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a b s t r a c t 

Volatile organic compounds (VOCs) with toxicity properties discharged from industrial emissions and 

combustion engines threaten human health and cause environmental problems. Therefore, it is impor- 

tant to develop technologies to remove VOCs from air. In this study, the performance of Nd (neodymium) 

-TiO 2 nanoparticles embedded in a supported ionic liquid membrane (SILM) for removal of VOCs from air 

was investigated. Aiming at functionalizing the ionic liquid membrane with photocatalytic capability, we 

developed a facile and effective approach for the removal of VOCs by coupling highly efficient photocat- 

alysts with the SILM. Nd-TiO 2 nanoparticles, which are ultraviolet-visible (UV–Vis) light-driven photocat- 

alysts, were prepared by sol-gel and immersed in the SILM for use as a photocatalytic membrane-based 

reactor. The gaseous VOCs tested were toluene, acetone, chloroform, benzene, and xylene. We confirmed 

that at a loading of 50 wt% Nd-TiO 2 nanoparticles (1 wt% Nd content) and 1-hexyl-3-methylimidazolium 

hexafluorophosphate ([HMI m ]PF 6 ) as SILM ([HMI m ]PF 6 /Nd-TiO 2 SILM), the as-prepared photocatalytic 

membrane-based reactor exhibited higher removal efficiency of VOCs from air (60~80% removal after 

10 h) under UV–Vis light illumination than individual SILM or photocatalytic systems. Effluent gas analy- 

sis revealed that 25–55% of VOCs was decomposed and mineralized in the photocatalytic membrane re- 

actor, which exhibited higher VOCs removal efficiency than membrane separation. These results indicate 

that the photocatalytic membrane-based reactor containing Nd-TiO 2 nanoparticles and SILM designed in 

this study is highly active and stable. This study on [HMIm]PF 6 /Nd-TiO 2 SILM was initiated to couple 

membrane separation with photocatalytic degradation of gaseous VOCs and can serve as a promising 

way for eliminating harmful VOCs with low concentration from air. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Volatile organic compounds, also known as VOCs, refer to the 

rganic chemical compounds with significant saturated vapor pres- 

ure ( > 70 Pa at normal temperature) and boiling points within the 

ange of 50–260 °C at normal pressure [1] , mainly include hydro- 

arbons, benzenes, organic chlorides, aldehydes, ketones, and fatty 

cids [2] . These VOCs, principally discharged from industrial emis- 

ions and combustion engines, generally have high-risk biologi- 

al toxicity properties, which threaten human health. In addition, 

hese VOCs will directly or indirectly cause environmental prob- 

ems such as haze and photochemical smog, which pose a global 
∗ Corresponding authors. 

E-mail addresses: jinlong@qqhru.edu.cn (J. Li), gzhsui@qqhru.edu.cn (G. Sui). 

w

g

o

[

ttps://doi.org/10.1016/j.molstruc.2021.130023 

022-2860/© 2021 Elsevier B.V. All rights reserved. 
nvironmental issue [3] . Therefore, to control the concentration of 

OC pollutants, the technology of VOC abatement has become a 

esearch topic of interest in recent years. However, conventional 

echniques are less efficient at handling low concentrations of VOC 

4] ; therefore, new techniques are needed to degrade VOCs present 

t low concentration. 

Photocatalytic technology is the optimal strategy for VOC abate- 

ent, because it can mineralize VOCs to fewer polluting sub- 

tances by efficient utilization of light energy [5] . Furthermore, it 

s one of the most effective treatments to remove gaseous VOCs 

ith low concentration due to its efficiency and energy-saving 

dvantage at normal temperature [6] . Therefore, many catalysts 

ith high photoactive performance are being developed to degrade 

aseous VOCs from air. Among them, TiO 2 has been widely used 

wing to its good stability and low toxicity in controlling pollution 

7] . However, TiO has two obvious drawbacks: (1) the efficiency of 
2 
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atural sunlight utilization is low because it can only absorb near- 

ltraviolet light caused by wide forbidden band width (~3.2 eV) 

8] ; (2) the photocatalytic efficiency is reduced due to rapid re- 

ombination of photogenerated electron-hole pairs [9] . Therefore, 

uch research attention has been devoted to the improvement of 

he photocatalytic activity of TiO 2 by modifications, such as doping 

f metal or non-metal, and morphological modification [10] . 

In recent publications, rare earth metals have been proved to 

e one of the most efficient dopants for effectively preventing the 

ecombination of photogenerated electron-hole pairs and extend- 

ng the range of response spectrum [11] . As a conventional doping 

etal, Nd exhibited higher photocatalytic performance and utiliza- 

ion of light energy due to the 4f electron transition in rare earth 

etals [12] . Alam et al. [13] synthesized Nd-V-ZnO with spindle- 

ike shape by using an ultrasonic-assisted sol-gel method, and the 

oping of Nd and V metals enhanced the degradation efficiency of 

queous organic pollutants under visible light. Wang et al. [14] de- 

osited Nd and TiO 2 on SBA-15 substrate with mesoporous struc- 

ure, and the obtained Nd-TiO 2 -SBA-15 showed high photoactive 

nd good acid-base adaptability for methyl orange in the pH range 

f 2–10. Nd-doped TiO 2 can increase the adsorption capacity of 

he catalyst surface, thus improving the photocatalytic activity [15] . 

owever, research about gaseous VOCs abatement using Nd-doped 

xide semiconductor has been less reported, especially for remov- 

ng gaseous VOCs with low concentration. Therefore, the technol- 

gy of photocatalysis is usually coupled with other technologies to 

mprove the efficiency of gaseous VOC removal. 

Membrane separation technology has been widely used in the 

eparation of VOCs because of its high recovery and high effi- 

iency [16] . Comparing with conventional polymeric membranes, 

upported liquid membranes exhibit higher VOC permeability and 

electivity due to the properties of the liquid solvent. According to 

he facilitated transport theory, ionic liquids are promising, offer- 

ng higher VOC permeability and selectivity due to their thermal 

tability and low volatility [ 17 , 18 ]. Wang et al. [19] reviewed the

ecent applications of supported ionic liquid membranes (SILMs) 

or VOCs separation and stated the transport mechanisms of or- 

anic compounds. Uragami et al. [20] reported the separation 

erformance of the poly(styrene)-b-poly(dimethylsiloxane) mem- 

ranes containing 1-allyl-3-butylimidazilium bis (trifluoromethane 

ulfonyl) imide ([ABIM]TFSI) for removing chloroform, benzene, 

nd toluene from aqueous solutions. The authors revealed that 

ABIM]TFSI plays an important role as an absorbent to selectively 

eparate VOCs from the aqueous solution. Dahi et al. [21] prepared 

ILMs by immobilizing [C(4)C(1)im][BF4] in a porous Matrimid 

embrane. The prepared SILMs showed better performance of sep- 

ration of VOCs, such as ethanol and cyclohexane, from the so- 

ution due to the best sorption capacities and the good sorp- 

ion selectivity of [C(4)C(1)im][BF4] for VOCs. However, most stud- 

es only focus on VOCs separation in the liquid phase, and the 

nvestigations on the separation of gaseous VOCs (such as ben- 

ene, toluene, and formaldehyde) with low concentration from air 

re much scarce. Furthermore, the gaseous VOCs separated using 

embrane technology cannot be degraded into nontoxic CO 2 and 

 2 O through its physical process. It is therefore necessary to de- 

elop and study a typical membrane process coupled with other 

reatment technology to improve the elimination performance of 

armful VOCs from air. 

In this study, we present the detailed study of the VOC re- 

oval performance of a coupled process of SILM and photo- 

atalysis based on 1-hexyl-3-methylimidazolium hexafluorophos- 

hate ([HMI m ]PF 6 ) and Nd-TiO 2 nanoparticles ([HMI m ]PF 6 /Nd-TiO 2 

ILM). Particularly, this study focused on the synergistic effect 

f [HMIm]PF 6 /Nd-TiO 2 SILM, i.e., the concentration of [HMIm]PF 6 
ILM and photocatalytic action of Nd-TiO 2 . Toluene (C 7 H 8 ), ace- 

one (C 3 H 6 O), benzene (C 6 H 6 ), xylene (C 8 H 10 ), and chloroform
2 
CHCl 3 ) single-gas and multiple-gas removal performances of 

HMIm]PF 6 /Nd-TiO 2 SILM were investigated under visible light il- 

umination, and the mechanism underlying the removal of gaseous 

OCs was discussed. We also investigated the effects of operation 

onditions on the removal performance, and the experimental re- 

ults were correlated to the variation of the operation conditions. 

. Experimental 

.1. Materials 

Tetrabutyl titanate (C 16 H 36 O 4 Ti) was selected as the Ti source to 

repare TiO 2 , glacial acetic acid (CH 3 COOH) was used as a hydrol- 

sis inhibitor of tetrabutyl titanate, nitric acid (HNO 3 ) was used 

o adjust the solution pH, neodymium nitrate (Nd(NO 3 ) 3 •6H 2 O) 

as the source of metal Nd, and absolute ethanol (CH 3 CH 2 OH) 

as used as solvent. Toluene (C 7 H 8 ), acetone (C 3 H 6 O), benzene 

C 6 H 6 ), xylene (C 8 H 10 ), and chloroform (CHCl 3 ) were chosen as 

aseous VOC samples for the removal experiment. The ionic liq- 

id used was 1-hexyl-3-methylimidazolium hexafluorophosphate 

[HMI m ]PF 6 ). The chemicals were purchased from Aladdin Chem- 

stry Co. Ltd. and were of analytical grade and were used with- 

ut purification. Polyvinylidene fluoride film (PVDF) with 95 μm 

f thickness, 0.1 μm of mean pore size, and 70% porosity was pro- 

ided by Millipore Co. Ltd. The deionized water used in this exper- 

ment was produced from a UPE-60 water purification equipment. 

.2. Preparation of Nd-TiO 2 nanoparticles 

The Nd-TiO 2 nanoparticles were synthesized via a sol-gel 

ethod: 2 mL of C 16 H 36 O 4 Ti was dissolved in 9.8 mL of 

H 3 CH 2 OH, to which 2 mL of CH 3 COOH was further added dur- 

ng stirring. The pH of the mixture was adjusted to ~3 by adding 

NO 3 , and the mixture was stirred vigorously for 1 h to form so- 

ution A. Next, an appropriate amount of Nd(NO 3 ) 3 •6H 2 O, which 

as varied according to the intended mass ratio of Nd:TiO 2 (0, 

.5, 0.8, 1.0, and 1.5% (wt%)), was added in the deionized water 

nd stirred continuously until dissolved, and the obtained solution 

as labeled as solution B. Solution B was slowly added to solution 

 at the dropping rate of 1 mL min 

−1 , and the resulting solution 

as kept under continuous stirring for 24 h at 40 °C. The gel was 

ormed after aging in air for 48 h and then dried at 60 °C for 10 h

nd washed with deionized water several times. The final Nd-TiO 2 

anoparticles were obtained after calcination in an air furnace at 

50 °C for 2 h at a heating rate of 5 °C min 

−1 . 

.3. Preparation of SILM 

A flat membrane module with membrane area of 0.065 m 

2 

as used for the VOCs removal measurement. The PVDF mem- 

rane was on the porous polypropylene plate, which was used 

s permeated gas transport channel. The detailed construction of 

he flat membrane module is described in our previous report 

22] . [HMIm]PF 6 (2.5 g) and Nd-TiO 2 nanoparticles (0.2 g) were 

ixed completely, and were then uniformly distributed onto the 

ydrophilic surface of the PVDF supported membrane treated with 

orona discharge. Some [HMIm]PF 6 was spread on this top hy- 

rophilic surface with a wetting tension of 70 mN/m and then 

oaked into the pores of PVDF membrane [22] . The other sur- 

ace of PVDF hydrophobic bottom layer will support the top 

HMIm]PF 6 liquid layer, due to the hydrophilic-hydrophobic inter- 

ction between the liquid and the surface of PVDF membrane. A 

HMIm]PF 6 /Nd-TiO 2 SILM was obtained and was durable under a 

ransmembrane pressure up to 2–3 atm. The membrane thickness 

f the obtained [HMIm]PF 6 /Nd-TiO 2 SILM was ~20 μm, as esti- 

ated from the quality of the used [HMIm]PF . 
6 
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Fig. 1. Membrane catalytic diagram for removing VOCs. 
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Fig. 2. XRD patterns of (a) TiO 2 , (b) 0.5 wt% Nd-TiO 2 , (c) 0.8 wt% Nd-TiO 2 , (d) 1.0 

wt% Nd-TiO 2 , and (e) 1.5 wt% Nd-TiO 2 . 
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.4. Characterization of Nd-TiO 2 nanoparticles 

X-ray diffraction (XRD) analysis was performed over the 2 θ
ange of 10–80 ° by using the D8 X-ray diffractometer (Bruker-AXS, 

ermany). Fourier transform infrared (FT-IR) spectra were acquired 

sing the Nexus 670 infrared spectrometer (Nicolet, USA). UV- 

isible diffuse-reflectance spectra (UV–Vis DRS) were measured on 

amda 35 UV–Vis spectrophotometer (PE, USA), using BaSO 4 as a 

eflectance standard. X-ray photoelectron spectroscopy (XPS) anal- 

sis was performed on ESCALAB250Xi X-ray photoelectron spec- 

rometer (Thermo, USA). Scanning electron microscopy (SEM) im- 

ges were recorded on the S-3400 scanning electron microscope 

Hitachi, Japan), and transmission electron microscopy (TEM) im- 

ges were acquired with the H-7650 transmission electron micro- 

cope (Hitachi, Japan). The specific surface area was analyzed us- 

ng the Nova 20 0 0e N 2 adsorption-desorption apparatus (Quan- 

achrome, USA) in the relative pressure ranging of 0.05–0.35. 

.5. VOCs removal measurement 

Gaseous VOCs removal from air was conducted, in a 0.5 m 

3 

lack chamber with Teflon film coating to avoid VOC adsorption 

 Fig. 1 ). The air containing VOCs in the chamber was mixed com- 

letely by horizontal and vertical fans. The experimental apparatus 

omprised a SILM membrane module and a 500 W xenon lamp 

ith a light length cut-off filter ( < 420 nm or > 420 nm) placed in

he chamber, diaphragm vacuum pumps (DAP-6D, ULVAC, Japan), 

 hot plate, a gas chromatography (GC) system (SP-6890, Lunan- 

UIHONG, China), pressure sensors, and a 500 W xenon lamp. A 

ertain amount of liquid VOCs, calculated through the determined 

oom temperature and atmospheric pressure, was injected onto 

he hot plate in the chamber and then vaporized to gaseous VOCs 

o achieve the set concentration of 1 0 0 0 ppm. When the liquid

OCs were vaporized completely, the concentration in the chamber 

as determined by the GC with a hydrogen flame detector (FID). 

he membrane system was operated using a diaphragm vacuum 

ump and a needle valve. The pressure at the permeate side of 

he membrane module was maintained at 10 kPa and the sweep 

ir flow rate was controlled at 0.5 L min 

−1 , they were detected us-

ng a pressure sensor and a flowmeter, respectively. After operating 

or 30 min in the dark, the adsorption-desorption equilibrium of 

aseous VOCs on the [HMIm]PF 6 /Nd-TiO 2 SILM was achieved and 

hen a 500 W xenon lamp, with a light length cut-off filter, was 

urned on to the membrane module. The gaseous VOCs was con- 

entrated on the surface of [HMIm]PF /Nd-TiO SILM under the 
6 2 

3 
ifference of VOCs partial pressure, and most of which was de- 

raded to CO 2 and H 2 O by Nd-TiO 2 under visible light illumination. 

eanwhile, a little gaseous VOCs and the degradation products 

ermeated the [HMIm]PF 6 /Nd-TiO 2 SILM into the permeate side of 

embrane module according to the solution-diffusion mechanism. 

he composition and concentration of VOCs in the chamber and at 

he outlet of the membrane module were measured by GC with a 

ydrogen flame detector (FID) and a thermal conductivity detector 

TCD), respectively. In addition, the photocatalytic degradation ef- 

ciency of VOCs was calculated by measuring the concentration of 

O 2 in the membrane permeate stream. To prevent negative pres- 

ure in the chamber, fresh air could be supplied through the inlet 

ettled at the wall of the chamber. 

. Results and discussion 

.1. Characterization 

The XRD patterns of TiO 2 and Nd-TiO 2 nanoparticles with dif- 

erent contents of Nd are shown in Fig. 2 . All Nd-TiO 2 nanoparti- 

les exhibited XRD profiles similar to that of TiO 2 , which shows 

iffraction peaks at 2 θ of 25.3 °, 37.9 °, 48.1 °, 54.0 °, 55.1 °, 62.7 °,
8.8 °, 70.5 °, and 75.4 ° that correspond to the anatase (101), (004), 

200), (105), (211), (204), (116), (220), and (215) lattice planes 
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Fig. 3. TEM images of (a) pure TiO 2 , (b) 1 wt% Nd-TiO 2 , SEM image of (c) 1 wt% Nd-TiO 2 , elemental maps of (d) Ti atoms, (e) O atoms, and (f) Nd atoms, and (g) EDS spectra 

of 1 wt% Nd-TiO 2 . 
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JCPDS card no. 21–1272), respectively. This indicated that other 

rystal forms of TiO 2 were not formed during preparing Nd-TiO 2 

anoparticles. The ionic radius of Nd 

3 + (0.104 nm) is larger than 

i 4 + (0.088 nm) [23] , therefore, Nd 

3+ cannot replace Ti 4 + in the lat- 

ice, but in the state of Nd 2 O 3 , it may be adsorbed on the sur-

ace of TiO 2 . However, there was no characteristic diffraction peak 

f Nd 2 O 3 at 2 θ = 32.5 ° [24] because the doping amount of Nd

as low. It can be seen from the figure that the full width half-

aximum (FWHM) of the catalysts becomes larger after doping 

d. The average crystallite size ( D ) of Nd-TiO 2 nanoparticles, which 
4 
as calculated from the Scherrer equation based on the FWHM of 

101) XRD peak, decreased as shown in Table 1 , indicating that the 

pecific surface area of Nd-TiO 2 nanoparticles may be increased by 

d doping [25] . 

TEM and SEM images of pure TiO 2 and Nd-TiO 2 nanoparticles, 

nd the elemental maps of Ti, O and Nd in 1.0 wt% Nd-TiO 2 are

hown in Fig. 3 . All the prepared catalysts showed a spherical or 

lobular particle shape and a slight agglomeration. The average 

article size of pure TiO 2 was ca. 40 nm, whereas the average 

article size of Nd-TiO 2 nanoparticles was reduced to 15–20 nm. 



J. Li, B. Li, G. Sui et al. Journal of Molecular Structure 1231 (2021) 130023 

Table 1 

Pore size, specific surface area and average anatase crystallite size parameters of 

TiO 2 and Nd-TiO 2 . 

Sample 

Pore Diameter 

(nm) 

Surface Area 

(m 

2 g − 1 ) 

Anatase Crystallite 

Size (nm) 

TiO 2 7.23 45.34 21.53 

Nd-TiO 2 (0.5 wt%) 6.56 105.82 13.72 

Nd-TiO 2 (0.8 wt%) 6.57 130.62 12.24 

Nd-TiO 2 (1.0 wt%) 6.59 150.27 12.22 

Nd-TiO 2 (1.5 wt%) 6.57 129.83 11.57 

Fig. 4. FT-IR spectra of (a) TiO 2 , (b) 0.5 wt% Nd-TiO 2 , (c) 0.8 wt% Nd-TiO 2 , (d) 1.0 

wt% Nd-TiO 2 , and (e) 1.5 wt% Nd-TiO 2 . 

T

t

c

t

i  

p

t

0

t

b

t

F

8

Fig. 5. UV–Vis diffuse reflectance spectra of (a) TiO 2 , (b) 0.5 wt% Nd-TiO 2 , (c) 0.8 

wt% Nd-TiO 2 , (d) 1.0 wt% Nd-TiO 2 , and (e) 1.5 wt% Nd-TiO 2 . 
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his indicated that the growth of the catalyst grains can be effec- 

ively suppressed by the doping of Nd. This reduction of the parti- 

le size can increase the specific surface area of Nd-TiO 2 nanopar- 

icles, which caused a further increase of the photocatalytic activ- 

ty. Fig. 3 (d-f) show that the elements of Ti, O, and Nd are dis-

ersed uniformly in 1.0 wt% Nd-TiO 2 nanoparticles. Fig. 3 (g) shows 

hat the actual contents of Ti, Nd, and O correspond to 61.26 wt%, 

.95 wt%, and 37.79 wt%, respectively, which are consistent with 

he theoretical contents in Nd-TiO 2 nanoparticles. The difference 

etween the actual content and the theoretical content can be at- 

ributed to instrument error. 

FT-IR spectra of TiO 2 and Nd-TiO 2 nanoparticles are shown in 

ig. 4 . The wide absorption bands observed over the range of 450–

00 cm 

−1 were assigned to the stretching mode of Ti-O bond 
Fig. 6. (a) N 2 adsorption-desorption isotherms and (b) pore siz

5 
nd the bridging mode of Ti-O-Ti bond, which are characteris- 

ic peaks of TiO 2 [26] . Notably, the Ti-O or Ti-O-Ti bonds in Nd- 

iO 2 nanoparticles were significantly red-shifted, which might have 

een caused by the doping of Nd. The absorption peak at 1623 

m 

−1 and the broad absorption peak at 3425 cm 

−1 were attributed 

o the bending and stretching vibrations of O 

–H, which are related 

o water adsorbing on the surface of the catalyst [27] . Compared 

ith pure TiO 2 , the absorption peak at 3425 cm 

−1 became stronger 

ith increasing of Nd doping quantity. This indicated that the Nd 

opant enhances water adsorption resulting in more hydroxyl rad- 

cals, increasing the photocatalytic performance of Nd-TiO 2 [28] . 

DRS spectra of TiO 2 and Nd-TiO 2 nanoparticles are shown in 

ig. 5 . Compared with pure TiO 2 , the absorption spectra of Nd- 

iO 2 nanoparticles showed an obvious red shift extended to the 

isible light region. This was due to the charge transfer transition 

etween the dopant electrons of Nd and the TiO 2 conduction band 

29] , indicating that the light absorption capacity of the catalyst 

as greatly improved [30] . Furthermore, three absorption bands 

ppeared in the spectra of Nd-TiO 2 nanoparticles as the reference 

f Nd(NO 3 ) 3 DRS spectra, which was attributed to the 4f transition 

f Nd(III) ions. By varying the content of Nd, the absorption capac- 

ty of Nd-TiO 2 nanoparticles under visible light illumination was 

ifferent, and Nd-TiO 2 nanoparticles with 1.0 wt% of Nd exhibited 

trong visible light absorption. 

N 2 adsorption-desorption isotherms and the corresponding 

ore size distribution curves of pure TiO and Nd-TiO (1.0 wt%) 
2 2 

e distribution curves of TiO 2 and Nd-TiO 2 nanoparticles. 
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Fig. 7. (a) Overview of the XPS spectra and individual high-resolution XPS spectra for (b) Ti 2p, (c) O 1 s, (d) C 1 s, and (e) Nd 3d of Nd-TiO 2 (1.0 wt%) naoparticles. 
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anoparticles are illustrated in Fig. 6 . Table 1 shows the pore size 

nd specific surface area parameters of the various component 

atalysts. According to the IUPAC classification, the adsorption- 

esorption isotherms of samples with an H1 hysteresis loop are all 

ype IV curves [31] , which indicate the presence of a mesoporous 

tructure in the samples. The specific surface area and average pore 

ize of all samples are summarized in Table 1 . The specific surface 

rea was 45.34, 105.82, 130.62, 150.27, and 129.83 m 

2 g − 1 , and 

he average pore size was 7.23, 6.56, 6.57, 6.57, 6.59, and 6.57 nm 

or pure TiO 2 , 0.5 wt% Nd-TiO 2 , 0.8 wt% Nd-TiO 2 , 1.0 wt% Nd-TiO 2 ,

nd 1.5 wt% Nd-TiO 2 , respectively. The specific surface area of Nd- 

iO 2 nanoparticles increased with increasing Nd content, reaching 
6 
 maximum when the amount of Nd was 1.0 wt%. Large specific 

urface area of the catalyst can provide more reactive centers, in- 

reasing the photocatalytic activity of the catalyst [32] . 

XPS spectra were measured to analyze the chemical states of 

d-TiO 2 (1.0 wt%) nanoparticles as shown in Fig. 7 . Fig. 7 (a) sum-

arizes the XPS spectra of Nd-TiO 2 (1.0 wt%) nanoparticles, which 

ontained four elements of Ti, O, C and Nd, with the binding en- 

rgies of 284.1 eV, 458.1 eV, 529.1 eV, and 974.1 eV correspond- 

ng to C 1 s, Ti 2p, O 1 s and Nd 3d, respectively. As shown in

ig. 7 (b), two main peaks were observed at 458.3 eV and 464.5 eV, 

hich corresponded to Ti2p 3/2 and Ti2p 1/2 split peaks. This in- 

icates that the Ti element exists as Ti 4 + in the samples [ 33 , 34 ].
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Fig. 8. Removal performance of toluene under different methods. 
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Fig. 10. Degradation rate and removal rate of VOCs by [HMIm]PF 6 /Nd-TiO 2 SILM 

under UV light and visible light illumination for 10 h. 
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t  
owever, these peaks shifted slightly to a higher region of bind- 

ng energy because the variation in the chemical state was caused 

y adding Nd in TiO 2 . The O1s spectrum in Fig. 7 (c) shows two

eaks at 529.8 eV and 532.0 eV corresponding to the lattice oxy- 

en and the oxygen from the surface-adsorbed O–H, respectively. 

n Fig. 7 (d), the peak at 284.8 eV was attributed to surface impu-

ity indefinite carbon ( C = C bonds), whereas the peak at 288.7 eV 

as assigned to C–O–Ti, disclosing that some carbon atoms sub- 

tituted titanium atoms in the TiO 2 lattice [35] . In Fig. 7 (e), the

eaks of binding energy at 974.8 eV and 994.8 eV were attributed 

o Nd3d 5/2 and Nd3d 3/2, respectively, indicating that Nd exists 

s the form of Nd 

3 + in the TiO 2 lattice. 

.2. VOC removal performance 

Performing removal of VOCs were measured using only mem- 

rane ([HMI m ]PF 6 SILM) separation, photocatalysis (Nd-TiO 2 ) un- 

er visible light, and membrane ([HMI m ]PF 6 /Nd-TiO 2 SILM) cat- 

lytic separation under UV light and under visible light. The ex- 

erimental results of toluene are shown in Fig. 8 . All removal 

ethods showed similar exponential reduction curves of toluene 

oncentration in the chamber. The half reduction time of mem- 

rane separation, photocatalysis under visible light, and membrane 

atalytic separation under UV light and under visible light was 

.2 h, 6.5 h, 5.7 h, and 4.2 h, respectively. For only membrane 

[HMI m ]PF 6 SILM) separation processes, toluene was concentrated 

n the membrane surface, dissolved in [HMIm]PF ionic liquid, 
6 

Fig. 9. Removal performance of VOCs by [HMIm]PF 6 /Nd-TiO 2 S

7 
nd transported through the [HMIm]PF 6 membrane according to 

he solution-diffusion mechanism. Therefore, the membrane sep- 

ration process exhibited the worst performance of removal of 

oluene compared with other separation methods. However, adding 

d-TiO 2 nanoparticles showed enhanced removal performance: the 

alf reduction time under UV light and visible light was 3.0 h and 

.5 h shorter than membrane separation. This was because toluene 

as enriched on the membrane surface through membrane sepa- 

ation and was degraded into CO 2 and H 2 O by Nd-TiO 2 nanoparti- 

les under UV and visible light illumination. This synergistic effect 

etween membrane separation and photocatalysis accelerated the 

ate of toluene removal through [HMIm]PF 6 /Nd-TiO 2 SILM under 

ight illumination. 

The process of [HMIm]PF 6 /Nd-TiO 2 SILM under UV and visi- 

le light illumination was further tested to evaluate the removal 

f other gaseous VOCs, such as acetone, chloroform, benzene, and 

ylene, and the experimental results are shown in Fig. 9 . The 

ariation of VOC concentration in the chamber was like that of 

oluene, and the photocatalytic membrane reaction process con- 

aining [HMIm]PF 6 /Nd-TiO 2 SILM exhibited high performance for 

he removal of many types of VOCs. This indicated that the pho- 

ocatalytic membrane reaction process can remove VOCs with low 

oncentration. In addition, the removal efficiency under UV light 

as higher than that under visible light: for toluene, acetone, chlo- 

oform, benzene, and xylene, the half reduction time was 4.2 h, 

.0 h, 3.8 h, 3.9 h, and 5.0 h under UV light, respectively, whereas

he half reduction time was 5.7 h, 6.0 h, 5.7 h, 5.2 h, and 6.5 h un-
ILM under (a) UV light and (b) visible light illumination. 
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Fig. 11. Catalytic membrane-based mechanism diagram of VOCs removal through [HMIm]PF 6 /Nd-TiO 2 SILM under UV light and visible light illumination. 
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er visible light, respectively. This was because the absorbance of 

d-TiO 2 in the UV light region was apparently higher than that in 

he visible light region, according to the DRS analytics result of Nd- 

iO 2 nanoparticles. However, performing removal of different VOCs 

as different. This may be caused by two reasons: 1) the compat- 

bility between VOCs and [HMIm]PF 6 ionic liquid might have fa- 

ilitated the enrichment of VOCs on the surface of SILM and the 

issolution of VOCs in [HMIm]PF 6 ionic liquid [36] ; 2) the decom- 

osition of VOC molecules depends on the complexity of electronic 

nd spatial structure of VOC molecules. 

Fig. 10 shows the degradation rate and rate of removal of 

oluene, acetone, chloroform, benzene, and xylene by [HMIm]PF 6 / 

d-TiO 2 SILM under UV light and visible light illumination for 

0 h. Owing to the synergy between the membrane separation 

rocess and the photocatalysis, the VOC removal rate was higher 

han 70.0% and 60.0% under UV light and visible light, respec- 

ively, in which only a part of the VOCs could be degraded to 

ontoxic CO 2 and H 2 O. The concentration of VOCs was measured 

t the outlet of the membrane module; the degradation rate of 

oluene, acetone, chloroform, benzene, and xylene was 43.94%, 

2.76%, 51.72%, 51.67%, and 39.32% under UV light illumination, and 

8.28%, 39.43%, 39.82%, 39.07%, and 28.77% under visible light illu- 

ination, respectively. 

Whether the SILMs can be practically applied depends on its 

tability. In this study, the amount of permeated air and the per- 

eate side pressure were determined during the operation, which 

as evaluated as the lifetime of the SILM. The flow rate of perme- 

ted air and permeate side pressure were usually 1.8–5.0 cm 

3 /min 

nd 1.5–2.2 kPa, respectively when the flow rate of sweep air was 

. When the operation time of [HMIm]PF 6 /Nd-TiO 2 SILM was over 

0 0 0 h, the stability of SILM did not vary. 

.3. Removal mechanism 

The catalytic membrane-based mechanism diagram of VOC re- 

oval through [HMIm]PF 6 /Nd-TiO 2 SILM under UV light and vis- 

ble light illumination is shown in Fig. 11 . Gaseous VOCs will 

e concentrated on the membrane surface under the effect of 

he difference of partial pressure. Subsequently, a portion of the 

OCs dissolves in the [HMIm]PF 6 ionic liquid according to the 

imilarity-compatible principle and then diffuses through the ionic 

iquid membrane, and the ionic liquid can be dissociated and 

eused. Meanwhile, most of concentrated VOCs can be degraded 

o CO 2 and H 2 O by the photocatalytic effect of Nd-TiO 2 nanopar- 

icles under UV–Vis light, and the degradation products permeate 

hough the ionic liquid membrane. With the photocatalyst Nd-TiO 2 

anoparticles, Nd acts as an electron by supplying ions electrons 

o TiO 2 , and the photogenerated electrons react with O 2 to form 

 2 
−radicals, whereas the photogenerated holes react with water to 

roduce •OH radicals, which also can degrade VOCs. This synergis- 

ic effect can facilitate VOC removal. 
8 
. Conclusion 

A SILM with photocatalytic function containing 1-hexyl-3- 

ethylimidazolium hexafluorophosphate ionic liquid and synthe- 

ized Nd-TiO 2 nanoparticles was devised. The as-prepared pho- 

ocatalytic SILM under UV and visible light illumination was ef- 

ective for VOC removal to improve air quality. The VOC concen- 

ration in the chamber (10 0 0 ppm of toluene, acetone, chloro- 

orm, benzene, and xylene) could be reduced to a lower level of 

ess than 20 0~40 0 ppm over 10 h of operation time. Perform- 

ng VOC removal was illustrated in terms of the synergistic ef- 

ect of membrane separation and photocatalytic reaction, and the 

OC removal mechanism of the catalytic membrane-based reac- 

or was presented. We conclude this SILM containing photocat- 

lytic nanoparticles under UV–Vis light illumination can provide 

 highly efficient and environment friendly method for removing 

OCs. mmc1.docx 
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