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Adsorption of n-hexane on a low-cost adsorbent obtained
from waste tyres and its microwave regeneration
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This work investigates adsorption of n-hexane on activated tyre pyrolysis char (ATPC) and granular
activated carbon (GAC) as a referencematerial in a fixed-bed column.Microwave-assisted regeneration
is also considered. The adsorbed amount of n-hexane on ATPC is in the range of 37–58 mg/g.
Microwave-assisted desorption of ATPC samples enables the recovery of up to 95% of adsorbed
n-hexane in this non-optimized microwave setup with the efficiency of microwave energy conversion
into heat of only 5–6%. For the 50% breakthrough time, ATPC and GAC are able to purify the
n-hexane gas volumes in the ranges of 20–90 and 935–1240 cm3/g, respectively. While adsorption
kinetics is not satisfactorily described by pseudo-first and pseudo-second order kinetic models, it is
very well reflected by a family of dynamic adsorption models, which are modelled with a single
logistic function. Internal diffusion is likely the rate limiting step during adsorption on ATPC, while
external and internal diffusion likely plays a role in adsorption to GAC. Although microwave-assisted
regeneration is performed in a general purpose microwave reactor, both adsorbents show excellent
performance and are very good candidates for the adsorption process. Preliminary results show that
magnetite can further reduce microwave energy consumption.
Keywords: microwave regeneration, tyre pyrolysis char, granular activated carbon, n-hexane

1. INTRODUCTION

The utilization of waste tyres is a significant global concern and environmental challenge (ETRMA, 2019;
World Business Council for Sustainable Development, 2008). An obvious consequence of automotive
development is an increase in the amount of waste tyres. It is estimated that 1.4 billion end-of-life tyres
(ELTs) are generated globally each year and around 4 billion ELTs had been deposited in landfills and
stockpiles worldwide by 2008 (Acosta et al., 2016; Kandasamy and Gokalp, 2015; López et al., 2009;
Sienkiewicz et al., 2012).

Pyrolysis of waste tires is considered an attractive alternative to traditional methods of waste tyre utilization,
i.e. material and energy recovery. The process consists in the thermal decomposition of waste tyres in the
absence of air, resulting in char (33%), oil (35%), gas (20%) and metal (12%) (Sharma et al., 1998). There
is general agreement that pyrolysis char should be valorised to improve the economic viability of waste tyre
pyrolysis (Antoniou et al., 2014). Such valorisation, being physical or chemical activation, improves the
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adsorption properties of the carbonaceous material by developing a porous structure within it (Antoniou
et al., 2014; Mui et al., 2004).

To date, activated tyre pyrolysis chars (ATPCs) have been successfully applied for adsorption of different
pollutants from the gas and aqueous phase (Kuśmierek et al. 2021a; Kuśmierek et al. 2021b).

In the present work n-hexane was chosen as a model adsorbate. As n-hexane emissions cause air pollution
and significant damage to human health, including serious occupational neuropathies, they need to be
controlled and minimised.

With a boiling point of 69 ◦C, n-hexane is recognized in the UE as a volatile organic compound (VOC) –
“any organic compound having an initial boiling point less than or equal to 250 ◦C measured at a standard
atmospheric pressure of 101.3 kPa.” (Directive 2004/42/CE). TheVOC emission is a serious environmental
problem that is regulated in the EU by the Paints Directive (Directive 2004/42/CE) and the Industrial
Emissions Directive (Directive 2010/75/EU).

Adsorption is the method of choice for dilute VOC streams. The method is the most common, cost-effective
and well-established. Overall, absorption, condensation and membrane separation are also used for this
purpose, but they are better suited for more concentrated VOC streams (Clean Air Technology, 1999).

A bottleneck in the adsorption process is the adsorbent regeneration step, which is usually time and
energy consuming. In this context, microwave swing adsorption (MSA) is considered as an attractive
alternative method to conventional temperature swing adsorption (TSA). MSA differs from TSA only
in the regeneration step, which is accomplished using microwaves to heat the adsorbent bed instead of
conventional heat supply methods. The main advantage of MSA compared to TSA is direct, instantaneous
and selective heating. On the other hand, the major disadvantages of MSA include limited penetration
depth of microwaves, hence limited depth of heating, and nonhomogeneous heating leading to hot-spots,
i.e. local overheating (Cherbański and Molga, 2009).

To overcome these problems in industrial processes, various innovative technical solutions have been
proposed. One of them is the Sairem series of professional LABOTRON™microwave reactors equipped
with a patented internal transmission line technology (Stankiewicz and Nigar, 2020). In such reactors,
microwaves are fed through a U-waveguide directly into the reaction mixture. Importantly, the reactor is
made of stainless steel and equipped with a cooling jacket and a mechanical stirrer.

In addition, various microwave processes may suffer from non-uniform heating. Since higher microwave
powers are applied for larger-scale processes, the problem of non-uniform heating is more pronounced
here. To conquer this problem, several new reactor concepts have been proposed, namely: (1) monomodal
microwave reactor from the Universities of Zaragoza and Valencia, (2) the rotating monolith catalyst from
the University of Zaragoza and the Danish Technological Institute, and (3) traveling microwave reactor
fromDelft University of Technology (Stankiewicz andNigar, 2020). Although these solutions are dedicated
to reactors, they can also be adopted to adsorbers.

The first papers on the microwave regeneration of adsorbents come from the 1980s (Burkholder et al., 1986;
Roussy and Chenot 1981; Roussy et al. 1984). To date, this technique has been successfully employed for
the regeneration of various types of adsorbents, including silica gel (Polaert et al., 2010; Reuß et al., 2002;
Robers et al., 2005), zeolites (Cha et al., 2004; Cherbański et al., 2011; Han et al., 2010; Kim and Ahn,
2012; Kim et al., 2007; Meier et al., 2009; Polaert et al., 2010; Price and Schmidt, 1998; Witkiewicz and
Nastaj, 2014) and activated carbon (Ania et al., 2004; Ania et al. 2005; Ania et al., 2007; Çalişkan et al.,
2012; Cha and Carlisle, 2001; Cha et al., 2004; Cherbański, 2018; Coss and Cha, 2000; Dehdashti et al.,
2011; Fayaz et al., 2015; Foo and Hameed, 2012a; Foo and Hameed, 2012b; Foo and Hameed, 2012c;
Hashisho et al., 2005; Liu et al., 2004; Mao et al., 2015b; Quan et al., 2004; Robers et al., 2005; Witkiewicz
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and Nastaj, 2014; Yang et al., 2017). MSA was also the subject of several review papers (Bathen, 2003;
Cherbański and Molga, 2009; Yuen and Hameed, 2009).

Although thermal regeneration can lead to deterioration of the adsorption capacity of activated carbons
due to structural annealing (partial collapse of the porous structure) and formation of coke inside pores,
the decrease of original adsorptive capacity is lower for MSR than for TSA (Ania et al., 2004; Ania et
al., 2005). It is hypothesized that the diffusion of adsorbed molecules from the inside to the outside of an
adsorbent is favoured because of the opposite temperature profile, which is characteristic for microwave
heating (Ania et al., 2004; Ania et al., 2005). It is also likely that the direct interaction of microwaves with
some polar compounds at low temperatures can lead to the thermal cracking of the adsorbed molecule
inside the carbon porous network (Çalişkan et al., 2012). In contrast, there are several papers showing
that the adsorption capacity was unaltered (Cha et al., 2004; Dehdashti et al., 2011; Fayaz et al., 2015;
Foo and Hameed, 2012a; Foo and Hameed, 2012c; Mao et al., 2015a) or even higher (Ania et al., 2007;
Liu et al., 2004; Quan et al., 2004) than the original adsorption capacity of activated carbon after several
successive regeneration cycles of MSA. The unchanged adsorption capacity was also reported in the co-
authors’ previous work, in which regeneration of granular activated carbon (GAC) loaded with toluene was
investigated by microwave and conductive regeneration (Cherbański, 2018).

This work concerns the adsorption of n-hexane on a low-cost adsorbent obtained from waste tyres with
its subsequent regeneration by microwaves. While many research efforts have been made to study the
adsorption of various pollutants on ATPC, previous works have neglected the adsorbent regeneration step.
In the present paper, the intensified regeneration of ATPC is proposed by using microwaves. The influence
of the various process operating conditions on adsorption and microwave desorption is thoroughly checked
for ATPC and granular activated carbon (GAC) as a reference adsorbent. The following process operating
conditions were tested: the impact of n-hexane vapour flow rate on breakthrough curves, the effects of
microwave power and purge flow rate on microwave desorption and the influence of magnetite addition on
microwave desorption.

The novel element in this work is the use of waste materials (TPC and ATPC) as VOC adsorbents in order
to implement the strategy of sustainable development and environmental protection. While other works are
mainly concerned with the sorption of pollutants from the aqueous phase on various waste materials, this
work concerns adsorption from the gas phase. An additional novel element in this work is the microwave
regeneration of these low-cost adsorbents, which allows for the intensification of the process.

2. EXPERIMENTAL

2.1. Materials

Granular activated carbon (GAC), purchased from Chempur (Poland), was used in the experiments as
a reference adsorbent. Table 1 lists its selected physical and chemical properties.

The equivalent diameter of the ATPC particles is 18.4 `m, while the BET surface area is 256 m2/g
(Kotkowski et al., 2020).

n-Hexane (CAS: 110-54-3; purity ≥ 99.5%), purchased from Chempur (Poland), was used as an adsorbate.
Nitrogen (purity ≥ 99.999%), delivered by Multax (Poland), was used as the carrier and purge gas.

Tyre pyrolysis char (TPC) was produced from shredded waste tyres of different types and brands in a pilot
plant at our home university. A detailed description of this pilot plant can be found elsewhere (Kuśmierek
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Table 1. Selected physical and chemical properties of GAC

Parameter Value

Shape cylindrical

Diameter approx. 1 mm

Length approx. 4 mm

Bulk density 454 g/dm3

Moisture content 2.1 %

Methylene blue number 25 cm3

Iodine number 997 mg/g

Water absorbability 0.88 cm3/g

et al., 2020b). A batch of about 20 kg of waste tyres was pyrolyzed at 773 K under N2 atmosphere. The
TPC, oil and gas yielded 39 wt.%, 55 wt.% and 6 wt.%, respectively.

Activated tyre pyrolysis char (ATPC) was produced from the TPC feedstock in an electric tubular furnace
under CO2 atmosphere at 1373 K. The previous results of thermogravimetric analysis showed optimal
activation temperature and time (Kotkowski et al., 2018). Employing these optimal conditions, a sample
with the highest BET surface area (256 m2/g) was fabricated and selected for further instigations of
adsorption and microwave desorption.

2.2. Setups and procedures

Figure 1 shows the experimental setup used for adsorption of n-hexane vapour and microwave regeneration
of the adsorption bed.

Fig. 1. Schematic diagram of the experimental setup for adsorption of n-hexane vapour. (1) Nitrogen cylinder, (2)
mass flow controller, (3) thermostatic bath with bubbling gas saturator (used only in adsorption step), (4) a laboratory
microwave oven (used only in microwave regeneration) (5) glass column with ATPC/GAC, (6) small capacity glass
vessel from which the samples were taken for GC analysis and excess gas was vented, (7) two position valve,

(8) peristaltic pump, (9) gas chromatograph, (10) personal computer

A detailed description of the experimental setups and the methods used for calibration, adsorption and
microwave desorption can be found in the co-authors’ previous work (Cherbański, 2018). All significant
differences with respect to the current work are explained below.
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Instead of using a simple glass vessel equipped with a polypropylene stopper and fibre optic (FO) sensors
as in Cherbański (2018), a more customized quartz apparatus was designed and then made by a glassmaker
(Fig. 2). The maximum operating temperature during the tests was limited by the FO sensors (type FOT-
L-SD, FISO Technologies, Canada), which withstand temperatures up to 300 ◦C. Three FO sensors were
slipped into the glass probes (i.d./o.d. is 1.7/3.7 mm) in such a way that each sensor’s tip touched gently
the bottom of the inner side of the glass probe. The length of the sensor’s sensitive zone is 6.5 ± 0.5 mm
and it starts 4 ± 1 mm from its tip. Gas was introduced into and evacuated form the apparatus by Teflon
tubing. The carrier gas and the purge gas were evenly distributed through a perforated quartz plate that
was fixed in the bottom part of the quartz apparatus. For ATPC/TPC, which was in a powder form, a layer
of glass wool was placed in the upper part of the glass vessel to avoid elutriation of the material from the
vessel. A Teflon clamp was used for the detachable connection of the cap and the vessel body. The quartz
apparatus was placed in the centre of the multimode microwave cavity. The dimensions of this cavity can be
found elsewhere (Cherbański and Rudniak, 2013). The microwave oven operated with a maximum power
of 800 W at 2.45 GHz. The microwave power was adjustable with a setting accuracy of 1% (i.e. 8 W of
microwave power). The Teflon tubing and FO sensors were inserted into the microwave cavity through
a microwave choked outlet.

Fig. 2. A quartz vessel for adsorption and microwave desorption

Calibration was required to convert the chromatographic response of FID detector to the corresponding
concentration of n-hexane vapour in the gas. The slope of the calibration curve (assuming a straight line)
was calculated using the external method as proposed in (Cherbański, 2018). The resulting slope value
was 2.48 · 10−12 g/

(
cm3 ·mV ·min

)
with the maximum relative error of 2.65%. Basically, adsorption and

microwave regeneration were carried out using the same method as in (Cherbański, 2018).

The adsorbed and desorbed mass of n-hexane was calculated from Equations 1) and 2), respectively.

𝑚ads(𝑡) = ¤𝑉273.15N2
393.15
273.15

Slope
𝑡∫
0

(AreaMAX − Area) d𝑡 (1)
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𝑚des(𝑡) = ¤𝑉273.15N2
393.15
273.15

Slope
𝑡∫
0

Aread𝑡 (2)

where ¤𝑉273.15N2 is the volumetric flow rate of the carrier/purge gas (N2) at the normal temperature (displayed
on the mass flow controller), the term ¤𝑉273.15N2 393.15/273.15 is the volumetric flow rate of the carrier/purge
gas recalculated for the temperature of 393.15 (the external sample loop temperature), Slope is the slope
of the calibration curve, AreaMAX is the maximum signal of FID detector for the loaded adsorbent, Area is
the chromatographic response of the FID detector.

A series of measurements was carried out. Tables 2 and 3 list the process conditions for all experiments.

3. ADSORPTION KINETICS

The pseudo-first-order (PFO) (Lagergren, 1898) and pseudo-second-order (PSO) models are very fre-
quently used to describe adsorption kinetics. It is worth noting that the word ‘kinetics’ means in this
context the rate of adsorption and should not be confused with the kinetic regime of mass transfer. In
general, these models are essentially empirical equations (Rudzinski and Plazinski, 2007). However, when
the overall adsorption rate is limited by external mass transfer resistance, adsorption kinetics can be often
approximated by the pseudo-first-order model (Hubbe et al., 2019). On the other hand, when internal
diffusion limits mass transport, adsorption rate can be often described by the pseudo-second-order kinetic
model (Hubbe et al., 2019). The PFO and PSO models can be presented using the following differential
equations, respectively.

d𝑞
d𝑡

= 𝑘1 (𝑞𝑒 − 𝑞) (3)

where: 𝑞 [mg·g−1] is the amount of adsorbed n-hexane per unit mass of adsorbent, 𝑞𝑒 [mg·g−1] is the
amount of adsorbed n-hexane per unit mass of adsorbent at equilibrium, 𝑘1 [min−1] is the pseudo-first
order rate constant, and 𝑡 [min] is the time.

d𝑞
d𝑡

= 𝑘2 · (𝑞𝑒 − 𝑞)2 (4)

where: 𝑘2 [g·mg−1·min−1] is the pseudo-second order rate constant, and the other symbols have the same
meaning as in the PFO model.

After integration of Eqs. (3) and (4) and taking into account that 𝑞𝑒 is known from the experiments,
these equations can be rewritten in the alternative forms for the PFO and PSO models, respectively
(Simonin, 2016).

𝑞

𝑞𝑒
= 1 − 𝑒 (−𝑘1𝑡) (5)

𝑞

𝑞𝑒
=

𝑘∗2𝑡

1 + 𝑘∗2𝑡
(6)

where 𝑘∗2 ≡ 𝑘2𝑞𝑒.

Please note that while adsorption kinetics is commonly modelled using the PFO and PSO models, they
are essentially empirical equations that make little physical sense. For instance, Plazinski et al. (2009)
found that the PSO model does not correspond to any specific situation, but rather is able to fit typical
adsorption data as an approximation. There is general agreement, however, that the often observed perfect
fit of adsorption data to the PSO model is due to surface reactions or internal diffusion, which are the rate
limiting steps in these cases.

https://journals.pan.pl/cpe62



Adsorption of n-hexane on a low-cost adsorbent obtained from waste tyres and its microwave regeneration

Table 2. Details of performed experiments for GAC. The mass of the outgassed adsorbent for adsorption was
13.16 g for all experiments except for GAC 1–2, for which it was 13.15 g. For GAC 15, 1.44 g of magnetite
was added

Experiment

Adsorption Desorption

symbol

Nitrogen
flow rate
during
adsorption
[Nml/min]

Adsorbed
amount
[mg/g]

Relative
error
(Eq. (9))
[%]

Nitrogen
flow rate
during

regeneration
[Nml/min]

Microwave
power
[W]

Microwave
energy
[kJ]

Regeneration
degree (GC)
[%]

Reproducibility of the results

GAC 1 200 325 3.58 200 32 460.8 83.85

GAC 2 200 303 8.13 200 32 460.8 88.37

GAC 3 200 320 7.77 200 32 460.8 86.24

Effect of carrier gas flow rate on the breakthrough curves

GAC 4 100 378 12.36 – – – –

GAC 5 150 319 1.41 – – – –

GAC 3 200 320 7.77 200 32 460.8 86.24

GAC 6 250 296 9.86 – – – –

GAC 7 300 336 0.42 – – – –

GAC 8 350 282 14.75 – – – –

GAC 9 400 299 7.67 – – – –

Effect of microwave power on desorption

GAC 10 200 336 1.09 200 16 460.8 79.88

GAC 11 200 351 4.93 200 24 460.8 78.48

GAC 3 200 320 7.77 200 32 460.8 86.24

Effect of purge flow rate on desorption

GAC 12 200 328 1.30 100 32 460.8 81.66

GAC 3 200 320 7.77 200 32 460.8 86.24

GAC 13 200 327 0.75 300 32 460.8 92.36

GAC 14 200 342 2.93 400 32 460.8 89.61

Effect of magnetite on desorption

GAC 10 200 336 1.09 200 16 460.8 79.88

GAC 15 200 322 4.77 200 16 230.4 74.73

On the other hand, the diffusion models, as the intraparticle model of Weber and Morris (1963), are
generally based on equations obtained from solving Fick’s laws of diffusion and can therefore be helpful
to check whether internal diffusion limits the adsorption process.
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Table 3. Details of performed experiments for ATPC/TPC. The mass of the outgassed adsorbent for adsorption was
13.16 g for all experiments

Experiment

Adsorption Desorption

symbol

Nitrogen
flow rate
during
adsorption
[Nml/min]

Adsorbed
amount
[mg/g]

Relative
error
(Eq. (9))
[%]

Nitrogen
flow rate
during

regeneration
[Nml/min]

Microwave
power
[W]

Microwave
energy
[kJ]

Regeneration
degree (GC)
[%]

Reproducibility of the results

TPC 1 200 42 9.80 – – – –

TPC 2 200 30 3.10 – – – –

TPC 3 200 25 4.64 – – – –

Effect of n-hexane vapour flow rate on the breakthrough curves

TPC 4 100 28 8.23 – – – –

TPC 1 200 42 9.80 – – – –

TPC 5 300 29 3.62 – – – –

TPC 6 400 34 9.79 – – – –

ATPC 1 100 37 3.17 – – – –

ATPC 2 200 58 9.28 200 32 172.8 80.45

ATPC 3 300 37 0.80 – – – –

ATPC 4 400 44 0.94 – – – –

Effect of microwave power on desorption

ATPC 5 200 38 2.83 200 16 86.4 85.33

ATPC 6 200 40 7.45 200 24 129.6 94.90

ATPC 2 200 58 9.28 200 32 172.8 80.45

Effect of purge flow rate on desorption

ATPC 7 200 40 5.28 100 32 172.8 90.61

ATPC 2 200 58 9.28 200 32 172.8 80.45

ATPC 8 200 46 1.55 300 32 172.8 92.80

ATPC 9 200 50 2.36 400 32 172.8 92.02

The IP model can be written in the following form

𝑞(𝑡) = 𝐾𝑝 ·
√
𝑡 + 𝐶 (7)

where: 𝐾𝑝 [mg·g−1·s0.5] is the IP model rate constant, 𝐶 [mg·g−1] is the constant connected with the
boundary layer thickness (i.e. the film thickness for the external film diffusion model), 𝑞(𝑡) [mg·g−1] is the
amount of adsorbed n-hexane per unit mass of adsorbent at time 𝑡 [min].
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A higher value of 𝐶 indicates a thicker boundary layer, which is linked with a greater external diffusion
resistance. Overall, when the plot 𝑞(𝑡) versus

√
𝑡 is linear and goes through the origin, it means that internal

diffusion controls the adsorption process. In the case of materials with a well-developed internal structure,
multi-linearity can be observed in such a plot, showing that adsorption occurs with different rates when
adsorbate molecules move from the wider pores towards the narrower pores (macropores→mesopores→
micropores) (Wu et al., 2009).

There are also several dynamic adsorption models very often used to describe breakthrough curves, as the
Thomas (Th) (Wang et al., 2015), Yoon–Nelson (Y–N) (Han et al., 2019; Wang et al., 2015; Wang et al.,
2021; Yoon and Nelson, 1984; Zhang et al., 2018), Bohart–Adams (B–A) (Bohart and Adams, 1920; Yan
et al., 2018) models. Indeed, they are quite simple and can be rearranged into the same logistic function
(Chatterjee and Schiewer, 2011; Chu, 2020; Tan and Hameed, 2017; Yan et al. 2018) as shown below

𝐶𝑡

𝐶0
=

1
1 + 𝑒 (𝑎−𝑏𝑡)

(8)

where the 𝑎 and 𝑏 coefficients are explained in Table 4.

Table 4. Meaning of the logistic function coefficients used to model adsorption dynamics

Model a b Remark

Thomas
(Wang et al., 2015) 𝑎 = 𝑘Th𝑞𝑒

𝑚

𝑄
𝑏 = 𝑘Th𝐶0

𝑘Th [ml·mg−1·min−1] – the Thomas rate
constant,
𝑞𝑒 [mg·g−1] – the equilibrium adsorption
capacity, 𝑚 [g] – the amount of absorbent
in the column,
𝑄 [ml·min−1] – the vapour flow rate

Yoon–Nelson
(Han et al., 2019;
Wang et al., 2015;
Wang et al., 2021;
Yoon and Nelson, 1984;
Zhang et al., 2018)

𝑎 = 𝑘YN𝜏 𝑏 = 𝑘YN

𝑘YN [min−1] – the Yoon–Nelson rate con-
stant,
𝜏 [min] – is time required to reach
𝐶𝑡/𝐶0 = 0.5

Bohart–Adams
(Bohart and Adams, 1920) 𝑎 = 𝑘BA𝑁0

𝑋

𝑉
𝑏 = 𝑘BA𝐶0

𝑘BA [ml·mg−1·min−1] – theBohart–Adams
rate constant,
𝑁0[mg·ml−1] – the adsorptive capacity of
the adsorbent,
𝑋 [cm] – the bed height,
𝑉 [cm·min−1] is the superficial velocity of
eluent

4. RESULTS AND DISCUSSION

The reproducibility of the results obtained with the proposed experimental method was checked by per-
forming three independent series of experiments for GAC and TPC under the same conditions, and then
comparing the obtained results (GAC 1–3, Table 2 and TPC 1–3, Table 3). Although some discrepancies
between the curves can be observed for adsorption and microwave desorption (Fig. 3), the reproducibility
of the results is rather good.
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Fig. 3. Reproducibility of the results for the adsorption and desorption of n-hexane. The tests performed at the same
conditions (No. 1–3, Table 2)

To check whether the chromatographic method provides consistent results with the weight measurements,
relative errors were calculated for all samples shown in Tables 2 and 3. The relative errors were calculated
with the following equation.

RelError =

���𝑚𝐺𝐶
hex,ads − 𝑚

weight
hex,ads

���
𝑚
weight
hex,ads

100% (9)

The calculated errors were below 10% for most samples. Only two GAC samples showed higher errors
(Table 2). Moreover, almost the same mean errors for the GAC and ATPC/TPC samples were obtained,
amounting to 5.7% and 5.6%, respectively. On the basis of a separate weight measurement, the maximum
adsorbed amount of n-hexane on the layer of glass wool was about 2% of that for TPC. Therefore,
this contribution was considered to be negligible. In conclusion, the chromatographic method has been
positively validated as suitable for tracking adsorption/desorption dynamics.

Figure 4 shows the effect of carrier gas flow rate on the adsorption kinetics. It is apparent from the figure
that the uptake of n-hexane on GAC is faster when the carrier gas flow rate is higher. Generally, this is due
to two main factors that will be discussed later. On the other hand, the flow rate apparently has no effect
on the 𝑞/𝑞𝑒 ratio for the ATPC samples.

Table 5 presents the results of modelling the adsorption kinetics using PFO and PSO models. It shows
the parameter values with the associated standard errors and the adjusted coefficients of determination,
𝑅
2. The fit of the PFO and PSO models (Fig. 4) and the 𝑅2 values (Table 5) reveal that the PFO model
performs better than the PSO model. However, the agreement between the experimental and modelling
results is rather disappointing, even for the PFO model.

The IP model was used to test whether internal diffusion is the rate-limiting step in some experiments. As
can be seen in Figure 5, this is very likely for all ATPC samples, which follow a straight line through the
origin on the plot. More specifically, these experimental data are even better described using segmented
regression with two linear segments. Such performance can be explained by the decreasing diffusion rate
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Fig. 4. The effect of carrier gas flow rate on the ratio 𝑞/𝑞𝑒 for the GAC and ATPC samples. The symbols refer to
experimental data, while the solid and dashed lines refer to the PFO and PSO models

Table 5. Parameter values for the PFO and PSO models

Sample Nitrogen
PFO PSO

flow rate
[Nml/min]

𝑘1
[min−1]

Standard
error 𝑅

2∗) 𝑘∗2
[min−1]

Standard
error 𝑅

2∗)

GAC 4 100 0.01437 2.90 · 10−4 0.02251 0.00133

GAC 5 150 0.02707 6.30 · 10−4 0.05236 0.00368

GAC 3 200 0.03335 7.53 · 10−4 0.06332 0.00433

GAC 6 250 0.04831 0.00128 0.960 0.10136 0.00805 0.831

GAC 7 300 0.05014 0.00135 0.10588 0.00854

GAC 8 350 0.06519 0.00200 0.14565 0.01325

GAC 9 400 0.06608 0.00204 0.14787 0.01353

ATPC 1 100 0.0711 0.0011

0.975

0.15579 0.00595

0.932
ATPC 2 200 0.07166 0.00111 0.15797 0.00607

ATPC 3 300 0.07457 0.00118 0.16855 0.00663

ATPC 4 400 0.06017 8.60 · 10−4 0.1301 0.00467

∗) The adjusted coefficient of determination, 𝑅2 = 1 −
RSS/𝑑𝑓 Error
TSS/𝑑𝑓 Total

where RSS is the residual sum of squares,

TSS is the total sum of squares, 𝑑𝑓 is degree of freedom (OriginLab Corporation, 2021).

as the adsorbate molecules move from wider to narrower pores within the adsorbent. On the other hand, it
is likely that both resistances, i.e. external and internal diffusion play a role during adsorption process on
GAC as all these curves are highly non-linear.
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Fig. 5. Testing the mass-limiting step during adsorption with the IP model

Figure 6 presents the breakthrough curves for theGACandATPC samples. Bymultiplying the breakthrough
times by the corresponding carrier gas flow rates, the total purified gas volume can be calculated; in the
case of GAC samples, the breakthrough times are determined using a ratio of 𝐶/𝐶0 = 0.05. These simple
calculations show that the process ismore efficient when the carrier gas flow rate is lower. Such performance

Fig. 6. The effect of carrier gas flow rate on the breakthrough curves for GAC and ATPC. The symbols mean
experimental data, while the dashed lines mean the logistic function model
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can be explained on the basis of a simple analysis presented below. Note, however, that the analysis applies
only for the GAC samples showing the effect of external diffusion on the process.

Using a general correlation for mass transfer coefficient

𝑆ℎ = 𝐴Re𝑒𝑆𝑐 𝑓 (10)

and then rewriting Eq. (10) as

𝑆ℎ =
𝑘𝑐 · 𝑑ℎ
𝐷𝐴𝐵

= 𝐴

(
𝑢0𝑑ℎ
𝑣

)𝑒
𝑆𝑐 𝑓 (11)

one can obtain the following relationship
𝑘𝑐 = 𝐾 · 𝑢𝑒0 (12)

where 𝑘𝑐 is the mass transfer coefficient, 𝐾 is the proportional constant, 𝑢0 is the superficial velocity, 𝑒 is
the constant, which is generally lower than 1, 𝑑ℎ is the hydraulic diameter of particles, 𝐷𝐴𝐵 is the diffusion
coefficient, a is the kinematic viscosity of gas phase.

Dividing Eq. (12) by 𝑢0, we get
𝑘𝑐

𝑢0
= 𝐾 · 𝑢𝑒−10 =

𝐾

𝑢1−𝑒0
(13)

Given that 𝑒 < 1 for laminar and turbulent flows, it is clear that increasing the carrier gas flow rate, which
means also increasing its superficial velocity, leads to a decrease of the 𝑘𝑐/𝑢0 ratio. In other words, the
increase of the mass transfer coefficient due to the higher carrier gas flow rates becomes less pronounced
at higher flows, while the shorter residence time of the gas in the column becomes the decisive factor. As
the residence time becomes too short, the adsorbent bed height cannot be used effectively. In conclusion,
the lower the flow rate, the GAC adsorbent bed can be utilized more effectively.

As far as the ATPC samples are concerned, the breakthrough times are very low and hardly distinguishable.
Therefore, the times corresponding to the ratio of 𝐶/𝐶0 = 0.5 were used to calculate the volume of the gas
purified by ATPCs. It is worth noting that the influence of the flow rate discussed for the GAC samples
should not determine the adsorption rate in the case of ATPC samples for which the influence of internal
diffusion is postulated. However, an unequivocal statement of this fact on the basis of the breakthrough
curves is not possible. Using these times, the volumes which could be purified by GAC and ATPC are in
the range of 20–90 cm3/g and 935–1240 cm3/g, respectively.

Table 6 shows the parameter values with the associated standard errors and the adjusted coefficients of
determination, 𝑅2, for a logistic function, which was used to model the breakthrough curves. Note that the
found logistic functions are in good agreement with the experimental data and approximate the data much
better that the PFO and PSO models.

Figures 7 and 8 display the effect of microwave power on desorption for GAC and ATPC, respectively.

Remote and direct interaction of microwaves with matter is one of the main advantages of microwave
heating. Note that conventional heat supply methods require an external heat source. Heat is typically
transferred to the adsorbent bed through the adsorber wall or, more commonly, by preheated purge gas.
A rapid heating rate is observed when the dielectric properties of the heated material ensure a high
dissipation rate of microwave energy, as for the tested samples. Note that the boiling point of n-hexane
(69 ◦C) in the middle position of the GAC bed was already attained after 34 min, 7 min, 2.5 min for the
microwave power of 16 W, 24 W, and 32 W, respectively. Even shorter times were accomplished for the
ATPC bed at the same positions of FO sensors, showing 6 min, 3 min, 2.5 min for the microwave power
of 16 W, 24 W, and 32 W, respectively. Similarly, very fast cooling can be observed after switching off the
microwave power in Figs. 7 and 8.
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Table 6. Parameter values of the logistic function used to model adsorption dynamics

Sample
Nitrogen

Logistic function

flow rate
[Nml/min]

𝑎

[–]
Standard
error

𝑏

[min−1]
Standard
error 𝑅

2

GAC 4 100 42.61648 1.40259 0.37324 0.01232

0.99387

GAC 5 150 11.07185 0.01232 0.16937 0.84549

GAC 3 200 4.77785 0.84549 0.09539 0.01291

GAC 6 250 9.75185 0.01291 0.26924 0.22417

GAC 7 300 10.22305 0.22417 0.30567 0.00437

GAC 8 350 5.19064 0.00437 0.21466 0.87968

GAC 9 400 4.11278 0.87968 0.188 0.02421

ATPC 1 100 1.41285 0.02421 0.16645 1.00451

ATPC 2 200 1.47036 1.00451 0.24476 0.02996

ATPC 3 300 3.85366 0.02996 1.27575 0.36643

ATPC 4 400 4.41095 0.36643 1.51018 0.01486

∗) The adjusted coefficient of determination, 𝑅2 = 1 −
RSS/𝑑𝑓 Error
TSS/𝑑𝑓 Total

where RSS is the residual sum of squares,

TSS is the total sum of squares, 𝑑𝑓 is degree of freedom (OriginLab Corporation, 2021).

Fig. 7. Effect of microwave power on desorption for GAC

Although the high efficiency of microwave heating is partly due to hot-spot formation or local overheating,
it also leads to non-homogeneous heating. In the case of the GAC bed, the greatest differences between the
temperatures measured in the upper and lower positions of the FO sensors are about 24 ◦C, 37 ◦C, 81 ◦C
for the microwave power of 16 W, 24 W, and 32 W, respectively. In relation to the ATPC bed, the greatest
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Fig. 8. Effect of microwave power on desorption for ATPC

differences are about 31 ◦C, 40 ◦C, 93 ◦C for the same microwave powers, respectively. It is noteworthy
that temperature gradients are also expected in the radial direction, although they have not been measured
in this paper. Several papers show this effect in experiments and modelling (Durka et al., 2011; Gangurde
et al., 2017; Nigar et al., 2019).

Remarkably, although microwave-assisted desorption was carried out in a multimode microwave cavity,
the temperature distribution within the bed was always the same. Namely, the higher the FO sensor was
located, the higher the bed temperatures were measured. This effect was observed for all tested samples.
Intriguingly, such performance was also observed in our earlier work aimed at microwave heating of water
in a monomode applicator (Cherbański and Rudniak, 2013). This previous work showed that a change
in the incident microwave power for a fixed frequency only scales absorbed power without affecting the
volume loss density distribution or temperature distribution.

Importantly, the regeneration degree was not less than about 80%, even in the case of the lowest applied
microwave power (16 W). For the highest tested power of 32 W, 95% regeneration degree was obtained for
the ATPC 2 sample. A comparison of the regeneration times in Figs. 7 and 8 also shows that much shorter
times were required to regenerate ATPC than GAC. It seems that this difference is mainly related to the
maximum amount of adsorption for these adsorbents, which is undoubtedly linked to the development of
their internal structure.

As far as we know, this is the first attempt to investigate microwave-assisted regeneration of n-hexane
loaded carbonaceous adsorbents. Therefore, a direct discussion of our and literature results is not possible.
On the other hand, there are a few articles which report on microwave-assisted regeneration of various
VOC loaded carbonaceous adsorbents. For example, Dehdashti et al. (2011) investigated microwave-
assisted regeneration of GAC loaded with toluene. The toluene removal was tested in a fixed-bed apparatus
containing 10 g of spent GAC. The sample was heated at the microwave powers of 180, 360, 540, 720, and
900 W for 5, 10, 15, 20, and 25 min. The discussion with our results obtained for GAC is possible using
microwave energy calculated as the product of microwave power and time. These simple calculations show
that the microwave energy of 486 kJ was needed to desorb 90% of toluene within 15 minutes at 540 W
in (Dehdashti et al., 2011). A very similar energy of 460 kJ was used to remove n-hexane from the GAC
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sample in our experiments. The process yielded about 12% residual n-hexane after irradiation for 250 min
at 32 W. Although n-hexane (69 ◦C) and toluene (110 ◦C) have different boiling points, our experiments
have shown that such temperatures are achieved very fast, even at low microwave powers utilized in the
present work (max. 32 W). Therefore, this difference should not have a significant impact on the compared
results obtained in this work and in Dehdashti et al. (2011).

Microwave regeneration of beaded activated carbon (BAC) loaded with n-dodecane was investigated
by Fayaz et al. (2015). They compared two alternative regeneration methods: microwave heating and
conductive heating. The experiments were carried out for different times at a constant applied power of 180
W. Importantly, the results showed that the energy required to attain equal desorption efficiencies was lower
for microwave heating in every case. Surprisingly, the regeneration efficiency of 100% was gained using
only 56 kJ of microwave energy with power ranging from 100 to 220 W. However, a more careful analysis
revealed that specific power of ∼34 W/g (5.3 g of BAC) was applied in Fayaz et al. (2015), whereas it was
only ∼2.4 W/g (13.15 g of GAC) in our work. In addition, microwaves were delivered in an advanced and
optimized monomode microwave system with power monitoring in Fayaz et al. (2015), whereas a general
purpose microwave reactor with a multimode cavity was used in this work.

The regeneration of spent activated carbons loaded with toluene and acetone was investigated by Mao et
al. (2015b). Three regeneration methods were compared: constant power (CPMH), constant temperature
(CTMH) microwave heating and conductive heating (CH). For toluene, the researchers found that CPMH
and CTMH required 13.5 and 27 kJ/g of microwave energy to achieve almost full regeneration of the
adsorbent at 600 W of microwave power, respectively. For acetone, both methods required 4.5 and 9 kJ/g
of microwave energy to achieve the same goal at the same microwave power, respectively. They concluded
that the two microwave methods were more efficient than CH. Given that ~13 g of GAC was used in our
experiments, one can calculate the energies of 175.5 kJ and 58.5 kJ for desorption of toluene and acetone
with CPMH, respectively. Importantly, a more careful analysis reveals that a huge power of 75 W per 1 g
of adsorbent has been applied in Mao et al. (2015b).

Although the effect of microwave power on microwave energy consumption was not discussed in Mao et
al. (2015b), it can be concluded, based on the data from Fig. 3 (Mao et al., 2015b), that it was 5.4, 15.8,
13.5 kJ/g for toluene desorption, and was 3.2, 11.3, 4.5 kJ/g for acetone desorption from pine activated
carbon at 60, 300 and 600 W, respectively. In addition, it was 5.4, 9.0, 9.0 kJ/g for toluene desorption,
and it was 3.6, 6.8, 4.5 kJ/g for acetone desorption from wheat activated carbon at 60, 300 and 600 W,
respectively. Interestingly, this shows that the supplied microwave power should be optimized to minimize
microwave energy consumption. In other words, the balance between the supplied microwave power and
the power lost to the surroundings is beneficial from the energetic point of view for the mean microwave
power. Analysing our results more carefully (see Figs. 8 and 9), one can find that the arbitrary assumed
regeneration degree of 80% is reached after 475, 325 and 100 min for the GAC bed at the microwave
powers of 16, 24 and 32 W, respectively. For the ATPC bed, the same regeneration degree is achieved after
40, 40, 16 min at the microwave powers of 16, 24 and 32 W, respectively. This shows that the microwave
power of 32 W is the most efficient from the energy consumption point of view in our case, giving 192 and
31 kJ (or 14.8 and 2.4 kJ/g) for 80% regeneration of GAC and ATPC, respectively.

As already mentioned, a general purpose microwave reactor with a multimode cavity was used in this
work. As a consequence, the microwave heating of our samples was not optimized in any way. To estimate
the efficiency of microwave energy conversion into heat in this non-optimized setup, simple calculations
were carried out on the basis of the balance equation 14) and the temperature profiles measured for the
following samples: GAC 10 (16 W), GAC 11 (24 W), GAC 3 (32 W), ATPC 5 (16 W), ATPC 6 (24 W),
ATPC 2 (32 W).

¤𝑄gen = ¤𝑄acc + ¤𝑄loss + ¤𝑄gas (14)
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where: ¤𝑄gen is the heat generation rate due to microwaves, ¤𝑄acc is the heat accumulation rate, ¤𝑄loss is the
heat loss rate, ¤𝑄gas is the heat withdraw rate due to the purge gas.

The efficiencies of microwave energy conversion into heat was calculated from Equation (15) as the ratio
of generated, ¤𝑄gen, and irradiated, ¤𝑄MW, microwave powers.

[MW→heat = ¤𝑄gen/ ¤𝑄MW · 100% (15)

The calculated average efficiencies are in the ranges of 28–39% and 5–6% for the GAC and ATPC samples,
respectively.

Figure 9 shows the effect of purge flow rate on desorption. The correlation between the regeneration rate
and the purge gas flow rate is obvious for the GAC samples but it has no apparent effect on the ATPC
samples. Importantly, the results obtained for GAC reveal that the external mass resistance controls the
desorption rate up to the purge flow rate of 300 Nml/min. For the highest purge flow rate of 400 Nml/min,
it is very likely that the external mass transfer is removed and the internal diffusion limits the rate of
the desorption process, which appears as practically the same regeneration degree profiles for 300 and
400 Nml/min in Fig. 9. In this context, the regeneration times reported in Figs. 7 and 8 would likely be
significantly shortened as they are still in the flow range which is limited by the external mass transfer
resistance (200 Nml/min). Hopefully, this should decrease microwave energy required to reach the same
regeneration levels for our samples.

Fig. 9. The effect of purge flow rate on desorption for GAC and ATPC

Figure 10 shows the effect of magnetite (Fe3O4) on microwave desorption. Although the results presented
are only preliminary, they encourage further research to be undertaken in the future. Note that that small
amount of Fe3O4 added to the GAC bed slightly improved the regeneration degree. From the practical
point of view, magnetite can be separated very easily using a magnet.
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Fig. 10. The effect of magnetite (Fe3O4) on desorption

5. CONCLUSIONS

Activated tyre pyrolysis char was tested against a reference GAC as an n-hexane adsorbent. For the both
adsorbents, the PFO and PSO models, which are very frequently used to model adsorption kinetics, gave
rather disappointing results, showing poor agreement with the experimental data. On the other hand, a good
fit with the experimental data was obtained for the family of dynamic adsorption models including the
Thomas, Yoon–Nelson and Bohart–Adamsmodels. These three models were successfully introduced using
a unified logistic function. In addition, the IP model was employed to check what the rate-limiting step in
the adsorption process on GAC and ATPC was. This analysis showed that internal diffusion is probably
the rate-limiting step during adsorption on ATPC. On the other hand, the external and internal diffusion
plays a role during adsorption on GAC. Based on the obtained breakthrough curves and assuming a 50%
breakthrough time corresponding to the ratio 𝐶/𝐶0 = 0.5, the gas volumes that can be purified with ATPC
and GAC are in the range from 20–90 cm3/g to 935–1240 cm3/g, respectively. Although the maximum
adsorbed amount of n-hexane on ATPC was 20% of that for GAC, it should be noted that the adsorption
properties of ATPC can be significantly improved by its chemical activation (Kuśmierek et al., 2020a).
Both adsorbent proved to be suitable for microwave-assisted regeneration, showing very fast heating rates
even at low microwave powers. The presented preliminary results with the use of microwave susceptor
(Fe3O4) showed that microwave-assisted regeneration has the potential to further reduce microwave energy
consumption.

SYMBOLS

𝐴 constant in the corelation for Sherwood number, –
𝑎 the coefficient in Equation (6) (logistic function), –
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Area the chromatographic response of the FID detector, mV·min
AreaMAX the maximum signal of FID detector for the loaded adsorbent, mV·min
𝑏 the coefficient in Equation (6) (logistic function), min−1

𝐶 the constant connected with the boundary layer thickness (i.e. the film thickness for the
external film diffusion model), mg·g−1

𝐶0 the concentration of n-hexane in inlet stream to column, mg·ml−1

𝐶𝑡 the concentration of n-hexane in outlet stream from column at time 𝑡, mg·ml−1

𝐷𝐴𝐵 the diffusion coefficient, m2·s−1

𝑑𝑓 the degree of freedom, –
𝑑ℎ the hydraulic diameter of particles, m
𝑒 constant in the corelation for Sherwood number, –
𝑓 constant in the corelation for Sherwood number, –
𝐾 the proportional constant between the mass transfer coefficient 𝑘𝑐 and velocity of gas 𝑢0,

(m·s−1)1−𝑒

𝑘BA the Bohart–Adams rate constant, ml·mg−1·min−1

𝑘𝑐 the mass transfer coefficient, m·s−1

𝐾𝑝 the IP model rate constant, mg·g−1·s0.5

𝑘Th the Thomas rate constant, ml·mg−1·min−1

𝑘YN the Yoon–Nelson rate constant, min−1

𝑘1 the pseudo-first order rate constant, min−1

𝑘2 the pseudo-second order rate constant, g·mg−1·min−1

𝑘∗2 the product of 𝑘2 and 𝑞𝑒, min−1

𝑚 the amount of absorbent in the column, g
𝑚ads(𝑡) the adsorbed mass of n-hexane at the time t, g
𝑚𝐺𝐶
hex,ads the adsorbed mass of n-hexane (calculated according to chromatography data), g

𝑚
weight
hex,ads the adsorbed mass of n-hexane (calculated according to weigh), g

𝑚des(𝑡) the desorbed mass of n-hexane at the time t, g
𝑁0 the adsorptive capacity of the adsorbent, mg·ml−1

Slope the slope of the calibration curve, g/(cm3·mV·min)
𝑉 the superficial velocity of eluent, cm·min−1

a the kinematic viscosity of gas phase, m2·s−1
¤𝑉273.15N2 the volumetric flow rate of the carrier/purge gas (N2) at the normal temperature (displayed on

the mass flow controller), Nml/min
𝑄 the vapour flow rate, ml·min−1
¤𝑄acc the heat accumulation rate, W
¤𝑄gen the heat generation rate due to microwaves, W
¤𝑄gas the heat withdraw rate due to the purge gas, W
¤𝑄loss the heat loss rate, W
𝑞 the amount of adsorbed n-hexane per unit mass of adsorbent, mg·g−1

𝑞(𝑡) the amount of adsorbed n-hexane per unit mass of adsorbent at time 𝑡, mg·g−1

𝑞𝑒 the amount of adsorbed n-hexane per unit mass of adsorbent at equilibrium, mg·g−1

𝑅
2 the adjusted coefficient of determination, –
Re Reynolds number, –
RSS the residual sum of squares, –
RelError the relative error, %
Sc Schmidt number, –
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Sh Sherwood number, –
𝑡 the time, min
TSS the total sum of squares, –
𝑢0 the superficial velocity, m·s−1

𝑋 the bed height, cm

Greek symbols

[MW→heat the efficiency of microwave energy conversion into heat, %
𝜏 the time required to reach 𝐶𝑡/𝐶0 = 0.5, parameter of the Yoon–Nelson model, min
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