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Abstract

4-chlorophenol (4-CP) is one of the seriously toxic chlorophenol compounds found in the
effluent wastewater generated by oil refineries, pharmaceutical factories, and paper and leather
producers which is introduced into surface and ground water resources. This research aimed to
study the feasibility of nZVI nanoparticles in activation of H,O, and persulfate under UVA-
LED irradiation based on Taguchi experimental design for 4-CP removal. This experimental
study was conducted using a lab-scale batch reactor equipped with 18 ultraviolet light emitting
diodes lamps with a wavelength of 390 nm. The effects of operating parameters such as pH of
solution, contact time, dosage of nZVI, dosages of H,O, and persulfate and different initial 4-CP
concentration were evaluted by defined factor of 4*4 using Taghuchi L-16 orthogonal array.
Based on the results of the Taguchi method, the optimum conditions for removal of 4-CP in
nZVI activated persulfate process included the initial 4-CP concentration of 25 mg/L, pH=3,
reaction time of 60 min, nZVI and persulafte respective dosages of 2 and 2 mM. The highest
removal efficiency and S/N values for this process were 51.83% and 34.29%, respectively.
Also, optimum conditions for removal of 4-CP in nZVI activated H,O, process were the initial
4-CP concentration of 25mg/L, pH=3, reaction time of 30 min, nZVI and H,0O, dosages of 0.75
and 1 mM. In this condition, the highest removal efficiency and S/N values were 81.76% and
38.25%, respectively. In both processes in this case, under acidic conditions, an increase in the
active catalyst (Fe’") activated more and more oxidants (radical hydroxide and radical sulfate) in
both reactants, resulting in better efficiency of processes in these conditions. UVA-
LED/H,0,/nZVI process could serve as a new and feasible approach for the degradation of 4-
CP as well as other organic contaminants containing wastewater due to high efficiency, low
contact time and need of the lowest oxidants agents. UVA-LED/H,0,/nZVI process could serve
as a new and feasible approach for the degradation of 4-CP as well as other organic
contaminants contained in wastewater due to high efficiency, low contact time and need of the
lowest oxidants agents.
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Table 1. Specifications of the UV-LED lamp used in this

research
Parameter Property
Maximum wavelength 390 nanometer
Maximum intensity 20 mA
Radiant flux 1 Mw
Angle 20 degrees
Diameter 4/82 £ 0/2 mm
Length 8/7 £ 0/2 mm
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Fig. 1. Schematic of the reactor used in this research:

1) Inflow water, 2) Outflow water, 3) Magnetic stirrer,
4) Plexiglas reactor, 5) Synthetic wastewater, 6) Quartz
Sheet, 7) UV-LED lamps, 8) Base lamp holder, 9)
Magnet
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(Zhang et al., 2017) 4-chlorophenol 25 50 100 150
(mg /L)
Persulfate(mM) 1 1.5 2 3
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Table 4. Stages of Taguchi Test (L16) and 4-Chlorophenol removal results and S / N calculation in the UV-LED /
S204” / nZVI process

Factor . .
et pH Persulfate Iron Concentration of 4- Reaction Effic;ency Effic})ency S/N
number . . 1(%) 2 (%)
nanoparticle chlorophenol time

1 3 1 0.25 25 30 51.67 52 34.29
2 3 1.5 0/5 50 60 44.22 44.3 32.92
3 3 2 1 100 90 33.66 35 30.70
4 3 3 2 150 120 26.81 27.5 28.67
5 5 1.5 1 25 120 41/6 46.5 32.83
6 5 1 2 50 90 38.2 38.1 31.62
7 5 3 0.25 100 60 21 20.02 26.23
8 5 2 0.5 150 30 16 16.3 24.16
9 7 2 2 25 60 42 42.1 32.47
10 7 3 1 50 30 27 28 28.78
11 7 1 0.5 100 120 14 14.6 23.10
12 7 1.5 0.25 150 90 12.5 12.6 21.97
13 11 3 0.5 25 90 12 12.1 21.61
14 11 2 0.25 50 120 11.93 12 21.55
15 11 1.5 2 100 30 9.7 9.9 19.82
16 11 1 1 150 60 8.7 8.8 18.83
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Table 5. Stages of Taguchi Test (L16) and 4-Chlorophenol removal results and S/N calculation in the
UV-LED/H,0,/nZVI process

AY

Factor q .
nfrfni)ter pH Hydrogen Iron Concentration of 4- Reaction Effi(c;/e; I)lcyl Efiz'i(c;/e; 1)1cy S/N
Peroxid  nanoparticle chlorophenol time
1 3 0.5 0.089 25 5 81.43 82.1 38.25
2 3 0.75 0.25 50 10 64.82 65.5 36.27
3 3 1 1 100 20 39.15 39.5 31.89
4 3 1.25 2 150 30 33.79 34.8 30.70
5 5 0.75 1 25 30 60.44 60/1 35.60
6 5 0.5 2 50 20 32.38 324 30.20
7 5 1.25 0.089 100 10 25.26 25.3 28.05
8 5 1 0.25 150 5 19.16 19.2 25.65
9 7 1 2 25 10 15.6 15.5 23.83
10 7 1.25 1 50 5 14.8 14.75 23.39
11 7 0.5 0.25 100 30 9.32 9.24 19.35
12 7 0.75 0.089 150 20 9 9.2 19.17
13 11 1.25 0.25 25 20 11.32 11.9 21.28
14 11 1 0.089 50 30 11.34 11.7 21.22
15 11 0.75 2 100 5 7.75 8 17.92
16 11 0.5 1 150 1 8.5 8.2 18.42
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Table 6. S / N response table in the UV-LED / Szng' / nZVI process
[(S/N)]i
Factor/Level ) ) =3 py Average
1/pH 34.29 32.92 30.70 28.67 31.65
2/pH 32.83 31.62 26.23 24.16 28.72
3/pH 3247 28.78 23.10 21.97 26.58
4/pH 21.61 21.55 19.82 18.83 20.44
Persulfate/1 34.29 31.62 23.10 18.83 26.97
Persulfate/2 32.92 32.83 21/97 19.82 26.89
Persulfate/3 30.70 24.16 32/47 21.55 27.23
Wemilitits 28.67 26.23 28.78 21.61 26.33
concentration/4
Iron nanoparticle/1 34.29 26.23 21.97 21.55 26.01
Iron nanoparticle/2 32.92 24.16 23.10 21.61 25.45
Iron nanoparticle/3 30.70 32.83 28.78 18.83 27.79
Iron nanoparticle/4 28.67 31.62 32.47 19.82 28.15
4-chlorophenol 34.29 32.83 32.47 21.61 30.31
concentration/1
4-chlorophenol 32.92 31.62 28.78 21.55 28.72
concentration/2
4-chlorophenol 30.70 26.23 23.10 19.82 24.97
concentration/3
4-chlorophenol 28.67 24.16 97.21 18.83 23.41
concentration/4
Contact time/1 34.29 24.16 28.78 19.82 26.77
Contact time/2 32.92 26.23 32.47 18.83 27.62
Contact time/3 30.70 31.62 21.97 21.61 26.48
Contact time/4 28.67 32.83 23.10 21.55 26.54
UV-LED/ Hy0o/nZVI syl 3 53 SN ey Jsaz =Y J sz
Table 7. S / N response table in the UV-LED/ H,O,/nZ VI process
[(S/N)];i
Factor/Level =1 = i=3 = Average
pH/1 38.25 36.27 31.89 30.70 34.28
pH/2 35.60 30.20 28.05 25.65 29.88
pH/3 23.83 23.39 19.35 19.17 21.44
pH/4 21.28 21.22 17.92 18.42 14.56
Hydrogen Peroxide/1 38.25 30.20 19.35 18.42 26.56
Hydrogen Peroxide/2 36.27 35.6 19.17 17.92 27.25
Hydrogen Peroxide/3 31.89 25.65 23.83 21.22 25.65
Hydrogen Peroxide 30.70 28.05 23.39 21.28 25.86
concentration/4
Iron nanoparticle/1 28.25 28.05 19.17 21.22 26.68
Iron nanoparticle/2 36.27 25.65 19.35 21.28 25.64
Iron nanoparticle/3 31.89 35.60 14.75 8.2 27.33
Iron nanoparticle/4 30.70 30.20 23.83 17.92 25.67
4-chlorophenol 38.25 35.60 23.83 21.28 29.74
concentration/1
Al s 36.27 30.20 23.39 21.22 27.78
concentration/2
4-chlorophenol 31.89 28.05 19.35 17.92 2431
concentration/3
Al s, 30.70 25.65 19.17 18.42 23.49
concentration/4
Contact time/1 38.25 25.65 23.39 17.92 26.31
Contact time/2 36.27 28.05 23.83 18.42 26.65
Contact time/3 31.89 30.20 19.17 21.38 25.64
Contact time/4 30.70 35.60 19.35 21.22 26.72
Journal of Water and Wastewater ML ;.;T o
Q
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Fig. 3. Results of the analysis of the average S/N rate Fig. 2. Results of the analysis of the average S/N rate
versus the various arrays of operation in the process UV- versus the various arrays of operation in the process
LED! TLOZV UV-LED/ $,05"/nZV1
- - - n
il el Ll 53 SIN # 5 Sk LT s Y S . s _
ol bl 02 SIN 5 ol sl il slog T Blin 55 SN £ 5 0o Sila T syl —Y IS

UV-LED/ H,0,nZVI iz 3 f5 0
2ZOZRANE S 0 G UV-LED/ $,05%/0ZVI 4215 15 s s e

UV-LED/ $,087/mZVI a3 s Jid s JS-F G 55 J3sm sl el 50T s -A J g
Table 8. Analysis of variance of effective parameters for 4-chlorophenol removal in the UV-LED / S,05> / nZVI process

Factor frgilg()l;e(i,)fF) Total of squares A;'(;:;z%gsof S;%sg‘g:;‘ t Share of contribution
pH 3 1730 576.9 0.022 0.54
Initial 4- 3 1153 384.5 0.038 0.36
chlorophenol
concentration
Fe(ZVI) 3 158.5 52.85 0.363 0.05
concentration
Contact time 3 56.49 18.83 o 0.02
Persulfate 3 101.97 33.99 0.680 0.03

concentration
* Due to the small sum of the squares, the factor of the time compared to other factors and the zero degree of freedom of error, the contact time factor
is the selected noise substitute

UV-LED/ H,05/nZVT iyl b s Jib s S-F GBis s Ji5e sbajzably Suiliols 5T -8 o
Table 9. Analysis of variance of effective parameters for 4-chlorophenol removal in the UV-LED / H,O, / nZVI process

Factor fr]e)eedg(:.lile(](;%) Total of squares 1:{:3:,:: S;g:g‘f;;‘ t Share of contribution
pH 3 1808 5423.8 0.006 0.68
Initial 4-
chlorophenol 3 501 1503 0.038 0.19
concentration
Fe(ZVI) 3 224.2 627.7 0.108 0.08
concentration
Contact time 3 73.67 221 0.344 0.03
Hydrogen peroxide 3 44.43 133 R 0.02
concentration

* Due to the small sum of the squares, the factor of the time compared to other factors and the zero degree of freedom of error, the contact time factor
is the selected noise substitute
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