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Foreword

This digital book contains the full papers presented at the 10th International Chemical and Biological
Engineering Conference - CHEMPOR 2008, held in Braga, Portugal, over 3 days, from the 4" to the 6™ of
September, 2008. Previous editions took place in Lisboa (1975, 1889, 1998), Braga (1978), Pévoa de
Varzim (1981), Coimbra (1985, 2005), Porto (1993), and Aveiro (2001).

The conference was jointly organized by the University of Minho, “Ordem dos Engenheiros”, and the IBB -
Institute for Biotechnology and Bioengineering with the usual support of the “Sociedade Portuguesa de
Quimica” and, by the first time, of the "Sociedade Portuguesa de Biotecnologia”.

Thirty years elapsed since CHEMPOR was held at the University of Minho, organized by T.R. Bott, D. Allen,
A. Bridgwater, JJ.B. Romero, LJ.S. Soares and J.D.R.S. Pinheiro. We are fortunate to have Profs. Bott, Soares
and Pinheiro in the Honor Committee of this 10* edition, under the high Patronage of his Excellency the
President of the Portuguese Republic, Prof. Anibal Cavaco Silva. The opening ceremony will confer Prof.
Bott with a “Long Term Achievement” award acknowledging the important contribution Prof. Bott brought
along more than 30 years to the development of the Chemical Engineering Science, to the launch of
CHEMPOR series and specially to the University of Minho. Prof. Bott's inaugural lecture will address the
importance of effective energy management in processing operations, particularly in the effectiveness of
heat recovery and the associated reduction in greenhouse gas emission from combustion processes.

The CHEMPOR series traditionally brings together both young and established researchers and end users
to discuss recent developments in different areas of Chemical Engineering. The scope of this edition is
broadening out by including the Biological Engineering research. One of the major core areas of the
conference program is life quality, due to the importance that Chemical and Biological Engineering plays in
this area. “Integration of Life Sciences & Engineering” and “Sustainable Process-Product Development
through Green Chemistry” are two of the leading themes with papers addressing such important issues.
This is complemented with additional leading themes including “Advancing the Chemical and Biological
Engineering Fundamentals”, “Multi-Scale and/or Multi-Disciplinary Approach to Process-Product
Innovation”, “Systematic Methods and Tools for Managing the Complexity”, and “Educating Chemical and
Biological Engineers for Coming Challenges” which define the full papers arrangements along this book.

A total of 516 extended abstracts are included in the Abstract Book, consisting of 7 invited lecturers, 15
keynote, 105 short oral presentations given in 5 parallel sessions, along with 6 slots for viewing 389 poster
presentations. This companion CD-ROM contains the Proceedings with 384 full papers. All extended
abstracts have been reviewed and we are grateful to the members of scientific and organizing committees
for their evaluations. It was an intensive task since 610 submitted abstracts from 45 countries were
received.

It has been an honor for us to contribute to setting up CHEMPOR 2008 during almost two years. We wish
to thank the authors who have contributed to yield a high scientific standard to the program. We are
thankful to the sponsors who have contributed decisively to this event. We also extend our gratefulness to
all those who, through their dedicated efforts, have assisted us in this task.

On behalf of the Scientific and Organizing Committees we wish you that together with an interesting
reading, the scientific program and the social moments organized will be memorable for all.

Braga, September 2008

Eugénio C. Ferreira

Manuel Mota
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Abstract

The first Chempor Conference held in Lisbon in 1975 under the auspices of the
Calouste Gulbenkian Foundation, heralded a regular wide-ranging review of research
and development in Portugal and the U.K. Progressively in later years the Conferences
have attracted contributions from other European countries and indeed further afield.
There is an increasing awareness of the problems for the environment, notably global
warming, brought about by human activities. Recent predictions about the future are
dire, particularly regarding food and water for a rapidly growing world population. They
represent a substantial challenge to the scientific and technical fraternity. In response
to that challenge it is important to keep up to date with technical developments, to meet
and keep in touch with co - workers in associated fields, and to cooperate wherever
possible. The papers presented at the Chempor and other conferences have made and
continue to make, a significant contribution to that objective of meeting the challenge.

1 Introduction

For thousands of years humanity has had to cope and come to terms with the
challenges of starvation, disease and conflict. There have been some useful
developments over the years in food production (particularly the so called “Green
Revolution” in the ‘60s) and in medicine. Sadly though the establishment of universal
peace seems as distant as ever. Despite the strides in agriculture and disease control,
the basic needs have not been made for a large proportion of the world population.
With the anticipated dramatic rise in the world population in the coming decades,
estimated to be at around eleven billion in 2050, the problems of food production and
medical care will become even more intense, unless effective action is taken. The
provision of clean water for human consumption is also of vital importance in the
suppression of disease. Technology has a responsive role to play in meeting this
challenge.

In addition to these basic needs of humanity, energy has played an important part in
the lives of many members of the human family since the Industrial Revolution, not
least in food production but also in aspects of disease control and particularly in the
field of transportation. In previous millennia, energy primarily required for food
production, was provided either by human or animal power. The phenomenal growth in
energy usage generally provided by the heat of combustion of fossil fuels (coal and oil)
or other combustible, usually carbonaceous, material, has led to the discharge of vast
quantities of products from the combustion process, notably carbon dioxide. Although
there are dissenters, it is believed by the majority of the informed, that the random
discharge of these so-called greenhouse gases to the atmosphere is leading to the
phenomenon of global warming, bringing in turn changes to the climate. Additional
problems associated with industrialisation and a higher standard of living is waste
disposal and satisfactory sanitation.

In a U.K. government document (a summary of a White Paper) entitled, “This Common
Inheritance” (HMSO, 1990) the following points were made; Mankind long believed
that, whatever we did, the earth would remain much the same. We now know that this



is untrue. The ways we produce everything and the rate at which we multiply, use
natural resources and produce waste, threatens to make fundamental changes in the
world environment. Nature is under threat. We have a moral duty to look after our
planet and hand it on in good order for future generations. That does not mean trying to
halt economic growth. We need growth to give the opportunity to live better and
healthier lives.

In recent years, though, the issue of climate change has been paramount in the United
Nations, the European Union and individual nations, and various summit gatherings.
The Kyoto agreement in 1997 pledged to cut the emission of greenhouse gases
principally CO, by 12.5 % (based on 1990 levels) by 2010. At a recent G8 summit (July
2008) a target of achieving 50% reduction in global emissions by 2050 was suggested.
In December, 2007, 15,000 people flew to Bali to discuss climate change (Campbell,
2008). It was the intention to build on the achievements of the Kyoto agreement and it
was considered to be a success with a continuation of the dialogue begun at Kyoto.

The European Union environmental legislation (Integrated Pollution Prevention and
Control — IPPC) applies separately to different aspects of the natural environment — air,
water, waste and so on. Porteous (2008) states that the IPPC Directive, based mainly
on U.K. law, requires major industrial installations to be licensed in an integrated way
for controlling emissions to air and water and the management of waste to protect the
environment as a whole. The approach encourages industrialists to think about the
whole process adopting cleaner technology rather than just adding “end of pipe”
controls

2 Food Production

One of the major problems of attempting to increase food production to satisfy the
growing world population is land use, and land availability. Tropical rainforests are
constantly burnt and wetlands drained to provide land for agriculture — growing crops
and rearing animals as sources of food. The use of land for raising sheep and cattle for
food however, is not considered by many as an efficient use of that land. The
opportunity of growing two crops per year of edible foods is much more attractive in the
light of the growing number of mouths to feed in the world. Together with pollution of
water courses and overfishing, many species of wild plants and creatures are being
driven to extinction. As a result valuable sources of food and medicine are lost. The
alternative is to improve the output from existing agricultural land, which may be
substantially achieved by the application of artificial fertilisers and use of herbicides and
insecticides with special safeguards. A recent discourse (McClafferty and Islam, 2008)
emphasised that billions of people worldwide suffer from “hidden hunger”, an insidious
form of malnutrition, that can leave children stunted, immune systems compromised
and adults unable to work effectively. The condition results from micronutrient
malnutrition caused by their lack in the diet. The poor in developing countries who live
mostly in rural areas, depend largely on locally grown staple foods like rice,wheat and
corn to satisfy hunger but provide insufficient nutrition. A world wide organisation
“Harvestplus” is dedicated to the development of micronutrient rich staple foods that
rural populations can grow and consume. In order to provide the necessary content of
iron, zinc and vitimin A suitable low cost fertilisers will be required on a large scale.

3 Water

As important as food if not more important in many ways, is the availability of clean
water. Water supplies around the world are heading towards crisis point. Experts are
predicting large-scale water shortages over the next 25 years. It is anticipated that two
out of three people on the planet will face regular depletion of water supplies.
Population increase and rising standards of living, together with pollution, are rapidly
diminishing the availability of naturally occurring sources of clean water. Water related



diseases, such as diarrhoea, cholera, tachoma, hepatitis and intestinal worms afflict
millions of people worldwide. Approximately 1.8 million people die each year from
diarrhoeal diseases alone,90% of whom are children under the age of five (Laursen,W.,
2007). Many pathogens excreted by humans and animals can cause these diseases
when they are ingested via faeces-contaminated drinking water. These pathogens, and
other contaminants can be physically removed by filtering, adsorption or sedimentation,
and they can be rendered innocuous by chemical, heat or u.v treatment.

In developed countries the potable water supply is carefully protected from
contamination. In the E.U. for instance,there are stringent requirements for water
quality to safeguard the health of people in respect of micro organisms and toxic
substances. The water origin is usually rivers or it may be obtained from boreholes in
suitable locations tapping into aquifers. In addtion to serving the public, water has
many industrial uses such as a medium for conveyance of wastes, slurries.and wood
pulp, as a solvent and as a heat transfer medium principally through vapour (steam), or
cooling

Where sea water is available, desalination becomes a possiblity. In multi-stage
evaporation there are implications for energy use and its associations with global
warming. An alternative is the application of reverse osmosis. Kowtsakos(2008) states
that there are not enough chemical engineers employed in this industry.

The disposal of waste water from public sewage systems and industrial use, also
requires stringent controls, since it is often returned to its source. It has been said that
the water in the River Thames is used ten times over in its journey from its source to
the sea! In the methods available for the treatment of water the application of physical
forces predominate, (well known to chemical engineers). In general terms there are
three stages. In the treatment of waste water particularly, the primary treatment
involves physical operations such as screening and sedimentation that are used to
remove the floating and settleable solids from the water. Secondary treatment involves
biological and chemical processes to remove organic matter. A final treatment is
applied to remove any trace constituants that still remain in the water.

Filtration is widely used for the preparation of public water supplies - including
traditional sand filtration and membrane fitration, that have application outside the
water industry such as solvent recovery and the production of potable water from sea
water. Papers presented at the Chempor Conference in 1975, described the
disinfection of water in the 1974 epidemic of cholera (Lobato de Faria) and water
demineralisation (Rodriques and Tondeur).

4 Waste Disposal

Substantial industrialisation and improved standards of living, have given rise to the
production of waste materials of one sort or another, from manufacturing to domestic
and retail outlets. It is usual to classify waste disposal into three categories; landfill.
incineration and recycling. Landfill is subject to tight scrutiny because of the risks to
public health.through the contamination of ground water.Disposal at sea, consisting of
long term persistent noxious substances with a lowering of the amenity of an area due
to smell visual degradation and possibly noise, is also not readily acceptable. Flamable
waste incineration particularly domestic waste, has been practiced for many years.
Because of the problem of emissions notably CO, , the technique has come under
critical assessment.

The best option is to recycle but this is no easy option because there is likely to be a
mixture of components that may need separation,which can be labour intensive.In
order to overcome some of these difficulties it might be possible to recycle in a different
way; by the incorporation of say,plastics and broken bottles in building materials for



instance. At the first Chempor Conference in 1975, Bridgewater presented a paper
entitled “Plastic waste-disposal or recovery?”

5 Energy

Increased industrialisation and improved living standards that have been achieved in
many parts of the world have been largely based on the availability of energy, one sort
or another.The traditional acquisation of energy going back over countless generations
has been through combustion to provide heat. Combustion is still an important
component in the scheme of things,and is likely to remain so, but the associated
technology has become more complex, due to the concern for the effects of the
associated emissions on the climate, already discussed.

The first priority in achieving minimum output of greenhouse gases is effective energy
management. Chemical engineering technology is uniquely placed to make a
substantial contribution to effective management to maximise energy efficiency. A
basic requirement is effective design, not only in respect of the combustion process
itself, but in achieving maximum heat transfer. A recent simplified study (Casanueva-
Robles and Bott, 2005) of the water-cooled steam condensers on a 550 MW coal fired
power station,demonstrated that a 1mm thick biofilm on the condensers resulted in an
increase of the CO, .discharged to atmosphere of 6.2 tonnes/h. Although this may be
considered to be a large additional CO, discharge, it represents only a relatively small
proportion of the total emission. Nevertheless,if the biofilm formation could be reduced
or even eliminated altogether, it would make a significant contribution to the aim of
reducing the effects of emissions.

Effective control of the accumulation of microbial biofilms can be achieved by the use
of biocides. Chlorine has been the preferred biocide for many years on account of its
availability and relativly low cost. Chlorine however represents an environmentally
unacceptable pollutant when the water is discharged back to its source. Cooling water
is usually taken from a natural source such as a river, lake or the sea. Under these
circumstances the residual chlorine is a danger to living plants and creatures in the
water. Furthermore chlorine reacts with organic material to form carcinogenic
compounds that are clearly a danger to humans who may come incontact with the
water and particularly if it is used for drinking purposes. As a result, alternative,
environmentally friendly biocides are available that are continually being improved. The
method of dosing e.g. continuous or intermittent, may affect the overal effectiveness of
biocide application

Similarly heat exchangers that recover the heat from hot combustion gases can
become fouled with deposits of mineral matter originally contained in the fuel. If steps
are not taken to reduce or eliminate these unwanted deposits,the efficiency of heat
recovery will be jeopardised, so for a given heat requirement the fuel consumption will
increase and the production of CO,.will also increase.

The reduction of surface fouling in heat exchangers, by good design and suitable
control technigues,can make a substantial contribution to a reduction of greenhouse
gas discharged to atmosphere.from combustion based systems.Tackling the problem
of heat exchanger surface fouling has been a top technological priority in recent years,
particularly since the so called “oil crisis” in the early 1970s. Improvements to heat
exchanger design in respect of fluid velocity and temperature distribution,have made
significant contributions to energy conservation. The use of helical baffles in shell and
tube heat exchangers (Boxma, 2000) and the use of inserts in the tubes (Wills et al,
2000), to improve the opportunity to remove deposits are examples of technical
advances in design. The material from which a heat exchanger is made and its quality
in terms of roughness, have also come under the designers’ scrutiny.



Attention to operational managemement to ensure that the design requirements such
as flow velocity and temperature distribution, are maintained is also an effective tool in
maximising energy transfer. The use of modified surfaces and coatings to prevent or
reduce surface fouling is also a possibility, although cost and durability have to be
carefully considered. The use of additives, as with cooling water, is an option but its
presence may not be acceptable in certain products as it may be considered an
impurity. This is of particular significance in the processing of food.

In addition to these aspects of energy management, it is possible to reduce emissions
by capturing the CO, and storing it, usually below ground in deep disused mines and
the like. An underground carbon storage facility has recently opened in Australia (Anon.
2008). The CO, originates from a natural gas well, not from a combustion process, but
the principal is identical. The storage facility consists of rock formations 2km below the
surface with an estimated capacity of 10,000 tonnes of greenhouse gas. Such a
capacity would not be sufficient for a large 1,000 MW coal fired power station that could
have around 8 Mt/year CO, emission.

The process is most cost effective when applied to large stationary sources of CO,,
such as power stations, refining furnaces and metal smelting, which account for more
than half of all man-made CO, emissions. Techniques for capturing CO, include
absorption,adsorption and membrane filtration. At the first Chempor Conference
in1975, a paper was presented by Carter et al entitled “ The adsorption of carbon
dioxide by deep beds of molecular sieve adsorption”. Although this paper was
principally concerned with a gas coolant purification system for a high temperature
nuclear power reactor, it did herald the concept of CO, capture for storage
underground.

Fossil fuels particularly oil, are running out - with associated higher costs that have
recently been in evidence, so that alternative sources of energy will be required. The
combustion of waste, particularly domestic waste, can be a source of energy for power
generation, but the emissions that include greenhouse gases, may also contain other
unwanted compounds, that could be difficult to handle. Preliminary work on the use of
hydrogen as an alternative source of energy is a possibility since it does not give rise to
greenhouse gas emission from combustion. It may also be used in fuel cells that
convert chemical energy directly into electrical energy without combustion. Research is
being carried out to investigate their use for powering vehicles. The source of hydrogen
in the quantities that will be needed and the fact that it is a gas at atmospheric pressure
will create major problems. At the present time hydrogen is largely produced by the
electrolysis of water; the source of that power may have come from a conventional
power station! Research is being carried out on the posibility of using solar thermo-
chemical cycles to produce hydrogen without producing CO, (Sattler et al 2007).There
are however technical problems still to be overcome . An interesting application for
industrially generated CO,. resulting from hydrogen generation is for use in actual
greenhouses, to encourage plant growth and capture of CO, (Anon 2007). Other
sources of electrical energy that do not generate greenhouse gases include wind
power, solar power, river and tidal barriers, sea wave motion and geothermal energy.

A developing industry, considered to be a replacement for the combustion of fossil
fuels, is the production of “biofuel”, It is a fuel as the name implies, which is biological in
origin, such as methane, biogas and biodiesel, seen as sustainable supplements to
petrol and diesel.These can be a means of reducing carbon emissions

Biodiesel refers to a diesel type fluid originating in biological sources such as vegetable
oils or animal fats. The manufacturing process produces methyl esters (biodiesel) and
a valuable biproduct - glycerine, that has many potential uses. Apart from use in
vehicle engines there are other applications such as domestic heating oil to reduce or



eliminate the dependence on fossil fuel. Such an application would be of advatage in
rural areas where there is no access to domestic gas supplies.

Although combustion generates greenhouse gas emissions, it is argued that since it is
plant derived, the CO , produced is taken up in subsequent plant growth so that the
actual pollution, when this is taken into account, is zero, i.e. carbon neutral. An
alternative is biomass produced from organic materials directly from plants or from
industrial processes. Woody biomass refers to wood type material or less dense
material such as straw and tall grass. Non-woody biomass as the name implies,
includes waste from industrial and food processes and specially grown crops such as
sugar cane and maize.

Another alternative is biogas, formed by anaerobic digestion of organic materials,
generally waste materials such as sewage sludge and waste from food production. The
biogas produced is generally a mixture of methane and carbon dioxide with a ratio of
approximately 2:1 respectively. It is possible, with suitable modification to use it in
internal combustion engines or to generate electricity by the usual method of
combustion to raise steam to operate turbines.

In an assessment of the potential for biofuels Bourne (2007) quoting a U.N. report,
concludes that although the benefits from biofuels are large, an extensive use of
biofuels could jeopodise the security of food supplies, with an increase in food prices.
At the present time it is estimated that 25,000 people die from starvation each day! In
the light of these kinds of data it is unfortunate that in some parts of the world rain
forests and natural habitats are destroyed to provide areas for the production of crops,
not for human consuption, but to provide biofuel of one sort or another. Sugar is a
typical example. It is fermented to produce alcohol as a liquid fuel to replace petrol in
specially adapted internal combustion engines.

A compromise that might go some way to meeting this concern about biofuel and food,
is to utilise the waste produced in food production and agriculture generally, rather than
using the food substance itself for the production of biofuel. Sugar production from
cane is a good example of this approach. For many years waste material from cane
sugar refining (bagasse) has been used as a fuel for combustion to produce steam and
electricity for the refining process, and the surplus electricity has been made available
for the local community. In addtion there is waste associated with the harvesting of the
cane on the plantation currently often burnt in situ. This could also be used as a source
of energy.lt is anticipated that improvements could make the whole process carbon
neutral since the equivalent C0, emission will be absorbed by the next year's growth.

Green algae, waterborne micro organisms, imbibe CO, and provided there is sufficient
light available they will rapidly multiply to form a substantial mass of growth. They have
often been regarded as a nuisance in reservoirs and in places where there are leisure
activities.The Chinese authorities for instance, had to clear vast amounts of algae in
preparation for some of the boating competitions at the Olympic Games. It has been
suggested that algae might be a good source of biofuel since it is easy to grow and
removes greenhouse gas from the environment.

Boyle (2008) reports that a company (Ineos) in the U.K.is proposing to prodce
bioethanol fuel from municipal solid waste, agricultural waste and organic commercial
waste. It is claimed that 400 litres of ethanol could be produced from one tonne of
waste. It is pointed out that unlike other biofuels there is no choice to be made between
food or fuel with this technology.



6 Concluding remarks

Humanity is facing a huge challenge in respect of the provision of food and clean water
to sustain a rapidly increasing world population. In addition there is the availability of
energy to satisfy the needs of the growing population in terms of standard of living and
manufacturing industry. The examples cited illustrate the tremendous unique
opportunity and indeed the moral obligation for chemical engineers, to apply their skills
to meeting this challenge. It is in a spirit of optimism and dedication and the
cooperation of governments and industrial entrepreneurs, that will ensure success. The
whole process will continue to be facilitated by the exchange of ideas that results from
conferences such as Chempor.
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Abstract

Gas-liquid mass transfer in an aerated stirred tank containing two liquid phases was
investigated by measuring the saturation of an organic solute in the gas phase. The purpose
of this work was to provide experimental evidence for the mechanisms at play. Gas-liquid-
liquid mass transfer is studied by measuring evaporation of an organic liquid from an aerated
stirred tank 0.232 m in diameter. The continuous liquid phase consisted of tap water, while
the dispersed organic phase consisted of n-heptane, n-dodecane or solutions thereof.
Exhaust air was sampled using 125 ml sampling bulbs and analysed by gas
chromatography. Change in outlet gas saturation (saturation in the transferred organic
solute) as a function of organic phase composition in this system unequivocally shows that
organic phase spreading coefficient is an extremely important factor in mass transfer rate in
gas-liquid-liquid systems. Once the spreading coefficient of the organic solution changes
from negative to positive, the outlet gas becomes saturated, corresponding to a several-fold
increase in mass transfer coefficient.

1 Introduction

Interest in gas-liquid-liquid systems has recently been increasing due to its application in
homogeneous catalysis systems [Cents 2001, Dumont 2003] and in the bioprocess industry.
Aerobic fermentations [Nielsen 2003, Galaction 2004], VOC biodegradation [Daugulis 2003]
and biotransformations using a gaseous substrate [Teceldao 2001] are examples of such
bioprocesses involving an organic liquid finely dispersed in the aqueous medium.

In all these processes, mass transfer of one or more gases/vapours into/from the liquid-liquid
emulsion occurs and is often rate determining. It is known that the presence of the second
liquid phase dispersed in the continuous aqueous phase affects the gas-liquid mass transfer
rate. An extensive review [Dumont 2003] of gas-liquid mass transfer to “oil-in water” systems
reveals that, while most authors have found mass transfer enhancement due to the presence
of the organic phase, both the extent of this enhancement and the mechanism by which it is
achieved are not agreed upon by researchers. Gaps and contradictions in the experimental
data do not allow definite choice between mathematical (and/or conceptual) models
proposed for the phenomena involved.

The pathways for mass transfer between dispersed organic and dispersed gas phases may
involve either (i) direct gas/organic contact or (ii) indirect mass transfer through the

* Corresponding author. Tel + 351-218417188. E-mail: salves @alfa.ist.utl.pt



intermediate continuous aqueous phase. Both mechanisms may coexist leading to a
series/parallel set of pathways.

The effect of adding a second liquid phase may thus be expected to be different depending
on the spreading coefficient S, defined as:

where owg, coc and opw are the water-gas, organic-gas and organic-water interfacial
tensions, respectively. If the spreading coefficient is positive, the dispersed organic phase
tends to spread on the bubbles. Direct contact is thus likely and very high mass transfer
coefficients are expected.

If the spreading coefficient is negative, on the other hand, such an organic film is not
thermodynamically stable. Even so, gas-liquid mass transfer enhancement may occur due to
the presence of organic droplets (which are much smaller than the bubbles) in the bubble
boundary layer: they may either improve the concentration gradient due to a shuttle effect
[Rols 1991] or improve boundary layer mixing.

In this paper, gas-liquid mass transfer effectiveness is quantified in a gas-liquid-liquid system
in an aerated stirred tank, with organic phases of variable spreading coefficients, to elucidate
the effect of spreading coefficient on gas-liquid mass transfer.

2 Materials and methods

The experimental set-up consisted of a 0.232 m diameter, flat-bottomed, fully baffled glass
vessel with steel bottom. Liquid level was kept equal to tank diameter. Agitation was provided
by a 0.090 m diameter Rushton turbine placed 0.118 m above the tank base. Temperature
was not controlled. It was measured both in the liquid and in the gas above.

The continuous liquid phase consisted of tap water, while the dispersed organic phase
consisted of n-heptane (anhydrous, 99%, Aldrich), n-dodecane (Reagent Plus, > 99%,
Aldrich), or solutions thereof.

Air was introduced through a ring distributor placed below the turbine. Air flow rate was
measured using a rotameter.

Exhaust air was sampled using 125 mL sampling bulbs and analysed for the relevant organic
compound(s) by gas chromatography in a Hewllet-Packard 8690 Il, equipped with a HT5
capillary column.

3 Theory and calculations

A simple measure of mass transfer effectiveness is the approach to equilibrium of the exit
gas, i.e. the Murphree efficiency, E. In the present work, since there are no volatile organics
in the inlet air, this is given by

E = pG:ul (2)
Pc
where pgout is the partial pressure of the relevant organic compound at gas outlet, and PG is

its equilibrium partial pressure, which may be calculated assuming Raoult’s law for the liquid
organic phase. The advantage of E is its simplicity and the fact that no gas phase mixing
assumptions are required for its calculation. Thus, although mass transfer coefficients may
be calculated from E under the aforementioned assumptions, the simpler concept of E is
enough to draw conclusions from the data obtained in this work and will thus be used.

The relationship between E and mass transfer coefficients may be established through mass
balance:



dp
QV 'pmol 'dy:QV 'pmol ’ P

L6 — K galpy - pe v

(3)

where Kg is the gas overall mass transfer coefficient between the gas and the organic liquid,
a is the specific gas-liquid interfacial area, V is the liquid volume, P is pressure, Qy is the gas

volumetric flow rate and pn is the gas molar density.

Integration depends on the degree of backmixing of the gas, which lies between the two
limiting conditions of its being well mixed and following plug flow. Assuming plug flow:

QVﬁmol
K.a=—""""1n(l-E
G VP ( )

And assuming a well-mixed gas phase:

KGa:_Qmeol E
VP 1-F

4 Results and discussion

(4)

Figures 1 and 2 present the % saturation (= E x 100) of heptane in the outlet gas as a
function of heptane % mol fraction in the organic liquid for an organic holdup of 2%, 2

different gas flow rates.

2%holdup, 2.6 I/min
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Figure 1 - % saturation (= E.100) vs. mol % heptane in the organic phase for Q,=2.6 I/min and 2%

organic holdup, at varying stirrer speeds.
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Figure 2 - % saturation (= E.100) vs. mol % heptane in the organic phase for Q,=5.2 I/min and 2%
organic holdup, at varying stirrer speeds.

The most striking features that we can see in these figures are the following:

(i) For any given set of conditions (constant N, constant Q,) % saturation of heptane
in the outlet gas is low at low concentrations of heptane in the organic liquid, high for high
concentrations. In fact there appear to be two plateaus of approximately constant %
saturation in the gas separated by a steep change at between 50% and 80% heptane in the
liquid.

(i) Above this transition-concentration the gas leaves almost saturated in heptane.
The exception is when N = 300 rpm and Q, = 5.2 I/min, which corresponds to the lowest
agitation power.

(iii) Stirrer speed, as expected increases outlet percentage saturation, due to
increased mass transfer coefficient.

The transition concentration happens to coincide roughly with the concentration of heptane at
which the spreading coefficient of the organic solution changes from negative to positive. The
spreading coefficient at 25°C is 2.4 for heptane, and -5.5 for dodecane [Drelich 1999]. Assuming
that surface tension varies approximately linearly with mole fraction [Tahery 2005] so will the
spreading coefficient, in which case the transition composition is Xneptane = 0.70. It may therefore
be concluded that there are two mechanisms of mass transfer, depending on the spreading
properties of the organic phase.

4 Conclusions

Change in outlet gas saturation (saturation in the transferred organic solute) as a function of
organic phase composition in a gas-liquid-liquid system unequivocally shows that organic
phase spreading coefficient is an extremely important factor in mass transfer rate in gas-
liquid-liquid systems.
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Abstract

This paper presents the quantification of the air/vector and the air/vector/water oxygen
transfer in three-phase reactors. A mathematical model was developed and used to
characterize mass transfer in an airlift (AL) and a stirred-tank (ST) reactors containing from 0
to 50% of silicone oil as vector. A positive effect of the vector on oxygen transfer was
observed. In both reactors, the optimum oxygen transfer was observed with 10% vector.
Under these conditions, a transfer increase of 65 and 84% for the AL and ST respectively
was observed, compared to reactors operated without silicone oil. It was also observed that
the overall transfer enhancement was mainly due to a better air/water transfer. With 10%
vector, the air/water transfer contribution to the overall oxygen transfer was 94.7 and 93.0%
for the AL and ST, respectively.

1. Introduction

Transfer of poorly water-soluble compounds is a key issue in numerous biotechnological
processes. Several methods have been proposed to overcome mass transfer limitations.
Among these, the use of vectors has been explored for more than 30 years (Deziel et al.,
1999). The use of vectors is based on the addition of an immiscible liquid with high affinity
towards the target compound (Mufioz et al., 2007). An additional gas/vector/water transfer
pathway is established. Numerous liquids have been used as vectors, including
perfluorocarbons, silicone oil and long-chain alkanes. Despite numerous published works, no
agreement on the positive or negative effect of vectors on mass transfer has been reached
(Dumont and Delmas, 2003).

The effect of vectors on mass transfer has been traditionally assessed by the determination
of the overall transfer rate. Due to the difficulty to characterize the vector phase under real
operational conditions, a common simplification made in the literature is to assume that water
and vector constitute a single homogeneous phase (Cesario et al., 1997). This simplification,
adopted by many authors (Clarke and Correia, 2008), does not allow a separate estimation
of the partial transfer rates (i.e. gas/vector, vector/water and gas/water transfers). To our
knowledge, no report on partial mass transfer in three phase reactors has been made. The
aim of this work was the quantification of the partial transfer rates of oxygen in an air/silicone-
oil/water system. These oxygen transfer rates were estimated in an airlift (AL) and a stirred
tank (ST) lab-scale reactor.

2. Mathematical model development

This work considers air and silicone oil (vector) dispersed in an aqueous sulfite solution
(called water for simplification). Sulfite oxidation simulates oxygen uptake as occurring in
biological processes. In this system two assumptions were made; (i) oxygen is transferred
from air to water directly or through the vector and (ii) oxygen uptake occurs only in water.

: Corresponding author. Tel +5255-5061-3320; fax: +5255-5061-3313. E-mail: thalasso@cinvestav.mx
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According to these assumptions, oxygen is transferred directly from air to water, and
indirectly, from air to vector and then from vector to water. Mass transfer was characterized
by two transfer rates; the actual transfer rate (OTR;) and the maximum transfer rate also
called oxygen transfer capacity (OTC;). Subscripts i and j refer to the origin and the target
phases; g, v and w for gas, vector and water respectively. Both OTR; and OTC; were
expressed per unit of reactor volume to allow comparison. OTC; are the OTR; observed
when the maximal gradient concentration is reached between the i™ and | phases. Thus
OTR; can be expressed as a fraction of OTC;; as follows;

OTR,, =0TC,, (1— gj 1)
OTR,, = OTCVW[l— gzy J( g} )
OTR,, = OTng(l— ng 3)

In these equations, C; and C’; represent the actual and the saturation concentration of oxygen
in the i phase. In presence of sodium sulfite, oxygen mass balance in vector and water can
be written as follows;

dc, ) v,

. loTR,, OTRVW]VV 4)
dcC

= loTR,, +OTR,, - q]\\; (5)

w

In Equations 4-5, V,, V, and V,, represent the reactor, vector and water volume respectively;
g is the oxygen consumption rate due to sulfite oxidation. In Equations 4 and 5, OTR; can be
substituted by Equations 1-3. Additionally, the presence of sulfite ensures that C,, equal zero,

giving Equations 6 and 7. Equation 8 gives the sulfite oxidation rate in which Y_, s the

sulfite /oxygen yield.

dC, =/ OTC,,|1- C‘i -0OTC,, C‘i Ve (6)
dt g C, C, |V,
dc, =/ 0TC_, +OTC,, CZ - Ve @)
dt ’ C. Vv,
dso; V.

dt3 = _(Ysong/o2 .q)V (8)

2.1 Model Solution

In order to estimate OTC,,, OTC,4 and OTC,,, Equations 6 to 8 were solved simultaneously
and adjusted to experimental data obtained during mass transfer experiments as described
below. A fitting procedure based on Runge-Kutta method with Marquardt optimization was
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used. Once OTC; were determined, OTR; values were obtained from Equations 1-3. Model
solution and statistic analyses were performed with Model Maker (Cherwell Scientific
Publishing, 1993) and NCSS (Jerry Hintze, 2001), respectively.

3. Experimental
3.1 Setup and operating conditions

The AL reactor was a glass column (0.12 m inner diameter, 0.57 m height, 6.4 L total
volume, 5 L working volume) with a concentric tube (0.075 m inner diameter, 0.35 m height)
located at 0.05 m of the bottom of reactor. A porous plate (0.05 m diameter) was used for air
supply. The ST reactor was a glass reactor (0.133 m inner diameter, 0.55 m height, 7.6 L
total volume, 5 L working volume), mixed with a double Rushton turbine operated at 300 rpm.
A perforated ring (orifice diameter of 1x10° m) was used for air supply. In both reactors, the
air flow-rate was maintained at 1 vwm and controlled with a variable area flow-meter (Cole
Parmer, Mexico) previously calibrated with a mass flow controller (GFC171S, Aalborg).
Experiments were performed at 23 £ 2 °C. Reactors were operated with 0 to 50% v/v silicone
oil (polydimethylsiloxane 200R, Dow Corning. México), characterized at 25°C, by kinematic
viscosity of 20 cSt, specific gravity of 0.95 and surface tension of 20.6 din cm™ (Ascon-
Cabrera and Lebeault, 1993).

3.2 Mass transfer experiments

Mass transfer was characterized in both reactors operated with air, sulfite solution (2.6 x 10
M) and silicone oil. Before mass transfer measurements, the reactor was operated until
vector and water saturation was reached; this typically lasted about 10 minutes. Then cobalt
sulfate, as sulfite oxidation catalyser, was added to the reactor (final cobalt concentration of
2.5 x 10™ M) and measurements of C,, C, and sulfite concentration were immediately
started. Experiments were made in triplicate for each tested condition.

3.3 Measurements techniques

Sulfite concentration and C, were measured from time to time as follows: aeration and mixing
were interrupted, then vector and water started to separate immediately. Samples of water
were taken at the bottom of reactor and samples of the vector were taken from the top of the
reactor. After sampling, the aeration and/or mixing were resumed. For data interpretation
time scale was corrected to discard times during which aeration and mixing were interrupted.
Sulfite concentration in water was measured by iodometric back-titration according to Zhao
et al. (1999). The samples of vector were transferred to serological bottles with inert
atmosphere (N,, 99.97% purity) containing an aqueous sulfite solution of known
concentration. Bottles were maintained at 23° C and 160 rpm during 24 h. Final sulfite
concentration was then measured and C, was assumed to be the amount of oxygen
consumed by sulfite per volume of vector sampled. C, was measured by the same
procedure using a sample of vector aerated for 2 hours. C,, and C’,, were measured with a
dissolved oxygen probe (Hannah Instrument HI 2400, Mexico). The total gas holdup was
measured by height differences according to Vandu et al. (2004).

4. Results and discussion
4.1 Validation of the sampling methods

The method used in this work was based on mixing and aeration interruption. It was
therefore important to confirm that (i) the successive interruption did not affect the overall
oxygen transfer and (ii) that C, measurements were not affected significantly due to aeration
and mixing interruption. To guarantee that the successive interruption did not affect the
overall oxygen transfer, overall transfer rates with and without successive aeration and
mixing interruptions were compared. No significant difference (p<0.05) were observed
between both experimental conditions (data not shown). The second experiment to confirm
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the validity of the vector sampling method was to measure C, after aeration and mixing
interruption. Vector samples were taken immediately after aeration and mixing interruption
and up to 9 minutes later. Figure 1 shows an example of the results observed in the ST
reactor, operated with 20% vector. No significant difference (p<0.05) was observed between
C, measured at several time after aeration and mixing interruption. Similar results were
observed in all experimental conditions. It was concluded that mixing and aeration
interruption did not affect significantly C, determinations.

20
%16 -
o~
% 1
£
g 8

4_

O 1 1 1 1

0 2 4 6 8 10

Time after interuption (min)
Figure 1. C, trends after aeration and mixing interruption.

4.2 Mass transfer estimation

Figure 2 presents an example of experimental data fitting using Equations 6-8. These
experimental data were obtained in the AL reactor operated with 10% vector. The model
fitted correctly the experimental sulfite concentration, C, and C,,. The goodness of fit was
estimated by weighted sum of squares calculation after running the model against
experimental data (intrinsic Model Maker tool). The coefficient of determination, r?>, was
systematically over 0.97 (maximum, 0.999; minimum, 0.947; average, 0.978; Std. Deviation,
0.018).
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Figure 2. C, (o), Cy (©) and sulfite concentration (o) trends observed in the ALR operated
with 10% vector versus model solution (solid lines).

Figure 2 shows that C, rapidly reached a pseudo-steady state. During this pseudo-steady
state, both OTRg, and OTR,, are equal (Equation 6). Thus, the indirect air/vector/water
transfer rate can be represented by the global parameter OTRgy. Figure 3 presents the
values of the direct transfer rate (OTRg,) and the indirect transfer rate (OTRg) observed in
the AL (A) and the ST (B) reactors. It was observed that the vector had a positive effect on
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the overall oxygen transfer rates in all tested vector percentages. In both reactor designs the
optimum overall transfer rates was observed with 10% vector. Under these conditions, the
overall transfer rates was 65% and 84% superior to the transfer rate observed with no vector,
for the AL and the ST reactor, respectively. This result is in accordance to the Literature.
According to the Clarke and Correia (2008) literature review, 10% is the tested percentage
for which most of the authors have observed the optimum effect of vector on mass transfer.
Figure 2 also shows the contribution of the direct air/water transfer to the overall transfer.
With 10% vector, it was observed that the direct air/water transfer accounted for 94.7 and
93.0% of the overall transfer rate, in the AL and the ST reactors, respectively.
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Figure 3. OTRy, (o), OTRyw (m) and the OTRg, contribution to the overall oxygen transfer
(o), observed in the AL (A) and the ST (B) reactors.

According to these results, the presence of vector had a positive effect on the direct air/water
transfer rates which could be explained by a better gas/water dispersion. Indeed, Galindo et
al. (2000) reported that the presence of vector (castor oil) in a three-phase reactor decreased
the bubble mean diameter and consequently increased the gas/water interfacial area. To
evaluate the effect of vector on gas/liquid dispersion, the gas holdup (¢g) was measured.
Figure 4 shows the ¢ values observed at different vector percentages. It was observed that
€c increased significantly in the AL reactor. Furthermore, in the ST reactor, practically no
change in ¢ was observed. These results suggest that the vector had an indirect effect on
air/water interface. Interfacial modification or complex hydrodynamic phenomena are
probably involved.
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Figure 4. Gas holdup observed in the AL (o) and ST (e) reactors.
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5. Conclusion

The mathematical model and the experimental method developed in this work allowed the
characterization of direct and indirect oxygen transfer pathways in three-phase reactors. The
results obtained confirm that the presence of vector has a positive effect on the overall
oxygen mass transfer. In both AL and ST reactor designs, the optimum transfer rate was
obtained with 10% vector. Under these conditions, the improvement of the overall oxygen
transfer was 65 and 84% for the AL and the ST respectively, compared to reactors operated
without vector. It was clearly observed that the presence of vector had mainly a positive
impact on the direct air/water transfer. These results differ to what commonly considered by
the literature. The positive effect of vector is not due to the creation of an additional
air/lvector/water pathway or to improved overall oxygen solubility. The effect of the vector on
the direct air/water transfer has not been elucidated yet. Additional research is required to
understand the effect of vector on the reactors hydrodynamics and gas/liquid interface. The
model and the method developed allowed a better understanding of three-phase reactors.
This method has been applied so far to two lab-scale reactor designs operated under single
mixing and aeration conditions. Further researches are needed and particularly with other
reactor design, more extended operational conditions and larger scale.
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Abstract

Changes in fluidization behaviour of three geometrical shaped food particulates, cylindrical
(beans), parallelepiped (potato) and spherical (green peas) with change in moisture content
during drying were investigated using a fluidized bed dryer. Fluidization behaviour was
characterised for cylindrical shape particles with three length diameter-ratios; 1:1, 2:1 and
3:1, parallelepiped particles with three aspect ratios, 1:1, 2:1 and 3:1 and spherical particles.
All drying experiments were conducted at 50°C and 15 % RH using a heat pump dehumidifier
system. Fluidization experiments were undertaken for the bed heights of 100, 80, 60 and 40
mm and at 10 moisture content levels.

An empirical relationship of the form Uy = A + B e “™ was developed for change of minimum
fluidization velocity with moisture content for cylindrical shapes and for spherical shapes a
linear model of Ut = A + B m. Due to irregularities in shape minimum fluidisation velocity of
parallelepiped particulates (potato) could not fitted to any empirical model. Also a
generalized equation was used to predict minimum fluidization velocity.

Introduction

Fluidized bed drying is recognized as a gentle, uniform drying, down to very low residual
moisture content, with a high degree of efficiency (Borgotte et al., 1981). The application of
this technique is best suited to smaller and spherical particles. The disadvantages of this
method include entrainment of friable solids by the gas and limited application to larger and
poorly fluidized materials. Simultaneous moisture removal, shrinkage and structural changes
during drying operations, affect physical properties of the agro-food materials and hence
influence fluidization behaviour (Senadeera et al., 1998)

The Ergun equation (Ergun, 1952) is the widely accepted model to determine minimum
fluidization velocity of a fluid to fluidize the particle (Kunii and Levenspiel, 1977).The Ergun
equation (Equation 1) is used to calculate minimum fluidization velocity of peas (Rios et al.,
1984) and diced potato and potato strips (Vazquez and Calvelo, 1980; 1982). The values
obtained by the Ergun equation are mostly reliable for spherical and relatively small particles.
Most agro-food particulates however comprise of various shapes and sizes, and consist of
larger particles. Therefore, the minimum fluidization values obtained from Ergun equation do
not conform to the experimental values (Mclain and McKay, 1980, 1981; McKay et al., 1987)

(1_gmf)2 HU (1_gmf) P ¢ Umf ?
l-¢ - =150 +1.75
( mf)(ps pf)g gme (¢dp)2 gmfs ¢dp
where & — bed porosity at minimum fluidization velocity, ps — particle density (kg/m?),
ps — fluid density (kg/m?), p - viscosity (N s/m?), ums — minimum fluidization velocity (m/s),
d, — particle equivalent diameter (m), ¢ - sphericity

(1)
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The Ergun equation consists of viscous and kinetic energy terms. In the case of larger
particles at higher Reynolds numbers (Re > 1000) the fluidization behaviour is mainly
governed by the kinetic energy term in the Ergun equation. Hence the Ergun equation can be
simplified for (Kunii and Levenspiel, 1977) a wide variety of systems and a generalized
equation can be applied to predict minimum fludisation velocity for larger particles when
Reynolds number > 1000 using some modification.

dp? (ps—p+)
me = ¢l7g ! g gsmf (2)
P

where, en — bed porosity at minimum fluidization velocity, ps — particle density (kg/m?), p; —
fluid density (kg/m®), um — minimum fluidization velocity (m/s), d, — particle equivalent
diameter (m), ¢ - sphericity, g - acceleration due to gravity (m/s?)

u

For wide variety of systems it was found that value

=14 (Wen and Yu, 1966) and a

3 =

Emf
generalized equation can be applied to predict u. for larger particles when Re > 1000.
d,(ps—p+)
W= —2 =" g (3)
245 p;

where, ps — particle density (kg/m®), p; — fluid density (kg/m®), um — minimum fluidization
velocity (m/s), d, — particle equivalent diameter (m), Re — Reynolds number

It is important to understand changes in fluidisation behaviour, so that the air-flow during
drying can be controlled to achieve an optimum fluidization. The objective of this study is to
study the continuous change in minimum fluidization velocity for a given shape of food
material during drying and relate this to moisture content by a suitable model, and compare
with the generalized model.

Material and Methods

Fresh green beans Phaseolus vulgaris of Labrador variety with consistence diameter 10 + 1
mm was used for producing cylindrical particles. Samples were prepared at three length to
diameter ratios of 1:1, 2:1 and 3:1, respectively. Potato Solanum tuberosum of the variety
Sebago was used to make parallelepipeds in a Dicing Machine (Hobart, Australia), by
incorporating a cutter which makes 6.5mm X 6.5mm square cross-section and lengths of
19.5, 13 and 6.5 mm to obtain aspect ratios of 3:1, 2:1 and 1:1, respectively. Fresh green
peas Pisum sativum of the variety Bounty were shelled by hand and graded using a wire
mesh. Those with average diameter 10+1 mm were selected.

Particle density was obtained measuring the volume of the weighed particles by the liquid
displacement method using liquid paraffin (SG = 0.8787 at 30° C) as the medium (Zogsas,
1994). The vacuum oven was used to measure the moisture content of the particles
according to the AOAC method 934.06 (1995).

First, fluidisation characteristics of the un dried samples were measured in the fluidizing
column (Figure 1) with the prepared samples. After that samples were dried on a fixed bed in
a heat pump dehumidifier system (Intertherm P/L, Brisbane, Australia) and withdrawn at nine
pre-determined time intervals during drying and used for measurement of minimum
fluidisation velocity at four bed heights of 100, 80, 60, and 40 mm in same fluidized bed
column.

Graphs of bed pressure drop versus velocity of fluidising air were constructed to determine
the minimum fluidisation velocity at different moisture contents. This was also confirmed with
the visual observation of the bed, such as expansion and movement.
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Figure 1 Fluidisation column connected to the heat pump dryer

Analysis of experimental data and modelling procedure

The data were analysed for the analysis of variance (ANOVA) to evaluate differences, and,
linear and non-linear regression to obtain suitable models. The coefficients were estimated
using SAS (1985) least squares routine on a personal computer. Model validity was tested
using measures of coefficient of determination (R?) and mean absolute error percentage
(MAE%).

Results and Discussion

Fluidisation behaviour of cylindrical food particulates - beans

Slugging and channelling were a common phenomena at higher moisture contents for every
L:D ratio. It was difficult to achieve good fluidisation at initial moisture levels. This was more
evident as the L:D ratio increased. As moisture was reduced, the quality of fluidisation
improved, with reduced slugging and channelling.

Modelling the minimum fluidisation velocity with change in moisture content

The data were best fitted to the model u,; = A + B €“™ and its parameters are shown in the
Tablel for L:D = 1:1 and Table 2 for 2:1 for different bed heights.

Table 1 Parameters for Equation us=A + B e MforL:D=1:1

Bed height (mm) | A B C R? MAE%
100 2.3541 |-0.8825 |0.0017 |0.91 3.89
80 2.2990 |-0.8514 |0.0015 | 0.91 4.07
60 2.0793 | -0.7097 | 0.0019 | 0.86 4.62
40 2.1202 |-0.7691 | 0.0016 | 0.86 4.52

21



Table 2 Parameters for Equationus=A+Be M for L:D = 2:1

Bed height(mm) | A B C R? MAE%
100 mm 2.3632 |-0.7446 |0.0021 |0.73 11.23
80 mm 2.3409 |-0.7480 |0.0025 |0.72 11.54
60 mm 2.1965 |-0.6884 |0.0020 | 0.76 11.23
40 mm 2.1204 |-0.6532 |0.0032 |0.79 9.58

This model adequately described the fluidisation behaviour of beans at L:D = 1:1. The model
for L:D = 2:1 and 3:1 gave poor correlation coefficients and higher mean absolute error
percentage values, could be due to irregular variation of the minimum fluidisation velocity.

Calculation of minimum fluidisation velocity based on dimensional changes during drying

The Generalized model (Equation 3) was used to calculate the predicted values of minimum
fluidisation velocity. For all three L:D ratios (Table 3).

Table 3 Mean Absolute Error % for predicted versus observed minimum
fluidisation values in the generalized model

L.D ratio/ MAE%

Bed height | 100mm 80mm 60mm 40mm
1:1 9.54 3.81 1.61 3.18
2:1 7.66 1.83 6.13 2.74
3:1 5.32 1.62 0.36 4.03

Fluidisation behaviour of parallelepiped particles - potato

Good fluidisation was impossible at higher values of moisture at all aspect ratios. Decreasing
the moisture resulted in a bed which was fluidised, but was accompanied by channelling and
slugging. At lower moisture levels quality of fluidisation improved. An increase in minimum
fluidisation velocity was attributed to the increase in particle density and interlocking of
particles in the bed (Figure 2).

Modelling of minimum fluidisation velocity with change in moisture content

Fluidisation behaviour of potato particles could not be modelled due to the irregular trend of
change of minimum fluidisation velocity with moisture content for all aspect ratios.

Minimum fluidisation velocity calculation based on the generalized equation

The Generalized model was used to calculate the predicted values of minimum fluidisation
velocity. For all three aspect ratios, this generalized model value was compared with the
experimental value. The mean absolute error percentage value is more than 10% for the
aspect ratio 3:1, for the bed heights of 100, 80 and 60 mm (Table 4).

Table 4. Mean absolute error percentage (MAE%) of observed and predicted
values of potato based on the generalized model

Aspect ratio MAE%
100mm 80mm 60mm 40mm
1:1 8.83 4.09 2.75 2.03
2:1 7.55 6.26 1.03 1.02
3:1 13.46 12.98 10.80 3.68
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FIGURE 2 Fluidisation behaviour of potato L:D = 1:1

Fluidisation behaviour of spherical particles -green peas

In the case of peas, fluidisation was possible even at the higher moisture contents. Minimum
fluidisation velocity decreased as drying proceeded. Slugging, and channeling phenomena
was less than in the case of beans and potato due to good packing and spherical shape of
the material in the bed.

Modelling of minimum fluidisation velocity with change in moisture content

The change in minimum fluidisation velocity was modelled linearly with the moisture content
of the form us = A + B m for all bed heights. Model parameters are given in Table 5. MAE%
lower than 10% indicating that the model equations can be used to predict the fluidisation
behaviour reasonably.

Table 5. Coefficients for green pea models at different bed heights

Bed height (mm) A B R? MAE%
100 1.5589 0.025 0.88 3.93
80 1.4786 0.0023 0.88 4.20
60 1.3853 0.0022 0.87 4.69
40 1.2685 0.0023 0.81 7.07

Minimum fluidisation velocity calculation based on the Generalized equation

The Generalized model (Equation 2) was used to calculate the predicted values of minimum
fluidisation velocity of peas, and found that it can be used to predict minimum fluidisation
velocity accurately for all bed heights and all moistures.

Table 6. Mean absolute error percentage (MAE%) for different bed heights of
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peas for Generalised model

Bed height (mm) MAE %
100 7.24
80 1.75
60 4.76
40 9.51

Conclusion

This work showed effect of moisture and shape on fluidisation behaviour of three real food
materials. Fluidisation behaviour was modelled into empirical equations for cylindrical
(beans) and spherical (peas) with moisture and could not be for parallelepiped (potato)
particles due to its irregular nature. Generalised equation predicts the minimum fluidisation
with a reasonable accuracy for all particle shapes. If sphericity changes during drying is
measured an accurate predictions of minimum fluidisation velocity could be obtained using
Ergun Equation.
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Introduction

Photocatalytic synthetic processes using selective oxidation are currently not industrially
applied, partially due to the lack of a proper design of multiphase photo-reactors. Currently
photo-reactors for liquid phase oxidation are typically based on slurry systems i.e., the solid
phase is dispersed within the liquid in the reactor. Although this design offers ease of
construction and high catalyst loading, it has clearly drawbacks, such as the difficulty of
separation of catalyst particles from the reaction mixture, and low light utilization efficiencies
due to the scattering and shielding of light by the reaction medium and catalyst particles.
Various attempts have been made to amend the aforementioned light distribution problem
with immobilized photocatalytic systems (de Lasa et al. 2005; Schiavello 1997). One
approach was to employ optical fibers as light distributing guides and support for
photocatalysts, the so-called Optical Fiber Reactors (OFR’s). Light propagates through the
fiber core, whilst certain amount of photons is refracted into the coated titania layer. By this
means, the optical fibers enable the remote delivery of photon energy to the reactive sites of
the photocatalyst. Ollis and Marinangeli were the first to conduct studies on an optical fiber
reactor (OFR) (Ollis and Al-Ekabi 1993).The most recent example is the development of an
optical fiber monolith reactor, as reported by Lin and Valsaraj (Ollis and Al-Ekabi 1993; Lin
and Valsaraj 2005). They used the monolith for photocatalytic wastewater treatment with the
channels of the monolith completely filled with flowing liquid. The monolith structure was
used merely as the distributor of the optical fibers, while the benefits of monoliths, such as
low pressure drop and excellent mass transfer characteristics for gas/liquid systems in
certain hydrodynamic regimes, were not fully exploited to optimize the photocatalytic
oxidation reaction (Kreutzer et al. 2005). Later in our group we developed the Internally
llluminated Monolith Reactor (IIMR), (Du et al. 2008). This reactor system is based on a
modified design of the abovementioned combination of side light emitting fibers and ceramic
monoliths. The ‘side-light fibers’ are evenly distributed inside a ceramic monolith structure,
on the inner walls of which titania photocatalyst is coated. The reaction system is so
constructed that the hydrodynamic regimes of Taylor flow and film flow can be realized.
Because no catalyst is coated on the fibers, the emitted light can reach the catalyst-reactant
interface without being strongly attenuated by the catalyst coating. Compared with
conventional OFR'’s, this unique configuration provides extra design flexibilities, because the
light propagation process from the source to the catalyst-reactant interface is decoupled
from the physical properties of the catalyst. Furthermore, the fibers used in this reactor were
tip-coated with a reflective material which introduced a new design flexibility since the length
of the fiber where light intensity emitted from the sides of the fiber is sufficient to drive the
reaction is no longer limited to 10 cm. To investigate the potential of the IIMR in organic
synthesis, the selective photo-oxidation of cyclohexane was chosen as the model reaction,
a reaction we previously investigated using conventional slurry reactors (Du et al. 2006).
The photonic efficiency achieved with the IIMR reactor in the selective photo-oxidation of
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cyclohexane (0.062) was less than obtained with a top illumination reactor, slurry type
(0,151). It was concluded that the value for the IIMR could be improved by reducing the TiO,
layer thickness, which was acting like a “sponge” for the strongly adsorbed product, limiting
the amount detected in the recirculated liquid.

With the objective to validate our photoreactor design, a model was developed to compare
the Top lllumination Reactor and the IIMR. The difference between these two reactors is
mostly in the way the light is guided to the catalyst surface. For the IIMR, the following
model has been developed to determine the light intensity that reaches the catalyst particles
deposited on the walls of each channel.

a) b)
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Fig. 1. Left side figure: scheme of the IIMR and optical fiber bundle used. Right side figure:
comparison of the catalytic activation mechanism a) OFR’s, b) IIMR.

Light intensity in a square monolith channel illuminated by two light fibers

Light intensity, light position and light profiles play an important role in modeling the
performance of photocatalytic reactors. An optimized photocatalytic process requires light of
sufficient intensity to be present at all locations where there is catalyst. The design
equations for the reaction rate of the slurry type top illumination reactor (TIR) and the IIMR
reactor are shown in Eq 1 and 2, respectively.

*TIR n=k(1,)"(C

A) CSIIES (1)
« IIMR r=gtk(l;) (C.)'C

sites (2)

The rate depends on the initial intensity of the light entering the reactor (|£J‘), the

proportionality power of the light intensity (m), the reaction order (n), and the concentrations
of the reactant (C,) and the concentration of the catalytically active sites in the coating
(Csites)- For the IIMR an additional factor is added, the geometric term (gt), which will be
explained later.

The initial light intensity (|(’)’) is, in the TIR, the light entering the reactor through a pyrex

window and in the IIMR corresponds to the light irradiated from the side light fibers. The
value of |(’)’ can be determined, using a calibrated spectrophotometer S-2000 (Avantes)

equipped with a cosine collector. The output generated by this equipment consists of the
spectral irradiance, |, in J.st.mt.nm™?, which can be converted into an |, in Einstein.m™

(Du et al. 2008). For the IIMR this intensity depends on the distance of the catalytic site to
the light fiber (L;), the incident angle (o) and the depth in the coating. Fig. 2 shows our
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approach to estimate the light intensity at 21 wall sections of the monolithic channels. In
each channel two fibers are located in diagonally opposite corners. It is assumed that the
light is emitted from two point sources on each fiber. It is also assumed that the liquid in the
corners where the fibers are located is stagnant, indicated by section p in Fig. 2, causing the
light emitted from the two point sources located against the wall to be lost. These two point
sources are therefore omitted in Fig. 2. and it also shows the lengths of the wall segments
considered.

Segment ls (m)

1/10/12 | 2.5.10*

2/9/13 6.10*

3/8/14 1.10°

4/7/15 1.10°

5/6/16 1.10°

P 4.5.10*

Fig. 2. Light directions in a monolith channel illuminated by two side-light fibers and length of the
segments considered in the monolith walls.

The light intensity for each point source, with radius r, is obtained by Eq. (3) where | is the
incident light flux at z = 0 and r; the fiber radius. For each point source it is considered that

50% total of light is lost in the wall of the corner behind the fibers. As shown in the Fig. 1,
segment p is not illuminated by light source 1. The same procedure is followed for the other
point sources.

R
Il ==I1,— 3

p 4 0 rp ( )
Fig. 2 shows that each light beam forms a right triangle. Considering point source 1, the

incident light flux at the surface of each segment (in this case 1 to 15), IS" can be estimated

with Eq. 4. Here Li is the distance between the light point source and the surface in

segment 1, as calculated by using Eq. 5. In this equation l; is the distance as indicated in
Fig. 2.

Izl(}isin(a)
4L (4)

L= ) +[|§j (5)

Since the total amount of light irradiated must be equal to the total amount of light received
at all the segments, Eq. 6, a correction factor is introduced given by Eq. 7. The recalculation
of the local light at the catalyst external surface becomes Eq. 8.
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From the surface to a certain depth (x) into the catalyst layer in a perpendicular direction,
the intensity will be attenuated according to a Lambert-Beer law type of equation, Eqg. 9.

—bx
I, =1.e" 9)

The effective surface reaction rate for point source 1, i.e. the rate per unit area of external
coating surface, is obtained by integration of the reaction rate over the depth of the coating
using the linear absorption coefficient b and assuming the chemical reaction rate to be
proportional with the light intensity to the power m yielding Eq. 10. The rate depends on the
intensity of the light reaching the wall section (l,), the incident angle («), the linear
absorption coefficient (b), the proportionality power of the light intensity (m), the reaction

order (n), and the concentrations of the reactant (C,) and the concentration of the active

sites in the coating (C_._.). Since there is no significant diffusion limitation inside the porous

sites

walls, the total activity follows from integration over the depth (i.e. C, and C_, are

independent of Xx), that yields Eq. 11 for the case where the layer thickness is much higher
than the penetration depth.

—mbx

r=(1.) e"kCpC

O e

Thus, the reaction rate multiplied with the depth for the 4 light sources considered is given
by EqQ. 12 in the case of 1 segment.

C&( L rsin@)) sin@) | ey o
XH_Z{KCf 4 L ] mb }(Io)kchCsnes (12)

i=1 i

(10)

sites

To finalize, this geometric term takes into account the 5 segments at the 3 walls that each
light source can illuminate.
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Results and discussion

The model developed has been validated. Results showed that, intrinsically, and only
comparing the TIR and the IIMR for a range of light intensities, the IIMR results in a higher
conversion for a first order reaction, Fig.3. For each photoreaction considered this model
has to be adapted since a reaction may be limited by the photo-physical properties of the
catalyst (interaction of the semiconducting material with light) or by the surface chemistry
(formation of radicals/active sites on the surface). Modeling results will be presented for a
specific photoreaction.

X; (%)

0 0.02 0.04 0.06 0.08 0.1 0.12

| (mEinstein.s*.m?)

Fig. 3. Model results for the conversion vs light intensity for the two photoreactors in study.

With the reaction studied by our group, the cyclohexane selective photo-oxidation, several
drawbacks make a comparison between the experimental values and the model values
difficult. The reaction mechanism is not fully developed yet, and slow product desorption
doesn't allow full quantification of the product formed (Du et al. 2008). Furthermore, catalyst
deactivation is extensive. We observed that the values delivered by the model were higher
for both reactors, when compared with the experimental ones, which was expected.
Furthermore this model offers a very flexible design since it is possible to change the
dimensions of the reactors and lamps in order to adapt to each situation. The dimensions of
the reactors can be modified for the slurry system and the IIMR maintaining the principle of
each photoreactor.

Future work will consist of evaluation of the model with a simple photocatalytic reaction (in
water, limiting catalyst deactivation), and study of the effect of hydrodynamics on reactor
preformance.

Conclusions

A model for a novel multiphase photoreactor was developed. The light distribution inside
each monolith channel was described. The model predicts that for the same initial light
intensity and a first order reaction, the IMMR results in a higher conversion as compared to
the TIR. Furthermore the reaction performed for validating the model (cyclohexane
oxidation) has several intrinsic drawbacks, leading to significant differences between
experimental and theoretical values for the conversion. We propose to perform a simple
photocatalytic reaction to further validate the model, such as the photocatalytic
decomposition of formic acid.
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Abstract

In the present work a new methodology to estimate a mean bubble size (dg) in internal-loop
airlift reactor (ALR) is proposed. The semi-theoretical method is based on Higbie's
penetration theory and uses for the estimative of dg the experimental data of gas hold-up (g)
and volumetric mass transfer coefficient (k_a) obtained in three scales of internal-loop ALR of
2, 5 and 10 dm®. Mean bubble size (dg) and convective oxygen transfer coefficient (k.)
showed it is not dependent on the superficial gas velocity (Ugr) for all scales in the
experimental range studied. The results indicate the k a is a function only of the gas-liquid
interfacial area of the bubbles (a) and therefore of the gas hold-up ().

1. Introduction

Internal-loop airlift reactors (ALR) are a special class of pneumatic reactors. This type of
reactor is attractive for chemical and biological reactions due to their inexpensive and simple
construction without moving mechanisms and low energy costs, when compared to stirred
tank reactors (Blazej et al., 2004a).

One of the most significant parameters in the design of such airlift reactors is the volumetric
mass transfer coefficient (k_a) commonly used to evaluate the capacity of oxygen transfer in
bioreactors. This quantity depends on the system geometry and fluid properties which are
related to several other parameters (Ruen-gnam et al., 2008). Most investigations performed
on aerobic systems are limited to the determination of the k_a. Unfortunately, this parameter
is global and insufficient to provide an understanding of the mass transfer mechanisms.
Normally, the influence of each parameter, convective oxygen transfer coefficient (k.) and
interfacial area of the bubbles (a), in the oxygen mass transfer rate are not clear. Therefore,
the separation of the parameters k. and should be considered for a better comprehension of
gas-liquid mass transfer mechanisms (Bouaifi, et al 2000). The interfacial area (a) can be
determined from the fractional gas hold-up and the mean bubble diameter (dg), which is a
very important parameter in gas liquid reactor design and a good criterion for evaluating the
efficiency of gas liquid contactor. Small bubbles and a uniform distribution over the cross
section of the equipment are desired to maximize the interfacial area, hence improving
transport phenomena.

Many authors have studied the influence of the bubble size in the mass transfer phenomena;
most of the bubble size measurements were taken using photographic techniques. Tung et
al. (1998) compared the bubble size and hydrodynamic behavior in airlift and bubble column
reactors. They noticed that the circulation velocity did not have a significant effect on bubble
size, however it had a large influence on the bubble frequency. Wongsuchoto et al. (2003)
investigated the effect of various designs and operating parameters on bubble size
distribution in annulus sparged airlift contactors. It was found that the interfacial area, rather
than the mass transfer coefficient, played a more significant role in controlling the overall
oxygen transfer rate in the system. At high superficial air velocity (Ug), the bubble size was
smaller and uniform. In the range of Ug from 0 to 0.08 m.s™, the average bubble diameter
was found to be between 3 and 8 mm. Ruen-gnam et al. (2008) investigated the effect of
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salinity on the performance of an ALR. The bubble mean diameter appeared to be smaller in
saline water than in fresh water. For fresh water, the average bubble diameter was found to
be between 5 and 8 mm in the range of Ugr from 0 to 0.06 m.s™.

Mass transfer by convection involves the transport of material between a boundary surface
and a moving fluid or between two relatively immiscible moving fluids. The determination of
the mass transfer coefficient is not a simple undertaking. It is not related to the physical
properties of the fluid, to the dynamic characteristics of the flowing fluid and the geometry of
the system. It is the reason for expecting an analytical treatment to estimate k.. At constant
temperature, any improvement in the k., and therefore k ,a, may be achieved only by
changes in the liquid film thickness (two-film theory), the exposure time (penetration theory)
or surface renewal rate (surface renewal theory), depending on the mass transfer hypothesis
that is chosen (Cerri et al., 2008). The oxygen transfer rate depends not only on the gas
hold-up and bubble size but also on the value of k. The liquid side mass transfer coefficient
k. depends on the diffusivity coefficient and turbulence created in the liquid phase (Bouaifi, et
al 2000). According to the results of Wangsuchoto et al. (2003), the k. to pure water in an
ALR is constant in the range of Ugg from 0 to 0.08 m.s™'. Ruen-ngam et al. (2008) found that
this system with water provided a higher level of k, than saline solutions.

In the literature review there are many works where the bubble size measurement in
pneumatic reactors is conducted by experimental methods, but none of them present a
correlation to estimate the bubble size. Therefore, the aim of this work proposes a
methodology to predict the convective oxygen transfer coefficient (k) and the mean bubble
diameter (dg) from experimental values of volumetric oxygen transfer coefficient (k.a) and
gas hold-up (¢) in three scales of internal-loop ALR (2, 5 and 10 dm®) with similar geometric
configurations using water as the liquid phase.

2. Materials and Methods
Fluids: Distilled water at 28 °C was used as Newtonian fluid.

Equipments: concentric-tube airlift reactors (ALR) with 2, 5 and 10 dm?® total working
volumes were used in this study. The external tube was made of glass, but the bottom and
top plates, the draft tube, the gas sparger, and the condenser were made of stainless steel.
The temperature of the reactor was controlled by the circulation of water through the hollow
draft tube. Geometrical characteristics, relationships between distances are shown in Table 1
for the three different scales of airlift bioreactor. The holes of the cross-piece type sparger
are 0.5 mm diameter and are spaced at 5 mm (Badino et al., 2006).

Volumetric oxygen transfer coefficient (k_a): the volumetric oxygen transfer coefficient
((k_a) was determined by the dynamic pressure-step method (Blazej et al. 2004b). In this
experimental method, the pressure in the vessel is changed abruptly by approximately 15
kPa, and an increase in the dissolved oxygen concentration (C,) in the bubble dispersion
occurs regardless of the gas flow pattern. Equation 1 was fitted to the experimental data (C.
as a function of time) and k_a values were estimated through the procedure that uses the
least squares non-linear regression.

k
—Ke(t-t —Ke(t-t
C,=C,-e ™ iC_-(1-e™ )y

e '(Ces _Ceo) .
k., —k.a

In Equation 1, C is the signal of the electrode in the initial condition when t = to; Cs is the
signal of the electrode or the dissolved oxygen concentration in the liquid phase in the
saturation with air, and k. is the time constant of the oxygen probe calculated from the
inverse of the response time (1.). The response to a unit step function, in triplicate, allowed
the calculation of k, = 0.125 s™' assuming the “first order response”. The dissolved oxygen
concentration was measured by means of a sterilizable amperometric electrode (Mettler-
Toledo, model InPro 6800) bearing a Teflon membrane (Mettler-Toledo, model InPro T96).
Values of k_a were obtained in duplicate for Newtonian and non-Newtonian systems with the
superficial gas velocity (Ugr) for the three scales of airlift bioreactor.

(efke‘(tfto) _ ekaa'(tftO) ) (1 )
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Gas hold-up (€): The gas holdup was determined by measuring the increase in height of the
dispersion upon aeration as follows (Chisti, 1989):
_ hD — hL

hD

&

(2)

where hp is the height of the gas-liquid dispersion and h_ is the height of gas free liquid.

Table 1. Geometric characteristics of the three scales of concentric-tube internal-loop ALR

Liquid volume (dm®) 2.0 5.0 10.0
H1 (m) 0.032 0.045 0.055
H2 (m) 0.033 0.055 0.045
H3 (m) 0.262 0.350 0.450
H4 (m) 0.327 0.450 0.550
H5 (m) 0.450 0.600 0.700
De2 (m) 0.100 0.135 0.170
H4/De1 3.63 3.60 3.44
Ap/Ar 1.68 1.78 1.84
D;,/De1 0.61 0.60 0.59

Theory: the prediction of the convective oxygen transfer coefficient (k. ) in the ALR was
made according to a theoretical mass transfer model based on Higbie’s penetration theory.

2 D
kK =< . [P 3
L [ 0 ( )

where D, is the oxygen diffusivity and 0 is the surface renewal time, which is defined in terms
of the mean diameter of the bubbles (dg) and the bubble liquid slip velocity (us) by Shamlou
et al. (1995) as follows:

0= ds (4)
uS
The bubble liquid slip velocity (us) is proposed by Ruen-ngam et al. (2008) as follows:
Ug == (5)
> (1-¢)
Talaia (2008) proposed a new model to determine the terminal velocity of bubble (u..):
. Ap )2
u, =0.694 (gdB—ApJ (6)
PL

The relationship between k. and dg (y) was proposed by Chisti (1989), where y can be
obtained experimentally using k_a and gas hold-up (g).
dy V= 6-¢

Substituting equation 6, 5 and 4 into equation 3 and rearranging it, results in semi-empiric (or

semi-theoretical) correlation to calculate the dg from experimental values of kia and e.
Values of k| can be calculated from equation 7.

: %
4 _[4D.-0694)5 (g-ap)° @
" \z-(1-e)-y? AL

3. Results and Discussion

From experimental data of k a and gas hold-up (¢), the values of dg for the three scales of
ALR were estimated by equation 8 and are presented in Figure 1 as function of the
superficial gas velocity in the riser region (Ugr). The results of dg obtained by the proposed
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method are in excellent agreement with the experimental values found in recent literatures
(Wongsuchoto et al., 2003 and Ruen-ngam et al., 2008). It can be observed in Figure 1 that
dg changed with Ugr in a close range between 3 and 5.5 mm for three scales of the
bioreactor studied. These results are in agreement with those of Wangsushoto et al. (2003)
that observed a dg range from 3 to 8 mm. Tung et al. (1998) also observed that Ugr has a
weak influence on the mean bubble diameter (dg), but a strong influence on bubble
frequency (number).

=
o

dg (mm)

o0 =~ N W » O O N 00 ©
L e B B L
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Uy, (Ms™)

Figure 1: Mean bubble diameter (dg) as a function of Ugg. (o) 2 dm?, (o) 5 dm?, (A) 10 dm®.

The results of gas hold-up (¢) and interfacial area (a) as a function of the superficial gas
velocity (Ugr) are illustrated in Figure 2. It can be observed in Figure 2a that € increases with
the increase of Ugg in the experimental range investigated and the € values are very close to
the three scales of ALR. A similar behavior is observed in Figure 2b for interfacial area (a).
As the dg is practically constant with Ugr, “@” is a direct function of the gas hold-up (¢€)
according to equation 9. Therefore, the gas hold-up is the main factor which influences the
interfacial area of the bubbles.

6-¢
a=—-— (9)
dg -(1-¢)
016 [ T T T T T ~ ] 250 [ T T T T T ]
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Figure 2. Effects of superficial gas velocity (Ugr) in (a) gas hold-up (€) and (b) interfacial area
(a) for three scales of ALR: (o) 2 dm?®, (o) 5 dm®, (A) 10 dm®.

The volumetric oxygen mass transfer (k a) is a product of the liquid-film convective oxygen
transfer coefficient (k_.) and the interfacial area (a). Figure 3 shows the dependence of k,
calculated by equation 3, with the superficial gas velocity (Ugg).
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It can be observed in Figure 3 that for all ranges of Ugr (0.01 - 0.11 m.s'1) the value of k_
remained nearly constant for the three scales of ALR studied.

5.0

451

40+ g
o 300
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20 1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12
Ugg (ms™)

Figure 3. Convective oxygen transfer coefficient (k_) as a function of Ugr for three scales of
ALR: (o) 2 dm?, (0) 5 dm?, (A) 10 dm?.

This demonstrates that the increase in the values of k, a with an increase of Ugg is due to the
gas-liquid interfacial area (a) and not to the convective oxygen transfer coefficient (k. ). As
demonstrated before, “a” is a direct function of the gas hold-up (€). It shows that k, a depends
solely on the gas hold-up (€). Therefore, this observation should be considered in the design
of ALRs. In a recent work, Ruen-ngam et al. (2008) investigated the effect of salinity on k_ in
a 17 dm?® internal-loop ALR using water and salt solutions as liquid phase. The results
revealed that k. only became significantly different at high values of Ugr. For low values of
Ugr, the convective oxygen transfer coefficient remains practically constant. In Figure 4, k_a
is plotted as a function of 6-¢/(1-¢). Equation 7 was fitted to the experimental data for three
scales of ALR. The slopes of the curves (k. /dg=W) were obtained as follows:

2 dm?; W=0.065s" (R?*=0.98)
5 dm?: W=0.060s" (R?=0.993)
10 dm?: W=0.059s"' (R?*=0.998)

The excellent fitting can be noted between the calculated and experimental data. The values
of k. /dg=¥ were very close among each other and when compared to those of the literature
(Mirén et al., 2000). The fact that the relation k /dg=W is constant demonstrates the non-
dependence of k. and dg with operational conditions as previously discussed.

0.10 — . . . . :

0.0 0.2 0.4 0.6 0.8 1.0 1.2

0.00 L L

6.)/(1-€) (-)

Figure 4. Volumetric oxygen transfer coefficient (k_a) as a function of 6-¢/(1-¢) for three
scales of ALR: (o) 2 dm?, (0) 5 dm?®, (A) 10 dm®.
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4. Conclusions

This work proposed a simple methodology for evaluating the mean bubble size in internal-
loop ALR using an air-water system. The results showed that the variable responsible for the
increase of the bubbles’ interfacial area is the gas hold-up, because the mean bubble-size
value was independent of the superficial gas velocity (Ugr). The convective oxygen transfer
coefficient (k_) was dependent on the physical properties of fluid and on the mean bubble
size, remaining practically constant for any values of Uggr. The fact that the relation k /dg=¥
is constant demonstrated the non-dependence of k. and dg with operational conditions. It is
an important conclusion for the design of bioreactors, indicating that the gas hold-up is the
principal variable to increase the volumetric oxygen transfer coefficient (k_a), excluding the
operational conditions and should be taken into account for the scale-up of this type of
bioreactor.
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Abstract

In this work, the aqueous solubilities of four hydroxybenzoic acids and four phenilpropenoic
acids were measured as function of temperature (between 288.15 and 323.15 K), using the
shake-flask method, followed by compositional analysis by spectrophotometry. In the
modeling, two approaches were used: the modified UNIQUAC model and the Cubic-plus-
Association equation of state. CPA is used with a new methodology that explicitly takes into
account the number and nature of the associating sites and predicting the pure component
parameters only from molecular structure. Both approaches show to be appropriate to
represent the water solubility of these molecules.

1. Introduction

Numerous molecules in the pharmaceutical, food and chemical industries present complex
chemical structures with different functional group substitutions. Many of these groups such
as amine, carboxyl and hydroxyl can form hydrogen bonds. To adequately describe the
phase equilibria of these complex chemicals, models able to take into account association
effects are required. Still, for model development and evaluation, experimental data on some
representative systems are needed. In this work, new experimental measurements and
literature data were combined to develop a methodology to model the phase equilibria of
phenolic acids using the Cubic-plus-Association (CPA) equation of state (Mota et al., 2008).
A comparison with the modified UNIQUAC activity coefficient model (Peres and Macedo,
1996) is also presented.

Within the different classes of multifunctional associating molecules, phenolic compounds,
due to their chemical and biological importance, are among the most important, having
properties like antioxidant, chelating, free-radical scavenging, anti-inflammatory, antialergic,
antimicrobial, antiviral, anticarcinogenic, chemopreventive and Uv filtering properties. Fruits,
vegetables, spices and aromatic herbs are a natural source of these compounds. Apart from
being starting materials for many chemical synthesis, such as some drugs, cosmetics,
antioxidants, antiseptics and flavors, they can be used in the preparation of resins,
plasticizers, dyes, inks and pharmaceutical products. There is also huge evidence that some
phenolic compounds have beneficial effects on human health. Perhaps the oldest medical
application of phenolic compounds is the use of phenol as antiseptic (Vermerris and
Nicholson, 2006). Another very common use of these compounds is in sunscreens. Because
their hydrogen-bonding ability and aromaticity, they can frequently act as free-radical
scavengers, forming aryloxyl radicals. The stabilization of these radicals by other functional
groups enhances the antioxidant activity (Chen and Ho, 1997). They also have ability to
scavenge the oxidative radicals that are caused by cumulative and prolonged exposure to Uv
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radiation, which has been recognized to induce harmful reactions in human skin (Saija et al.,
2000). Also, the low incidence of coronary heart disease, artherosclerosis and some types of
cancer has been correlated by several authors with the phenolic content of olive oil (de
Lorgeril et al., 1999).

Although the importance of these molecules is well known, very few solubility data are
available and comprehensive experimental studies combining solubility with melting
properties and acidity constants are clearly lacking in literature. In this work, aqueous
solubilities of the hydroxybenzoic acids, salicylic, gallic, protocatechuic and syringic, and the
phenilpropenoic acids, cinnamic, ferulic, coumaric and caffeic, were addressed. The work is
part of a project concerning the solubility of natural phenolic compounds in water and organic
solvents. Its final aim is to understand and predict their solubility in different solvents and to
adequately understand the fate and separation processes of these molecules.

2. Experimental

Solid-liquid equilibria of hydroxybenzoic acids such as gallic, salicylic, syringic and
protocatechuic acids and phenilpropenoic acids such as trans-cinnamic, ferulic, o-coumaric
and caffeic acids were measured from 288 K up to 323 K using the analytical shake-flask
method. Particular attention was given to aqueous solubilities. Constant-temperature
jacketed glass cells were used to prepare the saturated solutions, where excess solute and
solvent were mixed and stirred in a plate stirrer. Temperature was maintained constant with a
constant-temperature circulating water bath and monitored with platinum resistance probes
placed in the thermostatic jackets connected to a data acquisition unit. Some
phenilpropenoic acids were reported to suffer photodegradation with daylight, and to prevent
that, the cells were isolated with aluminum foil. When the equilibrium was attained, the
agitation was stopped and then the solution was kept still, to allow undissolved solid to settle.
Samples were taken from the liquid phase using plastic syringes coupled with syringe filters
previously thermostatized at the equilibrium temperature and analyzed by
spectrophotometry. The corresponding pHs of the saturated aqueous solutions were
determined by potentiometry with a glass electrode. To verify the accuracy of the
spectrophotometric method, some measurements were performed using the gravimetric
method.

Besides solubility data, the melting properties (fusion enthalpies and temperatures) were also
determined by DSC. Because phenolic compounds are organic acids, their acid dissociation
constants (pKa) were obtained by potentiometric titration of aqueous solutions with agqueous
NaOH solutions.

3. Modeling

The scarcity of literature data increases the importance of the development of correlation and
prediction models. Different approaches can be used for modeling the solid solubility. In this
work, an activity coefficient model, the modified UNIQUAC (Peres and Macedo, 1996) and
an equation of state, the CPA EoS (Mota et al., 2008) were evaluated for modeling the
measured data, neglecting the heat capacity term in the general solid-liquid equilibria
equation (Prausnitz et al., 1999).

As both the solute and the solvent can associate (self and cross-association is present in
these mixtures), the CPA EoS was adopted in this work. In terms of compressibility factor
(2), this equation can be expressed as the sum of two contributions: one accounting for
physical interactions (in this work the Soave-Redlich-Kwong-EoS is used), and another
accounting for the association contributions (the Wertheim association term).
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where a is the energy parameter, b is the co-volume parameter, o the density, g a simplified
hard-sphere radial distribution function, X, the mole fraction of pure component i nhot bonded
at site A, x; the mole fraction of component i, R the ideal gas constant and T the absolute
temperature. The pure component energy parameter is obtained from:

a(T)=a, [1+c1(1—\/f)] 2 @

where ag and c¢; are constants and T, is the reduced temperature. The mixture a and b
parameters are obtained through the classical mixing and combining rules, with a single,
temperature-independent binary interaction parameter being used in the cross-energy

parameter (a;):
a; =./aa (1_ kij) (3)

X 1s related to the association strength A*® between two sites belonging to two different
molecules and is calculated by solving the equation:

XAi = l AB; (4)
1+ D X D XA
i B

J

For self-associating molecules,
AB;
AN = g(p){e)(p(;rj _1:|bii/8AB ©)

where £%% and B*% are the association energy and the association volume, respectively,

and g(p) is a radial distribution function. For sites that belong to two different associating
molecules, the Elliot combining rule is used:

A = AAB x MBI (6)

As the studied phenolic acids are multifunctional associating molecules, a new methodology
is proposed to take into account the different associating groups as well as their repetitions
and ring positions in the chemical structure. Values for the associating energies and volumes
of these groups are proposed. Additionally, to effectively model their water solubility, the acid
dissociation must also be considered (Mota et al., 2008). Different results will be used to
demonstrate the reliability of the proposed model.

Following a more classic approach, the UNIQUAC equation is also applied. It consists of two
terms: a combinatorial one that attempts to describe the dominant entropic contribution (that
depends on the composition, sizes and shapes of the molecules), and a residual one that is
due mainly to the intermolecular forces responsible for the enthalpy of mixing. Peres and
Macedo (1996) proposed a modified version of this model, that turned to be very successful
in the representation of highly associating mixtures.

4. Discussion

Among the hydroxybenzoic acids, protocatechuic and gallic acids present higher solubilities
due to the higher number of hydroxyl groups, leading to increased association interactions
with water. When possible, our results were compared with the literature data. For gallic acid,
our results, were compared with published data (Lu and Lu, 2007), showing a slight
disagreement at lower temperatures. Our results for gallic, protocatechuic and syringic acids
were compared to the results obtained by Noubigh et al. (2007), but their data do not
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increase significantly with temperature, which is contrary to what would be expected. For
salicylic acid, our results are in good agreement with previous works (Apelblat and
Manzurola, 1989; Nordstrom and Rasmuson, 2006; Pefa et al., 2004), as can be seen from
Figure 1. In the phenilpropenoic series, higher solubilities were found for caffeic, followed by
ferulic, coumaric and cinnamic acid. This order follows the extent of hydrogen bonding of
each molecule with water. For ferulic acid, our results are very different from those obtained
by Noubigh et al. (2007), but the equilibrium time reported by these authors are very different
from ours: while we had equilibrium times between 64h and 84h, depending on the working
temperature, these authors had always equilibrium times of 3 hours. Ferulic acid is reported
to have two polymorphic forms that are obtained by recrystallization from various solvents
(Sohn and Oh, 2003). Thus, we may be comparing different crystalline structures of the
same compound, which may explain the different results. For cinnamic acid, our value
compare well with the value given in the Merck Index (O'Neil and Budavari, 2001).

0.005
m  Salicylic acid - this work
O Salicylic acid - Norstrom and Rasmuson 2006 8
0.0041 A salicylic acid - Apelblat et al. 1989
2 @  Salicylic acid - Pena et al. 2004
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Figure 1. Solubility of hydroxybenzoic, gallic and salicylic acids in water, as function of

temperature.

Another important fact about solubilization of solids in liquids is related to the fusion
enthalpies and melting temperatures. From the results found so far, it can be concluded that
the extent of hydrogen bonding with water is certainly more important than the fusion process
for determining the degree of solubilization. Also, the results for the acid dissociation
constants lead to the conclusion that acid dissociation is not so important in the solubilization
process of these molecules (Mota et al., 2008).

CPA parameters are frequently obtained from pure-component vapor-pressure and liquid-
density data. In the particular case of the phenolics studied in this work, these data are only
available for salicylic and cinnamic acids. Another drawback is the presence of different
associating groups on the same molecule, some of them repeated in different positions.
Thus, it is appropriate to individually assign association energies and volumes for each group
and to consider multiple group substitution, either or not with the same association
parameters. These parameters were obtained using the critical temperatures, pressures and
van der Waals volumes (Mota et al., 2008), obtained from Marrero and Gani (2001) and
Bondi (1964) group-contribution approaches. As can be seen from Figures 2 (a) and (b), a
good description can be achieved with the CPA-EoS, but a small k; value was always
required to obtain smaller deviations. Still, in all cases, only a single, temperature-
independent k; value was sufficient. Maximum absolute average deviations of 59% were
obtained for salicylic acid and 53% for ferulic acid, while for the other phenolics the average
deviations did not exceed 30%.
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Figure 2. Experimental solubility data and modeling results by CPA for (a) hydroxybenzoic
acids (b) phenilpropenoic acids. Modeling results: gallic acid, k; = -0.13; salicylic
acid, k; = -0.06; protocatechuic acid, k; = -0.10; syringic acid, k; = -0.17; trans-
cinnamic acid, k; = -0.05; caffeic acid, k; = -0.10; ferulic acid, k; = -0.13; and
coumaric acid, k; = -0.05.

For the modified UNIQUAC model, the residual term binary interaction parameters were
fitted to the measured data. Two temperature independent interaction parameters were
regressed per binary water + phenolic system. In the next figures, the experimental and
calculated solubilities are compared, with an excellent description being obtained. The root
mean square deviations (RMSD) are smaller than 5% and the absolute average deviations
(AAD) smaller than 9% for the correlation of all studied systems.
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Figure 3. Experimental solubility data and modeling results by modified UNIQUAC model for
(a) hydroxybenzoic acids (b) phenilpropenoic acids.
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5. Conclusions

In this work, aqueous solubility data were measured for some phenolic compounds, in the
temperature range from 288 K to 323 K, using the shake-flask method, coupled with
spectrophotometric analysis. For all compounds under study, the solubility follows the
general increasing trend with temperature. Besides solubility, melting data and apparent acid
dissociation constants were also determined, providing a broader knowledge about the
solubilization processes of these molecules. From the measured data, it can be concluded
that the extent of hydrogen bonding with water is the dominant effect in determining the
degree of solubilization.
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The CPA EoS was used with different association energies and volumes for the different
associating groups. A methodology to obtain the pure-component parameters without
requiring experimental data was developed, and the results indicate that CPA is an adequate
tool to correlate the water solubility of these molecules. The modified UNIQUAC model, with
two adjustable parameters from solubility data, showed and excellent description of
solubilities of these phenolics compounds.

References

Apelblat, A., Manzurola, E., (1989). Solubility of Ascorbic, 2-Furancarboxylic, Glutaric,
Pimelic, Salicyclic, and O-Phthalic Acids in Water from 279.15-K to 342.15-K, and
Apparent Molar Volumes of Ascorbic, Glutaric, And Pimelic Acids in Water at 298.15-K.
Journal of Chemical Thermodynamics, 21, 1005-1008.

Bondi, A., (1964). Van der Waals Volumes + Radii. Journal of Physical Chemistry, 68, 441-
451.

Chen, J.H., Ho, C.T., (1997). Antioxidant activities of caffeic acid and its related
hydroxycinnamic acid compounds. Journal of Agricultural and Food Chemistry, 45, 2374-
2378.

de Lorgeril, M., Salen, P., Martin, J.L., Monjaud, I|., Delaye, J., Mamelle, N., (1999).
Mediterranean diet, traditional risk factors, and the rate of cardiovascular complications
after myocardial infarction - Final report of the Lyon Diet Heart Study. Circulation, 99,
779-785.

Lu, L.L., Lu, X.Y., (2007). Solubilities of gallic acid and its esters in water. Journal of
Chemical and Engineering Data, 52, 37-39.

Marrero, J., Gani, R., (2001). Group-contribution based estimation of pure component
properties. Fluid Phase Equilibria, 183, 183-208.

Mota, F.L., Queimada, A.J., Pinho, S.P., Macedo, E.A., (2008). Aqueous solubility of some
natural phenolic compounds. Industrial & Engineering Chemistry Research, (accepted).

Noérdstrom, F.L., Rasmuson, A.C., (2006). Solubility and melting properties of salicylic acid.
Journal of Chemical and Engineering Data, 51, 1668-1671.

O'Neil, M.J., Budavari, S. (2001) The Merck Index: an Encyclopedia of Chemicals, Drugs and
Biologicals. In Co. M ed., Whitehouse Station, N.J.

Pefia, M.A., Bustamante, P., Escalera, B., Reillo, A., Bosque-Sendra, J.M., (2004). Solubility
and phase separation of benzocaine and salicyclic acid in 1,4-dioxane-water mixtures at
several temperatures. Journal of Pharmaceutical and Biomedical Analysis, 36, 571-578.

Peres, A.M., Macedo, E.A., (1996). Thermodynamic properties of sugars in aqueous
solutions: Correlation and prediction using a modified UNIQUAC model. Fluid Phase
Equilibria, 123, 71-95.

Prausnitz, J.M., Lichtenthaler, R.N., Azevedo, E.G., (1999). Molecular Thermodynamics of
Fluid-Phase Equilibria, 3rd ed., Prentice Hall PTR, Upper Saddle River, N.J.

Saija, A., Tomaino, A., Trombetta, D., De Pasquale, A., Uccella, N., Barbuzzi, T., Paolino, D.,
Bonina, F., (2000). In vitro and in vivo evaluation of caffeic and ferulic acids as topical
photoprotective agents. International Journal of Pharmaceutics, 199, 39-47.

Sohn, Y.T., Oh, J.H., (2003). Characterization of physicochemical properties of ferulic acid.
Archives of Pharmacal Research, 26, 1002-1008.

Vermerris, W., Nicholson, R., (2006). Phenolic Compound Biochemistry, Springer,
Dordretcht.

Acknowledgements

The authors thank the support provided by Fundacgéo para a Ciéncia e a Tecnologia (FCT)
by LSRE financing FEDER/POCI/2010. Fatima L. Mota acknowledges her FCT Ph.D.
scholarship SFRH/BD/32372/2006 and A. J. Queimada acknowledges financial support from
POCI/N010/2006.

42



Proceedings of the 10th International Chemical and
Biological Engineering Conference - CHEMPOR 2008
Braga, Portugal, September 4-6, 2008

E.C. Ferreira and M. Mota (Eds.)

Diffusion coefficients and conductivities of some ionic
liquids

Chun-Li Wong, Allan N. Soriano, Meng-Hui Li*
R&D Center for Membrane Technology and Department of Chemical Engineering, Chung
Yuan Christian University, Chung Li, TAIWAN, 32023, R.O.C.

Keywords: Diffusion coefficient, conductivity, ionic liquid, Taylor dispersion technique
Topic: Suitable conference topic — Advancing the chemical engineering fundamentals, ionic
liquids

Abstract

In this study, the mutual diffusion coefficients of some ionic liquids (ILs) in water at infinite
dilution for temperatures (303.2 to 323.2) K were measured using the Taylor dispersion
technique. The investigated ILs were as follows: 1-ethyl-3-methylimidazolium dicyanamide

[Emim][C2N3], 1-ethyl-3-methylimidazolium tetrafluoroborate [Emim][BF,],
1-ethyl-3-methylimidazolium ethylsulfate [Emim][EtSQO,], 1-ethyl-3-methylimidazolium
trifluoromethanesulfonate [Emim][CF3S0g], and 1-ethyl-3-methylimidazolium

2-(2-methoxyethoxy) ethylsulfate [Emim][MDEGSQ,]. The present diffusion coefficients data
were correlated using two different approaches: (a) the diffusing component was treated as
an organic solute using the Wilke—Chang equation and (b) as an electrolyte solute using the
Nernst—Haskell equation. The Wilke—Chang equation underestimated the present data of
diffusion coefficients, thus, it was modified by introducing temperature-dependent empirical
parameters and the results were satisfactory. The Nernst—Haskell equation requires infinite
dilution conductances of ions and to this end, the molar conductivities of several infinitely
dilute concentrations of aqueous ionic solutions for the temperatures (303.2 to 323.2) K were
also measured using a commercial conductivity meter. Considering the experimental error
involved and that no adjustable parameter was used, the predictions using the Nernst—Haskell
equation are reasonably accurate.

Introduction

Since the vapor pressure of ILs is very small, the most likely way for them to pollute the
environment is in the waste water stream. To predict the behavior of a chemical substance in
the waste water stream, it is important to know such physical properties as partition and
sorption coefficients and solubility in water. For several imidazolium-based ILs, Ropel et al.
(2005), reported the partition coefficients (index of bioaccumulation in an aquatic environment)
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to the mixture of 1-octanol and water. The study of Wong et al. (2002) reported the solubility of
[emim][PFs] and [bmim][PFg] in water.

Aside from the previously mentioned properties, another important property that can be used
to determine the ability of IL to spread in the environmental stream (water) is the diffusion
coefficients. In the past years, a number of measurements of diffusion coefficient for different
species such as carbon dioxide and several hydrofluorocarbons, in ILs were reported by
different research groups (Every et al., 2000; Every et al., 2004; Morgan et al., 2005; Shiflett
and Yokozeki, 2005; Shiflett and Yokozeki, 2006). However, there were few data of diffusion
coefficients of ILs in solvents, even in water. Richter et al. (2003) reported the diffusion
coefficient measurements of molten salts and ionic liquids in methanol using digital image
holography. Su et al. (2007) reported diffusion coefficient measurements of alkylimidazolium
tetrafluoroborates and hexafluorophosphates in water at 303.2 K using Taylor dispersion
experiment.

Thus, in this present work, we reported the measurements of diffusion coefficients of five
[Emim]-based ILs for the temperatures ranging from (303.2 to 323.2) K using Taylor
dispersion method. The studied ILs were [Emim][C,Ns], [Emim][BF,], [Emim][EtSO,],
[EmIim][CF3S0O3], and [Emim][MDEGSQO,]. The present diffusion coefficients data were
correlated using two different approaches: (a) the diffusing component was treated as an
organic solute using the Wilke—Chang equation (Wilke and Chang, 1955) and (b) as an
electrolyte solute using the Nernst—-Haskell equation (Robinson and Stokes, 1965). In the
prediction of diffusion coefficients using Wilke—Chang equation, the density values of the
solute (IL) and viscosity of the solvent (water) were needed, so the densities and viscosities at
the studied isotherms, (303.2 to 323.2) K, were also determined. The densities of ILs were
measured while the viscosities of water were calculated from a reliable correlation (Hsu and Li,
1997). The use of Nernst-Haskell equation requires an infinite dilution conductance of
individual cations and anions, thus, the molar conductivities of the investigated ILs in water at
various concentrations were also measured.

Materials and methods

All ILs used in this work were supplied by TCI Co. with minimum purity of 97 %. The ILs were
used without further purification. A water purification system supplied by Barnstead
Thermodyne (model Easy Pure 1052) was used to provide Type | reagent-grade water with a
resistivity of 18.3 (M-Qcm) and with a total organic carbon content of less than 15 ppb. The
infinitely dilute concentration agueous solutions were prepared by mass, with a weighing
accuracy of + 1 x 10™ g.

The Taylor dispersion apparatus used in this study was described previously by Kao and Li
(2006). In this work, the mutual diffusion coefficients of the investigated ionic liquids in water
were measured at infinite dilution. The samples of dilute solutions of ionic liquids in water
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were injected into a carrier fluid of pure deionized water. The concentration of the solution
greatly affects the diffusion coefficient. To this end, the concentration of the injected samples
were kept as dilute as possible so that the measured diffusion coefficients were not influenced
by concentrations of the samples, but still a steady detectable signal could be obtained.

The molar conductivity A was measured using a commercial electrical conductivity meter
(model SC-170) manufactured by Suntex. The uncertainty of the conductivity measurement
was +0.001 (mS-cm™) for readings below 50 (mS-cm™). The temperature was monitored using
digital thermometer (model 3002) from CROPICO, with an uncertainty of +0.01 K.

The densities of IL (solute) were measured using a viscometer from Anton Paar Stabinger
(model SVM 3000). The density was measured by the integrated density measuring cell,
which used the principle of the oscillating U-tube. The repeatability of the density
measurement was +0.0002 (g-cm™). The estimated uncertainty of temperature was +0.002 K.
The estimated uncertainty of the density was +0.0004 (g-cm™).

The viscosities of water at various temperatures were calculated using a correlation used in
the study of Hsu and Li (1997) and is given by the expression

a,
T+a,

Inp=a, + 1)

Results and discussion

The present experimental results of diffusion coefficient measurements for the studied
[Emim]-based ILs in water at infinite dilution are presented in Table 1 and also shown in Fig. 1.
Among the studied ILs, [Emim][BF4] has the highest value of diffusion coefficients while
[EmIim][MDEGSO,] has the lowest value of diffusion coefficients. The most common
correlation used for estimating diffusion coefficient of organic molecules in a solvent is the
Wilke-Chang equation (Wilke and Chang, 1955) where the diffusing component is treated as
an organic solute and the diffusion of solute A in solvent B is represented by Eq. (2)

M 0.5 T
DY, =7.4x10™2 % )

NeVa

As shown in Table 1, the Wilke—Chang equation underestimated the present measurements
of diffusion coefficient. To this end, the Wilke—Chang equation was modified by introducing a
temperature—dependent correction factor which is expressed as

Fc :b1+b2T 3

Where F, is the temperature—dependent correction factor, T the absolute temperature in K,
and b;, the empirical parameters. The modified Wilke—Chang equation are then rewritten as

74x1072 (yMy )T

Dy =F,
77|3VA0'6

AB C

(4)
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The modified Wilke—Chang equation correlated well the present experimental results with an
overall AAD % of 1.62.
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Table 1. Comparison of diffusion coefficients for the studied ionic liquids

Molar conductivity of the studied systems

Experimental

Wilke-Chang eqgn.

Modified W-C
Wilke-Chang eqn.

Nernst-Haskell egn.

T/IK 10°D%, / (mz-s‘l), [Emim][C,N3]

303.2 1.253 0.844 1.258 1.324
313.2 1.407 0.946 1.399 1.449
323.2 1.538 1.054 1.546 1.590
333.2 1.706 1.167 1.697 1.802
343.2 1.849 1.285 1.853 1.975
T/IK 10°D / (m?-s*), [Emim][BF4]

303.2 1.499 0.861 1.459 1.603
313.2 1571 0.966 1.595 1.788
323.2 1.692 1.076 1.732 1.979
333.2 1.882 1.191 1.867 2.158
343.2 2.011 1.312 2.001 2.374
T/K 10°DY / (mP-s*), [Emim][C;HsSOx]

303.2 1.036 0.758 1.065 1.092
313.2 1.195 0.850 1.202 1.219
323.2 1.401 0.947 1.347 1.305
333.2 1.504 1.048 1.501 1.460
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343.2 1.641 1.155 1.664 1.638
T/IK 10°D%, / (m2 -s‘l), [Emim][CF5S03]

303.2 1.156 0.764 1.159 1.135
3132 1.274 0.857 1.310 1.291
3232 1.514 0.955 1.471 1.413
333.2 1.661 1.057 1.641 1.581
343.2 1.797 1.164 1.821 1.741
TIK 10°D%,/ (m2 -s*l), [Emim][MDEGSO,]

303.2 0.995 0.611 0.977 0.931
313.2 1.056 0.685 1.097 1.045
323.2 1.270 0.763 1.223 1.138
333.2 1.318 0.845 1.356 1.326
343.2 1.508 0.931 1.494 1.446

Diffusion coefficients of electrolytes are related to infinite dilution conductance via the
Nernst—Haskell equation (Robinson and Stokes, 1965):
RT |z,|+z.| A°A°

Ds=—5 5
N =t 22| AL+A° ®)

Figure 2 shows the conductivity of LiBF, (reference substance) and the investigated ionic
liquids. The conductivity varies linearly with the square root of concentration:

A=A’ +(d,A°+d,)C*? (6)

The infinite dilution conductance A° can be obtained by fitting the experimental data using
Eq. (6). The relation between the infinite dilution conductivity of an electrolyte and the infinite
dilution conductances of the ions is given by:

AN =zA+z7A° @)

From Eq. (7) and the infinite dilution conductivity of the ionic liquids, the infinite dilution
conductances of the ions were determined. As shown in Table 1, the Nernst-Haskell equation
(Robinson and Stokes, 1965) can be used to predict the diffusivities of ionic liquids, the
average absolute error of 6% was found. Considering the experimental error involved and that
no adjustable parameter was used, the predictions are reasonably accurate.

Conclusions

The diffusion coefficients of five [Emim]-based ionic liquids in water at infinite dilution were
measured using Taylor dispersion method from temperatures of (303.2 to 323.2) K. The
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diffusion coefficients were well correlated by a modified Wilke—Chang equation in which a
temperature-dependent correction factor was introduced to the Wilke—Chang correlation. The
molar conductivities of the investigated ionic liquids were also measured to predict the
diffusion coefficient using the infinite dilution conductances of the ions via the Nernst—Haskell
equation. The results of the calculation of diffusion coefficients using the Nernst-Haskell
equation were reasonably accurate.
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Leaching of halite from mineral deposits by solution mining is a technology with worldwide
application. For the salt industry, only the valuable components in the mineral deposit must
be dissolved and removed to the surface for further processing. Inevitably, several minor
impurities, such as calcium sulfate minerals, are also leached and the outgoing contaminated
brine must be subject to costly purification treatments. Therefore, the inhibition of the
dissolution of calcium minerals is a subject with scientific interest and potential economic
impact. The dissolution of anhydrite in saturated brines of sodium chloride may be inhibited
by the presence of water-soluble macromolecules, being the effectiveness of the inhibitor
evaluated from the degree of coverage of the target surface and the desorption resistance.
The ideal macromolecule, besides being selective towards anhydrite, should not harm the
morphologic characteristics of the main salt in downstream crystallizations.

In this study, the influence of some selected anionic surfactants on the solubility of gypsum,
anhydrite and anhydrite-rich sediments in concentrated brines was investigated.

Introduction

Although the prevention of calcium sulfate scale formation has received a lot of attention
from industry and research, studies concerning the inhibition of dissolution of calcium
minerals in aqueous brines are scarce. Effective inhibitors are usually good sequestering
agents for the lattice cations and it is generally accepted that they exert their action through
adsorption at cationic sites on the solid surfaces. Additives may also adsorb upon crystal
faces, reducing the rate of dissolution. Since the molecular interactions at the
inorganic/organic interfaces depend on the size, ionic charge and structure of the admixture,
Nancollas and Zawacki (1984), small molecules with high charge density will interact with
charged solids. The concentration and size of the inhibitor molecule are important
parameters because the inhibition of dissolution requires a considerable coverage of the
surfaces. Anionic surfactants with negative charged head groups seem to have a strong
blocking effect upon the dissolution of calcium minerals, according to Mahmoud et al. (2004).
The effectiveness of adsorption is inversely proportional to the minimum area demand per
molecule, thus making of single-chained surfactants potential good inhibitors. It is not clear
however, to what extent the salts present in the solution affect the inhibitor performance.

Within the scope of this study, the effect of some selected anionic benzene sulfonate
surfactants on the dissolution of different forms of calcium sulfate are here reported. Because
the length of the chain determines the physicochemical behavior of surfactants in solution,
representatives of Cg, C1, and C4,/C43 anionic surfactants were studied. Both the acid and
the sodium salt forms of the polar head group were considered for some of these surfactants.

Materials and methods

Three different forms of calcium sulfate were used in the study. The samples of anhydrite-
rich sediments, CaSO, > 42% (w/w), from three salt dissolution caverns under leaching,

* Corresponding author. Tel + 351 218417335. E-mail:fatima.farel o@ist.utl.pt
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belonging to the Porto de Mds diapir (Hetangian formation), were kindly provided by REN,
Portugal. Gypsum and anhydrite were commercial products with particle mean size < 10 um
and BET surface area of 1.9 and 1.7 m?g, respectively. Four anionic surfactants with
hydrophilic head group of the benzene sulfonate (BS) type were used. OBS (Na, octyl BS),
DBS (Na, dodecyl-BS) and ADBS (dodecyl-BS acid) were purchased from Sigma-Aldrich. A
commercial acid surfactant, a mixture of branched and straight chained alkyl, mainly C4, and
C13, here referred to as D550, was kindly supplied by InChemica, Portugal. Analytical grade
sodium chloride, Riedel-de Haén (> 99.8 %), and deionized water were used to prepare the
brines by mass to + 0.01 g. The maximum overall uncertainty in the concentration of the
surfactants’ stock solutions was + 0.3 mg L™.

Anhydrite-rich sediments from 3 different salt caverns under leaching, hereafter referred to
as S1, S2, and S3, were used in the experiments. Prior to use the sediments were air-dried,
homogenized and sieved. The mean superficial diameter of the solids, calculated from the
size distributions, was 52 um for S1 and S3, and 74 um for S2, being the BET surface areas
0.4 and 0.2 m?/g, respectively. Zeta potential measurements showed that all the sediments
are negatively charged, ca. — 11 mV.

The mineralogical composition of the sediments was confirmed by X-ray diffraction and FTIR
spectroscopy (4000-400 cm™) and stereo and polarizing microscopy showing the presence of
halite, anhydrite, low quartz, carbonate minerals (dolomite, ankerite) and minor contents of
clay (clinochlore), organic and inorganic carbon, gypsum, muscovite and pyrite.

Samples of about 6 to 17 g/L of three forms of solid calcium sulfate, gypsum, anhydrite and
anhydrite-rich sediments, together with sodium chloride were equilibrated in aqueous
solutions with a surfactant concentration ranging from 0 to 73 mg/kg of saturated brine.
Although an excess of solid halite was used in most of the runs to mimic the salt caverns
environment, the influence of the degree of saturation of the leaching agent was also
evaluated. The plastic flasks were shaken for 7 to 14 days in an orbital shaker, at room
temperature. Periodically, the solutions were sampled for analysis. After a settling period of
about 3 h, liquid samples were collected with a syringe, equipped with a 0.45-um filter, and
aliquots of the liquid were analyzed for calcium content (S.M. 3500-Ca B. “EDTA Titrimetric
Method”). The reported concentrations are the mean values of duplicate analyses on each
sample. The content of sulfate ion in the samples was also regularly determined (S.M. 4500
S042- E. “Turbidimetric Method”), as a cross check for the calcium analysis. At the end of
each run, the slurry was filtered and the solids air-dried and weighed. The residual solutions
and solids were subsequently analyzed for the content of surfactants (MBAS standard
method). Blank runs were carried out to account for the natural variability of sediments
composition and for the dependence of calcium sulfate solubility on temperature and NacCl
content in the brines. In each series of experiments the effect of the surfactants on the
dissolution of the calcium salt was assessed against the corresponding control run.

In order to interpret the behavior of the selected surfactants, the surface tension of
concentrated NaCl brines (300 g/kgwater), With and without admixtures, was determined with a
Du-Nouy tensiometer equipped with a Pt ring. All measurements were performed after a 30-
min period of equilibration at constant temperature. The tensiometer was previously
calibrated against water and NaCl solutions (up to ~ 6 m), at 298 K.

Results and Discussion

Figure 1 presents the change of calcium sulfate concentration in saturated brines as a
function of time, for the three forms of salt studied. The reported rates of dissolution,
measured in the presence of solid halite, represent the average values of at least duplicate
measurements.

For sediments S1 and S3, Figure 1a, the saturation concentration was reached after one
week, whereas for the pure forms of calcium sulfate, Figure 1b, this value was attained in
about 24 h. Sediments S2, the coarser of the solids tested, were the slower to dissolve. The
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results show that both the availability of the calcium salt in the solid and the size of the
particles play an important role on rate of dissolution of the calcium mineral.

5 5
s s
g g
> o
= T
? 3
] [ —&— Anhydrite
) S
==& -- Gypsum
0 ‘ ‘ ‘ ‘ ‘ ‘
0 2 4 6 8 10 12 14
Solid-liquid contact time, days Solid-liquid contact time, days

(a) (b)
Figure 1- Rate of dissolution of different forms of calcium sulfate in saturated brines

In order to determine how the selected Cs, C1, and C4,/C43; anionic benzene sulfonate
surfactants influence the dissolution of calcium sulfate, a total of 76 independent runs were
carried out. The decrease of the content of calcium sulfate in solution was evaluated by the
relative solubility calculated, for each data point, as the ratio of calcium content in the
solution and in the parallel blank run.

Figure 2a illustrates the effect of the type and concentration of the selected anionic
surfactants on the calcium sulfate content, after 14 days of curing in slurries of sediments
and halite. The chain’s length of the organic molecule clearly determines the admixture
effectiveness, as a dissolution inhibitor for the calcium mineral, being the effect of the Cg
surfactant, OBS, almost negligible. The type of the head group of the linear C4,-BS
surfactants (acid for ADBS and sodium salt for DBS) had no significant influence on the
solubility reduction. The curves also indicate that, independent of the C,-surfactant type, the
maximum reduction in dissolution (= 70%) was obtained in slurries containing an initial
concentration of about 40 mg/kgsauion Of the admixtures. For higher contents, the blocking
effect of the surfactants decreases. Oppositely, Figure 2b shows that the tested surfactants
had no effect whatsoever on the dissolution of either the hydrate or the non-hydrate calcium
sulfate. This behavior stems most probably from a very different order of magnitude between
the rates of dissolution and of solid shielding by the surfactants.

The inhibitor effect of the C4, and C4,/C4; surfactants becomes more apparent as the
residence time increases, as shown in Figure 3 for DBS and D550. The dissolution of
calcium sulfate in the blank run continues up to saturation, whereas in the presence of the
surfactants the process is effectively blocked, resulting in a decrease of the relative solubility.

The rate of leaching of the salt caverns determines the concentration of the outgoing brine.
The injected water containing the added admixtures is gradually enriched in sodium chloride
as the residence time increases, becoming saturated if enough time is allowed. Therefore, to
examine the influence of the NaCl content in the admixed solutions upon the rate of the
dissolution of the sediments, a series of experiments was carried out using as leaching
agents aqueous solutions of DBS and near-saturated NaCl brines (350 g/kg water)
containing the same surfactant or its acid form (ADBS).

The results thus obtained are compared in Figure 4 with the relative solubility of calcium
sulfate measured in the presence of solid halite. It is clear that the leaching agent,
water+surfactant, does no hinder the dissolution of the anhydrite-rich sediments before it
becomes enriched in sodium chloride. In near-saturated brines even small concentrations of
the admixtures are effective in blocking the dissolution of anhydrite, the equilibrium calcium
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content in the solution representing 20 to 30% of the blank run concentration. However, it is
worth noting that in the presence of solid halite - a more realistic approach to a salt cavern
environment - the hindering effect is less pronounced, a fact that might be explained by the
existence of a much larger solid surface area to which the organic molecules will indistinctly
adhere.
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Figure 2 - Effect of the type and concentration of OBS, DBS, ADBS and D550 on the
dissolution of calcium sulfate after 14 days of curing
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Figure 3 — Influence of the solid-liquid contact time on the dissolution of sediments S3 for
several initial contents of two C,BS surfactants

In order to get a better understanding of the observed phenomena, the surface tension of the
near-saturated brines containing the studied surfactants was measured at 298 K. Minute
amounts of the admixtures originated a sharp reduction in the solution surface tension, but
beyond a limiting concentration, which coincided with the appearance of solution
opalescence, no further change in this quantity was detected. This surge of turbidity, which
represents the onset of a macroscopic phase separation, occurred at concentrations of 0.9,
0.8, 1.4 and 2.3 mg/L for OBS, D550, ADBS and DBS, respectively. It can, therefore, be
inferred from these results that during the equilibration of the sediments+halite solid mixtures
in the leaching solutions a phase separation will occur, as soon as a high ionic strength is
reached. As a consequence of the rejection of the organic phase, the content of the
monomers in the leaching solution will remain nearly identical to the clouding concentrations
measured. The rejected phase will tend to adhere to the solid surfaces existing in the
slurries, thus acting as an organic barrier to the solids’ dissolution.
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Figure 4- Influence of salt concentration on the solubility reduction of calcium sulfate after 14

days of contact. Lines: broken - DBS in water. Solid - DBS in brines with solid halite.
Symbols. Surfactants In near-saturated brines: = ADBS; & DBS.

The surfactant contents in the saturated solutions equilibrated during 7 days with anhydrite-
rich sediments, shown in Figure 5a, were found to be slightly lower than the corresponding
clouding concentrations measured in pure NaCl solutions. These results may indicate that
some precipitation of calcium or sodium salts of the benzene sulfonate detergents occurred
in the saturated brines. The amount of additives adhering to the anhydrite-rich sediments,
Figure 5b, was nearly independent of the type of C,BS surfactants, as well as of the
substrata. Due to the negative charge of sediments, electrostatic interactions between the
negatively charged head groups and the solid surfaces were ruled out as a possible
explanation for the high contents of the admixtures adhering to the sediments.
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Figure 5 — Surfactants concentrations in the (a) liquid and (b) solid phases at equilibrium
after 7 days of curing.

As expected, the surfactants are also retained by the halite crystals, Figure 6, although in a
much lesser extent than by the sediments. The coverage of the salt, and the consequent
decrease in its equilibrium concentration, may help explaining the apparent loss of
effectiveness of the surfactants for a content of 73 mg/kgsauion. Because the equilibrium
concentration of calcium sulfate varies inversely with the content of sodium chloride at
elevated concentrations of the latter salt, the relative solubility of CaSO,4, used as the
evaluation tool for the surfactant performance, will increase only because the reference blank
run is not affected by the same phenomenon.
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Figure 6 — Surfactants retention in halite crystals after 7 days of solid-liquid contact

Conclusions

Leaching of anhydrite-rich sediments with aqueous solutions of anionic Ci-benzene
sulfonate surfactants reduces significantly the solubility of calcium sulfate. A maximum
reduction of =70% was observed in the presence of halite, using brines containing about 40
mg/kg solution of the additives. The type of the surfactant head group (acid or sodium salt)
does not influence the detergent performance, but the chain’s length of the organic molecule
is relevant to the hindering of calcium sulfate dissolution. The availability of the calcium salt
in the solid, as well as the size of the “insoluble” debris within the cavern, play an important
role on rate of dissolution of the calcium mineral and, therefore, on the contamination of the
outgoing brine.

The reduction of the calcium sulfate equilibrium concentration from the negatively charged
sediments cannot be attributed to electrostatic interactions between the solid surfaces and
the charged head groups of the anionic surfactants. However, the behavior of the C,BS
surfactants may be interpreted in terms of the balance between the electrostatic repulsive
forces of polar head groups and the attractive forces due to hydrophobic interaction.
Aggregation of surface-active molecules stems from the insolubility of the non-polar moiety of
the surfactant in the solution. The opposing hydrophilic interactions between polar head
groups must be strong enough to ensure the self-assembly of the amphiphile. However,
above a certain ionic strength threshold, the hydrophilic interactions are shielded, the driving
force to expel the hydrophobic groups from solution augments and macroscopic phase
separation occurs, Jonsson et al (1998). It can, therefore, be inferred from the results here
obtained that for the examined surfactants a phase separation occurred in the saturated
brines. The expelled organic phase, by adhering to the solid surfaces in the slurries, acts as
a barrier to the dissolution of the mineral impurities.
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Abstract

The purpose of this work is to build a model to predict in a more realistic way the collection efficiency

of a gas cyclone recirculating system [Chibante et al., 2007; Salcedo et al., 2007]. These systems consist
in an optimised reverse-flow cyclone combined with partial recirculation of uncaptured particles via a
straight-through cyclone concentrator, with very high collection efficienajes 90 %) for very fine
particles.

The model starts by solving the particle trajectory in a turbulent flow field, and by fixing a set of parame-
ters, it determines if a collision or an agglomeration occurs. In case of agglomeration, the initial particles
will have a dynamic behaviour inside the gas-cyclone as a newly formed agglomerate. So the effective
collection efficiency of the particles will be different from that proposed by current models, and will in
fact increase. This can be observed in various experimental results, and usually referred as “hook-like”
grade-efficiency curves.

The hypothesis of particle agglomeration within the cyclone turbulent flow seems a sound justification
for the higher than predicted collection efficiencies observed for smaller particles inside a gas-cyclone.

1 Introduction

Collection efficiency models currently developed for gas cyclones, such as the Mothes and Loffer's
model [Mothes and Loffler, 1988], can predict with high accuracy the collection efficiencies of particles
with diameters above 3-4m.

Experimentally, it was observed at laboratory, pilot and industrial-scales that cyclone systems with or
without recirculation can have complete collection below about 250 nm, viz the grade-efficiency curves
have a very pronounced hook-like shape, showing a minimum in collection at an intermediate particle
size (from about 0.8 to 2Zm). However, no model, to the authors’ knowledge, can correctly predict this
behaviour. Muschelknautz’'s model [Hoffman and Stein, 2002] predicts, at high solid loadings, a fairly
constant value of collection efficiency for the smaller particles, since it is postulated that a portion of the
feed is separated unclassified, but it does not predict the abnormal high collection for very fine particles
at low loadings.

This abnormal behaviour for very fine particles is attributed to agglomeration within the cyclone tur-
bulent flow field [Salcedo et al., 2007], much as it happens in recirculating fluidised beds [Mao et al.,
2002; Sommerfeld, 2001]. Thus, this work concentrates on modelling this phenomena, by considering
the particles’ trajectories inside the cyclone and the probability of interparticle collisions. If some of

*Coarresponding author. E-mail: rsalcedo@fe.up.pt., Phone +351-22-5081644, Fax +351-22-5081449
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these collisions result in effective particle agglomeratitien one of the direct implications is that the
particle size distribution actually processed by the gas cyclone differs from the feed size distribution to
the cyclone.

In fact, upon agglomeration of fine particles by larger ones, the smaller particles will be captured as
much larger particles, viz. with a much higher collection efficiency than that predicted by any of the
currently available models. If the cyclone is highly efficient above abou#n5as it indeed happens

with high efficiency cyclone systems, then the finest particles will also be collected with these extremely
high efficiencies, and this could explain the minima observed in the grade-efficiency curves.

2 Modelling

A model was developed to predict the agglomeration inside a gas-cyclone, which has a fully-developed
turbulent flow field. Afterwards, the model can reconstruct the path in terms of agglomeration of each
particle, and take that history into account to rebuild the effective efficiencies of the initial (unagglomer-
ated) particles.

Therefore the proposed model was obtained by combining the Mothes and Loffler [1988] model which
predicts collection efficiencies in reverse-flow gas-cyclones, the Salcedo et al. [2007] model which is
an extension to the Mothes and Loffler [1988] model to recirculating reverse-flow gas-cyclones and the
Sommerfeld [2001] model which predicts the agglomeration of particles in turbulent flows.

2.1 Particle behaviour in turbulent flow
In this work, agglomeration was estimated using a stochastic Lagrangian approach of the inter-particle

collisions in a turbulent field as proposed by Sommerfeld [2001] and Ho and Sommerfeld [2002]. This is
a complex method to predict the evolution of each particle inside a control volume, hence, its simplified

structure is presented in Figure 1.
Fluid Velocity
t=t+At | Particle Trajectory
)

NO %

Agglomeration?

YES

Figure 1: Scheme of the agglomeration model

Inducing a primary flow field in the control volume, we calculate the particles trajectories by integrating
the following system of equations.

dfﬂévz' N ;
dtv = Uy, i=1...3 AN N= 1~«Npa7"ticles (l)
dul. 3 prcp .
dim — ZP DN (UFJ_U;XZ‘) TTF—u;V + g; i=1...3 AN N=1...Nparticles (2)
p~p

Equation 1 solves the particle trajectory explicitly while Equation 2 calculates the particle velocity. This
is directly related to some physical parameters such as the fluid and particle specific gravities and mainly
of the relative velocity between the particle and the fluid.
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Solving these equations in a predetermined flow field leadsgzticle to have a deterministic behaviour
in the control volume. Therefore, to introduce turbulence into the system, the fluid velocity is changed,
in consecutive time steps and at the same position, according to Equation 3.

wpht = Ry + |uf,| /1= R2 x N (0,1) @3)

The parameters associated with turbulence are taken into account in the vatjablach is bounded

to [0, 1]. As a short explanation of the impact of this variable in the final fluid velocity fiel&,ihas a

value near one, the velocity of the fluid in the next step has a strong correlation to the previous step, so
the turbulence is low and the fluid velocity has almost a deterministic behaviour. Howekighis as

value near zero, the velocity of the fluid in the next step has almost no correlation to the previous step,
implying a strong turbulent flow and consequent almost random behaviour of the fluid velocity between
consecutive time steps.

After obtaining the particles’ trajectories in turbulent flow, a statistical criteria proposed by Sommerfeld
[2001] is used to determine if a collision occurs between two particles or not. In the case where a
collision occurs, using a momentum criteria the decision is made whether the result of the collision is
an agglomerate or how the collision affects the velocities of the two particles. The formation of an
agglomerate is determined by a number of parameters but has high dependency on the relative velocities
of each particle. The process repeats itself, analysing all the binary interactions, until the final time of
interaction is reached. No simultaneous three-particle or higher level interactions are considered.

The results of this part of the model are the final number distribution, which has stored the resulting
number of particles after interaction (in their respective original class diameter), and the particle agglom-
eration history, which contains the time evolution of each resulting diameter.

2.2 Final particle decomposition

After obtaining the final number distribution the purpose is to follow the time dependent history of each
of the resulting particles and/or agglomerates, taking in account that each agglomerate is a result of at
least two particles, in order to build the particle size distribution that the cyclone actually “sees”.

By using the information on the constitution of each new particle and of the final number of particles, an
information matrix can be obtained, which allows to follow the path of each initial particle until the final
agglomerates, and to calculate (backtrack) the effective efficiency of each class of initial particles.

Equation 4 presents the new class efficiency using the information matrix which is obtained from the
final number distribution. This matrix (referred BSIFO) has dimension®V,,sses X Ndiameters and
eachNyameters has a corresponding efficiengy calculated by the Mothes and Loffler [1988] model

for the cyclone or by the Salcedo et al. [2007] model for the recirculating system, whatever is the case.

S.INFOy; x 7, ,
Unew = ¢ Y ’ t=1... Nclasses Ny = I... Ndiameters (4)

1 ZJ nz] )

3 Results

In this section we present some results obtained using the proposed model. All the results were obtained
with the cyclone geometry proposed by Salcedo and Candido [2001], with internal diameten=447

and inlet mean velocity of 30:/s, without partial recirculation of gases and particles. The trajectories

of some particles in a turbulent flow are first presented followed by the effect of the agglomeration in
terms of the number and mass distribution, ending with the presentation of a sensitivity analysis of some
parameters of the model.
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By solving Equations 1, 2 and 3 to obtain the trajectories ofigacticle and using this information, their
behaviour is calculated inside the control volume. Figure 2 presents some of the basic steps of the model
as an example of two intersecting trajectories and the corresponding generation of an agglomerate.

DiameterA

DiameterB

® Dlameterc

MASS CONSERVATION

-0.04
0.5

XX (m) 0 002 yy (m)

(a) Trajectories of two colliding particles and of generated ag- (b) Diagram of formation of a new particle with
glomerate mass conservation

Figure 2: Trajectories and agglomeration effect in two particles

Figure 2a presents the trajectories of two particles with different diameters. The larger particle has a
more deterministic trajectory while the smaller particle has a more random trajectory, which is a direct
result of solving the system of equations presented by Equations 1 and 2. In this case, the particles
collide in their trajectories and the result is a formation of a new agglomerate. The trajectory of this new
agglomerate is calculated solving the momentum equations, and the resulting particle has a tendency to
follow the trajectory of the larger particle.

To better understand the process of formation of new particles, we present in Figure 2b one scheme to
illustrate the calculation of the new diameter of the agglomerate. This calculation takes into account the
mass conservation of the particles.

The mass distribution is an input to the model. After some pretreatment, the model converts the informa-
tion stored in this distribution to a number distribution. After completing the part of the model presented

in Section 2.1, the model calculates the final number distribution and recalculates the corresponding mass
distribution. Figure 3 shows the initial and final number and mass distributions before and after particle
interaction/agglomeration.

o

1)
I
IS

o
w

I
S
T

o
N

Relative Frequence
o o
= N

Relative Frequence

Variation (%)
Variation (%)
o

d . . . .
10° 10° 10" 10° 107 10° 10" 10°
Diameter (m) Diameter (m)

(a) Number Distribution (b) Mass Distribution

Figure 3: Changes in the each distribution

Figure 3a shows that the modal class in the beginning corresponds to the first class (corresponding to a
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diameter around 0.3m). Analysing the result of the model, there is a displacement of the finer particles
towards diameters both below and abovgrit. This proves that the smaller particles are disappearing
(the variation of the first three classes is negative) and indicates that there is formation of larger particles
(the variation of the next five classes is positive).

Figure 3b shows the corresponding implications for the initial and final volume (mass) distributions. The
reduction in the mass of the smaller particles and the increase in the mass of the particles;abdse 1
clearly seen.
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Figure 4: Sensitivity analysis of some of the parameters of the model

Figure 4 shows the grade-efficiency curves and the sensitivity to some model parameters. The chosen
parameters were the time of interaction, the particle specific gravity, the particle concentration and the
cut-diameter of the initial distribution, viz, the maximum allowable particle present in the original dis-
tribution. In each situation, the reference case has the following values: time of interadiomns),

particle specific gravity500kg/m3), cut-diameter § ;1m), concentration{00mg/m?).

Synthesising the information obtained in the sensitivity analysis of the model, we can observe that as the
time of simulation increases (Figure 4a), higher efficiencies are obtained for the smaller particles.

Figure 4b presents the initial efficiency without agglomeration varying the particle specific gravity. The
prediction of the Mothes and Loffler [1988] model increases as expected, as we increase the particle
specific gravity. In terms of agglomeration, the agglomeration model leads to higher efficiencies as we
increase this parameter, due to the initially higher theoretical efficiency for all the diameters.

Another important parameter of the model is the particle concentration, and Figure 4c gives the effect
of this parameter. If the concentration is very low, the collision and consequent agglomeration will be
two phenomena with almost no significance due to the small number of particles present in the control
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volume. Therefore, as expected with low concentration, thelt®after agglomeration are almost those
initially predicted by Mothes and Loffler [1988]. On the other hand, for the higher concentrations,
the agglomeration phenomena has increasing relevance, so the final efficiency of the smaller particles
increases substantially over the base-case.

Figure 4d shows the influence of the cut-diameter on the initial distribution. This parameter determines
directly the initial highest diameter available for collision and as this parameter increases, higher ef-
ficiencies are obtained for the smaller particles. This is justified by the fact that, as we increase the
cut-diameter, we have more larger particles to interact, and injecting more quantity of larger particles
implies that there are more particles available with collection efficiencies around 100 % to collect the
smaller ones. In this case we can observe that the results are also much smoother, which may simply
mean that the “noise” of the results has been reduced by injecting more particles in the control volume.

4 Conclusions

The agglomeration model presented in this work has yet some parameters which must be further studied,
like the collision properties or the influence of the material under study, but at the present moment, the

model can predict in qualitative manner the increase of the efficiencies of the smaller particles observed
experimentally.

The agglomeration phenomena seems to be a good justification of the larger observed collection efficien-
cies obtained experimentally for fine particles using cyclones. After an initial sensitivity analysis, we
conclude that this model may lead to results closer to reality.

This model is an improvement of the existing models developed to predict grade-efficiency curves in
gas-cyclones being expected that, after further studying the parameters of the model, theoretical results
qualitatively nearer to the experimental ones may be obtained, allowing a more correct optimisation of
the design of gas-cyclones.
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Abstract

Anomalous normalised permeability as a ratio of permeability to square of particle size
for snow, diatomite, kieselgel was considered using Kozeny-Carman model and
tortuosity factor defined as the square of average tortuosity pathway. Since the
Kozeny-Carman model is based on the geometrical models of a capillary tube, the
model adopted for high porous media with shaped particles (often with fractal
properties) becomes complex. To show how the problem of permeability may be
complex, two types of particles are analysed in porous media: snowflakes and
diatomite and kieselguhrs. Snowflakes are typical fractal particles, whereas diatomite
and kieselguhr can form pores with fractal tortuosity. Based on theoretical investigation
a model including fractal measurements for void and solid phases and dependence of
tortuosity on packing porosity is proposed. The obtained results show that within the
developed model we can describe a wide range of porous media with different fractality
and tortuosity. Based on presented numerous examples it was concluded that further
experimental investigation should be useful to improve the model and validate the
application range.

1. Introduction

Highly porous media play a significant role in many practical applications including
nanotechnology, biomedicine, fuel cells, catalysis etc. However, the interpretation of
experimental permeability data is difficult whenever the particle shape or particle
arrangement becomes significantly different of conventional granular packing.

In this case conventional Kozeny-Carman model (1) does not satisfy experimental
conditions
g° d?e® d?e®

k: = = 1
Kor?(l-€)?S? 36K r?(l-¢)®  72r%(l-¢)? A

where k is the permeability, 1/m; S is the specific surface area based on the solid
volume; d=6/S is the equivalent spherical particle size; ¢ is the porosity; KOZ'Z
includes tortuosity r (ratio of average pathway to the porous medium thickness) and
K, - a coefficient dependent on the pore cross-section shape (for cylindrical pores K,
= 2). In particular cases model (1) may be used in the form

k = (d2¢%) /[180(1- £)?] (1a)

As Kozeny-Carman model is based on the geometrical models of a capillary tube, then
the model adopted for high porous media with shaped particles (often with fractal
properties) becomes complex (see Figs. 1 - 2).

In some cases porous media with fractal wall surface do not have a fractal tortuosity of
pore channels, as in Fig. 1 (a-b) or, in contrary, display a fractal dimension dependent

* Corresponding author. Tel + 351-25360-1191. E-mail: MM ota@reitoria.uminho.pt
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on a channel topology, as in Fig. 1 (c-e). In theses examples two fractal curves with
different fractal dimension were used to built the pore channels: (a) von Koch
snowflake curve, fractal dimension 1.26, has 4 levels of structure, each level with

tortuosity 7, = 4/3, and the overall tortuosity of the curve is 7~ 3.16, Fig. 1a; the (b)

curve has fractal dimension 1.5, 3 levels of structure, each level with a tortuosity 7, = 2,

and overall tortuosity of the curve is 7 = 8, Fig. 1b. The case in Fig. 1 (a-b)
corresponds to the symmetrical pore channel with fractal perimeter (contour) where a
centreline geometrical tortuosity is equal to 1.

In the case of non-symmetrical pore channels, Fig. 1 (c) and (d), built by fractal curves
of types (a) and (b), they have a centreline tortuosity of r = 1.97 and 2.62 with a fractal
dimension of 1.01 and 1.03. In turn, in case (e), tortuosity is much higher, z = 8, and
the fractal dimension of pore channel walls is 1.5. Moreover, the porous medium fractal
dimension is dependent on porosity and on the particle shape.

i

>
=

]

(a) (b) (c) (d)

Figure 1. Two symmetrical pore channels built by fractal curves (See text) having the
average geometrical tortuosity z = 1.0, case (a) and (b). Non-symmetrical pore
channels built by fractal curves, cases (c-d).
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Figure 2. Fractal dimension D, vs. &,, for regular packing of discs: 1 — square

packing; 2 — hexagonal packing; 3 — discs square arrangement of two sizes (space
between large size square packing filled by inscribed discs). | — correlation function.

Porous media porosity is one of the most important characteristics involved in all
models of mass and heat transfer. Dependence of the 2D porous media fractal

properties on porosity (&, ) is shown in Fig. 2, where a disc type porous structures are
presented. Increasing porous media complexity (the structure deviates from uniformity)
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renders the topological properties of the system (fractal dimension) dominant.

As can be seen, porosity and tortuosity are interrelated and both connected with fractal
properties of porous media and properties interplay gives different results. For
instance, a carbon felt (Le Carbone Lorraine, RVC 4002) for electrodes has the
porosity 0.98 and tortuosity 5 — 6, (Gonzalez-Garcia et al., 1999); «-alumina catalyst
pellet, £ = 0.68, average tortuosity 4.0,(Dogu et al. ,1989); iron-based Fischer-Tropsch
catalyst, ¢ = 0.628, tortuosity ~ 6.0, (Eaton et al. , 1995); mica (powdered) and
vermiculite at porosity 0.85 — 0.9 have tortuosity over 2.0, (Currie ,1960).

2. Theoretical background

To show how the problem may be complex, two types of particles are considered
below: snowflake and diatomite/kieselguhr.

Jordan et al. (1999) summarised and analysed published and own experimental data
on snow permeability by using Kozeny-Carman model in the form (1a) and an
approach of the form

k = 0.077d? exp(—0.0078p, (1- &)) (2)

where p, =917 is ice density, kg/m’.

Normalised experimental snow permeability k/d? together with models (1a) and (2)
are shown in Fig. 3, where some data for low-density snow are below theoretical
predictions for a granular bed (curve 1) as well as for a model (2), curve 2.
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Figure 3. Reduced permeability k/d? vs. ice fraction ¢ =1—¢ as presented by Jordan

(1999) in fig. 7. | — Shimizu, Ishido and Shimizu data; Il — Sommerfeild and Rocchio
data; Ill - Jordan data. 1 — granular bed model, equation (1a); 2 — approach, equation

(2).

According to snow classification by solid fraction and permeability (Jordan , 1999), the
main part of snow samples which does not fit to the above mentioned models belong to
wind-packed (dense) and new snow (low density) which leads to consider particle
shape as an important parameter of the permeability behaviour. However, in (2) we can
speculate that (1-¢) is accounted for in fractal properties as well.

For non-spherical particle the model (1) may be partially corrected by introducing a
sphericity factor ® of a particle as the ratio of the surface area of a sphere S (with the

same volume as the given particle) to the surface area of the particle S, ®=S/S,

hence, d, =6/S,=6®/S =®d . In this case, fractal behaviour may affect all or part
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of variables (Xu and Yu, 2008): pore space (&), solid (1-¢) or ratio ¢/(1-¢), and
tortuosity (7).

In general, the tortuosity depends on porosity and may be presented in the form
r=ale" (n> 0; a> 1, conventionally a = 1). By substituting z and ® in (1) and
introducing the normalised permeability we have the following
k/d?=(D?/K,)[e*/(36-(al")*(1-£)?)]. The value of K, depends on a pore cross-
section configuration that, in turn, reflects the particles shape. Since the exact relations
between @, K, and ¢ are unknown, complex ®°/(K,a?) can be considered as the

fitting coefficient 1/ A.

If we assume that in porous media structure particles are generated from sub-units of
smallest scale, as shown in Fig. 4, then external and internal factors may yield
substantial particle transformation. In the case of snow, primary snowflake melting
results in porous media compaction and in structural degradation, with loss of fractal
properties and an approach to granular packing.

Figure 4. Simplified representation of a complex primary particle structure build by sub-
units.

Structural properties based upon fractal analysis must be introduced in normalised
permeability under the form of AD and A,D-¢(g) as fractal measures for void and
solid phases, where 0<AD <1, 0<A,D<1, and ¢(¢) is a function accounting for

deviation of porous media from granular packing. Finally, dependence of normalised
permeability on porosity becomes

3AD 3AD+2n
2 £ £

- 36A(1/8n)2(1— g) 2A1D-p(&) - 36A(1— 8)2A1D~(p(s‘)

(3)

3. Discussion

Two types of particles are presented in Fig. 5: snowflakes (shaded area occupied by
data of Jordan et al. (1999)), diatomite (1), from Yoon et al. (1992) and kieselguhrs (l1),
Mota et al. (2000, 2003). Snow represents fractal particles, whereas diatomite and
kieselguhr can form pores with a significant fractal tortuosity.

Application of relation (1a) and model (2) as proposed for the snow layer (Fig. 5), gives
rise to curves 1 and 2, respectively. Ignoring dependence of r on & does not allow
covering the whole region of experimental data. Conventional model (1) has as upper
limit z = 1.0 and curve 1" is far from the experimental bounds.

The model (3) was accepted and deviation from granular packing ¢(g) was assumed
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to be ¢(¢) =1+¢,—¢. The function ¢(g) =1 when ¢ =

range 0.3 — 0.45 and is defined as a fitting parameter.

&, Where ¢, has a value in the

:11o1§|.l.l.,l,l

100-_ f :| Snow data area

o ;reeman et al. (1995 \

10" Z. 7 Y]
“o 10‘2§- 77’7’1/ //////;////
® b

e R Ca """ 9 ]

10* - ! very small AD, small AD k/d* = constant—§

10°! 04 05 06 07 08 09 10

e

Fig. 5. Normalised permeability k/d? vs. porous media porosity. Shaded area is
occupied by snow data of Jordan et al. (1999). 1 — equation (1a); 1" — case (1) when 7

= 1; 2 —relation (2); 3 — fitting relation (2) by model (3).

Curves a — e are fitting data of

mineral porous media: a - Kieselguhr fine; b — Kieselgel; ¢ - Radiolite 600; d - Dialite UND; e

— Kieselguhr. For curves 4 — 9 see the text.

Table 1. Coefficients of model (3) for curves presented in Figure 5

Curve AD | AD [N & A
4 0 1 0 0.42 1

5 01 |1 0.1 0.45 2

6 0.3 |1 0.5 0.4 2

3 0.69 | 1 0.6 0.4 5
Granular packing | 1 1 0.4-0.5 E,=¢& 2

e 1 1 0.5 0.35 10.54
d 1 0.35 | 0.5 0.35 6.36
b 1 0.05 | 1 0.3 8.64
c 1 0.78 | 1 0.35 27.8
a 1 0.8 1 0.38 58.4
7 0.05]0.25 | 0.25 0.4 60
8 0.05]|0.25 |0.025 |04 60
9 0 0 0 -- 60

The obtained results show that within model (3) we

can describe a wide range of

porous media. In particular for snow, correlation (2), curve 2, is well fitted by model 3

(curve 3) with the following parameters: AD = 0.69, n

=0.6, A=5,and ¢, =0.4. For

new snow, in particular, a tendency (Fig. 5, arrow) to increase the permeability was found, when
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AD -0 and A,D=1. Curve 4 corresponds to the case AD=0, r=1, when A = 1:

k/d?=1/[36(1— &)*™***)]. Moreover, model (3) at s - 1 gives k/d? — o, whereas
correlation (2) gives finite normalised permeability value. Examples of fitting data of
mineral porous media by (3) are given by curves a — e and are also presented in Table
1: a - Kieselguhr fine; b — Kieselgel; ¢ - Radiolite 600; d - Dialite UND; e — Kieselguhr.

Dependences 7 — 9 are hypothetic and simulate cases of very small AD . With decreasing
AD and A,D we observe insignificant linear changes in k/d? and in limited case of

AD and A,D equal zero dependence (3) becomes constant k/d?* =1/(36A), as seen
in Fig 5, bottom, curve 9. Even in the hypothetic case of A =60and a =1for ® =0.5
we have K, = 15. Assuming a = 1.5, K, becomes 6.7 and at a = 2 K, = 3.75.

Formally, this situation is related with the degradation of porous media structure when
tortuosity weakly depends on porosity, which is typical for non-granular porous media.
For instance, when porous media contain homogeneous pores similar in length the
porosity totally depends on number of pores on unit area of porous medium. Fractality
behaviour of such systems is not enough investigated.

Model (3) allows simulating and predicting permeability or other parameters when
experimental data are scarce.

4. Conclusion

Obtained results form the modified Kozeny-Carman model show that application of the
fractal approach to the porous media void space as well as to solid phase enables to
extend the model to highly porous media. The obtained results show that within the
developed model we can describe a wide range of porous media with different fractality
and tortuosity. In spite of the numerous examples presented, further experimental
investigation will be useful to improve the model and validate its application range.
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Abstract

Inertial particle motion in a stirred vessel with no baffle plate was observed experimentally
and numerically at low Reynolds numbers. Several particles were captured on a torus orbit
within one of the IMRs and kept traveling around the impeller. The particles captured in the
IMRs enhance the exchange of material with the outside active mixing region.The primary
and secondary circulation flow directions were defined ¢- and é-direction respectively. Initially,
particle orbit obtained by Poincaré section showed that the particle motion covered the full
surface of the torus orbit and the ratio of the period for one round of a particle in ¢-direction to
that in édirection, P, /P, was irrational, while after a long time, the circular orbit on the
Poincaré section converges on three discrete points and P, /P, was rational. Numerical
simulation revealed that even after a particle seemed to have almost settled on a final orbit,
the diameter of secondary circulation was not constant. After a particle has been captured,
the drag force frequently works on the surface of the particle since the particle always exists
near the impeller.

1 Introduction

Mixing is one of the most important unit operations in chemical and biochemical industries.
Stirred vessels commercially available in a wide variety of sizes and impeller configurations
are the most frequently used to homogenize different substances, to conduct chemical
reactions and to enhance mass transfer between different phases. Owing to their versatility,
stirred vessels can be operated under a wide range of conditions. Although turbulent flow is
efficient for mixing, some situations require laminar mixing, e.g. for high viscosity fluids and
shear-sensitive materials. Koiranen et al. (1995) proposed specific principles for effective
mixing in laminar flow mixing regimes for highly viscous liquids or shear-sensitive materials.
In the laminar flow mixing regimes, however, global mixing is inefficient due to the existence
of isolated mixing regions (IMRs). Much attention has been paid to how to eliminate IMRs at
low Reynolds numbers. Lamberto et al. (1996) and Yao et al. (1998) demonstrated that IMRs
could be eliminated by using an unsteady rotation method.

The authors (Nishioka et al.; 2007) found that particles released at the liquid surface were
captured by the recirculation of IMRs. This phenomenon may conceivably affect laminar
mixing characteristics in a stirred vessel. Futhermore, solid-liquid two-phase flows in stirred
vessels are often encountered in industrial processes.The present work, therefore, observed
inertial particle motion in a stirred vessel with no baffle plate experimentally and numerically
at low Reynolds numbers.
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Fig. 1 Schematic of stirred vessel

2 Experiment and Numerical Simulation

In this study, inertial particle motion in a stirred vessel was investigated experimentally and
numerically at low Reynolds numbers (Re = 10, 30). The mixing system consists of a
cylindrical flat-bottom vessel without baffle and a 4-bladed Rushton turbine, as shown in
Figure 1. In order to reduce photographic distortion, the cylindrical vessel was immersed in a
square vessel of acrylic resin filled with the same glycerine solution. The ratio of impeller off-
bottom clearance to the tank diameter C/T was 0.5. The working fluid was glycerine (p =
1260 kg/m®, 1= 1.4 Pa-s).

Fluorescent pH-sensitive neutrally-buoyant green dye was used as a passive tracer to
observe the mixing process. The working fluid was initially made basic by a small amount of
basic solution consisting of 0.5 N NaOH and glycerine. After the turbine reached a certain
rotational speed, a small amount of acidic solution consisting of 0.5 N HCI and glycerine was
carefully added at the top of the vessel so as to decolorize the green dye by a neutralization
reaction.The trajectories of resin particles having the density of 1377-1663 kg/m?® and the
diameter of 5 mm were analyzed using image processing. After a steady state was achieved,
10 particles were released on the upper surface at 1 or 5 cm away from the impeller axis.

The commercial CFD code RFLOW (Rflow Co, LTD) was used for the simulation of the
motion of a particle. This numerical code is based on the finite volume method and makes it
possible to simulate particle motion by a particle tracking method. All numerical conditions
except particle size and particle density were the same as those for the experiment. The
number of computational mesh is 60x60x60 in radial, circumferential and axial directions,
respectively. Particle size and particle density were changed from 1.0x10° to 1.0x10°m and
from 1200 to 1300 kg/m?, respectively. Each particle was generated at the top of the device.
At the first step, flow fields were obtained by solving the three-dimensional Navier-Stokes
equations and the mass conservation for incompressible fluid in cylindrical coordinates, as
shown in Egs (1) —(4).

%-FV %_ﬁ_&%_ﬁ*_\/% —_@4_ é Eg(rv )+iﬂ_£%+azvr +pg (1)
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Then the particles were tracked by solving Eq. (5),

dv, 3

_ v v bv_ 1 (bv_DV, _
ppW_ECDpf|V Vp|(v Vp)+pf Dt+2pf(D'[ Dt J"'(pp pf)g ()

where V, is the velocity of the particle, V is the velocity field of the fluid, d, is the particle
diameter, p, is particle density, g is fluid density, g is gravitational acceleration and Cp is the
drag coefficient. The Basset history force, which is important in the initial motion of a particle
starting from rest under certain conditions, was neglected.

3 Results and Discussion

As shown in Figure 2, when particles were released on the surface at 1.0 cm away from the
impeller, several particles were captured on a torus orbit within the lower IMR and kept
traveling around the impeller, while the rest of the particles sunk to the bottom of the vessel.
On the other hand, when particles were released on the surface at 5.0 cm away from the
impeller, several particles were captured on a torus orbit within the upper IMR (not shown in
Figure 2). Initially, two IMRs clearly can be seen in Figure 2 a), After 18 h, the upper IMR is
still visible, while the lower IMR is decolorized as shown in Figure 2b). This result indicates
that particles caputured in the IMRs enhance the exchange of material with the outside active
mixing region.

In our previous works (Ohmura et al., 2003; Nishioka et al.,, 2007), the primary and
secondary circulation flow directions were defined as ¢ and é-direction respectively and the
period for one round of a particle in g-and @&direction were also defined as P, and P, This
work also followed the above manner and investigated the relation between P, and P, of the
particle captured in the IMRs. In order to clarify particle orbit within IMR, this work
constructed Poincaré sections corresponding to an arbitrary plane cutting a torus orbit
transversally in the manner of nonlinear dynamics. Particle orbit obtained by Poincaré
section obtained particle obit initially shows that the particle motion covers the full surface of
the torus orbit and P, /P, of the particle is irrational, as shown in Figure 3 a).

a) b)

Fig. 2 Flow visualization of IMRs in a stirred vessel: a) initial state and b) 18 h later (Re = 10)
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Fig. 3 Poincaré sections of particle orbit; a) experimental (30 min), b) experimental (120 min)
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Fig. 4 Numerically obtained time trace of particle position in z-component (Re = 10, d, = 8
mm, p, = 1200 kg/m?®)

On the other hand, a circular orbit on the Poincaré section converges on three discrete points
as shown in Figure 3b).This indicates that P, /P, is rational and the particle motion becomes
phase-locked on the torus. Ohmura et al. (2003) revealed that the ratio of the time period for
one round of a filament around the core IMR in &-direction to the time for one round of a
tracer particle in the filament in ¢-direction is rational. It can thererfore be considered that
particles initially move on the surface of the core torus and finally move in a filament within
IMR. The particle trajectories obtained by numerical simulation show good agreement with
the results of the experiment, as shown in Figure 3 c¢). However, no phase-locked orbit could
be observed in numerical simulations so far.

Figure 4 shows numerically obtained time trace of particle position in z-component. This
figure shows that the diameter of particle rotation orbit decreases stepwise with time. As can
be seen during 250 and 750 s, even once a particle has settled on a certain orbit, the
diameter flactuates. Furthermore, even after a particle seems to have almost settled on a
final orbit (after 2000 s), the diameter is not constant. This particle motion may contribute to
enhancement of material exchange with the outside active mixing region, as previously
shown in Figure 2 b). The effects of particle diameter and particle density on particle motions
were investigated by extracting local maximum values of particle position in z-component.
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Fig. 6 Distribution of drag force on particle in r-direction; a) 0—25 min (before the
convergence) and b) 25-60 min (after the convergence)

Figure 5 shows the tendency that the larger and heavier the particle is, the faster it
converges. When the diameter is 5 mm, however, the heavier particle does not always

converge faster.
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Figure 6 shows that the drag force on particle in r-direction has drastically changed after
particles are captured by the recirculation of IMRs. The drag force arises from the velocity
difference between fluid and particles. Before a particle has been captured, it circulates
through the whole region in the vessel. While the particle circulates through a tank apart from
the impeller, the particle hardly receives the influence of accelerating flow discharged from
the impeller. This means that the drag force does not work on the particle during this
circulation. On the other hand, after the particle has been captured, the flow around the
particle is repeatedly accelerated and decelerated by the impeller, because the particle
always exists near the impeller. This indicates that the drag force frequently works on the
surface of particle. The term of drag force on the particle is closely related to the mass
transfer between partcle and liquid. Hence, mass transfer might be enhanced when a particle
is within an IMR. In future work, the authors will investigate mass transfer between paticle
and liquid in IMRs.

4 Conclusion

In this study, inertial particle motion in a stirred vessel with no baffle plate was observed
experimentally and numerically at low Reynolds numbers (Re = 10, 30). Several particles
were captured on a torus orbit within one of the IMRs and kept traveling around the impeller.
Which IMR particles are captured depends on the position of particles when released. Initially,
particle orbit obtained by Poincaré section showed that the particle motion covered the full
surface of the torus orbit and P, /P, of the particle was irrational, while after a long time, the
circular orbit on the Poincaré section converged on three discrete points. This indicates that
Py IP, is rational and the particle motion becomes phase-locked on the torus. Numerical
simulation revealed that even after a particle seemed to have almost settled on a final orbit
(after 2000 s), the diameter of secondary circulation was not constant. This particle motion
may contribute to enhancement of material exchange with the outside active mixing region.
After a particle has been caputured, the drag force frequently works on the surface of the
particle since the particle always exists near the impeller and the flow around the patrticle is
repeatedly accelerated and decelerated by the impeller. This effect may enhance mass
transfer between particle and liquid in IMRs.
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Abstract

The development of electrodialysis (ED) as a robust industrial technology for wine tartaric
stabilization is interlinked to the mini-contact test (MCT) as a mean of predicting the correct
deionisation degree (DD) that should be carried out to guarantee the treated wine tartaric
stability. The objective of this work is to quantify, for different type of wines, the influence of
the key-parameters of the MCT - running time and granulometry of the seeding KHT crystals
on the predicted DD and to determine the best values of these parameters that ensure that
the ED treated wine is stable according to the refrigerator test (RT), which is widely used in
the wine industry. The ED experiments were carried out in a bench scale ED apparatus using
white, rosé, red and liqueur wines in batch mode. The DD varied from 0 to 30%. The MCT
was performed for each wine during a maximum running time of 65 h. The tartaric stability of
the raw and partially deionised wines was assessed by the RT and by the saturation
temperature (Ts.t). For the type of wines investigated, the MCT predicts a DD required for
stabilizing the wine that is strongly dependent on the running time of the test. The RT
exhibited a very good reliability for the wines tested. The MCT can predict an accurate DD
that ensures the tartaric stability of the ED treated wine, provided its key-parameters (e.g.
running time) are adjusted empirically for each type of wine.

1. Introduction

In winemaking it is usually necessary to reduce the concentration of potassium hydrogen
tartrate (KHT) of the wine, to avoid the precipitation of this salt in the bottles, which adversely
affects the percepted quality of the product. The conventional process for the tartaric
stabilization of wine does not allow a precise control of the final KHT concentration and may
also decrease the wine quality due to the simultaneous precipitation of polysaccharides and
polyphenols together with the KHT salts (Maujean 1994, Moutounet et al. 1997, Ribereau-
Gayon et al. 1998, Benitez et al. 2003).
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A more recent process developed to overcome the previous drawbacks in tartaric
stabilization is electrodialysis (ED) (Strathman 1986, Moutounet et al 1994, Gongalves et al
2003). With this process and under an applied electric potential, the KHT is transferred from
the wine to an aqueous solution that is separated from the wine by ion exchange membrane.

The degree of deionization (DD) (defined by the relative decrease of the wine conductivity)
required to stabilize a wine by ED, must be determined with accuracy before the wine
treatment. The DD has been determined with recourse to the mini-contact test (MCT),
(Ribéreau-Gayon et al. 2006, Benitez et al. 2004). The difference between conductivity at the
beginning and at the end of the time period gives an estimative of the DD required to
stabilize a wine by ED. It is crucial, for the widespread of this more recent technology, to
confirm experimentally for different types of wines if the DD predicted by the MCT if sufficient
to ensure that the treated wine passes the common quality control tests that are used to
monitor the tartaric stability of the wine.

The traditional method to verify if a wine is stable, which is widely used by many wine
producers is the refrigerator test (RT). The method, basically, consists in verifying if
crystalline sediments appear in a sample stored at low temperature, for red wines, and
bellow the freezing temperature, for other types of wines. At best of our knowledge, there are
no established standard protocols for this test and each wine producer uses its own. The
stability of wines has been assessed also by the measurement of the saturation temperature
(Tsat) (Wirdig et al. 1982). At the Tsq, the wine attains the equilibrium concentration of KHT
and, for this reason, Ts is a good indicator of the wine saturation level in KHT (Santos et al.
2002).

The development of ED as a robust industrial technology for wine tartaric stabilization is
interlinked to the MCT as a mean of predicting the correct DD that should be carried out to
guarantee the treated wine tartaric stability.

The aim of this work is to quantify, for different type of wines, the influence of the key-
parameters of the MCT — running time and granulometry of the seeding KHT crystals — on
the predicted DD and to determine the best values of these parameters that ensure that the
ED treated wine is stable according to the RT.

2. Material and methods

2.1 Wine Samples. The ED experiments were carried out with wine samples that were
supplied by José Maria da Fonseca Vinhos SA, Azeitdo, Portugal. The white, rosé, red and
liqueur wines were produced from grapes harvested in 2006, 2006, 2005, and 2001,
respectively. The summary analysis of the wines used is presented in Table 1.

Table 1 Physico-chemical characterization of the wines.

Parameter Red wine White wine Rose wine Liqueur wine
pH 3.48 3.20 3.1 3.41
Conductivity (20°C) (uS.cm™) 2040 1920 2140 878
Ethanol (%v/v) 13.4 12.0 10.4 17.4

2.2 Analytical methods. The ethanol concentration was determined by the reference
method of the Office International de la Vigne et du Vin, 1990. The wine conductivity was
measured with a conductivity meter, model GPL32 from CRISON (Barcelona, Spain), using a
conductivity cell with a constant of 1 cm™.
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2.3 ED experiments. The several wines were processed by the bench scale ED unit
EUR2C-7P18 from Eurodia Industrie, S.A, France. The ion exchange membranes were
supplied by TOKUYAMA SODA, Japan and the ED stack had seven cells constituted by 7
anionic membranes (type CMXSb) and 9 cationic membranes (type CMXSb). Each
membrane had an effective area of 2 dm?. A sample of 3.0 L of wine was processed at room
temperature using a constant electric potential difference of 1.5 Volt/cell, corresponding to
the maximum value recommended by the equipment manufacturer. The concentrate
compartment was initially filled with 3.0 L of an aqueous solution of 0.2 mol/L of KHT (pro
analysis grade from Riedel-de Haén) acidified at pH 3 with nitric acid (65% from Panreac).
The electrodes were rinsed with 3.0 L of an aqueous solution of 0.2 mol/L of K;SO, (pro
analysis grade, from Scharlau, Germany). The flowrate of the concentrate, diluate and
electrode rinsing solution were 180 L/h, 250 L/h and 400 L/h, respectively. Both the
conductivity and pH of the wine were measured during the experiments.

2.4 Mini-contact test. The conductivity of a wine sample of 100 mL with 4 g/L of very fine
KHT crystals seeds, was measured and registered in a computer during 65 hours. The wine
sample was continuously agitated with a magnetic stirrer at 700 RPM and the wine
temperature was controlled at -4° for white, rose and red wines and at -8°C for liqueur wine.
The required degree of deionization (DD) was estimated by the relative variation of the wine
conductivity after a given running time.

2.5 Saturation Temperature (Tsa). The experimental saturation temperature of a wine was
determined by measuring electrical conductivity in a two-step experiment, using a set-up
described elsewhere (Santos et al. 2002). In the first experiment, the wine was brought to
0°C in a thermostat-controlled bath equipped with sources of heat and cold. The temperature
was then raised to 30°C with 0.5°C/min increments and the wine’s conductivity measured
continuously. In the second experiment, the same wine was brought to 0°C, 4.0 g/L of KHT
crystals were added and the temperature was once again raised to 30°C in 0.5°C/min
increments. In both experiments the wine was agitated continuously with a magnetic stirrer at
700 rpm and its conductivity was measured every second. The Ty of any wine is given by
the intersection of the two experimental curves of the variation of the conductivity versus
temperature. KHT pro analysis grade from Riedel-de Haén was used in this test.

2.6 Refrigerator Test. Before the refrigeration, the wine samples were first filtrated to
remove suspended mater. The filtration was performed with 2.5 um Whatman Paper filter
number 22, with a pre-coating of filter aid Fibroklar L (Reinhardt Kellereibedarf, Germany), to
assured that particles that may act as crystallisation seeds are kept to a minimum value for
all the wines in order to increase the reproducibility of the test. For the case of the white, rose
and liqueur wines, 100 mL glass screw cap bottles from ISOLAB (Germany) were filled with
wine and then were placed in a refrigerator at -20 °C until the wine freeze. After that, the
glass bottles were placed in room temperature water to unfreeze the wine and, as soon as
there was sufficient liquid wine, the bottoms of the bottles were inspected at naked eye to
determine if crystals had precipitated. The wine was considered unstable if crystal were
detected and stable, otherwise. For the case of the red wine, and following the same practice
used by some wine producers in Portugal, the visual inspection of the existence of KHT
crystal was performed after maintaining 100 mL of a wine sample at -4 °C during 6 h without
stirring.

3. Results and discussion

3.1 Mini-contact test. The DD for the different wines predicted by the MCT depends strongly
on the running time of the test, as shown in Table 2 for all the types of wine. These results
indicate that the running time of the MCT must be optimised in order to predict accurately the
DD required stabilizing the wine.
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Table 2. Deionization degree predicted by the mini-contact test at different running times.

DD (%) for running time of

Wine type 18 min 4h 24h 65h
White 6.98 13.7 17.8 20.1
Rose 19.0 23.8 26.7 28.1
Red 0.00 0.23 3.66 7.09
Liqueur 3.46 11.9 17.7 20.8

3.2 Tartaric stability analysis of the wines deionised by ED. The tartaric stability of the
different wines deionised by ED was accessed by the RT for different DD, ranging from O to
30%, and the results are displayed in Table 3. According to this test, the untreated red and
liqueur wines were already stable, but the white and the rosé wines were only stable after a
DD of 5% and 30%, respectively. It has been claimed (Ribéreau-Gayon et al. 2006, Benitez
et al. 2004) that the RT suffers from poor reproducibility and is not always reliable, nor easily
repeatable due to the complex phenomenon of spontaneous, non-induced crystallization.
Nevertheless, with the protocol used in the present work, the RT exhibited a very good
reliability for the wines tested.

Table 3. Tartaric stability state' of the different wines vs. the DD, according to the refrigerator test.

Wine tartaric stability state of

DD (%) Red wine White wine  Rose wine _Ligueur wine
0 S U U S
_ o fitered 10 S u u S
with 2.5 um paper fiter 19 s U u s
+ Fibroklar L 20 S U u S
25 S S u S
30 S S S S

Vs - stable wine; U - unstable wine

In fact, as it can be seen in Table 4, the RT gave always the same result below and above
the required value of the DD, for all the different of wines tested. For the different DD, Table
4 displays also the tartaric stability state of the different wines predicted by the MCT for
running times of 18 min, 4 h, 24 h and 65 h. With this test, a wine is considered stable if the
predicted DD of the MCT is lower that the real DD of the wine. It is noteworthy to observe
that both the RT and the MCT, at a running time of 65 h, predict the same tartaric stability
state for the white, rosé and red wines, for all the values of DD, except for the red wine
without deionization. For the liqueur wine, the MCT is in agreement with the RT only for a
running time of 18 min. This wine exhibits a good tartaric stability at low DD values, despite
of the fact of being thermodynamically unstable.

For the white and rosé wines, the discrepancies between the predictions of the RT and the
ones of the MCT, increase when the running time of the MCT decreases. For a running time
of 4 h, the MCT strongly under-predicts the DD required for stabilizing the wine. When the
running time increases to 24 h, the under-prediction is not higher than 5%. If an error of this
magnitude is considered acceptable for the DD imposed to the ED of the wine, the time
required to perform the MCT may be reduced from 65 h to 24 h. Further reduction of the
running time to 4 h must be done with caution and taking into account that the true DD
required for wine stabilization may be substantially higher that the predicted value.

4
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Table 4 Tartaric stability state® predicted by different methods and saturation temperature for the
different wines vs. the DD.

Wine tartaric stability state according to
mini-contact test at

Wine type DD (%) Refrigerator test

18min __ 4h 24h  65h  Tau
White 0 U U U U U 19.0
10 U S U U U 15.0
15 U S S U U 13.7
20 U S S S U 11.2
25 S S S S S 9.0
30 S S S S S 6.2
Rose 0 U U U U U 20.0
10 U U U U U 15.4
15 U U U U U 10.9
20 U S U U U 9.6
25 U S S U U 7.6
30 S S S S S 2.7
Red 0 S s? s? s? U 25.0
10 S S S S S 23.1
15 S S S S S 20.3
20 S S S S S 17.9
25 S S S S S 17.5
30 S S S S S o
Liqueur 0 S s? U U U 19.0
10 S S S U U 14.6
15 S S S U U 14.0
20 S S S S U ®
25 S S S S S ®
30 S S S S S o

? S - stable wine, U - unstable wine.
® The wine was considered stable because the predicted DD was not higher than 5%.

% The test was irreproducible.

The Tsg of the different wine samples is also displayed in Table 4. For the white and rosé
wines, the Ts, decreases almost linearly with the DD in a similar way as observed already in
a previous work for the other type of wines (Gongalves et al. 2003). For the white wine with a
DD of 25%, which is considered stable by the RT and by the MCT at 65 h, the Tg, is 9.0 °C.

According to Maujean et al. (1985, 1986), for white and rosé wines with alcohol content of
about 11%vV/v, the spontaneous crystallization temperature is equal to the T, minus 15°C.
With this criterion, the white wine with a DD equal to or higher than 25% is stable at the
temperature of the MCT, which is -4 °C. In the case of the rosé wine, and using the Maujean
criterion, the rosé wine is stable for a DD equal to or higher than 15%. These results show
that the Maujean criterion gives results compatible with the RT for the white wine, but not for
the rosé wine. For the case of the red and liqueur wines, the Maujean criterion is not
applicable by default, due to their higher alcohol content.
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4. Concluding remarks.

For the type of wines investigated, the MCT predicts a DD required stabilizing the wine that is
strongly dependent on the running time of the test. With the protocol used is present work,
the RT exhibited a very good reproducibility for the wines tested. Both the RT and the MCT,
at a running time of 65 h, predict the same tartaric stability state for the white, rosé and red
wines, for all the values of DD, except for the red wine without deionization. For the liqueur
wine, the MCT is in agreement with the RT only for a running time of 18 min. This indicates
that the MCT at 65 h is a very robust method to predict a DD that ensures that the ED treated
wine is always stable. The MCT can predict a less severe and more precise DD that ensures
the tartaric stability of the ED treated wine, provided its key parameters (e.g. running time)
are adjusted empirically for each type of wine. The fine-tuning of the MCT key-parameters for
different types of wines contributes to increase the ED reliability and robustness for wine
tartaric stabilization.
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Abstract

In this work, two microporous AM-3 membranes were studied. Thin AM-3 films were
hydrothermally crystallized on porous a-alumina supports by seeded hydrothermal technique,
and were subsequently characterized by measuring pure N, permeation flux. The
enhancement in the N, fluxes observed after an heating/cooling cycle confirms the
hydrophilic character of AM-3 crystals. The flux of N, in both membranes depends linearly on
the transmembrane pressure drop, evidencing the absence of viscous flow. Permeances
found were 6.84x107 mol/(m?sPa) and 8.42x107 mol/(m?sPa) for one membrane, and
1.03x10” mol/(m?sPa) and 1.23x10”" mol/(m?sPa) for the second membrane, which are well
inside typical values for microporous membranes. Accordingly, results suggest that good
quality membranes were obtained.

1. Introduction

Membrane processes are very attractive methods to separate a variety of gas mixtures due
to their relatively low energetic consumption and high selectivities observed in comparison
with more conventional processes (Xomeritakis and Tsapatsis, 2001). Accordingly, the
interest in the application of membrane technology in gas separation and purification
processes has been intensified.

Microporous inorganic membranes are promising materials due to their high thermal and
chemical stability, and resistance to high pressure differences. Among them, a variety of
zeolite membranes have been successfully synthesized and applied in the separation of
different mixtures, including azeotropic and other difficult ones (Kita et al., 1995; Coronas et
al., 1997; Giroir-Fendler et al., 1996; Xomeritakis et al., 2001).

Titanosilicate membranes belong to the microporous inorganic group. Similarly to zeolites,
these materials exhibit a crystalline structure with molecular dimensions and are able to
separate mixtures based on differences in affinity and sieving effect (Poshusta et al., 1998).
In addition, they comprise benefits over more classical zeolite membranes (Lin et al., 2004),
namely: they can be synthesized without organic templates, avoiding subsequent calcination
treatments which often causes irreversible defects and/or loss of active surface groups; they
are prepared under moderate pH conditions, reducing chemical attack of the support
surfaces; and they exhibit novel possibilities of isomorphous framework substitution, allowing
for fine-tuning of catalytic and adsorption properties.

Only a small number of microporous titanosilicate membranes have been recently
synthesized and characterized, mainly reporting to ETS-4 (Guan et al., 2001; Braunbarth et
al.,, 2000; Guan et al., 2002). Preparation of ETS-4 films on porous alumina and titania
supports by secondary growth method was described by Yilmaz et al. (2006), however only
crystals orientation were investigated. Hetero-epitaxial growth of ETS-10 on ETS-4 has been

! Corresponding author. Tel +351 234 401549. E-mail:carlos.manuel @ua.pt
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accomplished, but no permeation or separation results have also been published (Jeong et
al., 2002). Preparation and characterization of ETS-10 membranes were presented for the
first time by Lin et al. (Lin et al., 2004) and subsequently by Tiscornia et al. (2005, 2007).
Sebastian et al. (2005, 2006) reported the synthesis, characterization, and separation
properties of a Ti-Silicate umbite membrane (AM-2) by seeded hydrothermal synthesis.
Reported results suggest the potential of titanosilicate membranes for water/organic
compounds, and gas mixtures separations.

AM-3 is a synthetic microporous titanosilicate analogue of mineral penkvilksite
Na,Ti,Sig02,.5H,0 (Lin et al.,, 1997, 2006; Rocha and Anderson, 2000). Its structure
consists of SiO, tetrahedra connected by individual TiOs octahedra forming a three-
dimensional framework of 6-ring channels (Lin et al., 2006), and contrarily to most
titanosilicates, it does not contain Ti—-O-Ti linkages. In a previous work (Lin et al., 1997) it
was shown that AM (Aveiro-Manchester) materials adsorb water in relatively large amounts.
In addition, AM-3 was demonstrated to be stable up to ca. 600 °C, loosing water and
rehydrating back after being kept in air for a few hours at room temperature. A detailed
morphological characterization of AM-3 was reported first by Lin et al. (1997) and later by
Rocha and Anderson (2000). At the moment, no publications have been presented
concerning the preparation and characterization of AM-3 membranes. Only its ability to sorb
radioactive cobalt-60 using an ion-exchange batch-type method has been studied (Koudsi
and Dyer, 2001).

Membranes characterization is a fundamental test before their use in a mixture separation. In
addition to its structure determination, it is essential to study permeation properties, which
are directly related to the density and size of defects. With this information, ideal preparation
and operation conditions can be established in order to obtain a defect-free membrane, and
so a good quality membrane. Permeation of certain molecules, such as nitrogen, can be
used to detect the presence of rough defects in the zeolite structure. Accordingly, over
enhanced N, permeances evidence the presence of defects.

In the present work, two thin AM-3 films were hydrothermally crystallized outside a porous a-
alumina support by seeded hydrothermal technique (Lovallo and Tsapatsis, 1996).
Subsequently, the existence of rough defects or cracks in both membranes was investigated
by means of single N, permeation runs.

2. Experimental Section

The experimental set-up used for the permeation measurements is shown below in Figures
1a and 1b. Membrane features of both synthesized AM-3 membranes may be found in Table
1.The presence of adsorbed compounds, like water from air humidity, affects the results;
therefore a previous heating/cooling cycle up to ca 200°C was performed before the
permeation measurements. Experiments were conducted with a transmembrane pressure
difference providing the driving force for permeating and no sweep gas was used.

A stainless-steel module containing the membrane was placed inside an oven with
temperature control (TC). Viton o-rings were used to seal the membrane inside the module.
The flow rate of feed gas was fixed by means of a mass flow controller (MFC) and the
permeate flow rate was measured by a mass flow meter (MFM) until the equilibrium be
reached. The permeate side was kept at atmospheric pressure; the feed side pressure was
measured in this work with a back pressure regulator (BPR). During the experiments the feed
flow rate was varied between 10 and 300 cm*(PTN)/min and the temperature was kept at
298 K.
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Table 1: Features of AM-3 membrane.

Membrane material AM-3
Support material a-alumina
Membrane pore diameter, 10°m direction a: 0.3x0.3

direction b: 0.4x0.25

Support pore diameter, 10°m 3000
Membrane diameter, 10m 1.0
Membrane length,10?m 5.6
/ 2 /
3 5

Figures la and 1b — Experimental set-up used for permeation measurements. Legend: 1 —
MFM; 2 - BPR; 3 - MFM; 4 — Oven; 5-TC.

3. Results and discussion

Figure 2 shows nitrogen permeation flux as function of transmembrane pressure drop for
both synthesised membranes, before and after the heating/cooling cycle; calculated
permeances, corresponding to the slop of linear fittings to the experimental data, are also
included in the figure. Permeances found were 6.84x107 mol/(m?sPa) and 8.42x107
mol/(m?sPa), for one membrane, and 1.03x10” mol/(m?sPa) and 1.23x10”" mol/(m?sPa), for
the other one. Generally, single N, permeances in microporous membranes have values in
the range of 1x107 and 1x10° mol/(m®s.Pa); over-enhanced values denunciate the
existence of rough defects in the membrane. Accordingly, results suggest good quality
membranes. It is important to note that permeances depend on the membrane thickness,
which explains the difference observed in the permeance values of both membranes.

As may be observed, the N, fluxes are enhanced after the heating/cooling cycle; such
behaviour supports the hydrophilic character of AM-3 crystals. Besides, the flux of N, in both
membranes depends linearly on the transmembrane pressure drop, which evidences that
viscous flow may be neglected. In fact, for non-adsorbable gases the permeation flux in
micro and mesopores is directly proportional to the pressure gradient. Therefore, it may be
anticipated that our synthesized membranes do not exhibit macropores or other rough
defects.
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Figure 2: N, permeation flux plotted as function of transmembrane pressure. Symbols: A
and A: membrane 1; m and o: membrane 2. Open and full symbols: before and after the
heating/cooling cycle, respectively. Lines: correlations.

3. Conclusions

In this work two microporous AM-3 membranes were characterized by measuring pure N,
permeation flux. The enhancement of the N, fluxes observed after the heating/cooling cycle
confirms the hydrophilic character of AM-3 crystals. The flux of N, in both membranes
depends linearly on the transmembrane pressure drop, evidencing negligible viscous flow
contribution. Furthermore, permeances found are well inside typical values for microporous
membranes. In the whole, results suggest that good quality membranes were obtained.
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Abstract

In this work, solubilities in pure solvents of some drugs measured in the temperature range
from 298.2 K to 315.2 K are presented. Measurements were performed using the standard
shake-flask method, followed by compositional analysis by HPLC. Theoretical work was
essentially focused on the application of the NRTL-SAC model, with a very satisfactory
agreement between experimental data and predicted values. The reference solvent
approach was also addressed but the results were worst, although still fair.

1. Introduction

New drugs are always under development during the establishment of new therapies.
Solubility is important both for drug production and in its therapeutic use. Many separation
processes in the pharmaceutical industry are based on the solubilities in different solvents,
while solvation is important in each stage of drug transport and delivery. Properties like
lipophilicity, hydrophilicity, the ability to establish hydrogen bonds and other interactions of
the molecules with the surrounding media play an important role in the solvation process.
Although some thermodynamic tools can be used to predict drug solubility, the availability of
experimental data is still fundamental for appropriate model development and evaluation.
However, there are inherent complexities with experimental measurements: accuracy and
reliability are difficult to achieve, and experiments are time consuming. So, efficient methods
to predict solubilities are a main research subject, with high value for drug design.

In spite of drugs being so complex molecules, with several functional groups, having different
structures or isomers, or even different solid structures, a few methods were proposed to
represent their solubility. In this work, two approaches are addressed. The Nonrandom Two
Liquid—Segment Activity Coefficient (NRTL-SAC) model (Chen and Song, 2004) which is a
modification of the original NRTL model (Prausnitz et al., 1999), and has been widely applied
to correlate and predict phase equilibria of highly nonideal systems. It is, in fact, one of the
most successful models for the representation of drug solubility. Alternatively, Abildskov and
O’Connell (Abildskov and O'Connell, 2003) proposed the reference solvent approach to
predict the changes of solubilities with solvent composition. This methodology is also focused
in this work.

In this study, solubilities of some drugs, such as paracetamol, budesonide, furosemide and
allopurinol, were measured in the temperature range from 298.2 K to 315.2 K, in water, and
in a set of organic solvents (ethanol, acetone, n-hexane, ethyl acetate and carbon
tetrachloride), at 298.2 and 310.2 K. Measurements were performed using the shake-flask
method for generating the saturated solutions, followed by compaositional analysis by HPLC
or gravimetry. Concerning the theoretical work, it was possible to find a very satisfactory
agreement for correlation of the solubility data measured.
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2. Experimental

All the solubility experiments were carried out using the isothermal saturation shake-flask
method. The agueous solubilities were measured at five different temperatures 298.2, 303.2,
310.2, 313.2 and 315.2 K, while for the other solvents (ethanol, acetone, ethyl acetate,
carbon tetrachloride and n-hexane), the solubilities were only obtained at 298.2 and 313.2 K.
Saturated solutions were prepared mixing an excess of solute and solvent, stirring for 2 days
and then allowing to settle for 1 day. The temperature was maintained constant by a
circulating water bath and with an air bath (composed by an acrylic box, a resistance, an
electric fan and a temperature controller) and monitored by platinum resistance probes
connected to a data acquisition unit. Samples from the saturated liquid phase were removed
with isothermal syringe filtration and the drug composition determined from liquid
chromatography (HPLC). To verify the accuracy of the chromatographic method, some
measurements were also done by the gravimetric method.

Melting data (melting temperature and enthalpy of fusion) of the pure drugs were obtained by
differential scanning calorimetry (DSC) to provide a broader understanding of the
solubilization process, as well as for modeling purposes.

3. Modeling

Considering that the heat capacity difference between the liquid and the solid phases is
negligible (Prausnitz et al., 1999), the temperature dependence of solubility can be described
by the following general equation:

A H
Inx, = - f'; (i—#}—lnyz 1)

where x, is the mole fraction of the solute, A, _H is its enthalpy of fusion, R the ideal gas

fus

constant, T the absolute temperature, T, the melting temperature, and )s is the solute activity
coefficient.

The NRTL-SAC model (Chen and Crafts, 2006; Chen and Song, 2004) is a modification of
the original NRTL equation, where the combinatorial term (ylc) is calculated from the Flory-

Huggins approximation for the combinatorial entropy of mixing. The residual term (le) is set
equal to the sum of the local composition interaction contributions for each segment:
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where | and J are the component indices, while i, j, k, m and m’ are the segment based

species indices, r, is the total segment number, ¢ is the segment mole fraction, x; is the
segment based mole fraction of segment species |, x; is the mole fraction of component J, ry

is the number of segment species m contained in component I, I','Tf is the activity coefficient

of segment species m and F,'nc" is the activity coefficient of segment species m contained

only in component I. G and 7 are local binary quantities related to each other by the NRTL
nonrandomness parameter a.

G= exr(— ar) (11)

To account for several interactions, predefined conceptual segments were proposed, along
with their corresponding segment-segment binary parameters: one hydrophobic that
represents the molecular surface area unlike to form hydrogen bonds; two polar (one
repulsive and one attractive) that represent the surface area with interactions characteristic of
an electron donor or acceptor; and one hydrophilic that represents the area with interactions
characteristic of a hydrogen-bond donor or acceptor. The essence of this model consists on
the use of these conceptual segments, which is different, for example, from group-
contribution approaches which build molecules from a large set of predefined functional
groups based in their chemical structure. Since for most of the solvents used in the
pharmaceutical industry the parameters are already available (Chen and Crafts, 2006), the
experimental data measured here are useful to estimate the solute parameters. After, the
model can be applied to predict solute solubility in other solvent systems.

The reference solvent approach, proposed by Abildskov and O’Connell (2003, 2004, 2005),
is a simplified methodology that allows the prediction of differences in solubilities of sparingly
soluble chemicals when the solvent is changed, based on a limited set of experimental data.
The method can not be applied if there are phase transitions in the solid phase, as long as,
some compounds can have more than one metastable solid forms. If we have an activity
coefficient model and know the solubility of the solute in one pure solvent j, the solubility in
another pure solvent i can then be directly calculated according to:

InXy =InX,; +Iny,; =Iny, (12)

where i and j are subscripts refering to the solvents and 2 to the solute. This equation is
useful because no pure solute properties are needed. However, it requires the selection of a
reference solvent j. The optimal reference solvent is one for which: (Abildskov and O'Connell,
2005, 2004, 2003)

Inx,, +Iny,

Inx, +Inp, = > (13)
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where the circunflex denotes a calculated value and the mole fractions are experimental
solubility data of solute 2 in solvent j and N are the number of experimental solubility data
points.

4. Results and Discussion

Among the studied drugs, only for paracetamol data are available in the literature
(Bustamante et al., 1998; Granberg and Rasmuson, 2000, 1999; Hojjati and Rohani, 2006).
In general, the agreement between the data measured in this work and that published in the
literature is good, showing the adequacy of the experimental method for drug solubility
measurements.

The melting properties have an important role in the solubilization of solids in liquids, and are
also necessary for modeling purposes. Furosemide decomposes at melting, and like that, its
melting properties had to be calculated by a group-contribution method (Marrero and Gani,
2001). For all the other drugs, DSC measurements were carried out, but only for paracetamol
it was possible to find literature data (NIST Chemistry Webbook, 2007) to compare, showing
a very good agreement.

To apply the NRTL-SAC model, the selection of the solubility measurements to be carried out
for solute parameter regression involves the careful choice of solvents to cover the four types
of distinctive surface interaction characteristics. Alkanes are hydrophobic compounds;
ketones and esters are polar molecules with varying degrees of hydrophobicity; alcohols are
hybrids of hydrophobic and hydrophilic segments. In this way, n-hexane, carbon
tetrachloride, acetone, ethyl acetate and ethanol were used as representative solvents, with
distinctive surface interaction characteristics. The solute model parameters were regressed
using the solubility data in these pure solvents, melting data and the solvent parameters
(Chen and Crafts, 2006). Once these model parameters were regressed, the model can be
used to predict the solubility of the same solute in different solvents. Experimental and
modeling results for the drugs solubility in water are presented in Figure 1. It can be seen
that NRTL-SAC is an appropriate tool for the solubility modeling of aqueous solutions of
these complex molecules.
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Figure 1. Experimental and NRTL-SAC calculated aqueous solubilities of the studied
pharmaceuticals.

The model parameters based on the pure solvents regression can also be used to predict the
solubility of these solutes in some mixed solvent systems. For paracetamol, data available in
the literature for mixtures of water/acetone (Granberg and Rasmuson, 2000), ethanol/water
and ethanol/ethyl acetate (Romero et al., 1996) were checked, and the prediction results
showed to be very satisfactory. For the other studied drugs, no data were available. Thus,
the solubilities of allopurinol and budesonide, at 298.2 K, in the extremely non-ideal system
acetic acid/1-butanol; and the solubility of furosemide, at 298.2 K, in a binary mixture methyl
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acetate/methanol were measured. These solvents are not included in the database for solute
parameter estimation, even though the alcohol group and the ester groups were considered.
The results were very satisfactory. For allopurinol a good prediction was obtained, with a root
mean square deviation (RMSD), in the logarithm of mole fraction, of 0.191; for budesonide,
the model overpredicted the solubility (RMSD of 0.561); and for furosemide, the prediction
values were lower than the experimental values (RMSD of 0.697). Figure 2 shows the
experimental data against the predicted results for allopurinol in the mixed system acetic
acid/1-butanol, at 298.2 K.
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Figure 2. Measured and predicted (NRTL-SAC) allopurinol solubility in the mixed system
acetic acid/1-butanol (acetic acid weight fraction in allopurinol free basis).

To apply the reference solvent approach, the NRTL-SAC model was used (Chen and Crafts,
2006) to calculate the activity coefficients. The solute parameters used were those obtained
from the previous correlation. The reference solvents found were: water for paracetamol and
furosemide, and carbon tetrachloride for allopurinol and budesonide. For paracetamol and
budesonide, the prediction results were very satisfactory (RMSD of 3.075 and 2.875), but for
the other two compounds the results presented considerable scattering. The results for all
compounds can be observed from Figure 3.
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Figure 3. Measured and predicted (reference solvent approach) drug solubility in pure
solvents.

5. Conclusions

Solubilities of some pharmaceutical compounds in pure water were measured, at five
different temperatures, ranging from 298.2 to 315.2 K, and in other organic solvents (ethanol,
acetone, carbon tetrachloride, ethyl acetate and n-hexane) at 298.2 K and 310.2 K, using the
shake-flask method coupled with HPLC analysis. The aqueous solubility follows the general
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increasing trend with temperature. Besides solubility data, melting temperatures and
enthalpies of fusion were also measured, providing a broader knowledge about the
solubilization process of these molecules. The NRTL-SAC model and the reference solvent
approach were applied to calculate solubilities. For the NRTL-SAC, the solubility data in pure
solvents were used to estimate the solute parameters which were used in the prediction of
the solubility of these compounds in pure water as a function of temperature and also in
mixed solvent systems. This model showed to be an appropriate tool to represent the
solubility of these molecules. With the reference solvent approach, the predicted results were
very scattered. This methodology was used with the NRTL-SAC model to obtain the solute
activity coefficients. To improve the results, further studies should be accomplished such as
the use of another activity coefficient model, explicitly considering other specific interactions.
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Abstract

Gold catalysts supported on activated carbon (Au/AC) are investigated for the liquid phase
oxidation of alcohols with molecular oxygen under atmospheric pressure. This work focus on
two issues: 1) The role of basicity in the reaction; and 2) the way by which molecular oxygen
participates in the reaction. The first issue was investigated by changing the initial reaction
conditions and by using promoters with different basicity. The results suggest that promoters
with strong basicity favor the reaction, and their role is to supply OH™ anions to Au, to form
Au-OH active sites where H-abstraction from alcohol takes place. The second issue was
addressed by comparing the catalytic performance of gold catalysts on carbon supports with
different amounts of oxygen-containing functional groups. The results indicate that the
amount of oxygen-containing species relates closely to the catalyst activity, and increases
largely after the reaction, suggesting that an interaction between molecular oxygen and the
carbon support occurs, so that molecular oxygen participates in the reaction via the carbon
support. The unchanged oxidation state of gold (detected by XPS) before and after reaction
suggested that the interaction between gold and molecular oxygen did not occur, supporting
the above proposal.

1 Introduction

The liquid phase oxidation of alcohols with molecular oxygen is an attractive route for the
synthesis of fine chemicals. Carbon supported metal catalysts are particularly useful in this
context, since carbon materials are stable in acidic and basic media (Figueiredo et al., 1999;
Rodriguez-Reinoso, 1998), while gold seems to be a more promising catalyst than other
noble metals (such as Pt and Pd), as it is more resistant to deactivation (Biella et al., 2002;
Comotti et al., 2005; Prati and Porta, 2005). As a result, gold supported on carbon received
much attention in this field and many interesting results have been obtained (Mallat and
Baiker, 2004). It is generally accepted that the dehydrogenation of alcohol is the first step of
reaction and proceeds on the interface of noble metals, see reaction (1) and (2), followed the
removal of hydrogen by oxidation with molecular oxygen and the regeneration of the catalyst
(Beltowsk-Brzezinska et al., 1997; Dijkgraaf et al., 1988).

OHy  H,0 H

ad
RCH,OH AP-tL» RCH,O ——PtL> RCHO @

H
Hi— H —»Hi + HO + € 2
z H2 Au electrode i‘ad z &)

However, it is surprising to find that no work regarding the actual role of basicity (OH") or the
way by which oxygen participates in the reaction has been reported. All the published reports
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just mention that the presence of basicity is necessary (especially for gold catalysts) and that
the role of oxygen is to remove the adsorbed hydrogen, while no evidence and sound
explanation for this assumption is normally given.

Thus, the aim of our work is to investigate the role of basicity and how molecular oxygen
participates in the reaction, in order to provide better insight about the reaction mechanism.
Herein, we used 1wt. % Au/AC as catalyst and benzyl alcohol as substrate, and NaOH as
promoter for investigation.

2 Experimental
2.1 Materials

HAuCI,;-3H,0 (99.99% ACS, Au = 49.5%) was purchased from Alfa Aesar, Polyvinyl alcohol
(PVA) (> 99%), NaBH,, NaOH, benzyl alcohol from Sigma-Aldrich, Decane from Fluka,
Toluene from Panreac and Activated Carbon Aerosorb LR4 (BET: 875 m?/g) from Degussa.

2.2 Modification of carbon supports

The original activated carbon (ACO) was first treated by 5% O./N, at 400 °C for 10 h
(denoted as: AC5), subsequently treated in inert atmosphere (N,) at 650, 735, 820 and 910
°C for 1 h, respectively. The obtained carbon supports were, accordingly, denoted as AC5_T
(T =650, 735, 820 and 910).

2.3 Preparation of catalyst

Gold supported on activated carbon (loading: 1wt. %) catalysts were prepared by gold sol
method similar to that reported by Onal et al (2004). Here, HAuCl,-3H,O was used as the
gold precursor; PVA and NaBH, were used as the protective and reductive agent,
respectively. The samples obtained were finally treated by N, at 350 °C for 3h, followed by
reduction with H, at 350 °C for 3h. According to the treatment temperature of the carbon
supports, the gold catalysts were named as: Cat0, Cat5 and Cat5 T (T = 650, 735, 820 and
910).

2.4 TPD experiments

The TPD profiles were obtained with an Altamira equipment (AMI-200). The helium carrier
gas was passed over 0.1 g sample at a flow rate of 25 cm®min, with a heating rate of 5
°C/min. The amounts of CO and CO, desorbed from the carbon samples were monitored
with a quadrupole mass spectrometer. For the analysis of samples after reaction, the
samples were first filtered, washed with water several times, and dried in an oven at 100 °C
for 2h before the experiment.

2.5 Oxidation procedure

Alcohol oxidation was carried out at atmospheric pressure and 80 °C, in a 30 mL, three-
necked batch reactor fitted with a reflux condenser, oil bath, thermocouple and magnetic
stirrer. A mixture of 40 yL NaOH, 20 yL benzyl alcohol, 10 yL decane (used as internal
standard) and 0.05 g catalyst in toluene (20 mL) was prepared. The flask was then heated to
80 °C and flushed with O, (or O,/N,) at a rate of 50 cm® min™, under vigorous stirring. The
products of reaction were analyzed by GC (DANI 1000) with a flame ionization detector,
using a CP-Sil 8 CB column and N, as carrier gas.

3 Results and discussion
3.1 Role of Basicity

It is generally accepted that basicity is necessary to increase the activity of supported gold
catalyst in selective alcohol oxidation (Biella et al., 2003; Carrettin et al., 2003). Conversion
was rather modest in the absence of any promoter (Zheng and Stucky, 2007). To better
understand the role of each intervening species (O, catalyst and NaOH), we performed a
series of exploratory experiments as described in Fig. 1: (a) with catalyst (Cat0) and O,; (b)
with catalyst (Cat0) and NaOH; (c) with O, and NaOH (homogeneous reaction); and (d) with
(Cat0), O, and NaOH (Zhu et al., 2008a). At point (a), where NaOH was not added, only a
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very low yield was obtained, indicating that the reaction is difficult to proceed in the absence
of alkali. The selectivity increased abruptly when NaOH was added, no matter there is O, or
not — points (b) and (c) — suggesting that basicity is necessary for benzyl alcohol oxidation.
Only low conversion was observed at point (b), since O, was not bubbled into the reaction to
oxidize benzyl alcohol. This indicates that it is not a stoichiometric reaction between benzyl
alcohol and NaOH, and O, must take part in the oxidation process. (Activity at this point
derives from the residual O, in toluene, the free space of the flask before reaction or the
oxygen in the oxygen-containing species on the carbon support). Interestingly, a moderate
conversion was observed at point (c), where catalyst was not present. It means that a
homogeneous reaction occurs in the presence of NaOH. In all, these results indicate that the
presence of either O,, NaOH or Au/AC are beneficial for the reaction, but only two of these
factors are not enough for the reaction to be carried out with satisfying results. Expectably, a
significant improvement both in selectivity and conversion was achieved when all of them
were presented — point (d). Comparing the results at points (a) and (d), one can easily
conclude that basicity is necessary and is crucial in promoting the activity of Au/AC catalyst
for the selective oxidation of benzyl alcohol.
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Fig.1: Benzyl alcohol oxidation on 1wt.%Au/AC Fig.2 Benzyl alcohol oxidation on 1wt.%Au/AC:
under different initial conditions (NaOH/alcohol 1) OH" physical loading (squares) and 2) adding

= 1 except for (a)) (Zhu et al., 2008a) NaOH solution (circles) (Zhu et al., 2008a)

To investigate whether the promotion of activity is caused by the basicity, we compared the
effect of promoters with different basicity (neutral, weak and strong basicity) on the activity,
and the results are listed in Table 1 (entries 1-3, 7). It is obvious that the activity is in
sequence of NaNO; < Na,COj; < NaOH = KOH, which suggests that the promotion is indeed
caused by basicity. For neutral NaNO3, both the conversion and the selectivity are low,
indicating it is not a suitable promoter. For alkalescent Na,CO3, which has the possibility to
produce OH" anion, the increase is small in conversion but is large in selectivity. This shows
that weak basicity can improve selectivity satisfactorily, but not the conversion (Note:
because the solubility of Na,COj is low, a 5 M solution cannot be prepared at room
temperature, so we used a concentration of 2.5 M and a volume of 2x40 uL). As expected,
addition of strongly basic NaOH/KOH improves greatly both the conversion and the
selectivity, indicating that basicity indeed plays an important role in the reaction.

Optimizing the NaOH amount was then performed and the results are also listed in Table 1
(entries 4-8). Obviously, the conversion increases with NaOH amount up to a molar ratio of
NaOH:alcohol equal to 1:1. We recall that this is not a stoichiometric reaction between
CsHsCH,OH and NaOH, as explained above (see point (b)). Moreover, when we used solid
NaOH in the reaction, we observed that there was still a large mass of NaOH remaining after
the reaction (with ~80% conversion), indicating that it is indeed not a stoichiometric reaction
and NaOH will not be dissolved in toluene. So, we advance the idea that NaOH supplies OH"
to Au, in order to form an Au-OH" active site where H-abstraction from alcohol takes place,
which is difficult to be accomplished by gold alone.

Furthermore, when we used a catalyst washed with a 5M NaOH solution and filtered (to
physically load OH™ on Au surface); it showed similar activity to that of adding NaOH solution
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(see Fig.2). This supports the idea that the addition of NaOH is indeed to form the Au-OH
site required for H-abstraction from alcohol. When the NaOH amount was further increased
(NaOH/alcohol = 1.5), the activity was a little lower than that measured at NaOH/alcohol = 1,
indicating that the optimum value is at molar ratio of NaOH/alcohol = 1.

Table 1: Selective oxidation of benzyl alcohol using

g

different (amount of) promoters ° (Zhu et al., 2008a) g S —a
Entry Promoter P/A® Conv./% Sel./% 2w _—

1 NaNO; 1.0 7.6 492 2 / *//

2 Na,CO; 1.0 189 72.2 [ —

3 KOH 1.0 894 89.0 3

4 NaOH 0 11.6 10.2 £ 401

5 NaOH 025 4238 95.9 3 —= Saeiviy

6 NaOH 0.5 60.5 96.2 7 Yield

7 NaOH 1.0 90.8 89.6 x

8 NaOH 1.25 80.2 94.9 ° 00 02 04 06 08 10

& Catalyst used: 1wt. %Au/AC
® Ratio of promoter to alcohol

Oxygen partial pressure

Fig.3 Effect of oxygen partial pressure on

the reaction (P/A=1.0
3.2 Oxygen pathway ( )
In subsequent experiments, it was found that the oxygen partial pressure affects greatly the
reaction (Fig.3), which prompted us to study how oxygen participates in the reaction.

In a previous work (Figueiredo et al., 1999), it was shown that gas phase oxidation changes
both the texture and surface chemistry of carbon materials (i.e. ACO vs. AC5), while thermal
treatments under inert atmosphere do not produce significant textural changes with respect
to the parent materials (i.e. AC5 vs. AC5 T). So, this section is based on the catalytic
performances of Cat5 and Cat5_T, in which the texture of the carbon supports is similar, and
the major difference is the type and amount of oxygen-containing species on their surfaces.

Fig.4 shows the TPD results of AC5 and AC5_T. it is seen that the total amount of oxygen-
containing species decreased with increasing treatment temperature. For CO desorption, a
significant decrease was observed when the treatment temperature increased from 735 to
820 °C, and only a very small CO desorption peak was observed for sample AC5_910. For
CO, desorption, the area also decreased with increasing temperature, no CO, signal being
observed for samples AC5 820 and AC5_910.
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Fig.4 TPD spectra of AC5 and AC5_T: (a) CO evolution; (b) CO, evolution (Note: the CO,
desorption profiles were smoothed due to the strong noise generated). (Zhu et al., 2008b)

Fig.5 shows the alcohol conversion observed with Cats and Cat5_T. It is seen that the
conversion decreased with the increase in the carbon support treatment temperature, i.e.,
Cat5 > Cats_650 > Cat5_735 > Cat5_820 > Cat5_ 910, which is the same sequence as the
amount of oxygen-containing species of the carbon supports (see Fig.4). This means that the
conversion has a close relation to the amount of oxygen-containing species in the catalyst. It
may be possible that the carbon support has some activity of its own due to the presence of
some type of oxygen functional group, such as observed in the oxidative dehydrogenation of
ethylbenzene, where quinone groups were identified as the active sites (Pereira et al., 1999).
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We do not exclude this possibility. However,

the present results show that the activity ]

decreases irrespective of the type of oxygen- o T

containing species being removed. On the \

other hand, as it is known that the alcohol & &0 |

dehydrogenation step proceeds on the é \

surface of the active phase (i.e. Au) and 2 .

oxygen dissociation on gold surface is 3 m

difficult, we propose that the contribution of

oxygen-containing species is to offer a place 7 \

for oxygen adsorption and dissociation (O, > ]

20), which subsequently reacts with the 15 . . . : .
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regenerate the OH" anion (H + O + & > OH) Fig.5 Alcohol conversion tested from Cat5 and

In order to support the above idea that an Cat5_T (T =650, 735, 820 and 910) (Zhu et
interaction between molecular oxygen and al., 2008b)

oxygen-containing species occurs during the reaction, TPD experiments for Cat5 before and
after reaction were carried out. The results in Fig.6 indicate that the amount of oxygen-
containing species increased greatly after reaction, suggesting that an interaction between
oxygen and the carbon support has indeed occurred, some of the oxygen entering the

carbon support as a new oxygen-containing species.
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Fig.6 TPD spectra of fresh and used Cat5: (a) CO evolution; (b) CO, evolution (Zhu et al., 2008b)

On the other hand, according to previous results (Figueiredo et al., 1999), we propose that,
for the catalyst after reaction, the CO, desorption (T < 600 °C) results from carboxylic or
lactone groups, while CO desorption (T = ~720 °C) is from carbonyl or quinone groups, all of
them containing a C=0 group. Based on this result and the fact that it is difficult to adsorb
and dissociate oxygen on the gold surface (XPS results, which were not shown here, indicate
that the oxidation state of gold before and after reaction is zero), we therefore propose that
the pathway for oxygen participating in the reaction is through the carbon support, as shown
in Scheme 1.

Scheme 1: Suggested pathway for molecular oxygen participation in the reaction (Zhu et al., 2008b)

94



Because molecular oxygen cannot react directly with hydrogen, it must be dissociated into
atomic oxygen before participating in the reaction. This may occur by interaction with the
carbon support, since oxygen dissociation on gold is difficult. However, as the carbon
support, unlike metal oxides, does not have oxygen vacancies (sites for oxygen dissociation),
we thus suggest that the carbon support should be activated (interaction between H and O in
Scheme 1) before oxygen dissociation proceeds. After activation (i.e. removal of initial
oxygen), a site for molecular oxygen adsorption is created, on which the oxygen dissociation
proceeds, accompanied by the oxidation of an adjacent carbon atom (the amount of oxygen-
containing species increased after the reaction, see Fig.6).

4 Conclusion

In summary, this work suggested 1) the role of basicity in gold catalyzed alcohol oxidation is
to supply OH" to the gold surface, to form an Au-OH" active site, where H-abstraction takes
place; 2) molecular oxygen participates in the reaction through the carbon support, by
exchanging oxygen with the oxygen-containing species on surface.

Acknowledgement

Financial  support ~was  provided by FCT (SFRH/BPD/28390/2006 and
POCI/EQU/58252/2004), with contribution from FEDER.

References

Beltowsk-Brzezinska, M., Luczak, T., Holze, R. (1997). Electrocatalytic oxidation of mono-
and polyhydric alcohols on gold and platinum. J. Appl. Electrochem., 27, 999-1011.

Biella, S., Prati, L., Rossi, M. (2002). Selective oxidation of D-glucose on gold catalyst. J
Catal, 206, 242-247.

Biella, S., Prati, L., Rossi, M. (2003). Selectivity control in the oxidation of phenylethane-1,2-
diol with gold catalyst. Inorg Chim Acta, 349, 253-257.

Carrettin, S., McMorn, P., Johnston, P., Griffin, K., Kiely, C.J., Hutchings, G.J. (2003).
Oxidation of glycerol using supported Pt, Pd and Au catalysts. Phys Chem Chem Phys,
5, 1329-1336.

Comotti, M., Della Pina, C., Matarrese, R., Rossi, M., Siani, A. (2005). Oxidation of alcohols
and sugars using Au/C catalysts - Part 2. Sugars. Appl Catal A-gen, 291, 204-209.

Dijkgraaf, P.J.M., Rijk, M.J.M., Meuldijk, J., Vanderwiele, K. (1988). Deactivation of Platinum
Catalysts by Oxygen .1. Kinetics of the Catalyst Deactivation. J Catal, 112, 329-336.

Figueiredo, J.L., Pereira, M.F.R., Freitas, M.M.A., Orfao, J.J.M. (1999). Modification of the
surface chemistry of activated carbons. Carbon, 37, 1379-1389.

Mallat, T., Baiker, A. (2004). Oxidation of alcohols with molecular oxygen on solid catalysts.
Chem Rev, 104, 3037-3058.

Onal, Y., Schimpf, S., Claus, P. (2004). Structure sensitivity and kinetics of D-glucose
oxidation to D-gluconic acid over carbon-supported gold catalysts. J Catal, 223, 122-133.

Pereira, M.F.R., Orfao, J.J.M., Figueiredo, J.L. (1999). Oxidative dehydrogenation of
ethylbenzene on activated carbon catalysts. |. Influence of surface chemical groups. Appl
Catal A-gen, 184, 153-160.

Prati, L., Porta, F. (2005). Oxidation of alcohols and sugars using Au/C catalysts - Part 1.
Alcohols. Appl Catal A-gen, 291, 199-203.

Rodriguez-Reinoso, F. (1998). The role of carbon materials in heterogeneous catalysis.
Carbon, 36, 159-175.

Zheng, N.F., Stucky, G.D. (2007). Promoting gold nanocatalysts in solvent-free selective
aerobic oxidation of alcohols. Chem Commun, 3862-3864.

Zhu, J.J., Figueiredo, J.L., Faria, J.L. (2008a). Au/activated-carbon catalysts for selective
oxidation of alcohols with molecular oxygen under atmospheric pressure: Role of basicity.
Catal Commun, In press.

Zhu, J.J., Figueiredo, J.L., Faria, J.L. (2008b). How does the molecular oxygen paticipates in
the selective alcohol oxidation reaction catalyzed by Au/AC catalyst? In preparation.

95



Proceedings of the 10th International Chemical and
Biological Engineering Conference - CHEMPOR 2008
Braga, Portugal, September 4-6, 2008

E.C. Ferreira and M. Mota (Eds.)

PVC Paste Rheology: Polymer Properties and Viscoelastic
Behaviour

Tomas?!, A., Rasteiro?, M.G., Ferreira?, L., Figueiredo ?, S.
' Companhia Industrial de Resinas Sintéticas, CIRES, S.A., Estarreja, Portugal
2 Chemical Engineering Department, Coimbra University, Coimbra, Portugal

Keywords: PVC plastisol, rheology, viscosity aging, particle size, surfactant.
Topic: Advancing the Chemical and Biological Engineering Fundamentals

Abstract

A plastisol is a dispersion (suspension) of fine particles of poly(vinyl chloride) with a
plasticizer that is normally applied over a substrate, by spreading or coating, The selection of
the type of emulsion polymer to obtain the desired rheology and the quality of the final
product plays a major importance. Although several factors can affect the rheological
properties, this work is concerned with the particular impact of different anionic surfactants
that are used during the polymerization reaction. Namely, the effect over the aging period
and, additionally, their physical properties correlated with the final viscosity level of the
plastisol.

Introduction

Considering the several types of poly(ethylene), poly(vinyl chloride) (PVC) is the second
world consumed thermoplastic. Although the vast majority of homopolymer and copolymer
products are produced in a suspension system, a particular type is produced by the emulsion
or microsuspension processes, making the so called dispersion grades (Saeki and Emura,
2002). These types of PVC products are normally fine powders of spherical particles (0.1-15
pm) that are mixed with a plasticizer to produce a dispersion (suspension), normally referred
as paste or plastisol. Industrially, the said dispersion is applied over a substrate, by
spreading, coating or molding, before the gelification and fusion into the final commercial
products, such as: films, sheets, paper coatings, mats, flooring, life preservers and roof tops
(Sarvetnick, 1972; Nakajima and Harrel, 2001).

Depending on each application type, the shear stress applied over the plastisol during the
production stage makes the study of the paste’s rheological behaviour a very important factor
to determine and fine tune all process conditions and formulations (Marcilla et al, 1997).
Also, in the particular case of the emulsion PVC polymers, the conditions during the free
radical polymerization, as well as the process conditions of the industrial spray-dryer and the
subsequent milling of the powder, can have a great influence over the final properties
(Nakajima and Harrel, 2001).

The emulsion polymers are normally made up in the presence of a surfactant and a free
radical initiator, to produce a polymer that can have different particle sizes and surface
characteristics. Also, depending on the production process, an aggregation effect is normally
observed, affecting the size and size distribution of the final powder. Nevertheless, during the
plastisol formation, these agglomerated particles are not sufficiently strong to resist to the
high shearing mixing conditions, together with the solvating plasticizer effect over the
polymer. This effect is normally translated by an increase of the plastisol viscosity with time,
in a process normally called “viscosity aging” (Nakajima and Harrel, 2005). The aging rate
and the rheological behaviour of the plastisols are also sensitive to the type of surfactants
used during the polymerization process, type and quantity of plasticizer and to other
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additives used in the final formulation, such as fillers, pigments and thermal stabilizers
(Sarvetnick, 1972, Alsopp and Vianello, 2003).

Considering the final application of the plastisol, the applied surfactant during the
polymerization can play a fundamental role on the product characteristics, namely, for
distinct applications of vinyl foams or films and sheets (Sarvetnick, 1972). Thus, the
surfactant should be carefully selected for the final application which, normally, undergoes
several trials to get sufficient knowledge of the type and quality of the obtained final product.
Although the rheology of the plastisols has been quite studied, the effect of the surfactants,
over the type of the particles aggregates and the correspondent effect in the viscosity aging,
are normally kept within the know-how of the industrial producers and their product
developers.

The application of a developed laser diffraction spectroscopy’s technique (LDS) to evaluate
the particle size distribution of the initial polymer's powder, as well as its evolution on the
plastisols, allows very significant information of the aggregates dimension during the aging
period, correlating with the paste’s viscoelastic response (Rasteiro and Antunes, 2005).

The present study was aimed at identifying the effect of three selected anionic surfactants on
the rheological behaviour of the pastes. For that we have fixed the plastisol formulation,
having varied the main surfactant type during the emulsion polymerization.

Experimental

Materials

Emulsion PVC samples from Companhia Industrial de Resinas Sintéticas, CIRES, S.A.:
produced in a 5L pilot reactor according to a standard emulsion polymerization recipe using
the same dosage of different types of main surfactants. The free radical initiator used was
ammonium persulphate. All standard procedures for the reaction are described in the
literature (Burgess, 1982; Butters, 1982).

Surfactants: commercial grades of Sodium Lauryl (C4,-C44) Sulphate (SLS) and Sodium n-
Alkyl (C1-C13) Benzene Sulfonate (SABS) from Cognis Iberia. Sodium Alkyl (C+s) Sulfonate
(SAS) from Leuna Tenside GmbH.

Plasticizer: Di-isodecyl Phtalate (DIDP), trade name Palatinol® 10P from BASF GmbH.
Thermal stabilizer: Mark BZ505 (Barium-Zinc) from Crompton Vinyl Additives GmbH.

Organic solvent: n-Heptane (commercial grade).

Plastisol samples preparation

Commercial formulations of 70 phr (parts of plasticizer per hundred parts of polymer) of DIDP
were considered, with a common heat stability additive (Barium-Zinc) (2 phr) and the
emulsion PVC samples. The preparation of the plastisols was carried out in a planetary mixer
during 15 min to obtain a homogeneous final paste. While ageing proceeded, the paste was
kept in a closed chamber at constant temperature (23°C) and relative humidity (=35%).

Particle Size Distribution

Laser diffraction spectroscopy technique (LDS): Mastersizer 2000, Malvern Instruments, UK.

LDS was used to measure the particle size distribution of the dry PVC powder in a diluted
dispersion with n-heptane. Regarding the plastisol samples, according to the already
published method by Rasteiro and Antunes (2005), the dilution procedure was made with n-
heptane.

Rheology Measurements:
Rheological measurements: Controlled stress rheometer, Model RS1, Haake.
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The rheological tests were carried out in a controlled stress rheometer, with a sensor system
Z34 DIN that comprises one rotor and one beaker, with a connected thermocontroller
(constant temperature 23°C). The spindle used had 20,00 mm (radius) at a clearance to
bottom 7,2 mm. For the plastisol samples, flow and dynamic tests were performed.

Zeta Potential

Zetasizer NanoZS, Malvern Instruments.

The Zeta potential is normally applied to access the charge stability of colloidal systems. In
practice, the Zeta potential of the dispersion is measured by applying an electric field across
the mixture. Particles, within the referred dispersion, will migrate toward the electrode of
opposite charge with a velocity proportional to the magnitude of the zeta potential. A higher
zeta potential will confer stability, i.e. the dispersion will keep original properties. In the
particular case of the PVC powder, the Zeta potential will give an indication of the degree of
packing of the particles within the aggregates.

Results and Discussion

Polymer Properties

The emulsion PVC samples are listed on table 1, including the known type of main surfactant
used during polymerization, average molecular weight, polydispersity and commercial K

value (inherent viscosity method ISO 1628-2). The main physical properties of the plasticizer
DIDP used in the plastisol formulations are also given in Table 1.

Table 1: Main physical properties of all PVC samples and DIDP.

PVC sample Surfactant Mn Mw Polydispersity  Inherent viscosity K value
Da Da Mw/Mn ml.g-1
E-PVC 1 SLS 49223 94079 1.91 102.28 72.3
E-PVC 2 SABS 51069 92566 1.81 104.06 73.0
E-PVC 3 SAS 49752 93646 1.88 102.79 72.5
DIDP Molecular weight (g/mol) Density (kg/cm®) Viscosity 20°C (mPa s)
446 962 120

Considering the data from table 1, with the exception of the surfactant type, there is no
significant difference in the polymer properties from the free radical polymerization. Also,
from the dilute viscosity method (inherent viscosity method ISO 1628-2), it is possible to
calculate the Fikentscher “K value”, normally used for industrial purposes.

Table 2 shows the main properties of the powder samples, namely the zeta potential and the
particle size distribution (PSD), including the median size (dsg), the distribution ratios dgo/d1g
and (dgo-d10)/dsp.

Table 2: PVC powder properties

PVC sample Zeta (mV) dso (M) dgo/d1o (dgo-d10)/dso
E-PVC 1 -53.2 31.22 4.7 1.8
E-PVC 2 -52.1 24.72 4.5 1.6
E-PVC 3 -54 1 28.52 4.0 1.4

Considering all the samples, there is only a slight difference in all the PSD parameters,
although E-PVC 3 has the lowest ratio dgy/d;o and (dgo-d10)/dsy, Which corresponds to a
lower fraction of aggregates and a narrower distribution. E-PVC 1 has the highest dso and a
broader PSD type.

The Zeta potential of the powder gives an indication of the effect of each surfactant over the
packing stability of the aggregates. In fact, it is possible to access some differences between
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the three samples, namely the higher value of E-PVC 2, which induces a stable behavior of
the aggregates.

Plastisol’s PSD Properties During Aging

Considering the stated experimental procedure, table 3 summarizes the PSD distribution of
the plastisols during the aging time from 1h to 168h (7 days) after preparation.

Table 3: Particle size distributions of Plastisols during aging.

dso (HM) dgo/d1o (dgo.d10)/dso
Plastisol 1h 3h 24h 48h  120h  168h 1h 3h 24h 48h  120h  168h 1h 3h 24h 48h  120h  168h
P1 18,72 19,15 18,17 18,29 1849 1843 10,8 9,7 8,6 8,6 82 8,8 3,1 3,0 2,7 2,7 2,6 2,8
P2 17,37 19,61 1849 19,58 18,67 18,64 11,9 116 105 11,1 10,9 106 2,8 2,6 2,5 2,5 2,6 2,6
P3 1749 16,73 16,66 16,69 16,61 16,40 75 6,8 74 8,3 8,5 8,1 2,3 2,2 2,5 2,7 2,8 2,7

Comparing with the PSD results from the powder samples (Table 2), there is a general
decrease on ds, just 1h after the plastisol's preparation. This fact is directly correlated with
the plasticizer solvent effect over the particle’s aggregates during the aging period. Also, for
all samples, the ratio dgo/d1o decreases from 1 to 24h, indicating the destruction of the loose
agglomerates in an earlier stage.

The size distribution, analysing the ratio (dgo-d10)/dso, indicates a constant relative width of
each sample through the aging period. With the exception of P3, there is a general decrease
in that item, in tune with the justification made to dgo/d4o.
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Figure 1: PSD distributions (from LDS) of plastisol’s samples P1, P2 and P3 at 1, 24 and 168h.
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Adding to the data shown in table 3, in fig. 1 it is possible to analyse the PSD evolution (from
1 to 168h) in all plastisol samples. Again, more clearly, the early destruction of the large
aggregates of P1 and P3 (fig. 1a),b)) and the almost stable behaviour of P2 (fig. 1c). This
fact is consistent with the findings from the zeta potential analysis of the powder samples.

Plastisol’s Flow Properties During Aging

The viscosity vs shear rate of all plastisol samples are shown in Fig. 2. Considering the aging
period at 1, 24 and 168h over the applied shear rate, there are significant differences
between the samples. With the respect to the rheological behaviour, all plastisols have a
markedly pseudoplastic behaviour, although P2 (fig. 2b) has a significant lower viscosity for
the same shear rate (mainly for the lower shear rates) and a lower yield stress. P3 (fig. 2c)
exhibits a tyxotropic effect at low shear rate followed by a steady decrease in viscosity. The
aging effect is observed in P1 and P3. Nevertheless, for P2 the viscosity level tends to
decrease slightly through the aging period. This unusual behaviour can only be explained by
the difference in the used surfactant nature. Considering some possibilities advanced by
Collins and Hoffmann (1979), the effect of the interparticle repulsion can decrease with the
progressive swelling of the plasticizer by the polymer particles, suppressing the normal aging
profile. Also, for low shear rates, the applied stress can not overcome the electrical and van
der Waals forces between the particles layers, inducing an abrupt increase in viscosity. This
effect is slightly observed in P2 and markedly in P3, inducing the reported tyxotropic
behaviour in the initial stage.
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Figure 2: Viscosity () vsshear rate (y) of plastisol’s samples P1, P2 and P3 at 1, 24 and 168h.
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Besides the small changes in the PSD curves (see fig. 1), the narrower PSD of P3 agreeing
with the higher viscosity values observed, the major differences in the flow properties can be
only justified by the different surfactant on the surface of the particles. Thus, for a control
shear rate of 5 s, the overall viscosity tends to decrease from P1>P3>P2. Therefore, for the
considered formulation, the anionic surfactant SABS, present in E-PVC 2, provides a lower
viscosity level together with a steady decrease through the aging period. Besides the given
general theories, other properties of surfactants can be correlated, namely the critical micelle
concentration (cmc), deeply linked to the alkyl chain and anionic nature (Myers, 2006). Thus,
SLS has a cmc of 0,38 g.L" (E-PVC 1), SAS has 0,50 g.L"' (E-PVC 2) and SABS has 1,00
g.L" (E-PVC 3) (Myers, 2006). That is, for the tested conditions, it becomes quite acceptable
that a higher cmc value induces a lower plastisol viscosity.

Conclusions

The effect of the particle size and size distribution of the dispersion PVC grades have been
quite studied and, generally, elected as the most important factor for controlling the flow
behaviour of the commercial plastisol formulations. However, it becomes clear that the
surfactant type used during the emulsion polymerization plays a crucial role in the plastisol
rheology and in the aging characteristics.

From the differences in the plastisol rheology from the tested surfactants, it is possible to
achieve a low viscosity level with SABS that can, for instance, lead to a further decrease in
the plasticizer concentration or other improvement in the formulation.

Furthermore, upon the results, it seems that the cmc data can be correlated with the
achieved plastisol viscosity. Nevertheless, due to the low number of tested surfactants,
further confirmation studies are required to have a deeper understanding of the interaction
mechanism associated with the surfactant type over the (inter)particles surface layer and the
plasticizer.
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I ntroduction

In the last few years, atom transfer radical polymerization (ATRP) of acrylate and methacrylate monomers
in the presence of a small amount of cross-linker has been investigated in order to produce branched
polymers and gels with applications in microelectronics, coatings industries or biomedicine (Wang
and Zhu, 2005; Gao et al., 2007). In this context, it is being explored the production by ATRP of
branched/crosslinked polymers with a lower degree of heterogeneity than that obtained by conven-
tional free radical polymerization (FRP). This work reports an experimental study on the ATRP of
methyl methacrylate (MMA) + ethylene glycol dimethacrylate (EGDMA\) initiated by MBPA (methyl
a-bromophenylacetate) and mediated by copper bromide (CuBr) ligated with HMTETA (1,1,4,7,10,10-
hexamethyltriethylenetetramine). The synthesized copolymers were analyzed by size exclusion chro-
matography (SEC) with simultaneous detection of refractive index (RI) and multi-angle laser light scat-
tering (MALLYS) signals. Important details of the molecular architecture of these materials can therefore
be measured, namely absolute molecular weights and z-average radius of gyration. Different experimen-
tal runs were performed in order to investigate the influence of the operating conditions (e.g. temperature
and initial molar ratios MMA/EGDMA/MBPA/CuBr/HMTETA) on the structure of the products.

In conventional radical polymerization (FRP), the expected life time of a radical ¢; is very short (of the
order of 1 s) owing to the termination reaction according to Eq. (1):
R 1

1= ~

" r, 2kR

(1)

In this equation, R represents the concentration of radicals, r, the rate of termination and k; the corre-
spondent rate coefficient. However, with ATRP the expected life time of a radical can attain several hours,
since it is determined by the dynamic equilibrium between activated and deactivated states according to
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Eq. (2):

kdeact

—P* + X — M2 — Y/Ligand ~P — X + M — Y/Ligand )

act

Here, —P* represents a radical in a polymer molecule, X — M} — Y /Ligand a transition metal com-
plex (e.g. Cu(I)Br/HMTETA), X — M?H — Y /Ligand the correspondent oxidized metal complex (g.
Cu(II)Bry/HMTETA) and —P — X a dormant radical. This intermittent exchange reduces the concen-
tration of growing radicals and therefore minimizes the termination reactions (usually less than 5% of the
total polymer chains undergoes termination in ATRP). The more usual applications of the almost “liv-
ing” character of ATRP are the synthesis of low polydispersity linear polymers and of block copolymers.
Nevertheless, it will be shown next that it is also useful for the controlled production of well defined
hyperbranched polymers and comparatively much more homogeneous networks than those achieved by
conventional radical polymerization, as the effect of intramolecular reactions is decreased.

Experimental Part

Polymerization runs were carried our using a 2.5 dm? maximum capacity stainless steel reactor (Gongalves
et al., 2007). Anisole at 99% purity, N,N-dimethylformamide at 99.8% purity, toluene at 99.7% purity,
MBPA at 97% purity, HMTETA at 97% purity, Cu(l)Br at 98% purity, MMA stabilized with 10 to 100
ppm monomethyl ether hydroquinone at 99% purity and EGDMA stabilized with 100 ppm monomethyl
ether hydroquinone at 98% purity have been purchased from Sigma Aldrich and used as received. MMA,
EGDMA, solvent(s), CuBr and HMTETA were premixed at 60 °C for at least 30 min in a volumetric
flask. This mixture was charged to the reactor (previously purged with argon) and brought up to the de-
sired temperature. The initiator (MBPA) was rapidly added to the system and its introduction is used to
define the zero reaction time ¢ = 0. Argon was bubbled in the reactor during the whole polymerization.
At prescribed polymerization times, samples of polymer were withdrawn from the reactor and analyzed
by SEC/RI/MALLS. A poor solubility of copper species in the polymerization system was observed
when toluene was used as solvent. This difficulty was not eliminated by extending the mixing period,
increasing the temperature or using a higher initial molar ratio HMTETA/CuBr. Better results could be
obtained by excluding toluene (therefore using bulk MMA) or adding DMF as a solvent (Pascual et al.,
1999) even in a small amount (10% ). Good solubility could also be achieved by using anisole (Xia and
Matyjaszewski, 1997) + DMF as a co-solvent.

Kinetic Modeling

As described in previous works (Costa and Dias, 2007, 2005; Dias and Costa, 2007, 2006), it is possible
to obtain the generating functions (GF) of molecular size distributions (MSD) of the rate equations of
formation of polymer species by chemical reactions (Gr,, Grg and Gr,,_ ). The insertion of these GF
in the population balance equations (PBE) of a non-steady state perfectly mixed continuous stirred tank
reactor (CSTR) yields PBE in terms of the GF of size distributions of mole concentrations of polymer
degrees of polymerization, sequences and pendant chains, G(s), U(s) and GZ (s, sT), respectively:

oG Gr(t) - G

T Grp + Grl) =G _ RyG;  Gl—o = Go[so(t,s)] 3)
T

ou Up(t) — U

W o+ T v U= Ul ) @
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oGH
ot
Egs. (3)-(5) are non-linear first order partial differential equations solvable by the method of the charac-
teristics. These master equations allow the prediction of the MSD, SSD (sequence size distribution) and
RG (radius of gyration) distributions for general irreversible non-linear polymerizations. For the present
chemical system, modeling studies were carried out considering a kinetic scheme comprising a total of
22 species and 44 different chemical reactions, as summarized in Table 1. Due to its generality, this
method can be applied to different chemical systems and reactors (e.g. semi-batch), as recently shown
for conventional (Gongalves et al., 2007) and nitroxide-mediated non-linear radical copolymerizations.

—R,Gr; Gilmg =Gl [s0 (t57),80 7 (2,8T)]  (B)

GH (t) - GH
= GRHn —F(»[)-

Table 1: Chemical groups and kinetic scheme considered in the modeling of ATRP of MMA/EGDMA.

Chemical Groups Chemical Reactions

Three monomers: MMA, EGDMA Activation/deactivation of initiator and radicals.
and pendant double bonds (PDB). Initiations of monomers and PDB.

Three polymer growing radicals. Propagations of monomers and PDB.

Three polymer dormant radicals. Chain transfers to monomers and solvent.
Initiator and radical from initiator. Combination and disproportionation.

Complex metal/ligand and deactivator.

Solvent and correspondent primary radical.

Results and Discussion

Figure 1(a) compares experimental observations and predictions for monomer conversion in ATRP copoly-
merizations of MMA/EGDMA at different temperatures. A good agreement between predictions and
measurements is observed using kinetic parameters available in literature for linear polymerizations (e.g.
Al-Harthi et al. (2007), Zhang and Ray (2002) and references therein). Notice that the reactivity of
pendant double bonds of EGDMA have a minor impact in the global monomer conversion but strongly
affects the gelation phenomenon, as will be discussed below. Figure 1(b) compares experimental mea-
surements and predictions of M, and M, in linear ATRP polymerizations of MMA at different temper-
atures. Good agreements are also observed at low temperatures but major deviations are identified at 90
°C possibly due to side reactions and loss of termination control which is known to occur in ATRP at
high temperatures.

Figure 1(c) shows the RI chromatograms of ATRP synthesized polimethylmethacrylate (PMMA) sam-
ples at different polymerization times. The living character of this polymerization is confirmed by the
observed growth of the molecular weight (MW) without a concomitant raise of polydispersity index
(PDI). Figure 1(d) shows the good control of the molecular architecture achieved with ATRP for linear
polymerization systems.

Predicted and observed time evolution of M, in linear and crosslinked polymers obtained in the ATRP
copolymerization of MMA/EGMDA are compared in Figure 1(e). Here a system with a mole fraction
of EGDMA of 0.5% was considered. From Figure 1(e) it is clear the influence of a small amount of
crosslinker in the properties of the resulting materials, namely in comparison with the linear analogs. It is
also shown the possibility of synthesize soluble hyperbranched polymers (without gelation) using living
polymerization instead of conventional radical polymerization (FRP). A good agreement is also observed
between predictions and measurements of M, in the non-linear polymerization system. Nevertheless, it
should be mentioned that the most important kinetic parameter governing the crosslinking process is the
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reactivity of the pendant double bonds (PDB) of EGDMA. In the present work this parameter was used
to fit the experimental data and the reactivity ratio between PDB of EGDMA and MMA double bonds,
r =k, /kp11 = 0.45 was estimated. The decrease in the reactivity of PDB here estimated is consistent
with other measurements neglecting the effect of intramolecular cyclizations in diluted systems (see for
instance Goncalves et al. (2007) and references therein) but is not in agreement with findings for bulk
polymerizations stating the equal reactivity of PDB and double bonds of monovinyl monomers (lde and
Fukuda, 1997). This means that the reactivity ratio here estimated is likely an apparent value affected
by the neglected influence of intramolecular cyclizations which may become appreciable already for
the 50 % dilution used in our experiments. Similar findings about the importance of cyclizations have
been recently reported by Matyjaszewski group in the synthesis of polyacrylate networks by ATRP (Gao
et al., 2008). Complementary studies concerning reaction runs in bulk should yield a more complete
assessment on the possibilities of this synthetic method to prepare well defined hyperbranched polymers
and networks devoid of intramolecular loops.

Figure 1(f) shows the predicted and experimentally observed influence of the temperature on the z
average radius of gyration (Rg) in ATRP copolymerizations of MMA/EGDMA with constant mole frac-
tion of crosslinker (yggpma = 0.5%). Predictions were obtained with the same set of kinetic parameters
used for the computation of molecular weights. The good agreement between experimental measure-
ments and predictions confirms the ability of the proposed kinetic approach to obtain some details of the
molecular architecture of non-linear polymers.

Figure 2(a) shows bimodal chromatograms due to the formation of a polymer population at a low con-
centration but high molecular weight in ATRP of MMA/EGDMA. Notice that this observation is only
possible using a SEC/RI/MALLS system. Time evolutions of the molecular architectures of highly
branched samples are compared in Figure 2(b). In this figure it is possible to observe the gradual shift
of the molecular architecture of branched copolymers away from the one of linear polymers. It is also
possible to conclude that erroneous interpretations of chromatograms of non-linear polymers will result
from using molecular weight calibrations based upon linear polymers, as before shown in the framework
of FRP systems (Gongalves et al., 2007).

Conclusions

It is shown that important features of the molecular architecture of ATRP synthesized MMA/EGDMA
branched copolymers can be measured using a SEC/MALLS system. A general kinetic approach was
also used to predict some structural properties of these materials, namely their z-average radius of gy-
ration. The experimental results of this work agree with those found in a comparable research on poly-
acrylate networks (Gao et al., 2007, 2008) which have also detected the effect of intramolecular cy-
clizations at a comparable dilution ratio. Reaction runs in bulk are planned to be carried out at a short
term and they should yield a more complete assessment on the possibilities of this synthetic method to
prepare well defined hyperbranched polymers and networks with few intramolecular loops. The inter-
est of such polymers as building blocks for advanced materials with applications in electronics and in
biomedicine/pharmacy is one of the main driving forces for such efforts. The availability of the comput-
ing tools to predict the formation and final structure of these complex materials (such as the radius of
gyration in sol) despite the huge number of reactions strongly enhances the possibilities of better design
of the involved products and processes.
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Figure 1: (a) Predictions and experimental observations for monomer conversion in ATRP copolymerizations of
MMA/EGDMA at different temperatures. Initial molar ratio MBPA/CuBr/HMTETA=1/1/1 in all runs. (b) Predic-
tions and experimental observations of M ,, and M, in linear ATRP polymerizations of MMA (yegpara = 0.0%)
at different temperatures. Experiments at 50 % dilution. (c) RI chromatograms of ATRP synthesized PMMA at 80
°C . Samples with different times of polymerization showing the living character of the polymerization (increase
of molecular weight MW without a concomitant increase of PDI). Polymerizations in MMA/Toluene solution (35
% v/v) with initial molar ratios MMA/MBPA=500 and MBPA/CuBr/HMTETA=1/1/1. (d) Comparison of the RI
chromatograms of PMMA samples: commercial standard and ATRP synthesized. (e) Predicted and observed time
evolution of A, in linear and crosslinked polymers obtained in the ATRP copolymerization of MMA/EGMDA at
70° C. (f) Predicted and experimentally observed influence of the temperature on R , in ATRP copolymerizations
of MMA/EGDMA with constant mole fraction of crosslinker (y zgpara = 0.5%). Experiments at 50 % dilution.
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Abstract

Thermal degradation of high and low density polyethylene (LDPE) (HDPE) in an inert
atmosphere was studied using simultaneous thermogravimetry (TG) and differential scanning
calorimetry (DSC) at four different heating rates: 5, 10 ,20 and 40°C/min. The products
obtained in depolymerisation reaction were analyzed by gas chromatography. In this work a
kinetic model has been developed that allows a simultaneous correlation of the signals
obtained from TG and DSC, under dynamic conditions at different heating rates and allows
further insight into the chemical process that is taking place. Fitting this model to the all
experimental results made possible to estimate several kinetic parameters. It was also
shown that the simultaneous use of TG and DSC information allows the measurement of the
reaction rate before any gas-phase products can be observed.

1 Introduction

The consumption of plastic materials has been growing progressively. Consequently,
increase amounts of waste plastics are causing serious pollution problems. Reduction of
polymer waste is important both from environmental and energetic aspects. In this way,
pyrolysis can be considered as a sustainable solution for urban waste polymer recycling
(Aguado et al. 2007). During this process, the polymers are heated in an inert atmosphere,
leading to cracking of their backone (Dong et al 2007 and Demirbas et al. 2004). The light
hydrocarbons formed can be used either as fuels or as feed stock in the petrochemical and
chemical production (Demirbas et al. 2004). Polyethylene is the most commonly used plastic
worldwide which explains why many studies on the pyrolysis of polyethylene have appeared
in literature in the last few years

Thermal behaviour of polymers can be improved by the knowledge of their thermal
degradation kinetics and this can be done using dynamic techniques, such as TG/DSC,
coupled with gas phase products analysis. Different techniques have been considered to
investigate the reaction, but due to the nature of the process, thermogravimetric analysis
(TGA) is widely considered as a useful technique to study polymers decomposition
processes, including their kinetics (Kayacan et al. 2008, Ceamanos et al. 2002 and H.
Bockhorn et al. 1999). Kinetic models used to describe the pyrolysis of polymers are
basically based on the analysis of weight loss curves obtained during thermal gravimetric
analysis of the polymeric samples. However, with this technique the reaction will only be
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detect after it has occurred, when the products became sufficiently small to evaporate into
the gas phase thus leading to the decrease of the observed polymer mass. Nevertheless, it
is possible to follow the reaction from the very start, by measuring the heat involved in the
breaking of the polymer bonds, for example using DSC. In this work, we have developped a
model that makes use of the combination of the DSC and TG signal to give a more complete
picture of the reaction.

2 Experimental

Polymers Investigated

The polymers studied in this work were pure, high density and low density polyethylenes
used without any type of additivation. The high density polyethylene samples (HDPE) show
an average molecular weight Mw~300 000 (Mw/Mn~20) and the low density polyethylene
ones (LDPE) a Mw~390 000 (Mw/Mn~21).

Degradation of PE

All TG/DSC experiments were carried out in a TA Instruments SDT 2960 simultaneous DSC-
TGA apparatus. The PE samples were placed in an alumina TG pan and their thermal
degradation was analyzed. The initial sample mass was about 10 mg. The run was
performed under nitrogen, with a continuous flow rate of 80 ml/min, and heating rates of
5,10,20 and 40 °C/min temperature increase rate from room temperature up to 600 °C; this
temperature was maintained for an additional 10 min. At the end of each run, the oven was
cooled and a second run was performed with the same pan arrangement to obtain the
baselines, particularly for the DSC signal, which is very sensitive to the layout of the pans
inside the oven. The gas phase products of the thermal and catalytic degradation of the
polymers were collected and analysed by GC Shimadzu GC-9A chromatograph equipaded
with a flame ionization detector (FID) and a capillary KCI/Al,O3 PLOT column.

3 Results and Discussion
DSC and TG Analysis

As shown in Figures 1b and 2b, there is a displacement of the maximum of the heat-flow
curves to higher temperatures with increasing heating rate, due to the kinetics of the process
itself and to dynamic effects of the equipment being used. For lower heating rates the time
taken to heat up to a certain temperature is longer that at higher heating rates and, thus, the
conditions for the appearance of the maximum occur at lower temperatures. The effect of
heat transfer also becomes more important as the heating rates increase and the dynamics
of the equipment itself may also become important for very high heating rates (Conesa et al
1996). From table 1, it is possible verify that the degradation temperature increased as the
increasing heating rate.

The same table also shows that the thermal degradation of LDPE tends to occur at lower
temperatures than that observed for HDPE.

Table 1. Degradation temperatures for the polymer samples obtained from TGA/DSC results.

Sample Tdeqrad.(OC)
HDPE 5°C/min 470.9
HDPE 10°C/min 483.2
HDPE 20°C/min 493.2
HDPE 40°C/min 511.7
LDPE 5°C/min 459.7
LDPE 10°C/min 475.3
LDPE 20°C/min 494.8
LDPE 40°C/min 511.0
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Fig. 2.TG (a) and Heat Flow (b) curves obtained in the degradation of LDPE at different heating rates.

Kinetic Model

The degradation process takes place by a succession of bond breakages. For each bond
broken, a certain amount of energy is required and this should be seen directly in the heat
flow signal. On the other hand, the TG signal only registers mass losses and not all the bond
breakages are accompanied by losses of mass. In fact only when relatively small molecules
are formed they will leave the system in the gas flow and a mass loss will be detected. The
initial bond breakages will lead to quite large molecules which will not be volatile. Only the
combination of TG and DSC analysis will be able to describe adequately the degradation
processes.
The kinetic model developed was based on the material balance in respect to the number of
bonds in the sample at each time, coupled with the energy balance. If we assume that the
polymer molecules are very long chains of alkanes, the number of C-C bonds per unit mass,
N, will be given, for a very large n, by the limit of the expression
n-1 1
= = Eq. 1
N 14n+2 14 (Ea-1)
where n is the number of carbon atoms in the molecule. When n is very large, the number of
C-C bonds will be close to 1/14 and we assume that this is the bond density at the beginning
of the run. As mentioned above, C-C bonds will be lost in two ways: the first one will be due
to the cracking reactions, either thermally induced or promoted by a catalyst, if present;
however, when relatively small molecules are formed they will evaporate into the gas phase,
carrying with them a certain number of unbroken bonds; this corresponds to the second way
that bonds will be lost from the sample. We will note the average number of bonds lost to the
gas phase, per unit mass of evaporated material, at a given moment, by a. Thus, the balance
to the number of bonds in the sample will be:
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dN dm

— =-K(MN+—a Eq. 2

m (MN+- (Eq. 2)

where dm/dt is the rate of mass loss. We assumed that the bond breaking process is first-
order in relation to bond concentration and k(T) is the corresponding temperature-dependent

rate constant, which will be taken as being described by the Arrhenius law.

,5[1, 1 ]

k(M)=k e "7 ™) (Eq.3)

where T, is a reference temperature chosen within the range of significant weight loss (573
K in this case), E, is the activation energy of reaction and k. is the kinetic constant at the
reference temperature (T ). With this information,it will now be possible to estimate the heat
flow that will be measured by the apparatus, by performing an energy balance to the pan:

Heat FIOW:—nCpc;I—k(I')NAHC_C+AHvapC:jT (Eq. 4)

where m is the weight of the sample at any given time, Cp is the average heat capacity,
AHc.c is the average C-C bond enthalpy and AH,,, is the average vaporization enthalpy per
unit mass.
This model was fitted, within the range of temperatures where degradation occurs, to the
experimental Heat Flow curve. The average number of bonds in the evaporated material, a,
was taken as independent of time. In addition to these equations, we had to assume that the
response time of the heat flow sensor was finite and a first order dynamics was assumed for
the sensor, for which the corresponding time constant was also estimated in the fitting
procedure.
The differential Equation 2 was solved numerically, using the Euler method, for each run, and
the model parameters were obtained by a least-squares procedure, using the sum of the
squares of the residues on the heat flow as the objective function (O.F.) to be minimized:

OF= 3 [(Heat Flow),, — (Heat Flow),, e | (Eq. 5)

all data points

The optimization procedure was carried out using the “Solver” tool in an Excel (© Windows)
spreadsheet.

Table 2. Model parameters obtained by fitting the kinetic model for the thermal degradation of HDPE
and LDPE at different heating rates

Heating

Kot E, AHcc  AH o C
Polymer Rates ret X g vap Bond P
y comm  (Mn") (dmol) (mol)  (J.g™) m(olg.ng'1) (J.g" K"
5 7.01 x 10* 131 4.41 410 0.0092 1.86
10  2.18 x 10* 143 4.77 284 0.0343 1.86
HDPE
20 3.32x 10° 188 3.12 203 0.0421 1.87
40 5.40% 10°® 202 7.49 114 0.0628 1.86
5 8.42x 10 123 4.21 297 0.0139 2.21
10 4.90% 10™ 138 2.79 222 0.0206 2.28
LDPE
20 7.83% 10° 144 8.53 223 0.0582 2.25

40 6.06x 107 189 5.13 202 0.0630 2.19
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The values obtained for some of the parameters can be compared with estimates
obtained from tabled data. Averaging tabled data for olefins from C2 to C10 (Lide, 2004-
2005), we estimated AH,,, as being around 360 J.g" and C, as 2.18 J.g".K". Although the
values estimated from the experimental data show some variation, they are in reasonable
agreement with the average values thus computed.

Average bond and vaporization enthalpies are similar for the two polymers and the
same can be said in relation to Cp values, which are averaged to 1.9 and 2.2 J.g".K" to the
HDPE and LDPE, respectively.

In this work, the values of estimated apparent activation energies are consistent with
other authors (Ceamanos et al. 2002). If we compare the results obtained for thermal
processes of the HDPE and LDPE at four different heating rates, we can see that the
estimated apparent activation energy for the process increases as the heating rates
increase. Conversely the specific reaction rate at the reference temperature decreases with
increasing heating rates.
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Fig. 3. Experimental (x) and calculated (—) heat flow curves - (a) HDPE 10°C/min; (b) HDPE
20°C/min; (c) LDPE 10°C/min; (d) LDPE 20°C/min.

Analysis of products

The products distributions (%molar) obtained in the thermal degradation of polyethylene at
four different heating rates are shown in fig.5 (HDPE) and fig.6 (LDPE). Either for
degradation of HDPE or for degradation of LDPE the products were mainly C2 (ethane,
ethylene), C3 (propane, propylene) and C4 (butane, iso-butane, butene,...). As a general
observation the amount of lighter products increases as the heating rate increases

This is likely to occur since the contribution of the reaction occurring at higher
temperatures increases as the heating rate is increased and, thus, reactions with higher
activation energy are favoured by this increase in the heating rate, justifying the observed
increase in the estimated apparent activation energy (see table 2).
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The use of lower heating rates leads to an increase in the production of the gasoline fraction
whilst higher heating rates will tend to produce lighter fractions.
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Fig. 5. Distribution of evolved products as a Fig. 6. Distribution of evolved products as a
function of carbon number at different different function of carbon number at different different
heating rates with HDPE heating rates with LDPE

Conclusions

The simultaneous use of DSC/TG together to GC analysis allowed us to have a clearer
picture of the thermal degradation process. The model developed provides quite good fittings
to the experimental data, and despite their simplicity allowed us to estimate kinetic and
thermodynamic parameters, such as: bond energies, vaporization enthalpies and specific
heat capacities wich are in accordance with published and calculated values.

The results also show that the product distribution depends on the heating rates.

In this way an increase in the heating rate leads to an increase of the amount of lighter
products in accordance with the observed estimated apparent activation energy
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Abstract

The synthesis of decyl acetate, from the transesterification of vinyl acetate with decanol, was
studied in a high-pressure experimental set-up, equipped with a variable volume batch
reactor, operating isothermally at 35 °C and 100 bar, using CO, in supercritical conditions as
solvent, and Candida antarctica lipase B (CALB), immobilized on the macroporous resin
Lewatit B (Novozym 435®), as catalyst. The enzymatic content was determined for each
particle size of the catalyst. It was shown that the smallest particles have a larger specific
amount of enzyme, and the results indicate that the enzyme is located in an external shell of
the particle, following an “egg-shell” model type, with a thickness of ca. 60 um (assuming a
homogeneous distribution), independent of the particle size. Both external and internal mass
transfer resistances were evaluated. External resistances were easily eliminated by stirring
and internal diffusional limitations can be considered as negligible. The effect of the feed
concentration of substrates on the initial reaction rate was also studied. It was observed that,
above a certain concentration of decanol in excess relatively to vinyl acetate, the reaction is
inhibited by the alcohol. On the contrary, the reaction is favoured when the reactor is fed with
excess of vinyl acetate, with a significant enhancement of its initial rate. These results are
consistent with a Ping-pong bi-bi type mechanism with competitive inhibition by the alcohol,
commonly used in the description of enzymatic reactions of esterification/ transesterification.

1 Introduction

The growing interest in industrial biocatalysis and in the research concerning enzymatic
catalysis opened a wide range of applications in the field of pharmaceuticals, (fine-)
chemicals and intermediates, leading to an increasing number of industrial
biotransformations (Rozzell, 1999). Simultaneously, increased concern for the environment
led to awareness for environmental friendly production methods. In this field, supercritical
(sc) fluids may play a major role as they can be used for the reduction of organic waste, with
the additional benefit that separation after reaction is relatively simple, which offers several
process advantages. Another useful characteristic of sc-fluids is their adjustable solvation
ability and properties that facilitate mass transfer. Among the four most extensively studied
sc-fluids (CO,, ethane, ethene and water), there is a wide interest in the use of sc-CO, since
it has several advantages like non-toxicity, non-flammability, availability in high purity and
solubilities of solutes can be tuned by changing temperature and pressure. As sc-CO, has

* Corresponding author. Tel +351-225081672. E-mail: loureiro@fe.up.pt
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the GRAS (generally regarded as safe) status, it can be used in food and pharmaceutical
processes without major regulatory issues. The possibility to combine two sustainable
technologies — biocatalysis and supercritical technology using green/natural solvents —
allows to establish processes without environmental costs, and whose products are
considered natural, resulting in a significant increase of their market value due to the present
trends of such products.

In this work, the production of decyl acetate was studied. It is an ester with applications in the
industry of fragrances where its floral odour is greatly appreciated. Since it mainly appears in
nature in expensive oils, enzyme catalysis in a green solvent, such as CO,, can be a
valuable process for production of natural decyl acetate. The reaction studied was the
transesterification of vinyl acetate with decanol, obtaining decyl acetate as the main product.
Candida antarctica lipase B (CALB), immobilized on the macroporous resin Lewatit B
(Novozym 435®), was chosen as the catalyst.

2 Materials and Methods

Catalyst. Novozym 435® (Candida antarctica lipase B (CALB) immobilized on the
macroporous resin Lewatit B) was gently provided by Novozymes (Denmark). The catalyst
particles were sieved in four size groups: >598, 425-500, 297-350 and 250-297 um. The
enzyme content of the Novozym 435® particles was determined by a modified Lowry method
(Lowry et al., 1951). Measurements were made for each size group.

Chemicals. The reactor was fed with 1-decanol (>99 wt%, Aldrich), vinyl acetate (>99 wt%,
Aldrich), n-decane (> 98 wt%, Fluka) and carbon dioxide (N45, Air Liquide). For GC
calibration solutions, decyl acetate (> 98 wt%, Alfa Aesar) and n-hexane (> 99 wt%, Riedel —
de Haén) were also used. For the modified Lowry method the following chemicals were used:
sodium carbonate anhydrous (> 99.5 wt%, Fluka), potassium sodium tartrate (> 99 wt%,
Riedel-de Haén), copper (ll) sulphate pentahydrate (> 99 wt%, Riedel-de Haén), sodium
hydroxide (Pronolab), Folin-Ciocalteau reagent (Merck) and Bovine Serum Albumin
(SigmaDiagnostics).

Apparatus. A variable-volume stainless steel batch reactor equipped with a sapphire window
and with loading and sampling valves was used. Details of the high-pressure apparatus and
experimental technique have been given elsewhere (Fontes et al., 2001). All experiments
were performed with a reaction mixture volume of ca. 22 mL.

Sample Analysis. The samples were analysed on a gas chromatograph (Trace 2000 series,
Unicam) equipped with a flame ionization detector (FID) and an autosampler. The
compounds were separated in a chiral capillary column with 30 m length, 0.25 mm inner
diameter and 0.25 pym film thickness (BGB — 178, BGB Analytik AG). Helium N50 (2 mL/min)
was used as the carrier gas. The injector and detector temperatures were set at 250 °C. The
oven temperature program was set as follows: 80-150 °C ramp at 4 °C/min, 150-170 °C ramp
at 6 °C/min. n-decane (20 mM) was used as internal standard for GC analysis.

3 Results and Discussion

Enzyme distribution on the catalyst particles. The results of the specific enzyme content
for the different size groups of the Novozym 435® particles are shown in Table 1.The values
obtained for the enzyme content show that the specific enzyme loading (mass of
enzyme/mass of particle) depends on the particle size and smaller particles have a higher
specific enzyme loading than the larger ones. Garcia-Alles and Gotor (1998) already
presented some experimental evidence suggesting that the specific enzyme loading varies
with the particle size, being larger for smaller particles. A similar correlation was reported by
van Roon et al. (2003) for immobilized Penicilin-G Acylase and such dependence of the
specific enzyme loading with the particle size could be related to internal mass transfer
limitations during the enzyme immobilization process. This is supported by the results
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obtained more recently by Chen et al. (2007) with experimental evidence that, although the
maximum attainable enzyme loading (saturation) is independent of the particle size, smaller
particles will saturate with enzyme faster. Mei et al. (2003) studied the internal distribution of
Novozym 435® using synchrotron infrared microspectroscopy, showing that for a particle
size around 600 um there is only an 80-100 um thick enzyme layer in the outer portion of the
particle, distributed heterogeneously. Several modeling studies were done in the eighties
(Clark et al., 1985; Hossain et al., 1986) that associated this kind of intraparticle distribution
with restricted diffusion conditions during the immobilization process since, as the
immobilization proceeds, the pore size will be reduced by the adsorbed enzyme. More
recently, Mei et al. (2003) suggested that restricted diffusion during the immobilization
process is unlikely in the case of Novozym 435® since the enzyme molecules are ten times
smaller than the average pore size of the support. Moreover, in their studies to regulate the
thickness of the enzyme outer shell, these authors found that, by increasing the time for
diffusion and the concentration of CALB, it was possible to obtain particles containing protein
distributed throughout.

Table 1: Enzymatic content for each particle size group of Novozym 435®.

Particle diameter Enzymatic content
(Mm) (mg enzyme/g particle)
> 598 54.09
425-500 61.94
297-350 84.13
250-297 89.18

The results obtained in this work also suggest that Novozym 435® has an egg-shell
intraparticle distribution. Assuming a homogeneous distribution of the enzyme on the outer
shell (i.e., the ratio volume of the outer shell/mass of enzyme is constant in each particle),
the enzyme thickness should be independent of the particle size, since all of them are
exposed to the same time for diffusion. In fact, we obtained an enzyme outer shell thickness
of 60 um, with an average error of ca. 3%. This thickness is less than the reported by Mei et
al. (2003), as should be expected, since our calculation considers a homogeneous
distribution of the enzyme.

In order to correctly account for the different specific enzyme loadings, care must be taken to
express the reaction rate in terms of the mass of enzyme instead of the total mass of the
catalyst particles, since when using the same amount of catalyst particles we are actually
performing the reactions with different amounts of enzyme. As the particle size decreases,
the amount of enzyme in the reactors will be higher, contributing to an enhancement in the
reaction rate that is not directly related to the reduction of diffusion limitations.

External mass transfer studies. When working with immobilized enzymes, as with any
other supported catalysts, in order to reach the enzyme molecules, the reactants must firstly
diffuse from the bulk liquid to the surface of the particles, across a stagnant layer of fluid, and
then inside its pores, where the enzyme is immobilized. When working with a batch reactor,
the thickness of the stagnant film can generally be reduced by stirring the reaction mixture,
minimizing, if not eliminating, the influence of this transport phenomenon in the overall
reaction process. To ensure the absence of external diffusion limitations in all experiments,
the stirring was gradually increased until it had no influence in the evolution of the observed
concentrations of the reacting components, which occurred around 950 rpm. These
experiments were performed keeping all the other conditions constant (temperature,
pressure, amount of enzyme, particle size, initial substrate concentrations).

Internal mass transfer studies. The influence of internal mass transfer in a given
heterogeneous catalytic process can be minimized by reducing the particle size and hence,
shortening the diffusion path. If catalyst particles of different sizes are available, they can be
used to assess the relative influence of internal diffusion in the overall process. Whenever
internal diffusion limitations are present, a reduction in the particle size, usually leads to an
enhancement of the reaction rate; when reducing the particle size has no further influence in
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the reaction rate, internal diffusion is fast enough to be considered negligible and the process
is controlled by the reaction. In order to assess the influence of internal diffusion, several
reactions were performed using different particle sizes, but with the same amount of enzyme,
the same initial substrate concentrations, the same stirring speed, temperature and pressure.
The results obtained, in terms of the reactants conversion as a function of time and in terms
of initial reaction rate (R°), are presented in Figure 1a and 1b, respectively, and show that the
size of the catalyst particles does not have a significant effect on the initial reaction rate
(maximum relative difference of 4.5% between R°). Therefore, the internal diffusional
limitations can be considered negligible, and any size group of particles can be used without
considering mass transfer resistances inside the particles. As mentioned previously, amongst
the usually stated advantages of supercritical fluids as solvents for reaction processes are
the reduction of mass transport resistances that arise from the high gas-like diffusivities.
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Figure 1: Effect of particle diameter on the: (a) reactants conversion as a function of time; (b)
initial reaction rate. Equimolar feed (50 mM), 2.2 mg of enzyme, 35 °C and 100 bar for all
assays.

Effect of feed concentration. The effect of the feed concentration of substrates on the initial
reaction rate was also studied. The Ping-pong bi-bi model is widely used to describe the
kinetics of transesterification reactions (Yadav and Devi, 2004; Zhang et al., 2005).
According to this ordered mechanism, the ester firstly binds to the active site of the enzyme,
and the first product is released (bi-product), leading to the formation of a substrate altered
enzyme complex. The alcohol then binds to this complex and the second product (main
product) is formed and released, returning the enzyme to its native state. When vinyl acetate
is used as a reactant, the first product formed is vinyl alcohol that quickly tautomerizes to
acetaldehyde, making the overall transesterification irreversible, which is consistent with our
experimental results where full conversions were always obtained. The Ping-pong bi-bi
reaction rate equation can be simplified if the enzyme has a significantly higher affinity for
some of the components or if there are large differences in their concentrations. When the
affinity of the enzyme for the substrates is much higher than the affinity for the products, and
if the concentration of the reactants is much higher than the concentration of the products,
i.e. in the beginning of the reaction, the initial reaction rate can be described as:

RO = (1)
MA + MB +1

[A]  [B]
where V. is the maximum reaction rate, [A] is the concentration of vinyl acetate and [B] the
concentration of decanol; Ky represents the Michaelis constant for component i. For
transesterifications (and esterifications) reactions, an additional competitive inhibition step is
usually added to the Ping-pong bi-bi kinetic mechanism since the alcohol can also compete
with the ester (or acid) in binding to the enzyme in its native state but no product is formed:
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where K represents the competitive inhibition constant.
Equation (2) can be further simplified by raising the concentration of one of the reactants,
eliminating the influence of the other substrate:

RO = K\J: for [A]>>[B], R°= R X“;AA By for BI>[Al (3a, 3b)
H+1 [A] + K m+1
|

From Equation (3a), provided that the concentration of vinyl acetate is sufficiently larger than
the concentration of decanol, the initial reaction rate becomes independent of the
concentration of the reacting ester. On the opposite end, if the concentration of decanol is
much larger than the concentration of vinyl acetate (Equation 3b), unless inhibition by
decanol is negligible, the initial reaction rate will still depend on the concentration of both
reactants.

The experimental results obtained while varying the concentration of each reactant
individually (Figure 2a and Figure 2b) were qualitatively consistent with this model: (i) the
reaction is enhanced by higher concentrations of vinyl acetate ([A] = 100 mM); (ii) the
reaction is inhibited by larger concentrations of the alcohol ([B] = 100 mM). When fixing the
concentration of decanol and increasing the concentration of vinyl acetate, R° increased ca.
83% (Figure 2a). Moreover, the concentration of vinyl acetate no longer influenced the initial
reaction rate, as predicted by Equation (3a). As a result of the competitive inhibition by
decanol, fixing the concentration of vinyl acetate and increasing decanol has an adverse
effect in the initial reaction rate; in this case, as predicted by Equation (3b), the initial reaction
rate remains a function of the concentration of decanol: R decreased ca. 18%, relatively to
the equimolar feed, for [B]=100 mM, and ca. 49% for [B]=150 mM (Figure 2b).
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Figure 2: Effect of the feed concentration of substrates on the initial reaction rate: (a) excess
of vinyl acetate ([B]=50 mM, 35 °C and 100 bar for all assays; 2.2 mg of enzyme for [A]=50
and 100 mM, 1.1 mg of enzyme for [A]=150 and 200 mM); (b) excess of decanol ([A]=50
mM, 2.2 mg of enzyme, 35 °C and 100 bar for all assays).

4 Conclusions

The transesterification of vinyl acetate and decanol in sc-CO, by Novozym 435® was
studied, with particular emphasis on the influence of enzyme distribution, internal diffusion
and feed concentration of substrates. It was shown that the specific enzyme loading
increases as the particle size decreases. As a consequence, care should be taken to ensure
that this does not affect mass transfer studies by using the same enzyme amount instead of
the same mass of catalyst particles. It was also shown that the enzyme is located in an
external shell of the particle, following an “egg-shell” model type, with a thickness of ca. 60
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pm (assuming a homogeneous distribution in this outer shell), independent of the particle
size. Diffusion limitations were shown to be negligible. Finally, the experimental results
obtained while varying the concentration of each reactant individually were qualitatively
consistent with the Ping-pong bi-bi kinetic model with competitive inhibition by the alcohol:
the reaction was enhanced by concentrations of vinyl acetate = 100 mM, and inhibited by
concentrations of decanol = 100 mM.
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Abstract

The purification of propylene is a very energy demanding industrial separation. The
present work analyses theoretically the performance of various Catalytic Membrane
Reactor (CMR) arrangements with perfect mixing flow pattern. It is concluded that the
best arrangement consists of two CMR in series. This arrangement allows reaching the
same results as a conventional reactor, though with a lower Damkdhler number.

1. Introduction

For the synthesis of polypropylene, the feed (propylene) stream should contain less
than 10 ppm of propadiene and 5 ppm of propyne (Liu et al., 1997). However, typical
industrial propylene produced by steam cracking contains about 2-5 % (mol) of alkynes
and dienes (Liu et al., 1997, Fajardo et al., 1996). The traditional purification process
consists in the selective hydrogenation of such impurities (Fajardo et al., 1996), carried
out in a fixed-bed catalytic reactor (Liu et al., 1997). In this process, however, the over-
hydrogenation of propylene to propane is a drawback to be avoided, beyond the high
cost of the catalysts.

An alternative approach for propylene purification is the use of membranes, such as
carbon molecular sieves or zeolites (Steel and Koros, 2003, Stoitsas et al., 2005).
When functionalized, these membranes are highly selective towards propyne and
propadiene (Padin et al., 2000).

The objective of this work is to perform a theoretical study combining the separation
selectivity of membrane-based processes with the catalytic hydrogenation selectivity in
a single process unit, showing synergetic performance. Indeed, it is expectable that
using a selective hydrogenation catalyst, placed on the permeate side, one can
increase the driving force and selectivity. For comparison purposes, we consider that
the results obtained in a membrane reactor operating in the total flow-through
configuration (total permeation condition, TPC, or no retentate stream) are equivalent
to the ones obtained in a conventional catalytic reactor. “Conventional”, in the context
of this work, means a catalytic gas-phase reactor with perfectly mixed flow pattern
(CSTR) fed with the same stream, with the same reactions taking place at the catalyst
surface and described by equivalent kinetic equations.

* Corresponding author. Tel + 351-225081695. E-mail:jmsousa@fe.up.pt
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2. Model Development

The catalytic membrane reactor considered in this study has the general features of the
one depicted in Figure 1. It consists of retentate and permeate perfectly mixed
chambers with constant pressure, separated by a flat hypothetical composite
membrane, highly selective towards alkynes, and supporting a catalytic layer on the
permeate side. The hydrocarbon mixture (propyne and propylene) is fed at a higher
pressure to the retentate chamber, while a low-pressure hydrogen stream is fed to the
permeate side.

F F F R R R
Q“’Ph—’p”‘> Retentate Chamber ¥ Q.P.p >

Zeolite Inert Membrane

P pP P
Permeate Chamber ¥ Q,P.p

Q|F’ PIF’ p:Z Catalytic Layer

Figure 1 — Schematic diagram of the catalytic membrane reactor (CMR).

The model proposed for this reactor is based on the following main assumptions: (1)
steady-state, ideal gas behavior and isothermal conditions; (2) the transport through
the membrane is considered to be described by an “overall” permeability coefficient,
constant for all the operating conditions; (3) homogeneous distribution of the catalytic
nanoparticles throughout the catalytic layer, which is considered to be part of the
permeate chamber. (4) the kinetic equations are considered valid for all the operating
conditions.

The reaction considered is of the consecutive-parallel and irreversible type, describing
the hydrogenation of propyne, C,H, +H, — C,H,, and propylene, C,H, +H, - C,H,. To
describe the reaction kinetics, power-law type equations were considered, which
simplifies the problem without compromising the main conclusions. In fact, some works
report that simple power-law type rate equations represent well the experimental
results for hydrocarbon catalytic hydrogenation reactions, sometimes even better than
the Langmuir-Hinshelwood/Hougen-Watson models (Fajardo et al. 1996, Groschel et
al., 2005). Based on a literature review (Brandéo et al., 2007; Groschel et al, 2005;
Bond and Sheridan, 1952; Bond and Wells, 1965), the following reaction rate equations
were considered:

r, =Kpy, (pcm )70‘25 (propyne hydrogenation) Q
r, = K,Py, Pe, (propylene hydrogenation) 2)

The steady state mass balances are presented in the following sections in their
dimensionless form. The variables were made dimensionless with respect to the feed
conditions (Q; ,P;) and to propylene species (L, )-

2.1 Partial and Total Mass Balances for the Retentate Side
Q:* piF,h* = QR* piR* + rLi* (piR* - pip*) (3)
Q:*Php = QR*PR* +FZ Li* (piR* - pip*) (4)
2.2 Partial and Total Mass Balances for the Permeate Side
Q p =Q7p” ~TL (piR* -p ) + Da(vi,lfl(pi* ) +vi,Rf, (p| )) (5)

QR =Q7P” -y L (pF —pf")+DaY (vifhi (P )+ ViR % (p))) (6)
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Qref 8(gref kl
i refers to the i component (CsHg4, CsHg, C3Hg, Hy); the superscripts F, R and P refer to
feed, retentate and permeate conditions, respectively; the subscripts h and | refer to

high (retentate) and low (permeate) pressure sides, respectively; L is the

dimensionless permeability coefficient of the membrane (L/.), p is the
dimensionless partial pressure (p,/P.) and Q" is the dimensionless volumetric flow
rate (Q,/Q, ). Da is the Damkohler number (based on the propyne hydrogenation
reaction), I' is the dimensionless contact time (ratio between the maximum possible
flux across the membrane for the reference component, that is, permeation of pure
species against null permeate pressure, and its molar feed flow rate) and R, is the ratio
of the reaction rate constants. v is the stoichiometric coefficient, taken negative for
reactants, positive for reaction products, and null for the components that do not take
part in the reaction, A is the membrane surface area, T is the temperature, R is the
ideal gas constant and & is the membrane thickness. It should be emphasized that the
reaction rate constants include the catalyst amount.

3. Results and Discussion

The ranges of values for the model parameters are listed in Table 1. It is assumed that
the permeability value for propyne is much higher than for the other components (which
are considered all with the same value). The permeability range listed is based on
several published reports (Steel and Koros, 2003, Padin et al. 2000, Olson et al.,
2004). The volumetric feed flow rate of hydrogen (Q/") was set to a value so that its

molar flow rate would be equal to propyne’s molar flow rate. R, values were chosen in
accordance to some reported results (Groschel et al., 2005). Reference pressure was
considered to be 1 atm.

Table 1 — Parameter ranges used in the simulations.

P 0.005 r 0.01-TPC

Q" 4 Da 1-10°

Lo, 10 - 10* R 0.001 - 0.1
Loy Legry L, 1 Y, 0.02

The catalytic membrane reactor (CMR) was compared with a conventional reactor and
with an equivalent membrane system without catalyst, in terms of the outlet propyne
concentration. It was assumed that a CMR operating in the total flow-through
configuration (total permeation condition — TPC) with a nonpermselective membrane is
loosely equivalent to the conventional catalytic reactor described above. This
equivalence is discussed elsewhere (Sousa and Mendes, 2006). From this point on,
this equivalent CMR will be named “ECSTR".

3.1 Equivalent Conventional Reactor (ECSTR)

Figure 2 shows the simulation results for the ECSTR. As it can be seen, this reactor is
able to achieve the desired product purity with a reaction rate ratio (R;) equal to or
below 0.01. Propylene’s overall yield (defined as the moles of propylene produced per
mole of propyne fed) is very close to 1, so there is no deeper hydrogenation of
propylene to propane, for this set of kinetic parameters. The minimum Da for this
separation, when R, is 0.01, is very high (around 20 000), which constitutes a downfall
for the traditional approach.
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Figure 2 - Propyne outlet concentration (in ppm) as a function of the Damkhdler number, for different
reaction rate ratios in a CMR (L, =1,T =T, ). The other parameters have the values reported in Table 1.

3.2 Membrane and Catalytic Membrane Reactor (CMR)

Figures 3 shows the results obtained for a membrane-based separation system (A),
i.e., the CMR here considered with Da =0 and for the CMR (B). In the second case the
overall yield of propylene is again approximately 1.
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Figure 3 — Propyne outlet concentration as a function of the dimensionless contact time. (A) - membrane;
(B) — CMR with L, =10 000 and R=0.01)

Figure 3A shows a decrease in the propyne outlet concentration when increasing the
dimensionless contact time; an increase of I' increases the stage-cut ratio (ratio
between the flux across the membrane and feed flow rate), leading to retentate
streams poorer on the most permeable components (which is the case of propyne, cf.
Table 1). A membrane is unable to perform the desired separation (conc. < 5 ppm)
even with very high membrane selectivities.

Figure 3B shows that a CMR achieves the desired product purity at relatively low
Damkhdler values when compared with the ECSTR (Fig. 2), meaning that, for example,
lower catalytic activity (lower mass of catalyst) is required. However, it requires very
high membrane selectivities (a CMR with selectivity for propyne of 1000 is unable to
meet the outlet stream concentration requirements) and high dimensionless contact
time values (high membrane area requirements or low feed flow rates, for example).

3.3 Two Separation Units in Series (Membrane/CMR; CMR/CMR)

A CMR’s advantage over a membrane is the enhancement on the driving force for
propyne caused by its hydrogenation on the permeate side. This driving force
enhancement is more significant when feeding a less concentrate stream. Placing a
separation unit before the CMR in order to decrease the propyne concentration would
then optimize the latter’'s performance. Two different strategies of combined separation
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units were then tested: Membrane-based separation/CMR and CMR/CMR
(Membrane/Membrane strategies require very high contact times). The first unit's
retentate stream enters the feed/retentate chamber of the second unit, from where the
final stream exits. For the case of two CMRs in series, the unreacted hydrogen from
the first unit is fed to the second one. The hydrogen flow rate on the second unit was
set so that its molar flow rate would equal propyne’s molar flow rate entering the unit.

A qualitative optimization of the results was made. Reasonable membrane selectivies
were used (100-1000) and the final retentate flow rate was maximized, for a maximum
propyne concentration of 5 ppm. The combined separation units met the requirements
for propyne concentration with a low catalytic activity of the catalyst, when compared to
the ECSTR.

Figure 4 shows the results obtained with the Membrane/CMR and CMR/CMR
assemblies at the exit of the first unit. A membrane or a CMR decreases significantly
the propyne concentration, even at very low I" values (feed value is 20 000 ppm). It is
worth noting that as the membrane selectivity increases, the difference in performance
between a membrane and a CMR is accentuated.
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Figure 4 — Propyne retentate concentration at the exit of the first unit as a function of the dimensionless
contact time. (A) — membrane; (B) — CMR. CMR results are for optimum Damkhéler values for each pair of
T and membrane selectivity (Da ranges from 1 to 200).

Results at the exit of the second unit for both strategies are summarized in Table 2. In
general, two membrane reactors in series generate better results than a membrane
followed by a CMR; indeed, while the flow rate at the exit of the second unit is much
higher in the case of the CMR/CMR configuration, there is little difference in the
Damkhdler number. To obtain high flow rate recoveries (= 75 %), membrane selectivity
must be at least 500.

Table 2 — Set of conditions that maximize the production retentate flow rate for both strategies. ProdFR;
(%) and ProdFR; (%) represents the flow rate percentage relative to the initial feed flow rate for units 1 and
2, respectively. Da; and Da; are the optimum Damkhéler values for units 1 and 2, for each pair of I and
membrane selectivity.

System Len, Day ProdFR; (%) Day ProdFR; (%)
Membrane/CMR 500 - 75% 50 58%
CMR/CMR 500 75 85% 15 75%
CMR/CMR 250 100 75% 45 54%

4. Conclusions

Alternative methods to the typical fixed bed reactor were considered for propyne
hydrogenation. The use of a low-pressure hydrogen feed on the permeate side of a
catalytic membrane reactor (CMR) greatly increases propyne’s driving force for
transport across the membrane as it is selectively hydrogenated therein. A CMR with
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such a design decreases propyne concentration to the desired levels with low
Damkhdler number (low catalyst amount, for example), but very high selective
membranes towards propyne are required. An alternative two-step approach consisting
of a membrane-based separation and a CMR or two CMRs in series was analyzed. In
the latter configuration, higher flow rate streams were obtained with low propyne
contents, low Damkholer numbers and with relatively high selective membranes.
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Abstract

Dimethyl ether (DME) steam reforming to produce hydrogen has been studied over a
bifunctional catalyst prepared by (wet) physical mixture of a metallic function (a
commercial Cu/ZnO/Al,O; catalyst for methanol steam reforming) and an acidic
function of HZSM-5 zeolite modified by alkaline treatment. The alkaline treatment
affects the porous structure of the zeolite (leading to an increase in the mesoporous
surface and a decrease in microporous volume and BET surface area) and its acidic
properties (attenuating both total acidity and acidic strength). The attenuation in acidity
lowers the formation of undesired hydrocarbons from oxygenates (methanol + DME)
over the acidic function in DME steam reforming. Consequently, a moderate alkaline
treatment (with a 0.2M NaH solution for 300 min) improves the kinetic behavior of the
bifunctional catalyst as it enables to obtain high selectivity and yield of H, at
temperatures (< 300 °C) which are low enough to minimize the formation of byproducts
(hydrocarbons) and CO and deactivation by Cu sintering.

1. Introduction

Hydrogen fuel cells are presented as an efficient and environmentally friendly power
generator applicable to both mobile and stationary use (Funagnawakj et al., 2007).
Although hydrogen has a high fuel density, it is difficult to handle. Therefore it is
necessary to use a hydrogen vector like ethanol, gasoline, diesel and methane.
However, the reforming of these fuels requires high temperature, which means that
carbon deposit formation and catalyst poisoning by sulphur must be borne in mind
(Semelsberger et al., 2005).

Over the last few years, there has been significant interest in methanol steam
reforming. However, dimethyl ether (DME) steam reforming is a more promising
alternative for hydrogen production than methanol steam reforming, given that DME
synthesis from syngas is more profitable and, moreover, CO, can be added in the feed
together with the syngas (Aguayo et al., 2007). Furthermore, DME is relatively inert,
non-corrosive, non-carcinogenic and can be stored and handled as LPGs. DME has
also attracted increased attention as a clean fuel. An interesting review of the
advantages of DME has been published recently (Semelsberger et al., 2006).

Steam reforming of DME consists of two steps in series (Tanaka et al., 2005): DME
hydrolysis (Eq. (1)) upon an acid function, and methanol steam reforming (Eq. (2))
upon a metallic function.

(CH3)20 +H,O0 < 2CH;0OH (1)
CH3OH + H20 <> 3H2 + COz (2)
(CH3)20 + 3H20 <> 6H, + 2C02 (3)

Besides DME SR, reverse water gas shift reaction (-WGSR) (Eq. (4)) generally takes
place over metallic catalysts in the reforming process. In addition, methane is also

* Corresponding author. Tel + 34-94-6015361. E-mail: jvicente003@ikasle.ehu.es
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generated via DME decomposition (Eq. (5)) when strong acidic catalyst or high
reforming temperatures are used (Faungnawakij et al., 2007).

CO,+H, <> H,0 + CO (4)
(CH3)2O — CH4 +H, + CO (5)

Finally, conversion of methanol and dimethyl ether to hydrocarbons (MTG process)
(Eq. (6)) can take place at temperatures above 300 °C over strong acid sites
(Semelsberger et al., 2005), and a significant coking may occur on the catalyst surface
due to dehydrogenation of the hydrocarbons formed (Eq. (6)) (Kawabata et al., 2006).

Oxygenate @ —  hydrocarbons — coke (6)

Consequently, suitable metallic and acid functions are required for attaining high DME
conversion and high H, selectivity. Cu based catalysts are well known for their high
activity for DME steam reforming (Badmaev and Snytnikov, 2008) and a commercial
Cu/Zn/Al, O3 catalyst has been widely used as metallic function. Another important
characteristic is the contact mode of the metallic and acid functions. Kawabata et al.
(2006) reported that composite materials showed better activity than separate loading
and mechanically mixed loading of acid and metallic functions.

The selection of the acid function is essential for the development of catalysts for DME
steam reforming, given that hydrolysis is the process limiting step and MTG reactions
must be avoided. y-Al,O3; is the more commonly used acid function in the literature for
DME steam reforming (Takeishi and Suzuki, 2004), but due to its very low acidity, high
temperatures (> 400 °C) are required for attaining high conversion, and sintering of the
metallic function based on Cu may be considerable at these temperatures. As an
alternative, the use of zeolites such as ZSM-5 has been proposed (Semelsberger et al.,
2006), but due to their excessive acidity, they give way to hydrocarbon formation.

In this paper, a HZSM-5 zeolite has been subjected to an alkaline treatment in order to
moderate its acidity (Alonso et al., 2007), with the aim of minimizing the formation of
hydrocarbons in DME steam reforming. The severity of the treatment with alkali for
maximizing the selectivity and yield of hydrogen has been determined.

2. Experimental

The bifunctional catalysts have been prepared by (wet) physical mixture of equal mass
proportions of the metallic function Cu/ZnO/Al,O; (a commercial catalyst for methanol
steam reforming supplied by Sid-Chemie) and different acid functions; pure HZSM-5
zeolite (SiO,/Al,03=30 supplied by Zeolyst) and zeolites modified by different alkaline
treatments. The homogeneous mixture obtained was dried in air for 12 h, pressed,
crashed and sieved to a particle size between 0.15-0.25 mm.

The alkaline treatments have consisted of mixing at 80 °C the ammonium ZSM-5
zeolite with a NaOH solution of different concentration (0.2 or 0.4 M) for different times
(10 or 300 min). The sodium ZSM-5 zeolites obtained have been ion-exchanged with
ammonium nitrate solution, and subsequently washed and dried in air for 24h. All the
zeolites have been calcined at 575 °C for 2 h. The parent zeolite has been called Z30
and the treated zeolites A02T10, A02T300 and A04T300, where the number following
A refers to the concentration of the NaOH solution and the number following T denotes
the duration of the treatment.

The porous structure of the zeolites has been measured by N, adsorption using a
Micromiretics ASAP 2010 instrument. Before the measurements, samples were
degasified under vacuum at 150 °C for 10h.

Total acidity and the acid strength distribution of the zeolites have been measured by
calorimetric measurements of differential adsorption of ammonia and subsequent
temperature programmed desorption (TPD) of NH3, which have been carried out in a
Setaram TG-DSC 111 calorimeter connected on-line to a Balzers Omnistar mass
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spectrometer. After degasing the zeolite sample (1h in He stream at 500 °C), it has
been cooled to 150 °C, an ammonia stream (10 pl/min) has been introduced by means
of a syringe until saturation of the sample and finally the sample has been swept with
He at 150 °C in order to desorb physisorbed ammonia. The ratio between the
continuous signals corresponding to heat flow and to weight change obtained during
the ammonia adsorption step provides a measurement of the acid strength distribution,
whereas the total amount of chemically retained base corresponds to the total acidity of
the sample. Subsequently the TPD of ammonia has been carried out by heating the
sample at 5 °C min™ to 550 °C and the mass corresponding to desorbed ammonia has
been registered in the mass spectrometer.

The nature of the sites (Bronsted or Lewis) has been determined by FTIR spectroscopy
(Nicolet 6700 spectrometer provided with a Specac catalytic chamber) of adsorbed
pyridine. After subjecting the finely ground sample to high vacuum at 400 °C for 30 min
temperature has been stabilized at 150 °C and successive pyridine pulses have been
injected until saturation of the sample, which has been subsequently subjected to
vacuum at 150 °C for 1 h to eliminate physisorbed pyridine, and the corresponding
spectrum has been recorded. Brosnsted/Lewis ratio has been determined by
integration of the bands at 1545 and 1450 cm™ and taking into account the molar
extinction coefficients of both adsorption bands (Emeis, 1993).

The kinetic runs have been carried out in automated reaction equipment provided with
an isothermal fluidized-bed reactor with 22 mm of internal diameter connected on-line
to a MicroGC Agilent 3000 for product analysis. The hydrodynamic properties of the
bed have been improved by mixing the catalyst (particle size between 150 and 250 um)
with inert alumina (particle size between 60 and 90 um) in a catalyst/inert ratio of 1/4.
The operating conditions were: atmospheric pressure, steam/DME/He ratio= 3/1/0.85,
space time up to 0.60 gcataysth/gove, temperature between 225-325 °C. Prior to the
catalytic runs, the catalyst was reduced using 10% H, in He at 300 °C for 2 h with a
total flow rate of 60 ml min™.

DME conversion and selectivity and yield of H, and CO have been calculated as
follows:

XDME — M (7)
FDME,O
1
S (®)
FDME,O
Yi = XDME 'Si (9)

where F; is the molar flow of component i, which is evaluated from its molar fraction
(calculated from chromatographic results) and the total molar flow (determined by
atomic balances of H, C and O), v is the stechiometric coeficient of the component i
produced in DME SR, and the subscript 0 denotes the initial molar flow.

3. Results and discussion
3.1. Characterization of the zeolites

Table 1 shows the BET surface area, total pore volume, micropore volume and mean
pore diameter of the acid functions. All the zeolites have high surface area due to their
microporosity. However, increasing the severity of the alkaline treatment the surface
area and the micropore volume are reduced, whereas the pore volume and the mean
pore diameter are increased. Therefore, the alkaline treatment affects the porous
structure of the zeolite leading to an increase in the mesoporous surface area.

Table 1 also shows the B/L ratio of the zeolites. As observed, a moderate alkaline
treatment increases the B/L ratio, which is evidence that alkali attacks Lewis sites to a
greater extent than Bronsted sites. Furthermore, a severe treatment lowers the B/L
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ratio, which is a consequence that, under severe conditions, weak Bronsted sites
(together with strong sites) are also affected by the alkali.

Table 1. Physic properties of the zeolites and B/L ratio.

Z30 A02T10 A02T300 A04T300
BET surface area (m” geat ') 430 387 413 358
Micropore volume (cm® gea™') 0.134 0.118 0.121 0.093
Pore volume (cm® geat ') 0.258 0.317 0.412 0.585
Mean pore diameter (nm) 40.8 67.6 71.9 103.6
B/L™" 1.83 2.23 1.93 1.44

Figure 1 illustrates the effect of the alkaline treatment on the acid strength and total
acidity of the zeolites. Graph (a) shows the acid strength distribution and total acidity
obtained in the differential adsorption of NH; at 150 °C, whereas graph (b) corresponds
to the results of TPD of NH;. It is observed that the alkaline treatment attenuates both
total number of acid sites (which decreases from 0.92 mmol of NH;/(g of zeolite) for the
parent zeolite to 0.68 mmol of NH3/(g of zeolite) for the catalyst that has been more
severely treated with alkali). This treatment also affects the acid strength of the sites
(which has a predominant value of 135 kJ/(mol of NH3) for the untreated zeolite and
decreases to 115 kJ/(mol of NH;) for the more severely treated catalyst). The results of
TPD show that the strong acid sites (desorption peak at 420 °C) are the more affected
by a moderate alkaline treatment, whereas a severe treatment affects both strong and
weak sites (desorption peak at 250 °C), with strong sites being affected to a greater
extent.
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£ €
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Figure 1. Acidic strength distribution and total acidity (a) and TPD of ammonia (b) for
the parent HZSM-5 zeolite and for zeolites subjected to alkaline treatment

3.2. The effect of the acid function in the DME steam reforming

Figure 2 shows the results of initial DME conversion (left) and yields of hydrogen and
CO (right) for different operating conditions at zero time-on-stream. The conversion and
yield of H, with the Z30 zeolite catalyst are slightly higher than with the treated zeolites,
as would be expected taking into account its higher acidity. Nevertheless, the yield of
CO with this catalyst is significantly higher than with the modified zeolites.

For the catalysts of pure zeolite or zeolite subjected to a moderated alkali treatment
(A02T10 or A02T300), the maximum vyield of H, is obtained at 300 °C, and the
subsequent decrease in H, production at 325 °C is due to the rapid formation of
hydrocarbons from methanol and DME (MTG process).
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Figure 2. Conversion of DME (left) and yield of H, and CO (right) in DME steam
reforming for the catalysts prepared with the different acid functions. Space time= 0.60
Jcatalysth/gove; steam/DME= 3/1; 1 atm.

In order to explain more clearly the differences in the kinetic behaviour above 300 °C,
Figure 3 shows the evolution with time of the molar fraction of byproducts
(hydrocarbons) at different temperatures. None of the catalysts based on zeolites
favours the MTG reactions under 300°C. At 300 °C this reaction only takes place with
the catalyst based on Z30, although an induction period is needed (Aguayo et al.,
2005). At 325 °C the formation of hydrocarbons is fast for the catalyst based on Z30,
but requieres an induction period for the catalysts based on treated zeolites, whose
duration significantly increases with alkaline treatment severity (consistent with the
decrease in acidity). The catalyst based on A04T300 zeolite (severe alkaline
treatment), avoids hydrocarbons formation in the whole range of temperature studied.
Nevertheless, the higher temperature required for attaining high DME conversion using
A04T300 catalyst favours a higher formation of CO by reverse water-gas shift reaction.
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Figure 3: Evolution with time and Figure 4. Evolution with time of DME

temperature of the molar fractions of the
hydrocarbons produced from oxygenates
in DME SR.

and methanol conversion during DME
steam reforming over catalysts A02T300
at 300 °C and A04T300 at 325 °C.

Moreover, catalyst deactivation by Cu sintering will also be higher due to the higher
temperature required for obtaining high DME conversion with A0O4T300 catalyst. Thus,
in a long duration run (Figure 4) carried out with a space time of 0.30 gcataysth/gove at
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300 °C with A02T300 catalyst, DME conversion decreased from 0.687 to 0.666
subsequent to 12 h, whereas the conversion of DME decreased from 0.643 to 0.608 in
the same period of time when the run was carried out with the same value of space
time at 325 °C and using A04T300 catalyst.

4. Conclusions

A moderate alkaline treatment (with a 0.2 M NaOH solution during 300 min) is suitable
for modifying the HZSM-5 zeolite in order to use as an acid function for DME steam
reforming. This moderate alkaline treatment slightly moderates the acidity of the
zeolite, which allows for obtaining high H, selectivity and yield at temperatures that are
low enough to minimize the formation of byproducts (hydrocarbons) and CO and
deactivation by Cu sintering.
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Abstract
Due to the continuous increase in crude oil prices, limited resources of fossil energies and
environmental concerns, biodiesel (a blend of fatty acid esters) is being considered as a
good alternative to conventional diesel for road transportation.

During biodiesel production several aspects need to be considered to insure fuel quality. One
of the most important is the water content. Up to now, little information was available about
the water solubility in esters and commercial biodiesels. To overcome this lack of data,
solubility measurements were carried out for 11 esters and 6 biodiesels. Simultaneously,
mutual solubility measurements were made for 6 fatty acid (Cs-Cqo) + water systems. This
new experimental data was used to support the development of a group contribution version
of the Cubic plus Association (CPA) equation of state, that can adequately predict water
solubility in fatty acids, esters and biodiesel mixtures, required for a correct design of the
biodiesel washing and purification processes.

1 Introduction

The most commonly used method to produce biodiesel is the transesterification of vegetable
oils and animals fats with monohydric alcohols, using a homogeneous basic catalyst such as
NaOH. As, chemically, biodiesel is different from conventional diesel, the European
Committee for Standardization (CEN) developed quality standards specifying minimum
requirements and test methods for biodiesel to be used in diesel engines and for heating
purposes, in order to increase the biodiesel quality and its acceptance. One of these quality
values is the water content, that the DIN EN 14214:2003 limits below 0.05% (w/w).

Water is introduced into biodiesel during production and may remain in it if the drying
procedure is not efficient. It can also be absorbed during storage, since fatty acid esters are
hygroscopic, making biodiesel much more hydrophilic than regular diesel. Water in biodiesel
affects its calorific value and, above all, the shelf life of the fuel (lower oxidation stability).

During biodiesel production the fatty esters rich current leaving the reactor is saturated with
glycerol, alcohol, catalyst and unreacted soaps. This current is washed in a liquid-liquid
extractor in counter current with acidified water to neutralize the catalyst and to convert
soaps to free fatty acids. The raffinate current is composed of water saturated biodiesel while
the extract is a low pH aqueous solution containing the polar compounds. The design and
optimization of the purification of biodiesel with water thus requires a model that can describe
this phase equilibria.

To overcome the inability to apply equations of state in the absence of pure component data

" Corresponding author. Tel +351 234401507. E-mail:jcoutinho @ua.pt
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and to reduce the amount of experimental work and related costs, it is useful to develop
predictive thermodynamic models based on group contributions.

When water is involved, association equations of state are needed, since the general cubic
equations of state such as SRK and PR EoS are not able to take into account the association
between molecules of water and alcohol or the solvation between esters and water. Among
these associating equations there is the Cubic plus Association equation of state (CPA EoS)
that combines the SRK cubic contribution for describing the physical interactions with the
association contribution proposed by Wertheim. CPA has previously shown to be able to
provide an accurate description of the phase equilibria of aqueous mixtures with n-alkanes,
aromatics, fluorocarbons, alcohols and glycols.

One of the goals of this work is to create a new group contribution model for the Cubic plus
Association equation of state (CPA EoS), combining the good description of this equation to
represent associating systems with the predictive character of a group contribution method.

2 Experimental Section

Water solubility measurements were carried out at 288.15 - 323.15 K and atmospheric
pressure. The organic and water phases were agitated and allowed to reach equilibrium by
the separation of both phases in 20 mL glass vials for at least 48 h. This period proved to be
the minimum to guarantee a complete separation and no further variations in solubilities.

Temperature was maintained by keeping the vials inside an aluminium block, placed in an
isolated air bath (= 0.01 K). Temperature control was achieved with a PID controller driven by
a calibrated Pt100 sensor. To reach temperatures below room temperature, a Julabo
circulator, model F25-HD, was coupled to the overall oven system.

Water solubilities in the ester or acid rich phases were determined using a Metrohm 831 Karl
Fischer (KF) coulometer.

The organic phase was sampled at each temperature from the equilibrium vials using glass
syringes maintained dry and at the same temperature of the measurement. Samples of 0.1 to
0.2 g were taken and injected directly into the KF coulometric titrator.

For pentanoic and hexanoic acids, measurements of the phase envelope for the two phase
region were made by turbidimetry. Several samples covering the entire concentration range
were prepared. The mixture was heated inside a closed glass tube in a thermostatic bath up
to the one phase region. On slowly cooling, the phase separation temperature was
registered. The temperature assigned to the phase envelope is an average of five
measurements.

3 Model
The CPA equation of state, in terms of the compressibility factor, is given by:

7 = Z[’hys. + Zassoc. — 1 Clp 1 (1 + p

B 1 dlng
1-bp RT(1+bp) 2 ap

[Zaza-x.
i A,

(1)

where a is the energy parameter, b the co-volume parameter, p is the density, g a simplified
hard-sphere radial distribution function, X, the mole fraction of pure component i not bonded
at site A and x;is the mole fraction of component /.

X, is related to the association strength A*® between sites belonging to two different
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molecules and is calculated by solving the following set of equations (2):

AB;

1
XAi = AB. iDj
1+pz x] Z XB]A = AA,'Bj — g(p{exp{ gRT }_l}bijﬂA,‘Bj
5 (2) (3)

where ¢'® and """ are the association energy and the association volume, respectively.

For non-associating components, such as n-esters, CPA has three pure component
parameters (a,, ¢; and b) while for associating components like water and organic acids it
has five (ay, c1, b, €, B). These parameters are estimated by a simultaneous regression of
vapour pressure and liquid density data. To overcome the inability to apply this approach in
the absence of density and vapour pressure data, a group contribution method was
developed (Oliveira et al. (2008)). This method may be applied as a predictive tool for the
following families: n-alkanes, n-alcohols, saturated and unsaturated fatty acid esters and fatty
acids.

The development of the group contribution scheme started with the definition of the groups.
The chemical groups adopted as suitable for the description of these compounds were:
(CHs), (CH,), (OH), (COQ), (HCOO), (COOH), and (CH=).

The CPA pure component parameters are thus calculated from the following relations:

ky

n ) Ngroups ks
a, =k, x| In| k, + Zniaoi (4) c, =k % 1n{k2 + Znich} (5)

i=1 i=1

n groups

n
groups Mg roups

b = Z nibi (6) B =k, +k,exp(—k, Zniﬂi) (7N &= Znigi )]
i=1

i=1 i=1

In these equations, subscript i refers to a specific structural group, n; is the number of
structural groups of type i, and nyps is the total number of structural groups in the molecule.
The parameters ay;, ¢y, bi, &, and S; are the values of the parameter related to each group .
These values, along with the constants for each equation, are reported in Table 1.

Table 1. Group contribution parameters for the CPA EoS and constant values for equations
4,5and 7.

Group Parameters

Parameter CH; CH; OH HCOO COO0 C= COOH K4 K> ks
ao 13.787 6.884 13.218 16.8781 11.025 8.443875 27.124 1.69E-04 -3.349  6.953
c 0.418 0.157 0.365 0.895 0.635 -0.424’ 0.697 0.846 1.337  1.294
b 1.81E-05 1.81E-05 7.59E-06 2.40E-05 2.49E-05 1.46E-05 3.02E-05
I 14996.3 782.3 3977 18713.1
B -0.373 0.652 1.595 2.738 5.06E-05 7.75E-02 1.038

*For the unsaturated methyl esters with more than one double bound, a correction factor should be added when calculating 01:

k3
klx{ln(k2+ SUne,, +1.269 H

i=1
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4 Results and discussion

In order to compare the performance of the proposed group contribution approach, CPA
parameters were initially regressed for compounds for which there were vapor pressure and
liquid density data. This will be hereafter callled the “usual approach”.

While using the “usual approach” for obtaining the pure component parameters, an excellent
description of vapour pressure and liquid densities was achieved for 42 esters and 20
organic acids, covering the range of reduced temperatures from 0.45-0.85, with global
average deviations of about 2% for both properties. Although the GC parameters were very
similar to the “usual approach” ones, generally, the quality of the pure component vapour
pressure estimates was significantly decreased, while in terms of liquid densities, a minor
decrease in the description quality was observed.

Having the pure compound parameters, it was possible to model binary mixtures of water
with several methyl, ethyl and propyl esters, and fatty acids. Solubility calculations were
performed using both set of parameters: from the “usual approach” and from the group
contribution model.

The cross-association (solvation) between the ester group and water was taken into account
as previously done for aromatic hydrocarbons. Using this approach, both the binary
interaction k; and the cross-association volume (f;) parameters are fitted to solubility data.
As cross-association between water and esters will always occur between water and the
ester group, the g value was fixed to 0.20 for all ester + water systems, and the binary
interaction parameters were then regressed using this value.

To obtain a good description of the mutual solubilities of water + fatty acids, the fitting of the
kjparameter was also required. Calculations for fatty acids were performed initially using two
different combining rules (CR-2 and CR-4), but it was found that for long chain esters the CR-
4 combining rule gave the best results, as can be seen from Table 2.

A generalized linear correlation for the k; parameter was found with the chain length of the
ester and the acid, C, when using the “usual approach” and the group contribution
parameters, described, respectively by equations 9-12.

Usual approach Acids (CR-4) k; =—-0.0142xC, +0.0020 (9)

Usual approach Esters k; =0.0136 xC, —0.3322 (10)
GC approach Acids (CR-4) k,; =-0.0106 xC, —0.040 (11)
GC approach Esters k; =0.0154xC, —0.3458 (12)

With this single value of k; for each system, it was possible to describe the water solubility in
fatty acid esters with a global average deviation of 7.0 % for both the “usual approach” and
the group contribution approach parameters. For fatty acid + water systems, global average
deviations lower than 30 % were obtained for the water solubility and lower than 6% for the
acid solubility, with both approaches.

Values for the binary interaction parameters and average deviations are presented in Tables
2 and 3. Water solubility in two fatty acid esters and mutual solubilities for three fatty acid +
water systems are presented, as examples, in Figures 1 and 2.

The proposed GC approach, while producing worst estimates for pure component vapour
pressure, is as accurate as the approach with fitted parameters for the estimation of water
solubilities in ester systems, and mutual solubilities of acid + water systems, and may even
present lower global average deviations.

Using the group contribution approach and the linear correlation for the binary interaction
parameters, the proposed model can be used as a predictive tool for more complex mixtures
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such as biodiesels. Good results were obtained for the water solublity in biodiesels with both
approaches with global average deviations of 15.5 % and 14.9 %, respectively, for the usual
and the GC approach. Water solubility in one of the studied commercial biodiesels is
depicted in Figure 2.

Table 2. CPA modelling results for the mutual solubilities of fatty acid + water systems and
binary interactions parameters.

Regressed CPA parameters

CR-2 CR-4
AAD % AAD %
n.2 Carbons ki acid rich phase water rich phase ki acid rich phase water rich phase
5 -0.0903 39.01 10.4 -0.0951 56.17 9.19
6 -0.0833 11.87 4.24 -0.0894 424 4.67
7 -0.0918 21.14 2.70 -0.0987 29.51 2.08
8 -0.0967 40.49 2.38 -0.1033 24.78 2.63
9 -0.1151 84.39 6.93 -0.1217 11.14 8.11
10 -0.1333 78.5 8.83 -0.143 9.05 3.88
AAD Global % 45.9 5.92 28.84 5.09
GC CPA parameters
5 -0.1099 36.22 10.12 -0.1147 60.09 9.64
6 -0.1044 10.47 4.73 -0.1096 40.82 5.63
7 -0.1067 23.10 2.95 -0.1100 28.05 4.04
8 -0.1123 43.10 2.58 -0.1190 22.72 2.86
9 -0.1255 87.30 7.48 -0.1314 9.85 9.77
10 -0.1462 79.63 2.85 -0.1543 9.39 5.24
AAD Global % 46.64 5.12 28.48 6.20

Table 3. CPA modelling results for the water solubilities in fatty acid esters and binary
interactions parameters.

Regressed CPA parameters GC CPA parameters

n.* Carbons Compounds K; AAD % K; AAD %
6 Ethyl butanoate -0.254 7.42 02602  7.02
7 Propyl butanoate -0.238 6.97 -0.2371 6.89
7 Methyl hexanoate -0.234 7.38 -0.2370  7.32
8 Methyl heptanoate -0.221 6.00 0.2239  4.84
9 Methyl octanoate -0.210 7.52 -0.2034 651
12 Ethyl decanoate -0.166 6.40 -0.1576 6.4
13 Methyl dodecanoate -0.150 7.39 -0.1444 7.2
15 Methyl tetradecanoate ~ -0.123 6.44 -0.1103  5.91
17 Methyl hexadecanoate  -0.092 9.35 -0.0840  7.96
19 Methyl octadecanoate -0.075 3.10 -0.0586 5.83
19 Methyl oleate -0.100 4.27 01028 453

AAD Global % 6.57 6.40
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Figure 1. LLE for two water + acid systems. Experimental ~ Figure 2. Experimental water solubility (7, in ethyl
values for pentanoic acid (o, turbidimetry; ®, Karl Fisher; e,  butanoate; o, in methyl tetradecanoate; ¢, in ethyl
literature data) and for hexanoic acid (7, turbidimetry; X, decanoate; A, in Biodiesel F), and CPA results (—,
Karl Fisher; m, literature data), and CPA results (—, regressed parameters; 7, GC parameters).

regressed CPA parameters; “*, GC CPA parameters ).

5 Conclusions

Using an equation of state for phase equilibria requires parameters that in the absence of
pure component data are not possible to determine. In this work, a new group contribution
method for the estimation of the pure compound parameters of the CPA EoS was developed.
This new method was used to describe the water solubility in ester systems and the mutual
solubilities of fatty acid + water systems and compared with the “usual approach” where
these parameters are regressed from vapour pressure and liquid density data.

For both approaches a single, small, and temperature-independent k; was sufficient. The
binary interaction parameters are chain length dependent making the model predictive.

It was possible to conclude that the proposed GC approach may lead to poorer vapour
pressure estimates, but is as accurate as the “usual approach” for the estimation of water
solubilities in ester systems, and mutual solubilities of fatty acids and water systems. For the
majority of the binary mixtures, the results provided by GC parameters are even better than
those with the parameters adjusted from vapour pressure and density data. Therefore, it is
possible to conclude that the group contribution parameters take more information into
account than the adjusted parameters, leading to improved liquid-liquid equilibria results.

The proposed model thus seems to be a promising tool for the biodiesel industry and future
work will focus in extending this approach to other phase equilibria and systems of interest
for biodiesel production and purification.

References

1.0Oliveira, M.B., Varanda, F.R., Marrucho, |.M., Queimada, A.J., Coutinho, J.A.P. (2008).
Prediction of water solubility in biodiesel with the CPA Equation of State. Industrial and
Engineering Chemistry Research, 47, 4278-4285.

137



Proceedings of the 10th International Chemical and
Biological Engineering Conference - CHEMPOR 2008
Braga, Portugal, September 4-6, 2008

E.C. Ferreira and M. Mota (Eds.)

Sequential Batch Reactor and Plug Flow Reactor Network
Comparison under Dynamic Conditions for Wastewater
Treatment

Adrian Ferrari®’, Evaristo C. Biscaia Jr.%, Priamo A. Melo?
111Q — Reactors Engineering Department, Chemical Engineering Institute, Engineering
School, Oriental Republic of Uruguay University, J. H. y Reissig 565 Montevideo, Uruguay.
2 LMSCP/PEQ/COPPE/UFRJ, Rio de Janeiro, Brasil.

Keywords: SBR, PFR, Reactor Network, Wastewater Modeling and Simulation, Dynamic
Modeling and Simulation, Wastewater Treatment.

Suitable Topics: Process Systems Engineering, Wastewater Modeling and Simulation,
Environmental Engineering.

Abstract

A single Plug Flow Reactor Network (PFRN) approach to modeling continuous wastewater
treatment plants based on Sequential Batch Reactors (SBR) was developed. The simplified
structure of PFRN makes this representation more suitable for stationary analysis and design
purposes. New insights were obtained through the comparison of transient responses to
typical industrial disturbances from both models (SBR and PFRN). Despite the different
nature of SBR (lumped) and PFRN (distributed) models, they presented quite similar
qualitative dynamic evolutions, and even their quantitative values were not so different. The
similarities of the transient responses encourage the use of PFRN models to describe
confidently the stationary as well as the dynamic behavior of real SBR plants, since the
PFRN structure is considerably easier.

Introduction

The Sequential Batch Reactor (SBR) technology is widely used for biological wastewater
(WW) treatments with carbon and nutrients removal purposes. This kind of technology can be
applied to aerobic, anoxic, as well as to anaerobic processes (Artan and Orhon, 2005;
Benitez et al., 2006). Figure 1 shows an example of a classic SBR process.

Wastewater “o0
Organlc ~ BN > | )
Matter & .
Nnrogen
Reaction (Constant Volume) i

Fill Settle

L=

Idle Draw

......

Figure 1: Typical SBR Configuration for Carbon and Nitrogen Removal

This process can be partitioned by two main role patterns: a Batch Reactor Network
(“sequencing”), and a Feeding Pattern (“wastewater management”), as presented in Figure
2(a). Under steady state conditions, SBR compositions at the beginning and at the final of
cycled operations are equal, and wastewater composition and flow rate are both maintained
constant.

The main purpose of this contribution is to compare two models of a real multiple parallel
SBR plant (applied to a continuous WW treatment): (i) Batch Reactor Network/Feeding
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Pattern; (ii) Plug Flow Reactor Network (PFRN) (Artan and Orhon, 2005). Diagrams of the
structures of both models are presented in Figure 2.

(a) (b)

Figure 2: SBR representations: Batch Reactor Network/Feeding Pattern (a) and PFRN (b)

The simplified structure of the PFRN, in comparison with the multiple parallel SBR
representation, makes this model more adequate for design purposes and stationary
analysis. New insights of both approaches can be obtained comparing their dynamic
simulations. Very few papers related with the dynamic behavior of this kind of equipment can
be found in the open literature.

A comparison of dynamic responses of SBR and PFRN structures, when submitted to step
changes in feed wastewater flowrate and composition, is presented in this paper. This kind of
perturbation occurs typically in real industrial processes.

Mathematical Modeling and Applied Numerical Methods
SBR Model

The dimensionless transient component i mass balance (incompressible fluid) applied to the
multiple parallel SBR representation is presented below:

T e CHORAGIRRIE0)

dt Fov(t)

Where:

- ¢;: Dimensionless component i concentration;

- cr;: Dimensionless component i feed concentration;

- t: Dimensionless time variable;

- @: Dimensionless wastewater flow rate;

- v: Dimensionless reactor volume;

- r;: Dimensionless component i consumption rate;

- Da; : Damkdhler number (dimensionless) for component i;
Fegs: : Dimensionless feeding number;

- c¢: Column vector of the dimensionless concentration of all components.

The lumped nature of SBR process model is characterized by the ordinary form of the
differential equation system above.
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PFRN Model
The dimensionless transient component i mass balance (incompressible fluid) applied to the
plug flow reactor network (PFRN) is presented below:

dQ(z,1t), Cs,;(t)

l

A
Uz,t) ~Uz,t) + dUz,t)
Ci(z,t) Ci(z,t) +d C; (z.1) A
_ dv _—
\ 4
¢ dz 3

Figure 3: PFRN Control Volume

%: Feoean -q(Z,t)-[c” (t)-¢ (Z’t)}_Da‘ -ri[c(Z,t)]

M+v(z,t)

Where:

- ¢;: Dimensionless component i concentration;

- ¢t;: Dimensionless component i feed concentration;

- z: Dimensionless axial space variable;

- t: Dimensionless time variable;

- Q: Dimensionless wastewater flow rate;

- v : Dimensionless interstitial flow rate;

- r;: Dimensionless component i consumption rate;

- Da; : Damkdhler number (dimensionless) for component i;
Feqery - Dimensionless feeding number;

¢: Column vector of the dimensionless concentration of all components.

The distributed nature of PFRN process model is characterized by the partial form of the
differential equation system above. This equation was spatially discretized by an implicit finite
difference method resulting in the system of N ordinary differential equations:

(n Ny _ o U-D
dt Az

Where:
- c.(‘) (t) =C (zj ,t): Dimensionless component i concentration at Z;;

= Feprmn 4" O e, - P (0)]- Dar[c )]

1
- c(t) =¢(z;,t): Column vector of the dimensionless concentration of all components at

Zj;

- z;: Dimensionless value of the axial space variable at node j (j = 1, 2,...N).

Numerical Methods
The ordinary differential equations of both mathematical models were solved using an
adaptive 4™ order Runge-Kutta method.
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Operational Conditions and Simulation Parameters
The Table 1 summarizes the plant conditions adopted in our simulations. These conditions
were obtained from a typical real dairy SBR plant (milk powder plant).

Table 1: Operational data and simulation parameters for the dairy SBR plant

3000 mgChemical Oxygen Demand(COD)rotalL -
WW Steady State Composition & Flow Rate 100mgTotal Kjeldhal Nitrogen(TKN)/L - 100mgN-NO3/L &
1500 m®/d (Buitron et al., 2008)
Effluent Steady State Composition 2.5 mgCODsoube/lL — 0 mgTKN/L — 0.9 mgN-NO3s7/L
SBR’s in Parallel // Cyc:;eal;erlod /I Total Cycles by 2/ 24 hs. /I 2
Stage 1: Anoxic Stage 2: Aerobic | Stage 3: Anoxic
SBR S . Fill 5.5hs Fill 2hs Fill 4.5hs
equencing (each cycle) -
(Idle Time ~ 0) Stage 4: Aerobic | Stage 5: Settling _g_Stafﬁ G: Draw
1.7hs 9.3hs (effluent &
sludge) 1 h
Initial / Maximum Volume (each SBR) 4000 m* // 4750 m®
Initial Biomass Content // Biomass Residence Time 3000 mgVolatile Suspended Solids (VSS)/L // 18 days
Dissolved Oxygen (DO) Content Not limiting (DO > 3 mgO,/L)
Based on ASM1 Model
Kinetic Modelling [Aerobic Carbon Removal & Denitrification Processes]
(Orhon and Artan, 1994, Buitron et al., 2008)
Dynamic Test 1: WW Composition Step Change to: 6000mMgCODTqal/L - 200mgTKN/L - 200mgN-NO37/L
Dynamic Test 2: WW Flow Rate Step Change to: 3000 m/d

The kinetic modelling description considered in the simulations is summarized in Appendix 1.
Autotrophic processes extent in the system (nitrification) is neglected due to the high
wastewater COD+/TKN ratio.

The effluent steady state composition, the initial reactor volume (analogy with the interstitial
flow rate in PFRN) and the initial biomass content showed in Table 1 represent the initial
(SBR) and boundary (PFRN) conditions employed for the steady state simulations.

Results and Discussion

Dimensionless Numbers
The Feeding and Damkdhler number calculations for both developed structures are shown in
Table 2.

Table 2. Dimensionless Number Values

Parameter Name Value
Fe Feeding 0.312
Das. Damkdhler for Organic Matter 1.67

Dasno Damkdhler for Nitrate 4.04
Dayy Damkohler for Biomass 0.65

It must be pointed out that same values of dimensionless parameters were considered in
SBR and PFRN models. This has been done to reinforce the existing analogy between the
models.

Steady State Simulations

Figure 4 shows the stationary composition profiles obtained for SBR and PFRN structures
considering the values listed in Table 1. The results presented show that the stationary
composition profiles of both models are quite similar. However, comparing SBR and PFRN
responses, larger profile difference occurs for nitrate profile, during the initial stage of the
process (low time/position values). As can be verified in Table 2, nitrate Damkdhler number is
larger than organic matter and biomass Damkoéhler numbers. This fact is a possible
explanation to the nitrate profiles difference. Regardless of this, it must be pointed out that
these differences are unimportant from an industrial point of view. Besides, the final effluent
composition results at draw stage (the most important quality parameter of the system) in
both models are practically the same.
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The results obtained confirm the analogy between SBR and PFRN models during steady
state conditions.

(@)

—~
O
~

21321 213.21 26 3.68
5 1918 18189 5 33 R 33 5
§ 105 ;?’ s 805 30 \ 108 %
o =
G, 14925 / 7 925 T O 27 1 213 3
=1 2]
o1ze i f 127.92 \E & 24 1 l z49
8
g 1066 g \ 066§ & 2 IR 2z 3
=
g 85 ] b \ 8528 § %1 ! s £
g - B 8
o 6396 f E ; 1 63.96 5 . L6 ’ %- 161 g
= 4264 4264w o L3NG 131
=1 = = sl > . .
o3 / i g8 S J X 10z M
[ . 5 =1
07 072
0 01 0z 03 04 05 05 07 08 0% 1 0 01 02 03 04 05 06 07 08 0% 1
Dimensionless Time (SBE), Dimensionless Postion (PEFRIT) Dimensionless Time (SBR), Dimensionless Position (PFEIT)
PFRIT PFRI
o oo SBR o oo SBR
(C) 200375 2003.75
296204 2962.24
o 3 o
@ 252074 292074 5
s}
Eﬂ 2579.2 207923 B
g g
g 2837.7 \ 23773 2
E 262 X 29622 E
=
g o4 %f K 275472
E=]
O? 2713.21 ﬁ 2713.21 S
2 267171 & %7171
=
A 2630, | | ‘ | 26302
2588, 25887
0 01 02 03 04 05 06 07 08 09 1

Dimensionless Time (SBE), Dimensionless Position (FFRIT)

PFRIN
ooo 3BR

Figure 4: SBR and PFRN Steady State Results: Organic Matter (a), Nitrate (b) and Biomass
(c) profiles

Dynamic Simulations

The dynamic response profiles for effluent composition for both models (Table 1) are shown
in Figure 5 and Figure 6. All the simulations were made during a real total transient time of
eight days. This value was adopted considering a realistic time scale of industry processes.
Further details related with the dynamic simulations are presented in Appendix 2.
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Figure 5: Simulation results for effluent composition during Test 1: Nitrate (a) and Organic
Content (b) evolution
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Figure 6: Simulation results for effluent composition during Test 2: Nitrate (a) and Organic
Content (b) evolution

These results show that, despite the different nature of SBR (lumped) and PFRN (distributed)
dynamic models, the qualitative dynamic evolutions are quite similar, and even their
gquantitative values are not so different if they compare with the corresponding WW
composition (Table 1).

These observations can be very useful for industrial purposes, because, despite PFRN
represents an easier handling model than SBR (multiple parallel plants), in real WW
treatment processes high accuracy is not normally of special interest.

Conclusions

The well known analogy of the SBR and PFRN stationary models were also verified in this
contribution. New insights were obtained through the comparison of transient responses to
typical industrial perturbations of both models. Qualitative and quantitative aspects of both
dynamic responses were analysed. The similitudes of the dynamic responses encourage the
use of PFRN models to describe confidently the stationary and dynamic behavior of real SBR
plants (industrial scale). Dynamic optimization of real SBR plants using the PFRN approach
is a work in progress by the authors.
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Appendix 1: Kinetic Description (Based on ASM1 Model)

Anoxic Reaction (Denitrification)

S S
r = (I"th - kth)'><H “hN = I"thmax [ < J( NO J
B KC1+SC KNO+SNO
1 1 S
ro=-——H-Xy r :—.th.XH+kth.XH.fN.[¢J
* Yin e Yé x LKno* Sio
N
Aerobic Carbon Removal
1 S S
r.= (“h - kdh)><H r =_'lJ‘h)(H uh = p‘hmax ( € ][ ° J
. © Yy Ken +Sc J\ Ko+
Table Al. Nomenclature description for kinetic expressions
Symbol Name Adopted Dimension
Components Value
Sc Soluble Chemical Oxygen Demand (CODsqypie) - gCOD.m'3
Sno Nitrate Concentration (NO3) - gN.m'3
So Dissolved Oxygen (DO) - g0,.m*
XH Heterotrophic Biomass Concentration - gvsSsS.m®
Kinetic
Parameters
Hhmax Maximum Specific Aerobic Growth Rate for X 1 d*
Hn Specific Aerobic Growth Rate for Xy - d*
Ken Aerobic Saturation Constant for S¢ 75 gCOD.m'3
Ko Saturation Constant for Sg ~0 gOz.m'3
kdh, Aerobic Decay Coefficient for Xy 0.05 d?
MhNmax Maximum Specific Anoxic Growth Rate for Xy 0.5 d?
M Specific Anoxic Growth Rate for Xy - d?
Ker Anoxic Saturation Constant for S¢ 75 gCOD.m'3
Ko Saturation Constant for Syo 15 gN.m'3
kdn Anoxic Decay Coefficient for X 0.05 d*
Stoichiometry
Parameters
Yy Aerobic Heterotrophic Biomass Yield Coefficient 0.42 gVSS.gCOD'i
\\((:/’; Anoxic Heterotrophic Biomass Yield Coefficient (1):5 g%SSS.QQNCE(I\Ijgg'l
Chemical Nitrate Demand for Xy 1
frux (applicable for anoxic endogenous respiration) 0.36 9gN-NOs.gVSS
Reaction
Rates
Iy Growth Rate for X gvssS.m=.d*
rsc Removal Rate for S¢ gCoD.m>.d*
Fsno Removal Rate for Syo gN-NOy.m™>.d™*
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Abstract

One way to achieve success in product-process design/development is first to identify the
end-use properties of a product and then to match product quality by controlling the
structure, shape, odor, color, etc, of the chemical species. Usually, many repetitions of
experiments need to be performed with asociated high expenses of time and material
resources to find an acceptable design. A computer-aided modelling framework for product-
process design is proposed as an alternative, where some of the tasks related to product-
process design can be performed efficiently and systematically through an integrated set of
computational tools. The application of a model-based framework specially developed for
product-process design is illustrated through a case study involving the design and
evaluation of a microcapsule for controlled release of active ingredients.

1 Introduction

The design, development and manufacture of a product and its process need to be
consistent with the end-use characteristics of the desired product. One of the common ways
to achieve the desired characteristics of the product-process is through trial and error based
experiments. Although it is the most commonly used practice, it can be expensive and time
consuming. An alternative approach is the introduction of a systematic model-based
framework consisting of established work-flows in product-process design. In this way, some
of the time consuming and/or repetitive experimental steps can be replaced with the use of
reliable computational tools.

The appropriate set of models and the model-based framework for product-process design
need to have multi-scale modelling features as the properties defining the chemical structure
and end-use characteristics of the product are dependent on parameters of different size and
time scale. The advantages of the use of multi-scale modelling approach is that the design,
development and/or manufacturing of a product-process can be described at different scales
of length and time, providing thereby the knowledge of the applied phenomena at diverse
degrees of abstractions and details. Charpentier (2002), Gani (2004), Klatt and Marquardt
(2007) and Charpentier (2007) have highlighted the importance of the multi-scale and
multidiciplinary approach in product-process design and identified design issues related to
different scales of size, time and complexity.

In this paper, the development and use of a model-based a framework for systematic
product-process design using established work-flows is proposed. This framework will allow
the design of the product-process through a set of computer-aided modelling tools by guiding

* Corresponding author. Tel + 45-4525-2882. E-mail: Rag@kt.dtu.dk
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the user through the calculation steps to determine the desired product-process. Although
the method and tools are generic, their application is highlighted in this paper to a class of
formulated chemical products. The performance of the model-based framework, the
associated models and the work-flow for a specific product-process design is illustrated
through a case study involving the modelling and design of the release of a formulated
pesticide product through a polymeric microcapsule. Product design, in this case, involves
the design of the microcapsule and its contents (the active compound, the membrane used
for the microcapsule, solvents, additives, release medium, etc.). Process design and
modelling, in this case, involves the the simulation of the release of the active ingredient
through the microcapsule, that is, evaluation of the product performance.

2 Development of Framework for product-process design

The framework for chemical product-process design is shown in figure 1 where chemical
product-process design pathway has four main section embedded within the model-based
framework:

i) Problem Definition

ii) Product Design

iii) Product-Process Modelling
iv) Product-Process Evaluation

iii) Product-
Process Modelling
Model-Based
0 Verification
Documentation of

about the Performance

Product-Process i (using MoT)
Design T

iv) Product-Process
Evaluation

ii) Product Design

Selection of Calculation- Calculation- Perform Is the Further
the Selection of Selection of Product- performance Development
Application Y Primary S  Functional > Process —> Criteria 4 of Selected
Source Properties Properties behaviour Matching ] Product-
(Process Desired Process
Model) Target?

Product-Process
Modelling tool

E

Ok/use

Figure 1. Systematic modelling Framework for chemical product-process design
For any chemical product-process design problem, the model-based framework guides the
user though a conceptual problem definition steps, which concerns the definitions of desired

characteristics of the products, its properties, its needs, and its qualities. This is true for a
new product or an existing product that needs an improvement.
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The product design step consists of sub-steps for design and/or selection of product
alternatives; a sub-step to generate data/knowledge related to the modelling needs for
product-process behaviour and evaluation; and a sub-step for product design problem
definition in terms of property targets.

In the next product-process modelling step, prediction/verification of the product behaviour is
performed through the use of different computer-aided tools whitin the model-based
framework. Also, a comparison of the results from the current process analysis and desired
target is carried out to validate the quality of the designed product.

Further developments of the product-process is evaluated in the last step of the model-based
framework for chemical product-process design before the production/manufacture of the
designed product.

The model-based framework to be useful for chemical product-process design, different
computer-aided modelling tools are necessary. For instance; modelling tools (ICAS-MoT),
model-based libraries, databases (database manager), property prediction package
(ProPred), solvent selections and molecular design software (CAMD), etc. where, the use of
the methods and tools are related in accordance with the different products and phenomenon
behaviour. All these software suites are available in the Integrated Computer Aided Software
(ICAS) developed by Computer Aided Process Engineering Center (CAPEC) at Technical
University of Denmark (DTU).

Work-flows, their corresponding data-flows as well as methods/tools needed for the different
calculaion steps are usually associated with the product to be designed. That is, the amount
of “knowledge” (data-flows) and the needed sequence of steps (work-flow) are related to the
kind of product that is to be created. For example, after the problem definition and the
generation of relevant documentation, the next step is to select-calculate the design
properties (such as, application source, active ingredients, additives, solvents, etc. are the
main steps in product design). Here, documentation, databases and search engines (for data
retrieval) play an important role in the model-based framework as these tools are useful to
verify some properties and available information during the creation and development of the
product. Therefore, product design consists in the selection of the material of the product, the
main ingredient, solvent/additives in the product, etc., as well as the calculation of the
necessary product properties. In the analysis of the behaviour of the product as,
thermodynamic properties, physical properties, etc.; frequently, the lack of information to
perform the behaviour of the product is found; so as to overcome those gaps of information,
computer-aided methods and tools can be applied to address this issue. The properties
calculated in this part of the product-process design framework, for instance, diffusion
coefficients, partition coefficients, viscosities of compounds and/or mixture, mass and heat
transfer coefficients and so on, are transferred (data-flow) to the product-process modeling
tools to carried out the calculation of the product-process behaviour.

Once, the complete information and characteristics about the product have been chosen;
product behaviour and performance can be carried out. Here, modelling tools can assist in
the simulation, generation of alternatives and verification of the formulation properti