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Abst ract

Ru/ TiO2 and Ru/ Al2O3 catalyst  have been synthesized using im pregnat ion

m ethod followed by calcinat ions at  tem perature of 550 0C. The synthesized

catalysts were characterized by XRD, SEM and EDS. Based on

characterizat ion result , the act ive phase of Ru in form  of RuO2 was well

coated and dispersed on the support  surface. The catalysts were then used

in photocatalyt ic oxidat ion of phenol in the presence of peroxym onosulphte

(PMS)  as an oxidant  and UV- light  from  Mercury lam p which is categorized as

UV-C, with wave length in range of 200-280 nm . Both catalyst are effect ive

for applicat ion of photocatalyt ic oxidat ion of phenol in the present  PMS and

UV.  Further, act ivat ion of PMS for the product ion of sulphate radicals for

phenol degradat ion in this study is generated by the interact ion PMS-

Catalyst  and PMS-UV. The photocatalyt ic catalyst  of Ru/ TiO2 and Ru/ Al2O3

can increase the rem oval efficiency of 10-15% . The act ivity in phenol

rem oval of Ru/ TiO2-PMS-UV is slight ly higher than Ru/ Al2O3-PMS-UV. Both

catalysts also showed good perform ance in the second and third runs after

regenerat ion for m ult iple uses. Kinet ic studies showed that  phenol oxidat ion

on the catalysts, Ru/ TiO2 and Ru/ Al2O3 in the present  of PMS and UV follows

the first order react ion.

Key w ords: photocatalyt ic oxidat ion, peroxym onosulphte, sulphate radicals

phenol degradat ion

I nt roduct ion

Generally, the rem oval technique of pollutants from  waste water using sunlight  such as UV-

light  is called photolysis. I n this process, wastewater solut ion is irradiated with UV to

produce hydroxyl radicals which is playing as oxidant  agent  in the degradat ion of organic

waste in the water.

Rem oval efficiency of these contam inants will be bet ter with the addit ion of sem i -conductors

such as TiO2, ZnO, Al2O3 and others. The sem iconductor absorbs the UV radiat ion m ore

efficient ly than pollutants to produce act ive hydroxyl radicals.  To date, TiO2 photocatalyst

has been the m ost  widely used than other m etal oxides such as ZnO, ZrO2, SrO2, CdS etc

(Serpone et  al. , 1995)

TiO2 has been extensively used due to low cost , low toxicity, chem ical and photochem ical

stabilit y, high photocatalyt ic act ivity, and biocom pat ibilit y (Spadavecchia et  al., 2010;

Zhang et  al., 2011) . However, som e drawback of TiO2 such as the low quantum  yield of TiO2

for  pract ical applicat ions, only sensit ive for visible light  irradiat ion, exhibits a high refract ive
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index and shows lim ited photoact ivity, has been reported (Cong and Xu, 2011;  Paola et  al.,

2012;  Grieken et  al., 2009;  Xu and Zhang, 2009;  Nair et  al., 2011) . Further, TiO2 also

generally has relat ively low of surface area which influencing the adsorpt ion the organic

pollutant  on the surface part icle and also reduce photocatalyt ic act ivity (Ta-Tang et  al.,

2012) .

Som e works are developed to overcom e the disadvantages of pure TiO2 such as m ixed-

phase of TiO2, which includes anatase–rut ile, anatase–brookite, brookite–rut ile, and

anatase–TiO2 (B) (Meulen et  al., 2007;  Li et  al., 2008;  Scot t i et  al., 2008;  Li and Liu, 2009;

Zheng et  al., 2010) . One of the TiO2 m ixed phase is Degussa P25 m aterial, which consists of

80%  anatase and 20%  rut ile. This m aterial exhibits higher photocatalyt ic act ivity than its

pure-phase of TiO2.

To enhance the photocatalyt ic act ivity of TiO2 can also be done by som e m odificat ion such

as TiO2 doping with other m etal or noble m etal (Chen and Mao, 2007) ; Zielinska-Jurek et

al., 2011; Yu et al., 2011) . Another is im m obilizat ion of TiO2 over support  m aterials which

have high surface areas, such as act ivated carbon, zeolite, silica, and Al2O3 (Wang et  al.,

2009;  Tayade et  al. , 2007;  Pucher at  al., 2007;  Chen et  al., 2005) . By using this m ethod,

the surface area as im portant  factor influencing adsorpt ion rate and photocatalyt ic

efficiency, will increase significant ly. Then the surface area determ ines pre-adsorbed

pollutant  m olecules on TiO2 part icles facilitate degradat ion (Yu et  al., 2011) . Som e

researchers also report  that  ZnO which has band gap of 3.2 eV is an effect ive catalyst  in

oxidat ion of dyes, phenolic com pound and also on the t reatm ent  of groundwater pollutant

(Villasenbor et  al. , 1998;  Akyol et  al., 2004;  Khodja et  al., 2001) . Further, in another recent

study, Al2O3 was also found to be a sensit ive photocatalyst  under UV illum inat ion (Fa-Tang

et  al., 2012) .

A further developm ent  is reported that  the addit ion of sm all am ounts of oxidants such as

hydrogen peroxide result  in the m ore perfect ly of the act ive hydroxyl radicals form at ion.

The com binat ion of oxidants and photocatalyst  wil l have an excellent  perform ance in

rem oval of highly refractory com pounds. I n addit ion to hydrogen peroxide and ozone, the

other oxidants which are widely studied are peroxym onosulfate (PMS) . The PMS which can

be generated as sulfate radical by UV or catalyst  has lot  of interest  due to the high of its

redox potent ial. Several studies have reported about  the use of sulfate radical in the

photocatalyt ic oxidat ion of organic contam inant  in wastewater in the present  of TiO2 and

UV- light  radiat ion (Khalil et  al., 1998;  Yang et  al., 2008;  Fuj ishim a et  al., 1981;  Bekbolet

and Balcioglu, 1996;  Mat thews and McEvoy, 1992) . This research conducted photocatalyt ic

oxidat ion of phenol by using photocatalyst  of Ru im pregnated TiO2 and Al2O3 in the present

of PMS as oxidant and UV- light .

Mater ials and Methods

Experim ental setup of photocata lyt ic oxidat ion

The photocatalyt ic experim ent  is run in a 1 liter double jacket  reactor which placed in UV

cupboard with a constant  m ixing at  400 rpm. The reactor was irradiated with a 500 W

(m ax)  of UV-Mercury lam p which is categorized as UV-C, with wave length in range of 200-

280 nm  from  the lam p housing of Oriel 66905 powered by Newport  69911. The radiat ion

tem perature was cont rolled by cooling water which was flowed through an extern al j acket  in

the housing lam p. The cooling water was also circulated through the reactor j acket  t o

cont rol react ion tem perature. An external tube was dipped in reactor for sam ple withdrawal

at  a certain t im e.  The experim ental setup sketch can be seen in Fig. 1.

Synthesis of ruthenium  catalysts on TiO2 and Al2O3 support

Ru/ TiO2 and Ru/ αAl2O3 catalyst  were synthesized following a general im pregnat ion m ethod.

A fix am ount  of ruthenium  chloride (Sigm a-Aldrich)  was added into 200 m L ult rapure water
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unt il the ruthenium  com pound was dissolved. Next , TiO2, Degussa P25 [ surface area 55.5

m 2/ g]  which obtained from  Degussa, Germ any was added to the solut ion and kept  st irr ing

for 24 h. The suspension was then evaporated in a rotary evaporator at  tem perature of 50
0C under vacuum . Further, the catalyst  was recovered and dried in an oven at  120 oC for 6

h. Calcinat ion of the catalyst  was conducted in a furnace at  550 oC for 6 h air. Then the

catalyst  was stored in a desiccator unt il use. The sam e m ethod was also conduct ed to

synthesize Ru/ αAl2O3 (Saput ra et  al. , 2014)

Figure 1 . Experim ental setup of photocatalyt ic oxidat ion

Character isat ion of cata lysts

Both synthesized catalysts of Ru/ TiO2 and Ru/ αAl2O3 were characterised by X- ray diffract ion

(XRD) , scanning elect ron m icroscopy (SEM)  with energy dispersive X- ray spect roscopy

(EDS) , and N2 adsorpt ion. The XRD (Siem en, D501 diffractom eter) was used to ident ify the

st ructural features and the m ineralogy of the catalysts. The XRD pat tern was obtained using

filtered Cu Kα radiat ion with accelerat ing voltage of 40 kV and current  of 30 m A. The

sam ples were scanned at  2θ from  5-100o. Further, t o obtain a visual im age and ident ify the

texture and m orphology of the catalysts, SEM (Philips XL30)  with secondary and backscat ter

elect ron detectors was used. Energy-dispersive X- ray spect roscopy (EDS)  was also used to

detect  Ru part icles on supported catalysts of TiO2 and Al2O3.

Kinet ic study of phenol photocat lyt ic oxidat ion

Phenol (Aldrich)  was used to prepare stock of 5000 ppm . From  this stock solut ion four

different  concent rat ion of phenol of 25, 50, 75 and 100 ppm  were m ade which were then

used in catalyt ic oxidat ion of phenol.  The solut ion was st irred constant ly at  400 rpm  to

m aintain hom ogeneous solut ion. Next , a fixed am ount  of peroxym onosulphate (Oxone® ,

DuPont ’s t r iple salt  2KHSO5KHSO4K2SO4, Aldrich)  was added to the m ixture unt il

com pletely dissolved. Then, a fixed am ount  of catalysts Ru/ TiO2 or Ru/ αAl2O3 was added

into the reactor. And finally, the power of UV- light  which has different  power 200, 300 and

500 W was switched on to start  the oxidat ion of phenol. The react ion was run for 1 h and at
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the fixed t im e interval, 0.5 m L of a sam ple was withdrawn from  the solut ion and filtered

using HPLC standard filter of 0.45 µm  and m ixed with 0.5 m L m ethanol as a quenching

reagent  to stop the react ion. Phenol was then analysed on a HPLC consisted of isocrat ic

pum ps from  Varian with a UV-Vis detector at  wavelength of 270 nm . The colum n is C18 with

m obile phase of 70%  acetonit r ile and 30%  ult rapure water. Furtherm ore, the used catalyst

were then recycled for m ult iple round tests, the spent  catalyst  was recovered after each run

from  the react ion m ixture by filt rat ion and washed thoroughly with dist illed water and dried

at 70 0C for reuse.

Results and Discussion

Character isat ion of ruthenium  im pregnated act ivated carbon and ZSM5  cata lysts

The characterizat ion of synthesized catalyst  shows that  the act ive m etal of Ruthenium  has

been well dispersed and coated on the support surface of t itanium  oxide and alum ina. The

act ive phase of ruthenium  is in form  of RuO2 at  XRD 2θ pat tern peaks of 28, 35, 40 and

54.30 as can be seen in Fig. 2

Figure 2 . XRD pat tern of Ru/ TiO2 and Ru/ Al2O3

RuO2 : 280

RuO2 : 350

RuO2:400
RuO2 : 54.30

Ru/Al2O3

Ru/TiO2
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The presence and dispersion of act ive m etal ruthenium  on the support  surface were also

confirm ed by EDS spect ra as can be seen in Fig. 3 and Fig. 4. Am ong five spect rum  spot

selected, all indicate that  there are ruthenium  on surface of t itanium  oxide and alum ina.

Figure 3 . EDS Spect ra of Ru/ TiO2

Figure 4 . EDS Spect ra of Ru/ αAl2O3

Spectrum 1
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Figure 5 . SEM I m age of Ru/ TiO2, (A)  SE detector,  (B)  BSD detector

A

B
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Figure 6 . SEM Im age of Ru/ Al2O3, (A)  SE detector,  (B)  BSD detector

Further, SEM im ages as shown at  Fig.5 and 6 describe the m orphology of both catalyst  of

Ru/ TiO2 (Fig.5)  and Ru/ Al2O3 (Fig.6) . As seen in the picture, Ru/ TiO2 has m uch sm aller

part icle size than Ru/ Al2O3. The presence of ruthenium  on the support  surface was also

analysis by secondary elect ron detector (SE)  and backscat tered detector (BSD)  of SEM. By

using BSD detector at  the sam e area, the presences of ruthenium specks are seen at  the

A

B
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brighter area in the catalyst  part icles. I t  im plies that  ruthenium  is well coated in the

t itanium  oxide (Fig. 5B)  and alum ina (Fig. 6B) .

Prelim inary study of photocata lyt ic ox idat ion of phenol

Prelim inary tests of photocatalyt ic oxidat ion with various sam ples are shown in Fig. 7. The

process was run with react ion condit ions of 0.2 g catalyst  loading, 1 g of Oxone ®  in 500

m L phenol solut ion of 50 ppm , 25 0C, st irr ing speed of 400 rpm  and 300 Wat t  UV- light .

Generally, it  is seen that  a process involving the catalyst  and UV- light  give bet ter phenol

rem oval efficiency. As shown in Fig.7, com plete rem oval of phenol by using a com binat ion

of catalysts Ru/ TiO2, Oxone and UV react ion can be achieved within 60 m inutes. I n the

sam e t im e, photocatalit ic oxidat ion using Ru/ Al2O3, Oxone and UV (300 Wat t )  provide about

90%  rem oval efficiency. I n can be seen that  Ru/ TiO2 slight ly bet ter than Ru/ Al2O3. Another

interest ing fact  is that  the phenol rem oval efficiency can reach 85%  by sim ply using UV and

Oxone only. This m eans that  the presence of both catalyst  and Ru/ Al 2O3 Ru/ TiO2 in the

t reatm ent  system  only im proves phenol rem oval efficiency in the range of 10 -15% . Further,

it  is also confirm ed that  UV- light  is effect ive to generate sulfate radical of PMS (Oxone)  t o

degrade phenol as seen in the following Eq. 1.
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Figure 7 . Phenol rem oval in adsorpt ion and photocatalyt ic oxidat ion

On the other hand, the present  of photocatalysts of Ru/ TiO2 and Ru/ Al2O3 give addit ional

accelerat ion in sulfate radical product ion in photocatalyt ic oxidat ion system . As can be seen

from  XRD spect ra that  the m ain act ive phase of the catalyst  would be RuO2 therefore, it  is

believe that  the phenol rem oval m echanism  as be presented below.

S-Ru( IV) + HSO5
− → S-Ru( I I I ) + SO5

− • + H+ (S:  solid surface) 3

S-Ru( I I I ) + HSO5
− → S-Ru( IV) + SO4

− • + OH− 4

C6H5OH +  SO4
− • → several steps → CO2 +  H2O 5

Further, the m ult iple test  of the catalyst  in phenol rem oval are presented in Fig. 8. After

their regenerat ion by water washing, both Ru/ TiO2 and Ru/ Al2O3 catalysts were also tested

for m ult iple uses. I t  can be seen in Fig. 8 that , both catalysts showed som ewhat

deact ivat ion in the second and third runs. However, the deact ivat ion was not  so significant .
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In can be seen from  graph the difference of rem oval efficiency am ong them  is not

significant ly high. The deact ivat ion occurs presum ably due to adsorpt ion of interm ediates

and a sm all port ion of loose ruthenium  leaching from  the support s of TiO2 and Al2O3.

Figure 8 . Phenol rem oval in m ult iple use of photocatalyst  (A) Ru/ TiO2 and (B) Ru/ Al2O3 at

50 ppm , at  1 g Oxone, 0.2 g catalyst , 25 0C, 200W UV

Effect  of UV- light  intensity on phenol rem oval

I t  is well know that  UV radiat ion is defined as the elect rom agnet ic radiat ion with wave

length range of 10-400 nm . The UV itself consists of V-UV (vacuum  UV, 100-200 nm ) , UV-C

(200-280 nm ) , UV-B (280-320 nm )  and UV-A (320-400 nm )  as described in Fig.9 [ 30] . This

research used three different  UV- light  intensity of 200W, 300W and 500W.  Am ong them

the 300W power of UV has the opt im um  result  in phenol rem oval.  The UV- light  source is

com e from  Mercury Lam p which irradiat ing the UV-C light  with wave length in range of 200-

280. This kind of UV is the UV spect ral range of interest  for the UV photolysis applicat ion

(Parson and William s, 2004) .

Figure 9 . Spect rum  of t he elect rom agnet ic radiat ion



Proceedings of The 5 th Annual I nternat ional Conference Syiah Kuala Universit y (AIC Unsyiah)  2015

In conjunct ion with The 8 th I nternat ional Conference of Chemical Engineering on Science and Applicat ions (ChESA) 2015

September 9-11, 2015, Banda Aceh, I ndonesia

33

Figure 1 0 . Photocatalyt ic oxidat ion of phenol at  different  UV- light  intensity, (A) . Ru/ TiO2

catalyst  and (B) . Ru-Al2O3 catalyst .

Further, the effect  of UV- light  intensity on phenol rem oval is presented in Fig. 10. As can be

seen in Fig. 10A, at  60 m inutes react ion t im e, com plete rem oval of phenol can be reach by

using UV power of 300W and 500W while about  75 %  of phenol rem oval by 200W. Sim ilar

result  is presented in Fig. 10B using Ru/ Al2O3, com plete rem oval of phenol is reached within

100 m inutes at  300W and 500W of UV Power while at  200W, 60%  of rem oval efficiency is

obtained.

Effect  of react ion param eters on phenol rem oval

Figure 1 1 . Phenol rem oval in different  catalyst  loading (A) Ru/ TiO2 and (B) Ru/ Al2O3 at   50

ppm , at  1 g Oxone, 250C, 200W UV

The first  param eter is t he effect  of catalyst  loading on phenol degradat ion. According to Fig.

11, the greater of the am ount  of catalyst  used, the higher of phenol reduct ion efficiency is.

This phenom enon is reasonable, because increasing the am ount  of catalyst  will increase the

adsorpt ion and also the availabilit y of catalyst  sites to act ivate oxone. The sam e t rend also

occurred with Al2O3 in Fig. 11B. For instance, at  react ion t im e of 60 m inutes, rem oval

efficiency of 80% , 70%  and 40% can be obtained by catalyst  loading of 0.2g, 0.1g and

0.05g respect ively. However, at  120 m inutes, the rem oval efficiency seem s not  too

significant ly change. I t  is probably due to low am ount  of rem ain phenol contaminant  in the

t reatm ent  system . Moreover, the presence of UV- light  m ade rem oval efficiency increase

even som e oxidant  was added low.

A B
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Figure 1 2 . Phenol rem oval in different  concent rat ion (A) Ru/ TiO2 and (B) Ru/ Al2O3 at   0.2g

catalyst , 1 g Oxone, 25 0C, 200W UV

Figure 1 3 . Phenol rem oval in different  Oxone concent rat ion (A) Ru/ TiO2 and (B) Ru/ Al2O3

at   0.2g catalyst , 1 g Oxone, 250C, 200W UV

The second param eter m easured in this study was phenol concent rat ion in range of 25 -

100 ppm , as shown in Fig. 12. Generally, rem oval efficiency of phenol decreases with

increasing phenol concent rat ion. For instance at  120 m inutes as can be seen in Fig. 12A

phenol rem oval efficiency which have concent rat ion of 25 ppm , 50 ppm , 75 ppm  and 100

ppm  are  95.67% , 90.16% , 68.72%  and 55.88%  respect ively. Sim ilar t rend is also found in

Fig. 12B using Ru/ Al2O3.

And the third param eter observed is effect  of oxone concent rat ion. Figure 13A (Ru/ TiO2)

shows that  increased concent rat ion of oxone in a solut ion will accelerate phenol rem oval. By

using 2g oxone, com plete rem oval can be achieved in about  80 m inutes. Sim ilar t rend is

also observed in Fig. 13B using Ru/ Al2O3 even with rem oval efficiency slight ly lower than

Ru/ TiO2. The increase of react ion rate at  the increased oxone concent rat ion is caused by

higher product ion of sulphate radical for reducing phenol.

Phenol photocatalyt ic oxidat ion k inet ics

Phenol degradat ion in photocatalyt ic without  an oxidant  is occurred with heterogeneous

react ion in the catalyst  surface. Basically, phenol is direct ly oxidized on the act ive hole on

catalyst  surface. So that  interm ediate com pound is form ed and cont inued with the
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form at ion of end product . However, by adding an oxidant  such as PMS, the m ain process

will be the form at ion of sulfate radical which generated by interact ion between PMS and the

catalyst  (Ru/ TiO2 or Ru/ Al2O3)  or caused by interact ion between PMS and UV- light . The

phenol m olecule which init ially adsorbed on the catalyst  surface then followed by chem ical

oxidat ion is fit  with the first  order kinet ics. A general equat ion of the pseudo first  order

kinet ics can be used, as shown in the following equat ion.

6

Where k is the first  order rate constant  of phenol rem oval, C is the concent rat ion of phenol

at  various t im e, Co is t he init ial concent rat ion of phenol. By integrat ing the equat ion above,

the profile decrease in phenol concent rat ion can be further elaborated in the following

equat ion.

7

The Eq. 7 becom e

ln (C/ C0)  = -k.t 8

The rate constant  can be determ ined by plot t ing of ln(C/ C0)  with t im e, as presented in Fig.

14.

Figure 1 4 . Pseudo first  order kinet ics (A) . Ru/ TiO2 and (B) . Ru/ Al2O3

From  data fit t ing, it  is obtained that  this react ion can be represented by the pseudo first

order kinet ics. This can be validated from  the values of R2, which are above 0.9 as shown in

Table 1. The calculated rate constants are also presented in Table 1. I t  is based on an

assum pt ion that  the process is influenced by several react ion param eters such as oxidant

and catalyst  concent rat ions and intensity of incident  radiat ion. The rate constant (k) shows

that  in general the value of k for Ru/ TiO2 is higher than Ru/ Al2O3, which m eans the Ru/ TiO2

is able to degrade phenol m ore rapidly than Ru/ Al2O3.

Table 1 . The rate constant  at  various concent rat ions of phenol

Catalyst

Phenol Concent rat ion

25 ppm 50 ppm 75 ppm 100 ppm

k R2 k R2 k R2 k R2

Ru/ TiO2 0.0232 0.9767 0.0195 0.9809 0.01 0.9903 0.0071 0.9908

Ru/ Al2O3 0.016 0.9666 0.0108 0.9255 0.0056 0.9675 0.0011 0.9863
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Conclusion

Two photocatalysts of Ru/ TiO2 and Ru/ Al2O3 catalyst  have been successful synthesized using

im pregnat ion m ethod followed by calcinat ions at  tem perature of 550 0C. Both catalyst are

effect ive for applicat ion of photocatalyt ic oxidat ion of phenol in the present  of PMS as an

oxidan and UV- light . I n this study, phenol can be rem oved within 1 hour from  the solut ion.

Act ivat ion of PMS for the product ion of sulphate radicals for phenol degradat ion is generated

by the interact ion PMS-Catalyst  and PMS-UV. Further, the photocatalyst  of Ru/ TiO2 and

Ru/ Al2O3 can increase the phenol rem oval eff iciency of 10-15% . The act ivity in phenol

rem oval of Ru/ TiO2-PMS-UV is slight ly higher than Ru/ Al2O3-PMS-UV. Both catalysts also

showed good perform ance in the second and third runs after regenerat ion for m ult iple uses.

The concent rat ion of phenol, catalyst  loading and concent rat ion of Oxone®  are im portant

param eters that  affect  the react ion rate in rem oving phenol. Kinet ic studies showed that

phenol oxidat ion on the catalysts, Ru/ TiO2 and Ru/ Al2O3 in the present  of PMS and UV light

follows the first  order react ion.
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