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1. Introduction

1.1. Problem Statement

The duration of people's stay in indoor environments is continuously
increasing. There is a growing concern about indoor air quality since the
recently different researches reported that indoor levels of some pollutants
are higher than the corresponding outdoors[1]. The U.S. Environmental
Protection Agency (EPA) report shows that the average time US citizens
spent daily in different microenvironments, is 22.3 h [2]. In Germany, the
German Environmental Survey 1990/1992 (GerES I1) reported that this
duration was about 20.9 h [2] and Korean people spend time indoors about
16.0 to 17.8 h[2]. Hence, indoor air quality has been considered as an
important factor in determining health and welfare [2]-[5]. Malodorous
compounds surrounding us in daily life such as sulfur and nitrogen-
containing compounds, which include hydrogen sulfide, ammonia and
trimethylamine are responsible for indoor air pollution[6].

In all scenarios mentioned above, there is a significant interest and need
in developing an air filtration unit that can adsorb H.S, NHz and TMA
effectively[7]-[11]. Numerous techniques have been applied to remove toxic
compounds such as membranes[12], catalytic oxidation[13], biological

method [6], scrubbing[14] and electrochemical method[15]. Among them,
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adsorption is widely used because of its high removal potential, flexibility of
its operation and low maintenance costs.

In the literature, several types of adsorbents have been previously
investigated for H2S, NHz and TMA adsorption such as petroleum coke [11],
biochar[16], sludge adsorbent [17] zeolite [18], fibrous polymeric ionic
liquids [19] and biomass activated carbon[20]. Among these, an activated
carbon is emerging as the most effective solution due to its high surface area
and low cost [10]. There are different agricultural byproduct sources of
activated carbon such as corncob. The International Grains Council (IGC)
report shows that the annual global corn production was up to 1.13 billion
tons from 2016/2017[18] and this yields large amount of corncob waste.
Majority of the corncobs are simply burnt down directly in the agricultural
field or used as household fuel in the rural areas. This leads to the release of
various contaminants and causes a serious environmental disaster.

Therefore, the reuse and utilization of corncobs is crucial to minimize
the emission of greenhouse gases. Many studies have reported that corncobs
and the carbonized products can be utilized as potential adsorbents for
various pollutants. Zhu et al. [22] employed corncob-based activated carbons
for the removal of toluene from waste gas. El-Sayed et al. [23] assessed the
adsorption methylene blue (MB) using corncob activated carbon prepared by

chemical activation with phosphoric acid.



Moreover, other researchers used corncob activated carbon for hydrogen
storage[24], 2,4-dichlorophenoxyacetic acid adsorption[25], monoethylene
glycol adsorption[26], removal of Cu(l1) from aqueous solution[27], removal
of ammonium from groundwater[7]. Nevertheless, to the best of our
extensive literature survey, there were no related studies of corncob-based
activated carbons as adsorbents for hydrogen sulfide gas, gaseous ammonia,

and gaseous trimethylamine.

1.2. Objectives

The objective of this study is to investigate the performance of corncob-
based activated carbon in the removal of H.S, NHz and TMA from in indoor
areas. In this work, four different activated carbons were chemically
synthesized from corncob with potassium hydroxide and used as adsorbents
to remove hydrogen sulfide, gaseous ammonia and gaseous trimethylamine
at room temperature. In order to understand the adsorption process, the
equilibrium and Kinetic data on batch adsorption studies were conducted by
varying the adsorption conditions like contact time, initial gas concentration
and application of copper catalyst. Finally, the study evaluated the feasibility

of regeneration and reusability of spent adsorbents.



2. Literature Review

2.1. Health Effects of H2S, NHz; and TMA

2.1.1 Hydrogen Sulfide Health Effects

Hydrogen sulfide (H2S) also known as sewer gas is an extremely
flammable and toxic colorless gas known for its pungent “rotten egg” odor.
Hydrogen sulfide is a byproduct of the decomposition of organic materials,
such as putrescible commercial waste or sewage sludge. It also occurs
naturally in sewers, septic tanks, manure pits, well water, and dry wells[5],
[6].

Because it is heavier than air and can move along the ground, hydrogen
sulfide tends to pool in low-lying, poorly ventilated spaces. Its presence or
potential presence can make work in these spaces extremely dangerous. At
very low concentrations, H>S has the characteristic of malodorous nature.
However, exposure to about 100 ppm, it may lead to loss of sense of smell
and can create the false impression as if there is no hazard. Since the toxicity
threshold of H2S is around 10 ppm, exposure to concentrations around
300 ppm for 30 min is sufficient to cause unconsciousness. A single breath at

a concentration of about 500 — 700 ppm can lead to an immediate death[28].



2.1.2. Ammonia Health Effects

Ammonia (NHz) is a colorless, corrosive, alkaline gas that has a very
pungent odor. It is one of the gases regarded a serious indoor pollutant.
Ammonia is one of the commonly used materials that needs special concern
in hazard control[29]. It is used as household cleaning product, fertilizer, and
refrigerant [30]. Ammonia is also widely used in the manufacture of
explosives, the textile and fiber industries, metal treatment as a corrosion
inhibitor, and water and aqueous effluent treatments. Exposure to ammonia
can lead to a serious health impact. The odor detection level ranges from 5 to
53 ppm[29].

The New York State Department of Health[31] states that ammonia can
make immediate interaction when it contacts with available moisture in the
skin, oral cavity, eyes, respiratory tract, and especially with the mucous
surfaces and forms the very caustic ammonium hydroxide. Ammonium
hydroxide leads to the necrosis of tissues by disrupting of cell membrane
lipids (saponification), which finally causes cellular destruction. As cell
proteins are denatured, water is extracted, which leads to an inflammatory
response and further cell damage. Concentrations of a few hundred ppm (v/v)
can irritate the eyes and mucous membranes, but exposures at a few

thousands of ppm (v/v) can be lethal, due to respiratory failure[30].



2.1.3. Trimethylamine Health Effects

The trimethylamine with a chemical formula N(CHs)s is a volatile,
colorless, and flammable tertiary amine with a strong rotten-fish odor[29].
TMA is released into the ambient air from the industrial manufacturing
processes, leading to the poor air quality and adverse health impacts. In
addition, TMA has been reported as a carcinogenic compound[32].
Nowadays, the study on environmental friendly and sustainable technologies
is a serious global concern, especially application of agricultural waste to

enhance the value of the material and to reduce waste production[32].

2.2. Removal of Toxic Gases

2.2.1. Removal of Hydrogen Sulfide

Léa Sigot et al [18] studied the adsorption of hydrogen sulfide by
retention on a zeolite adsorbent and it was revealed that H.S was converted
into elemental sulfur with the zeolite. This process involves H,S adsorption
at the surface of zeolite, dissociation of H2S in water contained in the zeolite
pores, then finally oxidation to give elemental sulfur. The drawback of this
process was the formation of an elemental sulfur, which hinders the thermal
regeneration of the spent zeolite. Guofeng Shang et al [33] determined the

adsorption capacity of hydrogen sulfide on the surface of three different
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biochar prepared from camphor, bamboo, and rice hull at 400 °C by
oxygen-limited pyrolysis. Fen LI et al[17] also investigated the potential of
sludge adsorbent for the removal of hydrogen sulfide. Other researchers used
petroleum coke activated carbon[11], V-Cu-O mixed oxides bronzes[13], and

bacterial deodorant [6] for the successful removal of hydrogen sulfide.

2.2.2. Removal of Ammonia

In the literature, different methodologies have been applied to remove
ammonia. Ebrahim Rezaeia et al[34] evaluated the removal of gaseous
ammonia using different metal oxide nano-particles particularly MgO, CuO,
Zn0O, and TiOz along with activated charcoal[10] The adsorption test was
conducted in a packed column and TiO2 has revealed the maximum
adsorption potential (6.87 mgg™?).

The authors also investigated the removal of gaseous ammonia using
nano TiOz-activated carbon composites. The ammonia adsorption potential
of TiO2 nano-particles in 30% TiO2-AC composite was better than a
commercial 40 nm TiOz nano-particles, due to the relatively smaller size of
TiO2 nano-particles mixed with AC. The addition of TiO, to AC modified
the multilayer adsorption of NHsz to a monolayer adsorption. Moreover,
Qinan Song et al[15], Weihua Zheng et al [35], Takuya Mochizuki et al[11]
studied the removal of ammonia using electrochemical method, activated

carbon fiber composites, petroleum coke activated carbon respectively.
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2.2.3. Removal of Trimethylamine

Phattara B. and Paitip T[32] investigated the effect of alkanes, fatty acids,
and aromatic compounds in waxes during the adsorption of trimethylamine
using biomaterials. Different plant leaf materials were chosen to be used as
dried biomaterial adsorbents particularly for polar gaseous trimethylamine
(TMA) adsorption. Biomaterial adsorbents (plant leaves) were able to
completely remove gaseous TMA (100 ppm) in 24 h. Sansevieria trifasciata
was the most efficient plant leaf material while Plerocarpus indicus had the
least effectiveness in TMA adsorption. In addition, Takahiro H. et al[6]

employed a bacterial deodorant to effectively remove TMA.

2.3. Factors Affecting Adsorption

There are several factors that affect the adsorption process. The nature of
adsorbent, the nature of adsorbate, pH and temperature of the adsorption

process have a critical impact on the efficiency of adsorption.

2.3.1. Nature of the Adsorbent

Since adsorption process is regarded as a surface phenomenon, the rate
of adsorption greatly depends nature of the adsorbent such as the available

total surface area and pore volume to the adsorption process[36][11]. In



addition, the adsorption capacity is highly influenced by the physicochemical
nature of the surface of carbon. Hence, the special selection or preparation

conditions of activated carbons for specific applications should be considered.

2.3.2. Nature of the Adsorbate

The inherent characteristics of the adsorbate like its rate of transport
towards the adsorbent material has a strong effect on the adsorption
process[36]. The molecular size of the adsorbate is also a significant factor.
The rate of uptake of adsorbates from adsorption solution by porous
adsorbents is related to the molecular size. Adsorbates with smaller molecular
size have high rate of adsorption. In contrast to the effect of molecular size,
the geometrical and structural variation of the molecules have low effect on
the equilibrium conditions[36]. In addition, ionization is considered to have
considerable effect on the uptake capacity especially to molecules, which are
easily ionizable.

For instance, compounds like amines, fatty acids, and pesticides can be
easily ionized at appropriate conditions of pH. The ionization property of
many adsorbates is believed have a significant effect in the activated carbon
adsorption process. This is because activated carbon mostly contains a net
negative charge. Researchers observed that a polar solute have high tendency

to be well adsorbed by a polar adsorbent[3].



2.3.3. Solution pH

The removal capacity of adsorbates from aqueous solution depends on
the pH of the solution[37][23]. Hydrogen and hydroxide ions are strongly
adsorbed by activated carbon. Hence, the adsorption of other ionic molecules
is affected by the pH of the adsorption solution. The adsorption of organic
adsorbates from the aqueous solution can be enhanced by decreasing the pH.
As the solution pH gets low, negative charges on the surface of the activated
carbon can be neutralized. Hence, more available active sites can be released
of the carbon. This may vary from activated carbon to activated carbon based

on the technique of activation and inherent composition of the raw materials.

2.3.4. Temperature

If adsorption process is exothermic, the adsorption performance of
adsorbates from aqueous solution or gas phase tends to decrease with
increasing temperature. Nevertheless, it should be noted that small
temperature variations have little effect on the adsorption process. The rate
of adsorbate uptake is associated to the temperature and activation energy of
equilibrium capacity. The activation energy dependence of the adsorption is
commonly represented as activation energy (Ea), and the dependence of

equilibrium capacity on temperature is represented by enthalpy change (4H).
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2.4. Types of Activated Carbon Preparation Methods

Basically, there are two different widely accepted processes that are used

to prepare activated carbon: physical and chemical activation.

2.4.1. Physical Activation

Physical activation involves the release of a large quantity of internal
carbon mass in order to obtain a well-developed carbon structure. Physical
activation involves carbonization of a raw material followed by activation of
the carbonized product using different activating agents mainly carbon
dioxide and steam. The production of activated carbon in this route can be
performed in two ways. The first method Is a one-step activation, which
performs the carbonization and activation processes simultaneously and the
other route is a two-step activation that involves a separate carbonization and

activation processes.

2.4.2. Chemical activation

Chemical activation process uses a variety of chemicals as dehydrating
agents. These chemical agents can influence the thermal decomposition of
the raw material and avoid the formation of tar, thus improving the yield of

carbon. Chemical activation is performed by impregnating a carbonized
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material with an excess amount of a given chemical activating agent. The
most widely used activating agents are KOH, NaOH, H>SOa, ZnCl,, and
H3PO4[38]. However, chemicals such as potassium sulphide and ferric iron
carbonates of alkali metals can also be used.

Special caution should be considered to carry out the impregnation
process so that enough contact between the reagent and the precursor
should be kept. Impregnation leads to the dehydration of the carbon skeleton
thereby swelling of the interior parts of the botanic structure and this results
in the formation of a porous structure[39]. The chemically impregnated

precursor is then pyrolyzed in an inert atmosphere.

Essential Factors of Chemical Activation

During the chemical activation process, each activation factor has
significant effect on adsorption behavior of activated carbons and in

production outputs like yield and bulk density.

i Chemical Impregnation Ratio

In chemical activation process, it is widely accepted that the
impregnation ratio (ratio of the weights of the dry biomass precursor and the
chemical activating agent) is one of the most important factors on activated

carbon quality. The chemical activating agents commonly adopted are
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dehydrating agents such as H3PO4, KOH, H>SO4, and ZnClz in an inert
atmosphere[40], which deeply penetrate into the precursor[41]. The reaction
between the activating agent and the char leads to the removal of elements
like carbon and this leads to creation of micropores[42]. This structural
penetration of the precursor results in the production of significant number of
tiny pores. Apart from the creation of the pores and size, it has a significant
effect on the resulting surface area as smaller pores generally lead to larger
surface area.

The general trend for many precursors is that concentration of
activating agent and surface area have direct proportional relationship [43].
However, larger pores, which commonly have smaller surface area, are
created when more acid activating agents are used. When pores achieve a
particular size particularly in the range from mesopore to macropore, their
contribution to the surface area significantly reduces. Therefore, the addition
of excessive amount of activating agent may lead to destruction of the micro-

pores and enlarge the volume of pores.

ii. Activation Time

Similar to the concentration of the activating agent, the duration of the
activation process also has a major influence on the development porous
activated carbon. The length of time must be sufficient to remove all the

moisture content and majority of the volatile constituents in the activated
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carbon precursor so that pores to develop. The end of volatile component
evolution indicates the development of the fundamental pore structures.
Hence, the length of the activation time should be set up to the optimum point.
Because longer activation time leads to enlargement of pores and reduction
of surface area.

Moreover, in the economic point of view, activation time should be
shorter to reduce the possible amount of energy consumption. Other duration
of time dependent parameter is the yield of activated carbon. Yield of
activated carbon also appeared to be significantly influenced by the duration
of time during temperature treatment of the precursor[43]. The yield of the
final product greatly declines after an optimum point is reached [41].
Generally, low activation time is widely accepted to achieve a higher yield

due to an incomplete burn-off of the biomass sample.

iii. Activation Temperature

In the production of activated carbon, the chemical-impregnated
precursor is heated at different temperatures. This application of heat to the
precursor material further speeds up the thermal degradation and elimination
of any volatile components. This process causes the formation of pores,
which increases the surface area at the cost of the weight loss. The optimum
activation temperature is selected by considering various factors such as

nature of precursor and type of activating agent employed. The activation
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temperature for different varieties of biomass precursors may be from 400 -
800 °C [41]. The surface area of activated carbon is greatly influenced by
temperature. As activation temperature increases, reaction rate between the
activating agent-KOH and carbonized materials becomes faster.

The reaction rate constant k, which is defined by the Arrhenius equation
can be expressed: k = Ae®RT [7], [25], where R (8.314 J/mol K) is the ideal
gas constant, A stands to the pre-exponential factor, T (K) stands temperature
and E ((kJ/mol) represents the apparent activation energy of the reaction.
Therefore, as the temperature increases, so does the value of k and this leads
to a faster reaction rate. As a result, all kinds of pores are formed under high
temperature. The following reactions commonly take place during the

activation processes under high temperature.

2KOH — K20 + H20
CO + H2O — Hz + CO2
C+H.O —H:+CO
K20 + CO2 — KoCO3
K20 + Ho— 2K + H20
K:0+C — 2K + CO

Studies also showed that lower temperature does not favor for generation

of pores because of the slow rate of reaction between the activator and
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carbonized materials whereas the higher temperature probably leads to the

destruction of micropores in the early stages[24], [43].

2.5. Corncob as Biomass Source of Activated Carbon

Corn is among the most widely cultivated crops in Ethiopia and all over
the world. The International Grains Council (IGC) report shows that the
annual global corn production was up to 1.13 billion tons from 2016/2017[44].
During the harvest of corn, large amount of corncob is produced every year.
Majority of this undergoes combustion, leading to serious atmospheric
pollution and resource wastes.

Cellulose, hemicellulose and a small quantity of lignin are the main
chemical composition of corncob. Typically, the manufacture of high surface
area activated carbon from different biomasses like corncob have attracted
much attention. Corncob is an excellent renewable raw material to produce
activated carbon with high surface area[45]. Different researches have used
corncob activated carbon for hydrogen adsorption[24][45], monoethylene

glycol adsorption[26] and dye adsorption[23] etc.
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3. Experimental

3.1. Preparation of Corncob Activated Carbon

The synthesis procedure adopted in the preparation of the corncob
activated carbon has two main steps, namely carbonization and activation
steps. The detailed procedure of the two-step activation is described as

follows based on the procedure-adopted elsewhere[5].
3.1.1.Carbonization Process

First, corncob sample obtained from local market was washed with
distilled water for 30 minutes ultrasonically. The washed corncob samples
were dried at 105 °C oven. Then, the dried samples were ground and sieved
into powders with a typical size of approximately 700 um. Then, the oven-
dried corncobs were pyrolyzed by placing into a horizontal steel furnace
(Figure 3.1) and heated to 400 and 450 °C with a ramp rate of 50 °C /min for

one hour in a stream of argon gas with 2.0 L/min flow rate.
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\‘ Furnace Reactor tube
Argon gas

Figure 3.1. The experimental apparatus for the synthesis of corncob activated

carbon

3.1.2. Activation Process

The carbonized powders were then further ground into fine powders of
size less than 30 um with pestle and mortar grinder. To achieve the chemical
alkaline activation, the carbonized corncob samples were impregnated into
potassium hydroxide (KOH) in a 1:3 ratio. Then, it was continuously stirred
on a hotplate in order to improve the access of the alkaline inside the
pyrolyzed samples. The mixture was then dried to remove the adsorbed water
at 105 °C -oven.

The dried sample was transferred to a horizontal electric steel furnace
and activated at a temperature of 800 and 850 °C for three hours in the
presence of argon gas (2L/min). Finally, the activated samples were
repeatedly washed with deionized water to reduce the pH to about 7.0 and

then oven dried at 105 °C for at least 24 h. The as-synthesized corncob
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activated carbon (CAC) samples will be hereafter represented as CACx-y i.e.
CAC400-800, CAC400-850, CAC450-800, CAC450-850 (where x stands for

carbonization temperature and y stands for activation temperature).

Carbonization

Drying and
Corncob .t at 400 and
grinding 450 °C for 1 h
di;/t\ﬁlser(]jv\\/l\;tart]er Activation at Further grinding
till a pH 7 is 800 and 850 °C ~and KOH
achieved for3h impregnation
Oven dry at Fine grinding
105 °C and sieving

Figure 3.2. Overview of corncob activated carbon preparation process

3.2. Characterization of Corncob Activated Carbon

The synthesized corncob activated carbons and raw corncob were
characterized using different characterization methods. The proximate
analysis provides information regarding the moisture content and volatile

contents such as lignin, cellulose, hemicellulose and other gases, which are
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given off using heat treatment during carbonization[15]. In addition, the
proximate analysis identifies the amount of fixed carbon and the ash content
of different biomass activated carbon. On the other hand, the ultimate
analysis gives information about the percent biomass composition of the
sample particularly the percentage of carbon, hydrogen, nitrogen, oxygen,
and sulfur[43], [46]. The elemental analysis of the activated carbon was
conducted to examine the elemental composition using an Elementar
Analysensysteme GmbH (vario MICRO Element Analyzer).

The surface morphology of the synthesized corncob activated carbons
was examined using scanning electron microscope instrument (VEGA I,
TESCAN). The textural properties of the different activated carbon samples
were studied by N adsorption-desorption measurements at -195.65 °C
(77.35K) with automatic instrument (autosorb iQ station 1, Quantachrome
Instruments) over a wide relative pressure range. The nitrogen adsorption
data was used to compute the specific surface area with BET method in the
relative pressure ranging from 0.02 — 0.049. The total pore volume was
computed by converting quantity of N> adsorbed to the volume of liquid
adsorbate and the micropore volume was determined using the Dubinine
Radushkevich equation.

Finally, the pore size distributions were computed using the Density
Functional Theory Software according to the calculation of adsorption

isotherms of different pore sizes. Energy-dispersive X-ray spectrometer
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(Hitachi FE-SEM S-4800 EDX-HORIBA Emax) was used to observe the
elemental composition of the filter before and after gas adsorption. This
instrument particularly used to identify if the constituent elements of the
adsorbate gases are available on the filter. In addition, to analyze the thermal
stability of the activated carbon samples, thermogravimatric (TG) and
differential thermal analysis (DTA) data were obtained using a TGA/DTA
simultaneous measuring instrument (DTG-60H, Shimadzu, Japan) from the

pyrolysis of corncob activated carbon samples under inert atmosphere.

3.3. Batch Adsorption Experiments

To conduct the adsorption test, an enclosed acrylic chamber (100 m®)
was selected. The corncob activated carbon filter was made by mixing an
organic binder, activated carbon, CuClz-H20 (97.0% Cu) and deionized water
in the mass ratio of 3:2:2:2 respectively. These optimum ratios were chosen
after conducting several preliminary adsorption tests. To examine the role of
the copper catalyst, a filter without a copper catalyst was also made by mixing
activated carbon, binder and distilled water only and the sample is named as
CCAC.

Then, the mixture was well stirred for about ten minutes with a hotplate
stirrer so that a uniform concentration slurry is produced. Then, a polyester
(PET) 7x7mm was well submerged into the slurry and a roller presser was

employed to squeeze the filter to remove any extra slurry. The as-prepared
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filter was placed on air to dry at ambient temperature for overnight. Before
the actual adsorption test, the air-dried filter was cured at a temperature of

90 °C for about 30 min.

a
AC CuCl,H,0 b
+ +
Binder H,0
. Gas
CAC Filter detector
- HE |
i_E_\_r_e_lp_orating Dish
- W -
Cylinde o+
Adsorption Chamber

Figure 3.3. Adsorption experiment (a) Preparation of activated carbon filter

(b) adsorption experimental chamber

The operating conditions of the adsorption chamber were kept at 20 °C
temperature and 60% humidity based on previous study[5]. Then, the
synthesized activated carbon filter was attached onto an electrically-driven
fan suspended inside the adsorption chamber, which operates at 4.8 m/s
velocity. The fan was installed to circulate the air inside the adsorption
chamber. To undergo the adsorption experiment, one liter of H.S gas

(standard H2S 4.02% and N balance; Rigas, Korea) was injected into the
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adsorption chamber and set 400 ppm initial concentration. In case of TMA,
345 pl of liquid TMA (TMA 30% mixed in water; Junsei Chemical Co., Ltd.
Japan) was dropped onto a hot pad placed inside the adsorption chamber to
completely evaporate and set an initial concentration of around 400 ppm.

Similarly, 0.11g of liquid NHs was injected onto the hot pad inside the
acrylic chamber in order to set 400-ppm of NHs initial concentration. The
electric fan (80x80mm) was allowed to operate at a velocity of 4.8 m/s till
the gas is completely adsorbed. The amount of H.S, NHs, and TMA adsorbed
inside the confined acrylic chamber was measured using colorimetric gas
detection tubes (GASTEC Corporation). These tubes are very quick and
accurately measure the gas concentrations. The measurement system
composes a manual air-sampling pump and reactive tubes specific to the
targeted gas (H.S, NHz, and TMA).

The removal capacity of the synthesized activated carbon was
determined by using the following mathematical expression, which relates
the adsorption potential, initial adsorbate concentration and mass of

adsorbent.

VM,
Je = (Cl - Cf)aﬂ (31)

Where, V. (m®), m (g), MW and Vn are the volume of adsorption

chamber, mass of adsorbent, molar mass adsorbate, molar volume at 20 °C
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(24 L/mol) respectively. The adsorption efficiency of the prepared filter was

evaluated using the following mathematical expression.

% AdSOTPHion = “=2X100 oo cv oo s s s (3.2)

1

Where, Ci (ppm) and Ce (ppm) are the initial adsorbate concentration and

equilibrium adsorbate concentration respectively.

3.4. Regeneration of Spent Adsorbent

In order for an adsorption technique to compete with other gas removal
techniques it must be eco-friendly and economical. Thus, the recycling and
reuse of adsorbent are very important issues from environment and economic
point of view. To this end, this study was devoted to examine the feasibility
of mild temperature regeneration of spent activated carbon using an electric
furnace in the presence of an argon gas at 220 °C. for 30 min[5]. The
regenerated filter was used for a further toxic gas adsorption at room

temperature.
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4. Results and discussions

4.1. Characterization of the Adsorbent

4.1.1. Surface Morphology Characterization

To characterize the morphological surface and porosity of the prepared
corncob activated carbon, scanning electron microscopy analysis (SEM) was
used. The SEM analysis gives information related to the surface physical
morphologies. The development of the pore system in activated carbon
depends on the precursor sources and the manufacturing process. The average
amount of pores greatly depends on the activation temperature and
concentration of impregnation agent[47].

The scanning electron micrographs of different corncob activated carbon
and the raw corncob are provided in Figure. 4.1. The SEM image of the raw
corncob (Figure. 4.1a) depicts an irregular morphological surface structure
with hole, which might be the space between the sample powder particles.
On the contrary, the activated carbon produced at a pyrolysis temperature of
400 °C and activation temperature of 800 °C (CAC400-800) shown in Figure
4.1b developed a smooth surface accompanied with several similar size pores

evenly distributed on its surface. Similarly, the activated carbons named
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CAC400-850 and CAC450-800 (Figure. 4.1 ¢ and d) show perfect porous

structural development with honeycomb-like or tunnel like structures.

- R
SEMHV 20004V SEMMAG #00%x L. . L | VEGAL TESCAN
Dex 52 ’

toen PENY n

Figure 4.1. SEM of (a) raw corncob, (b) CAC400-800, (c) CAC400-850, (d)
CAC450-800, (e) CAC450-850
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The honeycomb shaped pores are uniformly arranged and regular and the
walls of the pores are very thick with smooth and clear angle lines. The KOH
impregnation caused the dehydration of the corncob skeleton and swelling of
the interior structure resulting in the formation of a porous structure. The
SEM micrograph of CAC450-850 (Figure.4.1e) depicts slightly bigger pores
that might be due to the higher temperature. During the carbonization process
majority of the volatile components of the raw corncob have been removed.
This removal of the volatile components led to the development of porous
structures on the surface of the activated carbon[3].

When the majority of the volatile components are emitted, a less dense
morphology is developed, which is accompanied by particle size reduction.
It is also obvious that the alkaline activating agent KOH significantly
improved the surface morphology of activated carbon to have higher surface
area, well-developed pores, and suitable porosity that enables toxic gas
adsorption. These numerous pores are primarily dedicated to offer a lot of
space for adsorption sites of the different gaseous molecules and for copper

impregnation.

4.1.2. Textural Characteristics

The textural properties were examined using Autosorb iQ Station 1
(Quantachrome, USA) pore size and surface area analyzer. The nitrogen

adsorption-desorption isotherms were obtained by degassing all the samples

27



at -196 °C and a partial pressure range of (6.7x10° — 0.94). The adsorption-
desorption isotherms were further used for the estimation of pore size
distribution, pore volume and BET surface area. Figure 4.2 depicts the
nitrogen adsorption—desorption isotherms of the four corncob activated
carbons. Table 4.1 reveals the different textural properties like BET specific
surface area (m?/g), average pore radius (nm), and total pore volume (cm®/g).
The nitrogen, which is adsorbed by the prepared activated carbons, mainly at
low relative pressures is a typical of microporous solids[46]. The isotherms
also show a hysteresis loop (Figure. 4.2a), which is attributed to the capillary
condensation inside the mesopores. Hence, the isotherms reveal a type 1-1V
hybrid shape based on the BDDT classification; a wide knee and continued
adsorption at higher relative pressures, indicates the presence of
mesoporosity[48]. The shape of the graph obtained in the nitrogen isotherms
of the four activated carbons is type H4, according to the IUPAC
nomenclature[49], [50], which is mostly attributed to narrow slit-like
pores[48].

At the relative pressure of around 0.9, the curve indicated a slight upward
trend, which is an indicator of the amount of the increase of N2 gas adsorption
with increase of pressure. BET surface area was computed using a multi-point
test in the partial pressure range of (0.01 — 0.072). Specific surface area is
among the most important characteristics of activated carbon that has a

critical effect on the adsorption capacity. The BET surface areas of CAC400-

28



800, CAC400-850, CAC450-800, and CAC450-850 were 1400.431 m?/g,
1532.084 m?/g, 1618.703 m?/g and 1441.431 m?/g respectively. This result
indicates that the activated carbon produced at carbonization of 450 °C and

activation of 800 °C provided the highest surface area.

Table 4.1 Textural properties of different CACs

Sample Name Sper (M?Y/g) Average pore Total pore
radius (nm) volume (cm’/g)

CAC400-800 1400.431 0.9361 0.6221
CAC400-850 1532.084 0.8785 0.6451
CAC450-800 1618.703 0.9404 0.8117
CAC450-850 1441.431 0.1003 0.6331
CCAC[25] 12738910 - -
M-CCAC[7] 1097.000 - -

Micropore volume was estimated using None Linear Density Functional
Theory (NLDFT) method. Total pore volume was calculated at a partial
pressure of 0.99. The pore size distribution was taken from the nitrogen
adsorption isotherm using NLDFT assuming slit pores. Figure. 4.2c shows
the pore size distribution of the different corncob activated carbon materials.
The pore size distribution followed similar pattern for all samples. A small
portion of the pores has a size of around above 2 nm with a peak up to 0.04
while the remaining pore sizes were less than 2.0 nm indicating the
microporous nature of activated carbon materials.
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Figure 4.2. (a) Nitrogen adsorption-desorption isotherms, (b) Cumulative
pore volume, (c) DFT method pore size distribution for different corncob

activated carbons.
4.1.3. Proximate and Elemental Analysis

The proximate analysis and elemental composition of raw corncob and
the different corncob activated carbon samples are presented in Table 4.2.

The proximate analysis result shows that the raw corncob contains high
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volatile combustible matter (VCM) up to 76.6 wt %. Nevertheless, after
treating the corncob with potassium hydroxide and subsequent activation, the
activated carbons CAC400-800, CAC400-850, CAC450-800 and CAC450-
850 showed a drastic decrease to 6.7, 12.9, 11.3, 10.7 wt% respectively. On
the other hand, according to the proximate analysis result provided in Table
4.2, the corncob is characterized by its rich carbon content (20.6%), which
makes it desirable biomass as good precursor for activated carbon production.
The fixed carbon has dramatically increased from 20.6+0.8 (raw corncob) to
84.2 £ 0.5 (CAC400-800). This is mainly attributed the fact that the majority
of the volatile combustible materials are given off at high temperature during
pyrolysis. This result is slightly higher than the previous findings reported by
Aworn et al[26] (FC =18.9%), Yaumi et al [38] (Rice husk, FC = 14.39%)
and Altintig et al [51] (FC = 12.39%).

A similar trend was observed in the elemental analysis in which the
carbon content increased from 40.3 (raw corncob) to 61.2% (CAC400-800).
The elemental composition variation in terms of H/C and O/C ratios for raw
corncob and the activated carbon products were studied with a Van Krevelen
plot, as shown in Figure. 4.3. Compared to the raw corncob feedstock, the
activated carbons had lower H/C and O/C ratios, which is associated with a
significant structural change the raw material and the dehydration reactions
taken place during the high temperature treatment[52]. In particular, the

decrease in H/C and O/C ratio was more noticeable; suggesting that in the
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presence of KOH dehydrogenation reactions progressed at high temperature.
Furthermore, the decrease in these atomic ratios is an indication of the growth
of aromatic structures in the activated carbon material. Thus, aromaticity of

the product progressively increased with KOH activation[52].

Table 4.2 Proximate and elemental analysis (* = % obtained by difference)

Proximate Analysis (wt %) Elemental Analysis (wt. %)
Sample
VCM Ash FC C S H N O*

Raw corncob 76.6+0.8 2.8+0.5 20.6+0.8 40.3 0.11356 0.8 53.18
CAC400-800 6.7+0.3  9.1+0.2 84.2+0.5 61.2 0.16 23 1.0 3534
CAC400-850 12.9+1.2 7.6+1.0 79.5+0.4 594 0.11325 1.3 36.68
CAC450-800 11.3+0.1 6.7+£0.2 82.0+0.3 59.5 0.00 2.0 1.3 37.2
CAC450-850 10.7+1.2 9.4+1.2 79.9+0.1 60 0.02 23 1.0 36.68

Corncob[51] 62.47 18.13 12.95 36.76 - 485 <1 57.78
Raw RH[38] « 66.71 10.13 14.39 24.77 - - 1.42  60.5
Corncob[26] 80.2 0.9 18.9 48.89 0.00 6.38 0.18 44.55

4.1.4. Thermal Characteristics

Thermal degradation products of biomass includes volatiles, moisture,
char and ash. Volatiles can also be further subdivided into gases such as light

carbon monoxide, carbon dioxide, hydrogen, hydrocarbons, moisture and
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tars[26]. The pyrolysis characteristics of the four different corncob activated
carbons were determined using TGA/DTA simultaneous measuring
instrument (DTG-60H, Shimadzu, Japan). Figure. 4.3 (a) and (b) show the
thermogravimatric (TG) and Differential thermal analysis (DTA) curves

obtained from pyrolysis of corncob activated carbons under inert conditions.
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Figure 4.3. Thermal characteristics of samples (a) Thermogravimetric

analysis, (b) Differential thermal analysis, (c) Van Krevelen diagram of

different corncob activated carbons[52].
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The thermogravimetric analysis result reveals that all the corncob
activated carbon samples have similar degradation patterns. The first mass
degradation step at approximately 70 to 120 °C corresponds to the
evaporation of adsorbed water. The next degradation step for the activated
carbons continoues from 200 to 300 °C for hemicellulose then from 300 to
450 °C for cellulose degradation. Majority of the weight loss was observed
at temperature between 250 and 450 °C, which might corrospond to the
decomposition of volatiles from the sample.

The weight of the residue remains almost constant from approximately
500 °C to 800 °C , which confirms that the corncob activated carbon samples
require a minimum temperature of 440 °C to undergo a complete
carbonization[26]. As illustrated by Figure. 4.3b, the maximum differential
thermal loss of CAC400-800, CAC450-800, CAC400-850 and CAC450-850
were at 375 °C , 350 °C , 350 °C and 360 °C respectively.

4.2. Adsorption Process

The adsorption of H2S, NH3 and TMA was conducted using the metal-
impregnated corncob activated carbon in a closed acrylic plastic chamber at
a temperature of 20 °C and 60% humidity. To analyze the effect of the
impregnated metal on the adsorption of the three gases, a filter prepared
without a metal catalyst (CCAC) was employed. To this end, removal

efficiency of the three gases was not satisfactory as shown in Figure. 4.4 a-c.
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However, a significant toxic gas removal efficiency has been recorded using
the copper impregnated corncob activated carbon. A 400-ppm initial
concentration of H>S was able to sharply drop to around 150 ppm in less than
10 min, which is more than 60% removal efficiency. After 30 min, the
remaining hydrogen sulfide concentration was completely removed as
provided in Figure. 4.4a. In case of the NH3 adsorption result, a 400-ppm of
NHz was able to decrease to around 110 ppm in 10 min. Finally, the
remaining 110-ppm concentration was completely removed in 30 min as
depicted in (Figure. 4.4b).

By the same token, after the adsorption of TMA with the CAC450-800,
a 400-ppm concentration was drastically reduced to approximately 40 ppm
in 10 min and zero ppm in 30 min (Figure. 4.4c). This rapid adsorption of the
pollutant gases might be due to the combined effect of the porous activated
carbon and the impregnated copper metal. The excellent porosity of the
activated carbon and the catalytic effect of the copper metal played an
important role during the adsorption of gases[25]. The results of the EDX
analysis conducted before and after the adsorption experiment support these

findings.
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Figure 4.4. Adsorption performance of different corncob activated carbon

filters for (a) H2S, (b) NHz and (c) TMA

According to the EDX analysis result obtained before gas adsorption

(Figure. 4.5a), no constituent element of the H.S, NHsz and TMA was

observed except the elemental copper, which was loaded on the activated

carbon. However, the EDX spectra obtained after gas adsorption (Figure.

4.5b-d) showed the presence of “S”, which confirms the adsorption of H>S.
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Similarly, the presence of “N” confirms the adsorption of NHsz and TMA
(N(CHz3)3) into the CAC filter. Moreover, the EDX peaks of sulfur and
nitrogen were taller than other constituent elements of the activated carbon,
which affirms that significant amount of H»S, NHz and TMA was adsorbed
onto the activated carbon. This result is in good agreement with the

adsorption Kinetics result provided in Figure. 4.10 below.

0123456782910 012345678910

Figure 4.5. EDX of CAC450-800 filter, (b) EDX of H»S adsorbed CAC450-
800 filter, (c) EDX of NHz adsorbed CAC450-800 filter and (d) EDX of TMA
adsorbed CAC450-800 filter
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4.2.1. Effect of Initial Concentration on HzS, NHz and TMA Adsorption

We studied the effect of the initial gas concentration on the adsorption
removal rate by using a fixed mass of activated carbon (0.9 g) and different
initial concentration of gases. The effect of initial concentration of HzS, NH3
and TMA on the adsorption potential of CAC450-800 was studied in wider
concentration range of 400 — 2400 ppm.

The wide range of initial concentration of the three adsorbates was used
to observe the adsorption performance of CAC450-800 for H>S, NHz and
TMA at both low and high concentrations of H>S, NHs and TMA. The results
showed that equilibrium adsorption capacity increased with increase in initial
concentration of H»S, NH3z and TMA. For an increase of initial concentration
of gases, a corresponding increase in equilibrium adsorption capacity
observed for H.S, NHz and TMA.

The utilization of all available active sites of the adsorbent for adsorption
at higher adsorbate concentration, a large mass transfer driving force and high
rate of collision among adsorbate molecules led to the increase in equilibrium
adsorption capacity[25]. However, it was observed that an increase in HS,
NHs and TMA initial concentration resulted to decrease in percent removal
as shown in Figure. 4.6a. It can also be referred to Figure 4.6a that at
extremely higher initial concentration of the H,S and TMA, removal
efficiency of the corncob activated carbon greatly decreased while still 70%

removal of NH3 was maintained at 2400-ppm initial concentration.
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The decrease in removal percentage could be due to the saturation of all
available active sites on the activated carbon with the increase the adsorbate
concentration. On the contrary, it is worth noting that even though the percent
adsorption declines with the increase of adsorbate gas concentration, the
actual amount of H,S, NH3 and TMA adsorbed per unit mass of activated

carbon increased with the increases of gas concentration.

4.2.2. Effect of Contact Time on the Adsorption Rate of HsS,
TMA and NH;s;

Contact time is one of the most important parameters that affect the
adsorption potential of activated carbon. The effect of contact time on the
removal of the three adsorbates using the metal impregnated corncob
activated carbon is illustrated in Figure 4.6b. Longer contact time favors the
adsorption efficiency until equilibrium is achieved. The experiments on the
effect of contact time on the adsorption rate of H,S, NHz and TMA by
CAC450-800 were carried out by measuring the residual gas concentration at
predetermined time intervals. Figure. 4.6b indicates the effect of contact time
on the uptake efficiency of H.S, NH3z and TMA by CAC450-800 for the initial
concentrations of 1000 ppm with CAC450-800 at 20 °C . The adsorption of
H>S, NHz and TMA increased with contact time and was fast during the initial
stages then slowed down until equilibrium stage from 150 min, 90 min, and

180 min respectively.
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After this, further increase in contact time had very little effect on the
percent removal of the three gaseous adsorbates. The amount of gases
adsorbed at equilibrium reflect the maximum adsorption capacity of
CAC450-800 under the operating conditions. The rapid rate of adsorption
observed at the beginning might be due to abundant number of vacant spaces
and larger surface area of the activated carbon[46][37]. But, when
equilibrium is attained, the capacity of CAC450-800 gets drained. The
removal rate is then mainly controlled by the rate at which the adsorbate
molecules move from the exterior to the interior sites of the CAC450-800
particles[25]. The decrease in rate of adsorption with time could also be
associated to the competition for the decreasing available active sites by the

gaseous molecules.
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activated carbon

4.3. Equilibrium Adsorption Isotherm Linear Fitting

studies

Adsorption occurs when an adsorbent comes in contact with adsorbate.
After adsorption starts, adsorbent and adsorbate reach at equilibrium, which
is called adsorption equilibrium. Adsorption equilibrium data is represented
by isotherm, isobar and isostere. Adsorption isotherm is crucial in describing
the interaction of adsorbate and adsorbent and helps to optimize the use of

the different adsorbents. Langmuir, Freundlich and Tempkin isotherm
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models were examined and their corresponding parameters are presented in

Table 4.3.

4.3.1. The Langmuir Adsorption Isotherm

The Langmuir adsorption isotherm quantitatively describes the
development of a monolayer adsorbate on the external surface of the
adsorbent and then no further adsorption takes place after that[53]. The
Langmuir isotherm is applied for monolayer adsorption model onto an
adsorption surface with a fixed number of identical sites[53]-[55]. The
Langmuir model commonly assumes that uniform adsorption energies onto
the adsorption surface and no transmigration of adsorbate. Based upon these
assumptions, Langmuir model is represented by the following mathematical

expression.

Where,

Ce (mg/L) = equilibrium concentration adsorbate

ge (mg/g) = adsorbate concentration at equilibrium

Kc (L/mg) = Langmuir isotherm constant associated with free energy of
adsorption

gm (mg/g) = the maximum adsorption capacity at monolayer coverage
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However, since the linear mathematical form is widely used this

expression can be converted to a linear mathematical form as:

A plot of ge against Ce gave curves (Figure. 4.7 a-c) with high coefficient
of determination (R?) values for H.S (R?= 0.9991), NH3 (R?= 0.9977) and
TMA (R%=0.9987), which shows that the experimental data is well described
with the Langmuir adsorption model. In addition, this model showed lower
values of the residual sum of square (RSS). The essential behavior of the
Langmuir isotherm can also be described using the dimensionless separation

factor (Rv), which is mathematically expressed as:

Where
KL is the Langmuir adsorption constant

C, is the initial concentration of adsorbate.

Here, K_ is the Langmuir constant associated to the enthalpy of

adsorption via the Van’tHoff equation, and C, the initial concentration of
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adsorbate. Ry indicates the type of isotherm: linear (R = 1), favorable (0 <
RL < 1), unfavorable (R. > 1), or irreversible (RL = 0)[53]. The evaluation of
favorable adsorption condition has important contribution in optimizing an
adsorbent and designing an efficient adsorption process. The value of the R
is a criterion of favorability of adsorption when 0 < R. < 1, which has been
extensively used for many adsorption processes[54], [56], [57][58]. The RL
values calculated in this study were found to be 0.017, 0.3284, and 0.07 for
adsorption of H.S, NH3z and TMA respectively on CAC450-800. This

indicates that Langmuir isotherm model was favorable.
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Table 4.3. Adsorption isotherm constants and determination coefficients

of H2S, NH3z and TMA

Model Parameter H.S NH3 TMA
Langmuir Om 170.5 4545.45 927.64
KL 39.8 1.20 4.47
RL 0.017 0.3284 0.07
RSS 4.61E%8 9.92E 3.22E
R? 0.9991 0.9977 0.9987
Freundlich Kt 308.07 4237.72 1404.43
n 2.78 1.124 14
RSS 0.0239 0.0052 0.0105
R? 0.9399 0.9972 0.9583
Temkin Ar 7.24 255.35 75.32
b 70.5 29.67 18.016
R? 0.9808 0.9667 0.9965
RSS 70.15 466.90 74.5
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Figure 4.7. Linear fitting plots of Langmuir adsorption model. (a) H2S, (b)

NHz and (c) TMA
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4.3.2. The Freundlich Adsorption Isotherm Model

The Freundlich isotherm model uses an empirical equation to express
heterogeneous systems[23], [46], [53]; it is generally characterized by the
heterogeneity factor 1/n. Therefore, the nonlinear and linear empirical

equations are provided in equation 4.4 and 4.5 respectively.

The favorability of an adsorption is also evaluated with the Freundlich’s
intensity factor n in the Freundlich isotherm. The adsorption is commonly
classified with the values of n: good (2 - 10), moderately difficult (1 - 2), and
poor ( < 1)[58]. The value of the coefficient of determination (R?) was
relatively lower with a less fitted curve compared to that of Langmuir model
for H2S (R? =0.9399), NHz (R2 = 0.9972) and TMA (R? = 0.9583). The
following mathematical equation was used to evaluate the experimental data

and determine the best-fitting adsorption isotherm.

Z(Qm_qe)z
RZ = =dm™de) 4.6
Z(Qm_qe)z"' > (@m—9ge) 2 ( )
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4.3.3. The Temkin Adsorption Isotherm Model

The Temkin isotherm is commonly employed for a heterogeneous
surface energy systems with non-uniform distribution of adsorption of

heat[53], [59].
Qe = T IN(ATCE) oo 4.7)
This equation may also be linearized and rewritten as follows:
Qe = %lnAT + %ln Co coveeelleea 2 N (4.8)

Where,

b = Temkin isotherm constant

Ar = Temkin isotherm equilibrium binding constant (L/g)
T = Temperature at 298K

R = universal gas constant (8.314J/mol/K).

The plot of ge versus InCe gave good fitting curves for three of the
adsorbate. Nevertheless, Langmuir isotherm model best fitted with highest

adsorption capacity for H>S, NHz and TMA.
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4.4, Adsorption Kinetics Study

A Kinetic study was carried out for the prediction of adsorption rate
constants, equilibrium adsorption capacity and adsorption mechanism. The
variation in adsorption potential with contact time was analyzed to
characterize the adsorption kinetics. The experimental results were studied
using kinetic models like, the pseudo-first order, pseudo-second order, and
the intraparticle diffusion model. These models were used to describe H.S,
NHz and TMA adsorption as well as predict the adsorption mechanisms
participated in the removal of these gaseous adsorbates from indoor air. Table

4.4 shows the kinetics models parameters of the three models.
4.4.1. Pseudo-first Order Kinetic Model

The pseudo-first order (PFO) was proposed by Lagergren as a method
for investigating the kinetics of adsorption process [46], [60], [61] and can be

mathematically expressed in linear and nonlinear forms (equation 4.9 - 4.11):

d
f = Ry (o = ) eeerremnnnneeeee e, (4.9)

where,
ge = the adsorption capacity of the adsorbent at equilibrium (mg/g)

ki = pseudo-first order kinetic model rate constant (min?),
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gt is the amount of adsorbate (gas) adsorbed on the adsorbent at time t.

If we integrate the above equation 4.9 for the boundary conditions of gt

=Qatt=0and q:=qtat t =t, we get the following equation.

By taking a natural logarithm, this equation may also be rewritten as the

following linear mathematical expression[46].

In(ge — YT An =Kt ... hooo Tl N (4.11)

The values of the pseudo-first order parameters (k1 and ge) presented in
Table 4.4 were computed using the slope and intercept of the graph plotted
as In(ge - q) versus t as shown in Fig 4.10a. Comparison of the estimated
values of adsorption capacity (ge) and coefficients of determination (R?) of
the Lagergren pseudo-first and pseudo-second order kinetics revealed that the
H>S adsorption data were best described by the pseudo-first order Kkinetics
model with R? value closer to unity (0.9902) and higher and ge value. On the
other hand, the pseudo-first order data in Table 4.4 indicates that the NHz and
TMA coefficients of determination (R?) are relatively smaller. In addition,

the experimental ge has relatively bigger difference with the calculated ones,
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suggesting that the applicability of the PFO model to the adsorption processes

of NH3 and TMA onto corncob activated carbon is unfeasible.

4.4.2. Pseudo-second Order Kinetics Model

The pseudo-second order (PSO) kinetics model[56], [57], [61]-[65] can

be mathematically expressed as the following linear and non-linear

equations.
d
f= Ko(de — Q)i Bl L oo eeeieeeneieenens (4.12)
tk2qs
€S gl 7t (4.13)
t i 1

The plot of t/g: against t is shown in Figure 4.10b. The data obtained for
the PSO kinetic model is provided in Table 4.4. The pseudo-second order
kinetic model revealed good linearity with higher coefficient of
determination and lower values of residual sum of square (RSS) for both NH3
(R? =0.9943) and TMA (R? > 0.9771). Furthermore, in the pseudo-second
order model, low deviation was observed between the calculated g values
and the experimental ge, exp Values for NHz and TMA.

53



2 4 4 A . HZS 1 6 b u " H:S
NH
! o NH, , ¢
- , - “ 12 . A T™MA
= - , 4 TMA i e s
1 . 1.6} " A Eﬁ 4 K ‘ K ‘A
" e A : e *
= . E 08 ay i
= ] A £ S
0.8 o h v‘_ .‘ B
3 &
= 04F e
0.0 . . . ‘o
0 100 200 300 400 0 100 200 300 400
Time (min) Time (min)

Figure 4.10. Kinetics study. (a) Pseudo-first order Kinetics of H>S, NHz and
TMA, (b) Pseudo-second order Kkinetics of H>S, NHs; and TMA

The values of k2 and ge were determined using the slope and intercept of
the graph t/q: versus t. Hence, the analysis of the data in Table 4.4 suggests
that the kinetics of the adsorption of NHs and TMA onto corncob activated

carbon can be explained accurately by the PSO kinetic model.

4.4.3. Intra-particle Diffusion Model

The Weber-Morris intra-particle diffusion model parameters are

extensively used to decide if intraparticle diffusion is the rate limiting

step[37][66].

54



The model proposes that if the adsorption process is mainly controlled
by the intraparticle diffusion, the plot of q: against t”? gives linear plot and
passes through the origin. When more than two factors control the adsorption
process, the plot of g versus t¥2 will be multi-linear[17]. Fig 4.11 shows the
graph of intraparticle model, i.e. g: vs. t¥2. Given the multi-linear nature of
the plot for the three gaseous adsorbents, it is proposed that adsorption
occurred in two distinct phases: a fast initial uptake during the first stage,
followed by slower increase for the second stage until equilibrium is reached.
Initially, the abundance of vacant and easy accessible adsorption sites led to
high rate of H>S, NHs and TMA adsorption.

Adsorption rate in this stage is mainly controlled by the external
diffusion at the boundary layer. Then, adsorption rate of the three-adsorbate
gases slowly dropped due to the occupation of the easily accessible
adsorption sites available on the external activated carbon surface. In addition,
the decrease of adsorbate gas concentration led to a slower rate of gas

adsorption.
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Figure 4.11. Intraparticle diffusion model for the adsorption of H>S, NHzand
TMA

The horizontal plateau is an indication of the attainment of the maximum
adsorption capacity. The time needed to reach equilibrium, is the point at
which adsorption began to stabilize the adsorption process. When equilibrium
was attained, majority of the vacant site get occupied and adsorption becomes
difficult due to the repulsive forces between gas adsorbed on AC surface and

gas in the outside adsorption box.
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Table 4.4 Kinetic parameters, constants and coefficients of determination

of H2S, NH3z and TMA

Kinetic Model Parameters Values
H>S NH; TMA
Experimental Je.cxp 154. 96 181.24 313.27
Pseudo-first e, cale 149.52 86.73 445.77
order ki 0.0144 0.0136 0.0147
RSS 0.000157 0.07908 0.078
R? 0.9902 0.6824 0.9310
Pseudo-second e,calc 98.47 186.92 334.78
order k> 9.83¢4 4.3053¢4 1.82384¢
5
RSS 0.00232 0.000233 0.0011
R? 0.9219 0.9943 0.9771
Intraparticle ki 3.484 42352 6.1412
Diffusion Model C 100.33 117.56 198.29
R? 0.9651 0.9919 0.9401
RSS 1.5 0.256 8.16

4.5. Filter Regeneration Process

In order to make an adsorption technique to competent with other
currently available techniques, it should be environment friendly and
economically advantageous. Thus, the recycling and successive regeneration
and reuse of adsorbent are crucial issues from economic and environmental

point of view. Hence, this work was dedicated to examine the feasibility of
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thermal regeneration of the spent activated carbon. Results of H.S, NHz and
TMA desorption using mild heat treatment is shown in Figure. 4.12. In this
study, a desorption experiments were conducted using heat treatment of the
spent CAC450-800 filter in a tubular horizontal electric furnace at 220 °C
based on previous study [5].

The desorption was performed using an argon as a purge gas. The argon
gas could dislodge the adsorbed gases from the spent activated carbon pores.
Because the weak Van der Waals forces are mainly used to attach the gases
on the pores of the activated carbon[67], the argon gas could easily displace
the adsorbed gases as the molecular vibration persists during heat treatment.
Then the adsorbed gases were released and easily swept by the flowing argon
gas. The argon gas also prevented the spent activated carbon from burning.
The adsorption experiment conducted with the regenerated activated carbon
reveals that the regenerated filter has good adsorption potential towards NHz
and HS.

Five consecutive regeneration cycles were carried out and 400-ppm
initial concentration of each gas adsorbate was used in every cycle. The
adsorption results are graphically presented as removal efficiency versus
regeneration cycles as shown in Fig. 12. As Fig. 12 depicts, it is quite evident
that the trend of adsorption efficiencies of the three gases are superb, even
after repetitive several regeneration cycles. After five cycles, the adsorption

efficiency of CAC450-800 was approximately 70, 65, and 60% for ammonia,
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hydrogen sulfide and trimethylamine respectively. The decrease of removal
efficiency from 100% to 70%, 65%, 60% for ammonia, hydrogen sulfide and
trimethylamine respectively after five successive cycles could be attributed
to the blockage of pores due to chemisorption, which hinders incomplete
desorption[50]. Other causes of this loss of adsorption capacity could arise
from the internal reorganization of the activated carbon and collapse of pores

during the thermal treatment.
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Figure 4.12. Adsorption performance of a regenerated corncob activated

carbon filter
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5. Conclusions

The copper impregnated corncob activated carbon filter was assessed for
its H2S, NH3z and TMA adsorption potential for an indoor application. The
role of the copper metal was apparent from the superb removal potential of
H>S, NHsz and TMA compared to the metal unloaded corncob activated
carbon. The adsorption isotherm model of the H>S, NH3z and TMA was best
defined by the Langmuir isotherm model, which indicates that the monolayer
surface adsorption was very dominant with acceptable parameters.
Adsorption Kinetic studies revealed that pseudo-second order kinetic model
best described the NHz and TMA adsorption whereas pseudo-first order
model best described the H2S adsorption model. Due to its large surface area,
cost-effective, numerous micro porosity, and excellent adsorption capacity,
the corncob activated carbon is a promising adsorbent for indoor air
purification.

The following points have been forwarded for future research. The
adsorption test conditions of research are quite different from the conditions
typically encountered in indoor spaces. Higher H.S, NHz and TMA
concentrations were used during the experiment compared to the real indoors.
An airtight small chamber was used for short period of time in the test while
the actual indoor area is bigger that needs long term operating filters with

enough air exchange. To this end, to determine the performance of an
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improved activated carbon filter in actual indoor environment, additional
experiments, including long-term tests of the filter life-Otime as well as the
removal efficiencies in actual indoor concentrations of H.S, NHz and TMA
will be necessary. Moreover, a single component adsorption experiment was
conducted in this work. However, actual indoor areas may compose various
pollutants with different concentrations. Hence, a multi-component system of
adsorption should be conducted. The effect of levels of humidity and

temperature also should be considered.
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