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Abstract

A study within the field of water treatment has been performed, using advanced oxidation
processes, namely the heterogeneous dark- and photo-Fenton processes. The applied catalysts
were two iron doped zeolites, ZSM-5 (Fe/MFI) and Beta (Fe/BEA).

The treatment of water polluted by paracetamol was studied using a combination of methods
of analysis. The degradation of the paracetamol molecule was analyzed by HPLC, while the
concentration of aqueous organic pollution was evaluated with total organic carbon (TOC).
The oxidant consumption and the magnitude and the activity of leached iron were also
investigated.

The kinetics of the experiments varied with the investigated parameters and clear trends were
not found, however the three major events were proposed to occur; the oxidation of the
aqueous and adsorbed organic molecules, the continuously changing equilibrium between
aqueous and adsorbed phase, and the formation of iron-organic-intermediate complexes. The
major difference compared to former studies on paracetamol was that the adsorption on the

zeolites had a large impact on the kinetics of the processes.

A complete degradation of the paracetamol molecule was obtained in every experiment within
5 to 180 minutes, while the degree of mineralization reached 20-70% in five hours. When
going from dark- to photo-Fenton an increase in TOC conversion was observed for both
zeolites. The magnitudes were between 15-40% for the Fe/MFI and 14-19% for the Fe/BEA.
On the other hand, the increase of oxidant (H,O) concentration affected the TOC
concentration of the zeolites differently. The TOC conversion increased between 20-30% for
the Fe/MFI while it decreased (between 1-5%) for the Fe/BEA. The activity of the leached

iron was of a larger magnitude for the Fe/BEA zeolite than for the Fe/MFI.

The highest degree of mineralization, after five hours of oxidation, based on the liquid phase
was found to be 68% for the photo-Fenton reactor setup using the Fe/MFI as catalyst at 30°C
and an oxidant amount of two times the stoechiometry for full mineralization (27.7mmolL™).
When including the remaining adsorbed organic pollutant the highest degree of mineralization
was 60%. This was obtained with the photo-Fenton using Fe/MFI as catalyst at 30°C and ten
times the stoechiometry of oxidant (138.5mmolL™).

It seems that the total biodegradability and toxicity of the reaction mixture after the oxidation

was found to be environmentally better than the initial values. Further studies will have to be
done to prove this.






Sammendrag

Et vannrensingsstudie ved bruk av avanserte oksidasjons prosesser, deriblandt heterogen
mgark- og foto-Fenton prosessene, har blitt gjennomfert. De anvendte katalysatorene var to
ulike zeolitter dopet med jern, ZSM-5 (Fe/MFI) og Beta (Fe/BEA)

Behandlingen av vann forurenset med paracetamol ble overvaket ved bruk av ulike
analysemetoder. Nedbrytingen av paracetamol molekylet ble undersgkt med HPLC og den
nedbrytingen av alt organiske materiale ble funnet ved analyse av det totale organiske karbon
innholdet (eng.: TOC). Forbruket av oksidasjonmiddel og graden av opplgst katalysator ble

0gsa undersgkt.

Det ble ikke funnet noen klare trender ved kinetikken til renseprosessen, men tre
hovedhendelser ble identifisert; oksidasjon av vanndige og adsorberte organiske molekyler,
likevektsinstillingen mellom vanndig og adsorbert fase, dannelsen av jern-karboksyl-
komplekser. Forskjellen fra tidligere renseprosesser er at zeolittene har en enorm overflate

som adsorberer store mengder av de organiske molekylene. Dette kompliserer kinetikken.

Fullstendig nedbryting av paracetamol molekylet ble oppnadd i samtlige eksperimenter etter
5-180 minutter, pa den andre siden oppnadde den organiske nedbrytningen mellom 20-70%
pa fem timer. En tydelig forbedring av organisk nedbrytningsgrad ble funnet ved introduksjon
av UV-bestraling. Forbedringsgraden var mellom 15-40% for Fe/MFI katalysatoren og 14-
19% for Fe/BEA katalysatoren. Ved a tilfare forskjellige mengder oksidasjonmiddel viste de
to katalysatorene forskjellig oppfarsel. Den stgrste mengden med oksidasjonsmiddel gkte
nedbrytingsgraden 20-30% for Fe/MFI katalysatoren i forhold til den minste mengden av
oksidasjonsmiddel, mens for Fe/BEA katalysatoren sank den organiske nedbrytningsgraden

1-5% ved den stgrste mengden.

Den hgyeste oppnadde nedbrytningsgraden, etter fem timer, basert pa vaeskefasen ble funnet a
veere 68%, for foto-Fenton prosessen med Fe/MFI som katalysator, temperatur 30°C og den
lave konsentratsjonen av oksidasjonsmiddel (27.7mmolL™). Ved & analysere katalysatoren for
a finne det gjenvaerende organiske materialet, ble nedbrytningsgraden funnet til & vaere 60%.
Dette ble oppnadd for foto-Fenton prosessen med Fe/MFI som katalysator, temperatur 30°C

og den starste konsentrasjonen av oksidasjonmiddel (138.5mmolL™).

Det kunne tyde pa at den totale biologiske nedbrytningsgraden og giftigheten pa det
forurensede vannet etter prosessen ble funnet til a veere mer gunstig enn far. Ytterligere

studier bar gjennomfares for a bekrefte dette.
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1 Introduction

Waste water is treated in several different ways, depending on what it contains. However, the
resulting liquid may still contain toxic chemicals, for instance pharmaceuticals. If these
pollutants are not removed, they enter the environment and might end up in ecological
systems or drinking waters. Although a majority of pharmaceuticals are biodegradable’,
which means that they degrade before leaving the body, or that they will degrade quickly in
the environment, they might still persist since they are continuously being discharged from
waste water treatment plants (WWTP). The effects this will have on humans, animals and
plants have not yet been fully investigated, but preliminary studies show negative effects on
affected fish and bacteria®?.

Anti-phlogistons are consumed in large numbers, and since many of them also are available
without a prescription, like paracetamol, it is plausible that they can be found in the aquatic
environment®. It has been reported that paracetamol is the most frequently detected at
superior concentrations of all pharmaceuticals in French rivers®. Concentrations found in the
Tyne river in northern England have been between 6,9-69 ug/L° and in the outlet of German
sewage treatment plants concentrations of 6,0 ug/L have also been found®. These values are
higher than the predicted non-effect (PNEC) for invertebrates®, which leads to the conclusion

that new treatment methods are needed to minimize the flow to the environment.

Current removal methods of pharmaceuticals are either physical-chemical (settling, flotation)
or biological (biodegradation). The studies performed in Germany® and in the UK®, concluded
that the current methods for the removal of pharmaceuticals are not sufficient. To improve the
removal efficiency advanced oxidation processes (AOP) can be applied. These are methods
produce a powerful hydroxyl radical that efficiently breaks down aqueous organic molecules

like pharmaceuticals’.

The work in this thesis will focus on two of these AOPs, namely the heterogeneous Fenton
and heterogeneous photo-Fenton reaction using iron doped zeolites as catalysts. An effort will

be made trying out different operating conditions to see the effectiveness of the processes.

The thesis starts with the background chapter chronically following the development of the
Fenton oxidation. This is meant as a build up of the stepwise buildup of the readers
knowledge starting with the theories behind the homogeneous Fenton, before complexing
with the heterogeneous Fenton and photo-Fenton processes. The following chapter concerns

the materials, the experimental procedures and the methods of analysis, to clarify what
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practical work has been done. In the results and discussion chapter assumptions and methods
are verified, through calculations and preliminary experiments, before the actual results form
the different experiments are presented, compared and discussed. The whole report ends with
the conclusion and some proposed further work. The appendices contain detailed calculations,

calibration curves and perspectives of the study, and are referred to throughout the thesis.



2 Background

2.1 The Fenton reagent

Although the Fenton reaction today is one of the world’s most important oxidation reactions,
its discovery was actually a case of serendipity. In 1876 H.J.J. Fenton observed a mixture of
tartaric acid, iron (1) salt, hydrogen peroxide and a base, and noted that the reaction resulted
in a violet color. The immediate conclusion was that he had found a test for tartaric acid.
However, several years later he published a paper ® regarding the properties this mixture had
in oxidation of several organic molecules. In 1934 the topic was again of interest when Fritz
Haber and Joseph Weiss discovered that the particular mixture degraded the hydrogen
peroxide and produced a hydroxyl radical, HO", and that it was in fact the hydroxyl radical
that worked as an oxidant®. Today the mixture of an iron(11) salt and hydrogen peroxide is

known as the Fenton reagent®.

Even though the Fenton reagent has been known since the beginning of the last century, its
application in wastewater treatment did not occur until the late sixties'. After this time it has

played an important part within treatment of water polluted with toxic chemicals.

2.2 The homogeneous Fenton reactions

The Fenton reagent plays an important part within the Advanced Oxidation Processes (AOPS).
These processes are defined as reactions that involve the generation of hydroxyl radicals in
sufficient quantity to affect water purification*?. The AOPs usually involve a combination of
oxidation agents (H20, or Os), irradiation (UV or ultrasound) and catalysts (metal ions or

oxides)™.

The hydroxyl radical is the second most powerful oxidant known (second highest oxidation
potential known, see Table 2-1). It oxidizes organic molecules non-selectively and produces
dehydrogenated or hydroxylated derivatives until their mineralization, i.e. conversion into

carbon dioxide, water and inorganic ions.
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Table 2-1:Oxidation-reduction potentials of oxidation agents™

Redox Reaction ) Eo (N HET_-
volt, 25°C
F2+ 2e = 2F" 2.87
OH + H" + e = H2O 2.33
O3 + 2H 2e =0z + H20 2.07
H202 + 2H" + 2e = H302+ 1.76
MnQs- + 4H" + 3e = MnQOz + 2H20 1.68
HCI1O2 + 3H" 4¢ = CI' + 2H20 1.57
MnOs- + 8H=« + 5S¢ = Mn>" + 4H20 1.49
HOCI + H' + 2e = CI' + Hz0 1.49
Clz + 2¢ = 2CI 1.36
HBrO + H' + 2e = Br + H20 1.33
O3 + H2O + 2e = Oz + 20H" 1.24
ClO2(g) + e = ClO2- 1.15
Brz + 2e = 2Br 1.07
HIO + H® + 2e = I + H20 0.99
ClO2(aq) + € = ClO2- 0.95
ClO™ + 2H20 + 2e = CI" + 20H 0.90
H20:2 + 2H" + 2e = 2H20 0.87
ClO* + 2H20 + 4e = CI' + 4OH" 0.78
BrO™ + H20 + 2e = Br + 40H" 0.70
Iz +2e =2 0.54
Is + 3e =3I 0.53
10"+ HaO + 2e = T” + 20H" 0.49

The homogeneous catalytic cycle for the production of hydroxyl radicals with the Fenton

reagent follows equation (2.1) and (2.2)** *°.

Fe*" +H,0,—>Fe" +OH +HO" k= 76mols” (2.1)
Fe** +H,0,—>Fe” +H" +HOO"  k, =0.05—0.27mols™" (2.2)

Equation (2.1) produces the powerful hydroxyl radical, HO", by oxidizing the iron catalyst.
Further on in equation (2.2) the iron catalyst is regenerated by producing another hydroxyl
radical, HOQ'. This radical has a far lower oxidation potential than the mono-oxygen
hydroxyl radical, as can be seen from Table 2-1, where it is not mentioned. The main problem
here is that the kinetics of the catalyst-regeneration reaction is several orders of magnitude
lower than for the production reaction where it is oxidized. This leads to the conclusion that a
high catalyst to oxidant ratio would be important to keep up the production of hydroxyl
radicals. However, the overall reaction is not as simple as these two equations, there are
several other competing reactions occurring at the same time. For instance the reactions that
reduce the amount of active species (scavenging reactions) are given in Eq.(2.3), (2.4), (2.5)
and (2.6)".

H,0, +HO® —HO; +H,0  k,=1.2—-4.5x10"mols™ (2.3)

2HO® — H,0, k, =5.3x10°mols™ (2.4)

H,0, - %oz +H,0  k =0.001s* (2.5)



HO® + Fe*" — Fe* +OH" k, =3x10°mols™ (2.6)

These reactions are all either dependant on the concentration of oxidant, the hydroxyl radical
and/or the iron catalyst. Seemingly a higher concentration of either the oxidant or the catalyst
does not imply an increase of the main reaction rate, given in Eq. (2.1); on the contrary, an
increase in catalyst or oxidant concentration could lead to a rapid decrease in the rate of
mineralization. A conclusion that can be drawn by looking at the kinetic reaction constants is
that when a hydroxyl radical is formed, it reacts further instantly, as the reaction rates for the
consumption of radicals are a lot higher than the production of them. The preceding reaction

between the organic molecule and the hydroxyl radical is the following™:
RH+HO >R +H,0  k =10"-10"mols" 2.7)

Comparing this rate with the previous ones, it can be depicted that the radicals formed will not
only be consumed in the oxidation reaction, as the rates are similar in magnitude. This further
leads to the fact that the stoechiometric amount calculated for the reaction is not always
sufficient, as not all of the radicals oxidize the organic molecules, but a lot of them are
scavenged. The surplus of hydroxyl radicals therefore reacts in one of the scavenging

reactions mentioned above.

Eq. (2.7) produces an organic radical from the pollutant, which reacts primarily in one of the
following three paths. It can either be oxidized by a ferrous ion(2+), producing a ferric(3+)
ion and a stable oxidized organic molecule or dimerize with another organic radical, to
produce a larger molecule than initially or be reduced by a ferric ion, producing a ferrous ion

and the original organic molecule®™.

The reaction rate of Eq.(2.7) has a broad range of values. The values of the reactions are at the
room temperature, where the Fenton reaction usually performs very well, but by augmenting
the temperature there is usually a drop in performance. This has been tied to the activation
energy of Eq.(2.5), the decomposition of the oxidant (H,O,) into molecular oxygen and water.
It has an increasing rate of reaction with increasing temperatures, decaying the mineralization
efficiency above 50°C*®. The same reaction be catalyzed by cations (see section 3.5), for
instance by the ferric iron, implying once more that the catalyst concentration should not be

excessive.

Among the intermediates are the mono- or poly-carboxylates, which may form complexes
with the ferric iron (see Figure 3-2). This deactivates the ion and the overall oxidation rate

will be reduced. One of the most studied complexes is the complex formed between ferric ion
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and the oxalic acid (ultimate product explained in section 3.1.2). This is one explanation for

the decreasing mineralization rate occurring after some time'”.

The factors that the Fenton processes are mainly influenced by are; the concentration and
nature of the pollutant, the initial pH and as mentioned earlier the concentration of oxidant
and iron ions'®. The nature of the iron ions is also important as it is only the ferrous ion that

catalyses the production of the hydroxyl radical.

The complexity of the reaction system infers that the exact reaction rates of each reaction
would be difficult to predict, it is therefore very difficult to know the exact extent of each
reaction. Instead, an optimization study can be done, where several parameters can be

investigated to obtain the maximum mineralization and other desired maxima.
The main advantages by using the Fenton reagent are'*:

1. There are no halogenated organic products formed during the oxidation processes as
with other oxidants, see Table 2-1.
2. Both iron and H,0O; are cheap and non-toxic, in addition H,0O- is considered as a green

oxidant as its byproduct is H,O™.

Although these are good arguments for the homogeneous process, there are some evident
problems regarding it as well. To begin with; there is a relative limited pH range, between 2.5
and 5, that has to be complied with'®. Furthermore, when applying the process to an industrial
application there is usually a high Fe?*/H,0, — ratio, to have a high production of hydroxyl
radicals. This might however lead to the three following problems. Firstly the ferrous ion can
decrease the efficiency of the hydroxyl radicals as it can act as a scavenger, as mentioned
earlier. Secondly, a very rapid production of organic radicals may cause depletion of
dissolved oxygen and further on reduce the degree of mineralization. Thirdly, a large quantity
of iron will result in a big amount of sludge, where the iron has to be separated in order to
reduce the environmental pollution and to recycle the catalyst'®. This is a tedious job and

favors the use of a catalyst that is easily separated from the reaction mixture.

2.3 The heterogeneous Fenton reactions

The third problem described above may be solved by using a solid catalyst, which is far easier
to separate than the aqueous catalyst, as it can be removed by physical means. The ease of
separation resolves both the dumping of iron sludge and the recycling of the catalyst, which

are both major drawbacks of the homogeneous process. Some studies have earlier been



performed on organic molecules using solid iron catalysts, and among these were iron doped

zeolites?® 2L,

The mechanism of the decomposition of H,0- is not as well established for the heterogeneous
process as for the homogeneous process. Where some authors suggest an initial adsorption
step of H,0, on Fe(l11) sites??, others suggest the adsorption of organics instead?. Regardless
of this dispute, the following catalytic reaction cycle has been proposed, where X represents

the supporting material.
X —Fe* +H,0, > X —Fe** + HO; + H* (2.8)
X —Fe* +H,0, - X —Fe* + HO" +OH "~ (2.9)

These proposed reactions are the exact same as for the homogeneous cycle save the
supporting material(X). As the confusion prevails about the mechanism of the production of
the radical, there are similarly unanswered questions regarding the oxidation reactions, these
will be discussed in section 4.3. Also the quantity and contribution of leached iron catalyst is
important to study when working with heterogeneous Fenton, as a high degree of leaching
will lead to a high loss of catalyst. In addition, if the leached iron ions are responsible for the

large part of the mineralization there is little need of the heterogeneous phase.

A study done in 2000 by Centi et al regarding the homogeneous and heterogeneous processes
of the Fe**-species showed that the latter has lower pH sensitivity and that it has a higher rate
of degradation than the former. Nevertheless it also promotes a higher consumption of the
hydrogen peroxide per mol mineralized, which is negative regarding the economical

feasibility of the process™.

2.4 The photo-Fenton reactions

In the sections 2.2 and 2.3, both the homogeneous and the heterogeneous Fenton processes
were described. This section will look at the UV-irradiation effect on the Fenton reactor, and
it will briefly describe the additional level of complexity this implies. For the homogeneous

photo-Fenton process (wave length <~360nm), there are three major reactions occurring®*.

hv
H,0, —20H" (2.10)
hv
Fe* (OH")—>Fe® +OH" (2.11)
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Fe* (L)ﬂ) Fe* +L° (L =organicligand) (2.12)

According to these three equations, it seems clear that UV-irradiation would improve the
conversion of the organic pollutants with respect to the “dark” Fenton reactions. Eq. (2.10) is
a reaction like none of the other Fenton reactions, giving a pure gain of two hydroxyl radicals
per hydrogen peroxide molecule without deactivating the iron catalyst. Furthermore Eqg.
(2.11) and (2.12) regenerate the ferric ions, while producing a hydroxyl- and an organic
radical respectively. The two latter reactions might serve the “dark” Fenton reaction very
well, as they break the complexes inhibiting the ferric ion'” while they also reduce it to
produce the ferrous catalyst.

As earlier mentioned the mechanism of the heterogeneous Fenton reaction is not clear. The
even more complex heterogeneous photo-Fenton reaction has been even less studied.
However one phenomenon that might lower the effect of the heterogeneous process,
comparing it to the homogeneous process, could be that the solid zeolites will absorb a large

quantity of photons since they are not transparent.

To verify the effectiveness of the heterogeneous catalyst in the photo-Fenton experiments,
photolysis alone can be performed. In this AOP the hydroxyl radicals are formed from the
absorption of a photon in the hydrogen peroxide molecule; however a problem is that the
molar absorption rate of hydrogen peroxide feeble (at a wavelength of 253.7nm the molar
absorption rate is ~20M™*cm™). A solution that has proven to perform well is operating with
high alkaline conditions; this increases the concentration of HO,™ ions which have a higher

absorption rate than the hydrogen peroxide molecules (240M™cm™)*,



3 Materials and method

The experiments done in this thesis were carried out with two different iron/zeolite catalysts;

Fe/MFI and Fe/BEA. Every experiment had the same initial concentration of paracetamol

(100mgL™) and zeolites (2gL™), while the variable parameters were; temperature (30, 45 and

60°C), amount of oxidant (2 or 10 times the necessary stoechiometry for complete

mineralization) and with/without the presence of UV-irradiation (medium pressure Hg-lamp -

450W). To discriminate between homogeneous and heterogeneous activity in the reactor,

complimentary experiments were run using the filtrated solution from a finished experiment,

adding only paracetamol and oxidant.

3.1 Raw materials

3.1.1 Analytical chemicals

The raw materials used are presented in Table 3-1, with information from where they were

obtained and their purity.

Table 3-1: Raw materials, including producer and purity

Context Material Producer Purity
Paracetamol (Acetaminophen) Sigma-Aldrich  Solid, purity min. 99.0%
Reactants Hydrogen peroxide (H,O5) Eﬁaﬁ?/t . 30wt%
el Rl E Fe-MFI -27 (Fe-doped ZSM-5 zeolite)  Sud Chemie 3.57 % Fe on zeolite
Fe-BEA -25 (Fe-doped Beta zeolite) Sid Chemie 3.08 % Fe on zeolite
Potassium lodide (KI) Sigma-Aldrich  Solid, purity min. 99.5%
Buffer and Sodium sulfite (Na;SO3) Sigma-Aldrich  Solid, purity min. 98.0%
inhibitor Potassium phosphate (KH,PO,) Sigma-Aldrich  Solid, purity min.99.5%
Sodium phosphate (Na,HPO,) Sigma-Aldrich  Solid, purity min. 99.5%
Ortho-phosphoric acid (HsPOy) Fluka Conc. >85%
HPLC L Analytical
Acetonitrile (CH3;CN) Scharlau HPLC grade >99.98%
Methanol (CH;OH) Scharlau HPLC grade >99.99%
TOC Hydrochloric acid (HCI) Panreac Conc. 37%
H,0 Potassium permanganate (KMnQO,) Merck Titrisol 0.02molL™
titzraiion Potassium oxalate (K,C,0,) Sigma-Aldrich  Solid, purity min. 98.5%
Sulphuric acid (H,SO,) Sigma-Aldrich  Conc. 95-97%

3.1.2 The pollutant

Paracetamol (see Figure 3-1) also called acetaminophen or by its IUPAC name N-

(hydroxyphenyl)-ethanamide, is a non prescriptive drug, with pain relieving and fever

reducing properties. One of the reasons this pharmaceutical is of interest within waste water

treatment, is that it is used in large amounts worldwide. A study by Henschel et al assumed

that an annual 292 to 585 tons reaches German sewage treatment plants alone®.
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Paracetamol

Figure 3-1: The paracetamol molecule

Paracetamol has been found in substantial concentrations in rivers, downstream of sewage
treatment plants, in Germany and the UK® . The concentrations ranged from 6.9 to 69 ugL™,
which, according to a Norwegian study?®, includes the maximum predicted no-effect
concentration (PNEC) for invertebrates at 9.2ugL™. The same study also reported that the
degree of biodegradation of the paracetamol molecule has been found to be between 57-99%
in 28 days. Even though it is readily degradable the continuous discharge of it and the time of

degradation mean that it may persist in the environment.

The conventional way of reducing the pollution of chemicals or pesticides today is to prohibit
or restrict their uses; however this is neither possible nor desirable as the human benefit often
has a higher priority. Instead, to minimize the amount of discharged pharmaceuticals into the
environment, special treatment of hospital wastes and separate disposal of pharmaceuticals

have been proposed?.

Studies found in the literature regarding the degradation of paracetamol with AOPs are listed

in Table 3-2. The degree of mineralization is also listed to see the effectiveness

Table 3-2: Previous studies on the degradation of Paracetamol using different AOPs

Process Parameters Mineralization (TOC) [%]

Continuous homogeneous 50mLh™ H,0,, Creqy=2mgL™,  71.5%

photo-Fenton’ pH=2.5, T=40°C, t=120min

Ozonation®® T=40°C, Qozone=36Lh™ 30%

H,0,/UV?* Chi202=5x10"molL?, pH=3, 40%
T=27°C, t=120min

Homogeneous solar photo- P=32Wm™, Ce(y=0.40mM, 75%

Electro Fenton®’ pH=3, I=5A, t=120min, T=35°C

Homogeneous Electro Cr202=16.3x10°molL ™", 19%

Fenton”® Crey=0.087x10°molL™", pH=3,
1=38AM ™ Cparacer=5MM

Homogeneous photo-electro  Cipo;=14.8x10°moIL™, Creqy=  20%

Fenton® 0.08x10°molL*, pH=3,

1=38AM™ Caracer=5MM




As can be seen in Table 3-2 the degrees of mineralization are not 100%, implying that there
are organic molecules still in the solution. Some studies have been performed investigating
these intermediates produced from the degradation of paracetamol, either by ozonation
(Andreozzi et al in 2003)% or by solar photo-electro Fenton (Alemeida et al in 2011)’. It was
assumed that the degradation mechanism follows that of the latter process, as it is a Fenton
process. In Figure 3-2 the mechanism of the degradation is described. The different
components were detected either by mass spectroscopy coupled with reversed phase
chromatography or by ion exchange chromatography. The results were qualitatively
performed using standardized solutions of the products.

OH
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i “OH | 'ﬁ
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Figure 3-2: Degradation mechanism of the paracetamol molecule using the solar photo-electro
Fenton process”’
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The study by Almeida et al found that the aromatics were not measurable after 80 minutes of
oxidation, and that the remaining organic molecules were mostly organic acids. The first
intermediate organic acids were maleic, fumaric, succinic and lactic acid made from the
cleavage of the benzene ring. The ultimate products were; oxalic, formic and oxamic acid that
could be directly mineralized to CO,?’. Regarding the eco-toxicity of the oxalic acid, it is low
as it has a LCso-value of 100ppm (mgL™)?° which is largely inferior to the concentrations that
would appear in the effluents. A study done by Sharma et al found that this acid is readily
biodegradable®®. No information was found on the eco-toxicity or biodegradability of the two
other acids. Worth to mention is that in the same study most of the non-aromatic organic acids
were found to be degradable, which could be drawn as a temporary solution for the two latter
acids. Information on the ecotoxicity on the acetamide was not found, however it is known to

be cancerogeneous and its biodegradation products are more toxic than the molecule itself*".

Another study from Jorda et al in 2011 performed on the necessary degree of mineralization
through the photo-Fenton, proposed a degree of mineralization of 18.6% on a solution
originally containing 157mgL™ paracetamol. This was proposed to reach the necessary
biodegradability of the remaining solution that would be discharged to an ordinary WWTP*?,

3.1.3 The catalyst
When mentioning zeolites and waste water in the same sentence, the conventional thought is
with respect to the zeolite adsorption properties. Earlier, the utilization of zeolites has been to
extract pollutants from the waste water, without performing an oxidation®. But as already
mentioned the zeolites may also be used as supports for the iron catalyst in the Fenton
reaction. Zeolites have catalytic activities within cracking of long chained petroleum products,

but also in fine chemical synthesis where they catalyze rearrangement reactions*,

Zeolites are crystalline aluminosilicates with an ordered framework structure. The networks
are build up from SiO, and AlO, tetrahedral linked through oxygen atoms®, and the acidity of
the zeolite is dependent on the ratio between the two, resulting in a higher acidity for a higher
content of aluminate®®. Within the zeolite lattice there is a regular array of channels and

cavities, giving rise to their large specific surface area and particular adsorption properties.

The shape selectivity of adsorption on zeolites is governed by the size and shape of the
channels, implying that steric hindrance may admit certain molecules into the lattice, while

excluding others®”.



If the zeolite contains different channel systems with different cross sections, reversed
molecular traffic control can be obtained. This effect occurs when the entering molecules are
large and bulky and may only enter through the largest cross-sections, while the smaller
product molecules may pass through the circular cross-sections, minimizing or avoiding

counter diffusion in the channels®’.

Another possible event is the product selectivity, where the product formed is too bulky to
leave the cavities. This might happen with the products of the dimerization (explained in
section 2.2), as they are larger than the starting point and if it is not further oxidized, it will

block the pores, deactivating the catalyst®’.

The main properties that makes the zeolites especially interesting for heterogeneous catalysis
are: (1) exchangeable cations, allowing the introduction of cations with various catalytic
properties (ferric ions in this thesis), (2) when substituted by H* cations they possess a large
number of vey acidic sites, (3) their pore diameters are less than 10A (compared to other
porous solids that have pore sizes from 10nm and upwards®®) (4) and they have pores with
one or more discreet sizes>’. The acidity (2) is the reason why the non-doped zeolites have
been used for catalyzing reactions in the petro industry. The fact that the acidic sites are used
to catalyze other reactions signifies that the zeolite might not be a neutral catalyst carrier. The

following two sections contain the properties of the two zeolites.

3.1.3.1 Structural properties of the MFI zeolite
The MFI-27 zeolite is also called ZSM-5 (Zeolite Socony Mobil — five). It contains two types
of channels, both which have ten-member ring openings. One of the channel systems appears
sinusoidal (horizontal in Figure 3-3), and has close to circular cross-section (5.4A x 5.64),
while the other channel system is straight (vertical in Figure 3-3), perpendicular to the first

system and has elliptical openings (5.2A x 5.8A)%". The silicate-alumina ratio is 27.

Figure 3-3:Schematic showing the structure of the channels in the MFI zeolite®
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In an adsorption study by Martucci et al in 2012 the MFI zeolite was tested to see if it had
adsorption properties sufficient for pollutant removal from waste water“°. The conclusion
from this was that its adsorptive properties were not acceptable for the three pharmaceuticals
investigated as it was below 20 milligram pharmaceutical per gram zeolite of the smallest of
the three investigated molecules.

3.1.3.2 Structural properties of the BEA zeolite
The BEA-25 zeolite is also called Beta zeolite. It contains a 12-membered ring pore system
with two straight channels, each with a cross-section of 7.6A x 6.4A parallel to the [100] (the
two vertical channels in Figure 3-4) and the [010] (one horizontal channel in Figure 3-4)
direction, and a tortuous channel of 5.5A x 5.5A running along the [001] direction (hole in the
middle of Figure 3-4). The latter channel is formed by the intersection of the two former

|36

channels*. The silicate-alumina ratio is 25, so according to Sonnemans et al*® it should have a

higher acidity than the MFI zeolite.

Figure 3-4: Schematic showing the system of channels in the BEA zeolite**

3.1.3.3 Specifications
The two zeolites had different specifications, with regards to amount of catalyst and the

porosity parameters of the framework. These specifications are given in Table 3-3.

Table 3-3: Iron oxide content, specific surface area and the porous properties of the zeolites

Iron oxide,Fe;,O3, Sger N» VmicroN, Vmeso N,  Vmacro

content [%] [m?/g] [cm®/g] [cm®/g] Hg [cm®/g]
Fe/BEA-25 4.4 486 0.14 0.30 0.91
H-BEA-25* - 554 0.15 0.34 1.08
Fe/MFI-27 5.1 329 0.10 0.05 0.70
MFI1-27* - 377 0.12 0.04 0.98

*Corresponding zeolite without iron

From Table 3-3, the main differences between the two doped zeolites are a slightly higher
iron oxide content in the MFI-type than in the BEA-type, a superior specific surface area of
the BEA-type (50% larger than the Fe/MFI) and the generally higher void fraction for the
BEA-type than for the MFI-type. Regarding the small pore range the BEA has a mesoporous



character while the MFI is mainly micro porous. It is also possible to see a significant
decrease of all the parameters when adding the iron oxide. In addition the iron oxide crystals
for the Fe/MFI zeolite were probably several orders of magnitude smaller than those of the
Fe/BEA zeolite (from CO-chemisorption measurements and X-ray diffractometry).

3.2 Equipment

3.2.1 The Fenton reactor
Two similar glass reactors were used for the heterogeneous Fenton reaction, and were run in
parallel. They included; a heating jacket (Fisher Scientific - polystat 71), mechanical stirring,
a bottom purge plug, three legged baffles and reactor volumes of 0,5L and 1L. There were
two sockets in the lid; one for the mechanical agitation and one for taking samples.
Atmospheric pressure was kept throughout the reactions, as the sockets were not sealed, but
covered. The mechanical agitation was set to around 350 RPM.

3.2.2 The photo-Fenton reactor
This reactor set consisted of two reactors with heating jackets (Fisher Scientific - polystat 37).
The circulation between the reactors was done by a peristaltic pump (Cole-Parmer —
Masterflex — 7524-15) with the flow set to 73mL min™. One of the reactors (0.5 L) contained
the Photochemical lamp (ACE Glass Inc. 12128 Photochemical immersion lamp, 450W), a
temperature probe, a magnetic agitator and it was kept in a closed safety cabinet. The other
reactor, of 1L, was easily accessible for taking samples and had a mechanical agitation set to
around 350 RPM. This setup was chosen to have as little irradiation exposure as possible
while taking the samples. The lamp had an upper operating