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Tetramethylammonium (TMA™) exchanged montmorillonites (TMA-Mts) of various surfactant (TMA™) dosages
were prepared, and the roles of TMA" cations in the microstructure and dynamic benzene adsorption perfor-
mance of TMA-Mts were investigated. TMA™ cations were intercalated into the interlayer space of montmoril-
lonite (Mt), and they exhibited dual effects on the benzene adsorption by TMA-Mts. For one thing, the

Micropores K X . . P ! ‘
Dynan[')lic adsorption intercalated TMA" cations arranged loosely, creating an interlayer microporous structure. The interlayer mi-
Benzene cropores were important benzene adsorption sites, and the dynamic benzene adsorption capacity (q value)

positively correlated to the microporous surface area (Smicro). The optimized dosage of TMA™ was 1.5 times the
cation exchange capacity of Mt itself, which resulted in a TMA-Mt with the largest Spicro and g values of 65.0 m?/
g and 425.3 mg/g, respectively. On the other hand, the intercalated TMA™ cations could interact with benzene
molecules, further increasing the benzene adsorption performance of TMA-Mt but decreasing the diffusion and
mass transfer of benzene molecules through TMA-Mt. In addition, TMA-Mt displayed remarkable regenerability,
with a recycling efficiency exceeding 90%. These results indicated that modifying montmorillonite with small
quaternary ammonium cation is an effective strategy to enhance the adsorption of volatile organic compounds
(VOCs) by Mt and the TMA-Mts are promising adsorbents for VOCs remediation.

1. Introduction exhibits excellent adsorption capacity [11], but several drawbacks are

associated with its use in the adsorption process, such as fire risk, pro-

Volatile organic compounds (VOCs), which emitted from the con-
struction, petrochemical, pharmaceutical, and printing industries, are
the most common air pollutants, and they are toxic and (in some cases)
carcinogenic [1]. In addition, VOCs are the primary contributors to
photochemical pollution and secondary organic aerosols, which are also
harmful to human health [2-4]. Therefore, the treatment of VOCs had
received considerable attention. Many technologies have been devel-
oped for VOCs control, such as membrane separation [5], oxidation [6],
catalysis [7], biological treatment [8], and adsorption [9], where ab-
sorption is the most applicable technology because of its low cost, low
energy, and flexible system structure [10].

Adsorbents play an important role in the application of adsorption
technology, and activated carbon and synthetic zeolites are two types of
commonly used VOCs adsorbents. Activated carbon is inexpensive and

pensity for pore-clogging, and regeneration difficulties [12]. Synthetic
zeolites, such as ZSM-5 [13] and NaY zeolites [14], have the advantages
in VOCs adsorption due to their good chemical stability and controllable
pore size, but their wide application is restricted by their high cost.
There is therefore an increasing focus on the development of low-cost
adsorbents with excellent adsorption performance and desirable ther-
mal stability. To this end, raw minerals have been proposed as possible
adsorbents due to their unique porous structure, excellent heat resis-
tance, and low cost [15].

Montmorillonite (Mt) is a 2:1 dioctahedral clay mineral comprising
an octahedral alumina sheet sandwiched between two opposing tetra-
hedral silica sheets, with hydrated exchangeable cations incorporated
within the interlayer space. In addition, the substitution of Mg?" or Fe?*
for AI** in octahedral sheets and substitution of AI** for Si** in
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tetrahedral sheets often occurs in Mt, making the layers of Mt negatively
charged. Due to the exchangeable cations and negatively charged layers,
Mt is widely used as an efficient adsorbent for the removal of aqueous
cationic pollutants, such as dyes [16] and heavy metal ions [17], from
wastewaters. However, the adsorption of Mt for non-ionic organic pol-
lutants (NOPs), e.g., benzene [18] and phenol [19], is hindered by its
hydrophilicity, which results from the exchangeable cations and nega-
tively charged layers. The modification of Mt via a cation-exchange
reaction  with  cationic  surfactants, such as octadecyl-
trimethylammonium bromide (OTAB) [20], cetyltrimethylammonium
bromide (CTAB) [21], dodecyltrimethylammonium bromide (DTAB)
[22], and tetramethylammonium bromide (TMAB) [23], forms
organo-montmorillonites (OMts). The cationic surfactants are interca-
lated within the interlayer spaces of Mt, leading to different overall
physical and chemical properties for OMts, including a NOPs absorptive
capacity superior to that of Mt [24].

In physical terms, the intercalated surfactants convert the OMts
surface from hydrophilic to hydrophobic [25], and thus improve its af-
finity for hydrophobic NOPs. Moreover, the intercalated surfactants
affect the microstructure of OMts, resulting in various NOPs adsorption
behaviors. Two adsorption mechanisms have been reported: (1) a
partition process, and (2) a surface-adsorbent process [26,27]. Previous
studies have revealed that the intercalation of large surfactants (e.g.,
CTAB and DTAB, as mentioned above) in the interlayer space of Mt
occurs via close packing to form hydrophobic phase, which were
considered to adsorb NOPs by a partition process [28]. Conversely, OMts
modified with small surfactants (e.g., TMAB) usually adsorb organic
pollutants via a surface-adsorbent process, because small surfactant
molecules tend to be loosely arranged in the interlayer space, creating a
number of micropores [29].

Compared with the numerous studies of NOPs adsorption by OMts,
the report on the VOCs adsorption by OMts was rare, and the relevant
mechanisms were still unclear. Generally, an adsorbent with a large
specific surface area (Sggr) and many micropores will exhibit excellent
VOCs adsorption performance [30]. The OMts modified with small
surfactants (e.g., TMAB) has a larger Sggr value and more interlayer
micropores than those OMts containing larger surfactants [29], and may
thus possess excellent VOCs adsorption performance. However, several
factors, such as surfactant size and charge density of Mt, influenced the
microstructure of OMts modified with small surfactants, and would thus
have an impact on the VOCs adsorption. Kukkadapu et al. [31] found
that the organic-vapor adsorption performance of OMts comprising
small surfactants of different size (TMAB and tetramethylphosphonium
bromide) depended on their Sggr values, i.e., a larger value of Sggr
corresponded to a greater adsorption capability. Lee et al. [32] reported
that the charge density of Mt influenced the VOCs adsorption behavior
of TMA-Mt by affecting the packing density of TMA™ cations and the
formation of micropores.

However, the adsorption behavior of OMts incorporating small sur-
factants is not only regulated by surfactant size and charge density of Mt,
but also affected by surfactant dosage, which controls the microstructure
of the resulting OMts [29]. Surprisingly, the role of TMA™ cations on the
VOCGs adsorption performance of TMA-Mts with different TMA™ dosages
has not been reported.

In addition, in previous research, VOCs adsorption by TMA-Mts was
evaluated using static adsorption experiment [31,32], whose processes
include the pre-evacuating of adsorbents and the altering of adsorption
and desorption equilibrium pressures [33]. In comparison, dynamic
adsorption experiment conducted at room temperature and atmospheric
pressure can be used to simulate the real adsorption behavior of ad-
sorbents for industrial VOCs-absorbing applications. Hence, studying
the dynamic adsorption of VOCs by TMA-Mts is necessary for further
applications of this technique.

To examine these two areas, the microstructure of TMA-Mts pre-
pared with various TMA™ dosages were characterized. Benzene, one of
the most common VOCs pollutants, was used to investigate the dynamic
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adsorption behavior of TMA-Mts. Finally, the role of TMA™ cations on
the dynamic benzene adsorption performance of TMA-Mts was exam-
ined and discussed.

2. Experiment
2.1. Materials

Mt sourced from Inner Mongolia, China, was purified by a conven-
tional sedimentation method, and its chemical composition was as fol-
lows: SiO,, 57.41%; Aly03, 15.66%; FexOs, 4.93%; MgO, 4.98%; K30,
0.12%; CaO, 2.98%; NaO, 0.11%; MnO, 0.03%; TiO2, 0.31%; and
ignition loss, 13.33%. The cation-exchange capacity (CEC) of purified
Mt, measured by adsorption of [Co(NHg)G]3+ [34], was 110.5 meq/100
g. TMAB (>98%) was purchased from Sigma-Aldrich Chemistry Co., Ltd.

2.2. Preparation of TMA-Mt

Sodium-based montmorillonite (Na-Mt) was firstly prepared as fol-
lows: 10.0 g purified Mt was dispersed in 200 mL of a 0.5 M sodium
chloride solution under vigorous stirring at 80 °C for 24 h. After this
time, the solid phase was then separated from the solution by centrifu-
gation and then re-treated with 200 mL of 0.5 M sodium chloride so-
lution, and the resulting mixture was heated and then separated as
before. This procedure was repeated once more to effect complete cation
exchange. The Na-Mt product was repeatedly washed with distilled
water and then dried at 60 °C overnight before it was ground to a
powder.

TMA-Mt was prepared by the following method: a desired amount of
TMAB, equating to several times (0.25, 0.5, 1.0, 1.5, and 2.0, respec-
tively) of the CEC of the amount of Na-Mt, was dispersed in 200 mL of
distilled water, and the solution was stirred at 80 °C for 30 min. Then,
10.0 g Na-Mt was added slowly into the solution, and the mixture was
stirred at 60 °C for 12 h. After this time, the solids were separated by
filtration, repeatedly washed with distilled water to remove excess
TMAB, and then dried and ground. The products are denoted as TMA-
Mtx, where x was the dosage of TMAB. For example, TMA-Mtg 25 de-
notes TMA-Mt with a TMAB dosage of 0.25 CEC.

2.3. Characterization methods

Major element oxides were analyzed on fused glass beads with a
Rigaku RIX 2000 X-ray fluorescence spectrometer. To determine loss on
ignition, 1000 mg of sample powder was heated to 1000 °C and main-
tained there for 10 min.

The CHN elemental analysis was performed using an ElementarVario
EL III Universal CHNOS Elemental Analyzer.

The thermogravimetric (TG) analysis was conducted on a Netzsch
STA 409 PC instrument. Approximately 10 mg of the sample was heated
in a corundum crucible from 30 to 1000 °C at a heating rate of 10 °C/min
under a highly pure Ny atmosphere (20 cm®/min).

The X-ray diffraction (XRD) patterns were recorded with a Bruker D8
Advance diffractometer with a Ni filter and Cu-Ku radiation (A = 0.154
nm) using a generator voltage of 40 kV and a current of 40 mA. The scan
rate was 3° (20)/min.

Ar adsorption-desorption isotherms were measured with a Micro-
meritics ASAP-2460 Accelerated Surface Area and Porosimetry system
at liquid-argon temperature. The samples were outgassed at 120 °C for
12 h before measurements were made. The samples’ Sggr values were
calculated from the argon adsorption data using the multiple-point
Brunauer-Emmett-Teller (BET) method [35], and the total pore vol-
ume (Viora)) Was estimated based on the argon uptake at a relative
pressure of approximately 0.98. The samples’ microporous surface area
(Smicro) and microporous volume (Vpicro) Were derived using the t-plot
method [36]. The non-local density functional theory (NLDFT) model
[37] was used to determine the samples’ micropore size distributions.
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Diffuse reflectance infrared Fourier-transform (DRIFT) character-
ization was performed on the Praying Mantis™ diffuse reflection
accessory (Harrick Scientific Products INC) of a Bruker Vertex-70
Fourier transform infrared spectrometer at room temperature. The
DRIFT measurement lasted for 2 min (from the sample loading to the
spectrum recording), and the ambient relative humidity was approxi-
mately 30%. The spectra were collected over the range of 600-4000
cm ™! with 64 scans and a resolution of 4 cm ™! using a KBr background.

2.4. Bengzene adsorption test

The samples’ benzene adsorption performance was evaluated with
an in-line gas chromatography apparatus (Fig. 1). Before adsorption, the
samples were heated at 120 °C in a muffle oven for 2 h to remove most of
the physically adsorbed water molecules and small organic impurities
adsorbed in the pores. During the adsorption measurement, an organic
saturator containing 200 mL benzene was immersed in a water bath at
30 °C. Each powder sample was weighed accurately to 0.5 g and loaded
into a glass column. The column was fed with a dry nitrogen stream
containing benzene vapor at 3.00 mL/min, which was adjusted as
required with a mass flow controller (MFC). The concentrations of
benzene in both the column influent and effluent were quantified with a
gas chromatograph (Agilent 7820A) using flame ionization detection.
The experiment stopped when the adsorption equilibrium for the
adsorbent was reached. After adsorption, the glass column containing
the sample was heated at 120 °C for 12 h for desorption of the adsorbed
benzene molecules, cooled to room temperature, and retested. This
adsorption-desorption cycle test was performed four times to evaluate
the samples’ regenerative and re-use performance.

The adsorbents’ benzene adsorption capacity (q, mg/g) was calcu-
lated by integrating the area above the acquired breakthrough curve
after subtracting the area attributable to dead volume in the system,
according to the following equation:

M e
- [ FCy-Cldt
q 1000m/,, [Co -]

where M (g/mol) is the molecular mass of benzene; m (g) is the initial
mass of the adsorbents before testing; t; (min) is the breakthrough time
without the samples; t, (min) is the breakthrough time with the packed
column; Cp and C; (mmol/L) represent the influent and measured
effluent benzene concentrations, respectively; and F (mL/min) is the Ny
flow rate. The dead volume was determined by performing blank runs
without the column.

The breakthrough curves were fitted using the Yoon and Nelson
model [38], as per Eq (2):

Eq. (1)

1 C,
t=7+—In !

Eq. (2
[RoNre a- ()

where t (min) is the breakthrough time; C; and Cy are the outlet and inlet
concentrations of the stream through the adsorbent column, respec-
tively; = (min) is the time at which the breakthrough concentration
reached half the initial concentration (C; = 0.5 Cp); and k is the mass

Adsorbent
Column

Fig. 1. Schematic diagram of experimental set-up.
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transfer coefficient.
3. Results and discussion
3.1. Microstructure of TMA-Mtx samples

The XRD patterns of Na-Mt and TMA-Mtx samples are presented in
Fig. 2. The (001) reflection of Na—-Mt occurs at 7.2° (26), corresponding
to a dgp1-value of 1.26 nm. A weak reflection at 27° is attributed to
quartz (ca. wt. 3%). Compared to Na-Mt, the dyo;-values of TMA-Mtx
samples increased to 1.31 nm (TMA-Mtg »5) and 1.38 nm (TMA-Mtg s,
TMA-Mt; o, TMA-Mt; 5, and TMA-Mty (), corresponding to interlayer
distances of 0.35 nm and 0.42 nm. These were calculated by subtracting
the thickness of the structural TOT layer unit (0.96 nm) from dgo;-value.
The increase of the basal spacing demonstrates the successful interca-
lation of TMA™ cations, in accordance with previous study [23]. The
basal spacing of TMA-Mtx samples was positively influenced by sur-
factant (TMA™) dosage. However, TMA™ dosage of more than 0.5 CEC
resulted in the same basal spacing. This phenomenon indicates that the
basal spacing of TMA-Mtx samples is limited.

The carbon (f¢) and nitrogen (fy) content of Na-Mt and TMA-Mtx
samples are listed in Table 1. The f¢ and fy of TMA-Mtx samples were
larger than those of Na-Mt and enlarged with the increase of TMA™
dosage. These results were ascribed to the increase in the amount of
intercalated TMA™ cations. The Afc and Afy values (Table 1) dramati-
cally increased until the TMA™ dosage reached 1.0 CEC while more
TMA™ resulted in only a little increase of Afc and Afy values. This
phenomenon suggests that the TMA™ dosage of 1.0 CEC is a critical point
which indicates different intercalation mechanisms [39]. TMA™ cations
intercalated into the interlayer space of Na-Mt mainly by
ion-exchanging when TMA™ dosage is less than 1.0 CEC, while TMA™*
cations can be also physically adsorbed into the interlayer space and/or
surface of Na-Mt via ion pairs when they are more than 1.0 CEC.
However, only a few TMA™ cations can occupy the interlayer space and
surface by physical adsorption.

TG/DTG measurement was performed to calculate the content of
TMA™ in TMA-Mtx samples. The TG curve of Na-Mt (Fig. 3a) showed
two mass loss steps in the temperature range of 30-200 °C and 500-700
°C with the related DTG peaks centered at 115.7 and 626.6 °C, respec-
tively. The former substantial loss was attributed to the dehydration of
adsorbed water and interlayer water, indicating a water content of
10.03%. While, the latter mass loss occurred at a temperature of higher
than 500 °C was caused by the dehydroxylation of Na-Mt [40]. Three

® Montmorillonite
1.38nm ¥ Quartz
A
_A TMA-Mt, ,
_JL TMA-Mt, ,
3 - A
z _A L TMA-Mt, ,
= )
___jL TMA-Mt, ,
VAN TMA-Mt, 5
D | S A £
_Mnm J_ T Na-Mt
fl'> l 'IIO i 1 I5 I 2|0 ) 2l5 ‘ 3I0 ' 3l5 I 40
26 (%)

Fig. 2. XRD patterns of Na-Mt and TMA-Mtx samples.
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Table 1

Total carbon (fc) and nitrogen (fy) content of Na-Mt and TMA-Mtx samples.
Samples fc (by mass, %) Afc fi (by mass, %) Afn
Na-Mt 0.074 0.000 0.044 0.000
TMA-Mto 25 1.720 1.646 0.380 0.336
TMA-Mtg s 2.700 2.626 0.720 0.676
TMA-Mt; o 4.270 4.196 1.100 1.056
TMA-Mt, 5 4.600 4.526 1.160 1.116
TMA-Mt, o 4.750 4.676 1.240 1.196

Note: Afc = fc (TMA-Mt) - fc (Na—Mt), AfN =fN (TMA-Mt) —fN (Na—Mt).

major mass loss steps centered at 113.2, 397.5, and 585.7 °C are
resolved in the TG curve of TMA-Mt o5 (Fig. 3b): (1) the removal of
adsorbed water and interlayer water at 30-200 °C, (2) the decomposi-
tion of the intercalated TMA™ in the temperature range of 200-500 °C,
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and (3) the dehydroxylation at the temperature above 500 °C. Compared
to Na-Mt, the water content of TMA-Mtg o5 decreased to 9.13%. This
result was due to improvement of the hydrophobicity of Na-Mt by the
intercalation of TMA™ cations with a content of 4.22%. With the in-
crease of the TMA™ dosage, the water content of TMA-Mtg 5, TMA-Mtj o,
TMA-Mt; 5, and TMA-Mty o (Fig. 3c-f) further decreased to 8.43%,
7.36%, 6.59%, and 5.80%, respectively, but their content of intercalated
TMA™ cations increased to 5.83%, 8.68%, 9.52%, and 10.11%, respec-
tively. These results confirmed the enhancement of hydrophobicity of
TMA-Mtx samples by the intercalation of TMA™ cations.

The Ar adsorption-desorption isotherms of Na-Mt and TMA-Mtx
samples are displayed in Fig. 4a. According to the IUPAC classification
refined by Thommes et al. [37], the isotherm of Na-Mt was classified as
type II with an H3 hysteresis loop, which is a characteristic of plate
materials with non-rigid slit-like pores [41]. Hysteresis is associated
with the filling and emptying of mesopores via capillary condensation,

TG (%) (a) DTG (%/min) TG (%) (b) DTG (%/min) TG (%) (c) DTG (%/min)
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Fig. 3. TG and DTG curves of (a) Na-Mt, (b) TMA-Mtq o5, (¢) TMA-Mty s, (d) TMA-Mt; o, (€) TMA-Mt; 5, and (f) TMA-Mtoq,

(a)

—s=— Adsorption

——o— Desorption

(b)

TMA-Mt, ,

—

TMA-Mt, 4

T —————

TMA-Mt, ,

__TMA-Mt,

- 120

- 80

TMA-Mt, ,5

~—,—— .

Na-Mt

S e i,

dV/dw Pore Volume (cm®/g-nm)

r 40

0

02 04 06 08 1.0
Relative Pressure (P/P,)

0.8 1.2 1.6 20

Pore Width (nm)

0.4

Fig. 4. Ar adsorption-desorption isotherms (a) and NLDFT pore size distribution (PSD) curves (b) of Na-Mt and TMA-Mtx samples.
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where these mesopores result from the disordered stacking of Na-Mt
particles. A slightly steeper increase in adsorption at a low relative
pressure (P/Py < 0.1) in the isotherm of Na-Mt (Fig. 4a) indicated the
presence of micropores in this substrate. These micropores corresponded
to the slit-shaped micropores created by the turbostratic stacking of clay
particles and/or the interlayer micropores resulting from dehydration
[15].

The isotherms of TMA-Mtx samples (Fig. 4a) present mixed charac-
teristics of type I(a) and IV(a) with an H3 hysteresis loop, which indi-
cated the coexistence of microporosity and mesoporosity. The hysteresis
loop was caused by mesopores formed by disordered stacking of parti-
cles. Moreover, the amount of adsorbed Ar at relatively low pressure (P/
Py < 0.1) in the isotherms of TMA-Mtx samples increased much more
rapidly than that amount adsorbed in Na-Mt, suggesting that TMA-Mtx
samples had a more highly developed microporosity than Na-Mt. This
can be attributed to the intercalated TMA™ cations, which created a
number of micropores in the interlayer of TMA-Mtx samples.

The micropore size distribution (PSD) curves of Na-Mt and TMA-Mtx
samples (Fig. 4b) showed a minor distribution at 1.17 nm, which is much
greater than the interlayer distance of Na-Mt and TMA-Mx samples.
Hence, these micropores probably resulted from the turbostratic stack-
ing of particle. In addition, a remarkable distribution centered at 0.51
nm appeared in the PSD curves of TMA-Mtg o5. With the increase of
TMA™ dosage, the diameters of these micropores decreased in TMA-
Mty s (0.48 nm) and TMA-Mt; o (0.47 nm), and finally decreased to
lower than the detection limit in TMA-Mt; 5 and TMA-Mt, . Hence,
these micropores were attributed to the unevenly occupation of TMA™
cations in the interlayer space. The increase of the density of intercalated
TMA™ cations leads to close packing from loose distribution, resulting in
the decrease of micropore size.

The porous parameters of the Na-Mt and TMA-Mtx samples are listed
in Table 2. Na-Mt showed the smallest Sggr (55.9 mz/g) due to its
poorest microporosity, of which the Spjcro was only 3.3 mz/g. This result
was in accordance with the slight phenomenon of micropore filling in
the Ar adsorption-desorption isotherms of Na-Mt (Fig. 4a). After TMA ™"
exchanging, the Sgrr and Spjcro of TMA-Mtx samples increased, owing to
the formation of the interlayer micropores by the intercalation of TMA ™"
cations. TMA-Mt; 5 had the highest Sgpr and Spicro (173.5 mz/g and
65.0 m?/g, respectively), indicating that a dosage of 1.5 CEC is consid-
ered the critical point. When the TMA™ dosage outstripped 1.5 CEC, the
exceeded TMA™ cations could also be intercalated into the interlayer
space of Na-Mt by adsorption, resulting in the decrease of the interlayer
microporosity of TMA-Mtx samples.

3.2. Dynamic benzene adsorption of TMA-Mtx samples

The breakthrough curves of Na-Mt and TMA-Mtx samples (Fig. 5)
were used to evaluate their dynamic adsorption capacity (g value,
Table 3). Na-Mt had the lowest g value (87.1 mg/g), attributing to its
smallest Sggr and least amount of micropores. In addition, as the XRD
patterns (Fig. 2) indicated, the interlayer distance of Na-Mt was only
approximately 0.30 nm, which was less than the van der Waals diameter
of the carbon atom (0.34 nm), the smallest one-dimensional size that a
benzene molecule could adopt. Therefore, only a small number of the
interlayer micropores of Na-Mt (i.e. the micropores with the pore width

Table 2
Porous parameters of Na-Mt and TMA-Mtx samples.

Samples Sger (m%/g) Viotal (€m*/8)  Smicro” (m?/g) Viniero” (cm®/g)
Na-Mt 55.9 0.092 3.3 0.001
TMA-Mtg o5 69.6 0.094 19.0 0.007
TMA-Mto 5 147.9 0.131 59.9 0.023
TMA-Mt; o 154.7 0.139 61.8 0.024
TMA-Mt; 5 173.5 0.150 65.0 0.025
TMA-Mts o 160.2 0.134 55.9 0.021

# Microporous surface area and volume were calculated by the t-plot method.
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Fig. 5. Breakthrough curves of Na-Mt and TMA-Mtx samples.
Table 3

Dynamic adsorption capacity (q) and Yoon and Nelson equation parameters for
benzene adsorption of Na-Mt and TMA-Mtx samples.

Samples q (mg/g) k 7 (min) R?

Na-Mt 87.1 0.263 30.0 0.990
TMA-Mtg 25 184.3 0.113 59.1 0.972
TMA-Mtg 5 220.9 0.094 72.3 0.982
TMA-Mt; o 380.8 0.083 126.6 0.986
TMA-Mt; 5 425.3 0.059 140.6 0.985
TMA-Mts o 419.0 0.058 138.9 0.987

larger than 0.34 nm) were available for benzene adsorption. Compared
to Na-Mt, the q values of TMA-Mtx samples (Table 3) increased, indi-
cating that the intercalation of TMA™ cations enhanced the adsorption of
benzene by Mt, which could be ascribed to the introduced micropores by
the intercalated TMA™ cations.

The interlayer distance of TMA-Mtg o5 reached 0.35 nm, which was
greater than the van der Waals diameter of the carbon atom (0.34 nm).
As a result, a considerable number of benzene molecules could be
adsorbed into the interlayer micropores of TMA-Mty o5, resulting in the
higher g value of TMA-Mto 25 (184.3 mg/g) compared to that of Na—Mt
(87.1 mg/g). When the dosage exceeded 0.25 CEC, the interlayer dis-
tance of TMA-Mtx samples increased to 0.41 nm, thus more micropores,
which were available for benzene adsorption, were generated by the
intercalated TMA™ cations, leading to a further improvement in the
benzene adsorption performance of the TMA-Mtx samples. The g value
of TMA-Mt; 5 (425.3 mg/g) was the highest among the TMA-Mtx sam-
ples because it had the largest Spjcro (65.0 mz/g). This result suggested
that the g values of the TMA-Mtx samples correlated to their Spicro,
confirming the significant impact of micropores on the benzene
adsorption performance of TMA-Mtx samples. However, TMA-Mts o had
a higher g value (419.0 mg/g) than TMA-Mtg 5 (220.9 mg/g) and TMA-
Mt; o (380.8 mg/g), even though its Spjcro (55.9 m?/ g) was smaller than
those of TMA-Mtg 5 (59.9 m2/g) and TMA-Mt; o (61.8 m2/g). This fact
indicated that interlayer micropores were not the only factor affecting
the benzene adsorption performance of the TMA-Mtx samples. The su-
perior benzene adsorption performance of TMA-Mty o towards TMA-
Mt 5 and TMA-Mt; o might be due to its larger content of TMA™ cations
(10.11%) than TMA-Mtg 5 (5.83%) and TMA-Mt; o (8.68%), as the TG
curves (Fig. 3¢, d, and 3f) revealed. More intercalated TMA™ cations
resulted in better hydrophobicity of the TMA-Mtx samples, improving
the compatibility between TMA-Mtx and benzene molecules.

The k values of the Na-Mt and TMA-Mtx samples, which represent
the diffusion and mass transfer characteristics of benzene molecules in
the adsorption process, are listed in Table 3. Generally, a small k value
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indicates that the adsorbate has minimal diffusion and mass transfer
ability. Thus, the smaller k values of TMA-Mtx samples compared with
that of Na-Mt indicated that there was lower propensity for diffusion
and mass transfer of benzene molecules in TMA-Mtx samples than in
Na-Mt. This may be attributable to the adsorption by the interlayer
micropores introduced by intercalated TMA" cations. However, TMA-
Mt; 5 had a slightly larger k value (0.059) than TMA-Mt; o (0.058) even
though it possessed the highest Spicro value (65.0 mz/g), indicating that
the diffusion and mass transfer of benzene molecules occurred more
easily in TMA-Mt; 5 than in TMA-Mty . This result further confirmed
that other factors aside from micropores affected the benzene adsorption
of TMA-Mtx samples, which might be ascribed to the interaction be-
tween the intercalated TMA™ cations and benzene molecules.

To detect the interaction between the benzene molecules and TMA-
Mtx samples, DRIFT characterization was performed on benzene and
TMA-Mt; 5 before and after benzene adsorption. The sample obtained
after TMA-Mt; 5 adsorbed benzene was denoted TMA-Mt; 5/Ben. The
DRIFT spectra of benzene, TMA-Mt; 5, and TMA-Mt; 5/Ben are displayed
in Fig. 6. After benzene adsorption, four bands at 3035, 3060, 3069, and
3090 cm ! appeared in the DRIFT spectrum of TMA-Mt; 5/Ben. These
bands were due to the C-H stretching of aromatic rings [42-44], indi-
cating that benzene molecules were adsorbed in TMA-Mt; 5. In addition,
these bands shifted slightly compared with those of benzene, which
could be due to the interaction between adsorbed benzene molecules
and intercalated TMA™ cations. Therefore, the intercalated TMA™ cat-
ions were also the adsorption sites for benzene molecules in addition to
their introduced micropores.

Evaluation of the regeneration performance of VOCs adsorbents is an
important factor for determining their industrial potential [45].
Accordingly, the breakthrough process of benzene adsorption on
TMA-Mt; 5 was performed four times (Fig. 7). The overlapping break-
through curves of TMA-Mt; 5 exhibited that there was good reusability
of TMA-Mt; 5 over four cycles of benzene adsorption. In addition, the
recycling efficiency of TMA-Mt; 5 after four cycles of benzene adsorption
still exceeded 90% (Table 4), indicating the excellent regenerative
performance of this material.

Raw minerals are potential adsorbents for VOCs treatment. Previous
studies [15,46] had investigated the dynamic benzene adsorption per-
formance of various minerals, including diatomite (Dt), kaolinite (Kaol),

Benzene

3060 3035
4

3069
A
3090

©3120 3080 3040 3000
.................... g

TMA-Mt, ,/Ben

4000 3800 3600 3400 3200 3000 2800

Wavenumber (cm™)

Fig. 6. DRIFT spectra of benzene, TMA-Mt, 5, and TMA-Mt; s/Ben.
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Fig. 7. Benzene adsorption breakthrough curves of TMA-Mt; 5 cycled for
four times.

Table 4
Dynamic adsorption capacity (q) and Yoon and Nelson equation parameters for
various cycles of TMA-Mt s.

Cycles q (mg/g) k 7 (min) R? Efficiency (%)
First 425.3 0.059 140.6 0.985 -

Second 414.8 0.060 137.5 0.987 97.5%

Third 403.7 0.065 134.3 0.988 94.9%

Fourth 385.2 0.082 128.4 0.989 90.6%

halloysite (Hal), calcium-based montmorillonite (Ca—-Mt), and allophane
(Allo). However, the microstructures and surface properties of these
minerals were different with those of TMA-Mt; s, leading to their lower g
values.

The benzene adsorption on Dt, Kaol, and Hal mainly occurred at their
surface due to the absence of appropriately sized micropores. However,
their Spgr were relatively small, which were 17.9, 17.9, and 58.4 m2/g,
respectively, indicating the relatively small amount of surface sites for
adsorption. In addition, the surfaces of Dt, Kaol, and Hal were signifi-
cantly hydroxylated (and thus hydrophilic) that they were less favorable
for benzene adsorption. Therefore, the g values of Dt, Kaol, and Hal,
which were 74.5, 56.7, and 68.1 mg/g, respectively, were lower than
that of TMA-Mt; 5 (425.3 mg/g).

The interlayer distance of Ca-Mt (0.58 nm) was larger than that of
TMA-Mt; 5 (0.42 nm), and it was also close to the kinetic diameter of the
benzene molecule (0.59 nm). Therefore, the interlayer space of Ca-Mt
could theoretically accommodate benzene adsorption. However, the
interlayer space of Ca-Mt was generally occupied by interlayer water,
which would hinder the benzene adsorption. Therefore, the q value of
Ca-Mt (141.2 mg/g) was still lower than that of TMA-Mt; 5 (425.3 mg/
g).

Allo possessed a substantial quantity of micropores, of which the
Smicro reached 183.8 mz/g. However, the Allo nanoparticles aggregated
extensively, resulting in the formation of numerous pores with irregular
channels, which are difficult for benzene molecules to penetrate.
Moreover, numerous hydroxyl groups were found to be distributed on
the surface of Allo. Therefore, the g value of Allo (105.9 mg/g) was
lower than that of TMA-Mt; 5 (425.3 mg/g).

Compared to activated carbon, which is flammable and generally
requires high temperature steam and/or nitrogen (>120 °C) for its
regeneration [47,48], TMA-Mt; 5 can be regenerated by heating at a
relatively low temperature of 120 °C after benzene adsorption. More-
over, TMA-Mt; 5 has a high recycling efficiency (exceeded 90%) after
four cycles of benzene adsorption. Therefore, TMA-Mt; 5 appears to have
a greater thermal regeneration advantage than activated carbon.
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4. Conclusion

In this study, the roles of TMA™ cations in the microstructure and
dynamic benzene adsorption performance of TMA-Mts with various
TMA™ dosages were investigated. TMA™ was intercalated into the
interlayer space of Mt, with the numbers of micropores generated
depending on the dosage of TMA™.

The microporous surface area increased with the increase of TMA™
dosage, and achieved a maximum at 1.5 CEC. The addition of more
TMA™ cations (e.g., >2.0 CECQ) led to a decline of microporous surface
area due to the closer packing of TMA" cations. The dynamic benzene
adsorption capacity of TMA-Mts was positively influenced by their
microporous surface area.

In addition to micropores, the intercalated TMA™ cations were
another site for benzene adsorption, enhancing the benzene adsorption
performance of TMA-Mts but decreasing the diffusion and mass transfer
of benzene molecules through TMA-Mts. It has thus been shown that
TMA-Mt may be utilized as an effective VOCs adsorbent due to its
excellent dynamic benzene adsorption performance and superior
regenerability.
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