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Abstract

Tetramethylammonium (TMA exchanged montmorillonites (TMA-Mts) of
varioussurfactant (TMA) dosages were prepared, and the roles of Toé#ions in
the microstructure and dynamic benzene adsorptrfopnance of TMA-Mts were
investigated. TMA cations were intercalated into the interlayer spaof
montmorillonite (Mt), and they exhibited dual effemn the benzene adsorption by
TMA-Mts. For one thing, the intercalated TMAations arranged loosely, creating an
interlayer microporous structure. The interlayecnmpores were important benzene
adsorption sites, and the dynamic benzene adsorptipacity ¢ value) positively
correlated to the microporous surface aBa.6). The optimized dosage of TMA
was 1.5 times the cation exchange capacity of 84fitwhich resulted in a TMA-Mt
with the largesSmicro andq values of 65.0 Aig and 425.3 mg/g, respectively. On the
other hand, the intercalated TMAations could interact with benzene molecules,
further increasing the benzene adsorption perfoceah TMA-Mt but decreasing the
diffusion and mass transfer of benzene moleculesutih TMA-Mt. In addition,
TMA-Mt displayed remarkable regenerability, withrecycling efficiency exceeding
90%. These results indicated that modifying montiooite with small quaternary
ammonium cation is an effective strategy to enhaheedsorption of volatile organic
compounds (VOCs) by Mt and the TMA-Mts are prongsedsorbents for VOCs
remediation.
Keywords:

Montmorillonite; TMA" exchanging; Surfactant dosage; Micropores; Dynamic
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1. Introduction

Volatile organic compounds (VOCs), which emitte@nfr the construction,
petrochemical, pharmaceutical, and printing indestrare the most common air
pollutants, and they are toxic and (in some casasjnogenic [1]. In addition, VOCs
are the primary contributors to photochemical gallu and secondary organic
aerosols, which are also harmful to human heakl][Zherefore, the treatment of
VOCs had received considerable attention. Manyneldgies have been developed
for VOCs control, such as membrane separation gsidation [6], catalysis [7],
biological treatment [8], and adsorption [9], wheittesorption is the most applicable
technology because of its low cost, low energy, ffexdble system structure [10].

Adsorbents play an important role in the applicatad adsorption technology,
and activated carbon and synthetic zeolites aretjywes of commonly used VOCs
adsorbents. Activated carbon is inexpensive andb@glexcellent adsorption capacity
[11], but several drawbacks are associated withgesin the adsorption process, such
as fire risk, propensity for pore-clogging, andeegration difficulties [12]. Synthetic
zeolites, such as ZSM-5 [13] and NaY zeolites [I¥ye the advantages in VOCs
adsorption due to their good chemical stability aodtrollable pore size, but their
wide application is restricted by their high cdtere is therefore an increasing focus
on the development of low-cost adsorbents with kxaeadsorption performance and
desirable thermal stability. To this end, raw maigmhave been proposed as possible

adsorbents due to their unique porous structuieelkext heat resistance, and low cost
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[15].

Montmorillonite (Mt) is a 2:1 dioctahedral clay reiral comprising an octahedral
alumina sheet sandwiched between two opposinghtdral silica sheets, with
hydrated exchangeable cations incorporated withéniterlayer space. In addition,
the substitution of Mg or F&€* for AI** in octahedral sheets and substitution of Al
for Si*" in tetrahedral sheets often occurs in Mt, makimg layers of Mt negatively
charged. Due to the exchangeable cations and melyatharged layers, Mt is widely
used as an efficient adsorbent for the removalgakaus cationic pollutants, such as
dyes [16] and heavy metal ions [17], from wastevgatelowever, the adsorption of
Mt for non-ionic organic pollutants (NOPs), e.genkene [18] and phenol [19], is
hindered by its hydrophilicity, which results frothe exchangeable cations and
negatively charged layers. The modification of N & cation-exchange reaction with
cationic surfactants, such as octadecyltrimethylamom bromide (OTAB) [20],
cetyltrimethylammonium bromide (CTAB) [21], dodetyhethylammonium
bromide (DTAB) [22], and tetramethylammonium bromidTMAB) [23], forms
organo-montmorillonites (OMts). The cationic sutatts are intercalated within the
interlayer spaces of Mt, leading to different oephysical and chemical properties
for OMts, including a NOPs absorptive capacity sigueo that of Mt [24].

In physical terms, the intercalated surfactantsvednthe OMts surface from
hydrophilic to hydrophobic [25], and thus improve affinity for hydrophobic NOPs.
Moreover, the intercalated surfactants affect therastructure of OMts, resulting in

various NOPs adsorption behaviors. Two adsorptieshanisms have been reported:
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(1) a partition process, and (2) a surface-adsornpetess [26, 27]. Previous studies
have revealed that the intercalation of large stafsts (e.g., CTAB and DTAB, as
mentioned above) in the interlayer space of Mt ogota close packing to form
hydrophobic phase, which were considered to add@®Bs by a partition process [28].
Conversely, OMts modified with small surfactantsg(e TMAB) usually adsorb
organic pollutants via a surface-adsorbent prodessguse small surfactant molecules
tend to be loosely arranged in the interlayer spaating a number of micropores
[29].

Compared with the numerous studies of NOPs adsorpty OMts, the report on
the VOCs adsorption by OMts was rare, and the aglevnechanisms were still
unclear. Generally, an adsorbent with a large $ipesiurface areaSer) and many
micropores will exhibit excellent VOCs adsorptioerformance [30]. The OMts
modified with small surfactants (e.g., TMAB) haslaager Ser value and more
interlayer micropores than those OMts containingeéa surfactants [29], and may
thus possess excellent VOCs adsorption performahoeever, several factors, such
as surfactant size and charge density of Mt, imiteel the microstructure of OMts
modified with small surfactants, and would thus éaan impact on the VOCs
adsorption. Kukkadapu et al. [31] found that thegamic-vapor adsorption
performance of OMts comprising small surfactantsddferent size (TMAB and
tetramethylphosphonium bromide) depended on Begir values, i.e., a larger value
of Ssercorresponded to a greater adsorption capabilitg. éteal. [32] reported that

the charge density of Mt influenced the VOCs adsonpbehavior of TMA-Mt by
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affecting the packing density of TMAations and the formation of micropores.

However, the adsorption behavior of OMts incorpagsmall surfactants is not
only regulated by surfactant size and charge derditMt, but also affected by
surfactant dosage, which controls the microstrectof the resulting OMts [29].
Surprisingly, the role of TMA cations on the VOCs adsorption performance of
TMA-Mts with different TMA" dosages has not been reported.

In addition, in previous research, VOCs adsorpbgriT MA-Mts was evaluated
using static adsorption experiment [31, 32], whopmcesses include the
pre-evacuating of adsorbents and the altering ofomudion and desorption
equilibrium pressures [33]. In comparison, dynaadsorption experiment conducted
at room temperature and atmospheric pressure caunsée to simulate the real
adsorption behavior of adsorbents for industrialCg&absorbing applications. Hence,
studying the dynamic adsorption of VOCs by TMA-Mss necessary for further
applications of this technique.

To examine these two areas, the microstructure MA-Mts prepared with
various TMA" dosages were characterized. Benzene, one of teseaommon VOCs
pollutants, was used to investigate the dynamiompden behavior of TMA-Mts.
Finally, the role of TMA cations on the dynamic benzene adsorption perfarenah

TMA-Mts was examined and discussed.

2. Experiment

2.1 Materials
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Mt sourced from Inner Mongolia, China, was purifie&y a conventional
sedimentation method, and its chemical composivas as follows: Sig) 57.41%;

Al 03, 15.66%; Fg03, 4.93%; MgO, 4.98%; O, 0.12%; CaO, 2.98%; Na, 0.11%;
MnO, 0.03%; TiQ, 0.31%; and ignition loss, 13.33%. The cation-exaje capacity
(CEC) of purified Mt, measured by adsorption of (Sbl)g]®>" [34], was 110.5
meq/100g. TMAB (> 98%) was purchased from SigmarialdChemistry Co., Ltd.
2.2 Preparation of TMA-Mt

Sodium-based montmorillonite (Na-Mt) was firstlyepared as follows: 10.0 g
purified Mt was dispersed in 200 mL of a 0.5 M swodi chloride solution under
vigorous stirring at 80°C for 24 h. After this titbe solid phase was then separated
from the solution by centrifugation and then reateel with 200 mL of 0.5 M sodium
chloride solution, and the resulting mixture wastked and then separated as before.
This procedure was repeated once more to effecipleten cation exchange. The
Na-Mt product was repeatedly washed with distilleater and then dried at 60°C
overnight before it was ground to a powder.

TMA-Mt was prepared by the following method: a dediamount of TMAB,
equating to several times (0.25, 0.5, 1.0, 1.5, 2a0drespectively) of the CEC of the
amount of Na-Mt, was dispersed in 200 mL of distlliwater, and the solution was
stirred at 80°C for 30 min. Then, 10.0 g Na-Mt veakled slowly into the solution,
and the mixture was stirred at 60°C for 12 h. Aftes time, the solids were separated
by filtration, repeatedly washed with distilled watto remove excess TMAB, and

then dried and ground. The products are denote@iM&-Mtx, where x was the
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dosage of TMAB. For example, TMA-Mjs denotes TMA-Mt with a TMAB dosage

of 0.25 CEC.

2.3 Characterization methods

Major element oxides were analyzed on fused glas&ld with a Rigaku RIX
2000 X-ray fluorescence spectrometer. To deterntoss on ignition, 1000 mg of
sample powder was heated to 1000°C and maintalvezd for 10 min.

The CHN elemental analysis was performed using k@mé&ntarVario EL I
Universal CHNOS Elemental Analyzer.

The thermogravimetric (TG) analysis was conductecadNetzsch STA 409PC
instrument. Approximately 10 mg of the sample waatbd in a corundum crucible
from 30 to 1000 °C at a heating rate of 10 °C/mider a highly pure Natmosphere
(20 cnt/min).

The X-ray diffraction (XRD) patterns were recordeith a Bruker D8 Advance
diffractometer with a Ni filter and Cu-Kradiation £ = 0.154 nm) using a generator
voltage of 40 kV and a current of 40 mA. The sce was 3° @/min.

Ar adsorption-desorption isotherms were measureth ve Micromeritics
ASAP-2460 Accelerated Surface Area and Porosimsystem at liquid-argon
temperature. The samples were outgassed fC1L&fr 12 h before measurements
were made. The sampleger values were calculated from the argon adsorptaia d
using the multiple-point Brunauer-Emmett-Teller (BEmethod [35], and the total

pore volume Viota) Was estimated based on the argon uptake attaveefaessure of
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approximately 0.98. The samples’ microporous serfaea $micro) and microporous
volume Wnmicro) Were derived using theplot method [36]. The non-local density
functional theory (NLDFT) model [37] was used tdetenine the samples’ micropore
size distributions.

Diffuse reflectance infrared Fourier-transform (IBR) characterization was
performed on the Praying Mantis™ diffuse reflectaecessory (Harrick Scientific
Products INC) of a Bruker Vertex-70 Fourier tramsfanfrared spectrometer at room
temperature. The DRIFT measurement lasted for 2 (fnom the sample loading to
the spectrum recording), and the ambient relativaidity was approximately 30%.
The spectra were collected over the range of 600B-40n" with 64 scans and a
resolution of 4 cnf using a KBr background.

2.4 Benzene adsor ption test

The samples’ benzene adsorption performance wdsated with an in-line gas
chromatography apparatus (Fig. 1). Before adsarptibe samples were heated at
120°C in a muffle oven for 2 h to remove most of tphysically adsorbed water
molecules and small organic impurities adsorbethénpores. During the adsorption
measurement, an organic saturator containing 200berizene was immersed in a
water bath at 30°C. Each powder sample was weighedrately to 0.5 g and loaded
into a glass column. The column was fed with a dityogen stream containing
benzene vapor at 3.00 mL/min, which was adjustedegaired with a mass flow
controller (MFC). The concentrations of benzenebath the column influent and

effluent were quantified with a gas chromatograplgilent 7820A) using flame
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ionization detection. The experiment stopped winenadsorption equilibrium for the
adsorbent was reached. After adsorption, the glalssnn containing the sample was
heated at 120°C for 12 h for desorption of the dukxh benzene molecules, cooled to
room temperature, and retested. This adsorptioardsn cycle test was performed
four times to evaluate the samples’ regeneratigeraruse performance.

The adsorbents’ benzene adsorption capadity nig/g) was calculated by
integrating the area above the acquired breaktir@ugve after subtracting the area

attributable to dead volume in the system, accgrtirthe following equation:

_ M
1000m

q [ FICo = Cldt Eq. (1)
where M (g/mol) is the molecular mass of benzendg) is the initial mass of
the adsorbents before testitg(min) is the breakthrough time without the samplgs
(min) is the breakthrough time with the packed ooty Coand C; (mmol/L) represent
the influent and measured effluent benzene corators, respectively; andr
(mL/min) is the N flow rate. The dead volume was determined by periog blank

runs without the column.

The breakthrough curves were fitted using the Yaond Nelson model [38], as

per Eq (2):

Ct
Co—Ct

t=7+-In Eq. (2)
where t (min) is the breakthrough timeZ; and Cy are the outlet and inlet

concentrations of the stream through the adsordadomn, respectively; (min) is the

time at which the breakthrough concentration reddtadf the initial concentratiorC{

= 0.5Cyp); andk is the mass transfer coefficient.

10
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3. Resultsand discussion
3.1 Microstructure of TMA-Mtx samples

The XRD patterns of Na-Mt and TMA-Mtx samples aresented in Fig. 2. The
(001) reflection of Na-Mt occurs at 7.224), corresponding to dgos-value of 1.26
nm. A weak reflection at 27° is attributed to qugda. wt. 3%). Compared to Na-Mt,
thedgor-values of TMA-Mtx samples increased to 1.31 nm &-Mtg 5 and 1.38 nm
(TMA-Mtos, TMA-Mt; 0, TMA-Mt;5, and TMA-Mb o), corresponding to interlayer
distances of 0.35 nm and 0.42 nm. These were edgtlby subtracting the thickness
of the structural TOT layer unit (0.96 nm) fraig-value. The increase of the basal
spacing demonstrates the successful intercalatioRnMA* cations, in accordance
with previous study [23]. The basal spacing of TNKx samples was positively
influenced by surfactant (TMA dosage. However, TMAdosage of more than 0.5
CEC resulted in the same basal spacing. This phenomindicates that the basal
spacing of TMA-Mtx samples is limited.

The carbonfg) and nitrogenff) content of Na-Mt and TMA-Mtx samples are
listed in Table 1. Th& andfy of TMA-Mtx samples were larger than those of Na-Mt
and enlarged with the increase of TRdosage. These results were ascribed to the
increase in the amount of intercalated TMaations. The\fc andAfy values (Table 1)
dramatically increased until the TMAlosage reached 1.0 CEC while more TMA

11
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resulted in only a little increase afc andAfy values. This phenomenon suggests that
the TMA" dosage of 1.0 CEC is a critical point which intésadifferent intercalation
mechanisms [39]. TMA cations intercalated into the interlayer spaceNefMt
mainly by ion-exchanging when TMAlosage is less than 1.0 CEC, while TMA
cations can be also physically adsorbed into therlayer space and/or surface of
Na-Mt via ion pairs when they are more than 1.0 CHGwever, only a few TMA
cations can occupy the interlayer space and subagdysical adsorption.

TG/DTG measurement was performed to calculate tregeat of TMA in
TMA-Mtx samples. The TG curve of Na-Mt (Fig. 3a)sfed two mass loss steps in
the temperature range of 30-200°C and 500-700°@ wie related DTG peaks
centered at 115.7 and 626.6°C, respectively. Thredosubstantial loss was attributed
to the dehydration of adsorbed water and interlayater, indicating a water content
of 10.03%. While, the latter mass loss occurrea temperature of higher than 500°C
was caused by the dehydroxylation of Na-Mt [40].réeh major mass loss steps
centered at 113.2, 397.5, and 585.7°C are resaivélde TG curve of TMA-M s
(Fig. 3b): (1) the removal of adsorbed water ardrlayer water at 30-200°C, (2) the
decomposition of the intercalated TMAn the temperature range of 200-500°C, and
(3) the dehydroxylation at the temperature abov@°60 Compared to Na-Mt, the
water content of TMA-Mj2sdecreased to 9.13%. This result was due to impremém
of the hydrophobicity of Na-Mt by the intercalatiohTMA™ cations with a content of
4.22%. With the increase of the TMAlosage, the water content of TMA-Mt
TMA-Mt1o, TMA-Mt;s, and TMA-Mbo (Fig. 3c-f) further decreased to 8.43%,

12
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7.36%, 6.59%, and 5.80%, respectively, but theint@at of intercalated TMA
cations increased to 5.83%, 8.68%, 9.52%, and %.I&spectively. These results
confirmed the enhancement of hydrophobicity of TNKWx samples by the
intercalation of TMA cations.

The Aradsorption-desorption isotherms of Na-Mt and TMAxMiamples are
displayed in Fig. 4a. According to the IUPAC cléissition refined by Thommes et al.
[37], the isotherm of Na-Mt was classified as typavith an H3 hysteresis loop,
which is a characteristic of plate materials witbn#rigid slit-like pores [41].
Hysteresis is associated with the filling and enmgyof mesopores via capillary
condensation, where these mesopores result fronditoedered stacking of Na-Mt
particles. A slightly steeper increase in adsorptb a low relative pressure (B/®
0.1) in the isotherm of Na-Mt (Fig. 4a) indicatdgk tpresence of micropores in this
substrate. These micropores corresponded to thehslped micropores created by the
turbostratic stacking of clay particles and/or thterlayer micropores resulting from
dehydration [15].

The isotherms of TMA-Mtx samples (Fig. 4a) presemted characteristics of
type I(a) and IV(a) with an H3 hysteresis loop, ethindicated the coexistence of
microporosity and mesoporosity. The hysteresis loggs caused by mesopores
formed by disordered stacking of particles. More@ptlee amount of adsorbed Ar at
relatively low pressureR(Py < 0.1) in the isotherms of TMA-Mtx samples increés
much more rapidly than that amount adsorbed in NasMggesting that TMA-Mtx
samples had a more highly developed microporosigntNa-Mt. This can be
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attributed to the intercalated TMAations, which created a number of micropores in
the interlayer of TMA-Mtx samples.

The micropore size distribution (PSD) curves of Miaand TMA-Mtx samples
(Fig. 4b) showed a minor distribution at 1.17 nnhick is much greater than the
interlayer distance of Na-Mt and TMA-Mx samples. nde, these micropores
probably resulted from the turbostratic stackingpafticle. In addition, a remarkable
distribution centered at 0.51 nm appeared in the BBves of TMA-Mp s With the
increase of TMA dosage, the diameters of these micropores dedré@a3MA-Mto s
(0.48 nm) and TMA-Mi, (0.47 nm)and finally decreased to lower than the detection
limit in TMA-Mt 1 sand TMA-Mto. Hence, these micropores were attributed to the
unevenly occupation of TMAcations in the interlayer space. The increasehef t
density of intercalated TMAcations leads to close packing from loose distidioy,
resulting in the decrease of micropore size.

The porous parameters of the Na-Mt and TMA-Mtx skespre listed in Table 2.
Na-Mt showed the smalleSger(55.9 nf/g) due to its poorest microporosity, of which
the Snicrowas only 3.3 fig. This result was in accordance with the sligigqpmenon
of micropore filling in the Aradsorption-desorption isotherms of Na-Mt (Fig. 4a).
After TMA™ exchanging, th&erand Syicro0f TMA-Mtx samples increased, owing to
the formation of the interlayer micropores by timteicalation of TMA cations.
TMA-Mt 1 5 had the highesBser and Smiero (173.5 /g and 65.0 g, respectively),
indicating that a dosage of 1.5 CEC is considenedctitical point. When the TMA
dosage outstripped 1.5 CEC, the exceeded Tions could also be intercalated
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into the interlayer space of Na-Mt by adsorptiogsulting in the decrease of the
interlayer microporosity of TMA-Mtx samples.
3.2 Dynamic benzene adsor ption of TMA-Mtx samples

The breakthrough curves of Na-Mt and TMA-Mtx sansp(Eig. 5) were used to
evaluate their dynamic adsorption capacitydlue, Table 3). Na-Mt had the lowept
value (87.1 mg/qg), attributing to its small&strand least amount of micropores. In
addition, as the XRD patterns (Fig. 2) indicatéx interlayer distance of Na-Mt was
only approximately 0.30 nm, which was less thanvée der Waals diameter of the
carbon atom (0.34 nm), the smallest one-dimensisizal that a benzene molecule
could adopt. Therefore, only a small number of ititerlayer micropores of Na-Mt
(i.e. the micropores with the pore width largernth&d34 nm) were available for
benzene adsorption. Compared to Na-Mt,glvalues of TMA-Mtx samples (Table 3)
increased, indicating that the intercalation of TMz&tions enhanced the adsorption
of benzene by Mt, which could be ascribed to theoduced micropores by the
intercalated TMA cations.

The interlayer distance of TMA-Msreached 0.35 nm, which was greater than
the van der Waals diameter of the carbon atom (Or8% As a result, a considerable
number of benzene molecules could be adsorbedtlmtdnterlayer micropores of
TMA-Mt .25 resulting in the higheg value of TMA-Mt 25(184.3 mg/g) compared to
that of Na-Mt (87.1 mg/g). When the dosage exceddle® CEC, the interlayer
distance of TMA-Mtx samples increased to 0.41 nmustmore micropores, which
were available for benzene adsorption, were geegrhy the intercalated TMA
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cations, leading to a further improvement in theZeme adsorption performance of
the TMA-Mtx samples. The value of TMA-Mt 5 (425.3 mg/g) was the highest
among the TMA-Mtx samples because it had the l&i§gs0(65.0 nf/g). This result
suggested that thg values of the TMA-Mtx samples correlated to th&8iicro,
confirming the significant impact of micropores dahe benzene adsorption
performance of TMA-Mtx samples. However, TMA-Mhad a higheqg value (419.0
mg/g) than TMA-Mps (220.9 mg/g) and TMA-Mt, (380.8 mg/g), even though its
Shicro (55.9 nf/g) was smaller than those of TMA-pA(59.9 nf/g) and TMA-Mt o
(61.8 nf/g). This fact indicated that interlayer microposesre not the only factor
affecting the benzene adsorption performance offtM&-Mtx samples. The superior
benzene adsorption performance of TMA;Wibwards TMA-Mb s and TMA-Mt o
might be due to its larger content of TMaations (10.11%) than TMA-ME (5.83%)
and TMA-Mt, o (8.68%), as the TG curves (Fig. 3c, 3d, and 3fleaded. More
intercalated TMA cations resulted in better hydrophobicity of tHdA-Mtx samples,
improving the compatibility between TMA-Mtx and lzame molecules.

Thek values of the Na-Mt and TMA-Mtx samples, whichnegent the diffusion
and mass transfer characteristics of benzene nleteauthe adsorption process, are
listed in Table 3. Generally, a sméllvalue indicates that the adsorbate has minimal
diffusion and mass transfer ability. Thus, the demdd values of TMA-Mtx samples
compared with that of Na-Mt indicated that theresw@wver propensity for diffusion
and mass transfer of benzene molecules in TMA-Mix@es than in Na-Mt. This
may be attributable to the adsorption by the iaigt micropores introduced by

16



347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

intercalated TMA cations. However, TMA-Mts had a slightly largek value (0.059)
than TMA-Mt,(0.058) even though it possessed the highgst &alue (65.0 rfig),
indicating that the diffusion and mass transfebehzene molecules occurred more
easily in TMA-Mt; sthan in TMA-Mt . This result further confirmed that other
factors aside from micropores affected the benaeiserption of TMA-Mtx samples,
which might be ascribed to the interaction betwienintercalated TMAcations and
benzene molecules.

To detect the interaction between the benzene miele@and TMA-Mtx samples,
DRIFT characterization was performed on benzeneTaid-Mt ; s before and after
benzene adsorption. The sample obtained after TM&sMldsorbed benzene was
denoted TMA-MisBen. The DRIFT spectra of benzene, TMA:Mt and
TMA-Mt 1 Ben are displayed in Fig. 6. After benzene adsampfour bands at 3035,
3060, 3069, and 3090 cmappeared in the DRIFT spectrum of TMA-MBen.
These bands were due to the C—H stretchfrgyomatic rings [42-44], indicating that
benzene molecules were adsorbed in TMA-Mtn addition, these bands shifted
slightly compared with those of benzene, which dobe due to the interaction
between adsorbed benzene molecules and intercalMéd cations. Therefore, the
intercalated TMA cations were also the adsorption sites for benzeokecules in
addition to their introduced micropores.

Evaluation of the regeneration performance of V@@sorbents is an important
factor for determining their industrial potenti@5]. Accordingly, the breakthrough
process of benzene adsorption on TMA-Mvas performed four times (Fig. 7). The
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overlapping breakthrough curves of TMA-Mt exhibited that there was good
reusability of TMA-M¢t s over four cycles of benzene adsorption. In addijtithe
recycling efficiency of TMA-M{s after four cycles of benzene adsorption still
exceeded 90% (Table 4), indicating the excellegemerative performance of this
material.

Raw minerals are potential adsorbents for VOCdrnreat. Previous studies [15,
46] had investigated the dynamic benzene adsorptoiormance of various minerals,
including diatomite (Dt), kaolinite (Kaol), halloys (Hal), calcium-based
montmorillonite (Ca-Mt), and allophane (Allo). Howe, the microstructures and
surface properties of these minerals were diffevatit those of TMA-Mi 5, leading
to their lowerq values.

The benzene adsorption on Dt, Kaol, and Hal mamgurred at their surface
due to the absence of appropriately sized micr@okowever, theirSger were
relatively small, which were 17.9, 17.9, and 58.Zgnrespectively, indicating the
relatively small amount of surface sites for adsorp In addition, the surfaces of Dt,
Kaol, and Hal were significantly hydroxylated (atdis hydrophilic) that they were
less favorable for benzene adsorption. Thereftweqtvalues of Dt, Kaol, and Hal,
which were 74.5, 56.7, and 68.1 mg/g, respectivaelgre lower than that of
TMA-Mt; 5(425.3 mg/g).

The interlayer distance of Ca-Mt (0.58 nm) was édarthan that of TMA-Mis
(0.42 nm), and it was also close to the kinetiorditer of the benzene molecule (0.59
nm). Therefore, the interlayer space of Ca-Mt cotlidoretically accommodate
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412

benzene adsorption. However, the interlayer spacgaeMt was generally occupied
by interlayer water, which would hinder the benzewsorption. Therefore, theg
value of Ca-Mt (141.2 mg/g) was still lower thaattiof TMA-Mt; 5(425.3 mg/Q).

Allo possessed a substantial quantity of micropooésvhich theSgicr, reached
183.8 nf/g. However, the Allo nanoparticles aggregated resitely, resulting in the
formation of numerous pores with irregular channedsich are difficult for benzene
molecules to penetrate. Moreover, numerous hydraxguups were found to be
distributed on the surface of Allo. Therefore, th@alue of Allo (105.9 mg/g) was
lower than that of TMA-Mts (425.3 mg/g).

Compared to activated carbon, which is flammabie generally requires high
temperature steam and/or nitrogen (>120°C) fordggeneration [47, 48], TMA-M§
can be regenerated by heating at a relatively emperature of 120°C after benzene
adsorption. Moreover, TMA-ME has a high recycling efficiency (exceeded 90%)
after four cycles of benzene adsorption. TherefdfdA-Mt, s appears to have a
greater thermal regeneration advantage than aetivarbon.

4. Conclusion

In this study, the roles of TMAcations in the microstructure and dynamic
benzene adsorption performance of TMA-Mts with asi TMA" dosages were
investigated. TMAwas intercalated into the interlayer space of Mthwthe numbers
of micropores generated depending on the dosagMaf .

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

In addition to micropores, the intercalated TMéations were another site for
benzene adsorption, enhancing the benzene adsogeitormance of TMA-Mts but
decreasing the diffusion and mass transfer of benm®lecules through TMA-Mts. It
has thus been shown that TMA-Mt may be utilizecaaseffective VOCs adsorbent
due to its excellent dynamic benzene adsorptionfopeance and superior

regenerability.
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Table 1 Total carbonfg) and nitrogenf() content of Na-Mt and TMA-Mtx samples.

Samples fc (by mass, %) Afc fn (by mass, %) Afy
Na-Mt 0.074 0.000 0.044 0.000
TMA-Mt 25 1.720 1.646 0.380 0.336
TMA-Mto 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-ML) - fe (Na-Mt), Afy = fy (TMA-Mt) — fy (Na-Mt).

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

ST Viotal Shicro Viniero.
Samples

(m?/g) (cm’/g) (m?/g) (cn/g)
Na-Mt 55.9 0.092 3.3 0.001
TMA-Mt 25 69.6 0.094 19.0 0.007
TMA-Mto s 147.9 0.131 59.9 0.023
TMA-Mt 4 o 154.7 0.139 61.8 0.024
TMA-Mt 5 173.5 0.150 65.0 0.025
TMA-Mt o 160.2 0.134 55.9 0.021

& Microporous surface area and volume were calatilagethet-plot method



Table 3 Dynamic adsorption capacitg)(and Yoon and Nelson equation parameters for lvenze

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-Mt g5 220.9 0.094 72.3 0.982
TMA-Mt 1o 380.8 0.083 126.6 0.986
TMA-Mt ;5 425.3 0.059 140.6 0.985
TMA-Mt, o 419.0 0.058 138.9 0.987

Table 4 Dynamic adsorption capacitg)(and Yoon and Nelson equation parameters for

various cycles of TMA-Ms.

Cycles g (mg/qg) k 7 (mMin) 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%
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Fig. 1 Schematic diagram of experimental set-up.
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Fig. 2 XRD patterns of Na-Mt and TMA-Mtx samples.
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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, s cycled for four times.



Highlights:

1) Tetramethylammonium exchanged montmorillonite (TMA-Mt) was prepared.
2) The dynamic benzene adsorption performance of TMA-Mt was investigated.
3) TMA-Mt possessed an interlayer microporous structure.

4) TMA-Mt exhibited excellent dynamic benzene adsorption performance.

5) Remarkable regenerability was demonstrated on TMA-Mt for benzene adsorption.
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