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Adsorption of ammonia was measured volumetrically on activated alumina at temperatures of (273, 298,
and 323) K and gas pressures up to 108 kPa. It was found that the final adsorption amounts at the terminal
pressure point were (3.13, 2.53, and 1.89) mmol ·g-1 at (273, 298, and 323) K, respectively. The Langmuir,
Freundlich, Sips, and Toth isotherm models were employed to correlate the adsorption isotherms. Ammonia
diffusivities in these adsorbents at (298 and 323) K and at five different pressure points were calculated
from the adsorption kinetic uptake curves by using a classical diffusion model. It was found that the average
diffusivity values were (4.02 ·10-14 and 4.71 ·10-14) m2 · s-1, respectively, at (298 and 323) K. The heat of
adsorption values are between (-35.6 and -15) kJ ·mol-1 for adsorption loadings between (1.3 and 2.3)
mmol ·g-1. The Gibbs energies were calculated as (-14.01, -13.23, and -9.07) kJ ·mol-1 at (323, 298,
and 273) K, respectively. The value of the entropy lies within (-65 to -3) J ·mol-1 ·K-1, (-73 to -6)
J ·mol-1 ·K-1, and (-95 to -21) J ·mol-1 ·K-1 for adsorption amounts of (1.3 to 2.3) mmol ·g-1 and at
temperatures of (323, 298, and 273) K, respectively.

1. Introduction

Incessant deterioration of pristine environmental quality by
anthropogenic activities has become a major concern in the
present day. Despite being a quite important industrial gas,
ammonia is one of the most threatening polluting gases that
started to become an increasingly severe global problem after
the beginning of industrialization.1 It is a strong air pollutant
that contributes to particulate matter formation2 and is also
highly toxic to humans because of its basicity and very high
water solubility.3 It attacks the respiratory system, skin, and
eyes via an exothermic reaction leading to severe burning. A
prolonged exposure at a concentration higher than 300 ppm
(mg ·L-1) may cause irreversible damage to the body that might
lead to death.4-6

The ammonia molecule is basic and polar in nature, and
therefore, several types of surface-modified adsorbents have
been utilized to examine their ammonia removal efficiencies.
These widespread adsorbents include numerous carbon-based
adsorbents,7-14 zeolites,15-20 alumina or alumina compo-
sites,18,21,22 silica,18 or metal-organic frameworks.23-25 Dif-
ferent types of surface functional groups, such as -COOH, -Cl,
-SOOH, -CdO, or -OH, were attached to the carbon surface
by thermal or electrochemical deposition to enhance the
ammonia adsorption.26 Huang et al.7 doped coconut-shell-
derived activated carbon with acidic groups by five different
acids, and it was reported that nitric acid-doped carbon
demonstrated the best uptake capacity. Kim and Park8 modified
a porous carbon by treatment with nitric acid and reported that
the sorption capacity increases with an increase in the density
of surface carbonyl groups. Leuch and Bandosz10 impregnated
commercially available activated carbon with metallic salts (iron,
cobalt, and chromium) to enhance the ammonia sorption
capacity by reactive adsorption. Shen et al.12 modified amylase-
and amylopectin-derived carbon with nitric and sulfuric acids,
and the ammonia adsorption was reported to be as high as 22

% (by weight) for sulfuric acid-treated amylase-derived carbon.
Rodriguez et al.9 performed a breakthrough study of ammonia
adsorption with activated carbon without any surface modifica-
tion. Ellison et al.13 reported ammonia adsorption onto a bundle
of single-wall carbon nanotubes (SWNTs). Saha and Deng14

employed ordered mesoporous carbon (OMC) to measure the
equilibrium and kinetics of ammonia adsorption at ambient
temperature.

Numerous types of zeolites have been employed for ammonia
adsorption studies. It is generally said that the inherent Brønsted
acid groups on the surface of zeolite materials help them to
capture ammonia molecules. Zeolite 13X has been widely
employed by different researchers to measure the ammonia
uptake at different conditions. Singh and Prasad16 used 13X to
remove the NH4

+ ion from coke plant wastewater. Zheng et
al.17 also employed 13X to remove NH4

+ from water and
measured the thermodynamic properties such as the heat of
adsorption and Gibbs energy for ammonia uptake. Helminen et
al.18 employed different commercial brands of 13X, 5A, 4A,
dealuminated pentasil, faujasite, clinoptilolite, alumina, and silica
to compare their ammonia adsorption efficiencies. Ducourty et
al.15 used gallium-based zeolites to measure ammonia uptake
by microcalorimetry. Kapustin and Brueva19 utilized a stepwise
thermodesorption method for the rapid estimation of the heat
of ammonia adsorption and number of acidic sites of zeolites
A, Y, mordenite, and erionite. Nicolaides et al.20 employed a
microcalorimetric study of ammonia adsorption on ZSM-5, and
it was found that the heat of adsorption was as high as (120 to
140) kJ ·mol-1, definitely suggesting the strong binding of
ammonia with surface Brønsted acid groups.

Alumina composites with zirconium and graphitic oxide were
employed by Sedych and Bandosz,21,22 and it was found that
the surface acidic groups play a vital role in attracting ammonia
within the cages. A breakthrough amount of 6 mg · g-1 of
ammonia adsorption was measured in MOF-5 by Britt et al.23

and Petit and Bandosz;24 however, Saha and Deng25 reported
that ammonia damages MOF-5 and MOF-177 by forming a
hydrogen bond with the zinc centers of the framework.
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The objective of the present study is to measure the ammonia
adsorption behavior of activated alumina synthesized by a
sol-gel technique and to calculate different transport and
thermodynamic properties of ammonia adsorption. Adsorption
equilibria were measured at three different temperatures of (273,
298, and 323) K and pressures up to 108 kPa followed by
isotherm modeling by four different equations. The kinetic data
of adsorption were recorded at five different pressure levels and
two temperatures [(298 and 323) K] along with the estimation
of intracrystalline diffusivity at each point. Different thermo-
dynamic properties along with the heat and entropy of adsorption
and Gibbs energy were also calculated for this adsorption study.
These data will provide necessary information for adsorbent
selection and process design for the pressure swing adsorption
(PSA) processes for ammonia separation and recovery; the
thermodynamic parameters will also help us to understand
adsorption fundamentals.

2. Experimental Section

2.1. Materials. Activated alumina by a sol-gel technique
was synthesized according to the previously published works.27

Commercially available highest purity ammonia (Matheson
trigas) was employed for the adsorption measurement.

2.2. Adsorption Measurement. 2.2.1. N2 Adsorption-
Desorption Study. The alumina samples were characterized for
their pore textural properties with nitrogen adsorption and
desorption at the liquid nitrogen temperature in a Micromeritics
ASAP 2020 adsorption apparatus. The pore textural properties
including the Brunauer-Emmett-Teller (BET) specific surface
area, pore volume, and pore size were obtained by analyzing
the nitrogen adsorption and desorption isotherms with the
Micromeritics ASAP 2020 built-in software. Before the nitrogen
adsorption measurements were started, each sample was acti-
vated by degassing in situ at 573 K for 12 h to remove the
guest molecules from the pores of the alumina samples.

2.2.2. Ammonia Adsorption Study. The equilibrium and
kinetics of ammonia adsorption on both adsorbents were
measured volumetrically in the same Micromeritics ASAP 2020
surface area and porosity analyzer. Adsorption isotherms were
measured at three temperatures [(323, 298, and 273) K] and
NH3 pressures up to 108 kPa. The temperature of the sample
bath was constantly monitored with the help of a thermocouple,
and it was observed that the temperature variation was no more

than ( 1 K for experiments at (298 and 323) K and ( 2 K for
experiments at 273 K. The temperatures of (273, 298, and 323)
K were achieved by using regular ice, room temperature water,
and a heating mantle, respectively. Kinetic data were recorded
during the isotherm measurements at (298 and 323) K and five
different pressures. The alumina samples were activated at 573
K under a vacuum (1.33 ·10-6 kPa) for 12 h before the
adsorption measurements. High-purity ammonia was introduced
into a gas port of the adsorption unit for the adsorption
measurements. To ensure that the instrument was measuring
each data point accurately, it was calibrated by employing two
standards which were provided by the instrument manufacturing
company, and it was found that the measured values were within
( 2 % error with the given values. Each of the isotherms
reported in this paper was repeated three times, and it was
noticed that the data points varied by no more than ( 1 %.

3. Results and Discussion

3.1. Pore Texture Properties. The pore textural properties
of activated alumina were calculated from the nitrogen
adsorption-desorption plot by using the instrument’s built-in
software. The BET specific surface area of this material is 274
m2 ·g-1. The pore size distribution by using the Barret-Joyner-
Halenda (BJH) method is shown in Figure 1. It is also calculated
that the median pore width and cumulative pore volume of this
material are 49.6 Å and 0.5 cm3 ·g-1, respectively, on the basis
of the BJH method.

3.2. Adsorption Equilibrium. Adsorption isotherms of am-
monia on activated alumina at (273, 298, and 323) K are given in
Figure 2. It is observed that the equilibrium adsorption amounts at
the terminal pressure range (∼108 kPa) are (3.13, 2.53, and 1.89)
mmol ·g-1 at (273, 298, and 323) K, respectively. The adsorption
amounts were in a range similar to that reported by Helminen et
al.18 for different types of commercial alumina samples [(2 to 3)
mmol ·g-1] at 298.15 K and up to 100 kPa. The adsorption
isotherms obtained in this work are modeled by employing the
Langmuir, Freundlich, Sips (Langmuir-Freundlich), and Toth
models. The Langmuir equation is given by

Figure 1. Pore size distribution of the activated alumina sample by the BJH method.
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where am (mmol ·g-1) is the monolayer adsorption capacity, b
(kPa-1) is the Langmuir adsorption equilibrium constant, p is the
pressure (kPa), and q is the adsorption amount (mmol ·g-1). Both
the parameters can be determined from the slope and intercept of
a linear plot of 1/p versus 1/q.

The Freundlich model can be written as

where k and n are the equation model parameters which can be
calculated from a linear plot of ln p versus ln q.

The Sips (Langmuir-Freundlich) model can be written as

The Toth model can be given by

where RT, kT, and t are the equation constants. All the equation
parameters of the Sips and Toth models can be calculated by
nonliner regression techniques. The degree of model fitting was
compared by the absolute relative error (ARE; %), calculated
as

where xexptl is the experimental point, xmod is the modeling point,
and N is the number of points in the isotherm.

Tables 1 summarizes the isotherm model parameters and ARE
values for ammonia adsorption onto activated alumina. Figure
3 compares the model fitting with the experimental values for
(273, 298, and 323) K. From the plots, it is quite obvious that
the Freundlich, Toth, and Sips models fit well for all three

isotherms. However, the ARE values from the table suggest
that the Freundlich, Toth, and Sips models fit best at the
temperatures of (273, 298, and 323) K, respectively.

3.2. Adsorption Kinetics. The adsorption kinetic data of
ammonia were collected at the same time when the isotherms
were generated at (298 and 323) K and pressures up to 108
kPa. Figure 4 shows the kinetic plots at five different pressure
ranges at (298 and 323) K. It is observed that the adsorbent
reached the adsorption saturation level within (40 to 50) s and
(30 to 40) s at (298 and 323) K. A classical diffusion model
was applied to analyze the kinetic data and to estimate the
diffusivity of ammonia in our alumina samples. For fractional
uptakes (mt/m∞) higher than 70 %, the diffusion model equation
can be written as28

Figure 2. Adsorption isotherms of ammonia on alumina at (273, 298, and 323) K: O, 323 K; 0, 298 K; 4, 273 K.
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Table 1. Isotherm Model Parameters

temp ARE

isotherm model model param K param value %

Langmuir am 273 2.797 20.46
b 0.334
am 298 2.238 18.50
b 0.652
am 323 1.702 13.80
b 0.596

Freundlich k 273 0.962 5.78
n 4.00
k 298 1.063 0.84
n 5.344
k 323 0.791 1.57
n 5.224

Sips am 273 16.428 6.83
b 0.066
n 3.806
am 298 6.058 0.84
b 0.201
n 3.700
am 323 3.889 0.93
b 0.234
n 3.316

Toth kT 273 0.383 6.42
RT 159.865
t 0.063
kT 298 0.261 0.17
RT 160.105
t 0.046
kT 323 0.265 1.17
RT 137.084
t 0.045
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where Dc is the intracrystalline diffusivity, rc is the equivalent
crystal radius, and t is time. The diffusion time constants Dc/rc

2

(s-1) were calculated from the slope of a linear plot of ln(1 -
mt/m∞) versus t at a given NH3 pressure. The errors of the linear

fits of these plots were observed to vary within 0.85 to 0.95 for
R2 values. It has been found from the scanning electron
microscopy (SEM) images (not reported here) that the alumina
samples possess an equivalent crystalline radius of 1.0 ·10-6 m.
From this crystal radius size values of the average diffusivities
of NH3 are calculated to be (4.02 ·10-14 and 4.71 ·10-14) m2 · s-1

at (298 and 323) K, respectively. The variations of diffusivity
with pressure are shown in Figure 5 for (298 and 323) K. It is

Figure 3. Isotherm model fitting at 273 K (a), 298 K (b), and 323 K (c): O, experimental value; solid line, Langmuir model; red dashed line, Freundlich
model; green solid line, Toth model; purple solid line, Sips model.
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observed that the diffusivity values decrease with increasing
pressure. This trend is probably attributed to the fact that the
pores of the adsorbent material are partially saturated and
blocked at the higher adsorption loading at elevated pressures.

To investigate the effect of Knudsen diffusivity in the
adsorption process, we calculated the Knudsen diffusivity (Dk)
values. The Knudsen diffusivity can be calculated as

where r is the cylindrical pore radius, T is the temperature (K),
and M is the molecular weight of the diffusing species.
Assuming the alumina samples contain a cylindrical pore
diameter of 49.6 Å, it was found that the Knudsen diffusivity
values are (1.005 ·10-6 and 1.045 ·10-6) m2 · s-1 at (298 and 323)
K, respectively. As the Knudsen diffusivity values are of the
order of 108 times larger than the molecular (intracrystalline)
diffusivity values, it can be concluded that the key controlling
factor of the adsorption process is the molecular diffusivity.

3.3. ActiWation Energy for Diffusion. The activation energy
for diffusion can be calculated from the Eyring equation given
by

where Ea is the activation energy, which can be calculated from
the slope of the plot of ln(Dc) versus 1/T. It was found that the
activation energy was 5.07 kJ ·mol-1, which is similar to the
activation energies calculated for hydrocarbon adsorption onto
zeolite materials.28

3.3. Thermodynamic Parameters. 3.3.1. Heat of
Adsorption. The isosteric heat of adsorption values are a quite
important parameter revealing the adsorbate-adsorbent interac-
tions. The isosteric heat of adsorption can be calculated from
the van’t Hoff equation

where ∆H is the isosteric heat of adsorption (kJ ·mol-1), P is
the gas pressure (kPa), T is the temperature, and q is the
adsorption amount (mmol ·g-1). Integration of eq 9 yields

where C is an integration constant. In this work, the isotherms
at (273, 298, and 323) K were employed to calculate the heat
of adsorption values. The isotherm data points were first
converted to a set of isosteres (linear plot of ln P versus 1/T)

Figure 4. Kinetic plots of ammonia adsorption at 298 K (a) and 323 K (b):
O, 6.5 kPa; 0, 27.6 kPa; 4, 55.6 kPa; ], 81.7 kPa; *, 108.6 kPa.

Figure 5. Variation of the ammonia diffusivity with pressure: O, 323 K; 0, 298 K.
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and then correlated with eq 10 followed by calculation of the
heat of adsorption from the slope of the isosteres according to
eq 10. The variation of the heat of adsorption with the adsorption
loading is plotted in Figure 6. It is observed that these values
were (-35.6 to -15) kJ ·mol-1 within an adsorption loading of
(1.3 to 2.3) mmol ·g-1. The higher sides of the heat of adsorption
values are significantly lower than that reported for surface-
modified carbon or zeolites. The molar heat of adsorption was
reported to be (-150 to -50) kJ ·mol-1 up to 150 µmol ·g-1

for surface-modified commercial activated carbons.11 The heat
of adsorption was also as high as (140 to 150) kJ ·mol-1 within
the same adsorption loading for Ga-MFI and ZSM-5 zeolites.15,20

The quite lower values of the heat of adsorption for activated
alumina suggest that the interaction between ammonia and
activated alumina is quite weak and the chemical binding
between these two species is quite unlikely.

3.3.2. Gibbs Energy. The Gibbs energy (∆G) is a measure
of the spontaneity of a system undergoing any process. The
adsorptive Gibbs energy (∆G) can be written as

where n is the equilibrium adsorption coefficient. As the
Freundlich model fits quite well for all the isotherms, n can be
correlated to the model parameter of the Freundlich equation.
With the help of eq 9, the ∆G values for ammonia adsorption
can be calculated as (-14.01, -13.23, and -9.07) kJ ·mol-1 at
(323, 298, and 273) K, respectively. The absolute values of ∆G
were lower than that reported for NH4

+ adsorption [(3.7 to 5.1)
kJ ·mol-1] by Zheng et al.17 It is also noticeable that the change
in Gibbs energy is negative for all the cases, suggesting the
spontaneity of the process.

3.3.3. Entropy. The entropy (∆S) can be calculated from the
Gibbs-Helmohltz equation given by

The entropy values were calculated from each value of enthalpy
at different adsorption amounts and three distinct temperatures
of (323, 298, and 323) K and are shown in Figure 7. It is
observed that the entropy values are all negative and decrease
with increasing adsorption amount. The value of entropy lies
within (-65 to -3) J ·mol-1 ·K-1, (-73 to -6) J ·mol-1 ·K-1,
and (-95 to -21) J ·mol-1 ·K-1 for an adsorption amount of
(1.3 to 2.3) mmol ·g-1 and at temperatures of (323, 298, and

273) K, respectively. The absolute values of the higher ends of
entropy are lower than the entropy of NH4

+ adsorption (-72.9
J ·mol-1 ·K-1) calculated by Zheng et al.17 It is also worth
mentioning that the absolute value of entropy increases with a
decrease in temperature, suggesting that the adsorption process
is more spontaneous at lower temperature.

4. Conclusion

Ammonia adsorption experiments were performed on acti-
vated alumina at three distinct temperatures and pressures up
to 108 kPa, and it was found that the equilibrium adsorption
amounts were (3.13, 2.53, and 1.89) mmol ·g-1 at (273, 298,
and 323) K and at the terminal pressure point. All isotherms
were modeled by the Langmuir, Freundlich, Sips, and Toth
models, and it was found that the Freundlich, Sips, and Toth
models fit well for almost all of the isotherms. A kinetic study
revealed that the average diffusivity of NH3 was (4.02 · 10-14

and 4.71 ·10-14) m2 · s-1 at (298 and 273) K, respectively. The
diffusivity values decrease with partial pressure, which is
probably attributed to the partial pore blocking at the greater
adsorption amount at higher pressures. The heat of adsorption
values were calculated to be (-35.6 to -15) kJ ·mol-1 within
an adsorption loading of (1.6 to 2.3) mmol ·g-1. The Gibbs
energy was calculated as (-14.01, -13.23, and -9.07) kJ ·mol-1

at (323, 298, and 273) K, respectively. The entropy of adsorption
was calculated to be negative and decreases with increasing
adsorption amount and temperature.
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