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KAJIAN POTENSI AMMONIA-ARANG KAYU UNTUK SISTEM

PENDINGINAN PENJERAPAN

ABSTRAK

Sistem penjerapan telah mendapat tumpuan berbanding sistem pemampatan
wap Kkerana ciri mesra alam, potensi penipisan ozon sifar dan potensi pemanasan
global sifar. Meskipun terdapat banyak penyelidikan tentang penjerapan dan
nyahjerap amonia pada karbon teraktif, namun hanya sedikit yang ditemui untuk
arang kayu. Dalam kajian ini, arang kayu tempatan diperoleh, dihancur dan diayak
kepada tiga ukuran partikel. Ukuran partikel 1.18-3.35 mm menunjukkan luas
permukaan tentu yang tertinggi iaitu 155.37 m? g' dengan isipadu spesifik
0.1309 cm® g* dan purata diameter liang sebanyak 2.503 nm. Kemudian, cara
gravimetri digunakan untuk mengkaji penjerapan amonia pada arang kayu sebagai
fungsi suhu, masa dan jisim. Cara tersebut terbukti jitu dan murah untuk dibina.
Untuk penelitian nyahjerap, cara barometrik digunakan untuk mempelajari nyahjerap
amonia dengan suhu. Penjerapan amonia pada arang kayu menghasilkan purata
jerapan 0.081 g NHs; g' C manakala penelitian nyahjerap menunjukkan jumlah
nyahjerap adalah hanya 20 hingga 21 % daripad amaun jerapan pada julat suhu 162
hingga 202 ° C. Sistem pendingin jerapan direkabentuk untuk kapasiti penyejukan
1 kW. Dari hasil analisis tersebut, sistem mengandungi 1.83 kg arang kayu dan

93.57 g gas amonia dengan COP 0.40 dan SCP ialah 0.546 kW kg™.

XVi



A STUDY FOR THE POTENTIAL OF AMMONIA-WOOD CHARCOAL

ADSORPTION REFRIGERATION SYSTEM

ABSTRACT

Adsorption systems have gained popularity over vapour compression system
due to their being environmentally benign, having zero ozone depletion potential and
zero global warming potential. Despite much research on the adsorption and
desorption of ammonia on activated carbon, relatively few reports were found for
wood charcoal. In this study wood charcoal, obtained locally, was crushed and sieved
into three particle sizes for study. Particles sized 1.18 to 3.35 mm yielded the highest
specific surface area which of 155.37 m® g™ with specific volume of 0.1309 cm® g™
and an average pore diameter of 2.503 nm. An innovative gravimetric method was
used to characterize the adsorption of ammonia on the wood charcoal as a function of
temperature, mass and time. Such method was found to be accurate and inexpensive
to fabricate. For desorption study, a barometric method was employed to study the
desorption of ammonia at various temperature. Adsorption of ammonia on wood
charcoal yields an average of 0.081 g NH3 g C adsorbed while the desorption study
shows an amount desorbed only 20 to 21% of the amount adsorbed at temperatures of
162 to 202 °C. An adsorption refrigeration system was designed for a 1 kW cooling
capacity. From the analysis, the system consists of 1.83 kg of wood charcoal and

93.57 g of ammonia gas with a COP of 0.40 and SCP of 0.546 kW kg™

Xvii



CHAPTER 1 INTRODUCTION

1.0  Research Background

Concern over harmful environmental side effects of vapour compression
cooling and the regulation made in Montreal Protocol 2006 to phase out such
refrigerants have led many researchers to search for alternative cooling methods to
replace such cycle. CFCs, HFCs and HCFCs used in vapour compression cooling are
major contributors to ozone layer depletion and global warming. Over the years,
adsorption cooling has received the attention of many researchers because of its
ability to utilize relatively low quality heat to drive the cycle. The ability to use
natural refrigerants as alternatives to CFCs, HCFCs or HFCs implies that adsorption
cooling systems can be environmentally benign, having zero ozone depletion
potential (ODP) as well as zero global warming potential (GWP). The working pairs
of such system are mainly silica gel water, zeolite-water, activated carbon-ammonia,
activated carbon-methanol and activated carbon fiber-ammonia. Since adsorption
cooling systems utilize low heat sources as the main driving power, waste heat and
even solar heating can be used to operate the systems (Vasilieve et al., 2001 ). Other
sources can be exhaust gas heat from internal combustion engines and geothermal
power. With the elimination of the mechanical compressor, the system does not
require moving parts for circulation of the refrigerant. Thus, the system operates
without noise or vibration.

Despite the toxicity and flammability of ammonia, it has been used for over
100 years in the field of refrigeration. Experience and refinements in the field of
ammonia refrigeration have generated a clear understanding and countermeasures for
dealing with ammonia. Reliable exposure charts have been developed for workers

who deal with ammonia in their working environment (Lindborg, 2006). On these



charts, the acceptable exposure limit to ammonia is plotted as a function of time and
concentrations. Personnel working with ammonia are able to use the chart as an
exposure guideline when dealing with ammonia. Of the common refrigerants,
ammonia has the highest latent heat (1357 kJ kg™) after water (2258 kJ kg™)
(ASHRAE, 2005). Water has a major limitation due to its tendency to crystallize
below 0°C. Cooling systems with ammonia as the refrigerant typically do not operate
at sub-ambient pressures. This allows simplified construction and higher reliability
than sub-ambient pressure systems. Leaks can be easily detected from the
characteristic odor of ammonia. Common materials, such as aluminium and stainless
steel, can be used in the construction of such systems, however ammonia is corrosive
to copper and its alloys. Wang et al. (2009) compared working pairs of ammonia-
activated carbon and methanol-activated carbon. They showed that the former has
better mass transfer because of its higher working pressure for the same temperature.
The cycle time for the ammonia-activated carbon is therefore faster compared to
methanol-activated carbon because of its high mass transfer rate.

Meanwhile, activated carbon is well known for its ability to absorb
substances. Having a high surface area per unit mass, activate carbon provides a
large area for adsorption. Therefore, it has been used in many applications such as
removal of undesirable odor, colour, taste, organic and inorganic impurities, air
purification, pharmaceuticals, industrial gas masks and others. Activated carbon
typically has a specific surface area of 500 to 2500 m? g™* (Bansal and Goyal, 2005
and Keller and Staudt, 2005). Activated carbon has also attracted interest in
adsorption cooling system due to its ability to adsorb ammonia. Lee and Reucroft
(1999c) reported that activated carbon has a stronger adsorption interaction with

ammonia compared to carbon tetrachloride, acetone and hydrogen sulfide. Activated



carbon can be synthesized from wood. Physically activated carbon is produced by
exposing the raw material to an atmosphere of air, CO, or steam in the temperature
range of 800°C to 900°C while chemically activated carbon is soak into oxidizing
agent such as phosphoric acid (Bansal and Goyal, 2005). In an attempt to increase
the adsorption of ammonia on activated carbon, Oliveira et al. (2007) introduce
calcium chloride on the carbon to enhance its adsorption. Since activated carbon is
produced by a more laborious process than wood charcoal, wood charcoal could be a
less expensive alternative to activated carbon due to its relatively simple production.
The cost of wood charcoal is RM 1.40 per kg while activated carbon cost
approximately RM5.47 per kg (Aziz et al., 2006). As activated carbon cost four
times more than wood charcoal, wood charcoal may be a lower cost alternative to
activated carbon.

The ammonia-activated carbon adsorption pair has been studied by many
researchers for its application in adsorption cooling (Tamainot-Telto and Critoph,
2003, Critoph, 1996, Tamainot-Telto and Critoph, 1997, Pearson, 2008; Al Mers et
al., 2006). As reported in the review carried out by Demir et al. (2007) the ammonia-
activated carbon adsorption pair was able to achieve a COP in the range of 0.30 to
0.62. However, most of the work was based on numerical modeling and simulated
data. Most ammonia-activated carbon adsorption cycles require very low heat input
for refrigerant regeneration. Typical regeneration temperatures are 60°C or greater.
Heat sink temperatures for the adsorption cycle are as high as 30°C. Despite much
research on the ammonia-activated carbon pair, there are no specific mathematical
equations for calculating the properties of adsorption either by statistical methods or

by phenomenological methods (Keller and Staudt, 2005).



1.1  Objectives
The objectives of this research work are as follows:
1. To identify the properties and characteristics of wood charcoal.
2. To study the adsorption and desorption characteristics of ammonia on wood
charcoal.
3. To design the adsorption refrigeration system of 1kW cooling power using

analytical approach.

1.2 Scope of Research
The scope of this research work is as follows:

1.Study on properties of local mangrove wood charcoal ground to three
different sizes.

2.Experimentally investigate the adsorption of wood charcoal at low pressure
with a simple experiment test setup using gravimetric method. This work also
involves setting up data acquisition hardware and software, for programming
data logging and analysis purpose.

3. Desorption is experimentally investigated using a barometric method to
identify the amount to mass desorb compared with a control experiment.
Desorption study is based on the temperature variation of the wood charcoal.

4. Design of an adsorption refrigeration system of 1kW cooling power using
experimental data from the adsorption-desorption study together with
fundamentals of thermodynamics and heat transfer. Ready-made heat
exchanger will be studied for its suitability in this project contrary with

fabrication of a new custom heat exchanger.



CHAPTER 2 LITERATURE REVIEW
2.0  Overview
In this chapter, the introduction of basic principles of adsorption on solids are
reviewed, followed by the adsorbent properties of activated carbon and comparison
with wood charcoal. The use of ammonia as refrigerant and adsorption on wood
charcoal is also discussed. An ideal refrigeration system is introduced before

explaining the adsorption refrigeration system using ammonia and activated carbon.

2.1  Adsorption on Solid Surface

Adsorption is a phenomenon where the concentration of a gas or liquid on the
solid surface is higher than the bulk when such gas or liquid comes in contact with a
solid surface. Adsorption is a spontaneous process. The constituent that is attached to
the surface is called adsorbate while the constituent to which it attached is called
adsorbent. When the solid surface of adsorbent is exposed to the adsorbate, the
molecules of the adsorbate will strike on the surface of the adsorbent. Some will be
adsorbed unto the surface while some will be rebound back to the bulk gas or liquid.
Initially, the adsorption rate is very high due to the bare surface for adsorption. As
more adsorption sites are covered with adsorbate, the available surface for adsorption
decreases and adsorption rate reduces. Simultaneously the desorption rate increases
because desorption takes place at the place where adsorbent surface covered by
adsorbate. As time passes, the rate of adsorption continues to fall while the rate of
desorption increases until an equilibrium is reached. Amount adsorbed can is defined

by mass of adsorbate, m, and mass of adsorbent, mn,. The equilibrium amount
adsorbed, x = ma/mm is a function of pressure and temperature (Ponec et al., 1974);

ie.,



x=_t=f(pT) (2.1)
When gas or liquid is adsorbed on the surface of an adsorbate, molecules of
such adsorbate have fewer degrees of freedom than in the bulk gas or liquid. This
results in a decrease in entropy, AS, during adsorption. Using thermodynamic
relationship, i.e. Gibbs energy, AG,
AG = AH — TAS (2.2)
It follows that the term AH, which is the heat of adsorption, must be negative for a
spontaneous process. This shows that adsorption is an exothermic process though
some cases of adsorption are endothermic. An example of endothermic adsorption is
adsorption of hydrogen on glass. There are two types of adsorption, namely physical
adsorption or physisorption and chemical adsorption or chemisorptions. The major
characteristic differentiating these type of adsorption is the manner to which
adsorbate is attached to adsorbent, which is the bonding force. In physisorption,
constituents are bonded with weak forces such as van der Walls force while
chemisorptions involves exchange or sharing of electrons between adsorbent and
adsorbate. The latter has higher bonding force. Another common difference between
two kinds of adsorption is the magnitude of the heat of adsorption. In the case of
physisorption, the heat of adsorption does not usually exceed 10 to 20 kJ per mole
and it is on the same order of heat of condensation. For the case of chemisorptions,
the heat of adsorption is usually ranges from 40 to 400 kJ per mole (Bansal and
Goyal, 2005; Keller and Staudt, 2005). However, in some cases the heat of
adsorption in chemisorptions does not significantly differ from physisorption.
Physisorption does not require activation energy where else chemisorptions requires

activation energy.



As adsorption is an exothermic process, heat is released to the surroundings.
Heat of adsorption is expressed in two ways, i.e. integral heat of adsorption and
differential heat of adsorption. Integral heat of adsorption is the total amount of heat
released when one gram of an out gassed solid adsorbs an amount of adsorbate, m,.
It is commonly expressed as Joules per gram of the adsorbent together with the
amount adsorbed per unit adsorbent. Another type of heat of adsorption is called
differential heat of adsorption or isosteric heat of adsorption, which is commonly
expressed as Joules per mole of adsorbate. This is the heat evolved when the
adsorbent, which had already adsorbed an amount of adsorbate, adsorbs an additional
amount of Ams,.

From the work of Dubinin and Radushkevich (1947) integrated with
Polanyi’s potential theory, adsorption on microporous Yyields an equation which is
called Dubinin-Radushkevich equation. This equilibrium equation is regarded as
most fundamentally sound and widely used and accepted for physisorption on solids

(Wang et al., 2009).

n

Vg = Upmax EXP [—D (T In (%)) ] (2.3)
where v, is the volume occupied by adsorbed mass, Vmax is the limiting volume
occupied by adsorbed mass, D is the coefficient of Dubinin equation in the pressure
form, n is a coefficient, p is pressure of the equilibrium where as psy is the saturation
pressure at temperature T. With the Clausius-Clayperon equation relating
temperature and pressure for saturated adsorbate, the Dubinin-Radushkevich

equation yields (Teng et al., 1997).

X = X, exp [—k( r_ 1)n] (2.4)

Tsat



The saturation temperature, Ts corresponds to the saturation pressure, Ps:. In most
cases, the Dubinin-Radushkevich equation of the later form is used which
corresponds to the direct measurement of mass adsorbed by a known mass of
adsorbent. Coefficients D, k and n differ for each type of adsorption pair and also the

characteristics of the adsorbent-adsorbate as well.

2.2 Wood Charcoal as an Adsorbent

Ideally, an adsorbent has a high surface area per unit mass, a high
concentration of active sites for adsorption and a porous structure to adhere
adsorbate. Activated carbon is popular for use as an adsorbent in many applications.
Generally, activated carbon has a specific surface area in the range of 500 to
2500 m? g™ (Keller and Staudt, 2005; Bansal and Goyal, 2005). Activated carbon is
prepared via two stages. First, the raw carbonaceous material is exposed to
temperatures up to 700 °C in an inert environment. This process is called
carbonization. Next, the carbonized material will undergo an activation process
whereby it is either treated through physical activation or chemical activation. For
physical activation, carbonized material is exposed to a high temperature condition
of air, carbon dioxide or steam. Physical activation temperatures range from 800 to
900 °C (Bansal and Goyal, 2005; Keller and Staudt, 2005). Under such conditions,
non-carbon elements such as oxygen, hydrogen and nitrogen are largely removed
leaving mostly carbon and where pores are also developed in the material during this
process. Chemical activation is a process where oxidizing chemicals are used to
remove residual elements in the carbonized material. Phosphoric acid is one of the
common agents used in chemical activation (Keller and Staudt, 2005). It is

performed by soaking the carbonized material in an aqueous solution of the agent.



Although the objective of physical or chemical activation process is to remove non-
carbon elements from the carbonaceous material, traces of non-carbon elements still
remain. A typical activated carbon is found to have an elemental composition of 88%
C, 0.5% H, 0.5% N, 1%S and 6 to 7% O with the balance representing inorganic ash
constituents (Bansal et al., 2005; Rodriguez-Reinoso, F., 2006).

During the carbonizing process, residual elementary carbon atoms arranged
themselves into stacks of flat, aromatic sheets cross linked in a random manner.
Irregular arrangements of aromatic sheets leave free interstice. With these free
interstices, pores are formed within which makes the activated carbons are excellent
adsorbents. Specific pore volumes ranges from 0.20 to 0.60 cm® g (Bansal and
Goyal, 2005; Marsh, H. and Rodriguez-Reinoso, F., 2006). Activated carbons have
associated with pores of various sizes, from less than a nanometer to several
thousand nanometers. Dubinin (1960) proposed a classification of pores according to
their size. Such classification is now accepted by the International Union of Pure and
Applied Chemistry (IUPAC). The pores are classified into three groups according to
their width, which represents the radii of the pore. The groups are namely
micropores, mesopores and macropores. Micropores are pores with effective
diameter of less than 2 nm. These micropores contribute about 95% of the total
internal surface area where adsorption takes place. Mesopores have diameters
ranging from 2 to 50 nm. The surface area of these pores do not exceed 5% of the
total internal surface area. These pores act as conduits for molecules to enter into
inner pores for adsorption. Macropores enable molecules to pass rapidly to smaller
pores situated deeper within the carbon. Macropores are found typically at the
surface of the carbon particle. Diameter of macropores are more than 50 nm and they

contribute relatively little surface area.



Basal plane

Graphene layers

/‘ \ 0142 pm

Figure 2.1 The structure of activated carbon which resembles graphite

(Marsh and Rodriguez-Reinoso, 2006)

Activated carbon has a microcrystalline structure which resembles graphite
but the interlayer spacing ranges from 0.34 to 0.35 nm in activated carbon compared
to 0.335 nm in graphite (Marsh and Rodriguez-Reinoso, 2006). These crystalline
structures start to build up during the carbonizing process. Layers of aromatic sheets
have less order of arrangement compared to graphite. The variation of the
arrangement is due to the imperfect or partially burnt layers. This results in the
existence of unpaired electrons and incompletely saturated valances. Such locations
readily form bonds with other groups or elements via either chemical bonding or
physical bonding. This attribute enhances the adsorption properties of activated
carbon (Marsh and Rodriguez-Reinoso, 2006).

Adsorption properties inherent in activated carbon have led to its widespread
utilization as an adsorbent. Activated carbon is used to remove organic substances
from gases and purification of natural gas, biogas and many others. Further
applications include deodorization of air, filter media in gas masks, agent for waste

water purification and storage of gases. One interesting application of activated
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carbon is for the adsorption of ammonia. Ammonia is a common type of refrigerant
in refrigeration systems. Activated carbon can be used to replace water of aqua-
ammonia absorption refrigeration system. Huang et al. (2008) tested the adsorption
of ammonia on various activated carbons. In their report, ammonia adsorption
capacity ranging from 2.3 to 41.6 mg NHs; g* AC. Lee and Reucroft (1999c)
introduce a correlation on adsorption capacity with average pore diameter and
surface oxygen group. In their findings, adsorption capacity is significantly
influenced by the average pore diameter at low relative pressure due to narrower
walls of micropores. Smaller micropore size has higher adsorption potential due to
narrower walls of micropores.

Similarly, mangrove wood charcoal is prepared by heating of wood at high
temperature in a kiln with burning mangrove wood as fuel. The kiln is kept hot for 8
to 10 days depending on the capacity of the kiln. Burning of wood in the kiln by
drawing fresh air from outside the kiln provides a suitable atmospheric condition for
carbonizing and oxidizing of wood into activated carbon. Therefore, wood charcoal
resembles the properties of activated charcoal in many ways. However, properties
have yet to be investigated. The cost of wood charcoal is at RM 1.40 per kg while
activated carbon cost approximately RM5.47 per kg (Aziz et al., 2006). As, activated
carbon cost four times more than a wood charcoal, wood charcoal may be a lower

cost alternative to activated carbon.

2.3  Ammonia as Refrigerant
Ammonia is widely used as a refrigerant in large refrigeration plants such as
ice plants, breweries, and industrial processing plants. Ammonia has been used as

refrigerant for over 160 years since its first use in around 1850s (ASHRAE, 2006).
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Experience and refinements in the field of ammonia refrigeration have generated a
clear understanding and countermeasures in dealing with ammonia as it is a toxic
compound. Due to its toxicity, ammonia is not allowed as a refrigerant in direct air-
conditioning system for human comfort, but it can be used as a refrigerant in chillers
where the chilled water is pumped to air handling units (Pearson, 2008). In addition,
ammonia is corrosive to copper or copper based materials. Therefore, components of
system of this refrigerant should not be made of copper to avoid leakage. This ranges
from pipes and fittings to valves and bearings. Ammonia leakage can be easily
detected due to its irritating odour as compared to other common refrigerants which
are odourless. Properties of common refrigerants are tabulated in Table 2.1. The
main advantage of ammonia over other common refrigerants is its high latent heat,
which is 1357 kJ kg™ (Ameen, 2006, ASHRAE, 2006; Owen, 2005). This allows a
high amount of heat per mass of refrigerant to be adsorbed during vaporization of
liquid ammonia. This will result in a high cooling capacity. Furthermore, ammonia
has zero global warming potential as well as ozone depletion potential (Wang, et al.,
2009). Thus, this satisfies the regulation made during Montreal Protocol 2006 which
allows the continuation of ammonia as a refrigerant while other CFCs and HCFCs
are to be phased out in due time. In addition, the freezing point of ammonia,
-77.7 °C, is low enough for ordinary refrigerating temperatures. Although ammonia
will burn in narrow range of high concentrations, it is difficult to ignite (ASHRAE,
2006). Vandebroek et al. (2002) concluded that the most ignitable mixtures of
ammonia and air is at 50 mol% ammonia, which is also two to three times of the
stoichiometric value. Additionally, auto-ignition was only possible when the

temperature is above 550 °C.
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Table 2.1 Properties of common refrigerants in adsorption refrigeration.
Refrigerants | Chemical | Normal Freezing | Molecular | Latent heat | Density,
formula | boiling point, weight, g | of kg m?
point, °C | °C mol™* vaporization
 kJ kgt
Ammonia NH; -34 -17.7 17 1357 681
Water H.O 100 0.0 18 2258 1000
Methanol CH30OH 65 -97.0 32 1102 791
Ethanol C,HsOH | 79 -114.3 46 842 789
2.4  Adsorption of Ammonia on Carbon

Apart from the temperature and pressure of the adsorbate for an adsorption

pair, the adsorption of ammonia on wood charcoal also depends on the

characteristics of the adsorbent. The characteristics of wood charcoal that leads to

adsorption has already been discussed in section 2.2. Inherent properties of charcoal

such as specific surface area, carbon-oxygen surface group, porosity and the vast

electron cloud over the entire structure contribute to the adsorption of any adsorbate.

The carbon-oxygen groups aid in adsorbing ammonia as ammonia is a basic

compound and the carbon-oxygen groups are acidic group.

Figure 2.2

Structure of ammonia with lone electrons on the top edge of trigonal

pyramid
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Ammonia is a compound consisting one atom of nitrogen and three atoms of
hydrogen. Since three electrons in the outer shell are used for bonding with
hydrogen, another two electrons remain in the outer shell. Such electrons are called
lone electrons. According to the valence shell electron pair repulsion theory,
ammonia will form a trigonal pyramidal shape. With lone electrons at one end of the
trigonal pyramidal shape, it contributes to the dipole of the molecule causing
ammonia to be a polar molecule. Thus, ammonia has strong polarity on itself and it
can be attracted by either positive poles or negative poles. The structure of wood
charcoal which resembles graphite allows ammonia to be attracted to the vast
electron cloud which acts as negative poles. Therefore, physical bonding via van der
Waals force exists between ammonia and wood charcoal.

In the Dubinin-Radushkevich equation (equation 2.3 and 2.4), parameters D,
K, Xo, Vo and n differs even with the same adsorption pair. For example, ammonia-
activated carbon pair, X, can vary from 0.2303 to 0.8392 depending on the properties
of activated carbon, ranging from its origins, size of particle, method of preparation,
method of activation, structure of particle to physical inherent properties such as
porosity, density and pore size distribution. Though much research work has been
carried out on the adsorption characteristics of carbon, no one has yet determine the
parameters in Dubinin-Radushkevich equation for an arbitrary sample. As the scope
of this research focuses on the thermodynamic cycle of an adsorption refrigeration
cycle, in-depth study of ammonia adsorption on wood charcoal or activated carbon is
beyond the scope of this research. Nevertheless, values of k, X, and n for various
types of activated carbon can be found from various journals. These values are

therefore tabulated in Table 2.2.
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Table 2.2 Characteristics of granulate carbon adsorbent in Dubinin-

Radushkevich equation.

Author (s) Author’s Xo k n Origins
Material code

Tamainot-Telto, et 208C 0.3077 4.4390 1187 Wood_ coconut

al., 2009 shell
607C 03475 | 35043 | 105 | \ood  cocont
C119 0.2852 |3.8615 |1 ;/r\:gﬁd’ coconut
SRD1352/2 0.8302 | 50775 | 0.8529 ;’L’;‘I’d’ coconut
SRD1352/3 05691 | 6.6738 | 1.1489 ;’L’:ﬁdv coconut
SRD06038 04464 | 6.7116 | 1.1295 | Coal
SRD06039 04527 |53630 |1.053 | Coal
SRD06040 0.3483 | 55936 |1.1714 | Coal
SRD06041 02303 | 55622 | 15252 | Coal

Wang, etal., 2009 | YKAC 0.29 3.57 1.38 yood, - coconut

Tamainot-Telto, et

al., 2003 - 0.3837 4.2436 1 -

From Table 2.2, granulate carbon made of wood has X, value ranging from
0.2303 to 0.8392, k value ranging from 3.5943 to 6.6738 and n value ranging from
0.8529 to 1.525. Granulate carbon made of coal has X, value ranging from 0.2303 to
0.4527, k value ranging from 5.3630 to 6.7116 and n value ranging from 1.053 to
1.5252. These values are important in the design stage for an adsorption refrigeration
cycle which will be discussed further the later chapter of this thesis. As shown here,
the values of x,, k, and n for wood-based carbon have larger range than coal-based
carbon. This shows the wood-based carbon disperse more than the coal-based
carbon. To date, researchers have yet to explain the behaviour of such trend found in
activated carbons. Characterizing active carbon would be difficult due to its random
arrangement of the layers and formation of voids during carbonization process but
such characterization is not impossible. The major difference between wood and coal

based activated carbon is the history of the raw material itself. While coal is a result
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of oxidization, biodegradation and compaction for a long period of time, wood is
harvest after only a few decades from live plants. Nevertheless, in-depth description
of the difference between activated carbon made of coal and wood charcoal is not the
focus of this research.

The work of Lee and Reucroft (1999a; 1999c), on ammonia adsorption on
wood based chemically activated carbons proposed that the adsorption on ammonia
IS not just physical adsorption. They concluded that that the presence of carbon-
oxygen surface function group helps the adsorption of ammonia. Hydrogen atoms in
ammonia can interact strongly with oxygen due to high electrostatic attraction.
Furthermore, such hydrogen bonding, (N-H---O), has been reported to have energy of
12.55 kJ mol™ (Mortimer, 1983). Hydrogen atoms in ammonia preferably adsorb on
specific sites such as carbon-oxygen surface group rather than pure carbon sites.
Such “preference” will result in higher energy release. Results of the work of Lee
and Reucroft (1999a and 1999c) for wood based chemically activated carbon is
shown in Table 2.3. Literature shows much more research on wood based activated
carbon rather than wood charcoal and information of ammonia adsorption on wood
charcoal is rare. Nevertheless, data from wood based activated carbon shall suffice

for comparison.

Table 2.3 Characteristics and adsorption energy for ammonia on chemically

activated carbon

BET . Ammonia
Treatment Average Micropore . .
Sample surface . adsorption Composition
temperature, | micropore, volume, o
no. area, oC am ccqt energy, (at%)
m?g? g kJ mol™*
77.4% C, 22.5%
6 783 300 1.49 0.37 33.2 0 and 0.2% P
83.7% C, 15.5%
7 1075 350 1.66 0.38 29.1 0 and 0.8% P
83.7% C, 15.5%
8 1807 450 2.10 0.39 24.1 0 and 0.8% P
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Adsorbents with higher surface area generally adsorb more adsorbate due to
higher adsorption capacity but ammonia adsorption shows reverse effect as reported
by Lee and Reucroft (1999c) & Lee et al. (2005). In their work, the amount of
ammonia adsorbed on carbon with higher surface area is less than the carbon with
lower surface area and is shown in Figure 2.3. The degree of surface area or
microporosity development and the micropore volume does not seem to control
ammonia adsorption behaviour (Lee and Reucroft, 1999a and Huang et al., 2008).
Surface chemistry, as discussed earlier can explain the trend shown in ammonia
adsorption at low relative pressure. In their work, Lee and Reucroft (1999a), lower
surface sample contains higher densities of carbon-oxygen surface groups shows
higher amount adsorb. Oxygen in the surface functional group provide specific

adsorption sites for ammonia adsorption at the low relative pressure range.
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Figure 2.3 Ammonia adsorption of chemically activated wood based carbon at

relative low pressure
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2.5  Ammonia-Activated Carbon Adsorption Refrigeration

The first absorption refrigeration was invented by Ferdinand Carre in 1860.
The absorption system used water and ammonia for absorbent and refrigerant
respectively. In the 1880s, vapour compression refrigeration gained popularity over
the absorption cycle due to its cooling performance and simplicity of the cycle.
Development of smaller compressors, automatic refrigerant controls, better shaft
seals, developments in electrical power systems and induction motors helped vapour
compression systems surpass absorption system in popularity. However, adsorption
refrigeration systems have received much attention since 1990s when Montreal
Protocol identified CFCs, halons and other halogenated CFCs as threats to ozone
layer depletion. The shift from conventional vapour compression to adsorption
systems is because the latter systems use environmental friendly refrigerants like
ammonia, methanol, water, ethanol and others. Absorption and adsorption systems
differ by the way refrigerant absorb in adsorption process. While absorption refers to
molecules of gases or liquids which dissolve in another liquid or solid, adsorption
refers to gases or liquids which adhere to the surface of solids. Furthermore,
adsorption is a surface phenomenon which, in principle, occurs at any pressure and
temperature while absorption is a bulk or volume phenomenon which may or may

not occur at given pressure and temperature.
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Figure 2.4 Thermodynamic cycle of a basic adsorption refrigeration. A, P-T-x

diagram and B, Schematic diagram.

The basic adsorption refrigeration consists of four steps divided into two
cycles (Qu, 2002 and wang et al. 2006b). The first cycle is desorption and
condensation while another is adsorption and evaporation. As shown in Figure 2.4,
the adsorption refrigeration cycle goes through process ab (isosteric heating), bc

(isobaric heating), cd (isosteric cooling) and da (isobaric adsorption).

Process a-b: Isosteric heating. Valves between adsorbent bed to condenser and
evaporator is closed and heated by external source. The temperature of the bed rises
from T, to T,. No desorption occurs in this heating, there is no increment of
refrigerant in adsorbent bed. The amount of heat to increase the temperature is the
amount of heat to heat up the bed and the adsorbent (wood charcoal or activated
carbon) with adsorbate (ammonia) adsorbed. Heat added into the adsorbent bed, Qap,

can be determined from:-
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Qap = fq’ib[mAC(Cp,AC + xabCp,NH3) + MpeaCppealdT (2.7)
Process b-c: Isobaric heating. Heating process is continued even after isosteric
heating is completed. A valve between adsorbent bed and condenser is opened. This
allows desorption in adsorbent bed and refrigerant is allowed to flow into the
condenser where it will be condensed. The pressure during this step remains
constant. Apart from heating the bed, heat is also utilized to provide heat for
desorption, i.e. heat of desorption. Therefore the total heat added into the system,

Qbe, can be determine from:-

Qpc = fv:;[mAC(Cp,AC + %pcCpnn,) + MpeaCppealdT + fbc myy, AH dx (2.8)
Process c-d: Isosteric cooling. The valve between condenser and adsorbent bed is
closed and the temperature of adsorbent bed (T), which is the maximum temperature
of the cycle, is decreased to T4. During this process, both temperature and pressure

decreased to evaporator conditions. Heat to be extracted out, Qcg, IS given as:-

Qca = f;;d[mAC(Cp,AC + %caCpna, ) + MpeaCppealdT (2.9)
Process d-a: Isobaric adsorption. The valve between the adsorbent bed and
evaporator is opened. Vaporization of the adsorbate takes place in the evaporator.
Evaporated refrigerant then enters adsorbent bed whereby it is adsorbed. Adsorption
of refrigerant releases heat of adsorption which will be required to remove from the
adsorbent bed. The temperature of adsorbent-adsorbate pair and the bed should be
decreased to T,. In the method used by Qu et al. (2001) and Wang et al. (2002), they
adopted the same value for heat of adsorption and heat of desorption. Thus, total heat

to be removed, Qq,, from the bed is given as:-

Ta
f [mAC( AC T Xda pNH3) + MpeqC ,bed]dT + f: myp, AH dx (2.10)
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Amount of heat to be removed from the condenser, Qcong, during condensation can

be determined from:-

Qcona = My, (henter — hleaving) (2.11)
Consequently, amount of heat removed from the cooling space, Qevap, Can be
determined from:-

Qevap = My, (henter — hleaving) (2.12)

The coefficient of performance for refrigeration cycle can be determined from:-

Cop = —Sever (2.13)

Qap*Qbc

Specific cooling power is another term to describe the effectiveness of an adsorption

refrigeration cycle. It is define as the ratio of cooling power to the mass of adsorbent.

SCp = —2evae (2.14)

Madsorbent

As the process described earlier, adsorption refrigeration system suffers from
the interval working principles while vapour compression system is a continuous
cycle. This is the reason specific cooling power was introduced for an adsorption
cooling system. Moreover, mass of adsorbent is another additional mass compared to
vapour compression system while keeping in mind the common comparable mass in
both system such as mass of evaporator, condenser, pipes and additional accessories
such as accumulator. Hence, mass of adsorbent and the adsorber-desorber tank has to
counter the mass of compressor for competiveness. Another disadvantage of the
adsorption system is the heat transfer in the adsorber-desorber tank. Due to the
porosity of the adsorbent, heat transfer is greatly reduced. Such reduction in heat
transfer causes more heat to be added into the system to provide a substantial heat
compression to a higher pressure for a certain cooling capability. Thus it affects the

COP of adsorption system severely. From the literature reviews, COP of adsorption
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systems are usually less than one. However, COP for vapour compression systems
are always greater than one. Performance and cooling power of various ammonia-
activated carbon refrigeration systems from literature of the past decade is tabulated
in Table 2.4. From Table 2.4, specific cooling power range from 0.06 to 1.0 kW kg™
for ammonia-activated carbon adsorption system. Specific cooling power for most of
the system falls within 0.5 kW kg™. The cooling power of adsorption refrigeration
using ammonia-activated carbon is in the range of 0.30 to 4.00 kW with cycle times
ranging from three to 60 minutes. In addition, COP for adsorption refrigeration using
ammonia-activated carbon range from 0.09 to 1.12. The COP of most of these

systems is approximately 0.30.
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Table 2.4

adsorption refrigeration systems

Performance and capability of various ammonia-activated carbon

Author (s) Method Type COP SCP, Cooling Cycle
kW kg | Power, Time,
kW mins
. . Monolithic
Tamainot-Telto et al. | Simulation | oo 0.3-0.6 ) ) )
(2009) : : Granular . i . .
Simulation carbon 0.2-0.7
Simulation Carbon fiber | 0.1-0.6 - - -
. . Carbon
Simulation powder 0.1-0.7 - - -
. . Compacted
Simulation carbon 0.1-0.7 - - -
- With mass
Wang et al. (2006b) Experiment recovery 0.25 0.473 0.89 30
- With mass
Experiment recovery 0.31 0.579 1.09 40
. With mass
Experiment recovery 0.34 0.627 1.18 50
- With mass
Experiment recovery 0.32 0.595 1.12 60
- Without mass
Experiment recovery 0.16 0.303 0.57 30
. Without mass
Experiment recovery 0.19 0.361 0.68 40
- Without mass
Experiment recovery 0.22 0.420 0.79 50
- Without mass
Experiment recovery 0.21 0.388 0.73 60
Wang et al. (2006a) Experiment 0.24 0.494 0.93 30
Experiment 0.30 0.563 1.06 40
Experiment 0.36 0.627 1.18 50
Experiment 0.35 0.595 1.12 60
Oliveira et al. (2007) | Experiment 0.35 1.000 - -
. . . 0.67- 0.178-
Critoph (1999) Simulation 112 0.557 - -
Lambert & Jones . Highway
(2006b) Calculation Cruise 0.46 0.306 2.00 6.7
Calculation | City cruise 0.50 0.510 3.33 6.7
Calculation | Idle 0.83 0.610 4.00 6.7
Tamainot-Telto & Experiment Basic 0.22 0.220 0.55 10
Critoph (2003) Experiment | 0.125 mmfin | 0.20 0.580 1.50 3.33
Experiment | 0.300 mm fin | 0.21 0.400 1.06 5
Qu, et al. (2002) Experiment ggg 0.060 | 2.00 34-46
Vasiliev, et al. (2001) | Experiment 0.75 - 0.30 12

Vasiliev et al. (2001) designed and study a solar-gas solid sorption using

ammona-activated carbon fiber adsorption pair for the heat pump. They used two

different types of heat source; which is gas flame and solar. Solar collector sized
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3 m? was used in the solar adsorption system. Heat sources was maintained at 1 kW
for comparison. The cooling output was approximately 750 W which in turn gave a
COP of 0.75. Both heat sources, either flame or solar, was experimentally tested. The
cycle time for the system was limited to 12 minutes due to the limitation of the
activated carbon fiber material.

Qu et al. (2002) constructed an adsorption refrigeration system using
ammonia-activated carbon as the working pair. They simulate two types of cycles
with ammonia-activated carbon where they believe mass recovery system will have
better performance than the basic one. From their simulation, they found out that the
mass recovery system has lower COP in the desorption temperature range 120 to
160 °C. COP for both system are approximately similar to each other in the
temperature region of 180 to 230 °C. COP of both system reported to be in between
0.07 to 0.16. With the experiment setup, COP was found in the range of 0.09 to 0.13
with cycle time of 34 to 46 minutes. SCP was in the range of 0.060 to
0.069 kW kg™.

Tamainot-Telto & Critoph (2003) designed three small experimental
adsorption air conditioning modules using ammonia-monolithic carbon pair. The
three variants were related with the construction of the heat transfer fins. Initially, a
basic construction of the module was done without fins. The other two modules were
produced with fins of 0.125 mm thickness and 0.300 mm. The module with
0.125 mm fins gave better heat transfer properties therefore better performance in
terms of cooling output. It gave about twice the cooling production of the basic
module and 40% higher than the module with 0.300 mm fin thickness. All three

systems had a similar COP.
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Lambert and Jones (2006a and 2006b) analyzed heat from exhaust gas from
an automobile at three different drive conditions; namely idling, city cruise and
highway cruise. Then, they design an air conditioning system using adsorption
system for the driving condition of the automobile with exhaust gas as the heat
source. Heating source was found to increase from idling to highway cruise due to
the exhaust power increases as these conditions. In their design, they utilize
ammonia-activated carbon fiber as the adsorption pair for the air conditioning
purpose. They use an analytical method to design the system. In their work, they
targeted to cool the car cabin within 6.7 minutes. In their design, there were three
adsorber-desorber cylinders for the adsorption air conditioner. While two are utilize
for heating (ammonia desorption) and cooling (ammonia adsorption), the third was
left to cool down after the desorption process from the previous cycle. This
intermittent cylinder is preparing for adsorption of ammonia in the next cycle.
Results from their analyses are shown in Table 2.4.

Critoph (1999) wrote a simplified thermodynamic Mathlab model to predict
the COP of a convective thermal wave cycle for ammonia-granular activated carbon
adsorption refrigeration system. In his model, he varied four parameters to study the
effects of each parameter on the system. The parameters varied are bed length, heat
transfer fluid’s flow rate, breakthrough temperature and initial isothermal
temperature. COP is found to increase as bed length and initial temperature increases
while COP was found to be reduce as the heat transfer fluid’s flow rate increase.
Increment of breakthrough temperature does not seem to have effect on the COP of
his system modelled. Using suitable parameters, the author then streamed down to
design an air conditioning unit using a highly adsorbent carbon with high heat

transfer coefficient. However, no experimental data was presented.
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