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Abstract

Air pollution is one of the most environmentally harmful to the human health and the climate change. The present study is
aimed to investigate the effectiveness and capability of novel composite adsorbents prepared from modification of activated
carbons (ACs) in the removal of air pollutants. The effect of both triethoxysilane propylamine (TEPSA) and carbon nanotube
(CNT) on the adsorption properties of AC (TEPSA/CNT/AC); in addition, silica gel prepared from TEPSA to form silica
nanoparticles (SiNP) along with CNT and AC (SiNP/CNT/AC), was studied. Ammonia gas (NH3) was used in this study
as a typical emerging gas air pollutant. The physicochemical characteristics of the prepared ACs samples were analyzed
using BET surface area, SEM, EDX, TEM and FTIR. Their results proved considerable changes in the porosity and surface
functional groups after modifying AC surface with TEPSA or SiNP and CNT instantly. The adsorption findings showed that
the NH3 removal efficiency using the prepared AC samples reached almost 97, 86 and 75% during 90 min at 25 °C for each
sample of SINP/CNT/AC, TESPA/CNT/AC and AC, respectively. Adsorption of NHj3 relied mainly on the presence of silica
particles and mesopore distributions in CNT rather than large total surface area in AC alone. Thus, the combination of SiNP
as silanol and siloxane groups with CNT on AC surface raised significantly the adsorption capacity of NH3 from 194 to
300 mg/g. Conclusively, the SINP/CNT/AC sample exhibited the best performance among all prepared samples used for the
adsorption of NH3 gas from the indoor air. Also, Langmuir and Freundlich models were applied, and the results revealed that
Freundlich model fits well the equilibrium adsorption data.
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1 Introduction

Air pollution is one of the major environmental problems
that cause health and climate risks. It is closely associated
with the health of all living beings such as plants, human
and animals. Among the gaseous pollutants, ammonia (NH3)
exists in both outdoor and indoor air, which provokes the
harmful to the health and productivity of living creatures.
By controlling the air pollutant level, countries can decrease
their diseases and then reduce the air pollution economic
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effect. The majority of NH3 comes mainly from the activi-
ties of agriculture, such as fertilizer industries, combustion
of fossil fuel and the management of livestock. Moreover,
NH3 in the indoor air is much higher than that in outdoor,
which is essentially generated from the smoke of cigarettes,
building materials and the solutions of cleaning [1, 2]. Reduc-
ing the pollutants emitted from the sources can augment the
efforts to control the climate change impacts, while treating
the pollutants can result in air quality improvement. By cre-
ating new and highly efficient materials for the removal of
pollutants, countries could be capable of protecting health
and reducing the global climate change. Several techniques
have been supposed in the literature for NH3 removal from
waste gas effluents [3-5]. These include absorption by solu-
tion, reaction with other gases, ion exchange using polymeric
resins, separation using membranes, thermal treatment, cat-
alytic decomposition and adsorption by porous solids [1, 6].
Among these, adsorption of ammonia using activated car-
bons (ACs) is one of the efficient approaches used in the
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literature because of certain advantages of ACs, such as high
surface area, porosity and its surface chemical composition,
which can undergo certain modifications to a specific appli-
cation [7-9]. However, the previous works have shown that
the surface chemistry is the most important factor in deter-
mining the overall adsorption capacity of ACs for a basic
molecule like ammonia [9-12]. Kim et al. [10] found that
not only the amount but also the nature of the oxygen surface
groups present on the carbon surface, i.e. acidic groups, are
responsible mainly for increasing the adsorption of ammonia.
Moreover, several studies indicate that the adsorbent surface
is probably the most important parameter defining the adsorp-
tion technique via diverse chemical interactions [13, 14].
Both carboxyl and hydroxyl groups played important roles
in the immobilization of NH3 gas in air. Molecules on the
adsorbent surface were functionalized with free -COOH and
—OH groups that have strong interactions with NH3 through
chemical interactions, which greatly enhanced the NH3 gas
adsorption performance [15, 16]. A similar beneficial effect
for improving the ammonia removal has been described in
the literature for metal-modified (Fe, Co, Cr, Mo and W)
activated carbons [15, 16]. Due to the weak thermal conduc-
tivity of the activated carbon, some studies have employed
expanded graphite to alter the walnut shell-based activated
carbon; nonetheless, the thermal conductivity was increased
largely, and thus, the regeneration efficiency of activated car-
bon could be improved [17, 18]. Recently, application of
carbon nanomaterials such as carbon nanotubes and graphene
derivatives in adsorption of heavy metals from wastewater or
as lubricants modifiers has attracted a considerable attention
due to their outstanding structures [19, 20].

One of the most popular commercial adsorbents is sil-
ica gel which has been popularly used as porous adsorbent
for volatile organic compounds (VOCs) due to its relatively
weak bonds with water as well as its large pore volume
[21-23]. However, silica gel must be modified due to its lim-
ited capacity and selectivity resulting from the presence of
silanol sites and low porous structure. Fu et al. [23] have pre-
pared nano-porous carbon—silica composites using tetraethyl
orthosilicate (TEOS) as the silicon source and activated car-
bon powder as the carbon source and detected its adsorption
capacity to VOC:s. Silica gel was formed through sol—gel of
TEOS using ammonia solution as a basic reagent at 60 °C
for 2 h. They concluded that the prepared carbon-silica com-
posites have microporous and mesoporous structures, and
thus, the adsorption capacity for n-hexane is better than that
of conventional hydrophobic silica gel, and the desorption
performance is superior than that of activated carbon alone.
Therefore, the combination of silica particles with ACs would
alternately enhance the adsorption and regeneration perfor-
mance of AC adsorbents. As well as, the addition of carbon
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nanotubes based on their outstanding properties and mor-
phology would improve the adsorption characteristics of
ACs.

The present study is firstly aimed to investigate the pos-
sibility to produce AC-based material composites with silica
and carbon nanotubes for the first time; as so as modify the
surface chemistry of AC in order to render it more effec-
tive for enhancing the adsorption capacity of AC toward
removal of ammonia gas (NH3) as a pollutant in the indoor
air. The second objective is to evaluate the effect of modi-
fication results for obtained composite samples toward the
removal of NH3 gas as compared to that of a commercial AC
alone. In this work, three samples were tested; bare activated
carbon (AC), AC modified with triethoxysilane propylamine
(TEPSA) as a source of silica and carbon nanotube (CNT)
to prepare (TEPSA/CNT/AC) composite and silica gel was
synthesized from TEPSA to form silica nanoparticles (SiNP)
with CNT over AC surface as (SINP/CNT/AC) composite.
Moreover, BET surface area, SEM, EDX, TEM and FTIR
measurements were performed to estimate the properties of
studied adsorbents. Langmuir and Freundlich models were
applied to determine the adsorption behavior of NH3 over
these samples.

2 Materials and Methods
2.1 Materials

A commercial charcoal and orthophosphoric acid (H3POgy,
85 wt%, Mw = 98.0 g/mol) were supplied from Rasayan
(Turkey). Triethoxysilane propylamine [TESPA] or (3-
aminopropyl)triethoxysilane (HoN(CH;)3Si(OC2Hs)3, Mw
= 221.37 g/mol) and cetyltrimethylammonium bromide
(CTAB, Ci9H4BrN, Mw = 364.45 g/mol) were pur-
chased from Sigma-Aldrich. Diethylene triamine [DETA]
((NH,CH,CH3),NH, Mw = 103.17 g/mol) was obtained
from Thermo Scientific brand of ACROS Organics. Absolute
ethanol solution (CH3CH,OH, 99%) was purchased from
Alpha chemika. Laboratory multi-walled carbon nanotube
(MWCNTs) was obtained from camphor as reported by Fathy
et al. [24].

2.2 Preparation of Activated Carbon-based
Composites

First, the charcoal was exposed to activation with H3PO4
as prescribed in the previous study [25] but with changing
in the activation temperature to be 700 °C for 2 h under
flowing nitrogen gas. This step was applied to increase the
surface area and amount of acidic functional groups on the
obtained activated carbons before modification with TESPA
and MWCNTs. The obtained activated carbon was labeled as
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AC. Second, about 2 g of AC was mixed with 1 mL of TESPA
diluted to 20 mL of bi-distilled H>O, heated to 50 °C under
stirring for 1 h, and then, 1 mL of DETA was slowly added to
mixture of AC and TESPA. After 30 min, 50 mg of MWCNT,
well-dispersed in solution of 12.5-mg CTAB, 5-mL H>O and
5-mL ethanol, was added slowly to above mixture of AC
and TESPA under stirring and heating at 50 °C for 2 h. The
mixture was kept overnight without heating and stirring then
followed by washing with bi-distilled H, O until the pH of fil-
trate becomes ~ 6, and dried at 80 °C overnight. The resulted
sample was noted as TESPA/CNT/AC composite. Third, a
novel modification was carried out using the same reactants
with adding 2 mL of 2 M NaOH solution subsequent to the
addition of DETA to form silica gel as SiNP on the surface
of CNT/AC composite. Thus, the obtained composite was
denoted as SINP/CNT/AC composite.

2.3 Characterization of the Prepared Samples

The pH of surface for the obtained samples was measured
after mixing 20-mg sample with 20-mL bi-distilled H,O,
heating for 30 min at 50 °C under stirring and followed
by cooling. Surface morphology and compositions of the
prepared samples were determined using scanning electron
microscope (SEM, FEI Quanta FEG-250) combined with
energy-dispersive X-ray spectroscopy (EDX). Transmission
electron microscopy (TEM) was performed on a transmission
electron microscope (JEOL, TEM-1230 Electron Analyzer)
to identify the morphology of CNT particles distributed
within AC surface. The textural properties of the obtained
samples were analyzed using liquid nitrogen adsorption anal-
ysis at — 196 °C (BEL-Sorp max, MicrotracBel Crop, Japan).
The external surface area and the micropore volume were
determined by t-curves (a statistical thickness between 3.5
and 5.0 A) using the Harkins—Jura equation [26]. Fourier
transforms infrared spectroscopy (FTIR) spectra of samples
were recorded by employing a KBr pressed disk technique
(2 mg of sample and 98 mg of KBr) to give the main func-
tional groups using FTIR 6500 spectrometer (JASCO, Japan)
in the range of 400-4000 cm~!.

2.4 Isotherm Adsorption of NH3 Gas by Prepared ACs
Samples

Figure 1 represents the schematic diagram of the reactor
system designed for this study to evaluate the adsorption
equilibrium. The reactor utilized to achieve the AC mate-
rial into contact with the contaminated air was a container
with a volume of 0.5 L. The main principle of the experi-
ment involved a known volume of ammonia solvent injected
into a closed reactor (in the same volume of the reactor of
initial concentration, Ci), with a determined adsorbent mass
(m) was introduced. After equilibrium has been reached, the

gas-phase concentration (Ce) was analyzed. The adsorbent
(20 mg) of prepared ACs was put in a bent tube. A defined
volume of liquid NH3 was then put in a petri dish present
into the reactor at a temperature and pressure of 25 °C and
101 kPa, respectively. By slight rotation, it allows the adsor-
bent to be introduced into the reactor once the liquid ammonia
has been evaporated. After completing NH3 evaporation,
the tube in an angled shape was rotated in order to intro-
duce the adsorbents inside the reactor. Before starting the
experiment, various NH3 solutions were evaporated inside
the empty reactor at the same experimental circumstances
for evaluating the corresponding initial NH3 concentrations.
The latter NH3 concentrations were varied from 1745 to
5079 wg/m~3. The NH;3 concentration was evaluated using
a calorimetric method at 460 nm by UV/VIS spectropho-
tometer (LKB BIOCHROM NOVASPEC 4049) [27]. The
isotherms of NH3 were determined by Langmuir and Fre-
undlich parameter models.

2.5 Kinetic Study of Ammonia Gas Adsorption
by Prepared Activated Carbon Samples

The influence of the contact time on the NHj3 removal
percentage was studied at an initial NH3 concentration of
3143 wg/m~3. Finally, NH; gas samples were collected from
reactor during the experimental period by means of gas with-
drawing with a steady flow rate (1L/min) for 15 min via a
bubbler including an absorbance solution (25 mL) and then
analyzed.

3 Results and Discussion
3.1 Characteristics Determination of Adsorbents

The results of surface pH of obtained samples showed that
AC, TESPA/CNT/AC and SiNP/CNT/AC have pH values
of 4, 4.5 and 6 as listed in Table 1. Thus, the surface of
AC is changed from strong acidic to slight acidic in nature
confirming that the modification of AC surface with non-
acidic surface groups was attained. Influence of TESPA and
CNT as modifying agents on the textural properties of AC
raw sample and on their surface compositions is recorded in
Tables 1 and 2.

From Table 1, the prepared samples exhibited high total
surface area (SggrT, m?/ g) and total pore volume (Vp, cm?/ Q)
values. However, these values are decreased after AC sam-
ple combined with TESPA and CNT components, whereas
the mean pore diameter (WP, nm) value is increased from
2.31 to 3.48 nm. In addition, the t-micropore surface area
(St, micro» mz/g) and t-micropore volume (V¢ micros cm3/g)
of AC are decreased upon modification confirming that
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Fig. 1 Schematic diagram of
experimental system designed
for the removal of ammonia from
the indoor air using prepared
AC-based materials

Activated carbon sample

NH; solution

=l &

Table 1 Porous characteristics of the prepared samples as accounted from N, adsorption at —196 °C (total surface area (Sggt, m2/g), total pore
volume (Vp, cm3/g), mean pore diameter (WP, nm), t-micropore surface area (S, micro» mz/g) and t-micropore volume (V. micro. cm3/g))

Samples pH  Sper(m’gp)  Vp(emg)  WP@mM)  Spmico M72)  Vimico €m¥2) Vi micro/ Ve, %

AC 4 1202 0.695 2.31 1093 0.499 71.8

TESPA/CNT/AC 4.5 442 0.315 2.85 355 0.212 67.3

SiNP/CNT/AC 6 350 0.304 3.48 229 0.156 51.3

Table 2 Element compositions of ]

the prepared samples according Samples EDX analysis

EDX lysi

to analysis C o Si N p
AC 72 23 0 0.50 4.50
TESPA/CNT/AC 76 18 0.95 0.75 4.30
SiNP/CNT/AC 77 16.5 2.10 0.90 3.50

these components covered or retained inside the microp-
ores of AC sample, and thus, the microporosity is decreased
considerably from 71.8 to 51.3%, although the mesoporos-
ity is increased consequently. Clearly, the deposited silica
nanoparticles (SiNP) in silica gel formed within AC surface
using NaOH could be diffused into the bulk of AC through
the internal pores giving rise to a decrease in the internal
porosity as shown in Table 1.

EDX analysis indicated that the AC sample composed of
C, O, N and P while other samples contained Si element
which is varied from 0.95% in TESPA/CNT/AC to 2.10% in
SiNP/CNT/AC. Also, the content of N element is increased
as a result of TESPA and DETA reagents containing amino
groups in their chemical structures. For the preparation of
SiNP/CNT/AC sample, the applied approach is a simple and
novel to combine between SiNP and CNT components over
AC surface in order to improve the adsorption of ammonia
gas.

S @ Springer

SEM images of the prepared samples are depicted in
Fig. 2. Obviously, the samples exhibit the same surface mor-
phology regarding to the structure of AC. They are composed
of irregular grains with cavities of different pores which
are small, transitional and large pores of different shapes
as shown in its micrograph. However, after modification of
AC with after using TESPA and CNT components, a large
number of these cavities are blocked. Bundles of CNTs
are not observed in SEM pictures of TESPA/CNT/AC and
SiNP/CNT/AC samples using both magnifications at low
(100 pm, Fig. 2B and C). Nevertheless, TEM analysis was
performed to identify the morphology of CNT particles dis-
tributed within AC. Straight bundles within AC structure that
covered by layers of SiNP (black shadow) have tubes with
diameters ranging from 50 to 122 nm at high magnification
of 1 wm as illustrated in Fig. 3.

To examine the surface functional groups created along
the combination of TESPA and CNT or SiNP and CNT over
AC sample, FTIR spectrum was run and recorded at range
4000-400 cm~! as shown in Fig. 4. Assignments of the
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Fig.2 SEM images of the
samples A AC, B
TESPA/CNT/AC and C
SiNP/CNT/AC
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Fig.3 TEM image of SiNP/CNT/AC at high magnification 1 pm

resulted absorption bands are listed in Table 3. As reported
before, the appearance of siloxane and silanol groups in
FTIR can be inferred to the formation of silica gel [23,
28-30]. FTIR spectrum of parent AC sample showed five
absorption band characteristics at the following regions:
3430.7, 2078.9, 1635.3/1619.5, 1384.6 and 715-400 cm™!
with higher absorbance intensities than that of other sam-
ples. After the addition of TESPA/CNT or SiNP/CNT, the
absorbance intensity of those bands for AC is decreased with
a shifting in their wavenumbers (cm™"). This observation is

—— 100 ym ——

NRC(QUANTA FEG250)

—— 100y ——

NRC(QUANTA FEG250) NRC(QUANTA FEG250)

followed by appearing two broad absorption bands located
between 971 and 679 cm~! besides 1053 and 983 cm™! for
TESPA/CNT/AC and SiNP/CNT/AC. Thus, as a result of
these FTIR findings, the use of NaOH with TESPA converts
considerably TESPA over CNT/AC to silanol groups as SiNP
which precipitated in the presence of alkali agent rather than
use TESPA only as source of Si particles as determined by
increasing in its surface pH from 4.5 to ~ 6. This strategy
achieved better performance in the adsorption efficiency of
NH3 than that obtained using AC and TESPA/CNT/AC sam-
ples.

3.2 Kinetic Adsorption of Ammonia Gas Using
the Prepared ACs Samples

Figure 5 exhibits the obtained results for the NHj3 gas
adsorption as a function of the time onto the ACs surface,
TESPA/CNT/AC and SiNP/CNT/AC samples. As depicted
in this figure, during the adsorption process for all prepared
AC-based samples, the NH3 gas behaves the same trend and
can be divided into three stages: First stage, a rapid adsorp-
tion phase was reached, where the NH3 gas concentration
was declined very rapidly during a contact time period of
nearly 10 h, then slow adsorption phase: Where the NHj3
gas concentration was decreased very slowly after almost
10 h, and finally, a steady-state phase in which the equilib-
rium was achieved. As well-known, the adsorption process
is surface phenomena that highly depend on the properties
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Fig.4 FTIR spectra of the
prepared adsorbents
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Table 3 FTIR absorption band assignments in the prepared samples

T T T T T
2500 2000 1500 1000 500

-1
Wavenumber, cm

T
3000

Absorption bands, wavenumber cm ™!

Peak assignments

AC TESPA/CNT/AC  SiNP/CNT/AC
3430.7 3415.5 34133 O-H stretching vibration in benzene ring and H,O
2925, 2848 2923, 2848 2923, 2846 C—H stretching vibration (asymmetric and symmetric)
2078.9 2029.7 2028.7 N-H in NH3 amine vibration
1635.3 1637.3 1637.3 O-H bending vibration, Si-NH (1637 cm™!)

1619.5 1617.5 1617.5 v(C = C) and v(C = O) of inter-ring chain
1384 1379 1389 C = O stretching symmetric in COO~
- 971 1053 Si—OH silanol and Si—O-Si siloxane stretching vibration

679 983 C-Si-O stretching vibration

780-433 776-462 790-482 C-H in all samples with C-Si stretching and bending in presence of TESPA and SiNP

of surface and functional groups [31]. This idea can be inter-
preted as follows: (1) Firstly, the quantities of free adsorption
sites will reduce as time augments, (2) secondly, at the early
rapid stage of NH3 gas adsorption onto the ACs adsorbents,
it mainly includes the surface diffusion and (3) as time aug-
ments, the active sites on ACs surfaces will be saturated;
meanwhile, these will lead to a slow rate of the gas pollu-
tant adsorption. The surface adsorption is generally very fast
with the early time of adsorption as previously reported [32].
Similarly, Rashidi et al. [33] cited that rapid adsorption is
governed by the surface area of adsorbents that are responsi-
ble for the interaction with the target pollutant gas over time.
Also, the adsorption rate was noticed to be decreased due to
a reduction in the active sites that may delay the adsorption
process [33]. Moreover, the initial adsorption step is rapid due
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to the adsorption of the target pollutant on the external adsor-
bent surfaces, and then with time, a slower adsorption was
attained which is attributed to the slow diffusion of pollutants
into the adsorbent pores since the majority of the available
external active sites has already been occupied at the initial
step [34].

The functional groups in the adsorbents characterized by
the FTIR analysis (Fig. 4 and Table 3) revealed the pres-
ence of a carbonyl group (C = O) and hydroxyl group (—
OH) at 1637 cm™! and a hydroxyl stretching vibration at
nearly 3415 cm~! (— OH), indicating the presence of car-
boxyl groups (— COOH) in the samples of TESPA/CNT/AC
and SiNP/CNT/AC as compared to the parent AC sample,
which possess higher electron affinity and high ability to
improve the NH3 reactivity on the adsorbent surface [35].
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Fig.5 Uptake of ammonia gas 3500
concentration using the new
AC-based material samples (AC, X AC
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SiNP/CNT/AC has a higher number of Si—-OH silanol and
Si—O-Si siloxane sites than that of TESPA/CNT/AC sam-
ple as seen in FTIR analysis, leading to an adsorption of
NH3; much more than that of both TESPA/CNT/AC and
AC, despite the higher surface area of the latter samples,
TESPA/CNT/AC and AC. Furthermore, this confirms that
the presence of SiNP is responsible for the enhancement in
NH3 adsorption on the silica sites which has been assigned as
vibrations of Si—O-Si, Si—OH, Si-NH and Si—C groups. Such
groups may lead to the chemisorption of NH3—hydrogen to
the — OH groups on the silica surface. These findings are con-
firmed in good agreement with the SEM—EDX results, and
the bulk surface Si content of SINP/CNT/AC appeared to be
2.1% as compared to 0.9% and zero for TESPA/CNT/AC and
AC samples, respectively. Moreover, SINP/CNT/AC exhib-
ited a high-speed removal reaction and the improvement in
kinetics (i.e., high adsorption rate) which attributed to its
enhanced portions of mesoporous structure in CNT, where
the mean pore diameter value was augmented from 2.31 to
3.48 nm, promoting the diffusion rate of NHj3.

3.3 Ammonia Gas Adsorption Isotherms by Prepared
ACs Samples

Comparison between the adsorption behavior of the three
prepared AC-based samples (AC, TESPA/CNT/AC and
SiNP/CNT/AC) is presented in Fig. 6. The results showed
that SINP/CNT/AC has the strongest adsorption removal of

Time (h)

NH3 gas followed by TESPA/CNT/AC and then AC sam-
ple within the investigated range of NH3 concentrations.
These results cannot be interpreted by the BET surface area
of the samples, where AC sample has the highest surface
area. Indeed, this behavior may be due to the presence of
hydroxyl, carboxyl and silica functional groups present on
each modified sample surface. The NH3 gas has a basic
character; hence, the adsorption removal will be increased
by the presence of acidic functional groups on the adsor-
bent surface. The influence of surface chemistry, nature and
amount of O-containing functional groups highly affect the
NH3 removal. The experiments of NH3 adsorption showed
that the modification of the original AC, including the incor-
poration of O-surface groups, strongly improves the NH3
adsorption behavior. Apparently, there is a direct relationship
between the NH3 total adsorption capacity and the amount
of the most acidic O-surface functional groups [36].

In comparison with the results of NH3 isotherms in quan-
titative patterns, the data were evaluated by two principal
models (Langmuir and Freundlich) and the obtained con-
stants of kinetic parameters are summarized in Table 4. The
R? (correlation coefficient square) parameters of both models
at 25 °C confirmed that the empirical equation of Freundlich
model is more suitable than that of Langmuir in describing
the NH;3 gas adsorption and fit well the data for all pre-
pared AC-based samples, confirming that adsorption process
is chemisorption also.
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Fig. 6 Experimental equilibrium 400000 - AC
data of NH3 gas adsorption ] ~ e
isotherms using AC-based _ ] © TESPA/CNT/AC
materials (AC, TESPA/CNT/AC 350000 - A SiNP/CNT/AC
and ,SINP/CNT/A,C) and the . ] A e Freundlich model
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Table 4 Parameters of Langmuir ACs based Langmuir model Freundlich model
and Freundlich models for the terial
NH3 adsorption using three materials
AC-based material samples (AC, Qmax KL R2 n Kr R?
TESPA/CNT/AC and I A N T
SiNP/CNT/AC) at 25 °C (ng.g’) m’ug (ngg?) (m’.ug™)
SiNP/CNT/AC 1000000  0.0033 0.76 1.4 8076 0.98
TESPA/CNT/AC 1000000 0.0006 0.63 1.4 2035 0.96
AC 333333  0.0015 0.81 1.8 3625 0.93

gmax is the monolayer adsorption capacity (ng g~!) and Kp, (m? ug™") is the Langmuir adsorption equilibrium
constant calculated from the equation: Ce/qe = 1/KL.gmax + 1/gmax Ce; Kr (L g gfl) (m? ug*')lln is roughly
an indicator of the adsorption capacity and n is the adsorption intensity and derived from the equation: log C.
=log Kf + 1/nlog C. R? is a correlation coefficient for straight line of each equation

Figure 6 exhibits the experimental equilibrium data for the
isotherms of NH3 adsorption using the three AC-based sam-
ples and the predicted theoretical Freundlich isotherm. It was
observed that the isotherms of NH3 gas for all prepared ACs
samples were of type II. The latter revealed the formation
of multiple layers of NH3 adsorbed successively to further
interactions between the NH3 gas molecules and active sites
obtained on the surface prepared samples. Also, the possi-
bilities of forming these layers typically coincide with the
mesoporous characters of the prepared AC samples. The find-
ings obtained in Fig. 6 confirmed that the Freundlich model
was consistent with the NH3 adsorption data for all prepared
AC-based materials. Freundlich model constants indicated
that the SiNP/CNT/AC sample possesses the highest Kp
value compared to those of TESPA/CNT/AC and AC sam-
ples (Table 4); thus, this result indicates that the adsorption
capacity of SINP/CNT/AC exceeds that of TESPA/CNT/AC
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and AC samples. The value of n also assumes higher adsorp-
tion intensities in the prepared AC samples. In general, the
values of n > 1 represent favorable adsorption of the target
pollutant by the studied AC-based samples.

Figure 7 shows that at the adsorption process end, almost
97% NH3 gas pollutant was adsorbed via SiNP/CNT/AC,
whereas nearly 86% was removed by TESPA/CNT/AC, and
only 75% adsorbed NH3 gas was achieved by AC sam-
ple. Emphatically, SINP/CNT/AC exhibited the highest NH3
adsorption capacity, although SiNP/CNT/AC possessed a
lower specific surface area than both TESPA/CNT/AC and
AC. These results indicated that the NH3 adsorption capac-
ity has a weak interrelation with the specific surface area and
expect an extra important factor can act between the solid and
the NH3 gas adsorption reaction. Therefore, using a modified
SiNP/CNT/AC showed a preferential adsorption pathway via
Brgnsted and Lewis acid centers existed in the carbon surface
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Fig.7 Ammonia gas removal 97%
efficiency using the prepared 100
AC-based material samples (AC, R
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Fig.8 Suggested reaction of NH3 gas as an electron donor and the main acidic functionality groups on the surface of carbon materials via the

adsorption process

after modification. FTIR analyses of the samples confirmed
the presence of acid sites on the solid layers that interact
together with NH3 gas, through the lone pair of electrons.
Similarly, Lyobe et al. [37] found that many acidic groups
on the adsorbent surfaces possess higher chemical adsorp-
tion potentials for NH3 gas at 20 °C. Both carboxylic and
hydroxyl groups played critical roles in immobilizing of NH3
gas from the air. The molecules on the adsorbents surface
functionalized by free -COOH and —OH groups, which had
strong interactions with NH3 by chemical interaction, thus
greatly improving the adsorption performance for NH3 gas.
Furthermore, the previous studies reported in the literature
indicated that the surface chemistry is probably the most crit-
ical factor controlling the total adsorption capacity [13, 14].
Vigorous adsorption of NH3 gas on acidic functional groups
(—~COOH groups) is well previously recorded [38]. Figure 8
shows the suggested reaction of NH3 gas as an electron donor
and the main functional groups (— COOH and — OH groups)
on the surface of carbon materials via the adsorption pro-
cess, in which NH3 gas, being basic, reacts with sub-acidic

—COOH and —OH groups, resulting in a nucleophile attack
on the carbon surface.

Adsorption removal of contaminants by conventional
adsorbents is mainly due to their porous structure and weak
hydrogen bonding, which carries the risk of re-release of
contaminants [13]. However, we hypothesize that the NH3
molecules are tightly bound to the acidic sites on the surface
of the new adsorbent material, thus reducing the risk of NH3
re-release. This work may provide a viable way for devel-
oping promising adsorbents for removing NH3 gas from the
air. Therefore, in order to recycle the adsorbent, we thought
that a regeneration operation of adsorbents would be nec-
essary to be studied in forthcoming future, by coupling the
adsorption and advanced oxidation processes to regenerate
the adsorbent after catalytic decomposition of the adsorbed
contaminants [14].

For comparison, Table 5 shows the comparison between
the amounts of NHj3 gas adsorbed on the prepared AC-
based materials in the present work and previously reported
amounts using different adsorbents by Yeom et al. [38].
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Table 5 Comparison of NH3 gas adsorption capacities between pre-
pared activated carbon-based materials and various adsorbents

Adsorbents Adsorption capacity of References
NH; gas (mg g~")
SiNP/CNT/AC 300 Present
work
TESPA/CNT/AC 267 Present
work
AC 194 Present
work
Zeolite (Ze, < 45 pm, 43.8 [38]
CAS#1318-02-1)
Mesoporous alumina 214
Activated carbon (AC, 45.8
100 mesh)
Silica 33

As can be seen, the NH3 gas adsorption capacities of the
prepared AC-based materials are of the most significant
magnitude as compared to those observed using other adsor-
bents. Generally, the gaseous NH3 adsorption capacities of
all adsorbents ranged from 30 to 300 mg g ~! (Table 5). There-
fore, the obtained AC-based composites are very promising
candidate for the removal of NH3 gas from indoor air.

4 Conclusions

Novel adsorbents were synthesized by modification of
derived activated carbon (AC) from commercial charcoal
with triethoxysilane propylamine (TEPSA) and carbon nan-
otube (CNT). Combination of silica nanoparticles and CNT
over AC surface led to a significant increase in the active
adsorption sites such as acidic functional groups, siloxane
and silanol accompanied with mesopores inside CNT and to
a substantial decrease in the total surface area and total pore
volume. These findings suggested that the adsorption of NH3
gas is mainly related to acidic adsorption sites and accessi-
ble mesopores and is not to total surface area. Furthermore,
the adsorption capacity of SINP/CNT/AC is higher than that
of TESPA/CNT/AC and AC that is owing to high amount
of silica nanoparticles. From these results, the prepared car-
bon—nanosilica composites with CNT strongly enhanced the
adsorption performance of AC, and thus, they can candidate
as effective adsorbents in ammonia removal and used as a
new alternative for solving air pollution.
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