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Hard wood sawdust is pyrolyzed in specially designed
furnaces. The vapours from pyrolysis are condensed
using water. This condensate then undergoes a
settling period and is passed through a multi stage
filtration process to remove water insoluble tars
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CII-' Smoke:

atural Flavour from
ard Wood Pyrolysis

By Sreekumar Ramakrishnan, Hickory Specialties, Inc, U.S.A.

Smoking of foods has been
traditionally achieved in
smokehouses to impart flavour,
colour and aroma to foods.

Liquid smoke application has
started replacing traditional
smokehouse treatments as a more
efficient and safe way of imparting
characteristics similar to those
obtained from natural smoking.

Contact details can be found on page 2.
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Biomass Pyrolysis
Modelling -
Status and Needs

Report from a PyNe Workshop held in Oakland, USA, August 1999

Liquid Smoke

Biomass Pyrolysis Modelling
By Colomba di Blasi, University of Naples, Italy

COpiSiSice & Meeting Repeii A one day workshop on biomass modelling for fundamentals,

PARSIM ' design and implementation was held in Oakland, USA prior to
the 4th Biomass Conference of the Americas. 35 delegates

New member participated with 12 presentations from American and

‘Bio-0ils’ to ‘Tars’

Anaerobic Digestion of Bio-0il
Bio Fuel Oil

Stability of Bio-Oil

The Agricultural Research Centre

University of Athens

Book News/
Further Complementary Publications

Diary of Events

Bioenergy Networks

PyNe Membership

Co-ordinator
Tony Bridgwater

Administrator
Claire Humphreys

Bio-Energy Research Group,

Aston University, Birmingham B4 7ET.
UNITED KINGDOM.

Tel +44 121 359 3611

Fax +44 121 359 6814

Email a.v.bridgwater@aston.ac.uk
c.l.humphreys@aston.ac.uk

Website http://www.pyne.co.uk «
ISSN 1470-3521

European researchers.

Particle Modelling

The workshop confirmed that several
laboratories are interested in modelling the
‘particle system’ The models, at least from
the mathematical point of view, include a
good description of physical and chemical
processes, in some cases integrated by proper
external (reactor) conditions. There are two
critical points, which deserve further
developments and/or improvements, before
such models can be applied with confidence:

1.  Determination of correct input data,
especially property values,
kinetic constants, heat and mass
transfer coefficients.

2. Extensive model validation.

For point (1) reliable kinetic data are only
available for cellulose pyrolysis. Published
data on wood degradation kinetics do not
give acceptable results for fast pyrolysis,
even from the qualitative point of view.

Such information should be obtained through
laboratory experimentation. As pointed out in
this workshop (Burnham and Reynolds),
differences between different experimental
devices and the subsequent analyses still

exist and further efforts are needed in

this direction. The approach based on the
use of guessed values for the degradation
kinetics of wood components, without any
experimental basis, (Bellan) has limited
validity. A posteriori (successive) validation
through comparison with literature data
(Bellan) cannot be considered conclusive
because sample properties are not reported
in the majority of these studies and the
actual heating conditions are often

largely unknown.

Large differences are shown in the
predictions of fluid bed pyrolysis (Di Blasi)
carried out by means of a detailed model for
intra-particle transport phenomena and
chemical reactions coupled with:

1. Aninfinitely fast external heat transfer
rate (the particle surface temperature
becomes instantaneously equal to the
reactor temperature).

2. An external heat transfer model,
taking into account fluid-bed
hydrodynamics (Agarwal (1991)), h,,
which is the most accurate description
of the process.
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Figure la:Predictions of particle centre temperature for a cellulosic slab
1mm thick and a reactor temperature of 800K for different external heat
transfer models.
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Dr. Sreekumar Ramakrishnan, Fax: +1 615 661 9147

Research Scientist. Email: pat.moeller

Richard Hull, Senior Director, @hickoryspecialties.com
Product Development. Email: sree@hickoryspecialties.com
Hickory Specialties Inc. Technical Center Email: rick.hull@hickoryspecialties.com

1619 Service Merchandise Blvd.
Brentwood Tennessee — 37027 U.S.A.



3. The widely used Ranz-Marshall
correlation, hgy.

As it appears from the example of particle
dynamics (particle mass fraction, global
devolatilization rate and particle centre
temperature) shown in Figure 1a and 1b for
a cellulosic slab 1mm thick and a reactor
temperature of 800K, qualitative trends are
the same in all cases. However, quantitative
differences are very large, especially for the
conversion times and the global
devolatilization rate (up to factor of 2).
Hence, temperature profiles and product
distribution also present large variations.

Consequently ‘ad hoc’ selections of the
percentage of the 3 wood components
(without considering the influence of ash
content and composition on reaction activity
and selectivity) and the heat transfer
coefficients can easily lead to agreement
between theory and experiments.

However, this does not mean that models
can be applied (equations + input data) to
other situations and assume that the model
predictions are quantitatively correct.

Independent experiments are needed for:

a)  Determination of input parameters
(in particular, chemical kinetics should
be determined in the absence of heat
and mass transfer limitations).

b)  Production of data for model validation
(conditions where both chemical
kinetics and transport phenomena
are important).

It is important that experimental data for
model validation are produced under very
well defined conditions, such as properties
of feedstock and heating conditions,
which should be included in the model.
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Figure.1b: Predictions of particle mass fraction and global devolatization rate for a cellulosic
slab 1mm thick and a reactor temperature of 800K for different external heat transfer models.

Reactor Modelling

It was also clear from the workshop that
different laboratories are interested in
modelling the ‘reactor system’.

The complexity of this system requires the
introduction of simplifications and these
should only be introduced in order to satisfy
the objectives of the model development,
that is, the aspects of the pyrolysis process
that should be understood and predicted.
The considerations given above also apply
for this system.

Conclusions
In conclusion, future developments are
needed on the following points:

. Semi-global primary reaction
mechanisms and kinetic constants
are needed for wood and biomass
under ‘real conditions’ and need to
be determined in different
experimental systems.

. Secondary reactions mechanisms

and constants need to be identified
and resolved.

. Heat and mass transfer coefficients

need to be measured and refined for
a wider range of conditions.

. Properties and data for model

validation need to be obtained.
Reactor models need to be applied to
industrial scale processes for validation
and improvement.

Reference

Agarwal P. K. (1991). Transport phenomena in
multi-particle systems-1V. Heat transfer to a
large freely moving particle in gas fluidised
bed of smaller particles, Chemical Engineering
Science 46, 1115-1127.
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Progress in

Thermochemical
Biomass Conversion

The Fifth International Conference on
Thermochemical Biomass Conversion

For further details or registration of papers see our Website:

( http://www.pyne.co.uk/PITBC2000 )

Contact: Prof. Tony Bridgwater (Email: a.v.bridgwater@aston.ac.uk)
or Miss Nina Ahrendt (Email: ahrendtn@aston.ac.uk)
Fax: +44 121 359 6814




PARSIM, a model for
pyrolysis of large
particles of biomass

By Gerhard Steiner and Gernot Staudinger, Graz University of Technology, Austria

Graz University of Technology has been concerned with biomass pyrolysis
for more than a decade examining the complex processes, which occur
during thermal conversion of large particles. A simulation routine, PARSIM,
has been developed which predicts the transient behaviour of 1 single solid
fuel particle with respect to drying and pyrolysis at slow and fast heating
rates. The simulation routine takes into account the size, shape, species
and moisture of the particle as well as the conditions in the particle’s
surroundings. PARSIM is useful for the design as well as for

the optimisation of combustion plants.

Methods

In order to predict the process of
devolatilization of a large fuel particle at
rapid heating rates, the research activities
are divided into 3 areas (see Figure 1):

e Development of the simulation routine.

e Determination of kinetic parameters
for pyrolysis.

e  Performance of validation experiments.

The simulation routine handles the
conservation equations for mass and energy
and considers non-isothermal material
properties of the particle. Most material data
are from the literature. Kinetic parameters for
pyrolysis are derived from thermogravimetric
analysis of small particles at slow heating
rate with online analysis of the volatiles.
Validation experiments with large particles
quickly exposed to hot atmosphere complete
the research activities and confirm the
simulation results.

TGA-Experiments
Small Particles
105-1050°C,5 K/min

Validation experiments
Large particles
quickly exposed to hot
atmosphere

Kinetic parameters
for pyrolysis

{

Simulation routine PARSIM
predicts devolatilization of large particles
at rapid heat-up

Figure 1: Development of the simulation routine PARSIM for prediction of drying and

pyrolysis of a large fuel particle.

Validation

The comparison between experimental and
calculated results shows excellent agreement
for the mass loss and the temperature of a
rapidly heated large particle (see Figure 2).
The evolution of volatiles can also be
predicted correctly. PARSIM only describes
the evolution and transport of
devolatilization products to the particle’s
surface but does not consider any secondary
reactions of the volatiles after these have
left the particle. Applying secondary cracking
kinetics to primarily evolved gases and taking
into account the residence time distribution
of the gases inside the experimental furnace,
the prediction of single gas species perfectly
fits with measured data (see Figure 3).

Future research activities will extend the
simulation routine from pyrolysis in inert
atmosphere to pyrolysis in reactive
atmospheres such as H20, CO2 or air.

Support

The pyrolysis research activities at Graz
University of Technology are supported from
their own resources, and by the Fonds zur
Forderung der wissenschaftlichen Forschung
(FWF) and the EC JOULE Programme in
projects JOR3CT980232 and JOR3CT980278.

For further information please contact:

Prof. Dr. Gernot Staudinger

Technische Universitat Graz

Institut flr Apparatebau, Mechanische
Verfahrenstechnik und
Feuerungstechnik

Inffeldgasse 25

A-8010 Graz

AUSTRIA

Tel: +43 316 873 7490

Email: stauding@amvt.tu-graz.ac.at
Website:  http://www.amft.tu-graz.ac.at/
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Figure 2: Calculated (lines) and measured (symbols) mass loss and temperature of a wet
beech wood cube quickly exposed to hot atmosphere (size=20mm, moisture=25% dry basis,
furnace temperature=825°C, atmosphere=100% N,).

a experiment (FID-measurment)
- PARSIM

——PARSIM + secondary kinetics

Figure 3: Calculated (lines) and measured (triangles) rate of formation tar of a dry beech wood
cube quickly exposed to hot atmosphere (size=20mm, furnace-temperature=825°C,
atmosphere=100%N,).
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! New Member

Yves Schenkel graduated as an Agricultural and Forest Engineer. He is also
a graduate in Environmental Engineering and has a Master in Technology
Innovation Management. Recently he developed a thesis in modelisation
of mass and energy flows from wood carbonisation in retort kilns.

Presently, he is head of the Biomass Unit at electricity production in agro and wood
the Agricultural Research Centre of Gembloux industries, construction and operation of a
(CRA), where he is working on biomass laboratory thermolysis reactor for biomass
energy since 1987. He has conducted many fuels and contaminated wood.

projects in biomass energy. The main area is
on biomass briquetting and agglomeration for
household fuels production, gasification of
wood and briquettes, technology transfer of
bioenergy equipment for heat and/or

The PyNe Network would like to welcome Yves
to the group who has replaced Rosanna Maggi
and will now be the country representative
for Belgium.




‘Bio-Qils’ to ‘Tars’

There is a systematic relationship between the primary organics released in
biomass pyrolysis and the mature slate of organics after extensive thermal
or oxidative treatment. The chemical history of this transformation is
generally understood and is documented in numerous reports and
publications (Refs. 1, 2, 3, 4). The nomenclature used for starting,
intermediate, and mature organic product slates is not trivial and can be
the subject of confusion, particularly in key-word searches. Perhaps the
most confusing term is ‘tar. This term has been used to encompass organics
ranging from the first species to emerge in ‘fast’ pyrolysis,

now commonly called ‘bio-oil' (Ref. 5), to the final products of
high-severity cracking, commonly called ‘tar’ (Ref. 6).

In the interim, publications relating to

Tertiary Processes biomass ‘oils’ or ‘tars, should give a

footnote reference to the organic meaning

of the terms as used in the study, and should
always put quotation marks around the terms
in the text to alert readers to the variability

of definitions.

romatics
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Outline of Organic Evolution

Figures 1-3 show 3 portrayals of the route

to ‘tars. Figure 1 gives a broad outline of 3.
product type (Ref. 2), Figure 2 generalizes

the main organic product types (Ref. 3),

and Figure 3 makes the useful distinction

of primary, secondary, and tertiary organics

(Ref. 6). Appendices in Reference 6 contain
extensive lists of these 3 classes of organics 4.
together with a large bibliography on

biomass gasifier ‘tars’, with annotations

relevant to their formation, nature,

conversion, and end-use tolerances.

Recommendations

A challenge to our community, working with
the U.S., Canada, E.C. and the IEA, is to
establish standard definitions for the main
suites of organics from the thermal
treatments of biomass.

Mixed Phenolic Alkyl Heterocyclic ~ PAH Larger
0xygenates> Ethers ’ Phenolics } Ethers } PAH }
400°C 500°C 600°C 700°C } 800°C 900°C

Figure 2: ‘Tar’ maturation scheme proposed by Eliott (Ref. 3)
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Fax:  +1 303 384 636
Email: Thomas_Milne or
Robert_Evans@NREL.GOV

Temperature, C

Figure 3: The distribution of the 4 ‘tar’ component classes as a function of temperature at
300 ms (0.3 s) gas-phase residence time (Ref. 1).

Anaerobic Digestion
of Bio-Oil

By Jody Barclay, CANMET, Natural Resources Canada, Canada

Bio-oil has proven to be an attractive alternative to petroleum based
products with new opportunities for its use being discovered all the time.

The RTI team with Professor Don Scott (left)
and Ed Hogan, Natural Resources
Canada (right).

It has been demonstrated

that fast pyrolysis bio-oil is
biodegradable under aerobic
conditions and recent studies
suggest that it can be digested
under anaerobic conditions

as well. During the pyrolysis
process, biomass undergoes
extensive polymer degradation
and this is likely to increase its
biodegradability. Also, bio-oil
contains a range of oxygenates
including acids, sugars,
aldehydes, ketones, etc.

which may, in fact, enhance
biological activity.

Anaerobic digestion of bio-oil could produce
a wide range of fuels, chemicals and animal
feeds including: acetic and butyric acid;
acetone, ethanol and butanol; and, hydrogen
and methane.

With the support of the Canadian
Government, Resource Transforms
International Ltd., is currently conducting
a preliminary assessment of the anaerobic
digestion of bio-oil to determine both
biological activity and metabolic products.

It is hoped that as a result of this work,
even more opportunities to use bio-oil
will be discovered.

For further information please contact:

Jody Barclay, P.Eng.

CANMET Energy Technology Centre (CETC)
Natural Resources Canada

580 Booth Street, 13th Floor

Ottawa, Ontario

CANADA

K1A OE4

Tel: +1 613 996 9760
Fax: +1 613 996 9416
Email: jbarclay@nrcan.gc.ca




Bio fuel oil -

Upgrading by hot filtration
and novel physical methods
JOR3-CT98-0253

By Yrjo Solantausta, VTT Energy, Finland

Objectives and tasks

The primary objective of the work is to support demonstration of a
bioenergy scheme, where bio fuel oil (BFO) is employed as boiler or engine
power plant fuel. BFO has potential in becoming a competitive bioenergy

alternative in these markets.
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Condensers
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Conversion of biomass to BFO

Hot vapour filtration (HVF) tests
The objective is to develop hot
vapour filtration to remove solids
from BFO. The present solid content
will be reduced to less than

0.1 wt%. The HVF work is a
continuation of an earlier project
JOR3-CT95-0025, where the
technology has been

initially studied.

Hot gas filtration is a method
which is capable of removing
particulates very effectively

from product gases of gasifier,
combustor and some other high
temperature processes.

Filters applied for hot gas filtration
are made of ceramic materials and
they are operated as surface filters.

Vv II ENERGY

HVF tests will focus on long
term stability of the filter system.

Figure 1: Candle filters installed at the
1 kg/h pyrolyser.

The following objectives for the R&D project
have been defined:

e To increase the market value of BFO by
improving BFO quality as fuel.

= To improve the utilisation of BFO in
power plants and boilers.

These objectives are pursued in following tasks:
* Development of hot filtering for pyrolysis.

Theromocouple
+ BFO droplet

Light
source {# |

Heating
coil

+ - Power

+ - Thermocouple —» Droplet

Collecting

e Microemulsion
production
from BFO and

CcD mineral oil.

e BFO production
in PDU scale
for utilisation
tests and

e Handling and
storage of BFO,
and heath and
safety issues
related to BFO.

Digital Image

Drop size, shape,
internal structure

Figure 2: Experimental set-up at Istituto Motori.

* Fundamental behaviour of BFO
in combustion.

e Medium size boiler tests.

e Engine tests.

e BFO markets.

characterisation.

The aim is to carry out continuous
long term filtration tests with 1 kg/h
pyrolyser (Figure 1) with HVF system using
real pyrolysis vapours at VTT. Schumacher is
supplying the filters. The next step in R&D of
hot vapour filter is to use a slip-stream filter
for the PDU scale pyrolyser at VTT.

Microemulsions from BFO

The objective is to develop microemulsion
technology, which would make it possible to
use BFO and mineral oil mixtures in existing
heat and power generating systems without
major modifications. Three emulsions will be
manufactured by CETC (CANMET Energy
Technology Centre) and characterised in
laboratory analysis.

BFO quality improvement

The first objective is to determine optimum
values for key process parameters for
pyrolysis of 3 feedstocks (forest residues,
pine sawdust, and straw). The organic yield
is expected to be above 65 wt% for pine
sawdust without the hot vapour filter (HVF).
The second objective is to find such
operating conditions that the HVF may be
operated continuously maintaining a high
organic yield in the VTT PDU.

The stability of 2 oils will be improved
by using solvents. Stability of BFO will be
studied in aging tests, varying storage
temperature and time (laboratory tests),



and in storing the oil for longer periods
under realistic conditions (in containers).
Hot filtered oils are included in the study.
Effects of several parameters on phase
separation will be studied. The aim is to
produce phase-diagrams for BFOs to be

able to avoid phase-separation occurring.
Economic and practical aspects are the major
consideration in stability improvement.

Figure 3: The 1.5 MWe Waértsila engine at VTT
Energy, Espoo, Finland.

Utilisation of BFO

Handling and storage of BFO

The objective is to develop bio fuel oil
handling and storage procedures for industrial
applications, and to study the health and
safety issues related to industrial use of BFO.

The work is a continuation of an earlier
project JOR3-CT95-0025, where the issues
have been studied.

Fundamental behaviour of BFO
in combustion

BFO and its derivatives will be employed in
laboratory scale equipment at Istituto Motori
(Figure 2) to characterise their fundamental
combustion behaviour.

As utilisation of BFO is foreseen in diesel
engines or boilers, attention has to be given
to the problem of formation and behaviour of
unburned solid material, in order to avoid
intolerable particulate emissions and
operational problems.

The 2 mechanisms of formation of
carbonaceous particles in the combustion

of heavy oil spray flames (pyrolysis in the
gaseous phase of the evaporated compounds
and pyrolysis in the liquid phase of heavier
fraction of fuel) are well documented in
literature. The same degree of comprehension
is far from being established in the case of
BFO, as the published studies appear yet
sparse and/or limited to specific operating
conditions. Therefore, the systematic study
of the physical and chemical properties of

biomass derived fuels, undergoing heating
and/or combustion, appears as a necessary
support to the development of techniques
and strategy of BFO utilisation.

Medium size boiler tests

Fortum (formerly Neste Oy) have for the past
3 years been assessing and developing a
combustion system which takes into account
the special physical properties (viscosity,
solids content, lubricity,
autoignition) and chemical
(stability, acidity)
characteristics of pyrolysis
liquids. The main goal has
been to modify existing
systems using commercially
available parts. This would
lower the development costs
and increase acceptance for
prospective customers.

Modifications include a heat
reflecting refractory to assist
ignition, acid resistant
pumps and fuel lines and

a special oil preheater.

The main remaining problem
is a consequence of the instability of
pyrolysis liquids during storage, under
exposure to air and at high temperatures.
With good quality pyrolysis samples, the
current level of emissions is acceptable
except possibly for particulates which is

still higher than that for light fuel oils.

Both improvements in fuel atomization and
fuel quality (solids and viscosity) are required
to achieve acceptable levels.

Laboratory scale engine tests

The aim is to support the development of a
BFO as power plant engine fuel by generating
basic engine performance and emission data.

To achieve this aim, BFO will be tested in a
single cylinder direct injection diesel engine
by IM. For comparison, a commercial diesel
fuel and a reference fuel will also be used
in the same conditions. The engine is a
completely commercial one and it is applied
to power small machines used in agriculture.
More relevant, its displacement is close to
the unitary displacements met in larger diesel
engines. In addition, the same engine was
also previously characterised from the fluid
dynamic point of view by means of laser
Doppler velocimetry measurements.

Modifications for the existing engine have
been made, and tests have been carried out.

Market opportunities for bio fuel oil

The successful introduction of a new liquid
fuel on the energy market will be very
difficult because of the low quality of the
present BFOs. At this stage quality
improvement (mainly solids & stability) of

the BFO is technically the critical factor.
Replacing both heavy (HFO) and

light fuel oils (LFO) in boilers is considered,
although it is likely that the first

alternative is only economically viable in
some exceptional circumstances.

Replacing LFO in heating is emphasised

in the project, as this application may be
feasible in medium term (within approximately
2-3 years) and shows better economics.
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Using BFO as power plant fuel is technically
less developed. There is very little data
available currently using BFO as engine fuel.
Within this project, valuable basic data
concerning the use of BFO in engine power
plants is generated. It is believed that the
engine application will take longer to
commercialise than the boiler application.
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Stability of

Bio-Qil

A review of the chemical and physical
mechanisms of the storage stability of

fast pyrolysis oils

By James Diebold, Thermalchemie, Inc, USA

Introduction

In an effort jointly funded by the Pyrolysis Network (PyNe) and the National
Renewable Energy Laboratory in the USA, Jim Diebold has returned to the
field of fast pyrolysis oils made from biomass (bio-oils). In his latest work,
he reviews in great detail the organic and physical chemistries of bio-oil
that are responsible for its reported widely varying chemical compositions,
viscosities, phase separations, and aging characteristics. This review distills
108 references into a comprehensive 51-page summary.
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Figure 1: Calculated Equilibrium Composition of Psuedo Bio-Oil with Added Methanol
(25% Water, 3% Acetaldehyde, 2% Methanol, and 8% Acetic Acid in Original Bio-Oil).

Bio-oil aging

Aging data from several sources are presented
that show a wide variance in the viscosity
and aging rate of different bio-oils.

However, from a kinetic rate perspective,

the aging rates reported fall into a relatively
tight group of data when presented in an
Arrhenius format. The accelerated aging rates
of bio-oil at elevated temperatures are shown
to be predictive of aging rates at storage
temperatures. In research that prevented the
loss of volatiles, the increase in viscosity of a

bio-oil during aging was shown to be well
correlated with the increase in average
molecular weight.

Diebold has searched the literature archives
of over 2 generations ago to find
thermodynamic equilibrium constants and
relative kinetic rates for many of the
hypothesized chemical reactions that occur
when bio-oil ages. The resulting picture
shows a dynamic mixture of organic
compounds that are constantly reacting
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To illustrate these
interactions, equilibrium
compositions of a
pseudo bio-oil are
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shown as a function
of added water or
methanol. The kinetics
of many of these
reactions are shown to
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Figure 2. Rate of Viscosity Increase with Temperature

be sensitive to pH and

to the presence

of catalysts, e.g. alkali

metals commonly found
in biomass chars.

Figure 2: Rate of Viscosity Increase with Temperature During Storage

of Bio-Oils.

Because bio-oil is a mixture of so many
compounds, chemical changes are difficult to
follow. However, ester formation has been
reported to occur in liquid smoke over the
course of several weeks without the addition
of catalysts. Other reactions have been
verified to occur during the aging of bio-oils.

Control of aging

Reported methods to combat aging of
bio-oil have included mild hydrogenation
and solvent addition. Unfortunately,
reported mild hydrogenation experiments
have led to phase separation, (an organic
laden aqueous phase and a viscous

organic tar). The addition of small amounts
of solvents, e.g. methanol, has been shown
to be very successful in lowering the initial
viscosity and to slowing the aging rates very
significantly. It is thought that methanol
probably reacts to form chain-terminated
low-molecular-weight dimers and oligomers,
retarding the formation of high
molecular-weight polymers.

As the chemical reactions take place in
bio-oil during aging, the mutual solubility of
water and the oxygenated organics decreases,
which can lead to phase separation.

This loss of mutual solubility is believed to
be due to polymerization reactions that form
relatively insoluble polymers, as well as to
the change in solvent power of the lower
molecular-weight products formed during
aging. The Hansen solubility parameters are
useful to visualize these changes in mutual
solubility, as they employ the relative
polarity, dispersivity, and hydrogen bonding
of the various solutes and the solvent.
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