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In the frame of this work, photo-Fenton processes using the zero-valent iron (ZVI) as a catalyst have been
applied for mineralization and decolourization of the model wastewater containing reactive azo dye, C.I.
Reactive Black 1 (RB1). Experiments were performed in the enhanced configuration of laboratory cylin-
drical batch photoreactor under UV-C irradiation (CBPR) and the boat-shaped flow reactor (BSFR) in total
recirculation mode, exposed to direct sunlight, both with the immobilized iron.

In the first part of the study, optimization of UV-C/ZVI-Fenton process has been performed using the
concept of experimental mixture design, whereas Fenton reagent composition (ZVI and H,0,) and pH
condition were treated as a three-component mixture. Due to the strict boundaries and constraints of
mixture design, a single point in the design space emerged upon each optimization cycle.

Corresponding kinetics was studied at optimal conditions. Two approaches has been compared; in the
first approach a heterogeneous catalytic pathway has been adopted, while the second approach assumed
the pure homogeneous catalysis, exploring the crucial role of the Fe(II) ions in the bulk solution due to its
leaching from the ZVI surface. Corrosion of ZVI surface was examined by the means of material charac-
terization and Fe(Il) leaching.
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1. Introduction

Advanced oxidation processes (AOPs) have been proven partic-
ularly effective for the treatment of a wide variety of wastewater
containing recalcitrant organic pollutants, including the most of
the synthetic dyestuffs, due to the generation of free hydroxyl rad-
icals ("OH), which are very reactive due to high oxidation potential
[1]. The production of hydroxyl radicals is the most enhanced by
the reaction of ferrous ion (Fe?*) as a catalyst and H,0, as an oxi-
dant in the Fenton reaction cycle [2]. Numerous studies on the
treatment of textile dye effluents include Fenton and photo-Fenton
processes [3-10]. Photo-Fenton processes demonstrated its great
capability for color removal and pollutant degradation through
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the involvement of high valence Fe-intermediates responsible for
the direct attack to organic matter. Also, photo-Fenton processes
are a potential cost-reduced advanced oxidation process that can
be run under solar irradiation [11].

Zero-valent iron appears as an effective catalyst for wastewater
treatment in Fenton type processes [12-16]. There are different
ways to produce Fe(II).

Fe® 94" o2+ | 2o~ )
Fe’ + hv — Fe®* + 2e~(< 400 nm) 2)
Fe® % Fe?* 4 2e- 3)
2Fe’ + 0, + 2H,0 — 2Fe** + 40H" (4)
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2Fe® + 0, + 4H" — 2Fe?*" 4+ 2H,0 (5)

Fe + 0, + 2H" — Fe** + H,0, (6)

Applied irradiation causes the cleavage of iron complexes (-hydro-
xy, -oxalate and similar) present in the system [2,17]. In addition,
Fe?* as a free cation and additional portion of OH' radicals are
formed, Eqgs. (7)-(9). Note that Fe**-OC refers to ferric complexes
with corresponding organic ligand.

[Fe(OH)*" + hv — Fe** +-OH (7)
Fe** + H,0 + hv — Fe** + H* +-OH (8)
Fe’* — OC + hv — Fe*" + organic radical 9)

Adsorbed O, on the Fe surface contribute to the generation of H,0,
in situ [12-15].

Ogats + € — 05 + HO, (10)

HOy(+05 ) + H" — H,0, + Hy(in situ) 11)

Perhydroxyl radical (HO;), a precursor towards H,0,, is formed
from the photolysis of water [12].

2H,0 + hv — HO;, + 3H" (< 698 nm) (12)
Finally, "OH radicals are generated.
Fe’" + H,0, — Fe*™ +'OH + OH~ (13)

Recent studies point out the reductive nature of ZVI towards azo
dyes due to the reductive cleavage of azo bond at different pH val-
ues of the system [18-20].

Application of ZVI-Fenton and photo-Fenton processes for treat-
ment of simulated textile wastewaters containing azo dyes has al-
ready been thoroughly investigated [1,21,22]. However, the
novelties presented in this work refer to the application of two
reactor types with maximized ZVI surface area exposed to irradia-
tion and optimization of ZVI-photo-Fenton process via mixture de-
sign. The applied optimization methodology entails the constraints
that narrow the optimization possibilities thus resulting with the
single optimal point. Mineralization and decolourization of the
RB1 aqueous solution (hereafter: oxidation) have been successfully
carried out by the simultaneous use of Fenton reagent (ZVI and
H,0;,) and UV-C or solar irradiation. Oxidation kinetics was

Table 1

determined in terms of total organic content reduction (hereafter:
OC oxidation) and dye molecule breakdown (hereafter: RB1 oxida-
tion). Heterogeneous and homogeneous kinetic approaches for
description of ZVI-photo-Fenton catalysis were compared. Formal
kinetic scheme for the homogenous Fenton has been adopted from
the recent publication [23], resulting with the simple model (here-
after: homogeneous kinetic model) for OC and RB1 oxidation kinet-
ics. In addition, a complex model including H,O, photolysis and
"OH radicals recombination has been developed. It has been shown
that initial concentration of Fe(Il) ions released from corroded ZVI
surface plays a crucial role for OC and RB1 oxidation. Influence of
applied irradiation has been discussed. Solar light irradiation was
found to be highly effective, opening the possibility of low cost
applications of solar-ZVI catalysis.

2. Methodology
2.1. Reagents and auxiliary chemicals

All reagents used in this work were analytical grade and used
without any further purification. Zero-valent iron (ZVI) and hydro-
gen peroxide (H,0,, 30%) were supplied by Kemika, Croatia. Syn-
thetic dye, C.I. Reactive Black 1 (RB1) (Table 1) was obtained
from Ciba. Other chemicals used in different aspects of experimen-
tal work were as follows; potassium thiocyanate (KSCN), 1,10-phe-
nantroline, potassium iodide (KI), potassium iodate (KIO3), sodium
tetraborate (Na,B407-6H,0), sodium acetate (NaCH;COO) and gla-
cial acetic acid were supplied by Kemika. Hydrochloric acid was
supplied by Riedel de-Haén. Ammonium metavanadate (NH4VO3)
was obtained from Sigma-Aldrich. Sulphuric acid (1 mol L™!) and
sodium hydroxide (1 mol L™!) were used for the pH adjustment,
all supplied by Kemika.

2.2. Photoreactors

Novel reactor configurations have been presented (Figs. 1 and
2). Experiments were performed in a cylindrical laboratory batch
reactor made from Pyrex glass with the immobilized iron using
the flexible magnetic stripes, CBPR (Fig. 1), with the working
volume of 125mL and constant magnetic stirring (400 rpm).
Low-pressure mercury lamp (PenRay 90-0012-01, UVP) with the
primary emission output at 254 nm was used as the source of
UV-C irradiation. UV lamp was placed axial in a quartz tube inside

Structure, absorption characteristics and photolytic data of C.I. Reactive Black 1.
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“ Photolysis rate are calculated according to the control experiments (see Section 2.4.1).
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guartz tube (¢ = 15 mm)

) glass cylindrical vessel
¢ =44 mm, h =90 mm

UV-C lamp

flexible magnetic stripes
(for ZVI immobilization)
140 mm =< 11 mm each

!

cooling bath

sharp-edges stirring bar

Fig. 1. Schematics and geometric characteristics of a laboratory batch reactor
(CBPR).
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Fig. 2. Schematics and geometric characteristics of boat-shaped solar reactor
operated in total recirculation mode (BFSR).

the reactor. The temperature of reaction mixture was kept at
28+2°C.

Experiments involving solar irradiation were performed in the
boat-shaped flow solar reactor with immobilized iron powder at
the bottom, BFSR (Fig. 2), in the total recirculation mode (Master-
flex Easyload 7518 peristaltic pump with silicon tubings, flow rate
80 mL min~!) with a total volume of 100 mL. Due the continuous
flow through cooled tubing, temperature did not exceed 31 °C.

2.3. Mixture design

The simplex lattice mixture design was used to find an optimal
composition of the Fenton reagent. Having in mind the main char-
acteristic of a mixture design whereas single components are ex-
pressed as the fraction of the total amount and their sum must
add up to 1 (or 100%) [24], concentration of the observed compo-
nents (ZVI, H,0,) and pH value were translated into the coded
composition, ranging from O to 1 (Table 2). The experimental plan
includes the 14 compositions of the mixture with the different

Table 2
Coded mixture components and actual values of the reagent dosage and pH.

Mixture Parameter Coded Actual process
component composition conditions

A Fe? 0-1 0.1-06¢g

B H,0, 0-1 0—0.1molL™!
C pH 0-1 2-7

Table 3
Coded mixture composition and observed responses in UV-C/ZVI-Fenton process.

Experimental Coded composition Responses

run # Fe® Hy0, pH Xroc Xeoour [Fe?] [Fe™']

(%) (%) (mmolL™")  (mmol L)

1 1.00 0.00 0.00 11.16 49.52 2.550 0.249
2 0.67 0.17 0.17 60.12 85.79 0.128 1.378
3 0.50 0.50 0.00 64.31 98.44 0.191 3.601
4 0.00 1.00 0.00 48.51 99.10 0.389 3.231
5 0.00 1.00 0.00 54.80 98.91 0.253 2.006
6 0.00 0.00 1.00 0.16 38.15 0.027 0.163
7 0.33 0.33 033 64.46 99.42 0.070 0.175
8 0.17 0.17 0.67 14.23 90.93 0.100 0.025
9 0.50 0.00 0.50 4.83 29.09 0.175 0.135
10 0.00 0.50 0.50 22.66 96.13 0.090 0.052
11 0.00 0.00 1.00 5.00 19.91 0.070 0.016
12 0.17 0.67 0.17 66.92 92.41 0.118 1.574
13 1.00 0.00 0.00 20.42 60.15 2.547 0.129
14 0.50 0.50 0.00 56.15 97.71 0.488 3.658

proportions of each component (ZVI, H,O, and pH) (Table 3). All
experimental runs were performed in CBPR. In order to find an opti-
mal composition for the performance of the heterogeneous Fenton-
type process, the following responses were selected; mineralization
and decolourization extents (Xtoc and Xcojour), and the final concen-
tration of Fe(Il) and Fe(Ill) in the system. Optimization criteria are
given in Table 4.

The Design-Expert 6.0.6 software package (Stat-Ease, Inc.) was
used. All the mixture models used correspond to quadratic or spe-
cial cubic Scheffé models, Eqs. (14) and (15) [24]. Note that E(X)
stands for the corresponding model response.

B0 = D o+ D03 i (14)

i<j

EX) =D i+ D b+ D D Xixixe (15)

i<j i<j<k

The X pi x, term is called the linear blending term, and the quadratic
and cubic terms are called non-linear blending terms. If 8ij is posi-
tive, the term is synergistic, while if it is negative it is called
antagonistic.

Optimization was performed using the desirability function ap-
proach [2].

2.4. Experimental procedure

The model solution was prepared by dissolving RB1 in distilled
water (y(RB1), = 140 mg L~7; initial TOC value: y(0C)o= 31 mgL ).
The initial pH of the model solution was adjusted using the pH me-
ter (Handylab pH/LF 12, Schott, Germany) for the pH control. In all
the experiments, a desired amount of ZVI powder was uniformly
spread on the reaction wall/bottom prior to the filling of reaction
space with the model solution.

Photo-Fenton catalytic cycle in CBPR (UV-C/ZVI-Fenton) started
with the simultaneous addition of hydrogen peroxide and irradia-
tion start-up. In the BFSR (solar ZVI-Fenton), the flow rate of the
model solution and the liquid level were set before the addition
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Table 4
Optimization criteria and results.

Goal Criteria

Result

Coded composition

Actual conditions

Desirability

y(Fe**), y(Fe**) = minimum

Xtoc, Xcolour = Maximum 01: A, B, Cin range
02: A=02

B in range

C= 045

01

A=0.25
B=0.44
C=031

02

A=0.21
B=0.38
C=0.42

01

m(ZVI)=0.225g
[H,0,] = 0.044 mol L

pH=3.55
02
m(zZVI) =0.205 g

[H,0,] = 0.044 mol L'

pH=4.10

01
92.0%

02
94.4%

of H,0,. Experiments were carried out for 30 min (otherwise
indicated).

2.4.1. Additional and control experiments

In order to estimate the production of Fe(II) upon corrosion of
ZVI1 in the acidic media, set of experiments were performed in
the RB1 model solution, varying the amount of ZVI spread on the
wall of CBPR and pH value of the media. Samples were taken every
30 s during the 5 min of the corrosion process. Corrosion experi-
ments were performed under ambient light without the addition
of H,0,. ZVI corrosion was also tested in distilled water at estab-
lished optimal ZVI dosage and pH (pH 3.55).

Several control experiments were performed; photo-Fenton
process with no addition of H,0, (UV-C/ZVI), Fenton process per-
formed under ambient light (ZVI-Fenton) and experiment with
only H,0, and irradiation (UV-C/H,0,). All of these processes were
performed in CBPR.

Possibility of adsorption and reduction of RB1 on ZVI surface
was also explored. Set of control experiments included stirring of
the dye model solution in CBPR in dark (without UV-C lamp) at dif-
ferent pH conditions and with different ZVI loadings on reactor
wall.

In order to determine RB1 photolysis rates, RB1 model solution
was being illuminated with UV-C and solar irradiation for 60 min
(Table 1).

2.5. Measurements, analyses and calculations

Irradiation intensity was measured by radiometer UV-X, UVP,
with the corresponding sensors for UV-C, UV-B and UV-A irradia-
tion (UVX-25, UVX-31 and UVX-36). Intensity of the UV-C irradia-
tion at 1 cm distance from the lamp wall was 126 mW cm 2. This is
considered as the average intensity in the annular reaction space in
CBPR. Additionally, intensity of incident irradiation (Ip) was deter-
mined on the basis of chemical actinometry measurements accord-
ing to the semiempirical model based on Lambert-Beer’s law (LLM)
[16],

— % =Fi®ily (1 — 672'303'1“'26‘{")
where F; represent the fraction of absorbed radiation by specie i (Eq.
(17)), Iy and L represent the intensity of incident irradiation and
effective path of radiation through the photoreactor, respectively,
and @; and ¢; are quantum yield and molar absorption coefficient
of a specie i at the wavelength of the irradiation source, respectively,

&G
CYLEG
Actinometry was performed using the potassium iodide/iodate (KI/KIO3)

actinometer solution (0.6molL™! KI and 0.1 molL™! KIO; in a
0.01 mol L~ Na,B,O7 buffer solution; @ = 0.6, ¢ = 26,303 mol~' Lcm ™)

(16)

(17)

[25]. Calculated I, was 1.05 x 10~* Einstein dm > s~!, while irradiation
path length in CBPR (L) was 1.45 cm.

The intensity of UV-A and UV-B irradiation (380 nm > / > 290 nm)
of direct sunlight was estimated at 6.9 + 2.8 mW cm 2. This is the inte-
grated value obtained according to the measurements performed each
2 h between 11 am and 3 pm on sunny days in May and June (45°
north latitude). Note that the standard global UV irradiance is
3 mW cm™2 [26].

Mineralization extents (Xtoc) and OC oxidation kinetics were
determined on the basis of total organic carbon content measure-
ments (TOC), performed by using a total organic carbon analyzer;
TOC-Vcpy 5000 A, Shimadzu. Decolourization extents (Xcojour) and
RB1 oxidation kinetics was monitored spectrophotometrically
using the UV-vis spectrophotometer, Lambda EZ 201, Perkin EI-
mer, at Amaxre1 = 590 nm. Since the RB1 molar extinction coeffi-
cient, &s9onm, Varies up to 3% according to the initial pH (pH 2-7),
absorbance of initial dye solution was checked prior to all experi-
ments. However, position of the maximum absorbance (590 nm)
does not change with pH. The concentration of ferrous ions and
hydrogen peroxide in the bulk was determined by colorimetric
methods as given in our previous publication [27]. The dissolved-
oxygen concentration in the reaction media was continuously
monitored with an Ingold model 34 100 3002 Clark-type probe
(Mettler Toledo).

Table 5
Mixture models.

Model Model equation
response
Xroc (%) 17.80 A+52.08 B+0.34 C+110.91 AB — 18.79 AC — 28.71
BC +950.45 ABC
Xeolour (%) 55.18 A+95.00 B +31.33 C+100.59 AB + 11.05 AC + 164.77
BC
[Fe?"] 2.46 A+0.34 B+0.09 C—4.50 AB — 4.74 AC + 0.03 BC
(mmol L)
[Fe**] 026 A+2.61 B+0.16 C+7.98 AB — 1.28 AC — 6.98 BC
(mmol L)
Table 6
Statistics summary.
Model Xroc (%) Xeolour (%) Y(Fe?") Y(Fe®)
response (mgL™) (mgL™")
Scheffé model  Special Quadratic  Quadratic Quadratic
cubic
LOF" p-value 0.0844 0.0763 0.0743 0.3601
Model p-value  0.0005 0.0007 <0.0001 0.0002
Model F-value 19.86 13.96 42.76 20.44
R? 0.9445 0.8612 0.9500 0.9274
Adjusted R? 0.8970 0.7995 0.9278 0.8821

“ LOF - lack of fit.
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The BET surface areas, pore volumes and pore size distribution
were estimated from nitrogen adsorption and desorption isotherm
data using an ASAP 2000 apparatus (Micromeritics Corporation).
Prior to analysis, samples were degassed (6.6 Pa) at 400 °C to re-
move any physically adsorbed gases. The pore size distributions
of the samples were determined by the BJH (Barret-Joyner-Halen-
da) model from the data of adsorption and desorption branch of
the nitrogen isotherms.

Morphology of the ZVI surface and the chemical composition
(Fe, O) before and after the reaction was analyzed by scanning elec-
tron microscopy (SEM), MiraScan FEG SEM (TeScan) with an en-
ergy-dispersive X-ray analyzer (EDX) unit (Bruker).

a 100
Xroc (%] 75 !

chmur (%) 50

y(Fe*) (mmol L)
y(Fe™) (mmol L)

Differential equations were solved using the finite difference
method in Mathematica 7.0. Multiple linear regression analysis
was performed using the Polymath v6.10.

3. Results and discussion
3.1. Experimental design and optimization

Mixture design analysis resulted in the mixture models that de-
scribe the mineralization and decolourization extents (Xroc and
Xeolour) and the residual concentration of Fe(Il) and Fe(Ill) in the
reaction media as a function of initial mixture composition (Table

B: H,0,

C: pH

Fig. 3. Results of a mixture design analysis; graphical interpretation of the models, (a) for mineralization and decolourization extents, and (b) final concentration of Fe(Il) and

Fe(Ill) ions as a function of the mixture (Fe®, H,0, and pH) composition.
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A

C

Fig. 4. Ternary diagram; dominant effect of single mixture component (colored areas at vertices), result of multi-criteria optimization (optimal points - 01, 02) and control

points (C1, C2, C3).

5, Fig. 3). Mixture models were evaluated using ANOVA. Statistics
summary was given in Table 6. F-values from 13.96 to 42.76 and
p-values less than 0.05 imply that the models are significant. Lack
of fit is not significant (p > 0.05). The fit of the experimental results
is good (R? values from 0.8612 to 0.9445). The obtained models
showed a satisfying accuracy and adequacy over the selected de-
sign space.

Key parameters of Fenton process (Fe®, H,0, and pH) were trea-
ted as components of mixture due to the assumption that studying
their proportions other than total amounts would lead to better
optimization results. According to the ternary diagram (Fig. 4) that
shows the proportions of the studied mixture components, the in-
crease in the amount of one component (e.g. A) leads to a decrease
of at least one of two other components. In the “mid” composition
of the mixture (dashed triangle, Fig. 4), the portion of each compo-
nent is less than 0.5, which corresponds to the expected optimal
working area for the Fenton process. However, if one particular
component highly affects the process performance, the optimal
area would move towards the corresponding vertex (colored areas,
Fig. 4). E.g., if component A drastically enhances process perfor-
mance, optimal point would lay in yellow field (Fig. 4). Using the
multi-criteria optimization approach, it is quite simple to obtain
one single optimal point in design space. By varying the set criteria
and their importance, it can be navigated throughout the design
space. Set optimization criteria (Table 4) included maximization
of Xtoc and Xcolour With a simultaneous minimization of Fe(Il) and
Fe(Ill) generation. It might seem contradictory knowing the nature
of Fenton process, but this optimization goal/criteria selection re-
sults in the single optimal point due to the constraints of the mix-
ture design. Optimal composition (O1) simultaneously includes
smaller amounts of ZVI and H,0, and a slightly acidic pH condi-
tions. Additional optimization criteria lead to another optimal
point (02) whereas pH value of the system is even more increased
(Table 4, Fig. 4). Furthermore, the three control points (C1, C2, C3)
were obtained (Fig. 4) to test the validity of the performed analysis

and the mixture models. As shown in Table 7, predicted Xtoc and
Xcolour COrrespond to the experimentally obtained values.

3.2. ZVI corrosion

ZV1 surface goes under corrosion prior initializing the Fenton
reaction and during the photo-Fenton process. The initial period
when Fe(Il) ions are generated by corrosion on the ZVI surface is
referred as set time (ts). Experimental data showed the increase
of ferrous ions in the bulk solution during ts < 15 min, following
the apparent linear trend in ts < 5 min (Fig. 5).

After the selected ts (1 or 5min in both reactors, CBPR and
BFSR), initial Fe** concentration reaches the desired value. Regard-
less to selected ts, concentration of Fe?* ions in ts is considered as
the initial Fe(Il) ions concentration for the photo-Fenton process,

Table 7
Predicted vs. experimental values of the mineralization and decolourization extents
for optimal points and control points in the mixture.

Selected checkpoints

01 02 C1 C2 c3
Mixture composition
A 0.25 0.21 0 0.50 0
B 0.44 0.38 0.30 0.30 0.70
C 0.31 0.42 0.70 0.20 0.30
XTOC (%)
Experimental 54.3 51.1 14.7 58.6 21.9
Model 62.6 56.9 9.7 66.0 30.7
R? 0.9636
Xco]our (%)
Experimental 99.5 99.4 93.0 94.3 99.5
Model 99.4 94.8 84.7 88.2 100
R? 0.9170
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[Fe**]o. The rate of Fe(ll) production in ts is given through the
empirical model (see Section 2.4.1).

i (Fe*") = a(Iy oo )" PH® (18)
where T ;0 represent the mass concentration of ZVI per surface
and working volume, A and Vg, respectively.

Moo

l—‘A.Feo = A x Vi

(19)

Estimated coefficients of the empirical model for the Fe(Il) produc-
tion during set time (ts<5min) are; ag=0.105mol L~' min,
a, =0.207, a, = —3.688.

Since oxygen plays crucial role in the generation of Fe(Il) ions by
enhancing the corrosion rate [16], concentration of dissolved oxy-
gen was monitored in ts and during photo-Fenton process in CBPR
(Fig. 6). In the beginning of ts, model solution is about 77% satu-
rated with O,, which corresponds to 6.9 mg L. Dissolved oxygen
concentration is reduced during the first 10 min in ts to the concen-
tration of 2.3 mg L. This can be ascribed to the corrosion of ZVI by

reaction with dissolved oxygen, Eq. (4)-(6) [15,16]. Upon the addi-
tion of H,0, and irradiation, O, concentration slightly increases to
the 3.4 mg L. Finally, the constant value is obtained (2.5 mgL™").
Since there was no additional introduction of O, in the reaction
media, the effect of dissolved oxygen is not considered important
for the kinetics of the studied Fenton process.

Due to the ZVI surface corrosion, there is a significant difference
in the morphology and chemical composition of the surface (Fig. 7).
ZVI surface has uniform morphology where Fe atoms are concen-
trated in spheres (aggregates), while the surface of the corroded
material has a more cotton-like structures over spheres. EDX anal-
ysis showed the existence of O atoms on the surface of corroded
ZVI, which corresponds to the theoretical corrosion products, i.e.
iron oxides present on corroded ZVI surface [28]. The percentage
of O atoms on corroded ZVI surface was estimated at 40.9-45.5%.
It needs to be pointed out that corroded ZVI surface refers to the
ZV1 powder collected from the reactor wall after ts =15 min.

Characterization of ZVI powder and corroded ZVI was also
brought by gas adsorption-desorption porosimetry method. Differ-
ent parameters, pore size distribution (PSD), average pore diameter

0.0007 0.0013
)
WpH35 ) + 0.0012
WpH4
0.0006 1 00011
4 pH 3.5 (control)
A pH 3.5 (distilled water) T 0.001
0.0005 1 © pH 3 (secondary axis) 1 0.0009
-
&
~ ° +0.0008
= 0.0004 - A 3
s A 100007 &
E L=
- B tooo06 ¥
% 0.0003 4 ] n L] g
g - ‘ 100005 &
- ° o ™1 L] &
Fa e} o 1 )
o 0.0002 - N 00004 &
27 o) 2B
= - + 0.0003
0.0001 4 ° + 0.0002
A
- [ [ = +0.0001
g -
gl = m = = = ® (]
0.0000 & ; ; . . . 0
0 2 4 6 8 10 12 14 16

set time, ts (min)

Fig. 5. Examples of Fe(Il) leaching in bulk RB1 model solution and distilled water during set time (ts < 15 min), m(ZVI) = 0.225 g at different pH values.

v (dissolved oxygen) (mg L'l)

reaction time

32 36 40

T T T T T T T T T T T T T T T T T T

44 48 52 56 60 64 68

t (min)

Fig. 6. Dissolved oxygen concentration during set time, ts =30 min, and UV-C/ZVI-Fenton process (O1).
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a

Fig. 7. SEM photomicrographs: (a) surface of ZVI powder and (b) corroded ZVI; (c) EDX analysis - Fe (red) and O (blue areas). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

and BET surface area were studied and related to the scanned mor-
phology. Pore size distribution of initial ZVI sample shows mono-
disperse pore structure with distinct narrowness of frequency
distribution of pore sizes around 3-5 nm (Fig. 8). Contrary, struc-
ture of corroded ZVI catalyst is characterized with wide distribu-
tion of pore sizes (2-170 nm) positioned at high pore radii values
(Fig. 8). Such significant difference in PSDs was also noted within
attendance of higher values of average pore diameter (6.7772 vs.
14.8050 nm) and BET surface area (0.5855 vs. 2.9542 m? g !).
Remarked PSDs variety validates some transformations in mor-
phology of ZVI catalyst upon corrosion. Deposits of iron oxides on
ZVI surfaces, confirmed with EDX analysis, render as fibrous struc-
ture scattered over spheres. Such cotton-like structure is a very
porous and usually contributes to high-voluminous character of

material [29,30]. Consequently, attained morphology (Fig. 7) brings
such a scattered distribution of pore sizes within corroded ZVI cat-
alyst (Fig. 8).

3.3. Kinetic study

3.3.1. Heterogeneous vs. homogeneous catalysis approach

Two approaches have been applied to study the kinetics of UV-
C/ZVI-Fenton process in CBPR. Heterogeneous catalytic pathway
has been assumed in the first approach, while the second approach
dealt with the pure homogeneous catalysis, concentrating on the
role of Fe(Il) ions in the bulk solution due to its leaching from cor-
roded ZVI surface. Heterogeneous kinetic model serves as usual
approximation for degradation kinetics by ZVI related processes
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Fig. 8. Pore size distribution from BJH model: ZVI powder vs. corroded ZVI.
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Fig. 9. Concentration profile of Fe(Il) ions in different combination of ZVI-Fenton processes at optimal process conditions (O1), (a) apparent constant concentration after
ts=1 min and further Fe(Il) leaching in UV-C/ZVI process (ts =5 min); (b) exponential decrease of Fe?* concentration after ts=5 min.

[16]. In the same manner, OC oxidation kinetics during UV-C/ZVI-
Fenton process can be described by pseudo-first-order kinetics with
the observed rate constant Kgps.

Fe® H,0,

ocC inorganic products (20)

hv

roc = —d[OC]/dt = kops[OC] @D

However, the observed rate constant varies according to the set
experimental conditions and it is constant for a limited range of
experimental conditions. During ZVI-Fenton processes, ZVI amount
and the corresponding surface area have the crucial effect on the
kons, and therefore, it is important to define specific reaction rate
constant, ksa [16].

kobs = kSA X P, = kSA X Qs X Pym (22)

where p, is the concentration of iron surface area (m? L™1), as is the
specific surface area measured by BET gas adsorption
(0.5855m? g™ '), and the py is the catalysts mass concentration
(ZVI mass divided by working volume, g L™).

The results of the heterogeneous kinetic model applied in this
study are given in Table 8. As it can be seen, ksa increases in the
acidic media (lower pH). In UV-C/ZVI process (with no addition

of H,0,), an in-situ generation of was observed (Fig. 10). Neverthe-
less, the corresponding values of ks are significantly lower (Table
8). In addition, control experiments of RB1 adsorption and reduc-
tion on ZVI surface resulted with maximum of 4% of decolouriza-
tion yield, while no reduction in TOC values was observed. The
observed results indicate the more complex reaction pathway.
Therefore, homogeneous catalysis might be the better approxima-
tion of an ongoing process. In acidic media, ZVI goes under corro-
sion, releasing the Fe(Il) ions in the bulk solution. As stated
previously, Fe(Il) concentration increase during set time, giving
the adequate amount of Fe(II) ions for Fenton reaction cycle. Under
the assumption of well-mixing, Fe(Il) ions react instantaneously
with H,0, in the bulk solution and the hydroxyl radicals, ‘OH,
are generated in each point of the reaction space. Following the
homogeneous catalysis, ZVI is considered only as a source of Fe(II)
ions for the Fenton reaction cycle.

3.3.2. Homogeneous model for the Fenton-type processes

Developed model for the homogeneous catalysis reflects on two
issues; (i) rate of Fe(II) production from ZVI surface, and (ii) rate of
reaction between organic content (OC) or dye (RB1) with -‘OH rad-
icals in the frame of formal kinetic scheme for the Fenton process
[23,31].
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;—;:i?ﬁt reaction rate constant in the heterogeneous kinetic model in CBPR; m(ZVI) = 0.225 g, [H,0,] = 0.044 mol L.
pH=3.5 pH=4 pH=5
ZVI-Fenton UV-C/ZVI-Fenton UV-C/zVI UV-C/ZVI-Fenton UV-C/ZVI-Fenton
ksa (L min~! m~2) 6.028 x 1073 0.0205 1.256 x 1073 0.0192 0.0122

After ZVI corrosion in ts, a certain amount of Fe(Il) is generated
(see Section 3.2). The concentration of Fe(Il) in t = ts represent the
initial concentration of Fe(ll) ions for Fenton reaction, while ts is
considered as the t, of reaction.

t=ts =ty = [Fe*'], = [Fe*"], (23)

Fenton reaction cycle starts upon the addition of H,O, and/or irra-
diation and Fe(II) ions are consumed. Due to the simultaneous gen-
eration and consumption of ferrous ions in the reaction media, Fe(II)
concentration can be considered constant, Eq. (24) (Fig. 9a). In the
case of longer ts, Fe(Il) ions are consumed following the exponential
law with the observed rate constant, /, (s~!) (Fig. 9b).

[Fe*"], = [Fe**], = const. (J, ~0 min') (24)

[Fe?"], = [Fe?'],, x e " (25)

To establish a kinetic model to describe Fenton reaction cycle, it was
assumed that OC (or RB1) is primarily degraded by hydroxyl radi-
cals. Accordingly, OC oxidation kinetics in CBPR and BFSR, given
as a disappearance rate of OC, can be expressed as;

roc = —d[0C]/dt = ki [OC][OH] (26)

where k; (L mol~! s7!) represent the rate constant for the reaction
between OC and "OH radicals. The same equation was written for
RB1 oxidation kinetics.

Following the crucial reactions of the Fenton catalytic cycle
summarized by Wu et al. [23], and having in mind the most impor-
tant ones; Eqs. (27)-(29) [23,31];

Final equation for the OC oxidation rate in CBPR and BFSR (homo-
geneous kinetic model) has the following form [31].

d[oC
Toc = 7% = k;[OC][OH]
ky[Fe?*),[H04] e 1fe 72t

" %1[0C] + ks [H;04], + ka[Fe?'], |

oC| (30)

where 4; (s~!) represent the rate of the H,0, consumption during
the studied Fenton process (Fig. 10). Similar equation is obtained
for RB1 oxidation rate. Concentration profiles of H,O, during the
performed Fenton type processes are shown in Fig. 10.

In addition to the adopted reaction scheme and the kinetic
model [23,31], the reaction between Fe(Il) and H,0, (Eq. (27)) is
considered as a main source of "OH radicals. However, under UV-
C irradiation, "OH radicals are also generated due to the photolysis
of H202 [16]

H,0, + hv ™ 2:0H(254 nm) (31)

Rate of ‘OH generation can be described using the expression for the
rate of photolysis according to the LLM (Eq. (16)). Furthermore, cer-
tain number of ‘OH radicals is lost due to recombination.

2:0H"" H,0, (32)

To include the effect of r5 and rg on OC and RB1 oxidation rate, com-
plex model was developed. Accordingly, generation rate of ‘OH rad-
icals is given by Eq. (33).
oy = d[OH]/dt =Ty —13—T4+15—T—Toc
= ky[Fe®*)[H,0,] — ks[OH][H,0,] — kq[Fe**][OH]

+ FHZOZ (pHZOZ ]0(1 — 672'3031‘[\254“"1) — kG [OH} [OH}

— k1 [OC][OH] (33)
Following the pseudo-steady state assumption (d[‘OH]/dt=0)

[23,31], the quadratic equation for concentration of ‘OH radicals,
[‘OH]y, is obtained. After introducing the solution for [‘OH]; in OC

Kk (T _
Fe?* 4+ H,0, 2", Fe3* 4 -OH + OH (27)
H,0 . k3 (r3) .
20, +'OH—=H,0 +'HO, (28)
ky(r. _
Fe** +-OH X" Fe3* 4 OH (29)
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Fig. 10. Concentration profile of H,0,, in different ZVI-Fenton processes at optimal process conditions (01), tscgpr = 1-5 min and tsggsg = 1-2 min.
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and RB1 oxidation kinetic model (Eq. (26)), final equation of com-
plex model is developed.
doq

Toc=—"q =
(k1 [0C +k3HyOs]g +kalFe* o)
s f
ky 77 )2 2 23031A, [0q)
\/(kl[OCsz [H202]g+ka[Fe*" Jo)? +4ks (ka[Fe? o [Hy Oz]ge "1 e 2" +Fy, 0, Phy0, (1€~ 254nm ))
2ks

In order to get the solution to complex model, fraction of absorbed
irradiation by H,0» (Fu,0,) has to be well estimated. Therefore,
absorbance of light at 254 nm by model solution/reaction system
in whole was monitored during the experiments (Azs4nm). These
established value for Ayssnm is 1.91 + 0.04. Apparently, it remained
constant during all experiments. Fy,0, at certain periods of time is
given in following equation.

&,0,[H202],  &ny0,6 "

Agsanm Azsanm
1T cm 1 cm

FHzoz -

35)

Note that Ajzssnm/1 cm corresponds with (ZéiCi)s4nm. Control
experiments were performed (UV-C/H,0,), Figs. 10, 11a and 12, to

validate the established assumptions. Experimental data for H,0,,
OC and RB1 concentration fit well the values modeled according
to the following Eqs. (36) and (37). Note that Eq. (37) is shortened
complex model, obtained by excluding reactions that involve fer-
rous ions (1, and ry).

0, = d[H20,]/dt = —13 — 15 + 6 (36)
Toc(OT I'yp1) = —$=
_(k k (k1 [0C|+k3[Hy 02]0)? +4ks (Fu, 0, P, 0, I (1—e 2303 A254mm ))
k1 ( ( ,[OC];k;[HZOZ]0)+\/ 1 3(H2U2])0 6 27(2602 Hy0, 0 [Oq
(37)

Results for OC and RB1 kinetics obtained by the developed homoge-
neous kinetic model (Eq. (30)) and complex model (Eq. (34)) were
compared to the experimental data (Table 10). The fit is good with
reasonably low normalized root mean square deviations. Resulting
plots showing the OC and RB1 kinetics in the model solution are
shown in Figs. 11 and 12. As can be seen from Fig. 11a, mineraliza-
tion of RB1 model solution by UV-C/H,0, process can be considered
negligible, i.e. only 6.52% reduction in TOC value is observed. At the
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Fig. 12. RB1 oxidation kinetics in model solution by applied ZVI photo-Fenton processes at optimal process conditions, O1 (tscgpr = 1 min (A) and 5 min (B); tsprsg = 1-2 min);
experimental vs. model values (homogeneous kinetic model - solid line, complex model - dashed line).

same time, somewhat higher extent of decolourization is achieved
during 60 min of UV-C/H,0, process (26.67%) (Fig. 12).

The obtained results justify the applicability of both models,
simple homogeneous kinetic model (Eq. (30)) and complex model
(Eq. (34)), and the assumption that reaction between Fe?* and H,0,
(Eq. (30)) is a main source of ‘OH radicals for OC and RB1 oxidation
in ZVI-Fenton processes. Due to simplification purposes, genera-
tion of ‘OH radicals due to photolysis of H,O, and corresponding
chain propagation and termination reactions [16] can be neglected.
Furthermore, estimated values of k; for OC and RB1 oxidation in
CBPR are in accordance with the values estimated in BFSR.

Meanwhile, the possible influence of all ongoing reactions on con-
centration of reagents during the process was considered through
the experimentally determined reagent consumption rates (con-
stants Z; and /), including the possible influence of O,, irradiation
or temperature oscillation. Constants 4; and 2, are not universal
and they moderately vary depending on the experimental condi-
tions. They are good approximation of the reagents’ consumption
and this approach significantly simplifies the modeling. However,
the obvious lack is the necessary determination of 4; and A, in new
unexplored reaction systems. Parameters of the applied homoge-
neous model for the studied Fenton-type processes; k; to ke, 41, 42
and initial concentration of reagents are summarized in Table 9.

Table 9

3.3.3. Effect of corrosion and applied irradiation

ZVI1 appeared as an adequate catalyst for Fenton processes, but
only due to corrosion of its surface. To study the impact of ZVI cor-
rosion on process performance, experiments were performed with
two different set times, (A) ts=1 min and (B) ts =5 min. In the case
A, initial concentration of Fe(Il) ions in bulk model solution was
about 2 x 107> mol L™, resulting in the lower mineralization ex-
tents (Fig. 11a). It is evident that there is a certain balance between
Fe(Il) consumption and generation rates after ts=1 min (Fig. 9a).
However, although [Fe?*] remained almost constant during
60 min of the process, the corresponding [Fe?*] is not enough to
achieve satisfying mineralization extents. On the other hand, in
case B, initial [Fe?*], was about 1.5 x 10~* mol L~!, mineralization
extents were higher (Fig. 11b), and [Fe?*] decrease exponentially
with the apparent rate 4, (Fig. 9b). The highest recorded concentra-
tion of Fe(Il) and Fe(IIl) ions after 60 min of all applied ZVI Fenton
processes were 4.7 and 2.3 x 10~#mol L}, respectively. The given
values indicate the negligible secondary pollution by dissolved iron
species.

According to the determined RB1 photolysis rates (Table 1) and
the assumed low quantum yields of the expected aromatic by-
products [16], photolysis of both OC and RB1 was considered as
negligible. On the other hand, type of the applied irradiation affects

Parameters of the homogeneous models for studied ZVI photo-Fenton processes (O1 process conditions).

Parameters UV-C/ZVI-Fenton Solar ZVI-Fenton

ts=1min ts=5 min ts=1 min ts=5 min
[FeZ*]o (mol L) 20x 1073 13 x107* 2.0x107° 1.5x 1074
i (s7h 1.6 x 1074 9.4 x 107>
Ja(s7h ~0 54x107% ~0 93x10°°
ki (Lmol's™1) 1.5 x 10° (0C)

1.2 x 107 (RB1)

ko (Lmol s 1) 170 [23,31]
ks (Lmol's™1) 3.3 x 107 [23,31]
ks (Lmol's™1) 3.2 x 108 [23,31]
ke (Lmol~'s~1) 5.5 x 10° [16]
r202 (Lmol ™' cm™1) 18.7 [16] ~0
DPipr02 0.5 [16]
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Table 10

Normalized root mean square deviations [27] for the application developed models to ZVI photo-Fenton processes (Figs. 11 and 12).

Process Modeled value

ocC

RB1

Homogeneous kinetic model

Complex model

Homogeneous kinetic model Complex model

UV-C/ZVI-Fenton (A) 0.0773
UV-C/ZVI-Fenton (B) 0.0655
Solar ZVI-Fenton 0.0248 -

0.0741
0.0783

0.1332 0.1276
0.0351 0.0303
0.0960 -

the performance of Fenton process. Rate of HO, consumption was
observed in the following manner; UV-C > solar > dark (ZVI-Fen-
ton) (Fig. 10, Table 9). Under UV-C irradiation, H,0, photolysis is
emphasized due to the high value of its quantum yield (®y,0,) at
254 nm. The ®y,0, significantly decreases with the wavelengths
ranging from 290 to 600 nm [16,32]. Furthermore, iron complexes
(-hydroxy, -oxalate and similar) present in the reaction media
[2,17] show the interesting absorption characteristics by exhibiting
total absorbance of all incident photons below 400 nm at relatively
low molar concentrations. The absorption extends well into the
visible range of the electromagnetic spectrum and decreases to
zero at about of 550 nm [33]. Due to the high quantum yields, irra-
diation with 2 < 400 nm is responsible for the photo-transforma-
tion of iron (ferric) complexes and the generation of Fe(Il) as a
free cation in the aqueous solution (Egs. (7) and (9)) [26,34]. The
resulting Fe(Il) concentration profiles (Fig. 9b) depicted the de-
scribed phenomena. Rate of Fe(Il) ions consumption is the highest
in dark, while the concentration of ferrous ions is almost constant
under the solar irradiation. In the system where H,0, is generated
in-situ (UV-ZVI), concentration of Fe(Il) ions increases with time
(Fig. 9a) as a result of the simultaneous corrosion process and Fen-
ton reaction. As a result of photo-transformation of iron complexes,
additional Fe(Il) ions are available for “new cycle” of Fenton reac-
tion. This also explains the fast H,O, consumption rate in BFSR,
especially because the photolysis of H,O, under solar irradiation
is minimal due to the negligible flux of irradiation below 290 nm
reaching the Earth surface.

4. Conclusions

Photo-Fenton process using the zero-valent iron (Fe®, ZVI) as a
catalyst has been applied to study the oxidation in the model
wastewater containing reactive azo dye, C.I. Reactive Black 1
(RB1). Novel reactor configurations have been presented; a cylin-
drical laboratory batch photo-reactor (CBPR) with the immobilized
iron using the flexible magnetic stripes thus maximizing the sur-
face area exposed to the irradiation and a boat-shaped solar reactor
(BFSR) operated in total recirculation mode with the immobilized
iron at the bottom.

Mixture design methodology has been applied to optimize the
Fenton reagent and operating pH conditions. This design entails
the constraints that narrow the optimization possibilities thus
resulting with the single optimal point. Calculated optimal compo-
sition (01) includes smaller amounts of ZVI and H,0, and a slightly
acidic pH conditions. Additional optimization criteria (pH > 4) lead
to another optimal point (02).

Corrosion of ZVI surface at pH < 4 resulted with three comple-
mentary phenomena: (i) slight degradation of initial uniform mor-
phology; (ii) generation of iron oxides on ZVI surface and (iii) Fe(II)
leaching into bulk solution. Mutual supplementation of SEM-EDX
and porosimetry methods in material characterization is newly
presented within these considerations.

Mineralization and dye degradation kinetics have been studied.
Two approaches have been compared; heterogeneous vs. homoge-
neous catalysis. Due to better approximation of the overall process,

homogeneous kinetic approach was introduced to ZVI-photo-Fenton
modeling. ZVI was considered only as a source of Fe(Il) ions, necessary
for Fenton catalytic cycle. Model for homogeneous catalysis by
ZVI-photo-Fenton processes was developed, with the estimated rate
constants for the reaction between organic content and RB1 with ‘OH
radicals, k;,0f 1.5 x 10 Lmol~! s~?and 1.2 x 10’ L mol~! 57!, respec-
tively. Adequate set time (ts = 5 min) assured the higher [Fe**]o in bulk
solution, while application of solar irradiation lowered the Fe(Il) con-
sumption rate, /,. Consequently, higher mineralization extents are
achieved. Performance of ZVI-photo-Fenton process in the BFSR (solar
ZVI-Fenton) offered a perspective for low cost Fenton processing of tex-
tile effluents.
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