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The adsorption of four substances and their binary mixture is investigated via the terahertz time domain spectroscopy
(THz-TDS). The selected unary compound (ethanol, acetone, ethyl acetate, and n-propyl acetate) and binary mixture (so-
Iution 1 is composed of ethanol and acetone, and solution 2 is composed of ethyl acetate and n-propyl acetate) exhibit
different adsorption behaviors with varied polarities. In comparison with single component, solution 1 shows shorter
adsorption equilibrium time, faster adsorption rate, and stronger adsorption capacity, which conform to a synergistic ad-
sorption mechanism, while the competitive behavior is attributed to the slower adsorption in solution 2. In addition, the
pseudo-second-order equation with terahertz parameter is used to assess the rate of binary component organics. The present
results indicate a further understanding of multicomponent adsorption mechanisms.

Keywords: competitive adsorption, synergistic adsorption, oil-gas reservoirs, terahertz time domain spec-

troscopy (THz-TDS)
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1. Introduction

Volatile organic compounds (VOCs) are highly toxic and
lethal to humans and cause serious environmental problems,
such as greenhouse effects, photochemical smog, and strato-
spheric ozone depletion.[!l In recent years, great efforts have
been made to develop efficient VOC abatement techniques,
such as catalysis oxidation, condensation, biological degrada-
tion, absorption, and adsorption. Among these methods, acti-
vated carbon adsorption is recognized as one of the most eco-
nomic and effective techniques for the treatment of VOCs. %!

Multiple components are involved in active carbon ad-
sorption. As a conventionally used adsorbent, active carbon
has extremely complex surface chemistries, resulting in a wide
variety of binding sites that are available to solutes. The
diverse functional groups on the surface of adsorbents have
a tremendous impact on the adsorption behavior.!>! Further-
more, the driving forces between adsorbents and adsorbate are
diverse, such as chemisorption, hydrophobic interaction, hy-
drogen bonding, electrostatic interaction, and complexation. !
The adsorption process can be controlled or influenced by var-
ious simultaneous interactions. > Therefore, an in-depth un-
derstanding of adsorption mechanisms is important and many
studies have been devoted to multicomponent adsorption. 3781
Various characterization methods have been used to
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detect the adsorption of VOCs, such as calorimetric
measurement,”! thermal conductivity detection (TCD),!*]
temperature-programmed desorption (TPD),!!!l quartz crys-
tal microbalance (QCM),"?! and gravimetric and optical

(131 Single crystal adsorption calorimetry (SCAC)

methods.
measures adsorption energies for high vapor-pressure sub-
stances and metal atoms on clean single crystal surfaces. A
calibrated TCD is used to determine the quantity of reactant
molecules taken up by active sites. QCM, which only requires
a small amount of absorbent, offers short response times and
allows for detection of mass changes.

The terahertz (THz) wave bridges the gap between mi-
crowave and infrared,!'*'8] which can evaluate adsorption
process regarding intermolecular and intramolecular modes
because the THz spectrum is sensitive to fluctuations in the
dipole moment of organic compounds.!'%23! In this study, the
adsorption process of four substances and two binary mix-
tures is studied by terahertz time domain spectroscopy (THz-
TDS). Compared with that of single component, the adsorp-
tion mechanism of binary organics has been analyzed using
terahertz parameters. In addition, dynamic models play an im-
portant role in evaluating the adsorption rate and predicting the
mechanism of adsorption, and the pseudo-second-order equa-
tion with terahertz parameter is used to assess the adsorption
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rate of binary organic systems.

2. Experimental methods

Solvents from Aladdin included ethanol, acetone, ethyl
acetate, and n-propyl acetate (purity > 99.5%). Solution 1
was prepared by combining equal volumes of ethanol and ace-
tone, and solution 2 was prepared by mixing equal volumes
of ethyl acetate and n-propyl acetate. To investigate the in-
fluence of polarity on the adsorption process, the compounds
and mixtures were divided into two groups. The first group
included ethanol, acetone, and solution 1, and the second
group contained ethyl acetate, n-propyl acetate, and solution
2. Activated carbon is mainly composed of carbon, hydro-
gen, and oxygen elements. In our case, active carbon fiber
cloth (ACFC) was used to perform the adsorption experiment.
Polypropylene (PP) slices were used to seal the ACFC with
20 pL of chemical reagent on the middle of the ACFC. The ad-
sorption behaviors of single and binary organic systems onto

ACFC were measured by a typical THz-TDS set-up at room
temperature.'”!! Time span of measure, sampling time inter-
val, and sampling point were about 45 min, 38 second, and
70, respectively. The experimental data was accurate to five
decimal places.

3. Results and discussion

The selected THz-TDS spectra of ACFC with ethanol,
acetone, solution 1, ethyl acetate, n-propyl acetate, and so-
lution 2 are displayed in Figs. 1(a)-1(f). The time-dependent
signal peak amplitudes (Ep) of ethanol, acetone, solution 1,
n-propyl acetate, ethyl acetate, and solution 2 are Epi;(f),
Epi2(t), Epsi(t), Eppi1(2), Epx(t), and Epsy(t), respectively.
Their values at ¢ equal 0.10159 V, 0.07577 V, 0.09494 V,
0.09443 V, 0.07469 V, and 0.08307 V, respectively. Due to
the mixing of two components, the magnitude of THz wave-
forms of solution 1 and solution 2 is compromised between
that of their components.
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Fig. 1. The THz-TDS spectra of selected ACFC with (a) ethanol at 1.28 min and 18.43 min, (b) acetone at 1.28 min and 14.55 min, (c) solution 1 at
1.28 min and 5.45 min, (d) n-propyl acetate at 0.35 min and 8.36 min, (e) ethyl acetate at 0.48 min and 16.25 min, and (f) solution 2 at 0.31 min and

24.12 min.

In Fig. 2, average 1 and average 2 are calculated by
Epai(t) = [Ep11(t) + Ep12(1)]/2 and Epax(t) = [Ep2i(2) +
Ep>(t)]/2, indicating the properties of two components. As
shown in Fig. 2 (a), the Epg; (¢) is much higher than Epa; (2),
showing that the absorption of solution 1 is influenced by the
interaction between ethanol and acetone in the THz range.
This phenomenon is mainly caused by the solvent effect,
which is common in multi-components organics. In solution 1,

ethanol interacts with the C=0O function of acetone via hydro-
gen bonding. Han and Kim’s calculations showed that the for-
mation of such a complex changed the charge densities of the
carbonyl carbon and one methyl hydrogen atom.>*! However,
in solution 2, the solvent effects are less obvious because ethyl
acetate and n-propyl acetate are both dipolar aprotic solvents.

Therefore, Epax(#) approximates that of solution 2 (Fig. 2(b)).
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Fig. 2. (a) The time-dependent Ep of ACFC with ethanol, acetone, solution 1, and average 1. (b) The time-dependent Ep of ACFC with n-propyl

acetate, ethyl acetate, solution 2, and average 2.

As shown in Fig. 2, the Ep of VOCs increases with time
and attains a maximum value at the equilibration time (7).
Thereafter, it reaches a constant value, which indicates that
VOC adsorption on activated carbon is saturated. 7 is found
to be around 20 min, but the adsorption experiment runs for
40 min, for practical reasons. As depicted in Fig. 2, the T val-
ues of adsorption of ethanol, average 1, solution 1, acetone,
n-propyl acetate, average 2, solution 2, and ethyl acetate (771,
Ta1, Ts1, Ti2, Toi, Tan, Tsp, and T»p) are 20.01 min, 20.07 min,
11.02 min, 16.42 min, 5.19 min, 17.05 min, 20.26 min, and
16.25 min, respectively. Epi1(Ti1), Epa1(Ta1), Epsi(Ts1),
Epi2(T12), Ep21(T21), Epa2(Ta2), Epsa(Ts2), and Epoy(Th2)
are equal to 0.11925 V, 0.10945 V, 0.11537 V, 0.09992 V,
0.09781 V, 0.09228 V, 0.09135 V, and 0.08662 V, respectively.

It has previously been reported that hydrophobic interac-
tions and hydrogen bonding are important to VOC adsorption
by activated carbon, and hydrophobic interaction was the pre-
dominant driving force.?>->31 The hydrophobicity of n-propyl
acetate is greater than that of ethyl acetate. Compared with
ethyl acetate, n-propyl acetate has a greater affinity for acti-
vated carbon, leading to shorter 7. Similarly, ethanol is more
polar and has a weaker affinity for activated carbon than ace-
tone; thus, Tj, is shorter than 77;.

Binary component adsorption has been investigated by
analysis of the THz parameters of two mixtures. As shown in
Fig. 2(a), the difference between Eps; () and Epa; (¢) (AEp11)
is less than that between Epsi(7s1) and Epai(Ta1) (AEp2).
Epsi(Ts1) < Epa1(Ta1), which indicates that more organic
molecules are adsorbed by active carbon in solution 1. More-
over, Tgs; is shorter than Ty, reflecting the fact that the ad-

sorption rate of solution 1 is faster than average 1. Therefore,
it can be concluded that the adsorption rate increases signif-
icantly by mixing ethanol and acetone. Stronger adsorption
of solution 1 is observed compared to that of average 1. By
forming hydrogen bonding, solvent effects lead to the syner-

(21,221 A5 shown in Fig. 3(a), ethanol interacts

getic adsorption.
with the C=0 group in acetone via hydrogen bonding, which

is adsorbed by activated carbon.
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Fig. 3. The map of (a) synergistic and (b) competitive mechanisms of ad-
sorption.

As can be seen in Fig. 2(b), Epax(Taz) slightly ex-

ceeds Epsy(Ts2). The difference between Epg(¢) and Epax ()

(AEp;) is approximately the same as the difference between
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Epsz(Tsz) and EPAZ(TAZ) (AEp;»), which suggests that the ad-
sorption capacity is not influenced by mixing n-propyl acetate
with ethyl acetate. However, Ts» is longer than Ty,, as shown
in Fig. 2(b). The sketch of competitive adsorption mecha-
nisms is shown in Fig. 3(b). Ethyl acetate and n-propyl ac-
etate molecules compete in adsorption process to enter certain
adsorption site. N-propyl acetate molecules have a stronger
affinity to the activated carbon and can be adsorbed onto hy-
drophobic microdomains. Therefore, Ts, is limited by the ad-
sorption rate of ethyl acetate.

The pseudo-second order kinetic model is an adsorption
reaction model that is proposed to describe adsorption kinet-
ics. Based on the pseudo-second order kinetic model and the
assumption of the proportional relationship between the ad-
sorbed amount and Ep, an adsorption equation has been pro-
posed to describe the adsorption kinetics of single-molecule

VOC systems. In our case, the binary mixture data is fitted to
the pseudo-second order kinetic model with terahertz parame-
ters, and this enables us to predict the adsorption mechanism.
The kinetic equations are given as follows:

t/Ep(t) = 1/(kE3g) +1/Epg, 1)

where ¢ is the time of adsorption, k is the adsorption rate con-
stant, Ep(t) is the Ep value of samples adsorbed onto active
carbon at ¢, and Epg is Ep(¢) at T. The linear positive correla-
tion model between #/Ep and time ¢ of the organic compounds
is shown in Fig. 4. The correlation coefficients of the VOCs
are greater than 0.9999, which suggests that the pseudo-second
order kinetic model can not only describe the adsorption be-
havior of single component but can also describe the adsorp-
tion behavior of binary component.
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Fig. 4. (a) Graph that plots ¢ /Ep as a function of the time difference ¢ for adsorption of ethanol, average 1, solution 1, and acetone. (b) Graph
that plots ¢ /Ep as a function of the time difference 7 for adsorption of n-propyl acetate, average 2, solution 2, and ethyl acetate.

The calculated parameters for terahertz pseudo-second order model are shown in Table 1, and show high precision resulted

from the great repeatability of the experimental data. The slope of the regressions decreases in the order of ethyl acetate >
solution 2 > average 2 > n-propyl acetate > acetone > solution 1 > average 1 > ethanol. The results suggest that the order of
Epg calculated using the slope is roughly in accordance with that in Fig. 2. In addition, the intercept d = 1/ (kE%E) indicates the
adsorption rate. Based on k = 1/(dE3g), k increases in the order of ethanol < acetone < average 1 < solution 1 and solution 2
< ethyl acetate < average 2 < n-propyl acetate, which indicates the order of adsorption rates. The adsorption rate of solution 1

is faster than that of average 1 due to the synergetic stronger interaction between adsorbates and active carbon. In contrast, the
adsorption rate of solution 2 is limited by that of ethyl acetate, due to competition with n-propyl acetate.

Table 1. Parameters for terahertz pseudo-second order kinetic model.

Ethanol Average 1 Solution 1 Acetone n-propyl acetate ~ Average 2 Solution 2 Ethyl acetate
(1/kEZg)/min-V~! 0.97854 0.301 0.645 0.829 0.0134 0.99112 1.422 1.93217
(1/Epg)/V~! 8.3853 9.13325 8.66776 10.0008 10.2239 10.83658 10.9469 11.54468
k 71.85527 129.32 249.6015 120.64656 7800.6068 118.4836 84.27188 68.979249
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4. Conclusions

In summary, the adsorption behavior of four components
and their binary mixtures onto activated carbon has been dis-
cussed according to THz-TDS in this work. The adsorption of
selected objects with different polarities follows different ad-
sorption mechanisms according to terahertz parameters. So-
lution 1 shows shorter adsorption equilibrium time, faster ad-
sorption rate, and stronger adsorption capacity because of the
synergistic adsorption mechanism. In addition, solution 2 ex-
hibits a competitive adsorption mechanism and the adsorption
rate is limited by that of ethyl acetate. Moreover, the pseudo-
second-order equation based on terahertz parameter has been
used to assess the adsorption rate of binary VOCs. The cor-
relation coefficients are greater than 0.9999, which indicates
that the pseudo-second order kinetic model with THz parame-
ter applies to binary systems. The results show that THz-TDS
is promising for adsorption
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