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Experimental devices
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Cooli ket
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Figure 1:  Sol gel Synthesis of TiO, nanoparticles

a Figure 3: Shaker device

Figure 2:  Scanning probe microscopic analysis (SPM)

Phororeactor
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First: Synthesis
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Synthesis of TiO, nanostructures by sol-gel method

[ TiCl, ]
Dropwise under continuous stirrer

10 25
ml ml
C,H,OH C,H,OH C,H,OH C,H.OH
100ml 100ml 100ml 50ml
VoL % =1:10 1:4 3:10 1:2

yellow suspension solutions |
] [

Drying at 85 °Cin an oven
for1S5 h

TiOzT)gwder
Grinding, dividing and
Heat treatment for 2h at

TiO, nanostructures

TiCl, + C,H,0H — Ti(OC,H;), + 4HCI

Volatile of

Hydrocarbon [ A (200-800)°C]
Compounds

TiO, Nanostructures

Figure 6: Detailed schematic representation
@ for experimental procedure.

Figure 7: Schematic diagram for experimental
procedure.
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Other route to Synthesis of TiO, nanoparticles by sol gel.

10ml Ticl, 10ml H,O

Evaporation

N

50ml H,O

dropwise

Aging
50mL Resulting Fine white d
I / solution suspended 7 days
sopropano. Ti(OC3H7), H of TiO, (
3 = white White
85°C for 4 h (Digestion) suspended Precipitate
: of Tio, of Tio,
Nanopowder - Wet Powder Filtration
of 1105 Drying at 110 °C for 24 h of TiO, Washing with D. y

Figure 8: Schematic diagram of experimental procedure for preparation of TiO,-NPs.
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Synthesis of ZnO nanoparticles in the first route

Zn(OH), + 2H,O —> [Zn(OH) J*+ 2H* — 3H,O + ZnO

ZnSO,7H,0 | ZnS0O,7H,0 : NaOH Filtration, Washing with D.I
Solution 50ml Molar% = 1:4 —_

ek Drying at
50 °C for 4 hours,

Grinding.

Continuous stirring White ZnO
15min (mixing) product nanoparticles

(5)

Figure 9: Schematic diagram of experimental procedure for preparation of ZnO-NPs by
using the first direct precipitation method.
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Synthesis of ZnO nanoparticles in the second routes

Zn(CH;COO),.2H,O + 2NaOH — Zn(OH),+ 2H,O + 2CH,COONa
Zn(OH), + 2H,O — 3H.,O + ZnO

Zn({CH;CO00),.2H,0 : NaOH
Molar % = 1:4

Filtration, Washing with D.I

Drying at
50 °C for 4 hours,
Grinding.

ZnO
product nanoparticles

Continuous stirring White
15 min (mixing)

Eﬂeat stirreg.
Figure 10: Schematic diagram of experimental procedure for preparation of ZnO-NPs by
@ using the second direct precipitation method.




Second : Characterizations

1-XRD
2-SPM
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Figures 11 to 14: XRD pattern of the synthesized TiO,-NPs with calcination temperatures between 200°C-800°C
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Characterization of commercially and synthesized TiO,
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0 ——Ti02 synthesized(TiCl4+Isopropanol) 0
——TiO2 Hombikat
50 50

—— Ti02 synthesized(TiCI4+ETOH)

0 0
Figure 15: XRD patterns for the optimum TiO,-NPs produced from both sol gel
method with reference TiO, (Hombikat UV100).
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Figure 16: The comparison of XRD patterns of the ZnO-NPs resulted by the
precipitation method in two different routes with the reference ZnO (Merck).
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Figures 26 to 29: SPM images of the synthesized TiO,-NPs and ZnO-NPs using second sol gel and direct precipitation

method compared with references.
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Table 1: Comparison between average crystallite size and particle size calculated according to XRD and SPM techniques for the prepared
TiO,-NPs in the first sol gel method

No. of TiO,-NPs V/V(TiCl;:EtOH) Calcination temperature /°C Average crystal size /nm Average particle size/nm
1 1:2 800 56.52 137.36
2 1:4 800 7.68 164.66
3 1:10 800 65.24 98.32
4 1:10 500 19.02
5 1:10 700 46.17
6 1:3 800 56.45 127.48
7 1:3 600 62.41
8 1:4 500 32.73
9 1:2 400 16.11
10 1:3 700 42.67
11 1:2 700 70.02
12 1:4 700 43.14
13 1:4 600 151.40
14 1:2 600 24.78
15 1:10 300 12.90
16 1:10 200 8.48 64.73
17 1:2 500 27.93
18 1:3 400 15.94
19 1:10 600 164.76

20 1:3 500 24.13
21 1:2 300 6.38
22 1:3 200 7.68 164.66
23 1:4 200 9.97 123.54
24 1:4 300 14.47
25 1:10 400 19.00
26 1:3 300 12.01
1:4 400 27.03
1:2 200 6.23 123.54

NN
[e<IERN]



Third : Applications

1-Adsorption
2-Photocatalytic Activity
3-Combining Effect
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1-Adsorption



AV. ‘\‘-‘- 7 ﬁ:‘» ‘ \-- : : /- .. ” )) ' ' I | («
CRSrTy 'a S

Calibration curve of dye in different absorption positions
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Figure 31:Calibration curve at different concentrations of 277
and 597 nm for RB 5.

Figure 32:UV-Vis spectra of different concentrations of RB 5.
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Figure 33:Chemical Structure of RB 5
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Figure 38: Effect of dose on removal percentage of RB 5. Figure 39: Effect of pH on adsorption of RB 5 solution.
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Figure 40: Effect of temperature on adsorption of RB 5 solution.
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Figure 41: Adsorption isotherm of RB 5 dye in presence of TiO,-NPs.
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Figure 42: Langmuir isotherm.

Figure 43: Freundlich isotherm.
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Table 2: Adsorption constants of Langmuir and Freundlich.

Isotherm parameters for RB 5 adsorption on TiO,-NPs

Isotherm Parameters Values
Langmuir Q. (mg/g) 37.453
K, (L/mg) 1.1810

R2 0.9724

Frendlich Ky 2.2190
n 0.8009

R2 0.9578
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Lagergren in different concentrations Pseudo second order at different concentrations
2 215
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s | 08 (4, q)=log 9.~ K, = 035 |
m 30 ppm
5 . . . . . . 0.15 . . . . . .
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
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Figure 44: Pseudo first-order kinetic model. Figure 45: Pseudo second-order kinetic model.
Intra particle diffusion at different concentration
65
60 - 80ppm
q7k; 1" +C oo PP
55 - x 70ppm
~ 50 -
B 4 x 60ppm
& 35 - m 40ppm
30 - ¢ 30ppm
25 A
20 T T T T T
2.5 3.5 4.5 5.5 6.5 7.5
t1/2 (min1/2)

Figure 46: Intra particle diffusion model.
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Table 3: Adsorption parameters for RB 5 adsorption on TiO,-NPs.

C, (ppm) Pseudo first order model

q., exp (mg/g) q,, cal (mg/g) K, min-1 R2 S.D%
30 16.8695 0.5828 0.0240 0.9754 7.529
40 22.4347 0.6609 0.0260 0.9918 10.020
50 27.3788 0.6704 0.0280 0.9642 12.233
60 31.3292 0.6679 0.0320 0.9888 14.001
70 33.7639 0.9855 0.0440 0.9784 15.087
80 36.6708 0.6855 0.0550 0.9724 16.391
C, (ppm) Pseudo second order model

A exp (Mmg/g) de, cal (mg/g) K, g/mg min R2 S.D%
30 16.8695 30.7692 0.0132 0.9989 6.729
40 22.4347 42.7350 0.0041 0.9951 2.181
50 27.3788 54.3478 0.0019 0.9863 11.356
60 31.3292 62.5000 0.0013 0.9792 13.119
70 33.7639 68.0272 0.0011 0.9704 14.199
80 36.6708 70.9219 0.0012 0.9720 15.535
Cs (Ppm) Intra particle diffusion model

Q.- exp (Mmg/g) C (mg/g) Kia 8/mg minl/? R2 S.D%
30 16.8695 23.0690 0.8879 0.8629 6.933
40 22.4348 22.9300 2.1929 0.8962 9.576
50 27.3789 19.5110 3.6157 0.9317 11.926
60 31.3292 18.8080 4.4369 0.9362 13.742
70 33.7639 17.2540 5.0252 0.9379 14.871
80 36.6708 14.1950 6.1106 0.9979 16.227



o € 7/

Srry o ®

,sb

>N

Adsorption Thermodynamics
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Figure 47: The plot of In kad versus 1/T for the determination of thermodynamic parameters.

Table 4: Thermodynamic parameters at different temperatures and concentrations.

AG®/k J mol! _

- - M
= 0 0. i €
£ 22 |3is
5 C/ppm 5°C 10°C 15°C 20 °C 25°C 30 °C ~ 2
=
<

30 -6.815 | -8.166 9.009 | -10.610 | -11.346 | -12.264 | 54.248 | 26.509
£ 40 -5.254 | -6.075 -7.122 -8.614 -9.778 -9.478 48.651 | 23.368
9 50 -1.102 | -2.418 -3.427 -4.759 -5.663 -5.634 52714 | 23.441
<=

60 1.918 0.987 0.690 0.528 -0.282 -0.794 29.633 | 12.073




2-Photocatalytic Activity
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Dark and irradiation reaction
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Figures 48 to 51: Dark reaction and irradiation at different types of the prepared TiO,-NPs. [V/V(TiCl,:EtOH)=1:10,
1:4, 1:3 and 1:2].
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Dark and irradiation reaction
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Figure 52: Dark reaction and irradiation at the optimum two types
of the prepared TiO,-NPs with TiO, (Hombikat UV100).
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Figure 53: Dark reaction and irradiation at the different two types of
the prepared ZnO-NPs with ZnO (Merck).
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Variations of decolorization efficiencies
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igures 54 to 57: Photocatalytic decolorization percentage of RB 5 dye at different types of the prepared TiO,-NPs.
[V/V(TiCl,:EtOH)=1:10, 1:4, 1:3 and 1:2].
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Variations of decolorization efficiencies

100
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Figure 58: Photocatalytic decolorization percentage of RB5  Figure 59: Photocatalytic decolorization percentage of RB 5
dye at the optimum two types of the prepared TiO,-NPs dye at the different two types of the prepared ZnO-NPs
with TiO, (Hombikat UV100). with ZnO (Merck).
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Kinetic model of TiO, Nanoparticles
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Figures 60 to 63: The change of InC,/Ct with irradiation time at different types of the prepared TiO,-
. NPs. (V/V: TiCl,/EtOH=1/10, 1:4, 1:3 and 1:2).
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The TiO, (28) exhibited 156.625 times higher photocatalytic activity Than TiO, (1)

Rate constant (k/min-!)
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
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TiO2(28)

The prepared TiO, by using the first sol gel
method

Figure 66: The variations photocatalytic activity on different types of prepared TiO,-NPs in the

first sol gel method.



SRSrTy oF BFY

MK

The optimum prepared TiO,-NPs by using first and second sol gel method exhibited 1.5 and
1.072 times higher photocatalytic activity Than TiO, (Hombikat) respectively.

Rate constant (k/min-1)
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

TiO2 (Hombikat)

TiO2 prerared from (TiCl4+Isopropanol+H20)

Ti02(28)

Type of TiO,-NPs

Figure 67: The comparison of photocatalytic activity on the optimum two types of the prepared TiO,-NPs with TiO,
(Hombikat UV100).

Rate constant (k/min-!)
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

ZnO Synthesized From[ZnSO4 +NaOH] 0.0046

ZnO Synthesized From[Zn(CH3COO)2+NaOH] 0.0083

Type of ZnO-NPs

ZnO (Merck) 0.0369

Figure 68: The comparison of photocatalytic activity on the two types of the prepared ZnO-NPs with ZnO (Merck).
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Figure 69: Comparison of Adsorption % and PC.D % between TiO,-NPs prepared by using first sol gel

method.
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Figure 70: Comparison of Adsorption% and PC.D% within 30 min irradiation time between optimum TiO,-NPs

prepared by using sol gel method and TiO, (Hombikat).
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Figure 71: Comparison of Adsorption% and PC.D% between ZnO-NPs prepared by
using direct precipitation method and ZnO (Merck).



3-Combining Lffect



1 1
30ppm ® 1.29 mW/cm2 40ppm #1.29 mW/cm2 50ppm +1.29 mW/cm2
0.8 1 % 1.88 mW/cm?2 0.8 X 2.42 mW/cm2 0.8 * 188 mWfem2
x 2.42 mW/cm2
S 0.6 - x 2.42 mW/cm2 S 0.6 4.3.21 mW/cm2 S 0.6 & 3.21 mW/cm2
B.. 04 | 43.21 mW/cm2 B 04 = 4.09 mW/cm2 E 04 m 4.09 mW/cm2
m 4.09 mW/cm2 % 1.88 mW/cm2
0.2 - 0.2 0.2
0 - 0 . ; 0
0 10 20 30 40 50 60 70 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time/min Time/min Time/min
1 1 1
60ppm +1.29 mW/cm2 70ppm * 1.29 mW/cm2 80ppm
0.8 ¥ 1.88 mW/cm2 0.8 ¥ 1.88 mW/cm2 0.8
2.42 mW/cm2 )

$06 | x 2,42 mW/em 506 * 242 mW/em2 & 06 | @128 mwiem2

3‘0.4 | 43.21 mW/em2 3 04 43.21 mW/cm2 S 188 mw/em

m4.09 mW/cm2 m 4.09 mW/cm2 0.4 - %22 mjem

42 mW/cm
0.2 4 0.2 0.2 - 4321 mw/em2
0 T T T T 0 I . 0 W 4.09 mW/cm2
0 10 20 30 40 50 60 70 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time/min Time/min Time/min

Figures 72 to 77: effect of light intensity on photocatalytic decolorization efficiency by different
initial RB 5 concentration (30-80 ppm) and the optimum prepared TiO,-NPs
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Table 5: the change of rate constant with light intensity by different RB 5 concentrations.

-1
The distance Rate constant (Kk/ S ) Light intensity
/em 30ppm 40ppm S0ppm 60ppm 70ppm | 80ppm (Einstein 51 )x107 (mW/ecm?)
- 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
26 0.0827 0.0216 0.0392 0.0355 0.0249 0.0105 1.0726 1.2900
23 0.0915 0.0288 0.0464 0.0542 0.0292 0.0133 1.2940 1.8800
20 0.1203 0.0839 0.0726 0.0628 0.0311 0.0147 1.3940 2.4200
17 0.1355 0.1069 0.1243 0.0752 0.00622 0.0269 1.5610 3.2100
14 0.1378 0.1409 0.1340 0.0890 0.0685 0.0315 1.7592 4.0900
o Direct method 016 Actinometric method
¢ 30 ppm 0.14 - ¢ 30 ppm
% % 012 | = 40 ppm
2 015 ® 40 ppm ko1
= - 0.1 - A 50 ppm
o A 50 ppm e
g 01 g 0.08 - X 60 ppm
17} x 60 s
§ ppm g 0.06 4 X 70 ppm
g 2 0.04 -
E 0.05 X 70 ppm 5 002 80 ppm
O I I I I O T T T T T T T T T
0O 02 04 06 08 1 12 14 16 18
0 1 Light inte‘?\sity (mW/gmz) 4 2
—_ e
Figure 78: Effect of initial light intensity (direct method) on rate Figure 79: Effect of'iﬁﬂtlé'f‘ifé'ﬁ"ctﬁfg‘rﬁtsﬂ?/ ?apﬂgometric method) on
constant by different RB 5 concentration and the optimum rate constant by different RB 5 concentration and the optimum

@ prepared TiO,-NPs. prepared TiO,-NPs.
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Conclusions

The sol-gel method led to the formation of amorphous and crystalline TiO, nanomaterials
by controlling the calcination temperature. It is possible to tailor the crystalline and
spectroscopic properties of TiO,-NPs.

A developed sol-gel technique revealed to be a good method for the preparation of TiO,-
NPs. Raising calcination temperatures led to increase in crystallite dimensions and
promoted phase transformation from anatase to rutile. Pure anatase TiO,-NPs was found
to be more active than rutile or a mixtures of them, in the photocatalytic decolorization of
RB 5 under UV (365 nm) light.

Among the prepared catalysts, the best synthesized TiO,-NPs showed the highest
adsorption (80.0%) and complete photocatalytic decolorization efficiency (100%) of RB
5. Moreover, it exhibited about 150 times higher photocatalytic activity than commercial
TiO, (Hombikat). This catalyst has been synthesized in conditions [V/V =1:2
(TiCl,:EtOH) of additives and 200°C annealing temperature].

Unfortunately the synthesized ZnO-NPs have lower photocatalytic activity; however,
they have higher adsorption capacity than commercial ZnO (Merck).



K

5. On catalyst characterization, it was observed that the average crystallite size and the
average particle size of all catalysts were in the range between 6.23-164.76 and 84.89-
164.66 nm according to XRD and SPM, respectively. It was found that the synthesized
photocatalysts exhibited smaller spherical shaped particles, amorphous with higher
crystallinity and larger surface to volume ratio (S/V) and a spectacular electron transport
property having a remarkable photocatalytic activity in terms of the RB 5 decomposition.

6. Adsorption results demonstrated that the prepared TiO,-NPs was a promising adsorbent for

removal of RB 5 dye from aqueous solutions.
7. The Langmuir model fitted the experimental data in the presence of optimum catalyst

better than Frendlich model, indicating the adsorption tends to be monolayer adsorption.

8. The kinetic adsorption data indicated that the adsorption process in the presence of
optimum catalyst was controlled by pseudo-second order equation.

9. The higher removal efficiency of RB 5 in the presence of optimum synthesized TiO,-NPs
equals to 60% at the pH 6. This behavior could be explained on the basis of zero point
charge (ZPC).

(35)
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10. The values of thermodynamic parameters indicate that the adsorption of RB 5 onto TiO,-
NPs was thermodynamically feasible and spontaneous.

11. The transformation from anatase to rutile occurred. Crystallites tend to agglomerate from

quantum dotes to bulk size particles with the progressive loss of activity of the catalysts.
12. The photocatalytic process for all prepared catalysts can be expressed by both, the

pseudo-first order reaction kinetics and the Langmuir-Hinshelwood kinetic model.

13. The phenomenon of increasing the photodecolorization efficiency of RB 5 with
decreasing the concentration of solution is due to the decrease in the concentration OH~
adsorbed on catalyst surface.

14. The controlled experimental photocatalytic reaction indicated that the presence of UV
light, oxygen, and catalyst are essential for the effective destruction of RB 5.

15. Photocatalytic activity results concluded that the photoefficiency of the synthesized
catalysts is not only related to its intrinsic properties but also to the activating nature of
the substrate to be decolorized.
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TiO,-NPs catalysts appeared to be very promising material for the photocatalytic

degradation of several organic compounds under UV light.
Combining effect considering a pseudo-steady state approach was used for

description of the kinetics of the photocatalytic process dependence on the initial
concentration of the RB 5 and light intensity. The increase in the photon flux
results to the increase of number of electron-hole pair; hence, increase in the
kinetic rate constant, which 1is attributed to an increasing concentration of HO*
radicals accelerating the oxidation of the organic molecules.

From an applied point of view, photocatalytic oxidation processes using the
optimum TiO,-NPs appear to be a very useful technique for the detoxification of
water containing moderate organic contents, leading to mineralization of
pollutants.
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