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Abstract

This paper presents a study on the integration of two advanced treatment processes for the removal of priority organic processes
from wastewaters: catalytic oxidation (Fenton homogenous process) followed by ultrafiltration. The aim of this study was to
assess the removal efficiency for 4-chlorophenol (used as model pollutant), as well as the decrease in effluent toxicity in various
processes conditions. The experiments have mainly focused on studying the effect of the oxidant dose of the catalytic oxidation
process on the performance of the ultrafiltration process and on the toxicity of the final effluents. Furthermore, the mechanisms of
the Fenton homogenous oxidation processes and the removal of heavy molecular weight compounds in ultrafiltration were
studied. The results have shown that the toxicity of the effluents decreases significantly through catalytic oxidation, while the
ultrafiltration process mainly contributes in removing the oxidation intermediates, especially the high molecular weight

compounds.
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1. Introduction

Water is one of the most valuable resources,
but also one of the most fragile, because of the
present climate changes, natural and human-related
pollution and the constant population growth. In the
context of the increase of the world population,
together with the anticipated water shortage over the
next years, the solutions emerging are focused on
sustainable ~ water =~ management. = Nowadays,
wastewater management and technology are closely
linked to the principles of reduction, recycling and
reuse. The reduction of the large volumes of
wastewaters produced worldwide can be achieved by
the optimal design of plants or water technology, by

integrating heat systems, mass streams and pollution
prevention measures (Koltuniewicz and Drioli, 2008).

The recycling necessity is correlated with the
increased costs of wastewater disposal, the main ideas
being the separation of valuable materials from
wastewater streams and the reuse of wastewater.
Legal enforcements and economics pressures
encouraged companies to re-consider their position
towards pollution prevention and clean technologies
implementation so as to diminish the environmental
impacts and risks of the wastewater produced, in
terms of quality and quantity. Another positive
outcome of this concept implementation is the
reduced raw materials requirements which represent
an additional cost benefit. The ultimate objective is to
obtain a closed water cycle where the majority or the
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entire waste streams are recycled and only output
coming from the process is the final valuable product
(Cailean, 2011). The idea of water reuse is based on
the assumption that various consumers need different
quality and quantity of water and each consumer
should contribute to reducing water wastage (Asano,
2007). The so-called “sustainable solutions” include
the mitigation of groundwater degradation, increasing
availability of drinking water and finding suitable
usage for industrial/municipal wastewaters once they
respect all the necessary quality requirements
(Teodosiu et al., 2007).

In order to meet the quality requirements
necessary for wastewater recycling and reuse
purposes, many technologies have been developed,
most of them based on 2 principles: pollutants
separations from the main wastewater stream (e.g.
membrane processes, activated carbon, etc.) and/or
pollutants destruction by using chemical reactions
that produce the transformations of the initial toxic
pollutants into reaction products less toxic or
dangerous for the human health or the environment
(e.g. oxidation processes, chemical precipitation etc.).
A special attention is drawn by the presence of
priority pollutants in the wastewaters, which
according to the USEPA classification (EC Decision,
2001) are a class of substances that have been
selected based on the following criteria: they are
frequently found by monitoring programmes, are
toxic at low concentrations, are persistent,
carcinogens and able to bioaccumulate (Crathorne et
al., 1996). These types of pollutants refer to:
refractory organic compounds, inorganic toxic
compounds, colloids, nutrients, etc. (Gavrilescu et al.,
2008).

Priority organic pollutants are refractory to
biological degradation or even toxic to the
microorganisms, if the processes proceed at low rates.
Among organic pollutants, phenol and phenol
derivates, used as raw materials in chemical,
petrochemical, and pharmaceutical industries have
received increased attention in the last years due their
toxicity (Guo and Al-Dahlan, 2003; Liotta et al.,
2009). These compounds represent common organic
pollutants in water discharged by several industries,
and have particularities that make them valuable as a
model pollutants, such as: toxicity even at low
concentrations, formation of substituted compounds
during disinfection and oxidation processes (such as
those used currently for the treatment of natural
surface water for drinking purposes), phytotoxicity
and ability to bioaccumulate in organisms, that have
similarities with persistent organic pollutants (POPs)
(Busca et al., 2008; Catrinescu and Teodosiu, 2007).
Through associated regulations (emission limits) and
an integrated approach, the management for industrial
activities (with the highest impacts on pollution loads
and their effects on human and aquatic ecosystems)
has to consider new processes and technologies
capable to eliminate priority pollutants, by reducing
the effluent volumes, closing water circuits, or by
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reusing and recycling the wastewaters (Teodosiu,
2002).

The objectives of this research refer to the
study of a combined chemical oxidation and
membrane process for the removal of priority organic
pollutants from wastewaters. 4-chlorophenol was
selected as model pollutant, and the efficiency of
combined process was considered in terms of removal
efficiencies and decrease of effluent toxicity.

2. Integration of advanced treatment processes for
the removal of priority organic pollutants from
wastewater

Advanced wastewater treatment technologies,
are considered to efficiently eliminate priority
pollutants such as non-biodegradable organics
(including persistent organic pollutants, POPs), or
inorganic toxic compounds to a level that allows
water recycling, closing of the water circuits or the
discharge into natural water bodies. Such advanced
wastewater treatment technologies include pollutant
destruction or separation processes such as: advanced
oxidation processes (AOPs) (catalytic and
photocatalytic oxidation, catalytic wet air oxidation,
ultrasound, plasma processes, etc.), chemical
precipitation, adsorption on different media,
membrane processes, etc. (Zhou and Smith, 2002).
Advanced oxidation processes have been reported to
be effective for the near ambient degradation of
organic pollutants from wastewater (Esplugas et al.,
2002). AOPs are characterized by a common
chemical feature: the capability of exploiting the high
reactivity of HOe radicals in driving oxidation
processes which are suitable for achieving the
degradation and mineralization of the initial
pollutants (Liotta et al., 2009). These processes
include catalytic wet air oxidation, methods based on
ultrasound, plasma and electrohydraulic discharge
along with processes based on hydrogen peroxide,
photolysis, photocatalysis and processes based on
ozone.

Among the multitude of AOPs, Fenton and
Fenton-like processes have been frequently chosen to
partially oxidize effluents polluted with organic
compounds (Esplugas et al., 2002; Pera-Titus et al.,
2004). Fenton process is a liquid phase catalytic
oxidation with hydrogen peroxide, which does not
form any harmful by-products, and it is a non-toxic
and ecological reactant. In the homogeneous process,
Fenton’s reagent (Fe’'/Fe’'/H,0,) is used to generate
highly reactive hydroxyl radicals from hydrogen
peroxide, in mild reaction. To enhance the
decomposition of hydrogen peroxide to hydroxyl
radicals, the use of a catalytic system is very
important (Arsene et al., 2010). The system
containing hydrogen peroxide and Fe(Il) salts in
water solution form hydroxyl radicals following the
reaction:

H,0, +Fe*" -»Fe*" +HO + HO
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These processes display high efficiencies in
abating organic refractory pollutants, the formation of
organic intermediates, which can be even more
refractory to biological oxidation than the initial
pollutant, being also possible. The Fenton process
presents many operation advantages such as its
operation at room temperature and atmospheric
pressure. In addition, required reagents are readily
available, easy to store and handle, safe and they do
not cause environmental damages (Pignatello et al.,
2006). However, two main homogeneous Fenton
process drawbacks can be identified. The first is
related to the waste of oxidant due to the radical
scavenger effect of hydrogen peroxide (*OH +H,0,
— *O,H+ H,0) and its self-decomposition (2H,0, —
0, + 2H,0). The second refers to the continuous loss
of iron ions dissolved in the treated effluent ending,
once required effluent neutralization is performed, in
form of solid sludge.

The use of hydrogen peroxide as source of
hydroxyl radicals in the Fenton chemistry implies an
increase of the treatment costs because of its proven
radical scavenging character. In addition, hydrogen
peroxide can also be self-decomposed at high
concentrations. As result, the economic impact of the
waste of the bulk oxidant is evident. Hence, designed
methods allowing the decrease of the oxidant waste
would reduce treatment costs. Hydrogen peroxide
may also detrimentally affect the operation of the
coupled membrane processes because of its chemical
reactivity. Thus, there is a necessity of decreasing the
concentration of hydrogen peroxide used in the
Fenton oxidation to reduce its wastage and its
negative effect on the membranes.

Ultrafiltration represents a feasible option in
the advanced wastewater treatment of industrial
effluents for recycling purposes (Barjoveanu and
Teodosiu, 2009; Musteret et al., 2010). Designing and
use of industrial scale membrane processes for
effluent treatment is difficult because of the
complexity of the phenomena consisting in
wastewater matrix - membrane characteristics
trelationships, with many phenomena incompletely
characterized. Therefore, a laboratory scale approach
is the first step to better observe these interactions. In
this study, ultrafiltration is considered to have the role
of a polishing step for the effluent discharged by the
oxidation process.

Membrane  separation  processes  have
significant advantages, as compared with other
separation techniques, i.e.: no need in changing the
effluent phases, which means at the same time less
energy consumption; no additions of substances
because there is no chemical reaction, easy
installation and maintenance operations with the
possibility of complete automation of the membrane
separation systems (Barjoveanu and Teodosiu, 2009;
Cheryan, 1998; Zhou and Smith, 2002).

Pressure-driven membrane processes could
decrease the concentration of refractory organic
intermediates to a quality level enough for allowing
reuse of treated water for different purpose.

Therefore, the installation of the membrane process as
next step after Fenton oxidation process would
guarantee the correct operation of the process units,
the possibility to remove the oxidation intermediates,
and/or to recover the iron generated as secondary
pollution. In this sequence, oxidation (Fenton type,
homogeneous) — ultrafiltration, the oxidation realizes
the breakdown of 4-chlorophenol molecules to
several intermediates which are further removed by
ultrafiltration, enhancing thus the biodegradability of
the effluent.

2. Materials and methods
2.1. Materials

The experiments were realized using synthetic
wastewaters containing 4-chlorophenol as model for
priority organic pollutants. 4-chlorophenol (4-CP)
was supplied by Sigma-Aldrich. The oxidation tests
were performed at a concentration 500 mg/L of 4-
chlorophenol. As catalyst for the Fenton
homogeneous oxidation was used
(NH,),Fe(S0,),*6H,0, and H,0O, as oxidant.

2.2. Analytical methods

The concentration of the phenolic compounds
was determined by 4-aminoantypirine standard
method (Ettinger, 1951). The catalyst concentration
(Fe ions) at the end of the processes was determined
with an Atomic Absorption Spectroscopy (GBC
Avanta with system 3000 Graphite Furnace). The
total organic carbon (TOC) values were analyzed
using a Total carbon analyzer (Shimadzu Model
TOC-VCSN TNM1). The chemical oxygen demand
(COD) concentration was determined according to
EPA method 5220, using a Hanna COD reactor and a
Jasco UV-VIS 530 series spectrophotometer.

In order to identify the main reaction
intermediates, a 10 mL sample was extracted twice
with 2.5 mL portions of ethylic ether. The combined
extracts were dried over anhydrous sodium sulfate,
evaporated under vacuum and concentrated under a
nitrogen stream. The derivatization of the hydroxyl
groups of the phenolic compounds, N-Methyl-N
(trimethylsilyl) trifluoroacetamide MSTFA (0.1 ml)
was added to the concentrated solution, followed by
heating at 70 °C for 60 min. An Agilent 6§890N/MSD
GC-MS system, equipped with electron impact (EI)
ionization source and a capillary column (30 m HP
Sms), working with He as carrier gas (1 mL/min) was
used. The injection was performed in the splitless
mode and the data acquisition was carried out in full
scan mode. The column was held at 80 °C for 3 min
and then heated with 15 °C/min. up to 300 °C and
maintained at this value for 7 min.

For the toxicity studies, the Microtox® test,
based on the measure of the bioluminescence of
Vibrio Fischeri marine bacteria, was used. The
principle of this test consisted to first measure the
bioluminescence of the current bacteria population.
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Then, the bacteria population was exposed to the
effluent, and the bioluminescence was again
measured. At the same time, the blank
bioluminescence was also determined. The
measurements were carried out by means of the
system Microtox®, according to an international
standard procedure (ISO DIS 11348). The inhibation
effect of water samples that can be expressed
quantitatively as Lower Ineffective Dilution (LID) on
the series of samples prepared by diluting the original
sample. LID define the dilution level to which water
sample produce a negligible inhibition, i.e. <20 % in
bioluminescence test.

2.3. Experimental set-ups

In order to evaluate 4-chlorophenol removal
by combined oxidation and ultrafiltration process, two
experimental set-ups were used, as described below.
The oxidation was carried out in a reaction system of
1500 mL equipped with a magnetic stirrer and a pH
electrode, as presented in Fig. 1(a). The catalyst,
(NH,),Fe(S0,),*6H,0, was introduced into 1000 mL
of an aqueous solution (500 mg/L), at room
temperature and the correction of pH at 3.5, the
solution was stirred for 60 min and then a solution of

pH electrode

Multiparameter

(@

3 % H,O, was added to achieve the selected H,O,
ratio, these being the basic conditions for the Fenton
oxidation process.

The laboratory scale ultrafiltration set-up is
presented in Fig. 1(b) and it consists of a feed tank
(2), a demineralized water tank (1), a peristaltic pump
(3), which is able to feed the ultrafiltration module (6)
with a flow of up to 3.7 L/min. Because the peristaltic
pump creates a pulse flow, the laboratory set-up is
fitted with a pulsation dampener (4). Pressure in the
system is measured with the help of two manometers
(5 and 7) and it is regulated with metering valves (V-
3, V-4 and V-5).

The ultrafiltration module comprises two
tubular membranes made of cellulose acetate
connected in series. The ultrafiltration membranes are
supplied by PCI Membranes (UK) and have a
molecular weight cut-off of 2000 Da.

The ultrafiltration experiments were performed
in dead-end mode for 60 minutes, at every 10 minutes
samples from the feed, concentrate and permeate
were collected. After the UF test itself, the membrane
was cleaned by using an optimum cleaning sequence.

Experimental conditions for the combined
advanced process are presented in Table 1.

o

(b)

Fig. 1. Laboratory scale (a) Fenton oxidation and (b) ultrafiltration system

Table 1. Experimental conditions for the combined advanced processes

Catalytic oxidation Ultrafiltration
CA202 (cellulose acetate),
%
Type of catalyst (NH,),Fe(S0,),*6H,0 Type of membrane MWCO 2000 Da
Initial concentration of 4-CP 500 mg/L Pressure 2.5 bar
Reaction time 90 min Ultrafiltration time 60 minutes
pH 3.5 pH 3.93-2.20
Temperature ambient Operating mode Dead-end
Catalyst dose 5 mg/L Chemical cleaning with HNO;
N Cellulose acetate pH=2; V=500 mL; T=30 oc; p=3
) R,=1:2.7 (20 OA’ H,0y) membrane cleaning bar; t=5 min;
Molar ratios Ry=1:5.4 (40 OA’ H,0,) conditions after each Washing with demineralized water
(4-CP: H,0,) Ry=1:8.1 (60% H,0,) ultrafiltration test Vap=1000 mL p=3 bar; T=20 °C;
R4=1: 12.15 (90% H,0,) =10 min.
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The removal efficiency is calculated using
the following equation (Eq. 1):

rE< S 7S <100, [%] 1)

C

i

where: RE is the removal efficiency, [%]; C; and C;
— the pollutant concentration, [mg-L™'] in the influent
and effluent.

The removal efficiencies were expressed as
chemical oxygen demand (COD), total organic carbon
(TOC) and 4-chlorophenol concentration (4-CP).

3. Results and discussion

3.1.  The influence of hydrogen peroxide
concentration on the Fenton oxidation process

efficiency

Hydrogen peroxide concentration is an
important parameter in the catalytic oxidation. The
influence of hydrogen peroxide concentration for 4-
chlorophenol removal was evaluated by determining
the removal efficiency, expressed in terms of
chlorophenol  concentration, chemical oxygen
demand, total organic carbon and absorbance at 455
nm (color). This wavelength was selected because it
was observed that oxidized effluents showed a
maximum in the UV-Vis absorption spectrum at this
value.

The use of H,0O, in excess should be avoided
from both economical and technical reasons. The
choice of the oxidant dose should be made with
precautions because: (i) H,O, is an expensive reagent,
(i) H,O, is dangerous for microorganisms and could
affect the overall efficiency of the process, when
Fenton oxidation process is used as a pretreatment for
biologic oxidation. Consequently, four different H,O,
doses of 20%, 40%, 60% and respectively 90% of the
stoechiometric necessary molar ratios (4-CP: H,0,)
were used. Then, in order to enhance the
biodegradability of the effluent, the oxidation process
was followed by an ultrafiltration process. Fig. 2
presents the influence of the hydrogen peroxide
concentration on the removal efficiencies, expressed
as chemical oxygen demand, total organic carbon and
4-chlorophenol concentration.

It can be observed that a higher H,O, dose
leads to a higher removal efficiency, expressed in
terms of chlorophenols, total organic carbon and
chemical oxygen demand concentrations (Fig. 2). In
addition, it can be observed that Fenton oxidation
process produces a decrease of the effluent pH. This
behavior can be explained by the generation of higher
concentrations of carboxylic acids. As shown in Fig.
3, the H,O, dose has a significant impact on the
effluent color, expressed by the value of absorbance
at 455 nm. If the effluent obtained by using a H,O,
dose of 20% of the stoechiometry is highly colored in
dark red and opaque, at higher doses (60 and 90%),

the effluents have an orange or light yellow and
transparent color.

u RE(%COD) uRE(%TOC) = RE(%4-CP)

Removal efficiency, RE %

R1 R2 R3 R4
4-CP:H, 0, molar ratios

Fig. 2. The influence of the hydrogen peroxide
concentration on the oxidation process. Conditions: 500 mg
4-CP/L, 5 g Fe**/L, pH 3.5, room temperature

0.0 : : :

R1 R2 R3 R4
4-CP:H, 0, molar ratios

Fig. 3. The influence of hydrogen peroxide concentration
on color effluent. Conditions: 500 mg 4-CP/L, 5 g Fe*'/L,
pH 3.5, room temperature

To understand the origin of color due to the
oxidation process intermediates it is necessary to
know the chemical composition of the effluent or the
reaction scheme of the oxidation process. The
intermediates identification was performed by gas
chromatography-mass spectrometry (GC-MYS)
analysis after solvent extraction and derivatization.

Fig. 4 shows a typical total ion chromatogram
obtained from the oxidation of 500 mg 4-CP/L,
followed by extraction and TMS derivatization. Some
compounds, such as  4-chlorophenols, 4-
chlorocatechol (4-CC), hydroquinone (HQ), 4-
chlorohydroquinone  (4-CHQ) and chlorinated
benzentriols were identified by comparing retention
times and mass spectra with those of the authentic
standards.

Besides the main degradation products of 4-
CP, the appearance of condensation products with
high molecular weight probably formed by oxidative
coupling reactions is noticed. Some of these products
were previously identified (Catrinescu et al., 2011).
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The authors proposed a mechanism by which initially
a series of intermediates without color (4-CC, HQ, 4-
CHQ) are formed and they can be further oxidized to
benzoquinone. In addition, dihydroxilated
intermediates may react with their quinones to form
condensation compounds, intensively colored. This is
the case of hydroquinone and p-benzoquinone, which
react forming quinhydrone (brown, with intense
color).

1.2x10° [

1x108 [~

800000 [~
[ BT

600000 |- Condensation preducts

Abundance

400000 [~

200000 [~ '

ol il 1

Fig. 4. Typical total ion chromatogram and trimethylsilyl
TMS derivatization. Conditions: 500 mg 4-CP/L, 4-CP:
H,0=1:2.7,5gF e*/L, pH 3.5, room temperature

On the other hand, ferric ion, generated during
the Fenton process, could react with dihydroxilated
ring compounds, forming green metal-aromatic
complexes (Mijangos et al., 2006). It should be noted
that these colored compounds are gradually
eliminated when the dose of H,O, from the system
increases.

The aromatic reaction intermediates are
usually non-biodegradable and they can be even more
refractory to biological degradation than the initial
contaminant. In order to evaluate the toxicity of the
effluent, some tests based on luminescent bacteria
inhibition produced by Vibrio bioluminescence fisheri
were performed. These tests are commonly used to
assess toxicity of various effluents. The results of
these tests are expressed as percentage inhibition of
luminescence in the test solutions or LID (Lower
Ineffective Dilution) value. A LID value is defined by
EN ISO 11348-2/2003, as the dilution of the water
sample so as to obtain an inhibition of the
luminescence of smaller than 20% in the bacteria test.
The influence of the 4-CP: H,O, molar ratios over the
luminescence and LID are presented in Figs. 5 and 6.

The toxicity decreases significantly by
increasing the oxidant dose, the same trend as for
removal efficiency expressed by 4-CP, COD and
TOC. It should be noted that for the toxicity tests it
was necessary to correct the effluent pH at 7, and in
these conditions Fe’" ions from the solution
precipitates. To avoid this precipitation, which can
affect the determination accuracy, iron ions were
eliminated before analysis, by correcting the solution
pH at 10-12. Thus, the registered toxicity was derived
exclusively from the presence of dissolved organic
compounds.

1972

In Fig. 6, it can be observed that the toxicity
decreases with the increasing dose of hydrogen
peroxide. In conclusion, the resulted effluents require
additional treatment (such ultrafiltration) to eliminate
toxicity to acceptable values for biomass.

100
90 |
80 |
70 |—
60 [ E——
50

40
30 —
20 [
w R
0
R1 R2 R3

R4

% Luminescence inhibition

4-CP:H, 0O, molar ratios

Fig. 5. The influence of hydrogen peroxide concentration
on the eflluent toxicity expressed as % luminescence

inhibition
35
30
25
e 20 -
=15
10
in B
. H -
RI R2 R3 R4
4-CP: H,0, molar ratios

Fig. 6. The influence of hydrogen peroxide dose on the
effluent toxicity expressed as LID

3.2.  The influence of hydrogen peroxide
concentration on the ultrafiltration process efficiency

In order to study the influence of the oxidant
concentration on the ultrafiltration process efficiency,
the effluents resulted from the Fenton catalytic
oxidation were fed to the ultrafiltration (UF) process.
The operating conditions are presented in Table 1.
The membrane material was cellulose acetate, and the
dead-end mode operation was used.

The high molecular-weight compounds
resulted from oxidation (condensation products,
oligomers, polymers) and other colored compounds,
including iron complexes can be theoretically retained
by ultrafiltration membranes. The main characteristics
of the effluent resulted from the catalytic oxidation
are summarized in Table 2.
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Table 2. Effluent characteristics resulted from catalytic oxidation

E%ﬁﬁﬁ%%éﬁ%% S Initial solution (0% R) 20% R 40% R 60% R 90% R
COD, mg/L 1003 528 473 417 401
TOC, mg/L 255 215 200 161 121
4-CP, mg/L 500 24 0 0 0
A455 0 1.510 0.729 0.146 0.065
Fig. 7 displays the evolution of the removal 1810°
efficiency expressed in terms of COD, TOC, 4-CP, oot somn J
color and Fe*" concentrations, for the ultrafiltration of vano '
the effluent resulted from the oxidation with the ‘ L L ) L
molar ratio R1 (4-CP: H,0, =1: 2.7). o F e
é 12108 [
~ 100 g 800000 — wor
E 600000 [~
80 | 400000 |- 4cP
\ 200000 - o oo
60 o [—omn [ |
L s s s 1 L s s 1 s s s 1 L s s
\-\-\. 6 8 10 12 14
40 | Time, min.

20 [{ ——RE(% COD) —=—RE (% TOC)
REg% A455) —e— RE(% Fe)
RE (% 4-CP)

Removal efficiency (RE %

0 10 20 30 40 50 60 70
Time (min)

Fig. 7. Removal efficiency after ultrafiltration process.
R=20% H202

In the first minutes, the removal efficiency for
the organic pollutants and Fe’* ions is very high, but
it decreases during the ultrafiltration process. It can be
observed a more pronounced decrease of the removal
efficiency for Fe**, COD, TOC, while the effluent
color is relatively efficiently eliminated during
ultrafiltration. For example, after 60 minutes of
ultrafiltration, the removal efficiency (expressed as
COD) decreases from 93% to 26% while for the A455
it remains at 67%. This behavior confirms the fact
that the membranes retain particularly high molecular
weight compounds that are responsible for effluent
color.

In Fig. 8 three representative chromatograms
are presented, corresponding to solution before the
ultrafiltration process (effluent resulted from
oxidation process with 20% H,0,) and permeate after
30 and 50 minutes of ultrafiltration.

At the beginning of the ultrafiltration process
(after 30 minutes) the permeate contains small
concentrations of phenolic compounds (4-CP and
aromatic intermediates), but after 50 minutes they
reappear in the effluent, aspect that shows the fact
that the ultrafiltration membrane is fouled and thus
unable to retain the oxidation products. In Fig. 9 are
presented the removal efficiencies obtained after
ultrafiltration of effluents resulted from catalytic
oxidation.

Fig. 8. GC-MS chromatogram of the effluent before
ultrafiltration and permeate after 30 and 50 min

80

. = RE (% COD)
= RE (% TOC)

RE (% A455)
B RE-(% 4-CP)

60

50

40

30

Removal efficiency, %

20

RI R2 R3 R4
4-CP:H, 0, molar ratios

Fig. 9. Removal efficiency of the effluents resulting from
the ultrafiltration process

By analyzing the results presented in Fig. 9 it
can be observed that the ultrafiltration process has a
high efficiency in removing, especially, high
molecular weight compounds that are responsible for
the color of the effluent resulted from the catalytic
oxidation, the removal efficiency (calculated only for
the ultrafiltration stage) was 67% (% A455) for
oxidation-ultrafiltration effluent obtained by using a
stoechiometric ratio value of 20% oxidant. Also, for
the same effluent, the following values of the removal
efficiencies were obtained: 52% for 4-chlorophenol,
26% for COD and 40% for TOC.

The variation of the permeate fluxes during the
ultrafiltration tests are presented in Fig. 10. Regarding
the values of permeate flow, it can be observed that
they present a slight decrease in time for the
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ultrafiltration test using the effluent resulted from the

catalytic oxidation with stoechiometric ratio value of
20% R.

5]
(=1

2

Permeat flux, I/'m *h
=) &

—+—Rl —=—R2
R3 —m—R4

W

0 10 20 30 40 50 60 70
Time (min)

Fig. 10. Variation of permeate fluxes during the
ultrafiltration tests

This behavior can occur due to the fact that in
these effluents existed high molecular weight
compounds, such as 4-chlorocatechol (4-CC),
hydroquinone (HQ), 4-chlorohydroquinone (4-CHQ),
benzentriols chloride (CBT) and condensation
products, which tend to accumulate in the cellulose
acetate membrane and thus decrease the permeate
flux in time.

4.3.  Efficiency of the combined oxidation-
ultrafiltration process and influence on the final
effluent toxicity

The previous tests showed that the removal
efficiencies, for all the measured indicators
significantly decreased in the first minutes of
ultrafiltration, after more than 20 minutes the
ultrafiltration membrane being not capable to remove
the pollutants. The evolution of the toxicity during the
same ultrafiltration test is presented in Fig. 11. The
percentages of luminescence inhibition increase
during the ultrafiltration process. Although after the
first 10 minutes the percentage of inhibition is below
20% (negligible toxicity), after 50 minutes it reaches
values greater than 80%.

90
- _——
80 —

—+—20% R+UF /./

70 — —=— 40% R+UF
60 — —&—60% R+UF

50 I
40 |

30 /

20 & /a—/"f
10

10 20 30 40 50 60
Time (min)

% Luminescence inhibition

Fig. 11. The evolution of toxicity during the combined
process oxidation-ultrafiltration
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The toxicity increases with the initial organic
concentration of the effluent. This behavior suggests
that the retention of pollutants on the membrane is
similar to a sorption process. Therefore, once the
amount of pollutant retained by the membrane
reaches saturation, the membrane is no longer able to
retain additional pollutant quantities. The sigmoidal
profile of these curves, similar with the breakdown
characteristic curves of adsorption process curves, is
an additional argument in favor of this sorption
mechanism.

Since the initial effluents have different
organic concentrations, it is interesting to follow the
evolution of the toxicity removal for each effluent
(Fig. 12). It can be noticed that the reduction of
toxicity is rapidly decreasing after the first 10 minutes
of ultrafiltration. In the case of the lower effluent
organic molar ratio (60% R) the toxicity removal
drops to approx. 50%, a value which is still
compatible with a subsequent treatment by a
biological process. For the other two effluents
containing high initial pollutant concentrations, the
toxicity removal decrease sharply at 10-15%. These
final effluents are too toxic and cannot be introduced
into a consecutive biological process. The evolution
of the inhibition percentage depending on the dilution
factor for effluent reaction R3, after 60 min of
ultrafiltration, is presented in Fig. 13.
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Fig. 12. Toxicity removal efficiency for combined
oxidation-ultrafiltration proces
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Fig. 13. Luminescence inhibition percentage depending on
LID for 60min UF for R1, R2 and R3 effluents
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Table 3. The toxicity evolution of the combined oxidation - ultrafiltration effluent

T e e,
Reaction % H,0, LIDv’allZl:al LID’, final value Observation
R1 20 32 32 Insignificant reduction of toxicity
R2 40 16 16 Reduction of toxicity-
R3 60 8 8 Reduction of toxicity-no toxicity of the effluent
R4 90 2 2 Insignificant values of toxicity

I_after reaction, *- after reaction+60 min UF

It can be observed that, when LID=16, the
effluent presents a negligible toxicity (luminescence
inhibition < 20%). The toxicity becomes negligible
for R3 and R4 reaction as presented in Table 3.

After an analysis of data obtained in these
studies, there is a concordance between the evolution
of the removal efficiency and the final effluent
toxicity. This behavior indicates that toxicity,
expressed as percentage inhibition of luminescence in
the Microtox” test can be used to describe the
biological effectiveness of the combined processes
studied. The ultrafiltration process does not contribute
significantly to reduce the effluent toxicity, although
it removes significantly the high molecular weight
compounds.

5. Conclusions

The experimental results confirmed that the
combined catalytic oxidation (homogeneous Fenton
process) and ultrafiltration process can be used to
eliminate priority organic pollutants from wastewater.
Regarding catalytic oxidation process, stoechiometric
ratio 4-CP: H,0, increased from 20 to 90%, led to an
increase in the removal efficiencies for COD from 47
to 60%, for TOC 51 to 53%, and for 4-CP from 95 to
100%. The toxicity of effluents from the catalytic
oxidation process significantly decreases with
increasing stoechiometric molar ratio of 4-CP: H,0,.

Regarding the ultrafiltration process, it was
found that this process has high efficiency, especially
for removing high molecular weight compounds
derived from 4-chlorophenol degradation during the
oxidation process when substoechiometric ratio 4-CP:
H,0, are used. The removal efficiency was 67% for
ultrafiltration of the effluent resulted from catalytic
oxidation with stoechiometric ratio value of 20% R.
Also, for the same effluent were obtained the
following values of the removal efficiencies: 52% for
4-chlorophenol, 26% for COD and 40% for TOC. The
results of the toxicity tests revealed that ultrafiltration
does not contribute significantly to reducing effluent
toxicity.

The best removal efficiencies for the Fenton
catalytic oxidation stage are obtained at the highest
doses of hydrogen peroxide, nevertheless the dose
should be carefully selected, considering the fact that
the best removal efficiencies expressed as COD
indicator for the ultrafiltration stage were obtained at
the lowest doses, so an optimization between these
process conditions should be made.

Acknowledgements

This work was supported by the CNCSIS —UEFISCSU,
project number PNII — IDEI code 368/2008, financed by the
Romanian Government, EURODOC project Doctoral
Scholarships for research performance at European level
and PERFORMERA project Postdoctoral Performance for
Integration in the European Research Area (ID 57649) both
financed by the European Social Found and Romanian
Government.

References

Arsene D., Catrinescu C., Ungureanu A., Teodosiu C.,
(2010), Catalytic wet hydrogen peroxide oxidation of
4-chlorophenol over iron-exchange clays,
Environmental Engineering and Management Journal,
9, 7-16.

Asano T., Burton H., Leverenz H., Tchobanoglous G.,
(2007), Water Reuse: Issues, Technologies and
Applications, McGraw-Hill Professional, New York.

Barjoveanu G., Teodosiu C., (2009), Priority organic
pollutants removal by ultrafiltration for wastewater
recycling, Environmental Engineering and
Management Journal, 8,277-287.

Busca G., Berardinelli S., Resini C., Arrighi L., (2008),
Technologies for the removal of pheol from fluid
streams: a short review of recent developments,
Journal of Hazardous Materials, 160, 265-288.

Cailean D., (2011), Studies Regarding Advanced
Wastewater Treatment Using Ultrasonication and
Ultrafiltration as Combined Processes, Politehnium
Publishing House, Iasi, Romania.

Catrinescu C., Arsene D., Teodosiu C., (2011), Catalytic
wet hydrogen peroxide oxidation of para-chlorophenol
over Al/Fe pillared clays (AlIFePILCs) prepared from
different host clays, Applied Catalysis B:
Environmental, 101, 451-460.

Catrinescu C., Teodosiu C., (2007), Wet hydrogen peroxide
catalytic oxidation of para-chlorophenol over clay
based catalysts, FEnvironmental Engineering and
Management Journal, 6, 405-412.

Cheryan M., (1998), Ultrafiltration and Microfiltration
Handbook, Tecnomic, Lancaster, PA, USA.

Crathorne B., Rees Y.J.,, France S., (1996), Chemical
Pollution of the Aquatic Environment by Priority
Pollutant and its Control in Pollution causes, effects
and control, Harrison RM. (Ed.)(4™ Edition), The
Royal Society of Chemistry, England, 1-31.

EC Decision, (2001), EC Decision 2455/2001/EC of the
European Parliament and of the Council of November
20, 2001, establishing the list of priority substances in
the field of water policy and amending Directive
2000/60/EC, Officcial Journal L331 of 15-12-2001.

Esplugas S., Gimenez J., Pascual E., Rodriguez M., (2002),
Comparison of different advanced oxidation processes
for phenol degradation, Water Research, 36, 1034-
1042.

1975




Arsene et al./Environmental Engineering and Management Journal 10 (2011), 12, 1967-1976

Ettinger M., Ruchhoft C., Lishka R., (1951), Sensitive 4-
Aminoantipyrine method for phenolic
compounds, Analytical Chemistry, 23, 1783-1788.

Gavrilescu M., Teodosiu C., Gavrilescu D., Lupu L.,
(2008), Strategies and practices for sustainable use of
water in industrial papermaking processes, Engineering
in Life Sciences, 8, 99—124.

Guo J., Al-Dahhan M., (2003), Catalytic wet oxidation of
phenol by hydrogen peroxide over pillared clay
catalyst, Industrial & Engineering  Chemistry
Research, 42, 2450-2460.

Koltuniewicz A., Drioli E, (2008), Membranes in Clean
Technologies, Theory and Practice, Wiley-VCH,
Weinheim.

Liotta L.F., Gruttadauria M., Di Carlo G., Perrini G.,
Librando V., (2009), Heterogeneous catalytic
degradation of phenolic substrates: Catalysts activity,
Journal of Hazardous Materials, 162, 588-606.

Mijangos F., Varona F., Villota N., (2006), Changes in
solution color during phenol oxidation by the Fenton
reagent, Environmental Science & Technology, 40,
5538-5543.

Musteret C.P., Cailean D., Barjoveanu G., Teodosiu C.,
(2010), An assessment of operational parameters for
the removal of chlorophenols from wastewater,
Environmental Engineering and Management Journal,
9, 1451-1457.

1976

Pera-Titus M., Garcia-Molina V., Bafios M.A., Giménez J.,
Esplugas S., (2004), Degradation of chlorophenols by
means of advanced oxidation processes: a general
review, Applied Catalysis B: Environmental, 47, 219—
256.

Pignatello J.J., Oliveros E., MacKay A., (2006), Advanced
oxidation processes for organic contaminant
destruction based on the Fenton reaction and related
chemistry, Critical Reviews in Environmental Science
and Technology, 36, 1-84.

Teodosiu C., (2002), Water in Europe. Danube River: Life
line of greater Europe, In: Advanced Treatment and
Recycling Options for Industrial Effluents, Wilderer P.,
Huba B., Kotzle T. (Eds.) Annals of The European
Academy of Sciences and Arts, 34, 265-289, Georg
Olms Verlag, Hildesheim, Germany.

Teodosiu C., Gavrilescu D., Barjoveanu G., (2007),
Pollution reduction through advanced industrial
effluent treatment and recycling, In: Sustainable Water
Management Practices in the Paper Industry, (in
Romanian), Teodosiu C., Gavrilescu D., Ungureanu F.
(Eds), Cermi Publishing House, Iasi, Romania, 1-40.

Zhou H., Smith D.W., (2002), Advanced technologies in
water and wastewater treatment, Journal
Environmental Engineering Science, 1, 247-264.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


