LAPPEENRANTA UNIVERSITY OF TECHNOLOGY
Faculty of Technology

Department of Chemical Technology

Laboratory of Process Development

Bachelor’s thesis

Wet oxidation of biomass for chemical

production

Author:
Noora Pehrman

16.12.2013



TIHVISTELMA

Tekijé: Noora Pehrman

Nimi: Kemikaalien tuottaminen biomassan markahapetuksella
Osasto: Kemiantekniikka

Vuosi: 2013

Kandidaattity®, Lappeenrannan teknillinen yliopisto
Tyo6nohjaaja ja tarkastaja: Arto Laari
Hakusanat:  maérkahapetus, Fentonin  reagenssi,  jatevesien  kaésittely,

karboksyylihappo

Taman kandidaatintyon tarkoituksena oli tutkia markéhapetusprosessia jatevesien
kasittely-menetelméand ja mahdollisena menetelmé&nd kemikaalien tuottamiseksi
jatevesistéd. Erityishuomio on Kiinnitetty paperiteollisuudessa syntyviin jatevesiin.
Teoriaosassa késitelladn vesikiertoja paperitehtaassa, paperitehtaalla syntyvén
jateveden ominaisuuksia seké itse maérkahapetusprosessia.
Méarkahapetusprosessissa  perehdytddn  tavalliseen  happea  kayttavéaan
markahapetukseen seka vetyperoksidia kayttdvadn menetelmédan sekd naissa
prosesseissa syntyviin vali- ja lopputuotteisiin.

Mark&hapetus (WO) on terminen hapetusmenetelmd, jolla voidaan kaésitella
jatevesia, jotka ovat lilan konsentroituja biologisiin késittelyihin tai jotka ovat
huonosti biohajoavia. Markahapetuksen tarkoituksena on parantaa molekulaarisen
hapen ja orgaanisen aineen valista kontaktia, jolloin orgaaninen aines pilkkoutuu
muodostaen pééasiassa karboksyylihappoja, aldehydejd, hiilidioksidia ja vetta.
Markahapetuksessa hapettavana kaasuna voidaan kayttaa joko puhdasta happea tai
ilmaa. Vetyperoksidia kéyttdvasséd markahapetuksessa (WPO) hapettava kaasu on
korvattu nestemaisell& vetyperoksidilla.

Kokeellisessa osassa tutkittiin orgaanisen aineksen hapetusta kéyttden Fentonin
reagenssia, jolloin Kkatalyyttina reaktiossa toimii rautaionit (Fe’* ja Fe*") ja
hapettimena vetyperoksidi. Hapetettavana jatevetend kaytettiin paperitehtaan
hiomolta saatua kiertovettd, TMP-vettd. Hapetuskokeita tehtiin eri vetyperoksidin
annoksilla ja katalyytin maarilla eri lampaétiloissa. Hapetuksen jélkeen naytteista
mitattiin kemiallinen hapenkulutus (COD), orgaanisen hiilen kokonaismé&aré
(TOC) sekd pH. Lisdksi naytteistd madritettiin nestekromatografilla (HPLC)
tyypillisten vélituotteiden, kuten oksaalihapon, muurahaishapon ja etikkahapon,
madarat.

Tehdyissd kokeissa COD-arvoja saatiin pienennettyd 50-88 % siten, etté
suodatetuissa naytteissa muutos oli suurempi kuin suodattamattomissa néytteissa.
Lisdksi TOC-arvot laskivat 28-58 %. Tehdyissd kokeissa saatiin myos tuotettua
valituotteina karboksyylihappoja, joista etikkahappoa ja oksaalihappoa tuotettiin
suurimmat maarat. Myos muurahaishappoa ja meripihkahappoa saatiin tuotettua.
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The purpose of this thesis was to research wet oxidation as a wastewater treatment
method and a potential method to produce chemicals from wastewater. Special
attention has been paid to the wastewaters in paper industry. The theoretical part
introduces the water cycles in paper mill, the properties of wastewaters from paper
mill and also the wet oxidation. The wet oxidation part focuses on both oxygen
and hydrogen peroxide using wet oxidations and as well as on the intermediates
and final products that are formed in these processes.

Wet oxidation (WO) is a thermal oxidation method which can treat wastewaters
which are too concentrated for biological treatment or which are poorly
biodegradable. The purpose of wet oxidation is to enhance the contact between
molecular oxygen and the organic matter. The organic compounds will degrade
mainly to carboxylic acids, aldehydes, carbon dioxide and water. In wet oxidation
the oxidizing gas can be either pure oxygen or air. In wet peroxide oxidation
(WPO) the oxidizing gas is replaced with liquid hydrogen peroxide.

The experimental part examines the oxidation of organic matter using Fenton’s
reagent which uses iron ions (Fe?* or Fe**) as catalysts and hydrogen peroxide as
the oxidant. Water that was used in oxidations was TMP-water from paper
production. The oxidation experiments were done by using different amounts of
hydrogen peroxide and the catalyst at different temperatures. After oxidations the
samples were analyzed for chemical oxygen demand (COD), total organic carbon
(TOC) and pH. In addition, from the samples were analyzed by liquid
chromatography (HPLC) the amounts of the typical intermediates, such as oxalic
acid, formic acid and acetic acid.

In the experiments the COD-values were reduced 50-88 % so that the change was
bigger in filtrated samples than in non-filtrated samples. In addition, the TOC-
values decreased 28-58 %. In the experiments were also produced carboxylic
acids as the intermediates and the largest amounts were acetic acid and oxalic
acid. Also formic acid and succinic acid were produced.
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Abbreviations

AOP Advanced Oxidation Process

AOX Adsorbable organohalogens

BOD Biological Oxygen Demand g/L
CwWO Catalytic Wet Oxidation

COD Chemical Oxygen Demand g/L
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TOC Total Organic Carbon g/L
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1 Introduction

All kinds of manufacturing produce wastewaters but pulp and paper industries are
one of the biggest water consumers. The conventional chemical and physical
pretreatment processes (lagooning, treatment of activated sludge etc.) are often
not adequate to meet the regulatory effluent standards. (Srivastava et al. 2005) For
this reason new methods are developed which are based on thermal and advanced

oxidation.

This bachelor’s thesis consists of theoretical and experimental parts. The aim of
the theoretical part is to present thermal and advanced oxidation processes (AOPS)
and especially to focus on wet oxidation (WQO) and wet peroxide oxidation
(WPO). In addition to the oxidation principles and applications, this study
considers oxidation products from WO and WPO. This study also discusses the
use of water in pulp and paper mills, the waters circuits in paper mills as well as

the wastewaters in paper mills.

In WO the contact between molecular oxygen and the organic matter is enhanced
which results to eliminate of organic compounds. It is possible to use either air or
pure oxygen as the source of oxygen. In WPO the gaseous air/oxygen is replaced
with liquid hydrogen peroxide. The WPO is based on production of hydroxyl
radicals which destroy organic pollutants. (Bhargava et al. 2006; Debellefontaine
et al. 1996)

The WPO process is adapted from the classical Fenton’s reaction which uses
hydrogen peroxide and iron salts (Fe** or Fe®*). Fenton’s reaction is a very
complex process which occurs in many different stages. (Beltran de Heredia et al.
2004) The process can be enhanced by using ultraviolet radiation. The irradiation

with UV increases degradation rate of the organic pollutants. (Dantas et al. 2003)

In the experimental part wastewater from mechanical pulping was oxidized by
hydrogen peroxide using Fenton’s reagent. After oxidation the wastewater was
analyzed for COD, TOC and pH and these values were compared to the values
obtained before oxidation. Also, it was researched if carboxylic acids are found in

the oxidized water as expected based on literature.



THEORETICAL PART

2 Water use in paper and pulp industry

Papermaking industry requires large amounts of pure water which is the main
reason why plants will mostly be built near to lakes and rivers. Moreover, water is
not just used in the production of paper itself, but water is also used to transport
and heat/cool fibers as well as to wash pulp and process equipment. Although the
need of water in papermaking processes is huge, processes do not consume much
water. After careful purification water can be returned back into rivers and lakes.

(Metsateollisuuden tietopalvelu, 2012)

An average volume of used fresh water in pulp and paper industry is about 50 m?
per ton of product. However, the best high standards satisfying mills in EU use
only 10-20 m® of fresh water depending on the type of paper. (Metso, 2003) The
development of processes and water treatment technologies has reduced the use of
water by a third in recent ten years in forest industry. For example, production of
one ton of pulp needed 250 m® water in 1970’s when nowadays the same volume
is 5-50 m®. (Metsateollisuuden tietopalvelu, 2012)

All the time tighter laws and directives of water protection have forced companies
to invest and develop wastewater treatments. After decades of development,
successful water protection can be seen in improvement in the status of water
bodies and abundances of fish stocks. Besides of environmental benefits, effective
water treatment improves purity of the machine which improves drivability and

efficiency. (Metsateollisuuden tietopalvelu, 2012; Metso, 2003)

As well as the less water-intensive processes, the recycling of process water has
also reduced the use of fresh water. The biggest particles, such as fibers and
fillers, and also colloidal and dissolved matters, can be removed from water by
sedimentation, flotation, filtration or evaporation. The clarified water can be used

again in processes and there is no need for fresh water. (Verenich et al. 2000)



2.1  Water circuits in paper mills

The main purpose of this work is to study wet oxidation of wastewaters. This
chapter concentrates on water circuits in paper mills excluding water circuits in
pulp mills. There are three process water circuits in a paper mill: the primary
circuit, the secondary circuit and the tertiary circuit. (Elvers et al. 1991) The

circuits are represented in Figure 1.
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Figure 1. Scheme of the water circuits in a paper mill. (Elvers et al. 1991)

According to Elvers et al. (1991) the primary circuit is the most important circuit
in terms of the amounts of water and stock. The fibrous water received in the

sheet-forming zone of the wire section is called white water 1. The fibrous water is



recycled for stock dilution in the stock flow system and the whole circuit is
considered to be as closed as possible (Elvers et al. 1991).

In the secondary circuit the cleaning water is flowing which is called white water
I1. This water includes the excess water from sheet-forming, the suction and press
waters and also the cleaning water. Fibers and filler are eliminated by
sedimentation, flotation and filtration from this water. The solids which are
removed from the water are used for suspension and dilution in stock preparation.
The excess water from the secondary circuit and the other process waters belong
to the tertiary circuit which is also called the outer cycle. The water in this circuit
includes the wastewater from the paper mill and it is processed in biological

and/or chemomechanical purification plants (Elvers et al. 1991).

The circuits from the process can be classified to closed and open water circuits
according to how much they produce effluents. The classification can be seen in
Table 1.

Table | Classification of paper mill water circuits (Elvers et al. 1991).
Water circuit Specific effluent volume, Letfiuent/KQpaper
Open > 100
Less closed 10 - 100
Almost closed <10
Compeletely closed 0

The closure of water circuit in paper mill can be evaluated with Table I and it can
be noticed that the more open the circuit is the more effluent is going to the
environment. It is recommended to use closed water circuits because of low

amounts of effluents. (Elvers et al. 1991)

2.2 Closed Water Circuits

A water circuit where no wastewater exits from the paper mill is called a closed
water circuit. The use of closed water circuits reduces the amount of fresh water.
The closure can be accomplished by the following means: 1) minimizing the use

of fresh water in the various applications by raising the water pressure or by



changing the shape, structure or location of the device or 2) replacing the fresh
water by circulation water or purified water. (KnowPap 2011)

The prerequisite for the use of closed water circuits is that the disrupting
contaminants cannot get rich in the process and this is far from easy. When less
water is leaving out from the process, all the concentrations of the substances
increase in inverse proportion to the consumption of fresh water. Internal
purification in the closed circuit prevents enrichment. (KnowPap 2011, Lacorte et
al. 2003) In Table Il the advantages and disadvantages of closed-cycle systems in

paper mills are shown.

Table 11 Comparison of the advantages and disadvantages of closed-cycle
systems in paper mills. (Lacorte et al. 2003)

Advantages Disadvantages

Low water consumption Build-up of suspended soils

Low groundwater discharge Build-up of organic and inorganic

substances
Low freshwater pre-treatment Cost of the treatment plant
Low wastewater discharge Corrosion problems

Production increase not hindered by end-of-pipe treatment  Increased use of additives
Decrease fiber and filler losses Clogging of equipment and pipes
Elevated process temperatures improves paper dewatering  Product quality-related problems
Reduced energy demand Slime formation

Rise of temperature enhances
bacterial growth

As can be seen from Table Il, there are many advantages but also many
disadvantages in the use of closed-water circuits in paper mills. It is stated that the
use of closed water system is profitable only in new pulp and paper mills. The
more important would be to pay attention to the wastewater treatment and
purification. (Tekniikka&Talous, 2008)



2.3 Wastewaters in pulp and paper mills

Pulp and paper industries have decreased the use of fresh water and invested a lot
of capital and resources to develop methods to remove harmful compounds from
the process waters. (Ali et al. 2001) Some parts of the process water can be also
recycled, but some parts of the water are not suitable for recycling. Prevention of
recycling is due to enrichment of some components in the process waters. The
enrichment of compounds in water causes both direct and indirect effects which
may cause problems in paper quality. (Nuortila-Jokinen and Nystrém 1996)
Nevertheless, pulp and paper industry is the sixth largest polluter after oil, cement,
leather, textile and steel industries. (Ali et al. 2001)

Effluents from the closed-cycle water circuits from paper mills are described as
hazardous waste, mainly because of the corrosion and toxicity effects of these.
The harmfulness of the process water is caused by the water containing
considerable amounts of fibers, fillers and chemicals. These compounds come
from the raw materials or additives, which are used in the paper production
process and which are dissolved and dispersed in process waters during paper
making. (Lacorte et al. 2003)

Pulp and paper industries produce a variety of gaseous, liquid and solid wastes
into the environment. The potential pollutants from pulp and paper mill can be
divided into four main categories and they can be seen in Table I1I. (Ali et al.
2001)



Table 11l Potential pollutants from pulp and paper mills. (Ali et al. 2001)
Type of pollutant Typical example and source
Gases Malodorous gases

e H,S and mercaptan from Kraft pulping and
recovery processes
Oxides of sulfur
e SO, and SO; from recovery furnaces and lime

kilns

Effluents Suspended solids
e Dbark particles, fiber pigments and dirt from
debarking
Dissolved organics
o hemicellulose, sugars, sizing agents
Chromatophores (mainly lignin compunds)
Chlorinated compounds from bleach plant
Dissolved organics
e NaOH, Na,SO,

Thermal loads

Particulates Fly ash from coal fired power boilers

Char from bark burners

Solid wastes Sludges from primary and secondary treatment and
recovery section

Solids such as grit, bark and other mill wastes

The effluents from pulp and paper mills can be characterized by color, bad smell,
high concentration of nutrients and high toxicity. (Lacorte et al. 2003) Since the
produced pulp includes only 40-45 % of the original weight of the wood, the
effluents include large amounts of organic matter. These effluents cause massive
harm to the receiving waters because they have a high biochemical oxygen
demand (BOD), chemical oxygen demand (COD), chlorinated compounds
(measured as adsorbable organic halides, AOX), suspended solids, fatty acids,
tannins, resin acids, lignin and its derivatives, sulfur and sulfur compounds etc.
(Ali et al. 2001)

The main environmental issue in the pulp and paper industries is the nutrient

discharges to water, causing pollution of water bodies affected by eutrophication.



(Al et al. 2001) Some effects have been noticed in fauna living close to paper
mill discharges, especially fish population have experienced changes. The most
general effects are skin and physiological diseases in fish, decrease in the number
of juveniles, changes in communities and population structure and changes in
growth rates. Also oxygen depletion is common which causes anoxia to fish and
other aquatic specimens. (Latorre et al. 2005)

In the experimental part of this thesis circulation waters from thermomechanical
pulping (TMP) are treated. In TMP process the chips are preheated before refining
which softens the lignin. The fibers can separated more easily when the lignin is
softened. In addition the fibers are longer and unbroken. (Seppélé et al. 2002)

3 Thermal and advanced oxidation processes

As was considered before, for example wastewaters from pulp and paper mills
include a wide range of organic aqueous compounds. Most organic compounds
are resistant to traditional chemical and biological treatments. For this reason,
other methods have been studied as an alternative to biological and classical
physico-chemical processes. (Esplugas et al. 2001) One proven treatment is
advanced oxidation process (AOP) which uses hydroxyl radicals to decompose
biomass. Also, thermal oxidation process is considered a good method to treat

biomass.

There are many applications of advanced oxidation processes which use different
reacting systems, but the basic idea is the same in all applications: to produce and
utilize hydroxyl radicals (OH®). Hydroxyl radicals are highly reactive and non-
selective due to their unpaired electron. (Kitis and Kaplan 2007) The high
reactivity causes the hydroxyl radicals to be extremely unstable. (Esplugas et al.
2001) The OH?® radicals can react with the most part of organic molecules and the
rate constants are usually about 10°-10° M™s™. (Andreozzi et al. 1999) The end

products are carbon dioxide and water. (Bergendahl and O’Shaughnessy 2004)

AOPs involve two stages in oxidation: 1) the formation of hydroxyl radicals and
2) the reaction of these oxidants with organic contaminants in water. The
versatility of AOPs is increased by the fact that it is possible to produce radicals in
many different methods. Usually they are produced by using hydrogen peroxide
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(H20,), ultraviolet radiation (UV) or ozone (O3). Andreozzi et al. (1999) have
listed different possibilities offered by AOP and these can be seen in Figure 2.

HO,/ Fe' (Fenton)

H202 / Fe*' (Fenton - like)

HO, / Fe*' (Fe'" )/ UV (Photo assisted Fenton)

H202 / Fe*'- Oxalate

Mn?'/Oxalic acid/Ozone

- Ti02/ hv/ O, (Photocatalysis)
- 03/ 1-1202
- 03/W
- H202/ uv
Figure 2. Different advanced oxidation processes. (Andreozzi et al. 1999)

AOPs may be used in wastewater treatments in many ways: (1) reduction of COD
(2) destruction to specific pollutants, (3) treatment of sludge, (4) increase of
bioavailability and recalcitrant organics and (5) reduction of color and odor
problems. (Bergendahl and O’Shaughnessy 2004)

However, advanced oxidation has not been extensively used because the chemical
processes in advanced oxidation are not totally understood. There should be
specific operating conditions and proper doses of the reactants before water
treatment plant which is based on AOP can be used. (Bergendahl and
O’Shaughnessy 2004) The use of AOPs is mostly limited to already treated waters
which contain low concentrations of organic or inorganic material. Some

experiments with different oxidation technologies have shown that partial
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oxidation of toxic water may increase its biodegrability up to high levels. (Pera-
Titus et al. 2004)

Also thermal oxidation processes offer efficient techniques to eliminate organic
compounds. Thermal oxidation processes use higher temperature and pressure
compared to AOPs. The use of thermal treatments has a few advantages. For
example in paper mill biowaste, thermal treatment fractionates the lignocellulose
by solubilizing part of the hemicellulose and lignin fraction. In addition treatment

will decrease cellulose crystallinity. (Lissens et al. 2004)

Next, this thesis discusses in more details the wet oxidation which is a thermal

oxidation process and the peroxide oxidation which is included in AOPs.

3.1 Wet oxidation

Wet oxidation (WO) is a useful thermal oxidation method which can treat
wastewaters which are too concentrated for biological treatment or have low
biodegradability. WO process is very clean because no harmful chemicals are
used and also the final products (carbon dioxide and water) do not harm the
environment or humans. (Bhargava et al. 2006) WO can oxidize organic and
inorganic aqueous solutions or suspensions at high temperature and high pressure.
(Luck 1996) Typical conditions for wet oxidation vary depending on the source
but the ranges are from 150-370 °C and 2-20 MPa (Debellefontaine et al. 1996,
Verenich et al. 2000). Residence times may range from 15-120 minutes. (Luck
1996)

The idea of the WO process is to enhance contact between molecular oxygen and
the organic matter to be oxidized and then to eliminate organic compounds by
oxidizing them to carbon dioxide and water with oxygen in the liquid phase.
(Debellefontaine et al. 1996, Bhargava et al. 2006). The reactions also produce
low molecular weight organic compounds including carboxylic acids,
acetaldehydes and alcohols. (Kolaczkowski et al. 1999) In wet oxidation process
it is possible to use either oxygen or air as an oxidant in which case the process is
also called wet air oxidation (WAO).

The WO process includes two steps, which are the physical and the chemical step.
In the physical step oxygen is transferred from the gas phase to the liquid phase.



12

According to Debellefontaine et al. (1996) the only significant transfer resistance
will occur at the gas-liquid interface. There are few limiting cases for mass
transfer. For example, oxygen can react already within the film, it can react within
the bulk liquid or the oxygen concentration within the bulk liquid can be equal to

the interface concentration. (Debellefontaine et al. 1996)

In the chemical step there are many factors which can influence the rate and
extent of the WO process. The most important factors are temperature, oxygen
partial pressure, pH of the solution, reactor geometry and the composition of the
reactors walls. The general agreement is that the reactions in WO proceed through
free-radical chemical reactions. Free-radical chemical reactions have three main
types: initiation, propagation and termination. (Bhargava et al. 2006) In Figure 3 a
simplified reaction chain in WO is shown.

Alcohols —————» CO, H,0
Organic compounds O
ganic compounas g, Hydroperoxides ¢Oz OZT

(aqueous solution)

Ketones, aldehydes —» Acetic acid

Figure 3. Simplified diagram for wet air oxidation reaction chain.
(Debellefontaine et al. 1996)

In wet oxidation it is also possible to use some catalyst. The use of a catalyst can
reduce the energy-intensive reaction conditions (e.g. high pressure) reaching still
almost complete oxidation. In addition, the use of catalyst can reduce material
costs. The catalyst can be either heterogeneous or homogeneous. The phase of
heterogeneous catalyst differs from the other reactants and homogeneous catalyst
is in same phase as the reactants. Imamura (1999) states that copper ion is an
effective homogeneous catalyst. Copper ion can be used for the practical
treatment of wastewater discharged from petrochemical industries. (Imamura
1999)

Nowadays, most of WO plants are treating waste streams from petrochemical,

chemical and pharmaceutical industries and also residual sludges from wastewater
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treatment. Plants can operate either for complete oxidative decomposition or for
partial oxidation of pollutants. In partial oxidation the feed is oxidized to low-
molecular weight compounds and after that they are treated by biological
processes. (Luck 1996)

In Figure 4 a basic flow diagram of a WO plant is represented. The WO plant is
composed primarily of a high-pressure pump, an air or oxygen compressor, a
heat-exchanger and also a reactor with a relief valve and a downstream separator.
(Luck 1996)

Vent gas
Reactor Catalytic
convener
Heat exchanger
Air
(Oxygen)
Liquid
waste Compressor
High-
Heater
pressure Waste gas
pump P
Separator
Pressure control
valve
Oxidized
effluent

Figure 4. Flow diagram of a WO process. (Luck 1996)

Even though the WO process has a wide range of advantages, there is still one big
disadvantage. The process needs very high temperature and pressure to work
properly, so that the organic compounds will obtain a high degree of oxidation in
a reasonable amount of time (Bhargava et al. 2006 ).These conditions will require
large amounts of capital and the operating costs are also high (Verenich et al.
2000). However, without the necessary temperature and pressure, there will be
only partial oxidation (Bhargava et al. 2006). To improve the WO/WAO process
more efficient oxidizers should be used. This can be accomplished by using
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homogeneous catalysts (for example transition metal salts) or to use hydrogen
peroxide as the oxidizer instead of oxygen. (Debellefontaine et al. 1996)

3.2 Wet peroxide oxidation

Wet peroxide oxidation (WPO) differs from normal wet oxidation in the sense
that the gaseous oxidant (air or oxygen) is replaced by liquid hydrogen peroxide
(H.O,) which makes it an advanced oxidation process, not a thermal oxidation.
Hydrogen peroxide is a safe, efficient and easy to use chemical oxidant. The use
of H,O, also eliminates mass transfer problems which might occur in WO.
(Debellefontaine et al. 1996, Pera-Titus et al. 2004) In WPO it is possible use
moderate conditions: temperature range 90-130 °C, pressure 0.1-0.5 MPa. (Luck

1996) A sketch of the hydrogen peroxide reactions is represented in Figure 5.

Organic compound Oxidation products
(1) CO;
OH"
/ @ 0, H,0
Hydrogen peroxide Decomposition products
Figure 5. A sketch of hydrogen peroxide oxidation reactions.

(Debellefontaine et al. 1996)

Hydrogen peroxide is a strong oxidant and its standard potential is about 1.80 V.
Table IV shows the standard reduction potentials of some oxidants in acidic media

and H,0, can be compared to other oxidants. (Pera-Titus et al. 2004)
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Table IV Standard reduction potentials of some oxidants in acidic media.

(Pera-Titus et al. 2004)

Oxidant

Standard reduction potential, V

Fluorine (F,)

Hydroxyl radical (OH®)

Atomic oxygen

Ozone (0O5)

Hydrogen peroxide (H,05)
Potassium permanganate (KMnQ,)
Hypobromous acid (HBrO)
Chlorine dioxide (CIO,)
Hypochlorous acid (HCIO)
Chlorine (Cly)

Bromine (Br,)

3.03

2.80

242

2.07

1.77

1.67

1.59

1.50

1.49

1.36

1.09

Although H,0, is a strong oxidant, it will not react effectively without some

homogeneous catalyst, usually some metal salt. (Kitis and Kaplan 2007) In some

processes hydrogen peroxide is also combined with UV light or ozone. Hydrogen

peroxide-based AOP techniques can be divided as follows to hydrogen peroxide

in combination with (Pera-Titus et al. 2004):

e hydrogen peroxide and ultraviolet (H,O, + UV)

e Fenton’s reagent (H,0; + Fez+/Feg+)

e Fenton-like reagents (H,0,+Fe? - solid/Fe**-solid)
e photo-Fenton (H,0, + Fe**/Fe** + UV

e o0zonation + catalysis (O3 + H,0, and O3 + Fe?*/Fe®")

From these combinations the Fenton and the photo-Fenton processes are the most

researched, so this study is limited to handle only these two methods.

3.2.1 Fenton oxidation

The Fenton reaction is a widely used method which is based on an electron

transfer between H,O, and a homogenous catalyst. The most common catalyst is
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iron. Fenton’s reagent can be used to treat industrial wastes from different
sources. For example, for treatment of organic compounds such as phenols,
formaldehyde, pesticides, wood preservatives, plastic additives and rubber
chemicals. The process can also be applied to wastewaters, sludges and
contaminated soils. (Pera-Titus et al. 2004) The oxidizing efficiency of the Fenton
reagent is the highest for pH range 2-5. (Liotta et al. 2009)

Fenton’s reaction is a very complex one and it will occur in seven stages. The

stages are represented in Equations 1-6. (Beltran de Heredia et al. 2004).

k
H,0, + Fe?* = Fe3* + OH™ + OH® (1)
k2
B+ H,0, = B,, (2)
k3
B+ OH® = B,, ©)
k
H,0, + OH® = HO,* + H,0 (4)
k
OH® + Fe?* S Fe3* + OH™ (5)
k
Fe3* + H,0, = Fe** + H* + HO,® (6)
k
Fe3* + HO,® 5 0, + Fe?* + H* @)

After addition of iron and hydrogen peroxide, they react together to generate some
hydroxyl radicals (Eg. 1,6 and 7). In the next phase the hydroxyl radicals react
with the pollutants oxidizing it (Eg. 2 and 3). In the reactions the pollutants are

marked with ‘B’. The products from the oxidations are marked with ‘B’ .

(Lenntech, 2012)

The applications of Fenton’s process are well-researched and raise interest
because of the used materials. As a catalyst iron is easily available and it is a non-
toxic element. Hydrogen peroxide is easy to handle and excess reagent will
decompose to environmentally save products. Fenton’s process can also operate
at atmospheric pressure and room temperature which is a huge advantage.

However, the use of these mild conditions causes problems because the
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consumption of H,O, increases and there is a need to remove iron after treatment.
(Zazo et al. 2006)

3.2.2 Photo-Fenton oxidation

When the Fenton process is irradiated with UV radiation, the process is called
photo-Fenton. According to Dantas et al. (2003) the UV radiation increases the
degradation rate of the organic pollutants which is due to presence of high valence
iron intermediates. (Dantas et al. 2003) The use of UV radiation produces also

more hydroxyl radicals than direct Fenton process. (Ghaly et al. 2001)

As considered before, all AOPs have a high consumption of electrical energy and
chemical reactants. Especially the consumption of energy increases in photo-
Fenton reaction when the process needs light with uniform wavelength. The
photo-Fenton reactions can use photons with wavelength close to 400 nm, but it
has shown photon absorption even at 550 nm. (Pérez et al. 2002)

4 Products of the oxidations

Usually, the main idea of oxidation of biomass is to decompose the dissolved
organics in wastewater and to form carbon dioxide and water as the end-products.
In practice, this can be measured by a decrease in the TOC and COD values. The
oxidation is seldom complete and the reactions will form different intermediates
and by-products. However, only a few studies are devoted to the identification of
the by-products. (Robert et al. 2002) In all oxidation processes the formed
intermediates and by-products depend on what compounds or functional groups
the oxidized material contains and what catalyst is used (e.g. UV-light or Fenton
reagent). Usually the by-products consist of various aromatic compounds and

carboxylic acids. (Calleja et al. 2005)

In the following subsections the products of WO and WPO are discussed and also
the various arrangements in the experiments that are to be done in the

experimental part of this thesis.

4.1 Products of WO

As has already been mentioned, oxidation of biomass produces aromatic

compounds and carboxylic acids as the intermediates and by-products. Donlagi¢
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and Levec (1998) have compared catalytic and non-catalytic WO processes and
clarified how the use of catalyst affects the forming of intermediates. They
oxidized recrystallized Orange 1l (Ci1H11N2NaO4S) with a 750 mg in each
oxidation and they used a constant stream of oxygen (1 L/min). In the catalytic
oxidations catalysts containing 42 w-% of copper oxide, 47 w-% of zinc oxide and
10 w-% of aluminium oxide were used. (Donlagi¢ and Levec 1998) In Table V

the results of their studies are shown.

Table V The amounts of different intermediates in catalytic and
noncatalytic wet oxidation at two temperatures. (Donlagi¢ and
Levec 1998)
Intermediates Catalytic Noncatalytic
mg/L Oxidation Oxidation
190 °C 230°C 190 °C 230°C
Acetic acid 13.5 134 5.3 47.2
Formic acid 3.8 1.9 20.5 27.8
Oxalic acid 0 0 14 0.4
Glycolic acid 34 1.3 0 12.8
Lastic acid 1.6 0 0 0
Malic acid 0.3 16.9 0 0
Total acids 22.6 16.9 27.2 88.2
Fraction of acidsin  0.25 0.33 0.14 0.71

intermediates

From Table V it can be seen that temperature influences the most to the total
fraction of acids. In catalytic oxidation the fraction is 0.25 at 190 °C and when the
temperature rises to 230 °C, the fraction is 0.33. In noncatalytic oxidation the total
fraction of intermediates is 0.14 at 190 °C and at 230 °C it is 0.71. From these
experiments it can be noticed that the non-catalytic wet oxidation should be

preferred if it is wanted to produce carboxylic acids as the intermediates.

Debellefontaine and Foussard (2000) have also investigated the effects of
temperature and pressure on wet oxidation. In addition, they studied the effect of
the used oxidant (air or oxygen) to the oxidation. Also according to their studies,
the most significant parameter in wet oxidation is temperature. The results of their

experiments are shown in Table VI.
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Table VI Dependency of COD removal efficiency on the nature of gas,
pressure and outlet temperature. (Debellefontaine and Foussard
2000)

Pressure Gas Outlet temperature COD removal

bar °Cc %

100 Oxygen 299 70.9

100 Air 246 10.7

150 Oxygen 320 89.9

150 Air 298 65.1

According to the experiments of Debellefontaine and Foussard (2000) it can be
noted that in addition to temperature, also the used pressure affects the oxidation.
From Table VI it can be seen that the highest COD removal (89.9 %) was
obtained when the pressure and temperature were both quite high (150 bar and
320 °C). Also it can be seen that the lowest COD removal (10.7 %) was when the
temperature was 246 °C and pressure 100 bar. The used gas does not influence the

oxidation as much as the other tested parameters.

4.2 Products of WPO

As well as in WO, also in WPO short-chain organic acids are formed as
intermediates. For example, when phenol and phenolic compounds are oxidized
with H,0,, the main organic acids are acetic, oxalic and formic. However, the
reaction time influences a lot to the formation of acids. Some experiments show
that phenol concentration decreased from 100 mg/l to 14 mg/l in 90 minutes
reaction time. During this time only 29 % of H,O, was decomposed. Although a
complete conversion was achieved in 120 minutes, after 8 hours there was 22 %
of residual TOC left. In this reaction the primary oxidation intermediates were
aromatic compounds (catechol, hydroquinone and p-benzoquinone) resulting from
phenol hydroxylation which then evolve to short-chain organic acids and later
partially to CO, and H,O (Bautista et al. 2010)

Also Rey et al. (2009) oxidized phenol resulting in short-chained organic acids as
intermediates. According to their studies, the most general intermediates were
oxalic and formic acids. Also maleic, malonic and acetic acids were found. The

experiments were done with two different series of activated carbon-supported Fe
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catalyst. The oxalic acid was the most important acid because it provoked Fe
leaching from the catalyst. (Rey et al. 2009)

Fajerwerg and Debellefontaine (1996) discovered from their studies that the
optimal temperature for wet peroxide oxidation is 70 °C. At higher temperatures
the decomposition of hydrogen peroxide becomes preponderant. (Fajerwerg and
Debellefontaine 1996). Also the effect of the initial pH is a significant factor in
oxidation. Centi et al. (2000) have investigated catalytic wet oxidation of
carboxylic acids on different catalysts and carried out experiments at different pH
values. Their studies found that a maximum activity in propionic acid was when
pH was around 4. Using pH value above or below 4, the rate of H,0,
decomposition increased. In addition, using pH values above 5.5 the precipitation
of iron-hydroxide occurs which enhance the rate of H,O, decomposition even
more. (Centi et al. 2000)

Centi et al. (2000) oxidized propionic acid with H,O, and they used homogeneous
iron catalyst. The experiments were done at room temperature and also at 70 °C.
Figure 6 shows the effects of using different pH values in WPO on the formation
of carboxylic acids. Figure 6 also shows the TOC of the solution and the

percentage of H,O, conversion.
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Figure 6. The relative contribution of some carboxylic acids, TOC of

solution and conversion of H,O,. (Centi et al. 2000)
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From Figure 6 it can be seen that at temperature 70°C the conversion of the
propionic acid increases. Also the conversion of H;O, increases but not
significantly. It was also observed in the experiments of Centi et al. (2000) that a
large amount of H,0, still exists at the end of the test. This indicates that the

conversion of the substrate is not complete.

The Fenton process is a WPO process where iron is used as a catalyst. For this
reason data has been collected from two different experiments which have used

Fenton’s reagent. The collected data is represented in Table VII.

Table VII Comparison of two different experiments of Fenton’s reagent.

Reference Source of Type of Temperature  Reaction Maximum of
treated water reactor [°C] time COD removal

[min] [%]

Beltran de Cork 2dm®stired 301 150 79

Heredia et al. glass reactor

2004

Dantasetal. Tannery 1 dm® batch 25 240 ~90

2003 reactor

In Table VII two different experiments with Fenton’s reagent are studied and
compared. The main purpose in both experiments has been to decrease the COD
value. The process conditions were almost the same in both experiments but the
treated waters were different. Beltran de Heredia et al. (2004) used cork-
processing wastewater and Dantas et al. (2003) used tannery wastewater from

leather industry.

The results from these two experiments support the findings of Bautista et al.
(2010) in their experiments. In almost the same conditions the most significant
factor is the reaction time. Beltran de Heredia et al. (2003) used 150 minutes and
they got 79 % COD removal, whereas Dantas et al. (2004) used 240 minutes and
they got almost 90 % COD removal. This shows that although the treated water

was from different sources, the results are still indicative.
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EXPERIMENTAL PART

The purpose of the experiments was to study the possibilities to produce
carboxylic acids from concentrated wastewater by wet peroxide oxidation with
iron salt (Fenton’s reagent). The formed intermediates were analyzed with HPLC
(High Performance Liquid Chromatography). In addition, the samples were
analyzed for COD (Chemical Oxygen Demand), TOC (Total Organic Carbon) and
pH. Experiments were carried out with different amounts of H,0O, and catalyst at

two temperatures, 20 and 50 °C.

5 Experimental equipment

The oxidation experiments were carried out in the laboratory in a 500 mL stirred
batch reactor. The oxidized water was measured to a beaker and the liquid was
mixed using a magnetic stirrer. First, the weighted iron was added. Then the
hydrogen peroxide was added in two stages using a burette. Samples were taken at
various stages of oxidation and the number of the samples was four. After
sampling half of each sample was filtered.

5.1  Properties of the TMP-water

In the experiments TMP-water from a paper production process was used. The

properties of the water are represented in Table VIII.

Table VIII The properties of TMP-water.

pH Suspended solids Dry solid content COD TOC
mg/L mg/L mg/L mg/L
4.6 500 3867 3633 1104

5.2  Amount of hydrogen peroxide and iron

In the Fenton’s reaction, hydrogen peroxide as the source of oxygen and ferrous
iron were used in addition to concentrated wastewater. Diluted hydrogen
peroxide-water solution was used with a concentration 42 g/L. The volume of the
used solution was 46 mL. The dilution was done from 30 p-% hydrogen peroxide
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and the amount of the solutions was calculated from the COD value of the TMP-

water.

According to literature, it was decided to use 1.0 g of iron in the experiments.
Ferrous iron was added as ferrous sulfate heptahydrate FeSO,4 -7 H,O. The mass

on ferrous sulfate added in each experiment was 4.98 g.

6 Experimental procedure

Three different oxidation experiments were carried out. In the first oxidation 500
mL of oxidized concentrate was used together with the calculated amount of
hydrogen peroxide (46 mL) and iron (4.98 g). The oxidation was done at room

temperature 20 °C. A magnetic stirrer was used for mixing.

500 ml of concentrate was measured to the beaker and the iron was added. The
solution was mixed a while and after that half of the hydrogen peroxide (23 ml)
was added and the mixture was allowed to mix for 30 minutes. After 30 minutes
the rest of hydrogen peroxide was added. Again the mixture was allowed to mix

for 30 min.

In the second oxidation three concentrate samples were oxidized at the same time
with different amounts of hydrogen peroxide and iron. The amount of hydrogen
peroxide was doubled being now 92 mL and the amounts of iron were %2, 1 and 2
x of the calculated amount being now 2.49, 4.98 and 9.94 g. The experiments
were carried out in the same way as in the first oxidation and the only differences
was that the amount of hydrogen peroxide was doubled and the concentrate was

oxidized with three different amounts of iron.

The third oxidation was carried out in the same way as the second but the samples
were heated and the temperature was kept at 50 °C. In Figure 5 the water samples
from the third oxidation are shown.
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Figure 5. The third oxidation where three concentrates were oxidized with
different amounts of iron at 50 °C.

6.1  Sampling

The samples were taken in the various stages of oxidations. The volume of each
sample was 50 ml and half of each sample (25 ml) was filtered with a 0.45 pm

filter paper. The stages are shown below:

e TMP-water where the iron is added and the solution is mixed a while
- the 1% sample

¢ half of hydrogen peroxide is added and solution was mixed 30 minutes
> the 2" sample

e rest of hydrogen peroxide is added and solution is mixed 30 minutes
> the 3" sample

6.2  Analytics

The samples were analyzed for COD, TOC and carboxylic acids with HPLC. Also
the pH was measured from the samples.

6.21 COD

Before the measurement of COD values, the samples were diluted. Each dilution
included 5 mL of sample and 15 mL of water when the dilution ratio was 1:3.
From dilution 2 mL was taken which was pipetted into the COD tube. COD was
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analyzed using standard total reflux dichromate method. After heating, the COD

tubes were cooled to the room temperature before they could be analyzed.

6.22 TOC

Before the measurement of the TOC values the samples were diluted. The
samples for TOC analyzer must not contain any solids so the TOC value could be

measured only from filtered samples. The estimated TOC value for the samples is
roughly % and the analyzer measures TOC values between 100-400 g/L. These

factors were taken into account when dilutions were done. The dilutions were
done so that the dilution ratio was either 1:1 or 1:3 depending on the COD value
of each sample. 15 ml of the diluted sample was placed in a TOC tube and the
analyzer measured the TOC value for each sample. The TOC analyzer is
represented in Figure 6.

Figure 6. Shimadzu TOC-L ORDIOR total organic carbon analyzer in the
laboratory.

6.2.3 HPLC
In HPLC 0.005 M H,SO,4 was used as an eluent and the temperature in analysis

was 35 °C. The volume of each sample was between 1-1.5 mL and the injection
volume was 10 pL. The first identified peak was shown about 7 minutes and the
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last identified peak was shown about 15 minutes. The whole time of analysis was

55 minutes for each sample.

The HPLC analysis was done for eight filtered samples. The samples were
selected so that there were samples of different stages of the same oxidation so
that the development of the intermediates can be observed. In addition the
samples were selected so that the effects of temperature, amount of iron and
amount of oxygen can be seen. The conditions of each sample in HPLC are shown
in Table IX.

Table IX The conditions of taken sample.
Sample number Temperature Amount of iron  Amount of oxygen Duration of
oxidation
°C g mgO/L min

1 - - - 0
2 20.0 1.0 910 30
3 20.0 1.0 1820 60
4 20.0 2.0 1820 30
5 20.0 2.0 3640 60
6 50.0 0.5 0 0
7 50.0 0.5 1820 30
8 50.0 0.5 3640 60

7 Results

The oxidations were carried out in three parts. In the first part the oxidation was
performed with calculated amounts of iron (1.0 g) and oxygen (1820 mgO/L). In
the second and third oxidations the amount of oxygen was doubled and the
amount of iron varies. After oxidations each sample was divided into two parts
and the other part was filtered. After that the values of COD and TOC were
measured. The results of COD and TOC analysis are represented in Tables VIII
and IX.
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Table X Results of oxidations, non-filtrated samples.
Oxidation temperature Amount of iron Amount of oxygen COD removal
°C g mgO/L %
20 1.0 1820 58
20 0.5 3640 65
20 1.0 3640 66
20 2.0 3640 69
50 0.5 3640 75
50 1.0 3640 69
50 2.0 3640 50
Table XI Results of oxidations, filtrated samples.
Oxidation Amount of iron Amount of COD removal TOC removal
temperature oxygen

°C g mgO/L % %

20 1.0 1820 61 28

20 0.5 3640 74 42

20 1.0 3640 69 39

20 2.0 3640 74 34

50 0.5 3640 86 58

50 1.0 3640 88 55

50 2.0 3640 79 52

As can be seen from Tables X and XI and also from Figure 7, the COD removal
was bigger in filtrated samples than in non-filtrated samples. In filtrated samples
the COD removal was between 61-88 % when non-filtrated samples it was
between 50-75 %. In filtrated samples the decrease of TOC value was the largest
in oxidations where temperature was 50 °C. Also the amount of iron affected.
TOC removal was largest in the samples where only 0.5 g of iron had been used

in oxidation. For example, in the second oxidation TOC removal was 42 % when

0.5 g iron was used and 34 % when 2.0 g of iron was used.
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Figure 7. The values of COD (both non-filtrated and filtrated) and TOC for

oxidation in room temperature and total dose of oxygen is 1820
mgO/L.

The pH values in the samples vary depending on the stage of oxidation. The

original pH value in TMP-water was 4.6. After adding the iron, the pH value

decrease being in all oxidations between 2.86-3.21. After adding all hydrogen

peroxide, the pH values were between 2.36-2.80. The only thing that can be

noticed from the pH values is that the more iron is used the more the pH value

will decrease.
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Figure 8.

Comparison of COD and TOC values to the dose of oxygen.




29

In Figure 8 the COD and TOC values of one oxidation are shown. The TOC value
is represented in two different units, mg C/L and mg O/L. The oxygen demand
(mg O/L) calculated from the TOC is initially close to the measured COD value
which is also influenced by the hydrogen and oxygen content of the organic

molecules.

It can be also seen from Figure 8 that some part of the added H,O, decomposes to
water and oxygen. The reaction is shown in equation 8

H,0, = H,0+ 0 8

From the slope of COD vs. dose, it can be calculated that 23 % of the added
peroxide is decomposed. This analysis assumes that there is no hydrogen peroxide
present in water and the added peroxide either immediately decomposes to
hydroxyl radicals or to water and oxygen. From the slopes of COD and TOC it
can be also concluded that from the remaining peroxide in the solution
approximately 30 % reacts with carbon in the biomass. The reaction is shown in

equation (9)

In the reaction are carbon dioxide is formed and the TOC content will decrease.
This reaction does not take into account the reactions of hydrogen in the biomass
and is therefore only approximate. The rest of the peroxide generates oxidized

organic molecules, such as carboxylic acids.

Also, it can be noticed that the amount of hydrogen peroxide and temperature
cause both to the decrease of COD value. In Figure 9 the effects of variation of
hydrogen peroxide and temperature can be seen. As can be seen, the removal of
COD does not increase when temperature and the amount of hydrogen peroxide

increases.
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Figure 9. The effects of temperature and amount of hydrogen peroxide to

oxidation. In all experiments are used same amount of iron (1.0 g).

Figure 10 shows the effect when the amount of iron varies. In all experiments in
Figure 10 the reaction time, temperature and the amount of hydrogen peroxide are

the same in the oxidations. As can be seen from Figure 9, the amount of iron does

not affect the outcomes.
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Figure 10. The effect of the amount of iron to oxidation. In all experiments
same temperature (20 °C) and same amount of hydrogen peroxide
(3640 mgO/L) is used.

The HPLC analysis was done for eight selected samples. Figure 11 shows the
results of the HPLC analysis for one sample. The sample was taken after the first
addition of hydrogen peroxide and 30 minutes mixing and the temperature was 50
°C. The identified carboxylic acids were oxalic acid, formic acid and acetic acid.
In Table XII all results of HPLC analysis are listed.
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RID1 A, Refractive Index Signal (DEMO21213 2013-12-02 13-43-001012-1501.D)
VW D1 A, Wavelength=210 nm (DEM021213 2013-12-02 13-43-000012-1501.D)
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Figure 11. The results of HPLC analysis for sample which oxidation was used
0.5 g of iron and 1820 mgO/L. The sample was taken after first
addition of hydrogen peroxide and 30 minutes mixing.
Table XII Formed carboxylic acids in oxidations.
Sample number Acetic Formic acid Oxalic Succinic Total
acid ppm acid acid
ppm ppm ppm ppm
1 463.2 116.2 - 32,5 611.9
2 - 170.4 491.7 - 662.1
3 198.1 - 1613.6 - 1811.7
4 443.2 140.0 - - 583.2
5 160.1 - 1866.1 - 2026.2
6 401.8 52.9 - - 454.7
7 248.5 53.4 868.6 - 11705
8 103.6 - 934.8 - 1038.4

The conditions of each sample are represented in Table IX. From Table XII it can

be seen that the effects of temperature, amount of iron and amount of hydrogen
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peroxide could not be seen in this selection of samples, but the stage of the taken
sample affects the formation of intermediates. The largest total amount of
carboxylic acids is when the duration of oxidation is 60 minutes (sample 3, 5 and
8). Only in sample 7, where the duration of oxidation is 30 minutes, the total
amount of intermediates is as high as in the samples where the duration of

oxidation is 60 minutes.

The results of the HPLC analysis for the TMP-water are shown in the first row.
As can be seen the TMP-water includes some carboxylic acids (acetic, formic and
succinic) already. In addition, all the samples include the same compound which
cannot be identified. In Figure 10 this compound is shown as a large peak at about
seven minutes. Moreover, this unidentified compound is seen in HPLC almost at
the same time than oxalic acid. So, in those samples where oxalic acid was not
identified oxalic acid (samples 1, 4 and 6) might still be present but the unknown

compound is hiding it.
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8 Conclusions

This thesis focused on to study wet oxidation process as the treatment method of
wastewaters and also as the possible method to produce chemicals from
wastewaters. The theoretical part elaborates both WO and WPO and also the
formed intermediates and products of these processes. In the experimental part of
this thesis oxidation of organic matter using Fenton’s reagent is researched. In
Fenton’s reagent iron ions (Fe** or Fe**) are used as the catalysts and hydrogen
peroxide as the oxidant. Based on the literature, the aim of the oxidation of
organic matter was to produce various carboxylic acids. In addition, the changes

in COD and TOC values were also examined.

Based on the obtained results it can be noticed that in these conditions and with
these methods the amount of iron and temperature does not affect to the formation
of carboxylic acids. For example, from Table it can be noted that the amount of
carboxylic acids are almost same in the samples 3, 5 and 8 (1811, 2016 and 1038
ppm) although all the parameters vary. The oxidized TMP-water includes some
unidentified compounds which may affect the results of HPLC. For example, at
least oxalic acid is shown almost at the same time as this unknown compound and
in some samples oxalic acid cannot be identified. Also other carboxylic acid can

remain unnoticed.

Moreover, variation in the parameters affects to the removal of COD and TOC.
The highest removals of COD and TOC were when the amount of hydrogen
peroxide was 92 mL and the temperature was 50 °C. The lowest removals were in
the first oxidation which was carried out at 20 °C and the amount of hydrogen
peroxide was 46 mL. The highest COD removal was 75 % and the lowest was 75
% in non-filtrated samples and in filtrated samples the same values were 88 % and
61 %. The lowest TOC removal was 28 % and the highest was 58 %.
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