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ABSTRACT 
 

This study investigates the removal of volatile organic compounds (VOCs) from the air through the use of organic 
substance-modified titanate nanotubes (TNTs). The TNTs were derived from TiO2 through a hydrothermal method, and 
were modified using hexadecyltrimethylammonium bromide and octadecyltrichlorosilane (OTS) to change the surface 
hydrophilicity to hydrophobicity. The properties of the TNT and modified TNT were characterized through scanning 
electron microscopy , transmission electron microscopy, X-ray diffraction, Fourier transform infrared spectroscopy, X-ray 
photoelectron spectroscopy, contact angle measurements, and nitrogen adsorption–desorption isotherms. The fabricated 
adsorbents were used to remove the VOCs of toluene, ethylbenzene 1,1,2-trichloroethane, and tetrachloroethene in the air. 
The adsorption amounts of the VOCs were estimated using the Thomas equation. The results revealed that adsorbent 
modification raised the adsorption capacities of these VOCs, which also grew with increasing surface hydrophobicity. The 
aromatic compounds accumulated easily in the pores to generate relatively high adsorption amounts. VOCs adsorbed on 
the TNT surface or partitioned into the organic substance on TNTs. The adsorption amounts of VOCs on the OTS-
modified TNTs were higher than those on commercial activated carbon. The results imply that organic substance-modified 
TNTs can effectively remove VOCs in the air and become excellent adsorbents. 
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INTRODUCTION 
 

Volatile Organic Compounds (VOCs) released into the 
air through various sources have been widely studied in the 
recent years (Chang et al., 2013; Matsumoto, 2014; Pervez 
et al., 2014). VOCs in the environment might cause adverse 
effects on human health (Hwang et al., 2011). The problem 
of VOCs has gained widespread attention regarding the air 
quality in indoor environments (Jia et al., 2008; Parra et 
al., 2008; Ohura et al., 2009; Pei et al., 2013; Geiss et al., 
2014). Several investigators have developed many methods 
for removing VOCs in the air (Ruddy and Carroll, 1993; 
Khan and Ghoshal, 2000; Hung et al., 2014). Thermal 
oxidation has high VOC removal efficiency, but is used only 
with a high concentration of organic compounds. Biofiltration 
is a more economical method used in emission wastewater 
treatment plants. However, this method cannot be easily 
applied for indoor air samples (Lim and Park, 2004). 
Condensation is another process for removing VOCs at high 
concentrations, but only those with high boiling points can 
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be recovered. Among these methods, adsorption is the most 
common method for removing VOCs at low concentrations 
(Wu et al., 2010). The primary reason is that adsorption 
can be applied under various environmental conditions. 
The adsorption amounts of VOCs are proportionate mainly 
to the specific surface area (SSA) of the adsorbent (Chiang 
et al., 2001). Thus, a high SSA is considered a major factor 
in the removal of VOCs. Activated carbon (AC) with a high 
SSA has been widely used as the adsorbent for removing 
VOCs (Jo and Chun, 2014, Shah et al., 2014), but it is 
expensive. The production of AC requires carbonization 
and activation. Therefore, several studies have attempted 
to develop economical adsorbents (Hsu et al., 2004; Lee et 
al., 2010; Zhou et al., 2015). However, air frequently has a 
high moisture content during adsorption, and most VOCs 
are hydrophobic compounds. Water molecules adsorbed on 
the surface of AC might affect VOC adsorption on AC sites. 
When an adsorbent is economical and reduces the effect of 
moisture on the adsorption of VOCs, the adsorbent can be 
considered excellent. 

Titanate nanotubes (TNTs) are a new material prepared 
using TiO2, and were synthesized through a hydrothermal 
method (Kasuga et al., 1998, 1999). The synthesized TNTs 
have a hydrophilic surface, exchangeable cation sites on 
the surface, and a high surface area and pore volume (Lee 
et al., 2007). Moreover, the surface characteristics of 
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TNTs might vary with the synthesis conditions, including 
the reaction time, synthesis temperature, acid concentration 
during washing, and calcination temperature (Weng et al., 
2006; Lee et al., 2008). By exploiting its properties, several 
researchers have used TNTs to adsorb basic dyes or cations in 
aqueous systems (Yoshida et al., 2005; Lee et al., 2007, 
2010). TNTs have rarely been used for adsorbing organic 
vapors. The main reason is that AC has a higher SSA 
compared with TNTs. However, TNTs can be fabricated 
through a simple process, and their hydrophilic surface can 
be altered easily into a hydrophobic surface through organic 
substance modification. The modification process is expected 
to increase the capacity of TNTs for VOC adsorption.  

In this study, the cationic surfactant 
hexadecyltrimethylammonium bromide (HDTMA) as well 
as octadecyltrichlorosilane (OTS) were used to modify TNTs. 
The surface properties of modified TNTs were characterized 
using various instruments. Four VOCs, namely toluene, 
ethylbenzene, 1,1,2-tricholoethane, and tetrachloroethene, 
were used as adsorbates. The unmodified or modified TNTs 
were filled in an adsorption tube, so that they could act as 
adsorbents. Experimental data were analysed at specific 
intervals and fitted using the Thomas equation. The 
adsorption amounts of the VOCs on the adsorbents were 
estimated. Furthermore, the effects of VOCs and adsorbent 
characteristics on the adsorption amounts were examined. 
In this study, we expected to develop an economical and 
highly efficient adsorbent for the removal of VOCs present 
in the environment. 
 
METHODS 
 
TNT Preparation 

TNTs were prepared using a hydrothermal process, which 
has been described in past studies (Kasuga et al., 1998, 1999). 
The source of TiO2 was commercial-grade TiO2 powder 
P25, purchased from Degussa AG (Germany). The powder 
had a crystalline structure of approximately 20% rutile and 
roughly 80% anatase. The particle size of TiO2 ranged 
from 20 to 40 nm. For hydrothermal treatment, 6 g of TiO2 
powder was mixed with 120 mL of 10 M NaOH solution 
in a beaker, after which the beaker was placed in a 200-mL 
Teflon-lined autoclave. The autoclave was placed in an 
oven at 180°C for 24 h for hydrothermal treatment. After 
the reaction, the precipitate was separated through filtration, 
and rinsed with 1000 mL of distilled water. Afterward, the 
TNT samples were immersed in 1000 mL of 0.001 N HCl 
solution for 10 h. To avoid acid contamination on the 
surface of TNTs, they were rinsed with distilled water until 
chloride could no longer be detected. Finally, the obtained 
TNT samples were dried in an oven at 110°C for 8 h, and 
stored in brown glass bottles until use. 
 
Modification of TNT 

HDTMA [(CH3)3N(CH2)15CH3Br] and OTS 
[CH3(CH2)17SiCl3] were purchased from Merck. HDTMA-
modified TNTs (HTNTs) were prepared by replacing Na+ 
on the surface of TNTs with the cationic surfactant 
HDTMA-Br through cation exchange. TNTs (2 g) were 

added in a beaker with distilled water (100 mL) before 
HDTMA-Br (1 g) was added to the solution. After mixing 
thoroughly for 24 h, the HTNTs were washed with distilled 
water, dried overnight in an oven at 70°C, and then stored 
at room temperature. OTS-modified TNTs (OTNTs) were 
fabricated through a self-assembly reaction. The Si atom 
could bond with the O atom on the TNT surface (Chao et 
al., 2013a). OTNTs were obtained by adding 1.0 g of TNTs 
to 50 mL of a toluene solution containing 500 µmol of 
OTS. The solution was stirred for 30 min, and then filtered 
through a 0.2-µm filter to obtain the sample. The OTNT 
sample was rinsed with ethanol and chloroform (95%), and 
then placed in an oven at 70°C for 5 h to remove the 
organic solvents. The obtained OTNTs were stored at room 
temperature until use. 
 
Surface Properties of Adsorbents 

The particle size and morphology of the synthesized 
adsorbents were observed with field emission scanning 
electron microscopy (SEM, Hitachi S-4800N, Japan). 
Transmission electron microscopy (TEM) analyses were 
performed with an H-7500 electron microscope (Hitachi, 
Japan) on 120 kV of accelerating voltage to examine the 
morphologies and microstructures of the titanate samples. 
To understand the effects of OTS attachment on the surface 
chemical properties of TNTs, the surface hydrophobicity 
of TNTs and OTNTs was examined. TNTs, HTNTs, and 
OTNTs were added separately in an immiscible mixture of 
n-hexane and water. After shaking each mixture, the mixtures 
were left under static conditions for 24 h for observation of 
the hydrophilic or hydrophobic surface of the adsorbents. 
Moreover, the contact angle was measured using an FACE 
CA-D contact angle meter (Kyowa Interface Science Co., 
Saitama, Japan) to demonstrate the observed result. The X-
ray diffraction (XRD) patterns were obtained using a Thermal 
ARL X-ray diffractometer (Thermo, France) equipped with a 
CuKα radiation source and a graphite monochromator. The 
patterns could be applied to identify crystalline phases or 
microstructures in the TNT, HTNT, and OTNT samples. In 
addition, X-ray photoelectron spectroscopy (XPS K-Alpha; 
Thermo Fisher Scientific) was performed to analyze the 
element composition. Fourier transform infrared spectroscopy 
(FTIR; Perkin Elmer Model 1600) was performed to detect 
the functional groups on the adsorbent surface, and nitrogen 
adsorption–desorption isotherms (Micromeritics TriStar 
3000) were plotted to obtain pore structure characteristics. 
 
Sorption Experiment 

The target VOCs were of analytical grade, and purchased 
from Merck. The physicochemical properties of selected 
VOCs are listed in Table 1. Sorption experiments were 
conducted in the laboratory at a controlled room temperature 
of 25°C. The layout of the sorption experiment is shown in 
Fig. 1. The main setup included a nitrogen tank, 3 flow 
meters, a mixing chamber, a pump, and 2 adsorption tubes. 
The mixing chamber was composed of acrylic plastic, and 
measured 45 cm × 30 cm × 30 cm. The former tube was 
filled with TNTs or modified TNTs for VOC adsorption. The 
latter tube (purchased from Kohan Instruments Co., Taiwan)
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Table 1. Physicochemical properties of the test VOCs. 

Organic compounds Molecular 
weight 

solubility 
(mg L–1) 

Henry’s law constant 
(kPa mol–1 m–3) 

Vapor pressure 
at 20°C 
(mmHg) 

Toluene 92.1 515 0.68 21 
Ethylbenzene 106.2 152 0.887 10 

1,1,2-Trichloroethane 133.4 3900 3.06 18 
Tetrachloroethene 165.8 140 2.3 14 

 

 
Fig. 1. Layout of the sorption experiment. 

 
was a commercial adsorption tube for VOC sampling. The 
connections were composed of polytetrafluoroethylene 
(PTFE) tubes. The tested VOC was placed in a flask, and a 
water bath controlled the temperature at 25°C. To avoid VOC 
photocatalysis by light, the commercial adsorption tube was 
wrapped by aluminum foil during the experiment process. 

To avoid adsorption competition, only a single VOC 
was added to the flask. Nitrogen gas (4 mL min–1) purged 
the VOC into the mixing chamber for 30 min. Nitrogen gas 
(0.2 L min–1) entered the mixing chamber concurrently. 
Therefore, the purged VOC mixed with nitrogen in the 
chamber. The VOC–nitrogen mixture was pumped out of 
the chamber at the same flow rate. Nitrogen gas was allowed 
to flow out of the commercial adsorption tube not containing 
TNTs. The VOC was then adsorbed on the adsorption tube. 
Carbon disulfide (CS2) was used to extract the VOC onto the 
adsorbent. The extract was subjected to gas chromatography 
(GC) to determine the initial VOC concentration. 

The adsorption amounts of the synthesized adsorbents 
were ascertained as follows. The synthesized adsorbent 
(0.1 g) was placed in a PTFE tube and secured at both ends 
with fiberglass and a syringe filter (0.25 mm, 0.2 µm 
polyvinylidene difluoride membrane). The PTFE tube was 

connected to commercial adsorption tubes. The experimental 
conditions were identical to those in terms of determining 
the initial VOC concentration. The commercial adsorption 
tubes were collected at specific intervals during adsorption. 
The total experimental duration was set between 90 min 
and 200 min. The adsorption tubes were placed in brown 
glass vials, and CS2 (20 mL) was used for VOC extraction. 
These vials were sealed with Teflon foil-lined screw caps, 
and shaken for 3 h on a reciprocating shaker. The adsorption 
amounts of VOCs at a specific time were analyzed through 
GC by using the Perkin Elmer Clarus 500 Gas Chromatograph 
equipped with a flame ionization detector for toluene and 
ethylbenzene, and an electron capture detector for 1,1,2-
trichloroethane and tetrachloroethene. A 30 m × 0.53 mm 
capillary column (J&W DB-5) with 3.0-µm film thickness 
was used to separate the organic compounds. The operating 
temperature of the oven was adjusted depending on the 
tested VOCs. Experimental data were fitted using the Thomas 
equation to estimate the maximum adsorption amounts of 
the test VOCs on TNTs, HTNTs, and OTNTs. In addition, 
commercial activated carbon (CAC), purchased from Merck, 
was used to calculate the adsorption amounts of the test 
VOCs; the calculated adsorption amounts on CAC were 
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compared with those on the synthesized adsorbents. 
 
Thomas Model 

The Thomas model is frequently adopted for predicting 
the adsorption breakthrough curve in a fixed-bed column 
(Aksu and Gonen, 2004). Because the adsorption curve in 
this study was similar to that in the Thomas model, the 
model was employed to estimate the adsorption capacities 
of VOCs, and is expressed as Eq. (1) (Malkoc and Nuhoglu, 
2006; Pavan et al., 2006). 
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where k1 is the Thomas rate constant (mL min–1 mg–1); q0 is 
the maximum adsorbed amount of the adsorbate (mg g–1); V 
is the effluent volume (mL); M is the mass of the adsorbent 
(g); Q is the flow rate (mL min–1); C0 is the initial 
concentration of the adsorbate (mg mL–1); and Ct is the 
adsorbate concentration at a given time (mg mL–1). The 
linearized form of the Thomas model is as follows: 
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The maximal adsorption capacity of the test VOCs was 

estimated using Eqs. (1) and (2). The Thomas model 
describes how the adsorption rate is bound by second-
order reversible kinetics. In the model, axial diffusion was 
not considered; thus, changes in the flow rate can cause 
substantial modifications in the adsorption capacity. 
 
RESULTS AND DISCUSSION 

 
Fig. 2 shows the SEM images of TNTs, HTNTs, and 

OTNTs. All fabricated materials appeared to have a 
cylindrical morphology measuring approximately 10–30 
nm in diameter and several hundred nanometers in length. 
All adsorbents had similar shapes. The results revealed that 
HDTMA or OTS modified on the TNT surface did not 
substantially alter the appearance of TNTs. Furthermore, 
the inner structure of the adsorbents should be observed to 
discern the tubular structure. The TEM images of the 
adsorbents are shown in Fig. 3. The results revealed that 
the raw TiO2 particles formed nanotubular structures during 
the hydrothermal process. Moreover, the adsorbents had 
uniform inner and outer diameters along their length, and 
were open-ended adsorbents. The fabricated adsorbents 
had uniform adsorption sites for VOCs. Fig. 4 shows the 
XRD patterns of TNTs and modified-TNTs; the primary 
XRD patterns of HTNTs and OTNTs were similar to those 
of TNTs. Modification does not extensively destroy the 
TNT microstructure. The characteristic peak is indicated at 
approximately 2θ = 10°, which corresponds to H2Ti3O7 or 
NaXH2-XTi3O7 crystals (Kasuga, 2006). The peaks located 
at 2θ = 25° and 48° showed that the microstructures of 
TNTs and modified TNTs existed in the anatase phase. FTIR 

spectra can reveal organic substances bound on the TNT 
surface. Fig. 5 shows the FTIR spectra of TNTs, HTNTs, and 
OTNTs. The weak absorbance at 1600 cm–1 shows the H–O–
H bending vibration. For OTNTs and HTNTs, the absorbance 
peaks were observed between 2850 cm–1 and 2960 cm–1. 
These peaks indicated the absorbance of the C–H bond, 
meaning that organic substances are adsorbed on the TNT 
surface. An absorbance peak was observed at approximately 
3400 cm–1, indicating the presence of the OH group on the 
surface of the absorbents. The OH group was present on 
the TNT surface because it was produced during the 
hydrothermal process. Because the OH group was on the 
surface of the modified adsorbents, the organic substances 
did completely occupy the TNT surface completely (Chao 
et al., 2013a). The main element composites of the adsorbents 
are listed in Table 2. The results also confirmed that the 
organic substances bonded on the TNT surface. As shown 
in Table 2, after HDTMA modification, the carbon content 
increased from 0% to 7.42%, and after OTS modification, 
it increased significantly from 0% to 14%. The content of 
silicon and chlorine increased from 0% to 1.81% and to 
6.58%, respectively. The changes in elemental composition 
revealed that OTS bound to the surface of the adsorbents. 
The amount of OTS adsorption was higher than that of 
HDTMA adsorbed on the TNT surface. HDTMA and OTS 
adsorbed on the TNT surface through different mechanisms. 
Because TNT has a negatively charged surface, the cationic 
surfactant HDTMA can adsorb on the TNT surface through 
ion exchange (Chao et al., 2013a). OTS can react with the 
OH group on the TNT surface to form the Si–O bond (Chao 
et al., 2013b).  

The organic substances modified on the TNT surface might 
have changed the hydrophobicity of the TNTs. Fig. 6 shows 
the dispersions of TNTs, HTNTs, and OTNTs in a two-phase 
mixture of n-hexane and water. TNTs favor the water phase, 
whereas HTNTs and OTNTs favor the n-hexane phase. The 
results revealed that the TNT surface was hydrophilic, but the 
HTNT and OTNT surfaces were hydrophobic. The change 
from the hydrophilicity to hydrophobicity of the TNT surface 
can increase the adsorption capacities of VOCs. Fig. 7 
shows the contact angles of TNTs, HTNTs, and OTNTs for 
quantifying hydrophobicity. As measured using the contact 
angle meter, where water is in contact with the surface of 
an adsorbent, the contact angles of TNTs, HTNTs, and 
OTNTs were 37.6°, 62.5°, and 111.5°, respectively. The 
decreasing order of hydrophobicity was OTNTs > HTNTs 
> TNTs. The hydrophobic character of each adsorbent is 
crucial for avoiding competition in the adsorption of water 
molecules on the surface; thus, adsorbents with higher 
adsorption capacities were used for the test VOCs. When 
organic substances are used for modifying the TNT surface, 
the hydrophobic interactions of the tails can allow nonionic 
organic compounds to partition into organic matter on the 
adsorbent surface. The partitioning behavior of the VOCs 
can increase adsorption capacities. 

The presence of HDTMA and OTS on the TNT surface 
might affect the pore structures of the TNT. Table 3 lists 
the pore properties of the fabricated adsorbents and CAC 
measured plotting nitrogen adsorption–desorption isotherms. 
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Fig. 2. SEM images of TNTs, HTNTs, and OTNTs. 
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Fig. 3. TEM images of TNTs, HTNTs, and OTNTs. 
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Fig. 4. XRD patterns of TNTs, HTNTs, and OTNTs. 

 

 
Fig. 5. FTIR spectra of TNTs, HTNTs, and OTNTs. 

 
Table 2. Main element composites on adsorbents (%). 

Adsorbent Ti C O Na Si Cl 
TNT 25.1 0.00 67.8 7.13 0.00 0.00 

HTNT 23.6 7.42 61.1 3.35 0.00 0.00 
OTNT 20.8 14.0 55.2 1.49 1.81 6.58 

 
As expected, the SSA ranged from 200 to 400 m2 g–1 (Lee 
et al., 2008). The SSA and the pore volume decreased after 
the modification process. This is because the molecules of 
the organic substances blocked a number of TNT pores 
because of their binding on the TNT surface. However, 
because of the largeness of the attached molecules, the 
average pore size increased (Chao et al., 2013b). The SSA 
of an adsorbent is a major characteristic for determining 
adsorption capacities toward the test VOCs. However, the 
hydrophobic surfaces of adsorbents might increase the 
adsorption amounts of the VOCs. Therefore, the adsorption 

capacities of the adsorbents toward the test VOCs must be 
estimated using the Thomas equation.  

Fig. 8 shows the adsorption curves of 4 VOCs on 3 
adsorbents. The ratios of VOC concentration passing through 
an adsorbent to initial concentration (C/Co) increased with 
the nitrogen volume. The ratios show the slow increase in 
adsorbed amount at the beginning, and then a sharp increase 
when the nitrogen volume was raised continuously. When 
the ratios approached 1.0, the adsorption amounts of the 
VOCs on the adsorbents reached a state of equilibrium. 
The plots corresponded to the Thomas model. Therefore,
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Fig. 6. Distributions of (A) TNTs, (B) HTNTs, and (C) OTNTs in n-hexane–water mixture. 

 
the potential adsorption capacities of the test VOCs were 
estimated using the Thomas equation. 

For unmodified TNTs, the VOCs adsorb only on the 
surface. The adsorption amount of a VOC is associated with 
the SSA and pore size. When the adsorption sites on the 
adsorbent surface are completely occupied by the VOC, the 
VOC adsorbs on the TNT surface with difficulty. Micropores 
in the adsorbent might cause VOC condensation in the pores 
under a high ratio of partial pressure for VOC vapor pressure 
saturation. The effects of the pore size were not critical, 
because the average pore size was within the mesopore 
range (2–50 nm). Although little VOC might be condensed 
on the surfaces of TNT and modified TNT, the condensation 
of VOC is not obvious. If the condensation is the main 
mechanism, the adsorption curves of VOCs cannot fit the 
Thomas equation well. The main mechanisms for the 
VOCs on the organic substance-modified TNTs are regarded 
as adsorption on the TNT surface and partitioning into 
organic substances on the modified TNTs. When the VOCs 
interact with organic substances on the surface of HTNTs and 
OTNTs, the VOCs might partition into organic substances for 
raising the adsorption amounts. The adsorption curves of 
the VOCs reached a plateau when the ratio (C/Co) was 
approaching 1.0 (Fig. 8(a)). However, the adsorption curves 
of the VOCs on the modified TNTs had a tendency to 
increase slowly under the close equilibrium state. These 
results are attributed to the partition of VOCs into HDTMA 
or OTS.  

Table 4 lists the adsorption capacities of the test VOCs on 
the fabricated adsorbents and CAC. The adsorption amounts 
(q0) for all tested VOCs on the synthesized adsorbents 
were found to have an increasing order: OTNTs > HTNTs 
> TNTs. Although the surface area of the TNTs was slightly 
larger than those of HTNTs and OTNTs, the adsorption 
amounts of VOCs on TNTs were lower than those on the 
other adsorbents. The order for the adsorption amounts of 
the VOCs increased with the hydrophobicity on the adsorbent 
surfaces. On the other hand, the hydrophobic surface could 
reduce the adsorption of moisture, thus increasing the 
adsorption of VOCs on adsorbents. In addition, VOCs with 

hydrophobic characteristics could partition into organic 
matter on the TNT surface. OTNTs possess relatively higher 
organic matter content, and thus, had the highest adsorption 
capacity for test VOCs. The results revealed that the 
hydrophobicity of an adsorbent can be considered a major 
factor in determining adsorption capacities.  

The adsorption amounts of VOCs can be divided into 2 
groups. Aromatic and chlorinated compounds individually 
exhibited a similar tendency. Organic compounds have high 
vapor pressure and Henry’s law constants (Table 1). The 
selected organic compounds had a similar volatilization 
behavior. Therefore, the results were ascribed to the 
molecular structure that might affect adsorption amounts. 
Aromatic compounds possess a planar structure, which 
facilitates the accumulation in the pores. Consequently, 
aromatic compounds generate higher adsorption amounts 
compared with chlorinated compounds. In addition, for 
similar structural compounds, organic compounds with high 
molecular weights can generate relatively high adsorption 
capacities. Our results revealed that van der Walls forces are 
also a critical parameter for determining adsorption amounts. 

CAC with a high SSA has been widely used for VOC 
removal in the air. As listed in Table 4, the adsorption 
amounts of the test VOCs were in the following order: 
OTNTs > CAC > HTNTs > TNTs. The adsorption amounts 
of the VOCs on OTNTs are considerably higher than those 
on CAC. OTNTs with a hydrophobic organic substance 
can provide the medium in which VOCs can partition. 
When the adsorption capacity of VOC on the OTNT 
compared with that on activated carbon in literature, the 
OTNT can generate the higher adsorption capacity. Gil et 
al. (2014) synthesized activated carbons from biomass to 
remove toluene. The maximum adsorption amount reaches 
700 mg g–1. Obviously, the OTNT can possess the relatively 
higher adsorption capacity. Because of their high adsorption 
capacities of VOCs and low costs, OTNTs can be developed 
as excellent adsorbents for removing VOCs.  

The disadvantage on the OTNT compared with the CAC 
is the regeneration process. The OTS on the TNT needs to 
be removed by organic solvents. Then, OTS bonds on the 
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Fig. 7. Contact angles of (A) TNTs, (B) HTNTs, and (C) OTNTs. 

 
Table 3. Surface and pore characteristics of adsorbents. 

Adsorbent Pore structure 
Surface area (m2 g–1) Average pore size (nm) Pore volume (cm3 g–1) 

TNT 276 14.4 0.964 
HTNT 231 16.9 0.783 
OTNT 243 15.8 0.853 
CAC 786 8.6 0.632 
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Fig. 8. Adsorption curves of the test VOCs on the adsorbents. 
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Table 4. Parameters of the Thomas model for VOCs on the test adsorbents. 

 TNT HTNT OTNT CAC 
qo k1 × 103 R2 qo k1 × 103 R2 qo k1 × 103 R2 qo k1 × 103 R2 

Toluene 321 4.34 0.998 484 3.20 0.993 1018 1.70 0.994 888 3.50 0.996 
Ethylbenzene 342 3.94 0.991 501 3.15 0.998 1164 1.41 0.997 913 3.23 0.998 

1,1,2-Trichloeoethanane 271 4.02 0.992 436 3.77 0.998 767 1.61 0.998 712 4.63 0.997 
Tetrachloroethene 286 3.95 0.993 416 3.44 0.998 803 1.38 0.999 729 4.49 0.998 

* The unit of q0 and k1 has been indicated in Eq. (1). 
 
TNT surface according to the modification process. The 
partitioning behaviour for VOCs dose not compete the 
adsorption sites. Although the regeneration process is 
complex, the OTNT can be used for the longer time. The 
OTNTs still possess the advantage on the regeneration cost.  

 
CONCLUSIONS 
 

TiO2 could form TNTs through the hydrothermal method. 
Synthesized TNTs with a high SSA were employed to 
adsorb VOCs in the air. When HDTMA or OTS was used to 
modify the TNT surface, and the hydrophilic surface changed 
into a hydrophobic surface. The modified TNTs reduced 
the interference of moisture on the surface of adsorbents. 
Furthermore, VOCs could partition into the organic 
substances on the TNTs to increase the adsorption amounts 
of VOCs. The adsorption amounts of VOCs increased with 
hydrophobicity. The molecular structures of the VOCs 
affected adsorption amounts. Aromatic compounds had 
relatively higher adsorption amounts because of their 
planar structure, which enabled easy accumulation in the 
micropores. The adsorption amounts on the synthesized 
adsorbents were comparable to those on CAC, and OTNTs 
generated higher adsorption capacities for all test VOCs. 
Our results implied that OTNTs could be considered excellent 
adsorbents for VOC removal in the air. 
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