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Abstract

Adsorption of organic pollutants in wastewater by carbon-based catalyst—sorbents followed by in situ catalytic dry oxidation of the
adsorbed pollutants to regenerate the catalyst—sorbents at low temperatures is promising for the treatment of toxic and/or biorefractory
wastewater streams. This paper investigates an activated carbon-supported copper catalyst—sorbent (CuO/AC) for catalytic dry oxidation of
phenol at low temperatures in a TG/MS system through temperature-programmed oxidation (TPO) and temperature-programmed desorptior
(TPD). Phenol oxidation activities and ignition characteristics of the catalyst-sorbent were mainly discussed. The results indicate that the
CuO/AC catalyst—sorbent has higatalytic activities for phenol oxidation and for AC igjon compared to the AC support itself; the initial
oxidation temperature for phenol is about @) which is 130°C lower than that for the AC. Consecutive adsorption—oxidation experiments
show that the phenol adsorpticapacity of the CuO/AC catalyst—sorbeecreases from an initigalue of about 140 mgg to a stable value
of about 70 mgg in 9 cycles, which is much better than the performance of activated carbon reported in the literature. TPD results indicate
that phenol molecules adsorb on different types of active sites on AC and CuO/AC catalyst—sorbent. CuO plays an important role both in
enhancing the affinity between phenol and CuO/AC catalyst—sorbent during phenol adsorption and in promoting catalytic activity for phenol
oxidation.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction Wet air oxidation (WAOQ) is a well-established technique
to decompose toxic and/or nonbiodegradable organic com-
pounds in wastewaters, which requires high temperatures
(125-320C) and pressures (0.5-2.0 MPa) conditions, and
consequently carries a high c¢3+5]. Catalytic wet air ox-

Phenol and phenolic compounds are a group of organic
pollutants that often appear in wastewaters from many heavy

chemical, petrochemical, and oil refining industries. Be- . . . : .
! P ! ! ning INCLSIr idation (CWAO) is emerging as an alternative to WAQO. It

cause of their toxicity and poor biodegradabilfiy], phe- )
nolic wastewaters must be specially treated before disposing\cl\‘;m reduce COD/TOC to the same degree as in the case of a

off. However, conventional treatments cannot be carried out i AQ ([j)l’OCteSti but at milder fpresstu rle ?nd tgr;}pergture condi-
because these polluting agennh high concentrations are lons uletho @ngﬁnce 0 a%wp\)g han tubs IS mlore E’;CO'
not appropriate for direct biological treatment, or in low homical than - owever, as not been largely

concentrations are not economically feasible for recovery |mplemented_for wastevyater treatment for lack of sunablle
2]. cataly;ts, which are active and durable under the operating
conditionsg[5-9].
Catalytic dry oxidation of organic pollutants adsorbed
" Corresponding author. Fax: +86 351 4050320, on regenerable catalyst-sorbents has been reported to be
E-mail address: zyliu@sxicc.ac.crZ. Liu). promising for treatment of toxic and/or biorefractory waste-
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water streamdg10-12] This is a discontinuous two-step 2. Experimental

process, including adsorption of organic pollutants in wa-

ter for a long period of time and catalytic dry oxidation of 2.1. Materials

the pollutants adsorbed on the catalyst—sorbents in a short

period of time after discharging the water from the adsorp- ~ The granular activated carbon used in this work is a
tion tower[13]. In this process, the pollutants adsorbed can commercial product from Xinhua Chemical Plant (Taiyuan,
be oxidized into C@ and HO by air under much milder China), which was crushed into particles of 40—60 meshes
conditions than those for CWAO, and at the mean time the (0-3-0.45 mm) before use. BET surface area and chemical
catalyst—sorbent is regenezdt Because of the integration constitution of the.AC are shown ifable 1_The metal salts

of the adsorption and the catalytic dry oxidation in the same @1d Phenol used in the study are analytical grade and were
unit, this process has many advantages, sucfs&s11} used without further purification.

the oxidation process is aceeated by the high concen- .

trations of pollutants adsorbed on the catalyst—sorbents; a2'2' Preparation of CuO/AC catalyst-sorbent
large number of adsorption—regeneration cycles can be re-
alized under much mild operating conditions; the in situ

oxidation avoids shipment of spent catalyst—sorbents to atollowed by drying in air at 50C for 12 h, and then at
special regeneration unit; heating of whole water body to 110°C for 12 h, finally by calcinating in Ar at,25"03for2 h.

the temperature of oxidation is not necessary; high operatingyet) j0adings in the catalyst-sorbents were determined by
pressure is not necessary due to high oxygen concentrationye concentration of the copper nitrate solution used in the
in the gas phase (air, for exafe) compared to thatin the  jhregnation. The prepared CuO/AC catalyst—sorbent con-
liquid phase in wet oxidatiomeduced leaching of catalyst  45ins 5 wt% of Cu and is termed Cu5/AC.

components due to low adsorption temperature and pres-

sure. These advantages largely improve the economy of thep 3. pPreparation of phenol-adsorbed catalyst—sorbents
process.

Adsorption has been frequently applied in wastewa-  The phenol-adsorbed catalyst-sorbents were obtained in
ter treatment for many years. Many types of adsorbents batch adsorption experiments in an aqueous phase with a
(such as polymeric resins and mixed oxid&g8,14]) have phenol concentration of 500 niy. The experiment was car-
been used; however, activated carbon (AC) is the com-ried outin a thermostatic automatic shaker at@5or 1 day.
mon choice because of its sujme adsorption capacity.  The phenol-adsorbed particles were separated out from the
Adsorption by activated carbons is widely used for re- aqueous phase by filtration, and then dried in air at@5

Copper oxide was supported on the AC by pore volume
impregnation using an aqueous copper(ll) nitrate solution,

moving phenol from aqueous solutiofis5,16] It is well to constant weight. Phenol loading on the samples was de-
known that activated carbon can be used as a support intermined from the difference in phenol concentration of the
the preparation of oxidation catalysf$7]. Hence, acti- agueous solutions before and after the adsorption measured

vated carbon-supported metal catalyst-sorbent seems t®n a UV spectrometeifnax= 270 nm).
be a good choice for the treatment of phenol wastewa- The samples with phenol are termed AC-phe and Cu5/
ters using a catalytic dry oxidation process. In such cases,AC-phe, and the samples without phenol are termed AC-
suitable metal/AC catalyst—sorbents should have: (1) high blank and Cu5/AC-blank, for AC and Cu5/AC, respectively.
adsorption capacities for phenol; (2) high activities for )
low-temperature oxidation of the adsorbed phenol; and 2-4- Experimental procedures
(3) high resistance to self-burn off under oxidation condi-
tions.

Since Cu-based catalysts show significant activities for
the catalytic oxidation of phen¢lL8-24] this paper stud-
ies an AC-supported copper catalyst—sorbent through tem-
perature-programmed oxidation (TPO) and temperature-
programmed desorption (TPD) in a TG/MS system. Phe-
nol oxidation activities are mainly discussed. As Cu has
catalytic activity in carbon gasificatiof25-27] the ig-
nition characteristics of the catalyst—-sorbent are also dis-
cussed. Adsorption—oxidation experiments are performed to
investigate the catalytic activity and stability of CuO/AC
catalyst—sorbent. Finally, the role of CuO and the behav- — -
ior of phenol desorption are investigated to understand ACt'gated BEZT M'Icmpore A\;Q/ C(%)H(%)N(%)S(%)(?ﬁ(%)
the mechanism of catalytic dry oxidation of phenol bet- carbon _ (m/g) volume (mfg) (%) (am
ter. AC 936 Q300 832 8847 050 043 046 182

The temperature-programmed oxidation and the tempe-
rature-programmed desorption experiments were carried out
in a TG/MS coupling system. The TG apparatus is a Se-
taram TGA 92 analyzer and the MS is a Balzers QMG
422 quadrupolar mass spectrometer. Samples of 15-25 mg
were heated from room temperature to 8Q0at a rate of
10°C/min under a flow of air/Ar (10% @ 12 ml/min).

Consecutive adsorption—oxidation cycles were also car-

ried out. The adsorption process is the same as that shown

Table 1
BET surface area and chemical constitution of the AC
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in subsectior?.3except that the phenol concentration of the
solution is 1500 mgL and the adsorption period is 3 days to
ensure equilibriunil1]. The adsorption capacity, defined * Cuo
as the mass of adsorbate per gram of adsorbentdme
calculated using

_ GGV 0

whereV is the volume of solution used in liter§p andCe
are the initial and equilibrium phenol concentrations in mil-
ligrams per liter, andV is the weight of Cu5/AC catalyst—
sorbentin grams.

The catalytic dry oxidation in the consecutive adsorption—
oxidation cycles was carried ointa fixed-bed quartz reactor
(8 mm i.d.) coupled with a Balzers QMG 422 quadrupo- — T T T T
lar mass spectrometer to investigate the evolved gases. The 10 20 30 40 50 60 70
phenol-adsorbed Cu5/AC catalyst—sorbent (about 0.50 g) 2 Theta
was oxidized in an oxidant gas stream (5% oxygen in he- Fig. 1. XRD patterns of CUO/AC catalyst-sorbent.
lium, 70 ml/min) at 260°C for 1 h.

Intensity

*
X * K xX

2.5. Characterization of the catalyst—sorbents

BET surface area and micropore volume of the AC sup-
port were measured through nitrogen adsorption at 77 K 2Py,
using an ASAP2000 surface area analyzer. C, H, N, and S 2p,,
contents of the AC were measured on a Vario EL from Ele- *
mentar Analysensysteme GmbH. 0

X-ray diffraction patterns (XRD) were obtained on a
Rigaku computer-controlled D/max 2500X using Cu-K
as the radiation source. The applied current and voltage
were 100 mA and 40 kV, respectively. During the analy-
sis, the sample was scanned from 5 to® & a speed
of 0.4° min—1. X-ray photoelectron spectroscopy measure-
ments (XPS) were carried out on a PHI-5300/ESCA sys- —
tem using Al-K, radiation (1486.6 eV). The vacuum inthe ~ 970 965 960 955 950 945 940 935 930 925
analysis chamber was 2:010~/ Pa. Binding energy (eV)

Fig. 2. XPS spectra of Cu 2p of the CuO/AC catalyst—sorbent.

3. Resultsand discussion
features for Cu 2p rules out the possibility of the presence of

3.1. Characterization of surface copper species CwO phasd28]. The peaks at about 953.6 and 962.1 eV are
attributed to Cé* 2py/2 in CuO and its satellite peak, fur-

XRD was carried out to examine the crystalline structure ther confirming the existence of CuO species in the Cu5/AC

of the catalystFig. 1 shows the XRD pattern of Cus5/AC  catalyst—sorbenf29]. All this information shows that the

catalyst-sorbent. The low signal to noise ratio reveals low copper species in the Cu5/AC catalyst-sorbent is mainly in

crystallinity of the sample. The presence of CuO diffraction the form of CuO.

peaks indicates that CuO is the main component of the cop-

per species in the catalyst—sorbent. 3.2. Phenal oxidation activities and ignition characteristics
XPS was conducted to provide information on the oxida- of CuS/AC catalyst—sorbent

tion state of copper specieBig. 2 shows Cu 2p spectrum

of Cu5/AC catalyst—sorbent, where the peak at 933.53 eV To understand the phenol oxidation activities and ig-

is assigned to 2p; of CW?* in the form of CuO. The well- nition characteristics of Cu5/AC catalyst—sorbent better, it

defined shake-up satellites observed at ca. 7.5 and 9.8 eV ons important to introduce two characteristic temperatures,

the high binding energy side of the copper core ling,2p  the initial oxidation temperature of the adsorbed phenol

(centered at 933.53 eV) are typical of &uspecies and due (Tip) and the initial ignition temperature of the AC skele-

to multiplet splitting. The existence of these strong satellite ton (7ic) [30]. These two temperatures are defined based on
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Fig. 4. MS curves for samples in TPO dash: AC-phe; dot: Cu5/AC-blank;
TG/DTG curves.Tjp is the temperature where the second solid: CuS/AC-phe.
DTG peak for Cub/AC-phe begins to deviate from the DTG
curve for Cus/AC-blankTic is the temperature of a inflec- of 190 to 320°C, and 30-35% of the adsorbed phenol or its
tion point in TG curves, which is accompanied by a sharp decomposition residue remains on the catalyst—sorbent be-
weight loss of carbon beyond this temperature. fore ignition of the AC support. The second DTG peak for
Fig. 3shows TG/DTG profiles obtained in the TPO exper- Cu5/AC-phe, which starts at around 3ZDand is accompa-
iments. The samples used are Cu5/AC-blank, Cu5/AC-phe,nied by a large amount of GQelease, suggests ignition of
and AC-phe each absorbed with about 5 wt% phefigl. 4 the AC support.
shows MS signals of CO(m /e 44), benzene (§He, m/e It is clear that the Cu species on the AC surface cataly-
78), and phenol (HsO, m /e 94) corresponding to the data  ses oxidation of the adsorbed phenol and the AC. The initial
in Fig. 3. The sample AC-phe shows a weight loss of less oxidation temperature for phenol is about 2€) which is
than 2 wt% at temperatures below 5@and no significant ~ 130°C lower than the ignition temperature of the AC. Un-
peaks in the corresponding DTG curve, but the correspond-der the TPO conditions, about 65% phenol adsorbed on the
ing MS curves show evolution ofgElsO and GHg starting Cu5/AC is oxidized prior to the ignition of AC. These imply
at around 250-300C and peaks at about 390 and 440) that catalytic dry oxidation of the spent Cu5/AC catalyst—
respectively. Significant evolution of GQ@m /e 44) starts at ~ sorbent is possible and can be achieved at temperatures be-
about 500C. These data indicate that the AC has no activity low 300°C.
on oxidation of phenol and its ignition starts at about 500
only a small fraction of the adsorbed phenol desorbs and/or3.3. Activity and stability of Cu5/AC catalyst—sorbent
dissociatively desorbs from the AC, and a large fraction of during adsorption—oxidation cycles
the adsorbed phenol remains on the AC before the AC igni-
tion. To understand the catalytic activity and stability of
Compared to AC-phe, Cu5/AC-blank shows a low initial Cu5/AC catalyst—sorbent, adsorption—oxidation experiments
ignition temperature, at about 310-320) suggestingahigh  were carried out consecutively for 12 cycles. The oxidation
catalytic effect of CuO on oxidation of AC. Meanwhile, the was performed at 26TC for 1 h. Cycle 0 is the fresh state of
absence of MS signals forgBls and GHgO suggests that  Cub5/AC catalyst—sorbent.
AC itself does not emit these compounds during the TPO. The results, irFig. 5 show that the adsorption capacity
TG/DTG profiles of Cu5/AC-phe show a significant decreases with increasing number of adsorption—oxidation
weight loss starting at around 190 and a DTG peak at  cycles, but reaches to a steady state value of ca. 7@ iy
280°C. The weight loss recorded for this peak, from 190 to ter 9 cycles, which corresponds to about 50% of the initial
320°C, is about 5 wt%. After subtracting the weight loss of adsorption capacity. This batior is not ideal, but is much
Cu5/AC-blank in the same temperature range, a weight lossbetter than those reported for thermal regenerd8ar33]
of about 3.1 wt% is obtained, which corresponds to about It is important to note that the oxidation results presented
65—-70% of the phenol adsorbed on the catalyst—sorbent.in Fig. 5are much more effective than those determined in
Furthermore, in the corresponding MS curves, there is no Fig. 3. In the first cycle inFig. 5, about 82% of the adsorbed
phenol and benzene evolution in the temperature range ofphenolis oxidized, while 65—-70% oxidation efficiency is de-
up to 60C°C, but a CQ peak starting at around 19C and termined fromFig. 3. These data suggest that the oxidation
peaking at 280C. These suggest that the adsorbed phenol is efficiency of the phenol is related to the oxidation tempera-
mostly oxidized into CQ and HO in the temperature range ture and time. The longer oxidation time (1 h) at 2€Dfor



301

Fig. 9. MS curves for samples in TPD dot: Cu5/AC-blank; solid: Cu5/

AC-phe.
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that, except for the first DTG peak at about°® corre-
sponding to the desorption of 8, AC-blank undergoes
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only a slight weight loss (about 0.5 wt%) possibly due to oxygen in CuO, and small amounts of the adsorbed phe-

destruction of some oxygen-containing surface functional nol is decomposed to benzene. MeanwhilgHigO does not

groupg32], as suggested by the weak £f@lease shownin  evolve in the whole temperature range. These results suggest

Fig. 7. These results indicate that the employed AC is of low again the role of oxygen in desorption and dissociative de-

oxygen content, which is consistent with the dataable 1 struction of phenol, and also indicate that there are mainly

The absence of MS peaks oflds and GHgO suggests that  two types of CuO containing active sites, which are likely

the AC itself does not emit these compounds during the TPD. to be responsible for the high activities of Cu5/AC catalyst—
The TG curve of AC-pheKig. 6) shows an additional  sorbent for phenol oxidation.

weight loss of about 2.5 wt% compared to AC-blank, which

is about 50% of the adsorbed phenol. This may indicate that

about half of the adsorbed phenol may desorb and/or dis-4. Conclusions

sociatively desorbs from the AC during the heating up to

600°C in Ar. Some other phenomena were observed during CuO/AC catalyst—sorbent iss@mising for catalytic dry

the TPD of AC-phe: The absence o§ldsO peaks Fig. 7) oxidation of phenol. It is found in this work that: (1) the

at temperatures below 30C indicates that the interactions AC used has no phenol oxidation activity prior to its own

between phenol and AC is strong, and phenol moleculescombustion; (2) the CuO supported on AC has high catalytic

mainly chemisorbed on the surface; The TG/DTG curves activity on oxidation of both phenol and AC; (3) phenol ad-

(Fig. 6) show a comparably larger weight loss (about 2 wt%) sorbed on Cu5/AC can be oxidized starting at about°T®0

between 170 and 38C and a DTG peak at about 290, about 130°C lower than AC ignition; (4) Cu5/AC catalyst—

but the corresponding MS curvdsiq. 7) show very limited sorbent has high catalytic activity for phenol oxidation and

CsHs0, CsHp, and CQ evolutions and no peaks o860, is stable during adsorption—oxidation cycles; the steady-state

CsHs, and CQ corresponding to the DTG peak. These seem adsorption capacity in consecutive adsorption—oxidation cy-

to suggest that the phenol adsorbed on the AC undergoe<les is about 70 m@; (5) there are mainly two types of

transformation in TPD, which results in release of some CuO-containing active sites, which are likely to be respon-

other volatile corpounds not detected by M33,34] The sible for the high activities of Cu5/AC catalyst—sorbent for

CO, evolution beyond 320C suggests that some oxygen phenol oxidation; (6) CuO plays an important role both in

surface groups of the AC participate in the phenol degra- enhancing the affinity between phenol and Cu5/AC catalyst—

dation processef33]. In addition, it is important to note  sorbent during phenol adsorption and in promoting catalytic

that the TG/DTG, GHgO, and GHg profiles of AC-phe in activity for phenol oxidation.

TPD (Figs. 6 and Y are very different from those in TPO

(Figs. 3 and % The TPD results show more weight loss but

less GHsO and GHe evolution. These differences indicate Acknowledgments
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