Hindawi

Adsorption Science & Technology

Volume 2023, Article ID 7073318, 13 pages
https://doi.org/10.1155/2023/7073318

Research Article

®SAGE

Publishing

Surface Diffusion of C,—C; Alcohols on Multiwall

Carbon Nanotubes

Alexey Zhokh ("), Tamila Serebrii, and Peter Strizhak

L.V. Pisarzhevskii Institute of Physical Chemistry, National Academy of Sciences of Ukraine, Prospekt Nauki, 31,

Kyiv 03028, Ukraine

Correspondence should be addressed to Alexey Zhokh; al.zhokh@gmail.com

Received 4 December 2022; Revised 13 February 2023; Accepted 23 August 2023; Published 2 September 2023

Academic Editor: Stefano Salvestrini

Copyright © 2023 Alexey Zhokh et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The diffusion of methanol, ethanol, and 2-propanol using individual multiwall carbon nanotubes (MWCNT) and MWCNT
bundles was investigated for the first time via application of the quartz crystal microbalance. At small times, the release of
alcohol obeys the advective mechanism. In contrast, no deviations from Fick’s law were justified at large times. This situation
holds for either individual MWCNTs or MWCNT bundles. The utilized MWCNTs are mainly closed from both ends.
Therefore, the alcohol release is controlled by surface diffusion. The measured surface diffusivity is in the order of 107> m?/s.
The obtained diffusivities are in close proximity with the known surface diffusion coefficients on carbon materials.

1. Introduction

Carbon nanotubes (CNTs) attract much interest due to their
unique properties. The CNTs typically exhibit good electri-
cal conductivity [1], high elasticity, [2], and exceptional ther-
mal conductivity [3]. In addition, the multiwall carbon
nanotubes (MWCNTs) are characterized by extremely high
tensile strength [4]. These properties allow the CNT applica-
tion in various fields, e.g., in biomedicine and biotechnology
[5, 6]; energy storage; for the production of lithium-ion bat-
teries, supercapacitors, transistors, and sensors; and new
composite materials [7, 8]. CNTs are often used as an essen-
tial part of composite membranes for gas separation and
water purification [9], even though the CNTs are likely not
to be directly involved in the separation process [10]. The
CNTs may be also used as effective sorbents for the removal
of heavy metal ions [11, 12], polycyclic aromatic hydrocar-
bons [13], pesticides [14], and other chemicals in analytical
chemistry [15]. Moreover, the CNTs are extensively used
as catalysts in photo- and electrocatalysis [16]. In the field
of heterogeneous catalysis, the CNTs serve either as a cata-
lyst support [17] or as a heterogeneous catalyst, e.g., for oxi-
dative dehydrogenation of ethylbenzene [18], alcohol
conversion [19], and ethylene hydrogenation [20].

The absence or insignificance of the diffusion limitations
is a key feature of a material used as either an effective sor-
bent or a catalyst. Quite a lot of studies in both theoretical
and experimental fields are focused on the investigation of
the diffusion peculiarities in the CNTs. Different diffusion
regimes were verified for diffusive transport through CNTs.
In particular, the hydrogen transport in the CNTs with the
inner diameter of 1.1nm follows the single-file, standard,
and ballistic diffusion regimes. The transition between the
regimes is associated with the Knudsen number [21]. The
results of the molecular simulations outlined that the diffu-
sion regime crosses over from the single file to the standard
Fickian in the case if the inner CNT diameter reaches 1.0 nm
[22]. In addition, the diffusion regime in different regions of
the CNTs was found to differ significantly. For CNTs with a
large diameter, the ballistic diffusion was identified near the
CNT wall changing to the Fickian diffusion in the center of
the CNTs [23]. The multicomponent diffusion of H, and
C,-C, alkanes in the CNTs was found to be predicted by
the Maxwell-Stefan diffusion model in a concise manner
[24]. A study on the methane diffusion rates in nanoporous
carbon and CNTs revealed that the diffusion in constricted
CNTs is an order of magnitude slower compared to nano-
porous carbon [25]. The self-diffusion coefficient of SO, in
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the CNTs studied employing molecular simulations
increases with the temperature increase and reduces with
the CNT diameter increase [26]. The transport diffusion
coefficient in deformed CNTs was identified as a function
of the deformation factor [27].

The intriguing and sometimes controversial results were
obtained on the water transport in CNTs. On the one hand,
it was concluded that the water diffusion mechanism follows
ballistic dynamics [28]. On the other hand, the subdiftusive
behavior of the mean square displacement of the water mol-
ecules in the single-wall CNT's has been observed by neutron
spin echo monitoring [29]. The diffusion coefhicient of H,O
exhibits an anomalous significant increase with the increase
of the inner diameter of CNTs [30]. The enhancement of the
H,O transport in CNTs is attributed to the change of the
hydrogen bond number [31]. Similar to water, ionic liquids
exhibit ultrafast diffusion in CNTs due to the complex inter-
play of friction forces, stacking, molecular size, and cooper-
ative dynamic interactions [32].

On an experimental basis, the investigation of the diffu-
sion and adsorption in CNTs is performed using nuclear
magnetic resonance spectroscopy [33, 34], neutron scatter-
ing [35], and quartz crystal microbalance (QCM) techniques
[36]. The use of the CNT-based QCM sensors for quantita-
tive measurements of various chemicals, e.g., humidity [37]
or volatile organic compounds [38], is a convenient
approach due to the fact that the QCM covered with CNTs
gives a selective response [39], especially in combination
with polymer coating [40, 41]. Additionally, the kinetics of
the CNT release may be studied by the QCM method, e.g.,
from the silica surface [42]. In the current paper, we present
the study on the release of C,~C, alcohols from individual
MWCNTs and the bundles of the MWCNTSs using the
QCM approach. Adsorption-desorption of C,;-C; alcohols
on CNTs is the governing stage for fuel cells, selective sen-
sors, separation, and purification [43-46]. For engineering
purposes, an accurate description of the rate of the corre-
sponding process is required. To the best of our knowledge,
the desorption kinetics of methyl, ethyl, and isopropyl alco-
hol from the MWCNTs under the assumption of diffusion
control is investigated for the first time. Quite a lot of studies
are focused on the transport processes inside the open CNTs
reporting the presence of various types of diffusion [47, 48],
e.g., fast diffusion (due to high values of the diffusion coeffi-
cients), ballistic diffusion, and anomalous diffusion. The
productivity of the engineering processes involving CNTs
can be significantly improved by the high rate of alcohol
transport. It is interesting to verify the existence of such
transport on the outer surface of carbon nanotubes. To this
end, the kinetics of the alcohols’ release from the surface of
the closed MWCNTSs and their aggregates is investigated.
The estimated diffusivities correspond to the surface diffu-
sion coefficients for the carbon materials.

2. Experimental

2.1. MWCNT Synthesis and Characterization. The
MWCNTs were prepared via ethylene decomposition over
a Ni/CaO catalyst (Ni content was 20%). The detailed proce-
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FIGURE 1: A sketch of the experimental instrument.

dure of the MWCNT synthesis is provided in Ref. [49]. The
as-prepared MWCNT's were treated with an HNO; aqueous
solution (70% of HNO;) for 2 hours to remove the catalyst
and amorphous carbon. Afterward, the MWCNTs were
washed with deionized water and dried at 433 K.

TEM microimages of the MWCNTs were recorded using
the Selmi PEM-125 transmission electron microscope at the
acceleration voltage of 100kV. Nitrogen adsorption and
desorption isotherms were obtained by the Sorptomatic-
1990 instrument at the temperature of boiling liquid nitro-
gen (77K). Additionally, the as-prepared MWCNTSs were
characterized by X-ray diffraction, scanning electron micros-
copy images, Fourier transform infrared spectroscopy,
Raman spectroscopy, X-ray photoelectron spectroscopy,
and Boehm titration. In detail, the properties of the
MWCNTs used in this study are discussed in Refs. [20, 50].

2.2. QCM Study. A QCM setup is based on the electronic nose
cell [51]. The piezoelectric quartz resonator (PQR) is installed
inside the cell. The cell is located inside a thermostat to pre-
serve the constant temperature during the measurements.
The PQR is joined to the frequency counter. The latter is
mounted on the outer side of the thermostat. The cell is
purged with helium flow. A diffusant is injected into the cell
through the evaporator for a gas chromatograph. An amount
of alcohol was manually injected into the cell using the syringe
for gas chromatography (Hamilton model 701, US). A sketch
of the QCM instrument is depicted in Figure 1.

The PQRs (Ukrpiezo Ltd., Ukraine) with a fundamental
frequency of 10MHz and nickel-silver electrodes were
coated with MWCNT bundles and individual MWCNTs.
The MWCNT powder was suspended in 2-propanol. After
2 hours of sedimentation, the suspension was airbrushed to
obtain the coated PQR. To derive the PQR coated with indi-
vidual MWCNTs, the MWCNT suspension in 2-propanol
was ultrasonicated using a Bandelin Sonopuls 4100 ultra-
sonic homogenizer equipped with TS106 horn for 30
minutes at 40% of maximum ultrasonic amplitude. Follow-
ing ultrasonic treatment, the suspension was sedimented
for 1 hour and airbrushed to coat the PQR. Simultaneously,
the size of the MWCNT bundles and individual MWCNT's
in the final suspension was controlled by TEM microima-
ging (Figure 2). The coating preparation procedure resulted
in the PQR coating consisting of MWCNT bundles of
approximately 4 ym in size (Figure 2(a)), whereas ultrasonic
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FiGURk 2: Typical MWCNT bundle (a) and individual MWCNTs (b) used for PQR coating.

FIGURE 3: A typical TEM image of the MWCNTs.

treatment yields in the PQR coated by a small network of
individual MWCNTs (Figure 2(b)). The PQR loadings of
approximately 3.0kHz and 3.1kHz were achieved for the
MWCNT bundles and individual MWCNTS, respectively.
Methanol, ethanol, and 2-propanol (all 99.9% purity)
were used as diffusing agents. The amount of each alcohol
injected was 5 pl. The temperature inside the cell with PQR
was kept at 345 K. The cell was purged with helium at a flow

rate of 35 cm>/min.
The alcohol amount adsorbed on the MWCNTs is related

to the PQR frequency shift through the following expression:

Af
T AR’ (1)

where M reflects an amount of the adsorbed alcohol (mg/g),
Af denotes the QCM frequency shift caused by the alcohol
adsorption (Hz), and AF is a QCM frequency shift governed
by the PQR coating with MWCNTs (kHz).

3. Results and Discussions

3.1. MWCNT Characteristics. The TEM image of the
MWCNTs (Figure 3) reveals that they are predominantly cylin-
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drical. Some CNTs are of bamboo-like morphology. Some
CNTs are characterized by bends. The diameter of the CNTs
varies between approximately 40 and 60 nm. The average thick-
ness of the CNT walls is approximately 8 nm. The higher is the
thickness of the CNT, the lower is the thickness of the CNT
walls. This situation is associated with a higher number of
defects in the structure of the CNT's with a smaller diameter.
The textural properties were estimated from the nitrogen
adsorption-desorption isotherm (Figure 4). The hysteresis
loop of the isotherm corresponds to type H3 which is conve-
nient for the aggregates of platy particles [52], e.g., MWCNT
bundles. According to the isotherm data, the pore volume
(Gurvich) of the as-prepared MWCNTSs is 0.48 cm®/g, the
BET surface area is 149 m°/g, the median mesopore diameter
(BJH) is 38nm, and the mesopore surface area (t-plot) is
126 m*/g. Almost no microporosity was observed. The
median mesopore diameter obtained from the isotherm
seems to be quite similar compared to the average inner
diameter of the CNTs estimated from TEM data. However,
the median mesopore diameter obtained from the isotherm
is scarcely defined by the inner cavities inside CNTs. The



CNTs are either partially closed on the ends or partitioned,
as follows from Figure 3. This supports the idea that the
mesoporosity of the bundles is associated mainly with the
spaces between the aggregated nanotubes in a bundle.

3.2. Mass Transfer Analysis

3.2.1. PQR Response Processing. A PQR response is
obtained as a frequency shift change versus time for all
alcohols (Figure 5). Ultrasonication considerably affects
the frequency shift. The latter is almost 20% higher for
the PQR coated by individual MWCNTs compared to
the PQR coated by the MWCNT bundles. The PQR load-
ings are very similar for both coatings. Therefore, a
higher amount of alcohol is absorbed by individual
MWCNTSs. Seemingly, alcohol molecules are adsorbed
on the surface of MWCNTs. Individual MWCNTs exhibit
almost no geometric constraints limiting the adsorption
on the MWCNT surface. In an MWCNT bundle, the
access of the alcohol molecules to the MWCNT surface
is partially restricted by multiple contacts between nano-
tubes (Figure 2(a)).

The frequency shift is recalculated into the amount of
the adsorbed alcohol evolving in time according to formula
(1) (Figure 6). The adsorbed amounts are very similar for
ethanol and 2-propanol, whereas methanol uptake is consid-
erably lower. However, retention times are almost identical
for methanol and ethanol. Mass release of 2-propanol is
characterized by a higher retention time compared to that
of methanol and ethanol. This situation seems to be conve-
nient because the kinetic diameter and the molecular weight
of the ethanol are lower than those of 2-propanol. In general,
the smaller is the kinetic diameter and the molecular weight,
the higher is the mobility of a molecule and, as a result, the
diffusion rate.

3.2.2. Short-Time Analysis. The evolution of the alcohol con-
centration within the MWCNTs may be described by the
second Fick’s law of diffusion. Considering the one-
dimensional diffusion, the relevant mathematical equation
reads as follows:

aC

o*C
ot

Do ®

where C is the concentration (mole/m), t is the time (s), x is
the spatial coordinate (m), and D denotes diffusivity (m?/s).
Equation (2) is used under the assumption that diffusivity is
concentration-independent, i.e., it corresponds to the diffu-
sion coefficient. The change of the alcohol mass registered
by QCM may be approximated by the solution of equation
(2) given in the following form [53]:

M@ _ 2, /P (3)

M, L Vn

Here, M(t) reflects an amount (mg/g) of alcohol
adsorbed at time t (s), M, is the maximum adsorbed amount
of alcohol which is observed at time ¢ = 0 (mg/g), and L cor-
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FIGURE 5: Frequency change versus time.

responds to the diffusion length (m). Equation (3) naturally
represents a linear dependence of 1 — M(t)/M, on \/t with
the slope proportional to the diffusivity. Therefore, the diffu-
sivity may be measured by simple linearization of the exper-
imental QCM data in the (1 - M(t)/M,) — v/t coordinates.
Different ranges of the validity of equation (3) are presented
in the literature. On the one hand, this equation is consid-
ered to be appropriate for the mass transfer description at
“intermediate” times [54]. On the other hand, equation
(3) is treated to give a good approximation in the range
of M(t)/M, > 0.5, ie., at small times [53]. In the current
study, we apply equation (3) in the short and intermediate
time ranges, i.e., for M(t)/M,>0.2.

For the analysis of the experimental data based on
equation (3), the amount of the adsorbed alcohol is recal-
culated into the normalized mass release (1-M(#)/M,).
Figure 7 presents the experimental data transformed into
the normalized mass release versus the square root of
time. Figure 7 accounts for the experimental data at small
and intermediate times. From this figure, it is clear that
the data points are not distributed along the straight line
of the model. The experimental data do not exhibit a lin-
ear trend. The correspondence between the experimental
data and the theoretical equation is rather poor. The
results of the fitting procedures performed under equation
(3) are presented in Table 1. In the literature, such diver-
gence is sometimes treated as evidence of the anomalous
diffusion mechanism [55, 56]. However, the inapplicability
of Fick’s law may be governed not only by the existence of
the anomalous diffusion but also by the presence of the
transport phenomena of nondiffusive origin, e.g., advection
and rate-limiting adsorption.

The obtained results demonstrate that the standard
diffusion equation fails at small times. The mass release
is approximately a linear function of elapsed time at small
times, according to Figure 6. A linear dependence corrob-
orates that the alcohol outflows from the MWCNTSs with
constant velocity. Therefore, at small times, the driving
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TasBLE 1: Fitting results from Figure 7.
Figure Alcohol Fitted equation R?

M(t

Methanol 1- () =0.22e\/1 0.976
0
M(t

Figure 7(a) Ethanol 1- 1\/; ) =021Vt 0.981
0
M(1)

2-Propanol 1-—2=0.18\/t 0.953
0
M(t

Methanol 1- M® _ 0.23+/t 0.978
M,
M(t

Figure 7(b) Ethanol 1- % =0.23\/t 0.985
0
M(1)

2-Propanol 1- YR 0.19+/t 0.955
0

force of the mass release may be associated with the
advective flow:

ot ox’ (4)

where v is the drift velocity (m/s). The solution of this
equation admits linear evolution of the diffusing substance
mass versus time [57]:

—=1—Z-t. (5)

Figure 8 demonstrates the experimental data at small
times fitted by equation (5). A good correspondence
between the experimental data and the theoretical solu-
tion is observed. The measured fitting parameters are
listed in Table 2. The fitted slopes increase in the follow-
ing order: 2-propanol > methanol > ethanol. This situa-
tion holds for the mass release from either individual
MWCNTs or MWCNT bundles. The mass release from
the MWCNT bundles exhibits higher v/L values than that
from the individual MWCNTs. The mass release is con-
trolled by the advective mechanism in the M(t)/M, range
of 0.5-1, ie. at small times. Therefore, the crossover
between small and long times occurs at M(t)/M,=0.5.
This is in good agreement with the findings obtained in
Ref. [58]. According to Figure 6, the crossover time is
nearly 5-6s.

3.2.3. Long-Time Analysis. In the frame of the second Fick’s
law, the mass release is proportional to the square root of
time at small times, whereas at long times, the mass decay
follows an exponential trend versus time, as it is theoreti-
cally established by Zel'dovich and Myshkis [59]. The rel-
evant solution may be given by the following:

M(t)
MO

i ©)

{ D-nzot}
:A.exp — .

Here, A is a coeflicient defined by the initial and
boundary conditions and by the geometry of a medium
where the diffusion occurs. Coefficient A may equal 6/72,
8/m?, 32/m?, etc. [60].

For the experimental data analysis, the solution of the
diffusion equation in exponential form is usually linearized
in semilogarithmic coordinates [61]:

In [Aﬁ;)} ~In[A] - DL'ZZ o, 7)

Taking the logarithm of equation (7) yields the follow-
ing:

In [m [A] - In {%{?” =In [Diﬂ +In[f.  (8)

The slope in equation (8) equals unity. Therefore, the bi-
log-log plot of the experimental data should be characterized
by the slope identical to unity. Deviation of the experimental
slope from unity may provide evidence of anomalous diftusion
kinetics. In the experimental scenario, transport of all alcohols
from either individual MWCNTs or MWCNT bundles expe-
riences standard Fickian behavior. The log of M (t)/M,, plotted
against time provides a linear function (Figure 9). The bi-log
of the experimental alcohol release is fairly linear versus the
time log (Figure 10), whereas the slopes of the logarithmically
transformed experimental data are almost identical to unity
(Table 3).

3.3. Estimation of the Mass Transfer Parameters. The diffu-
sion coefficient may be estimated using the slope in equa-
tion (7). According to equation (7), the fitted value of the
slope is related to the diffusion coeflicient as follows:
slope = D x 1%/L%. Drift velocity is evaluated from the slope
in equation (5). To calculate the diffusion coefficient and
drift velocity, knowledge about the diffusion length is
required. The typical size of the MWCNT bundle is
approximately 4um (Figure 2(a)), whereas the mean
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FIGURE 8: Experimental data (points) fitted by equation (5) (solid line) for individual MWCNTs (a) and MWCNT bundles (b).

length of the individual MWCNTs is about 1.6um
(Figure 2(b)). However, the diffusion length may be larger
than the size of the corresponding nanotube object. The
diffusing species may move from one nanotube to another.
Accounting for TEM images, the diffusion length may be
up to 3 times larger due to the contacts between the nano-
tubes for the individual MWCNTs. For the MWCNT bun-
dles, the diffusion length is scarcely considerably larger
than the size of the bundle because the nanotubes in a
bundle are characterized by a large number of contacts.
Therefore, the diffusion lengths are L=3x1.6x10°=
48x10°m and L=4x10°m for the individual
MWCNTs and MWCNT bundles, respectively.

The estimated mass transfer parameters are listed in
Table 4. Irrespectively to the PQR coating, the highest drift

velocity is observed for ethanol, whereas 2-propanol trans-
port is characterized by the lowest drift velocity. For both
PQR coatings, the diffusion coefficient decreases in the fol-
lowing order: methanol > ethanol > 2-propanol. Both bulk
and surface diffusivities strongly depend on the molecular
weight of the diffusing substance [62]. An identical situation
is observed in the experimental scenario studied. The
obtained mass transfer parameters are very similar for both
coatings. However, the values of the diffusion coeflicients
are several orders of magnitude different compared to the
data reported for CNTs. In particular, the self-diffusion
coefficient of CO, and CH, in CNTs and CNT bundles
estimated from molecular simulations was of the order of
10®m?/s [22]. In the MWCNTs with the inner diameter of
6.7£0.8nm, the effective self-diffusion coefficient of the
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TaBLE 2: Fitting results from Figure 8.
Figure Alcohol Fitted equation R?
M(t)
Methanol =1-0.097+t 0.992
M,
. M(t)
Figure 8(a) Ethanol Sy 1-0.108¢ 0.963
0
M(t)
2-Propanol =1-0.089¢¢ 0.970
M,
M(t)
Methanol =1-0.110et 0.990
M,
. M(t)
Figure 8(b) Ethanol M 1—-0.115¢t 0.945
0
M(t)
2-Propanol =1-0.096¢t 0.976
M,
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Adsorption Science & Technology

1.5

1.0 Methanol

E = 0.5

0.0

-0.54

In [In [A]-In
@

-1.01

-151 @

1.5 2.0 2.5 3.0 3.5
Int(s)

1.0 4 Ethanol

1]

;g’o,s-

0.0

-0.5 1

In [In [A]-In [

-1.04

1.0 4 2-propanol

)]]

M (t
MO
o
n

-0.5 1

In [In [A]-In[

-1.0

Int(s)
()

3.0 3.5 4.0

1.0 4 Methanol

-0.5 1

-1.0 |

1.5 2.0 2.5 3.0 3.5
Int(s)

1.5 1

_ LoA Ethanol

§§° 0.5

0.0

-0.5

In [In [A]-In[

-1.0 1

1.5 2.0 2.5 3.0 3.5
Int(s)

1.0 7 2-propanol

-1.54

1.5 2.0 2.5 3.0 3.5
Int(s)

(b)

FiGure 10: Log-log plots of the experimental data (points) and fittings based on equation (8) (solid lines) for individual MWCNTs (a) and

MWCNT bundles (b).

water studied by PFG NMR was equal to 10°m?/s [33].
The molecular dynamics simulations revealed that the water
self-diffusivity in CNTs was 10° m%/s [23, 63]. The latter
value was also obtained for ions diffusion through CNTs
[64]. The published data concern the diffusion inside the
CNTs. The MWCNTs used in this study are mainly
closed from both ends so that the diffusing molecules
can scarcely reach the internal space of the MWCNTs.
Therefore, the mass release is seemingly controlled by
the diffusion of the alcohol molecules on the surface of
the MWCNTs. The retention time is defined by the time
of the alcohol residence on the MWCNT surface. In this
case, the diffusion length is equal to the distance trav-
eled by the molecules on the MWCNT surface. It should

be emphasized that duplicating the experiments yields
the deviation of the slope in equation (8) less than
5%. This affects only the digit in the third decimal place
for the measured value of D. Since the value of D is
rounded to two decimals (Table 4), the effects of vari-
ability and errors are too small to affect the obtained
results.

The diffusivities estimated from the experiment are
quite similar to the reported values of the surface diffu-
sion coefficients on carbon materials. Surface diffusion
coefficients of various organic chemicals on activated car-
bon were found to be in the range of 10°-10""m?/s
[65-67]. The surface diffusion coefficient of ethanol on
activated carbon is 10'm?%*s [62]. For solid-phase
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TasBLE 3: Fitting results from Figures 9 and 10.
Figure Alcohol Fitted equation R?
Y
Methanol In (t) =-0.26 — 0.077¢t 0.981
L My |
M)
Figure 9(a) Ethanol In I\/E )| - —0.38 — 0.073¢¢ 0.993
L Vo |
M)
2-Propanol In ]VE ) =—-0.32 - 0.069¢¢ 0.985
L Vo |
Y.
Methanol In (t) =-0.28 — 0.092¢t 0.978
| My
M)
Figure 9(b) Ethanol In ]VE ) =-0.34 — 0.085¢¢ 0.971
L Mo
M)
2-Propanol In ]VE ) =-0.23 — 0.079e¢ 0.984
L Mo
_ M
Methanol In |In [A] - 1n ]\/E ) =-2.50 + 0.98¢In ¢ 0.986
L L Mo 1]
- M)
Figure 10(a) Ethanol In |In [A] —=1n ]\; ) =-2.60 + 1.00¢In ¢ 0.995
L L Mo |
I [M(t
2-Propanol In |In [A] —1n ]\/5 ) =-2.65+0.99¢In ¢ 0.994
L L Mo |
_ M
Methanol In |In [A] —1n % =-2.32+0.98¢In ¢ 0.988
L L Mo 1]
- MO
Figure 10(b) Ethanol In |In [A] —=1n ]\; ) =-2.43+0.99¢In ¢ 0.989
L L Mo |
[ [M(t
2-Propanol In |In [A] —1n ]\/5 ) =-2.57+1.0leln ¢ 0.988
L L0 1.

TABLE 4: Measured mass transfer parameters.

PQR coating Alcohol D x 101 (m?%/s) v x 107 (m/s)
Methanol 1.80 4.66
Individual MWCNTSs Ethanol 1.70 5.18
2-Propanol 1.61 427
Methanol 1.49 4.40
MWCNT bundles Ethanol 1.38 4.60
2-Propanol 1.28 3.84

diffusion of acid dyes on activated carbon, the diffusion
coefficients in the range of 107°-10"*m?s were
reported [68].

To the best of our knowledge, this is the first experi-
mental result concerning the diffusion of C,-C; alcohols
over carbon nanotubes. Due to the lack of adequate exper-
imental background in the literature, it is challenging to
judge whether the obtained diffusivities are comparable
with the surface diffusivities on carbon nanomaterials,
e.g, CNTs. The reported diffusion coefficients in CNTs
range between 10'°m?/s and 10® m?/s. The surface diffu-
sivities obtained in this study are of the order 10™"* m?/s.
Three orders of magnitude inequality between the diffusiv-
ities inside CNTs and the diffusivities on the surface of

CNTs may be convenient. For example, in coal, the pore
diffusivity is nearly two orders of magnitude higher than
the surface diffusivity [69].

4. Conclusions

Many studies indicate deviations from Fick’s law in CNTs.
Enhanced transport of some molecules, mainly water, in
CNTs has also been reported. In this study, no evidence of
ultrafast transport of C,-C, alcohols on the surface of the
individual MWCNTs and MWCNT bundles has been
found. The experimental diffusion kinetics follows the sec-
ond Fick’s law in a precise manner at long times, whereas
advective transport is identified at small times. The
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measured surface diffusion coefficients and drift velocities
are in the order of 10> m?/s and 107 m/s, respectively.
The obtained diffusivity values reveal that the diffusion rate
is not “enhanced.”

Data Availability
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