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Abstract—Mg-loaded activated carbons were prepared by adding various amounts of Mg (1 to 20 wt%) via ultra-
sonic-assisted impregnation to investigate the effects on the adsorption and desorption characteristics of ammonia. Mg-
loaded activated carbons were characterized by TGA, BET, SEM, EDS mapping, and NH;-TPD analysis. Mg was
homogeneously dispersed on the activated carbon and NH,-TPD analysis confirmed improved desorption and ther-
mal stability for the 10 wt% Mg sample, named AC-Mg(10). AC-Mg(10) retained the highest desorption for five cycles
and showed average desorption amount of 0.788 mmol NH,/g. During the breakthrough analysis, the AC-Mg(10)
showed an initial ammonia adsorption capacity of 0.81 mmol NH,/g and average adsorption capacity of 0.69 mmol

NHS,/g over 30 adsorption and desorption cycles.
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INTRODUCTION

Ammonia (NH;) is as an essential component of fertilizer pro-
duction and is needed to support the world's growing population
[1]. The industrial-scale synthesis of ammonia from its constitu-
ent elements is arguably the most important scientific discovery of
the 20th century [1,2]. In 2014, the U.S. Geographic Survey reported
that the total worldwide production of ammonia exceeded 1.4 mil-
lion tons and its demand continues to grow [3]. Ammonia is cur-
rently produced through the Haber-Bosch process, where highly
pure N, and H, react at very high temperatures and pressures (300-
500 °C and 200-300 atm) over Fe or Ru-based catalysts. However,
this process is energy intensive and produces significant carbon
emissions. Thus, more environmentally friendly processes are cur-
rently being developed [4]. Among the many candidate processes,
the chemical or electrochemical synthesis of ammonia is an eco-
friendly method for ammonia production. This process has been
recently studied by reacting water and atmospheric nitrogen under
ambient pressure and relatively low temperatures (<100 °C) [5-8].
However, electrochemical ammonia synthesis produces a relatively
low concentration of ammonia compared to the Haber-Bosch pro-
cess due to its mild reaction conditions. Increasing the conversion
rate during the electrochemical synthesis of ammonia is a promis-
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ing alternative. However, it may also be possible to use an ammo-
nia adsorbent to increase its concentration by repeating ammonia
adsorption and desorption. Ammonia gas is toxic and odor-caus-
ing, and is commonly removed using various types of adsorbents
[9-16]. Most adsorbents for ammonia gas are composed of meso-
porous materials such as MOFs [15,17,18], zeolites [18], and acti-
vated carbon (AC) [9,10,12,13,19]. AC is widely used for gas puri-
fication and can adsorb a number of gases while being abundant
and cost-effective [9,10,12,13,19]. AC exhibits large specific surface
area as well as porosity and can physically adsorb gas. In addition,
chemical adsorption can be achieved mainly by introducing func-
tional groups to the surface to increase adsorption performance.
Guo et al. [12] introduced functional groups to a palm shell-
based AC by treatment with H,SO, and correlated the amount of
surface oxygen on the AC and ammonia adsorption. Huang et al.
[13] compared the ammonia adsorption capacities of coconut shell-
based ACs treated with nitric, sulfuric, hydrochloric, phosphoric,
and acetic acids. AC treated with nitric acid showed the largest
ammonia adsorption capacity;, and a linear relationship between
ammonia adsorption capacity and acidic functional group con-
tent of the adsorbent surface was established. However, functional
group introduction via acid treatment of the AC surface greatly in-
creases the adsorption performance for ammonia. Nevertheless, the
functional groups are weakened by heat during desorption induced
by raising the temperature. Therefore, impregnation with inorganic
compounds, such as metals, rather than acid treatment on the sur-
face of AC has been performed [9]. Bandosz and Petit [9] used AC
of different origins (coal, wood, and coconut-shell based carbon)
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and prepared samples containing various inorganic compounds
using impregnation by metal chlorides. These samples were com-
pared under dry and moist conditions, showing that ammonia ad-
sorption capacity depends on the carbon origin, impregnation, and
experimental conditions. In addition, a proper combination of sur-
face pH, strength, as well as the type and amount of functional
groups present on the adsorbent surface, significantly influence
ammonia absorption capacity [9]. Among the inorganic compounds
used for impregnation, magnesium (Mg) exhibited a high specific
surface area and thermal stability as a catalyst or a support for CO
oxidation [20], water gas shift reaction [21,22], and combustion
[23,24] requiring a high temperatures. Nevertheless, few studies have
been reported regarding the addition of inorganic compounds to AC
and their stability and relationship with ammonia gas or between
metals or metals oxide and ammonia.

In this study; the enrichment of ammonia produced via electro-
chemical ammonia synthesis was achieved by repeated adsorption
and desorption using the prepared adsorbent. Mg-loaded ACs were
prepared by impregnating different amounts of Mg on the AC
surface. The characteristics of Mg-loaded ACs were investigated
by repeated adsorption and desorption of ammonia. Moreover, the
optimum Mg-loaded AC was determined and its thermal stability
and long-term operation were tested by repeated adsorption and
desorption cycles.

EXPERIMENTAL

1. Sample Preparation

Coconut shell-based AC (GTsx, Shirasagi), known as commer-
cial basic gas adsorbent, was used and washed several times with
distilled water to remove surface impurities and dried at 100°C
overnight. Mg-loaded ACs were synthesized by the ultrasonic-
assisted impregnation method with different Mg amounts, 1, 3, 7,
10, 15, and 20 wt%. For metal loading on the AC, 0.05M of aque-
ous magnesium nitrate hexahydrate was prepared. The resulting
slurry was placed in a sonication bath (SD-300H, SEONG DONG)
at 80 °C with stirring and maintained until the solvent was com-
pletely evaporated. After cooling to room temperature, the product
was dried at 100 °C in an oven and calcined in an N, environment
at 300°C for 2h. The prepared adsorbents were designated accord-
ing to the Mg content as AC, AC-Mg(1), AC-Mg(3), AC-Mg(7),
AC-Mg(10), AC-Mg(15), and AC-Mg(20), where AC indicates raw
AC and AC-Mg(1) indicates the activated carbon adsorbent and
Mg wt%.
2. Breakthrough Test

The ammonia adsorption capacity of the metal-loaded ACs was
measured using a fixed bed reactor at room temperature. Before
the breakthrough test, the adsorbents were crushed and sieved to a
size of 150-300 pm. Subsequently, 0.25 g of the sieved adsorbent
was loaded and packed into a 1/4 inch quartz reactor. Before ammo-
nia adsorption, the sample was pretreated at 200 °C for 1h to remove
moisture and the reactor was subsequently cooled to room tem-
perature. A stream of 500 ppm ammonia gas balanced by N, was
introduced to the reactor at 100 cc/min and passed through the
adsorbent bed. The effluent gas was analyzed using an ammonia
analyzer (SKT-9300, Korno). Each breakthrough test was stopped
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when the ammonia concentration at the outlet reached 400 ppm.
The desorption process was performed after each breakthrough
test for subsequent adsorption by purging the reactor with N, at
100 c¢/min and increasing the temperature to 200 °C and main-
taining the temperature for 1 h.

3. Characterization

The BET surface area and BJH pore size distribution of the pre-
pared adsorbents were measured using an ASAP 2010 analyzer
(Micromeritics) with N, physisorption isotherms at —196 °C. Before
N, adsorption, the samples were thermally dried at 200 °C for 4h
under vacuum to remove retained gases and adsorbed water.

The Mg content of the prepared samples was measured by TGA
(Thermogravimetric analyzer, TGA-N1000, Sinco). The samples
were heated at 10 °C/min to 900 °C in air atmosphere and the flow
rate was constant at 100 cc/min.

The surface physical morphology of the samples was examined
using a field emission scanning electron microscope (FE-SEM;
model Hitachi S-4800). The elemental composition of the sample
was determined via SEM/EDX analysis. Energy dispersive analysis
by X-ray (EDX) was performed using an X-max 50 instrument.
X-ray mapping of C, O, and Mg was performed using an energy
dispersive X-ray spectroscope connected to the SEM.

NH,-TPD (temperature-programmed desorption, BELCAT-M,
Bel Japan) was used to measure the extent of desorption from the
samples. The sample cell was heated to 350 °C under a flow of He
for 1 h. The sample cell was subsequently cooled to 30 °C, and 10
vol% ammonia gas was flowed through the sample cell for 30 min
and then flushed with He to remove remaining free ammonia.
Finally, the sample cell was heated at a rate of 10 °C/min to 350 °C,
while desorbed ammonia was measured with the TCD. The sam-
ple cell was cooled to 30 °C and this process was repeated.

RESULTS AND DISCUSSION

Physical characteristics, including specific surface area, pore-vol-
ume, and pore size of prepared samples, are shown in Table 1. The
specific surface area of the AC was 987 m’/g and the specific sur-
face area and pore volume of samples changed upon Mg addition.
The specific surface area and pore volume increased when a small
amount of Mg was impregnated on the AC surface. However, the
specific surface area and pore volume decreased for samples impreg-
nated with >7 wt% Mg.

Many studies have reported that adding small amounts of Mg to

Table 1. Characteristics of the samples

Surface area  Pore volume  Pore diameter

(m’/g) (cm’/g) (A)
AC 987 0.53 21
AC-Mg(1) 1073 0.57 21
AC-Mg(3) 1019 0.54 21
AC-Mg(7) 842 0.45 21
AC-Mg(10) 691 0.36 21
AC-Mg(15) 568 0.30 21
AC-Mg(20) 521 0.27 21
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a catalyst or adsorbent as a promoter or support can improve sta-
bility; inhibit sintering, and increase specific surface area [25-27].
Similarly, when a small amount of Mg was added to the AC sur-
face, it served as a support. In contrast, the specific surface area and
pore volume decreased at >7 wt% Mg because the solution pH
remained constant during the experiment due to fixed molar con-
centration of the metal precursor. However, with increasing metal
(Mg) content, the solvent amount was increased to maintain fix
amount of molar concentration (0.05 M). High amount of solution
high sonication requires time and temperature to evaporate the sol-
vent, which makes possible for Mg to accommodate in pores. This
phenomenon causes blockage of pores that decreases pore volume
and the specific surface area. The BJH pore size distributions of the
Mg-loaded ACs are shown in Fig. 1 and the average pore size was
constant in all samples. Mg loading onto the AC surface did not
affect the pore size. Differences in NH, capacity of the adsorbents
likely originated from differences in surface area and pore volume,
but no apparent trends were recognized.

The TGA test was performed by increasing the temperature to
900 °C under an air atmosphere to confirm the Mg content of the
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Fig. 1. BJH pore size distributions of raw AC and Mg-loaded ACs.
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Fig. 2. Thermogravimetric analysis of samples under air condition.

samples synthesized by the ultrasonic-assisted impregnation, as
shown in Fig. 2. The AC showed a curve in which water was re-
moved at a temperature of <100 °C. Another weight-loss peak was
observed at approximately 230 °C, indicating that the AC surface
was successfully acid-treated to produce functional groups, which
were removed at this temperature. Silva et al. [28] reported that
when the sample of multi-walled carbon nanotubes (MWCNT)
was oxidized, the functional groups on the surface of nanotubes,
which are hydroxyl (-OH), carbonyl (C=0), and carboxyl (-COOH)
groups, were removed at temperatures below 400 °C. This final
amount was mostly residues or ash in the form of oxides that com-
bined with oxygen by reaction with air [29]. In contrast, the Mg-
loaded AC showed a higher final weight than the unloaded AC,
and its final weight increased with increasing metal impregnation.
The Mg content was higher than that of the impregnated amount
in wt% because Mg reacted with air and remained in the form of
magnesium oxide. The similar final weights of AC-Mg(15) and
AC-Mg(20) indicate the limit of the Mg content that can be used
for impregnation. In addition, the AC loaded with Mg began to
show a weight decrease at a lower temperature than AC. Al Amer
et al. [30] conducted TGA testing using CNTs and CNT-Fe,0;
and confirmed that the CNT-Fe,0, samples reduced the initial and
final degradation temperature of the CN'Ts by approximately 100 °C.
It is likely that the lower thermal stability of CN'T-Fe,O; compared
to that of CNTs is due to the attachment of iron oxide particles to
the CNT walls [30]. The results presented herein also showed that
the samples of Mg-loaded AC showed a decreased weight at a lower
temperature but were stable up to 300 °C because the samples were
calcined.

SEM and EDX analyses were performed to examine the sur-
face morphology and impregnation amount more accurately. Fig.
3(a) and (b) shows the SEM images and EDS spectra of the AC and
the AC-Mg(10) samples, respectively. The surface of AC-Mg(10)
was impregnated with Mg and was more uniform than the AC
sample, but no significant difference was observed. The AC, which
is a commercial adsorbent, was subjected to surface acid treat-
ment, creating a relatively large oxygen content on the surface. In
addition, AC-Mg(10) contained 9.08 wt% of Mg, confirming that
Mg well adhered to the sample. Table 2 shows the results of the
EDS analyses of AC-Mg(1) and AC-Mg(15). AC-Mg(1) confirmed
that Mg was well attached, but for AC-Mg(15), Mg was not fully
adhered with a final content of 12.11 wt%. Therefore, the appro-
priate amount of Mg for the AC used in this study was 10 wt%. In
addition, the amount of oxygen increased significantly with Mg
impregnation, existing in the form of oxides on the active carbon
surface, such as MgO or Mg(OH),.

Mapping analysis was also performed to ensure that the Mg

Table 2. Element composition through EDS analysis of samples

C O Mg
AC 84.28 15.73 -
AC-Mg(1) 85.78 13.60 0.62
AC-Mg(10) 60.51 30.41 9.08
AC-Mg(15) 51.81 36.08 12.11
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Fig. 4. SEM-mapping of samples.

was uniformly attached to the AC via impregnation (Fig. 4). The
EDS mapping showed that the amount of oxygen also increased
with increasing Mg content.

NHS,-TPD analysis is generally used to analyze the amount of
acid in catalysts [31-33], but, in this study, after ammonia adsorp-
tion at room temperature, desorption was determined with increas-
ing temperature, as shown in Fig. 5. Ammonia at a high concen-
tration (10 vol%) was adsorbed to the sample cell for 30 min and
subsequently desorbed. The desorbed amount was calculated using
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the area of 30 to 300 °C. All samples exhibited maximum desorp-
tion at approximately 100 °C and the highest desorption amounts
were 0.826 and 0.829 mmol NH,/g for AC-Mg(10) and AC-Mg(15),
respectively. The desorption performance of AC was 0.652 mmol
NH,/g higher than that of AC impregnated with <7 wt% Mg. The
NHS,-TPD results showed increased desorption amount in the fol-
lowing order: AC-Mg(1)<AC-Mg(3)<AC-Mg(7)<AC<AC-Mg(10),
AC-Mg(15). Note that, although the peak intensity decreased when
the temperature was increased to >300 °C for the AC-Mg series,
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the peak increased again at >250 °C for AC. The peak at >250 °C
for AC corresponded to the point at which the functional groups
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Fig. 7. Breakthrough curves for samples with 500 ppm influent
NH,; under ambient condition.

attached to the AC surface were removed, which is consistent with
the TGA results.

Fig. 6 shows the change of desorption amounts obtained by cal-
culating the area and the desorption amounts after repeated NH;-
TPD experiments. AC-Mg(10) and AC-Mg(15) retained high de-
sorption for five cycles of high-temperature desorption at 350 °C
and showed average desorption amounts of 0.788 and 0.807 mmol
NH,/g, respectively. AC showed a relatively high desorption amount
during the initial desorption test, but the desorption gradually de-
creased with subsequent cycles. Thus, the functional groups and
amorphous carbon on the AC surface were removed during desorp-
tion by raising the temperature after the first adsorption, signifi-
cantly affecting the repeated adsorption and desorption [28]. In
contrast, AC-Mg(3) and AC-Mg(7) exhibited smaller amount of
desorption than that of AC, but did not show dramatic decreases
in desorption amounts during repeated adsorption and desorption
cycles. AC-Mg(1) showed the lowest desorption amount.

The breakthrough experiments were performed using the AC,
AC-Mg(7), AC-Mg(10), and AC-Mg(15) samples, showing rela-
tively high desorption amounts through the NH,-TPD analysis, as
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Fig. 8. Breakthrough cyclic test of samples.
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shown in Fig. 7. The highest adsorption of ammonia was observed
for AC-Mg(10) at 90.5 min (0.81 mmol NH,/g) and AC-Mg(15) at
90 min (0.80 mmol NH,/g). The breakthrough time for AC-Mg(7)
was 77.5 min (0.69 mmol NH,/g) and 64.5 min for AC (0.58 mmol
NHS,/g). The breakthrough test results of AC-Mg(7), AC-Mg(10),
and AC-Mg(15) were similar to those of NH,-TPD results. In con-
trast, the adsorption amount of AC was lower than that indicated
by the NH,-TPD results. This difference is due to the removal of
amorphous carbon and functional groups on the surface of AC by
heating. Thus, AC-Mg(10) was considered to be an optimum sam-
ple, considering the amount of Mg added to the AC surface, the
adsorption and desorption amounts, and the repetitive cycling tests.
Fig. 8 shows the results of the repeated breakthrough experiments
with other samples that were used to confirm the thermal stability
of the repeated adsorption and desorption of AC-Mg(10). The ad-
sorption amount of AC decreased gradually due to decreasing struc-
tural stability of the surface due to the repetitive high-temperature
desorption processes. In contrast, the three samples containing Mg
showed stable performance despite the repeated adsorption and
desorption. AC-Mg(10) showed the highest initial adsorption rate
of 0.81 mmol NH,/g, with a gradually decreasing capacity up to 18
tests, but a constant adsorption capacity from 18 to 30 repetitions
without degradation of activity with an average adsorption capac-
ity of 0.69 mmol NH,/g.

CONCLUSIONS

AC samples were synthesized using an Mg precursor by the
ultrasonic-assisted impregnation method and used as adsorbents
for ammonia enrichment. The adsorption and desorption charac-
teristics of the Mg-impregnated ACs were compared and analyzed.
Addition of a small amount of Mg increased the specific surface
area and pore volume of the samples, whereas excess Mg addition
reduced the specific surface area and pore volume due to the ultra-
sonic wave and heat treatments. From the TGA, EDS, and map-
ping results, the maximum Mg loading that can be impregnated
on the AC was determined to be 10 wt%. The desorption amounts
were compared and analyzed via NH;-TPD experiments. AC-
Mg(10) and AC-Mg(15) exhibited higher desorption capacity and
stability than that of AC. Finally, the AC-Mg(10) was selected as
an adsorbent for ammonia concentration as it demonstrated good
thermal stability and relatively high ammonia adsorption capacity.
After repetitive breakthrough tests for more than 30 cycles, the
adsorption performance was well maintained without a significant
decrease in activity. The initial adsorption capacity of 0.81 mmol
NH,/g and average adsorption capacity of 0.69 mmol NH,/g showed
that adsorption performance can be improved when Mg is appro-
priately loaded on the AC surface to retain oxygen in the form of
metal oxide. In addition, the thermal stability was improved com-
pared to that of the unloaded acid-treated AC.
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