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Abstract—This study reports reactive adsorptive dechlorination of hydrocarbon oil over TiO,-based metal oxides at
the temperatures of 20-150 °C. TiO, and a series of TiO,-CeO, were prepared by precipitation method and character-
ized by N, adsorption, XRD, FT-IR, pyridine-IR, NH;-TPD and CO,-TPD. The characterization results showed that
both the acidity and basicity of the adsorbent had a significant impact on its dechlorination capacity. TiO,-U precipi-
tated by urea exhibited higher dechlorination capacity than TiO,-A precipitated by ammonia due to the higher surface
area, more acid and base amounts of the former. Among various Ti, ,Ce,O, (x=0.1, 0.3, 0.5, 0.7, 0.9, 1) oxides,
Tiy7Cey;0, and Tij;Cey,0, bimetallic oxides showed higher dechlorination capacity than TiO,-U, and the chlorine
removal over Ti,;Cey;0, reached 82.8% after adsorption at 150 °C for 3 h. Mixing 5 wt% of alkali earth metal oxide
into Tiy,Ce,;0, mechanically enhanced its dechlorination capacity, and the chlorine removal over Ti,;Ce,;0,-BaO
reached as high as 92.1%. The chlorine removal increased with increasing the adsorption temperature. Ion chromatog-
raphy and GC-MS analysis revealed that organochlorine compound was converted into Cl and its corresponding alco-
hol over the adsorbent at 150 °C. Finally, the mechanism of reactive adsorption dechlorination was proposed.
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INTRODUCTION

Deep dechlorination of hydrocarbon oil has become an increas-
ingly important subject worldwide [1-3]. Organochlorine in crude
oil and its distillates tends to be converted to HCI during oil pro-
cessing, causing serious corrosion to the refining equipment and
also poisoning catalysts for hydrofining and catalytic reforming [4].
Besides, pyrolysis recycling of plastic waste calls for dechlorination
of plastic pyrolytic oil [5,6]. As plastic waste is not biodegradable,
its disposal becomes a serious environmental issue. Converting
plastic waste to high value-added hydrocarbon oil by pyrolysis has
been recognized as a promising route for the recycling of plastic
waste [7,8]. However, organochlorine compounds in plastic pyrol-
ysis oil derived from polyvinyl chloride (PVC) seriously affect the
downstream processing of plastic pyrolytic oil. Hence, it is highly
essential to remove the organochlorine from various hydrocarbon
oils.

Several dechlorination methods have been developed in recent
years, including hydrodechlorination [9,10], catalytic dechlorination
[11,12], adsorptive dechlorination [13,14], and dechlorination by
nucleophilic substitution [15,16]. Hydrodechlorination is a widely
studied dechlorination method, by which organochlorine is cata-
lytically converted to HCl over a noble metal catalyst, e.g, sup-
ported Ag-Pd [9] and Pt-Pd [17] in the presence of hydrogen under
high temperature and high pressure. Nevertheless, hydrodechlori-
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nation technology has not been applied in industry so far due to
the inherent problem of severe operation condition, high cost, and
poisoning of its catalyst by HCI [13]. In contrast to hydrodechlori-
nation, adsorptive dechlorination, which employs porous materi-
als to selectively adsorb organochlorine from hydrocarbon oil, has
been considered as a very promising dechlorination approach due
to mild operation condition and low cost. Zeolites [13,14,18] and
metal oxides [19,20] are the most commonly used dechlorination
adsorbents due to their high dechlorination capacity and good regen-
erability. Zhang et al. [13] prepared Zn/H adsorbent for dechlori-
nation of the model naphtha at 25°C, and found that 72.54% of
organochlorine could be removed over Zn/Hf and the adsorbent
still maintained good dechlorination performance after regenera-
tion for five times. To improve the adsorptive dechlorination effi-
ciency, some researchers investigated adsorption dechlorination at
elevated temperature [1,21]. Ge et al. [18] studied dechlorination of
reformate over Ce-Y zeolite in a tubular microreactor in a tempera-
ture range from 100 °C to 150 °C, and found that the chlorine re-
moval sharply increased from ~20% to ~80% when the tempera-
ture was elevated from 100 °C to 150 °C. Jiang [20] carried out ad-
sorptive dechlorination of chlorinated hydrocarbon over Na,CO,/
AL,O; or CaCO,/AL,0;, and reported that the dechlorination rate
of chlorobenzene reached 90% over Na,CO5/ALO; at 410 °C. Niu
[1] investigated adsorptive dechlorination of hydrocarbon oil over
porous oxides at different temperatures, and the results showed that
the removal of 1-chlorooctane over ALO; sharply increased from
~5% at 20 °C to 99% at 150 °C. These findings strongly demon-
strate that deep dechlorination could be achieved over metal oxides
or zeolites at elevated temperatures. Nevertheless, the mechanism
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of dechlorination at elevated temperatures, as well as the roles of
acid sites and basic sites of adsorbents in dechlorination, still remain
unclear and need to be investigated and clarified. Moreover, the
dechlorination performance of adsorbents needs to be further im-
proved for industrial application.

The objective of this paper is to investigate the mechanism of
dechlorination of hydrocarbon oil at elevated temperatures, the
roles of acid sites and basic sites of adsorbents in dechlorination, as
well as to develop adsorbents with high dechlorination capacity.
Attributed to tunable surface area and pore size, controllable func-
tionality and good chemical stability, TiO, has been widely used in
adsorption and catalysis areas [22-24]. Moreover, coupling CeO,
into TiO, will lead to an increase in its surface area and a change
in its surface chemistry [25,26]. In this work, TiO, and a series of
TiO,-CeO, were prepared by precipitation method and used for
adsorptive dechlorination of hydrocarbon oil under different tem-
peratures. The adsorbents were characterized by N, adsorption, X-
ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-
IR), temperature-programmed desorption of NH,; (NH,-TPD) and
CO, (CO,-TPD), and infrared spectroscopy of pyridine (pyridine-
IR). The influences of precipitants, Ti/Ce molar ratio in TiO,-CeO,,
and adsorption temperature on the dechlorination performance
were investigated. Dechlorination capacity of TiO,-CeO, for vari-
ous organochlorine compounds and the regenerability of TiO,-CeO,
were studied. To improve the dechlorination performance of TiO,-
Ce0Q,, TiO,-CeO, was mixed with various alkaline earth metal oxides
mechanically and their dechlorination performance was also eval-
uated. The reaction products of 1-chlorooctane were identified by
GC-MS and ion chromatography (IC), and the mechanism of reac-
tive adsorption dechlorination was proposed.

EXPERIMENTAL SECTION

1. Materials

1-Chlorooctane (99%), 1,2-dichlorobenzene (99%), dodecane
(98%), TiCl, and BaO were supplied by Aladdin Reagent Co., Ltd.
(NH,),Ce(NO;)s and urea was obtained from Tianjin Guangfu Sci-
ence & Technology Development Co., Ltd., China. CaCO; and urea
(99%) were purchased from Tianjin Fuchen Chemical Co., Ltd,
China. Mg(NO;),-6H,0 was provided by Xiya Chemical Technol-
ogy Co,, Ltd,, China. Ammonia (28 wt% NH; in H,O) was obtained
from Sinopharm Chemical Reagent Co., Ltd. The model oils with
chlorine content of 150 ppmw were prepared by dissolving 1-chlo-
rooctane or 1,2-dichlorobenzene into dodecane.
2. Preparation of Various Adsorbents

TiO,-U and TiO,-A were prepared by the precipitation method
because the precipitation method is widely used in the preparation
of metal oxides with high surface areas, nano-sized crystallites and
controllable surface chemical properties by adjusting the types and
concentrations of precipitant, and hydrolysis temperature [27-29].
The commonly used precipitants, urea and ammonia [1], were
used to investigate the influence of the precipitant on the dechlori-
nation capacity of TiO,. TiO,-A was prepared according to the fol-
lowing procedure. 7.7 g of TiCl, was dissolved in deionized water
with Ti** molar concentration of 1 mol/L. 1 mol/L of ammonia was
then added into the solution dropwise under vigorous stirring at

25°C until the pH value of the solution reached 6. After aging for
0.5h, the mixture was filtered, and the filter cake was washed with
excessive deionized water until no CI” ions were detected. The ob-
tained precipitate was dried at 120 °C for 12h and calcined at 400 °C
for 4 h at a heating rate of 5 °C/min.

TiO,-U, CeO, and a series of Ti;_,,Ce,O, bimetallic oxides (x=
0.1, 0.3, 0.5, 0.7, 0.9) were prepared by urea gelation/co-precipita-
tion method as reported in our previous work [25]. TiCl,, (NH,),
Ce(NO,)s and urea with the molar ratio of (1-x): x: 8 were dis-
solved in deionized water. The solution was heated to 95-100 °C
and kept in this temperature range until the pH value of the solu-
tion reached 6.0. The mixture was filtered after aging for 0.5 h, and
the filter cake was washed with deionized water until no CI” ions
were detected. The obtained precipitate was dried at 120°C for
12 h and calcined at 400 °C for 4 h at a heating rate of 5 °C/min.

MgO was prepared following the same procedure as TiO,-A
described above. 8.6 g of Mg(NO,),-6H,0 was dissolved in deion-
ized water with Mg”* molar concentration of 1 mol/L. 1 mol/L of
ammonia was then added into the solution dropwise under vigor-
ous stirring at 25 °C until the pH value of the solution reached 10.86.
After aging for 0.5h, the mixture was filtered, and the filter cake
was washed with excessive deionized water until no CI” ions were
detected. The obtained precipitate was dried at 120 °C for 12 h and
calcined at 550 °C for 4 h at a heating rate of 5°C/min. CaO was
prepared by calcination of CaCO; at 900°C for 4h at a heating
rate of 5 °C/min.

3. Adsorptive Dechlorination Experiments

Adsorptive dechlorination experiments were conducted in a 100
mL three-necked flask equipped with a reflux condenser to pre-
vent oil vaporization. In a typical run, 24 g of hydrocarbon oil was
added in the flask and then nitrogen was bubbled in at the flow
rate of 20 mL/min to avoid the oxidation of oil. When the hydro-
carbon oil was heated to the desired temperature under vigorous
stirring in an oil bath, 0.2 g of the adsorbent was added in the flask.
0.8 mL of the suspension was sampled separately at the adsorp-
tion time of 15 min, 30 min, 1 h, 2h and 3 h, and then filtrated by
a 045 pm filter before analysis.

4. Regeneration of Ti,,Ce,;0,

After the dechlorination experiment, the spent Ti,,Cey;0, was
filtered and washed separately with 10 mL of acetone and 10 mL
of deionized water to remove the adsorbed organic and inorganic
chemicals, respectively. The washed Ti,,Ce,;0, was then dried at
110°C for 12h and calcined at 400°C for 4h. The regenerated
Tiy,Ce,;0, was then taken for decholorination experiment again.
The dechlorination-regeneration experiment was run for four times,
and the regenerated Ti,,Ce,;0, was labeled as Tj,,Ce;,;0,-R. To iden-
tify the possible product of 1-chlorooctane adsorbed on the adsor-
bent, the acetone and water eluents of the spent Ti,,Ce,;0, were
collected for analysis.

5. Sample Analysis
5-1. Determination of the Chlorine Content of Treated Oils

The chlorine content of the hydrocarbon oils was determined
by a TCS-300 Microcoulomb chlorine analyzer (Taizhou Tianch-
uang Instrument Co., China).

The chlorine removal of the model hydrocarbon oils was calcu-
lated by the following equation:
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where @ is the chlorine removal; C, and C; stand for the chlo-
rine content (ug/g) of the initial model fuel and the treated model
oil at different adsorption time, respectively.

5-2. Identification of the Products of 1-Chlorooctane

The acetone eluent of the spent Ti),Ce,;0, was analyzed using
a gas chromatogram (Agilent 7890B/5977A) equipped with a DB-
5ms capillary column (60 mx0.25 mmx0.25 pm) and a mass spec-
trometer (GC-MS) to identify the organic products of 1-chlorooc-
tane.

The water eluent of the spent Ti,,Ce,;0, was analyzed by a ion
chromatogram (792 Basic IC, Metrohm) equipped with a Metrosep
A SUPP 4 column to identify the chloride ion on the adsorbent.

6. Characterization

N, adsorption was conducted at 77K using a Micromeritics
ASAP2020 surface area and porosimetry analyzer. Textural prop-
erties of samples were determined by analyzing N, adsorption iso-
therms. The specific surface area was calculated using the BET
equation in the p/p, range 0.05-0.2. The average pore size was evalu-
ated using the BJH model. The total pore volume was estimated
by the adsorbed N, at the relative pressure of 0.99.

XRD patterns of samples were collected using an XRD-7000
powder diffractometer (Shimadzu, Japan) with Cu K¢ radiation.
The instrument was operated at a scanning rate of 1°/min in the
268 range of 10-80° with the voltage of 40 kV and the current of 30
mA. The FT-IR spectra of samples were recorded on a Thermo
Nicolet Nexus 410 spectrometer at a resolution of 4 cm™". The pyr-
idine-IR analysis was conducted on a Nicolet 380 FTIR spectrom-
eter. The IR spectra were recorded after desorption of pyridine
under vacuum at 200 °C. NH;-TPD and CO,-TPD were carried out
to measure the acidity and basicity of samples, respectively. The
desorption signal of NH; or CO, was recorded with GAM200 mass
spectrometry when the sample was heated from 100 °C to 700 °C
at the temperature ramp of 10°C/min. The desorbed NH; was
absorbed by 0.025 mol/L of H,SO, solution, followed by titration
to calculate the acid amount of the sample, while the desorbed
CO, was absorbed by 0.05 mol/L. NaOH solution, followed by titra-
tion to calculate the base amount of the adsorbent.

RESULTS AND DISCUSSION

1. Influence of Precipitants on the Adsorptive Dechlorination
Capacity of TiO,

Fig. 1 shows a comparison of dechlorination capacity of TiO,-U
and TiO,-A prepared with urea and ammonia as the precipitants,
respectively. It is evident that TiO,-U showed higher dechlorina-
tion capacity than TiO,-A, and the chlorine removal over TiO,-U
and TiO,-A was 71.4% and 56.9% at the adsorption time of 3 h,
respectively, indicating a significant influence of precipitants on the
dechlorination capacity of TiO,. The reason for the higher dechlo-
rination capacity of TiO,-U than TiO,-A will be addressed in the
characterization section.

2. Influence of Ti/Ce Molar Ratio of Ti,_,Ce,O,
To improve the adsorptive dechlorination capacity of TiO,-U,
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Fig. 1. Dechlorination capacity of TiO,-U and TiO,-A.
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Fig. 2. Comparison of dechlorination capacities of Ti,_,Ce,O, (x=
0,0.1,0.3, 0.5, 0.7, 0.9, 1).

CeQ, was incorporated into TiO,-U, and the dechlorination capac-
ity of Ti;,_Ce,O, bimetallic oxides with varying Ti/Ce molar ratio
was evaluated. It can been seen from Fig. 2 that Ti,,Ce);0, and
Tiy;Ce,,O, exhibited significantly higher dechlorination capacity than
TiO,-U, and the chlorine removal over Ti,,Ce,;0, and Tiy;Ce,,O,
reached 82.8% and 78.9%, respectively. Ti,yCe,0,, TisCeysO,
and Ti,,Ce,4O, had very close dechlorination capacity to TiO,-U,
while the pure CeO, showed a much lower dechlorination capacity
than TiO,-U. The overall dechlorination capacity of various metal
oxides followed the order of Ti,,Ce,;0,>Ti,;Ce,,0,>Ti,,Ce,,O,~
TiysCeys0,~Tiy; CeysO,~TiIO,-U>CeO,. The reason for the differ-
ence in dechlorination capacity of various Ti,_,Ce,O, will be dis-
cussed in the characterization section.
3. Promotion Effect of Alkaline Earth Metal Oxides

To further improve the dechlorination capacity of Ti,,Ce,;0,, 5
wt% of BaO, MgO and CaO, was separately mixed with Ti,,Ce);0,
and their dechlorination capacity for 1-chlorooctane was exam-
ined. As shown in Fig. 3, all the three composite metal oxides
exhibited obviously higher dechlorination capacity than individual
Tiy,Cey30, and alkaline earth metal oxides. The chlorine removal
over Tiy,Ce,;0,-BaO reached 92.1% at the adsorption time of 3 h,
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Fig. 3. Dechlorination performance of the mixed oxides of Tj,,Ce,;0,
with 5% of alkali metal oxides (MgO, CaO, BaO).

which was higher than 72.54% over Zn/Hf [13], ~80% over Pd/
Fe [30] and Ce-Y [18], but lower than 99% over AL O; reported in
the literature. Considering the chlorine removal was obtained at
different oil-to-adsorbent weight ratios, the adsorptive capacity of
various adsorbents, which referred to the mass of chlorine removed
by per unit mass of catalyst/adsorbent, was then calculated based
on the data in literature and this work for comparison. From the
data listed in Table 1, it can be seen that adsorptive dechlorination
capacity over Ti),Ce,;0,-BaO reached 16.6 mg-Cl-g "', much higher
than 1.98 mg-Cl-.g”" over ALO,, 12mg-Cl-g"' over Zn/Hf and
8mg-Cl-g" over Pd/Fe, demonstrating superior dechlorination per-
formance of Tjy,Cey;0,-BaO. The reason for the promotion effect
of alkaline earth metal oxides will be discussed in the characteriza-
tion section.
4. Influence of Adsorption Temperature

Fig. 4 presents the adsorption capacity of Ti,,Ce,;O, for 1-chlo-
rooctane at different temperatures. It can be observed that Tiy,Ce,;0,
exhibited poor adsorption capacity at 20 °C, and the chlorine removal
was only 3.8% at the adsorption time of 3h. As the temperature
increased from 20 °C to 150 °C, the chlorine removal remarkably
increased up to 82.8%, indicating that an increase of temperature
had a positive effect on the adsorption capacity. It is well known
that physical adsorption is exothermic, and increasing adsorption
temperature will invariably lead to a decrease of uptake [31]. There-
fore, we hypothesized that chemical transformation of 1-chlorooc-
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Fig. 4. Adsorption of 1-chlorooctane over Ti,,Ce,;0, at different
temperatures.

tane might occur on the adsorbent at elevated temperatures. From
the results that 82.8% of chloride disappeared from the oil at the
adsorption time of 3 h in the presence of Tiy,Ce,;0, at 150 °C, it
was deduced that the product of the disappeared 1-chlorooctane
was adsorbed on the Ti,,Ce,;0O,. The acetone eluent and the water
eluent of the spent Ti,,Ce,;0, were then analyzed by GC-MS and
IC, respectively.

Fig. 5 presents the gas chromatogram of the acetone eluent of
the spent Tiy,Cey;0,. It is clear that besides dodecane and trace
amounts of tridecane and tetradecane which were from the origi-
nal oil, 1-octanol was detected at the retention time of 25.9 min,
which was identified by comparing its mass spectrum with the
standard mass spectrum of 1-octanol (Fig. 6(a)). This result indi-
cated 1-chlorooctane was converted to 1-octanol over the adsor-
bent at elevated temperature. It is worth noting that during the
adsorption process, nitrogen was bubbled and air was absent from
the adsorption system, so it can be inferred that the hydroxyl group
in 1-octanol did not originate from the oxidation of 1-chlorooc-
tane by air but the oxygen-containing species on the adsorbent.
Fig. 6(b) shows the ion chromatograms of ultrapure water, eluents
of fresh Ti,,Ce,;0,, and the spent Ti,,Ce;0,. It is observed only
trace amount of Cl” was detected in ultrapure water and the elu-
ent of fresh Ti,,Ce,;0,. In a sharp contrast, a huge increase of CI”
in the eluent of the spent Tj,,Ce,;0, was observed, implying large
amounts of CI” were generated on the adsorbent.

Table 1. Comparison of dechlorination performance of Ti,,Ce,;0,-BaO and different adsorbents reported in the literature

Initial chlorine The weight ratio of Adsorption Chlorine Adsorption capacity
Adsorbents . o

content (ppmw) oil to adsorbent temperature (°C) removal (%) (mg-Cl/g)
Zn/HB[13] 60 28:1 25 72.54 1.2
Pd/Fe [30] 100 100:1 22 ~80 8
ALO, [1] 50 40:1 150 99 1.98

Dynamic test,

Ce-Y [18] 50 LHSV: 10h"! 150 ~80
1o Cey,0,-Ba0 150 120:1 150°C 92.1 166

(used in this work)
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Fig. 5. Gas chromatogram of the acetone eluent of the spent Ti, ,Ce, ;0,.
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Fig. 6. (a) Mass spectra of the substance at the retention time of 25.9 min (1) and standard mass spectrum of 1-octanol (2). (b) Ion chromato-
grams of ultrapure water, eluents of fresh Ti,,Ce,;O, and spent Ti,,Ce, ;0,.

The above results demonstrate that 1-chlorooctane in the model
oil was converted to CI” and 1-octanol on the adsorbent at 150 °C,
which were then adsorbed, implying the mechanism of reactive
adsorption dechlorination.

5. Regeneration of Ti, ;Ce,;0,

Fig. 7 shows the recycling performance of Ti,,Ce,;0, in a series
of four consecutive dechlorination-regeneration cydles. It is clear that
after the first regeneration, the dechlorination capacity of Ti,,Ce;0,
for 1-chlorooctane slightly decreased. However, the dechlorina-
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Fig. 7. Regeneration cycles of Ti, ;Ce,;0,.
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tion capacity of Ti,,Ce,;0, remained basically stable in the follow-
ing dechlorination-regeneration cycles, and chlorine removal still
retained 71.4% in the fourth regeneration cycle, implying good
regenerability of Ti);Ce,;0,. The reason for the slight decrease of
dechlorination performance of Ti,;Ce,;0, after four consecutive
dechlorination-regeneration cycles will be addressed in the charac-
terization section.
6. Characterization

Fig. 8 gives the XRD patterns of various metal oxides. It can be
seen from Fig. 8(a) that both TiO,-U and TiO,-A show clear dif-
fraction peaks at 20=25.28°, 37.80°, 48.05°, 53.89°, 55.06°, 62.88",
which correspond to reflections of anatase phase (101), (004),
(200), (105), (211), (213) planes (JCPDS No. 84-1286), indicating
both TiO,-U and TiO,-A were present in the anatase phase. Nev-
ertheless, TiO,-U precipitated by urea shows slightly weaker diffrac-
tion peak at 26=25.28" than TiO,-A precipitated by ammonia,
indicating the smaller crystalline size of the former, which was due
to slower hydrolysis rate in case of urea [32]. CeO, shows charac-
teristic peaks of fluorite phase at 26=28.6", 33.2°, 47.7° and 56.6’
(JCPDS NO43-1002). Compared to TiO,-U and CeO, single metal
oxides, various Ti,_,,Ce,O, bimetallic oxides show weaker charac-
teristic peaks of anatase TiO, or fluorite CeO,, implying the decrease
of the crystalline sizes, which was attributed to the dissimilar nuclei,
coordination geometry and inhibition of individual crystallization
[33]. From Fig. 8(b), it is observed that in comparison to fresh
Tiy,Cey;0,, Tiy,Cey30,-R shows a slightly decreased diffraction
peak at 20=25.28°, suggesting some loss of crystallinity.
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Fig. 8. (a) XRD patterns of various metal oxides. (b) XRD patterns of Ti,,Ce,;0, and the regenerated Ti,,Ce,;0,-R.

Table 2. Textural properties of various adsorbents

Adsorbents BET surzface Total por;e Av'erage pore
area (m’/g)  volume (cm’/g) size (nm)
TiO,-A 1213 0.2050 6.60
TiO,-U 152.3 0.3288 8.51
TiysCeo, O, 158.8 0.5648 14.13
TiyCeo 30, 174.9 0.6017 14.19
Tip,Cep;0,-R 155.5 0.2964 7.49
TigsCey 5O, 211.1 0.2649 4.80
TipsCey,0, 191.0 0.2599 522
Tiy,CeosO; 199.7 0.2258 422
CeO, 1422 0.1301 322

Table 2 lists the textural properties of various metal oxides. As
shown, various metal oxides possess mesoporous structure with
average pore size range of 4-15 nm, which is beneficial for the dif-
fusion and adsorption of organochlorine compounds. For TiO,
prepared with different precipitants, TiO,-U exhibits larger surface
area than TiO,-A, which was attributed to smaller crystalline size of
the former, as characterized by XRD analysis. Compared to TiO,-

@) :3426 '1627
CeO,
1 - 1
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':-': 1 1
E | |
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= | |
] I
TiO,-A
] |
T l T T T I T T
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U and CeO, single oxides, various Ti,_,Ce,O, bimetallic oxides
show obviously increased surface areas also due to the decrease of
the crystalline sizes. Surprisingly, Ti,,Ce,;0,, which exhibits the
highest dechlorination capacity, did not have the highest surface
area, suggesting that the surface area was not the dominant factor
affecting dechlorination capacity of various metal oxides. In com-
parison to fresh Tjy,Ce;0,, the regenerated Ti,,Cey;0,-R had the
decreased surface area and pore volume, implying the collapse or
blockage of some pores after four dechlorination-regeneration cycles,
which might be one factor that led to the decrease of its dechlori-
nation capacity.

FT-IR was carried out to determine the surface oxygen-contain-
ing species on various metal oxides. Fig. 9(a) illustrates FT-IR spec-
tra of TiO,-A, TiO,-U, CeO, and a representative bimetallic oxide
Tiy;Cey30,. It can be seen that all the four metal oxides show evi-
dent absorption bands at around 3,426cm™" (diffuse band) and
1,627 cm™" (weak band), corresponding to the stretching vibrations
of -OH groups and the bending vibrations of H,O molecules, respec-
tively [34-37]. The appearance of these bands implies the presence
of -OH groups and H,O molecules on the surface of the four metal
oxides. Fig. 9(b) reveals that compared to the fresh Tij,,Ce,;0,, the
regenerated Ti,,Cey;0, shows slightly decreased absorption bands

(b)

‘Transmittance

| .
| Ti, ;Ce ;0,-R
I

4000 3500 3000 2500 2000 1500 1000 500
wavenumber(cm™)

Fig. 9. (a) FI-IR spectra of TiO,-A, TiO,-U, Tj,,Ce, 30, and CeO,. (b) FT-IR spectra of Ti,,Ce,;0, and Tj,,Ce,;0,-R.
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at 3426 cm™ and 1,627 cm™, indicating the reduction of -OH groups
and adsorbed water after recycling tests.

It was reported that organochlorine compounds would be hy-
drolyzed to HCl and oxygen-containing compounds in the pres-
ence of alkalis or a solid catalyst [11,38-40]. Lu [40] reported that
95% of the chlorine in PVC was effectively converted to HCI by
hydrolysis process within 2h at 240°C, and -OH groups were
attached onto the residual plastic. Khaleel [11] conducted catalytic
dechlorination of CCl, over ALO; in the presence of trace amount
of water, and found that CCl, was hydrolyzed to form CO, and
HC], and the conversion of CCl, reached 100% in the presence of
trace amount of water, much higher than 5% in the absent of
water. Similarly, based on the analysis result in this work that 1-
chlorooctane was converted to 1-octanol and CI', it can be specu-
lated that in the presence of H,O on TiO,-based metal oxides, 1-
chlorooctane might undergo catalytic hydrolysis to generate 1-
octanol and HCl at 150 °C.

Pyridine-IR was conducted to determine the type of acidic sites
on TiO,-U, CeO, and the representative bimetallic oxides Tiy,Ce;0,.
Generally speaking, v(C-C) vibration of pyridine adsorbed on
Lewis acidic sites exhibits an absorption band at around 1,450 cm™,
while the vibration of pyridine adsorbed on Brensted acidic sites
shows an absorption band at around 1,540 cm™" [41]. As shown in
Fig. 10, an obvious absorption band at around 1,446 cm™' is ob-
served in the wavenumber range of 1,400-1,600 cm™' over each of
the three oxides, indicating the existence of Lewis acidic sites on
the metal oxides. However, no clear absorption band at around
1,540 cm™" is observed on all these metals oxides, implying the ab-
sence of Bransted acidic sites on them.

The above Pyridine-IR analysis demonstrates that various metal
oxides have only Lewis acidic sites. To further analyze the strength
of Lewis acid on various metal oxides, NH,;-TPD was carried out.
Fig. 11 exhibits NH,;-TPD profiles of various metal oxides. Nor-
mally; the peaks in the temperature ranges of 100-200 °C, 200-400 °C
and over 400 °C represent NH, desorption from weak acidic sites,
moderately strong acidic sites and strong acidic sites on the adsor-

(@) | |

Ti,Ce, 0,

Intensity(a.u.)

T T Tiy sCe ,0,

ﬂ Tig;Cey 0,
1 1
! ! CeO,
—_— =
200 400 600 800

Temperature (°C)

1600 1550 1500 1450 1400
Wavenumber(cm?)

Fig. 10. Pyridine-IR patterns of TiO,-U, CeO, and Ti,,Ce,;O, after
desorption at 200 °C.

bents, respectively [18]. It can be observed from Fig. 11(a) the NH,
desorption peak over TiO,-A located in the temperature range of
200-700 °C, implying the existence of moderately strong acidic sites
and strong acidic sites on TiO,-A. Different from TiO,-A, TiO,-U
exhibits a NH; desorption peak in the temperature range of 100-
600 °C, indicating the presence of Lewis acidic sites of three differ-
ent strengths. Similarly, CeO, and all of the Ti,_,,Ce,O, bimetallic
oxides show broad NH; desorption peaks, but the peaks mostly
located in the temperature range of 200-400 °C, implying CeO,
and the bimetallic oxides contain mainly moderately strong Lewis
acidic sites. It is clear in Fig. 11(b) that the peak temperature of
NH; desorption was shifted from 298 °C for fresh Tiy,Ce;0, to
242 °C for the regenerated Tjy,Ce,;0,, indicating loss of some mod-
erately strong Lewis acidic sites after recycling tests.

To investigate the influence of acid amount of the adsorbent on
the dechlorination capacity, the amounts of acidic sites on various
metal oxides were determined by absorption of outlet gas with
0.025 mol/L of H,SO, solution followed by titration, and the data

)
=
N
Z
‘@
=
2
=
)
Ti, ,Ce, ;0,-R
200 400 600 800
Temperature (°C)

Fig. 11. (a) NH,-TPD profiles of various metal oxides. (b) NH;-TPD profiles of Ti,,Ce,;0, and the regenerated Ti,,Ce,;0,-R.
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Table 3. Total acid amounts of various metal oxides

Total acid amount Total acid amount

Materials (mmol/g) Materials (mmol/g)
TiO,-A 0.4808 TiysCe, 50, 0.5690
TiO,-U 0.7216 Tiy;Ce,,0, 0.4510
TiysCey O, 05470 Ty, Cey 0, 0.4300
Tiy,Cey 0, 0.8263 CeO, 0.1005
Tiy,Cey;0,-R 0.6203

is listed in Table 3. It shows that TiO,-U had a greater acid amount
than TiO,-A. Interestingly, TiO,-U also exhibited higher dechlori-
nation capacity than TiO,-A (Fig. 1). This consistency suggests the
acid amount of the adsorbent might play an important role in its
dechlorination capacity. Among various Ti,,_,Ce,O, bimetallic oxides
and the single oxides, Ti,,Ce,;0, had the most acid amount and
also the highest dechlorination capacity, while CeO, had the least
acid amount and also the lowest dechlorination capacity. More-
over, Tiy;Cey,0,-R had less acid amount and also showed lower
dechlorination capacity than fresh Ti;;Ce,;0,. These results con-
firm the significant role of acid amount of the adsorbent on its
dechlorination capacity. Zhang [13] and Lee [42] also reported the
acidity of a adsorbent or catalyst played a significant role in its dechlo-
rination performance. Similarly, in Friedel-Crafts alkylation reac-
tion, a Lewis acid catalyst, i.e. AlCL;, was usually used to activate
C-Cl bond in chlorinated hydrocarbon [43]. Therefore, it can be
speculated that in the reactive adsorption process of organochlo-
rine over TiO,-based metal oxides, the Lewis acid acted as the sites
for the adsorption and activation of C-Cl bond.

However, it was also observed that Ti,;Ce,,O, had less acid
amount but higher dechlorination capacity than TiO,-U (Table 3
and Fig. 2), implying that besides the acidity, some other physical

1943

and chemical properties of the adsorbent may also play an import-
ant role on its dechlorination capacity, e.g., surface area, basicity; etc.
The higher surface area of Ti;;Ce,;O, (Table 2) may be one factor
that led to its higher dechlorination capacity than TiO,-U.

CO,-TPD was conducted to investigate the influence of the basic-
ity of metal oxide on its dechlorination capacity, and the CO,-TPD
profiles of various metal oxides are illustrated in Fig. 12. Usually, the
desorption peaks of CO, in the temperature ranges of 100-300 °C,
300-500 °C and over 500 °C are ascribed to CO, desorption from
weak basic sites, moderately strong basic sites and strong basic sites,
respectively [44]. It can be observed from Fig. 12(a) that both TiO,-
A and TiO,-U exhibit two desorption peaks separately in the tem-
perature ranges of 100-300°C and over 500 °C, indicating the pres-
ence of weak and strong basic sites on them. A broad desorption
peak in the range of 200-600 °C is observed over CeO,, implying the
presence of basic sites of three different strengths. Various Tj,_,Ce,O,
bimetallic oxides exhibit quite different CO, desorption behavior,
indicating the significant impact of Ti/Ce molar ratio on the basic-
ity of Ti;,_,Ce,O,. Fig. 12(b) reveals that after recycling tests, the peak
below 300 °C corresponding to CO, desorption from weak basic
sites on Tiy,Ce,;O, disappeared, while a small peak in the tempera-
ture range of 300-500 °C appeared, which was corresponding to
CO, desorption from moderately strong basic sites. The remark-
able change of basicity of Tj,,Ce,;0, after recycling tests implies the
basic sites of Ti,,Ce,;O, might participate in the reactive adsorp-
tion dechlorination of organochlorine compounds.

To investigate the influence of base amounts of the metal oxides
on their dechlorination capacity, the amounts of basic sites on var-
ious metal oxides were determined by absorption of outlet gas with
0.05 mol/L of NaOH solution followed by titration. The data listed
in Table 4 shows that TiO,-A and TiO,-U had comparable base
amounts. Among various Ti, ,Ce,O, bimetallic oxides and the
single oxides, Ti,,Ce,;0, with the highest dechlorination capacity,
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Fig. 12. (a) CO,-TPD profiles of various metal oxides. (b) CO,-TPD profiles of Ti,,Ce,;0, and the regenerated Ti,,Ce,;O0,-R.
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Fig. 13. Scheme of the mechanism of reactive adsorption dechlorination of hydrocarbon oil over Ti, ,Ce,;0,-BaO.

Table 4. Total base amounts of various metal oxides

Total base amount Total base amount

Materials (mmol/g) Materials (mmol/g)
TO,-A 0.0645 TigsCeys0, 0.0678
TiO,-U 0.0637 Tio;Cey,0, 0.0745
Tiy,Ce,, 0, 0.0730 T, ,Ce,,0, 0.0503
Tio,Cey 50, 0.1125 CeO, 0.0624
Tiy,Cey;0,-R 0.0507

also had the most base amounts. Moreover, Ti,;Ce,,O, had more
base amount than TiO,-U, which could be another reason that led
to its higher dechlorination capacity than TiO,-U. Compared with
the fresh Ti,,Ce,;0,, Tiy;Cey;0,-R, which showed lower dechlori-
nation capacity, also had dramatically less base amount. Moreover,
mixing 5 wt% of alkali earth metal oxide into Ti,,Ce,;O, mechan-
ically enhanced its dechlorination capacity. These results strongly
suggest the significant impact of base amount on the dechlorina-
tion capacity of the metal oxide. The basic sites on the adsorbent
may act as the sites for adsorption of the generated HCl to avoid
the poisoning of Lewis acid sites because it was reported that HCI
could seriously deactivate the catalyst for dechlorination [12, 45].
7. Possible Mechanism

Based on the above results and discussions, the mechanism of
reactive adsorption dechlorination over TiO,-based metal oxides
can be proposed, and the scheme is illustrated in Fig. 13. Organo-
chlorine was activated on the Lewis acid sites of TiO,-based metal
oxide at elevated temperatures, and then hydrolyzed to form ROH
and HCl in the presence of trace amount of H,O molecules on the
metal oxides. The generated HCl was adsorbed on the basic sites,
and ROH was also adsorbed on the surface of TiO,-based metal
oxides.

CONCLUSION

This work addresses reactive adsorption dechlorination of hydro-
carbon oil over TiO,-based metal oxides. TIO,-U precipitated by
urea exhibited higher dechlorination capacity than TiO,-A precipi-
tated by ammonia. Among various Ti,,_,Ce,O, bimetallic oxides,
Tiy,Cey;0, showed the highest dechlorination capacity, and the
chlorine removal over Ti,,Ce,;0, reached 82.8% after adsorption
at 150 °C for 3 h. The chlorine removal was further increased to

July, 2022

92.1% when mechanically mixing 5 wt% of BaO into Ti,,Ce,;0,.
Both the acidity and basicity of the adsorbent played an import-
ant role in its dechlorination capacity. The removal of organochlo-
rine over TiO,-based metal oxides followed the mechanism of
reactive adsorption. Organochlorine was hydrolyzed to form ROH
and HCl in the presence of trace amount of H,0 molecules on the
Lewis acid sites of TiO,-based metal oxide at elevated tempera-
tures, which were then adsorbed on the basic sites of the adsor-
bent. Our findings provide a new insight for deep dechlorination
of hydrocarbon oil, and future work should focus on the develop-
ment of adsorbents with large Lewis acid and base amount of strong
strength, as well as high surface area.
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