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ABSTRACT

The combinations of Fenton reaction, UY/HaO, and photo-Fenton process in the
degradation of organo-phosphorus containing subsirates such as fenitrothion, diazinon and
profenotos have been investigated. A laboratory set-up was desipned tw cyaluutc and select
the optimal oxidation process. Several parameters were also studied as: initial pH, COD/H20»
ratios,‘f‘ Fe(1l)Y H20; ratios and the type of photo-catalyst to define the oi’:tirﬁum opéraling
condit%ons. The kinetic study indicated that the degradation rate of the usedlmodcl_ substances
way first order and the calculiated reaction constants were atlected by the p;:rmncle'rs studied.
The oxidalion processes were repeated at the optimum operating conditions for the
degradation of the mixture of the used model substances to represent the real waslewater
effiuent from pesticides producing company. A rough comparison of specific energy
consumption was also evaluated to compare between the photochemical processes. The
experimental results shows that the light-enhariced Eqnl_ori reacuon (pnoia-renton;) has pre ven
to be a most effective and economic treatment process under acidic conditions and"mighl* be

an alternative to the other traditional processes.
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1. INTRODUCTION
Pesticides used .in Egypt are of differem types such as organochlorine,

organophosphours, carbamates, urea, anilides and pyrethoid. The four general categories of
these pesticides are insecticides, fungicides, herbicides and bactericides. Organophsphours
insecticides are of great significance in pest control and increasingly used instead of

organochlorine insecticides. Organophosphours insecticides represent more than 80% of 10tal

insecticides used in Egypt [1].

Pesticides and chemical industry are considered that of the most industrial activities
generate wastewalers containing toxic and non-biodegradable compounds that remain in the
environment even after the wastewater have been subjected 10 conventional processing
system [1,2]. Therefore, human population is exposed 10 pesticides and other organic micro-
poilutants either through drinking water or via the food supply. In addition to the formation of
mutagenic compounds during the conventional oxidation processes [3,4]. Therefore, it was
very important to develop water and wastewater treatment technologies for the removal of
toxic and refractory organic compounds (ROCs) from water and wastewatsr. Advanced
oxidation processes are considered one of the most attractive methods for the treatment of the

water and wastewater that contain toxic and non-biodegradable pollulanis. .

Advanced Oxidation processes (AOPs) use combinations of oxidants, ultraviolet
irradiation and catalysts lo generate hydroxyl radicals (OH") in solutions and have attracted
interest for the degradation of biorefructory or hazardous organic compounds in waslewater.
The organic poliutanis are oxidized by free radicals and mineralized to water, carbon dioxide
and mineral salis. A number of studies have indicated the potential for using Advanced

Oxidation Processes {AOPs) 1o completely destroy micro-pollutants such as pesticides.

The Fenton reaction {Fe**/ H:0y), and Fenton-like reactions (Ff.:l'{r H;03), have been
widely applied in the weatment of non-biodegradable wastewater in the: field of Advanced
Oxidation Processes (AOPs) [5,6]. However, Fenton systems (Fenton reaction + Fenton-like
reaction) have [wo limitations {(1} large production-of iron slud{;e.’ (2) slow reduction of ferric
jons by HaOy) in their application [7,8]. Nlumination of the system by UV was suggested 10
overcome the limitations of the Fenton system. The photoreduction of various ferric species
contributes 10 the production of ferrous ions and radical species [9]. For the development of
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effective wastewater .ireatment methods, compleie degradation of the contaminants to

harmless end products (CO,) and mineral salts is important.

The present work investigates the degradation of three model compounds of organc-
phosphorus pesticides by Advanced Oxidation processes using UV, UV/H10s, Fenton and

photo-Fenton treatment.

2. EXPERIMENTAL METHODS

2.1, Model Substrates and Materials

Fenitrothion, diazinon and profenofos (from Supelleo) were used as model substances
of organo-phosphorus pesticides. All reagents employed were not subjected to any further
purification. They were chosen because their loxi.cily and they are widely used as insecticides
in Egypt. The physical and chemical properties of the selected model substances are listed in
‘Table (1). Ferrous sulfate heplahydrate (FeS0,.7H;0) and ferric chloride {FeCly} (from
vlerck) were used as source.s of Fe(ll) and Fe(lll} catalyst to compare beu.fccn the influence
of the type and valance of the catalyst. Sulfuric acid and sodium hydroxide (from Merck).
Hydrogen peroxide solution (33% w/w) in stable form was provided by Merck. Water used

throughout was distilled water.

2.2, Experimentul Sct-up
A laboratory unit was used for the batch experiments. The schematic diagram of the

experimental set-up used in this study is shown in Figure {1). The reactor was cylindrical with:
0.85L voiume and was made from quartz glass, which was available for the transfer of the
radiation. Heraeus TNN 15/32; 150W medium-pressure mercury lamp {from Germany),
Heracus TQ 130, was used as UV emitter and light source. The medium-pressure lamp
emitted a power of 62W in the UV-C (100<A<280nm) range (indication Heraeus),

corresponding 10 1.32* 10 Einstein 5™

The UV lamp was immersed centrally in the glass tube and equipped with a cooling
water jackel system to maintain the reaction solution at a room lemperature, \r»vhich was placed
in the reactor vessel. The reaction chamber was filled with the reaction mixture, which was -
placed between the reactor walls sund UV Jatnp system. Mixing was accomplished by meuns

of a closed external circulating loop through the ilfuminated part of the photoreactor by the
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use of a peristaltic pump. The flow sysiem was assembled with polytetrafluorethylene (PTFE)

or glass tubing and connectors.

2.3. Experimental Procedures
Synthetic sclutions from the studied compounds a1 constant initial concentrations (30

ppm, to simulate high-loaded organo-phosphorus pesticides containing industrial wasiewater),
were prepared in distilled water. The laboratory unit was tilled separately with 0.85L of cach
model substance solution. The desired pH value was adjusted with sulfuric acid before
startup, and then a given weight of iron salt was added. The iron salt was mixed very well
with the tested model substance solution before the addition of a given volume of hydrogen
peroxide. For the dark processes (Fenton reaction), the reaction time starts when the solution
is injecled by hydrogen peroxide. For light pholo-processes, the 1ime at which the ultraviolet
lamp was tumed on was considered time zero or the beginning of the experiment which was
taking place simulianeously with the addition of hydrogen peroxide. The hydrogen peroxide
Josage was based on the stoichiometric ratic with respect 10 COD. The solution was

circuluted wt a flow rate of 180 th™ tur vne hour.

2.4. Anaivtical Methods

Sumples were wken at repular time intervals from the reaction vessel and were

amlyzed immuediately o as oid further reaction. As literature reported |10], Fenton and photo-
Fenton reaction cunnot proceed ut pli>16. Therefore, the reaction was stopped instanily by
adding NaOH 1o the reaction samples belore H20; analysis. One drop of Nap820; (0.1N) was
also added to each sample o decompose any residual hydrogen peroxide and prevent
hydrogen peroxide from reacting with organic substrates during the amalysis. Hydrogen

peroxide was detected by a muditied iodometrie titration method [ ]

Tutal organic carbon measurcients (TOC) were carried out by using a Shimudzu
TOC-Anulyzer 3000 equipped with an aute-sampler ASI-5000. The pH was measured by
means of 1 WTW pH-Meter 337 cquipped with a pH combination electrode E56. Chemyical
oxypen demand (COD) was carrivd out via & Hach-2000 spcclmphulumﬂcr using dichromaie

solutivn as the oxidant in strong acid media (12].
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3. RESULTS & DISCUSSION

In the Fenton and photo-Fenton processes, the HaOs was oxidized and OH" was
produced. The formation of OH” depends on several factors such as pH, dose of Fe", initiul
concentration of Ha0» and the ratios between organic loads and HaQy. Therefore, the eftects

of the previous factors were investigated.

3.1. Effcct of ptl
The pH value has a decisive effect on the oxidation potential of OH' radicals because

of the reciprocal relation of the oxidation potential to the pH value (E' = 2.8 V and E"
=1.93V), Furihermore, the concentration of inorganic carbon and the hydrolytic speciation of
Fe(lll) species are strongly affected by the pH value. Therefore, it is required 10 determine the

role of pH in the photo-assisted Fenton reaction.

The TOC degradation of model substances by Fenton and photo-Fenton treawment as a
function oi pH are shown in Figure (2) (@ & b). The experinwents have been carried out a ph
range from 2 to 5. The results clearly indicate that the extent of degradation decreases with the
increase in pH value for pH>3. This demonstrates the most effective pH value for degradation
of the selected model substrales by both Fenton and photo-Fenton treatment is 3. This is
consistent according 1o Kuo [13], more Fe(OH)" js formed ar pH 2-4 and the activity ol
Fe(OH)" is higher than Fe®™ in Fenton and photo-Fenton reaction, This may be a reason for
the optimal degradation of model substances in this range. At acidic pH values, it has been
shown that hydrogen peroxide decomposes lo produce OH' radicals. For pH values above 4
the degradation stwrongly decreases becuuse at higher pH values iron precipitates s its
hydroxide which reduces the transmission of the radiation into the water in case of pholo-
Fenton treatment [14]. Another reason for the inefficiens degradation at pH>3 is due 10 the
dissociation and auto-decomposition of H:0; [15]. A maximum TOC dcgradation of 86.9,
56.7, 89.7% for fenitrothion, diazinon and profenotos respectively, were obtained with the
photo-Fenton treatment within 30 minutes at a pH=3. While 54.2, 12.9, and 46.2% TOC
degradaticn for fenitrothion, diazinon and profenotos respectively were obtained with Fenlon

reaction within 90 minutes at the same pH value.
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3.2. Effect of UV irradiation -

Free radicals. can be obtained from catalytic reacion of iron salt with hydrogen
peroxide either in absence or presence of UV-light. Figure (3) (2 & b) provides the tlime-
percentage TOC degradation data for the model subsiances by both of Fenton and photo-
Fenton 1reatment, respectively. It was found that in Fenton wreatment, the TOC degradation of
fenitrothion, ‘diazinon and profenofos after 90 min obuined was 54.1, 12.9, and 50.3%
respectively. In this case, due to the limited ferrous ion concentration, the concentration of

OH' radicals produced may be limited, i.e., one molecule of Fe*™ produces only one CH

radical as shown by Reaction (1).
Fe*™ + H;0; — Fe¥” + OH + OH" Reaction (1)

In contrast to the Fenton reaction, the TOC degradation was increased in the phote-Fenton
reaction. In the irradiated reaction, the UV irradiation contributes by photolysis of Fe'”

complex ions and H>0; to the formation of OH' radicals as shown by Reaction (2).
Fe’* + HyOp + hv — Fe'” + OH" + H’ Reaction (2)

In the presence of HaOs, the repenerated Fe™* from the photolysis of Fe?™ species is
subsequently reoxidized by H,O» and produces new OH' radicals, so that the oxidation of
organic compounds s aceelerated. About 86.9, 56.7, 89.7% of TOC degradation of
fenitrothion, diazinon and profenolos, after 30 min was only obtained by photo-Fenton
treatment. As be noticed that the degradation ot diazinon with either Fenton or phote-Fenton
treatment has lower values of % TOC removal. These resuits can be explained on the basis of
different activation of benzene ring. Diazinon has heterocyelic ring, which is less activated, so
thal hydroxylation and ring cleavage are very difficult. On the other hand, profenofos and
fenitrothion have a rather activated ring, so that the oxidation and ring cleavage are much
easier. Profenofos has two electron auracting groups in p- and o-positions, meanwhile
fenitrothion has eleciron donating group in p-position (NO; group). Therefore, the

degradation of profenofos is faster than fenitrothion.

(26 )
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3.3. Effect of COD:H; 0, ratio
The H:0» dosage was based on the stoichiomelric ratio with respect 10 COD. This was

calculated assuming complete oxidation of COD as [ollows:
lg COD = 1g O: = 0.05123 mol O- = 0.0625 mol H;0; = 2.123 g H,0..

To determine the optimum COD: H;0; ratio, experiments were carried but by varying the
H10, dosage at constant concentrations of the selected models and COD. Figure () (a & b)
illustrates the % TOC degradation as a function of COD: input H»0» ratios. The investigation
has been carried out ratios of 1:1.1, 1:2.2, 1:3.3 and 1: 4.4, The experimental results of Figure
(4) shows that the % TOC degradation increases either by Fenton or photo-Fenton treaiment
over the stoichtometric ratio; this can be explained by the effect of the additionally produced
OH’" radicals. Addition of Ha0: exceeding lh§ stoichiometric ratio of COD: H,0. 1: 2.1 did
not improve the respective maximum degradarion. This may be due to auto-decomposition of

H20; 10 oxygen and water and the recombination of OH radicals as follows:

2H20; — 2H0 + Oy, Reaction (3)
OH* + H,0> — H0O + HOY' Reaction (4)
.

Since the OH' free radical reacts with H;Oz, the Hi0; itself contributes to the OH' scavenging
{16]. Therefore, H20: should be added at the optimal concentration 1o achieve the best
degradation. As can be seen also from Figure (4), the optimum COD: H;0; ratio for the
oxidation of organic model substances by photo-Fenton treatment was l.:2.2. while it was
l:4.4 in case of reatment by Fenton process. That means, the treaiment with photo-Fenion
process reduces the consumption of H>0z to avoid the auto-decomposition step (Reaction (3))
and consequently the total costs. About 86.9, 56.7, 89.7% of TOC reduction of fenitrothion.
diazinon and profenofos respectively was obtained by pheio-Fenton process afier 30 min
reaction time and COD: H,O; ratio of 1:2.1. In contrast 54.2, 12,9, and 46.2% of TCOC
reduction of fenitrothion, diazinon and profeaofos respeclively was obtained by Fenlon

process afier 9¢ min reaction time.

3.4. Effect of H-0,:Fe{1l) ratio

To observe the optimal initial concentration of HxO::Fe(ll} on degradation of the
model substances, experiments were conducted by varying the initial {Fe(ll)] at fixed [HaOz]o.
pH and COD: [H20;)q ratio. Figure (5) (2 & b) shows the degradation of the model substances
by Fenton and photo-Fenton treatmeni with varjation of [H;0;])e:[Fe(lI)]o for a reaction of 90
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& 30 min for both Fenton and photo-Fenton processes respectively. The results indicates that
the extent of degradation remams almost the same value with the increase in [HaO:]p:[Fe(11)]o
ratio in the range of 10 10 100 with Fenton treatment and 10 10 50 with photo-Fenton
treatment, further increase of [HaOs]o:[Fe(ll)]o ratio actually decrease the extent of
degradation of model substances. Thus, the optimal ratics of [H;0:]e:[Fe(ID)]e are 100 & 50
for the treatment of model substances by Fenton & phote-Fenton wreatment respectively. As
can be seen from Figure (5), the treaiment of the model substances by photo-Fenton reduced
the [HyO2]y:[Fe(il}]o to the halt comparing with the treatment with Fenion process. That
means, the consumption of iron (II) amount was reduced to the haif by the photo-Fenton
process. A higher addition of iron salt by using photo-Fenton treatment resulted in brown
turbidity that hinders the abserption of the UV light required for photolysis and caused the

. . - . 2 . -
recombination of OH radicals. In this case, Fe™ reacted with OH radicals as a scavenger

according to Reaction {5) [17).
OH" + Fe?* — OH + Fe?~ Reaction (3)

It is desirable that the ratio of HiO; to Fe** should be as small as possible, so that the

recombination can be avoided and the sludge production from iron complex is also reduced.

3.5. Depradation kinetics
The degradation kinetics of the model substances by the Advanced Oxidation

processes tsed in this study may be expressed by a pseudo-first order kinetics uccording to

the following relationship Equation (1)
In [TOC] /[TOC], = -kq t Equation (1}

in which {TOC], and [TOC] are the total organic carbon of the organic substances at 0 and ¢

times, and kg the expected pseudo-first order rate constant.

Changes in the TOC degradation rates obtained with profencfos as model substance
during UV, hydragen peroxide photolysis, Fenton and Photo-Fenton reactlions are shown in
Figure (6). Pseuda-first order rate constants (kg) and the % TOC conversion afier 30 min of
reaction time 3o for the degradation of profenolos by different Advanced Oxidation

Processes culeulated from the degradation curves are presented in Table (2).

()
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Profenofos was degraded at a slow rate by the dark oxidation with Fenton reaction.
The results of this study dcmo}xstmted that UV radiation improves the pért‘ommnce of the
Fenton reagent system quite significantly, and at the same concentrations of hydrogen
peroxide, photo-chori reaction led to a more rapid decomposition of profenofos than that
observed during the Fenton reaction. As listed in Table {2), the addition of UV radiation o the
dark Fenton reaction led 10 10-fold increase in the reaction rate constant for profenofos
degradation {Irom 0.0085 10 0.0973 min"). Still, the application of 1he more complicated and
therefore costly method is npt reasenable, because more than 70% degraddﬁon in the Fenton
treatment was reached in several minutes (90min). The degrudation of protenolos with
hydrogen peroxide photolysis involved a long reaction time i’ compared with the photo-
Fenton reactions, so that 70% TOC destruction of profenotos required 60 min of treatment.
The experimental data in Figures (6) shows that adding Fe™ (the higher Valz}hce of iron metal)
to the degradation of profenolos by UV?H;O: system enhunced (he rate of prefenolos

oxidation with a rate equat nearly to photo-Fenton treatment with adding Fe™™.

3.6. Specific energy consumption

After the photo-catalytic oxidation has proven to be effective method for the
destruction of ofganu-phosphurus compounds in water, the cfliciency and the crucial
parameters for an up-scaling of this process have 10 be evaluated. In most cases the goal of
current technical application of advanced oxidation processes id the destruction ol water
pollutants and not the energy consuming complete degradation of the substrates content.
Therefore the economical most imporant parameter is the efficiency of substrate
consumption. Figure (7) provides a rough comparison of the energy reguired 1o remove 70%
of the initial TOC of 50 ppm aqueous solution of protenofes by different photo-chemical
oxidation processes used in this study. The energy consumption of each photochemical
process is estimated, as kWhv/kg based on the time needed to remove 70%'of the initial TOC
of profenofos aqueous soiuiion. It may be noted that the consumed specific energy was
calculated only from the transformed UV radiation, which represented only a part of the total
electrical encrgy. The output energy amount 1o be 62W. The specific energy consumption E,
(kWh/Kg TOC) needed to remove 70% TOC of profenotos aqueous solution can be estimaled

from the lollowing Equation (2) {18).
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P, *1

£y = [a70C 1*V Equation {2}

where, Py (kW) is the electrical power consumed by the UV-lamp = 62 W, fATOC] (kg) is
the change in TOC concentration of the profenofos = 63.35 mg/L and represent 70% TOC
removal of profenofos, t (h) is the time at which 70% TOC of protenofos was removed and
equal 15,30 and 105 min for photo-Fenton by using Fe(ll), photo-Fenton by using Fe(lll) and
UV/ H0, processes respectively and V is the irradiated reaction volume (L) and equals 1L.
The photo-Fenton process is more economical than UV/H,0, process with an energy
reduction 9-fold for the UV/ HaOy/Fe(ll} system 3-fold for the UV/ HyOx/Fe(lll) system,
respectively, over UV/ H;0; process. In this study the photo-Fenton process consider the

optimal and economiczl method for the degradation of such organo-phosphorus compounds.

3.7. Degradation of synthetic mixture

A synthetic mixture of profenofos; diazinon; fenitrothion (50 ppm of each) was
prepared 1o simulate a real wastewater effluent from pésticides producing company. Figure 8
shows Time-percentage total TOC degradation data for the oxidation of the mixture by
different AOPs including UV, HaOx/Fe(ll), UV/ HaOa, UV/ HyOy/Fe(ll), ), UV/ HaOy/Fe(lll).
As shown from the figure, the photo-Fenton pragess either by using Fe (I1) or Fe(l1l) recorded

the best % total TOC removal comparing with the other AOPs.

4. CONCLUSION
The results from this study showed that the % TOC degradation rate of model

substances was strongly accelerated by the photo-assisted chemical oxidation processes. The
photo-assisted Fenton process, the combination of homogeneous system of UV/ H,0/ Fe™",
produced the highest photochemical elimination rate of both compounds in order of
profenofos > fenitrothion > diazinon. The oxidation rate was influenced by many factors, such
as the pH value, reaction time COD: H,0,, Fe?": H,0, ratio, the amount of iron salt and its
valence. The optimum operating conditions obtained for the best degradation were pH=3;
COD: H;0; = 4.4:1, Hi0a: Fe*” ratio=100:1 by the oxiduﬁon of model suﬁstances by Fenton
treatment and pH=3; COD: H,0: = 2.2:1, H:Op: Fe®* ratio=30:1 by the oxidation of model

substances by photo-Fenton treaiment.

(30)
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The advaniages of the photo-assisted Fenton process as an oxidative pre-treatment

step over the dark Fenton process are economic, less energy demand, efficient, low

investment and harmiess process products.
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Table (1) Physical & Chemical Properties of Organo-Phosphorus Model Substances
1

used in This Study.

Fenitrothion Diazinon Profenofos
Chemical Formula | CoMnNOSPS CHaN:0,PS CoF BICIO;FS
Molecular Weight 2712 304.3 _ 373.6
Density 1.328 gm/ml (u120°C) 1.117 gm/ml (ar20°C) [:4553rntllnl {a126°C)

Chemical Strueture

L

) i.s 5 ] ?
0, —P(OCH, ), D}"‘ !IW*:CPU: B -; >—-°— ’I’—OCH:':“.‘
{CHy -

Fenitrolhion Dazncn [ Piolenalos

Table (2) Degradation of Profencfos by Different AOPs.

(32 )
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Type of process Kewp P30
uv ' 0.0052 13.7
Fenton (H202/Fe™") 0.0085 23.2
UV/ Hx04 0.0214 48.5
UV/ HaOofFe®” 0.0589 81.1
UV/ Ha0of Fe. 0.0973 94
FIGURES

Fig, 1. Schematic diagram of AOPs system

experimental set-up.
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