ratio of the
slopes of the lines shown in Figure 8 is 5.3:1. If mass trans-
fer were the only concern, the ratio of the slopes should be
the ratio of the absorbent surface areas, which is (35/1.5)2/3,
or 8.2:1. The reason for this discrepancy is not clear but
probably reflects altered absorbent geometry.24 In addition,
the partition coefficient measured here at 200�C was
0.0367 g NH3/ atm cm3 MgCl2. The average earlier value in
the literature between 172 and 235�C was similar but
smaller, 0.012 in the same units.15,16,24

While the results in Figure 8 imply that absorption is con-
trolled by diffusion only in the solid, we are not sure
whether this is always completely true. In one attempted
redesign of the absorber, we diluted 15 g MgCl2 with a
roughly equal volume of glass beads. As shown in Figure 9,
absorption rates in this diluted bed are 1.8 times faster than
those in the undiluted bed. In particular, the data in the small
bed—the pentagons—have a slope of 0.0066; but the results
for the diluted bed—the triangles—have a slope is 0.0117,
or a ratio of 1.77. This may suggest that the mass-transfer
coefficients are larger when the bed is diluted, indicating a
mass-transfer resistance in the gas phase as well as in the
solid. We will explore other implications of all these results
in the discussion section which follows.

Discussion

The theory and experiments above show how the conver-
sion rate of nitrogen and hydrogen into ammonia can be
increased with a solid ammonia selective absorbent. Ammo-
nia synthesis is exothermic, and so occurs spontaneously at
ambient temperature and pressure. However, the rate is very
slow, so slow that practical amounts of ammonia are not
produced. To overcome this, Haber famously used a catalytic
reaction at high pressure and temperature.1,2 The high pres-
sure enhanced ammonia conversion because the number of
moles in the reaction decreases. The high temperature
increased the reaction rate, but at the expense of reducing
the equilibrium conversion. Commercial reactors are cur-
rently run at high pressure and temperature with only per-
haps twenty percent conversion, which necessitates cooling

Figure 9. Absorption in different beds.

While both beds contain the same amount of MgCl2, the

absorbent in the larger bed is diluted with the same vol-

ume of glass beads. In these experiments, p* was 33 bar.

Figure 7. Reaction with absorption vs. time.

A substantial amount of absorbent both shifts equilib-

rium and significantly affects the apparent rate constant.

The ordinate values differ from Figure 5 differ because

the equilibrium p* is so shifted (p* values: 9 bar with

15 g MgCl2, and 2 bar with 35 g MgCl2).

Figure 8. Absorption without additional reaction.

The variation with the square root of time, and not with

time, is a characteristic of a diffusion-controlled process.

In these experiments, p* was 36 bar with 1.5 g MgCl2
and 31 bar with 35 g MgCl2.
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the product gases, separating the ammonia, and recycling the
unreacted hydrogen and nitrogen.

This research suggests one way of potentially removing
the need for nitrogen and hydrogen separation and recycle. It
shows that the ammonia-selective absorbent, magnesium
chloride, can dramatically increase the conversion. In the
simplest case studied here, shown in Figure 1, the conversion
is increased from around twenty percent to over 95%. If we
use still more of the absorbent, we may get still higher
conversion.

However, this conclusion can be clouded by the interac-
tion of kinetics and equilibria. The kinetics includes those of
chemistry, of flow, and of absorption, as summarized by
Eqs. 11, 14, and 18. The equilibria involve those of both
reaction and absorption. These can complicate the interpreta-
tion of the data.

To illustrate this, we consider the kinetics shown in Fig-
ure 4. This figure shows the changes in total pressure as a
function of time. The pressure changes for catalyst without
absorbent may at first appear to be less than those caused by
catalyst plus absorbent, at least at larger times. But Eqs. 11
and 14 show that this can not be true at very small times.
Specifically, when we add additional kinetic resistances from
flow or from absorption, we see that the rates can not be
faster than that expected for the reaction alone. To be sure,
the rate of absorption shown in Figure 5 is initially extremely
fast, but even this would just make the initial overall rates of
the two processes have the same, chemical kinetically-limited
speed. However, in our current equipment, we can not reliably
make experiments at such small times that no sort of equilib-
rium affects the measurements. When we look at data like
those in Figure 4, we must remember that we are looking at
conversion affected by both kinetics and equilibria.

This complexity influences our strategies about how we
can reduce the time required for high conversion, which Fig-
ure 1 shows is much higher but takes much longer when
absorbent is present. In particular, for the conditions shown,
the conversion with absorbent takes about 40 times longer
than that with catalyst alone. We can increase the absorbent
kinetics in three ways: by increasing the absorbent volume,
by decreasing the absorbent particle size, or by frequently
regenerating the absorbent. Each merits discussion.

To increase the absorbent kinetics forty times, we can
simply increase the volume of the 200 mm absorbent par-
ticles by forty times. This will reduce the resistance to solid
diffusion by forty times by changing the term (KkA aVA) in
Eq. 11. We should stress that this will work for the condi-
tions in Figure 1, but that further increases in absorbent vol-
ume will have less effect because the rate of ammonia
production will now be more nearly controlled by chemical
kinetics. Because we already know that we have enough
capacity for ammonia from the results in Figure 1, we will
have considerable excess capacity in our new larger
absorber. Still, the absorbent is cheap.

Alternatively, we might use smaller absorbent particles to
provide a larger surface area and get similar results. For
example, if we used a four times greater volume of 20 mm
particles, we would have the same change in the term
(KkA aVA). Such smaller particles are often used in separa-
tion processes to get faster mass-transfer rates, though these
particles will risk higher pressure drops through any packed
bed in the redesigned absorber. To get both fast kinetics and
low pressure drop, we could try absorbent particles 20 mm or
smaller supported on 200 mm glass beads. However, while

these strategies are well established, we did have trouble
using them in other preliminary experiments.24 Very small
particles of magnesium chloride showed an area which
decreased slightly over the first few cycles of absorption and
desorption. While we are not sure why, we suspect that this
was due to softening and fusing of the smaller particles.

A third method of accelerating the absorption step is to
regenerate the absorbent frequently. The gain in doing this
depends on the fact that the chemical kinetics is first order
in time, but that the absorption varies with the square root of
time (cf. Figures 5 and 8). Thus absorption is fastest at small
times, always faster than kinetics. We can get better conver-
sion if we frequently regenerate the absorbent particles. We
considered a variety of cycle times for doing so, recognizing
the strong parallels with pressure swing adsorption29; but we
have not studied the process sufficiently to provide a basis
for intelligent choice between these alternatives. We do want
to emphasize, however, that this is still another way to accel-
erate absorption.

In carrying this work forward, we have also considered
whether the catalyst and the absorbent would function better
in a separate reactor and absorber, or whether they will work
better in one combined piece of equipment. In most chemical
syntheses, the reaction and separation are better carried out
in two separate pieces of equipment because we can opti-
mize each process via the specific conditions used.30 In this
case, we have done some of this, running the reactor at
400�C and the absorber at 200�C. The higher reactor temper-
ature gives faster kinetics; and the lower absorber tempera-
ture gives more favorable absorber equilibrium. In addition,
separate equipment allows us to easily separate and regener-
ate a loaded absorber without changing the conditions in the
reactor. Thus the reactor can continue to operate at what is
basically a steady state, even while different absorbers are
cycled in and out of the system. Such conditions do chal-
lenge the recirculation pump: we did occasionally get anom-
alous results at high recirculation rates, which were probably
due to uneven temperatures.

The idea of a separate reactor and absorber also offers the
chance of effective heat integration in any larger scale appa-
ratus. The reaction is exothermic. While the absorption is
also exothermic, the desorption needed for MgCl2 salt regen-
eration is endothermic. The obvious process improvement is
to use reactor heat to regenerate the salt. We note this oppor-
tunity, but we have not done anything to realize it at this
time.

At the same time, we remain intrigued by the prospect of
putting catalyst and absorbent particles in the same piece of
equipment, because this would simplify the process. There
is then no recirculation pump or any extra heat exchange,
so that we can imagine a very simple ammonia synthesis
process suited for distributed manufacture. In such manu-
facture, a single farm could potentially make its own fertil-
izer. However, in preliminary experiments, we found that
mixing catalyst and absorbent gave poor results. We are not
sure why; we suspect that the MgCl2 as received may con-
tain small amounts of water, especially as this salt does
form a variety of stable hydrates. The water in these
hydrates would be expected to poison the Haber process
catalyst.8,22 While we could fuse the absorbent and then
grind it under dry conditions to insure that no water is pres-
ent, we decided that the idea of combined reaction and
absorption had enough obvious disadvantages to not merit
major effort now.
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Conclusion

Ammonia is synthesized by the reaction of nitrogen and
hydrogen at high pressure and temperature. The conver-
sion of these gases at these conditions is compromised by
equilibrium under the conditions normally used in com-
mercial manufacture. This conversion can be made nearly
complete by complementing the reaction with selective
absorption using the common salt magnesium chloride.
However, while the salt increases the conversion possible
at equilibrium, the conversion rate is slower because it is
controlled by ammonia diffusion in the solid. By analyz-
ing how the reaction and absorption are coupled, we iden-
tify conditions under which both can occur at similar
speeds, and thus how the conversion in this important pro-
cess can be enhanced.
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Notation
a = absorbent area per absorbent volume, cm21

D = diffusion coefficient of ammonia in solid MgCl2, cm2 s21

H = partition coefficient between solid and gas
k = overall rate constant, s21

K = apparent equilibrium constant for the ammonia synthesis
reaction

kR = forward reaction rate constant, s21

k0
R

= reverse reaction rate constant, s21

RF = HPLC response factor for gas of interest
p = total gas pressure, bar

pi = partial pressure of component “i,” bar
p�NH3

= ammonia pressure in equilibrium with solid absorbent, bar
Q = flow rate/RT, cm3 s21

R = gas constant, cm3 bar mol21 K21

rN2
= reaction rate consuming nitrogen per volume catalyst, mol

cm23 s21

rNH3
= absorption rate per absorbent volume, mol cm23 s21

t = time, s
T = temperature, K
V = total gas volume, cm3

VA = solid absorbent volume, cm3

VR = catalyst volume, cm3

a = empirical kinetic constant, about 0.5
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