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Abstract

This work studied the textual properties of the MCM-48 and rice husk ash using nitrogen adsorption-desorption at constant low
temperatures. According to the International Union of Pure and Applied Chemistry, the adsorption-desorption isotherm proved
that the studied materials have a mesoporous structure with type V. The obtained results of Langmuir, Freundlich, and
Brunauer—-Emmett—Teller isotherm models showed that the nitrogen adsorption followed Brunauer—Emmett—Teller isotherm.
The found adsorption capacity and surface area values for MCM-48 were higher than those values for rice husk ash. Based on
the Kelvin equation, Barrett, Joyner, and Halenda model was used to determine pore size distribution, pore diameter, and average
pore volume for the adsorbents. The pore size distribution for MCM-48 was narrower than rice husk ash, pore diameter for
MCM-48 was less than rice husk ash, and average pore volume for MCM-48 was higher than the value of average pore volume
for rice hush ash. The comparison study results between the properties and those previously published for mesoporous materials
indicated a convergence in the surface area of MCM-48 and pore volume. Moreover, the results of the comparison between the

properties of rice husk ash showed that the surface area and pore volume were equal or less than those obtained before.

Keywords: MCM-48; rice husk ash; mesoporous; adsorption isotherms; surface area; pore size distribution

1. Introduction

Silica is an inorganic chemical compound
plentifully available in the earth incrustation [1]. Still,
despite being abundant, silica is generally made by
way of synthesis for use mainly in the preparation of
different types of adsorbents [2-4] and catalysts [5-15]
used in chemical applications. Silica generally exists
as alkoxysilane compounds, which can harm health.
Therefore, other safer, cheaper, and more
environmentally friendly sources of silica are
constantly being sought [1]. Agricultural waste is one
of the most critical renewable silica sources, which are
low-cost sources of natural silica like rice husk, rice
straw, corn cobs, and bagasse [16, 17]. Rice husk ash
(RHA) is rich in amorphous silica (SiO2) and other
metallic contaminants, which can be obtained after
burning rice husk [4,18] and used to make silicon-
based products [19]. MCM-48 is a nanostructured
mesoporous material that belongs to the M41S family
(mesoporous silica). MCM-48 is getting more
attention because of its large surface area (SA), strong

acidity, and excellent hydrothermal stability [20]. The
huge SA of the MCM-48 and organized pore structure
and narrow pore size distribution (PSD) belong to its
three-dimensional structure [21, 22]. Commonly,
mesoporous materials with pore diameters of 2-50 nm
act as promising catalysts for various reactions and
successful adsorbents for adsorption and separation
[20].

Gas adsorption-desorption is the most technique for
the characterization of porous solids. The adsorption-
desorption process is considered standard for
determining solid materials SA and PSD [23, 24].
Adsorption is the phenomenon defined by the
adhesion of a chemical species (adsorbate) onto or
near the surfaces and pores of the solid (adsorbent).
[25]. The adsorption process may be physical or
chemical adsorption; the physical adsorption is related
to Van der Wales forces generated by the film of
adsorbate. In comparison, chemical reactions between
adsorbate and adsorbent are cause chemical adsorption
[26].

*Corresponding author e-mail: ammarabbas@coeng.uobaghdad.edu.iq.

Receive Date: 03 March 2022, Revise Date: 20 April 2022, Accept Date: 28 April 2022

DOI: 10.21608/EJCHEM.2022.125169.5568

©2022 National Information and Documentation Center (NIDOC)


mailto:ammarabbas@coeng.uobaghdad.edu.iq

314 Kurji and Abbas

The amount of gas adsorbed onto a solid surface or
its pore space is proportional to the solid SA,
temperature, the partial equilibrium pressure of the
gas, and the nature of the solid and gas. The adsorption
isotherm is the relationship between the amount of gas
adsorbed per unit mass of material and pressure at a
specific temperature [25]. Adsorption isotherms are
classified into six categories by the International
Union of Pure and Applied Chemistry (IUPAC) based
on the isotherm shape of relative pressure and amount
of gas adsorbed onto a solid surface [27]. Different
gases can be used for adsorption-desorption, such as
carbon dioxide, argon, and nitrogen (N2). Among these
various gases and vapors, which are readily available
and could be used as adsorbate, N, (measured at 77 K)
has remained universally well-known and considered
friendly commercial equipment [28].

In general, different adsorption models that are
used to describe adsorption isotherms experimental
data [28].

This work aims to comparatively study the nature
of the adsorption process and textural properties of
selected silica (MCM-48 and RHA) by analyses of N>
adsorption-desorption at 77 K data, which describe
using different isotherm models. The SA of the
samples was measured by the Brunauer—Emmett—
Teller (BET) method. PSD was calculated by the
Barrett-Joyner—Halenda (BJH) method, and the
founded results were compared with the previous
studies.

2. Experimental and theoretical work

2.1. Adsorption-desorption tests

N adsorption-desorption over samples of MCM-48
(0.0485 g) and RHA (0.2144 g) were measured at 77
K using the TriStar | 2.03 (micromeritics) apparatus.
All experiments were conducted at the Sharif
University of Technology in Tehran, Iran. Each
measurement was repeated twice, and the average
values of the obtained readings were recorded and
used later in the analyses of the isotherm models and
determination of SA and PSD.

2.2. Langmuir isotherm model

Langmuir described the isotherm model of gas
adsorption on a solid phase in 1916 [31]. This
empirical model assumes that the thickness of the
adsorbed layer is monolayer adsorption and that the
adsorption process occurs at similar and equivalent
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definite localized sites [30]. A convenient form of the
Langmuir shown in Eq. (1).
P P 1

—=—
Q Qm QmKL

M)

Where; where P (mmHg) is the equilibrium
pressure, and Q (cm® g (STP)) volume of nitrogen
adsorbed at a given pressure and constant temperature,
Qm (cm¥ g (STP)) maximum volume of nitrogen
adsorbed to form a complete monolayer on the solid
surface, respectively. The term K. (1/mmHg) is a
Langmuir constant which indicates the extent of
interaction between gas and solid surface, which can
be correlated with the variation of the suitable area and
porosity of the adsorbent, which implies that large SA
and pore volume (Vp) will result in higher adsorption
capacity [32, 33]. A plot of P/Q versus P should give
a straight. The slope and intercept of the straight line
can find the monolayer maximum adsorption capacity
and Langmuir constant.

2.3. Freundlich isotherm model

Freundlich published a model in 1906 [34] that
describes the relationship between pressure and the
amount of gas adsorbed by a unit mass of solid
adsorbent at a constant temperature [35]. The
Freundlich isotherm equation expressed as Eqg. (2).

LogQ = LogK +1 LogP )
n

Where, Q (cm® g (STP)) volume of nitrogen
adsorbed at a given pressure and constant temperature,
Kt is Freundlich constant and n is the heterogeneity
factor [36].

2.4. BET isotherm model

The SA is approximated using the BET equation
from a particular region of a gas adsorption isotherm
where monolayers of gas are thought to take place,
after the publication of the BET theory [26]. The
adsorption of a gas on the surface of a material is the
essential ingredient of the BET theory. For this reason,
the BET equation, which was created to explain the
multilayer adsorption of gas molecules on a solid
surface, is often utilized. The BET analysis is based on
the adsorption isotherms of nonreactive gas molecules
such as nitrogen or argon at a pressure range
encompassing the monolayer coverage of molecules
[37]. The BET isotherm is a theoretical equation that
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is used to calculate the SA of gas-solid equilibrium
systems Eq. (3) [30].

P
P) C —1( P } 1

{ [ P H Q.C(R ) Q.C
Ql1-| =

R

Where; Q (cm®/ g (STP)) volume of nitrogen adsorbed
at a given pressure and constant temperature, Qm
(cm®/g (STP)) maximum volume of nitrogen adsorbed
to form a complete monolayer on the solid surface, and
C is constant related to the difference between the heat
of adsorption in the first layer and the heat of
liquefaction of the vapor [25]. Application of the BET
equation to the nitrogen adsorption data obtained in
the present study was only possible within a narrow
range of relative pressures (0.05-0.3) [38]. A plot of

1)) e e

a straight line with a positive slope, then Qm and C can
be determined from intercept and slop [39].

2.5. Determination of SA

SA of samples determined by using Eq.

SA= QmLavA\n
M

(4) [40].

(4)

Where; La is Avogadro number, An is the cross-
sectional area of the adsorbate and equals 0.162 nm?
for a N2 molecule, M is the molar volume for nitrogen
which equals 22.414 L/mole.

2.6. BJH pore diameter and volume

The PSD, Barrett-Joyner—Halenda pore diameter
(desm) and Vp for the adsorbent, can be calculated
using N adsorption-desorption isotherm data at 77 K.
This model was developed by Barrett-Joyner—
Halenda in 1951 [41] by assuming the pore shapes are
cylindrical with finite length and open ends. Also, this
model assumed pore radius was the sum of Kelvin
radius and thickness of the adsorbed film as seen in
Eq. (5) [42-44].

P Cyvcosé
n| —|=——"———— (5)
(P j RT (r—t)

0

Where P is the critical condensation pressure, y the
liquid surface tension, v the molar volume of the
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condensed adsorptive, 0 the contact angle between the
solid and condensed phase, r the radius of curvature of
the liquid, P/P, relative pressure, R gas constant, and
T temperature. C constant depends on the curvature
equal to 2 in case of cylindrical shaped and t is the
thickness of adsorbed layer remaining on the pare
walls, which can be calculated by the Halsey equation

(Eq. (6)) [44].

0.333

t=354| > 6)
P
In| —
(PO]

3. Results and discussion

The N; adsorption-desorption data was used to
identify the isotherm type and hence the nature of the
adsorption process for the selected material. The N
adsorption-desorption isotherms over the surface of
the MCM-48 and RHA were shown in Fig.1. As
shown in Fig.l, MCM-48 was adsorbed more N
quantity than RHA. Fig.1 (a) showed that the amount
of N, absorbed by MCM-48 reached a value of 536
cm®/g, while the RHA absorbed only 165 cm®/g as
shown in Fig.1 (b). According to the adsorption-
desorption data shapes, the MCM-48 and RHA could
be classified as types IV (b) and 1V (a), depending on
the IUPAC classification, which is referred to as
mesoporous materials [45].
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Figure 1. N, adsorption-desorption isotherm (a) MCM-48 (b)
RHA.
The isotherm curve for MCM-48 adsorbents having

smaller mesoporous showed a completely reversible
adsorption behaviour. No significant hysteresis was
found between the adsorption and desorption
isotherms, leading to a type 1V (b) isotherm [46]. In
contrast, the RHA curve shows a hysteresis when the
pore diameter is larger than approximately 4 nm for
nitrogen adsorption at 77 K [47]. The desorption
branch for RHA does not follow the adsorption branch
but gives a distinct hysteresis loop, where the amount
adsorbed is more significant along the desorption
branch than the adsorption branch; the hysteresis loop
can be classified as type H3 according to the IUPAC
[47].

Langmuir, Freundlich, and BET isotherm models were
used to describe the experimental data of N
adsorption on the surface of MCM-48 and RHA to find
the best fitting isotherm model and determine the
capacity of the adsorbent. The isotherm models for
MCM-48 and RHA were shown in Fig.2 to 4. Fig.2
shows the Langmuir isotherm model (Eq.1) for MCM-
48 and RHA. This isotherm described the N
adsorption data better for MCM-48 (Fig.2, a) with
correlation coefficient (R?) equal to 0.9883, while this
isotherm model did not fit the adsorption data for RHA
(Fig.2, b).

The Freundlich isotherm model (Eg. 2) shown in Fig.3
described both the adsorption data considerably with
R? equal 0.9768 for MCM-48 and 0.8388 for RHA.
Fig.4 showed the BET isotherm model (Eg. 3), which
described the N, adsorption data perfectly for both
mesoporous silica with R? equal to 0.9975 and 0.9992
for MCM-48 and RHA, respectively. The isotherm
models constants for both MCM-48 and RHA were
reported in Table 1. The value of adsorption capacity,
determined by the BET isotherm model, for MCM-48
is equal to 312.5 cm3/g and 33.89 cm®/g for RHA. The
SA of MCM-48 and RHA were estimated by the BET
model (Eq. 4), and were 1360.14 m?/g for MCM-48
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and 147.51 m?/g for RHA. The SA of MCM-48 was
higher than the SA of RHA because MCM-48 has a
cubic structure system, which is indexed in the space
group la3d [48].
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Figure 2. N adsorption isotherm by Langmuir model (a) MCM-48
(b) RHA.
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Figure 3. N, adsorption isotherm by Freundlich model (a) MCM-
48 (b) RHA.
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Figure 4. N, adsorption isotherm by Brunauer—Emmett-Teller (a)
MCM-48 (b) RHA.

Table 1:The constants and R? for the isotherm models

Isotherm model MCM-48 RHA
Qm (cm®g) 555.5 212.76
Langmuir Ky (1/mmHg) 0.023 2.647
R? 0.9883 0.6017
Ky 88.756 6.840
Freundlich n 3.601 2.311
R? 0.9768 0.8388
Qm(cm?/g) 3125 33.89
BET C 32 59
R? 0.9975 0.9992
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BJH model and N adsorption data at 77 K have been
utilized to find the PSD (Fig.5) for the studied
mesoporous adsorbents (MCM-48 and RHA). PSD for
MCM-48 (Fig.5, a) was narrower than RHA (Fig.5, b).
The two materials PSD peaks (the mode pore size
diameter) existed at 2.38 nm for MCM-48 and 3.62 nm
for RHA. At the same time, the total pore volumes
were 1.030 cm®/g for MCM-48 and 0.292 ¢cm?/g for
RHA.
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Figure 5. BJH patrticle size distribution for (a) MCM-48 (b) RHA.

A comparison of textural properties was made and
summarized in Table 2 between the currently obtained
results for MCM-48 and RHA and different properties
for mesoporous silica having the same porous
structure reported in previous works [4,14,20,22, 49-
51]. The SA of the current MCM-48 was 1360.14 m?/g
which was in the same magnitude as the reported
values for MCM-48 [14,20,22], and MCM-41 [49].
However, the value SA of the current MCM-48 was
higher than the reported SA of the previously prepared
MCM-48 [14], mesoporous silica-alumina [49], and
Santa Barbara Amorphous-15 (SBA-15) [50].
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However, the SA of the current RHA was 147.51 m?/g
which was approximately equal to the SA of the
previously prepared RHA [4] and lower than the
reported SA of RHA [51]. The Vp value of the current
MCM-48 was 1.030 cm®g, which was higher than the
reported values for MCM-48 [14,20,22], MCM-41
[49], SBA-15 [50], and mesoporous silica-alumina
[49]. Although, the Vp for the current RHA (0.292
cm®/g) was in the same range as the previously
prepared RHA [4] and lower than the reported RHA
obtained from the different origin [51].

Table 2
Textural properties for different silica obtained from N adsorption
at 77 K
BET V. d
T P BJH,
Silica type S,ZA, cmlg  nm Reference
m?/g
MCM-48 136014 1030 238  current
study
MCM-48 1028.95 069  2.68 [20]
MCM-48 1520 0.74 -- [22]
MCM-48 669 0.33 -- [14]
MCM-41 972 0.65 2.6 [49]
Santa Barbara
Amorphous-15 771 1.00 - [50]
(SBA-15)
mesoporous 830 046 38 [49]
silica-alumina
Current
RHA 14751 0292 3.62 study
RHA 14853 0254  -- [4]
RHA 589 075 5.1 [51]

SA: BET surface area, Vp: pore volume, dg;4: pore diameter
by BJH

4. Conclusions

According to the IUPAC, the adsorption-desorption
isotherm proved that the MCM-48 and RHA have a
mesoporous structure with type 1IV. MCM-48 type
IV(b) with no significant loop, while RHA had type
IV(a) with H3 hysteresis loop. Langmuir and
Freundlich isotherm models did not fit experimental
data for MCM-48 and RHA. In contrast, the BET
isotherm model was the best isotherm model that
described the experimental data for two selected
materials. The adsorption capacities determined by the
BET isotherm model were 312.5 cm®/g for MCM-48
and 33.89 cm®/g for RHA, and the SA for MCM-48
and RHA were 1360.14 m?/g and 147.51 m?/g,
respectively. By BJH model, PSD for MCM-48 was
narrower than RHA, dgyy for MCM-48 was 2.38 nm
and 3.62 nm for RHA, and V»r was 1.030 cm®/g for
MCM-48 and 0.292 cm®/g for RHA. The comparison
study results between the properties and those
previously published for mesoporous materials
indicated a convergence in the SA of MCM-48 and V,,.
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Moreover, the comparison results between the SA and
Ve of RHA were equal and less than those values for
RHA obtained before.
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