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The general objective of this work was to study the possibility of using the
Advanced Oxidation Processes (AOPs) based on ozone in the treatment of low
biodegradable and/or toxic compounds, which cannot be treated by a conventional

biological treatment.

Nitroaromatics and chlorophenols constitute a threat to human health and produce
a public concern, thus several of them have been listed among the 130 priority pollutants
given by the US EPA in the Federal Clean Water Act (CWA), e.g. nitrobenzene and 2,4-
dichlorophenol (EPA, 2002), which have been chosen as model compounds. Recently,
the US EPA has also included them in a reduced list of drinking water contaminants to be
investigated in the period 2001-2005 (Hayward, 1999).

As it has been mentioned in the introduction, the high cost derived from the use of
an AOP can make attractive the possibility of coupling that AOP with a biological
treatment. In case of low biodegradable compounds, the oxidation of organic compounds
by an AOP usually produces oxygenated organic products and low molecular weight acids
that are more biodegradable. With toxic compounds, the AOP would be extended until the

point that no inhibition due to toxicity was observed.

Few articles have been found in the literature regarding the treatment of NB and
DCP by means of AOPs based on ozone. In the group of AOPs Engineering (“Grup de
Qualitat” of Generalitat de Catalunya) of the Department of Chemical Engineering at the
University of Barcelona an experimental installation suitable for this purpose is available.
Thus, it has been considered convenient to study the effect on the degradation and
biodegradability enhancement of NB and DCP aqueous solutions by means of the
following processes: single ozonation, ozonation combined with hydrogen peroxide
(O3/H2,0,) and UV radiation (O3/UV), ozonation combined with both hydrogen peroxide
and UV radiation (Os/UV/H,0,) and ozonation combined with UV light and iron salts
(Os/UVIFe).

The necessary analytical techniques were tuned to achieve the main objectives,

which can be summarized as follows:

- Effect on the removal and mineralization rate of the studied compounds by each of the

following processes:

a) Single ozonation: The variables subject of study are: ozone production, pH, initial

concentration of the pollutant and the presence of radical scavengers. Besides
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b)

d)

this, the stoichiometric coefficients for the reaction of ozone with NB and DCP are

to be estimated.

Ozonation combined with hydrogen peroxide: To study the effect of the
addition of hydrogen peroxide at different concentrations to single ozonation, trying

to establish an optimum hydrogen peroxide dose in the case of NB solutions.

Ozonation combined with UV radiation: To check the possible synergistic effect
of the combination of ozone with UV radiation and the use of UVA light (emitting in
the range 300-420 nm) instead of UV light (254 nm).

Ozonation combined with UV radiation and hydrogen peroxide: To investigate

the effect of the addition of hydrogen peroxide at the UV-enhanced ozonation.

Ozonation combined with UV radiation and iron salts: To study the influence of
Fe(lll) concentration, the use of Fe(ll) ion instead of Fe(lll), to check the possible

scavenging effect of chloride ions, and the use of UVA instead of UV light.

- To explore the effect of these AOPs on the biodegradability of NB and DCP aqueous
solutions. BOD/COD and BOD/TOC ratios will used as biodegradability indicators.

- To study the biodegradation of a DCP solution after being ozonated according to the

biodegradability study in aerobic reactors.

- To identify the main intermediates produced in the oxidation of these solutions, trying to

relate the present intermediates with changes in the biodegradability of the solutions.

- To model the sequential ozonation and biological oxidation of a waste water, focusing on

the potential impact of residual ozone on the performance of the biological reactor.

To achieve the experimental objectives, the following variables will be followed

throughout the treatment time:

- Concentration of the target compounds

_pH

- Concentration of ozone in the residual gas

- Concentration of dissolved ozone

- Total organic carbon (TOC)

- Chemical oxygen demand (COD)

- Biological oxygen demand (BOD)
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4.1. Experimental set-up

4.1.1. Advanced Oxidation Processes — Pilot Plant

a) Experimental set up

All the Advanced Oxidation Processes were carried out in a 21-L pilot plant (Figure
4.1). It consists of a contacting-tank (# 1) made of PVC, where the gas-liquid mixture
enters into by its lower part, allowing the gas to perform an additional route throughout the

tank, increasing the contacting zone (Figure 4.2).

ﬁl I\
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Figure 4.1. Scheme of the experimental set up
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Figure 4.2. Detail of the experimental set up — Contacting-tank

The gas-liquid mixture enters into the vessel by its upper part, goes down through the
central tube and rises through the tank, separating finally in the upper part of the contact
chamber, where a cylindrical wall creates a liquid chamber where there are no gas bubbles.

In the upper part, a gas outlet brings the residual ozone to the gas exhaust trap (called
“killer”, # 2).

Figure 4.3. Gas-liquid separator

A side outlet communicates with the recirculation of the liquid to a centrifugal

stainless steel pump (# 3, nominal power 0.37 kW). In this line it can be seen:
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» Sample withdrawal (# 4)
» Heat exchanger (# 5)

» Liquid flow-meter (# 6)

* Pipe purge (#7)

* Flow adjusting valve (# 8)

After the pump it is located the contacting point between the gas and the liquid (# 9).
Different contacting systems can be found. In the present case a chlorine-type venturi
injector was chosen, made of PVC and designed to introduce up to 1000 g.h™" of chlorine (ca.
400 L.h™" at 100 kPa and 0°C). This is one of the most effective mass transfer systems,
where the high turbulence created and the intimate mixture in the contacting zone succeed in

producing in a small space a quick transfer of ozone from the gas to the liquid phase.

Behind the injection three routes are possible: one, to the contacting-vessel; two, to
the UV lamp; and three, to the UVA photoreactor. The UV lamp (# 10), UV705 Trojan
Technologies Inc., is a 26-W nominal power monochromatic lamp, emitting at 253.7 nm. The
UVA photoreactor (# 11) consists of a cylindrical pyrex 2-L reactor, surrounded by eight 15-
W Philips black light fluorescent tubes. These irradiate the solution with UV light in the range

300 - 420 nm, with a maximum centered at 360 nm.

In the experiments where hydrogen peroxide was dosified, this was fed from a bottle
(# 12) with a 3% (weight) H,O, solution by means of a peristaltic pump (# 13, ISM 829).

Ozone was generated by a SANDER 301.19 ozonizer (# 14), fed by pure oxygen
(99% purity, # 15), with a maximum production of ozone from oxygen of 30 g.h™ at the
normal working flow (400 L.h™", flow-meter # 16), resulting a mixture of oxygen and ozone
stream, which is injected to the system by means of the venturi (# 9). The ozone not
consumed (residual ozone) goes out from the system to be measured on line in a
SANDER QuantOzon ozone-in-gas-phase measurer (0 — 20 g.m>, # 17) , before being
reduced to oxygen in a Kl solution (# 2), avoiding the emission of ozone to the

atmosphere.

A recent picture of the experimental device is shown in Figure 4.4. and in Figure

4.5 it can also be seen the ozonizer and the ozone measurer.
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Figure 4.4. Reactor, UV and UVA photoreactor

Figure 4.5. Installation, ozonizer and ozone measurer.
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b) Experimental procedure

follows:

The procedure followed in the experiments carried out in the pilot plant was as

Preparate the initial pollutant solution and solutions used in the analyses of
dissolved ozone, in those experiments where this analysis was carried out.

Add KIl to the ozone Killer.

Calibrate of the pH meter.

Charge the reactor with the solution to be treated, 21-23 L.

Switch on the refrigeration system on the plant and the ozonizer.

Switch on the centrifugal pump and set it for a recirculation rate of 230 L.h™".
Switch on the air extraction system.

Open the oxygen bottle to the system and set flow rate to 400 L.h™".

Switch on the corresponding lamps (UV or UVA), in those experiments where
light was used.

Switch on the ozonizer (the intensity was increased gradually until the desired
value) and the residual ozone measurer.

When the intensity reaches the desired value, switch on the timer clock.

Switch on the H,0,-dosifying pump, in those experiments where this reactant
was dosified.

Withdraw of samples at different time intervals to be analyzed later by HPLC, pH,
dissolved ozone, TOC, COD and BOD. Residual ozone was on line measured.
When the last sample was withdrawn, switch off the lamps and the dosifying
pumps, where used.

Decrease the ozonizer intensity gradually until 0. Oxygen goes on passing
through the installation to avoid accumulation of ozone in the system.

Close the oxygen bottle, switch off the extraction system and the centrifugal
pump.

Empty out and cleaning of the reactor.
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4.1.2. Bioassay - Biological reactors

a) Experimental set up

The bioassay was performed on 1.5-L reactors. Magnetic stirring was used to maintain
biomass suspended. Air was fed through a diffuser. The study was carried out in semi-
continuous stirred tank reactors. That is, once a hydraulic retention time (HRT) was fixed,
the calculated volume was taken out of the reactor and the same volume fed each day (or
each 12 hours) to the reactor. In Figure 4.6, both reactors used in the bioassay are

shown.

Figure 4.6. Biological reactors used in the bioassay

b) Experimental procedure.

The procedure followed in the start-up of the reactors and the daily practice performed

with them is the following:

1. Acclimated-to-phenol reactor

The biomass of this reactor was first acclimated to phenol, as this compound has a

chemical structure similar to the possible intermediates produced in the ozonation
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of a 2,4-dichlorophenol solution. The start-up of this reactor consisted of the

following steps:

The reactor was initially charged with the following mixture:
- 400 mL of biomass from a municipal waste water treatment plant
(Gava, Barcelona)
- 250 mL of a 100-ppm phenol solution
- 850 mL of municipal waste water
- macronutrients (3 mL of NH,ClI solution, 3 mL of CaCl, solution, 3 mL of
FeCl; solution, 3 mL of MgSO, solution and 9 mL of phosphate buffer
solution)
A HRT of 10 days was fixed. The corresponding volume to be taken out from
the reactor and fed with fresh solution daily was:

V. _1500mL
HRT ~ 10days

=150 mL/day

Analyses carried out every day were: pH, TSS (total suspended solids) and

DOC (dissolved organic carbon).

After one cycle (10 days), the reactor was fed with only 100-ppm phenol
solution (instead of mixture municipal waste water / phenol solution). That is,
ca. 1100 mL of the solution was taken out from the reactor and the
corresponding volume of 100-ppm phenol solution (with the needed
macronutrients) was fed to the reactor. Initial seeding was 1.5 g.L™'. A HRT of
1.5 days was fixed, so the daily volume to be fed was 1 L. Daily analyses
carried out were pH, TSS and DOC.

After 7 cycles (11 days), the reactor was considered to be acclimated to the
phenol solution. Then the pre-treated solution was fed, by mixing it with the
100-ppm phenol solution in different percentages (from 20% pre-ozonated
solution / 80% phenol solution up to 100% pre-ozonated solution) and at
different HRTs (from 10 days up to 12 hours).

Daily procedure with the reactor was as follows:
- Stop the magnetic stirring and the feeding of air to allow the biomass to
settle down.

- Take out the corresponding volume of solution (q = 1500 mL/HRT).
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- Feed the reactor with fresh solution of the corresponding phenol/pre-
ozonated solution/macronutrients mixture, previously neutralized at pH
7.

- Perform pH, TSS, TVSS (total volatile suspended solids) and DOC

analyses.
- When HRT = 12 hours, this procedure was done twice a day.

Note: the effluent from the pre-treatment step was left for at least 24 h. before

feeding the biological reactor to prevent the presence of residual ozone.

Non-acclimated reactor.

This reactor was fed with 1.5 g.L™" of activated sludge coming from a waste water
treatment plant and municipal waste water. The start-up and daily procedure of this

reactor consisted of the following steps:

= The reactor was initially charged with the following mixture:
- 400 mL of biomass from a municipal waste water treatment plant
(Gava, Barcelona)
- 1100 mL of municipal waste water
- macronutrients (3 mL of NH,ClI solution, 3 mL of CaCl, solution, 3 mL of
FeCl; solution, 3 mL of MgSO, solution and 9 mL of phosphate buffer

solution)

A hydraulic retention time (HRT) of 10 days was fixed. The corresponding
volume to be taken out from the reactor and fed daily with fresh solution was,

then, 150 mL.day™". Analyses carried out every day were: pH, TSS and DOC.

= After few days, the pre-treated solution was started to be fed. Ca. 1100 mL of
the solution was taken out from the reactor and the corresponding volume of a
mixture with 20% pre-ozonated solution / 80% municipal waste water was fed
to the reactor. A HRT of 10 days was fixed, so the daily volume of new solution
to be fed was 150 mL. Daily analyses carried out were pH, TSS, TVSS and
DOC.

= The percentage of pre-treated solution was gradually increased, from 20%
pre-ozonated solution / 80% municipal waste water up to 100% pre-ozonated
solution, and HRTs was progressively reduced as well from 10 days to 12

hours.
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= Daily procedure with the reactor was as follows:

- Stop the magnetic stirring and the feeding of air to allow the biomass to

settle down.

- Take out the corresponding volume of solution (q = 1500 mL/HRT).

- Feed the reactor with fresh solution of the corresponding municipal

waste water /pre-ozonated solution, previously neutralized at pH 7.

- Perform pH, TSS, TVSS (total volatile suspended solids) and DOC

analyses.

- When HRT = 12 hours, this procedure was done twice a day.

Note: the effluent from the pre-treatment step was left for at least 24 h. before

feeding the biological reactor to prevent the presence of residual ozone.

4.2. Reagents

Reagents used in the experimental part have been the following:

Nitrobenzene, C¢HsNO, (98%, PROBUS)

2,4-Dichlorophenol, CsH,Cl,O (>98%, MERCK)

Oxygen, O, N40 (AIR LIQUIDE) or C40 (CARBUROS METALICOS)
Hydrogen peroxide, H,O, (33%, PROBUS)

Iron(lll) chloride 6-hydrate, FeCl;-6H,0 (98%, PROBUS)
Iron(lll) sulfate Fe,(SO4); (GR for analyses, MERCK)

Iron(ll) sulfate 7-hydrate, Fe,SO,4-7H,0 (98%, PANREAC)
Potassium iodide, Kl (99.5%, MERCK)

Phosphoric acid, H3PO4 (85%, PROBUS)

Acetonitrile (99.8%, isocratic grade for HPLC, MERCK)
Borax, Na,B,07-10H,0 (GR for analyses, MERCK)

Uranyl nitrate 6-hydrate, UO2(NO3),-:6H,0 (98%, PANREAC)
Oxalic acid dihydrate, C,H,04:2H,0 (99.5%, PANREAC)
Potassium hydrogen phthalate, CsH,0O4HK (99.9%, PROBUS)
Potassium permanganate, KMnO, (99%, PROBUS)
Potassium dichromate, K,Cr.07 (99%, PROBUS)

Sulfuric acid, H,SO4 (95-98%, MERCK)

Silver sulfate, Ag>S0O, (99%, PROBUS)

Mercury sulfate, HgSO,4 (98%, PROBUS)
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» Sodium dihydrogen phosphate hydrate, NaH,PO,H,O (purissimum-CODEX,
PANREAC)

= Potassium hydroxide, KOH (extra-pure, MERCK)

=  Ammonium chloride, NH,CI (purissimum-CODEX, PANREAC)

= Calcium chloride, CaCl;, (95%, PANREAC)

= Magnesium sulfate, MgSO, (purissimum-CODEX, PANREAC)

=  Sodium hydroxide, NaOH (>97%, MERCK)

» Potassium indigotrisulfonate (75%, ALDRICH)

= Millipore water (Milli-Q Millipore system, with a 18 MQ.cm™ resistivity)

4.3. Analytical methods.

4.3.1. Actinometry.

This is a common method to determine the intensity of a radiation source. In the
present case, the actinometric system used is the photochemical decomposition of oxalic
acid in presence of uranyl nitrate (Volman and Seed, 1964; Heidt et al., 1979; Esplugas
and Vicente, 1983). The decomposition reaction of oxalic acid, in a pH range of between 3

and 7, and a conversion of oxalic acid lower than 20% is the following:
(UO,)** + H,C,0, OM. (UO,)* +CO,+CO+H,0 [4.1]

By the knowledge of the actinometer and the lamp characteristics, the radiation

intensity can be calculated. This method will be deeper explained in section 5.

4.3.2. pH.

The pH measurements were carried out with a Crison GLP-22 pH-meter,
calibrated with two buffer solutions of pH 4 and 7. The analysis was not performed on line,

but after each sample withdrawal.

4.3.3. High Performance Liquid Chromatography (HPLC)

To study the degradation of nitrobenzene and 2,4-dichlorophenol, it is necessary to
determine its concentration during time. The selected method has been the high

performance liquid chromatography in reverse phase.

The liquid chromatograph used consists of :



4. Materials and methods

=  Waters degasser.

= Controller Waters 600.

= Autosampler Waters 717.

= Qven for columns and temperature controller Waters
= Photodiode array detector Waters 996.

=  Millenium software.

The column used presented the following characteristics:
» Packing: SPHERISORB ODS2
» Particle size: 5 ym
» Length: 25 cm

= |nner diameter: 0.46 cm.

The mobile phase used was a mixture acetonitrile:water:phosphoric acid
(40:60:0.5%), isocratically delivered (constant composition and flow rate) by a pump at a
flow rate of 1 mL.min"'. The wavelength of the UV detector was selected from the
absorption spectra of nitrobenzene and 2,4-dichlorophenol (see Figure 4.7 and 4.8).
Maximum absorption of nitrobenzene and 2,4-dichlorophenol were found to be 267.3 and
280 nm, respectively. Injected volume of each sample was 10 L. Temperature was set at
25°C. Under these conditions, retention time for nitrobenzene and 2,4-dichlorophenol
were 14.8 and 15.5 min, respectively. Integration was performed from the peaks area and

the calibration was done by means of nitrobenzene and 2,4-dichlorophenol standards.

4.3.4. Total Organic Carbon (TOC)

To determine the quantity of organically bound carbon, the organic molecules must
be broken down to single carbon units and converted to a single molecular form that can
be measured quantitatively. TOC methods utilize heat and oxygen, ultraviolet irradiation,
chemical oxidants, or combinations of these oxidants to convert organic carbon to carbon
dioxide (CO,).
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Figure 4.7. Nitrobenzene absorption spectrum
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Figure 4.8. Absorption spectrum of 2,4-Dichlorophenol.

In the present case, TOC has been determined by the combustion method and
analyzing the resultant CO, with a Dohrmann DC-190 TOC analyzer. The system consists
of a combustion tube filled with platinum catalyst, through which passes an oxygen flow of

200 cm®.min™ (99.999% purity) Temperature of reaction zone is maintained at 680°C.

Samples are introduced into the combustion chamber by means of an automatic
sampler, the water is vaporized and the organic matter is completely oxidized to CO, and
water by catalytic oxidation. The gas stream carries away the CO, produced through a

condenser and into a gas/liquid separator to remove most of the water formed. Remaining
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water can be removed by a dehumificator, which operates at a temperature in the range of
between 0-10°C. The dry gas containing the CO, passes through a scrubber to separate
halogens and finally reaches a nondispersive infrared analizer (NDIR) to determine the
amount of total carbon (TC). In the present case, TC is equivalent to TOC as the amount
of inorganic carbon (IC) is negligible (samples are acidified at pH lower than 3 and

aireated with oxygen).

The fraction of organic carbon that passes through a 0.45 um-pore-diameter filter

is called dissolved organic carbon (DOC).

The standard solution used to calibrate the TOC equipment is a solution of
potassium hydrogen phthalate containing 100 mg C.L™. Injected volume of sample was
200 pL. Theoretical TOC values of 100 ppm of nitrobenzene and 2,4-dichlorophenol are
58.5 and 44.2 mg C.L™, respectively.

4.3.5. Chemical Oxygen Demand (COD)

The Chemical Oxygen Demand (COD) is used as a measure of the oxygen
equivalent of the organic matter content of a sample that is susceptible to oxidation by a

strong chemical oxidant, dichromate in acidic medium in the present case.

Chemical oxygen demand has been determined by the Standard Methods 5220 D:
closed reflux, colorimetric method (Standard Methods, 1985). This analysis consists of
heating to an elevated temperature (150°C) a known sample volume with an excess of
potassium dichromate in presence of acid (H.SO,) for a period of two hours in sealed
glass tubes. During this time the organic matter is oxidized and dichromate (yellow) is
replaced by the chromic ion (green) [4.2]. Silver sulfate (Ag.SQ,) is added as catalyst for

the oxidation of certain classes of organic compounds.
Cr,0,” +14H" +6e — 2Cr* +7H,0 [4.2]

The method is completed by colorimetric determination of the amount of chrome
produced. This can be done rapidly and easily by using an spectrophotometer. It is an

exact method used in many laboratories nowadays.

The presence of chlorides in the solution can interfere the COD determination, as

chlorides can be oxidized by the dichromate [4.3]:
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6 ClI” +Cr,05 +14H" - 3Cl, +2Cr** +7H,0 [4.3]

This interference can be avoided by adding a solution of mercury sulfate (HgSO,)
to the mixture, as the mercury ion combines with the chlorine ion to form mercury chloride

(HgCl,). A ratio 10:1 of sulfate:chloride is recommended (Ramalho, 1991).

Nitrite (NO;) exerts a COD of 1.1 mg O,.mg NO,, what could be important in the
case of nitrobenzene experiments analysis. As concentrations of NO,” has found to be

lower than 1-2 mg NO,.L™", this interference is considered insignificant.
For the COD test two solutions are to be prepared:

= Digestion solution (0.2 N K,Cr,O), prepared by adding to about 500 mL
distilled water: 10.216 g K,Cr,O-, primary standard grade, previously dried at
103°C for 2h, 167 mL of concentrated H,SO,, and 33.3 g of HgSO,. Dissolve,

cool to room temperature, and dilute to 1000 mL.

= Catalyst solution, prepared by adding Ag.SO, to concentrated sulfuric acid at
the rate of 5.5 g Ag,SO.kg™" H,SO, . Let stand 1 to 2 days to dissolve Ag,SO.,.

In standard tubes of 10 mL, the following amounts of each solution are added: 2.5
mL of the sample, 1.5 mL of the digestion solution and 3.5 mL of the catalyst solution.
Tightly cap tubes and invert each several times to mix completely. Place the ampules in a
block digester to 150°C and reflux for 2 hours. Afterwards, cool to room temperature and

then measure the absorbency by spectrophotometry at a wavelength of 585 nm.

To establish the relation between the absorbency and the COD, calibration is
needed. The calibration curve was done for the photometer (LF 2400, Windaus
Labortechnik) by using five standards from potassium hydrogen phthalate (KHP) solution
with COD equivalents from 20 to 900 mgO,.L™" (KHP has a theoretical COD of 1.176 mg
0,.mg™).

For nitrobenzene, if the following oxidation reaction is established [4.4]:

-1

for a 100-ppm solution, a maximum theoretical COD value of 202 mg O,.L™ is obtained,

and a 0.50 mg NB.mg™" O ratio. In the case of 2,4-dichlorophenol, a ratio of 0.85 mg
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DCP.mg" O, has been established (Adams et al., 1997), so the theoretical COD value of
a 100-ppm DCP solution is 118 mg O,.L™.

4.3.6. Biochemical Oxygen Demand (BOD)

The Biochemical Oxygen Demand (BOD) is related to the amount of
biodegradable organic matter in a water sample. During oxidative degradation of organic
matter, aerobic microorganisms which perform it consume oxygen present in water as
dissolved gas. BOD is expressed as weight of oxygen consumed per unit volume of water
during a defined period of time at a defined temperature, e.g. mg O,.L™" (or ppm) during 5
days at 20°C. To complete biological oxidation at 20°C a period of time between 21 and
28 days is required. This parameter is one of the most widely used for organic pollutants
applied to both waste water and surface water. In the present case it has been followed
the respirometric method (Standard Methods, 5210 D). Respirometric methods provide
direct measurement of the oxygen consumed by microorganisms from an air or oxygen-
enriched environment in a closed vessel under conditions of constant temperature and
agitation. Samples with a BOD lower than 800-900 ppm do not need dilution. The supply

of oxygen is continuous and made easy by stirring.

BOD has been performed by means of an Oxitop system (VELP Scientifica). It is a
manometric respirometer, which relates the oxygen uptake to the change in pressure
caused by oxygen consumption while maintaining a constant volume. The reaction-
vessels content is mixed by magnetic stirring. Carbon dioxide produced is removed by
suspending a strongly alkaline agent (NaOH) within the closed reaction chamber. A
steady reduction of gas pressure is obtained, which can be metered by suitable

manometers (Oxitop membranes).
General procedure for the BOD test can be summarized as follow:
a) Preparation of the buffer solution and the supplementary nutrients

Buffer and nutrients solutions used in the test are to be prepared as follows:

= Phosphate buffer solution, 1.5 N: Dissolve 207 g sodium dihydrogen
phosphate, NaH,PO4-H,O in water. Neutralize to pH 7.2 with 6N KOH and
dilute to 1 L.

=  Ammonium chloride solution, 0.71N: Dissolve 38.2 g NH,Cl in water.
Neutralize to pH 7 with KOH. Dilute to 1 L.

= Magnesium sulfate solution, 0.41N: Dissolve 101 g MgS0,4.7H,0 in water and
dilute to 1 L.
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= Ferric chloride solution, 0.018N: Dissolve 4.84 g FeCl;.6H,0 in 1 L water.

= Calcium chloride solution, 0.25N: Dissolve 27.7 g CaCl, in 1 L water.

= Potassium hydroxide solution, 6N: Dissolve 336 g KOH in about 700 mL water
and dilute to 1 L.

= Glucose-glutamic acid solution: Dry reagent-grade glucose and reagent-grade
glutamic acid at 103°C for 1 h. Add 15.0 g glucose and 15.0 g glutamic acid to
distilled water and dilute to 1 L. Neutralize to pH 7 using 6N potassium

hydroxide.
b) Preparation of the seeding microorganisms

Microorganisms that are used in the BOD test are non-acclimated organisms. The
preparation of these consists of taking a volume of activated sludge bacteria solution
operating at the sewage works of Gava (Barcelona, Spain), centrifuge it and take the
desired volume from the supernatant. If the bacteria were stored in the refrigerator they

should be pulled out and let to reach temperature of 20+5°C.
c) Preparation of the testing bottles

Depending on the range of BOD value, the total volume of solution used in the
test changes. The range of BOD and the correlated volume needed are shown in table
41.

Table 4.1. Ranges of BOD and the correlated total volume of sample.

Expected value of BOD Total sample volume -
(mg Oz.L'l) (mL) Multiplication factor
0-40 432 1
0-80 365 2
0-200 250
0-400 164 10
0-800 97 20
0-2000 43.5 50
0-4000 22.7 100

In the present case, BOD values were lower than 40 mg 0,.L™", so the total volume
of the sample was fixed at 432 mL. Each volume was filled with the following amounts of
each solution: 425 mL of sample, 2.595 mL of buffer solution, 0.865 mL of NH,CI, MgSO,

and CaCl, solutions, and 0.650 mL of biomass (this amount was fixed by the guidelines
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given by the Standard Methods, 5210 D). For each BOD test, a “blank bottle” has to be
arranged, containing the bacteria, buffer and nutrient solutions and Millipore water.
Samples, previously aerated, are allowed to reach 20°C in the refrigerator, then 2 NaOH
tablets are added in a quiver and the bottles are sealed with the Oxitop membrane, reset
the zero and kept in the incubator thermostatically controlled at a 20 + 1 °C with agitation

for up to 21 days.
The value of n-days BOD is calculated by using the formula:
BOD, =(BODg —BODg)xN [4.5]

Where:
BODs = BOD of the sample measured after n days
BODg = BOD of the blank measured after n days

N = multiplication factor

The performance of this method was previously tested with the glucose-glutamic

acid standard, with a satisfactory result.

4.3.7. Concentration of ozone in the gas phase.

The ozone in the gas phase is measured with the UV absorption method. The
ozone flows through the gas measuring cell, through which a UV-beam is leaded.
Between 200 and 300 nm ozone has a broad absorption band, which is known as Hartley-
band. At 253.7 nm the absorption coefficient of ozone has a maximum. The relation

between absorption of light and ozone concentration is defined by the Lambert-Beer law:

log %E

d.c

where: C = ozone concentration (g.m™)
H, = light intensity without ozone
Hc = light intensity with ozone
d = length of the gas measuring cell (mm)

€ = extinction coefficient (6.3)

From the absorption of light, the ozone concentration can be calculated directly.

The apparatus used is a Sander QuantOzon “1”, that operates in the range 0 — 20 g.m™.
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4.3.8. Ozone measurement in the agueous phase.

For the determination of ozone concentrations in water, the indigo-trisulfonate
method (Bader and Hoigné, 1981, 1982; Standard Methods 4500-O; B, 1985;
Masschelein et al., 1998) has been used. It is based on the principle that in acidic solution
potassium indigo-trisulfonate (C4sH;N2011S3K3) is discolored by aqueous ozone and the
degree of discoloration is compared to a blank solution of the dye. The decrease in
absorbance is linear with increasing ozone concentration. The proportionality constant at
600 nm, maximum absorbance of the indigo solution, is 0.42 + 0.01 L.cm”.mg”. The
range of application of this method is 0.05 to 0.6 mg Os.L™". This method is quantitative,

selective, and simple.

Hydrogen peroxide decolorize the indigo reagent very slowly. H,O, does not
interfere if ozone is measured in less than 6 hours after adding reagents. Fe(lll) does not

interfere.
Preparation of the reagents was done as follows:

= Indigo stock solution: Add about 500 mL distilled water and 1 mL conc.
phosphoric acid to a 1-L volumetric flask. With stirring, add 770 mg potassium
indigo trisulfonate. Fill to mark with distilled water. A 1:100 dilution exhibits an
absorbance of 0.20 = 0.010 cm™ at 600 nm. This stock solution is stable for
about 4 months when stored in the dark. Discard when absorbance of a 1:100

dilution falls below 0.16 cm™.

= Working solution: This solution is made up immediately before use by dilution
of 25 mL of the stock solution to 250 mL containing 2.5 g. of analytical grade
NaH,PO, and 1.75 mL of analytical grade H3PO,.

5 mL of working solution are introduced into each of two 50 mL volumetric flasks.
One is filled with ozone-free water (e.g. millipore water) and the other with 10 mL of the
sample and completed with millipore water. The difference in absorption of light at 600 nm
between blank and sample is measured. The measurement is to be done as soon as
possible but in all instances within 4 hours when stored in the dark. Add sample so that
completely decolorized zones are eliminated quickly by gently shaking, but no ozone

degassing occurs. The concentration is dissolved ozone is determined as follows:

DAV

Co, (Mg.L")=—1

[4.7]
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where AA is the difference in absorbance between sample and blank, V: is the total
volume (50 mL), b is the path length of cell (1 cm), V is the volume of sample added (10

mL) and f is the proportionality constant (0.42 cm™). The error of this method is ca. 5%.

4.3.9. Total suspended solids (TSS)

Suspended solid refer to non-filterable matter suspended in water and waste
water. Solids may affect water or effluent quality adversely in a number of ways. Analyses
are important in the control of biological and physical waste water treatment processes
and for assessing compliance with regulatory agency waste water effluent limitations.
“Total solids” is the term applied to the material residue left in the vessel after evaporation
of a sample and its subsequent drying in an oven at a defined temperature. Total solids
includes “total suspended solids”, the portion of total solids retained by a filter (of 2.0 pm
(or smaller) nominal pore size), and “total dissolved solids”, the portion that passes
through the filter.

In the analysis of TSS (Standard Methods 2540 D, 1985), a well-mixed sample is
filtered through a weighed standard glass-fiber filter and the residue retained on the filter
is dried to a constant weight at 103 to 105°C. The increase in weight of the filter

represents the total suspended solids.
Firstly, the glass-fiber filter disks are to be prepared. For it:

= Insert the disk with wrinkled side up in the filtration apparatus, apply vacuum and
wash disk with three successive 200-mL portions of Millipore water.
= Dry the filter in an oven at 103 to 105°C for 1 hour. If volatile solids are to be

measured, ignite at 550°C for 15 min in a muffle furnace.

= Cool in desiccator to balance temperature and weight. Store in desiccator until

needed.

For sample analysis:
= Assemble filtering apparatus and filter and begin suction.
= Add 10 mL of the sample onto the glass-fiber filter.
= Wash with three successive 10-mL volumes of Millipore water, allowing complete
drainage between washings, and continue suction for about 3 min after filtration is
complete.

= Carefully remove filter from filtration apparatus.
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Dry for 1 hour at 103 to 105°C in an oven, cool in a desiccator to balance temperature

and weight.
TSS are calculated as follows:

(A -B)x 1000

mgTSS.L"=
sample volume, mL

[4.8]

where: A = weight of filter + dried residue, mg

B = weight of filter, mg.

4.3.10. Total volatile suspended solids (TVSS)

The residue from the previous test is ignited to constant weight at 550°C (Standard
Methods 2540 E, 1985). The remaining solids represent the fixed total, dissolved, or
suspended solids while the weight lost on ignition is the volatile solids. The determination
is useful in control of waste water treatment plant operation because it offers a rough
approximation of the amount of organic matter present in the solid fraction of waste

water, activated sludge, and industrial wastes.

The procedure follows the previous one. Once the glass-fiber filter has been
placed at 103 to 105°C for 1 hour, cooled to room temperature and weighted, the residue
is ignited to constant weight in a muffle furnace at a temperature of 550°C for 15
minutes. Have furnace up to temperature before inserting the sample. Let the filter cool
to room temperature. Weigh the disk as soon as it has cooled to room temperature. The

TVSS is calculated as the lost of weight (equation 4.9):

(A -C)x 1000

mgTVSS.L™" =
J sample volume, mL

[4.9]

where: A = weight of residue + filter before ignition, mg

C = weight of residue + filter after ignition, mg.
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5.1. Actinometry.

Before carrying out the experiments where the ultraviolet radiation takes part,
experiments based on the photochemical decomposition of oxalic acid in presence of
uranyl ion (Volman and Seed, 1964; Heidt et al., 1979; Esplugas and Vicente, 1983) were
performed to determine the amount of radiation emitted by the lamps and transferred into
the reactor. The mechanism of this reaction is very complex, being reaction products CO,
CO,, HCOOH, U** and H,O. Nevertheless, for a pH range of between 3 and 7, and oxalic

acid conversions lower than 20%, the reaction that takes place is [5.1]:

U022++ C,OH, - U022+ + CO + CO, + H,O [51]

5.1.1. Mathematical model.

The intensive reaction rate is defined by [5.2]:

R=- ZCDA'UA'Q)\ [5.2]

being ® the quantum vyield, u, the uranyl absorption for each wavelength and g, the
modulus of the radiation density flux vector at the wavelength A, which can be determined

by the geometric parameters of the reactor and a proper emission model for the lamp.

As the uranyl is not consumed in the reaction, the absorbance remains constant
and the kinetics is order zero with respect to the concentration of reactants and first order

with respect to the absorbed radiation.

By introducing the mass balance in equation [5.2] and integrating,

noox —Nox = Rox't = _JZ q))\'“)\'q)\'t -dV [53]

The absorbed photon flow at a wavelength A is given by the expression [5.4]:

Wabs,)\ = Ju)\'q)\' dVv [54]

By substituting [5.3] in [5.4], [5.5] is obtained:

N’y — Nox = — Z D, Wt [5.5]
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As the lamp emits mainly in a unique wavelength, equation [5.5] can be simplified

as:

Nox — Nox = =@, W, ot [5.6]

The value of ®, at a A in the range of between 250-262 nm is 0.6 mol.Einstein™.

5.1.2. Experimental method.

A 0.05 mol.L™" oxalic acid and 0.01 mol.L™ uranyl nitrate solution is prepared.
Samples are withdrawn at intervals of between 2-3 minutes and titrated with a 0.1 N

KMnOQy, solution. Two actinometries were carried out and results are presented below:

= Actinometry 1.

Time (min.) Nh2c204 (MOI) N°hac204 - NHacaoa (MOI)
0 0.1453 0
2 0.1444 9x10™
4 0.1429 2.4x10°
6 0.1406 4.65x10°
8 0.1391 6.15x10™
10 0.1373 8x10°
12 0.1358 9.5x10°
14 0.1343 1.11x1072
16 0.1335 1.176x107

= Actinometry 2.

Time (min.) Nha2c204 (MOI) N°Hac204 = NHac2oa (MOI)

0 0.1380 0

3 0.1373 7.5x10™
6 0.1343 3.74x10°
9 0.1309 7.11x107
12 0.1279 1.01x107
15 0.1261 1.2x107
18 0.1231 1.5x107
21 0.1205 1.76x107
24 0.1178 2.02x10?
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Results of both actinometries are presented in Graph 5.1, where the pertinent

linear fittings have been performed.
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Graph 5.1. Comparison of actinometries 1 and 2.

5.1.3. Actinometry results.

The slope of the graph is equal to:
slope = ®\*"W gps
With the value of ®@,, Wy, is obtained:
a) Actinometry 1, with a 95% confidence level
Wapsa = 24.17 pEinstein.s™ = 11.5 W
b) Actinometry 2, with a 95% confidence level

W.psa = 23.08 pEinstein.s™ = 11 W

According to the actinometry results, the photon flow entering the reactor at a

wavelength of 253.7 nm is, in average, 23.7 pEinstein.s™ (1 Einstein = 1 mol photon).
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NITROBENZENE (NB)

5.2. Previous experiments with nitrobenzene — Stripping with oxygen.

One preliminary experiment was performed to determine the possible contribution
of an oxygen stripping to the degradation of nitrobenzene (NB). In this experiment, pure
oxygen was bubbled through a ca.100-ppm NB solution during 90 minutes. Results are
presented in Appendix A1.1, Table NB-S. As it can be observed, the diminution of the NB
concentration is insignificant, taking into account the experimental and HPLC analysis
error. Thus, the disappearance of NB due to volatilization will be considered negligible.
Any degree of NB removal by means of the AOPs will be produced by the action of these

combinations without contribution of the stripping.

5.3. Single ozonation of NB.

In the first set of experiments carried out with NB, the effect of single ozonation on
the degradation and biodegradability of NB aqueous solutions was studied. The influence
of ozone production, pH, initial NB concentration and scavengers on the degradation of
NB was tested, as well as the effect of single ozonation on the biodegradability of these
solutions. Moreover, the stoichiometric coefficient of the reaction between ozone and NB
was determined. Results are shown on section Appendix 1.2, Tables NB-O1 to NB-O15.
In the following graphs, most of results will be plotted versus the absorbed ozone dose.
Mass transfer of ozone from the gaseous to the aqueous phase can be a limiting factor,
causing a part of applied ozone to be lost in the off-gas. The absorbed ozone dose is thus
more informative because it indicates the amount of dissolved ozone available for
oxidation. The absorbed ozone dose was calculated by subtracting the concentration of

ozone in the off-gas from the inlet concentration.

5.3.1. Influence of the ozone production

To study the effect of the amount of fed ozone, aqueous solutions of ca. 100 ppm
(in the range 90-100 ppm (0.73-0.81 mmol.L”" NB)) where treated by single ozonation
changing the production of ozone from 4.1 g.h” (11.5 g.m™) to 14.6 g.h™" (41 g.m™). The
pH was allowed to progress freely and temperature was 18-20°C. Results are shown in
section A1.2, Tables NB-O1 to NB-O4.
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The evolution of the normalized NB concentration during time is shown in Graph
5.2. It can be observed that the slope of the curve C/Cy vs. time at initial time increases
with the ozone production, diminishing the time of treatment needed to achieve a desired
degree of removal, thus increasing the conversion at a given time. For example, after 40
minutes of treatment, conversions are 55%, 76%, 85% and 96% for ozone production of
41, 7.4, 11.1 and 14.6 g.h”", respectively. An increase in the ozone production may
enhance the absorption rate as the driving force grows, increasing then the oxidation rate.
It has been found that the NB removal rate increases linearly with the production

(correlation coefficient r* = 0.97, see Table 5.1).
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Graph 5.2. Effect of the ozone production on NB ozonation — Normalized concentration.

Table 5.1. Effect of the ozone production on the initial NB removal rate

Ozone production (g.h™) [ NB removal rate (mg.min™)
4.1 36.6
7.4 51.1
11.1 61.8
14.6 78.4

Ozonation rates are lower than those found for 2,4-dichlorophenol (see section
5.12). The nitro group deactivates the electrophilic aromatic substitution reactions, a way
through which ozone reacts with aromatic compounds (Bailey, 1958), deriving in lower

ozonation rates.

Nevertheless, if the amount of DCP removed is plotted versus the absorbed ozone

dose (see Graph 5.3), this amount increases only slightly with the ozone production. This
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fact may suggest that mass transfer is lightly controlling the process, but mostly chemical

reaction may be controlling.
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Graph 5.3. Influence of the ozone production on NB ozonation — Amount of NB removed vs.

absorbed ozone dose

Another point of interest is the evolution of the concentration of ozone in the
residual gas during time (Graph 5.4). The shape of the curves would suggest the
presence of “plateaus” where the concentration of ozone would remain constant. This
behavior was observed by Beltran et al. (1998a) as well. It can be seen that the first
plateau is produced when a 60-70% initial NB removal has been achieved. From this point
it seems that a change in the reactivity of NB with ozone is produced, maybe due to the
higher reactive nature of some of the present intermediates. The second plateau is
produced when almost all initial NB disappears. Residual ozone increases with the ozone
production because, if chemical reaction is mostly controlling the process, the same dose

of ozone is absorbed, i.e. more non-reacted ozone is leaving the system.

An useful parameter to estimate the amount of required ozone is the stoichiometric
coefficient of the reaction of NB with ozone, that is, moles of ozone consumed per mol of
NB removed. This value can be calculated from data presented in Graph 5.3, amount of
NB removed and ozone consumed (as the absorbed ozone dose multiplied by the volume
of treated solution, 21 L). This coefficient has to be calculated at initial time, as afterwards
intermediates are produced and will affect this value. It has to be pointed out that this

value is only an estimation, as the experimental device used in this experimentation is not
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the proper one and this work has not been carried out in high excess of NB to assure the
total consumption of ozone practically at an instantaneous rate by NB and not by the
intermediates products formed. Graph 5.5 present the stoichiometric coefficient for the
experiments NB-O2 and NB-O3. The stoichiometric coefficient has been found to be ca. 4
mol O3 consumed per mol of NB removed in the range of production tested. A similar

value was found in a previous research (Caprio et al., 1984).

25
U |
- ann®
®_ 20 A ]
£ a®
2 u o 0
<

c154 ™ o o
2 | o M
< o ©
> o
T 10 o
» o e o
o o e © o o °
— P N J
— eo0o o0 ®
o %1 @ 4.1 g/h - NB-O1
- & 7.4 g/h - NB-O2

m 11.8 g/h - NB-O3

O . T T T T T
0 20 40 60 80 100 120
t (min)
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Graph 5.5. Stoichiometric coefficient for the reaction of NB with ozone
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5.3.2. Effect of pH.

As it has already been mentioned, pH is one of the most important variables in the
ozonation processes, due to the catalytic action of hydroxyl ions on the ozone

decomposition (Staehelin and Hoigné, 1985):
0, +OH™ - O;, +HO; (k=70 M"s" [2.4]

To study the influence of pH in the ozonation of NB, aqueous NB solutions of ca.
100 ppm initial concentration (in the range 95-105 ppm (0.77-0.85 mmol.L™")) were treated
by maintaining the pH of the medium at the following values:
- pH = 3, by means of H;PO,. It was not buffered: as observed in previous experiments,
ozonation processes evolve to pH 3.
- pH = 6.8, by means of the buffer 0.025 mmol.L"" KH,PO, - 0.025 mmol.L™ Na,HPO,
- pH =9, by means of 0.01 mmol.L"" Na,B,O- (borax).

The temperature of the experiments was 18-20°C and the ozone production was
set at 7.4 g.h™". Results are shown in section A1.2, Tables NB-O2a and NB-O5 to NB-O7.
As it has been observed in Graph 5.6, the concentration of ozone in the residual gas
decreases when increasing pH, confirming that more ozone is being decomposed by the

action of hydroxyl ions.
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Graph 5.6. Effect of pH on the ozonation of NB — Residual ozone
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Graph 5.7 presents the evolution of the normalized NB concentration during time
at different pHs in the range 3 to 9. Best results have been obtained at neutral pH. Slightly
lower disappearance rates have been achieved by the experiments carried out at free pH
and pH 3. However, at pH 9 the reaction seems to be partially inhibited. Since
nitroaromatic hydrocarbons are non-dissociating compounds, the rate constant of their
direct reaction with ozone is independent of pH. As differences observed in this graph
between pH 3 and 9 are rather small, this behavior would suggest then, that the direct
pathway of ozone action is the main responsible of the NB degradation. Nevertheless, in
the literature (Beltran et al., 1998a) has been found that works carried out at lower ozone
productions (0.15 g.h™) showed marked differences between experiments performed at
pH 2 and 7: NB conversions at a given time were found to be 30% at pH 2 and 60% at pH
7. Other works (Glaze et al., 1987) point out as well that the decomposition of

nitroaromatic compounds in aqueous solution takes place mainly through radical pathway.
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Graph 5.7. Effect of pH on the ozonation of NB — Normalized concentration

Nevertheless, as it has been shown in Graph 5.6, as pH increases more ozone is
decomposed into hydroxyl radicals. Why this higher production of hydroxyl radicals is not
translated into a higher disappearance rate at pH 9?7 This could be explained by the
withdrawing character of the nitro group, which depletes the aromatic ring of electron
density. The mechanism of the OH- radical on aromatic compounds is analogous to an
electrophilic substitution, and this kind of substitution is retarded by electron-accepting

substituents (Lipczynska-Kochany, 1991). Beltran et al. (1998a) observed the inhibition of
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the removal rate of NB at pH 12. They attributed this inhibition at the dissociation of

hydroxyl radicals into the oxygen anion radical through the equilibrium:
OH - O+ H" [5.6]
whose pKa is 11.9.

5.3.3. Influence of the initial concentration.

To study the effect of this variable, aqueous NB solutions of different initial
concentrations (in the range 100-250 ppm, higher concentrations are not possible due to
foaming problems) were treated by single ozonation, at room temperature (18-20°C) and
with the same ozone production (7.4 g.h™"), allowing pH to evolve freely. Results are
shown in section A1.2, Tables NB-O2, NB-O8 and NB-O9.

The decrease of the NB concentration as NB removed vs. the treatment time is
presented in Graph 5.8. As it can be observed, during the initial stage of treatment the
disappearance rate of NB is independent of the initial concentration and equal to ca. 55
mg.min™ (27 mmol.h™). It can also be seen that, for a given reaction time, an increase in
the initial concentration leads to a smaller conversion, although the disappearance rate is
higher. Thus, e.g. after 60 minutes of treatment conversions are 90%, 58% and 50% for

initial concentrations 100, 223 and 250 ppm, respectively.
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When the amount of NB removed is plotted versus the absorbed ozone dose
(Graph 5.9) it can be observed that the disappearance rate is practically non-dependent of
the initial NB concentration. The stoichiometric coefficient has been estimated to be ca. 4

mol of ozone per mol of NB removed.
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Graph 5.9. Influence of the initial concentration on NB ozonation — NB removed vs.

absorbed ozone dose

An interesting aspect would be measurement of dissolved ozone. In our case,
those measurements were not performed, but the published literature (Beltran et al.,
1998a) reports the presence of dissolved ozone in higher amount as higher is the initial
NB concentration. This fact suggests that the reaction takes place in the liquid phase, thus
being a slow reaction. This behavior does not mean that high oxidation rates cannot be
achieved. The presence of certain substances or phenolic intermediates, like nitrophenols
(which have been identified among the intermediates), can promote the decomposition of

ozone increasing the generation of free radicals (Staehelin and Hoigné, 1985).

The ozonation of NB seems to follow a pseudo-first order kinetics at initial time. By
fitting the logarithm of the normalized concentration to a straight line (see Graph 5.10),
pseudo-first order kinetic constants for the experiments NB-O2, NB-O8 and NB-O9 have
been estimated and presented in Table 5.2. The value of this kinetic constant is reduced
to half when the initial NB concentration is doubled. Kinetic constants have been found to

be in the order of magnitude of values reported in the literature (Baozhen and Jun, 1988).
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Graph 5.10. Influence of the initial concentration on NB ozonation - Estimation of the

pseudo-first order kinetic constants

Table 5.2. Pseudo-first order kinetic constants as a function of the initial NB concentration

Experiment Initial NB conc. (mg.L™) k (min™)
NB-0O2a 100 0.0352
NB-0O8 223 0.0142
NB-0O9 246 0.0117

With regard to the concentration of ozone in the residual gas (Graph 5.11) it can

be observed that the amount of residual

ozone decreases when the initial NB

concentration is increased, as the amount of non-reacted ozone is smaller.
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Graph 5.11. Influence of the initial concentration on NB ozonation — Residual ozone

5.3.4. Influence of hydroxyl radical scavengers: carbonates and t-BuOH

As it has been commented before, the literature points out that the radical pathway
is the main responsible of the NB degradation by ozone. To check this, one experiment at
pH 10 was performed in presence of carbonate and bicarbonate ions (0.025 mol.L™") as
hydroxyl radical scavengers. Kinetic constants of hydroxyl radicals with HCO3” and COs*
are 8.5.10° M™.s" and 3.9.10® M"'.s™, respectively (Acero and Gunten, 2000).

HCO; + OH" — HCO; + OH~ [2.15]
CO; +H'
CO? +OH - COy +OH [2.13]

This experiment (see section A1.2, Table NB-O11) is compared with results
obtained by single ozonation of NB at a similar pH (9, experiment NB-O7). Graph 5.12
show comparison of the evolution of the normalized concentration. As it can be observed,
a significant inhibitory effect is produced, as radicals react preferably with carbonates than
with NB. At pH 9 NB is completely removed in less than two hours. After this time in
presence of carbonates the conversion of NB is 70%. The important diminution of the
disappearance rate in presence of carbonates confirms the noteworthy contribution of the

radical pathway in the mechanism of ozonation of this compound. This result is important
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in practical cases because natural waters contain carbonates that would retard the

ozonation rate.
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Graph 5.12. Effect of carbonates as radical scavengers on NB ozonation — Normalized

concentration vs. time

Regarding the concentration of ozone in the residual gas (see Graph 5.13), it can

be observed that the concentration of residual ozone is higher in presence of carbonates.

The radical decomposition of ozone is inhibited by carbonates and higher amount of

ozone is lost within the residual gas.
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Graph 5.13. Effect of carbonates as radical scavengers on NB ozonation — Residual ozone
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Nevertheless, the inhibition of the radical pathway is not complete when
carbonates are present. Carbonates may act as promoters of the radical reactions
responsible of the ozone decomposition when forming the superoxide radical in presence
of H,0, ([2.14]).

Thus, one experiment in presence of tert-butyl alcohol was carried out. Tert-butyl
alcohol reacts very slowly with ozone (Hoigné and Bader, 1983a published a value for the
kinetic constant of the direct reaction of ozone with t-BuOH of 3x10% M™.s") but reacts
with hydroxyl radicals to yield inactive products that terminate the free radical mechanism
(Staehelin and Hoigné, 1985). The experiment was performed at room temperature, free
pH and 7.4 g.h™" ozone production (see section A1.2, Table NB-O12) to be compared with
the experiment carried out at the same conditions without t-BuOH (NB-O2). The
concentration of t-butanol used is 3 mmol.L™", from data presented by Hoigné and Bader
(1983b). Ozone could be partially consumed by reaction with t-BuOH at high

concentrations of this compound, although the kinetic constant value is very low.

As it can be seen in Graph 5.14, the presence of t-BuOH greatly inhibits the
ozonation rate of NB. While NB disappears in 100 minutes in the experiment carried out
without the scavenger, in presence of t-BuOH 40% of initial NB was still in solution at that
time. By fitting both experiments to a pseudo-first order reaction and comparing the slopes
(see Graph 5.15), it can be observed that the disappearance rate of NB is reduced in a

87% in presence of t-BuOH.
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Graph 5.14. Effect of t-BuOH as radical scavenger on NB ozonation — Normalized

concentration vs. time
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Graph 5.15. Effect of t-BuOH as radical scavenger on NB ozonation — Contribution of the OH

radicals to the NB degradation

With regard to residual ozone, the addition of t-BuOH, as in the case in presence
of carbonates, increases the amount of non-reacted ozone. That is, less amount of ozone
is decomposed as the decomposition reaction of ozone due to hydroxyl radicals is blocked

since these radicals will react preferentially with t-BuOH.

5.3.5. Biodegradability study

First of all, a BOD test was performed to a 100-ppm NB aqueous solution,
determining that BODs and BOD,; were 0. That is, the substrate was found to be non-
biodegradable under the tested conditions. Besides this, an inhibition test was carried out.
The inhibition of oxygen consumption by activated sludge was held by means of a
dissolved oxygen detector and general guidelines are given in ISO 8192-1986. Inhibition
test allows a rapid indication of the toxicity of water medium for non-acclimated biomass
population. In this test, five solutions were prepared. In addition to the blank solution
(without substrate) to assure that activated sludge is active, three solutions of different
substrate concentration were prepared, by mixing the tested substrate with synthetic
medium (peptone, urea and yeast extract) and the activated sludge (tested dilutions were
1:1000, 1:100 and 1:10). The fifth solution, with substrate and synthetic medium (without

biomass), shows the physico-chemical consumption, to assure that oxygen is only
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consumed by biomass and it is not consumed by any other reaction or dilution effect. The
response of the sludge within three hours was followed by the decrease of the dissolved
oxygen concentration in each sample. Graph 5.16 presents the results of the inhibition
test carried out with NB. As it can be observed, even at 1:1000 dilution (0.1 ppm,
8.13x10™* mmol.L™") the biological oxidation is greatly inhibited by the presence of NB. The
inhibitor feature of NB was also stated in the literature under anaerobic conditions
(Kameya et al., 1995). In light of these results, a 100-ppm NB solution cannot be easily

degraded biologically and exhibits a high inhibition of other carbon sources.
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Graph 5.16. Inhibition test with a 100-ppm NB solution at dilutions 1:1000, 1:100 and 1:10.

The aim of this section was to study the effect of ozonation on the biodegradability
of aqueous NB solutions. Two experiments with ca. 100 ppm NB concentration, 7.4 g.h™
ozone production, free pH and room temperature have been performed. Results are
presented in section A1.2, Tables NB-O13 and NB-O14. The average of these
experiments is summarized in Table NB-O15 and these results are those presented in the

following graphs .

The biodegradability of the solution has been tested throughout the experiment.
BOD/COD and BOD/TOC ratios have been chosen as biodegradability indicators, as
commented before. An increase in the BOD of a sample due to the pretreatment would
indicates its greater amenability to biodegradation. Thus, an increase in the BOD/COD
and BOD/TOC ratios after pretreatment is indicative of improved biodegradability due to

an increase in the proportion of COD or TOC amenable to biological mineralization.
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BOD has been measured at 5 and 10 days. Values obtained are plotted versus the
ozone dose in Graph 5.17. As it can be noted, highest values of BOD have been obtained
when the concentration of NB was reduced to less than 20% of the initial amount (after 60

minutes of treatment). The reason of this behavior will be discussed afterwards.
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Graph 5.17. Evolution f BOD and NB normalized concentration with the absorbed ozone

dose on NB ozonation

BOD,/COD ratios and COD are shown on Graph 5.18. As it can be observed,
BOD/COD ratio increases with the absorbed ozone dose but seems to be stabilized after
90 minutes of treatment (0.34 g.L”' ozone dose) at a value of ca. 0.3 and 0.5 for
BODs/COD and BOD;o/COD, respectively. With regard to BODx/TOC ratios (Graph 5.19),
it is increased up to ca. 0.5 for BODs/TOC after 60 minutes of treatment (0.25 g.L™" ozone
dose) and ca. 0.8 for BODo/TOC at 120 minutes of treatment (0.42 g.L™" ozone dose). As
a reference, a BOD/COD ratio of 0.4 is generally considered the cut-off point between
biodegradable and difficult to biodegrade waste. Domestic waste water typically has a
BODs/COD ratio of between 0.4 to 0.8 and BODs/TOC ratio between 1 to 1.6 and it is
considered substantially biodegradable (Metcalf and Eddy, 1985). In light of the

experimental results, optimal ozonation time was set at between 60-90 minutes.
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Graph 5.18. Evolution of BOD,/COD and COD with the absorbed ozone dose on NB

ozonation
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Graph 5.19. Evolution of BOD,/TOC and TOC with the absorbed ozone dose on NB

ozonation

In Figures 5.1 and 5.2 the chromatograms corresponding to the samples of the

experiment NB-O15 after 30 and 60 minutes, respectively, are presented. As it can be

observed, no significant differences with regard to the intermediates present are found.

The three isomers of nitrophenol and 4-nitrocatecol have been detected (see section 5.10)
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besides other compounds (the resolution of these chromatograms does not allow to see
the peaks of the other present compounds), among which catechol is thought to be
present. After 60 minutes, the concentration of the three nitrophenols have slightly
decreased and they went on decreasing with time. Both NB and nitrophenols have been
reported to be non-biodegradable (Urano and Kato, 1986). For nitrophenols, a BODs/TOC
ratio of 0.05 have been reported (Takahashi et al., 1994). In that work, maximum
biodegradability was achieved when nitrophenols were completely depleted from solution
by means of ozonation. This fact support the idea that by-products formed at initial time
(mainly nitrophenols) are not easily biodegradable, requiring further oxidation to achieve
products of higher biodegradability, by which time most of the target compound has been
eliminated. Besides this, the inhibition exerted by remaining NB may prevent the
biodegradation of oxidation by-products. The denitrogenation has also been pointed out

as a possible factor to enhance biodegradability (Takahashi et al., 1994).
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Figure 5.1. Chromatogram corresponding to sample after 30 minutes of ozonation of

experiment NB-O15
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Changes of the mean oxidation state of the organic carbon during the ozonation
process are also presented in Graph 5.20. Oxidation state of the organic carbon can be

calculated from the formula (Stumm and Morgan, 1991):

4(TOC - COD)

AOS = Average Oxidation State =
TOC

[5.7]

where TOC is in mol C.L" and COD in mol O,.L". Mean oxidation stages of organic
carbons of several organic compounds were listed in Stumm and Morgan (1991). CH, is —
4, benzene is —1, formaldehyde and acetic acid are 0, formic acid is +2, oxalic acid is +3
and CO, +4. Two stages may be found in the ozonation process. The first one (values
below 0) is short, meaning that NB reacts rather rapid with ozone and forms hydroxylated
aromatics, aldehydes and unsaturated carboxylic acids. In stage 2 (below 2), almost all
the aromatic compounds, aldehydes and unsaturated carboxylic acids are converted to

saturated carboxylic acids, such as formic acid and oxalic acid.

Average Oxidation State

Absorbed ozone dose (g.L'l)

Graph 5.20. Effect of ozone dose on the average oxidation state in NB ozonation

The concentration of nitrate ion has been followed throughout the experiment.
After two hours of treatment the denitration was complete while the concentration of nitrite

ion in solution was completely negligible.
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5.4. Ozonation combined with H,O, (0Os/H,0,) for NB removal

5.4.1. Influence of H,O, concentration

As it was mentioned in the introduction, the combination of ozone with hydrogen

peroxide increases the production of hydroxyl radicals, being the global reaction

H,O, +20; -~ 20H +30; [1.11]
with the initiating step

HO, + O3 - HO, + O3 [1.13]

Hence, it would be interesting to study this combination for the degradation of NB,
especially as literature points out that the main pathway of degradation of this compound
is the radical one. With this aim, the following set of experiments, at room temperature

and allowing pH to evolve freely were carried out.

Previously and to check the effect of hydrogen peroxide as oxidant, one
experiment dosifying H,O,, in absence of ozone, was performed. Results are shown in
section A1.3, Table NB-P. The percentage of NB removal obtained after two hours of
treatment was negligible, as it can be observed in Graph 5.2. Therefore, its oxidant action
will be discarded under the present working conditions. Next, two set of experiments were
carried out: one dosifying the amount of hydrogen peroxide with respect to the amount of
fed ozone (see section A1.3, Tables NB-OP1 to NB-OP3), and one adding it at the
beginning of the experiment with respect to the amount of initial NB (see section A1.3,
Tables NB-OP4 and NB-OP5). Results are compared with the experiment of single

ozonation carried out in the same conditions (NB-O2a) in Graph 5.21.

As commented in the introduction chapter, diverse authors have studied the
optimum H,0,/O; ratio to achieve a higher degradation rate. With different compounds it
has been found a Gauss-type relation, increasing the compound removal rate as the
amount of hydrogen peroxide is increased until one point, from which the reaction is

inhibited, as the excess of hydrogen peroxide consumes hydroxyl radicals:

H,O, + OH" - HO;, + H,O [1.3]
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Graph 5.21. Influence of the addition of H,O, to NB ozonation — Normalized concentration

For some of the studied compounds found in the literature, this optimum ratio has
been found to be 0.4 mg H,O./mg O; for trihalomethanes (Bauman and Stenstrom, 1990)
and 0.5 mg H,O./mg O; for triazines (Paillard et al., 1988). This is the reason why the ratio
0.5 mg H,O./mg O3 was checked in the experiment NB-OP3, as beforehand higher ratios
were tested (NB-OP1 and NB-OP2). In the three experiments it was seen that the removal
rate obtained by single ozonation was unaffected by the addition of hydrogen peroxide,
even lightly inhibited. Then, hydrogen peroxide was added at the beginning of the
experiment with respect to the initial amount of NB, at ratios 3:1 and 6:1 mol H,O,/mol NB.
In this case the effect was negligible as well. At first sight these results are surprising, as it
was expected that an increase in the hydroxyl radical production would be translated into
an improve of the removal rate, since the process of oxidation develops through radical
reactions. Nonetheless, this negligible effect of the addition of hydrogen peroxide to
ozonation was already observed by Beltran et al. (1994) in the degradation of mecoprop

by means of this combination.

Beltran et al. (1998) points out that [1.13] would not be the main step to initiate the
formation of hydroxyl radical but other unidentified reactions that would probably develop
during single ozonation as well. Thus, byproducts of oxidation like nitrophenols, which
have been identified in this oxidation system (see section 5.10) and are extremely reactive
with ozone and hydroxyl radicals, could induce the formation of organic peroxide radicals.
These steps would probably generate hydroxyl or other active radicals in such a way that

classical initiation steps like reaction [1.13] would be less important. Therefore, no
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difference between single and combined ozonation with hydrogen peroxide at low H,O,

concentrations would be observed.

With regard to the concentration of ozone in the residual gas (see Graph 5.22), it
can be observed that the amount of residual ozone increases with the amount of H,0O,,

although values are lower that those obtained by single ozonation.
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Graph 5.22. Influence of the addition of H,O, to NB ozonation — Residual ozone

5.4.2. Biodegradability study

One experiment with 0.1 mol H,O,/mol NB (0.08 mmol.L™" H,O, for 100 ppm NB),
7.4 g.h™" ozone production, free pH and room temperature has been carried out (see
section A1.3, Table NB-OP6). A low concentration of hydrogen peroxide has been used
as higher concentrations could be harmful for the biomass (Baldry (1983) reported that
H,O, is bactericide at concentrations above 0.15 mmol.L™" , 5.1 mg.L'1). Although the
addition of H,0, to single ozonation did not improve the removal rate of NB, it is desirable

to check its effect on the biodegradability of these solutions.

BOD has been measured at 5 and 10 days and values obtained are plotted versus
time in Graph 5.23. After 60 minutes of treatment over 30% of the initial amount of NB

' similar to single

was still in the solution but BODs value increased until 24 mg O,.L
ozonation. From this point BOD values do not decrease but seem to stabilize or even
slightly increase at values of ca. 25 and 29 for BODs and BOD;, respectively. BOD/COD

values are slightly lower than those obtained by single ozonation (see Graph 5.24).
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BODs/COD ratio is increased from 0 to 0.20 after 60 minutes and to 0.28 after 90 minutes

of treatment.
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Graph 5.23. Evolution of BOD and NB normalized concentration during time with the

combination O3/H,0,
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Graph 5.24. Evolution of BOD/COD ratio and COD during time with the combination Os/H,0,

Regarding BODs/TOC ratio (see Graph 5.25), it is increased up to 0.46 after 60

minutes of treatment, similar to the value achieved by single ozonation and 0.55 after 90
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minutes, slightly higher than single ozonation. BOD,/TOC is increased up to 0.6 after 60

minutes and seem to stabilize afterwards.

In light of the experimental results, the addition of H,O, did not improve the effect

on the biodegradability of NB aqueous solutions achieved by single ozonation.
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Graph 5.25. Evolution of BOD/TOC ratio and TOC during time with the combination O3/H,0,

5.5. Ozonation combined with Fe(lll) (Os/Fe(lll)) for NB removal

A set of experiments with the combination Oj/Fe(lll) previous to the
experimentation with the combination O3/UV/Fe(lll) (see section 5.8). Fe(lll) salt used was
FeCl; and Fe(lll) was added at the beginning of the experiment with respect to the amount
of initial NB, ranging from 1 to 0.01 mol Fe(lll)/mol NB, at 7.4 g.h™" ozone production, room
temperature and pH was allowed to evolve freely. Results obtained are presented in
section A1.4, Tables NB-OF1 to NB-OF4. Disappearance rate is presented in Graph 5.26
and compared with the experiment of single ozonation carried out with the same
conditions (NB-02).

It can be seen that the effect of the addition of ferric ion to single ozonation is
negligible or even negative. At high ratios (1:1, 0.5:1) the disappearance rate is
significantly inhibited by the addition of iron. At low ratios (0.1:1 and 0.01:1), curves

superpose with the results of single ozonation.
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Graph 5.26. Influence of the addition of Fe(lll) to the ozonation of NB — Normalized

concentration

With regard to the concentration of ozone in the residual gas (see Graph 5.27), the

addition of Fe(lll) decreases significantly this amount, more as higher is the concentration

of Fe(lll). If Fe(lll) is being converted to Fe(ll) within the process, ozone would be being

used to oxidized Fe(lll) into Fe(ll), decreasing the amount of ozone available for NB, fact

that would also explain the behavior observed in Graph 5.27. At high Fe(lll) ratios, ozone

is preferably being used in the oxidation of Fe(lll) in detriment of the oxidation of the target

compound.
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Graph 5.27. Influence of the addition of Fe(lll) to the ozonation of NB — Residual ozone
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5.6. Ozonation combined with UV radiation (Os/UV) for NB removal

As with the combination O3/H,O,, the process O5/UV increases the production of
hydroxyl radicals and possible ways to eliminate the pollutant. Basically, aqueous systems
saturated with ozone are irradiated with UV light at a wavelength of 254 nm in a reactor
convenient for such heterogeneous media. The extinction coefficient of O; at 254 nm is
3600 M'.cm™, much higher than that of H,O,. Besides the reactions of the ozonation
process, the direct photolysis of NB and ozone and those derived from the presence of
hydrogen peroxide are present. The mechanism that has been proposed for this system
implies the photolytic rupture of one molecule of ozone to generate two hydroxyl radicals,
but they do not act, as they recombine to produce H,O, [1.7], by Peyton and Glaze
(1988):

O; + H,O O™, 20H + O, [1.14]
20H - H,0, [1.7]

H,O, photolizes and reacts with ozone. Both stages lead to the formation of
hydroxyl radicals, being this reaction favored by the pH. Moreover, ozone reacts with the
ionic form of H,O, (hydroperoxide ion). Thus, it would be interesting to study the effect of
the pH on this combination. Furthermore, it has been checked the use of UVA radiation
(which emits in the range of wavelength of between 300 and 420 nm, with a maximum

centered at 360 nm) with regard to the biodegradability of DCP solutions.

5.6.1. NB photolysis: Effect of pH

Given the aromatic nature of NB, it was studied firstly the effect of the direct
photolysis on the removal of NB under the working conditions. Three experiments at pH 3,
9 and allowing pH to evolve freely were performed with UV radiation (without ozone).
Results are shown in section A1.5, Tables NB-R1 to NB-R3. Previously, actinometric
experiments were carried out to determine the flux of radiation emitted by the lamp and
transmitted to the reactor (see section 5.1), where it was found that the flux of radiation

that comes into the reactor was 23.7 pEinstein.s™ (1 Einstein = 1 mol photon).

Under these conditions, no degradation was observed after two hours of treatment
at any of the studied pHs. That means that, under our working conditions, the contribution
of the direct photolysis to the NB removal rate will be negligible. This fact does not mean
that NB cannot be removed by means of UV radiation, but the low ratio of photons that go

into the reactor and the amount of NB that goes through it may account for this. At initial
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time this ratio was 0.37 mol photon/mol NB,. In experiments carried out by the research
group in another experimental device, where the ratio was 2.5 mol photon/mol NBy, a 40%
of NB removal was achieved after 60 minutes of treatment (Rodriguez et al., 2000). In that
case the quantum yield (number of NB molecules that react by the number of absorbed
photon) at 254 nm could be established and was found to be (6 + 0.5).10" mol.Einstein™.
This value is consistent with the one reported by Beltran and co. (1998b), which was (7 +
0.6).10 mol.Einstein™.

5.6.2. Combination of ozone with UV radiation: Effect of pH

One experiment with the combination O5/UV, allowing pH to evolve freely, room
temperature and 7.4 g.h™" ozone production was performed (see section A1.5, Table NB-
OR1 to be compared with the experiment of single ozonation (NB-O2) and direct
photolysis (NB-R1) carried out at the same conditions. The NB removal rate during time

for the three processes is shown in Graph 5.28.
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Graph 5.28. Comparison of the processes Oz, UV and Os/UV for the removal of NB —

Normalized concentration

It can be observed that the combination O;/UV does not improve significantly the
removal rate achieved by single ozonation. The ratio radiation/O; may justify this. At the
working ozone production (7.4 g.h™") this ratio was 0.6 photon/O; molecule, i.e., we were
working with low radiation with respect to the fed ozone. Nevertheless, when the
concentration of ozone in the residual gas for the two processes is compared (see Graph

5.29), it can be seen that in the case of the O;/UV system the concentration of residual
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ozone is slightly lower. Therefore, there would be a higher decomposition of ozone into
hydroxyl radicals by the ultraviolet radiation. However, this increase of the radical

production is not translated into an enhancement of the NB removal rate.
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Graph 5.29. Comparison of the processes Oz and O3/UV for the removal of NB — Residual

ozone

When increasing the ozone production, the removal rate of NB increases, as the
partial pressure of ozone increases, i.e., increasing the driving force and hence the
absorption rate. However, when plotting the normalized concentration of NB vs. the
absorbed ozone dose instead of time (see Graph 5.30), it can be observed that both
curves showed the same behavior. As with single ozonation, chemical reaction may be
controlling the process. Being the dose of absorbed ozone the same for both ozone
productions, the concentration of ozone in the residual gas increases, as a higher amount

of non-reacted ozone is leaving the system (Graph 5.31).

To check the effect of pH in this combination, three experiments in the range 3-9
were performed to test the effect of pH in the photolytic ozonation of aqueous solutions of
NB. One experiment was allowed the pH to evolve freely (NB-OR1), one was set at pH 3
acidified with H;PO, (NB-OR2) and one at pH 9 buffered with borax (0.01 M Na,B,0O;, NB-
OR3). The ozone production was set at 7.4 g.h™ and temperature was 25°C. Graph 5.32
presents the comparison of the normalized concentration during time for the three
experiments. As it was already observed in the case of single ozonation, the removal rate

of NB seems to be inhibited at basic pH. The same behavior was observed when working
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with higher ozone production (11.1 g.h”, see section A1.5 Tables NB-OR4 to NB-ORS),
with smaller differences between acidic and free pH (results not shown). As it has been
already commented, the production of hydroxyl radicals is favored by increasing pH. The
observed behavior seems to confirm the fact mentioned in the case of single ozonation,
about other initiation reactions besides the basic initiation stages that can compensate the

expected differences in the removal rate of NB when increasing the pH of the medium.
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Nevertheless, when the concentration of ozone in the residual gas is plotted (see
Graph 5.33, for an ozone production of 11.1 g.h™), it can be seen that the concentration of
residual ozone decreases when the pH is increased, meaning that a higher amount of
ozone is being decomposed into hydroxyl radicals. However, an enhancement in the
removal rate is not observed. This fact may suggest that the radical pathway is not the
main contribution to the removal of NB in the O3/UV system, contrary to what stated in the

literature, under the tested conditions.
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5.6.3. The use of UVA — Biodegradability study

In this case UVA light, which emits in the range of wavelength of between 300 and
420 nm, with a maximum centered at 360 nm, was used instead of UV light to compare
afterwards with the experiments with Oz/UVA/Fe. In this case, the homolysis of O; would
be greatly reduced, as it is supposed to occur at wavelengths below 310 nm (see equation
1.14). Then, direct reaction of ozone with H,O, produced is the main source of hydroxyl
radicals [1.11]. But on the other hand and as it can be seen in the absorption spectrum of
NB (see section 4, Figure 4.7), NB shows the capacity to absorb at higher wavelengths
ranges up to ca. 400 nm. In fact, in a work carried out by our research group it was
observed that wavelengths higher than 250 nm and up to 400 nm contributed in a notable

manner to the degradation of NB solutions (Rodriguez et al., 2002a).

Two experiments with the combination O3;/UVA, at 7.4 g.h'1 ozone production,
room temperature and allowing pH to evolve freely were carried out and the average of
both is presented (see section A1.5, Table NB-OR7). Firstly, it was desired to compare
the efficiency of this combination in the removal of NB. Graph 5.34 presents the
comparison of the processes O;, O3/UV and O3;/UVA with regard to the evolution of the
normalized concentration of NB during time. As it can be seen, no difference was
observed between the three processes. Nevertheless, the use of UVA instead of UV
significantly improved the degree of mineralization (see Graph 5.48). The contribution of

direct photolysis of NB by UVA light may account for this difference.
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BOD was measured at 5 and 10 days for the process O3/UVA and values obtained
are plotted versus time in Graph 5.35. Values are considerably lower than those achieved
by single ozonation. Higher values seem to be achieved between 60 and 90 minutes of
treatment, when less than 15% of initial NB amount is still in solution. BODs is expected to
be a little bit higher and could be due to an experimental error within the BOD analysis.
With regard to the intermediates present in solution, no significant differences have been
observed with respect to the samples obtained by single ozonation. BOD/COD values are
lower as well than those obtained by single ozonation (see Graph 5.36). BODs/COD ratio
is increased from 0 to 0.21 after 90 minutes and BOD,,/COD up to 0.32 after 60 minutes
of treatment. Regarding BODs/TOC ratio (see Graph 5.37), it is increased up to 0.43 after
90 minutes of treatment and BOD;o/TOC is increased up to 0.59 after 60 minutes. After 60
minutes, only 18% of TOC has been removed from the solution. These ratios are also
smaller than those achieved by single ozonation. It has to be point out though that the
addition of UVA to the ozonation enhanced the degree of mineralization of the NB

solutions (see section 5.9, comparison of the different processes).

In light of the experimental results, the addition of UVA did not improve the effect

on the biodegradability of NB aqueous solutions achieved by single ozonation.
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5.7. NB removal by means of the combination O5/UV/H,0,.

5.7.1. Influence of the H,O, concentration

This is a very powerful method, which permits a fast and complete mineralization
of pollutants. It is considered to be one of the most effective treatments for highly polluted
effluents. It is the system that shows the highest number of possible pathways of
degrading the target compound, as besides the possible initiating stage of the single
ozonation, the contributions derived from the photolysis of ozone and hydrogen peroxide

are also present.

The effect of the amount of hydrogen peroxide has been tested, by carrying out
three experiments with this combination, at 7.4 g.h”" ozone production, room temperature
and adding hydrogen peroxide at the beginning of the experiment, with respect to the
initial amount of ozone. Tested ratios have been 1:1, 3:1 and 6:1 mol H,O,/mol NB and
results are presented in section A1.6, Tables NB-ORP1 to NB-ORP3.

Graph 5.38 shows the effect of the amount of hydrogen peroxide added to the
system in the removal rate of NB. It can be observed that within the range of H,O, of
study, at high and low amount of H,O, the system seems to be slightly inhibited, while
with the ratio 3:1 the removal rate of NB is equal to single ozonation. As it has already
been commented, when using hydrogen peroxide it has been observed a Gauss-type
relation, increasing the compound removal rate as the amount of hydrogen peroxide is
increased until achieving one optimal point, from which the reaction is inhibited, as the
excess of hydrogen peroxide consumes hydroxyl radicals. With the ratio 6:1 this point
seems to have been exceed and the excess of hydrogen peroxide is scavenging the
hydroxyl radicals. Furthermore, at the tested conditions, direct ozonation of NB seems to
be the main mechanism of NB degradation. Thus, the consumption of ozone by H,O,
would have a negative effect in the removal rate of the substrate. In addition, the
withdrawing character of the nitro group depletes the aromatic ring of electron density,

holding up the attack by OH' radicals.

With regard to the concentration of ozone in the residual gas (see Graph 5.39) no
remarkable differences have been observed in the range of hydrogen peroxide

concentrations tested.
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As for the decrease of the total organic carbon (TOC), the addition of H,O,

peroxide enhances the mineralization rate of NB achieved by the O;/UV process. This

improvement is favored by increasing the amount of hydrogen peroxide (see Graph 5.40).

The improvement of TOC removal can be understood by the higher production of OH
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radicals, as the intermediates formed (e.g. nitrophenols) can react easier than

nitrobenzene with hydroxyl radicals.
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5.7.2. Biodegradability study

Two experiments with 0.1 mol H,O./mol NB (0.08 mmol.L™ H,O, for 100 ppm NB),
7.4 g.h" ozone production, free pH and room temperature were carried out and the
average is presented (see section A1.6, Table NB-ORP4). The same concentration of
hydrogen peroxide that in the combination O3/H,O, has been used. It is desirable to check
the effect of this combination on the biodegradability of these solutions at low H,O,,

compatible with a later biological process.

BOD has been measured at 5 and 10 days and values obtained are plotted versus
time in Graph 5.41. After 60 minutes of treatment over 20% of the initial amount of NB
was still in the solution and BODs value increased until 19 mg O,.L™", slightly lower than
the value achieved by single ozonation. However, contrary to ozonation BODs go on
increasing up to 24 mg O,.L™" after 75 minutes, when ca. 12% of initial NB was in solution.
BOD;, values are lightly higher than those achieved by single ozonation. Regarding the
intermediates present, no significant differences have been observed with respect to
single ozonation. The value of BODs/COD after 60 minutes of treatment (0.15, see Graph

5.42) is smaller than for single ozonation (0.27) but after 90 minutes results achieved by
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both processes seem to be equal. BODs/COD ratio is increased from 0 to 0.27 after 75

minutes and to 0.32 after 90 minutes of treatment.
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Regarding BODs/TOC ratio (see Graph 5.43), it is increased up to 0.49 after 75
minutes of treatment, as attained by single ozonation. BOD4,/TOC are also similar to

single ozonation and it is increased up to 0.6 after 60 minutes and 0.74 after 90 minutes.

In light of the experimental results, the addition of UV radiation H,O, did not
improve the effect on the biodegradability of NB aqueous solutions achieved by single

ozonation.
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5.8. NB removal by means of the combination O5/UV/Fe(lll)

In section 5.5 the effect of Fe(lll) as a catalyst of single ozonation has been
checked, and in previous works of the research group, the influence of Fe(lll) in the NB
photodegradation was studied (Rodriguez et al., 2000). In the first case the effect was
found to be negligible or even inhibitory, while in the second case the combination of
Fe(lll) with UV radiation was found to be more effective than the application of UV
radiation alone. The addition of iron ion (Fe** or Fe?*) has been reported to accelerate the
UV-enhanced ozonation of several pollutants (Ruppert et al.,, 1994; Abe and Tanaka,
1997, 1999). It was thought, then, that the combination of Fe(lll) salts with the system

0O3/UV could improve the results achieved by the latter.

5.8.1. Influence of Fe(lll) concentration

To check the effect of this combination, three experiments with 7.4 g.h™ ozone
production under UV irradiation were carried out by adding Fe(lll) (as FeCl;) at 3:1, 1:1
and 0.1:1 mol Fe(lll)/mol NBy (2.44 to 8.1x10° mmol.L™" Fe(lll)). The decrease in the pH of
the solution by the addition of Fe(lll) was not adjusted. Results are shown in section A1.7,
Tables NB-ORF1 to NB-ORF3. The diminution of the normalized NB concentration is
depicted in Graph 5.44 and compared with results obtained by the O3/UV system at the
same working conditions (NB-OR1). From the point of view of the removal rate, observed
effect is negligible or inhibitory, as within the range of Fe(lll) concentrations tested at high
ratios (3:1 and 1:1) the removal rate is inhibited and at lower ratio (0.1:1) no difference

could be observed with regard to Oz/UV.

With regard to the concentration of ozone in the residual gas (see Graph 5.45), no
conclusion can be extracted as they do not present any clear tendency with the amount of
Fe(lll).

However, significant differences are observed with regard to TOC diminution
(Graph 5.46), where the addition of ferric ion improves the mineralization rate
considerably. Small amounts of ferric ion are enough to observe its catalytic effect. Higher
Fe loads yielded worst results at the end of the experiments. The 1:1 ratio, however,

presents an inversion of the curve that should be confirmed.
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Three process may account for this improvement of the efficiency of the process,
as mentioned in the introduction. On one hand, Fe(lll) species undergo a photoredox
process with UV and near-UV light, giving rise to Fe(ll) and OH' radicals according to
equation [1.8] (Safarzadeh-Amiri et al., 1996; Mazellier et al., 1997):

Fe’* OM. Fe* +OH +H* [1.8]
H,O

On the other hand, Fe(lll) is considered to increase the number of hydroxyl
radicals through the reduction of O; with the Fe** generated by the photoreduction of Fe**
(Ruppert et al., 1994; Abe and Tanaka, 1999), similar to the mechanism proposed for the
photo-Fenton reaction. Besides this, the initial oxidation of organic pollutants generates
oxygenated intermediates, e.g. intermediates with carboxylic functional groups, which can
react with Fe(lll) and form complexes. These complexes are also photoactive and
produce CO,, organic radicals and ferrous ions on irradiation, contributing to the
mineralization of these pollutants without the participation of hydroxyl radicals
(Safarzadeh-Amiri et al., 1996; Abe and Tanaka, 1999).

RCO,Fe(lll) O % R+ CO,+ Fe(ll) [1.19]
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5.8.2. UVA vs. UV - Biodegradability study

In this case UVA light, which emits in the range of wavelength of between 300 and
420 nm, with a maximum centered at 360 nm, has been used instead of UV light. Fe(lll) in
aqueous solution is present mainly as Fe(OH)*. This complex absorbs notably in the

range above 300 nm and up to 390 nm (Sefarzadeh-Amiri et al., 1996).

Two experiments with the combination Os/UVA/Fe(lll), at 7.4 g.h" ozone
production, room temperature and allowing pH to evolve freely were carried out (see
section A1.7, Tables NB-ORF6 and NB-ORF7). Results corresponding to the latter will be
presented. Firstly, it was desired to compare the efficiency of this combination in the
removal of NB. Graph 5.47 presents the comparison of the processes O; (NB-02), O5/UV
(NB-OR1), O3/UVA (NB-OR7), Os/UV/Fe (NB-ORF3) and Os/UVA/Fe (NB-ORF7) with
regard to the evolution of the normalized concentration of NB during time. As it can be
seen, no significant differences were observed between the processes, although all the

combinations seemed to inhibit slightly the removal rate achieved by single ozonation.
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Graph 5.47. Comparison of the processes Oz, O3/UV, Os/UVA, Os/UV/Fe and O3/UVA/Fe for

the removal of NB — Normalized concentration

With regard to TOC (Graph 5.48), the use of UVA instead of UV light improved the
mineralization rate of the NB solutions, as it was already commented. To compare, after
two hours of treatment mineralization degree achieved by Os;/UV/Fe and O3;/UVA/Fe was
80% and 91%, respectively. The combination O3/UVA/Fe has been shown to be the most

proper process for the mineralization of NB solutions.
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The effect of this combination on the biodegradability of NB solutions has also
been studied. BOD has been measured at 5 and 10 days for the process O3/UVA/Fe and
values obtained are plotted versus time in Graph 5.49. Values are considerably lower than
those achieved by single ozonation. Higher values seem to be achieved after 60 minutes
of treatment, when almost all the initial NB was depleted (less than 10% of initial NB
amount was still in solution). BOD/COD values are slightly lower as well than those
obtained by single ozonation (see Graph 5.50). BODs/COD ratio is increased from 0 to
0.20 after 60 minutes and to 0.24 after 90 minutes. BOD;,/COD increased up to ca. 0.35
after 60 minutes of treatment. It has to be pointed out that COD decreased strongly by
means of this process: after 60 minutes COD decreased over 55%. Regarding BODs/TOC
ratio (see Graph 5.51), it is increased to 0.30 after 60 minutes of treatment and
BOD+o/TOC is increased up to 0.39 after 60 minutes. But in this case, after 60 minutes,
24% of TOC was removed from the solution. These ratios are also smaller than those
achieved by single ozonation. It has to be point out though that the addition of UVA and
Fe(lll) to the ozonation enhanced the degree of mineralization of the NB solutions (see

section 5.9, comparison of the different processes).

In Figures 5.3 and 5.4 the chromatograms corresponding to the samples of the
experiment NB-ORF7 after 30 and 60 minutes, respectively, are shown. As it can be seen
when comparing with Figures 5.1 and 5.2, new intermediates appear when UVA and
Fe(lll) are added. Among them, only 2-nitroresorcinol is thought to have been identified.

Another difference is that the concentration of nitrophenols produced is higher with this
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combination. This aspect can be especially seen in sample after 60 minutes, e.g. the
concentration of 4-nitrophenol was found to be three times higher when the solution was
treated by O3/UVA/Fe. Being these compounds non-easily biodegradable, this fact could
account for the lower biodegradability achieved by this combination, together with the

higher mineralization degree achieved.
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Graph 5.49. Evolution of BOD and NB normalized concentration during time with the
combination O3z/UVA/Fe
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Figure 5.4. Chromatogram corresponding to sample after 60 minutes of treatment of
experiment NB-ORF7 (Os/UVA/Fe)

In light of the experimental results, the addition of UVA and Fe(lll) did not improve

the effect on the biodegradability of NB aqueous solutions achieved by single ozonation.

5.9. Comparison of the different studied processes for the degradation of NB

In the present section, some of the variables that have been followed in each
process are to be compared among the different studied processes carried out at the
same working conditions: single ozonation (NB-O2, NB-O15 for biodegradability), Os/UV
(NB-OR1, NB-OR7 for biodegradability), Os/H,O, (NB-OP4 (3:1), NB-OP6 for
biodegradability (0.1:1)), Os/UV/H,0, (NB-ORP2 (3:1), NB-ORP4 for biodegradability and
Ol (0.1:1)) and Os/UV/Fe(llll) (NB-ORF3 (0.1:1), NB-ORF7 for biodegradability (0.1:1)).

5.9.1. Removal and mineralization rates

In the Graph 5.52 the normalized concentration vs. time are compared. Differences
among them are rather small. It can be seen that single ozonation and O3/H,O, present
the best removal rates whereas Os/UV and Os/UV/Fe show the slowest one.
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Graph 5.52. Comparison of the different processes for NB removal — Normalized

concentration

Table 5.3 presents the pseudo-first order kinetic constant, the value of
experimental half-life ty, (that is, the time required to decrease the concentration of the
reactant to half the amount present before the reaction and experimental t34 (time needed
to decrease to the fourth part the initial amount of NB). At the light of the results the
studied processes seem to obey a pseudo-first order behavior (t34 = 2 x t12). Removal of
nitrobenzene by an ozonation process was found to be consistent with a first order

reaction equation in the literature (Baozhen and Jun, 1988).

Table 5.3. Pseudo-first order kinetic constant, ty, and ts, for NB removal by the different

studied processes

o} 04UV | 04/H,0, (3:1) | 0a/UVIH,0, (3:1) | O4/UV/Fe(lll) (0.1:1)
k (min) | 0.0363 0.027 0.0399 0.0304 0.0279
ty (MiN) 20.7 275 213 28.4 27.0
ty (MiN) 38.4 497 35.7 493 46.1

With regard to TOC (see Graph 5.53), the process exhibiting the highest
mineralization rate is the combination of ozone with UV radiation and Fe(lll) ion. Single
ozonation and the binary combinations Os;/UV and Os/H,O, present similar results,
achieving a 40-45% of TOC reduction after 120 minutes of treatment. In the case of the

O3/UV process, the TOC diminution is slower in the initial stage, attaining a higher degree
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of mineralization during the second hour of treatment. With the Os/H,O, system, a
stronger TOC diminution during the first 20 minutes is achieved, slowing down afterwards.
With the tertiary combinations a much higher degree of mineralization is reached.
Whereas with the O3/UV/H,O, the TOC removal is up to 63%, with the Os/UV/Fe(lll)
process the degree of mineralization achieved after 120 minutes is 80% (91% when UVA
light was used instead of UV light). As it was commented previously, photodecarboxilation
of ferric ion complexes, Fenton chemistry and photo-Fenton reaction of aqueous ferric

ions with UV light may account for this improvement with regard to the other processes.
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Graph 5.53. Comparison of the different processes for NB removal — Normalized TOC

Oxidation efficiency can be expressed generally in terms of an “Oxidation Index”
(mol Oz/mol COD removed), abbreviated as Ol, which is defined as the ratio of ozone
consumed to the amount of COD removed (Kuo, 1999). Low Ol values show a higher
degree of utilization of ozone during the oxidation processes. Table 5.4 summarizes Ol
values after 30 and 60 minutes treatment by the different processes. As shown in this
table, best ratios were achieved by single ozonation. None of the other studied processes
improved this index. With regard to the combinations with H,O,, very high values have

been found, what could be due to an error in the ozone residual or COD analysis.
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Table 5.4. Oxidation index (mol Os/mol COD removed) of NB by the different processes after

30 and 60 minutes of treatment

O3 O3/UV Og/HzOg O3/UV/H202 Og/UV/FE(”l)
After 30 minutes 1.06 1.36 4.58 2.78 1.72
After 60 minutes 1.33 1.62 2.39 3.33 1.99

Analogous to this parameter, a “mineralization index” (mol Os/mol TOC removed)
can be defined, as the ratio of ozone consumed to the amount of TOC converted to CO..
Values are presented in Table 5.5. Single ozonation besides O3/UV/Fe showed the best
indexes. O3/UV process exhibits an extremely high value for the first 30 minutes. As it has
been commented before, initial TOC removal by means of this combination showed to be

rather low.

Table 5.5. Mineralization index (mol Os/mol TOC removed) of NB by the different processes

after 30 and 60 minutes of treatment

O; 0O5/UV 03/H,0, 03/UV/H,0O, | Os/UVIFe(lll)
After 30 minutes 5.08 9.58 5.95 - 5.86
After 60 minutes 4.25 5.05 6.18 - 4.20

In the literature (Ku et al., 1996) a simple two-step consecutive kinetic model has
been found to fit well in modeling the behavior of species during the decomposition of
phenols, based on elemental mass balances of carbon and chlorine during the reaction.

Thus, the mass balance of carbon is:

Ctotal = (NB)ct + (Interme)ct + (COZ )ct [58]

where
Ciotar = total initial amount of NB as carbon, mg c.L’
(NB).; = amount of NB as carbon at time t, mg C.L™
(Interme)¢ = amount of intermediates as carbon at time t, mg C.L™

(CO,)« = amount of inorganic carbon as carbon at time t, mg C.L”

The amount of CO, formed is calculated as the difference between the initial TOC
and the TOC at a certain reaction time t. The amount of organic intermediates as carbon
is calculated by the difference between the TOC and the amount of NB. Due to the

complexity of the decomposition schemes of NB by advanced oxidation processes, the
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simplified two-step consecutive kinetic model is used to describe the temporal behavior of
reacting carbon-containing species during the reaction. Each step of the reaction is
assumed to be a first-order and irreversible reaction. The model and profiles of species

are derived from the following equations :

NB(C,) O Intermediates(Cb)%%H. CO,(aq)(C,)

0,,0H"

CO2 (9)
'ra = 'dCa/dt = k']Ca [5.9]
r, = dC,/dt = k,C, — k2Cy, [510]
re = dCc/dt = koCy, [6.11]
which yields:
C, = Coe™" [5.12]
Cb = Caoks(e™" — €™ ")/(ko-k+) [5.13]
Cc= Cao_Ca_Cb [514]

where
ki, ko = pseudo-first order rate constants for first and second decomposition steps
based on carbon, respectively, min”
C. = (NB)., amount of NB as carbon, mg C.L™
Cb = (Interme)., amount of intermediates as carbon, mg Cc.L'

C. = (COy,)., amount of inorganic carbon as carbon, mg Cc.L”

When NB is completely destroyed, equation [5.10] can be simplified and the k;
value can be determined by:
In(-22) =~k (=) [5.15]
Cbc
tyc = time required for 99% of NB to have disappeared, min

Cyc = concentration of (Interme) at t,., mg Cc.L’

By following this mathematical model, the values of C,, C, and C. during time have
been calculated for each of the processes. In the present case, t,; has been set to ca. 80
min to be able to estimate k.. Table 5.6 summarizes values of ks and k, for the different
processes. Comparing the values of k4 and ks, the rate-determining step of mineralization

of NB is presumed to be the second step. In the first step all the processes exhibit similar
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mineralizing rates, while in the second step (mineralization of the intermediates formed)
the mineralization rate of single ozonation is significantly enhanced by the addition of UV
radiation (150%) and especially by the addition of UV combined with H,O, (290%) and UV

radiation and ferric ion (more than 500%).

Table 5.6. Pseudo-first order constants for the model developed by Ku et al. (1996) in the

degradation of DCP (values of R? expressed between brackets)

Processes ky (Min™) ks (Min™)
O; 0.0392 (0.98) 0.005
0O5/UV 0.0306 (0.98) 0.0074
03/H,0, (3:1) 0.0399 (0.99) 0.0045
05/UV/H,0, (3:1) 0.0304 (0.98) 0.0145
Os/UV/Fe(lll) (0.1:1) 0.0305 (0.98) 0.0254

One interesting parameter when comparing the mineralization degree is the
calculation of efficiencies. A definition of efficiency as the ratio of TOC removed to the
quantity of ozone consumed (see equation [5.16]). Assuming that one atom of oxygen in
each ozone molecule is used in the process, the two other oxygen atoms being lost as

molecular oxygen, the efficiency ratio is defined as (Legrini et al., 1993):

ATOC x total volume

Efficiency ratio =
% X [03] x volumen of gaseous O, used

[5.16]

where ATOC is expressed in mg C.L™, volumes in L and the concentration of O3 in mg.L”
of gas. The factor 1/8 accounts for the molar ratio requirement of 2 moles of O3 (96 g.) per
mol of organic carbon to be oxidized (12 g.). In the Table 5.7 the efficiency ratios of the
studied processes are summarized. For comparison of process efficiencies, by assuming
that energy costs of light production and cost of reactives are negligible in comparison to
those of ozone generation (as in our case), higher efficiencies would imply lower costs.

Again, processes exhibiting highest efficiencies are O3/UV/H,0O, and Ox/UV/Fe(lIl).
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Table 5.7. Efficiency ratios for the different studied processes

Process Efficiency ratio (%)
0, 26
O5/UV 29
03/H,0; (3:1) 32
03/UV/H,0; (3:1) 40
Os/UV/Fe (0.1:1) 58

5.9.2. Biodegradability enhancement

As it has been mentioned in the introduction, one of the objectives would be the
coupling of the AOPs with a biological process. In the literature (Takahashi et al., 1994) it
has been reported that the ozonation of several nitrophenols enhanced their
biodegradability, presenting a maximum, from which biodegradability started decreasing.
The biodegradability indicators used throughout the present work have been BODs/COD
and BODs/TOC ratios. Graphs 5.54 and 5.55 present the variation of those ratios during
time for all the studied processes. Highest BODs/COD ratios have been attained after 90
minutes of treatment. This ratio has been increased from 0 to 0.32 by means of single
ozonation and the O3/UV/H,O, process. Highest BODs/TOC ratios have also been
reached after 90 minutes, achieving a value of up to 0.55 by means of O3/H,O, and ca.
0.5 by single ozonation and O3/UV/H,0,. As a reference, a BODs/COD ratio of 0.4 is
generally considered the cut-off point between biodegradable and difficult to biodegrade
waste. Domestic waste water typically has a BODs/COD ratio of between 0.4 to 0.8 and
BODs/TOC ratio between 1 to 1.6 and it is considered substantially biodegradable (Metcalf
and Eddy, 1985). In light of the experimental results, single ozonation would be the
chosen process to enhance the biodegradability of the NB solutions and the treatment

time would be set to 60-90 minutes.
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Graph 5.55. Comparison of the different processes for NB removal — BODs/TOC ratio

5.9.3. Cost estimation

The evaluation of the treatment costs is one of the most important aspects. The
overall costs are represented by the sum of the capital costs, the operating costs and

maintenance. For a full-scale system these costs strongly depend on the nature and the
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concentration of the pollutants, the flowrate of the effluent and the configuration of the
reactor (Andreozzi et al., 1999). An estimation of costs have been made in this section,
regarding the operating costs for the processes plotted in Graphs 5.52 and 5.53. Costs of
reagents (Chemical Market Reporter (2000)) and electricity are shown in Table 5.8. Cost
associated to the production of ozone (which includes the price of O, and electrical cost)

and electricity has been obtained from industrial references (Note: nowadays, 1 $ ~ 1 €).

Table 5.8. Cost of the reagents used in the studied processes

Reagent Basis Cost (€)
O3 kg 2.93
Electricity KW.h 0.03
H,0,, 35% Ib 0.245
FeCls technical grade kg 0.255

Costs have been calculated for 60 and 120 minutes of treatment and as the ratio to
the amount of NB removed and to the amount of TOC mineralized. Results are presented
in Table 5.9. All the studied processes exhibit similar costs respect to the amount of NB
removed. This cost increases with time because at initial time is when the disappearance
rate is highest. With respect to the amount of TOC removed, Oz/UV/Fe(lll) appears to be
the most attractive option for NB degradation. It has to be pointed out that this cost would

decrease considerably if solar light were used (Giménez et al., 1999).

Table 5.9. Comparison of costs among the studied processes

€/kg NB rem €/kg NB rem €/kg C rem €/kg C rem
Processes
(60 min) (2120 min) (60 min) (120 min)
Os 13.65 21.89 108.8 90.77
0O,/UV 12.98 22.15 199.9 83.83
0s/H,0, (3:1) 18.90 21.62 99.59 85.89
05/UV/H,0, (3:1) 14.93 24.54 1569.2 67.85
Os/UV/Fe(lll) (0.1:1) 12.45 21.35 63.34 44.02
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5.10. Identification of intermediates

Some of the samples were analyzed by HPLC/MS to identify the products of the
oxidation of NB. The standards used for the identification were: 2-nitrophenol, 3-
nitrophenol, 4-nitrophenol, 4-nitrocatechol, 2-nitroresorcinol, catechol, resorcinaol,
hydroquinone, benzoic acid and p-benzoquinone. Analyzed samples belonged to the

processes O3, O3/UVA and O3/UVA/Fe. The main conclusions are presented below:

a) Nitrophenols

The presence of two isomers, 3- and 4-nitrophenol was detected in all the
processes. 2-nitrophenol was also observed in the ozonated samples and in the other

processes it is also thought to be produced.
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b) Nitrocatechol, nitroresorcinol

Nitrocatechol was identified as an ozonation byproduct and it is thought to be
identified in the other processes as well. Nitroresorcinol and nitrohidroquinone are thought

to have been identified in some of the samples as well.
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d) P-benzoquinone, benzoic acid

They were not observed in any of the samples. The reason could be a low

concentration in samples, a high detection limit using this technique or both.

As it has been commented, the three nitrophenols have been identified (see Figure
5.5) as the main intermediates of nitrobenzene (especially 4-nitrophenol), as it has been
reported by other authors (Lipczynska-Kochany, 1991; Beltran et al., 1998a,b). This
phenol was formed from electrophilic substitution reactions, both from the direct attack of
ozone or hydroyl radicals. In the literature the mechanism for the ozonation of nitrophenol
has been proposed (Beltran et al., 1999a) and it is shown in Figure 5.6. Once nitrophenol
is formed, the following intermediates through ozone direct reactions can be deduced from
the phenol ozonation mechanism (Mokrini, 1998). Thus, it would expected that
compounds such as nitrodihydroxybenzenes  (nitroresorcinol,  nitrocatechol,
nitrohidroquinone) are formed. Nitrocatechol has been also identified among the
intermediates, confirming this hypothesis. Through the aromatic ring breaking,
unsaturated carboxylic acids (e.g., nitromuconic acid) would be formed, and from them,
lower molecular weight compounds. Nitroresorcinols and nitromuconic acid can also be
formed from reactions with hydroxyl radicals, where hydroperoxide anion is also formed.
Catechol is thought to have been also identified, suggesting that direct dissociation of the
nitro group from the aromatic ring before cleavage is produced. In the literature it has also
been reported that the nitro group is split from the aromatic ring to produce the nitrate ion
(Gilbert and Zinecher, 1980; Baozhen and Jun, 1988; Takahashi et al., 1994), and this
fact has been verified experimentally by following the concentration of nitrate ion. With
regard to the low molecular weight compounds, Caprio et al. (1984) identified formic acid,
oxalic acid, glyoxal and glyoxylic acid among them. Beltran et al. (1998a,b) have also
identified by means of GC/MS the presence of benzaldehide as ozonation intermediate
and 2,6-dinitrobenzaldehide and 3-nitro-1,2-benzenedicarboxylic acid among the

intermediates formed by O5/UV.
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2,4-DICHLOROPHENOL (DCP)

5.11. Previous experiments with DCP — Stripping with oxygen

The effect of an “ozone-free” oxygen flow on aqueous solutions of DCP at 25°C
was checked. Results are shown in Appendix 1.8, Table DCP-S. A 9% loss of compound
was found after two hours of treatment. An equivalent TOC diminution was observed.
After 30 minutes of bubbling oxygen (approximate time necessary to make DCP
disappear in next AOPs experiments) a 3% DCP was removed. This amount will be
considered negligible and it will be assumed that the degree of DCP removal by means of

any AOP will be produced by the action of these combinations without contribution of the

stripping.
5.12. Single ozonation of DCP

In the first series of experiments, the effect of single ozonation on the degradation
and biodegradability of DCP was studied. The influence of ozone production, pH, initial
DCP concentration and scavengers on the degradation of DCP was checked, as well as
the effect of single ozonation on the biodegradability of these solutions. Moreover, the
stoichiometric coefficient of the reaction between ozone and DCP was determined.
Results are shown on Appendix 1.9, Tables DCP-O1 to DCP-0O15. In the following graphs,
most of results have been plotted versus the absorbed ozone dose. Mass transfer of
ozone from the gaseous to the aqueous phase can be a limiting factor, causing a part of
applied ozone to be lost in the off-gas. The absorbed ozone dose is thus more informative
because it indicates the amount of dissolved ozone available for oxidation. The absorbed
ozone dose was calculated by subtracting the concentration of ozone in the off-gas from

the inlet concentration.

5.12.1. Influence of the ozone production.

Aqueous solutions of ca. 100 ppm DCP (in the range 90-100 ppm (0.55-0.61
mmol.L™")) were treated by single ozonation, changing the production of ozone from 7.4
g.h™" (21 g.m?, concentration of ozone in the inlet gas) to 4.1 g.h™ (11.5 g.m™). The lower
production rates are unstable and with higher production rates, DCP disappears very fast.
The pH was allowed to evolve freely (ca. 5 to 3) and temperature of the experiments was
21-22°C. Results are shown on section A1.9, Tables DCP-O1 to DCP-03.
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Graphs 5.56 and 5.57 present the evolution of the normalized DCP concentration
and the amount of DCP removed vs. time. It can be observed that the amount of DCP
removed vs. time increases with the ozone production and the DCP removal rate
increases linearly with the production (r* = 0.94, see Table 5.10). The removal rate of DCP
was found to be ca. 2.5 times higher than of NB (see Tables 5.1 and 5.10). The nitro
group, an electron-withdrawing group, deactivates the aromatic ring for the direct reaction

of ozone with NB while the presence of a OH donor group make phenolic compounds

strongly reactive towards ozone.

100 ¢

90 |
80 |
70 |
60 | .

50 | L
40 |
30 |
20 |
10 |

CICo (%)

® 7.4 g/h - DCP-O1
A 5.4 g/h - DCP-02
@ 4.1 g/h - DCP-03

15 20 25 30
t (min)

Graph 5.56. Influence of the ozone production on DCP ozonation — Normalized

concentration

Table 5.10. Effect of the production of ozone on the initial removal rate of DCP.

Ozone production (g.h™)

DCP removal rate (mg.min™)

4.1 80.1
5.4 109
7.4 127
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Graph 5.57. Influence of the ozone production on DCP ozonation — Amount of DCP removed

Vs. time

When the production of ozone is increased, the driving force enhances as well as

the absorption rate. However, if the amount of DCP removed is plotted versus the

absorbed ozone dose, it does not seem to depend on the ozone production (see Graph

5.58). This may suggest that for the conditions tested mass transfer is lightly controlling

the process (probably at initial time), however the reaction kinetics appear to be mostly

chemical reaction controlled, as it was already observed in the case of nitrobenzene.
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Graph 5.58. Influence of the ozone production on DCP ozonation — Amount of DCP removed

vs. absorbed ozone dose.
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5. Experimental results - Discussion

With regard to residual ozone (see Graph 5.59), no significant differences were

found between 4.1 and 5.1 g.h”, however residual ozone increased dramatically for 7.4

g.h™. Residual ozone increases with production because less ozone is taken advantage of

in the oxidation process. Plateaus were not observed in this case.
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Graph 5.59. Influence of the ozone production on DCP ozonation — Residual ozone.

Dissolved ozone was measured for the experiments DCP-O3 and DCP-015 (see

Graph 5.60). No significant differences have been found between these two experiments

regarding dissolved ozone concentration, however the presence of dissolved ozone

immediately after the beginning of ozonation would confirm that for the testing conditions,

reaction may be mainly controlling the process and takes place in the liquid phase.
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Graph 5.60. Influence of the ozone production on DCP ozonation — Dissolved ozone.
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5. Experimental results - Discussion

From the data presented in Graph 5.58 of the amount of DCP removed and of
ozone consumed (calculated as the absorbed ozone dose multiplied by the volume of
treated solution, 21 L), the stoichiometric coefficient for the reaction of ozone and DCP
can be estimated. Data and initial slopes (this coefficient has to be estimated at initial
times, as afterwards intermediates are produced and will affect this value) are shown in
Graph 5.61. The stoichiometric coefficient has been found to be 2.6-2.9 mol O; consumed
per mol DCP removed in the range of production tested. Regarding the stoichiometric
coefficient, it has been determined to be 2 in the literature. Hoigné and Bader (1983a)
found a value of 2.5 for aromatic compounds. Trapido et al. (1997) found a value of 1.89
at pH=2.5. Benitez et al. (2000) determined a stoichiometric coefficient of ca. 2 for the
ozonation of DCP at a pH range of between 2-3. More recently, Qiu et al. (2002) has
found a value of 2.04 for the ozonation of 2,4-CP at free pH. It has to be taken into
account that our value of the stoichiometric coefficient is only an estimation, as a pilot
plant is not suitable for this kind of calculation and this work has not been carried out in
high excess of DCP to assure the total consumption of ozone practically at an

instantaneous rate by DCP and not by the intermediates products formed.
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Oz consumed (mmol)
N
o

yDCP-03 = 2,58x
R? = 0,997
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DCP removed (mmol)

Graph 5.61. Stoichiometric coefficient for the reaction of DCP with ozone.

With regard to the decrease of TOC, TOC removal rate seems to increase with the
ozone production (see Graph 5.62). A similar stoichiometric coefficient can be calculated
for the organic carbon (see Graph 5.63). In this case, a value of 3-4 mol O; consumed per

mol C mineralized has been found.
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Graph 5.63. Stoichiometric coefficient for the removal of TOC on DCP ozonation

5.12.2. Ozonation at basic pH.

As mentioned in the NB section, pH is one of the most important variables in the
ozonation processes, due to the catalytic action of the hydroxyl ion in the ozone

decomposition (Staehelin and Hoigné, 1985):

0, +OH™ - O;, +HO; (k=70 M"s7 [2.4]
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5. Experimental results - Discussion

In the present case, only pH 9 (0.01 M Na,B,O; (borax)) has been checked. Other
pHs have not been tested because of the high amount of salts needed in the pilot plant.
The production of ozone was set at 5.4 g.h™ and results are shown in section A1.9, Table
DCP-0O4.

Graph 5.64 shows the comparison of this experiment with the one carried out at
free pH and with the same ozone production (DCP-O2) for the normalized DCP
concentration. As it can be observed, the disappearance rate of DCP increases at basic
pH. When increasing pH ozone starts to decompose and OH radicals are produced, which
are stronger oxidants than ozone itself. Another process that occurs at higher pH is the
dissociation of DCP to dichlorophenoxide ions, which can rapidly react with ozone by
direct pathway. Hoigné and Bader (1983b) indicated that for many dissociating organic
compounds, the rate of ozonation increases rapidly with the degree of dissociation.
Because of the extremely fast reaction of the dichlorophenoxide ion, the overall reaction
rate is accelerated rapidly with the solution pH. Benitez and co. (2000) estimated a value
of 1569 M's™ for the rate constant of ozone towards non-dissociated species and 6.1x10°
M's™ for the dissociated species. Similar values have been lately publish by Qiu and co.
(2002), who have determined a value of 3000 M's™ for the rate constant of 2,4-DCP

molecules against 7.7x10°® M's™ for phenolate ions.

100 m

o free pH - DCP-0O2
m pH 9 - DCP-0O4

0 5 10 15 20 25 30
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Graph 5.64. Comparison of the normalized DCP concentration evolution at basic and

free pH by ozonation.

Regarding the concentration of residual ozone in the gas phase, at pH 9 practically

no residual ozone was detected while DCP was still present in the solution, starting

155



5. Experimental results - Discussion

increasing from that point (see Graph 5.65). Similar results can be expected for the
concentration of dissolved ozone. As for TOC (Graph 5.66), an increase in the TOC

removal rate was observed under basic conditions and at short reaction times.
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Graph 5.65. Influence of pH on the ozonation of DCP - Residual ozone.
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Graph 5.66.

Comparison of the normalized TOC removal at basic and free pH by ozonation.
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5.12.3. Influence of the initial concentration.

To check the effect of the initial concentration, two experiments with ca. 200 ppm
as initial DCP concentration, room temperature and allowing the pH to evolve freely were
carried out at ozone productions 5.4 and 7.4 g.h™" (see section A1.9, Table DCP-O5 and
DCP-0O6) and compared with experiments DCP-O2 and DCP-O1, respectively. The
evolution of the normalized concentration versus time is shown in Graph 5.67. As already
mentioned in the section 5.12.1, the DCP disappearance rate does not seem to depend
on the ozone production, but decreases when the initial concentration is increased. It can
be seen that at a certain reaction time (or equivalent absorbed ozone dose), an increase
in the initial concentration diminishes the conversion, although the disappearance rate

increases (see Graph 5.69).
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Graph 5.67. Influence of the initial concentration on DCP ozonation at two different ozone

productions — Normalized concentration

The initial behavior of this process follows a pseudo-first order kinetics. By fitting
the logarithm of the normalized concentration to a straight line (see Graph 5.68) it is
obtained for the four experiments the pseudo-first order kinetic constants that are
summarized in Table 5.11. Kinetic constants were found to be ca. 2 times higher for 100
ppm than 200 ppm. Compared to NB, they are ca. 3 times higher. Results are in good

agreement with those previously reported in the literature (Trapido et al., 1997).
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Table 5.11. Pseudo-first order kinetic constants as a function of the initial DCP
concentration and the ozone production.
Initial DCP conc. (mg.L™) | Ozone production (g.h™) k (min™)
102 54 0.102
210 54 0.0541
87 7.4 0.122
193 7.4 0.0733
3,5
& 87 ppm, 7,4 g/h - DCP-O1 yDCP-0O1 = 0,122x
3,0 | © 193 ppm, 7,4 g/h - DCP-O6 R? =0,976
A 102 ppm, 5,4 g/h - DCP-02| @
25 || 4210 ppm, 5,4 g/h - DCP-05 yDCP-02 = 0,102x
’ R2 = 0,966
QC’ 2,0 A yDCP-05 = 0,0541x
o .t R2 = 0,969
c 15 A
- yDCP-06 = 0,0733x
1.0 A R2 = 0,967
0,5
0,0 ‘ ‘ ‘
20 30 40 50
t (min)

Graph 5.68. Influence of the initial concentration on DCP ozonation at two different ozone

productions — Estimation of the pseudo-first order kinetic constants

With regard to the variation of the DCP removal rate as a function of time, it is
possible to see that it depends on the initial concentration and slightly on the production of
ozone, as it is shown in Graph 5.69: it increases with the concentration and with the ozone

production. Table 5.12 summarizes the DCP removal rates and the stoichiometric

coefficient calculated for each experiment.
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Graph 5.69. Influence of the initial concentration on DCP ozonation at two different ozone

productions — DCP removal rate.

Table 5.12. Effect of DCP initial concentration on the initial removal rate of DCP by

ozonation and calculation of stoichiometric coefficients.

Initial DCP conc. Ozone production | DCP removal rate Stoichiometric coefficient
(mg.L™ (9.h™ (mg.min™) (mol O3 cons/mol DCP rem)

102 54 109 2.71

210 5.4 148 2.23

87 74 127 2.90

193 74 180 2.55

With regard to residual ozone (Graph 5.70) during time, it can be observed that it
decreases when increasing the initial concentration, as the amount of non-reacted ozone

that leaves the system is smaller.

Graph 5.71 shows the evolution of the normalized TOC with the absorbed ozone
dose. It seems to be almost independent of the production of ozone. The TOC removal
rate decreases when increasing the initial DCP concentration. The amount of TOC
removed during time allows us to calculate the mineralizing rate, which is summarized in
the Table 5.13 with the stoichiometric coefficient (mol of ozone consumed per mol of
carbon mineralized). Previous studies (Esplugas et al., 1994; Kuo, 1999) indicated that
the rate of mineralization of chlorophenols followed apparent first-order kinetics as

expressed by equation [5.17]
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_dT0C _\  ToC

dt

[5.17]

Accordingly, the degradation rate of DCP was expressed by the apparent first-order rate
constant on the basis of TOC removal, and listed in Table 5.13 as well (see Graph 5.72).
These kinetic constants are found to be in the same order of magnitude than those

reported by Kuo (1999).
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Graph 5.70. Influence of the initial concentration on DCP ozonation at two different ozone

productions — Residual ozone.
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Graph 5.72. Influence of the initial concentration on DCP ozonation at two different ozone

productions — Estimation of TOC apparent first-order kinetic constant

Table 5.13. Effect of DCP initial concentration on the mineralization rate of DCP by

ozonation and estimation of stoichiometric coefficients.

Initial DCP Ozone prod. Mineralization kroc (Min™) | Stoichiometric coefficient
conc. (mg.L™) (g.h™ rate (mg C.min™) (mol O3 cons/mol C rem)
102 54 4.36 0.0055 4.21
210 54 6.74 0.0039 3.1
87 7.4 5.44 0.0079 3.27
193 7.4 7.88 0.0052 3.38

5.12.4. Influence of hydroxyl radical scavengers: t-BuOH.

As previously commented, in the ozonation processes, the attack of ozone can be
undertaken directly (direct attack) or through its decomposition into hydroxyl radicals
(radical pathway). In this sense, one experiment in presence of tert-butanol, which does
not react with ozone (Hoigné and Bader, 1983a published a value for the kinetic constant
of the direct reaction of ozone with t-BuOH of 3x10? M™".s") at room temperature, free pH
and 5.4 g.h™" ozone production (see section A1.9, Table DCP-O7) was carried out to
compare with the experiment carried out at the same conditions without t-BuOH (DCP-
02). The concentration of t-butanol used is 3 mmol.L™", from data presented by Hoigné
and Bader (1983b). Ozone could be partially consumed by reaction with t-BuOH at high
concentrations of this compound, although the kinetic constant value is very low. As it can

be observed in Graph 5.73, the presence of t-BuOH does not inhibit the disappearance
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rate of DCP. This fact may suggest that the main mechanism of ozone attack at this pH is
the direct one. As for the residual ozone, the addition of t-BuOH increases the amount of
non-reacted ozone (see Graph 5.74). That is, less amount of ozone is decomposed into
OH radicals. If OH radicals are produced but no difference is observed in the DCP
removal rate, this fact would confirm that the direct ozone attack is the main pathway.
Hautaniemi et al. (1998) also found that ozonation at low pH proceed through the

reactions with molecular ozone.
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Graph 5.73. Influence of t-BuOH as radical scavenger on DCP ozonation — Normalized

concentration
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Graph 5.74. Influence of t-BuOH as radical scavenger on DCP ozonation — Residual ozone.
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5.12.5. Influence of the ozonation pre-treatment on the biodegradation of DCP.

First of all, a BOD test was performed to a 100-ppm DCP aqueous solution,
determining that BODs and BOD,4 were 0. That is, the substrate was non-biodegradable
under the tested conditions. Besides this, the same inhibition test that was carried out with
NB has been performed with DCP. Graph 5.75 presents the results of the inhibition test
carried out with DCP. As it can be observed, even at 1:1000 dilution (0.1 ppm, 6.13x10™
mmol.L™") the biological oxidation is clearly inhibited by the presence of DCP and total
inhibition occurred at 1:10 dilution. In light of these results, a 100-ppm DCP solution
cannot be easily degraded biologically and exhibits a strong inhibition of the

biodegradation of other carbon sources.
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Graph 5.75. Inhibition test of a 100-ppm DCP solution at dilutions 1:1000, 1:100 and 1:10.

This section is divided into two parts. In the first one, the effect of ozonation on the
biodegradability of aqueous solutions of DCP has been studied. BOD/COD and BOD/TOC
ratios have been chosen as biodegradability indicators and the average oxidation state
has been used to indicate changes on the degree of oxidation throughout the process.
Results are presented in section A1.9, Tables DCP-O8 to DCP-O13. Experiments have
been repeated several times, as BOD and COD are analytical methods of intrinsic error.
The average of these experiments is summarized in Table DCP-O14 and these results
are those presented in the following graphs. In the second part, biodegradation of the pre-
ozonated solution has been carried out in two semi-continuous stirred tank reactors (with

non-acclimated sludge and with previously acclimated to phenol sludge) at different
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hydraulic retention times. Kinetic studies based on the Monod model have also been

developed.

a) Results of ozonation experiments and BOD tests

The ozone production in the pilot plant was set at 5.4 g.h'1, as this production
allowed us to follow the concentration of the target compound. Results have been plotted
versus the absorbed ozone dose. As it can be observed in Graph 5.76, DCP is completely
removed after an ozone dose of 0.12 g.L” (corresponding to ca. 30 minutes of ozonation
treatment). At this moment, only 14% of TOC has been depleted. The biodegradability of
the solution has been tested throughout the experiment. BOD/COD and BOD/TOC ratios

have been chosen as biodegradability indicators, as commented before.

BOD has been measured at 5, 10 and 21 days. Values obtained are plotted versus the
ozone dose in Graph 5.76. As it can be noticed, BOD increases considerably when the
concentration of DCP is less than 10% of the initial amount, obtaining the highest value at
the point that all DCP has been depleted from the solution. This behavior could be
attributed to two reasons:

- Inhibition exerted by remaining 2,4-DCP prevents the biodegradation of oxidation

by-products and/or

- by-products formed at initial time are not easily biodegradable, requiring further

oxidation to achieve products of higher biodegradability, by which time most of the

target compound has been eliminated.
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Graph 5.76. Evolution of BOD and DCP normalized concentration with the absorbed ozone

dose on DCP ozonation
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BOD,/COD and BOD,/TOC ratios are shown on Graphs 5.77 and 5.78,
respectively. As it can be observed, both ratios increase substantially in the range
between 0.09 and 0.12 g.L™ absorbed ozone dose, being 0.25 and 0.4 for BODs/COD and
BODs/TOC after an ozone dose of 0.12 g.L”, respectively (0.48 and 0.77 for the same

ratios at 21 days). As a reference, a BOD/COD ratio of 0.4 is generally considered the cut-

off point between biodegradable and difficult to biodegrade waste.
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Graph 5.77. Changes in BODy/COD ratio and COD with the absorbed ozone dose on DCP

ozonation
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In light of the experimental results, optimal ozonation time was set at between 25-
30 minutes, when DCP completely disappears. As it can be seen in section 5.18 (Figures
5.7 and 5.8), chlorobenzoquinone has been identified among the intermediates. This
compound was found to disappear after 25 minutes of treatment. At this time, less than
5% of the initial DCP was present. Among the remaining compounds after 25 minutes,
resorcinol is thought to have been identified. The depletion of DCP and
chlorobenzoquinone may account for the increase of biodegradability, as both compounds

may be inhibitory for the other carbon sources.

COD/TOC vyields interesting information on how chemical substances in the
effluent become more oxidized, meaning lower ratios higher degree of oxidation (for
alkanes this parameter ranges theoretically between 4 and 5.3 and very oxidized
substances such as oxalic acid yield a degree of 0.6, provided of course there are no
other oxidizable elements such as sulphur or nitrogen) (Marco et al., 1997). This ratio was
found to decay considerably (44% after an ozone dose of 0.12 g.L”, see Graph 5.79),
meaning that organic substances present in the solution have a higher degree of

oxidation.
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Graph 5.79. COD/TOC evolution with the absorbed ozone dose on DCP ozonation

Changes of the average oxidation state of the organic carbon during the ozonation
process are also presented in Graph 5.80. Oxidation state of the organic carbon can be
calculated from the equation [5.9]. Three stages may be found in the ozonation process.
The first one (values below 0) is very short, meaning that DCP reacts rapidly with ozone
and forms hidroxylated aromatics, aldehydes and unsaturated carboxylic acids. In stage 2

(below 2), almost all the aromatic compounds, aldehydes and unsaturated carboxylic
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acids are converted to saturated carboxylic acids, such as formic acid and oxalic acid. At
the point that all the DCP has been removed from the solution, the oxidation state is found
to be 1.5. In the third stage, saturated carboxylic acids, like formic and oxalic, comprise
the appreciable amount of TOC that still remains in solution, as this compounds are quite

resistant to ozone.
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Graph 5.80. Effect of ozone dose on the oxidation state of DCP by ozonation

Inorganic chloride was formed continuously during the ozonation, thereby proving
that dechlorination takes place in the oxidation processes. The concentration of chloride
ion increased linearly during the first 30 minutes of treatment (see Table DCP-O10) and
continued after the complete disappearance of initial DCP. For 94% of DCP conversion,
the achieved degree of dechlorination has been found to be 54% and at a 100% of DCP
conversion (30 minutes of treatment), 70% (Graph 5.81, Table DCP-09), indicating the
presence of chlorinated intermediates. These results are in concurrence with Trapido et

al. (1997), who reported a 62% dechlorination for a 97% of DCP conversion.
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Graph 5.81. Variation of chloride ion with the conversion of DCP on DCP ozonation

b) Aerobic biological degradation of pre-ozonated solution.

From results presented above, it was decided to fix an ozonation treatment time of
30 min, corresponding to an absorbed ozone dose of 0.12 g.L”', when DCP was
completely removed. This solution was feed to two biological reactors, one with activated
sludge coming from the waste water treatment plant in Gava (Barcelona) and one with
biomass previously acclimated to phenol, which has similar chemical structure to probable
formed intermediates and it is known to be slightly biodegradable (BODs/COD ratio for
100-ppm aqueous phenol solution was found to be 0.12 by Ben Abderrazik et al., 2002).

1. Acclimated to phenol reactor

1.5 g.L" of activated sludge was acclimated for 10 days to a 100-ppm phenol
solution as sole carbon source. Then, the pre-treated solution, mixed with the 100-ppm
phenol solution, was fed to the reactor in different percentages and at different HRTs
(hydraulic retention times). This percentage was increased progressively until achieving
100% of the pre-ozonated solution as sole carbon source. Table 5.14 shows a summary
of the acquired data for each of the tested conditions, once the reactor was assumed to
be in steady state. Results presented show the average of data compiled through the
cycle (between brackets, number of samples) and the error calculated for a 95%
confidence level by means of standard deviation and T student. Graph 5.82 shows the
evolution of initial TOC (TOC,, after feeding the reactor), final TOC (TOC;) and TOC
removed (TOC,) for 100% of pre-treated solution and HRT of 12 hours. Similar graphs
have been obtained for the other conditions tested (results not shown). It can be observed

in Table 5.14 that since the first conditions studied there was a TOC removal of 38% up to
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a 88% for the mixture 70/30. The percentage of TOC removal increased with the organic

load rate (OLR). When feeding 100% of the pre-treated solution the percentage of final

TOC increased slightly. Further investigation has to be carried out to test the optimal

reactor configuration.

Table 5.14. Summary of experimental results with acclimated to phenol reactor

Feed (% phenol/ | HRT OLR TOC; (mgC.LHY | TOC; (mgC.LH)Y | % TOC

/% pret. sol) (days) | (mg C.L .day™) (# samples) (# samples) removal
80/20 10 94 21.51+1.75(3) | 13.32£1.47 (3) 38.08
80/20 5 16.0 18.07 £ 0.7 (3) 4.15+0.17 (3) 77.03
80/20 2 36.5 36.73+216 (4) | 4.57+0.73 (4) 87.56
70/30 2 34.5 34.73+£098 (4) | 4.10+0.16 (4) 88.19
50/50 2 271 26.59+1.35(4) | 5.65+0.61(4) 78.75
30/70 2 20.7 2271+ 0.5 (3) 6.04 £ 0.03 (3) 73.40
0/100 2 16.4 2213 +1.2(11) | 12.28+0.76 (19) | 44.51
0/100 1 30.5 30.8 £0.78 (6) 12.77 £ 0.63 (6) 58.54
0/100 0.5 65.6 32.66+1.13(8) | 17.05+0.94 (8) 47.80

") Error has been calculated for a 95% confidence level

TOC (mg C.L™
N - N N w w »
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Graph 5.82. Initial, final and removed TOC for the acclimated reactor operating at 100% of

pre-treated solution and HRT = 12 hours.
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2. Activated sludge reactor

Activated sludge of this reactor was not previously acclimated to phenol. 1.5 g.L™
of sewage sludge as inoculum and a mixture of municipal waste water and our pre-treated
solution was used as feeding mixture at different percentages and at different HRTs. This
percentage was also increased until achieving 100% of the pre-ozonated solution. As with
the acclimated reactor, Table 5.15 shows a summary of the compiled data for each of the
tested conditions, once the reactor was assumed to be in steady-state. It can be seen that
since the first studied conditions there was a TOC removal of 32%. For a HRT of 2 days it
was found a ca. 80% of TOC removal for the different percentages of mixture tested (see
Graph 5.83). That would offer the possibility of co-digesting the pre-ozonated effluent
together with a municipal waste water at different percentages of mixture. Regarding
feeding 100% of the pre-treated solution, the percentage of TOC removal decreased, but
for HRT of one day it was found to be ca. 70%. That means that the reactor can work at
short HRTs, being those similar to municipal waste water plants. At HRT of 12 h, final
TOC increased lightly, meaning that a fraction of this solution could not be biodegraded
within 12 hours. As in the previous case, further investigation has to be carried out
regarding the reactor configuration and non-biodegradable intermediates. Nevertheless,
better results have been obtained with the non-acclimated reactor, meaning that sludge
coming from a municipal waste water plant could be suitable for the treatment of the pre-
ozonated solutions. Graph 5.84 shows the evolution of initial TOC (TOC,, after feeding the
reactor), final TOC (TOC;) and TOC removed (TOC,) for 100% of pre-treated solution and
HRT of 12 hours. Similar graphs have been obtained for the other conditions tested

(results not shown).

Table 5.15. Summary of experimental results with the non-acclimated reactor

Feed (%w.w./% | HRT OLR TOC; (mgC.LHY | TOC; (mgC.LH)Y | % TOC
pret. sol) (days) | (mg C.L .day™) (# samples) (# samples) removal
80/20 10 19.5 21.62+2.09(5) | 14.69+£1.42(8) 32.05
80/20 5 33.4 40.61+6.79 (4) | 13.55+1.68 (4) 66.63
80/20 2 55.6 5472 +4.68 (6) | 9.73+0.81(6) 82.22
70/30 2 55.2 56.18 £ 3.80(8) | 11.38+0.75(12) | 79.74
50/50 2 46.2 51.32+3.73(6) | 10.84 +1.23 (7) 78.88
30/70 2 21.9 47.42 £ 0.86 (3) | 9.44+0.38 (5) 80.09
0/100 2 15.2 18.88 £ 0.56 (4) | 8.64 £ 1.08 (5) 54.24
0/100 1 28.2 2566 +1.38(7) | 8.29+1.10(7) 67.69
0/100 0.5 55.6 28.36 £ 1.59 (7) | 14.32+1.39 (5) 49.51

(1) Error has been calculated for a 95% confidence level
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Graph 5.83. Initial, final and removed TOC for the non-acclimated reactor operating with the
mixture 30% w.w / 70% pret.sol and HRT = 2 days.
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Graph 5.84. Initial, final and removed TOC for the non-acclimated reactor operating at 100%

of pre-treated solution and HRT = 12 hours.

Graph 5.85 shows the percentage of TOC removal for mixtures 50/50 and 30/70
w.w./pre-treated solution with 2 days of HRT, and 100% pre-treated solution at HRT of 2
days, 1 day and 12 hours. As it can be seen, the mixtures ww/pre-ozonated solution show
a high percentage of TOC removal, offering a good possibility of co-digesting the pre-

ozonated DCP effluent together with a municipal waste water. Biological reactor can
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perform with 100% pre-treated solution, achieving a TOC removal up to 80% for HRT 1
day.

Biodegradation
100 0

@ Ozonation

80 - — —
70
60
50
40
30

TOC removal (%)
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gl N ..

50/50, 30/70, 0/100, 0/100, 0/100,
HRT=2d HRT=2d HRT=2d HRT=1d HRT=0.5
d

Graph 5.85. TOC removal by means of the combined ozonation-biological degradation of

different mixtures w.w./pre-treated DCP solution and different HRT

3. Kinetic study

Monod (1949) has been the most widely kinetic model used to describe the
processes of aerobic degradation of compounds dissolved in wastewaters, in absence of
inhibition, which can be expressed as:

_14d5_ kS [5.18]

X dt ke+S

where X is the concentration of biomass (g of TVSS.L"), S is the concentration of
substrate which can be biodegraded by the biomass (DOC in the present case), k is the

substrate utilization constant and ks is the saturation constant.

Chudoba (1990) showed that a zero order kinetic described the single-component
substrate removal very satisfactorily. But it was unsuitable for a multicomponent substrate
removal, which was found to be described by a first-order kinetic. Assuming that the
intermediates formed in the pre-ozonization process follow Monod model and that the
evolution of DOC with time follows a first-order kinetic (as the obtained solution is a

muticomponent system, meaning that kspocy >> DOC), the kinetic equation will be:
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1 dDOC DOC K
-2 =k = _DOC_POC =k'yn. DOC 5.19
X dt P Kepocy *DOC  Kspoc) poc [5.19]

where K'poc is a function of the biomass activity given by a physiological state of

microorganisms.

Graphs 5.86 to 5.89 shows results for the kinetic study. Other kinetic models
derived from linearizations of Monod model have been tested, but results showed no good
agreement with the proposed models. By using equation [5.19], two different kinetics have
been found in the non-acclimated reactor when HRT was 2 days, indicating that one part
of the effluent could be more easily biodegraded. Studies carried out with 100% pre-
treated solution in both reactors show a good r* value, as it can be observed in Graphs
5.88 and 5.89, however the associated errors have shown to be rather high. In those
cases, only one zone was observed. Table 5.16 summarizes the values obtained for k’poc
for the tested conditions with both reactors. As it can be observed, kinetic constants of the
same order of magnitude were found for acclimated and non-acclimated sludge working at
the same HRT. Values for the non-acclimated reactor were slightly higher than the
acclimated (e.g., 0.69 and 0.80 L.g TSS™".h"" for the acclimated and non-acclimated,
respectively, and HTR of 12 h). The explanation for this behavior might be that the
chemical structure of the ozonation by-products is different from phenol, being better

accepted by the activated sludge which has not been exposed to phenol before.
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Graph 5.86. Kinetic study of the biodegradation of the 50/50 solution carried out in the non-
acclimated reactor. Conditions: T = 22°C, pH = 7.2, TVSS = 0.37 g.L™, HRT = 2 days
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Graph 5.87. Kinetic study of the biodegradation of 100% pre-treated solution carried out in
the non-acclimated reactor. Conditions: T =22°C, pH=7.2, TVSS =0.21 g.L'l, HRT = 2 days

0.9
0.8
0,7
0.6
0,5
0,4

Ln(Se/S)

0,3
0,2
0,1

y =0,0661x
R? =0,933

t (h)

Graph 5.88. Kinetic study of the biodegradation of 100% pre-treated solution carried out in
the non-acclimated reactor. Conditions: T =21°C, pH=7.2, TVSS=0.1 g.L'l, HRT =1 day
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Graph 5.89. Kinetic study of the biodegradation of 100% pre-treated solution carried out in
the acclimated reactor. Conditions: T = 22°C, pH = 7.2, TVSS = 0.11 g.L™", HRT = 1 day

Table 5.16. Kinetic constants of the biodegradation of pre-ozonated solution

REACTOR HRT (Days) | k’poc (L.g TVSS™.h™) (r) [ k'poc (L.g TVSS™.h™) ()
(1 part) (2" part)

Acclimated (0/100) 1 0.531 (0.96) -

Acclimated (0/100) 0.5 0.693 (0.97) -
Non-acclimated (50/50) 2 0.522 (0.99) 0.108 (0.98)
Non-acclimated (0/100) 2 0.247 (0.85) 0.0299 (0.96)
Non-acclimated (0/100) 1 0.661 (0.93) -
Non-acclimated (0/100) 0.5 0.796 (0.90) -
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5.13. Ozonation combined with H,O, (O3 / H,O,) for DCP removal

The characteristic of this process is that in slow kinetics conditions, the main step
for the production of hydroxyl radicals is the reaction between ozone and the ionic form of
hydrogen peroxide ([1.13]) enhancing, at least theoretically, the oxidation rate. Since in
section 5.12.4 has been seen that the radical mechanism does not have influence in the
degradation of DCP at free pH, therefore it is not expected that the addition of H,O,
significantly enhances the process, but it is desirable to check its influence in the

biodegradability of DCP solutions.

O, +HO; - 05 +HO, [1.13]

5.13.1. Influence of H,O, concentration

In the set of experiments DCP-OP1 to DCP-OP3, the effect of the addition of
hydrogen peroxide at different mol H,O./mol DCP ratios has been studied. The
comparison of the normalized concentration during time with the experiment of single
ozonation carried out at the same conditions (DCP-014) is shown in Graph 5.90. As it

was expected, only a slight increase of the disappearance rate has been observed.
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Graph 5.90. Influence of the addition of H,O, to DCP ozonation — Normalized concentration.

With regard to TOC, the addition of H,O, significantly increases the mineralization
rate, more as higher is its concentration and at longer times (see Graph 5.91). That
means that although not affecting the disappearance rate of DCP, the addition of H,O,

improves the degradation of the intermediates formed. This point is confirmed with the
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data of dissolved ozone. As it can be observed in Graph 5.92, the concentration of
residual dissolved ozone is greatly reduced when H,0; is added to the system, meaning

that more ozone is being decomposed.
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Graph 5.91. Influence of the addition of H,O, to DCP ozonation — Normalized TOC
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Graph 5.92. Influence of the addition of H,O, to DCP ozonation — Dissolved ozone.

Graph 5.93 illustrates data of residual hydrogen peroxide for the experiments with
0.5 and 0.1 mol H,O,/mol DCP. The concentration of H,O, has been measured by means
of a Quantofix (Macherey-Nagel) peroxide test in the range 0-100 mg H,O, .L™. In view of

these results, it has been decided to perform the biodegradability study with the 0.1 ratio
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(Baldry (1983) reported that H,O, is bactericide at concentrations above 0.15 mmol.L™ ,
5.1 mg.L™").
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Graph 5.93. Concentration of residual H,O, for the experiments with 0.5 and 0.1 mol H,O,/
mol DCP in the Os/H,0, process

5.13.2. Biodegradability study

Two experiments with 0.1 mol H,O,/mol DCP were performed (see section A1.10,
Tables DCP-OP3 and DCP-OP4) and the average values of these two experiments are
summarized in Table DCP-OP5. As in the previous section, the AOS will be used to follow
changes on the degree of oxidation throughout the process and BOD/COD and BOD/TOC

ratios are used as biodegradability indicators.

AOS changes are presented and compared with the experiment of single
ozonation carried out at the same conditions (DCP-O14) in Graph 5.94. No significant
differences have been found with regard to single ozonation, although it seems that the
degree of oxidation starts increasing earlier and gives the impression to stabilize at longer
times, meaning that no further oxidation could be achieved although increasing the

ozonation time.

BOD values achieved by this combination are similar to those achieved by single
ozonation (see Graph 5.95). Unlike this one, the BOD values do not reach a maximum
when DCP disappears from solution, until after 45 minutes of treatment (16 mg O,.L™).
BOD/COD ratios are analogous to those found for single ozonation (see Graph 5.96)
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however a difference is observed in the value at 45 minutes. BODs/COD ratio is increased

from 0 to 0.3 after 45 minutes of treatment.
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Graph 5.94. Effect of the addition of H,O, to DCP ozonation — Average oxidation state.
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Graph 5.95. Evolution of BOD and DCP normalized concentration during time at 0.1 mol
H,O,/mol DCP in the Os/H,O, process

BOD/TOC values are shown in Graph 5.97. Analogous to BOD/CQOD ratio, values

are similar to those obtained by single ozonation during the first 30 minutes. BODs/TOC

ratio increases from 0 to 0.55 after 45 minutes of treatment.
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Graph 5.96. Evolution of BOD/COD ratio and COD during time at 0.1 mol H,O,/mol DCP in
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5.14. Ozonation combined with UV (O5/UV) for DCP removal

Just as in the process O3/H,0,, the combination O3/UV increases the production of
hydroxyl radicals and possible ways to eliminate the pollutant. Besides the reactions of the
ozonation process, the photolysis of ozone, DCP and those derived of the presence of
hydrogen peroxide are present (see section 1.3.6.2.3). As for the combination O3/H,0,, its
influence in the biodegradability of DCP solutions warrants further study. The effect of an

increase of the initial DCP concentration has also been studied.

5.14.1. Influence of initial DCP concentration.

Two experiments with ca. 100 and 200 ppm were performed with the combination
04/UV, 5.4 g.h”" ozone production, room temperature and allowing the pH to progress
freely (see Tables DCP-OR1 and DCP-OR2, respectively). The evolution of the
normalized concentration vs. the treatment time is presented in Graph 5.98. The initial
behavior of the process follows a pseudo-first order kinetics. By fitting the logarithm of the
normalized concentration to a straight line (Graph 5.99) the pseudo-first order kinetic
constants have been obtained, with values (shown in the graph) lower than those by
single ozonation. Trapido et al. (1997) also reported that UV-radiation decelerated the
ozonation of DCP at pH=2.5. Hautaniemi et al. (1998) found that the degradation rate of
chlorophenols was not enhanced either by the combination of ozone with UV radiation

compared with ozonation alone at pH=2.5.

90 | 0 95 ppm - DCP-OR1
® @ 197 ppm - DCP-OR2
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Graph 5.98. Influence of the initial concentration in the removal of DCP by O3/UV —

Normalized concentration
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Graph 5.99. Estimation of the pseudo-first order kinetic constants for DCP removal by O3/UV

Concerning the DCP removal rate, it is found to increase with the initial
concentration, and values are also similar to those obtained by single ozonation (109 and
139 mg.min™" for DCP-OR1 and DCP-OR2, respectively). By representing the ozone
consumed versus the amount of DCP removed, a stoichiometric coefficient of 3 has been

obtained for 100 ppm initial concentration in comparison with 2.7 obtained by single

ozonation.
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Graph 5.100. DCP removal rate by the combination Os/UV
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As regards to the concentration of residual ozone in the off-gas (Graph 5.101), it

was found to increase when the initial concentration decreases, as less ozone reacts in

the system.
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Graph 5.101. Influence of the initial concentration in the removal of DCP by Os/UV — Residual

ozone

However, the concentration of residual dissolved ozone for the experiment DCP-

OR3 has been compared with the experiment with single ozonation (DCP-015) and found

to be slightly lower (Graph 5.102), as more ozone is being decomposed by the action of

the light.
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Graph 5.102. Comparison of the residual dissolved ozone for the processes Oz and O3/UV
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Graph 5.103 shows the descent of the normalized TOC during time. TOC removal
rate decreases as the initial concentration increases. The addition of UV to the ozonation
of DCP solutions increased ca. 50% the degree of mineralization, in agreement with
results reported by Kuo (1999). Mineralizing rate has been estimated (Graph 5.104) as
well and found to be ca. 1.5 times higher than the ones achieved by single ozonation (7.2
and 8.2 mg C.min™" for DCP-OR1 and DCP-OR2, respectively).
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5.14.2. Biodegradability study

One experiment with the combination O3/UV with initial DCP concentration ca. 100
ppm and 5.4 g.h”" ozone production was performed (see section A1.11, Table DCP-OR4)
in order to follow the different variables related to the biodegradability of the solution, i.e.
BOD and COD. As in the preceding sections, the AOS will be used to follow changes on
the degree of oxidation throughout the process and BOD/COD and BOD/TOC ratios are

used as biodegradability indicators.

AOS changes are presented and compared with the experiment of single
ozonation carried out at the same conditions (DCP-O14) in Graph 5.105. The degree of

oxidation achieved by the combination O5/UV is smaller than by single ozonation.

3
0 O3 - DCP-O14

D 2,5 4| ¢ 03/UV - DCP-OR4
s
0
c 21 O .
o .
=15 = o .
=
< O
o ] .
o
gos54{ O
)
= 0
< m

Py

0’5 T T T T T T
0 10 20 30 40 50 60 70
t (min)

Graph 5.105. AOS achieved by the processes O; and O3/UV in DCP removal

BOD values achieved by this combination are lower than the ones achieved by
single ozonation (see Graph 5.106). Contrasting this one, BOD values do not reach a
maximum, but go on increasing in the range of time tested. BOD/COD ratios are lower as
well to those found for single ozonation (see Graph 5.107). BODs/COD ratio is increased
only from 0 to 0.14 after 45 minutes of treatment. Parallelly, BODs/TOC is increased
merely from 0 to 0.23 after 45 minutes of treatment (see Graph 5.108). With regard to the
intermediates, there are two remarkable differences: (1) chlorobenzoquinone was not

produced as intermediate and (2) new intermediates appeared, which could not be
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5. Experimental results - Discussion

identified (see section 5.18, Figure 5.9). When DCP was depleted from solution, those

intermediates were still present.

In view of the experimental results, the addition of UV did not improve the effect on

the biodegradability of DCP aqueous solutions achieved by single ozonation.
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5.15. DCP removal by means of the combination Os/UV/H,0,

In this combination, the influence of the addition of UV radiation and hydrogen
peroxide to ozonation has been checked only regarding to biodegradability of the DCP
aqueous solutions. Two experiments with the combination O3/UV/H,O, with initial DCP
concentration ca. 100 ppm, 5.4 g.h” ozone production and 0.1 mol H,O,/mol DCP were
performed (see section A1.12, Tables DCP-ORP1 and DCP-ORP2) in order to follow the
different variables linked to the biodegradability, i.e. BOD and COD and mineralization
(TOC) of the solution. The average of both experiments has been calculated and it is
shown in Table DCP-ORP3. As in the prior sections, the AOS will be used to follow
changes on the degree of oxidation throughout the process and BOD/COD and BOD/TOC
ratios as biodegradability indicators. Plotted results are those corresponding to the
average calculated (DCP-ORP3).

AOS changes are presented and put side by side with the experiment of single
ozonation carried out at the same conditions (DCP-O14) in Graph 5.109. The degree of
oxidation attained by the combination O3;/UV/H,0, is rather similar than the one achieved

by single ozonation.
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BOD values achieved by this combination are slightly smaller than those attained
by single ozonation and O3/H,0, (see Graph 5.110). Similarly to what observed with the
combination O3/H,O,, BOD values does not reach a maximum when all the DCP
disappears, but seem to decrease after 45 minutes of treatment. Disappearance rate of
DCP has been estimated to be 85 mg.min”. BOD/COD ratios are analogous as well to
those found for the combination O3/H,O, (see Graph 5.111). BODs/COD ratio is increased

from 0 to 0.28 after 45 minutes of treatment.
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Although the degree of mineralization achieved by this combination is higher than

by the combination O3/H,0,, values of BOD/TOC ratios are quite similar as BOD values

were found to be a slightly lower. BODs/TOC is increased from 0 to 0.44 after 45 minutes

of treatment (see Graph 5.112). Mineralization rate has been estimated to be 6.6

mg C.min™".
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With regard to the intermediates, they have found to be rather similar to those for
the O3/UV process. Chlorobenzoquinone was not produced as intermediate either, while
new intermediates appeared, which could not be identified. When DCP was depleted from

solution, those intermediates were still present as well (see section 5.18, Figure 5.10).

The combination O3/UV/H,O, has not been found either to improve the effect of

single ozonation in the biodegradability of the DCP solutions.

5.16. DCP removal by means of the combinacion O;/UV/Fe(lll)

The addition of iron ion (Fe* or Fe?*) has been reported to accelerate the UV-
enhanced ozonation of several pollutants (Abe and Tanaka, 1997, 1999). Thus, the effect
of the addition of Fe(lll) salts and UV light to single ozonation on the degradation and
biodegradability of DCP has been studied. The influence of the Fe(lll) concentration
(expressed as mol Fe(lll)/mol DCP), type of Fe(lll) salt, the use of Fe(ll) instead of Fe(lll)
and the use of UVA instead of UV light on the degradation of DCP was checked, as well
as the effect of this catalytic ozonation on the biodegradability of these solutions. Results
are shown on section A1.13, Tables DCP-ORF1 to DCP-ORF9.

5.16.1. Influence of Fe(lll) concentration.

Three experiments were carried out with DCP initial concentration ca. 90 ppm, 5.4
g.h™ ozone production, UV light, free pH, room temperature and adding FeCl; ranging
from 1.63 to 0.1 mol Fe(lll))mol DCP (1 to 6.1x102 mmol.L" of Fe(lll)). They are
presented in Tables DCP-ORF1 to DCP-ORF3 and compared with the experiment
performed in absence of Fe(lll) (DCP-OR1). The addition of Fe(lll) to the O3/UV process
showed to decrease the DCP removal rate (see Graph 5.113), more as the concentration
is increased, as was observed with NB. However, with regard to TOC, the addition of
Fe(lll) increases slightly the mineralization rate (see Graph 5.114), although the difference
is not as high as observed with NB. Mineralization rate increases with the concentration,

although no differences are observed between 1.63 and 0.5 ratios.
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As it has been mentioned in the introduction and section 5.8, photodecarboxilation

of ferric ion complexes ([1.19]), Fenton chemistry and photo-Fenton reaction of aqueous

ferric ions with UV light ([1.16]) may account for this higher efficiency.

With regards to the concentration of ozone in the residual gas, the addition of

Fe(lll) has been found to decrease the amount of non-reacted ozone with respect to
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single ozonation (DCP-O14) and O5;/UV (DCP-OR1). It has also been observed the

plateaus already detected in the case of NB.
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Graph 5.115. Influence of Fe(lll) concentration in the DCP removal by means of Os/UV/Fe(lll)

— Residual ozone

5.16.2. Influence of Fe(lll) salt.

The influence of the type of Fe(lll) salts on the catalytic ozonation of DCP solutions
has also been tested. Chloride ions have been reported to be hydroxyl radical scavengers
(Maletzky and Bauer, 1998), so the degradation of DCP solutions by means of sulphate
and chloride Fe(lll) salts has been compared. Experiments DCP-ORF1 and DCP-ORF4
have been carried out with ca. 90 ppm initial DCP concentration, 5.4 g.h" ozone
production, UV light, free pH (by adding the Fe(lll) salt initial pH drops to ca. 3), room
temperature and 1.63 mol Fe(lll))mol DCP (1 mmol.L") as FeCl; and Fey(SO,)s,

respectively.

No significant differences between chloride and sulphate salts have been observed
with regard to concentration (see Graph 5.116), TOC (see Graph 5.117) or concentration
of ozone in the residual gas (Graph 5.118). Thus, no scavenger effect derived from the
use of chloride ion has been observed in the DCP removal by means of O;/UV/Fe under
the testing conditions. Glaze and Kang (1989) had already mentioned that chloride is not

a significant scavenger of hydroxyl radicals except at a very low pH values.
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5.16.3. Fe(lll) vs. Fe(ll)

Besides the influence of the ferric salt used, the effect of the iron ion (Fe(lll) or
Fe(ll)) has also been studied. Two experiments performed at the same conditions (5.4
g.h™" ozone production, UV light, free pH, room temperature and 1.63 mol Fe/mol DCP
(1 mmol.L™") Fe,(SO,); and FeSO, are to be compared. Results are presented in Tables

DCP-ORF4 and DCP-ORF5 and compared in Graphs 5.119 and 5.120.

With regards to the normalized concentration (Graph 5.119), the use of Fe(ll)
diminishes the DCP removal rate. When Fe(ll) is used, an initial induction period can be
observed, increasing the time necessary for the complete disappearance of DCP from the
solution (35 minutes with Fe(lll) and ca. 60 minutes with Fe(ll)), although the
disappearance rate after this initial period are similar. The oxidation of Fe(ll) into Fe(lll)
may account for this delay time, as 0.43 mg O3 are consumed per mg of Fe(ll) (Langlais et
al., 1991). As for TOC (Graph 5.120), the initial mineralization rate with Fe(ll) seems to be
lightly restrained, deriving in a smaller TOC reduction at short and medium times in
comparison with the chloride salt. Nevertheless, final TOC removed achieved by the two
species was found to be the same. At the light of these results, Fe(lll) seems to be a

better catalyst for this process under the tested conditions.
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5.16.4. Biodegradability study

Two experiments with the combination Os;/UV/Fe(lll) with ca. 90 ppm initial DCP

concentration, 5.4 g.h™ concentration, free pH, room temperature and 0.1 mol Fe(lll)/mol

DCP as FeCl; were performed in order to check the effect of this combination in the

biodegradability of the DCP solutions. The ratio 0.1 was chosen as low Fe(lll) amounts

have shown to be effective in this combination. Results are accessible in Tables DCP-
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ORF6 and DCP-ORF7, and a summary of these two in Table DCP-ORF8. Data present in
the following graphs correspond to DCP-ORF8.

Graph 5.121 depicts changes of the average oxidation state (AOS) during the time
of experimentation. The degree of oxidation throughout the process shows to be lower
than by single ozonation. TOC values are greatly lower when the solution is treated by
means of O3z/UV/Fe. The higher degree of mineralization rather than oxidation achieved by

this process may account for this behavior.
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Graph 5.121. AOS achieved by the processes Oz and Oz/UV/Fe(lll) in DCP removal

With regards to BOD, measured values were rather similar than those achieved by
single ozonation. Analogous to the latter, maximum BOD values are found when almost
all DCP has been removed from the solution up to a value of 16 mg O,.L" (see Graph
5.122).

BOD/COD values were slightly higher than those of single ozonation. BODs/COD
ratio was increased from 0 to 0.28 after 30 minutes of treatment while BOD,,/COD
achieved a value of 0.60 after 30 minutes and up to 0.7 after 40 minutes of treatment.
BOD/TOC values were even higher, as the degree of mineralization achieved was
significantly higher than by single ozonation. BODs/TOC increased from 0 to 0.52 after 30
minutes of treatment while BOD,,/TOC up to 1.3 after 40 minutes (see Graphs 5.123 and
5.124).

Intermediates were rather similar to those produced by single ozonation.

Chlorobenzoquinone was detected as well, although the concentration seemed to be
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smaller in this process. This compound was removed earlier from the solution: after 15

minutes chlorobenzoquinone was not present. Therefore, biodegradability between 15

and 30 minutes may be higher than by single ozonation.
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Graph 5.122. Evolution of BOD and DCP normalized concentration for the combination
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Graph 5.124. Evolution of BOD,/TOC ratio and TOC for the combination Oz/UV/Fe(lll)

5.16.5. UVA vs. UV

UVA light, which emits in the range of wavelength of between 300 and 420 nm,
with a maximum centered at 360 nm, is representative of the atmospheric solar emission
and suitable for iron solutions, as Fe(lll) species have been found to absorb greatly in the
range of between 290 and 390 nm (Safarzadeh-Amiri et al., 1996). For this reason, one
experiment with ca. 90 ppm initial DCP concentration, 5.4 g.h™ ozone production, 0.1 mol
Fe(lll)/mol DCP as FeCls, free pH, room temperature and UVA light instead of UV (253.7
nm) was performed (see Table DCP-ORF9). The same experiment was also carried out
without Fe(lll) (Oz/UVA, see Table DCP-OR5). Both experiments are to be compared with
the experiments carried out at the same conditions by single ozonation (DCP-O14), Oz/UV
(DCP-OR1) and Fe(lll) catalytic ozonation with UV light (DCP-ORF8).

Graph 5.125 depicts the normalized concentration during time for the experiments
cited above. As it can be observed, processes involving the use of Fe(lll) slightly inhibit
the disappearance rate of DCP. However, this inhibition is lower when using UVA instead
of UV light.
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Graph 5.125. Comparison of the processes involving O3, UV(A) and Fe(lll) in DCP removal —
Normalized concentration

With regard to TOC (see Graph 5.126), the addition of both UV(A) or UV(A)/Fe(lll)
strongly increases the mineralization rate with respect to single ozonation, especially
when using Fe(lll), but results obtained have been similar to those achieved by UV light.
To compare, after one hour of treatment, mineralization degree achieved by single
ozonation, O3/UV(A) and O3/UV(A)/Fe(lll) has been 32%, 46-47% and 60-62%,
respectively. Best results have been attained with the combination Oz/UVA/Fe(lll),
although no significant differences between the use of UVA instead of UV light have been

found.

As for the average oxidation state (Graph 5.127), higher degrees of oxidation have
been reached by single ozonation. When using UVA or UV(A)/Fe(lll), the AOS seem to
stabilize after 30 minutes of treatment. The combinations Os;/UV/Fe and O3z/UVA/Fe have

been shown to be the best processes for the mineralization of DCP solutions.

BODs/COD ratios have been compared as well in Graph 5.128. As it can be
observed, O3/UVA/Fe(lll) seems to exhibit the better efficiency to improve the
biodegradability of the DCP aqueous solutions, as BODs/COD ratio is increased up to
0.31 and 0.37 after 30 and 40 minutes of treatment, respectively. Nevertheless, it has to
be pointed out that experiments with UV and UVA/Fe(lll) have been performed only once
and differences observed in the BOD/COD ratio could be due to an experimental error,

especially in the case of O3/UV, which is surprisingly lower.

199



5. Experimental results - Discussion

100 m
o
90 - b ﬁ e
m° o

80 - u H o

70 A ¢
° I o
< ® A
- 60 [ ] <o
(@]
O 50 | o
|_
O 40 U A ]
(@) 30 & 03 - DCP-014
= m O3/UV- DCP-OR1 A

20 4| A O3/UVA - DCP-OR5 O

10 || ® O3/UV/Fe(ll) - DCP-ORF8 ;

00 O3/UVA/Fe(lll) - DCP-ORF9
0 ®
T T T T T 1
0 20 40 60 80 100 120
t (min)

Graph 5.126. Comparison of the processes involving Oz, UV(A) and Fe(lll) in DCP removal —
Normalized TOC

2,5
L 24 ©
8 O o
n
A
c 15 | © o o
o o *
I e o
[ J A
S 1 o °
= A °
@)
o m]
> 05 o
© o 03 - DCP-014
2 0 ° A O3/UVA - DCP-OR5
< 4 @ O3/UV/Fe(lll) - DCP-ORF8
* 0 O3/UVA/Fe(lll) - DCP-ORF9
'Ov5 T T T T T T
10 20 30 40 50 60
t (min)

Graph 5.127. Comparison of the processes involving O3, UV(A) and Fe(lll) in DCP removal —
AOS

200



5. Experimental results - Discussion

0,4
© 03 - DCP-014 O
0,35 || mO3/UV- DCP-OR1
@ 03/UV/Fe(lll - DCP-ORF8
0,3 1| b 03/UVA/Fe(lll - DCP-ORFY
L )
00,25 o
O [ ]
O o
o 0,2 © ) °
o) <o
Oo,15 ©
m T
n
0,1 <
L4 [ ]
0054 . o
| |
O . T T T T T
0 10 20 30 40 50 60
t (min)

Graph 5.128. Comparison of the processes involving Oz, UV(A) and Fe(lll) - BODs/COD ratio

for DCP removal

5.17. Comparison of the different studied processes for the degradation of DCP.

In the present section, some of the different variables that have been commented
in the discussion of each process are to be compared among the different studied
processes: single ozonation (O;, DCP-O14), ozonation combined with UV radiation
(Os/UV, DCP-OR4), ozonation combined with hydrogen peroxide (O3/H.O,, DCP-OP5),
ozonation combined with UV radiation and hydrogen peroxide (Os/UV/H,0,, DCP-ORP3)
and ozonation combined with UV radiation and Fe(lll) ion (Os/UV/Fe(lll), DCP-ORFS8).

5.17.1. Removal and mineralization rates

In the Graph 5.129 the normalized concentration vs. time are compared. It can be
observed that single ozonation presents the best results whereas ozonation combined
with UV radiation and Fe(lll) shows the slowest ones. Regarding the absorbed ozone
dose (Graph 5.130) differences are even smaller, showing all the tested processes the

same behavior.
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Graph 5.129. Comparison of the different processes for DCP removal — Normalized

concentration vs. time
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Graph 5.130. Comparison of the different processes for DCP removal — Normalized

concentration vs. absorbed ozone dose

Table 5.17 presents the pseudo-first order kinetic constant, the value of
experimental half-life t;, (that is, the time required to decrease the concentration of the
reactant to half the amount present before the reaction) and experimental t3, (time
needed to decrease the concentration to the fourth-part of the initial amount).
Nevertheless, at the light of the results none of the processes seem to obey a first order
behavior (t34 # 2 X t1,2). As it has been reported in the literature (Qiu et al., 2002; Benitez

et al., 2000) the overall reaction of DCP is second order with first order each in the
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concentration of ozone and DCP. Compared to NB, kinetic constants have been found to

be 2.5-3 times higher in DCP removal.

Table 5.17. Pseudo-first order kinetic constant, t,;, and ts, for DCP removal by the different

studied processes

O3 O5/UV 03/H,0, 03/UV/H,0, (0.1:1) | O5/UV/Fe(lll) (0.1:1)
k (min™) 0.0876 0.0813 0.0729 0.0643 0.0728
t1p (Min) 8.5 10.6 10.2 11.5 11.0
t3s (Min) 15.3 16.7 16.3 17.6 18.5

With regard to TOC, the process exhibiting the highest mineralization rate is the
combination of ozone with UV radiation and Fe(lll) ion (see Graph 5.131). Single
ozonation and the O3/H,O, process present similar results, achieving a 37% of TOC
reduction after 90 minutes of treatment. The addition of UV radiation to both processes
increases the mineralization rate, attaining a ca. 65% of mineralization after 90 minutes by
means of both processes. With the Oi/UV/Fe(lll) process, the degree of mineralization
achieved after 90 minutes is 84% and ca. 100% after two hours of treatment. As it was
commented in the introduction, photodecarboxilation of ferric ion complexes, Fenton
chemistry and photo-Fenton reaction of aqueous ferric ions with UV light may account for

this improvement with regard to the other processes.

As it has been commented before, the literature points out that the mineralization
rate of chlorophenols follows apparent first-order kinetics (Esplugas et al., 1994; Kuo,
1999). Accordingly, the degradation rate of DCP is expressed by the apparent first-order
rate constant on the basis of TOC removal and listed in Table 5.18. The three processes
that have been found to follow a first-order behavior are Oz, O3/UV and Os/H,O,. The
mineralization rate of the other two processes has been found to be more linear, with a
slope of 0.696 min™" for Os/UV/H,0, and 0.903 min™ for O3/UV/Fe(lll) in the expression:

TOC
TOC,

=100 - (slope)-t
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Graph 5.131. Comparison of the different processes for DCP removal — Normalized TOC vs.

time

Table 5.18. Pseudo-first order kinetic constant and mineralization rate of DCP by the

different studied processes

O 0,/UV 04/H,0, | O4/UV/H,0, | Os/UV/Fe(lll)
(0.1:1) (0.1:1)
k (h™) 0.336 0.618 0.282 - -
TOC removed (mg C.min™) 5.01 6.60 3.77 6.58 8.58

Graph 5.132 shows the percentage of dechlorination for three of the tested
processes: single ozonation (DCP-09), Os/H,O, (DCP-OP1) and Os/UV/Fe(lll) (DCP-

ORF7). As it can be observed, higher and faster dechlorination degrees are obtained by

the combination O3/H,O, rather than with single ozonation. This could be explained by

that the predominant pathway in the initial degradation of DCP by O3/H,O, is considered

to be direct dechlorination via a nucleophilic displacement of chloride (by OH') while

ozonation is presumably

initiated by electrophilic addition of ozone molecules.

Nevertheless, with both single ozonation and O3/H.O, a ca. 100% dechlorination is

achieved after 60 minutes of treatment. Results for the combination O3/UV/Fe(lll) seem

surprising, as only 50% dechlorination is attained.
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Oxidation efficiency can be expressed generally in terms of an “Oxidation Index”,
abbreviated as Ol, as it has been already commented in section 5.9. Low Ol values show
a higher degree of utilization of ozone during the oxidation processes. Table 5.19
summarizes Ol values after 30 and 60 minutes treatment by the different processes,
except O3z/UV/Fe(lll), for which absorbed ozone dose cannot be calculated. As shown in
this table, Ol attained by single ozonation is only decreased by the combination
03/UV/H,0; in a 25-30%. This could be due to the higher radical production, resulting in
faster DCP decomposition rates. Thus less ozone is required for decomposing the same
amount of DCP.

Table 5.19. Oxidation index (mol Os/mol COD) of DCP by the different processes after 30 and

60 minutes of treatment

O; O5/UV 04/H,0, 03/UVIH,0, | Os/UV/Fe(lll)
After 30 minutes 1.37 1.53 1.90 0.98 -
After 60 minutes 1.60 1.31 1.63 1.20 -

Analogous to this parameter, a “mineralization index” can be defined, as the ratio

of ozone consumed to the amount of TOC converted to CO,. Values are presented in
Table 5.20. As it can be observed, with regard to TOC this index is greatly improved by

the addition of UV (44% decrease with respect to single ozonation).
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Table 5.20. Mineralization index (mol Oz/mol TOC) of DCP by the different processes after 30

and 60 minutes of treatment

O3 O3/UV Og/HzOg O3/UV/H202 O3/UV/FE(| | |)
After 30 minutes 4.74 2.67 5.56 3.15 -
After 60 minutes 3.65 2.08 3.56 2.44 -

As it has been mentioned in section 5.9, a simple two-step consecutive kinetic
model has been found in the literature (Ku et al., 1996) to fit well in modeling the behavior
of species during the decomposition of phenols, based on elemental mass balances of

carbon and chlorine during the reaction. Thus, the mass balance of carbon is:

Ctotal = (DCP)ct + (Interme)ct + (COZ )ct [520]

where
Ciotal = total initial amount of DCP as carbon, mg Cc.L”
(DCP) = amount of DCP as carbon at time t, mg Cc.L’
(Interme); = amount of intermediates as carbon at time t, mg C.L™

(CO,)t = amount of inorganic carbon as carbon at time t, mg Cc.L’

The amount of CO, formed is calculated as the difference between the initial TOC
and the TOC at a certain reaction time t. The amount of organic intermediates as carbon
is calculated by the difference between the TOC and the amount of DCP. Due to the
complexity of the decomposition schemes of phenols by advanced oxidation processes,
the simplified two-step consecutive kinetic model is used to describe the temporal
behavior of reacting carbon-containing species during the reaction (Ku et al., 1996). Each
step of the reaction is assumed to be a first-order and irreversible reaction. The model and

profiles of species are derived from the following equations :

DCP(C,) DM Intermediates(Cb)%%H. CO,(aq)(C,)

0,,0H"

CO: (9)

-r, = -dC,/dt = k,C, [5.9]
r, = dCy/dt = k1C; — koG, [5.10]
r. = dC./dt = k2Cy [5.11]
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which yields:
C, = Coe™" [5.12]
Cb = Caoke(e™ — €*Y)/(ko-k+) [5.13]
C.=Casp0—-Ca—GCy [5.14]
where

ki , ko = pseudo-first order rate constants for first and second decomposition steps
based on carbon, respectively, min’*

C, = (DCP)., amount of DCP as carbon, mg C.L™

Cy = (Interme)., amount of intermediates as carbon, mg Cc.L’

C. = (CO,)., amount of inorganic carbon as carbon, mg Cc.L™

When DCP is completely destroyed, equation [5.10] can be simplified and the k;
value can be determined by:
Cy

bc

In(

)= =Ky (t~tyo) [5.15]

tyc = time required for 99% of DCP to have disappeared, min

Cyc = concentration of (Interme) at t,., mg Cc.L’

By following this mathematical model, the values of C,, C, and C. during time have
been calculated for each of the processes. In the present case, t,; has been set to 30 min.
Table 5.21 summarizes values of ki and k, for the different processes. Comparing the
values of k; and k», the rate-determining step of mineralization of DCP is presumed to be
the second step. In the first step all the processes exhibit similar mineralizing rates, while
in the second step (mineralization of the formed intermediates) the mineralization rate of
single ozonation is significantly enhanced by the addition of UV radiation (150%), UV
combined with H,O, (110%) and especially by the addition of UV radiation and ferric ion
(330%).

Table 5.21. Pseudo-first order constants for the model developed by Ku et al. (1996) in the

degradation of DCP (values of R’ expressed between brackets)

Processes ky (min™) ko (min™)

05 0.0876 (0.99) 0.0057 (0.93)
05UV 0.0904 (0.95) 0.0142 (0.99)
04/H,0, (0.1:1) 0.0892 (0.93) 0.0051 (0.96)
0,/UV/H,0, (0.1:1) 0.0869 (0.94) 0.0120 (0.96)
04/UV/Fe(lll) (0.1:1) 0.0835 (0.94) 0.0245 (0.99)
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5.17.2. Biodegradability enhancement

Biodegradability
BODs/COD and BODs/TOC ratios. The variation of those ratios during time for all the
studied processes are shown in Graphs 5.133 and 5.134. The highest BODs/COD ratios

have been achieved after 30 minutes of treatment, when DCP was completely depleted

indicators used throughout the present work have been

from solution. Best ratios have been achieved by Os/UV/Fe (0.28) and single ozonation
(0.25). Maximum ratios are similar to those found for NB, however treatment time has
been reduced from 90 to 30 minutes. Highest BODs/TOC ratios have also been reached
after 30 minutes by O3/UV/Fe (0.52) and single ozonation (0.4), similar to NB as well. In
light of the experimental results and due to the small differences between O; and
O3/UV/Fe, single ozonation would be used to enhance the biodegradability of the DCP

solutions and the treatment time would be set to ca. 30 minutes.
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Graph 5.133. Comparison of the different processes for DCP removal — BODs/COD ratio
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Graph 5.134. Comparison of the different processes for DCP removal — BODs/TOC ratio

5.17.3. Cost estimation

As it has been already performed with NB, an estimation of costs has been made
in this section, regarding the operating costs for the processes that have been compared
in this section. Costs of reagents and electricity were shown in Table 5.8. Costs have
been calculated for 30 and 60 minutes of treatment and as the ratio to the amount of NB
removed and to the amount of TOC mineralized. Results are shown in Table 5.22. With
regard to kg of DCP removed, single ozonation shows the lowest costs while regarding kg
of TOC mineralized O3/UV/Fe is the most attractive option for DCP degradation. It has to
be pointed out that this cost would decrease if solar light was used. Compared to NB, cost

have been found to be ca. 2 times smaller.

Table 5.22. Comparison of costs among the studied processes

€/kg DCP rem | €/kg DCP rem €/kg Crem €/kg Crem
Processes ) ) ) )
(30 min) (60 min) (30 min) (60 min)
O; 3.77 7.53 57.96 53.82
05UV 3.99 7.98 56.63 40.21
03/H,0, (0.1:1) 4.00 7.97 75.23 65.06
03/UV/H,0, (0.1:1) 4.20 8.37 49.14 44 .85
O3/UV/Fe(lll) (0.1:1) 4.26 8.50 41.18 31.37
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5.18. ldentification of intermediates

The change of colorless initial solution to pinkish or yellowish indicates the
formation of reaction intermediates with aromatic structures. As it was commented in
section 5.12.4, the dechlorination at 100% of DCP conversion was not complete,
indicating the presence of chlorinated intermediates. Chlorobenzoquinone was identified
by means of HPLC as reaction by-product but contrary to a previous research (Abe and
Tanaka, 1997), chlorohidroquinone has not found among the formed intermediates. Qiu
and co. (2002) and Duguet and co. (1987) pointed out the existence of chlorinated
polymers. Hydroquinone, muconic acid and glycolic acid have been detected by Yu and
Hu (1994) in the ozonation of DCP solutions at pH 3. Monochlorophenols,
monochlorobenzenediols, dichlorobenzenediols, and several other organic chlorides were
identified by GC/MS in the ozonation of DCP by Qiu and co. (2002). Nevertheless, toxicity
of different dichlorophenols (among them, 2,4-DCP) solutions after ozonation has been
studied by Trapido and co. (1997) by using Daphnia magna 24 hours test, finding that
after an ozonation time that caused 90-95% reduction of DCP level, the ozonated samples

possessed only minor or even no advers effects to the organism Daphnia magna.

Samples were analyzed by means of HPLC to identify the products of the oxidation
of DCP. The standards used for the identification were: chlorohidroquinone, 4,6-
dichlororesorcinol, chlorobenzoquinone, hidroquinone, resorcinol, p-benzoquinone, formic

acid and oxalic acid. Among them, only chlorobenzoquinone has been clearly identified.

Ozonation : In Figures 5.7 and 5.8 the chromatograms corresponding to samples
after 10 and 25 minutes of the experiment DCP-O13, respectively, are shown. As it can be
seen, the peak at ca. 6.7 minutes, which was identified as chlorobenzoquinone,
disappeared after 25 minutes of treatment. At this time, less than 5% of the initial DCP
was present. Among the remaining compounds at this time, resorcinol is thought to have
been identified. The depletion of DCP and chlorobenzoquinone may account for the

increase of biodegradability observed at this time.
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Figure 5.7. Chromatogram corresponding to sample after 10 minutes of ozonation of
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Figure 5.8. Chromatogram corresponding to sample after 25 minutes of ozonation of
experiment DCP-0O13

O3/UV: With regard to the intermediates, there are two remarkable differences:

chlorobenzoquinone was not produced as intermediate, while new intermediates
appeared, which could not be identified (see Figure 5.9). When DCP was depleted from
solution, those intermediates were still present.

211



5. Experimental results - Discussion

Lli .053 2 ,4-Diclorofencl
;

»

10.00
Minutes

Figure 5.9. Chromatogram corresponding to sample after 21 minutes of treatment of
experiment DCP-OR1

15.00

03/UV/H,0;: Intermediates are rather similar to those found for the photolytic
ozonation. Chlorobenzoquinone was not produced as intermediate either, while new
intermediates appeared, which could not be identified. When DCP was depleted from

solution, those intermediates were still present as well. (see Figure 5.10).
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Os/UV/Fe: Intermediates were rather similar to those produced by single ozonation
(see Figure 5.11). Chlorobenzoquinone was detected as well, although the concentration

was seemed to be smaller. This compound was removed earlier from the solution: after 15
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minutes chlorobenzoquinone was not present. Thus, biodegradability between 15 and 30

minutes may be higher than by single ozonation.
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Figure 5.11. Chromatogram corresponding to sample after 10 minutes of treatment of

experiment DCP-ORF8
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Activated sludge processing has traditionally been the usual approach for the
treatment of municipal sewage and wastewater from many industrial activities. However, it
is not feasible to treat toxic or recalcitrant substances, since these reduce the
biodegradation performance and eventually could inhibit the process (Beltran et al.,
2000a).

Ozone or ozone-based technologies have been shown to effectively oxidize
recalcitrant compounds in wastewater to more readily biodegradable oxidation products
that can be treated using a conventional aerobic biological treatment (Sontheimer et al.,
1978; Marco et al., 1997; Ledakowicz and Gonera, 1999). In this sense, the interest in the
development of sequential chemical and biological processes for the treatment of
wastewater has considerably grown (Scott and Ollis, 1995, 1997). Thus, the need for
credible, useful engineering models for such an integrated flow system increases.
Previously, kinetic forms arising in simple reaction networks for treatment of recalcitrant
wastewaters initially containing non-biodegradable materials have been explored
(Esplugas and Ollis, 1996; Scott and Ollis, 1996), and those models shown to produce

results reflective of the modest quantitative literature available to date.

A central kinetic feature, previously unexplored, in engineering models of two-step
chemical followed by biological oxidation, is the potential impact of residual oxidant (e.g.
ozone or hydrogen peroxide) on the bioreactor performance. Ozone is known to be a
strong germicidal agent (Sulzer et al., 1959; Morris, 1975; Lezcano et al., 1999;
Rennecker et al., 1999), so ozone residuals could reduce the number of viable cells
present in the biological reactor. The concentration of ozone that kills bacteria has been
reported to be from 0.04 to 0.1 ppm (volume) by Stockinger (1959). Hamelin et al. (1978)
observed the killing capacity of ozone at concentrations higher than 10 ppm v. The
mechanism of inactivation of bacteria by ozone is still not well known. Studies on
Escherichia coli suggested that lesions to deoxyribonucleic acid (DNA) might be
responsible for killing of bacteria by ozone (Hamelin and Chung, 1974; Hamelin et al.,
1977, 1978). Other works pointed out that ozone destroys the function of the bacterial cell
membrane via oxidation of membrane components such as proteins and lipids (Scott and
Lesher, 1963; Komanapalli and Lau, 1996). The kinetics of disinfection with ozone has
attracted considerable attention during the last years (Perrich et al.,, 1975; Zhou and
Smith, 1994; Hunt and Marifias, 1997, 1999; Rennecker et al., 1999) for the rational

design of ozone disinfection contactors.
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The present study reports a new engineering model incorporating this “residual
oxidant effect” on the bioreactor in the integrated chemical/biological sequence. This
model is created by combining classical chemostat kinetics with a recent model for the
kinetics of ozone disinfection of wastewater treatment effluents applied to an activated
sludge system. This new model predicts the bioreactor performance under various
loadings of biodegradable intermediates, recalcitrant starting materials, and residual
oxidant (ozone in the present case). These results would help to identify the regimes
wherein a preconditioning of the bioreactor feed by an interposed air stripping operation
would be necessary to reduce the residual ozone oxidant (Beltran et al, 2000 a,b) would
be necessary. Similar models could be applied for other oxidants used in a chemical
pretreatment, e.g. hydrogen peroxide residuals derived from processes such as UV/H,O,,
03/H,0,, 03z/UV/H,O, or Fenton processes, which may be expected to have some

negative impact on the bioreactor performance.

6.1. Model Development.
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Cs© Cs®
S 0
G, Cos(g
Chem. Bio

A S — = CO,
krA: 03 de: 03
Ka, Os(l . 04
TA> 3
02 02

Figure 6.1. Scheme of the system and reactions taking place

As before (Esplugas and Ollis, 1996; Scott and Ollis, 1996; Esplugas et al., 2001),
a simple kinetic model based on consecutive reactions is used: a non-biodegradable
substance (A) is converted through ozonation in the chemical reactor into a single

biodegradable intermediate (S), which may be consumed in a later biological step (Figure

218



6. Sequential ozonation and biological oxidation of waste waters

6.1). Both chemical and biological reactor are considered continuous stirred tank reactors

(CSTR) for convenience here.

For the simulation, model solutions have been found by using a quasi-Newton

algorithm (Excel, Microsoft Office), with a precision of 10”° and convergence of 10°.

6.1.1. Mathematical model for the chemical reactor

The chemical oxidation kinetics for ozone reactions are taken as second order,
and predict oxidation reactor effluent levels for the three substances: A, S and ozone, the

variations of which with the reactor residence time (6¢) are given by equations [6.1-6.3]:

0
c Ca

Ci~=
146 (K +kaa )CG,

[6.1]

Cc _ GCkrAcg3

_ c _ eckrACg3 g C%
® 1+6ck,sCS,

P 1+60k,sCS, 1466 (ke +Kgn )CS,

[6.2]

ecDo3

c _ . -
1+6, |_(krA +de)Cf\ "'krngJ

O3

[6.3]
where ozone dose rate Dojs is defined as:
05

_G c
D03 ‘V_C(CO Cos(g>)

From [6.1], [6.2] and [6.3] we obtain a cubic equation for Cos° [6.4]:

D,
B0 814B)- o~ ~CBIES, -[(148)+6.C3(2K o)~k B F -(BkaB)G, 7 =0

rS Cc™rs
[6.4]

+
where B :M.

rS

For the simulation, the following values or ranges of values for each variable have
been considered: C’ = 5 mol.m™; Doz = 3-10 mol.m?>.h"" and ks, ks, kga = 10% - 107
m3.mol™".h™ (Yao and Haag, 1991, see Table 6.1)
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Table 6.1. Rate constants for direct reaction of ozone with some potential organic drinking

water contaminants.

Compound Name Koz (m°.mol™.h™)
Lindane <144
Trichloroethylene 5.4.10°
Hexachlorocyclopentadiene 3.2.10°
Endrin <72
m-Dichlorobenzene 2052
PCB’s 180-3240
Carbofuran 2.2.10°
Azobenzene 7.9.10°
Aldicarb 1.6.10° - 1.6.10°
2,4-D 4000
2,4,5-TP 3.2.10°
Atrazine (2.2-8.6).10"

6.1.2. Mathematical model for the biological reactor

A new engineering kinetic model incorporating the “residual oxidant effect” on the
bioreactor in the integrated chemical/biological oxidation sequence is developed here by
combining classical chemostat kinetics (Bailey and Ollis, 1986; Esplugas and Ollis, 1996;
Scott and Ollis, 1996) with a new model for the kinetics of ozone (Hunt and Marifias,
1997, 1999). To make the model simpler, we assume that no reaction of A takes place in

the bioreactor (it is not biodegradable, nor does it react appreciably with ozone).
a) Classical chemostat kinetics

The use of a continuous stirred tank reactor to extend the duration of culture of
microbes was developed in the 1950s by Novick and Szilard, and Monod. The realization
that a CSTR could be used to maintain microbial growth at steady state value, which
could be varied from any growth rate up to the maximum p.x was an important advance
(Bailey and Ollis, 1986; Blanch and Clark, 1996; Grady et al., 1999). The growth rate
model used is the one developed by Monod (Monod, 1950) based on the observations of
the growth of E. coli at various glucose concentrations, where it is assumed that only one
substrate (the growth-limiting substrate, S) is important in determining the rate of cell

proliferation.
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no.S
e max 65
H-KFE [6.9]

where pnax is the maximum specific growth rate of the cells and Ks is the value of the
limiting nutrient concentration, which results in a growth rate of half the maximum value.
Values of umax vary with the type of organism and the value of Ks depends on the nature
of the substrate. This simple model has been shown also to model activated sludge
kinetics (more complete forms including endogenous and exogenous metabolism are also

known).

The mass balances for the viable biomass (N) and substrate (S) in a CSTR are

presented below [6.6-6.7]:

oN_F

—(Ny —=N)+uN=0 6.6
at VB( 0 )+ [6.6]
dS F 1
—=—(S, -9)- N=0 6.7
at VB( 0 ) YN/sp [6.7]

At steady state and when the feed stream is sterile (Ny=0) two solutions are possible:
NSS= 0 or Mss= F/VB= D

For the second solution and using the Monod equation, the following expressions can be
applied to determine the concentration of S and viable biomass in the outlet of the

biological reactor:

DK
S¢s = — [6.8]
Moo —D
DK
Ngs = Yys(S _—_SD) [6.9]

max

b) Hunt and Marifias model (Hunt and Marifas, 1999)

These authors investigated and modeled the apparent chemical and inactivation
reactions taking place during the disinfection of Escherichia coli with ozone in the
presence of humic acid (representing organic matter). The authors introduced a new
variable, X, for the concentration of “fast” ozone demand constituents in E. coli cells

(number of reactive groups, e.g., double bonds C=C in cell membrane). A relationship
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between the batch cell inactivation kinetics and the kinetics for the reaction between
molecular ozone and the fast-reacting portion of E. coli cells was established. At initial

time, this relationship is stoichiometric,
X, =a,N, [6.10]

but is found to evolve non-linearly over time:

R

where k; is the second order inactivation rate constant of the reaction of living cells with
ozone:

dN

—=-kC2N 6.12
dt T [6.12]
and kyx is the second order rate constant for the reaction of ozone with the fast ozone

demand groups:

B

dtol =-k,Cg X [6.13]

The value of k; was found to be 138 L.mg™.s™ at 20°C and the quotient ki/k, equal
to 80 for E. coli by Hunt and Marifias (1999). Lezcano et al. (1999) also found for the
inactivation of six bacterial strains by ozone to be represented by a second order kinetic

expression depending on both dissolved ozone and microorganism concentration.

It was also found that only a 5.6% loss of the fast-reacting constituents in E. coli
corresponded to 99% inactivation of this microorganism. That means that this variable (X)
can be considered almost constant and the balance of ozone can be simplified by setting
the production rate of X proportional to the growth rate of viable cells at all the times. The
value of o, was found to be 1.62.10® O; molecules/CFU, similar to the value found by
Scott and Lesher (1963), who reported that at a concentration of ozone that kills 50% of a
culture, the number of molecules of ozone consumed per bacterium killed was

approximately 2.10".
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¢) Mathematical model for the biological reactor

A model, which is derived from the combination of the chemostat equations and
the model of the bacterial inactivation kinetics of ozone developed by Hunt and Marinas, is
presented below. Mass balances for ozone, S, fast ozone-demand constituents (X) and

viable cells (N) are presented in equations [6.14-6.17], respectively:

D (cg3 - 033) = kXC&X + krsc(‘;csB [6.14]
B
D (Cy —CS)=“‘“LCSB N +kCo, Cs [6.15]
KS +CS YN/S

B
DX:E%EN(;—@C(&X [6.16]
S S

(It has to be considered the contribution to X from all (viable + dead) cells, because even

dead cells still have reactive groups towards ozone, per Hunt and Marifias data (1999)).

B
D= umaszB —k,CP [6.17]
I<S +CS ’
From [6.17],
B
D+kCE = HmCs [6.18]
' I<S +CS

and the concentration of S in the outlet as a function of the concentration of ozone is:

K (D+k,Cy
Cs = Dk, 033 [6.19]
l"’max _(D +kiCO3)
From [6.15], [6.18] and [6.19] the concentration N of viable cells as a function of ozone

concentration can be obtained:

N= D Cs Yys _ Yys D+ krSC& ) Ky
D +kicg3 “’max _(D+kicg3)

[6.20]

From [6.16] and [6.18] the concentration of fast ozone demand groups, again as f(Cos°) is:
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D+k.Cg
_ (D+kGo,) ?;) [6.21]
(D +kyC8 )
and from [6.14], [6.18] and [6.21] an expression for the concentration of ozone Cos° in the

bioreactor outlet stream:

D MG _H kNe | kK 6.22]
(D+kCo)HCo, H D+kC3) myp —(D+KkCP)

Simplified model

To simplify the system, we first consider that the reaction of S with ozone is
unimportant (S disappears mainly through reaction with biomass). The resultant, simplified
equations obtained for the concentration of cells, fast ozone demand constituents and
ozone are [6.23-6.25]:

: :
N=LN/SBECC Ks O [6.23]

D+kCo 0" H mw H,0

5 PG H g

x=D o _iH [6.24]
k i

[6.25]

. H
(D +kyCs,) FCo, 1%%&%

kx  HCos umiax_
ﬁ D +k,Co,

I:D:DI:II:II:EI

These equations can be further simplified by considering the limiting cases where
kiCo3B >>D or kiCo3B << D.

For the simulations, the following literature ranges of values have been considered
for the variables (in brackets, chosen values): pmax = 0.5-1.22 h™* (0.8) (Blanch and Clark,
1996); Ks= 0.01-0.05 mol.m™ (0.02) (Nielsen and Villadsen, 1994; Blanch and Clark,
1996); Yns = 1.6.10™° = 2.2.10™"° mol cells.mol” S (1.9.10) (Nielsen and Villadsen,
1994); N = 10" = 10 mol cells.m™ (Bailey and Ollis, 1986); k; = 10° - 2.4.10” m*.mol".h"’
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(2.4.10* and 2.4.10") (Hunt and Marifias, 1997, 1999; Lezcano et al., 1999); kx = ki/80
(Hunt and Marifias, 1999); ks = 10* — 10" m®>.mol™".h" (10%)

6.2. Calculated Results and Discussion

6.2.1.Results for the chemical reactor

For the variable range shown, among the three roots of the cubic equation [6.4]
are two negative and one positive solutions; only the latter has physical meaning. Results
for an arbitrary chosen residence time of 0.8 h are presented in Table 6.2 for various
ozone dose rates (Do3). Graphs 6.1 to 6.3 illustrate the evolution with the residence time
of Cos®, Ca° and Cs® when the kinetic constants are taken to be 10* m®>.mol’.h™. At a
constant dose rate, no differences are observed when the ozone kinetic constants are
increased to 10”7 m®mol™.h”" with regard to Cs® and Ca®, while Co:° decreases in a

complementary fashion (Figures not shown).

Table 6.2. Evolution of the main variables in the chemical reactor with the dose of ozone.

Ozone dose Kk a=K,s=Kga=k Cos~ Ca’ Cs*

(mol.m>.h™) (mol.m™) (mol.m™) (mol.m™) (mol.m™)
3 10° 4.57.10 2.887 0.773
3 10° 4.59.10° 2.884 0.774
3 10" 4.59.10° 2.884 0.774
5 10° 1.13.10” 1.777 0.845
5 10° 1.14.10" 1.770 0.845
5 10" 1.12.10” 1.789 0.846
10 10° 0.62 0.0497 0.0487
10 10" 0.502 6.2.10" 6.2.10"
10 10’ 0.5 ~0 ~0

As it can be observed, the concentration of ozone grows with the residence time,
as the reactants disappear and the ozone dose rate remains constant. As it was expected,
the disappearance rate of A increases with the dose of ozone. It can also be seen that the
intermediate S presents a maximum. This maximum appears earlier when the dose of
ozone is increased. S goes to zero as a consequence of a second order kinetics and a

constant ozone dosing rate.
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Graph 6.1. Ozone concentration (Cogc) vs. residence time for ozone doses rates of 3, 5 and
10 mol.m>h™ (k = 10* m*mol™.h™)
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Graph 6.2. Concentration of A (CAC) vs residence time for ozone doses rates of 3, 5 and 10
mol.m2.h™* (k=10 m".mol™.h™)
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Graph 6.3. Concentration of S (Csc) vs. residence time for ozone dose rates of 3, 5and 10

mol.m>h™ (k = 10° m® mol™.h™)

6.2.2. Results for the biological reactor

Two cases are considered for the modeling of the biological reactor. In the first
one, we assume that no reaction of S with the ozone present in the system takes place
(equations [6.19] and [6.23-6.25]). The second case adds this reaction in the system
(equations [6.19-6.22]). For the simulation of both cases we take the solution of the
chemical reactor to receive an ozone dose of 5 mol.m™>.h" and the kinetic constants to
have a value is 10* m>.mol™.h™ with regard to Cs®, but changing the concentration of
ozone in the inlet of the biological reactor (or outlet of the chemical reactor) to test its

impact in the performance of the biological reactor.

Three solutions are found for equation [6.25], of which two are positive and within
15% of each other. In Table 9.3 the results for the smaller one are presented. Graphs 6.4
to 6.7 show the evolution of C2, Cos®, N and X with the residence time for an inlet
concentration of ozone (Cos°) between 5.10° and 0 mol.m™ when a value of k; equal to

2.4.10* m®.mol”".h" is used.
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Table 6.3. Results not considering the reaction of S with the ozone present in the system.

[O3] inlet Ki Res. N® [1-(N/Nmax)]x100 X 1-(X/Xmax)x100 [O3] outlet
(mol/m® | (mmol*h™) | Time® (h) | (mol.m™®) | (%cells killed) | (mol.m®) | (% fod destroyed) | (mol/m?
10 2.4.10" 7 3.8.10™" 78.1 0.0245 4.3 5.6.10°
10° 2.4.10" 7-8 3.8.10" 78.1 0.0245 4.3 5.6.107
510" 2.4.10" 4-6 6.2.10™" 61.3 0.0251 1.95 2.8.10"
5.10™ 2.4.10" 4-6 6.2.10" 61.3 0.0251 1.95 2.8.107
10 2.4.10" 1.9 1.2.107"° 23.8 0.0255 0.39 510"
10" 2.4.10" 2 1.2.10™ 23.8 0.0255 0.39 510"
5107 2.4.10" 1.7 1.4.10™" 13.1 0.0256 0 2.5.10"
10™ 2.4.10" 1.4 1.6.10"° 3.1 0.0256 0 5.4.10°
o | 1.3 1.6.10"° 0 0.0256 0 0
)Earliest non-washout residence time.
@N corresponding to the plateau value for high residence times.
B x corresponding to the plateau value for high residence times.
0,9
0,8
0,7 |
Cos=0
. 0,6 /
mg 05 Co:0=10°"
I
£ 0,4 Coso=5x107°
()]
(@]
0,3 |
COBC (o} -4
0,2 c03 =5x10"
/ 0:°=10"
0,1 4
0 ; -
0 15 20 25 30
Resndence time (h)
Graph 6.4. Concentration of S (Cs°) vs. residence time (k; = 2.4x10* m®*mol™.h™)
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Graph 6.5. Concentration of 0zone (Co3°) vs. residence time (k; = 2.4x10*m®mol™.h™)
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Graph 6.6. Concentration of viable cells (N) vs. residence time (k; = 2.4x10* m*.mol™*.h™)
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Graph 6.7. Concentration of fast ozone demand groups (X) vs. residence time (k; = 2.4x10*

m®molth™)

In these graphs it can be noticed that as the concentration of ozone in the inlet of
the biological reactor increases, there is a larger range of dilution rates for which there is
no solution (wash-out), and the system has a useful solution (Cs° >0) only at higher
residence times. It can also be seen that as the concentration of ozone increases,
differences between N and N.x (when there is no ozone in the system) become more
important: when the inlet concentration of ozone is 10 mol/m3®, the amount of live
biomass has been decreased in about 78%, whereas at 5.10™ and 5.10° mol/m? it has
been reduced in 61% and 13%, respectively. Differences in X are smaller, verifying the
assumption of considering X almost constant (and therefore X production rate is
proportional to N growth rate). Even more simplified expressions could be applied if the
inlet concentration of ozone is higher than 10° mol/m® (0.48 ppm) or smaller than 5.10°
mol/m>® (0.0024 ppm), where the assumptions that k.Cos® >> D and k.Cos® << D,

respectively, are valid.

For the second case (adding the reaction of S with ozone), only one positive root
of equation [6.22] exists. Results are presented in Table 6.4. Graphs 6.8 to 6.11 show the
evolution of C.8, Cos®, N and X with the residence time for an inlet concentration of ozone

(Cos”) between 5.10° and 0 mol.m™ when a value of k; = 2.4.10* m®.mol™.h"" is used.
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Table 6.4. Results considering the reaction of S with the ozone present in the system

[O3] inlet ki Res. N 1-(N/Nmax)x100 x¥ 1-(X/Xmax)x100 [O3] outlet
(mol/m® | (mmol*h™) | Time® (h) | (mol.m™®) | (% cells killed) | (mol.m?®) | (% fod destroyed) (mol/m?)
10 2.4.10" 1.3 3.5.10™" 78.1 0.0242 5.5 6.1.107
10” 2.4.10" 1.3 8.7.10™" 45.6 0.0253 1.2 1.4.10°
10™ 2.4.10" 1.3 14107 12.5 0.0256 0 2.10”
10™ 2.4.10" 1.3 1.6.10™" 0 0.0256 0 2.1.10°
o | 1.3 1.6.107" 0 0.0256 0 0

" Earliest non-washout residence time.

@N corresponding to the plateau value for high residence times.

B x corresponding to the plateau value for high residence times

0,9
018 = \COBC=0
0,7 Cos°=10
o~ 06 - ®
E
E 051 \
é 0,4 o]
o 2 CosC=10"
© 03] \4
0.2 1 Cos®=10 Cos®=10"
011 | L /
O T T T T T T T
0 2 4 6 8 10 12 14
Residence time (h)

16

Graph 6.8. Concentration of S (Cs°) vs. residence time (k; = 2.4x10* m®.mol™.h™)
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Graph 6.9. Concentration of 0zone (Cos”) vs. residence time (k; = 2.4x10* m*®.mol™.h™)
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Graph 6.10. Concentration of viable cells (N) vs. residence time (k; = 2.4x10* m®*mol™.h™)
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Graph 6.11. Concentration of fast ozone demand groups (X) vs. residence time (k; = 2.4x10*

m®molth™)

From these graphs it can be seen that although increasing the inlet concentration

of ozone in the inlet of the biological reactor, no significant differences are found between

the earliest times for which non-washout solutions appear. The shape of the curve

representing the concentration of ozone as a function of the residence time in the

biological reactor changes with respect to the first case, presenting a maximum

corresponding to the time when almost all S has been oxidized. Then, the concentration of

ozone begins to decrease as ozone reacts with the biomass present (N begins also to

decrease). Important result is variation of N (thus bioreactor performance) with time.
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Related to the previous conclusion, no effect is observed while S is present and start
decreasing when almost all S has been consumed. As the inlet concentration of ozone
increases, differences between N and N, become more important: when the inlet
concentration of ozone is 10 mol/m® the amount of biomass has been diminish in 75%,
whereas at 10 mol/m® it has only been reduced in 12%. Significant differences between

X and Xpax Or Cs° and C¢°ax are not observed.

Results of the combined chemical and biological reactor process for the first and
second case are presented in Tables 6.5 and 6.6, respectively. Those derived from an
ozone dose in the chemical reactor of 10 mol.m>h" are not presented, as the
concentration of ozone in the inlet of the biological reactor is too high and a wash-out

situation is observed in the second reactor.

From the results of this investigation,

- A simulation model has been developed for prediction of A (pollutant), S
(biodegradable intermediate), N (viable cells), X (fast ozone demand groups) and
ozone (dissolved) vs. residence time in a bioreactor in presence of ozone

residuals.
- The effect of ozone residual is increasingly important as ozone increases.

- Depending on the value of the kinetic constant for the reaction of the substances
with ozone, the general case can be simplified by assuming that the reaction of S

with the ozone present in the bioreactor is unimportant.

- This model would allow predicting when or if an intervening ozone stripper is

needed between the ozonation reactor and the bioreactor.

- Similar models could be applied for other oxidants used in chemical pretreatment,

e.g. hydrogen peroxide.
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Table 6.5. Summary of the results of the chemical reactor + biological reactor (not considering the reaction of S with ozone)

Ozone dose [ kia=ks=kga=k | Coz" ™ CatW cstW Ki N @ N®@ % killed X @ Coz @ cs@
(mol.m®h™) | (mol.m® |(mol.m?® | (mol.m® | (mol.m?® | m*mol™h™) [ (mol.m®) | (cells.L™| cells® | (mol.m® | (mol.m?® | (mol.m?®
3 10° 46.10° 2.88 0.77 2.4.10° 1.3.10™"° | 7.8.10" 14% 0.0234 2.7.10” 0.0128
2.4.10' 1.3.10™ | 7.8.10" 14% 0.0234 2.7.10™° 0.0128
3 10’ 46.10° 2.88 0.77 2.4.10° 14710 | 8.9.10°¢ 0% 0.0235 2.7.10™" 0.001
2.4.10 1.47.10"°| 8.9.10" 0% 0.0235 0 0.001
5 10° 10™ 1.77 0.85 2.4.10° 6.2.10"" | 3.7.10" 24% 0.0255 5.10" 1.47.10”
2.4.10' 6.2.10™" | 3.7.10" 24% 0.0255 5.107° 1.47.10°
5 10’ 107 1.79 0.85 2.4.10° 1.6.10™ | 6.0.10™ 0% 0.0256 (5.107) 0.001
2.4.10' 1.6.10" | 6.0.10" 0% 0.0256 (0) 0.001
™) For a residence time in the chemical reactor of 0.8 h.
@ For a residence time in the biological reactor of 24 h.
Table 6.6. Summary of the results of the chemical reactor + biological reactor (considering the reaction of S with ozone)
Ozone dose | ka=k;s=kga | Cosz~ Ca~ ¥ Cgs- W Ki N @ N @ % killed X @ Cos ¥ Cs®
(mol.m>h™) | =k mol.m™®) | (mol.m™®) | (mol.m™®) | (mol.m®) | (m® mol™h™) | (mol.m®) | (cells.L™) | cells® | (mol.m®) | (mol.m™® | (mol.m?)
3 10" 46.10” 2.88 0.77 2.4.10" 1.39.10"° | 8.3.10" 5% 0.0235 | 1.02.10" | 1.17.10”
3 10’ 4.6.10° 2.88 0.77 2.4.10° 147107 | 8.9.10" 0% 0.0235 0 1.10.10”
5 10" 10™ 1.77 0.85 2.4.10" 14107 | 8.4.10" 13% 0.0256 2.10” 1.24.10”
5 10’ 10" 1.79 0.85 2.4.10" 1.6.10"° | 9.6.10" 0% 0.0256 0 0.001

") For a residence time in the chemical reactor of 0.8 h.

@ For a residence time in the biological reactor of 24h
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7.1. Conclusions.

The results obtained in the study have allowed to formulate the following

conclusions:

1)

2)

3)

4)

5)

6)

Advanced Oxidation Processes based on ozone have shown to be efficient in the

degradation and biodegradability enhancement of NB and DCP aqueous solutions.

NB removal rates ranged from 37 mg.min™ (at 4.1 g.h™ ozone production) to 78
mg.min™ (at 14.6 g.h™* ozone production), whereas DCP removal rate ranged from
80 to 127 mg.min™ at 4.1 and 7.4 g.h™ ozone production, respectively. Thus, DCP

removal rate was found to be ca. 2 times higher than NB.

Stoichiometric coefficients of the reaction of ozone with NB and DCP have been
estimated to be ca.4.0 and 2.7 mol Oz consumed per mol of compound removed,

respectively.

Regarding the effect of pH in single ozonation, this variable seemed not to have an
important effect on the removal of NB within the studied range (3 to 9). Only at pH
9 the ozonation of NB was slightly inhibited. However, in the case of DCP
solutions, an enhancement of the removal and mineralization rate was observed

when pH was increased.

The evolution of the concentration of both substances has been adjusted to a first-
order kinetics with respect to the pollutant concentration. Pseudo-first order kinetic
constants of single ozonation have been found to be ca. 3 times higher for DCP
than NB. The withdrawing character of the nitro group, which depletes the
aromatic ring from electron density, may account for this behavior. When the initial
concentration was doubled, these constants were reduced to half its value. Values
of pseudo-first order kinetic constants are in the order of magnitude of those found

in the literature.

Both carbonates and t-BuOH showed a great inhibition effect on the ozonation of
NB solutions, pointing out the importance of the radical pathway in the removal of
this compound at the testing conditions. On the other hand, no effect was
observed in the removal rate of DCP solution when t-BuOH was added to the
system: at low pHs, ozonation of DCP proceeds through reactions with molecular

ozone.
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7) Single ozonation showed to be effective to enhance the biodegradability of NB and
DCP solutions. In the case of NB solutions, BODs/COD and BODs/TOC ratios were
increased from 0 to 0.27 and 0.5 respectively, after an ozone dose of 0.25 g.L™
(corresponding to 60 minutes of treatment). With DCP solutions, those ratios were
improved from 0 to 0.25 and 0.4 respectively, after an ozone dose of 0.12 g.L™ (30
minutes of treatment). Highest BOD values have been observed when these
compounds were removed from solution. This behavior could be attributed to the
inhibition character of both substances and/or that byproducts formed at initial time

are not easily biodegradable, requiring further oxidation.

8) Optimum treatment times for a combined ozonation pre-treatment and biological
oxidation process have been found to be ca. 30 and 60 minutes for DCP and NB,
respectively, under the tested conditions. In the case of DCP solutions, this pre-
ozonated effluent was fed to aerobic reactors, showing that sludge coming from a
municipal waste water plant could be suitable for the treatment of the pre-treated
solutions. A percentage of TOC removal of up to 80% has been achieved by

means of the coupled ozonation-biological oxidation of DCP solutions.

9) The addition of hydrogen peroxide to single ozonation of NB and DCP solutions
showed no effect in the removal rate nor in the biodegradability of these solutions.
With regard to the degree of mineralization, it was found to increase with the

hydrogen peroxide concentration.

10) The combination of ozone with UV radiation did not improve the removal rate nor
biodegradability achieved by single ozonation. Regarding the mineralization of
these solutions, the addition of UV light slightly increased the percentage of TOC
removed in case of DCP solutions, whereas no enhancement was observed in

case of NB.

11) The addition of both UV radiation and hydrogen peroxide increased significantly
the degree of mineralization achieved by single ozonation, from ca. 40 to 65%
after 120 and 90 minutes of treatment in case of NB and DCP, respectively. No

increase was observed in the removal rate and biodegradability.

12) The combination Os/UV/Fe(lll) showed the best degrees of mineralization with
both compounds. Compared to single ozonation, the percentage of TOC removed
was increased from ca. 40 to 80% after 120 and 90 minutes of treatment in case of
NB and DCP, respectively. Photodecarboxilation of ferric ion complexes, Fenton

chemistry and reactions of aqueous ferric ions with UV light may account for this
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improvement. When UVA was used instead of UV light, degree of mineralization
was enlarged up to 90%. This combination seemed to slightly increased the

biodegradability of DCP solutions.

13) To enhance the biodegradability of NB and DCP solutions single ozonation
showed to be the most proper process, whereas to mineralize these solutions the

use of the combination Os/UVA/Fe(lll) is proposed.

14) The three isomers of nitrophenol and nitrocatechol have been identified among the
intermediates generated in the treatment of NB solutions. Chlorobenzoquinone
has been detected when DCP solutions where treated by means of single

ozonation and Os/UV/Fe.

15) Operating costs for the treatment of NB and DCP by means of these AOPs have
been found to be ca. 13 €/kg NB removed (after 60 minutes) and 4 €/kg DCP (after
30 minutes) removed for all the tested processes. With regard to TOC, Oz/UV/Fe is
the most attractive option, with ca. 63€ and 41€/kg TOC removed for NB and DCP,

respectively.

16) A simulation model has been developed for prediction of A (pollutant), S
(biodegradable intermediate), N (viable cells), X (fast ozone demand groups) and
ozone (dissolved) vs. residence time in a bioreactor in presence of ozone
residuals. This model would allow predicting when or if an intervening ozone

stripper is needed between the ozonation reactor and the bioreactor.
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7.2. Recommendations

- The combination O3z/UV/Fe has shown to be very effective in the mineralization of NB
and DCP solutions. Further investigation should be carried out within this field,
concerning for example to:

= The use of solar light instead of UVA lamps

= The use of other catalysts instead of iron to work in a broader range of pH

- To follow the concentration of dissolved ozone throughout the experiment to perform

kinetic calculations.

- To identify the unknown intermediates to establish a possible mechanism of reaction and

relate to changes in the biodegradability of solutions.

- To carry out further investigation in the coupling of AOPs and biological processes,
especially regarding:
= The use of other operating conditions (pH, ozone production, hydrogen
peroxide or iron concentration...) to improve biodegradability of solutions
= To upgrade the reactor configuration for the biological process.
= To set up an experimental installation for the coupled ozonation-biological

oxidation working in continuous to check the developed mathematical model.

- To apply similar models to the one developed for biological reactors working in presence
of residual ozone to other oxidants used in chemical pre-treatment, e.g. hydrogen

peroxide.

- To model the mass transfer of ozone by means of a venturi injector

240



8. Glossary

8. Glossary

241



8. Glossary

242



8. Glossary

Symbols Unit

a Volumetric interfacial area m2.m™

C Concentration (in general) mg.L”’

CA Concentration of A in the inlet of the chemical mol.m™
reactor

Ca® Concentration of A in the outlet of the biological mol.m™
reactor

Ca° Concentration of A in the outlet of the chemical mol.m™
reactor

Ca Bulk concentration of ozone in the gas phase mg.L”

C. Bulk concentration of ozone in the liquid phase mg.L”

C/ Liquid concentration of ozone in equilibrium with mg.L™

the bulk gas concentration

Cos(g) Ozone concentrat. in the gas stream in the inlet mol.m™
of the chemical reactor

Cosg)’ Ozone concentration in the gas stream in the mol.m?
outlet of the chemical reactor

Co3’ Ozone concentrat. in the liquid stream in the inlet mol.m™
of the chemical reactor

Cos® Ozone concentration in liquid stream in the outlet mol.m™
of the biological reactor

Cos° Ozone concentration in liquid stream in the outlet mol.m™
of the chemical reactor

Cg? Concentration of S in the inlet of the chemical mol.m™
reactor

Cs? Concentration of S in the outlet of the biological mol.m>
reactor

Cs° Concentration of S in the outlet of the chemical mol.m™
reactor

D =1/8g = dilution rate h”

Dos Diffusion coefficient m?.s™

Dos Ozone dose mol Os.m>.h"

F Volumetric flow rate of the liquid stream m3.h’

G Volumetric flow rate of the gas stream m>.h’

kg Gas film mass transfer coefficient m.s™
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kL
KLa
kI'A! de

krSy de

Ks
kx

Inactivation rate constant of the reaction of cells
with ozone

Liquid film mass transfer coefficient

Over-all mass transfer coefficient

Second order kinetic constants for the reaction of
ozone with A

Second order kinetic constants for the reaction of
ozone with S

Half-velocity constant

second order rate constant of the reaction of
ozone with the fast ozone demand groups
Specific mass transfer rate or mass flow rate
Concentration of cells

Mols of species M

Modulus of the density flux vector

Correlation coefficient

Concentration of substrate in Monod model

Time

Temperature

Volume of the biological reactor

Volume of the chemical reactor

Absorbed radiation flow

Concentration of fast ozone demand groups

Yield coefficient

Greek alphabetic

0]

IJmax

B8
B¢

Quantum yield

Wavelength

Absorption

Specific growth rate

Maximum specific growth rate
Residence time in the biological reactor

Residence time in the chemical reactor

m3.mol”.h”’

m.s™

S—1

m3.mol”.h’

m®.mol™.h’

mol.m™

m®.mol™.h’

mg.L™".s”
mol.m™
mol

Einstein.m?.s™

mol.m™

min

°C

m3

m3

Einstein.s™

mol.m™

mol cells produced.

mol” S consumed

Unit

mol. mol photon™ =
mol.Einstein™

nm

cm’’
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Abbreviations

AOP
BOD
COD
DCP
DOC
HPLC
HTR
M

NB
OFX
OPX
ORFX
ORPX
ORX
OX
TOC
TSS
TVSS
uv
ww

Unit
Advanced Oxidation Processes
Biological Oxygen Demand mg O,.L"
Chemical Oxygen Demand mg O,.L
2,4-dichlorophenol
Dissolved Organic Carbon mg C.L"
High Performance Liquid Chromatography
Hydraulic Retention Time day, hour
Molar mol.L™
Nitrobenzene
Experiments with the combination Os/Fe(lll)
Experiments with the combination O5/H,0,
Experiments with the combination O3/UV/Fe(lll)
Experiments with the combination O;/UV/H,0,
Experiments with the combination O,;/UV
Experiments of single ozonation
Total Organic Carbon mg C.L"
Total Suspended Solids gL’
Total Volatile Suspended Solids gL’

Ultraviolet

Waste water
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9.1. Publications

- CONTRERAS, S.; RODRIGUEZ, M.; AL-MOMANI, F.; SANS, C. and ESPLUGAS, S.
(2002) “Contribution of the ozonation pre-treatment to the biodegradation of aqueous

solutions of 2,4-dichlorophenol”, Water Research (submitted)

- CONTRERAS, S.; OLLIS, D.F. and ESPLUGAS, S. (2002) “Sequential ozonation and
biological oxidation of wastewaters: a model including biomass inhibition by residual

oxidant”, Ozone Sci. & Eng. (in press)

- ESPLUGAS, S.; CONTRERAS, S. and OLLIS, D. (2001) “Simple kinetic models for the
evaluation of BOD and COD in chemical oxidation treatments”, Chemie Ingenieur
Technik, 73 (6), 606.

- CONTRERAS, S.; RODRIGUEZ, M.; CHAMARRO, E. and ESPLUGAS, S. (2001) “UV-
and UV/Fe(ll)-enhanced ozonation of nitrobenzene in agueous solution”, J. Photochem.
Photobiol. A: Chemistry, 142 (1), 79-83

- CONTRERAS, S.; RODRIGUEZ, M.; CHAMARRO, E.; ESPLUGAS, S. and CASADO, J.
(2001) “Oxidation of nitrobenzene by O3/UV: The influence of H,O, and Fe(lll).
Experiences in a pilot plant”, Water Sci. & Technol., 44 (5), 39-46.

9.2. Communications

- 9" Mediterranean Congress on Chemical Engineering (Barcelona (Spain), November 26-
29, 2002): “Ozonation as a pre-treatment to improve the biodegradation of aqueous 2,4-

dichlorophenol solutions”, poster presentation

- 8" International Conference on Advanced Oxidation Technologies for Water and Air
Remediation (Toronto (Canada), November 17-21, 2002): “Effect of ozone-based
Advanced Oxidation Processes in the biodegradability of aqueous 2,4-dichlorophenol

solutions”, oral presentation

- International Ozone Association 15" World Congress (London (UK), September 10-15,
2001): “Sequential ozonation and biological oxidation of wastewaters: a model including

biomass inhibition by residual oxidant”, oral presentation
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- 2" European Workshop on Water, Air and Soil Treatment by Advanced Oxidation
Technologies (Poitiers (France), February 28- March 2, 2001): “Sequential ozonation and
biological oxidation of wastewaters: a model including biomass inhibition by residual

oxidant”, oral presentation

- 2" International Conference on Oxidation Technologies for Water and Wastewater
Treatment (Clausthal-Zellerfeld (Germany), May 29-31, 2000): “Oxidation of nitrobenzene
by O3/UV: The influence of H,O, and Fe(lll). Experiences in a pilot plant”, oral

presentation.

- 8" Mediterranean Congress on Chemical Engineering (Barcelona (Spain), 10-12
November 1999): “Oxidation of nitrobenzene by ozone and its combination with H,O, and

Fe(lll): Experiences in a pilot plant”, poster presentation.
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