/f/,
N\ ¢
&\

L
o
f ]

2561



FwraNnsaluniingas
CHuLALONGKORN UNIVERSITY

2561



RSA5980015



RSA5980015

11

A

/N

01810

.l (> .1.62

bl



RSA5980015

2.
3.
4.
E-mail Address mali.h@chula.ac.th; TrinataboJed@ hotmail.com;

pimsuda.pansangat@yahoo.com; crystal_film43@hotmail.co.th

16 2539 15 2561

3.3 400 4.0
4.79 I 19.83 83.13
84.13 67.40
(Teoo)
PUTA0
PdIT400 3
135

RSA5980015


mailto:mali.h@chula.ac.th
mailto:TrinataboJed@hotmail.com
mailto:pimsuda.pansangat@yahoo.com
mailto:crystal_film43@hotmail.co.th

Abstract
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Project Title  Simultaneous hydrogen production and organic pollutants degradation from

biodiesel wastewater via Ti02based photocatalysts
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Project Period 16 June 2016 to 15 December 2018

This work studied the simultaneous hydrogen production and organic pollutants
degradation from biodiesel wastewater via Ti0O2based photocatalysts. The investigated
parameters were phase of Ti02, types of decorated metal (Ni, Au, Pd, Pt) loading of decorated
Pd on Ti02(1-4 wt.%) and operating conditions. It was found that the optimum phase of Ti02
was obtained after calcined at 400 °C (T400. The optimum condition for simultaneous hydrogen
production and organic pollutants degradation from biodiesel wastewater via T40 photocatalyst
was found with wastewater at dilution of 3.3-fold, photocatalyst loading of 4.0 g/L, light intensity
of 4.79 mW/cm2, which could reduce the COD, BOD and oil & grease of 19.83, 83.13 and 84.13%,
respectively, with the hydrogen production rate of 67.40 pmol/h. Decoration of metals improved
insignificantly the photocatalytic activity of TAD for organic pollutants degradation but improved
importantly the hydrogen production. The Ph/T40 photocatalyst provided slightly higher
photocatalytic activity than the Pdi/T40 photocatalyst. summary, the PdJT,*00 photocatalyst

provided the highest photocatalytic activity for hydrogen production at 135 mmol/h.

Keywords Photocatalyst; Hydrogen; Pollutant degradation; Biodiesel wastewater
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2.1
2.1.1

L (K2Cr20 > AR grade, UNIVAR)

2. (98% 2 04, Certified ACS Plus grade, Fisher Chemical)

3. 1 (Il (HgS04, AR grade, QREC)

4, (Ag2504, AR grade, POCH)

B. ([Fe(o-phen)3|S04, AR grade, Merck)

6. (IN ((NH4)2F ¢ (S04)2-6H20), AR grade, UNIVAR)
2.1.2

1 (NaOH, AR grade, CARLO)

2 (Nal, AR grade, UNHAB)

3 (NaN3, AR grade, LABCHEM)

4 (Il) (MnS04.H20, AR grade, UNIVAR)

B. (Na2 20 35H2), )

6 (Tapioca starch)

1 (99.8% CG6H5CH3, Certified ACS Plus grade, Fisher Chemical)

8 (CaCl2, AR grade, UNILAB)

9 (1) (FeCI36H20, AR grade, QREC)

10. (MgS04.7H20, AR grade, QREC)
2.1.3 '

1 (CeH!4, AR grade, QREC)

2. (98% H2S04, Certified ACS Plus grade, Fisher Chemical)
2.1.4

1 (KOH, AR grade, QRéEC)

2. (C3H80, AR grade, QREC)

3. (99.8% C6HS5CH3, AR grade, Fisher Chemical)
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11,
12.
13
14,
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(C2H1404, AR grade, LOBAL Chemie)
(95% C2H50H, AR grade, QR&C)

(C3H80, AR grade, QREC)
(35.4% HCI, AR grade, RANKEM)
(CI4HMN:Na03%, AR grade, LOBAL Chemie)

(C2H3N, AR grade, MACRON)
(99.5% C3H80 3, AR grade, QREC)
(98% 2 04, Certified ACS Plus grade, Fisher Chemical)

(65% HNO3i AR grade, QREC)
(KOH, AR grade, QREC)
(KNO03, AR grade, UNIVAR)
- 47 10
(98% . 04, Certified ACS Plus grade, Fisher Chemical)

(BaS04, AR grade, Sigma-Aldrich)
‘ (P25 Ti02, AR grade, Sigma-Aldrich)
(Rutile Ti02, AR grade, Sigma-Aldrich)
(99.999% Ar, Praxair Thailand)
(Standard gas)
1 (Linde)
((C2H40)x, Sigma Aldrich)
(HAuCl4-3H20, Sigma Aldrich)
(NiCI2-6H20, QREC)
(PdCI2 Sigma Aldrich)
(H2PtCI6-6H20, Sigma Aldrich)
(AgS02, Poch)
(NaBH4, Loba Chemie)
(N2, 99.99% Linde)
(2,99.99% Praxair)



2.2

2.3

1 5 110 {Whatman, Thailand)

2, (Tedlar®Bags Push Lock Valve, SUPELCO)
23.1
2.1
200

‘ (Carried gas)
(Stirrer) 0.68 X0.68 X0.78
120 (High-pressure mercury
lamp, RUV 533 BC, Holland)

2.2
2.3.2 2 (GF-2000, A&D Company Limited)
4 (ME204, Mettler Toledo)
2.3.3 (Ceramag Midi, IKA® Works USA)
2.3.4 (SP-82UV, Lutron)
2.3.5
2.3.6
2.3.7
2.3.8
2.3.9
2.3.10
2311
2.3.12 - (pH meter, RISEPRQ)
2.3.13 20 x 150
2.3.14 300
2.3.15 (FP115, BINDER Thailand)
2.3.16 (SSeriker II, Vision scientific)
2.3.17 (Alserteknik, Protherm Furnaces)
2.3.18 (FOC 255, VELP scientific)
2.3.19 (Ultra-sonic water bath, CREST)
2.3.20 (DFC26, AALBORG)
23.21
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2.1

(1 2. 3 4
5 6. )
0.10 - 365 436
4056
i)
S
S o088k
= HBO 100
c Mercury Arc Lamp
& 0.06
Z o
=
2
E 0.04 |-
g
S
2 002}
D Figure 1

7‘??‘.1.«... s g y 2
500 600

Wavelength (nm)

2.2
24
24.1 (X-ray diffractometer, D§ ADVANCE, Bmker)
24.2 (Surface area and pore size analyzer, Autosorb-1,
Quantachrome)
243 - (Diffuse reflectance ultraviolet-visible

spectrophotometer, UV-2550, Shimadzu)
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2.4.4 (Gas chromatography

with thermal conductivity detector, GC-2014, Shimadzu) Packed
column molecular sieve A (packed column: molecular sieve 5A, Restek)
2.4.5 (High performance liquid chromatograph

with RID-10A refractive index detector, LC-10ADVP, Shimadzu)
Aminex HPX-87H (lon-exclusion: aminex HPX-87H, BIO-

RAD)
2.4.6 (Luminescence Spectrometer) Perkin-Elmer LS-55
! Cut-off filter 290
310
24.7 (X-ray photoelectron spectroscopy) PHI
5000 VersaProbell Monochromatized Al KO; source (hv = 1486.6 eV)
Binding energies (BE) + 0.1
2.5
25.1
L
2 2.3)
2.
3. mt 4
(Jaruwat 2010)
4,
dudolulofioa
audunsadus <2 ‘ Fwifrunsuon
R

 AILNTILNTOY

Oil-rich
Water

Conc.H,S0, ¥

D s

O s T s
VEFIERI VELHESS e

v

2.3 (Jaruwat 2010)
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252

1. ' (P25) 0.2
400 - 900
3
2.
3.
BET -
( )
253
1 Ti02 (Ti0O2 suspension)
400 (T400) 1.98
20
2. (Au precursor) HAuCI4-3H20 * 0.0399
20 T400
3. (Polyvinyl alcohol) 0.2
10
4. : (NaBH4) 0.15 10

02 HAuCI4*3H20

5. 24
6.
[ AgS02
7 65 6
8. [ N2 350 3
2 350 3
9. N2 AU/i400 1
10. Ni/T400 Pd/TAD  PUTi40 1
NiCI2-6H20 0.0835 PdCI2 0.0340
H2PtCI6*6H20 0.0531
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3l

¢ 310)
50.68-51.75 ' 1.09 - 1.23 0.85 - 0.86

31

296 - 367 / '

25-45

3.1 () m () m

(Jaruwat 2010) 2

J m

( 3.1( )
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( 3.1)
- 1.12 - 1.22 152 - 242
35-77 ; 8-23
3.8 -4.2 0.85 -
2.2
3.1
m ?
- 5.5-9 4.07 - 4.12 1.12 - 1.22
( ‘ ) 50.68 - 51.75 31.05 - 33.33
( ) 1.09 - 1.23 7.63 - 7.82
( ) 0.80 - 0.86 0.98 - 1.11
( ) < 60 620 - 910 210 - 460
( ) < 400 118,219 - 146,878 60,815 - 96,600
; ( ) <15 464 - 540 120 - 348
( ) < 3,000 7,392 - 13,568 11,496 - 12,584
( ) <150 528 - 628 128 - 332
3.2
321 0
m
(Tar P25) 4.0 4.79
4
(3.1) (3.6)  (Melo
Silva 2011)
RCH20H —  H++ RCH2a (3.1)
RCH20* + h+ — rch2" (3.2)
rch20*+ r'ch2oh -» rch2oh + r'choh (3.3)
r'choh + —  H++ r'c HO' RCHO (3.4)
R'CHO + HO' —  [R'COOH]- + H+ (3.5)

RSA5980015 12



2 ++2 - 2 (3.6)

rch2oh
3.2(D)
/
3.3
3.2()
2
2.5 3.3
-5.0 42.6 - 43.9
/
( 20 )
(Hole) (Excited
electron)
(3.6)
(3.6) (- n+recombination)
33 / 359 86.2 84.8
42.6
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()
3,2 ()
() Tar 4.0
4.79 4.0
3.2.2
3.3 XRD
Tr)
400 - 900 (400  Tgoo) TAR
A[101] A[004] A[200] 25.33° 37.8° 48.14°
R[110] R[101] R[211] 27.42° 36.07° 54.30°
Tar
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650

(i 400

650

(Tar)
A[101] A[200] R[110]
R[101] R[21]]
Tar
900
Tgoo Tr Tgoo
Tr
A101)
A A8 L o v
L ——— EA I
i‘;% __Jk_}\ radNK s Y O e
€ A_i L LR -, s i
A ol AN _A__AT“«
J T A ‘L,ATM
RD@ R(}gﬂ R[111] R{211\1] Ri22q]
20 25 30 35 40 45 50 55 60
26 (2480)
3.3 XRD
(3.7) (Nolan 2009).
1+0.8{|A/IR &7
A A AlL0l]  w
R[110]
XRD (3.7) AR 89.94
3.2
750
XRD
Debye-Scherrer (Wang 2006) (3.8)
3.2
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D = (3.8)

31110086

(5m (Half of maximum intensity) o
K (Shape factor)
3.2
PZC
( ( )
) ( )
Ti02(P25) - Tar 89.94 25.2 3.26 5.6
Ti02(P25) 400 T400 87.40 26.4 3.18 6.8
Ti02(P25) 550 550 85.93 28.8 3.18 6.2
Ti02(P25) 650 T650 5261 42,7 3.18 6.0
Ti02(P25) 750 T750 0.20 62.9 3.09 6.3
Ti02(P25) 900 7900 0.00 15.5 3.06 6.1
Ti02 (Rutile) Tr 0.00 219 3.08 6.0
Tar , BET 51.8 (Micropore
volume) (Mesopore volume) 0.0221
0.2400 ¢ 34
BET 400
(T400)
550-900 BET
(Pore collapse) BET
(Kitiphatpiboon ~ Hunsom 2016)
35 (Porous structure)
(Pore size distribution)
W, H4

(H4-shaped hysteresis loops)
2015) :

3.6( )
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! 400-900

300 - 800
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400

(Ultraviolet)
(@tn)Vh 7y Taucplot ¢ 3.6( )
Kubelka-Munk function hy - Electronic transition
1/2
( 3.2)
80 0.3

53)

X da
M duniia BET

) HiSnaspwgusmiaidn
) 60 A M Snasyniuamanay
- 0.2
?
40
|
&j - 01 3
4 20 A w
'v§ “99
iz
T7
o =l - 0

TAR T400 T550 T650 T750 T900 TR
34
3.7
KNO3 -
(Point of zero charge, PZC) PZC
X i i

y 32 PZC Tar  Tr
56 6.0 Tar 400 - 900

PZC 61 6.8
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0.80

—TAR (M)
——T400
0.60 -
D ——T550
=z ——T650
=
€ 040 - ——T750
& ——T900
=
020 -
000 T T 1
350 400 450 500 550
anugnniu nluaas)
40
——TAR )
——T400
30 4 ——71550
B ——T650
>
§ o .| =60
——T900
—TR
10
0 I 1 1 T T
2.4 2.6 2.8 3.0 3.2 3.4 3.6
4 ( )
36 ()
() (ITVF(R))2
3.8
4.0
4.79 3.3 4
i ARTI0 TERO T650
(T Tgo  Tr) (Synergetic effect)
(Conduction band) 3.9
(Wang 2015)
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(Chen 2015)
—o—TAR
—e—T400
—&—T550
——T650
—0—T750
—o—T900
T T T T T T
0 2 4 6 8 10 12 14
aradunse-urisudu
- - KNO3
PzC
Tr)
( 3.2) Tr
T70 Tgoo
Tr / 11.24 15.63 11.22
T/
16.67 20.59 54.17 28.0 -
T/
(Charge diffusion)
(Xing 2013)
Tr PzC PzC T/M0 Tooo
T70 Tgoo
T70 T900
(Charge mobility)
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1400 PZC

N (Electrical double layer) (Electrostatic repulsive
force) T
H,
Hzo\é/\
Pt _ e _
— \J/T\
/ - —
\\'B (
h* //\
Anatase TiO, Rutile TiOy, ¢
. (Wang
2015)
3.2.3
3.10 40
2 479
: 3.3 4.0
1.0
4.0
4.0
3.2.4
311 352 6.64
3.3
2.3 4.0 10
357 479
[ 31
42.3 674 C a1
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(Light conversion efficiency) (3.9) (Uyar

2007)
352479 6.13
6.44 3.43 3.05 2.64 3.13
- 3361y0 %100 (3.9)
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VH2 ( )PH ' 1 (
)/ ( ) A ( )
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3.2.5

3.12 - 23 80

33
4.0 4.79 4.0
23 80
/ .
11( 312() 67.40

101.95 : 23
6.0 49.11 : 8.0
234160 80

356444 6.07 292

4.1
6.0 pPzC
' PzC (TIOH24)
- PZC (TiO") (Shimura
Yoshida 2011) (Electrostatic repulsion)
H+ -
(Lakshminarasimhan 2008)
6.0
4.1
8.0
- 6.0
41 1.92 14
4.1 6.0 - 4,74 8.76
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6.07

228

(3.10)

<3.12,

RSA5980015

0.5

226
114 0.5 2.0
0510152030 4.0 13.46 9.71 7.18 6.78 4.94
0.5
113
2.0
6.78
/
(3.10)
-- = -£C[ROS] (3.10)
C / [ROS]
(3.11)
- = ke (3.11)
(Pseudo-first order rate constant)
(3.11) /=0 ¢=C [=/ C=¢(,
C, = COexp(- kt) (3.12)
(3.12)
(cico |/
0.008 0.085 0.044
11.25 5.80
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55-9.0

<400
<60

< 15

< 3,000
<150
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50.68 -51.75
1.09 - 1.23
0.80 - 0.86
118,219 - 146,878
620-910
464 - 540
7,392 - 13,568
528 - 628
6.0
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Simultaneous H2 production and_ pollutant removal from biodiesel
wastewater by photocatalytic oxidation with different crystal structure
Ti02 photocatalysts
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ARTICLE INFO ABSTRACT
de history: 7 This work was performed to test the feasibility of hydrogen y-i2) production simultaneously with pol-
o ql lutant removal from hiodiesel wastewater by the photocatalytic oxidation via different crystal structure
Y e A7 TiOj photocatalysts at ambient temperature (~ 30 “C) and pressure. It was found that the simultaneous
% e online 8 uyzgﬂ H2 production and pollutant removal could not be achieved using a fresh biodiesel wastewater, but pro-

ceeded well when the wastewater was diluted around 3.3-fold. The crystal structure of Ti02 markedly af-
ords: fected the rate of H2 production and pollutant removal. The mixed anatase-rutile phase crystal structure
Ti02 photocatalysts exhibited a higher photocatalytic activity than that in the single rutile crystal struc-

ol EV\B% ture, probably due to the co-presence of rutile and anatase phases of Ti02. The properties of the mixed
]f(]llljfi‘lr]dl I(I)%(%(I 1o crystal structure Tier, photocatalyst, including the crystallite size, BET surface area, pore volume, band
gap energy and point of zero charge (PZC) value affected the photocatalytic activity more than the phase

composition. Among the evaluated mixed crystal structure, the Ti02 photocatalyst treated at 400 "C (TAoo)
showed a great potential to produce H2 simultaneously with pollutant removal of approximately 19.83%,
83.13% and 84.13% of COD, BOD and oil & grease, respectively, with a Hj production rate of 67.4pmol/h.

53¢

2017 Taiwan Institute of Chemical Engineers. Published by Elsevier B.v. All rights reserved.

L Introduction

Hydrogen (H2) is currently utilized mainly in chemical plants
'or ammonia (NH-j) production and petrochemicals via hy-
drodealkylation, hydrodesulfurization and hydrocracking units |l).
Recently, the use of H2 as a fuel has become of greater interest
oecause it is a high-energy-yielding non-polluting fuel.  addition,
t is storable, clean and environmentally friendly ). The combus-
ion of H2 emits only water, with no emission of atmospheric pol-
utants. greenhouse gases or particulates. Currently, approximately
30-95% of H2 is produced from fossil fuels via the steam reform-
ing of natural gas and petroleum [3,4]. However, the quantity of
tatural gas and petroleum are diminishing rapidly and are non-
enewable. Thus, many efforts have been carried out to develop
he technology to produce H2 from syngas fermentation 15-7] or
enewable resources, such as biomass by reforming process and/or
sy water electrolysis. The reforming of biomass is one of the most
nergy efficient ways to produce H2 because it does not require
he mixing of air in the reaction mixture and so produces a high

A b (M s

H2 concentration in the reformed product ]8|. However, this pro-
cess is complex and requires violent operating conditions, such as
a high pressure and temperature |9,10], which accordingly requires
suitable design and control. The electrolysis of water provides an
extra pure H2, but it has the risk of explosion when the reaction
products, H2 and oxygen (02), contact each other directly. Thus,
a separating membrane is used to separate the two gas products
in order to avoid an explosion in the electrolysis unit, but this in-
creases the overall process cost 111],

An alternative process that can produce H2 is the water split-
ting process, which can take place via an n-type semiconductor
or photocatalyst, when irradiated with photons having an energy
equal to or higher than that of their band gap energy (Ebg) | 12)
The efficiency of the reduction, oxidation or splitting of H20 de-
pends on the potential difference between the valence band and/or
conduction band of the semiconductors and the redox potential
of water 112], The production of H2 is achieved when the con-
duction band potential is lower than that of proton reduction
(H /H2,0v at pH = 0), while the production of 02 may occur when
the valence band potential is higher than that of water oxidation
(02/H20, 1.23VINHE at pH 0) 113]. Thus, only photocatalysts that
have a band energy between the H2 and 02 evolution potentials,
such as Ti02 (Fu- 32¢V), ZnO (Ehj=3.2eV). SiC (Ebg=3.0eV), .
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CdS (Ebg 2.25¢\)) and CdSe (Eb8=1.7eV), are able to split water
to H2 and <2 [122)
Among the a ove mentioned photoca talysts, Ti02_is usually
used in the water splitting process due to its Jow-toxictty, long-
term stability and low cost’[14], However, the efficiency of Hz pro-
duction from water thttrn usrng Ti02 1S quiet low due to its low
abrlrty 0 adsorb visinle | T% tand the srmplrcrty of electron-hole
(e _-fi+) recombination, Thus, additional Strategies, such as. de-
pasiting or decorating the Ti02 with nanoparticles, coupling with
narrow” band, gap semiconductors, doping by metal fons/non- metaI
jons, co-dopinig with two or more forgign fons and hybridizing
Wrth carbon materials, have been perfornied to Improve the prop-
erties of T02 In order to simultaneously decrease the band gap
energy and increase the lifetime of the e”-h+ pairs [15 -1
Aniother effective strategy to enhance the Hy production is the
use of an electron donor a5 g sacrificial agent! This agent reacts
Irreversibly with photoinduced holes and/or photogenerated oxy-
gen, resulting in a suppressed e -h+ recombination rate and/or’a
Feduced reverse reactron between 02 and Ha 118). Various organic
compounds have been used as electron donors or hole scaverigers
such 8 alcohols_119.20], prolya cohols [2,21- 23% sugars [2425; and
or anrc acrds 17262 emechanrsm for Diomass (tenoted as
CI-I20 conversion to H2 with C02 ‘as the co-
product has been proposed [28], a5 shown in Eqgs. ( )+7):

RCH0H "H ++ RCH20- (1)
RCH0“ + h ; =RCH0* 2)
RCH20* + RCH20H*RCH20H + RCHOH (3)
RCHOH + h+—H++ RCHO* RCHO (4)
RCHO+ HO* -> IRCOOH]- + H+ (5)

[RCOOHJ- + h+-» RH+ C02 (6)

The generated H+ can react with the photogenerated e* to form
H2:

Ht 4 2e- > H2 (7

However, some utilized bjomasses as sacrificial a?ent are more
expensive than the produced H2 An alternative betfer Way IS the
use of organic wastes and/or gollutants In wastewater to produce
H2, whichi then provrdes the benefit of H produyction simultane-
ously with pollutant degradation. The addition of small quantities
of azo-ayes in solution"resulted in a doge-dependent and signif-
icantly enhanced rate of H2 production [12] Decause the azo-dye
acted”as the sacrrfrcra a ent and consumed the photogenerated
oxygen, and so enhanced the rate of H2 production, whilé the azo-
dye “was eventuaIIy degraced to C02 and norganic fons. The Hz
production rate had heen shown tg depend strongly on the con-
centration of the sacrificial ent |n {he wastewaer, aﬁ well as

the Han temperatureg l e] Hé)no organic pollutants in
olive mill wastewater enhanced the yield of H produ tron yp
venting the recombination of the photoPenera ted e~-hd4 pairs that
combine with a Broton over the nanostructured mesoporous 1102
129], The. maximum yield of evolved H2 up to 852mL (38mmol)
was obtained using 20g/L Ti02 with a solution of pH 3for2h
and this aIso reduced the chemical oxygen demand |

urrent V, d) lesel 15 recognized as an alfernative diesel fueI
that can euse n compressro -Ignition diesel_ engines, either In a
pure form or blended with petroletm diesel, with fittle or no mod-
Ifications due to Its hjgh cetane number and Iubrrcr [3p) More-
over, 1t 15 safer and cléaner than fossil Tuel-derived diesel because

it has a high flash paint and emits a low level of sulfur dioxide
hydrocarbans, particulates, ﬁolycyclrc aromatic hydrocarbons and
carbon monoxrde 31, Furthermore, biodiesel can be made from
a variety of renewab ble resources, such as plant oils, animal fats
and used cooking all, as well as relatively new sources, such as al-
gae, via transesterification with alcohol in ghe. presence of basic or
acid catahft 32,33). HOWever, the transesterrfrcatron Ggenerates ap-
proxrmatep Lofwastewa ter for ever 100Lo |o lesel produc
jon (g34] 2015, more than 4.98 X106 L/a of biodiesel was

duced in Thaland, leading to the formation of at least 966,00 L/d
wastewater. ThiS wastewater contans several kinds of contamr
nants, such as free fatty acids (FFA), glycerol, methanol, water and

S0

I%hus this, work attempted to produce H2 from biodiesel
wastewater simultaneously with the pollutant removal via the
photocatal tic oxidation with Ti02, The effects of pollutant concen-
ration and crystal structure of TIO" were explored.

2. Experimental
2.1, Pretreatment of hiodiesel wastewater

The utilized biodiesel wastewater was qbtained from the
biodiesel industry via the transesterrfrcatron of waste cook |n% ol
with methanol using an alkali (EJaOH) caays t. Due fo the Tigh
concentratron of corltaminants in the wastewater (Table 1), it Was
frrst (pretreated by the addrtron of concentrated squhurrc acid

A: %% Fisher) to_pH lower th 361 and allowed to
p ase separate automatrcally into the orI rrch fayer and water
rich phase. The oil-rich layef, which can be reused as a raw ma-
terial fed to the traniesterrfrca]ron reactron (36, Was removed
by slow decantation, leaving the water-rich phase (or So-Ccalled
the “pretreated wastewater', which was then subjected to the
photocatalytic reactor.

2.2. Preparation of Ti02 photocatalysts

A serr%s of drfferent crystal structure Til2 photocatalysts were
prepared y at erma tre tment oft ecommercra T102° (P25, De-
qussa), esr%nate 8 Tar, In aIr at different temperaures in the
range of 400-900 =c for 3h. The obtained| heat-treated Ti02 par-
ticles were ground and sieved to a sjze of less than 250 pm, and
are herein designated as T*twhereX|s the treatment t em erature
In °c. In addition, another commercial Ti02 ghrgmaA rich), desig-

nated as Tr, was included as a reference of the'rutile phase

2.3. Simultaneous H2 production and pollutant removal

Simultaneous H2 productron nd remova]l of organrc poIIutants

in biodiesel Wastew ter using the Tr02 pto at |pts Was p
formed In a hollow cose r%sg ass cyrn er avrng a
volume of 200 mL This reactor WAS put i the middle of a UV

ressure mercu 533 BC, Holland), set on the roo
he UV rotecte box 55' QThe utrIrzed\U ‘high-pressure mer-
ury la pprovre a pectrum In the rangé ot 100-600 nm.
The light' intensit rrradra ed to the reactor was’ measured by the
UV-lignt meter (SP-82UV, Lutron).

Frotected hox $0 68mXO 68mX0 8m wrth a 120 uv fgof

2.4. Characterizations

The propertres of fresh-, pretreated- and treated biodiesel
wastewater were analyzed in terms of the BOD, COD oll & grease,
TSS and TDS according to the standard metho 7] The soap con-
tent was analyzed acCording to the modified version of the AOCS
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nethod Cc-17-79 [38], by titration with 0.01 M HCL using bro-
nophenol blue as an indicator. The free fatty acid (FFA) content
was determined from the ratio of acid value to 2.19 using the po-
entiometric titration with 0.1 M KOH using phenolphthalene as an
ndicator according to the ASTM 664 138.39],

The morphologies and textural properties of all photocata-
ésts were respectively analyzed by X-ray diffractometer (XRD;
8 Discover-Bruker AXS) and a surface area analyzer (Quan-
achrome, Autosorb-1) according to the Brunauer-Emmett-Teller
BEIL method. Their ultraviolet-visible diffuse reflectance spec-
ra (UV-vis DRS) was recorded by a UV-Visible spectrophotome-
er (UV-2550, Shimadzu) at a wavelength range of 350-550 nm at
oom temperature. The point of zero charge (%ZC) of all prepared
amples was obtained b _mlxm% 0.4 g of the selected samples with
OmL of 01 M KNOs (Ajax) solution at 30 °c. The obtained
ension was agitated at constant rate of 120rpm for 24h. The ini-
al é)H was adjusted to a value between 2 and 12 by adding 0.1 M
NOs (QReC) or 0.1 M KOH (QReC}. The PZC value was obtained by
lotting the Initial pH versus the final pH |40].

. Results and discussion
J Properties offresh and pretreated biodiesel wastewater

_The fresh biodiesel wastewater was a milk>{ solution due to
ie presence of glycerin, soap, alcohol and catalyst residuals, and
-reacted or residual FFAs and some fatty acid methyl esters
AMES), or biodiesel 136], It was slightly acid and contained few
intent of FFA but high content of soap (Table 1). In terns of the

wastewater quality, this wastewater exhibited a very hlﬁh CoD
level compared with the BOD level. This is because the COD
includes both hiodegradable and non- biodegradable substances,
while the BOD contains only the blode%ra able substances. In
comparison with Thai standard, the fresh wastewater exhibited
high levels of COD, BOD, oil & grease, TDS and TSS, which were
331450.7, 16.22£3.71, 38.08 +8.41, 349156 and 3.09+2.11
folds, respectively, greater than the respective acceptable values set
by Thai overnment for dlschargln%mto_the environment.

The quantities of soap, COD, BOD, oil & grease, TDS and TSS
were reduced markedly by the H.304 pretreatment, while the FFA
level increased over 7-fold. This IS caused by the fast protonation
of the fatty acid salts by H+ dissociated from the utilized H2So4,
resulting in the formation of the less polar and water insoluble
FFA [41J Moreover, some dissociated H can combine with the
biodiesel leading to the formation of water-insoluble FAMES [42],
which phase separated automatically as a top oil-rich phase and a
bottom water-rich phase with a lower level of contaminants, Nev-
ertheless, the water-rich phase still contained a high level of BOD,
COD, ail s; grease, TDS and TSS in comparison with the accept-
able standard. Thus, treatment of such water-rich phase is required
prior to discharge into the environment.

32. Morphology of the TiOj photocatalysts

Representabve XRD patterns of the commercial Ti0z (Tar and
Tr) and thermal treated Tar over the range of 400-900°c (Tioo-
Tg00) are shown in Fig. 2. The XRD peaks of Tar demonstrated the
mam characteristic peaks of the anatase phase at a 20 of 25.33;,
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Fig 2 Representative XD patterns ot the commercial Ti02 protocatalysts (Tar and Tr) and the Ter catalyst after treatment at cifferent temperatures.

Eraglpee%es of cifferent crystal structure Ti) photocatalysts.

Type of photocatalyst ~ Treatment temperature (O~ Synbol— Avatase content % Qnystalite size (nm)

A0

|

1 (e %

37.8“ and 48.14° and also the rutile phase at a 26 of 27.42°, 36.07"
and 54.30:, corresponding to the A[1_01|], A[004], A[200], Rt 10},
R1101] and R|211] planes, respectively, indicating that the T
sample was an anatase-rutile mixed phase. A similar XRD pattern
with respect to the orlgmal TAR photocatalyst was also observed
for the T40o and Tsso photocatalysts, suggesting that both utilized
temperatures did not alter the crystal structure of TAR photocata-
lyst. The XRD pattern started to change when the treatment tem-
peratures were-equal to or greater than 650 “C That is, the inten-
sity of the All 011, A[004E2 and A[200] peaks decreased, while the
intensity of the 4110],_ 1 Olg]and FZI 1] peaks increased, in-
dicating the transformation of the anatase to rutile phase. A com-
}Elete transformation of TAR to rutile 1phase was observed for the
goo photocatalyst. Interestingly, the Tgoo showed sharper charac-
teristic peaks of the rutile phase than those of the commercial Tr
Fhotocatalyst, suggesting that the Tgoo photocatalyst had a higher
evel of crystallinity than the commercial Tr one. _

The anatase content in the respective thermal treated Ti02 pho-
tocatalysts can be estimated from the ratio of peak intensity be-
tween "the rutile and anatase phases according to the equation
adopted from the Spurr's equation |43], shown in Eq. (8);

0.00

1+ 08( /%) @)

where A is the anatase fraction in Ti02, ifi is the integrated peak
area of the main [101] anatase peak and Jr is the integrated peak-
area of the main [1 10] rutile peak.

_From this analysis, the original TAR was found to be com-
prised of 89.94% anatase and this decreased with increased treat-
ment temperatures (Table 2), while almost pure rutile phase be-
ing obtained when treated at temperature equal to or greater than

oapenergy (V) Point of zero crarge (P20

:

o
% !

750 °c. The crystallite size of all Ti02 photocatalysts, estimated by
the Debye-Scherrer equation with the1[_101 peak for the Ti0z in
anatase phase and the éll 0] peak for Ti02 In the rutile phase, in-
creased as the increased treatment temperature (Table 2).

With respect to the textural properties of all Ti02 samples,
the fresh TAR had a BET surface area and micro- and meso pore
volumes of 518 m2/g, 0.0221 cm3/g and 0.2400 cmslg}, respectively
(Fig. 3). After heat treatment at 400 C, the BET surface area was
markedly increased, which was pro_babh{] due to the formation of
mlcroggre structures. However, raising the treatment temperature
to 550 "C or above resulted in a decreased BET surface and pore
volume, presumably due to the widening of existing pores or the
combining of some neighboring pores due to the collapse of ex-
isting pores [44]. Regarding the effect of heat treatment on the
mesoporous structure and pore size distribution, all Ti02 samples
showed type IV isotherms with H4-shaped hysteresis loops with
narrow pore size distributions (Fig 4), which are the characteris-
tic of the mesoporous materials |45], This suggests that the heat
treatment under the investigated range (400-900 °C) had no effect
on the order of the mesoporous structure as well as the pore size
of all Ti02 samples. .

The optical absorption spectra of the Ti02 photocatalysts was
then examined over a wavelength range of 350-550 nm at room
temperature. All the fhotocatalysts absorbed the Ilght at a wave-
length of less than 430 nm (Fig. SL. This suggested that all pre-
pared Ti02 photocatalysts could absorh onlﬁ the uv light, and
not the visible light. Taking into account the linear portion of
the fundamental absorption edge of the UV-visible spectra, plots
of (JivFfRoc))™ against the photon energy (hv) (Inset of Fig. 5),
where F(Rtc) is proportional to the optical absorption coefficient
(a), hv is the energy of the incident photons and is the nature of
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Fig. ¢ shows the relatjonship between the initial and final pH
of the KNO3 solution In the presence of all utilized photocatalysts.
Drawmg the s,trength line from_the flat region of initial pH to inter-
cegt the y-axis provided the PZC value. AS summarized in Table 2,
the PZC of the commercial TARand . were around 5.6 and 6.0, -
sPectlver,. The heat treatment induced the deviation of PZC from
at the orlglnal value and varied In the range of 6.1-6.8, probably
due to the their different surface area, cryStallite size as well &
crystallite phase [46].

33 Simultaneous Hj production and pollutant removal

Following the H 04 pretreatment the pretreated biodiesel
wastewater ‘still_contained a high level of p?llutants In terms, of
the OO0, BOD, oil & grease ana TDS, TS #Tabe 1). Thus, the effect
of pollutant concentration on the rate of Ho production, and pol-
|utant removal durlr}]g the Photocatil)ytac oxidation was first evalu-
ated with the Tar photocatalyst ah a mq of 4.0¢/L unger the uv
Irradiation of 4.79mW/cm2_for 4n witn ‘the F,re reated wastewa-
ter without dilution and with dilution by distilled water. For tile
undiluted pretreated wastewat,?r, a rproanatelg/ 541% 200% and
40.0% of the COD, BOD and ail 8i grease levels were respective x
removed (Fig /(a)), but without ary Hz generation (rig.' /(b))
two-fold dilution "of the wastewatef incréased the level of COD,
and ol &_%rease removal to 1864% 95.0% and 48.15% respec-
tively, but again no H2 was produced. %\mgmflcant removal of ll
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monitored pollutants together with H2 production was observed
for a pretreated wastewater with a dilution of equal to or greater
than 2.5-fold. The maximum COD, BOD and oil & grease removal
levels were observed with a 3.3-, 5.0- and 3.3-fold dilution, respec-
tively. Increasing the dilution level of the wastewater beyond these
values decreased the removal percentages of COD, BOD and oil &
grease, while the rate of H2 production still increased.

Under the same operating conditions, the variation in the H2
production and pollutant removal rates depended upon various
factors, such as the property of the wastewater or/and photocata-
lyst morphology. As also demonstrated in Fig. 7(b), the initial pH
of utilized pretreated wastewater varied within a narrow range
(2.38-3.20) across the different wastewater dilutions. After treat-
ment, the final pH of all treated wastewaters increased slightly of
around 1-4%, which were still lower than the PZC values of the
Tar photocatalyst. Thus, the surface of the TAR photocatalyst in all
operating conditions was in the positive charge (TiOHj), providing
an almost similar Coulomb electrostatic strength between the cat-
alyst and the pollutant. Thus, it can be assumed that the pH of the
diluted wastewater did not play an important role on the rate of
either H2 production or pollutant removal.

The low pollutant removal with no H2 production for the undi-
luted to 2-fold diluted pretreated wastewater might be attributed
to the low quantity of incident Ii?ht that could penetrate in a deep
pass through the organic molecules or long chain hydrocarbons to
the photocatalyst surface. A high quantity of incident light on the
Ti02 surface was achieved when the concentration of organic sub-
stances was reduced, by diluting the pretreated wastewater and
s0 increasing the rate of pollutant removal as well as H2 produc-
tion. A low pollutant removal at the extremely high dilution level

(200-fold) might be attributed to a lack of hole scavengers in the
system, resulting in a high e~-h+ recombination.

Theoretically, the complete photocatalytic oxidation of an aque-
ous solution with organic substances should produce H2 and C02,
as shown in Egs. (1)-(6). However, no trace of C02 was detected
in this study system, which suggests that a complete photooxi-
dation of the organic substances in biodiesel wastewater was not
achieved, leaving intermediate species that would be accounted
in terms of the residual COD, BOD and oil & grease levels in the
treated wastewater.

To enhance more H2 production and pollutant removal, the dif-
ferent crystal structure Ti02 photocatalyst (TAR, T400-T900. and T?
were employed at constant loading of 4.0g/L with the pretreate
wastewater with 3.3-fold dilution under 4.79mW/cm2 uv irradia-
tion for 4h. As displayed in Fig. , the mixed anatase-rutile crys-
tal structure Ti02 photocatalysts (TAR T400, Tsso and T650) were
more active to produce H2 simultaneously with the pollutant re-
moval monitored in terms of COD, BOD and oil & grease removals
than the single_rutile phase crystal structure Ti02 photocatalysts
(T750, Tooo and Tr). This might be attributed to the co-ﬁresence of
the rutile and anatase phases of Ti021which allowed the electron
flowing from the conduction band of rutile 02 to that of anatase
Ti02, which consequently suppressed the rate of e~-h+ recombi-
nation 147). Besides, the single tile phase crystal structure Ti02
photocatalyst has a direct band gap property, allowing a fast e -
h+ recombination, which resulted in a poor photocatalytic activity
148].

Amang all sin?le rutile phase Ti02 photocatalysts (T750, T900
and Tro), they still provided different photocatalytic activities for
H2 production and pollutant removal even though they were
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the same phase and had almost similar band gap energies
Table 2). The commercial Tr photocatalyst exhibited a lower
hotocatalytic activity than the 1750 and Tgoo photocatalysts even
hough it had the smallest crystallite size, and highest BET sur-
ace area and pore volume. That is, the .. photocatalyst gave the
0D, BOD and oil ! grease removals of only .24%, 15.63% and
1.22%, respectively, without H2 production, whilst the T750 pho-
Dcatalyst provided a COD, BOD and oil & grease removal level
f 16.67%, 20.59% and 54.17%, respectively with the H2 production
f 28.0pmol/h. This could be caused by its low crystallinity com-
ared with the T750 and Tgoo photocatalysts, which could retard
ae charge diffusion and so increase the possibility of charge re-
ombination (49).  addition, the PZC value of the .. photocat-
lysts was closer to the initial pH of wastewater than those of
ae T750 and Tgoo photocatalysts, resulting in a higher collision
equency between catalyst particles as well as a higher degree
f agglomeration, which consequently reduced the photocatalytic
ctivity.

Regarding the photocatalytic activity of the mixed anatase-
Jtile crystal structure Ti02 photocatalysts (... +.o0. T550 and
650). the +.. and :.00 photocatalysts exhibited a higher photo-
ftalytic activity to produce H2 simultaneously with the COD, BOD
nd oil ! qgrease removal than the Tss0 photocatalyst, although
rey had a lower BET surface area than the other mixed anatase-
Jtile photocatalysts. This might be attributed to their smaller crys-
illite size and higher pore volume, which shorten the distance re-
-lired for electrons to migrate to the surface reaction 150], and
so allow the deep penetration of incident light. Interestingly, al-
rough the T400 photocatalyst had an almost similar crystallite size
Dmpared with the TAR photocatalyst, it exhibited a better photo-
ftalytic activity. This is probably due to its higher BET surface area
ad pore volume giving a higher density of reaction sites as well as
deep penetration of incident light to proceed with the reaction,
i addition, it had a lower band gap energy than the TAR photo-
Jtalyst, allowing the absorption of a wider wavelength of incident

1u0

BCOD
®BOD
Bl & greasc

Pollutant removal (%)

b A: UVIT400 B: T400 c:uv

A: UVIT400 B: T400 c:uv

. Comperison d (8) poll a
WA

it
light. Besides, the T400 photocatalyst exhibited a higher photocat-
alytic activity than Tar, probably due to its high PZC, providing an
opportunity to form a smaller electrical double layer thickness and
stronger electrostatic repulsive force, which subsequently can en-
hance a well dispersion of photocatalysts to adsorb the pollutant
molecules to proceed with the oxidation reaction.

Fig. 9 shows the comparison of the H2 production rate together
with the COD, BOD and oil & grease removals in different three
conditions (condition A: UVfT400 at photocatalyst loading of 4.0glL,
UV light intensity of 4.79mW/cm2; condition B: only uv light at
intensity of 4.79mW /cm2; condition C: only T400 photocatatyst at
loading of 4.0 g/L) at identical irradiation time of 4h. It can be Seen
that the condition A (UV/T400) provided the highest pollutant re-
moval monitored in terms of BOD, COD and oil & grease removals
simultaneously with the H2 production in comparison with condi-
tion B (T40 under dark condition) and condition ¢ (only uv light
without the photocatalysts). This is probably attributed to their dif-
ferent mechanisms for H2 production and pollutant removal. That
is, the mechanism for H2 production and pollutant removal via
the condition A followed the reactions (1-5) and (7), while those
for condition B probably caused by the adsorption process he-
tween the positive surface charge of the photocatalyst and nega-
tive charge of pollutant molecules. For the condition c. the degra-
dation of organic molecules occurred by the breakdown of pollu-
tant molecules into smaller molecules via the photolysis. That is
the reason why no H2 was produced in the last two conditions.

The properties of the biodiesel wastewater after the photocat-
alytic process are summarized in Table 1, some monitored com-
ponents including soap, and FFA decreased importantly, resulting
In an improvement of hiodiesel wastewater quality, assessing from
the decreased level of COD, BOD and oil & grease. Nevertheless,
the quantity of H2 produced was still low (67.4pmol/h), while the
properties of the treated wastewater, except BOD were still higher
than the acceptable values set by the Thai Government. Thus,
a more extensive and exganded study is still conducted to im-
prove the activity of the photocatalyst in order to achieve a higher
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quantry of He production and efficiency of wastewater remedi-
ation ){ Prn g.some noble metals on’ the surface of the 1400
photocatalyst and the obtained results will be reported soon.

4, Conclusion

The feasrbrlr g of simultaneous H2 production and ﬁollutan re-
maval from biodiese| wastewater was tested blythe otocatalytic
oxidation via the different crystal structure Ti02 photocatalys at
room temperature (~ 30 C) and ambient pressure on a Iaboratory
scale. This %rocess can proceed well with the pretreated wastew-
ater at a 3.3-f ddIHtron The mixed anatase-rutile crystal struc
ture Ti02 exhibited higher photocatalytic activity than’ the single

rytile phase crystal structure Ti021 due to the co-presence of rU-
tile ang anatase phase of T102. The crystallini and ore volume
seemed o pIaP/ ore significant roIe on the pnotoca aI tic actrv
rt>{ for the rutife crystal Structure Ti02 photocatalyst than the crys
tallite size and surface area However, the crystallite size,
surface area, Pore volume, band gap. enerdy and PZC played a more
important role.on the photocatalytic activity of the mixed crys-
tal structure Ti02 than the phase composrtron Among all mixed
crystal structure Tr02 photocafalysts, which treated™ at 400 °c

nj100? exhibited the most promrsrng photocatalyst to produce H2
simultaneously with the pollutant rémoval.
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Pollutant Removal from Biodiesel Wastewater Using
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Abstract: This work aimed to produce hydrogen (H2) simultaneously with pollutant removal
from biodiesel wastewater by photocatalytic oxidation using a thermally-treated commercial
titanium dioxide (TiC>2) photocatalyst atroom temperature (~30 °C) and ambient pressure. The effects
of the operating conditions, including the catalyst loading level (1'6 g/L), uv light intensity
(3.52-6.64 m W /cm 2}, initial pH of the wastewater (2.3-8.0) and reaction time (1-4 h), on the
quantity of H2 production together with the reduction in the chemical oxygen demand (COD),
biological oxygen demand (BOD) and oil and grease levels were explored. It was found that all the
investigated parameters affected the level of H2production and pollutant removal. The optimum
operating condition for simultaneous H2production and pollutantremoval was found at an initial
wastewater pH of 6.0, a catalyst dosage of 4.0 g/L, a V light intensity of 4.79 m W /cm Z*and a
reaction time of 2 h. These conditions led to the production of 228 pmol I12with alight conversion
efficiency of 6.78% and reduced the COD, BOD and oil and grease levels by 13.2%, 89.6% and 67.7%,
respectively. The rate of pollutant removal followed apseudo-first order chemical reaction with arate

constant of 0.008, 0.085 and 0.044 m uclfor the COD, BOD and oil and grease removal, respectively.

Keywords: biodiesel wastewater; 2production; titanium dioxide; light conversion efficiency

1. Introduction

Biodiesel IS recogmzed as an alternative fuel that can be used in compression-ignition diesel
engines, eitherin apure form or blended with petroleum diesel, with little or no modifications due to
its high cetane number and lubricity [1]. In addition, it is safer and cleaner than fossil fuel-derived
diesel because it has a high flash point and emits a lower level of sulfur dioxide, hydrocarbons,
particulates, polycyclic aromatic hydrocarbons and carbon monoxide [2].

Currently, mostbiodiesel is derived from the chemical modification, specifically the transesterification
(or alcoholysis), of vegetable oil or animal fat in the presence of methanol with add and basic
catalysts [3] This process allows the use of higher (e.g., C4) alcohols in the process and produces
a less polar and corrosive fatty acid methyl ester mixture with reduced cloud and pour points [4].
However, for every 100 L of biodiesel produced, approximately 20 L of wastewater are generated,
which contains a high content of several impurities, such as saturated and unsaturated free fatty
acids (FFA), glycerol, methanol, water and soap [5,6] In Thailand, it is expected that the biodiesel
consumption will grow by 8% to 1.27 X 109L in 2017, compared to 1.18 X 109L in 2014. This is

Nanotnatcrials 2018, 8, 96; doi:10.3390/nan08020096 www.mdpi.com/journal /nanomaterials
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because the prevailing low prices for diesel encourage diesel vehicle users (mainly trucks or trailers)
to switch to diesel from compressed natural gas and also stimulates the increased use of diesel
among smaller vehicles (e.g., pick-up trucks) [7], This means that at least 2.54 X 108L of biodiesel
wastewater will be produced, which will have to be managed and treated prior to discharge into the
environment. Currently, several processes have been developed to treat orimprove the properties of
biodiesel wastewater, such as biological [5], physical [8,9], chemical [10- 12], electrochemical [6,13-16]
and combined chemical-electrochemical [17,18] processes. However, most of these processes can
function only in organic pollutant degradation/removal and leave the chemical substances in the
treated wastewater or generate large volumes oflow density sludge, which still leaves economic and
environmental problems with its disposal.

A new wastewater treatment process, known as the photocatalytic oxidation process, is able
to remove the organic pollutants from biodiesel wastewater simultaneously with the production of
hydrogen (H2), agreen fuel. In this process, when the photocatalystis irradiated with light having
aphoton energy equal to or greater than its band gap energy, the electron (e~) is excited from the
valence band to the conduction band, leaving ahole {h+)in the valence band [19]. The photogenerated
h+is able to oxidize the surface-bonded water molecules to produce highly reactive hydroxyl radicals
(OH*), which are able to oxidize the organic pollutants in the biodiesel wastewater, while the generated
€~ can further reactwith aproton (H+) to form gaseous H t [20-22]. In addition, excess photogenerated
h+can reactirreversibly with organic molecules in the wastewater, resulting in a suppressed e€~-h+
recombination and/or areduced reverse reaction between O2and H2[23]. The mechanism for organic
substances denoted as RCH20H and R'CO O H degradation to H2via the photocatalytic oxidation has
been proposed, as shown in Equations (I)-(6) [20].

RCHtOH -> H++ RCHZ20 “ 1)
RCITtCT + h+-t RCH20* (2)
RCH20* + R'CH20H -+ RCH20H + R'CHOH (3)
R'CHOH + /r -> H+ + R'CHO* -> R'CHO (4)
R'CHO + HO* -> [R'COOH]- +H+ (5)
2H+ + 28~ -> H?2 (6

where RCH20H and R'CH20H are the organic substances contained in wastewater.
If the complete organic pollutant degradation is achieved, the carbon dioxide (CO2)is obtained as

the co-product with H2, as shown in Equation (7) [20].
[R'COOH]" + h+->R'H +C02 (7)

According to our published work, it was found that the simultaneous HZ2 production and
pollutant removal from biodiesel wastewater could be achieved by uv photocatalytic oxidation
with titanium dioxide (Ti02) using a 3.3-fold dilution of the wastewater [24], and the crystal
structure of Ti02markedly affected the rate of H2 production and pollutant removal. The mixed
anatase-rutile phase crystal structure of Titl2 photocatalysts exhibited a higher photocatalytic activity
than that with a single rutile crystal structure, due to the co-presence of rutile and anatase phases of
Ti02. Thus, in order to achieve a high efficiency of 2production together with pollutant removal,
the optimum operating condition was determined at ambient temperature and pressure using a mixed
anatase-rutile phase crystal structure Ti02. The novelty of this work is the determination of optimum
operating condition to produce the HZ2simultaneously with pollutant removal from real biodiesel

wastewater, which had never been studied before. The information on the optimum condition for
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simultaneous H2production and wastewater treatment will have abeneficial effect on the economics

of the biodiesel production plants.
2. Experimental Section

2.1. Preparation of the Photocatalyst and Characterization

The photocatalyst used in this work was prepared by athermal treatment of acommercial TiC3®
(P25, Degussa, St. Louis, Mo, USA) in air at 400 DC for 3 h in order to achieve the formation of
micropore strucnires and eliminate some impurities [24], Its morphology and textural property were
respectively characterized by the X-ray diffractometer (XRD, D8 Discover-Bruker AXS, Billerica, M A,
USA) and a surface area analyzer (Quantachrome Instruments, Autosorb-1, Boynton Beach, FL, USA)
according to the Brunauer-Emmett-Teller (BET) method. The optical absorption spectra was analyzed
by a UV-visible spectrophotometer (UV-2550, Shimadzu, Kyoto, Japan) at a wavelength range of
350-550 nm. The point of zero charge (PZC) of the utilized photocatalyst was obtained by dispersing
0.4 g of photocatalyst with 20 mL of 0.1 M KNOi (Ajax Finechem, Taren Point, Australia) atroom
temperature (-30 ). The initial pH of KNO 3was adjusted to avalue between 2 and 12by adding
0.1 M HNU (QReC, Chonburi, Thailand) or0.1 M KUH (QReC). The suspended solution was agitated
ataconstantrate of 120 rpm for 24 h. The PZC value was determined by plotting the initial and final

pH of the KNO 3solution [25],

2.2. Simultaneous Hj Production and Pollutant Removal

The biodiesel wastewater used in this work was collected from the biodiesel industry in Thailand.
Prior to use, some contaminants were preliminary removed by acidification with sulfuric acid (H2S04;
98%, Fisher, Guangzhou, China) to apH of around 1-2 [14], whereupon the wastewater autom atically
separated into the two phases of an oil-rich top layer and water-rich bottom layer or the pretreated
wastewater that was then separated by slow decantation. The pretreated wastewater was then diluted
373-fold with distilled water [24] and subjected to the photoreactor to produce H 2simultaneously with
pollutant removal (Figure 1). In each experiment, approximately 150 mL of pretreated wastewater
was filled in a hollow closed Pyrex glass cylinder and put in the middle of a UV-protected box
(068 m X 0.68m X 0.78 m). The required dosage of the photocatalyst (range of 1.0—6.0 g/L) was
added under a constant agitation rate of 250 rpm. To eliminate the air from the system, argon (Ar)
gas was flushed at constant flow rate of 500 m L/m in for an hour. The reactor was then illuminated
by a 120-W uv high-pressure mercury lamp (RUV 533 BC, Holland, The Netherlands) set on the
roof of the UV-protected box [24] at the selected light intensity (range of 3.52-6.64 m W /cm 2) for the
desired reaction time (14 h). As the experiment progressed, the photogenerated gas was quantitatively
characterized by gas chromatography (GC 2014, Shimadzu, Kyoto, Japan) coupled with athermal
conductivity detector and molecular sieve 5A column. The liquid product was also collected and
centrifuged on a KUBOTA KC-25 digital laboratory centrifuge (Tokyo, Japan) to separate the solid
catalyst, and the supernatant was analyzed for the pollutant contents in terms of the levels of the
biological oxygen demand (BOD), chemical oxygen demand (COD), oil and grease, total dissolved
solids (TDS) and total suspended solids (TSS) according to the standard method [26]. In addition,
the soap content was analyzed according to the modified version of the American Oil Chemists' Society
(AOCS) Method Cc 17-79 [27], The free fatty acid (FFA) content was determined from the ratio of acid
value to 2.19 using the potentiom etric titration according to the ASTM D 664 [27,28],
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Figure 1. Scheme of the photoreactor.

3. Results and Discussion

3.1. Properties of Photocatalyst

The morphology and properties of the utilized photocatalyst were already mentioned in our
previous work [24]. It had a crystallite size, anatase content, band gap energy and point of zero
charge (PZC) of 26.4 nm, 87.4%, 3.18 eV and 6.8, respectively. In addition, it had a BET surface area,

micropore volume and mesopore volume of 51.8 m2/g, 0.022 cm3/g and 0.240 cm3/g, respectively.

3.2. Properties of Fresh and Aad-Pretreated Biodiesel Wastewater

The fresh biodiesel wastewater was a pale yellow solution (Figure 2a). Quantitatively, it contained
low FFA content and ahigh content of soap and glycerol (Table 1). In terms of the wastewater quality,
it was slightly acidic (pH 4.07—4.12) and contained very high COD and TDS contents compared with
the BOD, oil and grease and TSS contents. Thatis, the COD, BOD, oil and grease, TDS and TSS levels
were some 296-367-, 10-20-, 44-125-, 2.5-4.5- and 3.5-4.2-fold greater, respectively, than the respective
acceptable values setby the Thai Government for discharging into the environment. The color and
property of the fresh wastewater was slightly improved after the H 2SO4pretreatment step (Figure 2b).
Quantitatively, the soap content was markedly reduced, while the FFA and glycerol contents increased
over seven- and 1.2-fold, respectively, (Table 1). This is due to the (i) fast protonation of the fatty
acid salts by H + dissociated from the utilized H 2S04 resulting in the formation of the less polar and
water-insoluble free fatty adds (FFAs) [19]; and (ii) the combination of some dissociated H + with
the biodiesel leading to the formation of water-insoluble free fatty add methyl ester (FAMEs) [18].
Nevertheless, the H2S04-pretreated wastewater still contained COD, BOD, oil and grease, TDS and TSS
contents that were greater than the acceptable value of around 152-241-, 3.5-7.7-, 22.4-89.2-, 3.8-4.2-
and 0.8-2.0-fold, respectively.

Figure 2. Appearance of (a) fresh wastewater; (b) acid-pretreated wastewater and (c) treated wastewater
by photocatalytic oxidation.
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Table 1. Properties of the fresh, acid-pretreated and UV-Tio2-treated biodiesel wastewater. COD,
chemical oxygen demand; BOD, hiological oxygen demand.

Property Thai Standard ~ Fresh Wastewater ~ Pretreated Wastewatera — Treated Wastewater b

pH 5.5-9.0 4.07-4.12 1.12-2.22 8.75-8.78

Soap (wt %) : 50.68-51.75 31.05-33.33 0.09-1.07

FFA (wt %) : 1.09-1.23 7.63-7.82 0.02-0.04

Glyceral (wt %) - 0.85-0.86 0.98-1.11 N/D

COD (mg/L <400 118,220-146,878 60,815-96,600 24,738-24,911

BOD (mg/L <60 620-1193 210-460 9.0-13.6

Qil and grease (mg/L) <15 660-1885 336-1338 205-243
TDST(mg/L) <30 73y2-13,568 ,4y6-12,584 710

SS <150 528-628 128-312 140-190

Pretreated by H2S04 addition to apH of around 2, as reported [14], *Treated by photocatalytic oxidation with
.fSifﬁId dilution, initial pH of 6.0, TIO2 dosage of 4.0 g/L, uv light intensity of 479 m W /tm: and irradiation time

a
3
0
3.3. Simultaneous Production and Pollutant Removal

3.3.1, Requirements for Both UV Irradiation and the Photocatalyst

The simultaneous H2production and pollutantremoval was evaluated with (i) u v irradiation
only (4.79 mW /cm 2, no photocatalyst); (ii) the photocatalyst only (4.0 g/L, no u v light) and (iii) in
the presence of both u v light and the photocatalyst (4.79 m W /cm 2and 4.0 g/L, respectively) with
the 3.3-fold diluted acid-pretreated wastewater at an initial pH of around 2.0 at 4 h. As exhibited
in Figure 3,the levels of BOD, COD and oil and grease were slightly reduced (7% for COD, 12% for
BOD and 18% for oil and grease) in the presence of the photocatalyst only or in the presence of the
UV light only (9% for COD, 25% for BOD and 44% for oil and grease), without any detected H 2
production. However, in the presence of both the u v irradiation and photocatalyst, these pollutants
were more markedly reduced (20% for COD, 83% for BOD and 84% for oil and grease) along with H 2
production (-270 pmol). This is probably attributed to the different mechanisms for H2production
and pollutantremoval. Thatis, the removal of pollutant molecules in the presence of the u v light only
occurred by the breakdown ofpollutant molecules via the hydroxyl radicles (OH*) generated from
the water photolysis (Equation (8)) [29], However, this reaction is a poor source of radicals, and in
the oxidation process, some intermediates absorbing part of the radiation are generated, causing a
decrease in the photooxidation kinetics of the pollutants. For the presence of photocatalyst without
UV irradiation, the removal of pollutant molecules was probably caused by the adsorption process
between the positive surface charge of the photocatalyst (TiOH-j) and the negative charge of pollutant

molecules. These are also the reasons why no H2was produced in these two conditions.

H20 + hv —H* + OH* (8

B CcoD BBOD m

10 1mOiLand greased H: A

08 1 L 20

06 - L 1)

" 04 ] L 10
02 L 7
00 0

C: UVITIO:

Figure 3. Comparison of pollutant removal and H2 production of the 3.3-fold diluted acid-pretreated
biodiesel wastewater after a 4-h treatment with (A) uv light at an intensity of 4.79 mW/cm2;

SB; hotocatalgst at 40 g/L and (C) UVITI02 at a dosage of 4.0 g/L and uv light intensity of
J9mWicmz2,
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In the presence of both UV irradiation and photocatalyst, the possible mechanism for H2 production
and pollutant removal via this condition might follow the reactions shown in Equations (1)-(6).
The complete organic pollutant degradation via the photocatalytic oxidation released the H2 as
the main product with the carbon dioxide (C02) as the co-product, as shown in Equation (7).
However, in our experiment, no trace of C02was detected, suggesting that acomplete photooxidation
of the organic substances in biodiesel wastewater was not achieved, leaving intermediate species
that would be accounted for in terms of the residual COD, BOD and oil and grease levels in the

treated wastewater.

3.3.2. Effect of the Photocatalyst Loading

The effect of varying the photocatalyst loading (1.0-6.0 g/L) on the H2production and pollutant
removal was evaluated using the 3.3-fold diluted acid-pretreated biodiesel wastewater at an initial
pH 0f2.3, UV lightintensity of 479 m W /cm 2and reaction time of 4 h. The maximum HZ2production
level (Figure 4a) and lowestresidual level of COD, BOD, oil and grease contents (Figure 4b) were all
obtained with photocatalystloading of 4.0 g/L. The increased H2production and COD, BOD and
oil and grease removallevels with an increasing photocatalystloading from 1.0-4.0 g/L presumably
reflects the increased number of available adsorption sites, supplying more molecules in the biodiesel
wastewater to perform the reaction. However, the decreased H2production and pollutant removal
levels with photocatalystloading above 4.0g/L mightbe attributed to the formation of the self-shading
effect [30,31], in which catalystparticles reduce the lightintensity in the wastewater of the photocatalyst
particles, owing to theirlow photo-excitation centers. Another possible reason is the light absorption
and scattering according to the Beer-Lambert law, resulting in alower effective quantity of incident

light on the catalyst surface. Regardless, the optimal level of photocatalystin this study was 4.0 g/L.
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Fi;]u.re 4. Effect of the photocatalyst loading on the level of (3) H2 production with light conversion
ef '.C'?UCV and #b) pollutant removal from the 3.3-fold diluted acid-pretreated biodiesel wastewater at
an initial pH of 2.3 withauv light at intensity of 4.79 mW/cm2 for 4 h,

In terms of the light conversion efficiency, the efficiencies calculated from the ratio of the total

energy value of the obtained H 2 to the total energy input to the photoreactor by light irradiation,
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derived from Equation (9) [32], were 0.59%, 1.02%, 1.13%, 4.01%, 0.86% and 0.43% for a photocatalyst
loading 0f1.0,2.0,3.0,4.0,5.0 and 6.0g/L, respectively (Figure 4a). This emphasized thatthe photocatalyst

loading of 4.0 g/L was the optimum level, since it exhibited the highestlight conversion efficiency:

_ 33.61phzVh2 X 100

where Vh2is the volume of produced Lb (L), ph2is the density of the produced H 2 (g/L), / is the light
intensity ( /m2), Ais the irradiated area (m2) and tiSthe duration of H2production (h).

3.3.3. Effectofthe uv LightIntensity

Figure 5 shows the effect of varying the u v light intensity (3.52-6.64 m W /cm 2) on the H 2
production and pollutantremovallevels from the 3.3-fold diluted acid-pretreated biodiesel wastewater
at an initial pH of 2.3 with photocatalyst loading of 4.0 g/L for 4 h. Increasing the light intensity
from 3.52—4.79 m W /m 2increased the HZ2production from 169-270 pmol (Figure 5a), decreased the
levels of COD and BOD only slightly and oil and grease more markedly in the wastewater (Figure 5b).
Further increasing the u v light intensity above 4.79 mW /cm 2did not markedly change the amount
of produced H 2, suggesting the saturation of H2production in the presence of high light intensity.
The saturation of H2production has been observed previously for the photobiological production of
H2atahigh light intensity using malate and sodium glutamate as the carbon and nitrogen sources,
respectively [32,33]. The low pollutantremoval and H2production levels atalight intensity of less
than 4.79 m W /cm 2 likely reflected an insufficient light penetration onto the photocatalyst surface.
There was no increase in pollutant removal or H2 production atu v light intensities greater than
479 mW /m 2 which is probably attributed to (i) ahigh € -1f recombination rate compared with the
surface reaction when there was an extremely high e~—}A generation rate [2(Il and/or (ii) the limitation

of available photocatalyst surface to absorb alarge quantity ofincidentlight to perform the reaction.
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FfiPu_re 5. Effect of the uv light intensity on the level of (a) H2 production with Ii?ht conversion
e |_C|_er)cr and Q gol_lutant removal from the 3.3-fold diluted acid-pretreated biodiesel wastewater at
an initial pH of 2.3 with a photocatalyst loading of 4.0 g/L for 4 h,
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The Ii(};ht conversion efficiencies were 3.43%, 3.05%, 2.64% and 3.13% in the presence of auv light
intensity of 3.52, 4.79, 6.13 and 6.64 mW /cm2, respectively. The slight change in the light conversion
efficiency as the light intensity increased indicated the limitation of the photocatalyst surface to absorb
the incident light. In other words, the efficiency of Htproduction and pollutant removal at a high light
intensity range was controlled by the surface reaction instead of the light intensity.

3.34. Effect of the Initial Wastewater pH

The effect of the initial pH of the wastewater on the H2 production rate and pollutant removal
was explored using the 3.3-fold diluted acid-treated biodiesel wastewater with a uv light intensity of
479 mW/cm2 photocatalyst loading of 4.0 g/L and a reaction time of 4 h. As exhibited in Figure 6a,
increasing the initial pH of the wastewater from 2.3-6.0 enhanced the Ht production level from
270-408 pmol. Further raisinﬁ the initial pH of the wastewater to 8.0 decreased the Htproduction
almost two-fold. For the pollutant removal, increasing the initial pH from 2.3-8.0 insignificant|
affected the BOD removal, but above pH 4.0, it decreased the oil and grease removal (Figure GbZ.
The highest COD removal was observed at an initial wastewater pH of 4.1 and decreased wit
increasing initial pH. The light conversion efficiency of the wastewater with an initial pH of 2.3,
4.1,6.0 and 8.0 was 3.56%, 4.44%, 6.07% and 2.92%, respectively. Thus, the appropriate initial pH o
the wastewater for H2production and pollutant removal were not the same, pH 6.0 beinfg optimal
for H2 production, but pH 4. for pollutant removal. This might be attributed to the effect of the
PZC and agglomeration behavior of the utilized photocatalyst with the change in the wastewater
pH. The surface of the utilized photocatalyst is positively charged (TIOH2+) in wastewater with a
PH less than the PZC of photocatalyst, while it is negatively charged (TiO- ) in wastewater with
a pH higher than the PZC f[34]. Under an acid condition, the electrostatic repulsion between the
positively-charged surface of photocatalyst and H+would decrease the initial pH of tire wastewater
Increased, resulting in an agglomeration of the catalyst particles. In other words, the catalyst was
well-dispersed (low agglome_ratlon? at a pH less than PZC and poorly-dispersed (high agglomeration)
atapH close to the PZC. This agglomeration brought the catalyst nanoparticles in close contact with
each other through the grain boundaries, allowing the migration of e~ and hf to an adjacent particle
hopping through the grain boundary gasj, resulting in a low probability of recombination, as well
as the hldgh production of H2 according to Equation (7). Thus, the wastewater with an initial pH of 6.0
provided a higher H2production level than that with an initial pH of 4.1 However, the agglomeration
of the T4W particles reduced the available surface area to adsorb the pollutant molecules to degrade
with the photogenerated h+and OH*, as shown in Equations (5) and (6?, resulting in a lower level
of pollutant removal in the presence of wastewater with an initial pH of 6.0 compared to that with
apH of 4.1. The H2 production and pollutant removal rates decreased markedly, at an initial pH
of 8.0, which was probably due to the electrostatic repulsion between the negative charges on the
photocatalyst surface and the lone-pair electron of the pollutant molecules, which would inhibit the
adsorption of pollutant molecules and so result in a decreased photocataIYtlc activity. Although the
wastewater with an initial pH of 6.0 had a 1.92-fold lower COD removal level than that with initial
pH of 4.1, itJJrovided a 1.4-fold higher H2production level. The final pH of the treated wastewater
was 4.74 and 8.76 for the wastewater with an initial pH of 41 and 6.0, respectively. Thus, an initial
pH of wastewater of 6.0 was selected as the optimum pH for the simultaneous H2 production and
pollutant degradation.
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Figure 6. Effect of the initial pH of the wastewater on the level of (a) 2 production with light
conversion efficiency and (b) pollutant removal from the 3.3-fold diluted acid-pretreated biodiesel
wastewater with auv light intensity of 4.79mW/cm2and photocatalyst loading of 4.0 g/L for 4h.

335, Effect of the operating Time and Reaction Rate

Fi?ure 7 exhibits the variation in the H2production and decrease in the COD, BOD and ol and
grease levels via the photocatalyst-UV light-mediated photocatalgtlc oxidation of the 3.3-fold diluted
add-pretreated biodiesel wastewater at an initial pH of 6.0, a photocatalyst loading of 4.0 g/L and
UV light intensity of 4.79 mW /cm2. The amount of Hzproduced increased linearly with the reaction
time, while the light conversion effidency decreased with increasing reaction times up to 3.0 h and
then slightly increased at 4 h (Figure 7a). With respect to the COD, BOD and oil and grease levels,
their concentration decreased r_apidl}/ during the first 30 mirr of reaction time and then remained
broadIK constant afterwards (Figure ?

The rate of COD, BOD and oil and grease removal was dependent on the amount of the reactive
oxidizing species (ROS), including the h+and OH*, generated In the system and the concentration of
pollutants, as demonstrated in Equations (5) and (6). Thus, it can be written as Equation (10);

¢ = _yrclRos] w0

where k' is the rate constant, ¢ is the concentration of COD, BOD and oil and grease and [ROS] is the
concentration of the generated ROS.

Since the quantity of ROS was generated constantly at a given set of experimental conditions,

their concentration did not limit the rate of pollutant degradation. Therefore, Equation (10) can be
written as Equation (11); 4
c

<t = -ke 01)
where kis the pseudo-first order rate constant of pollutant degradation,
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rigure 7. Effect of the reaction time on the level of @) H2production with light conversion efficiency
and (o) pollutant removal from the 3.3-fold diluted acid-pretreated biodiesel wastewater with an initial
pH of 6.0 using a photocatalyst loading of 4.0 g/L and uv light intensity of 479 mW/crn2,

Integrating Equation (11) with the boundary condition at tz 0, c = Coand t:t C'q;nd

rearrangement yields Equation (12);
C; = Coexp(—lb (L2)

The pseudo-first order rate constant (I? can be determined from this relationship by plotting
In(C|/ Co) against f. Accordingly, the pseudo-first order rate constants of COD, BOD and ol and grease
removal were found to be 0,008, 0.085 and 0.044 min__1, respectively. The rate constant of COD removal
was lower than those of BOD and oil and grease removals by around 10.6- and 5.5-fold, respectively.
This is probably due to the very high initial COD concentration compared with that of BOD and
oil and grease. Another possible reason is the de%radation of long organic molecules to short-chain
non-biodegradable molecules, which would then be accounted for in terms of the residual COD level
in the treated wastewater.

After the photocatalytic oxidation at optimum condition (3.3-fold dilution, initial pH of 6.0,
photocatalyst loading of 4.0 g/L, uv light intensity of 470 mW/cm2), the clear wastewater was
obtained as shown in Figure 2. There, soap and FFAs were decreased to 0.09-1.07wt %and 0.02-0.04 wt %,
respe_ctl_veli/\, without any detectable trace of rqucerol (Table 2 The pH and BOD levels were reduced
to within the acceptable Thai standard, whilst the levels of COD, oil and grease, TDS and TSS were
still greater than the acceptable values by around 61.8-62.3-, 13.7-16.2-, 2.6-3.0- and 0.9-1.3-fold,
respectively. Thus, a more extensive study is still required and currently underway to improve the
photocatalyst's morphology in order to increase the rate of Hn production together with pollutant
removal, and the obtained results will be reported soon,

4. Conclusions

~ The optimum conditions for the simultaneous H2 production and Follutant removal from
acidified biodiesel wastewater by photocatalytic oxidation with photocatalyst, a thermally-treated
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commercial TiC2photocatalyst, were eXﬁIored atroom temperature (-30 °C) and ambient pressure.
ThePhotocataIyst loading level, . v light intensity, initial pH of the wastewater and reaction time
all arfected the Hz production and pollutant removal levels. At the optimum conditions found,
approximately 228 (-imol of H2were produced with COD, BOD and oil and grease removal levels of
13.2%, 89.6% and 67.7%, respectively, and with a light conversion effrcrency of 6.78%. The pH and
BOD levels were reduced to within the acceptable Thai standard, but the levels of COD, oil and grease,
TDS and TSSwere still greater than the acceptable values.
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Abstract

Asset of metal nanoparticle-deeorated titanium dioxide (M_/Ti02 where Xis the % by weight;
Wt%) photocatalysts was prepared via stil-imraobilization  order to enhance the simultaneous
hydrogen (Hj production and pollutant reduction from real biodiesel wastewater. Effect of the metal
nanoparticle (NP) type (M = Ni, Au, rx or pd) and, for pd, the amount (1-4 wt.%) decorated on the
surface of thermul treated commercial Ti0204 ) was evaluated. Both the type and amount of
decorated metal NPs did not significantly affect the pollutant reduction, measured in terms of the
reduction of chemical oxygen demand (COD), biological oxygen demand (BOD) and oil & grease
levels, hut they affected the H2 production rate from both deionized water and biodiesel wastewater,
which can be ranked in tile orcer of Pt/T400 > P/T44K) > AUJT > NiilT"ou. This was attributed to the
high difference in work function between px and the parent TaoU However, the différence between
Pt/¥TAD and Pdl|/Tao0 was nut great and so from an economic consideration, Pd/TiOf was selected as
appropriate for further evaluation. Among the four different Pdj/TiOj photocatalysts, Pdj/TiOi
demonstrated the highest activity and gave a high rate of Hi production (Up to 135 thmol/h) with a
COD, BOD and oil & grease reduction of 30.3, 73.7 and 58.0 %. respectively.

*Corresponding author, Tel. +66 (2) 2187523-5; Fax. +66 (2) 2555831, E-nail address: muli li@chulaacth
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L Introduction

Hydrogen (H2) is now recognized as a clean energy carrier [1], which has a high energy’ content
per mass compared to liquid fossil fuel [2J. Besides, it is cleun, storable and environmental friendly (3].
Today, around 90-95% of H2used for energy is generated from natural gas and petroleum by the steam
reforming [4, 5]. However, the quantity of natural gas and petroleum are lessening quickly. Thus, many
attempts have been performed to develop the technology for producing 2 from the renewable
resources such as water, glycerol and biomass, [2] via the chemical, biological, electrolytic, photolytic
and thermo-chemical process [6]. Although the biomass reforming is ane of die most energy efficient
method to produce Hi, it is too complex and requires sever operating conditions [7, 8. Thus, attention
has increasingly shifted towards die utilization of water as a source of H2because of its high abundant
and process simplicity.

The production of H2from water can be achieved by thcrmochemical splitting, photovoltaic cell
and photochemical reactions, of which photo-clectrolysis (water splitting) is an effective and
inexpensive method [2] that takes place via -type semiconductors or photocatalysts. When they wes
irradiated by the tight having a photon energy equal to or higher than their band gap energy (A, an
electron (&%) 15 excited from valence band (VB) to conduction band (CB), leaving a positive hole (*) in
VB (9). The photogenerated h* is able to oxidize the water o form 0 2mid H+, while simultaneously the
generated IT readily react with the photogenerated €' to from Hi. The efficiency of the reduction and
oxidation reaction depends on the band potential of the VB and/or CB of tile photocatalyst and the
water redox potential [9]. The production of  cut! be achieved when the CB potential is more
negative than the reduction potential of proton, whilst the Oi production can be proceed when the VB
potential is more positive than oxidation potential of water [10]. Therefore, only Specific
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semiconductors which have a £ between the Hi and 0 2production potentials, such as Til2 ZnO, CdS

and TaNO can split water effectively to produce Hi and Oi [9].

Amaong all mentioned semiconductors, Ti02 is frequency used in the water splitting process
because of its cheap, high stability as well as its low-toxicity [11]. Nevertheless, the efficiency of water
splitting via TiOi is quite low due to its visible light inactive and a short lift of C - h+pairs. The two
main strategies that have been eared out to improve the Ti02property aie (/) the modification of TiOi
NPs and (//) the use of electron donors. The tonner strategy can be done by coupling TiOl NPs with a
narrow band gap semiconductor or carbonaceous material or by doping it with metalinon-metal ions
[12-14). The latter strategy is performed via the addition of some electron donors, such as alcohols,
polyalcohols, sugars and organic/inorganic acids, to react irreversibly with die photoinduced li+and/or
photogenerated 0 2[15]

Recently, it was reported that the photocatalytic Hi production via TiOi photocutalysts
depended on their surface properties, phase composition and panicle sizes [16, 17). A high crystallinity
and small particle size benefited the separation of photogenerated e and h" and positively affected the
H2 production rate. The two-phase anatasc/brookitc Ti02 achieved a higher Hi production rate than
pure brookite and anatase NPs, due to the more CB edge potential of the brookite phase than file
anatase phase, as supported by Mott-Schottky analysis, and an effective C - h separation causing by
die charge transfer from di brookite CB to anatase CB [16], In addition, the facets exposed by brookite
were more active for proton reduction [18]. The loading of a p-type semiconductor to the Ti02(n-type
semiconductor) produced a p-u junction resulting in the formation of an internal electric field at the
interfacial layer between the p-type semiconductor and TiOi phases, which can reduce the optical
excitation energy and retarded the undesired recombination of e*and h+ and so positively affected the
photocatalytic activity for H2 production [19].

The activities of die metal NPs (M)/TiQi photocatalysts depended on hoth these mentioned
properties as well as the type of metal co-catalyst and loading level [20], However, no Hi was produced
by photo-electrolysis with a PUTiOi phoioeataiyst at all conditions evaluated in the absence of alcohol
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[4]. Adding a small quantity of ethanol induced the generation of a substantial quantity of Hi because
the ethanol behaved is -asacrificial election donor scavenging IT and preventing €’ - h+recombination.
Recently, it was reported that the rate of H evolution via the photocatalytic process strongly depended
on the type and specific properties of the alcohol, especially llie alcohol polarity, number of hydroxyl
groups and ohydrogens in the polyols structure as well as the alcohol oxidation potential [20-23]. The
Hlproduction rate alleviated in the order glycerol > 12-ethanediol > 1,2-propanediol > methanol >
ethanol > 2-propanol > tert-butanol 2 water for photocatalysis with a Pd/Ti02 photocatalyst [20]. The
rate of H2 evolution was found to be dictated by the number of hydroxyl groups and available &
hydiogens in tile polyols structure [23],

In the presence of organic Substances that are frequently present in industrial wastewater, the
amount of Hi production depended on the amount of the organic pollutunt added in the solution and the
concentration of the employed sacrificial agent, as well as the solution temperature and pH [24].
Photocatalytic Hi evolution can take place efficiently on PYTiOl when using oxalic acid as die electron
donor [15]. The presence of NO*" and ¢ 1 had  significant effect on the rate of photocatalytic H
evolution, whereas 032" and HIPOA decreased the rate markedly.  the presence of mixed election
donors, the strong linkage between the organic substances and TiO? promoted the electron transfer from
the donor to the TiOi surface to combine with the photogenerated h \ which then enhanced the rate of
H evolution [25]. The efficiency order can be ranked as follows: oxalic acid > formic acid >
formaldehyde. The presence of monoehloroacetic acid and dichloroaeetic acid il water enhanced the
photocatalytic H generation, whereas trichloroacetic acid did not, because the trichloroacetic acid
decomposed quickly under the investigated condition [26]

The addition of small quantities of azo-dyes in the electrolyte solution significantly enhanced
the rate of H production for a period that depended on the dye concentration, solution Hand, to a
lesser extent, solution temperature, which was due to the fact that the dye acts as a scavenger of
photogenerated oxidizing species [9], The PtTiOi/Nafion (Nt) exhibited a high activity for H>
production in the presence of Rhodamine B (RIiB) hecause the negatively charged Nf layer enhanced
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the adsorption of cationic RhB and pulled protons, a source of to the surface of Ti0}. through
electrostatic attraction, while the deposited Pt acts as an electron sink and a temporary electron
reservoir for the reduction of protons [27]. The simonkolleite-TiOf exhibited a higher rate of 2
production than TiOi due to a higher incident light absorption capacity of simonkolleite-Ti02 and a
higher electron transfer from simonkolleite particles ) the small-sized TiOi [28]. The synergetic effect
of heterostructured red phosphorus/TiC>2 composites led to an enhanced charge Separation and transfer,
and a better utilization of visible light as well as a good photocatalytic activity of degrading RhB and
high - 2evolution rate [29].

As summarized above, Hz production is frequently performed with water with the added
electron donor substances. However, there have been only a few repoits on file simultaneous Hi
production and wastewater treatment. The organic pollutants in olive mill wastewater were reported to
enhance H2 production via preventing the recombination of photogeneruted e* - h+ pairs through
combining them with a proton to produce a H2molecule via nanostructure mesoporous TiOi [30], while
the photocatalytic activity was strongly affected by the wastewater pH and TiOi dosage. The Hi
production via  graphene-modified TiOl phoiocatalyst was not achieved using terephthalie acid
wastewater under UV light, but was successful when using wastewater and acetic acid as sacrificial
reagents [31].

Nowadays, biodiesel is gaming in global popularity due to the depletion of fossil fuel energy
sources, the huge increase in energy demand, and the rising awareness of the environmental impact
from the combustion of conventional fossil fuels. In Thailand, the biodiesel production capacity is more
than 10% LUy leading to the generation of wastewater from the wet washing process of around | Ly
[32]. This wastewater usually has a high content of glycerin, soap, alcohol, catalyst residuals, un-
reacted or residual free fatty acids (FFAS) and some biodiesel as well as some saturated/unsaturuted
fatty acids, stch as methyl caprute, methyl laurate, lauric acid, methyl palniitoleute and methyl 9-
octadecenoate [33], which would create a significant environmental problem if discharged directly into
die environment, It was previously found that the photocatalytic Hi production and pollutant reduction
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from such wastewater s feasible using a thennal-treuled commercial TiOi (P25) at ambient
temperature and pressure [34].

The co-presence of the rutile-anatase phases of TiOl positively affected the simultangous He
production and pollutant reduction. In addition, properties of utilized photocutalysts, including the
crystallite size, BET surface area, band gap energy and point of zero charge value, affected the
photocatalytic activity of TiOl more than the phase composition. However, at the optimum condition,
only 228 pmol Hz (57 pmol Hath) was produced with the reduction of COD, BOD and oil & grease
levels by 13.2%. 89.6% and 67.7%, respectively [35]. Therefore, it is still challenging to achieve both a
high H; production rule and high pollutant reduction. In this work, the commercial P25 Ti02 was heat-
treated at 400 "C (TaMiand then decorated with Ni, Au, Pd or Pt NPs via sol-immabilization to serve as
electron trapping sites and improve the light absorption property towards the visible region in order to
enhance the Hz production rate and pollutant reduction efficiency from biodiesel wastewater.

2. Experimental .
21 Propertyand characterization of utilized biodiesel westewater

The work was carried out with tile red biodiesel wastewater collected from the biodiesel
industry in Thailand. Initially, part of some contaminants were removed by reducing the pH to 25 with
the addition of concentrated sulphuric acid (Hﬂl} 98%, QRec) [33] to allow die phase separation. In
order to allow a deep penetration of the incident light through the organic molecules and/or
photocatalyst surface, the pretreated hiodiesel wastewater was diluted with deionized water for 3.3-fold
[34], The physical and chemical properties of the fresh and utilized biodiesel wustewater were analyzed
in terms of their pH, chemical oxygen demand (COD), biological oxygen demand (BOD), oil & grease,
total dissolved solids (TDS) and total suspended solids (TSS] levels according to standard methods
[36]. The soap content was analyzed by titration according to the modified version of the AOCS
method Cc 17-79 [37]. The free fatty acid (FFA) content was estimated from the ratio of die acid value
0 2.19 using potentiomelric titration according to the ASTM D 664 [38].
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2.2 Preparation and characterization ofthe M/ Tmphotocatalysts

Aseries of M/Taou photocalalysts, where Mwas Ni, Au, Pd or Pi NPs at XJoby weight (wt.),
as 1wt % for Ni, Au and Pt ami 1-4 wt.% for Pd, was prepared by sol-immabilization. The commercial
TiOi (P25, Degussa) was heat-treated at 400 °c in an air atmosphere for 3 h prior to use as the core
photocatalyst material as denoted as Tao [34]. To prepare | wt.% Ni NPs-cecorated Tow (NijAVjo),
approximately 198 g of parent Taoo was dispersed in 20 mL deioaized water uner constant agitation at
200 rpm at room temperature. Meanwhile, around 0.0835 g of NiCli'6HjO (QREC) was dissolved in 20
mL deionized water and slowly added drop wise into the suspended T4Rsolution at the same agitation
rate. Afterwards, to stabilize the Ni dispersion on the Taoo surface and prevent agglomeration, L0 mL of
0.2 wt% polyvinyl alcohol (99% hydrolyzed, Sigma Aldrich) was added slowly under constant
agitation for 10 min. Then, 20 mL of 0.2 M sodium borohydride (Loba Chemig) was Slowly added to
die solution to reduce some Ni2' ions to metallic Ni°. To get a complete sol immobilization, die reaction
was lett for a day at atmospheric pressure (1 atm) and temperature 30 °C). The obtained mixture was
then filtered and rinsed several times with deionized water until no chloride fons were detected. The
obtained solid portion was dried ut 65 "¢ for 6 h to remove the organic scaffold residue and thermally
freated at 350 °c under a N2 (Linde) llow for 3 h followed by a Ha (Praxair) flow tor 3h to yield the
readly-to-use Ni|/T4* photocatalyst.

The same procedure was done for the preparation of the AUtTax. Pd|/Tan and Pu/TAY
photocatalysts but using 0.0399 g of HAUCIs3HO (Sigma Aldrich), 0.0340 g of PdCl2 (Sigma
Aldrich) und 0.053L g of HIPtCI-bHiO (Sigma Aldrich), respectively, instead of NiGriHjO. Also, to
prepare the Pd/Tay (X is the wt% of Pd) photocatalyst, the same procedures was used except using
0.068, 0.102 and 0.136 g ofPdCls thrPdj/TjuiH Poj/T-ioo and PaLirTjno photocatalysts, respectively.

The crystallinity of all prepared photocalalysts was analyzed by X-ray diffraction (XRD) using
a D8 Diseover-Bruker AXS X-ray diffractometer equipped with Cu Krt operated at 40 mA and 40 kV.
The quantity of the decorated metal on the T4 Surface was estimated by scanning electron microscopy
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(SEM; JSM-6610LV) equipped with energy dispersive X-ray spectrometry (EDX) to perforn?
elemental analysis at the atomic resolution. The textural properties of the prepared photocatalysts were
characterized by a surface area analyzer (Quantachrome, Autosorb-1) according to the BET method.

The diffuse reflectance spectra were monitored viu 1)V-visible near infrared spectrometry (UV-Vis;

Perkin Elmer, Lambda 950) over a wavelength of 320-820 nm. The particle size and dispersion of
some decorated metal NPs along the ToUsurface were observed by transmission electron microscopy
(TEM; Philips Tecnai 120) at an electron acceleration of 200 kV. The rae of die ¢’ - h* pair
recombination of all prepared photocacalysts was monitored via a Perkin-Elmer LS55 Luminescence

Spectrometer in air at room temperature usinga 290 cut-off filter. Spectra were excited at 310 nm,

«ad the photoluminescence (PL) spectra were recorced over the range of 375 - 550 nm using a Standar d

photomultiplier. The elemental oxidation states of all the prepared photocalalysts were assessed by X-

ray photoelectrou spectroscopy (XPS; PHI 5000 VersaProbell) widi a raonochromatized AL Ka source

(tv -+ 14866 eV Accurate binding energies (BE), + 01 eV, were established with respect to the

position of the adventitious carbon Cls peak at 284.8 eV, with peak tilting performed using the

XPSPEAKAL software package.

24 Simultaneous //; production andpollutant recuction

The photocatulytic activity of the prepared MaTal@photocalalysts was tested comparatively for
die simultaneous Hi production and pollutant reduction from biodiesel wastewater in a hollow, closed
glass cylinder, which was placed in a UV-protected box.  each experiment, 04 g of the selected
photocatalyst . dispersed in 100 mL of the pretreated and 3.3-fold diluted biodiesel wastewater
(section 2.1) under constant agitation at 300 rpm. Prior to stall the photocatalytic reaction, the system
was flushed with argon (Ar; Linde) for | hat constant flow rate of 400 mL/min in order to remove air
from system. Then, the system was irradiated at light intensity of 5,93 mWicm2 for 4 h with a uv
high-pressure mercury lamp (RUV 533 BC, Holland), which was positioned above the glass reactor.
The utilized uv high-pressure mercury lamp cun generate the ctectrical power of 20 in a wide
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spectrum range of JUU - 6(0nm. When the reaction was over, Ar was led into the reactor at constant
tlow rate of 400 rtiL/min to Serve as a carrier medium to move the produced gas to tile analysis system,
while the liquid product (processed wastewater) 1S collected and separated from the solid catalyst by
filtration. The concentration of pollutants in the processed wastewater was analyzed in terms of the
COD, BOD and oil S qrease levels. Meanwhile, the quantity of 2 generated from the photocatalytic
oxidation was determined from the calibrated gas chromatography (GC) signal, using a Shimadzu 2014
instrument with Ar as the earner gas.

3. Results and discussion
31 Properties of raw; utilizecland treated biodiesel wastewater
The appearance o the fresh biodiesel wastewater used in this study is shown in Figure 1(a). It

had a pale yellow color with a slight turbidity, was slightly acidic (pH 4.7L £ 0.01) and contained a
high content of soap and a trace of FFA. The gross amount of organic matter was extremely high
(Table 1) as monitored in terms of COD, BOD, oil & grease, TDS and TSS levels being around 216-,
108~ 49.3-, 5.4- and 10.1-fold, respectively, higher than the limitation values set by Thai government
for discharge into the environment. After pretreatment by acidification, the gloss amount of soap
decreased by almost 1.8-fold, while the FFA level increased 7.8-fold, presumably due to the
protonation of FFA salt via H* during tile pretreatment stage [39]. The amount of organic substances, in
terms of the COD, BOD. oil & grease, TDS and TSS levels were decreased (Table 1) but were still
around 200-, 3.1, 24.3-, 7.1- and 9.3-fold, respectively, higher than the acceptable vulue.

Table 1

Figure L

3.2 Effect of photocatalyst type
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The crystallinity of the parent To and all the M/T.ue photocatulysts was characterized usir%)
XRD analysis, with representative diffractograms shown in Figure 2(3). The XRD peaks of the parent
THo displayed the diffraction peaks of TiOi in the anatase phase at 29 of 25.3°, 37.9°, 48.1°, 539°,
55.1°, 62.7°, 68.81) 70.3°, 75.luand 8255", assigned to the (101), (004), (200), (105). (221), (204),
(116), (220), (215) and (224) crystal planes, respectively (JCPDS No.21-1272). Ill addition, it also
exhibited the diffraction peaks of the rutile phase at a 20 of 27.5°, 36.09° and 40.36°, corresponding to
the (110), (102) and (111) crystal planes, respectively, (JCPDS No.04-0802). This suggested that the
utilized parent Tan was of a mixed anatase-rutile phase. The anatase fraction of the parent Tam
photocatalysts was 0.8383, as calculated from the ratio of peak area between the anatase and rutile
phases using the equation adopted from the Spurr’s equation [40].

For the respective M1Tao photocatalysts, their XRD patterns also exhibited the main
characteristic peaks of the parent TaWwithout a shift in the peak position. This suggested that the
decorated metal NPs did not incorporate into the structure of tile parent Taoo, but existed as a separate
phase along the Ta( surface. The crystallite sizes of the Tao in all MiTaoUphotocatalysts, calculated
from the Debyc-Scherrer equation using the diffraction peaks of anatase at plane (101), fluctuated in
tile narrow range between 35.2 and 37.3 nm (Table 2). Their anatase contents (0.8352 - 8377) were
close to that ot the parent (4 0.

No characteristic peaks of the respective decorated metal NPs were observed in the XRD peaks,
probably because of their presence in small quantities. Thus, SEM-EDX analysis was performed to
trace the presence of the decorated metal NPs. As shown in Figure 3, the Spectra of all the decorated
metal NPs were clearly observed, with an estimated quantity of doped metal NPs on the MiTiou
surface of around 1.0 wt.% (Table 2), confirming die presence of the respective decorated metal NPs
along the parent Takasuiface.

Figure 2
Table 2
Figure 3
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The N: phystsorption isotherms of all photocatalysts exhibited the characteristic loop of t%
mesoporous materials as showed in Figure 4, which are [41]. Their pore sizes were distributed  a
narrow range of 2-7 nm (Inset of Figure 4). The BET surface areas of all the Mi/T joo photocatalysts
were lower than that of the paient T4l due to the pallid loss of the TAWsurlace area where the metal
NPs were decorated. The BET surface area of the prepared M Tak{photocatalysts can be ranked in the
order of NiilT4n, AUJTAU PdjT*HI> PifTflio. The particle sizes distribution of the decorated metal
NPs were also evaluated from the TEM images, as shown in Figure 5. The particle size of tile decorated
metal NPs, obtained from randomly averaging not less than 150 panicles, were ranked in the order of
Ni >Pd > All > Pt (Table 2and right side of Figure 5).

Figure 4.
Figure 5.

Representative UV-Vis absorption spectra of die prepared mjTaphotocatulysts and the purent
Tdoare shown in Figure 6(a). The T4 photocatalysts did not possess an absorption ability in the
visible light region (A> 400 nm), probably due to its large intrinsic band gap energy. All the M|/TAD
photocatalysts showed a shifted absorption band edge towards the wavelength of 440 - 460 nm,
resulting in a visible light absorption ability. Interestingly, the AUTaUphotocatalyst exhibited a broad
band absorption centered at around 540 nm, which ditiered from the typical flat pattern of the other
MaTaophotocatalysts. This was caused by the localized surface plasmon resonance (Lspr) effect of
die decorated Au NPs, which can absorh visible light dirough die polarization and oscillation of the
conduction electrons in the metal structure [42]. That the absorption band of the AUtTam photocatalyst
deviated from the typical features of well-cispersed spherical Au nunocrystals, in which the LSPR band is
generally sharp and appears at a wavelength of 520 nm [43], was probably because of the presence of the
nun-spherical Au nanoci-ystals [44],

Figure U

The Ejof the prepared M|/T4| photocatalysts was estimated from the plot between the incident

photon energy () aald absorption coefficient (a), as written as Eq (1);
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where Als the absorption constant, s tile band gap energy and  is equal to M for the direct gap
semiconductor.

As shown the inset of Figure 6(a), an extrapolation of die linear pun of spectral data curve
gives the E€ value of the respective MifT4) photocatalyst. As summarized in Table 2, the E(fjof die

"0 photocatalyst was around 3.32 €V, close to the well-known Eg) of commercial TiO; (Degussa).
The decoration of Taoo with metal NPs significantly reduced the Efx) of die T4Wpliotocatalyst by almost
0.3 ¢V, acknowledged by die ability to absorb the solar light, which has a maximum irradiance at a
wavelength region of 450-480  [45-47).

Figure 7.

Moreover, it has been widely reported that the decorated metal NPs can serve as an electron
trapping center and consequendy reduce the ¢' - if recombination rate, and S0 enhanced die
photocatalytic activity. To ascertain the efficiency of electron trapping by the utilized decorated metal
NPs, the PL spectra of the MiT4X photocatalysts were explored over a wavelength of 375 - 550 nm.
The TAWand Ni|/T4 , photocatalysts exhibited a PL spectra in the investigated wavelength range widi
the main peak at 420 1m (Figure 7(a)). This peak is primarily related to the electron transition from the
CB und the VB. The shoulder peak of the PL spectra at a higher wavelength was probably due to the
electron transition by the state of oxygen vacancies andior defect of the T4si support [20]. No PL
spectra was observed for the AutiT4(, PdifT4uand PtilTax photocatalysts, indicating a low rate of g -
I recombination. Thus, the decoration of Au, Pt and Pd NPs on the treated T4 o attenuated the high " -
¥ recombination rate in the fresh TH.

The chemical states of the M,/T4 ) photocatalysts were evaluated by XPS analysis. As shown in
Figure 8, the photocatalysts displayed the OIs, Ti2p and Cls peak ofthe o, i and ¢ (from hackground
carbon tape), respectively. No peaks for the decorated metal NPs were observed, which was probably
due to the small amount of decorated metal NPs (I wt.%) making them below the detection limit of
dieir photoemission. '
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Table 3.

The high resolution (HR)-XPS spectra of the M|/Tax pholocatafysts showed asymmetric Ti2p
spectra (Figure 9(a)). After fitting with Gaussian-Lorentziun function, the photocatalysts exhibited two
main peaks with their shoulder at a lower binding energy. The two main peaks arising from the spin
orbit-splitting of the doublet Ti 2pir2 (~-465.0 €V) and Ti 2pir2 (-459.3 V) were assigned to the Ti*on
Tad lattice. Also, satellite peaks at the lower binding energy of hoth doublets were observed  all
samples, indicating the existence of Ti5* species in their structure. This is probably caused by the loss
of lattice oxygen from the surface of Two during the thermal treatment process. The detective structures
of the MaTaWphotCratalysts, as determined in ternis of the ratio of peak area hetween Ti3- and Tid®
(TIATi4¥, are summarized in Table 3. It was clearly seen that the Tagt photocatalyst had a very low
defective structure (Tis7Tid~ ratio). The decoration of Tam with Ni, Au or Pt NPs did not alter the
defective structure of die Takphotocatalyst, but, surprisingly, the decoration with Pd NPs increased die
Tia [Ti4 ratio, suggesting an enhanced formation of the defective structure of the Tao. The reason for
this is still not clear. Perhaps molecular simulations should be performed in order to explore the
dynamics of the Two structure in-cepth. For the asymmetric Ols spectra (Figure 9(0)). the HR-XPS of
the M1 T 400 samples can be fitted with three symmetric peaks corresponding to the lattice oxygen in the
TAWcrystalling network (-530.5 €V), non-lattice oxygen/OH' species (-531.7 eV) and srface-adsorbed
water molecules (-533.1 V).

With respect to the chemicul states of decorated metals, the HR-XPS spectra of Ni 2p, Au/4f, Pd
3d, and Pt 4f were characterized and aie exhibited in Figure 9(c). The fitted XPS spectrum of Ni
contained mam peaks at 856.4, 862.3 and 874.3 eV corresponding to Ni2¢(Ni-0 form) of Ni 20yt Ni2x
(Ni-(OHy2 form) of Ni 20312 and Ni3* (Ni-O form) of Ni 20if2, respectively. The appearance of these
peaks indicated the major presence of the Ni2x form in die as-synthesized Nil/Two sample. The two
small satellite peaks of both Ni 2072 and Ni 2pif2, observed at a binding energy of around 853.7 and
8716 eV, respectively, indicated die partial existence of the metallic Ni form (Niu) in the Nj/TADU
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Meanwhile, the main chemical state of Au in the AUITaMbhotocatalyst was the metallic form (Au°), %
shown by the presence of the two main fitting peaks of Au 4f52 (87.5 eV) and Au 4¢72(83.9 eV). The
small shoulder peaks with the higher BE of Au 4fj/2 and Au 4r2were assigned to the presence of the
Au2: form, but it was present at a trivial content, Likewise, in the PtiTsoo and Pd|/T4ju photocatalysts,
the decorated metal NPs mainly existed in the metallic form tile surface of those prepared catalysts;
Pdu of Pd 3dv: (340.7 eV) and Pd® of Pd 3d5/2 (335.4 eV) for the Pdi/Tam photocatalyst and PI° of Pt
assh (4.5 €V) and Pi" of Pt 4¥72(71.1 eV) for die PY/T.400 photocatalyst. The forms of decorated metal
NPs on the surface of the M1T4o0 photocatalysts are summarized in Table 3. The predominant presence
of Auy, Pa or Pt compared with Ni2+ could be attributed to the property of these noble metals dial are
less susceptible to oxidation by atmospheric oxygen, while die transition metal is more suscepuble and
is oxidized to Ni2* The presence of these metallic stales are expected lu act as the reactive sites and
provide much more actives sites than their ionic states [48].
Figure 9.

Figure 10 shows the photocatalytic activity of the Mu/Tam photocatalysts for the simultaneous
H2 production and pollutant reduction from die biodiesel wastewutcr, using the 3.3-fold dilution of die
acid-pretreated biodiesel wastewater at an initial pH of 3.10, catalyst loading of 4 g/L, light intensity of
5.93 mWicrn2and reaction time of 4 h. The parent Taophotocatalyst reduced the COD, BOD and oil &
grease levels in the biodiesel wastewater by around 27.9, 77.6 and 51.0%. respectively, (Figure 10(2)).
The decoration of Ni, Au, Pt or Pd NPs on the Ta@did not signilicandy improve the photocatalytic
activity of Tan in terms ofthe COD, BOD and il & grease reduction, with their reduction being 12.1-
29.1%, 75.3 - 78.8% and 334 - 4.3%, respectively. However, they did enhance the H> production rate
above that of the Tam photocatalyst from hoth deionized water and biodiesel wastewater (Figure 10(b)),
which was probably due to their short By that can harvest a wide spectrum of irradiated light. In
addition, die decorated metals enhanced die ¢* - u* separation at the interface between the
semiconductor and decorated metal, and/or functioned s the co-catalyst for Hz evolution [49].
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A higher Hj production rate was achieved in biodiesel wastewuter than deionized water welxg
probably due to the presence of organic compounds that acted as electron donors resulting in different
2 production reactions. That is, the H2 production horn the deionized water might originate from
conventional water «putting reactions (Egs. (2) and (3)). while that from hiodiesel wastewater came
from both water splitting and photocatalytic oxidation of organic compounds (Egs. (4)-(9)) [50]. The
organic substances in biodiesel wastewater can act as a sacrificial electron donors to rapidly remove the
photogenerated h+, hydroxyl radicals and/or photo-generated oxygen in an irreversible fashion, thereby
alleviating the ¢* - h* recombination and/or H2- 0 2back reaction [3].

Water Splitting Ha0 +if 2H*+ 1202 @
2H++2 > )
Photocatalytic oxidation
RCHIOH - HT+RCH,0’ (4)
RCHjO" + It* RCH.O' (5)

RCH;0‘+ RCHjOH ->  RCHjOH + R'CHOH (6,

RCHOH +Hh¥ HT +RCHO"-> >RCHO ()

RCHO + HO' -+ [RCOOH] t Ht @
The  produced from Eq.(8) can react with the excited ¢' to fotTo H,

2H4+2e > h2 )

where the RCHIOH and R CH.OH are denoted as the organic substances in the wastewater.

Among the M4/Ts00 photocatalysts, the photocatalytic - production from both deionized water
and biodiesel wastewater were ranked ill the order of PtAVIt) > Pdifr. > AuiTy > NijiTs .
Considering the properties of these photocatalysts, listed in Tables 2 and 3, it was noticed that the trend
in all their properties, including the BET surface area, size of decorated metal NPs, Efig and the
defective structure did not relate to the observed - production rates. This could suggest that all the
above photocatalyst properties did not alone pday a crucial role on the simultaneous Hi production and
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pollutant reduction. As mentioned in the literature, another possible factor that might affect d}g
photocatalytic activity of the metal-decorated TiOa is the work functions [51]. Theoretically, any metal-
decorated Ti0: that exhibits a large difference in the work function between the decorated metal NPs
and die parent TiOl can initiate a high Schotlky barrier at the decorated-metal and Ti0: interface [20],
causing an efficient ' - h. separation [51], which can prolong the lifetime of €' - h+ pairs and
consequently positively affect the photocatalytic activity. — our case, the relative work functions of Ni,
Au, Pd and Pt and T4Klare 0.8, 1.1, 14 and 15 eV, respectively. This indicates that die height of the
Schottky barrier formed at the Ti0.  face in the presence of die decorated metal NPs can be ranked ill
the order of P t/r™o > Pdi/T4M> AU[ITa(iu> Ni(/Tz00, which, surprisingly, is consistent with the trend of
Ha production. Thus, the work function of the decorated metal NPs may play a significant role on die
H2 production rate from biodiesel wastewater.
Figure 10.

3.3 Effectofthe amount ofdecorated Pd NPs on T4)

From the obtained results and considering the economic viewpoint Lbwell as the photocatalytic
activity, the Pd|/T4 photocatalyst was selected for further study because Pd is cheaper than Pt, yet
Pd)/T00 gave almost the same photocatalytic activity for Ha production as PtifT.«o. The minimization
ol'die use of expensive noble metals would be a key priority for any industrial scale pholocatalyst. To
achieve a high H. production rate simultaneously with pollutant reduction, the effects of varying die
amount (1-4 %) of decorated Pd NPs on Taoo was evaluated. Figure 2(b) displayed the XR[) patterns
of the prepared Pd,/T4 photocatalysts. It was evident diat the main diffraction peaks of the Pd./r4,
photocatalysts still appeared at the position of both the anatase and rutile phase structures, suggesting
that all the Pd/r« photocatalysts were in the mixed anatase-rutile phase. Increasing the Pd NPs
content on die surface of Tsoo did not significantly affect die anatase fraction and crystallinity of tie
parent substrate, but rather were all nearly similar at 0.8244-0.8371 and 37.0-38.7 nm, respectively,
(Table 2).
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The N: physisorption isotherms of the Pd/T-nw photocatalysts still exhibited type IV isothem:!s]
with hysteresis loops at a high relative pressure and pore sizes distributed in a narrow range of 2-7 M
(data not shown). Their BET surface areas decreased as the Pd NPs content increased (Table 2), which
was attributed to the agglomeration of Pd NPs at a high Pd content, as supported by the TEM analysis
(Figure 12).

Figure 11.

With respect to the optica] Spectra of the Pd./"o0 photocatalysts, shown in Figure 6 (b), they
possessed an absorption ability ill both the uv (A < 400 nm) and visible light regions (A> 400 nmj.
'the normalized absorbance increased slightly with increasing Pd NPs content from 10 to 4.0 wt%,
probably due to the LSPR effect of the decorated Pd NPs. However, the Tauc” plots (inset of Figure
() and Table 2) revealed that increasing the decorated Pd NPs content slightly decreased the B
energy value, which was because the decorated Pd NPs can induce the formation of the Ti* defect
structure, which can alter the principle electronic state position of the 02 valence orbital and the
localized band bending of the 02p valence hand edge maximum [52]. Figure 7(b) demansuates the PL
spectra of the Pd/T a0 photocatalysts, where they displayed an almost flat PL spectra indicating a low
rate of ¢' - h+ recombination compared with the parent Tam photocatalyst. Thus, a Pd content in the
range of 1-4 wt.% had no significant effect on the e* - h* recombination rate.

The pollutant reduction and H> production from biodiesel wastewater by the Pd./Tiug
photocatalysts, using the 3.3-fold diluted acid-pretreated biodiesel wastewater at an initial pH of 3.10,
catalyst loading of 4 g/L, light intensity of 5.93 mw/cmz2and reaction time of 4 h, are displayed in
Figure 12. All the Pdf/Tjuo photocatalysts provided broadly similar COD, BOD and oil & grease
reduction levels from the biodiesel wastewater at 22.7 - 30.2%, 62.8 - 73.7% and 334 - 57.9%,
respectively (Figure 12(a)). However, the different Pdt/Tiou photocatalysts gave different 2 production
rates from the same biodiesel wastewater (Figure 12(0)). That is, the H2 production rote was increased
from 110 to 135 mmul/h as the decorated Pd NPs content increased from 1to 3 wt% and then
decreased to 113 mmol/h at a Pd content of 4 wt%. It is believed that the decorated Pd can serve &
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election sink which can trap photogenerated e and reduce tile recombination of ¥ and e\ Moreove]ri,3
the number of Schoctky barriers at the interface of the decorated Pd and Tak{could be increased as the
Pd content increased between 1- 3 wt%, resulting in an increased photocalalytic activity [53j.
However, die higher (excess) Pd content of 4 wt.% induced the accumulation of Pd NPs on the surface
of paient Tao. preventing the light absorption capacity of the photocatalyst and scattering the incident
light and so resulting in less active  being generated to participate the photocatalytic reaction [54, 55,
In addition, a higher Pd content (4 wt%) than the optimum condition would serve as an €' - 4
recombination center leading to a decreased of Hz production rate. Another possible reason is the
isolation of the anatase-rutile crystallite in the presence of a high Pd content. As mentioned previously,
a high content of deposited metal (ex. Au)created a large quantity of hotspot sites, which suppressed die
photocatalytic activity by increasing the metal/rutile sites [56].
Figure 12

The propcitics of die hiodiesel wastewater after the photocatalytic process aie summarized in
Table 1. This resulted in an improvement in the biodiesel wastewater quality, as assessed from the
decreased level of all the evaluated wastewater parameters (COD, BOD, oil &grease, TDS and TSS).
However, some of them were still markedly higher than die acceptable values set by the Thai
Government fur discharge into the environment, especially the level of COD and TDS which were
around 49.6- and 2.7-fold, respectively, too high. Thus, re-treatment or another physic -chemical
process would be required.

Table 4 shows a comparison of the photocatalytic efficiency of the simultaneous H2 production
and pollutant reduction from this work compared to the two other reported works, This work provided
3.04-fold lower COD reduedon efficiency than a previous study using photocatalytic oxidation with
mesoporous TiO: [30]. However, the utilized biodiesel wastewater in this study had a higher level of
organic molecules, which can hinder die penetration of die incident light to the photocatalyst surface.
Nevertheless, this system can achieve an extremely high H: production rate than the other works that
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used acetic acid with  graphene-modified TiOj photocatalyst [31] or olive mill wastewater vvig?
mesopoxous Ti02[30].
Table 4,

4. Conclusion

The M.ITIO: photocatalysts prepared via sol-immobilization were used to produce H2
simultaneously with pollutant reduction from biodiesel wastewater at an ambient atmosphere. The
different types of decorated metal NPs (Ni, Au, Pt and Pd) anil the amount of Pel NPs (1 - 4 wt“/o) did
not significantly affected the pollutant reduction level, as monitored in terms of the COD, BOD and oil
& grease levels, but significantly affected the rate of H2production. The difference in die work function
between the decorated metal NPs and parent Ti02had a seemingly more important effect on tile rate of
H2production than tile BET surface area, size of decorated metal NPs, Eft or the defective structure of
tile M/Ti02 photoeatalysts. Considering die economic point of view as well as the photocatalytic
activity, the Pd2Ti02 photocauilyst was recommended as an appropriate photocatalyst for the
simultaneous Hi production and pollutant reduction from real biodiesel wastewater, which can achieve
a high rate of H2 production (up to 135 mniol/h) with a COD, BOD and oil & grease reduction of 30.3,
73.7and 58.0 %, respectively.
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Table L Properties of the biodiesel wastewater.

Property Thai Raw biodiesel  Pretreaied biodiesel
standard wastewater wastewatei1
pH 55-9.0 471 40,01 2.32* 001
Soap (wt.%) 62.9210.24 36.02+ 100
FFA (Wt%) 098 +0.18 7644010
COD (mglL) M) 8621744206 80,142+ 1300
BOD (mglL) X 646+ 79 18392
Qil & grease (mglL) £E5 739t 145 365160
TDS (mglL) 3000 1625241608  2v27e 3620
TSS 515 152+ 18 1,388 263

IPretreated by acidification with HjSOi to apH of around 25

27

Treated biodiesel
wastewater*
32810 07
11.030.09
2214001

19,856 4,189
6.0+4.0
84t 16
79% + 8
0+ 249

{i Treated by photocataiytic reaction with TiOf dosage of 4.0 g/L, uv  light intensity of 5.93 mWicm* and

irradiation time of 4 h
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Table 2. Properties of the parent Tao and M/TaHphotocatalysts.
Photocatalyst ~ Anatasc  TiO; crystallite ~ Metal loading ~ BET surface

fraction® size (WL %) (1)
(r)
0.8383 d 88.87
Nil' 1400 8352 35.2 0924007 s
Au,/TAD 0.8377 313 116+ U13 5.3
Pti'Tioo 8363 311 1.06: .4 8N
PdjiT*» 8371 313 092+ 0.07 76.90
Pdj/Tiuo 0.8313 310 2.090.12 70.00
P Tix> 0.8282 319 2941015 64.90

l'dv'14D0 0.8244 37 4.0540.21 62.73

Size of decorated
metal NPs

(%

15515.87
6.52£39%3
5.66+2.10
12,341 491
13.79+ 453
15.681 6.93
16.691 5.87

28

()

332
308
3.06
308
3.06
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Tuble 3. Defective structure and chemical states content of the decorated metul NPs of the parent

Tioo und M/Tayp photocatalysts.

Chemical state of decoruted mewl NPs (%)

Photocatulyst T
M" M M"
Tav 0.0919 - - .
Ni/Taoo 0.0904 548 94.52 .
AU /T 0.0858 83.9% 16,02 .
Pty/Taoy 0.0872 63,19 19.26 17.55
PdiTaon 0.1270 81.76 18.24 .

Table 4. Photocatalytic efficiency, in terms of the simultaneous 2 production and pollutant reduction from wastewater.
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E ffect ofparameters on simultaneous 2production and biodiesel

wastewater remediation by photocatalytic oxidation via TiCh (P25)
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Abstract: Biodiesel wastewater is produced from the conventional hiodiesel process. In
Thailand, there are around 350,000 L.d"1of produced biodiesel, resulting in 70,000 L.d'1 of
generated wastewater. Wastewater treatment is required because the quality of wastewater
cannot completely pass the discharged water standard. This research was carried out to study
the effect of parameters on simultaneous Lb production and biodiesel wastewater remediation
by photocatalytic oxidation via TiCh- Commercial titanium dioxide (P25) was used in this
résearch. The Investigated parameters were catalyst loading (1-10 g.L'(lj) and dilution ratio (1:2-
1:200). The gas chromatography coupled with thermal conductivity detector (GC-TCD) was
_emi)loyed to ‘measure the amount of produced hydrogen gas. The parameters in wastewater
including the biological oxygen demand (BOD), chemical oxygen demand (CQD) and oil and
grease ( &G? weré monitoréd both before and after treatment process. The preliminary results
exhibited that the condition with catalyst loading of 4 g.L'Land dilution ratio of 1:3.3"showed
the amount of Eroduced hydro%en 7%as 0f42.6 pmol.h'Tand the percent removal of BOD, COD
and 0&G 0f 86.21, 35.91 "and 84.78, respectively.

1. Introduction _ _ soaps and organic impurities.1 These
Nowadays, the world faces with an oil components lead to the high content of
depletion situation since the demandm? IS COD and 0&G.2 Therefore, discharging
much more than the petroleum-hased fuel raw hiodiesel wastewater into the public
production.  Biodiesel as . known &S Sewerage system is unacceptable,

alternative_bio-fuel has received a great
attention since it is the only one alternative
fuel that can be used for diesel engine.
Typically, the alkali-transesterification
process of oil feedstock, such as palm oi
can produce biodiesel, The production of
biodiesel consists of five steps which are
transesterification reaction, the separation
of ester phase. from methanol/glycero
phase, wet washing of the ester phase, the
separation ofbiodiesel from wastewater and
drying, of biodiesel.1 The washing step is
normally repeated two to five time
de_Pendmg on the impurities of methyl ester,
with about 20 - 120°L of wastewatér bein

?enerat_ed per 100 L of produced biogiesel.

n Thailand, there are more than 350,000
L.d'1 of produced biodiesel resultmq n
about 70,000 L.d"1of biodiesel wastewater.3
The components_of biodiesel wastewater
are the residual oil, remained catalyst, salts,

Session; Environmental Chemistry; EN-P-008

There are Several processes which can be
applied for biodiesel wastewater treatment:
for instances; physico-chemical treatments
electrochemical ~  treatment,  coupled
chemical and electrochemical treatment
advanced  oxidation technolo?ws and
biological treatment.1 Every of treatments
have™ different advantades and can
efficiently perform with different kind of
wastewater. Many of researchers, have
found that the advance oxidation
technologies are capable of researching on
simultangous Lb "production with "the
degradation of organic pollutants by taking
advantages of the photocatalrsls. ICh haS
introduced as a photocatalytic material
because . of its long-term  stability,
nontoxmlt){, and low cost4

The crxsta structures of TiCh appear to be
main three poIYmorphs with differences in
both the crystallographic structures and
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band gap energies. Rutile has tetragonal
structure with band gbaln energy of3.0 eV, 4y
51t is the most stable one while has the
poorest photocatalytic stab|ll(tjy since It is a
direct band gap” semiconductor which
allows fast &" - n+ recombination. 3 Anatase
has tetragonal structure with band gap
energy Of 32 eV4' 5 It has _(‘;oo,d
photocatalytic activities because 1t is
Indirect “band  gap  semiconductor.33
Brookite has orthorhombic structure with
band gap energy of 3.3 eV.6According to a
good Tesponding to ultra-violet region of
futile and a better Rhotocatalync, activity of
anatase, mixed. phase TiCh™ might be” an
opportunity to mvestqate_ the capability of
simultaneous . evolution with organic
pollutant degradation. A commercial mixed
Rhase (P25) was then applied since it has
igh photocatalytic activity and is an inert
material8
This work aimed to apply P25 on
simultaneous_ . production with biodiesel
wastewater. The exBenment was performed
N 200 ML aerated %/rex reactor under u v
light for 4 h. The effect of catalyst loading
and dilution ratio were carried o,

2. Materials and Methods

2.1 Chemicals

The commercial TiCh (P25) (>99.5 Wﬁ? Was

purchased from  Sigma-Aldrich. H.SO.

Q8%) vtvas obtained from Quality Chemical
eagent.

2.2 Pretreatment of biodiesel wastewater
The biodiesel wastewater was obtained
from the biodiesel industry which has used-
vegetable, oil as a feedstock in alkali-
transesterification process to. produce
biodiesel. To get rid of residual oil,
acidification ~ Was f|rstIY applied.
Concentrated H.SO. was caretully dropped
into the biodiesel wastewater until pH value
was equal or less than two. The solution was
separated into two distinctive Iagers. The
upper layer was removed Dby slow
decantation. Secondly, the lower layer was
suctioned and stored at 4 -

Session: Environmental Chemistry: EN-P-008
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2.2 Characterization

Powder X-ray diffraction patterns ((jXRD)
were recordéd on Bruker D8 Advance
diffractometer equipped. with Cu K a
radiation. Anatase and rutile crystallite sizes
were calculatm? bY Debye-Scherrer
equation. The anatase B 01) reflection at 20
= 25.3° and lutile (11 2 reflection at 20 =
21.4° were utilized" in the e(1uat|on.53 The
anataserrutile ratios was calculated by Spun-
equation.7  UV-Visible  absorbance
spectrum was collected over the wavelength
range of 200 —800 nm on a Shimadzu UV-
2600 spectrophotometer  fitted _ with
integrated  sphere  attachments, BaSC>
powder was used as a standard. The
reflectance spectrum was then converted to
Kubelka-Munk functlon.4b8Nzladsor[)non-
desorption isotherm was detennined at 77 K
using Autosorb-1_analyzer. According to
the = Branauer-Emmett-Teller T)
method, the sPecmc surface area (SSA,
nr.g') . was then computed using N.
adsorption  data. The " micropore” and
macro?ore volumes were calculated by
Barrett-Joyner-Halenda (BJH) method.

2.3 Photocatalytic activity

The catalyst performance on simultaneous
H. production and wastewater treatment
was performed at room temperature in 200
mL agrated Pyrex reactor under a 120
UV high Fressure mercury lamp (RUV 533
BC, Holland).9 The reactor was placed
inside the . v ‘protected box: 0.68 m x 0.68
m X 0.78 m that has the . » lamp placed on
top. Then, the photocatalytic reactor was
flushed by Ar gas with constant flow rate of
500 mL/min for an hour. After the reactor
was illuminated by the « v light for 4 h, 1)
the photo-?enerated gas was Tlushed with
the same flow rate into a gas bag.. The
photo-?enerated, 0as was quantitatively
characterized using a Shimadzu GC 2014
coupled with thermal conductivity detector
and molecular sieve 5A column,

212



Table 1. Chemical and physical properties of biodiesel wastewater

Index Tglaiestandard
valu
%{ochemical Oxygen Demand, BOD5 (mgL" <60

hemical Oxygen Demand, COD (mg.L' <400
ygen (mgL) S

Ol & grease {img.L')

To quantify H. evolved, the external
calibration curve of peak area versus moles
of H. was applied.33 The liquid phase was
then measured using these three parameters:
COD, BOD and 0&G. The measurements
were followed the standard method for the
examination of water and wastewater.1l

3. Results & Discussion

3.1 Property of biodiesel wastewater
According to Thai standard value of
discharged wastewater, it was found that
none of the fresh biodiesel wastewater
properties listed in Table 1 can pass the
standard.T7 Nevertheless, the acidification
%retreatment had an influence on reducing

0D, COD and O&G. (see Table 1)

3.2 Catalyst characterization. .

The calculated phase, crystallite sizes and
anatase:rutile phase were presented in Table
2. The results were in accordance with a
previous research.13 The band gap energies
Were obtained from drame tangent line on
the curve of (hv - (ahv)2). It was created by
plotting (ahv)2 versus photon energy (hv)
Wwhich is shown in Figure L P25 hand gap
energy was also in" agreement with a
previous research.4

3.3 Effect of catalyst loading
Since pure biodiesel wastewater could not

be used to produce H., the diluted biodiesel
wastewater was then applied. The amount
of P25 range 0.5- 10¢.L"1was studied. 100
mL of 1:200 dilution ratio was placed in the
reactor. The photocatalytic reaction was
then performed for 4 h. It was found that
with catalyst loading of 4 ¢.L'l the
maximum amount of H. evolution rate was
114 pmol.n"Land the percent removal of
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Pretreated biodiesel
wastewater
124,000-238,500  42,000-92,000

Fresh biodiesel
wastewater

118,220- 146878  60.815-96,600

464 - 710 120 -349
BOD, COD and 0&G of 21.9, 28.3 and
75.2, respectively as shown in Figure 2,
When increasing the amount of P25 until 4
?.L'l the amount of H. evolution rate was
Ikely increased along with the removal
efficiencies of all three parameters. Then,
all of them were declined. It is presumably
dug to the aggilomeration of catalysts.
Besides, the catalysts tended to be collided
because there were so many of them in a
confine space.
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Figure 1. Tauc plot and UV-Visible
absorbance (inset) of P25

3.4 Effect of dilution ratio

A 0.0 gL"L0f p25 Was utilized to stuay
dilution ratio range 12 —1:200. 100 ML 0f
each dilution ratio was placed in the reactor
and then illuminated . v light for  h. At
dilution ratio of -5, - evolution rate was
43 pmol.h*1 and the percent removal of
BOD, COD and O&G 0f 6.2, 35.9 and es,
respectively as shown in Fi?ure 5. Even
though, the highest amount of . evolution
rate was 114 pmol.n"1at the dilution ratio of
1200, TNe removal efficiency was poorer
than the dilution ratio of 1.3,
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Table 2. Summarized of structural and optical properties P25

Catalysts  Phage and Crystallize size  Anatase:rutile
nm

ratlo
P25 LA, B R) 85:15

H, evolution rate (umol.h)
o 3 5 8 8 8 8B

Poliutant removal (%)

oB¥ESEEIBEE

" oamomt a(gl)

Fi_?#re 2. Photocatal tic_activi%y of P25
with varying catalyst foading (0.5-10 g.L")
on %1) Hz evolution rate (b) The removal of
BOD, COD and 0&G

It revealed that with the same amount of
catalyst, the more biodiesel wastewater was
diluted, the more H. was generated. It might
come from the fact that diluted solution has
less organic pollutant. The steric effect that
can cause the ability of reactants to absorb
on the surface of catalyst is less. Thus, the
organic pollutant can scavenge hole easily.
Besides, pH also had an influence. The
pHpze of Ti02 is 5.8-6.0,6 while pH of the
diluted ratio of 1.0, 1:2, 1:25, 1:3.3, L5.0,
1:10 and 1:200 were around 2.4, 2.5, 2.5,
2.5, 26, 27 and 3.2. At acidic solution
(PH<5), the charges on TiCfr surface are
positive charged whereas at basic solution,
are negative charged.6 Therefore, at dilution
ratio of 1200, it had less electrostatic
repulsion between reactants in solution and
TiCfr surface: meanwhile; the other dilution
ti:cnfsl\(/)vere more acidic except dilution ratio
of 1.10.
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Band gap BETarea vm  vne

B e

Furthermore, with diluted solution, the
removal efficiencies were improved which
it corresFonded with the previous research
which claimed that at dilution ratio of 15,
the percent removal of COD was increased
to 3.1, However, when the dilution ratio
was more than 133, the removal
efficiencies were fallen off, especially
0&G. It was the disadvantage of having
more basic solution of dilution ratio of 1:10
and 1:200. Acidity can helﬁ to create
flocculation of ail droplets. Thus, being a
little more of basicity could pull back the
removal of ail in the solution,
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Fi_g#re 3, Photocatalytic activity of P25
with varying dilution ratio (1:2—1:200) %)
Hz evolution rate (b) The removal of BOD,
COD and 0&G

According to the research work on Hz
evolution from glycerol and water of Arai
and co-workers, the H. evolution rate from
experimenting on uncalcined-Ti02 without
doping another _cz_italrst was around 3
Fmol.frl]O Surprisingly, -the evolved H.
rom iodiesel wastewater in this condition
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was higher than gI%ceroI and water for 14
times. Therefore, Th can be generated from
hiodiesel wastewater which is considered as
an industrial waste via photocatalytic
oxidation.

4, Conclusion

Both amount of used catalyst and dilution
ratio had influences on H. production and
wastewater remediation especially the latter
one. According to the research, catalyst
loading of4 g.L'Land dilution ratio of 1:3.3
provided the best condition for this
research. Even though the wastewater
properties (BOD, COD and 0&G) were not
passed Thai standards. Nevertheless,
photocatalytic oxidation not only can be
used to generate H., but to treat wastewater
which is relatively productive.
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Simultaneous H2production and pollutants degradation from biodiesel wastewater by
the photocatalytic oxidation via different crystal structures of Ti02
P. Pansa-Ngat, M. Hunsom*

Chulalongkorn University, Thailand

Currently, biodiesel is recognized as the alternative diesel fuel which can be used in a
compression-ignition such as diesel engines, either in the pure form or blended with Petroleu,m
diesel. It is a Safer/cleaner fuel than the fossil fuel-derived diesel hecause it has high flash point
and emits a low level of S02 hydrocarbons, particulates, polgcycllc aromatic hydrocarbons and
CQ. Actually, biodiesel can_bé made from variety renewable resources such as plant oils,
animal fats,"used cooking oil via the tranesterification with alcohol in the presence of basic or
acid catalyst. From this Brocess, approximately 20 L of wastewater is generated for ,everK 100 L
biodiesel produced. . 2015, more than 4.98"x 106 L/d of biodiesel was produced in Thailand,
|leading to'the formation of at least 966,000 L/day wastewater, This wastewater contains various
kinds of contaminants such as free fattY acids, “glycerol, methanol, water and soap. This work
was carried out to investigate the effect of the Crystal structures of Ti02 on the H2 production
efficiency simultaneously” with the pollutant rémoval from_biodiesel wastewater by the
photocatalytic oxidation. The gas chromatographg couigled with thermal conductivity detector
was employed to measure the amount of praduced H2 The parameters in wastewater including
the bl0|08I0a| oxygen demand (BOD), chemical oxygen demand (COD) and oil & grease were
monifored_both hefore and after the photocatalytic oxidation. The formation of reactive oxygen
species (ROS)ﬂ on the photocatalytic oxidatiori system was explored via the loss of specific
scaven?ers. The preliminary results exhibited that’simultaneous H2 production and the pollutant
removal cannqt achieve via a fresh biodiesel wastewater, but it proceeds well with a wastewater
with dilution of around 3.3 folds. The crystal structures of T102 affected the type and quantlt?/ of
generated ROS, which consequently affected importantly the rate of H2and pollutant removal.

Keywords: Photocatalytic oxidation, Titanium dioxide, Biodiesel wastewater, Hydrogen
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Photocatalytic Hydrogen Production with Simultaneous Biodiesel Wastewater
Treatment Using Metal Decorated Ti,.

Patsakol Prayoonpunratn®; Trin JedsukontomZ Mali Hunsom12
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|
2Center of Excellence on Petrochemical and Materials Technology, Chulalongkorn University,
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~Inafew decades, biodiesel has been widely used as an alternative energy. During the
biodiesel production, IarPe amount of wastewater is generated in wet washmﬁ process. Hence,
this work aims to treat the biodiesel wastewater sgmultaneouslr with the production of
hydrogen (H.) by the ]g_hotocatalytm oxidation using different metal nanoparticles (Au, Pt, Pd
and NI) decorated on TiCb photocatalysts FM/LOZJ prepared by sol immabilization method at
metal content of 1 wt%. The morpho o%/ and characteristics of all prepared M/TiCh
prhotocatalysts were characterized by XRD, SEM-EDX, and UV-vis absorption spectroscopy.
The photocatalétlc reaction was carfied out with a photocatalyst dosage 0f4.0 g/L, auV Ilﬂ]t
intensity of 5.93 mW/cm2and an irradiation time of 4 h at ambient temperature (~30°C). The
effect of metal type on the photocatalytic ﬁerformance was evaluated in terms of amount of
hydrogen production and the reduction of chemical oxyPen demand (COD), hiological oxygen
demand (BOD), and oil & greases (0&G). Among al }Jrepared photocatalysts, the Pt/Ti02
exhibited the highest_ . groducnon rate (114.78 mrol/h) and COD, BOD and 0&G were
removed by 24.98%, 78.78% and 54.35%, respectively.

TK(a/words: Hydrogen production; Biodiesel wastewater; Photo-oxidation; Metal-decorated
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Photocatalytic hydrogen production with simultaneous biodiesel

wastewater treatment using metal decorated TiC>
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Abstract:

~Inapast few decades, biodiesel has been widely used as an alternative energy. During
the biodiesel production, large amount of wastewater is generated in wet Washmg Process.

Hence, this work aims to treat the biodiesel wastewater simultaneous with the pro
Wdrogen (Ha(} by the &hotocatalytlc Process usin

) . photocatalysts (M/Ti02
metal content of 1 wt%. The morphologoyE

decorated on Ti

hotocatalysts were characterized by XRD,

3; different metal nanoparticles (

and characteristics of all
M-EDX, and UV-vis absorption spectroscopy.

uction of
cles (Au, Pt, Pd and
prepared by sol immobilization method at
prepared M/TiCh

he photocatalytic reaction for H. production rate and the reduction of chemical oxygen
demand (CODJ, biological oxygen demand (BOD), and oil & greases was carried out with a

ﬁhotocatalyst
at ambient temperature (~
the h|9hest H. Oproductwn rate (114.7¢
24.98%, 78.78% and s4.35%, respectively.

1. Introduction

~ Biodiesel energy is well-known as the
promising alternative fuels because of its
environmentally  friendly, complet.elx
combustion, lower SO. erission and h|%
energy  efficiency.L Biodiesel can be
produced commercially via a multi-step
process mcludm? (/5 transesterification
reaction hetween free fatty' acid (FFA) and
methanol, ¢ty separation” of the biodiesel
from.glycero and remained methanol, (///)
purification of the biodiesel by wet Washmg
process, and v elimination of remaine
water in the biodiesel.2The pollutant level of
wastewater from the biodiesel washing
process are chreater than the acceptable values
of industrial effluent standard n Thailand.
Therefore, the biodiesel wastewater s
required to treat before discharging into the
environment,
Recently, several processes have been

developed to treat the biodiesel wastewater
such as adsorption process, chemicall

repared

osage of 4.0 %/ Lu v light intensity of .93 mW/cm2and irradiation time of 4
il ol
.78 mmo

Bhotocatalysts the Pt/Ti02 exhibited
and COD, BOD and O&G were removed by

electrochemical process as well as the
advanced oxidation process. Among all
developed processes, one kind of advanced
oxidation ~ process known as the
photocatalytic process is more interesting due
to its potentially efficient and low-cost
method. In addition, it is not only treat the
wastewater but also simultaneously generate
H. . The catalysts used in the photocatalytic
reaction are various kinds of semiconductors
such as Bi2C3 TiC>., ZnO, CdS, TaNO, etc.
During the process, they can absorb the light
having the photon energy equal to or greater
than the band gap energy. The electron (ef
will be excited from the valence band to the
conduction band leaving behind the
photogenerated hole (/.4) in valence band.
The production of H. is occurred when the
conduction band edge potential is more
negatively than H+H. redox potential (0 V at



pH = 0), and the valence band edge potential
IS more positively than O./H.O redox
potential (1.23 Vat pH = 0), as shown in Eqgs.
(I)-(2).3 Besides, the n+can react with the
organic compounds in the wastewater for
treating process, as shown in Egs. (3)-(8).4

28"+ 2H+ —H, (1)
2h++H2 -» 1202 + 2tr (2
RCH.OH — 2H' + RCHX (3
RCH.0- + A=»RCH20* (4

RCH20* + R'CH20H -» RCH-OH +R’¢ HOH (5

R'¢ HOH+lv = H++ R’c HO*——>R’CHO (6
R'CHO+HO’ — [R'CHOOH] + H" (7
[R'CHOOH]'+ A+—R’H + C02 (8)

Currently, T.0. is widely used as
photocatalyst in the Ehotoqatalytm process
since it is less toxic, biological or chemical
inertness, and low cost. However, it still has
some drawbacks ownm(};] to its rapid e-f
recombination rate and the small fraction of
visible I|gbht absorption.  Modification of
TiC.. has been recently proposed in several
ways in order to address above-mentioned
problems. For example, Wahab et al.5
prolonged the charge carriers lifetime using
different phases of TiO? for H. production,
Eskandarloo et al.6improved the visible I|ﬁht
absorption by coupling TiCh with other
semiconductors ~ for  removal  of
Bhenazo%yndln_e. Patsoura et al.3 decorated

t onto TiC.. in order to retard the ' - h+
recombination rate for H. production and
azo-dye  degradation. Wang et al7
sxanthesued Bi2U3-Ti02 hetero-juntion as a
photocatalyst for enhancement methYI
orange photo-degradation. Pansa-Ngat et al.4
produced H. and treated biodiesel wastewater
simultaneously by using the co-presence of
anatase and rutile phases of TiCE.

This work Iintended to study the effect
of transition metal types decorated on TiC..
for the H. production from biodiesel

wastewater with simultaneous wastewater
treatment.

)
)
)
)
)
)

2. Materials and Methods
2.1 Photocatalyst preparation

~ The utilized TiC.. (Degussa P25,
Sigma Aldrich) was initially thermal treated
in air at 400-c for 3 h. The metals including
Au, Pt, Pd and Ni were decorated on the
treated T.0. by sol immobilization method
using NaBH. as the reducing agent at metal
content of Iwt%. To prepare AuTIC>.,
0.0399 § 0f tetrachloroauric acid trihydrate
(HAUCI. . H.0,  Sigma  Aldrich) ~ were
dispersed in 20 mL deionized water at room
te_mEerature._ Meanwhile, 1.98 g of treated
TICE was dispersed in 20 mL of deionized
water under the St|rl|n? rate oo rpm. Then, 1
mL of polyvinyl alcohol (PVA, Sigma
Aldrich) was added in order to prevent
agglomeration of metal. After that, the metal
precursor was slowly added and followed by
slowly dropping of 20 mL NaBH. (Loba
Chemle). The suspension was continuously
stirred for 24 h and then the resulting solid
was obtained hy vacuum filtration and
washed with deionized water for several
times until chloride ions were not detected in
the washed water which can be tested by
AgS04. The obtained solid was dried in air at
esec for & N Finally, the Au/TiCh
photocatalyst was activated by heat and
chemical treatments under N. flow at sso-c
for 3 h and H. flow at sso-c for 3 h,
respectively.§

The similar procedure was repeated to
prepare PY/TiCh, Pd/TiCE and NifTiCE but
using 0.0531 g of chloroplatinic acid
hexahydrate ~ (H2PtCI6'6H20,  Sigma
Aldrich), 0.0340 g of palladium chloride
(PdCh, Sigma Aldrich) and 0.0835 g of
nickel chloride hexahydrate (NiCb'6H20,
Sigma  Aldrich) as ~catalyst precursor,
respectively.

2.2 Photocatalyst characterization

X-ray diffraction (XRD) npatterns
were obtained from a D8 DISCOVER X-ray



diffractometer (Bruker) with scan rate of
0.02° per step and scan range 29 = 10-90°.
The contents of decorated metal on TiU.
Wwere .mvesn?ated by JEOL JSM 6610LV
scanning  electron  microscope  (SEM)
egulg)g)ed with an energy-dispersive X-ray
(EDX) detector. The UV-vis absorbance
spectra were analyzed over the wavelength
range of 320-800 nm at room temperature on
a  Perkin  Elmer  Lambda 950
spectrophotometer.

2.3 Photocatalytic . production with
simultaneous wastewater treatment

The biodiesel wastewater collected
from the Bangchak Corporation (Thailand)
Public Company was primarily treated by
sulfuric acid (H.SO.; Qrec) to pH around 1-2
in order to remove some contammants_bx
separation into 2 phases. The water-ric
bottom layer called the pretreated biodiesel
wastewater was slowly decanted from the oil-
rich top layer. The photocatalytic H.
production with simultaneous wastewater
treatment was carried out in a closed Pyrex
glass photoreactor with stopped valves and
on top quartz window. 150 mL of pretreated
wastewater with diluted 3.3-fold was filled in
a photoreactor and put in the middle ofa UV-
protected hox. A 120- uv high-pressure
mercury lamp (RUV 533 BC) was used as the
light source. The argon gas (Linde) was
flushed at constant flow rate of 400 mL/min
for an hour before the photocatalytic reaction
was illuminated under the condition of a
photocatalyst dosage of 4.0 g/L, uv light
Intensity of 5.93 mW/cm2, reaction time of 4
hand constant stirring rate 0f 400 rpm.4 The

Table 1. Properties of the biodiesel wastewater.

H. evolution rate was evaluated by %as
chrqmatograp_hﬁ (Shimadzu  GC2014)
equipped  with @ thermal  conductivity
detector and molecular sieve 5A packed
column. The properties of wastewater were
analﬁzed in terms of the removal percentage
of the chemical oxygen demand (COD),
biological oxygen demand (BOD), and oil &
grease , according to the standard method.9

3. Results & Discussion
3.1 Properties of biodiesel wastewater

The fresh  biodiesel ~wastewater
showed a weak acid (pH ~ 4.71? and high
COD, BOD and oil & grease level of around
86217, 684 and 773 mglL, respectwelﬁ, due
to high content of glycerol, methanol,
soap/catalyst and the remained free fatt
acids (FFAs).0The COD, BOD and oil ¢
grease level were slightly reduced after acidic
pretreatment by H.SO.. However, it still
exhibited a higher COD, BOD and oil &
grease level than the acceptable standard as
shown in Table L

3.2 Characterization of M/Ti02

The XRD patterns of TiC.. and
M/DO. photocatalysts are shown in Figure 1
Both Ti02 and MITICE exhibited the main
characteristic peaks of anatase (101) phase at
25.3° and rutile (110) phase at 27.4°. The
anatase fraction and crystallite size of parent
TiC. and as-prepared M/Ti02 ~ were
calculated by the Spurr’s equation and the
Scherrer’s equation as shown in Table 2. It
showed that the all M/TICE exhibited almost
similar anatase content in comparison with

Property Thai standard ~ Fresh wastewater V\%settg&a;%grl wagg\%g?ern
D 5.5:9.0 4.71 40,01 2.32 +0.01 328+0.13
COD (mg/L <400 86,217 4,206 80,142 + 1,300 19,335 44,940
. BOD (mg/L "<60 684 * 12 ATEYH 26.£2(
Oil & Grease (m?/L) o 713+ 112 365+ 60 218 1 48
aBiodiesel wastewater pretreated by sulfuric acid.

tBiodiesel wastewater with 3.3-fold dilution treated by the photocatalytic reaction via P/TiCs
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Fi%me 1. XRD npatterns of the TiU. and
MITiU. (M = Au, Pd, Pt and Ni)
photocatalysts.

the parent TiCb su ?estmg that the decorated
metal did not mo |B/the phase composition
of TIC>.. The Au, Pt, Pd or Ni diffraction
peaks were not found in the XRD_Pattern of
AulTiCb, Pt/T02 Pd/TiCh and Ni/Ti02 due
to the fact that the small metal content was
decorated, or it might be incorporated into the
TiO: lattice. _

The entire quantity of decorated
metals on the TiU. was detected via the SEM-
EDX. As shown in Table 2, the actual metal
content onto the TiC.. was around 1.0 wt.%,
which was near the set value. .

Figure 2(a) shows the UV-visible
absorption spectra of M/TIC... ghotocatalysts
over a wavelength of 320-820 nm. "All
photocatalysts were able to absorb I|8ht at the
wavelength ~ lower than 400 nm,
corresponding to the u v light region. Under
the visible light region (X'> 400 nm), the
AUTIC>., PUTIC.. and the Pd/TiC.. showed

— TiO

— AWTIO,
PUTIO,
PA/TiO,
NVTiO,

0.8 A

0.6

0.4 A

320 120 $20 620

Wavelength (nm)

_— TiO:
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Photon Energy (eV)

Figure 2. (a) UV-vis spectra and (b
plot of the TiC.. and MITIC.. (M = A

and Ni) photocatalysts.

intense  hoard absogonon band, suggesting
that the Au, Pt and Pd metal can improve the
visible light absorlonon of TiC.. due to the
localized Surface plasmon resonance effect
(LSPR) in ~ the metal nanoparticles
structure.8  Tauc’s PlOt' of MIIC.
photocatalysts are reported in Figure 2(b). It
was plotted (ahvy1against the photon energy

Tauc’s

21, Pt, Pd

Table 2. Profpertles of the photocatalysts. o _
phoTtgggtglyst Anatasg Content Crystalllt% size ACtl(J&| I(t)e;dmg Ban(% ap %ergy

_ 0 nm owt.)c 8

Ti02. 83 (363 : 3.32
AUTION 8317 3.3 116 3.04
e 83.63 31 106 3.10
Pd[Tioi 8371 3.3 0.92 3.06
NI/Ti02 83.52 3.2 0.92 312

“Calculated from the Spurr’s equation,
tCalculated from the Scherrer’s equation.
crrom SEM-EDX
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Figure 3. (a) - production and (b) Pollutant removal level using M/TiOz photocatalysts at
3.3:fold dilution biodiesel wastewater, a photocatalyst dosage of4.0 g'L, V light intensity of
5.93 mW/cm2, irradiation time 4 h and a constant stirring rate of 400 rpm.

(hv), ..where a is the optical absorption
coefficient determined from the obtained
ahsorbance, hv is the energy of the incident
photons and is the nature of the electronic
transition (equal to .. for direct band gap of
TiC.. in anatase-rutile mixture phase). The
band gap energy (Eg) values were obtained by
drawing the tangent line to the x-axis and the
obtained values are shown in Table 2. The
decorated metal on TiOz slightly decreased
the Eg values, resulting from the incorporated
metal into the TiU. lattice leading to
transition of the electronic energy level.

3,3 Bh production with simultaneous
wastewater treatment

The H. production with simultaneous
wastewater treatment via the different

M/T.O. photocatalysts were studied as
shown in Figure 3. It can be seen that the
photocatalytic activity for . production was
ranked in order Pt/TiC..> Pd/Ti02 > Au/TiCh
> Ni/Ti02 > TiC.. with the H. production rate
of 114,78, 109.45, 40.57, 21.08 and 1.72
mmol/h, respectively. As expected, the
decoration of metals increased the
photocatalytic activity due to their serving as
electron sinks and then suppressing an e-JE
recombination. The Pt/TIOIl exhibited the
highest H. production rate due to its highest
work function. The work function of Pt equal
to 5.7 eV, while Pd, Au, Ni and TiC.. are
values of 56, 53, 502 and 42 eV,
respectively. Il The metal nanoparticles with
a higher relative work function than TiC.. can
form higher Schottky barriers, therefore



decreasing an e'-h+ recombination and
stimulating the photocatalytic activities for

. production. In term of wastewater
treatment, the percentage removal of COD,
BOD and oil & grease level was displayed in
Figure 3(b). Unfortunately, the M/T.0. seem
not to be significantly affected on the
pollutant ~ degradation  in  biodiesel
wastewater. It might be explained that the
transition metal can catalyze the organic
radicals to form the other organic molecules
which were accounted to the COD, BOD and
oil & grease level.12 Accordingly, the COD,
BOD and oil & grease removal on Pt/Ti02
was around 24.98%, 78.78% and 54.35%,
respectively.

4. Conclusion

The effect of decorated metal types
on Ti02 photocatalyst was investigated in the
application  of ~ . production with
simultaneous biodiesel wastewater treatment.
The decorated metal can significantly
improve the photocatalytic activity of TiC..
measured in terms of H. production but
affected insignificantly ~ the treatment
efficiency of biodiesel wastewater. PTICE
exhibited the highest . production rate
(114,78 mmol/h) from 3.3-fold diluted
biodiesel wastewater with the percentage
removal of COD, BOD and oil & grease
around 24.98%, 78.78% and 54.35%,
respectively.
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