Adsorption (2024) 30:651-661
https://doi.org/10.1007/s10450-024-00452-z

®

Check for
updates

Coupling effect of temperature, column height, properties of
adsorbent and VOCs during dynamic adsorption

Lijuan Jia' - Mingxuan Yang' - Xiangbin Shen’ - Yangping Zhang' - Dan Luo’ - Yuying Zhang'

Received: 16 November 2023 / Revised: 13 March 2024 / Accepted: 14 March 2024 / Published online: 6 April 2024
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Abstract

Dynamic adsorption is important for evaluating the Volatile Organic Compounds (VOCs) adsorption performance. During
adsorption process, the exothermal characteristic could lead to an increase of the column temperature, which might cause
bed combustion and is negative to the adsorption efficiency. In present study, we chose graphene oxide(GO) as adsor-
bent, comparing with hypercrosslinked polymeric adsorbent(HPA), and conducted the dynamic adsorption experiment of
ethanol, n-hexane and cyclohexane at 308 K, 318 and 328 K with different adsorbent column height. The results showed
that the temperature had linear and negative influence on breakthrough capacity for three VOCs on two adsorbents. And
the breakthrough adsorption capacity of ethanol, n-hexane and cyclohexane on two adsorbents were as follows: etha-
nol > cyclohexane > n-hexane, closely related with physical parameters of VOCs. But the physical properties of ethanol,
n-hexane and cyclohexane have little influence on dynamic adsorption rate in this paper. In addition, for n-hexane and
cyclohexane, the breakthrough adsorption capacity on HPA were higher than that on GO, but their £ values were simi-
larity on HPA and GO. While for ethanol, the breakthrough capacity and k£ value on GO were higher than HPA. Most
important of all, the negative effect of temperature on VOCs adsorption on GO was lower than HPA. Therefore, GO is a
good alternative adsorbent for VOCs recovery. Furthermore, with higher column height, the dynamic adsorption capacity
was higher but the adsorption rate was lower. While the influence of temperature on dynamic adsorption capacity and rate
were relative independent with column height of adsorbent.
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1 Introduction

Volatile Organic Compounds (VOCs) are the main atmo-
spheric pollutants in recent years [2], which could cause
dyspnea, eye and throat irritation, and cancer [31]. Con-
sidering the simple design and operation, high selectivity,
high adsorption capacity and low-cost for VOCs separa-
tion, adsorption method has been broadly considered as
a superior technology for VOCs removal [6, 16, 23, 35].
Practically, fixed-bed adsorption is widely adopted in the
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application of adsorption for VOCs separation and purifica-
tion, so as to achieve optimum results [13, 17, 24, 29, 30].

The exothermal characteristics during adsorption pro-
cess could cause high adsorbent column temperature [1].
At high VOCs concentration, the temperature raise could
be rather remarkable. Most incidents, coming from fixed-
bed combustion, has appeared during the adsorption of
aldehydes, ketones and organic sulfides [19, 26]. Because
of the poor thermal conductivity of granular adsorbents,
performances of gas separation are usually highly weaken
by the induced adsorptive thermal effects [27]. The tem-
perature effect on dynamic adsorption behavior of VOCs
is worth studying for adsorbent preparation and fixed-
bed design, which are the core role during the adsorption
process.

In order to improve adsorption performance, it is vital
to design a suitable fixed bed and adopt proper adsorbent.
In extensive investigations, some traditional adsorbents,
such as zeolite, activated carbon, biochar and silica gels,

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10450-024-00452-z&domain=pdf&date_stamp=2024-3-25

652

Adsorption (2024) 30:651-661

Table 1 Selected properties of HPA [17] and GO

Adsorbents HPA GO
Sppr(m?/g) 944 .4 564.8
Vinico(ML/g) 0.43 0.16
V neso(ML/g) 0.36 0.10
Average pore diameter(nm) 2.73 2.44
-OH (mmol/g) 0.207 0.495
-C=0 (mmol/g) 0.124 0.452
-COOH (mmol/g) 0.032 0.104
-COOR (mmol/g) 0.374 0.067

Total acidic (mmol/g) 0.737 1.118

were always adopted for VOCs removal [11, 21, 34].
However, their shortcomings of low thermal conductiv-
ity, combustion, inefficient desorption and high regenera-
tion energy consumption, have restricted their practical
applications [37]. Hypercrosslinked polymer is a class
of organic adsorbents with abundant micropore volume
and high specific surface area. In recent years, hypercros-
linked polymer has been considered as a promising sub-
stitute to traditional adsorbents for VOCs removal due
to its superior physical and chemical properties, adjust-
able pore structure, and efficient regenerability [8, 10,
14, 17]. Graphene oxide (GO), being the most promising
graphene material [20], is also a kind of adsorbent with
abundant acidic groups and high specific surface area [7].
With the very thin layer thickness, GO is easy to desorb
and regenerate after adsorption and resistant to high tem-
peratures [4, 20, 32]. It is a thermal interface material
with great development potential.

In this paper, we choose hypercrosslinked polymeric
adsorbent(HPA) and graphene oxide(GO) as adsorbents.
Dynamic adsorption experiment of ethanol, n-hexane and
cyclohexane at 308 K, 318 and 328 K were conducted.
The effect of temperature column height(H) on VOCs
dynamic adsorption were analyzed and compared on two
adsorbents.

2 Materials and methods
2.1 Materials

The synthetic process of hypercrosslinked polymeric adsor-
bent (HPA) had been pictured meticulously in our previous
paper [15, 25]. The graphene was applied by International
graphene innovation conference (2018). Ethanol, n-hexane
and cyclohexane were purchased from Yuncheng Chemi-
cal Reagent Company, China. The porous texture of HPA
and GO were characterized by N, adsorption-desorption
isotherms data at 77 K. We calculated the specific surface
areas(SBET) of HPA and GO using Brunauer—-Emmett—
Teller (BET) based on the N, isotherm data at 77 K [15].
The surface acidic groups were measured using Boehm
titration method [5]. The acidic groups on HPA and GO
were presented in Table 1.

2.2 Breakthrough experiment

The breakthrough experimental setup could be seen in
Fig. 1, which included three sections: VOCs vapor gen-
erator, the fixed-bed column holding adsorbent, and gas
chromatography (GC9890A, Junqi Instrument Equipment
Co., Shanghai, China) with flame-ionization detector. In
the first section, as the Fig. 1, the dry nitrogen steam was
separated into two flows, being controlled by mass flow
controllers. One of the two nitrogen flows passed through
the bubble saturator containing liquid VOCs, which was put
in a thermostatic water bath to control the temperature at
293 K. Then, this stream containing VOCs was diluted by
the other nitrogen flow to gain a set concentration of VOCs
onto adsorbent. In the second section, the VOCs with a con-
centration of 15 mg/L and a stable inlet flow rate of 100
mL/min passed through the adsorbent column (5 mm inner
diameter). At the outlet of adsorbent column, the concentra-
tion of VOCs was determined by gas chromatography. The

Fig. 1 Column adsorption sche-

matic diagram of VOCs on adsor-

bents. (A. high purity nitrogen B. B 78
mass flow meter C. thermostatic Tk

water bath D. VOCs E. circulat-
ing water bath F. buffer column
G. adsorption column H. offgas I.
gas chromatograph J. offgas) &

@ Springer




Adsorption (2024) 30:651-661

653

600 1.2
—=a— HPA-adsorption (a) (b)
00— HPA-desorption .
007 | e— GO-adsorption ﬁ?
—O0— GO-desorption [953 0.9
400 ) -
A £
A
@ oo g ﬂ/;j:j:'.! -:-=
'_‘25 300 = I/«mﬂr"' 50,6 -
B §
] ! =]
200 oo ;MWWW §03
=034

Quanta FEG

3.0kV 8.8mm x50.0k SE(TUL)

Fig. 3 Scanning Electronic Microscopy (SEM) images of HPA and GO. (a) HPA (b) GO

dynamic adsorption of VOCs were performed at tempera-
tures of 308 K, 318 and 328 K. The height of HPA and GO
were set to 5 and 10 cm.

3 Results and discussion
3.1 Characteristic of HPA and GO

It is presented in Fig. 2 that the adsorption amount of nitro-
gen increased steeply with relative pressure(P/P;) increas-
ing for P/P, below 0.05 on HPA, which has been depicted
in detail in our previous paper [17]. This phenomenon could
also be observed for GO, indicating that both HPA and GO

had abundant micropore. However, at higher P/Py(>0.8),
HPA showed another sharp increase, while the nitrogen
uptake on GO reach a plateau, indicating that HPA also had
some meso- and macro-pores. The pore size distributions of
HPA and GO were displayed in Fig. 2(b) in accordance with
Fig. 2(a). The specific surface area of HPA and GO were
944.8m?*/g and 564.8m?/g, separately.

In order to learn the porous structure of two adsorbents
deeply, SEM analysis was done and the results were pre-
sented in Fig. 3. SEM image in Fig. 3(a) discerned the abun-
dant mesopores and macropores on HPA. However, it was
difficult to visualize micropores on two adsorbents. Com-
bining SEM results and nitrogen adsorption isotherms, the
structure of HPA and GO could be learned clearly. That is,
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HPA is an adsorbent with micro-, meso- and macro-pores,
while GO mainly have considerable micropores.

In addition, the surface chemical nature of HPA and GO
were also listed in Table 1. It could be observed clearly
that the total amount of acidic groups on GO surface was
higher than HPA. This result deduced that GO could form
more hydrogen bonds with water vapor or hydrophilic

VOCs.

3.2 Breakthrough adsorption capacity of VOCs at

different temperatures

To explore the adsorption capacity and behavior of ethanol,
n-hexane and cyclohexane at different adsorption tempera-
tures(308 K, 318 and 328 K) on HPA and GO, we conducted

Fig. 4 Breakthrough curves of
VOCs on HPA and GO when the
column height is 5 cm
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dynamic adsorption experiments to clarify the breakthrough
adsorption behavior of three VOCs. The experimental
results were shown in Figs. 4 and 5. We could learn that the
breakthrough time reduced at higher column temperature for
three VOCs on HPA and GO. In addition, the breakthrough
curves became steeper at higher temperature, meaning
higher dynamic adsorption rate. This result indicated the
main physic-adsorption mechanism between adsorbent and
VOCs, which was widely studied and accepted [3].

To clarify the breakthrough adsorption behavior of eth-
anol, n-hexane and cyclohexane on HPA and GO quanti-
tatively, the Yoon and Nelson model (Y-N model, Eq. 1)(
Yoon and Nelson, [36] was adopted to fit their breakthrough
curves.
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Fig.5 Breakthrough curves of
VOCs on HPA and GO when the
column height is 10 cm (a) (b)
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sented in Fig. 7.

Where ¢ is the breakthrough adsorption time, C, and C
are inlet and outlet concentrations of VOCs, t is the time
when C/C, is 50%, k is the dynamic adsorption rate con-
stant. The Y-N model showed a superior fit to the experi-
mental dynamic adsorption data of three VOCs on HPA and
GO with correlation coefficient(R?) higher than 0.997. In
short, the Yoon and Nelson model can describe the entire
breakthrough curve in this study, which is beneficial for
adsorption process designing. The breakthrough time, when
C/C, was 5%, was calculated using the fitting results of
Y-N equation, shown in Fig. 6. And to further analyze, the

3.2.1 Effect of VOCs physical properties

It could be noticed from Figs. 6 and 7 that the break-
through adsorption time and capacity of ethanol, n-hex-
ane and cyclohexane on two adsorbents were as follows:
ethanol > cyclohexane > n-hexane. This might be related
with physical parameters of VOCs, such as the polariz-
abilities, molar volumes, saturated pressures or para-
chors [33]. According to the physical properties of three
VOC s, listed in Table 2, we made relationship diagram
between breakthrough time of three VOCs and their
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Table 2 The physical-chemical properties of VOCs

VOCs ethanol cyclohexane n-hexane
Molecular weight 46.1 86.2 86.2
Boil point/°C 78.4 68.9 68.9
Molar volume/(cm?/mol) 59.0 106.4 127.5
Polarizability (10~ 2*cm?) 509  10.96 11.83
Saturated pressure/KPa(293 K) 5.8 12.7 17.0
Molecular dynamics 0.45 0.60 0.43

diameter(nm)

polarizabilities, molar volumes and saturated pressures,
shown in Fig. 8. The results displayed that the saturated
pressure and molar volume have better linear relation-
ship with the breakthrough adsorption capacity of three
VOCs. This is similar to the relationship between equi-
librium adsorption capacity and physical properties of
VOCs [18], suggesting that physical adsorption act as a
dominant role.

Fig. 8 The relationship between

3.2.2 Effect of adsorbent properties

In addition, we could observe from Fig. 7 that for n-hex-
ane and cyclohexane, the breakthrough adsorption capac-
ity on HPA were higher than GO. While for ethanol(seen
from Fig. 7(a,d)), the breakthrough adsorption capacity
on GO was slightly higher than HPA. Considering the
specific surface area, Szpr of HPA is higher than GO,
indicating that the adsorption performance of HPA may
be better than GO, showing similar trend for n-hexane
and cyclohexane. For ethanol, the probable interpretation
for this phenomenon is that GO has a higher amount of
oxygenic groups (Table 1). Ethanol could form hydro-
gen bond with oxygenic groups, meaning that GO have
a higher affinity to ethanol than HPA, contributing to
improve the adsorption performance.

To further elucidate the influence of temperature, we
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through adsorption capacity of three VOCs with two
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Fig.9 Linear relationship
between breakthrough adsorption
capacity of VOCs and tem-
perature with different adsorbent
column height

column heights(H=5 cm and H=10 cm), as presented
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in Fig. 9. It was clearly visible that the breakthrough

adsorption capacity of three VOCs linearly reduced
with temperature increasing, implying that the working
adsorption capacity of HPA and GO sharply and linearly
decreased with the increase of temperature. From fit-
ting line, it is worth noting that the slopes of GO were
slightly lower than those of HPA, indicating that the
negative effect of temperature on VOCs adsorption on
GO was lower than HPA. This could be attributed to
the higher thermal conductivity of GO [4, 32], which is
advantageous for weakening the negative influence of

temperature.
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3.2.3 Effect of column height

Notably, as depicted in Fig. 6, the breakthrough adsorption
time for three VOCs at the height of 10 cm in the adsorbent
column was found to be more than twice that observed at
H=35 cm that observed at H=5 cm. The higher the height
of fixed-bed column was, the larger the amount of adsor-
bent in the column was, resulting in that larger surface area
and active adsorbent sites were available for VOCs adsorp-
tion [28]. In addition, VOCs had longer time to contact
with the adsorbent as the column height rose, resulting in
higher VOCs elimination [12]. But when we compared the

breakthrough adsorption capacity on adsorbent per unit
mass, with different column height, as shown in Fig. 7,
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it is obviously that the difference between H=5 cm and
H=10 cm decreased sharply. These results indicated that
adsorbent with relative lower column height had similar
adsorption performance with higher column height.

Furthermore, by comparing the slope for H=5 c¢m and
H=10 cm in Fig. 9, there was no regular trend or defini-
tive results. This might imply that the negative influence of
temperature on dynamic adsorption capacity was relative
independent with column height of adsorbent.

3.3 Dynamic adsorption rate of three VOCs at
different temperatures

Apart from the aforementioned breakthrough adsorption
capacity, the slope of breakthrough curves was also a key
factor for evaluating the dynamic adsorption performance. It

Fig. 10 Dynamic adsorption rate

can be seen from Figs. 4 and 5 that the breakthrough curves
became steeper with the increase of temperature, but the
breakthrough curves converted somewhat flatter with the
fixed-bed column height increasing from 5 to 10 cm (cor-
responding HPA of 0.35 and 0.68 g, GO of 0.33 and 0.60 g,
respectively), resulting in a wider mass transfer zone.

To analyze scientifically, we plotted the diagram between
parameter £ fitted by Y-N model and temperature(7), and
listed the & value above each bar, shown in Fig. 10. It can
be discerned that with the increase of temperature, £ value
increased linearly, inferring the higher mass transfer rate
because of higher diffusion rate of VOCs molecules to the
adsorbent sites. Generally, there mainly exist three mass
transfer resistances effecting the adsorption process: exter-
nal film resistance, macropore and mesopore resistance, and
micropore resistance. The pore resistances demonstrated
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strong dependence on temperature while the external film
resistance shows only little temperature dependence [9].
Hence, during dynamic adsorption process of ethanol,
n-hexane and cyclohexane on HPA and GO at different
temperature, the main mass transfer resistances were pore
resistances.

3.3.1 Effect of VOCs and adsorbent properties

As for the three VOCs on the same adsorbent, the &k value
were approximate, illustrating that the physical properties
of ethanol, n-hexane and cyclohexane have little influence
on mass transfer in this paper. Furthermore, for n-hexane
and cyclohexane, the k values were similarity on HPA and
GO. While for the ethanol, the & value on GO were slightly
higher than the & value on HPA, indicating that the mass
transfer resistance on GO were lower than HPA for ethanol
adsorption. As mentioned above, GO have a higher affinity
to ethanol than HPA, contributing to higher adsorption rate.
Therefore, all these results make it clear that GO is a good
alternative adsorbent for VOCs recovery.

3.3.2 Effect of column height

In addition, it should be noted in Fig. 10 that the adsorp-
tion diffusion rate k of three VOCs on HPA and GO were
significantly lower for H=10 cm. This is a consequence of
higher flow resistance at higher column height [22]. Fur-
ther, from the linear relationship plot between k& value and
temperature in Fig. 10, we could know that the slope value
had no regular trend with different column height. Hence, in
accord with dynamic adsorption capacity, the effect of tem-
perature on adsorption rate was also relatively independent
with column height.

4 Conclusion

In this paper, the dynamic adsorption of ethanol, n-hexane,
and cyclohexane on graphene oxide was investigated at
temperatures of 308 K, 318 K, and 328 K in comparison
with hypercrosslinked polymeric adsorbent.

(1) The breakthrough adsorption time and capacity of
ethanol, n-hexane and cyclohexane on two adsorbents were
as follows: ethanol > cyclohexane > n-hexane, related with
physical parameters of VOCs. But the physical properties of
ethanol, n-hexane and cyclohexane have little influence on
dynamic adsorption rate in this paper.

(2) For n-hexane and cyclohexane, their breakthrough
adsorption capacity on HPA were higher than that on GO,
but their £ values were similarity on HPA and GO. While for
ethanol, the breakthrough capacity and k& value on GO were

@ Springer

higher than HPA. In addition, the negative effect of tem-
perature on VOCs adsorption on GO was lower than HPA.
Therefore, GO is a good alternative adsorbent for VOCs
recovery.

(3) With higher column height, the dynamic adsorption
capacity was higher but the adsorption rate was lower. But
the negative influence of temperature on dynamic adsorp-
tion capacity and rate were relative independent with col-
umn height of adsorbent.
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