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Abstract: Activated carbon is widely used for its diverse adsorptive abilities, with a vast range of
current and emerging uses. This study developed a data set for high-performing activated carbon,
its adsorption abilities with differing adsorbents, and an understanding of what deviations are
present compared to the widely used adsorption models. This study included the construction of
Toth isotherms in varying conditions. Building a strong isotherm correlation is desired, with an
understanding of the relationship between the pores of the activated carbon sample, operating
parameters, and the adsorbent. The present data could complement efforts in designing adsorbed
natural gas storage systems. Experimental data was collected using a Constant Volume Variable
Pressure (CVVP) apparatus, consisting of a temperature-regulated vessel containing the activated
carbon sample dosed with varying adsorbents through a controlled dosing vessel. Analysis of the
derived data gave a well-fitted Toth adsorption isotherm, giving the maximum specific adsorption
capacity of the activated carbon to be 2.28 g of propane per gram of activated carbon with a standard
error of regression J of 0.01 g/g, and the experimental data are associated with 0.24% of
uncertainty. The free space calculation from the helium calibration produced a value of 43.3 £ 0.7

cm’,

Keywords: Refrigeration cycle; Helium calibration; Thermodynamic; Industry, innovation and

infrastructure

1. Introduction

Activated carbon is a substance widely used for its excellent adsorptive capabilities. Extensive
microscopic pores in the material allow large volumes of fluids to adhere to it for a relatively small
volume and mass of carbon. It is commonly used in chemical recovery and purification applications,
air and odour scrubbing, clean-up operations, and poison treatments. An application that is a
research topic is adsorption refrigeration, which has the benefit of vibration- and electricity-free
refrigeration. The propane usage in domestic refrigerators is examined in terms of energy
consumption, compressor lubrication, costs, availability, environmental factors, and safety. It is
concluded that propane is an attractive and environmentally friendly alternative to CFCs used [1].
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This experiment examines the adsorption behaviour of propane on a sample of Maxsorb Il activated
carbon. The apparatus consists of CVVP vessels placed in temperature-controlled water baths to
maintain thermal stability. The free expansion between the CVVP vessels was used to measure state
changes of the contained gas. Data on propane adsorption was gathered, and a Toth adsorption
isotherm was accurately fitted to the data. The CVVP apparatus setup allows for the construction
of isotherms, tracking adsorbates behaviour and adsorption capabilities under varying pressures and
temperatures. Previous work has looked at the calibration of the experimental apparatus using
helium; this study only performed helium calibration without further experiments using propane
or other gases [2]. Another study was conducted to investigate the adsorption characteristics of
methane on a Maxsorb II specimen of activated carbon that was measured over the temperature
range of (281 to 343) K and at pressures up to 1.2 MPa using a new volumetric measurement
system [3]. The results of the methane study are shown in Figure 1.
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Figure 1. Methane adsorption isotherms on Maxsorb Il at 281 K, 298 K, 313 K, and 343 K with
Toth and Dubinin-Astakhov isotherms [3]

Current uses of activated carbon include filtration to create drinking water, ingestion to treat
poisoning by preventing the uptake of poisons into the victim, treating air pollution, and purifying
other liquids and gases [4], [5], [6], [7], [8], [9]. The high surface area of activated carbon allows it
to perform well in these filtration and extraction roles based on its adsorptive capabilities. Future
uses include the adsorption refrigeration cycle and replacing the mechanical compressor with a
thermal compressor. A diagram of the adsorption refrigeration cycle is shown in Figure 2. The
thermal compressor consists of two vessels containing an adsorbent, one saturated with the
adsorbate refrigerant and the other dry. The saturated vessel is heated, allowing endothermic
desorption to occur, and is termed the desorption vessel. The off-gassing refrigerant leaves the
desorption vessel to flow through the condenser, expander, and evaporator before it reaches the
dry adsorption vessel. The adsorption vessel adsorbs the refrigerant, allowing the fluid to flow
around the system in a pseudo-closed cycle and then releases the heat of adsorption, which is cooled
by the environment.

There are some possible adsorbate/adsorbent pairs, of which activated carbon and propane are one,
with examples of other pairs, such as methyl alcohol as adsorbate and silica gel as adsorbent [10].
Activated carbon can be produced physically or chemically. Physical production usually involves
carbonising: carbon-rich materials such as wood, bamboo, crop husks, peat, or coal are heated up
to 2000°C until 20-39% of the original mass remains [4], [11], [12]. This is like cooking, leaving a
carbon structure with the volatiles burnt off. Chemical production involves submerging the carbon-
rich source in acid, base, or salt at 450-900°C [5], [6], [7], [8], [13], [14], [15]. This process is
generally more commercially viable due to the lower temperature.
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Figure 2. Diagram of a simple adsorption refrigeration cycle

Activated carbon has some parameters that are used to characterise its performance. Iodine Number
is used to measure the performance of activated carbon at adsorbing small molecules sized up to 2
nm (micropores). It is defined by the number of milligrams of iodine adsorbed per gram of activated
carbon, which typically ranges from 500-1000 mg/g [7]. BET Surface Area uses the BET model to
measure the porosity of the activated carbon available for nitrogen adsorption at its boiling point
[16]. Activated carbon can have a BET surface area of 3000 m’/g [5]. Methylene blue is a measure
of the ability of activated carbon to adsorb particles sized 2 nm to 5 nm (mesopores), such as
methylene blue. It is given as grams of methylene blue per 100 g of activated carbon, with typical
values of 12-30 g/100 g [12].

Propane as refrigerant R290 was a popular natural refrigerant until the 1920s, before the discovery
and widespread use of CFCs. Freon (R-12) was a popular CFC refrigerant, the first non-flammable,
non-toxic refrigerant [17]. When the high ozone-damaging potential of CFCs was discovered in the
1980s, it led to the enactment of the Montreal Protocol and the eventual banning of CFCs and
HCEFCs. To fill this gap, HFCs, such as the ubiquitous R134a, which have a minimal impact on the
ozone layer, became widely used but were later found to have enormous global warming effects.
This led to the enactment of the Kyoto Protocol, which came into force in 2005 and has begun
efforts to phase out HFCs to reduce the greenhouse effect and global warming.

Before using R-12, propane was described as an “odourless safety refrigerant” [17]. This
demonstrates the danger of early refrigerants, which were commonly flammable, highly toxic, or
both. No modern refrigerants can satisfy the ideal trade-offs of low toxicity and flammability with
no long-lasting environmental damage in the upper atmosphere while still having viable operating
conditions. The flammability of propane is an issue, but with many other refrigerants being banned,
the use of propane as a refrigerant has again increased.

Propane is also an easily transportable fuel for vehicles and heating in the form of Liquified
Petroleum Gas (LPG). LPG is stored as a mixture of propane and butane as a liquid at room
temperature using high pressure. Activated carbon or other microporous materials are an attractive
option for improving propane storage. By adsorption, pressure vessels containing activated carbon
can store a larger gas mass at a lower pressure [5].

Propane and butane have different boiling points. Propane can handle much lower temperatures,
so it is used in homes with outdoor storage. Butane is better stored indoors as it does not function
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as effectively in colder climates [18], [19], [20]. Propane is usually obtained from wet natural gas
production. The reservoirs from where the hydrocarbons are obtained can contain impurities such
as sulphur, which can cause corrosion issues with pipelines, pressure vessels, and heat exchangers
[21]. Combustion products of these impurities, such as sulphur oxides, are hazardous environmental
pollutants and pose health risks, which can also damage catalytic converters designed to reduce
vehicle emissions [22]. Activated carbon is a good candidate for filtering these impurities and
creating cleaner storage, transport, and combustion gas.

Different models for adsorption sites use different adsorption assumptions, such as monolayer
adsorbates, where only a single layer of adsorbate molecules is deposited on the adsorbent, which
has a homogenous distribution of adsorption sites. The pressure of the gas is much lower than its
saturation pressure. Multilayer adsorbates can adhere to already adsorbed molecules, creating
stacked adsorbate layers. The adsorption energy of each subsequent layer decreases. The pressure
of the gas approaches its saturation pressure in the system. Pore fluids, where the adsorbent has
cylindrical adsorption sites of finite diameter that can gradually be filled with adsorbed molecules.
Molecules larger than the pore diameter cannot adhere to these sites [2], [19]. The Freundlich
isotherm is a purely empirical isotherm model developed by Freundlich and Kuster in 1906. The
formula is described by [23]:

1

0 =kPn (1)

where 8 is the mass ratio between adsorbate to adsorbent, k, and n are the empirical constants for

the gas-adsorbate pair, and P is the pressure of the adsorbing gas.

The Langmuir isotherm was developed by Irving Langmuir in 1918. The model assumes a
monolayer adsorbate with an ideal gas without interaction between molecules. The model is defined

by Eq. 2.

g—1P
1+ Kp

2)

@ is the proportion of adsorption sites occupied, K is the sorption equilibrium constant, and p is
the partial pressure of the gas [24].

The BET model improved the Langmuir model by creating a multilayer model with a random
distribution of adsorption sites and no longer assuming an ideal gas. This model allows for attraction
and adherence between gas molecules and adsorbents that can act as a substrate for multiple

adsorption layers. The model is defined by Eq. 3.

V cz
= 3)
V.., @-2)1-2z+cz)
where Z= P,/ P, P is the equilibrium pressure, P, is the vapour saturation pressure, V. is the

volume corresponding to the surface being covered by a monolayer, V' is the gas volume, and C
is a constant [25].

The D-A model has been used to describe micropore volume filling and the solids' energetic

heterogeneity with multilayer pores [26], [27]. The fraction of micropore filling & is defined Eq.
4,
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0= fi exp —(EA] :\ﬁexp _(W} (4)

i Vv E

where f, =V, /V, is the fraction of occupied adsorption sites located in the micropores with an

adsorption characteristic energy E,, and the adsorption potential is A=RT In ( P, / P) . The Toth
isotherm is an empirical model built off the Langmuir model that can provide more accurate results

at low and high pressures [28], [29]. The fraction of occupied adsorption sites € is defined Eq. 5.

9:% (5)

1+ (Kep) |

where K; and ¢ are equation constants, and p is the equilibrium pressure. When ¢ = 1, the T6th

isotherm is identical to the Langmuir isotherm. The value of ¢ describes the heterogeneity of the
adsorbent micropores [28], [30]. The adsorption data of this study were fitted to two isotherm
models proposed by Toth and Dubinin—Astakhov (D-A model) with a predictive accuracy of better
than 3 %. This study develops the ongoing data set for high-performing activated carbon, its
adsorption abilities with differing adsorbents, and an understanding of what deviations are present
compared to the widely used adsorption models. This study includes the construction of Toth
isotherms in varying conditions. Building a strong isotherm correlation is desired, with an
understanding of the relationship between the pores of the activated carbon sample, operating
parameters, and the adsorbent.

2. Material and methods

The activated carbon used in this experiment was Maxsorb II from the Kansai Coke and Chemicals
Company. The activated carbon is made from coal, unloaded from large ships at the wharf and
transported to the coal storage area by conveyor belt. The coal is blended and crushed, then dry-
distilled into coke for steelmaking in the coke ovens. The coke is supplied to Kobe Steel's Kakogawa
Works on a 24-hour basis. This company developed and implemented a proprietary automatic coke
oven heating control system that reduced coke oven gas (COG) consumption by approximately 5%
compared to before it was implemented. This system has been adopted by the New Energy and
Industrial Technology Development Organization (NEDO) as an International Demonstration

Project on Japan's Energy Efficiency Technologies.
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Figure 3. Diagram of the CVVP apparatus
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Once the volume of the adsorption/reference section had been determined, the data for the
propane isotherms was gathered. At 15°C, the saturation pressure of propane is 7.3 bar, which
makes gathering data for an 8-bar run at 15°C impossible as the dosing vessel cannot supply pressure
above its saturation pressure to the adsorption vessel.

Another factor in avoiding the 15°C and 8 bar propane run was the risk of unintentionally depositing
propane condensation onto the activated carbon. As a safety measure, the cold 15°C dosing vessel
was never to be charged with propane at a pressure that could cause condensation, despite the
outdoor temperature propane tank being able to supply such a pressure.

Data processing and analysis were carried out during each procedure to verify the success or failure
of the experimental runs. All data analysis was done on Microsoft Excel using the data exported
from the Keysight BenchVue data logging software. The pressure transducers output their
frequency (Hz) data to minimise interference. This is because the data is not readily readable, unlike
the RTD data, which directly outputs the temperature at °C. The results could be interpreted once
the data had been graphed on comparable scales.

The helium calibration runs were used to calculate the dead volume of the adsorption/reference
section. The results from earlier studies were used to acquire the calibrated volume of V,=177.1
cm’ for the dosing vessel [2], [3]. Densities of the gas (in mol/m’) at measured equilibrium
temperatures and pressures were obtained using the REFPROP and their molecular weights. The
moles of helium that left the dosing vessel during a dosing operation (the short opening of valve N-
2) were calculated Eq. 6.

Nyose—Helium :Vl-[/?d,i (T p)=Pas (T’ Pi )] (6)

Helium

where p,; and p, ; the dosing vessel helium densities are at equilibrium before and after the

dosing procedure.

Summing up, each dose gave a total number of moles in the adsorption/reference section. Since
helium is a non-adsorbing gas, all the moles of gas in the adsorption/reference section will be
assumed to be in a vapour phase and, therefore, contribute to the state of the gas. Based on this

assumption, the volume of the adsorption/reference section ¥, can then be calculated Eq. 7.

z ndose—HeIium

V =
’ padsorption—HeIium (T! p)

(7

where 0, 4c0rmrion-Helium (T, p) is the density of helium in the adsorption vessel for a measured

equilibrium temperature and pressure.
Determining the dead volume of the adsorption/reference section allows for the calculation of the

propane amount adsorbed onto the activated carbon. The moles of propane that leave the dosing
vessel during a dose is calculated Eq. 8.

ndose—Propane :V1'|:pd,i (T1 pi)_pd,f (T' pf )] (8)

Propane

The moles of gas that are in the vapour phase and contribute to the pressure of the
adsorption/reference section are calculated Eq. 9.
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nfree = V2 ' padsorption—Propane (T ’ p) (9)

Taking the difference between the total moles of gas that have entered the system and the moles of
gas in a vapour phase allows the moles of propane that have been adsorbed onto the carbon to be
calculated Eq. 10.

n (10)

adsorbed — ndose—Propane - nfree

Calculations of the adsorption isotherm models were based on work done in a similar paper [3]. A
Toth adsorption isotherm model was fitted to the data. The equation used in this analysis calculated
the total mass of adsorbed gas per unit mass of activated carbon, slightly different from the equation
(5), which calculates the proportion of filled adsorption sites. The specific adsorption capacity of

the adsorbent C with units of grams of propane per gram of activated carbon is given Eq. 11.

CmaxkO eXp [é—?) p
C= - (11)

ARY TV
1+ k .
{ °exp(Rij}

where C . is the maximum specific adsorption capacity of the adsorbent, k, is the pre-

exponential constant, Ah is the isosteric heat of adsorption, R is the universal gas constant, and t
is the dimensionless Toth constant, which measures the heterogeneity of the adsorbent micropores

[3]. T and p are the temperature and pressure at an equilibrium point and the equation parameters

Coxs Ko Ah/ R, and t are fitted to the experimental data.

3. Results and discussion

After the activated carbon successful regeneration, the helium non-adsorbing behaviour was
confirmed by the linearity of the dosed moles versus the pressure, with the data shown in Figure 4.
The dead volume was measured to be V, = 42.3 cm’ using equations (6) and (7). The full set of
helium equilibrium data points is used to calculate the dead volume and create Figure 4.
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Figure 4. Helium calibration plot
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Equations (8), (9), and (10) were used to create the plot for the specific adsorption of propane
shown in Figure 5. Propane data at 30°C 8 bar had been gathered but was found to have procedural
error and was removed from the data set. The initial behaviour of the data at low pressures is a
linear increase of adsorption with pressure, but this then flattens out as the pressure increases. This
is typical of activated carbon and fits a Type 1 IUPAC physisorption isotherm, where the initial
filling of pores with the adsorbate increases linearly with the pressure but then flattens out as the
adsorbent reaches’ saturation without the pore size to form significant multilayer adsorbates [31].
The experimental data and the fits with the two isotherms in Figure 5 show the deviation plots for
the two isotherms. In the D—A isotherm, the parameter designating the thermal expansion of the
adsorbed phase-specific volume was used by Rubes et al. [32] and Saha et al. [20]. It is seen that the
D—A equation is associated with larger positive deviations than the Toth equation and negative
deviations in the uptake region, indicating that the curvature of the isotherm in the lower
temperatures is not exactly reproduced.
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Figure 5. Propane adsorption on activated carbon isotherm plot, with a fitted Toth isotherm
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Figure 6. Isosteric heat of adsorption as a function of the amount adsorbed [33]

The isosteric heat of adsorption increased as the adsorption capacity increased, as seen in Figure 6.
Significant lateral interactions between adsorbates at adsorbent sites caused this increase. The
propane molecules preferentially bind at cage centre sites, followed by adsorption at cage window
sites, as explained by Rubes [32]. The adsorption enthalpies rise as propane loading increases
because the adsorbates at the cage centre and cage window sites have strong lateral interactions.
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When the isosteric heat of adsorption increased with coverage (due to increasing the lateral
interaction between adsorbate-adsorbate interactions while decreasing the binding energy between
adsorbate molecules and the adsorbent surface), this resulted in a decrease in the number of
propane molecules that could be adsorbed and a decrease in the amount of gas delivered at
desorption due to more gas molecules remaining in adsorbent sites due to the increased lateral
interaction [33].

4, Conclusion

The data and results of this study will provide a valuable addition to the body of knowledge of its
larger parent project and assist in future research. The accurate measurement of the dead volume
was determined to be 43.3 = 0.7 cm’, and it verified results from previous studies. The dead
volume measurement allowed for gathering data on propane adsorption, which was set out at the
beginning of the project. Data could be gathered across the full desired range of 2-8 bar pressures
and temperatures of 15-45° C. Analysis of the data gave a well-fitted Toth adsorption isotherm,
giving the maximum specific adsorption capacity of the activated carbon to be 2.28 g of propane
per gram of activated carbon with a standard error of regression 0" of 0.01 g/g. The accuracy of
the data has room for improvement, with one of the eleven propane data runs having a procedural
error. In addition, there is an opportunity for enhanced uncertainty analysis if the sensor reading
discrepancies can be improved.
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