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Abstract—MgCl,-loaded activated carbons were prepared by ultrasonic impregnation method for the application in
ammonia enrichment or ammonia decomposition process. Anhydrous magnesium chloride (MgCl,) was selected as an
active promoter for ammonia adsorption, and cyclic adsorption performance was comparatively analyzed according to
MgCl, loading (3-20 wt% in Mg basis). The physical and chemical properties of the adsorbents were analyzed by TGA,
BET, SEM, EDX, and NH;-TPD. The adsorption and desorption characteristics were analyzed via temperature swing
(TSA), pressure swing (PSA), and pressure-temperature swing (PTSA) mode breakthrough tests. It was confirmed that
10 wt% Mg loaded adsorbent (AC-Mg(10)) among the prepared sorbents showed the best performance in the cyclic
adsorption process, showing the ammonia capacity of 2.461 mmol NH,/g in TSA mode operation. Even though the
capacity was lower (around 1 mmol NH,/g) in PSA mode, the PSA mode operation was very attractive due to its sta-
ble and convenient operation conditions. The ammonia desorption temperature for TSA and PTSA mode operation
was determined based on the van't Hoff equation which define equilibrium pressure and temperature of three sequen-
tial reaction of MgCl, with ammonia. PTSA mode breakthrough test showed the excellent performance even with a
mild increase of temperature for desorption. AC-Mg(10) showed a remarkable adsorption capacity of 4.062 mmol
NHS,/g in the first cycle at an elevated pressure. When a mild temperature, 393 K, was applied for desorption, the cyclic

adsorption capacity of 2.769 mmol NH,/g was achieved, which exceeded the one in TSA mode operation.
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INTRODUCTION

Ammonia (NHS,) is one of the most widely used chemicals in
various industries, including textiles, plastics and fertilizers [1-5].
Ammonia is also considered an energy carrier and a hydrogen source
due to its high hydrogen content of 17.6 wt% [3,4]. For this reason,
it has the potential to play an important role in the future hydro-
gen economy [3,4]. Most ammonia is currently produced through
the Haber-Bosch process that produces ammonia by reacting hy-
drogen and nitrogen at temperatures above 773 K and high pressure
of 150-300 bar with Fe-based catalysts [5,6]. This process requires
energy intensive operating conditions and causes a large amount
of carbon emissions. Therefore, it is necessary to develop an envi-
ronmentally viable process to replace the Haber-Bosch process [7].
The electrochemical ammonia synthesis is an eco-friendly process
that has been studied in recent years and has the advantage of being
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able to produce ammonia by using water and air at ambient pres-
sure and relatively low temperatures (<100 °C) [8,9]. However, elec-
trochemical ammonia synthesis is still at R&D level and considered
as a future technology due to its low ammonia conversion rate [2,
7-14]. On the other hand, recently, an ammonia decomposition
process to extract hydrogen has been drawing attention along with
development of ammonia decomposition catalyst. Setting a stan-
dard for ammonia decomposition process with proper regulations
for ammonia emission can bring early settlement of the hydrogen
economy [15]. For either way of developing alternative ammonia
production process or using ammonia as a hydrogen carrier, am-
monia slip is a major issue and ammonia capture and enrichment
process should be developed. Generally, ammonia is classified as a
toxic gas and captured by adsorption process [16-20]. However, there
are limited number of studies about ammonia adsorbent regenera-
tion and enrichment of ammonia with currently available adsorp-
tion processes. Most of the ammonia adsorbents are mesoporous
materials such as metal-organic framework (MOF) [16,21], zeolite
[21] and activated carbon [17-20,22,23]. It has been well known that
there is a clear correlation between adsorption performance and
surface treatment of activated carbon. For example, introducing
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acidic functional groups on the surface of activated carbon signifi-
cantly increases the ammonia adsorption capacity [20]. However,
in the desorption step, the functional group can be lost from the
adsorbent surface when an elevated temperature is applied for regen-
eration [24,25]. For this reason, researchers have attempted to in-
crease the adsorption capacity by impregnating inorganic metal
compound on activated carbon [17,24,25]. Metal amine compounds
(MACGC:s) can store 9.1% of hydrogen in the NH; form, which is rela-
tively higher than most solid hydrogen storage materials [26,27].
For example, Mg(NH,),Cl, can be compacted into shaped objects
essentially without any void [28]. Mg(NH,),Cl, is formed by MgCl,
adsorbing six moles of ammonia according to the following reac-
tions [29-31].

MgCly(s)+NH;(g)= Mg(NH;)Cly(s), (n
Mg(NH;)Clz(S)+NH3(g) = Mg(NHa)ZClz(S), (2)
Mg(NHS,),CL(s)+4NH;(g) = Mg(NHS,)CLy(s). 3

This adsorption reaction is a completely reversible and a desorp-
tion reaction proceeds in the opposite order (Egs. (3) to (1)) [29-
31]. Its major drawback is that it takes several days for MgCl, to
become Mg(NHS,)Cl, at ambient temperature and pressure due to
its slow reaction rate with ammonia [30]. Touzain et al. [32] syn-
thesized MgCl,/graphite intercalation compounds to form a bond
between C and MgCl, and this unique feature accelerated the reac-
tion rate of MgCl, with ammonia. They also claimed that the MgCl/
graphite exhibited even faster reaction rates at pressures above 5 atm
[32]. Nevertheless, none of the studies reported about ammonia
enrichment or efficient regeneration of ammonia adsorbent.

In this study, activated carbons that are loaded with various
amounts of MgCl, were prepared and ammonia adsorption/desorp-
tion performances were investigated via temperature swing (TSA),
pressure swing (PSA), and pressure-temperature combined swing
adsorption (PTSA) processes along with thermal stability of the
adsorbents.

EXPERIMENTAL

1. Preparation of MgCl, Loaded Activated Carbon

Activated carbon (NC 35, CECA) was washed several times with
distilled water to remove impurities on the surface and dried at 373 K
overnight. MgCl,-loaded activated carbons were synthesized by ultra-
sonic impregnation method with different MgCl, loading amounts
of 3, 5,7, 10, 15, and 20 wt% (Mg basis). 0.05M aqueous solution
of MgCl, (reagent grade, JUNSEI) was prepared and pretreated
activated carbon was put into the solution. The resulting slurry was
placed in a sonication bath (SD-300H, SEONG DONG) at 353K
with stirring and maintained until all the solvent completely evap-
orated. The samples were cooled to ambient temperature, then dried
at 373 K in an oven overnight. Finally, the dried samples were cal-
cined in N, atmosphere at 573 K for 2 h. The prepared adsorbent
samples were designated according to the Mg content as AC, AC-
Mg(3), AC-Mg(5), AC-Mg(7), AC-Mg(10), AC-Mg(15) and AC-
Mg(20). For instance, AC means “bare activated carbon,” and AC-
Mg(5) is the activated carbon adsorbent loaded with 5 wt% of Mg
as form of MgCl,.
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2. Breakthrough Test

A breakthrough test for ammonia adsorption analysis of the
MgCl, loaded ACs was carried out using a fixed bed reactor. It
was performed under three conditions: TSA, PSA, and PTSA pro-
cesses. The adsorbents were crushed and sieved to the size of 150-
300 pm. Subsequently; 0.25 g of the sieved adsorbent was loaded
and packed into a 3/8" stainless steel reactor using quartz wool.
Before the NH; adsorption steps, the adsorbent was pretreated at
473K for 1h in N, stream to remove the moisture and then the
reactor was cooled to ambient temperature. 1,000 ppm of NH; gas
(balanced by N,) flowed into the reactor at a rate of 100 cc/min
and passed through the adsorbent bed. The effluent gas was ana-
lyzed in an NHj analyzer (SKT-9300e, Korno).

In the TSA process, the ammonia adsorption step was carried
out at ambient temperature and pressure. The desorption step was
carried out for the subsequent adsorption test by purging the reac-
tor with N, at 100 cc/min and increasing temperature to 473 K and
maintaining for 1 h. In the PSA process, the ammonia adsorption
was performed at 7 barg by adjusting the pressure inside the reac-
tor using a back pressure regulator (BPR) at ambient temperature.
The subsequent desorption was carried out by simply releasing pres-
sure to the ambient level and N, flowed at 100 cc/min for 1 h. In
the PTSA process, the adsorption step was carried out at 7 barg as
in the PSA mode. The following desorption subsequently was done
at ambient pressure with N, purging at a rate of 100 cc/min and ele-
vated temperatures to 313, 333, 353, 373 and 393 K, respectively.

3. Characterization

TGA (thermogravimetric analyzer, TGA-N1000, Sinco) analysis
was performed to confirm the amount of metal loaded and ther-
mal stability of the prepared adsorbents. An adsorbent was placed
on a platinum pan and weight loss was measured with increasing
temperature at 10 K/min to 1,073 K in air stream of 100 cc/min.

BET (Brunauer-Emmett-Teller, ASAP 2010, Micromeritics) anal-
ysis was performed for surface area analysis of all adsorbents. Before
N, adsorption, the adsorbents were dried under vacuum at 473 K for
4h to eliminate the retained gases and adsorbed water. All adsor-
bents were measured by N, physical adsorption isotherm at 77 K.

NH,-TPD (temperature-programmed desorption, BELCAT-M,
Bel Japan) was used to estimate the ammonia capacity of adsor-
bents. The sample cell was heated to 473 K in a flow of He for 1 h
and cooled to 303 K. An adsorbent was exposed to 10vol.% of NH,
gas (balanced by He) for 30 min and the sample cell was purged
with He to remove the remained free ammonia. Finally, the sample
cell was heated at a rate of 10 K/min to 1,073 K, while the desorbed
ammonia was measured with a thermal conductivity detector (TCD).

The surface morphology of adsorbents was examined using an
FE-SEM (field emission scanning electron microscope, S-4800, Hita-
chi). The elemental composition of the sample was determined
from the SEM/EDX analysis. EDX (Energy dispersive analysis by
X-ray) was carried out using X-max 50. Elemental mapping of C,
O, Mg, and Cl was performed using energy dispersive X-ray spec-
troscope connected to the SEM.

RESULTS AND DISCUSSION

TGA analysis was carried out by increasing the temperature to
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Fig. 1. Weight loss profiles of bare AC and MgCl, loaded ACs in
TGA.

1,073 K in air to confirm the Mg impregnation amount of the ad-
sorbents and the analysis results are shown in Fig. 1. The bare AC
showed rapid weight loss from about 753 to 873 K; the final weight
was about 0.67 wt%, which was presumed as inorganic solids and
ash. However, Mg-loaded ACs showed a final weight higher than
AC. MgCl, reacts with oxygen and becomes magnesium oxide
(MgO) above about 633K [33]. So it would be difficult to quan-
tify the exact amount of Mg in MgCl, loaded ACs. In addition,
MgCl, loaded ACs exhibit a rapid weight loss at a lower tempera-
ture than the bare AC. There is a similar case in literature, in which
embedded metal oxide in a carbonaceous material accelerates redox
reaction. Al Amer et al. [34] conducted TGA analysis of CNTs and
CNT-Fe,0; and claimed that CNT-Fe,O, samples reduced the deg-
radation temperature of the CNTs by approximately 100 °C. Simi-
larly, the results of this study indicated that the loaded MgCl, led
to the faster degradation of AC because MgCl, is transformed to
MgO and the resulting MgO is thought to accelerate decomposi-
tion of AC by transferring oxygen to the inside of the adsorbent.
Nevertheless, all adsorbents were confirmed to be thermally sta-
ble up to about 633 K.

Table 1 shows the specific surface areas, pore volume and pore
diameters of adsorbents. The specific surface area and pore volume
of AC were 974 m*/g and 0.52 cm’/g, respectively. As expected, the
specific surface area and pore volume decreased as the MgCl, load-
ing increased, but no more reduction in the surface area and pore

Table 1. BET analysis results of bare AC and MgCl, loaded ACs

—AC
——AC-Mg(3)
—— AC-Mg(5)
——AC-Mg(7)
—— AC-Mg(10)
—— AC-Mg(15)
—— AC-Mg(20)

TCD intensity [a.u.]
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Temperature [K]

Fig. 2. NH;-TPD profiles of bare AC and MgCl, loaded ACs.

volume was observed over 10 wt% of Mg loading. The decreases
in the specific surface area and pore volume of MgCl, loaded ACs are
attributed to the pore plugging by ultrasonic impregnation method
[24]. Nevertheless, the MgCl, loading did not affect the pore diame-
ter. Difference in ammonia capacity of the adsorbents likely origi-
nated from differences in surface area and pore volume, but no
apparent trends were recognized.

NH,-TPD analysis is generally used to analyze the acidity of
catalyst. In this study, however, it was performed to confirm the
ammonia desorption capacity [35-37]. Fig. 2 shows the ammonia
desorption curve according to temperature and all absorbents show
the maximum desorption capacity at about 343 K. The capacity of
ammonia desorption at 303-473 K was calculated and shown in
Table 2. The capacity of AC-Mg(20) desorption was 2.758 mmol
NHa,/g, which was 17 times higher than 0.157 mmol NH,/g of AC
and it was the highest desorption capacity among the all adsor-
bents. As the MgCl, loading increased, the desorption capacity in-
creased in general, but AC-Mg(10), AC-Mg(15) and AC-Mg(20)
were found to possess similar levels of desorption capacity. So it was
expected that a similar tendency would be observed in the ammo-
nia breakthrough tests. Concerning the TPD analysis, it is note-
worthy that repeating adsorption and desorption is surprisingly
simple and convenient. Because of this feature of TPD analysis, it
is also possible to simulate the repeated TSA process and estimate
the cyclic adsorption capacities.

The SEM analysis results are shown in Fig. 3. All adsorbents

Table 2. Amount of desorbed ammonia in NH;-TPD test (mmol

Surface area  Pore volume  Pore diameter NH,/g)
(m?/g) (cm’/g) (A) Desorption capacity
AC 974 0.52 21 AC 0.157
AC-Mg(3) 748 041 21 AC-Mg(3) 1.043
AC-Mg(5) 688 0.36 21 AC-Mg(5) 1.652
AC-Mg(7) 523 027 21 AC-Mg(7) 2.479
AC-Mg(10) 297 0.17 22 AC-Mg(10) 2.674
AC-Mg(15) 21 0.12 21 AC-Mg(15) 2737
AC-Mg(20) 213 0.11 21 AC-Mg(20) 2758

Korean J. Chem. Eng.(Vol. 39, No. 10)
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Fig. 3. SEM images of adsorbents (a) AC, (b) AC-Mg(3), (c) AC-Mg(5), (d) AC-Mg(7), (¢) AC-Mg(10), (f) AC-Mg(15) and (g) AC-Mg(20).

show the presence of a porous surface. While the AC seems to pos-
sess a relatively smooth surface, MgCl, loaded ACs exhibited small
particles on the surface. The particles became more visible as the
MgCl, loading increases. In particular, it is evident that roughness
of surface becomes severe over 10 wt% of Mg loading as in Fig.

Table 3. Results of EDX analysis of bare AC and MgCl, loaded ACs

(wt%)

C 0 Mg cl
AC 96.71 3.29 - -
AC-Mg(3) 84.97 745 2.51 5.07
AC-Mg(5) 7595 7.03 5.43 11.62
AC-Mg(?) 75.05 563 5.93 13.39
AC-Mg(10) 49.04 8.83 10.77 3136
AC-Mg(15) 4170 7.82 11.37 39.11
AC-Mg(20) 52.79 12.56 11.92 273

October, 2022

3(e). The EDX analysis and element mapping results are shown in
Table 3 and Fig. 4, respectively. The bare AC sample consists of C
and O, and the MgCl, loaded ACs contain C, O, Mg and Cl. AC-
Mg(10) contains 10.77 wt% of Mg, confirming that Mg was well
loaded to the AC. However, the analysis of AC-Mg(15) and AC-
Mg(20) exhibits that the actual Mg loadings are 11.37 wt% and
11.92 wt%, respectively, which are significantly lower that intended
loading amount. Mg and Cl were evenly loaded to the surface of
AC. The element map shapes of Mg and Cl were similar. In partic-
ular, the circled regions shown in Fig. 4(d) of AC-Mg(20) suggest
that the locations of Mg and Cl are identical. The MgCl, adsorbs
six moles of ammonia to form Mg(NHS,),Cl, according to Egs. (1)-
(3) [30]. In the reaction Eq. (3), Mg(NH,),Cl, adsorbs 4 moles to
form Mg(NHS,),CL; it accounts for about 67% of the total ammo-
nia that can be adsorbed via complete reactions. It might be rea-
sonable to consider utilization of only reaction Eq. (3), from energy
efficiency perspective, instead of using all reactions Eq. (1)-(3),
which implies full desorption before subsequent adsorption.
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Fig. 4. Elemental mapping results of (a) AC, (b) AC-Mg(5), (c) AC-Mg(10) and (d) AC-Mg(20).

The equilibrium ammonia pressure can be calculated using the
relation (van't Hoff equation) [30].
_ AHr, k ASr k
“~"RT ' R

InPy, €
where k=(1), (2), (3) and refers to a specific adsorption/desorption
reaction, R is the gas constant, T is the temperature, AH,, is the
desorption enthalpy per mole of NH; and AS,, is the desorption
entropy. Using these values in literature [30] along with Eq. (4), the
ammonia equilibrium pressure was calculated as only 0.002 bar at
room temperature. For adsorption reactions to occur, bulk pressure
must be higher than the equilibrium and bulk temperature must
be lower than the equilibrium at given pressure. Table 4 shows the
equilibrium temperature for the three reactions (reaction Egs. (1)-
(3)) at 1 bar. For a stable operation of TSA process in a general con-
cept, the lower desorption temperature is much more beneficial in
every aspect. Normally, high temperature operation in a fixed bed
reactor is vulnerable to hot or cold spot formation, so that the

Table 4. Equilibrium temperatures for reaction of MgCl, with am-
monia at 1 bar [30]

Reaction T,, (K)
Mg(NH,),ClL(s)+4NH,(g)=Mg(NH,),Cl,(s)  (3)  457.55
Mg(NHS,)Cl,(s)+NH;(g)= Mg(NHS,),Cly(s) (2)  608.15
MgCl,(s)+NH;(g)= Mg(NH,)Cl,(s) (1) 714.85

temperature uniformity is not guaranteed. This problem gets worse
when the system is scaled up. Since the reaction Eq. (3) utilizes 4
moles of ammonia while both the Eq. (1) and (2) utilize only 1
mole, it is a very reasonable strategy to use only Eq. (3) to main-
tain the desorption temperature as low as possible. So, we have set
the desorption temperature for TSA process as 473 K, which is
high enough to fully utilize Eq. (3) yet much lower than equilib-
rium temperature for reaction Eq. (2). Fig. 5 shows the results of
the TSA mode breakthrough test of each adsorbent, and Table 5
shows the average cyclic adsorption capacity in TSA. Interestingly,

Korean J. Chem. Eng.(Vol. 39, No. 10)
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Fig. 5. Breakthrough curves of adsorbents in TSA mode operation.

Table 5. Adsorption capacities of adsorbents in TSA and PSA mode

breakthrough tests (mmol NH,/g)
TSA PSA
Average adsorption IMcyde 2 cyde
capacity capacity capacity
MgCl, 0.054 0.226 0.21
AC 0.085 0.307 0.202
AC-Mg(3) 1.019 1.796 0.938
AC-Mg(5) 1.454 2.62 1.07
AC-Mg(7) 1.938 3.217 1.101
AC-Mg(10) 2461 3.99 1.298
AC-Mg(15) 2.504 3.72 0.819
AC-Mg(20) 2.242 3.573 1.035

all of the adsorbents exhibited clear breakthrough and the adsorp-
tion capacities in the first cycle are same as those in second cycle.
It implies whatever the adsorption degree is achieved in the first
adsorption, each adsorbent was completely regenerated in the de-
sorption step. Considering the desorption temperature of the TSA
process is far lower than equilibrium temperature for reaction Eq.
(2), it is also possible to assume that the utilization rate of loaded
MgCl, is low because ambient pressure was applied for adsorption
step. The weakly bound ammonia on the surface of MgCl, layer
could be easily desorbed by a combination effect of low partial
pressure of ammonia and elevated temperature in the bulk phase.

October, 2022
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Fig. 6. Breakthrough curves of adsorbents in PSA mode operation.

One should notice that MgCl, powder was also tested in TSA
breakthrough test for comparison. The MgCl, powder was also
pretreated as other adsorbents before being put into the fixed reactor.
As expected, MgCl, powder showed the lowest adsorption capacity
of 0.054 mmol NH,/g, which is comparable to 0.084 mmol NH,/g
of bare AC sample. The effect of MgCl, loading was clear enough.
The adsorption capacity of AC-Mg(3) was almost 12-fold higher
than that of the bare AC. In addition, the adsorption capacity sig-
nificantly increased as the MgCl, loading increased up to the AC-
Mg(10), 2.461 mmol NH,/g. Ammonia adsorption capacity was in
following order: MgCl,<AC<AC-Mg(3)<AC-Mg(5)<AC-Mg(7)<
AC-Mg(20)<AC-Mg(10), AC-Mg(15). The capacity of AC-Mg(15),
2504 mmol NH,/g was almost the same as that of AC-Mg(10).
Even higher loading of MgCL, in contrast, as in AC-Mg(20), showed
decreased capacity. This phenomenon clearly indicates that there is
an optimum MgCl, loading to achieve the maximum ammonia
capacity. If too much MgCl, is loaded, it may not be possible for
ammonia molecule to penetrate the layer of MgCl, over a certain
depth. This explanation is well matched with the shapes of break-
through curves in Fig. 5. The breakthrough curve of AC-Mg(15)
is more inclined compared to the other curves from AC-Mg(3) to
(10). Moreover, the AC-Mg(20) in the first cycle and the both AC-
Mg(15) and AC-Mg(20) in the second cycle show plateaus at about
400 to 500 ppm of ammonia concentration. This unique adsorp-
tion behavior could be attributed to the shifted equilibrium caused
by the partially consumed surface layer of MgCl, and the altered
mass transfer mechanism.
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PSA breakthrough test was performed to increase the reaction
rate between MgCl, and ammonia. Fig. 6 and Table 5 show the
breakthrough curves and adsorption capacity of the first and sec-
ond cycles of the PSA mode breakthrough test of all adsorbents.
In the PSA mode operation, MgCl, powder adsorbed for 0.226
mmol NH,/g in the first cycle and 0.21 mmol NH,/g adsorbed in
the second cycle, which are considerably higher values compared
to those in the TSA mode operation, nevertheless, still the lowest
adsorption capacity in the PSA mode test results. The results of the
bare AC show slightly higher value than MgCl, powder in the first
cycle, but the capacity in the second cycle was almost the same as
MgCl, powder. As in TSA mode operation, MgCl, loaded ACs in
the first cycle, shows that the ammonia capacity increased as the
MgCl, loading increased yet around 1.7 times higher than those
in TSA mode. In the second cycle, however, the capacities signifi-
cantly dropped to the values that are lower than those in TSA mode.
Furthermore, as the MgCl, loading increased, the adsorption capac-
ity did not increase and showed almost similar values. This implies
the poor utilization of MgCl, layer and only the limited depth of
MgCl, layer can be utilized for ammonia adsorption and desorp-
tion in PSA mode. Nevertheless, it is evident that a small amount
of MgCl, loading on porous material can enhance the cyclic capac-
ity of ammonia in PSA operation. Indeed, the cyclic capacity of
1 mmol NHj/g (cyclic capacity in PSA mode of this study) is suffi-
cient for designing a PSA process for removing or enrichment of
ammonia, considering the ammonia concentration in the effluent
stream of both an ammonia decomposition process and an elec-
trochemical ammonia synthesis is considerably low [38].

The PTSA mode breakthrough test was carried out to combine
the benefits of PSA and TSA mode operation. In PTSA mode, the
adsorption was carried out using AC-Mg(10) at 7 barg, ambient
temperature and the desorption was done in ambient pressure with
various temperature from 313 to 393 K. Fig. 7 and Table 6 show
breakthrough curves and adsorption capacity in PTSA mode
operation. As expected, the adsorption capacity (in 2™ cycle) in-
creased as the desorption temperature increased. After desorption
at 393 K, the adsorption capacity reached to 2.769 mmol NH,/g.
This value corresponds to 68.1% of the first cycle adsorption capac-
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Fig. 7. Breakthrough curves of AC-Mg(10) with different desorption
temperatures in PTSA mode operation.

Table 6. Adsorption capacity of AC-Mg(10) through PTSA (mmol

NH,/g)
Desorption temperature adsorption capacity
1% cycle - 4.062
313K 1.501
333K 1.619
2" cycle 353K 2.053
373K 2.499
393K 2.769

ity of 4.062 mmol NH,/g. It is noteworthy that this regeneration
degree is very close to the theoretical MgCl, utilization rate (67%)
if only reaction Eq. (3) is considered. Of course, the contribution
of AC surface and temperature difference should be accounted for
the justification. With the desorption temperature of 353 K, which
is mild enough to control temperature of a commercial size adsorp-
tion tower, the adsorption capacity can be doubled when com-
pared to the desorption at ambient temperature.

CONCLUSION

In this study, MgCl, loaded AC with different amounts of MgCl,
loading were prepared and tested in TSA, PSA, and PTSA mode
for the application in ammonia enrichment process. The prepara-
tion method for MgCl, loaded AC is fairly easy and suitable for
mass production of adsorbent. The characterization of the adsor-
bents suggested that the maximum loading of MgCl, was around
12 wt% in Mg basis. It was found that the TPD analysis provided
good estimation of full ammonia capacity of adsorbents. It can be
very useful tool for screening ammonia adsorbent candidates. In
TSA mode operation, 473 K of desorption temperature was applied
for regeneration of adsorbent and complete regeneration was achieved
for all adsorbents. Also, the breakthrough tests in TSA mode sug-
gested AC-Mg(10) was the best adsorbent that provides maximum
cyclic ammonia capacity, 2.461 mmol NH,/g. However, consider-
ing the fact that the TSA mode operation is rarely commercialized
in industry, PSA can be practical option for ammonia enrichment
process. In PSA mode breakthrough, the cydic ammonia capacities
were much lower for the adsorbent with high loading of MgCl,.
However, the adsorbents with low loading of MgCl, can be a fair
option, with affordable sacrifice of ammonia capacity, for PSA oper-
ation due to the stable cyclic stability of adsorbent and no need for
temperature control. The PTSA mode operation offered more attrac-
tive option that is a combination of pressurized adsorption and de-
sorption at mildly elevated temperature. It provided enhanced ad-
sorption capacity with stability. The AC-Mg(10) in the PTSA break-
through test showed an adsorption capacity of 2.769 mmol NH,/g
when desorption was done at 493 K, which is equivalent to the
regeneration rate of 68.1% of full capacity.
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