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Propositions accompanying the thesis of F. Elif Genceli

Scaling-Up Eutectic Freeze Crystallization

In heat flow calculations of crystallization on a cold surface [Pronk, P. et al.; Chemical
Engineering Science, 2006, 61, p.4354-4362; Mershmann, A.; Crystallization Technology
Handbook, 2001], it is frequently assumed that all heat of crystallization is transferred to the
cold side which is not necessarily true (Chapter 7).

The Raman spectra presented in the work of Freeman et al. [Freeman J.J.; Wang, A.; Jolliff
B.L.; 38th Lunar and Planetary Science Conference, 2007, No. 1338, p.1197] are not those of
MgSO,.11H,0 (Meridianiite) as they claim, but are spectra of crystal samples which have
already been dehydrated into a magnesium sulfate with a lower hydrate content (Chapter 5-6).

It is surprising that no care was ever given since 1837 [Fritzsche, C.J.; Poggendorff’s
Annalen, 1837, 42, 577-580] to determine the exact phase diagram of MgSO, aqueous
solution nor to determining the crystal structure of the magnesium sulfate phase formed at
lower temperatures, despite the fact that the solution has been used in many crystallization
applications as the model solution. [e.g.: Hogenboom, D.L.; Kargel, J.S.; Ganasan, J.P.; Lee,
L.; lcarus. 1995, 115, 258-277] (Chapter 5).

It is easier to make nano-crystals from supercritical CO, [Jung, J.; Perrut, M.; J. Supercrit.
Fluids, 2001, 20, 3, 179-219] than by arrested precipitation from solution.

Putting CO, underground is not a sustainable solution to our energy problem.

It is surprising, even paradoxical, that results in highly prestigious journals are not necessarily
more reliable than those in second-tier journals.

The Turkish saying ‘the mirror of a person is his work, not his word’ is not true when working
in a group! “Talking skills mostly overcome the “working skills’.

In modern world more intelligent women dedicate themselves to their career rather than to
having more children. Due to the changing priorities of women, our society is under the threat
of a decrease in the number of intelligent people.

Effective valorization and high level scientific research can reinforce each other.

The moneys spent on subsidies for “biofuels” would better be spent on purchasing and
preserving rain forests.

These propositions are considered opposable and defendable as such have been approved by the
supervisor, Prof. Dr. G. J. Witkamp.
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Stellingen behorende bij het proefschrift van F. Elif Genceli

Eutectische Vrieskristallisatie Opschalen

Bij berekeningen van warmtestromen van kristallisatie op een koud oppervlak [Pronk, P. et
al.; Chemical Engineering Science, 2006, 61, p.4354-4362; Mershmann, A.; Crystallization
Technology Handbook, 2001], wordt het regelmatig aangenomen dat alle kristallisatiewarmte
overgedragen wordt naar de koude zijde wat niet noodzakelijkerwijs waar is (Hoofdstuk 7).

De Raman spectra uit het werk van Freeman et al. [Freeman J.J.; Wang, A.; Jolliff B.L.; 38th
Lunar and Planetary Science Conference, 2007, No. 1338, p.1197] zijn niet die van
MgSQO,.11H,0 (Meridianiite) zoals zij claimen, maar zijn de spectra van kristalmonsters
welke al zijn gedehydrateerd tot een magnesiumsulfaat met een lager watergehalte (Hoofdstuk
5-6).

Het is verrassend dat er sinds 1837 geen aandacht is geschonken [Fritzsche, C.J.;
Poggendorff’s Annalen, 1837, 42, 577-580] aan het bepalen van het exacte fasediagram van
waterige  MgSO, oplossing noch aan het bepalen van de kristalstructuur van de
magnesiumsulfaatfase gevormd bij lagere temperaturen, ondanks het feit dat de oplossing in
veel kristallisatietoepassingen is gebruikt als modelstof [bijv.: Hogenboom, D.L.; Kargel, J.S.;
Ganasan, J.P.; Lee, L.; Icarus. 1995, 115, 258-277] (Hoofdstuk 5).

Het is gemakkelijker om nanokristallen te maken vanuit superkritisch CO, [Jung, J.; Perrut,
M.; J. Supercrit. Fluids, 2001, 20, 3, 179-219] dan door middel van arrested precipitatie
vanuit oplossing.

CO; onder de grond stoppen is geen duurzame oplossing voor ons energieprobleem.

Het is verrassend, zelfs paradoxaal, dat resultaten uit zeer prestigieuze journals niet
noodzakelijkerwijs betrouwbaarder zijn dan die uit tweederangs journals.

Het Turkse gezegde “de spiegel van een persoon is zijn werk, niet zijn woord” is niet waar
wanneer er in een groep gewerkt wordt! ‘spreekvaardigheden’ overtreffen grotendeels de
‘werkvaardigheden’.

In de moderne wereld wijden intelligentere vrouwen zichzelf aan hun carriere in plaats van
aan het krijgen van kinderen. Door de veranderende prioriteiten van vrouwen, is onze
maatschappij onder bedreiging van een afname van het aantal intelligente mensen.

Effectieve valorisatie en wetenschappelijk onderzoek op hoog niveau kunnen elkaar
versterken.

Het geld gespendeerd aan subsidies voor biobrandstoffen zou beter besteed kunnen worden
aan het aanschaffen en behouden van tropisch regenwoud.

Deze stellingen worden opponeerbaar en verdedigbaar geacht en zijn als zodanig goedgekeurd
door de promotor, Prof. Dr. G. J. Witkamp.
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Introduction

INTRODUCTION

The world total energy consumption, global and industrial water usage-withdrawal are
increasing very steep (see Figure 1.1) [Energy 2004, United Nations 2007]. It is estimated
that without taking precautions and innovative changes, these rises will be even steeper
due to multiplication by the increase in the world population [Energy 2004]. Related to
this are environmental issues and the water problem. 88.7% of water on the Earth is salty
water, and over two thirds of fresh water is frozen in glaciers and polar ice caps, leaving
only 0.9% available for human use. Fresh water is a renewable resource, yet the world's
supply of clean, fresh water is steadily decreasing. Water demand already exceeds supply
in many parts of the world, and as world population continues to rise at an unprecedented
rate, many more areas are expected to experience this imbalance in the near future. It is
estimated that 15-20 % of world-wide water use is industrial (4% of world-wide water
consumption). In general 52% of the world-wide water use is consumed [United Nations
2007, Wikipedia 2007, Coleridge 2006]. The prices of nonrenewable energy sources of
petroleum, coal and gas are increasing dramatically. Therefore it is essential to develop
true renewable sources such as solar energy, and to use exergy* more efficiently. This
also counts for the process industry, which currently uses approximately 155 EJ per year
[Energy 2004].

In the process industry, separation technology is a key enabler in medical, mining, food,
paper, chemical, pharmaceutical and biotechnological processes, since only very rarely a
process is 100% selective. Separations, however, are costly in terms of equipment and
energy. In the process industry more than half of the costs in equipment and in energy are
due to separations. Economical issues, global competition and changing stricter
environmental regulations force the new equipment and technology developers to reduce
the exergy use, waste production, size of the production equipment and investment costs

resulting in more sustainable and safer technologies.

* In the thesis, sometimes instead of correct scientific word exergy (the useful portion of energy that allows
us to do work and perform energy services) energy is used when colloquial expressions of ‘saving energy’
or ‘energy use’ terms are used.
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Figure 1.1: (a) World energy consumption 1980-2030 [Energy 2004]
(b) Global fresh water use [United Nations 2007]

(c) Global industrial water use[United Nations 2007]
Withdrawal is the removal of freshwater from water resources or reservoirs.
Consumption is the use of water by humans from natural water resources or reservoirs.
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A tremendous amount of exergy could be saved by more efficient separations. Moreover,
huge amounts of valuable industrial aqueous streams that are currently too energy
intensive to be treated and are disposed of, could be used as raw material for those
valuable materials instead, if only the technology to do so were available, turning a

burden into a blessing.

For certain types of aqueous process streams and processes, new technologies such as
reverse osmosis, multiple stage evaporation with mechanical vapor recompression,
combined heat-power generation, have come a long way to enhance the efficiency
dramatically. For systems containing higher salt or acid concentrations, however, and
where conditions for building a power plant at a matching scale is not feasible (in other

words, where heat is not for free), there is no efficient technology yet.

The type of the process applied in separation of water from mixtures depends on the type
of the mixture. The most commonly used technologies for separation of aqueous
electrolyte solutions, their separation principle and the disadvantages are listed in Table
1.1.

The subject of this thesis is the novel crystallization technology of Eutectic Freeze
Crystallization (EFC) for recovery of (valuable) dissolved salts (or acids) and water from
aqueous streams. Using EFC, process streams currently producing large quantities of
saline waste could be treated in an ecologically and economically sustainable way. It
offers extremely high levels of purity of the end products, and avoids undesirable side
effects such as poisonous fumes or extra chemicals added for waste water treatment. It
can also be applied to food or pharmaceutical industry where high temperature operating
conditions have to be avoided to preserve product quality. EFC changes the focus from
cost to value by introducing a new separation process which converts waste into raw
materials by a low-energy manner (energy efficient process) in accordance with physical

calculations.
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Table 1.1: Commonly used conventional separation technologies

[Mullin 2001, Myerson 2002, Kentish et al. 2001, Chowdhury 1988, Zijlema 1999,
Oostherhof 1999, Sluys et al. 1996, Curcio et al. 2001, Drioli et al. 2004]

Removal of low solute concentrations

Technology
Solvent
extraction

Reverse
0smosis

Freeze
concentration

Separation principle
Selective solvents are applied allowing the separation of
specific molecules from the aqueous phase selectively

Solution is pumped against a membrane that selectively
allows passage of the solvent. A pure solvent stream is
obtained at the permeate side, whereas more concentrate
salt at the retentate side.

Remove water by crystallization of ice

Removal of high solute concentrations

Technology
Evaporative
crystallization

Cooling
crystallization

Anti-solvent
(AS)
crystallization

Membrane
crystallization

Separation principle

The crystals are grown from a solution by separating the
solvent via evaporation. In industrial scale processes, the
vapor is reused to reduce energy consumption.

Crystallization is obtained by cooling a solution below its
saturation temperature.

Combines extraction and crystallization. An AS is
introduced into the mixture that shows selective affinity
with only the water molecules in the mixture and causes
components to crystallize.

Integrates membrane separation and crystallization. The
membrane is used to remove the solvent from the
solution to create or to enhance the generation of the
crystallization driving force.

Disadvantage
Additional chemicals and
re-separations required

Doesn’t work for mixtures
with high concentrations

Sensitive to fouling and
scaling

Not suitable for eutectic
systems

Disadvantage
High exergy consumption

Works at high temperature
(unsafe)

The yield is limited by the
solubility of the
crystallization substance

AS has to be recovered form
the spent mother liquor after
crystallization. Extra
chemicals necessary.

Scale formation on the
membrane surface

Eutectic freeze crystallization not only can replace existing technologies but enables
completely new processes to be designed as it constitutes a new unit operation. For
instance, a new type of process where reverse osmosis does the first concentration step up
to 5 wt% salt while an EFC stage produces crystalline product and more clean water
combines the two technologies both at their strongest points. In the past, a combination of
lacking equipment, prejudices (“cooling is always too expensive”, the crystals will never

be pure”) has hampered development and implementation of EFC. Providing safer,
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sustainable, economical and ecological requirements for agueous stream treatment,

Eutectic Freeze Crystallization is a leading technology candidate for the coming decade.

EUTECTIC FREEZE CRYSTALLIZATION

The term crystallization, as known in the chemical industry, refers to the formation of a
dispersed solid phase from a fluid that is either a solution or an impure melt. Phase
diagrams represent the ranges of temperature, pressure and composition at which the
solid and fluid phases are thermodynamically stable. Most of the inorganic compounds
and many organics from solutions crystallize from solution in the eutectic system. Figure
1.2 shows for a binary eutectic system the regions of stability of one phase (liquid), two
phases (solid consisting of pure | (ice- for our case) in equilibrium with the liquid; pure
solid S (salt) with liquid; pure I and S) and three phases (solids I, S and liquid in
equilibrium at the eutectic point C). Besides, when the components in the mixture fit into
each others lattice, a rather common behavior of solid-solution system form and both
components are deposited simultaneously. This type of systems, when submitted to a
cooling operation, at any stage one of the components deposit in the pure state [Mullin
2001]. During developing Eutectic Freeze Crystallization technology, aqueous solutions

with eutectic phase diagram were chosen as model solutions.

Separation principle

EFC operates around the eutectic temperature and composition of agueous solutions and
can treat a wide variety of feed solutions without adding any further solvents or
chemicals. EFC can be considered as a combination of cooling and freeze crystallization.
100% theoretical yield and up to 90% exergy cost saving make EFC technology
attractive. The principle of EFC can be described using a phase diagram of a binary salt-
water mixture, shown in Figure 1.2. If a solution in unsaturated area with a concentration
lower than eutectic composition (A) is cooled down below its freezing point, ice crystals
start to form (B). Further cooling decreases the temperature, and increases the

concentration with the formation of ice crystals along the ice line B to C. At point C
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(eutectic point: the intersection of the ice and salt solubility lines), the liquid
concentration reaches saturation and further cooling will result the formation of ice and
salt crystals simultaneously. Similarly, starting with a solution having higher
concentration than eutectic composition will result in the formation of first salt and reach

to the eutectic point by following the salt solubility line.

Liquid (unsaturated solution)

OA
I

ice line

Temperature
——)

_|
®
=
—-

ice + salt Eutectic point

Ceut

———
salt concentration

Figure 1.2: Eutectic phase diagram of an aqueous solution

Figure 1.3: Gravitational separation of ice and salt crystals formed by EFC
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The two solid products (ice and salt) are separated gravitationally based on their density
difference. Salt crystals sink to the bottom of a solution while the ice crystals rise to the

surface as shown in Figure 1.3.

State of the art of Eutectic Freeze Crystallization

Stepakoff [Stepakoff et al. 1974], Barduhn [Barduhn 1979], Swenne and Thoenes
[Swenne 1983, Swenne et al. 1985] made the first studies on a eutectic freeze
crystallization process for brine disposal and concentration of industrial wastewater, of
natural waters and of sodium chloride production from solution mining. In the late 1990’s
Van der Ham and Witkamp started to develop eutectic freeze crystallization process, with
the concept of indirect cooling. He proved the feasibility of EFC technology for the waste
water treatment of aqueous systems like NaNOs, CuSO4, NH4H,PO, and an industrial
case for a KNO3—HNO3-H,O process stream [Van de Ham 1999a, Van de Ham et al.
1998, 1999b, 2003]. Following the work of VVan der Ham, in 1998 Vaessen designed and
constructed two types of 100-liter eutectic freeze crystallizers: The cooled disc column
crystallizer (CDCC) and the scraped cooled wall crystallizer (SCWC). He evaluated their
technical performance based on the treatment of ternary aqueous KNO3—HNO3 solutions
[Vaessen 2003a, Vaessen et al. 2003b, 2003c]. Besides indirect cooling, Vaessen did also
some direct cooling studies with the help of CO; clathrates by changing the eutectic
temperature by crystallizing CO, clathrates instead of normal ice [Vaessen et al. 1999]. In
2002, Himawan applied EFC technology for the recovery of magnesium sulphate and ice
from an industrial magnesium sulphate stream from ex-flue gas desulphurization and
developed a general model for continuous eutectic freeze crystallization in a scraped
surface crystallizer based on population balances (crystal size distributions during the
simultaneous solute and solvent crystallization into ice and salt crystals) [Himawan et al.
2002, 2006, Himawan 2004].
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Scope of the research and outline of the thesis

The aim of the thesis work has been to investigate some unexplored fundamental aspects
of EFC and to develop eutectic freeze crystallization equipment and the technology for
industrial scale. As a model system MgSO,4 was used, because of its industrial relevance

as product from flue gas desulphurisation and because it is scientifically interesting.

Chapter 2 focuses on the experimental study on the continuous operation EFC in a 150
liter pilot scale CDCC crystallizer. The performance of the crystallizer was evaluated
according to its heat transfer and the production rate, the product size and the growth

rates comparing to the previous designs [Genceli et al. 2005a].

Chapter 3 covers the investigation on inline determination of the MgSO, solution
concentration and supersaturation using conductivity and refractive index measurement
techniques [Genceli et al. 2005b].

Chapter 4 reports the design, scale-up and construction of a complete mobile skid
mounted unit for 130 ton/year MgSO,7H,O and water production capacities. The
experiments for technical evaluation and consequently determination of the optimum
operation parameters were performed for the 3™ generation CDCC and for the skid
mounted unit [Genceli et al. 2005¢, 2005d]. The nucleation and growth rate Kinetic

parameters of ice and MgSO,4-11H,0 salt crystallization were estimated.

The MgSOQq salt crystal structure at eutectic conditions was also investigated during this
research. According to the phase diagram of MgSO4-H,O system in literature,
MgSQ,-12H,0 is the stable salt form around the eutectic point (concentration 17.3-21.4
%-w MgSO, and temperature between -3.9 to 1.8 °C) [Chernogorenko 1956, Gmelin
1958, Marion 1999]. MgSOQ, salt water content in that area was first defined by Fritzsche
in 1837 as MgSO,-12H,0 via dehydration by weight loss of the salt [Fritzche 1837].
Considering the lack of crystal structure data for the related salt, single-crystal X-Ray
Diffraction measurement of the salt was performed [Genceli et al. 2007]. A newly

discovered magnesium sulfate-hydrate crystal structure is reported in Chapter 5.

10
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The natural occurrence of MgSQO,4-11H,0 crystals in sea ice inclusions from Saroma
Lake-Japan and their likely existence in Antarctic ice inclusions were discovered using
Micro Raman Spectroscopy technique. MgSO,4-11H,0 named Meridianiite, deposited and
recognized as a valid mineral by the Commission on New Mineral Names and Mineral
Nomenclature of the International Mineralogical Association (2007-11, Peterson and

Genceli). In Chapter 6, the discovery of this new mineral —Meridianiite- is presented.

In order to lower operational costs in industrial crystallizers and to achieve crystallization
process intensification, scale prevention on cooled surfaces is extremely important.
Prevention of scaling may be possible by understanding its mechanism better and
developing more knowledge about the nucleation and growth conditions on the cooled
wall. Therefore, growth of MgSQO, aqueous solution on a cooled surface has been studied
theoretically and experimentally. The excess entropy production rate for heat and mass
transport into, out of and across the interface was derived using thermodynamic excess
densities as proposed by Gibbs [Gibbs 1961]. These variables describe the interface as a
separate (two-dimensional) system in local equilibrium. Coupled heat and mass flux
equations from non-equilibrium thermodynamics [Kjelstrup et al. 2008] describing the
crystal growth and the temperature jump at the interface of the growing crystal and the
distribution ratio of heat of crystallization between the salt and liquid phases are

presented in Chapter 7.

A consortium including knowledge institutes, the users (process industries) and a
equipment manufacturer has effectively developed EFC during the last ten years to the
state of pilot scale. Now it is time to accelerate the translation of this scientific-
technological knowledge into business. Fast implementation of EFC technology to the
market is desired both for economical and environmental reasons. Traditionally,
innovations are considered as linear chains of independent actions, where each stage
requires a considerable amount of time, holding up the next stage. This is one important
reason for the traditional long implementation trajectory. The time between invention and

successful implementation can be reduced by simultaneous actions using the Cyclic

11
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Innovation Model which considers the innovation process as couples ‘cycles of change’,
where developments take place in all cycles simultaneously [Berkhout 2000, Berkhout et
al. 2006]. This helpful innovation model tool is described and subsequently applied to set
out a path for commercialization of the eutectic freeze crystallization technology in
Chapter 8.

12
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Chapter 2

ABSTRACT

Eutectic freeze crystallization is a new separation process to produce pure ice and salt
from concentrated salt solutions. For this new process, specialized crystallizers are being
developed. A new, 2" generation Cooled Disc Column Crystallizer (CDCC-2) with 150-
liter capacity and 5.6 m*m® cooling area was designed and tested for MgSO,
crystallization. A heat flux of 1.1-3.9 kW/m? was achieved at a temperature difference
between coolant and crystallizer bulk solution of 3-6.5 K and a residence time of 1-3

hours. Crystallization and gravitational separation of ice and salt are discussed.

20




Development and Performance of EFC Cooled Disc Column Crystallizer (CDCC2)

INTRODUCTION

Very pure water and solid salt can be simultaneously recovered from electrolyte solutions
by Eutectic Freeze Crystallization (EFC) at low energy costs and very high yields [Van
der Ham et al. 1998-1999]. Previous work dealt with the prototypes Cooled Disc Column
Crystallizer (CDCC-1) and Scraped Cooled Wall Crystallizer (SCWC-1) [Van der Ham
et al. 2003, Vaessen et al. 2002-2003a]. Scaling on the cooling surface was the main
problem and was caused by secondary nucleation of ice near the scrapers followed by
growth on the cooling surface. This limited the heat transfer to 2.5 kW/m? [Vaessen et al.
2002-2003b, Vaessen 2003a]. A new crystallizer, CDCC-2 was designed with an
optimized scraper-plate system and crystallizer geometry for efficient gravitational
separation and adequate residence time for nucleation and growth. Heat transfer and

crystallization kinetics were investigated for ice and MgSO,4:11H,0.

EXPERIMENTAL

See Figure 2.1. The feed liquor was pumped (P-01) from T-01 through a plate heat
exchanger (H-01) to the CDCC-2 (150 liter capacity). Freezium™ solution containing
43%-potassium formate was used as coolant. Ice and salt crystals were formed under near
eutectic conditions inside the CDCC-2. The top slurry (mainly ice) was withdrawn by
overflow and the bottom flow (mainly salt) was pumped peristaltically (P-02) into a
stirred 150-liter tank (T-02). In T-02, the ice and salt crystals dissolved at room

temperature and recycled as solution to T-01.

Heraeus Pt-100 Elements (+/- 0.05 °C), Fisher Rosemount Magnetic Flow Meters
(+/- 0.25%) with a Fisher Rosemount Delta-V measurement and control system was used.

The CDCC-2 contains 3 compartments separated by 2 cooling plates (SS-316 steel).
Orifices are built into the outer rims of the disks allowing vertical transport of fluid, ice
and salt through the column. The wall is made of transparent PMMA, 4 rotating scrapers
made of HMPE on each cooling plate are mounted on a central axis which is connected to
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a motor with variable speed. In the crystallizer main body, the total cooled surface area

per crystallizer volume is 5.6 m?/m°.

""""""""""" CM-01
Cooling Machine

Ice Slurry

P-01 —D_‘r |

T-01

T-02
Storage
Tank

Storage
Tank

Salt Slurry

Figure 2.1: Flow sheet of experimental setup

First, The CDCC-2 was filled with feed solution at ambient temperature and supercooled
in batch mode until sufficient ice and salt were formed. Subsequently the crystallizer was
switched to continuous operation. Variables were the feed flow and thereby the residence
time and top and bottom product outlet flow rates. The scraping rate was constantly 80

rpm.

At steady state, Ice and salt samples were taken every 30 minutes from top and bottom

outlets.

The used industrial magnesium sulfate solution initially contained 17.7 wt% of MgSQ,
and the following impurities in mg/kg level: 40 Mn, 380 Ca, 27 K, 74 Na, 100 Mo, 60 P,
0.9 Al, determined by Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-
AES) at +2.5%.
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MgSQO,-11H,0 and ice were crystallized near the eutectic point. The MgSQO,4:11H,0 was
subsequently recrystallized into the final product MgSQO,4-7H,0 (epsomite).

The heat transfer coefficients in the system were determined from measured flows and
temperatures and the heat capacities, using the logarithmic driving temperature difference

between coolant and bulk solution as a driving force.

RESULTS AND DICUSSION

The effects of operating conditions on the heat transfer and the solid production are given
in Table 2.1. The temperature of cooling liquid (Tce) Was varied between -7.6 to
-11.7 °C, the residence time (t) was changed in the range from 1.1 to 3 hours and the
ratio of the top outlet flow to the feed flow was varied between 0.67 to 0.95. At eutectic
conditions, a vertical temperature profile inside the column was observed: The
temperature in the bottom compartment was lower than in the top compartment. The
middle compartment temperature value varied with the feed flow rate to the CDCC-2 as
warmer MgSQO, solution was fed to the middle compartment. Increasing the feed rate, i.e.

lowering the residence time, increased the temperature in the middle compartment.

Table 2.1: Operating conditions and measurements

Operating Heat transfer Temperature Solid content
conditions distribution
EXp Teool T Ftop ATlogi Qtotal Qota/ AV‘?" Ttop Tmia Thot Xice Xsalt
No | oy | )y | g | K &W) | (kW/m’) | °C) | (°C) | (°C) | (Wt%) | (Wt%)
A -76 | 1.1 | 095 | 3.02 | 0.96 1.14 -4,10 | -4.16 | -4.29 | 7.6% 7.2%
B -76 |15 | 0.67| 3.06 | 1.04 1.24 -4.00 | -4.12 | -4.25 | 7.9% 7.6%
C -8.7 3 [095] 433 | 1.28 152 -4.04 | -4.11 | -4.27 | 12.0% | 9.0%
D -8.7 3 08 | 436 | 1.29 1.54 -4.06 | -4.14 | -4.27 | 11.4% | 8.5%
E -98 | 1.5 | 095 | 5.06 | 2.12 2.52 -4.25 | -4.18 | -4.29 -* -*
F -98 | 1.3 | 0.67 | 5.09 | 2.06 2.45 -4.25 | -4.16 | -4.29 -* -*
G -11.7 | 1.3 | 0.67 | 6.42 | 3.25 3.87 -4.28 | -4.18 | -4.34 | 11.7% | 5.7%
-* Solid content not measured

! 7’1‘,001 out - 7-;”,“
A]—;Ug = (7:001,1'” - T'cool,out )/ln _

cool in cryst
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The influence of the heat transfer rate on the formation of ice and salt crystals in CDCC-2
was analyzed. As seen in Table 2.1, lowering the coolant temperature from -7.6 to
-11.7 °C, i.e. the logarithmic temperature difference from 3 to 6.4 K, increased the heat
flux from 1.1 to 3.9 kW/m?. These results indicate a significant improvement compared
to those of previous designs. Under the same operation conditions, a heat flux of 0.9-2.5
kW/m? was obtained in the SCWC, while for CDCC-1 it was 2.5 kW/m? in the best case
[Vaessen et al. 2002-2003b, Vaessen 2003a].

The gravitational separation of ice and salt occurs inside the crystallizer as a result of the

density differences: p,,., ~2000 kg.m® p . ~1200 kg.m® and p,_ ~900

*/1H,0 solution
kg.m™. To prevent ice scaling on the cooling plates and for achieving better heat transfer
rate during the experiments, the maximum scraping rate (80 rpm) was used. No scaling

was observed nor visually nor indirectly from the heat flux.

The solid content varied between 7.6 to 12 wt% for ice and between 5.7 to 9 wt% for salt
as a function of process conditions. The ice crystals (Figure 2.2), had a circular shape
with sizes ranging from 100 to 200 um whereas the MgSO,-11H,0 crystals (Fig. 2.3) had
prismatic shape with sizes ranging from 100 to 250 um. The average observed crystal

growth rates were G, =9x10° —=5x10°m/s andG_,, =9x10™° -6x10°m/s.

ice

Figure 2.2: Ice crystals
(Picture width 1000 um) (Picture width 1000 pum)

Figure 2.3: MgSQO,4-11H,0 salt crystals
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CONCLUSION

The new crystallizer exhibits a good crystallization performance (i.e. secondary
nucleation and growth) and a reduced scaling; allowing a much higher (up to 3.9
kW/ m?) heat flux and thus production rate (in kg per second per cubic meter of the
main crystallizer body) of 0.024 kg.s'm® for ice and 0.017 kg.s'm?® for
MgSQO,-11H,0 salt.

The solid content at steady state was up to 12 wt% with mean average crystal size of
100-200 um for ice and up to 9 wt% with mean average crystal size of 100-250 um
for MgSQ,-11H,0.

The growth rates were estimated to be G,,=9x10"°-5x10°m/s

andG,, =9x107° -6x10°m/s.
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ABSTRACT

Inline measurement of the supersaturation is important to support process control and for
evaluation of crystallization experiments. Especially when different hydrates or
polymorphs of the crystallized component occur, very precise measurement is required.
For example MgSQO47H,0 - MgSO4-11H,0 lines are quite close, and when operating
under Eutectic Freeze Crystallization (EFC) or cooling crystallization both salts might be
produced. Therefore conductivity and refractive index inline measurement methods are
investigated and compared for MgSO, solution having concentration range between 16 to
22 wt% and temperature range between 10 to -5 °C. Conductivity measurements are
correlated to concentrations and temperature with the empirical Casteel-Amis equation
and refractivity index measurements are correlated to concentrations and temperature
with a developed empirical model. The metastable lines for ice and salt of MgSO4 system
is drawn based on the measurements at the onset of crystallization upon cooling of
several solution concentrations. In the working range of EFC, the relative
supersaturations are calculated to be Gjcemax=0.2 and Ogimax=0.23. The accuracy for
conductivity measurement in relation to the metastable zone width is roughly calculated

to be around 20% and for refractive index measurements 3%.
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INTRODUCTION

Eutectic Freeze Crystallization (EFC) is a technique to separate aqueous solutions into ice
and solidified solutes simultaneously by operating near the eutectic point. The solution
concentration and temperature determine the supersaturations with respect to both ice and
salt. There is a complex interplay between these supersaturations and the (simultaneous)
crystallization of each compound. Therefore, inline determination of the solution
concentration in EFC processes is particularly relevant. Inline conductivity and refractive

index measurements seem suitable techniques for this purpose.

Conductivity (k) is typically expressed as a function of the solute concentration (C) and
temperature (T). The literature data of MgSQOy solutions are limited to high temperature
ranges and undersaturated systems [Lobo 1989]. De Diego studied several compounds in
a wide range of concentrations and temperatures, to find a model that can fit his (x, C, T)
data [De Diego et al. 1997-2001]. He extended the Casteel-Amis [Casteel et al. 1972]
equation to include the effect of the temperature upon the conductivity. For MgSO4
solutions, the measurements were done between 0-23 %-w and 15-55 °C. Himawan
determined the conductivity of the pure MgSOy solutions under eutectic conditions with
offline measurements and adapted the Casteel-Amis equation with new parameters

[Widjaja et al. 2002].

Refractive index (RI) of a solution together with temperature is also one of the common
techniques used for to measure the solute concentration. In literature several reports can
be found for measuring supersaturation and concentration gradient and observing
convective flow in the field of crystal growth by using refractometer techniques [Hirano
et al. 1981, Takubo et al. 1989, Takubo 1990, Russo et al. 1993, Fredericks et al. 1994,
Rilo et al. 2003]. The refractive index is related to the density and molar electronic
polarisability by the Lorentz-Lorenz Equation [Yagi et al. 2003]. It has been found that
for some aqueous solutions, the refractive index is a linear function of temperature and
density data [Yagi et al. 2003]. In order to confirm such a linear temperature the

empirical approximation of Ward and Kurtz was used [Valkai et al. 1998]. The linear
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temperature dependence of the refractive index is not a common feature of molecular
liquids for example in the case of water the fitted curve is a third order polynomial

[Valkai et al. 1998].

In this study, using the Mg-SO4-H,O system as a model, the potentials of using inline
conductivity and refractive index methods to measure supersaturation in EFC are
evaluated. Besides, a discussion on the suitability of the Casteel-Amis Equation, using
new parameters for low temperatures, an empirical model for representing refractive

index data, and determining metastable zone for MgSO, system is presented.

EXPERIMENTAL SETUPS & MEASURING PRINCIPLES FOR
CONDUCTOMETER AND REFRACTIVE INDEX MEASUREMENTS

Inline conductometer measurement experiments were performed in a 15-liter, batch type,
Scraped Cooled Wall Crystallizer (SCWC) designed for EFC processes. Cooling was
achieved by circulating Kyro 85 cooling liquid through a thermostatic unit, Lauda RUK
90 SW. In so doing, the temperature of the cooling liquid was controlled with an accuracy
of £0.1-0.5 °C. Temperature of the MgSQ, solution was measured using an ASL F250
precision thermometer connected to a PT-100 temperature sensor with an accuracy of
10.01 °C and resolution up to £0.001 °C. Inline conductivity measurements were carried
out with an ISC40S inductive conductivity sensor (Yokogawa). The measurement
technique is based on the inductive coupling of 2 ring transformers (toroids) by the liquid.

The instrument has an accuracy of £0.5% of reading and +0.5 uS/cm additionally.

Inline refractometer index measurements are performed in a stirred batch type, jacketed
glass vessel with an effective volume of 2-liter. A cooling machine, Lauda RK 8 KP,
circulated the cooling liquid, ethylene glycol-water, with a well-controlled temperature
within £0.05 °C. Temperature of solution was measured by a precision thermometer ASL
F250, connected to a PT-100 sensor, having same accuracy and resolution which is
attached to the conductometer setup. Inline refractometer index measurements were

carried out with a PR-03-P Sanitary Probe Refractometer sensor (K-Patents). The
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instrument determines the refractive index of the process solution by measuring the
critical angle of refraction. The instrument has an accuracy of £0.0002 RI (corresponds

typically to £0.1% by weight).

PREPERATION OF SOLUTIONS

16-22 wt% MgSO; solutions, prepared from 99 wt% MgSO47H,O (Merck) and ultra
pure water of 18.2 mQ were used for the conductometer experiments, whereas 16-22
wt% MgSO, solutions, prepared from 99.99 wt% MgSO4 7H,O (J.T. Baker) and ultra
pure water of 18.2 mQ were used for the refractometer index experiments. The scale used
was Mettler type PM30 with accuracy +£0.2% of reading. The solutions were mixed for a
minimum of +1 hour to create a homogeneous solution at around 25 °C inside the
crystallizer before starting the experiment. The magnesium sulfate concentrations of the
prepared solutions were measured offline with Inductive Coupled Plasma Atomic
Emission Spectrometry (ICP-AES) with an accuracy of £2.5%. ICP-AES was used to
determine the concentration of Mg”" cationic contaminant. A 5 ml pycnometer was

additionally used to determine the density of the solution with an accuracy of £0.15%.

EXPERIMENTAL PROCEDURE

In both measuring techniques, the salt solution was put inside the crystallizer and was
allowed to stabilize at 10 °C for 1 hour. It was then cooled down following a rate of 4
°C/hour. The data were collected every 20 seconds and were recorded with LabView for
conductometer and an acquisition system from K-Patents with software for refractive
index measurements. The onset of crystallization was detected from a temperature jump
inside the crystallizer. The corresponding conditions of concentration, refractivity index

and temperature were used to determine the metastable line.
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DATA ANALYSIS AND EXPERIMENTAL RESULTS

The conductivity and refractive index data of magnesium sulfate solutions with
concentrations between 16 to 22 wt% and temperatures ranging between -5 to 10 °C are
given in Figure 3.1 and 3.2. Above 17 wt% the conductivity of magnesium sulfate
solution monotonically decreases at all temperatures according to Figure 3.1. This implies
the possibility of using conductivity measurements as a method to measure the
concentration in the temperature and concentration range of interest for EFC. The
sensitivity of the measurement is calculated from the ratio of conductivity difference over
concentration difference at constant temperature. From the experimental data recorded, it
is found that the sensitivity of the MgSOy4 solution increases with decreasing temperature
(0.19mS/cm.wt% at 10 °C and 0.34ms/cm.wt% at -5 °C). The accuracy of the instrument
known to be +0.5% of the reading and +0.5 pS/cm additionally, which is equivalent to
0.1-0.15 mS/cm at low temperatures. This accuracy in conductivity corresponds to a
concentration accuracy of about +0.25 wt%. In the case of laboratory scale offline sensor
having an accuracy of and +0.2%, the accuracy at the same region is about 0.1 wt%

[Widjaja et al. 2002].
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Figure 3.1: Conductivity of MgSO, solution
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The Casteel-Amis equation shown in Equation 3.1 is based on an entirely empirical
model [Casteel et al. 1972], derived by the mathematical analysis of the shape of the plots
k vs. C in the whole concentration range, e.g., from infinite dilution to solubility-allowed
top concentration, Equation 3.2-3.5. It has been used to for the experimental data of
several electrolyte systems [Casteel et al. 1972, Gores et al. 1980, Werblan et al 1993].
De Diego modified Casteel-Amis equation to incorporate the effect of temperature upon

conductivity [De Diego et al. 2001],

K c Y@ ,  X(T)
(Kmax T J{Cm T )j exp{y(T )C —Crrax(T))* - CT) (C—Crn(T ))} 3.1
where:
K (T) = K + K T 3.2)
Crnax(T)=Clax +Chax T (3.3)
X(T)=x"+x*T (3.4)
Y(T)=y°+y'T (3.5)

K max and C%pax are respectively, the maximum of conductivity (mS/cm) of the chemical
system and the concentration (wt%) at which it is attained, both of them at 0 °C. i max
and ClmIX represent the shift of the Komax and the COmax with the temperature-coefficient of
the system at the point of maximum conductivity. x°, x', y’ and y' are adjustable
parameters with no physical meaning and temperatures are in °C [De Diego et al. 1997].
Modeling of conductometer data of magnesium sulfate solutions with the help of de
Diego parameters are not possible as the relative error between the experimental data and
the model is very large (>10%) and increases with decreasing temperature probably as the
data for parameterization of de Diego ranges from 15-55 °C. Therefore, it is necessary to

determine new parameters for our specific case.
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Table 3.1: General parameters for MgSO4 system

(2<T<10 °C for High Temperatures and -5<T<2 °C for Low Temperatures)

Par. High Temperatures Par. Low Temperatures
0 1 0 1
Kmax 1.1452 28.1483 Kmax 0.9692 28.7076
Crax 0.0369 16.6617 Chax 0.0883 14.1650
X 0.3024 0.4696 X -0.0456 -3.0889
y 0.0004 -0.0058 y 0.0000 -0.0077

An optimization program was used to extract general parameters of the modified Casteel-
Amis equation. The adjusted parameters of the modified Casteel-Amis Equation
calculated for MgSOy solution for concentrations between 16 to 22 w% and temperatures
between 10 to -5 °C are as shown in Table 3.1. The relative error of the conductivity data
between the model and the measured values are calculated to be 0.5%, which is
reasonable. The error decreases even more at lower temperatures (T<2°C). This proves
that under EFC conditions, the Casteel-Amis Equation with modified parameters can be

used to convert measured conductivities into concentrations successfully.

According to Figure 3.2, the refractive index of magnesium sulfate solution
monotonically increases with increasing temperature. This shows the possibility of using
refractive index as a method to measure the concentration. The sensitivity of MgSO4
solution to concentration at constant temperature is 0.002 RI/wt% and to temperature at
constant concentration is 0.0001 RI/°C. This shows that the refractive index data for
MgSO; solution is more sensitive to concentration change compared to temperature. The
accuracy of the measurements is found out to be +0.0002 R.I. corresponding to £0.1 wt%
of solution by weight which suits well with our experimental data. The relationship
between refractive index, temperature and concentration for MgSQO, solution is defined
with an empirical model. According to the model, temperature is defined to be a function
of 3" order polynomial equation of concentration, Equation 3.6 and the constants
specified in this equation are functions of temperature shown in equations Equation 3.7-

3.10.
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3 2
RI=AC; +BCj +DC; +E (3.6)

A=-13984x107T> =1.373x107 T? +1.7063x10™°T —1.6953x10~° (3.7)
B=7.242x10"T? +7.7232x10°T% —=9.4023x 107 T + 8.7888 x 10™* (3.8)
D=-1.2342x107°T> —1.4403x107*T? +1.7174x10°T -1.2913x10* (3.9)
E=6.9203x10°T> +8.9009x10* T —=1.0501x 10> T +1.4181 (3.10)
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Figure 3.2: Refractive index of MgSO, solution

The relative error of the refractive index data between the model and the measured values
are calculated to be 1.7x107° %, which indicates quite high accuracy. The standard
deviation of the data obtained from the empirical model and the measured values is found
out to be1.04x107*. It is clear that very good achievement by using a 3" order polynomial
empirical model is obtained for the presentation of MgSOj, system refractive index data,

as a function of temperature and concentration.
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Figure 3.3: Phase diagram of MgSO4 system

The phase diagram of the MgSO, system is given in Figure 3.3, taken from Gmelin
[Gmelin 1958]. The measurements at the onset of crystallization upon cooling for several
solution concentrations allowed us to draw the metastable lines for ice and salt. Eutectic
freeze crystallization takes place between solubility and metastable lines (hatched area).

*

If we define relative supersaturations as o, =(C,, —C)/C, and oy =(C—Cly )/ Coar »

ice ice

then inspections of Figure 3.3 shows that Gicemax= 0.2 and Ggaimax= 0.23. Comparing the

measured concentration (H=C + accuracy, considering the error coming from the

measured —
instruments), with the maximum supersaturation (MZW, metastable zone width), the
accuracy ratio (=H/MZW) are for the conductometer measurement calculated to be <20%
for ice and about 20% for salt and for refractometer index measurement 3% for both ice

and salt which is quite satisfactory.
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CONCLUSIONS

- The conductivity has been modelled with Casteel-Amis equation whereas the refractive
index data has been modelled with an empirical equation with two sets of fit parameters
for the ranges of temperature —5 to 10 °C and concentration 16-22 %-w.

- In the EFC working area, the metastable supersaturations for MgSOj4 and ice are about
Gsaltmax= 0.23 and Gicemax= 0.2.

- For eutectic freeze crystallization of MgSO4 11H,0, the conductivity method has an
accuracy in relation to the metastable zone width of about 20% for ice and salt
crystallization whereas the refractive index has such an accuracy of 3%.

- Refractive index measurement is potentially a suitable technique for determination of

supersaturation in crystallization processes for MgSO, system.
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LIST OF SYMBOLS

T °C

K mS/cm

C wt%

ol wt%

K mS/cm
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Measuring temperature
Electrical conductivity
Concentration

Equilibrium concentration at same temperature

Maximum conductivity at 0 °C

Maximum conductivity at process temperature
Maximum concentration at 0 °C

Maximum concentration at process temperature

Adjustable parameter with no physical meaning
Adjustable parameter with no physical meaning
Adjustable parameter with no physical meaning
Adjustable parameter with no physical meaning
Relative supersaturation for ice

Constant as a function of temperature

Constant as a function of temperature

Constant as a function of temperature
Constant as a function of temperature
Concentration measured by conductometer and

Refractive index method
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Chapter 4

ABSTRACT

Soluble inorganic salts from industrial processes and aqueous waste streams can be
recovered by Eutectic Freeze Crystallization (EFC). Around the eutectic temperature both
highly pure salt and ice crystals can be simultaneously recovered as valuable products.
Here, the third generation Cooled Disc Column Crystallizer (CDCC-3) and Skid Mounted
Unit are presented. CDCC has a capacity of 220-liters, 7 compartments and 7.7 m*/m’
cooling surface area. A complete mobile (skid mounted) pilot unit for industrial
applications was designed and constructed, allowing the system to be easily installed and
integrated into an industrial plant. The unit consists of the CDCC-3, belt filtration, wash
column, separation and storage tanks and special measurement devices (image analysis,
data acquisition and a field bus based control system). As a practical application, the skid
mounted unit was designed for producing 130 ton/year MgSO47H,O salt. Besides
process flow diagrams, the practical performances of the CDCC-3 in terms of heat
transfer properties and product quality were investigated. The experimental data were
used to estimate the parameters for kinetic relations for nucleation and growth rates for
ice and MgSO4-11H,0 salt. For logarithmic mean temperature difference between bulk
and coolant temperatures varying between 3.8 and 7.5 K, the heat fluxes were calculated
to change from 2.4 to 3.9 kW/m® for 30 minutes residence time. Within these operating
conditions MgSO4-11H,0 crystals have an average sizes of 90-130 um and contained less
than 0.5 ppm of major impurities. On the other hand, the ice crystals having average sizes
between 80-120 um contained 10 ppm Mg*" and SO,* impurity after four times washing.
The growth rates (m.s') of MgSO,11H,0 and ice were estimated to be

G, =2x10"c,, and G, =8x10°AT, , respectively. The secondary nucleation rates

salt
for ice and salt in the bulk were also calculated taking into account the secondary

nucleation on the cooled disk walls of the CDCC-3.
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INTRODUCTION

In industrial processes, such as fertilizer and semiconductor manufacturing, and
hydrometallurgy, petrochemical, biochemical processes salt solutions frequently occur as
process or wastewater streams. Eutectic Freeze Crystallization (EFC) potentially offers a
technically and economically attractive alternative for conventional separation
techniques. EFC operates around the eutectic temperature and composition of aqueous
solutions, but can treat a wide variety of feed solutions. Both highly pure salt and ice
crystals can be simultaneously recovered as valuable products. Theoretically 100% yield
and up to 70% energy cost saving (typically 50%) can be achieved compared to triple
stage evaporative crystallization. Separation of ice and salt products takes place

simultaneously, based on their density difference.

EXPERIMENTAL

Experimental Set-up: The flow scheme of the process is given in Figure 4.1. The 3™
generation Cooled Disk Column Crystallizer (CDCC-3), having 220-liter capacity,
contains 7 compartments separated by 6 cooling plates (SS-316 steel). Orifices are built
into the outer rims of the disks allowing vertical transport of fluid, ice and salt through
the column. The wall is made of transparent PMMA, 6 rotating scrapers made of HMPE
on each cooling plate are mounted on a central axis which is connected to a motor with
variable speed. In the crystallizer main body, the total cooled surface area per crystallizer
volume is 7.7 m*/m’. Compared to the previous designs [Vaessen 2003, Genceli et al.
2005] the cooled surface area and the volume of the crystallizer are increased. The
scrapers are improved for avoiding scaling and all metal parts of the scraper system were
isolated. The drive system was changed for a higher motor power. The bottom
compartment of the crystallizer was replaced to a conical one and the height of the top
compartment was increased for better ice collection. The plate heat exchanger (H-01)
supplied from Alfa Laval having 6.6 m* surface area is used for the precooling of the feed
solution fed to the CDCC-3. The settler (T-02) tank has 120-liters capacity and is made of

stainless steel (SS-316). It has a conical bottom for efficient collection of the produced
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salt. It is consisting of a cylindrical jacketed vessel on the outer wall, in which cooling
liquid passes through. The total cooled surface area per settler tank volume is 7.5 m*/m’.
Spiral-shaped paths inside the jacketed cylinder walls ensure an even distribution of the
coolant flow throughout each cylinder. It is stirred with a motor with variable speed. In
the hydraulic wash column (WC-01), the produced ice is separated and washed from the
impure mother liquor. This is achieved by the formation of a moving ice crystal bed, from
which the top part is scraped off and melted. The crystal bed is compressed and
transported through the column by the hydraulic force of the mother liquor. Part of the
melt, i.e. pure water, is used as a washing liquid and recycled into the crystal bed to wash
off the mother liquor. The mother liquor is removed through filtration pipes. The wash
column is supplied by TNO and its capacity is 15 kg.h™. The reciprocal tray belt filter
(BF-01) is used for the separation of MgS0O,4.11H,0 salt crystals from mother liquor, and
combines counter current washing and drying in a single piece of equipment. BF-01,
supplied by Larox-Pannevis, has 0.75 m” area, and processes with 1 m’/h feed. In the
skid, totally 6 membrane pumps are used for the transport of solution and slurry with
capacities ranging between 50-2000 1/h. CM-01, supplied by Tamson Instruments B.V.,
has 10 kW cooling capacity at 0 °C. Freezium™ -60 °C solution containing 50 %-w
potassium formate was used as coolant. The temperature of the cooling liquid was
controlled with an accuracy of +0.1-0.5 °C. The temperature of the MgSO, solution,
cooling liquid inlet and outlet temperatures were measured using an ASL F250 precision
thermometer connected to PT-100 temperature sensors with an accuracy of £0.01°C and
resolution up to £0.001 °C. F250 Heraeus Pt-100 Elements (+/- 0.05 °C), a Luci-Cpi
Series load cell supplied by Ian Fellows Limited (used as torque meter with an accuracy
of +1 kg), Fisher Rosemount Magnetic Flow Meters (+/- 0.25%) with a Fisher

Rosemount Delta-V data acquisition and control system were used.

Solution: The used industrial magnesium sulfate solution initially contained 17.4 %-w of
MgSO4 and the following major impurities in (by weight) ppm (mg/kg) level: (45£10)
ppm Mn, (360+60) ppm Ca, (70+10) ppm Zn, (500+100) ppm Cl, (6+4) ppm Ni, (20£5)
ppm P, (370+£100) ppm K, (40+10) ppm Na, (20+10) ppm Mo.
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Operating procedure: See Figure 4.1 The CDCC-3 was first filled with MgSO, feed
solution form the storage tank (T-01) at ambient temperature and (super)cooled in batch
mode. The coolant temperature was set in the range between -10 to -14 °C. The initial
supercooling, at which seeds of ice and MgSO,4-11H,0 salt crystals were introduced, was
typically 1.0 °C. These seeds were prepared separately and maintained stable in a cooling
chamber. As soon as crystallization of ice and salt occurred, the suspension temperature
rose gradually to approach the eutectic temperature and remained stable throughout the
experiment. After solids were accumulated, about 0.5-1.0 %-w, which was observed
visually, the operation was then switch to continuous mode. The feed liquor was pumped
(P-01) from T-01 through a plate heat exchanger (H-01). The scraping rate was a constant
80 rpm which refers to 8 scraper passes per second on any point of the cooling plate. As
the result of too good mixing in CDCC-3, at steady state, an intermediate settling tank (T-
02) was used for the gravitational separation of ice and salt crystals. From CDCC-3, the
top slurry (mainly ice) was withdrawn by overflow and the bottom flow (mainly
MgSO4-11H,0 salt) was pumped by a membrane pump (P-02) into T-02. CDCC-3, T-02
and H-01 were cooled down by the connected cooling machine (CM-01). T-02 is mixed
by a combined turbine impeller — mixing paddle arrangement to keep the ice crystals as a
homogenous, mixed slurry and suspend the salt crystals to prevent blockage in the outlet
of the conical bottom. From T-02, the overflow was send to the wash column (WC-01)
via P-05 to be separated from the mother liquor. At 0 °C, the mother liquor of eutectic
composition was sucked from the ice slurry and discharged back to T-01. MgSO4-11H,0
crystals slurry settled in the T-02 is sent to the belt filter (BF-01) for to be filtered. The
mother liquor obtained both from BF-01 and WC-01 were recycled to T-01 via P-04 and
P-06 respectively.
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Figure 4.1: The flow diagram of MgS0,4.7H,0 production with EFC technique
(numbers refer to are described in the texts)

Sampling and sample analysis: Slurry samples were taken from the CDCC-3 in batch
and continuous mode, the settling tank and the belt filter for defining the production rate,
crystal sizes and their quality. The solid was studied by light microscope; photographs
were taken of the crystals and the solid content of the slurries determined by filtration
(and differential weighing). The control parameter for defining the optimum operation
condition was the set temperature of the coolant. The feed flows and thereby the
residence time was kept constant at half hour (30 minutes) in all experiments. This value
is the lowest residence time due to the restrictions of the pump capacities used in the skid
mounted unit. The heat transfer coefficients in the system were determined from
measured flows and temperatures and the heat capacities, using the logarithmic
temperature difference between coolant and bulk solution as a driving force. The samples

of salt crystals were withdrawn every 15 minutes from sampling points of CDCC-3 and
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belt filter. The slurry samples were vacuum filtered. On the samples taken from CDCC-3,
first gravity separation was applied so ice and salt solid content were measured
subsequently and the mother liquor was collected. The cations and anions in the mother
liquor and the crystal purity were measured using Inductively Coupled Plasma Atomic
Emission Spectrometry (ICP-AES) with an accuracy of £2.5% and Ion Chromatography
with an accuracy of £3%. Digital photographs of the salt and ice crystals were taken
under a Leica WILD M10 stereomicroscope attached with a Nikon Coolpix 4500 camera.
The sizes of salt and ice crystals were determined by image analysis. At least 300 crystals
were hand counted per one sampling time. The ice and salt impurity contents were
measured with Cryo-Laser-Ablation-Induced-Coupled-Plasma-Mass-Spectrograph (cryo-
LA-ICP-MS) method. The cryo-LA-ICP-MS consists of the cryo-sample cell, the Bioptic
Laser Ablation Unit and the Thermo Finnigan High Resolution ICP-MS. The same
sampling procedure was followed as described by Gértner et al. [Gértner et al. 2005]. Ice
and salt samples were analyzed for Na, K, Mg, Ca, Cr, Mn, Ni, Mo and Cu. The

sensitivity of this method for the investigated elements is around 1 ppb or better.

RESULTS AND DISCUSSION

As presented in Table 4.1, the temperature of cooling liquid (T¢e1) to CDCC-3 was varied
between -10 to -14 °C resulting in heat fluxes from 2.4 to 3.9 W/m®. The residence times

(t) for batch were kept constant at 30 minutes after achieving eutectic conditions.

Table 4.1: Operating conditions and measurements

Operating conditions Heat transfer Production rate
Tcool T ATlog* Qtotal Qtotal/ Awall Xice Xsalt
(°C) (h) (K) (kW) (KW/m?) kg/h kg/h
-10 30 3.8 4.04 2.4 8.3 9.5
-12 30 53 5.31 3.2 15.2 16.4
-14 30 7.5 6.48 3.9 17.1 17.4

7:'001 out 71) st
* A Zog = (T-Zroal,in - 7-Luo[,nuz‘ )/ ln —]—v)
cool in - cryst
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Ice and salt crystals

The unwashed ice and MgSQOy4-11H,0 crystals for after 5t residence time are shown in
Figure 4.2. Under low heat removal rate with logarithmic temperature difference of 3.8
K, the average crystal sizes of MgSO4-11H,0 and ice were measured to be 130 and 120
pum respectively (see Figure 4.2 (a) and (b)). However, under higher heat removal rate
with logarithmic temperature difference of 7.5 K, smaller average crystal sizes of 90 and

80 um (for salt and ice respectively) were recorded (see Figure 4.2 (c) and (d)).

-
» ' (b)

‘ 3 100 um

Figure 4.2: Effect of heat rgmal rate

MgSO4-11H,0 crystals under low (a) and high (c) heat removal rates
Ice crystals under low (b) and high (d) heat removal rates respectively

The ice crystals are disk shaped with mass based average size between 80 and 120 um.
Collecting from the crystallizer, they mainly contain Mg”" (3 %-wt) and SO,4* (10-wt%)
mother liquor impurity which drops below 50 ppm after washing on the belt filter
(filtration of ice on belt filter was also tried) and drops below 10 ppm after four times
washing cycle with pure water at 0 °C. The concentration in the ice crystal structure is

probably even much lower.
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MgSO4-11H,0 crystals are well faceted rectangular shaped with mass based average size
between 90 and 130 um. The unwashed salt crystals collected from the crystallizer have
as main impurities Ca®", CI" and Mn”" ions, in total about 100 ppm, which drops below 10
ppm after the washing step on the belt filter and to below <0.5 ppm after four times
washing cycles with pure magnesium sulfate solution prepared at eutectic concentration

and precooled to -3 °C.

Solid-solution formation is a frequent occurrence when trying to crystallize apart
compounds of similar molecular structure. The closer structurally the wanted and
unwanted compounds are, the more likely they are to form a solid-solution. In order to
understand solid-solution formation, it is valuable to have a numerical measure of its
extent. Molecule 'A' (desired compound) will equilibrate between the crystal phase (C)
and the liquor phase (L) according to a partition coefficient, p(A). Likewise molecule 'B'
(the impurity) will equilibrate between the crystal and the liquor phase according to
another partition coefficient p(B). The ratio of p(A) to p(B) in mole fractions gives a

measure of the solid-solution extent 'D' which is short for Distribution [McCauge 2007].

X¢ X¢
p=Pr_Zs Za @.1)
pA XB XA
30 20
25 |\ oA 18 —Ma

—e_Cl ii A\ —0— S04
20 A ]
12 4
15 A <10
8
5 4
2 4
0 ‘\\‘; T T T T T T T o

Without 1 2 3 4 Without 1 2 3 4

washin . i ;
9 Washing cycles washing Washing cycles

(a) (b)
Figure 4.3: Solid-solution extent (D) variation as a function of crystal washing cycles.
(a) MgSO,11H,0 crystal main impurities: Ca>*, CI and Mn*" ions
(b) Ice main impurities: Mg*" and SO4*
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Using Equation (4.1), the solid-solution extent of salt and ice crystals are defined as a
function of distribution and washing cycles and are presented in Figure 4.3 (a)-(b). The
total value of 'D' for MgSO411H,0 crystal main impurities (Ca®", CI" and Mn*" ions)
adds up around 2% (See Figure 4.3a) whereas same value for ice crystal mother liquor
impurities of Mg®" and SO4” are around 1% (See Figure 4.3b) after washing the crystals

4 times.

Generally it is desired to have D < 5% for a good resolution and assumed the crystals to
have reasonable solid-solution content [McCauge 2007]. The high purities and the great
effect of the washing confirm the high selectivity of ice and MgSO4 11H,O crystals

growth under eutectic freeze crystallization.

Crystallization Kinetics

Kinetic data (growth and nucleation rates) were estimated with the assumption of an
MSMPR (a mixed-suspension, mixed-product removal) crystallizer operated in
continuously in steady state [Myerson 2002]. From other research [Himawan 2005] we
know that this is not completely true, if only for the influence of the cooled surface on the

nucleation of especially ice. This, however, we take into account (see below, step 4).

Moreover, both nucleation in the bulk and near the cooled surface are assumed to be
secondary of nature. A visual observation learned that in a clear, undercooled liquid
nucleation of ice occurred only when some ice crystals were added, and took place near

the scrapers.

We assume that no crystals are present in the feed stream, all crystals are of the same
shape, the crystals do not break by attrition and that the crystal growth rate is independent
on the crystal size. The relationship between crystal size L, and population density, n
(number of crystals per unit size per unit volume of the CDCC) is then directly derived

from the population balance shown in Equation 4.2 [Mullin 2001]:
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n=n, exp(—é)

(4.2)

where n, (#.m™) is the population density of nuclei (zero-sized crystals) and t is the

residence time. A plot of log n versus L gives a straight line of slope —~(Gt)" with an

intercept at L=0 equal to n,. The experimental measurement of crystal size distribution

(recorded on a number basis) in the assumed a steady-state MSMPR crystallizer and

extrapolation is used to quantify n,.

For calculation of growth and nucleation rates briefly the following steps were followed:

1.

Crystal size distribution (L) versus crystal population density in logarithmic scale ()
was obtained.

Slope of the straight line was equal to —1/G7 with an intercept at L = 0 equal to n,
(Equation 4.1).

From the known residence times (7), the crystal growth rates (G) were calculated.
=n,G.

Nucleation rate (B) was calculated using growth rate (G) fromB,,,

Nucleation took place both in the bulk and at the walls of the cooling walls.
Therefore nucleation rate was defined by using the following equation:

B =B, +B

total wall

Growth and nucleation rate kinetic parameters were calculated according to the

following relations by the following assumptions [Himawan 2005]:

a. The growth rates of ice and salt occurred mostly in bulk and modeled with
power law kinetics. Gy, was controlled by surface kinetics with spiral growth
mechanism, while G;.. was mass transport controlled.

b. In the bulk relative supersaturations for salt and ice were defined by

o —M and AT, =T -T, ., respectivel
bulk = C = bulk p y-

ice eq
eq

On the cooling walls the relative supersaturation for salt and ice were defined by

Coiti —Coom
_ bulk eq,wall and AT T

O-Wa” C ice,wall = eq,wall _Twall respeCtlvely'

eq,wall
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Ceq and Ceyvqn were the equilibrium concentration of MgS0O4.11H,0 at Tj, and
Thuiwan respectively; whereas T,, and T.,..; were the temperature (freeze
depression point of ice) at Cpy and Cpyix wan respectively.

From freeze concentration literature, secondary ice nucleation was chosen which
was proportional to total crystal surface area my;,. and second order of
supercooling ATj.. [Evans et al. 1974, Kane et al. 1975, Shirai et al. 1990, Louhi
1996].

The expression for MgSO4.11H,0 secondary nucleation was chosen to the form
reported for MgS0O,4.7H,0 [Bauer et al. 1974, Tai et al. 1975].

The wall nucleation rates were taken to be proportional to the available total

cooling surface area per crystallizer volume (4,,,/V.,,,) and to the salt solid
content M, or ice crystals aream,,,, implying the importance of crystals-

crystals and crystals-wall collisions in these zones.

In Table 4.2 the kinetic expressions introduced in the model are presented.

Table 4.2: Kinetic expressions applied in eutectic freeze crystallization for CDCC-3

Kinetics |Salt Ice
_ 2 —
Growth rate Gsalt - kg,salt O bulk Gice - kg,iceATbulk ms™!
Secondary ) 5
: — — -3.-1

nucleation Bsalt - kb,saltMT,salt Gbulk Bice - kb,icemliceAT;'ce #m”s

-bulk-
Secondary 4
nucleation | B =k M M. o> |B =k wall | AT?  HmYs!

salt,wall — "Vb,salt,wall T ,salt™~ wall ice,wall — "Vb,ice,wall 2.ice wall
-wall- Vcryst Vcryst
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The growth rate kinetic parameters (k,) for salt and ice crystals were estimated from the
Equations given in Table 4.2 and Figure 4.4. It can be seen that the error can be quite

high.

4.0E-07 Kg.sa-all

3.5E-07
T 30E07 - Kgsan=2x10°m.s™
N 2.5E-07
E. 20807
‘_:,:; 1.5E-07 1
O 1.0E-07
5.0E-08
0.0E+00
0.E+00 2.E-03 4E-03 6.E-03 8.E-03

o[ (a)

Kg.ice-all

L4E-07
1.2E-07
SLOE-07
2 6.0€-08
£ 8
—'6.0E-08 .
8
(9 4.0E-08 .
2.0E-08 . " .

0.0E+00 T T T T
2.E-01 3.E-01 4.E-01 5.E-01 6.E-01 7.E-01

ATice [K] (b)

Kgice=8x10° [m.s K7

Figure 4.4: (a) MgSO4-11H,0 crystals growth rate kinetic parameters
(b) Ice growth rate kinetic parameters

The nucleation rate kinetic parameters (Kb salt-buiks Kb salt-walls Kb.ice-bulks Kbice-war) fOr salt and

ice crystals were estimated form the Equations given in Table 4.2 and Figure 4.5.

57




Chapter 4

kb,salt-bulk

6.E+06
- k =1x10’ [#.kgt.s™
" b,salt-bulk=1X [#.kg™.s™]
@ " 4E+06
=
i
~ 2.E+06 1
3
o
m

0.E+00

0.0 0.1 0.2 ,0.3 0.4 0.5
IVIT,saIt.-AG
k )

L E+06 b,saltwa3II —"
— Ko sait-wan=1x107 [#.m kg ™.s™]
"y, B.E+05 1 .
o
E 6.E+05 -

, 4E+05
£ 2E+05 | . .
0.E+00 ‘ ‘ ‘ ‘ ‘
0 100 200 300 400 ) 500 600
MT,salt.-(AwaII/Vcryst)-AG
Kb ice-bulk
—, 8E+07
- 6 2 1,2
' Kpice=3X10" [#.m".s".K "
o BE07 b.ice [ .]
£
#  4.E+07
= .
2 2.E+07 .
8
@ 0.E+00 ‘ ‘ ‘
2.E-01 5.E+00 1.E+01 2.E+01 2.E+01
272 3,2
m2,iceATice—waII [m .m -K]
1.E+08 I(b.ice-wall
—
@ Kp ice-wan=4x10°% [#.m™*.s.K?|
=
R
—' 5.E+07 >
[
z A
L
m
0.E+00 =
0.E+00 1.E+04 2.E+04
2
m2,ice.-(AwaII/Vcryst)-ATwall

(@

(b)

(©

(d)

Figure 4.5: (a) MgSO,11H,0 crystals bulk nucleation rate kinetic parameters
(b) MgSO4 11H,0 crystals wall nucleation rate kinetic parameters
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From Figures 4.4 and 4.5 the estimated growth and nucleation kinetic parameters for ice
and salt crystals are summarized in Table 4.3. These parameters could be used for

simulation studies.

Table 4.3: Estimated kinetic parameters for CDCC

Parameters Salt Ice

kg 2x107 [m.s] 8x10°" [m.s'.K']

ke 1x10’ [Hkg's'] 3x10° [#m~.s K7
ki, wait 1x10° [#.mkg '] 4%10° [#.m" s K7

Trends of salt and ice nucleation rates and supersaturations versus run time for ice and
salt crystallization are given in Figure 4.6. The nucleation rate for salt is dominated by

that in the bulk whereas nucleation of ice takes place more at at the wall.
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Figure 4.6: Trends of ice and salt nucleation rates versus runtime (Ayan/Verys=7.7 m’m™)
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Kinetic parameters of ice and MgSO4-11H,O salt crystallization under Eutectic Freeze
Crystallization in CDCC are derived from the data collected under steady state operation
conditions at different set temperatures (heat fluxes) and for 30 minutes residence time.
The growth rate for ice varied between Gije 5x 10° = 7x10°m.s' within the
supersaturation of ATje 0.05-0.66 °C and salt Ggy 1.3 % 10° —1.3x107 m.s™! within the

supersaturation range of Gy, 0.008-0.08.

The growth rate of ice is lower than in previous studies [Shirai et al. 1990, Louhi-
Kultanen 1996] but comparable with that in a SCWC [Himawan 2004]. This might be
due to the ice crystals captured inside the compartments around the axis. Similar to
Himawan’s work, Gy, is of the same magnitude as that in literature [Mershmann 1995]

only with a slight lower value due to EFC low operating temperature.

The supersaturations for ice and salt near the wall are much higher than in bulk as shown
in Figure 4.6. According to Figure 4.6 (a), the salt effective nucleation rates (i.e. wall plus
bulk nucleation rates) are dominated by nucleation in the bulk. On the other hand, the ice

effective nucleation rates are dominated by nucleation at the wall (see Figure 4.6 (b)).

The effective nucleation rates vary for Bi. and for By as follows (according to
experimental data for different supersaturations): 3-10"—1-10° #m> s’ and

8-10° —4.5-10°#.m™ s respectively.
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CONCLUSIONS

The third generation crystallizer for EFC applications (CDCC-3) and the design of the
complete mobile skid mounted unit are presented. The practical performance of the
CDCC-3 was investigated in terms of heat transfer properties and product quality for
MgSO; solution. For logarithmic mean temperature difference between bulk and coolant
temperatures varying between 3.8 to 7.5 K, the heat fluxes were calculated to change
from 2.4 to 3.9 kW/m? for 30 minutes residence time. Within these operating conditions,
well faceted MgSO4-11H,0 crystals had a mean size of 90-130 um. They contained less
than 0.5 ppm of major impurities. The disk-shaped ice crystals having mean sizes of 80-

120 pm contained 10 ppm Mg>" and SO4* impurity after four times washing. The growth

rates (m.s") of MgSO, 11H,O and ice were estimated to be G, =2x107 0o, and

salt
G, =8x10°AT,,, respectively. Both the secondary nucleation rates for ice and salt in
the bulk as well as near the cooled surface of the CDCC-3 were calculated form the
experimental data. The supersaturations for ice and salt at the wall are much higher than

in bulk. The salt nucleation rates were calculated to be dominated by nucleation in the

bulk while for the ice the nucleation was dominated by nucleation at the wall.
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Chapter 5

ABSTRACT

The MgSO,4 crystal hydrate formed below approx. 0 °C was proven to be the
undecahydrate, MgSO411H,O -Meridianiite- instead of the reported dodecahydrate
MgS0O4-12H,0. The crystals were grown from solution by eutectic freeze and by cooling
crystallization. The crystal structure analysis and the molecular arrangement of these

crystals were determined using single crystal X-ray diffraction (XRD). Reflections were
measured at a temperature of 110(2) K. The structure is triclinic with space group Pl

(no. 2). The crystal is a colorless block with the following parameters F.W. = 318.55,
0.54 x 0.24 x 0.18 mm’, a = 6.72548(7), b = 6.77937(14), ¢ = 17.2898(5) A, a =
88.255(1), B = 89.478(2), v = 62.598(1)°, V = 699.54(3) A’, Z =2, Dearc = 1.512 g/en?’, pt
= 0.343 mm™'. Raman spectroscopy was used for characterizing MgSO4-11H,0 and for
comparing the vibrational spectra with MgSO4-7H,O salt. Between the two salts there are
significant differences mainly in the type of interactions of water with sulfate groups in
the lattice, in view of the different O-H stretching vibrations, as well as sulfate, O-H...O
(sulfate) and O-Mg-O bands vibrational modes. Thermo gravimetric analysis confirmed
the stochiometry of the MgSQy4-11H,0 salt. Additionally the Miller indices of the major
faces of MgSO4-11H,0 crystals were defined.
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INTRODUCTION

The MgSO4-H,0O system is not only of industrial interest, but is also a commonly used
model system for crystallization investigations. MgSOj crystallizes in a large number of
different hydrated forms at different working concentrations and temperatures [Gmelin
1958, Baur 1964, Ramalingom et al. 2001, Zalki et al. 1964, Aleksovska et al. 1998]. In
this chapter we prove that the magnesium sulfate salt formed at low temperatures is
described by the formula MgSO4-11H,0, the commonly reported MgSO4-12H,0O being
incorrect. We also present the synthesis and structure of MgSO4-11H,0 crystals. We have
developed the Eutectic Freeze Crystallization (EFC) technique as production method for
various salts, including magnesium sulphate from industrial solutions [Himawan et al.
2006, Genceli et al. 2005a]. EFC is a promising technique for processing waste and
process streams of mixed aqueous electrolyte/organic solutions, yielding highly pure
water and salt. Single crystals synthesized by EFC and cooling crystallization methods

were characterized using single crystal X-ray diffraction (XRD).

According to the phase diagram of MgSO4-H,O system, MgSO4 12H,O (magnesium
sulphate dodecahydrate) is the stable form around the eutectic point (concentration 17.3-
21.4 %-w MgSO4 and temperature between -3.9 to 1.8 °C) [Gmelin 1958, Marion et al.
1999, Pillay et al. 2005, Smith et al. 1928, Meyer et al. 1928, Hogenboom et al. 1995,
Chernogorenko 1956].

The low temperature MgSO4 hydrate crystal form (which we now know to have been
MgSO4 11H,0, the undecahydrate) was discovered by Carl Julius Fritzsche in 1837
[Fritzche 1837]. Observing the crystallization behavior of a magnesium solution left
outside in winter, he realized that at temperatures lower than 0 °C, small-whitish-
agglomerated or large-transparent crystals occur, which are different from epsomite
(MgSO47H,0) crystals. Fritzsche mentioned that those crystals transform into
MgSO47H,0 at temperatures above 0 °C. For defining the water content of the new
magnesium sulphate salt, he dried a single salt first with a blotting paper and then either

with flame or air drying in cold weather. From the mass balance he proposed the crystal
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has either 12 or 11 water molecules and by repeating the experiments he concluded

(erroneously) that the crystals are in the form of MgSO4-12H,0.

Frederick Cottrell, whose work had been published by Van’t Hoff et. al. in 1901,
established the eutectic point ice-undecahydrate at -3.9 °C and peritectic undecahydrate-

heptahydrate at +1.8 °C [Van’t Hoff et al. 1901], reported as data for the dodecahydrate.

Marion et al. estimated the parameters of the Pitzer model and activity data for
dodecahydrate using solubility data [Marion et al. 1999]. Pillay et al. improved Marion’s
model to fit more accurately their recent solubility data of MgSO412H,0 [Pillay et al.
2005]. These data need to be recalculated given the new knowledge that it was the
undecahydrate. Density and viscosity properties of MgSO4-11H,0 have also been studied
[Kargel 1991, Kajiwara et al. 2003].

We used MgSO, as a model solution while developing Eutectic Freeze Crystallization
technology and initially accepted that the salt produced at eutectic point was
MgSO4-12H,0 crystals [Himawan et al. 2005-2006, Genceli et al. 2005a-2005b-2005c].
The effects of the eutectic crystallizer design and the operation conditions on the salt
quality considering kinetic relations for the population balance, impurity content,
nucleation and growth rates were investigated before [Genceli et al. 2005a, Himawan et
al. 2005, Gaertner et al. 2005]. Using eutectic freeze crystallization, combining data of
many experiments from industrial waste MgSQOy solution in continuous scraped cooled

wall crystallizers and scraped cooled disk column crystallizer, the nucleation and crystal

. 7 2
growth rates of MgSQOy411H,0 salt were found to be B=1x10"M;co (#m>s™") and

G=210"0" (ms™) as a function of supersaturation (o) and solid concentration (M)
[Genceli et al. 2005a, Himawan et al. 2005]. Similarly in batch scraped crystallizers, the
nucleation and crystal growth rates of MgSO,4-11H,0 salt were found to be best described
as [ Himawan et al. 2005]:
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'MgSO411H20'
_ 7 A (0.20£0.06) __(1.7+0.1)
Nucleation rate : B=(6.5£5.0).10 M; o (#m>s™) (5.1
_ -6 __(1.840.2)
Growth rate G =39£1.7).10" 0 (ms™) (5.2)

The second order of the growth rate of Equation 5.2 in supersaturation suggests a spiral

growth mechanism.

Considering the lack of MgSQO4 12H,0 crystal structure data, we analyzed the salt
crystals produced at eutectic freeze or cooling crystallization around the eutectic point by
single-crystal XRD. Surprisingly instead of the expected MgSO4-12H,0 a MgSO4-11H,0
crystal structure was found. This discovery implies that MgSO4-11H,O has mistakenly
been denoted as MgSOy4 12H,0, and since 1837, it has been named incorrectly. The
purpose of this work was to correct this misconception and investigate properties of
MgSO4-11H,0 salt such as crystallization morphology and habit, crystal structure and

Raman spectra.

EXPERIMENTAL SECTIONS

Experimental Setups

Experiments were performed in three different set-ups.

The first setup was a 15 liter, batch type, Scraped Cooled Wall Crystallizer (SCWC)
designed for EFC processes. Cooling was achieved by circulating Kryo-85 cooling liquid
through a thermostatic unit, Lauda RUK 90 SW. In so doing, the temperature of the
cooling liquid was controlled with an accuracy of £0.1-0.5 °C. The temperature of the
MgSO; solution was measured using an ASL F250 precision thermometer connected to a
PT-100 temperature sensor with an accuracy of £0.01 °C and a resolution of 0.001 °C.

More detailed description of the set-up is given elsewhere [Genceli et al. 2005b].
The second setup was 220 liters, continuous type, Cooled Disk Column Crystallizer

(CDCC) built in a skid mounted unit designed for EFC applications. Freezium' 60 °C

was used as secondary cooling medium in the cooling machine, in the cooling disks, and
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in the plate heat exchanger pre-cooler. During continuous EFC operation, salt and ice
were sent together with the mother liquid form the CDCC to the settler in which the
gravitational separation of ice and salt occurs because of their density differences. From
the settler, salt was sent to a Larox-Pannevis reciprocal tray belt filter (0.2 m? filtration
area) for the separation of crystals from mother liquor. The temperature of the cooling
machine was controlled with an accuracy of £0.1-0.5 °C whereas the temperatures of the
MgSO, solution, cooling liquid inlets and outlets were measured with PT-100
temperature sensors with an accuracy of £0.01 °C and a resolution of 0.001 °C. The
CDCC, cooling machine, settler, plate heat exchanger, belt filter, measuring devices
(temperature sensors, flow meters, torque meter), data acquisition and control system are

described in more detail elsewhere [Genceli et al. 2005c].

The third setup was 2 liter, batch type, cylindrical jacketed glass vessel located in a
climate room. The vessel was equipped with a three-leg scraper to prevent ice and scaling
at the wall as to provide mixing. Cooling was achieved by circulating Kryo-51 coolant
from a Lauda RK 8 KP bath through the cylinder jacket, with similar accuracies as for the
setup described first above. The temperature of the climate room was regulated

simultaneously with the crystallizer set temperature.

Preparation of Solutions

18-20 %-w MgSQy, solutions, prepared with 99.99 %-w MgSQO47H,O (J.T. Baker) and

ultra pure water of 18.2 mQ2 were used in the first and third experimental setups.

In the second experimental setup, industrial magnesium sulfate solution from ex-flue gas
desulphurization was used. It initially contained 17-19 %-w MgSO, with the following
major impurities in ppm (mg/kg) level: 300+60 ppm Ca, 550+100 ppm K, 70£5 ppm In,
60+10 ppm Na, 60+8 ppm Zn, 50+10 Co, 30+10 ppm Mn, 20+10 ppm Mo, 9+2 ppm B,
4=+2 ppm Ni, 2510 ppm P, 10+5 ppm Pb.

The magnesium sulfate concentrations of the solutions were measured offline using

picnometer density measurements with an error of £0.15 %-w. Inductively Coupled
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Plasma Atomic Emission Spectrometry (ICP-AES) and lon Chromatograph were used to
measure the cations and anions concentrations in the mother liquor and in the crystals

with an error of +2.5%.

Experimental Procedure

Experimental Setups: Unseeded batch crystallization experiments in first and third
setups were started stabilizing the solution at 10 °C for two hours. The mixing rate was 80
rpm. A cooling rate of 4 °C/hour was applied until a temperature jump due to exothermic
formation of the salt crystals was detected. When crystallization occurred, the coolant
temperature was kept constant. After 10-15 minutes, a natural cooling profile was started.
Natural cooling profiles were achieved by immediately cooling down the coolant medium
to a certain constant temperature and let the crystallizer respond. Every 30 minutes salt
samples were collected with a pre-cooled syringe form the bottom outlets of the
crystallizer. All salt samples were directly vacuum filtered using a jacket-cooled filter.
The data from the temperature sensors were collected every 20 seconds and were

recorded with Lab View.

In the second setup, similar to the previous ones, first nucleation was allowed to occur in
batch mode by super cooling without seeding. Reaching eutectic conditions, two products
-ice and salt crystals- were formed inside the crystallizer. When ice and salt crystals
reached to = 200 and 250 um mean diameter size, the crystallizer was switched to
continuous operation. MgSOj feed solution was passed through the pre-cooler and fed to
the crystallizer. Inside the crystallizer the residence time was varied between 15 minutes
to 1 hour, with the coolant set temperature set between -10 to -14 °C. The slurries (ice,
salt, and solution at eutectic composition and temperature) leaving the crystallizer were
fed to the settler for gravitational separation. From the settler, the bottom flow (salt and
solution) was pumped to the belt filter for filtering off the mother liquor. Salt samples
from the crystallizer and settling tank were taken into a pre-cooled beaker and
immediately vacuum filtered using a jacket-cooled filter. Salt samples from the belt filter

were also collected after filtration.
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Picturing and Salt Preserving: Salt samples from each setup were observed under a

Leica WILD M10 stereomicroscope equipped with a Nikon Coolpix 4500 camera.

The salt crystals collected from three different setups were preserved well isolated at -20
°C for the structure determination. As they dissolve above 1.8 °C and recrystallize in to

MgSO4-7H,0 (epsomite) form.

XRD Measurement: 40989 Reflections were measured at a temperature of 110(2) K up
to a resolution of (sin 6/A)max = 0.90 A™! on a Nonius KappaCCD diffractometer with
rotating anode and graphite monochromator (A = 0.71073 A). The intensities were
obtained with Evall4 [Sheldrick et al. 1997a] using an accurate description of the crystal
form and the diffraction geometry. An absorption correction based on multiple measured
reflections was applied [Sheldrick et al. 1997b] (0.83-0.94 correction range). 8564
reflections were unique (Riyx = 0.019). The structure was solved with Direct Methods
[Duisenberg et al. 2003] and refined with SHELXL-97 [Sheldrick et al. 1999] on F? of all
reflections. Non-hydrogen atoms were refined freely with anisotropic displacement
parameters. All hydrogen atoms were located in the difference Fourier map and refined
freely with isotropic displacement parameters. 245 parameters were refined with no
restraints. R1/wR2 [1 > 2o(I)]: 0.0222/0.0545. R1/wR2 [all reflections]: 0.0313/0.0577. S
= 1.084. The residual electron density is between -0.43 and 0.40 e/A’. Geometry
calculations, drawings and checking for higher symmetry were performed with the

PLATON package [Spek 2003].

Thermogravimetric Analysis: The Thermogravimetric analysis (TGA) of the crystal was
done with a SDT 2960 (TA Instruments) with a temperature accuracy and precision of +1
°C and £0.5 °C respectively and a weight sensitivity of 0.1 ug and weight accuracy of +1
%. TGA was carried out in helium atmosphere (with a purge rate of 100 ml/min) at a

heating rate of 5 °C/min. from 27 °C to 300 °C.
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Micro Raman Spectroscopy: Raman spectroscopy was applied for characterization of the
MgSO4 11H,0 crystals. A Renishaw Ramanscope System 2000, equipped with a 20 mW
Ar' laser (A=514 nm) was used to record Raman spectra. A Leica DMLM PL Fluotar
L50x/0.55 microscope was used to determine the analyzed surface of the sample. The
spectral resolution was ~1 cm™ within the range of 100-4000 cm™. To investigate the
sample at low temperature preventing recrystallization into MgSO4-7H,0, MgS0O,4-11H,0
crystals were kept inside an insulating vessel filled with frozen carbon dioxide prior to
the measurements. A Linkam THM600 flow cell was used for the measurement below
the freezing point. The cell was precooled by circulating ethylene glycol, which was set
at -10 °C and by placing frozen carbon dioxide (dry ice) inside the cell. After substantial
pre-cooling of the cell, the sample was placed inside and the spectra were recorded. At
ambient temperature, i.e. 20 °C, the spectra of MgSO,-7H,0 crystals were also measured
for comparison. Crystals in the range of 100-4000 cm™ were analyzed by continuous

extended scanning, with a detection time of 100 s.

RESULTS AND DISCUSSION

The crystals

Salt samples, crystallized using pure and industrial magnesium sulfate solutions, were
collected from three different crystallizer setups (running either batch or continuous
mode) and from the belt filter. The samples were produced using eutectic freeze or
cooling crystallization working near the equilibrium line between E and P as shown in

Figure 5.1.

From the photo in Figure 5.2 it can be seen that the crystals are well faceted, which

matches with the earlier suggested spiral crystal growth based on Equation 5.2.

All the salt samples either directly filtered from the crystallizer or taken from the belt
filter were found to be MgSO4-11H,0 crystals.
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Figure 5.1: Phase diagram of the MgSO4-H,0O system. E is the eutectic point and P is

the peritectic.
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Figure 5.2: (a)-(b)-(d) Optical images of MgSO4-11H,0
(c) Mother liquor inclusions (negative crystals) in a MgSO4-11H,0 crystal
(e) The predicted BFDH morphology of MgSO4-11H,0
(f) The suggested face indexing of crystal 2d
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XRD Measurements: Crystal Structure Determination

[Mg(H20)6](SO4)-5H,O (MgSO4:11H,0), Fw = 318.55, colorless block, 0.54 x 0.24 x
0.18 mm’, triclinic, Pl (no. 2), a = 6.72548(7), b = 6.77937(14), c = 17.2898(5) A, a. =

88.255(1), p = 89.478(2), y = 62.598(1)°, V = 699.54(3) A*, Z =2, Dearc = 1.512 g/em’, pt
=0.343 mm™".

Compound [Mg(H,0)6](SO4)-5H,0 crystallizes in the centrosymmetric triclinic space
group P1 .Two magnesium atoms occupy two independent inversion centres of this

space group (Wyckoff positions ¢ and h). Both magnesium atoms are octahedrally
surrounded by six coordinated water molecules. Thus the asymmetric unit of the crystal
structure contains two half molecules of Mg(H,0)¢. Further there are one sulphate
molecule and five uncoordinated water molecules in the asymmetric unit. The Mg-O
distances are in the range of 2.0383(4) - 2.0701(4) A, which is in the expected range for
hexahydrated magnesium [Bock et al. 1994]. The cis angles range from 87.603(17)-
92.397(17) °, while all trans angles are 180° by inversion symmetry. Consequently the
distortions of the two independent octahedrons are very small with RMS-deviations

[Pilati et al. 1998] from perfect O, symmetry of only 0.0219 and 0.0364, respectively.

The coordinated water molecules differ in their geometries. The angles between the least-
squares plane of the water molecules O5, O8, 09, and 010 and the corresponding Mg-O
vectors are 6.3, 16.6, 7.0, and 5.7°, respectively, indicating an essentially trigonal
coordination mode [Mclntyre et al. 1990]. At O6 and O7 these angles are larger with 33.5
and 23.2°, respectively, and the water molecules are thus bent. The reason for this is the
intermolecular hydrogen bonding: O6 and O7 are the only coordinated water molecules
which are acceptors of hydrogen bonds. The angles between the Mg-O bond and the
hydrogen bonded O...H direction are 84.6(3) and 94.2(4) °, respectively.

At the measurement temperature of 110 K the two Mg(H,0)s octahedra differ

significantly in their thermal motion. While the octahedron at Mgl has an R-value of

0.080 [Schomaker et al. 1986] and can be described as a rigid body, the R-value at Mg2 is
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0.184 and has thus much more internal freedom. We assume that this is a consequence of

the different hydrogen bond pattern of the two octahedra (vide supra).

All water molecules act as hydrogen bond donors. Hydrogen bond acceptors are all
sulphate oxygens, all uncoordinated water oxygens and the coordinated water oxygens
06 and O7 (vide supra). Overall this leads to an infinite, three-dimensional hydrogen
bonded network. Sulfate oxygen O1 accepts two hydrogen bonds and has a significantly
shorter S-O distance than O2, O3, and O4, which accept three hydrogen bonds,
respectively. Each of the uncoordinated water oxygen atoms accept two hydrogen bonds

and have thus an essentially tetrahedral environment.

Hydrogen bonding interactions, and selected bond lengths [A] and bond angles [°] in
[Mg(H20)6](SO4)-5H,O are given in Tables 5.1 and 5.2 respectively. In Figure 5.3,
bifurcated hydrogen bond at hydrogen atom HI15 is shown. The angle sum at H15 is
357.0(18) ° and the symmetry operation viii is 1-x, 2-y, 1-z. Displacement ellipsoid plot
of [Mg(H20)6](SO4)-5H,0, drawn at the 50% probability level is shown in Figure 5.4.
Packing of [Mg(H20)6](SO4)-5H,0 in the crystal is shown in Figure 5.5.

A comparison of the current 11-aqua MgSOy crystal structure with the 7-aqua structure
(MgSO47H,0, Epsomite) [Calleri et al. 1984, Lutz et al. 2005] shows that they both
contain Mg(H,0)s cations and SO, anions. The difference is the number of 5 and 1 non-
coordinating H,O molecules respectively. This leads to completely different observed
hydrogen bonding systems. Nine out of the twelve hydrogen atoms of the 6 molecules
that coordinate around Mg are hydrogen bonded to SO, for the 7aq structure where this
number is only three out of twelve for the 11aq structure. This analysis can be completed
with a comparison with the crystal structure of MgSO4-6H,O [Batsanov 2000] that
contains only Mg(H,0)s cations and SO4 anions. In this structure 11 out of 12 of the
hydrogen bonds are to SOj.
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Table 5.1: Hydrogen bonding interactions in [Mg(H20)s](SO4)-5H,0

D-H..A D-H [A] H..A [A] D...A[A] D-H..A [°]
05-H1...012 0.815(12)  1.932(12) 2.7416(6) 172.5(12)
05-H2...013 0.797(13)  1.926(13) 2.7197(6) 174.1(13)
06-H3...012" 0.831(12)  1.957(12) 2.7813(6) 171.2(12)
06-H4...015 0.819(12)  1.904(12) 2.7192(6) 173.3(11)
07-H5...014 0.819(12)  1.945(12) 2.7534(6) 169.2(11)
07-H6...013™ 0.858(13) 1.854(13) 2.7111(6) 178.0(13)
08-H7...04 0.769(12)  2.082(12) 2.8472(6) 172.9(12)
08-H8...014' 0.807(12)  2.053(12) 2.8524(6) 170.6(11)
09-H9...011" 0.849(12)  1.892(12) 2.7337(6) 170.9(11)
09-H10...04" 0.823(12)  2.039(12) 2.8469(6) 166.8(11)
010-H11...011" 0.869(12) 1.886(12) 2.7520(6) 174.4(11)
010-H12...04" 0.785(12)  2.044(12) 2.8139(6) 166.5(11)
O11-H13...02" 0.865(13)  1.969(13) 2.8188(6) 167.1(12)
Ol11-H14..01"" 0.856(13)  1.896(13) 2.7502(6) 176.0(12)
O12-H15...06""  0.803(14)  2.591(14) 3.1748(6) 130.8(12)
O12-H15..07"% 0.803(14)  2.236(14) 2.9692(6) 151.9(13)
O12-H16...03 0.837(12)  1.949(12) 2.7847(6) 175.6(11)
O13-H17..015"  0.842(13) 1.886(13) 2.7274(6) 178.9(12)
O13-H18...02™ 0.829(13)  1.891(13) 2.7023(5) 165.9(12)
O14-H19...02" 0.829(13)  1.984(13) 2.8119(6) 176.6(12)
014-H20...03" 0.799(12)  2.063(12) 2.8391(6) 163.9(11)
015-H21...03 0.826(11)  1.941(11) 2.7464(6) 164.6(11)
015-H22...01" 0.800(13) 1.891(13) 2.6775(6) 167.2(12)

Symmetry operations: i: 1-x, 1-y, 1-z; ii: 1-x, 1-y, -z; iii: x-1, y, z; Iv: x+1, y, z; Vi 2-x, 1-

y, -z; Vi 1-x, 2-y, -z, Vii: x-1, y-1, z; viii: 1-x, 2-y, 1-z; iX: 2-x, 1-y, 1-z.
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Table 5.2: Selected bond lengths [A] and bond angles [°] in [Mg(H,0)](SO4)-5H,0

Mg!-05 2.0383(4) Mgl1-06 2.0625(4)
Mgl-07 2.0700(4) Mg2-08 2.0701(4)
Mg2-09 2.0510(4) Mg2-010 2.0545(4)
S1-01 1.4648(4) S1-02 1.4827(4)
S1-03 1.4816(4) S1-04 1.4737(4)
05-Mgl-06 89.989(18) 05-Mgl1-07 90.791(18)
06-Mg1-07 89.827(17) 08-Mg2-09 87.603(17)
08-Mg2-010 89.945(18) 09-Mg2-010 89.346(17)
02
012

Figure 5.3: Bifurcated hydrogen bond at hydrogen atom H15. The angle sum at H15 is

357.0(18) °. Symmetry operation viii: 1-x, 2-y, 1-z.
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Figure 5.4: Displacement ellipsoid plot of [Mg(H,0)6](SO4)-5H,0, drawn at the 50%
probability level. Symmetry operations i: 1-x, 1-y, 1-z; ii: 1-x, 1-y, -z.

Figure 5.5: Packing of [Mg(H,0)s](SO4)-5H,O in the crystal. Hydrogen atoms are
omitted for clarity. The Mg(H,O)s octahedra are drawn in blue, the sulfate
tetrahedra in green and the uncoordinated water oxygen atoms as red

spheres of arbitrary radii.
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Thermal Analysis

The thermogram of MgSOy-11H,0 is illustrated in Figure 4.6. In the TGA trace, there is a
broad continuous weight loss till 225 °C which belongs to the dehydration step by the

elimination of eleven water molecules.

The average relative weight loss of eight samples (typically 25 mg) was 62.33% +0.38%

which corresponded to the theoretical value of 62.21% within the error limit.
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Figure 5.6: TGA Curve of MgSO4 11H,0O

Micro Raman Spectroscopy

The spectra of MgSOy4-11H,0 and MgSO4-7H,0 are presented in Figure 5.7. The most
significant peak is the SO,* associated symmetric stretching band at 986 cm™ for
MgS0,-7H,0, which is shifted slightly to 990 cm™ for MgSO411H,0. MgSO4-11H,0
has additional sulfate modes at 1116 cm™ and 1071 cm™ [Makreski et al. 2005]. Sulfate
related Raman bands for MgSO47H,0 has a different Raman pattern with maxima at

1139 c¢m™, 1101 cm™ and 1067 cm’".
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For MgS0O4-11H,0, a water bending mode [Makreski et al. 2005] is observed between
409-490 cm™' having a maximum at 444 cm™ and a sulfate mode between 585-680 cm’
with a maximum at 620 cm™. For MgS0O47H,0 the same bands for water and sulfate can
be observed and are located between 418-496 cm™ having a maximum at 455 cm™ and in

the range of 566-668 cm™', having a maximum at 618 cm™', respectively.

Raman bands reported at 379 cm™ for Mg-O [Makreski et al. 2005] vibrations of
MgSO4-7H,0 are not present in the spectrum of MgSO4-11H,0 in Figure 4.7.

The bands at 255 and 177 cm™ for MgSO,47H,0 are close to the frequency values
observed in the literature [Parsk et al. 1966], and have been assigned to O-H...O (sulfate)
entities in the crystal structure (255 cm™), and to O-Mg-O deformations, respectively. For
MgSO,-11H,0, the O-H...O (sulfate) vibration is located at lower energies (233 cm™)
than given in the literature for MgSO47H,0 (255 cm™), most likely due to the presence
of additional lattice water. On the contrary, the corresponding O-Mg-O band for
MgSO4 11H,0 seems to be shifted to a higher wave number, i.e. 190 cm’™.

The stretching modes of water incorporated in the lattice are located in the 2900-3700
ecm” region. For MgSO411H,0, there seems to be one dominant band having a
maximum at 3395 cm'l, with potential shoulders at 3520, 3300 and 3150 cm’. For
MgS04-7H,0, two bands are resolved at 3427 cm’! and 3325 cm'l, including a shoulder
at 3212 cm™'. The bands located at 1669 cm™ for MgSO4 11H,0 and at 1678 cm™ for
MgSO47H,0, respectively, can be assigned to bending modes of intracrystalline water

[Socrates et al. 2001].

Summarizing, by comparing the vibrational spectra of the MgSO411H,O and
MgS04-7H,0 salts, it can be concluded that significant differences exist in the type of
interactions of water with sulfate groups in the lattice, in view of the different O-H
stretching vibrations, as well as sulfate, O-H...O (sulfate) and O-Mg-O bands vibrational

modes.
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It should be noted that the Raman spectrum of MgSO4 11H,0 is very similar to the
spectra of a salt found as inclusions denoted as MgSO412H,O but presumably the
undecahydrate form in Holocene ice cores from Dome Fuji-East Antarctica [Ohno et al.
2005]. The strongest SO, band is in both cases located at 989 cm™ (symmetrical
stretching mode), including the weaker modes maximizing at 1117 cm™ and 1071 cm™.
This suggests that micro inclusions of MgSO, salt preserved inside ice core at low

temperature to some extent contain MgSO4-11H,0 salt.

Natural occurrence of MgSO4-11H,0 crystals has been found in sea ice inclusions from
Saroma Lake-Japan, recognized as a valid mineral by International Mineralogical
Association (IMA) Commission and named “Meridianiite”. The existence of Meridianiite
mineral in sea ice has been proven by showing the excellent Micro Raman Spectra
vibrational harmony between the synthetic MgSO4-11H,0 and the inclusions in the sea

ice sample [Genceli et al. 2008].
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Figure 5.7: Raman Spectra of MgSO4-11H,0 and MgSO,4-7H,0 Crystals
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Molecular Modelling

On the basis of XRD data, single crystal structure and cell parameters were determined.
The morphology module of Cerius® v.3.9 (Accelys) was used to determine the BFDH
morphology [Eerden et al. 1995] (in vacuum) shown in Figure 5.2e. Measuring the
angles between the faces in the crystals, a suggestion for face indexing of the

experimental morphology in Figure 5.2d is given in Figure 5.2f. The experimental (5.2d,

5.2f) 110 and 110 faces grow slightly slower than 010 and 010, probably due to solvent
effects. The 001 face is dominant both in the BFDH and experimental morphology.

Inclusions

Small pockets of mother liquor (inclusions) are visible in the interior of the crystal in
Figure 5.1c. Inclusions develop during the course of crystal growth [Mullin 2001]. These
inclusions show as negative crystals (mother liquor inclusions bounded by the crystal
faces of that crystal) which have a similar morphology as the MgSO4-11H,0 crystal.
Under isothermal conditions inclusion may change shape or unite as the internal system
adjusts itself towards the condition of minimum surface energy [Denbig et al. 1966]. It is
proposed that the large inclusions (negative crystals) result from the formation of liquid
parent inclusions and the subsequent inward growth and coalescence during long storage

of the crystals [Hu et al. 1996]. The inclusions vary in size from 50-200 pum.

CONCLUSION

This chapter corrects the misconception in literature for MgSO4 11H,O crystals
mistakenly labeled MgSO4 12H,O by Fritzsche in 1837. [Mg(H20)6](SO4)-5H,0O
(MgS0O411H,0), was grown from magnesium sulfate solution by eutectic freezing and
by cooling crystallization around eutectic conditions. Single crystal XRD studies were

carried out at a temperature of 110(2) K and crystal structure -triclinic with space group
P1 (no. 2)- and cell parameters -a = 6.72548(7), b = 6.77937(14), ¢ = 17.2898(5) A, «

= 88.255(1), = 89.478(2), y = 62.598(1)°, V = 699.54(3) A°, Z = 2- were calculated.
Thermo gravimetric analysis, proved the stochiometry of the MgSO4-11H,O salt. The
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corrected phase diagram of MgSOj for the range 17.3-21.4 %-w MgSO4 and temperature
-3.9-+1.8 °C is given. The Raman spectrum of MgSO4 11H,O showed significant
differences with that of MgSO,4-7H,0. The natural occurrence of MgSO4-11H,0 in sea
ice inclusions from Saroma Lake-Japan, its recognition by IMA as a mineral and its name
-Meridianiite- has been announced. The Miller indices of MgSO4-11H,0 crystals are also

presented. Negative crystals, formed in inclusions, exhibited the same morphology.
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ABSTRACT

Inclusions affect the behaviour of ice, and their characterization helps to understand the
formation history of the ice. Recently the low temperature magnesium sulfate salt was
found to have the formula MgSO,4-11H,0 [Genceli et al. 2007, Peterson et al. 2006]. This
paper describes the discovery of the natural occurrence of the MgSO4 11H,O new
mineral -Meridianiite- as salt inclusions in sea ice from Saroma Lake-Japan and in
Antarctic ice. Existence of meridianiite was confirmed using Micro Raman spectroscopy
technique by comparing and presenting the excellent harmony between the Raman
spectra of synthetic MgSO4-11H,0 and the inclusions. Epsomite and mirabilite Raman
Spectra are also presented to be compared with the one of meridianiite. Both sea ice and
Antarctic ice meridianiite inclusions have similar morphology with the synthetic
MgSO4-11H,O crystals. Meridianiite stability strongly depends on temperature,
atmospheric conditions and is sensitive to the relative humidity of the environment.
Dehydration to lower hydration levels occurs in the presence of non-ideal cases for

meridiantiite.
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INTRODUCTION

Seasonal sea ice strongly modulates global climate and ecology through its insulating and
sea composition regulation effect. Small changes in atmosphere/ocean/ice composition
ratio may lead to significant changes in the nature of the sea ice cover and the ecological
life. Minerals detected in sea ice as inclusions would introduce one more parameter to

understand the ecological and global climatic balance.

On the other hand the presence of minerals in Antarctic ice would provide significant
information on the past atmospheric composition. The snowfall composition buried over
time contains the records of the history in ice which could successfully be used in climate

and environmental studies [Kotlyakov et al. 2004, Kekonen et al. 2005].

This work demonstrates the occurrence of inclusions of the recently discovered mineral —

Meridianiite- in sea ice and Antarctic ice.

The MgSOy4 11H,0 crystal structure was recently solved as triclinic with space group
P1 (no. 2). MgSO411H,0 was previously described as MgSO4-12H,0 by Fritzsche in

1837 (Fritzsche, 1837). Via dehydration by weight loss, Fritzsche tried to estimate the
water content of the salt, which led to an error by one water molecule. MgSQO4-11H,0
crystal is a colorless needle with the following parameters F.W.=318.55, 0.54x0.24x0.18
mm’, a = 6.72548(7), b = 6.77937(14), c = 17.2898(5) A, o = 88.255(1), p = 89.478(2), y
=62.598(1)°, V=699.54(3) A°, Z =2, Dearc = 1.512 g/em’, u = 0.343 mm™' [Genceli et al.
2007].

On Earth, Epsomite (MgSO47H,0) is present in many places like crusts and
efflorescences in coal or metal mines, limestone caves, in the oxidized zones of sulfide
ore deposits and in salt lakes and playas. According to the phase diagram of the MgSO4-
H,0O aqueous system under atmospheric pressure presented in Figure 6.1, MgSO4-11H,0
is stable around its eutectic point: concentration between 17.3-21.4 wt% MgSO4 and

temperature between -3.9 to 1.8 °C. In nature MgSQOy4 11H,0 formation likely occurs
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around eutectic conditions where supersaturation with respect to temperature and
concentration is achieved. If the temperature of the epsomite reservoir goes below 1.8 °C,

meridianiite formation occurs instead of epsomite.

Previously Antarctic ice impurities were checked using SEM/EDS method [Baker et al.
2003, Barnes et al. 2004]. Later Ohno et. al. used Micro Raman Spectroscopy to examine
micro-inclusions in polar ice form Dome Fuji to determine the salt composition. It was
found that the inclusions were mainly sulfate salts with small amount of other soluble

salts and insoluble dust [Ohno et al. 2005, Ohno et al. 2006].

To identify the chemical composition in sea ice and Antarctic ice inclusions, SEM/EDS

method and Micro Raman spectroscopy were used.
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Figure 6.1: Phase diagram of the MgSO4-H,O system [Genceli et al. 2007]

E is the eutectic point and P is the peritectic
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SAMPLING METHODS

For Sea Ice: The sea ice samples were collected from Lake Saroma (Saroma-Ko), the
third largest lake of Japan located on the north-eastern shore of Hokkaido Island about 30
km away from Abashiri City. Saroma Lake is a semi-enclosed embayment connected
with two openings to the Sea of Okhotsk. Most of the lake surface is covered with sea-ice
during winter [Kawamura et al. 2004]. The map of Hokkaido Island, the location of

Saroma Lake and sampling stations are shown in Figure 6.2.

The sea ice samples were picked from the core sampled at Station # 4 (44°07°N,
143°57’°E) on March, 2006 with Core Number of 06.03.07-St.4. The sections of the sea
ice core samples are shown in Figure 6.3. The sampling temperatures at 5, 10, 15, 25, 30,
35 and 40 cm below the sea level were +0.08, -0.30, -0.13, -0.28, -0.12, -0.32 and -0.29
°C respectively. However, in this work the (colder) top sections (surface) of the ice core
which are in direct contact with air were analyzed. The lowest air and ice surface
temperatures during March 2006 were -16.4 °C and -20.6 °C respectively and the average
day temperature recorded by Kawamura et al. for air was -3.9 °C and ice surface was -2.8

°C [Kawamura, T., private communication 2007].
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Figure 6.3: Picture of Sea Ice Core

The analyzed samples were taken from the sea ice surface (Section H1). Ice temperature
was measured in-situ immediately after extraction of the cores, using calibrated
thermistor probes (TECHNOL SEVEN, D617) inserted in drilled small holes at the exact

diameter of the probe. Precision of the measurement was + 0.1°C.

After collecting, the samples were stored in the cold room of the Low Temperature
Institute of Hokkaido University at -15 °C almost at the lowest exposed air temperature
(-16.4 °C) and a little bit higher than the lowest measured surface ice temperature in the

lake (-20.6 °C).

Ice forms by the gradual decrease of the sea water temperature where the remaining brine
becomes increasingly saline. Since ice can generally contain no salt in the ice body, the
brine is rejected into the underlying sea water. However, a portion of brine can become
mechanically trapped in the ice matrix [Wakatsuchi et al. 1987]. As cooling continues,
different solid salts also crystallize from the brine. However, they crystallize over a
temperature range as opposed to a fixed eutectic temperature [Weeks et al. 1982].
According to phase relations of sea water, crystallization of salts depends upon the
temperature of the ice [Assur 1958]. Precipitation of the salts from sea ice brine at
various temperatures was deduced from changes in brine composition and stability ranges
of individual salts in the corresponding pure salt water systems [Sinha 1977]. The

solubility of one salt affects the solubility of the other due to their shifting pseudo
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eutectic. Therefore different salts in sea ice crystallize at their shifting, pseudo eutectic

temperatures.

As mentioned earlier, the pure MgSOs;-H,O aqueous system crystallizes in
MgSO411H,0 form below +1.8 °C and has a eutectic point at -3.9 °C and 17.3 wt%
MgSO, concentration [Genceli et al. 2007]. Presence of impurities (composition of the
brine), and their quality and quantities shift the eutectic point to lower temperatures for
the related salt. Therefore the formation of MgSO4-11H,0 from sea brine composition is
not known accurately. However, salt inclusions were detected in the samples which were
stored and measured at -15 °C. Knowing the lowest ice exposure air temperature during
March 2006 was -16.4 °C, it is reasonable to assume that the samples from the surface sea

ice were kept intact during sampling and analysis.

For Antarctic Ice: The ice core used in this study was collected from Dome Fuji Station
in East Antarctica at the 3810 m asl summit of the East Dronning Maud Land Plateau
from location 77°19’S, 39°42°E. Map of Dome Fuji Station in East Antarctica is
presented in Figure 4. The average snow temperature at 10 meters depth was measured -
58 °C. Further information about the sampling station geographical settings could be

found in elsewhere [Dome-F Deep Coring Group 1998].
After collecting, the samples were stored in the cold room of the Low Temperature

Institute of Hokkaido University at -50 °C. Samples from 362 and 576 meter depths

having core numbers 03-124 and 05-156 respectively were analyzed in this work.
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Figure 6.4: Map of Dome Fuji Station in East Antarctica
[Dome-F Deep Coring Group 1998]

EXPERIMENTAL

Synthetic MgSO,4-11H,0 Preparation: 20 wt% MgSOy solution, prepared form 99 wt%
MgSO47H,O (J.T. Baker) and ultra pure water of 18.2 mQ), was used for synthesizing
MgSO4-11H,0 crystals. Before starting crystallization, the solution was mixed inside a
jacketed-crystallizer around 25 °C for a minimum of £1 hour to create a homogeneous
solution. The cooling liquid -controlled by the cooling machine- was circulated through
the jacketed crystallizer. A cooling rate of 4 °C/hour was applied until the nucleation of

MgSO4-11H,0 salt occurred. Afterwards the coolant temperature was set to -3 °C, until
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the system reached equilibrium. Analyzes of synthetic MgSO4-11H,O crystal was used to

compare with the analysis of ice inclusions.

For proving the natural existence of MgSO4-11H,0 in nature, ice inclusion analysis were
compared to synthetic MgSO4-11H,O crystal analysis. By this way their similarity is

shown.

Preparation of the Ice Samples: Surface of top section of the sea ice samples and
samples form 362 and 576 meter depth of Antarctic ice were prepared by cutting with a
band saw into 10 x10x3 mm® pieces. The upper and lower sides of the samples were then

flattened (polished) with a microtome in clean-cold chamber at -15 °C.

Analysis Techniques: Determination of chemical compositions of the inclusions in both
ice samples was not possible by direct methods due to extremely small sizes (few pm),
their low crystal (compound) content and high solubility in water. As the inclusions were

captured in ice, the measurements had to be done at low temperature, below 0 °C.

Micro-Raman Spectroscopy was used for inclusion observations and composition
identification of the brine pockets of sea ice at low temperature. Raman Spectra of
synthetic MgSO4-11H,0 crystals measured under similar conditions were compared with
the observed spectra of the inclusions. Jobin-Yvon T64000 triple monochromator
equipped with a CCD detector was used for obtaining back-scattered Micro-Raman
Spectra. The ice samples were placed into a cold chamber on an x-y translation stage of a
microscope. Sample was kept in atmospheric conditions and cooling was achieved
indirectly by N, gas circulation through the chamber keeping the sample temperature at -
15+0.5 °C. Laser light of wavelength 514.5 nm and power 100 mW was focused to a
diameter of about 1 pum on the specimen using a long-working-distance objective lens
with a 6 mm focal length (Mitutoyo, M Plan Apo 100x). The absolute frequency of the
monochromator was calibrated with neon emission lines. The spectral resolution was ~1

cm’™ within the range of 100-4000 cm™ with a detection time of 60 s.
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Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES) and Ion
Chromatography were used to measure the cations and anions sea ice sample

identifications with an error of £2.5%.

JEOL 6340LV Scanning Electron Microscope (SEM) equipped with Energy-Dispersive
X-ray Spectrometer (EDS) was also tried for ice inclusions’ composition determination at
low temperature. Samples for SEM were fixed to stainless holder having a window for
transparent microscope observation. The specimen was dropped into Liquid Nitrogen and
vacuumed at that temperature, and transferred into SEM with a vacuumed pod using
Alto-2100 (Oxford Instruments). After defining the position of targeted sample, SEM-

EDS was used at -160 °C and under vacuum for their chemical characterization.

RESULTS

It was found that the sea ice inclusions were typically 5-20 micrometer in diameter as
shown in Figure 6.5 (a)-(b). Most of them were within the ice grains. The chemical

composition of the sea ice samples measured by ICP-AES is presented in Table 6.1.

Table 6.1: Overall chemical composition of the sea ice samples

Constituent | Amount | Value
Co 7| [ppb]
Cu 8 | [ppb]
Ni 10 [ppb]
Cr 11 [ppb]
v 11| [ppb]
Mn 12 [ppb]
Ga 65 [ppb]
Fe 125 [ppb]
Sr 130 [ppb]
Zn 150 [ppb]
Ba 820 [ppb]
K 7| [ppm]
Ca 9 | [ppm]
Mg 14 | [ppm]
SO, 47 | [ppm]
Na 115 [ppm]
Cl 300 [ppm]
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Antarctic ice inclusions were typically 1-5 micrometer in diameter as presented in Figure
6.5 (c). Similar to sea ice inclusions they are mostly within the ice grains. The average
concentrations of ion species (umolL™) from 362 and 576 meter depths were measured
using ion chromatography (Dionex 500) with an error better than £0.01 pmolL'1 and are
presented in Table 6.2 [Ohno et al. 2005].

Table 6.2: Chemical composition of Antarctic Ice from 362 and 576 meter depths
[Ohno et al. 2005]

Constituent Depth Value
362 576 meter
MSA 0.15 | 0.19 umolL™!
Cl 248 | 5.36 umolL™!
NO; 020 | 1.62 pmolL!
SO, 096 | 248 pmolL!
Na 2.15 | 5.29 umolL™!
Mg 020 | 0.89 umolL™!
Ca 026 | 1.55 umolL”!

Figure 6.5: (a)-(b) Meridianiite inclusions in sea ice

(c) Antarctic ice inclusions

(d) Optical images of synthetic MgSO4-11H,0 and negative crystals

* The scale bar in each image is 5 um

102




Meridianiite: Detected In Ice

In Figure 6.5 (d) the morphology of synthetic MgSO4-11H,0 crystals are presented with
the picture of negative crystals. The morphological similarity with the synthetic crystals
to meridianiite inclusions of sea ice -Figure 6.5 (a) and (b)- and Antarctic ice -Figure 6.5

(c)- could be observed.

SEM-EDS Results

Checking the synthetic MgSO411H,O under SEM-EDS showed that the crystals
deformed even at -160 °C when vacuum was applied. In Figure 6.6 (a) the original crystal
image, whereas in Figure 6.6 (b) and (c) the deformed amorphous meridianiite images
after 15 minutes and 1 hour are presented respectively. Due to vacuum, the crystal was
dehydrated which could also be followed by Mg/O ratio increase in time and ended up as
a porous structure of kieserite (MgSO4H,0). Beside temperature restrictions,

meridianiite stability depends also on relative humidity and atmospheric conditions.

Figure 6.6: (a)-(b)-(c) Synthetic MgSO4+ 11H,0 crystal deformation under vacuum

* The scale bar in each image is 50 pm.

In general, dehydration is a common behavior of hydrated sulfate salts and soluble salts.
The phase transition reaction can be a highly dynamic process strongly influenced by
variation of temperature and relative humidity in the surrounding environment [Cardell et

al. 2007].

Therefore using SEM-EDS technique was not a suitable method for characterizing

meridianiite both in synthetic MgSO4-11H,0 and in daughter minerals in ice inclusions.
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For direct analysis, the salt inclusions were tried to be extracted from ice location by ice
sublimation under atmospheric conditions in cold room at -15°C with 11 % relative
humidity. Although it was possible to sublimate ice, similar to SEM-EDS applications

dehydration of inclusions was inevitable.

Micro Raman Spectroscopy

Since extracting the inclusions and analyzing those using direct methods was not
possible, Micro Raman Spectroscopy was the only and the most powerful technique to
identify the inclusions inside the ice samples. Inclusions were analyzed by Micro Raman
Spectroscopy under atmospheric pressure by indirect cooling in a chamber kept at -15 °C
at 5% relative humidity for sea ice whereas at -50 °C at < 5% relative humidity for
Antarctic ice samples. Synthetic MgSO4-11H,0 and inclusions detected in the sea and
Antarctic ice were compared via Micro Raman spectra to demonstrate the identity

between them.

Micro Raman Spectroscopy of Sea Ice Inclusion: Micro Raman Spectra of sea ice
inclusions and synthetic MgSO,-11H,0 salt for low-frequency ranges (0-2000 cm™) and
for high-frequency ranges (2000-4000 cm™) are presented in Figures 6.7-6.10. As the
aforesaid inclusions were located in the sea ice crystals, it was not possible to remove the
dominant ice bands from their spectra. Therefore sea ice Raman Spectra are also
presented for comparison in Figures 6.11-6.12. In the Figures bands belong to ice are

presented with a black highlight.

The most significant peak is the SO4> associated symmetric stretching band [Genceli et.
al. 2007] at 989.85 cm’! for synthetic MgSO4-11H,O and at 989.77 cm’! for the sea ice

inclusion.
Synthetic MgSO4-11H,0 have sulfate modes [Makreski et al. 2005, Genceli et al. 2007]

at 1116.37 cm™, 1069.54 cm™ and 619.18 cm™. Similarly in the sea ice inclusions these

modes are located at 1116.69 cm™, 1071.07 cm™ and 620.61 cm’™.
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For synthetic MgSO4-11H,0, a water bending mode [Makreski et al. 2005, Genceli et al.
2007] is observed to have a maximum at 443.64 cm™ connected with a small peak at

45722 cm’. In sea ice inclusions, the same mode is also detected at 444.68 cm’ with a

shoulder at 457.60 cm™.

The effect of O-H...O (sulfate) [Parsk et al. 1966, Genceli et al. 2007] vibration located
at 232.42 ¢cm™! for synthetic MgSO4-11H,0 is not detectable in sea ice inclusions as the
presence of a strong ice stretching band at 214.86 cm™ with a resolved mode at 293.62
cm’' hides this band. In sea ice, similar bands are detected at 215.15 cm™ and 292.06
cm™.
The O-Mg-O band [Parsk et al. 1966, Genceli et al. 2007] for synthetic MgSO4-11H,O

seems to be located at 188.23 cm™ whereas in sea ice inclusions at 188.41 cm™.

The stretching modes of crystal water in the lattice are located in the 2900-3700 cm™
region [Genceli et al. 2007]. For synthetic MgSQOy4-11H,0, there is one dominant band
having a maximum at 3392.71 cm’™!, with potential shoulders at 3520.67, 3469.99,
3304.05 and 3150.80 cm™. Similarly, sea ice inclusion has that dominant band at 3400.48
cm’! and shoulders located at 3544.89, 3472.93 and 3302.58 cm’

In sea ice inclusion Raman Spectra, extra water bands due to presence of ice surrounding
the inclusions are detected at 3264.62, 3141.43 and 2188.37 cm’'. Pure sea ice has the
same equivalence bands at 3265.52, 3141.13 and 2186.97 cm™.

The bands located at 1672.67 cm™ for synthetic MgSO,-11H,0 and at 1672.97 cm™ for
sea ice inclusion are interpreted as the bending mode of intracrystalline water [Socrates

2001, Genceli et al. 2007].
Summarizing all, by showing the excellent Micro Raman Spectra vibrational harmony

between the synthetic MgSO4-11H,0 and the inclusions of sea ice sample, the natural

occurrence of “Meridianiite” as a mineral in sea ice is proven. The daughter minerals in
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inclusions of sea ice may have been formed through freezing of sea ice followed by
concentration of the sea brine captured in the ice and the meridianiite crystallization out

of this brine.

Natural occurrence of meridianiite, on the surface of a frozen pond in central British
Columbia Canada in a tree trunk was also presented in the work of Peterson et. all. The
powder diffraction, refractive indices, infrared transmission spectra and reflectance infra-

red spectrum measurements of meridianiite were presented [Peterson et al. 2007].

Meridianiite has been submitted and recognized as a valid mineral species by the
International Mineralogical Association Commission. The full submission to the IMA
commission including powder diffraction data, physical properties has been deposited.
The crystal structure data of meridianiite was presented in [Genceli et al. 2007, Peterson

et al. 2006, Peterson et al. 2007].
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Micro Raman Spectroscopy of Antarctic Ice Inclusion: Meridianiite likely occurs also
in inclusions found in Holocene ice cores from Dome Fuji-East Antarctica [Ohno et al.
2005]. The aforesaid Antarctic ice samples were simultaneously analyzed during this
work using Micro Raman spectroscopy. Due to the small sizes of the inclusions ranging
between 1-5 um, it was not possible to measure the whole spectrum from a single
inclusion. In Figure 6.13, Micro Raman Spectra of an Antarctic ice sample inclusion for
low-frequency range (0-1300 cm™) is presented. The higher frequency ranges (1300-4000
cm™) of the same inclusion for incorporated water in the lattice and for intracrystalline

water bands could not be collected.

In the spectra presented in Figure 6.13 for Antarctic ice inclusion, the most significant
peak is the SO, associated symmetric stretching band at 990.24 cm™ and the sulfate
modes at 1117.26 cm™ and 621.33 cm™. The sulfate mode around 1069.54 cm™ for the
synthetic MgSO4-11H,0 is not very clear in Antarctic ice inclusion. The water bending
mode is observed to have a maximum at 446.33 cm™ connected with a shoulder at 454.45
cm’'. Similar to sea ice inclusions, the strong ice stretching band at 215.05 cm™ with a
resolved mode at 286.03 cm™ hide the band of O-H...O (sulfate) vibration located at
232.42 cm™. The O-Mg-O band is located at 183.24 cm’™.

The Micro Raman Spectra for low vibrations of Antarctic ice inclusion match well with
the one from synthetic MgSO4-11H,0. This suggests that micro inclusions of MgSO; salt
preserved inside Antarctic ice core very likely contain meridianiite mineral. Meridianiite
possibly formed as inclusions in Antarctic ice during different glacial periods by the
reaction of acid-gas particles (H,SO4 and HNO;) with sea-salt aerosols or terrestrial dusts
during their transport through the atmosphere and while they were in snow pack

[Rothlisberger et al. 2000, Ohno et al. 2006].
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Micro Raman Spectroscopy of Mirabilite: Raman Spectra of the associated mineral of
mirabilite (Na;SO4-10H,0) was also determined in sea ice and Antarctic ice as
inclusions. In Figure 6.14, the Raman Spectra of synthetic mirabilite is presented to solve
the ambiguity that was faced in the work of Ohno et al. in detecting the difference
between the inclusions MgSOy4-11H,0 (defined as MgSO4-12H,0) and Na,;SO4-10H,0 in
Holocene ice cores from Dome Fuji-East Antarctica [Ohno et al. 2005]. Synthetic
mirabilite Raman Spectra were collected under atmospheric pressure in a cooling
chamber at -15 °C with the same operational conditions applied for meridianiite.
Comparing spectra given in Figures 6.9-6.10 of meridianiite, to Figure 6.14 of mirabilite
only harmonizes at SO4* symmetric stretching band at 989.50 cm™. The rest of the
spectrum differs from that of mirabilite such as with the presence of v, mode at 455.73,
v; mode at 1112.45 and 1127.45 cm™ and vs mode at 613.46 cm’™ [Murugan et al. 2000].
Mirabilite has an OH-band located at wavenumber ranged from 3100 to 3700 cm™ [Xu et
al. 1999]. The stretching water mode incorporated in the lattice has a maximum band at
3440.51 cm™ and potential shoulders at 3519.86 and 3262.35 cm™. Detailed mirabilite

Raman Spectra indexing is not available in literature. Therefore the assignment of Raman
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Spectra picks was not done in this work very elaborate. On the other hand presenting the
different spectra for meridianiite and mirabilite supports the reliability of our technique
and eradicates the doubts that the reader may have for distinguishing the difference

between meridianiite and mirabilite inclusions.

Micro Raman Spectroscopy of Epsomite: For comparing the Micro Raman Spectrum of
synthetic epsomite (MgSO4-7H,0) salt measured at -10 °C is also shown in Figure 6.15
[Geneeli et al. 2007]. For MgSO,7H,O most significant peak of SO,* associated
symmetric stretching band at 987.52 cm™ and more sulfate related Raman bands with
maxima at 1139.73 cm™, 1101.34 cm™ and 1067.55 cm™. A water bending mode is
located between 418-496 cm™ having a maximum at 454.87 cm™ and a sulfate mode in
the range of 566-668 cm’', having a maximum at 618.09 cm™. Mg-O vibration band
located at 380.16 ¢cm™' for MgS0O47H,0 1is not present for meridianiite. The bands at
256.90 and 177.72 cm™ are assigned to O-H...O (sulfate) entities in the crystal structure
and to O-Mg-O deformations, respectively. The stretching modes of water are two bands
resolved at 3427.67 cm™ and 3325.65 cm’, including a shoulder at 3220.16 cm™.

Intracrystalline water assignment is located at 1678.47 cm’.

Comparing the vibrational spectra of the epsomite and meridianiite salts, it is very
obvious to detect the existence of significant differences due to presence of different

structural bonding of the two salts.

CONCLUSION

Meridianiite, deposited and recognized as a valid mineral by International Mineralogical
Association Commission, was found in sea ice inclusions from Saroma Lake-Japan. The
excellent Micro Raman Spectra match of the Japanese sea ice daughter crystals to

synthetic MgSO4-11H,0 crystals is presented as the evidence of this existence.

Antarctic ice core inclusions from Dome Fuji perfectly match with the Micro Raman

Spectra for low vibrations of synthetic MgSO4 11H,0O. This evidence indicates the
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possible existence of meridianiite in Antarctic ice. The extremely small size of the
inclusions (ranging between 1-5 pum) was the greatest obstacle for not measuring the

whole Micro Raman spectrum from a single inclusion.

The Raman spectrum of MgSO4 11H,0O (meridianiite) showed significant differences

with that of MgSO4-7H,0 (epsomite) and Na,SO4-10H,0 (mirabilite).

Beside temperature restrictions of keeping MgSO4-11H,0 below +1.8 °C (at atmospheric
pressure) for preventing recrystallization into epsomite, meridianiite stability depends on
relative humidity and atmospheric conditions. Meridianiite deforms and dehydrates very
easily into lower hydrated-MgSO, crystal structures even at -160 °C when vacuum is
applied or relative humidity is low. Therefore SEM-EDS technique was not suitable for

our research to detect meridianiite inclusions in sea and Antarctic ice samples.
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Chapter 7

ABSTRACT

Crystal growth of MgSO4 aqueous solution on a cooled surface has been studied
theoretically and experimentally. The excess entropy production rate for heat and mass
transport into, out of and across the interface was used to define the fluxes and forces of
the system. The method describes the interface as a separate (two-dimensional) phase in
local equilibrium. Coupled heat and mass flux equations from non-equilibrium
thermodynamics were defined for crystal growth and the temperature jump at the
interface of the growing crystal. All interface transfer resistivities were determined using
MgS0O47H,O crystallization on a cooled surface as an example case. The coupling
coefficient showed that between 20 and 30% of the enthalpy of crystallization is returned
to the liquid side during crystal growth. The coupling of heat and mass transport

equations at liquid-solid interface has not been described before.
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INTRODUCTION

Assume a crystal growing on a cooled solid surface from an aqueous solution.
Furthermore, we consider only the flat parts of the growth layers on the crystal surface,
e.g. we disregard steps and kinks, and surface integration phenomena, for a moment.
Then it can be expected that coupled heat and mass transfer effects, when calculated with
the Onsager equations, will in principle be noticeable and will lead to a temperature jump
at the interface [Kjelstrup et al. 2008], apart from the regular thermal and concentration
diffusion boundary layers. Using crystallization of MgSO47H,O on a cooled metal
surface covered with TLC (Thermochromatic Liquid Crystal) sheet as an example case,
we distinguish between the following thermodynamic phases; the homogeneous solution
phase, crystal phase, TLC covered metal phase, and the (described as two-dimensional)
interfaces between the homogeneous phases: which are the solid-solid interface between
the crystal and TLC covered metal, and the liquid-solid interface between the liquid and
crystal. In this work we neglect the contribution solid-solid interface between crystal and

TLC covered metal.

First, the equations of transport of heat and mass through this series of layers, and their
application and predictions, are set up. All transport equations are in principle governed
by the second law of thermodynamics. The theory of non-equilibrium thermodynamics
can be used to derive these rate equations, including those which apply to the interface, in
a systematic manner, assuming that the second law remains valid locally. We shall
document here a temperature jump at the crystal interface during crystallization of
MgSO47H,0. The jump is predicted by irreversible thermodynamics. We can thus

interpret the measured temperature jump and give the surface transfer resistivities.

General expressions for the excess entropy production rate of an interface were already
derived a long time ago [Bedeaux et al. 1976, Bedeaux 1986, Albano et al. 1987] for
curved interfaces that were allowed to move in space and change their curvature. Such an
analysis is rather complicated, and simplifications are required. A first attempt to use

non-equilibrium thermodynamics in the description of crystallization was made by Ratkje
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and Flesland [Ratkje et al. 1995] in their studies of freeze concentration of ice from an
aqueous solution. That study did not take into account the heterogeneous nature of the
problem, however, which is essential [Chen et al. 1997]. Badam et al. recent measured
the temperature jump in the liquid vapour interface and show the importance of coupling

coefficient [Badam et al. 2007].

We are now able to take advantage of the results of Kjelstrup and Bedeaux 1996, in their
development of coupled transport equations for a planar liquid-vapor interface, and
include the heterogeneous nature of the system [Kjelstrup et al. 1996]. An interface does
not exist without its bounding phases, and the transport processes in question therefore
address a heterogeneous system: the system made up by two homogeneous phases and
the interface between these. One may still question the need to invoke this level of detail
in the description, but we shall see, this is the only way to describe properly the
simultaneous transport of heat and mass, in a way that is consistent with the second law

of thermodynamics.

The aim of this work is to estimate the magnitude of the temperature jump and to

quantify the effect of the coupling of heat and mass transport.

The chapter is organized as follows. After a description of the coupled transport of heat
and mass in terms of non-equilibrium thermodynamics across some heterogeneous layers
in theory section, we describe an experimental system and experiments to test the theory
in experimental section. The data analysis methodology is described in data analysis
section. Results from measurements of temperature differences across the layers, a
discussion and a comparison with other theoretical methods of data reduction are done in

results and discussion part. We conclude on the general perspectives on the method.
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THEORY

The System

A schematic drawing of the crystallization system just on the cooled surface is shown in
Figure 7.1. The homogeneous liquid phase is indicated by ({), the crystal phase by (s).
The area between the solution and the crystal layers is called interface (i), having a
thickness of &' though it is considered thermodynamically as a two dimensional phase. In
Figure 7.1, the variation of the MgSQOy4 concentration is shown from liquid to solid phase.
The x-axis of Figure 7.1 has coordinates for concentration in kmol.m™ whereas y-axis has

coordinates in variable pm.

y (um)

S
C Mgso, -7H,0

»
»

C (kmol.m™®)

Figure 7.1: Variation in the molar density of the crystal % MgSQO4-7H,0

The three homogeneous phases; the TLC covered metal phase, the crystal phase and the
solution have all a thickness of the order of millimetre. The interface between the crystal
and the TLC covered metal does not involve any mass flux, and the contact resistance to

heat transport through this layer will be neglected.

123




Chapter 7

Excess Densities for the Surface

In a macroscopic description, not only the homogenous phases, but also the interface
(between solution and the crystal) is a separate thermodynamic phase system. The
thermodynamic properties of the interface are given by the values of the excess densities
as defined by Gibbs [1961]. Excess concentration means the integral of the concentration
above (or below) the values of the nearby phases. The location of the equimolar interface
is such that the surplus of moles of the component on one side of the interface is equal to
the deficiency of moles of the component on the other side of the interface. The value of
these densities and the location of the interface will be defined through the example of a
liquid-solid interface in crystallization system. Figure 7.2 shows the equimolar surface of

MgSO4-7H,0 by the horizontal line at i.

y (um)

s
C MgS04.7H20

»
»

C'= 0 MgS0,.7H,0/crystal 100 wt% MgS0O,.7H,O/crystal

C (kmol.m™®) 48.84 wt% MgSQ, / crystal

Figure 7.2: Determination of position of the equimolar surface of MgSQj crystallization

The areas between the curve and the bulk densities on both sides of the lines are the same
Calculation and determination of the location of this plane (for excess surface

concentration, excess density, excess internal energy, excess enthalpy, the surface tension

and the excess entropy) is explained in detail else where [Bedeaux et al. 2005].
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Heat and Mass Transport, and the Entropy Production Equations for Crystallization

For analyzing crystallization of the MgSO4-7H,O salt on the heat exchanger surface, the
heat and mass transfer equations must be defined from the entropy production for three
different regions, i.e. at points “s”, “£” and “1” to obtain the temperature, concentration

and heat and mass flux profiles.

1. Salt Layer “s”:

The frame of reference for the transports of heat and mass is the interface of the salt
crystals growing at the wall into the solution so the observer is moving with the interface.
Transport (through the interface) from the solution into the cold wall is chosen to be the
positive direction of transport.

Mass transport for “s”: The mass flux into the interface is an aqueous solution and out is

salt crystals. At this stage mass conservation is valid, giving:

J'=J (7.1)
The mass flux is calculated by the measured crystal growth rate () using,
T =Py (7.2)

[T

Heat transport in “s”: The heat flux into the salt can be determined on the coolant side

when the salt is growing on the wall. From the energy balance of the coolant, we define

the total heat going though the wall (J')) is equal to the heat flux through the salt (J")).

J,=J" (7.3)

w0,

Entropy production for “s”: The entropy production of the salt is,
d(1

o' = Jqs E(?j (74)
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The pure salt has only transport of heat. We use Fourier’s law as the linear law for heat
transport giving,

ar

- (7.5)

's _ _ gsalt
JS==2

Having constant heat flux and thermal conductivity, the temperature profile of the salt on
the TLC surface would be,

salt
o g

s TLC __
T _T - /flsalt q

(7.6)

If we include the heat exchanger metal wall and the thermo liquid crystal (TLC) coating

layer as well,

salt TLC wall
T —T¢ = (5 249 ]J“ (7.7)

salt TLC + wall q
A A A

2. Liquid Layer “€”:

Entropy production for “€”: In the liquid side of the interface the entropy production has

two terms namely heat flux and mass flow rate.

OJ :J% i(l]_ngdﬂT,salt—aq (78)
T dx\ T T dx

The heat and mass transport and the entropy production equations for the liquid layer in

frond of the interface are defined with the following equations:

Mass transport for “C”: Mass flux on the salt side calculated via Equation (7.2) and due

to mass conservation assumption given in Equation (7.1), mass flux on the liquid side
(J") is found.
Heat transport for “€”: The heat flux for the related layer is defined in similar form to

the salt layer given in Equation 7.5:
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, , dT
J / — _lsalt—aq wr 79
¢ T (7.9)

Equation 7.9 gives a continuous profile away from the surface. We have then neglected
the coupling of heat and mass in the solution. The Soret coefficient in liquids is small in

many cascs.

3. At the Interface “i”:

In the crystallization system, the interface is the most interesting layer compared to the
others as all the reaction takes place over the interface. The layer is defined as a two-
dimensional thermodynamic system by excess densities explained under Theory- The

System.

Extrapolating the measured temperature profiles both from the solid side and from the
liquid side up to their contact point (the interface) shows the temperature discontinuity
across the solid-liquid interface. We chose interface at the equimolar surface of the salt.

Heat and mass transport for “i”: At the interface, the energy conservation for one-

dimensional transport gives,

Ju+J-H,  =J,+J H,

cryst. cryst.
1w o_ ol
JU=JUHAH T
s 14 Y4 15
JA(H,, —H,,)=J,~J",<0 (7.10)

In equation (7.10), it is seen that, the enthalpy of crystallization can partly be transported
into the salt J', > 0 and partly be going back into the mother liquid J ';‘ < 0. The relative
fraction of the enthalpy of crystallization carried by the fluxes at uniform temperature is

given by the resistance to heat transfer and the so-called heats of transfer, see definitions

below.

[ZEEE N

Entropy production for “i”: The entropy production for the interface has three terms at

the steady state. Two of them are from the heat conduction in and out of the interface and
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one from mass transport across it [Kjelstrup et al. 2008]. The entropy production for the
salt in the interface could be defined as follows,

o 1 : 1 1 -
o' =JA,, (?j +J/A,, (?j — JFAM;T (T (7.11)

The expression for the entropy production given in Equation 7.11 is valid for crystal
growth. Subscript i,s means that the difference is taken between the salt and the surface,
the subscript £,i means a difference between the surface and the solution; while £,s means
across the surface (i.e. between salt and the solution). As the mass flux of the salt into and

out of the surface is constant, the chemical driving force into and out of the surface were

combined. Due to the fact of inequality of /. # J,, , the other terms in Equation 7.11 can

not be combined in the similar way. The expression describes all energy lost as heat at the

interface.

It is not convenient to have a driving force depending on the temperature of the surface.
By introducing the energy balance into the entropy production and by using the identity
given in Equation 7.12, both the surface temperature and one of the heat fluxes could be

eliminated from Equation 7.11.

%A«,SMT")=%(uS<T")—u”<T"))=%(u%T”)—M(T‘%(HS —H”)(%— : )j

T T T
(7.12)
The entropy production for the interface could be rewritten in the following form
i 's 1 1 4
o =J/A, (;) S Aty (T")) (7.13)

The thermodynamic driving forces for transport of heat and mass from the entropy
production are as follows:
y i _ b _i_ 4., T N 4., T _ 4, T

l,s Ts Té TZTS (TZ)Z (T( )2

T
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/ s 4 K 14
L) =By ) gy (1)
T T a(T) a(T")

(7.14)

The activity of the salt in the liquid is given at the liquid temperature near the surface, at
T*. Since the activity of the salt is more difficult to obtain, the activity of the liquid that
would have been in equilibrium with the salt at the temperature T" is taken in Equation

7.14. The activity is calculated from the saturation curve using Pitzer Model.

Equations of Transport for Crystal Growth

For the surface there is a linear relation between the thermodynamic forces and the
conjugate fluxes. In steady state, force-flux relations between the interface (7) and the salt
side (s) in terms of resistivities can be written for constant mass flux and almost constant

heat flux as follows:

A (T o A
AR R
] l is r1's is
—FA/{‘NUT(T ):R#q.]q +R/L/JJ (715)

These equations express that there are jumps in the intensive variables like the
temperature and the chemical potential at the surface and that 7'z T*, T° as seen in Figure

7.2. This fact is normally not taken into account in the description of phase transitions

[Pronk 2006, Mersmann 2001]. In Equation 7.15, R;; and RL; are the two main interface
resistivities to heat and mass transfer respectively; and R;; and RL’; are the coupling film

resistivities for the interface. According to Onsager relations R;; :RL’; are equal. The

“heat of transfer” ¢*"* for the salt side of the surface is defined by the coefficient ratio.
‘ J'S Ri,s
g* =| =L — (7.16)
J R”
7s=T" 94

By Equation 7.16, the stationary state heat flux equation is defined as follows:
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4, (T ,
J”:—I,4£;;+q*”J (7.17)
"R (T

Substituting Equation 7.10 into Equation 7.15, using Equation 7.12 we obtain the
following relations between the resistivities for the salt side and the liquid side heat flux

[Xu et al. 2006, Kjelstrup et al. 2008]:

i, __ il
qu - qu
is _ pis _ pil _ il
Rqﬂ - Rﬂq - Rq# AH cryst.qu
is _ pil il 2 pil
RW = RW ZAH”W_RW "‘(AHCW.) qu (7.18)

The heat transfer coefficient ratio ¢ ** for the liquid side of the surface is defined by,

- JV[ Ri,(
qMJEPJJ S (7.19)

. Rl

T°=T 949

J

Equation 7.20 is derived from Equations 7.16 and 7.19 which shows that the assumption
of zero cross coefficients violates thermodynamic laws [Kjelstrup et al. 2008].
q*" —q*" =4H (7.20)

cryst.

The fraction of enthalpy carried out via the cooled surface into the salt is defined with the

parameter £,

q %I,

k = (7.21)
AHcryst.

EXPERIMENTAL

Experimental Setup and Sampling

The schematic drawing of the 10 liter crystallizer and the experimental setup used in this

study is shown in Figure 7.3. The top and the vertical sides of the crystallizer are
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transparent. The bottom surface of the crystallizer consisted of a vertical metal wall used
as heat exchanger to regulate the bulk temperature. The crystallizer was indirectly cooled
via circulating ethylene glycol from the Lauda RK 8 KP cooling machine through the
heat exchanger. The temperature of the cooling machine was controlled with an accuracy

of £0.1-0.5 °C.

Temperature of inlet (T%,) and outlet (T ) of the coolant to crystallizer and bulk
solution temperatures at four locations in the crystallizer (1.7 mm T', 6.7 mm T?, 11.7
mm T and 25 cm T* away from the bottom surface) were measured with ASL F250
precision thermometer connected to PT-100 temperature sensors with an accuracy of
1+0.01 °C and resolution up to £0.001 °C in every 2 seconds. The temperature and coolant
flow rate data were collected in a computer using Lab-View data acquisition program.
The experimental system was thermal insulated wherever appropriate besides the top

part.

The temperature at the bottom surface wall (T") was screened by a thermochromatic
liquid crystal (TLC, Hallcrest R33C1W) sheet layer placed over it. TLC, changes its
colour with temperature, with a working range between 33- 34 °C. The TLC-sheet is
illuminated using a slide projector with a halogen lamp (colour temperature 3400 °K, 320
W). Its light is passed through a linear polarising filter, and then projected via a mirror
onto the bottom of the tank under an angle of incidence of 75°. The tank bottom was
observed from above through a second polarizer using a Cannon Powershot S2 IS digital
photo camera. The two polarizers suppress unwanted reflections on the water surface and
small scratches in the TLC-sheet, resulting in more saturated TLC-reflected colours.
Inline color screening of TLC surface photographic image series (jpeg-compressed,
2592*1944 px) were recorded and transferred to a PC every 2 seconds, on which further
image processing was done using MatLab, v. 6.0 [Delfos et al. 2002].
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Figure 7.3: The schematic view of the experimental setup

Concentration profile within the crystallizer was defined through the solution samples
collected from the syringes connected to the wires attached next to the 4 temperature
sensors located at 1.7 mm, 6.7 mm, 11.7 mm and 25 cm away from the bottom surface.
Collected sample concentrations were determined offline using Inductive Coupled
Plasma Atomic Emission Spectrometry (ICP-AES) and Ion Chromatograph with an error

of 2.5 %, and picnometer density measurement with an error of 0.15 wt%.

The surface of the crystallizer shown in Figure 7.3 is magnified in Figure 7.4. The
temperatures at the cooled surface, metal wall, TLC surface and on salt surface layers are
labelled as T¢, T, T™C and T® correspondingly. The thickness of the stainless steel 316
metal wall and TLC are 1 mm and 0.13 mm respectively. The interface thickness (&) is
not known. The interface temperature on the liquid side (T is determined by linear

extrapolation of the liquid temperature to the salt interface.
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Figure 7.4: The magnified view* of the surface of Figure 7.3.

*Figure is not drawn proportional to its origin.

k: fraction of the enthalpy of crystallization carried out via the cooled surface, see Equation 7.21

Chemicals

29.72 wt% MgSO; solution, prepared with 99.99 wt% MgSO47H,O (J.T. Baker) and

ultra pure water of 18.2 mQ) were used in the experimental setups.

Experimental Procedure

Calibration: Calibration of the TLC-colours was done in situ during a gradual cool-down
and heat-up procedure. Pre-heated MgSOj, solution was fed into the crystallizer. When T'
-the first temperature sensor in the bulk- and T" -the metal stainless steel metal plate
temperature- readings were stabilized at the same value, the picture of the TLC surface
was taken. The Red-Green-Blue (RGB) image files were mapped to Hue-Saturation-
Intensity (HSI) files using MatLab's rgb2hsv procedure. Based on the Hue values H, we
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obtained a one-to-one relationship (‘calibration curve') for 7' vs. H (provided 32.5 °C < T
< 36 °C), which was shown to depend hardly on illumination intensity and with an
accuracy of +£0.03 °C [Delfos et al.2002].This procedure was repeated many times for

absolute TLC color temperature assignment.

Experiment: The pre-heated MgSQO, solution was fed into the crystallizer and stabilized at
37 °C for 10 minutes. When a homogenous temperature profile was achieved, the
solution was cooled down indirectly through the crystallizer’s bottom wall as heat flows
from the solution to the coolant. Under steady-state conditions and in the presence of any
crystals, the temperature profile and the heat flux from the solution into the coolant were
continuous. The saturation temperature of the solution for the related MgSO4
concentration was calculated to be 35.7 °C [Pronk 2006]. When the solution was cooled
below its saturation temperature, MgSO4 7H,O crystallization nucleation on the cold
surface was initiated via seeding at time zero. As the epsomite crystallization process is
exothermic and generated heat into the system, the temperature profile and heat flux were
not continuous anymore. A temperature jump was seen at the locations where crystals
nucleate and grow. The crystallization on the cooled surface is visualized by naked eye
and by digital pictures. The temperature jump in the interface due to nucleation and
growth of MgSO4-7H,0 crystals were confirmed by the calculations using the values of

TLC and temperature sensor measurements.

DATA ANALYSIS

The salt surface temperature (T°) was derived from the coolant heat flux given in
Equation 7.6, whereas the liquid side temperature (T') was calculated via linear
extrapolation from the temperature sensor readings located in the bulk (T', T2 T°) to the

interface thickness.

TLC temperature values for crystal growing areas and crystals-free areas were extracted

from the pictures.
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The thickness of the salt (8°) growing into the liquid direction and the mass flux (J) of the
crystals were estimated using four different approaches all of which overlap perfectly
well with each other. These approaches were using the Image J program for measuring
the crystal size changes in time, weighing the crystal amount at the end of the experiment
and also doing concentration measurement in the beginning and at the end of the

experiment and extracting the mass flux value form Equation 7.10.

The chemical potential difference in Equation 7.15 was calculated using Pitzer model.
The program presented by [Pillay et al. 2005] was modified for higher temperature
calculations for MgSO4-7H,0 salt application.

The various equations and the constants needed in the calculations are presented in

Appendix I.

RESULTS AND DISCUSSION

In Figure 7.5, single (a-c) MgSO4 7H,0 crystal photos on the TLC surface are presented.
The transparency property of MgSQO4-7H,0 crystals allows us to follow the temperature
profiles of the TLC surface both on crystal-free and for the crystal covered areas.
Undistinguished crystal borders on the post-processing temperature images (b)-(d) are
supporting this fact. The part of heat (due to heat of crystallization) evolved in the crystal
side is transferred both under and near the borders of the crystal on the TLC.
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Figure 7.5:  (a)-(c) Picture of single crystals (labelled 1 to 7) on the TLC surface

(b)-(d) Crystals post-processing temperature images on the TLC surface
* 1 pixel is 65pum

Crystallization is a dynamic process in which molecules or ions dissolve and absorb on
the crystal surface simultaneously during growth. Therefore warmer or colder
temperature readings under the crystals compared to the surrounding is possible before
stationary state conditions are established and can be detected in the post-processing
temperature images. Figure 7.5(a)-(d) is an example of presenting the single crystal
temperature reading on the TLC. It is seen in the photos (a) and (c) under the crystals
numbered 1 and 6, the temperature readings are warmer than the surroundings crystal free
area. However, for the crystals numbered 2-5 and 7 the under crystal temperature
readings are colder than their surroundings. Additionally the different optical properties
such as the refractive index and the morphology of the crystal may affect the subjected

crystal temperature readings.
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The effect of heat generated from heat of crystallization and transported through the
crystal is not only conducted under the crystal but also evolved in the horizontal direction
of the TLC. Therefore the TLC temperature reading collected near the crystals does not

represent the TLC temperature reading for crystal free area.

Figure 7.6: Picture of crystal free (¢) and crystal covered (g) areas on the TLC surface

and their post-processing temperature images (f), (h)

* 1 pixel is 65um

Taking into account of all those facts, the temperature data collection from TLC readings
using single crystal values was avoided. Instead, the representative temperature readings
were collected for the same moment from two different areas covered with and without
crystals. By using crystal group average temperature values, these little variations due to
the optical properties and heat distribution in the horizontal direction of the TLC are
minimized and included in the accuracy of £0.03 °C. In Figure 7.6(e) a photo for the

crystal-free area and in (f) its post-processing temperature images are presented. The
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averaged TLC temperature reading for crystal free areas for this moment is determined as
33.6 °C. For the same moment, an area covered with crystals and its post-processing
temperature image is also presented in Figures 7.6(g) and (h) respectively with an

average temperature reading value of 33.75 °C.

The interface, salt layer, T' and T? locations versus time are shown in Figure 7.7. The

time zero refers to the seeding moment.

AAMAAAMAAMAAA ANAANNAANNNNANNANNNNNNNNNNNNNANNNNNNNANNNNNNNAINNANNNNNANANNNNNNNANNNNNNANNANNNNN

611412
5 | -T1
€ X Interface
E 4 + o Salt
c
o
< 3
(@]
S
2
1 _

0:00 0:14 0:28 0:43 0:57
Time (minute)

Figure 7.7: Location of T', T? temperature sensor and T%, T' temperature locations

versus time.
The temperature readings and the results obtained following the procedure described in

Data Analysis section are presented in Figure 7.8. Temperature jumps across the interface

TU-T® are calculated 0.2 °C.

138




Coupled heat and mass transfer during crystallization of MgSO, 7H,0 on a cooled surface

34.1
XTI
ATS
34.0 +H x TTLC-without crystal
© Tcoolant-outlet - o]
— & Tcoolant-inlet R OO
0 339 0
E/ W
o X
2 338 1 A
s A A A A4y
@ A A‘A‘A Aa A A
o A A A A Aa Ll ) N
£ 337 - s e
Xapad A A
. Sl X% x ¥ X‘A X X K 3K K SRR FIK K, gKprorPK ARt X
336 X XX*X*X XX RRaXyonx *)K ¥X **)X}*Xxx xx XX*)& Ky X AN HETAKTRERGETN ¥
' Wg W‘g R Ry o 0%0.0%
T“‘?% ‘% SO N SRR, W%T
335 ‘
0:00 0:14 0:28 0:43 0:57
Time (minute)

Figure 7.8: Coolant (Tiniet, Toutlet), T ithout orystals T and T' temperatures versus time.

The indications of consistency of our measurement are listed below.

- The coolant inlet temperature has lower values than the coolant outlet temperature,

- The measured wall and calculated wall temperatures were always equal to each other,

- The TTLC-Without crystal (crystal free area on TLC) temperature measurements were
constant during the entire experiment.

- As discussed before, the crystals shapes can not be detected in the TLC post-
processing temperature images (see Figures 7.5(a)-(d)). This is due to the
transparency property of MgSO,4-7H,O crystals. This property allows us to use

temperature readings under the crystals.
The heat of transfer for the salt side divided by the enthalpy of crystallization, the ratio k,

was presented in Figure 7.9. The ratio is calculated using the coupling coefficient ratio

over the resistivity to heat transfer at zero salt growth formulated in Equation 7.16.
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Figure 7.9: The fraction of the enthalpy of crystallization that returns to the solid side

In crystallization calculations [Pronk 2006, Mersmann 2001] it is frequently assumed that
all of the heat of crystallization is transferred into the cold side (i.e. to the salt side). In
Figure 7.9, the calculated heat of transfer divided by the enthalpy of crystallization
q*°/AH is presented to show the error one can do using this assumption. It is clear that
typically 70-80% of this heat is transferred into the solid side whereas 20-30% of this
latent heat is released is transferred back into the liquid side during MgSO4 7H,0O
crystallization. The assumption of sending all the heat of phase transition to the cold side
may be quantified by this method of description. While the error may not seem very big
in this case, it is case dependent, and might well be larger in other systems.

The description allows also for calculation of R ,, the interface mass resistivity, using

u®
equation 7.15 and the coupling coefficientsR, , =R, . By taking advantage of the

Onsager set of equations, we have a new alternative to overcome (resolve) the difficulty

of finding the temperature jump in the absence of a heat flux.
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In the Appendix 7.1, the input values are shown. In Table 7.1, calculated driving forces
and the coefficients for one time period during the experiment is presented. The interface
resistivity coefficients for heat transfer (R,,) and mass transfer (R,,) are calculated as
2.1x107 m> KW' and 1.26x10° J. m*s.K'.mol? respectively. The coupling film

resistivity coefficients (R,, = R,,) are calculated -3.88x10~ m®.s. K 'mol ™.

It is now possible to calculate the minimum chemical driving force, or degree of
supersaturation at the temperature near the phase boundary that is needed to overcome the
temperature jump before crystallization can take place. We obtain from Equation 7.15 for

J=0 the criteria to have MgSO,4-7H,0 crystallization:

A (T ,
a )<0.5x10-4AyT(T‘) (7.22)

7 =

This inequality explains that crystallization may be hindered, not only by activation
energy, but also by thermal force acting in an unfavourable way. Such a relation may help

us to explain scaling formation on cold surfaces.

From Equation 7.15 a relation between the coolant side heat flux and mass flux can be

derived.

i,s

1 1 R,
J= —FA,UT (T‘)F—R—f,’ijg (7.23)
MU Hu

Equation 7.23 presents that a bigger the heat flux on the salt side promotes crystallization.
In other words when the cooling rate is larger, the growth rate of the crystals increases.

Mass transfer on to the crystal surface becomes more difficult if 4, ,(7) becomes too large

and J . " is reduced on the cost of J . .

An analogy between conductive heat transfer coefficient (1) and heat resistivity (R,,) can

be derived. The general heat transfer flux (¢’’) relation according to Fourier’s law is
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proportional to the temperature (%) gradient in the direction of the heat transfer and the

thermal conductivity coefficient (1) [Incropera et al.1990].

A, (T
q"=—,1—‘;(z / (7.24)

The force-flux relation in case of no mass transport can be simplified from Equation

(7.15) and heat flux (J :) can be defined as a function of heat resistivity (R;:) and

temperature difference.

, A, (T
Jr=- 1 .—‘@(2) (7.25)
Ry (1)

Equalling Equations (7.24) and (7.25) knowing that ¢''=J :, the conduction heat

transfer coefficient can be written in terms of heat resistivity as shown in Equation (7.26).

Az
R (T")
Az is assumed 0.3 pum as the interface thickness (8') value. Using bulk side interface
temperature and heat resistivity, the thermal conductivity coefficient (1) calculated as
1.5x10° W.m".K"' which is lower than bulk thermal conductivity value calculated for
water-MgSO, system relation deduced from Melinder having value of 0.6 W.m" K
[Melinder 1997, Pronk 2006]. By replacing the bulk thermal conductivity value in

Equation 7.26 the interface thickness is calculated 12 mm.

Similar analogy can be derived between convective mass transfer coefficient (D,5) and
mass resistivity (R,,). The general molar mass transfer flux (N ,') relation according to
Fick’s law presented in Equation (7.27) is proportional to the molar concentration

AC,

gradient ( ) and the convection mass transfer coefficient (D,z) [Incropera et al.

1990].
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(7.27)

The force-flux relation in case of no heat transport can also be simplified from Equation

(7.15) and mass flux (J) can be defined as a function of heat resistivity (R’) and

178

chemical potential or in other worlds concentration differences.

A (C
_ﬁdmlaT(Té):_ ! RT' /,,s( )

J= st ’
R, T C

(7.28)

Equalling Equations (7.27) and (7.28) knowing that N ,'= J, the convection mass transfer

coefficient can be written in terms of mass resistivity as shown in Equation (7.29).

AR
Ri,sC€

t

(7.29)

AB

Choosing the Az value as assuming the interface thickness 0.3 um (Si), and using the C'
concentration 2.33 mol/mS, the Dyp is calculated as 8.5x10™'° m?%/s. This value is
comparable to diffusion coefficient of water-MgSQO,4 system relation deduced from
Gmelin and Lobo for same concentration and temperature by having the value of

8.8x107'" m?.s™ [Gmelin 1952, Lobo 1989, Pronk 2006].
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Table 7.1: Summary of the crystallization experiments

Driving forces Unit
as(T[)

a'(T") 030 -
,,a(T')

A, 4, (T )=RT" In—— )
Hr(T) a'(T") -768.58  J.mol”
4, T
(') 2.02x10° K

Coefficients Unit
" 2.10x107 mlK'W'

R, =R, 13.88x10°  m2s.K'mol’
e 1.26x10°  J.m%s.K 'mol™

h 1.5x10° W. m>K"

Dy 8.5x10"" m’s’!

Calculated values Unit

q" 1.84x10* J.mol

q /AH 0.77

g -5.57x10°  J.mol

q '/AH -0.23

CONCLUSION

Crystallization is mostly an exothermic process. According to irreversible

thermodynamics, the heat released during crystallization at the interface is distributed to
both the liquid and solid phases which are in contact with the interface also for isothermal
conditions. We present the temperature jump between the solid and the liquid side of the
interface and the heat of transfer for both sides of the surface, using For MgSQO4-7H,0
crystal growth on a cold surface as example. For epsomite crystal growth rate of

2.33x10~ mol.m™.s”, around 20-30% of the heat of crystallization is calculated to be

transferred back into the liquid side. The interface resistivity to mass transfer (R;:) is

1.26x10° J.m*.s.K™".mol™, while the interface resistivity to heat transfer (R;:) is 2.1x107’

m”K"'. W™, This is the first time of coupling heat and mass transfer equation at liquid-
solid interface description and heat of distribution calculation during crystallization is

documented.
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Appendix 7.1: Equations and constants

Constants Unit
Cpeem =0.00274T(°C) +2.818 klkg' K'

freezium =-04T(°C)+1289 kg.m>
eSO, =5.6x1071 +2x1073(7) - 6.9x107°(1)2

@ [TEO),C=wt%]  _g4x1074(C)-23x105C)T) + 7.8x107°(CO)T)* W.m L. K’

MgSO,
lb'“lt [Thermtest 2007] 9 427 wW.mlK!
imet.al:wall

solid 5 W.m'l.K 1
ﬂ’TLC_‘

solid -1 -1

0.16 W.m K
MgSO,
AH .5 395 J.kmol’!
CMgso4 2
eq =21.3+0.206xT(°C) +0.000833 x T'“(°C) wit%

Aco]d surface 003 1 m2
o 5 mm
oTtc 0.13 mm
Acooled 0.0314 m2
Psalt 1680 kg.m™  (for MgSO,-7H,0)
Measured data Unit & Source
T 33.572 °C (PT100)
T out 33.579 °C (PT100)
T e 33.666 °C (photos-without crystal)
T' 33.933 °C (PT100)
T2 34.274 °C (PT100)
T 34.805 °C (PT100)
peootant 374.60 Lh!
&° 0.35 mm
Calculated values Unit
TC og 33.575 °C
Cpfreezium 3 659 kag—l .K-l
T vithout erystl 33.625 °C
T 33.681 °C
T 33.869 °C
J 2.33x107 mol.m?.s™
AR 108.20 W.m?
Iy 52.37 W.m™
JAH gyt 55.83 W.m™
J q ¢ 31.02 W.m'2 (for no mass flux)
Ay-p 0.937
aAmg-¢ 0.093
aA304-0 0.093
Ay-s 0.945
aMg-s 0.085
as04-s 0.085
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List of Captions

List of Symbols
a activity
C concentration mol.m™
Cp specific heat kJkg' K
D3 convection mass transfer coefficient m’s!
AHcyg Heat of crystallization J.mol
h convection heat transfer coefficient W.m? K"
J mass flux mol.m?.s™
Jy heat flux Jm?s!
k enthalpy fraction transferred to the coolant side -
N4’ convective mass flux mol.s”.m™>
R ideal gas constant JK'. mol
R heat transfer resistivity of the surface to the salt side m”s'.J' K!
99
R mass transfer resistivity of the surface to the salt side ~ J.K. mol”. m™.s™
17z
R = R coupling film resistivities of the surface to the salt side m”.s'.mol” K
qu qu
R heat transfer resistivity of the surface to the liquid side m?.s'.J".K"
99
i mass transfer resistivity of the surface to the liquid J.K'. mol®. m™ s
s side
R = R"* coupling film resistivities of the surface to the liquid m”.s'.mol K
qu qu side
q” convective heat flux W.m™
#1s heat of transfer coefficient ratio to the salt side of the J.mol™
surface
q* heat of transfer coefficient ratio to the liquid side of J.mol™
the surface
T temperature °C
z distance from the salt surface m
Greek symbols
0 thickness pum, mm
A thermal conductivity W.m' K"
u chemical potential J.K!
v measured velocity, salt growth rate m.s”
p density at the given condition kmol.m”
c entropy production W.m>.K"

Sub-Superscripts

coolant

interface

liquid

salt

thermo liquid crystal
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ABSTRACT

Separation technology is a key enabler in medical, mining, food, paper, chemical,
pharmaceutical and biotechnological processes. With a perfect separation, no waste is
generated while the best quality product is produced. Separations, however, are costly in
terms of equipment and power consumption. In the process industry more than half of the
overall costs are due to separations. In virtually all cases, the actual power consumption
far exceeds the exergy amount. It is estimated that yearly almost 10° J could be saved by
more efficient separations of salts or acids from aqueous systems alone. Moreover, huge
amounts of valuable industrial aqueous streams that are currently too energy intensive to
be treated and are disposed of, could be decomposed into valuable materials instead, if

only the separation technology to do so were available.

For the industrial or waste streams containing moderate to higher salt or acid
concentrations, Eutectic Freeze Crystallization (EFC) is a very promising technology for
perfect separation. EFC turns a solution into pure ice and pure salts and/or acids, at 100%
efficiency (apart from a bleed stream) and saves up to 90% (typically 50%) of the energy
costs compared to evaporative crystallization. In addition, the low operating temperature
allows for cheap construction steel to be used, avoids decomposition of organics, is
sanitary favourable and is very safe for process operators. EFC not only can replace
existing technologies, but is also enables completely new processes to be designed, as it

constitutes a new unit operation.

A consortium including scientists, users and an equipment manufacturer has recently
developed an efficient EFC technology to a pilot plant scale. Now it is time to accelerate
the transition of this science-based technological knowledge into a green business. A very
helpful methodology to do that is described by the Cyclic Innovation Model (CIM),
which was developed from real-life experience [Berkhout 2006]. CIM describes a process
of multi-value innovation by coupled cycles of change, connecting science and business
in a symbiotic manner. This chapter describes how such an acceleration of turning
technology into business can be achieved. We will illustrate this with three concrete

examples.
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INTRODUCTION

Many regular industrial process or waste streams -for example from the chemical process
industry, (hydro-)metallurgy, electronics industry, biological industry, food industry,
agricultural industrial- contain high concentrations of dissolved salts and/or acids
(throughout the text for “salts” also “acids” can be read). Recovery of these salts is
important for economic and environmental reasons. Separation processes are essential for
almost every industrial process, either for the recovery of the salts in the production step

or for the reduction of waste streams in the purification step.

High energy consumption is the major drawback for most of the current separation
technologies. In addition, current separation technologies are rarely 100% selective. In
the process industry more than half of the costs both for equipment and for energy are
spent on separations. In most cases, the energy consumption far exceeds the theoretically
required amount, where a factor of hundred is no exception. Development and
implementation of more efficient technologies is necessary to save roughly 10% J/y
(almost 10 barrels of oil equivalent, or about 10* kg CO, emission), currently
consumed for separations of salts or acids from aqueous systems [Energy 2004], and for
environmental reasons. Moreover, huge amounts of valuable industrial agueous streams
that are currently too energy intensive to be treated (and are therefore disposed of) can be
considered as raw materials when the right separation technology becomes available.
New aqueous separation technologies also will allow completely new, more efficient

process flow diagrams to be designed.

Economically attractive, energy- and environmentally-friendly processes are necessary to
ensure the sustainability of our society. This multi-value role of innovation has great
significance in the light of the annual increase in energy consumption, world population,
and municipal and industrial water consumption/withdrawal generation. These worrying
figures and their predicted future values are presented in the Figures 8.1-8.4 and show a
strong increase over time. Without stricter precautions and the use of innovative

technologies, the rise will be even steeper due to the multiplication by the increasing
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world population. Therefore, future innovation should aim at sustainable business. We

call that multi-value innovation.

c 8 10
o i - _
B 4 T § s
) 8~ N
235" " 22 6 /
5 41 /./l/'/./. o2
SG3 235 ¢
S 2 5 o
2 1 =
L 0 T T 0 ‘ ‘
1980 2000 2020 2040 1980 2000 2020 2040
Year Year
Figure 8.1: World energy consumption Figure 8.2: World population 1980-2030
1980-2030 [Energy 2004 Energy 2004
ay ay
7000 1400
© 6000 1 = Consumption & 1200 | " Consumption o
3 o Withdrawal / 2 o Withdrawal , Waste | /"
— 5000 5 1000
£ »_4000 /"/ g - 800 .
£ £
i %3000 . .//. T <600 //
S 2000 | / 5 400
O 1000 = 2 200 /

1900 1950 yggr 2000 2050

0+ T T
1900 1950 Year 2000 2050

Figure 8.3: Global fresh water use:
Withdrawal and consumption
[United Nations 2007]
Withdrawal is the removal of freshwater from
water resources or reservoirs for use in agriculture,
industry or domestic purpose.
Consumption is the use of water by humans from
natural water resources or reservoirs for agriculture,
industry or domestic purpose.

Figure 8.4: Global industrial water use:
Withdrawal and consumption by industry
[United Nations 2007]

Withdrawal is the removal of freshwater from

water resources or reservoirs for use in industry.
Consumption is the use of water by humans from
natural water resources or reservoirs for industry
purposes.

Currently, huge amounts of valuable industrial agqueous streams cause pollution and

damage ecological systems. It has been suggested that water pollution is the leading
worldwide cause of death and disease [Pink 2006, West 2006], and that it accounts for the
death of more than 14,000 people daily [West 2006]. An estimated 15-20% of world-
wide water use is industrial (Figure 8.3-8.4) [United Nations 2007, Wikipedia 2007].

Metallurgy, chemical, food-beverages, and the wood-paper industries are the most waste-
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producing sectors. Industrial waste volumes reach close to 2000 kg/capita/year in South
Korea and drop to less than 20 kg/capita/year in Brazil. Between these two extremes,
average volumes range between 400 and 700 kg/capita/year in OECD countries [Veolia
2007]. Generally, waste holders do not want to go on public record; instead they prefer to
hide their problems. Diluting these streams, to governmentally accepted concentration
levels, is the cheapest solution. However, this ‘solution’ discharges the same amount of
waste to the environment and contaminates even more clean water by the dilution
process. Due to the difficulty of estimating waste stream volumes, it is very hard to
estimate the value of the world industrial waste market. The value of the non-hazardous
industrial waste market is estimated at $147 billion for Japan, Europe (EU15, Norway
and Switzerland), the United States, South Korea, Australia and Mexico. The market is
largest in Japan, at an estimated $67 billion. [Veolia 2007]. Hazardous waste is even
more difficult to estimate. For the EU, US, Canada, Japan, South Korea, Thailand, China,
Mexico, India and South Africa the amount of hazardous waste is estimated at
approximately 150 million metric tons [Veolia 2007]. These huge amounts of (valuable)
industrial aqueous streams are disposed of because existing treatment methods consume
too much energy or cannot handle the solutions. These streams could easily be turned into
valuable products once an affordable treatment technology is available. The new waste-
to-products paradigm which treats waste streams as raw materials is environmentally
crucial for recycling and protecting the world’s natural resources, and also economically
favourable by decreasing the production cost.

Recently, the separation of valuable non-ferro metals (copper, aluminum, nickel, zinc and
silver) and clean building materials from bottom ashes of incinerated domestic waste was
achieved by using a newly developed ‘wet eddy separator’ technology patented by the
TU Delft and the Amsterdam Afval Energie Bedrijf (AEB) [Rem et al. 2004, Hartmann
2006]. In Europe, 220 million tons of domestic waste is generated annually. When
incinerated, these bottom ashes which used to be a problem causing waste can be
regarded as a precious raw material containing 500 kton of copper and 500 kton of

aluminum (annually), with a total value of 2 billion Euros [Hartmann 2006].
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Similar to the domestic waste separation case, for aqueous process and waste streams,
new technologies are being developed to recover valuable salts in an energetically
favorable way. For certain types of aqueous streams, new technologies such as reverse
osmosis, multiple stage evaporation with mechanical vapour recompression, and
combined heat-power generation have come a long way to enhance the efficiency.
However, for systems containing higher salt (or acid) concentrations, there is no efficient

technology available yet.

At this point Eutectic Freeze Crystallization (EFC) [Van der Ham 1999, Vaessen 2003,
Himawan 2005, Genceli 2005a-c] is a strong future technology candidate for separation
of the dissolved salts and process water from industrial or waste streams. EFC, described
in more detail further below, offers a technologically and economically attractive
alternative to conventional separation techniques by recovering pure salt and water
product from process or waste streams, thus saving energy or turning waste into raw
materials in an energetically favourable way (more close to the theoretically required
amount). Besides, EFC is an entirely new type of unit operation which allows completely
new, more efficient flowsheets to be designed. EFC operates around the eutectic
temperature of aqueous solutions and can treat a wide variety of feed solutions without
adding any further solvents or chemicals. EFC is complementary to reverse osmosis for
concentrated streams and dissolved inorganic and organic mixtures. With a theoretical
yield of 100% and an energy cost saving of up to 90% compared to evaporative
crystallization, EFC delivers two products simultaneously: pure salt and pure ice crystals.
Separating those products is easily accomplished on account of their density differences.
In the past, a combination of lacking equipment and prejudices (‘cooling is too
expensive’, ‘the crystals will never be pure’) has hampered the development and

implementation of EFC.
From an economic and environmental point of view fast industrial implementation of the

EFC technology is desirable which will realize a major breakthrough due to lower power

consumption, less waste generation and a higher product yield of high purity. Two pilot
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demonstrations at industrial sites have been successfully performed, and the next issue for

commercialization is an industrial production unit design and construction.

EFC is an example of a potential so called multi-value innovation. Such an innovation
creates economic, ecologic and social added-value and integrates these three dimensions
of societal change as illustrated in Figure 8.5. A vision of the future (providing the goals),
a transition path (showing the strategy) and a process model (for execution) are the three
interconnected parts of the multi-innovation concept [Berkhout et al. 2006]. Starting from
the current situation to achieve the vision of the future, a transition path has to be
followed. Berkhout describes the transition path as an expedition: the goals are clear but

the road to success is unknown.

Vision of the future

Social added value

8
@

Transition path

»

Ecological added value

Economic added value

Figure 8.5: Multi-value innovation aims at the creation of economic, ecologic and social added
value by growing from the present situation to the vision of the future [Berkhout et al. 2007].
@ Current situation

Traditionally, innovations are considered as linear chains of sequential actions, where
each stage requires a certain amount of time, in effect holding up the next stage. This is
one important reason for the traditional time and cost intensive implementation trajectory.

The time between invention and successful implementation can be reduced by
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simultaneous actions using the Cyclic Innovation Model (CIM) which considers the
innovation process as symbiotic ‘cycles of change’, where developments take place in all
cycles simultaneously. In CIM, the innovation activities connect science with business as
well as technology with markets in a cyclic manner [Berkhout 2000, Berkhout et al. 2006,
2007].

The aim of the work described in this chapter is to develop the application of the Cyclic
Innovation Model, for the case of commercial application of the innovative Eutectic
Freeze Crystallization Technology. CIM is used as the process model for traversing this
transition path.

VISION OF THE FUTURE

Innovation is the process of successfully introducing a new solution in terms of new
products, processes and services or any combination thereof into the market. Innovation
Is a matter of bringing together what is technically possible and what is socially desirable
[Berkhout et al. 2007]. It is a crucial strategy to stay in business, especially for high-
technology companies that want to be leaders rather than followers (‘the winner takes
all’).

Innovation starts by having an ambitious vision of the future (see Figure 8.5). Such a
vision is essential to focus the attention of the actors (organizations) involved and
persuade them to replace their existing (conventional) technologies by new technologies
that can accomplish the goals in the vision. Success can only be achieved when this
vision of the future is shared by all actors.

In our vision of the future is to split agueous solutions, containing dissolved salts, acids
and organic compounds into pure water, pure salts, pure acids and pure organic materials,
using not more than the energy which is theoretically required, i.e. what natures asks us.
The necessary equipment will be very affordable so that the product yield will more than

cover the total processing costs.
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The required theoretical energy can be calculated from thermodynamics and is
independent of the process since it is a physical entity. It is mostly very low. For instance
to crystallize NaCl from its saturated solution (26 wt.%) theoretically costs 111 kJ/kg
produced NaCl, while for a single stage evaporation roughly 5 MJ of thermal energy are
needed and highly optimised multiple stage evaporative processes still use about 2 MJ in

the form of steam.

Having such an ideal process implies there will be no more waste from aqueous process
streams, raw materials can be used completely and transformed into ultra pure products.
In other words, the waste to products concept could be implemented to completeness.
This not only counts for simple salts, acids, water and organic materials, but also for
more complex and/or high added value products.

If the ideal process would be available, we could for instance win the uranium (3
microgram/kg) from sea water and make available 360 times as much U as we can access
now [Hermann, 2005]. Similarly new process routes for metals, petrochemical, food
processing involving large amounts of water would become feasible, revolutionizing our
way of designing processes. Therefore, not only existing agueous process streams could
be treated feasibly, but also many other types of material flow. It would certainly be a

base for powerful innovations.

EFC brings us a step closer to this ideal process. In the transition to the ideal process we
consider eutectic freezing as an intermediate goal. It saves up to 90% compared to
evaporative crystallization. Even then, however, the amount of exergy required to

perform the separation is still tens of times the theoretical amount.
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TRANSITION PATH

In realising the vision of the future for low energy consumption, less waste generation
and higher raw materials recovery from waste streams, a transition path has to be
followed starting from the current situation of energy intensive, more waste-generating
and little waste recycling. The transition path visualizes the envisaged road -from the
present to the future- by showing the anticipated innovations (‘the big steps’) for the
short, medium and long-term. For a fast implementation of the new technology, generally

the following obstacles have to be overcome [Berkhout et. al. 2007]:

- Successful life cycle management of current production plants
- Avrrisk-averse culture in the majority of the chemical industry

- Linear innovation paths causing long times to market

Investment requirements are considered to be an important obstacle in the adoption of the
new separation process. In the current economic structure of the chemical industry, the
lifetime of production plants are large and returns on investment are relatively low.
Therefore, new technologies requiring large capital expenditure are unlikely to be
adopted from an economic point of view. This hurdle has seriously limited a more

widespread use of promising technologies in the past [Kroon 2006].

A second obstacle along the transition path is considered to be uncertainty. A new way of
processing always involves risks, because the concept has not yet been proven on a large
scale. Therefore, as long as the current production method is making an acceptable profit,
industry will be risk averse and stick with optimizing current production concepts (‘life
cycle management’). Radical change must primarily come from environmental and social

forces, rather than economical incentives [Kroon 2006].
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Figure 8.6: Intermediate innovations along the transition path, leading to our vision of the Future
@ Current situation

Figure 8.6 shows the radical change along the transition path. Realization of the goal set
in our vision will take place step by step. The development and application of reverse
osmosis (RO) for clean, dilute salt solutions can be seen as the most recent big step. EFC
technology (mainly for more concentrated solutions) for commercialization is in progress.
EFC presently covers 10% of the way towards reaching its targeted future vision.
Commercialisation EFC by starting up of a company for exploiting the technology is seen
as the next big step. It is expected that the third big step following that is created by
combining RO and EFC technologies.
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Figure 8.7: EFC brings us closer to our ideal (theoretical ) process [Van der Ham 1999]
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There is no doubt that on our path towards full realization of our vision new, yet
unknown technologies are necessary. EFC brings us more close to the theoretical energy
as can be seen in the Figure 8.7, but is still away from it. Therefore, new steps need to be

taken. Consider now the transition where full scale EFC is implemented where possible.

Drivers for introducing EFC are: a high and increasing energy price, the higher economic
value of products when they are pure, its safe operation and the pressure of society to
contribute to the problem of climate change. Also at small scale all the advantages can be
achieved. EFC is attractive to further treat the concentrated streams delivered by reverse
osmosis (RO), which is the most efficient existing process for producing pure water from
clean dilute salt streams. Therefore, RO and EFC mutually enhance there attractiveness.

This implies that present applications of RO form part of the market for EFC.

Factors hampering the transition to a situation where EFC is applied wherever attractive
are a risk averse industries which prefer proven technologies such as evaporation. Current
evaporative crystallization plants will not easily be replaced by EFC. Especially for
certain highly optimised large scale multiple stage evaporative plants (e.g. for NaCl)
using the waste heat from powerplants EFC will not be in view.

We think that early EFC applications are in the high added value products field, such as
for recovery of valuable materials e.g. from the semiconductor industry, cheese brines,

Mo winning from blow down streams of SMPO plants.

Equipment manufacturers form roughly two groups: the true innovators and those who
wait for specified orders from process industry and produce at low cost and margins
(jobbers). EFC equipment might be produced by either of the two, but clearly at least one
of the first category is needed. In the transition not only innovative user, but also an

innovative producer will be needed.

For new applications, now untreated process streams which now become profitable to

treat, we do not have to overcome the difficulty of replacing a successful life cycle
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management of an existing production plant. Establishing a successful demonstration and
proving its sustainability to uses of the conventional separation technology will broaden
the market for EFC. Probably first some higher added value products will be made with
EFC.

EFC, has already overcome most of the uncertainties on the transition path, as the
concept was proven on a large scale with two successfully demonstrations (Appendix 1)
at site. Many unknowns for the long-term process aspects such as continuous stable
operation, equipment robustness, costs and its impacts on the environment were answered
as a result of the successful cooperation between the companies, research institutes and
universities [Genceli et al. 2005a, 2005b, 2005c].

EUTECTIC FREEZE CRYSTALLIZATION, the process

It is possible to apply EFC technology for the recovery of dissolved salts from industrial
process streams, waste streams or underground water of the mining industry [Van der
Ham 1999, Vaessen 2003, Himawan 2005]. EFC has an inherent stability by operating
around the eutectic point (eutectic temperature and concentration) of the aqueous
solutions. The principle of EFC can be described using a phase diagram of a binary salt-
water mixture, shown in Figure 8.8. If a solution in the unsaturated regime with a
concentration lower than eutectic composition (A) is cooled down below its freezing
point, ice crystals start to form (B). Further cooling decreases the temperature, and
increases the concentration through the formation of ice crystals along the ice line B to C.
At point C (the eutectic point: the intersection of the ice and salt solubility lines), the
liquid concentration reaches saturation and further cooling will result in the formation of
ice and salt crystals simultaneously. Similarly, starting with a solution at higher
concentration than eutectic composition will first result in the formation of salt and reach
the eutectic point by following the salt solubility line. The two solid products (ice and

salt) are separated gravitationally during the production inside the crystallizer due to their
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density difference. Salt crystals sink to the bottom of the solution while the ice crystals
rise to the surface, as shown in Figure 8.9.

Stepakoff [Stepakoff et al. 1974], Barduhn [Barduhn et al. 1979], and Swenne and
Thoenes [Swenne 1983, Swenne et al. 1985] made the first studies of a eutectic freeze
crystallization process for brine disposal and concentration of industrial wastewater, of
natural waters and of sodium chloride production from solution mining. In the late
1990’s, Van der Ham and Witkamp developed a eutectic freeze crystallization process

using indirect cooling.
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Figure 8.8: Eutectic phase diagram of an Figure 8.9: Gravitational separation of
aqueous solution ice and salt crystals formed by EFC

He proved the feasibility of EFC technology for the waste water treatment of aqueous
systems like NaNO3, CuSO,4, NH4H,PO,4 and an industrial case for a KNO3;~HNO3-H,0
process stream [Van de Ham 1999, Van de Ham et al. 1999-2003]. Following the work of
Van der Ham, in 1998 Vaessen designed and constructed two types of 100-liter eutectic
freeze crystallizers: The cooled disc column crystallizer (CDCC) and the scraped cooled
wall crystallizer (SCWC). He evaluated their technical performance based on the
treatment of ternary aqueous KNOs;—HNOj3 solutions [Vaessen 2003, Vaessen et al.
2003a-2003b]. Besides indirect cooling, Vaessen also studied direct cooling with the help
of CO, clathrates by changing the eutectic temperature by crystallizing CO, clathrates
instead of normal ice [Vaessen et al. 1999]. In 2002, Himawan applied EFC technology

to recover magnesium sulphate and ice from an industrial magnesium sulphate stream
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from ex-flue gas desulphurization, and developed a general model for continuous eutectic
freeze crystallization in a scraped surface crystallizer based on population balances
[Himawan 2005, Himawan et al. 2002-2006]. Following Himawan’s work, Genceli
further studied using MgSQO, aqueous streams under EFC with the second generation
(150-liter capacity and 5.6 m?m™ cooling area) cooled disc column crystallizer (CDCC-2)
[Genceli et al. 2005a]. A heat flux of 1.1 to 3.9 kWm™ was achieved at a temperature
difference between coolant and crystallizer bulk solution of 3 to 6.4 K and a residence
time of 1-3 h. Genceli reported that CDCC-2 had a good crystallization performance and
reduced scaling compared to previous designs, allowing a much higher (up to 2x) heat
transfer rate and thus production rate (in kgsm™ of the main crystallizer body) of 0.024
kgs™m™ for ice and 0.017 kgs*m™ for MgS0O4-11H,0 salt [Genceli et al. 2005b]. Based
on the previous studies, EFC technology was scaled up and a complete mobile skid
mounted unit for EFC applications was designed and constructed for 130 ton/year
MgSQO,-7H,0 and water production. This project was carried out together with industrial
partners, allowing the system to be easily installed and connected to an industrial plant
[Genceli et al. 2005c].

Two successful demonstrations served as important milestones of the project. The first
one was at Nedmag-Veendam in May 2005, treating a waste magnesium sulphate stream
from ex-flue gas desulphurization with continuous 20 kg/h epsomite and 20 kg/h ice
production rates. The second demonstration took place at AVR-Rotterdam in April 2007,
treating an industrial sodium (bi-)carbonate stream with continuous 30 kg/h ice and
1 kg/h Na,CO3-10H,0 production rates.

The key properties of being less susceptible to corrosion, preventing poisonous fume
discharges and avoiding the undesirable side effects of adding extra chemicals for waste
water treatment, make EFC technology environmentally friendly. The low operating
temperature allows for cheap construction steel to be used as corrosion is rarely an issue,
avoids decomposition of organics (dangerous when nitrates are present), is sanitary

favourable and is safe for process operators. Furthermore, no poisonous fumes are
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generated at these low temperatures. The cold operation also has advantages when
temperature sensitive compounds are treated (e.g. in the food industry) or when bacterial

growth has to be kept under control.

EFC consumes less power (less than 50% of the power required by triple-stage
evaporative crystallization), and has (theoretically) a 100% yield (contrary to membrane
technologies). The yield is only limited by the desired bleed stream of non-crystallizable
compounds (e.g. organics) [Ham 1999]. These advantages make EFC economically
attractive as well as ecologically sustainable. Economically and technically EFC is
complementary to reverse osmosis, which is very effective in clean systems up to a few
% salts but can not crystallize salts from their saturated solutions. Another favourable
characteristic of EFC is its wide inorganic and organic solution applicability range. In
addition to separating organic and inorganic salts from their binary solutions, EFC is
capable of separating highly purified salts from mixtures of inorganic and organic
streams. EFC allows the separation of each salt due to its fixed eutectic point without
contamination from other dissolved salts or impurities. Because cooling crystallization is
a very selective process, the chance of impurities in the product is very low. Hence, using
EFC technology significantly increases the product quality.

Depending on the composition of the feed stream and the requirements of the client, the
EFC operational frame can be adjusted. It is also possible to operate EFC with tailor-
made operational parameters according to the priority of the product (process water or
salt recovery). EFC systems can be economically designed for small as well as large
systems and can serve a wide variety of industrial sectors which are in need of process
water, waste water treatment, organic or inorganic salt recovery, or a temperature

sensitive operation to preserve product quality.

EFC not only can replace existing technologies but enables completely new processes to
be designed, as it constitutes a new unit operation. For instance, a process where reverse
osmosis does the first concentration step up to 5 wt% salt and EFC produces crystalline
product and more clean water, combines the two processes at their greatest strengths.
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Eutectic Freeze Crystallization Application Cases

KNOj3 treatment: During the production of starch from potatoes, a KNO;3; stream

containing 16 wt% KNOg, 1.1 wt% HNO;5; and 3345 ppm organic material is generated.

Recovery of valuable the KNO; salt and pure water from this aqueous waste stream is

desirable to reduce the amount of generated waste and to conserve chemicals. Below,

EFC separation technology is compared to conventional evaporative crystallization [Van
der Ham 1999, Vaessen 2003].

Properties
Economical
Less product:
Max 90% yield
Costs neutralization fluid:
Neutralization is necessary
Product purity:
Unknown

Environmental
At high Temperature
Explosive
Toxic fumes generation
Corrosion
Additional chemicals
Neutralization fluid is
needed
Waste generation
Less KNO; is recovered

Social
Safety
Unsafe operation conditions
due to high T, P, toxicity
and explosion risks.

Conventional
Evaporative
Crystallization

Eutectic
Freeze
Crystallization

KNO;
Stream

<——m

[ —

Properties

Economical

More product:
99% vyield

Neutralization fluid saving:
Neutralization is not necessary

Less energy consumption:
Saving 42 GWhejecyicity/year
compared to conventional
triple-stage Evaporative
Crystallization

Product purity:
<15 ppm K*-ions on ice
<180 ppm impurity on KNO;

salt

Environmental
At low Temperature
No Explosion
No Toxic fumes generation
No Corrosion
No additional chemicals
No Neutralization fluid is
needed
No waste generation
More KNOs is recovered

Social
Safety
Safer operation conditions

Figure 8.10: KNOg stream treatment
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Sodium (bi-)carbonate treatment: Water-soluble sodium bicarbonate (NaHCO3) and
sodium carbonate (Na,CO3z) have many industrial uses. At AVR-Europoort about
300.000 tons of alkaline industrial waste water is incinerated every year, yielding a
sodium (bi-)carbonate solution (about 5 wt%) with about 1 g/L Molybdenum, the so-
called blow-down solution [Envirochemie 2007].

Properties Properties
Economical Economical
Cost of neutralization fluid: Less energy consumption*:
A truck load of H,SO, Saving 90 GWheectricity/year
per/day compared to conventional
Production: triple-stage Evaporative
Sodium molybdate Crystallization
production Direct product recovery:
No sodium (bi-)carbonate 25-30 ton/h demineralized H,O
production 1.5 ton/h sodium (bi-)carbonate
No ice production Eutectic Concentrated sodium
Conventional Freeze molybdate solution
Technology Crystallization | Neutralization fluid saving:

H,SO,4 usage is eliminated

<:|Dﬂ Soda |]|]|:'> Product purity:

Stream <10 ppm Na+, CO5> on ice
<1 ppm Mo impurity on salt

Environmental

Needs more chemicals Environmental
H,SO, is needed Needs no chemicals

More waste generation No H,SO, is needed
Sodium (bi-)carbonate is not More waste generation
recovered Sodium (bi-)carbonate is
More traffic/CO, emission** recovered
Na,SO, solution waste Less traffic/ CO, emission***
generation No Na,SO, solution waste

generation
Social Social

Safety Safety

Less safety due to acid use Safer operation conditions

Figure 8.11: Soda stream treatment

*  Due to the fact that Sodium (bi-)carbonate is not currently produced using Conventional Technology,
the energy price for the production of Sodium (bi-)carbonate using EFC technology is compared to
triple-stage Evaporative Crystallization technology.

**  One extra truck on the road which burns fossil fuel, produces CO, and adds to traffic congestion.

*** One less truck on the road. No fossil fuel consumption, no CO, emission, and adds to traffic
congestion.
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MgSQ, treatment: Combustion of fossil fuels may cause severe air contamination due to
the emission of (among others) sulphur dioxide. To prevent such pollution, a flue gas
desulphurization process is commonly installed. The SO, in the flue gas is absorbed in an
aqueous solution of magnesium hydroxide, yielding a solution containing MgSO,4. An
MgSO, stream is harmless for the environment when dumped into the sea in low
concentration. MgSQO, can be recovered and utilized further, e.g. as a fertilizer. It has
been shown recently that EFC is a promising technology for this purpose. Below, 10
kton/year MgSQO,4-7H,O (epsomite) recovery using EFC technology is compared to an

untreated solution discharge alternative [Himawan 2005, Genceli et al. 2005a-b].

Properties Properties
Economical Economical
Energy cost: Less energy consumption*:
No energy cost for recovery Saving 19 GWhejectriciry/year
compared to conventional
Discharging cost to the sea: Evaporative Crystallization
Transportation cost to the Production:
seashore 10 kton/year epsomite
Pumping fee to the see 14 kton/year ice
1 m?/ 10 €cent pipe line rent Energy cost/ ton product**:
to the government, 120 €/ton

H,0 for dilution Payback time***:

Eutectic 2.4 year

Production: Freeze . Product purity:

No epsomite production Untreated Crystallization |19 yom Mg?*, 50,2 on ice
No ice production <0.1 ppm impurity on salt

<3| meso. [/ E—
Stream
Environmental Environmental

More waste generation Less waste generation

Epsomite is not recovered Epsomite is recovered

More H,0 is contaminated for

dilution

Social Social

Unemployment Unemployment

No additional jobs Additional jobs created

Figure 8.12: MgSQ, stream treatment

*  Due to the fact that Epsomite is not currently produced, the energy price for the production of
Epsomite using EFC technology is compared to Evaporative Crystallization technology.

**  Assuming Utility costs of steam price is 25 €/ton, natural gas 0.5 €/Nm?®, electricity 0.1 €/kWh.

*** Pay back time: Ratio between the total investments to cash flow.
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The advantages of EFC technology are best explained using three example application
cases from industry: KNO3; sodium (bi-)carbonate and MgSO, containing industrial

streams of various origin as presented in Figures 8.10, 8.11 and 8.12 respectively.

Recovering KNO3; by EFC technology is economically, socially, environmentally,
energetically and qualitatively superior to conventional triple-stage Evaporative
Crystallization technology with respect to higher yield (99%), less energy consumption
(saves 42 GWheiecrricity/year energy), high purity ice and salt production and higher safety
operating conditions (See Figure 8.10).

The EFC application to sodium (bi-)carbonate stream is the second example case. In
current treatment technology as the first step, sulphuric acid is used to neutralize the soda
stream. Afterwards, sodium molybdate from this neutralized stream is recovered by ion
exchanger and the remaining sodium sulphate solution is disposed into the environment.
The current technology does not allow sodium (bi-)carbonate recovery. However, using
EFC technology, sodium (bi-)carbonate crystals, ice and concentrated sodium molybdate
solution recovery is possible. Therefore, EFC energy consumption for the related
products is compared to conventional triple-stage evaporative crystallization and
presented to save yearly 90 GWheiecriciy €nergy. Triple-stage evaporation of the blow-
down stream would yield sodium carbonate mono-hydrate crystals contaminated with
sodium molybdate whereas the product purity (sodium carbonate deca-hydrate salt and
ice) using EFC technology would be very high. The environmental and social superiority

of EFC technology is also presented in Figure 8.11.

Different from the previous 2 cases in the third application example, the treatment of a
MgSO, stream with EFC is compared with the untreated situation instead of with a
conventional technology. The stream can be dumped into the sea in low concentrations
without causing any environmental pollution. Figure 8.12 presents the consequences of
this comparison. Treating the stream has the advantages of recovering the epsomite

mineral and ice crystals, lowering the waste generation and having social and
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environmental benefits. The ice and salt products are highly pure. Having a payback time
of 2.4 years makes EFC an attractive investment. These benefits will eventually outweigh

the advantage of energy savings in the untreated case.

The exergy saving of EFC compared to the conventional 3-Step Evaporation
Crystallization technology for several salt streams are presented in Figure 8.13 [Van der
Ham, 1999]. It is seen that EFC typically saves 50% exergy. When compared to single
stage evaporation the exergy saving is up to 90%.
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Figure 8.13: Exergy savings diagram [Van der Ham, 1999]

CYCLIC INNOVATION MODEL

Process Model

Traditional innovation models describe the processes along the transition path as a
pipeline: governmental investments in scientific research must lead to application-

oriented development routes which subsequently — with the aid of risk capital — ought to
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result in successful market introductions. If we invest enough in science and technology
then the rest will work out all right, that is the reasoning.! Such a linear science-push
approach in innovation policies is still taking place on a large scale, with the result that

the innovation system cannot flourish [Berkhout et al. 2007].

Chesbrough shows that the in-house, stage-gate model —a pipeline where promising ideas
are developed toward successful products and services- can be extended to a more open
version, that allows external interactions from outside the pipeline [Chesbrough 2003].
This pipeline was extended by Robert Kirschbaum by introducing the possibility of spin-
in and spin-out [Kirschbaum 2005].

Successful innovation processes are not a matter of one-way pipelines, but rather of
interlocking cycles with feedforward and feedback connections: from linear to nonlinear
thinking. In that way, a symbiotic environment is created in which the soft sciences are
linked to engineering, and where the hard sciences connect with valorization goals. The
links, which go forwards and backwards (cyclic processes), are an essential feature of
dynamic systems [Forrester 1961, Senge 1994]. To improve the scientific insight into
innovation processes, we should make feedback more explicit in our models [Berkhout et
al. 2007].

The Principle of Cyclical Interaction

With the explicit addition of feedback paths, process models along transition paths are
represented by two-way interactions, leading to cyclic processes.” With the presence of
feedback, organizations are continuously exposed to reactions of their environment,
providing them with an important source of information and inspiration. In addition
—thanks to feedback— organizations are constantly confronted with the consequences of
their actions, preferably through built-in ‘early signals’. In that way quick adjustments
can be made in the event of unexpected occurrences. And, last but not least, the cyclical
architecture also ensures that mistakes can be learned from, a very important property for

innovation.
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In summary, the combination of feedforward and feedback —cyclic interaction— is a
fundamental property of dynamic systems. It also provides the basic elements to model
the dynamic culture in innovative organizations: start quickly, adjust quickly and learn
quickly.? [Berkhout et al. 2007]

Elementary Building Block

Figure 8.14 illustrates the basic principle. A represents an entity that maintains a cyclical
interaction with entity X. Examples are interactions between governments and their
citizens, commercial organizations and their customers, hospitals and their patients, etc.
A particularly interesting example is the innovation strategy of large companies with
respect to spinning-out (A-to-X) and spinning-in (X-to-A) start-ups. New in-house ideas
are developed outside the original business unit and, after successful prototyping,
reintroduced in the organization where it all started. It is interesting to note that by

including the time axis Figure 8.13 transforms into a helix [Berkhout et al. 2007].

inside-out

outside-out

Figure 8.14: Cyclical Interaction is the Basis for Open Innovation and a Precondition for
Operational Flexibility. Note: It is also a necessary condition for sustainability.
Here, A and X represent two interacting entities [Berkhout et al. 2007].

Dynamics around Technological Research

Figure 8.15 shows two linked basic units — the double loop — in which technological
research plays a central role. The cyclical interaction processes for the development of

new technology take place in the so-called technical oriented sciences cycle (the left-hand
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side of Figure 8.15) with the help of a wide range of disciplines from the hard sciences.*
Technological research in this cycle is a multi-disciplinary activity: a team of scientists
from different disciplines of the hard sciences is needed to develop a new technology

(many-to-one relationship).

Similarly, the cyclical interaction processes for the development of new products take
place in the integrated engineering cycle (the right-hand side of Figure 8.15). Modern
product development is a multi-technology activity: a package of different
—often patented— technologies is needed to design and prototype a new product (many-to-
one relationship). Like multi-disciplinary science, here too we see that many different
specialists are needed to succeed. In most industrial sectors the creativity, knowledge and
skills of specialized suppliers play an important role in making the engineering process

successful. This is consistent with the open innovation concept [Berkhout et al. 2007].

Hard
sciences
cycle

Integrated
engineering
cycle

Product
creation

Scientific
exploration

Technological
research

Figure 8.15: The Dynamic Surrounding Technological Research Are Driven by the Cyclical
Interaction between New Scientific Insights into Technical-Oriented Processes (Left-Hand Side)
and New Functional Requirements for Process-Product Combinations (Right-Hand Side)
[Berkhout et al. 2007].

Dynamics around Market Transitions

Figure 8.16 also shows two linked cycles, but in this case it is the world of social change
rather than the world of technical change that plays the central role. The cyclical
interaction processes for the development of new insights into changes in demand
—causing emerging and receding markets— take place in the social-oriented sciences cycle

(left-hand side of Figure 8.16) with the help of a wide range of different disciplines from
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the soft sciences.” With these insights, new socio-technical solutions can be developed
faster and with less economic risk. Anticipating changes in demand is very much a multi-
disciplinary activity: a team of disciplinary experts from the soft sciences is needed to
explain and extrapolate shifts in societal needs and concerns as well as shifts in trade

conditions (many-to-one relationship) [Berkhout et al. 2007].

Soft
sciences
cycle

Differentiated
valorization
cycle

Market
transitions

Product
creation

Scientific
exploration

Figure 8.16: The Dynamic around Market Transitions are Driven by the Cyclical Interaction
between New Scientific Insights into Changing Socio-Economic Behavior (Left-Hand Side) and
Industrial Investments in New Product-Service Combinations (Right-Hand Side)
[Berkhout et al. 2007].

The Cyclic Process Model

If we compare Figures 8.15 and 8.16, the dual nature of scientific exploration and product
creation becomes clear: science has both hard and soft aspects and product creation has
both technical and social aspects. Figure 8.17 combines Figures 8.15 and 8.16. The result
is the Cyclic Innovation Model (CIM), a systems view of change processes —and their
interactions— as they take place in an open innovation arena: hard and soft sciences as
well as engineering and valorization are brought together in a coherent system of
processes. The combination of the involved changes leads to a wealth of opportunities.
Here, entrepreneurship plays a central role: making use of those opportunities. Without
the drive of entrepreneurs there is no innovation, and without innovation there is not new
business [Berkhout et al. 2007].
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Technological
research

Hard
sciences
cycle

Integrated
engineering
cycle

Product
creation

Scientific
exploration

............ )

Differentiated
valorization cycle

Soft sciences
cycle

Market
transition

Figure 8.17: Cyclic Innovation Model (CIM), Presenting the Processes in Innovation by a Circle
of Change. Note: In the model, changes in science (left) and industry (right) and changes in
technology (top) and markets (bottom) are cyclically interconnected. It requires an open society
to realize a rapid circulation along the circle, clockwise and anti-clockwise. The combination of
all these changes creates an abundance of opportunities and it requires entrepreneurship to
transform those opportunities into value for society (valorization) [Berkhout et al. 2007].

The first striking feature of Figure 8.17 is that the architecture is not a chain but a circle:
Innovations build on innovations.® Ideas create new developments, successes create new
challenges and failures create new insights. The creation of value is constantly

accumulating’.

New instruments will be needed to preserve the strength of the dynamics in the circle.
Large-scale failures like the dotcom debacle in 2000 undermine the confidence in the
innovation economy and cause investment capital to become scarce. In terms of the
cyclic process model: the processes of change are decoupled. The economy enters a
phase of stagnation in which companies focus on existing business at lower cost (life-
cycle management), until institutional adaptations are made and investment capital
becomes available again to spur innovation. The dynamics in the circle then accelerate
again. Carlota Perez calls this phase the turning point in a technological revolution [Perez
2002, Berkhout et al. 2007].
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Figure 8.17 also shows that the proposed model portrays a system of dynamic processes
—circle of change- with four ‘nodes of change’: scientific exploration, technological
research, product creation and market transitions. But more importantly, between these
nodes there are ‘cycles of change’ by which the dynamic processes in the nodes influence
each other. In other words, they inspire, correct and supplement each other (first-order

dependency).

This produces a system of linked cycles, which in turn also influence each other (higher-
order dependencies). The result is a more or less synchronized regime of interconnected
dynamic processes that spark a creative interaction between changes in science (left-hand
side) and industry (right-hand side), and between changes in technology (top) and market
(bottom). The combination of change and entrepreneurship is at the basis of innovation.

Autonomous social transitions manifest themselves in markets as changes in the need for
products and services (the demand). Think of the huge influence of education and
emancipation on a society. On the other hand, autonomous technological developments
generate new products and services (the supply). Think of the huge influence of internet
and mobile communication technology on a society. It is the cyclic interaction of both
autonomous innovation drivers, social and technical, that will create new business with a

maximum value for society.

Several variations exist in the proposed cyclic process model, depending on which goals
we would like to achieve. For instance, if we would like to emphasize changes in society
at large —combining economic and social values— then ‘market transitions’ should be
replaced by ‘societal transitions’ in Figure 8.17. Similarly, if we would like to emphasize
changes in today’s energy system —aiming at renewable source— then ‘market transitions’

should be replaced by ‘energy transitions’.

For the coming decades, environmental values will become one of the biggest drivers in

innovation worldwide. This means that the transition node in the cyclic process model
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should be focused on changes in the global ecological system: ‘ecological transitions’
[Berkhout et al. 2007].

The details of CIM will be discussed in the following lines using EFC application

example case.

Innovation recovery of valuable salts with EFC

The innovations in which all four nodes contribute are called class 4. EFC application in
separation industry is a class 4 innovation. CIM is performed with actors who are
responsible for committing their challenges. The challenges, actors and responsibilities
for accelerating the implementation of EFC science and technology are indicated in
Figure 8.18.

Challenges in the demand: The chemical industry is growing day by day with the
increasing population and chemical product consumption. For the same reason, clean and
process water consumption of the population and the industries are increasing fast, at
increasing rates as depicted in Figures 8.3 and 8.4. The salt (and acids) production
involve mining industries or raw materials processing and separation of aqueous process
and waste streams. Conventional salt recovery or waste stream treatment processes in
several cases consume too much power and generate too much chemical waste. The
environmental awareness of the governments and society pushes the technology
developers and the users for more sustainable technologies with reduced waste generation

and energy consumption.

EFC fulfils a societal demand for reducing energy, raw materials use, and pollution.
Proper governmental regulations should, however, also be directed at fulfilling the same
goals, otherwise the innovation is hampered. For instance, partly due to untimely and too
locally imposed regulations the cleanest wet phosphoric acid plants in the world in the
Rotterdam area, could not compete well anymore with those abroad (where no
regulations were imposed) and had to close down as a result of which the heavy metal
import in the Netherlands via phosphate fertiliser even increased, and the yearly
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production of two million tons of high quality gypsum (already approved by the ministry

for construction purposes) could not take place.

Challenges in Science Challenges in Engineering

- Prediction of interaction - Full scale technology
between mass & heat flow development
during crystallization & the - Design of optimum
impurity effect installations

- Effects of physical processes - Legal protection of the
and installation properties, on new design (Patent Issue)
(prevention of) growth of ice
on the cooled walls.

- Research on theoretical and

Package of
Technologies

AN

EFC Technology

practical thermodynamic
achievements

Experimental

& Platforms
Theoretical &
Studies \2 Design Teams

‘ | nteg rated

Scientific = ... Entrepreneurship  Paus Production

Disciplines v Modules

EFC Product Division
Technology &
Assessment Marketing

Teams

Lead Users / .
i Challenges in Supply
Challenges in Demand
o - Involving early
- Quantifying current manufacturers
environmental trends - Involving early
- Extrapolating benefits chemical producers
of EFC to society - ldentifying new markets
- Influencing
governmental
regulations

Figure 8.18: The Cyclic Innovation Model for accelerating commercial use of EFC Technology
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- Challenges in supply: Product quality and specifications have to be developed in
cooperation with early equipment manufacturers and early chemicals producers, as robust
production and profitability are the first requirements from the business holders. New

product-market combinations have to be identified.

- Challenges in engineering: Engineers from industry and applied researchers from hard
sciences have to cooperate in the engineering cycle for development of full scale
installations. During the EFC research and technology period for over 10 years, the
industrial engineering and hard sciences always have worked side by side to develop
robust EFC equipment and production technology for those. Two types of crystallizers
(three generations of Cooled Disc Column Crystallizer and two generations of Scraped
Cooled Wall Crystallizer) were designed, constructed and developed by the university
and the industrial partners based on the experimental results and performance reports of
applied researchers (university). Based on knowledge about the process and the
equipment a complete mobile (skid mounted) pilot unit for industrial applications was
designed and constructed. The work culminated in two successful demonstrations at
actual production plant locations for two different EFC applications. The next challenges
in engineering are developments of the full scale from current optimum installations and

legal protection of the new design.

- Challenges in science: Thermodynamic analyses of practical and theoretical
separations serve to define theoretical limits of EFC. The interactions between the
physical processes and the installation properties have to be investigated, in particular in
view of the scale formation (growth of ice or salt onto the cooling surfaces) and its
prevention on the cooled surfaces. Higher heat transfer efficiencies increase the salt
production rate and bring down salt production costs. Currently it is not possible to
predict the maximum allowable (before encrustation occurs) temperature difference
between cooled wall and the crystalliser fluid as a function of surface material type and
its roughness, scraper material and construction, and all types of process conditions.
Models to predict crystallization related phenomena such as coupled mass and heat flows
during crystallization and the growth retarding effects of impurities have to be developed.
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For each aqueous stream, EFC has its own specific implementation parameters. Eutectic
points, kinetic parameters (nucleation and growth rates as a function of supersaturation
and solution composition) for the salts or acids, impurity effects, and process parameters
for each system have to be determined .

- Class 4 innovation: EFC is an example for a class 4 innovation as it is based on

innovation contributions in all four nodes.

CONCLUSIONS

Eutectic Freeze Crystallization offers an economically, environmentally and socially
attractive alternative for conventional separation techniques. A wide variety of process or
waste streams can be treated with EFC, recovering both pure salt and ice crystals
simultaneously from the feed stream using less energy and generating less waste.
Moreover, huge amounts of valuable industrial aqueous streams that are currently too
much energy intensive to be treated, could be commercially decompose into valuable
materials when using EFC technology. The separation burden will be changed into a
blessing by producing raw materials from waste streams by spending less energy. This
inline with the green concept: “from cradle to cradle’ [McDonough et al. 2002].

To accelerate industrial implementation of EFC technology, the innovation concept
represented by the Cyclic Innovation Model (CIM) is proposed. CIM presents innovation
by symbiotic networks that connect science, technology, business and market in a cyclic

manner.

183




Chapter 8

NOTES [Berkhout et al. 2007]
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The innovation policy in the European Union aims at R&D budgets of the member
states that amount to at least 3 % of their GNP.

A cycle consists of processes occurring repeatedly, each time with new starting
conditions and a changing context. The dynamics in a cycle are determined by the

cycle time and the amount of change per cycle.

It is appropriate to quote Charles Darwin here: ‘the ones that survive are those that
adapt’.
Disciplines from the hard sciences include specialist knowledge in the natural and life

sciences.

Disciplines in the soft sciences include specialist knowledge in behavioral and social
sciences.

Innovation guru Tom Peters (1997) also makes use of the circular architecture,
displaying 15 ideas around a “circle of innovation’.

The accumulation of innovations is visualized by the transition path.
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Appendix

Status of Eutectic Freeze Crystallization

In 1996 Umicore courageously granted a Delft proposal to investigate the possibilities of
applying freezing of water as a means to effectuate the crystallization of sodium nitrate to
win this salt back from a process stream, despite opinions stating that processes based on
cooling are always too expensive and that EFC would never yield a pure product. Based
on the results, Kemira Ventures Rozenburg and Novem decided to sponsor a follow up,
focusing on K (as nitrate) from potatoes (with Avebe) and culminating in the promotion
work of Frank van der Ham (1999). By this time Shell sponsored TUD to investigate
EFC on potassium phosphate from polyol mixtures and SMPO plant waste streams.
Realization came that EFC could become very attractive provided that the scientific and

technological levels were raised in a multidisciplinary program.

The first phase of the EFC project ‘proof of principle’ between 1997-2000 was followed
by the second phase of the project ‘development till pilot plant’. The second phase was
achieved with the project partners TUD, TNO, DSM, Kemira, Nedmag and Larox-
Pannevis between 2001-2007. The major challenge of EFC technology was the
development of a suitable crystallizer -the Cooled Disk Column Crystallizer (CDCC)- for
the simultaneous, continuous production and separation of both ice and salt; and
demonstrating the industrial partners the successful continuous operation of the system. A
complete mobile skid mounted unit for Eutectic Freeze Crystallization applications was
designed and constructed together with industrial partners, allowing the system to be
easily installed and connected to an industrial plant. As the first practical application, a
demonstration at the site of Nedmag in Veendam was performed in April 2005 for the
recovery of magnesium sulphate as hydrates from washing liquid from ex-flue gas
desulphurization (see Figure Al). One week of successful demonstration proved the
potential of EFC technology to the industrial partners and to potential end users. The pilot
plant was operated in continuous production mode 12 hours per day for a week and
produced up to 25 kg/hour of each ice and salt with a mean production rate of 12 kg/hour.

Both products (i.e. ice and salt) were well filterable and of technical purity. The results of
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the first, industrial test run even exceeded the expectations for process stability and

production capacity.

In March 2007 the skid mounted crystallizer with auxiliary equipment was moved to
AVR in the Rotterdam port area. At AVR Europoort yearly about 300.000 tons of
alkaline industrial waste water are incinerated, yielding a sodium (bi-)carbonate solution
(about 5wt%) with about 1 g/ Mo, the so-called blow down solution. Currently at the
expense of one tank truck of H,SOj4 per day this stream is neutralized to allow for Mo
winning, and disposed. Using EFC, valuable pure crystalline sodium(bi-) carbonate can
be obtained directly (1.5 ton/hr calculated as water-free salt), 25 to 30 tons of
dematerialized water/h), the H,;SO4 use is eliminated and a concentrated sodium
molybdate solution can be produces. Apart from these environmental benefits, also about
90 GWh electricity per year are calculated to be saved. During two weeks of
demonstration (see Figure A2), using (part of) the actual blow down stream from the
industrial waste water treatment plant of AVR, pure soda en pure ice were produced, with
amounts of sodium bicarbonate as well. At the low operating temperature of about -4 C
the decahydrate sodium carbonate salt was formed. The uptake of Mo in the soda crystals
lies below 1 mg/kg. The purity is limited by the efficiency with which the mother liquor

is washed from the crystals.

Over the last ten years many potential applications were discovered, many of them
unexpected, and investigated. EFC can be applied to most combinations of acids and
salts, with (in-)organic impurities allowed. About 20 systems were investigated
experimentally as well. With the basic design of an EFC plant at AVR by KH-
Engineering (Schiedam) under way, the “death valley” between research and proven
technology is currently being crossed. This is an important step towards wider scale
implementation of EFC. Next to this design, extending practical and theoretical EFC

knowledge has a high priority now.
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Figure A2: Demonstration of EFC Skid at AVR Industries, Rozenburg-Netherlands, March 2007
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English summary

Scaling-up Eutectic Freeze Crystallization

Economical issues, global competition and changing stricter environmental regulations
force (bio-)chemical plant owners and therefore the technology developers to pursue
cleaner and more energy friendly yet cheaper processing equipment . Knowing that in the
process industry more than half of the equipment and energy costs are due to separations,
while the theoretical separation energy is 10-100 times lower than what actually is used,
roughly 10% J energy could be saved yearly by establishing more efficient separation
systems. Moreover, currently huge amounts of valuable industrial aqueous streams are
disposed of as existing treatment methods consume too much energy or cannot handle the
solutions. However, they could easily be turned into valuable raw materials once an

affordable treatment technology is available.

Such a novel crystallization technology, Eutectic Freeze Crystallization (EFC) has been
investigated and further developed in this thesis work. EFC operates around the eutectic
temperature and composition of aqueous solutions and can be used for recovery of
(valuable) dissolved salts (and/or or acids) and water from a wide variety of aqueous
process streams. 100 % theoretical yield and up to 90% energy cost saving compared to
evaporative crystallization make EFC technology very attractive. Using EFC, processes
producing large quantities of saline solutions could be carried out in an ecologically and
economically attractive way. It offers extremely high levels of purity of the end products
and avoids undesirable side effects related to working at elevated temperatures (e.g.
poisonous fumes when working with nitric acid) or avoids having to add extra chemicals
for water treatment. It can also be applied in the food or pharmaceutical industry where
high temperature operating conditions have to be avoided to preserve product quality. If
the feed stream is clean and dilute enough to allow pre-concentration with reverse

osmosis, EFC would form an elegant combination with reverse osmosis.

197




EFC is not only a new unit operation for processing, but it also changes the focus from
cost to value by introducing a new separation process which can convert waste into raw
materials.

An introduction and a brief summary of earlier work are given in Chapter 1.

Objectives of this thesis work are:

- to develop eutectic freeze crystallization equipment and the technology for
industrial scale.

- to understand eutectic freeze crystallization physical phenomena on the basis of
experimental analysis and optimization of the hybrid eutectic type of crystallizer.

- to investigate some unexplored fundamental aspects about the MgSO4 model
solution.

- to understand nucleation and growth from a MgSO4 aqueous solution on cooled
surfaces theoretically and experimentally also in relation to scale formation
prevention.

- to connect science and business and suggest a model for fast implementation of

eutectic freeze crystallization technology in the industry.

The experimental study on pilot scale Cooled Disc Column Crystallizer (CDCC-2)
designed for continuous EFC operation is presented in Chapter 2. The crystallizer having
150-liter capacity and 5.6 m*/m’ cooling area was tested for an industrial MgSO, stream.
Compared to the previous EFC crystallizer designs, CDCC-2 performance was evaluated

in terms of heat transfer; ice and salt sizes, production and growth rates.

Inline solution concentration and supersaturation determinations have key importance on
crystallization evaluation experiments and process control of eutectic freeze
crystallization due to its simultaneous ice and salt production feature. For that reason
application of conductivity and refractive index measurement techniques for inline
concentration and supersaturation measurements of MgSO, solution was studied in
Chapter 3. An industrial MgSO, solution having concentration range between 16 to 22

wt% and temperature range between 10 to -5 °C was investigated. Conductivity
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measurements were correlated to concentrations and temperature with the empirical
Casteel-Amis equation whereas refractivity index measurements were correlated to
concentrations and temperature with a developed empirical model. The metastable lines
for ice and salt of MgSO, system were drawn based on the measurements at the onset of
crystallization upon cooling of several solution concentrations. In the working range of
EFC, the relative supersaturations were calculated to be Gicemax=0.2 and Ggaimax=0.23. The
error in conductivity in relation to the metastable zone width was roughly 20% and in

refractive index measurements 3%.

Chapter 4 presents the third generation Cooled Disc Column Crystallizer (CDCC-3) and
Skid Mounted Unit, designed and constructed for 130 ton/year MgSQO47H,0O and water
production capacities. The completely mobile skid mounted unit consists of the CDCC-3,
a belt filter, a wash column, storage tanks and special measurement devices namely
image analysis, data acquisition and a field bus based control system. Practical
performance of CDCC-3, having 220-liters capacity, 7 compartments and 7.7 m?*/m’
cooling surface area, was evaluated in terms of heat transfer properties and product
qualities. For 30 minutes of residence time and varying logarithmic mean temperature
differences between bulk and coolant temperatures for CDCC-3, the heat fluxes were
calculated and average crystal sizes and impurity contents for MgSO4 aqueous system
were measured. The experimental data were used to estimate the parameters for kinetic

relations for nucleation and growth rates for ice and MgSO,4-11H,O0 salt.

As previously mentioned few times, in this thesis work a MgSO4 aqueous solution was
used as model system for understanding EFC physical phenomena and for developing the
technology. For a more elaborate research, MgSO, salt crystal structure at eutectic
conditions was studied and reported in Chapter 5. The MgSO, crystal hydrate formed
below approximately 0 °C was proven to be MgSO4-11H,0O (undecahydrate) instead of
the common reported MgSO4 12H,0O (dodecahydrate). The crystals were grown from
solution by eutectic freeze and by cooling crystallization. The crystal structure analysis

and the molecular arrangement of these crystals were determined using single crystal
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X-ray diffraction. Raman spectroscopy was used for characterizing MgSO4-11H,O and
for comparing the vibrational spectra with MgSO4-7H,0 salt. Between the two salts there
are significant differences mainly in the type of interactions of water with sulfate groups
in the lattice, in view of the different O-H stretching vibrations, as well as sulfate, O-
H...O (sulfate) and O-Mg-O bands vibrational modes. Thermo gravimetric analysis
confirmed the stochiometry of the MgSQOy4-11H,0 salt. Additionally the Miller indices of
the major faces of MgSOy4-11H,0 crystals were defined.

Resolving the formula of MgSO4 11H,O brought up the idea of finding the related
molecule in nature and depositing as a new mineral species. Chapter 6 covers the
discovery of the natural occurrence of the MgSO,4-11H,0O new mineral -Meridianiite- as
salt inclusions in sea ice from Saroma Lake-Japan and in Antarctic ice. Existence of
meridianiite was confirmed using Micro Raman spectroscopy technique by comparing
and presenting the excellent harmony between the Raman spectra of synthetic
MgSO411H,O and the inclusions. Epsomite and mirabilite Raman Spectra are also
presented to be compared with the one of meridianiite. Both sea ice and Antarctic ice
meridianiite inclusions have similar morphology with the synthetic MgSO4 11H,O
crystals.

In Chapter 7 nucleation and crystal growth of MgSO, aqueous solution on a cooled
surface were studied theoretically and experimentally. Better understanding of these
phenomena is extremely important for scale prevention on cooled surfaces in order to
lower the operational costs in industrial crystallizers. The excess entropy production rate
for heat and mass transport into, out of and across the interface was used to define the
fluxes and forces of the system. The method describes the interface as a separate (two-
dimensional) phase in local equilibrium. Coupled heat and mass flux equations from non-
equilibrium thermodynamics (Onsager theory with reciprocal relations) were defined for
crystal growth and the temperature jump at the interface of the growing crystal. All
interface transfer resistivities were determined using MgSO4-7H,O crystallization on a
cooled surface as an example case. The coupling coefficient showed the distribution ratio

of heat of crystallization between the salt and liquid phases.
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From an economical and an environmental point of view, fast implementation of eutectic
freeze crystallization is desired. During the last ten years the successful cooperation
between the knowledge institutes, an equipment manufacturer and the users (process
industries) developed EFC up to the pilot scale state. Suggestions for the fastest
implementation of EFC technology to the market were made based on the Cyclic
Innovation Model (CIM) which considers the innovation process as coupled ‘cycles of
change’, where developments take place in all cycles simultaneously and are driven by an
entrepreneur. Traditionally, innovations are considered as linear chains of independent
actions, where each stage requires a considerable amount of time, holding up the next
stage. This is one important reason for the traditional long implementation trajectory.
CIM overcomes the obstacles that linear chain innovation faces by triggering
developments in all cycles and collaborating all involved actors in coupled networks.
Chapter 8 aims to describe the cyclic innovation model and to set a path for

commercialization of the eutectic freeze crystallization technology.
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Nederlandse samenvatting

Eutectische Vrieskristallisatie Opschalen

Economische kwesties, globale competitie en veranderende striktere milieuwetgeving
dwingen (bio-)chemische fabriekseigenaren en daarom de technologicontwikkelaars tot
het nastreven van schonere, energievriendelijker en toch goedkopere procesapparatuur.
Wetende dat in de procesindustrie meer dan de helft van de kosten voor apparatuur en
energie gerelateerd zijn aan scheidingen, terwijl de theoretische scheidingsenergie 10-100
maal lager is dan wat feitelijk gebruikt wordt, zou jaarlijks ongeveer 10%° J aan energie
bespaard kunnen worden door efficiéntere scheidingssystemen in te voeren. Bovendien
worden vandaag de dag grote hoeveelheden waardevolle industri€le waterige stromen
gedumpt doordat bestaande behandelingsmethoden te veel energie gebruiken of niet in
staat zijn de oplossingen te behandelen. Ze zouden echter eenvoudig in waardevolle
grondstoffen kunnen worden omgezet zodra een betaalbare verwerkingstechnologie

beschikbaar is.

Een dergelijke nieuwe kristallisatietechnologie, Eutectic Freeze Crystallization (EFC), is
onderzocht en verder ontwikkeld in dit promotiewerk. EFC opereert rondom de
eutectische temperatuur en samenstelling van waterige oplossingen en kan gebruikt
worden voor de winning van (waardevolle) opgeloste zouten (en/of zuren) en water
vanuit een breed spectrum aan industri€le waterige processtromen. 100% theoretische
opbrengst en tot 90%  oplopende  energiebesparing  vergeleken — met
verdampingskristallisatie maken EFC technologie zeer aantrekkelijk. Gebruikmakend van
EFC kunnen processen die grote hoeveelheden zouthoudende oplossingen produceren op
een ecologisch en economisch aantrekkelijke manier uitgevoerd worden. Het biedt
extreem hoge zuiverheid van de eindproducten en voorkomt ongewenste
nevenverschijnselen gerelateerd aan het werken bij verhoogde temperatuur (bijvoorbeeld
giftige dampen bij het werken met salpeterzuur) of voorkomt de noodzaak om extra

chemicalién toe te voegen voor waterzuivering. Het kan ook worden toegepast in de
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voedingsmiddelenindustrie en farmaceutische industrie waar condities met hoge
temperaturen vermeden moeten worden om de productkwaliteit te waarborgen. Als de
voedingsstroom schoon en verdund genoeg is om vooraf te concentreren met omgekeerde

osmose, zou EFC een elegante combinatie met omgekeerde osmose kunnen vormen.

EFC is niet alleen een nieuwe processtap, maar het weerlegt ook de werkzaamheden van
kosten naar waarde door de introductie van een nieuw scheidingsproces dat afval kan
omzetten in grondstoffen.

Een introductie en korte samenvatting van eerder werk zijn gegeven in Hoofdstuk 1.

Doelstellingen van dit promotiewerk zijn:

- Het ontwikkelen van apparatuur en technologie voor eutectische vrieskristallisatie
op industri€le schaal.

- Het begrijpen van de fysische fenomenen van eutectische vrieskristallisatie op
basis van experimentele analyse en optimalisatie van de hybride type eutectische
kristallisator.

- Het onderzoeken van enkele nog niet verkende fundamentele aspecten van de
MgSO,4 modeloplossing.

- Het begrijpen van nucleatie en groei vanuit een waterige MgSO, oplossing op
gekoelde oppervlakken, theoretisch en experimenteel ook in relatie tot het
voorkomen van aankorsting.

- Het verbinden van wetenschap en bedrijfsleven en het voorstellen van een model

voor de snelle implementatie van eutectische vrieskristallisatie in de industrie.

De experimentele studie op proeffabriekschaal met de Cooled Disc Column Crystallizer
(CDCC-2) ontworpen voor continue EFC operatie wordt gepresenteerd in Hoofdstuk 2.
De kristallisator met een capaciteit van 150 liter en 5,6 m*m’ koeloppervlak is getest
voor een industri€le MgSQOy stroom. In vergelijking met voorgaande ontwerpen van EFC
kristallisatoren zijn de CDCC-2 prestaties geé€valueerd in termen van warmteoverdracht,

ijs- en zoutgrootte, productie en groeisnelheden.
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In-line bepaling van concentratie en oververzadiging zijn van groot belang voor evaluatie
van kristallisatie-experimenten en de procesbesturing van eutectische vrieskristallisatie
vanwege de simultane ijs- en zoutproductie. Om deze reden is de toepassing van
meettechnieken voor geleidbaarheid en brekingsindex voor in-line metingen van
concentratie en oververzadiging van een MgSO, oplossing bestudeerd in Hoofdstuk 3.
Een industriéle MgSO,4 oplossing met een concentratiebereik van 16 tot 22 wt% en een
temperatuursbereik van 10 tot -5 °C is onderzocht. Geleidbaarheidsmetingen zijn
gecorreleerd aan concentraties en temperatuur met de empirische Casteel-Amis
vergelijking terwijl brekingsindexmetingen gecorreleerd zijn aan concentraties en
temperatuur met een ontwikkeld empirisch model. De metastabiele lijnen voor ijs en zout
van het MgSQOy systeem zijn bepaald op basis van metingen op het begin van kristallisatie
gedurende koeling van oplossingen met verscheidene concentraties. Binnen het
werkbereik van EFC is de relatieve oververzadiging berekend als Gijsmax=0.2 en
0,0utmax—0.23. De fout in geleidbaarheid met betrekking tot de breedte van de metastabiele

zone is ongeveer 20% en in brekingsindexmetingen 3%.

Hoofdstuk 4 presenteert de derde generatie Cooled Disc Column Crystallizer (CDCC-3)
en Skid Mounted Unit, ontworpen en geconstrueerd voor productiecapaciteiten van 130
ton/jaar MgSO47H,0 en water. De volledig mobiele Skid Mounted Unit bestaat uit de
CDCC-3, een bandfilter, een waskolom, voorraadvaten en speciale meetinstrumenten te
weten beeldanalyse, data-acquisitie en een besturingssysteem gebaseerd op Fieldbus. De
praktische prestaties van CDCC-3, met een capaciteit van 220 liter, 7 compartimenten en
7,7 m*m’ koeloppervlak, is geévalueerd in termen van eigenschappen voor
warmteoverdracht en productkwaliteit. Voor een verblijftijd van 30 min en vari€rende
logaritmisch gemiddelde temperatuursverschillen tussen bulk en de koelvloeistof van de
CDCC-3 is de warmteflux berekend en zijn de gemiddelde kristalgroottes en
onzuiverheden voor het MgSQO, systeem gemeten. De experimentele data is gebruikt om
de parameters voor kinetische relaties voor nucleatie- en groeisnelheden te schatten voor

ijs en het MgSO4 11H,0 zout.
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Zoals voorafgaand reeds een aantal malen genoemd is, is in dit promotiewerk een
waterige MgSO,4 oplossing gebruikt als modelsysteem om de fysische fenomenen van
EFC te begrijpen en om de technologie te ontwikkelen. Voor uitgebreider onderzoek is de
kristalstructuur van het MgSO, zout nabij eutectische condities bestudeerd en
gerapporteerd in Hoofdstuk 5. Het MgSO,4 zouthydraat gevormd onder ongeveer 0°C is
bewezen MgSO411H,O (undecahydraat) te zijn in plaats van het gebruikelijk
gerapporteerde MgSO412H,0 (dodecahydraat). De kristallen zijn gegroeid vanuit
oplossing door eutectische vrieskristallisatie en koelingkristallisatie. De analyse van de
kristalstructuur en de moleculaire rankschikking van deze kristallen zijn bepaald door
gebruik te maken van rontgendiffractie aan éénkristallen. Raman spectroscopie is
gebruikt voor het karakteriseren van MgSO4-11H,O en voor het vergelijken van de
trillingsspectra met het MgSO47H,O zout. Tussen de twee zouten zijn belangrijke
verschillen gevonden voornamelijk in het type interactie van water met sulfaatgroepen in
het rooster, gezien de verschillende trillingen van uitrekking van O-H, alsmede sulfaat,
O-H...O (sulfaat) en O-Mg-O bands vibrational modes. Thermogravimetrische analyse
bevestigt de stoichiometrie van het MgSO411H,O zout. Bovendien zijn de Miller
indexen van de belangrijkste facetten van MgSO,4-11H,0 kristallen gedefinieerd.

Het oplossen van de formule voor MgSO4 11H,0 bracht het idee naar boven om het
gerelateerde molecuul in de natuur te vinden en het te deponeren als een nieuwe
mineraalsoort. Hoofdstuk 6 omvat de ontdekking van het natuurlijke voorkomen van het
nieuwe mineraal MgSO,4-11H,0 —Meridianiite- als zoutinsluiting in pakijs uit het Saroma
meer in Japan en in Antarctisch ijs. Het bestaan van meridianiite is bevestigd door
gebruik te maken van Raman spectroscopie door vergelijking met en presentatie van de
excellente overeenkomst tussen de Raman spectra van synthetisch MgSO4-11H,0 en de
insluitingen. Epsomite en mirabilite Raman spectra zijn ook gepresenteerd om te
vergelijken met meridianiite. Zowel meridianiite insluitingen in pakijs als Antarctisch ijs
vertonen een overeenstemmende morfologie met de synthetische MgSO4-11H,0

kristallen.
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In Hoofdstuk 7 zijn nucleatie en kristalgroei vanuit waterige MgSQO4 oplossing op een
gekoeld oppervlak theoretisch en experimenteel bestudeerd. Een beter begrip van deze
fenomenen is erg belangrijk voor het voorkomen van aankorsting op gekoelde
oppervlakken zodat de operationele kosten van industriéle kristallisatoren verlaagd
kunnen worden. De productiesnelheid van exces entropie van warmte- en stofoverdracht
in, uit en over het grensvlak is gebruikt om de fluxen en krachten van het systeem te
defini€ren. De methode beschrijft het grensvlak als een aparte (tweedimensionale) fase in
lokaal evenwicht. Gekoppelde vergelijkingen voor warmte- en massaflux vanuit de niet-
evenwichtsthermodynamica (Onsager theorie met reciproque relaties) zijn gedefinieerd
voor kristalgroei en de temperatuursprong op het grensvlak van het groeiende kristal. Alle
overdrachtsweerstanden op het grensvlak zijn bepaald door MgSO4-7H,0 kristallisatie op
een gekoeld oppervlak te gebruiken als voorbeeld. De koppelingscoéfficiént liet de

verdelingsratio van kristallisatiewarmte tussen het zout en de vloeistoffases zien.

Vanuit een economisch en milieutechnisch oogpunt gezien, is snelle implementatie van
eutectische vrieskristallisatie gewenst. Gedurende de afgelopen tien jaar heeft een
succesvolle samenwerking tussen de kennisinstituten, een apparatenbouwer en de
gebruikers (procesindustrie) EFC ontwikkeld tot aan proeffabriekschaal. Suggesties voor
de snelste implementatie van EFC-technologie in de markt zijn gemaakt gebaseerd op het
Cyclic Innovation Model (CIM). Dit model beschouwt het innovatieproces als
gekoppelde cyclussen van verandering, waar ontwikkelingen in alle cyclussen
tegelijkertijd plaatsvinden en gedreven worden door een ondernemer. Traditioneel gezien
worden innovaties beschouwd als lineaire kettingen van onafhankelijke acties, waarbij
iedere fase een aanzienlijke hoeveelheid tijd vereist wat de volgende fase vertraagd. Dit is
een belangrijke oorzaak voor het traditioneel lange implementatietraject. CIM overwint
de belemmeringen die lineaire kettinginnovatie met zich meebrengt door ontwikkelingen
in alle cyclussen te stimuleren en het laten samenwerken van alle betrokken actoren in
gekoppelde netwerken. Hoofdstuk 8 tracht het cyclische innovatiemodel te beschrijven en
een pad uit te zetten voor commercialisering van de eutectische vrieskristallisatie

technologie.
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Ozet (Turkish summary)

Otektik Donma Kristalizayonunda Boyut
Blyutme

Ekonomik sebepler, global rekabet ve katilasan ¢evre yonetmelikleri, (bio)-kimyasal tesis
sahipleri ve buna bagli olarak teknoloji gelistiricilerini daha temiz, enerji dostu ve ucuz
proses donamimlarini iiretmeye ve kullanmaya zorlamaktadir. Proses endiistrisinde
ekipman ve enerji masraflarinin yaridan ¢ogunun, teorik gereksinimden 10 ila 100 kati
fazlasin1 harcayan ayirma teknolojilerine kullanildigi bilinmektedir. Daha verimli ayirma
sistemleri kullanildiginda yilda yaklasik 10?° J enerji tasarruf edilebilir. Ne yazik ki
giiniimiizde biiylik miktarlarda degerli endiistriyel ¢6zelti, kullanilan aritma metodlarinin
fazla enerji gereksinimi ya da uygun teknolojilerin heniiz gelismemesi nedeniyle hi¢
islenemeden elden c¢ikarilmaktadir. Halbuki ekonomik aritma teknolojilerinin

gelistirilmesi sayesinde bu ¢ozeltiler kolaylikla degerli hammaddelere dontistiiriilebilirler.

Bu tez ¢alismasi siiresinde, yenilikgi bir kristalizasyon metodu olan Otektik Dondurma
Kristalizasyonu (Eutectic Freeze Crystallization-EFC), aragtirtlip gelistirilmistir.
Cozeltilerin otektik sicaklik ve bilesimi civarinda g¢alistirilan EFC, (degerli)-¢6zlinmiis
tuzlar1 (ve/veya asitleri) ve suyu pek ¢ok proses akimindan geri kazanmak i¢in kullanilir.
%100 teorik verim ve evaporatif kristalizasyonla karsilastirildiginda %90’ a ulasan enerji
tasarrufu Ozellikleri EFC teknolojisini cazip kilmaktadir. EFC kullanimi ile biiyiik
miktarlarda tuzlu ¢o6zelti iireten proseslerin ekolojik ve ekonomik olarak yiiriitiilmesi
cazip hale gelecektir. Bu teknoloji son derece yiiksek saflikta iirlinler sunarken, yiiksek
sicakliklarda calisgan metodlarin istenmeyen yan etkilerini Onler (6rnegin nitrik asitle
calismada zehirli duman ¢ikis1). Ayrica suyun aritilmasi sirasinda ekstra kimyasallarin
eklenmesini de engeller. Ayrica {iriin kalitesinin korunmasi i¢in, yiiksek sicaklik ¢calisma
sartlarinin uygun olmadig1 gida ve ilac endiistrisinde de kullanilabilir. Besleme ¢ozeltisi

EFC islemi Oncesinde ters osmosis (reverse osmosis) methoduyla konsantre edilecek
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kadar temiz ve seyreltik ise, EFC ve ters osmosis metotlar1t miikemmel bir kombinasyon

olusturur.

EFC yeni bir {linit operasyon olmasinin yani sira, atiktan hammadde tireterek onu degere
¢eviren yeni bir diislince sistemini de beraberinde getirmektedir.
Giris ve bu konudaki gegmis calismalara yonelik kisa bir o6zet, Bolimde 1’ de

sunulmaktadir.

Ozetle tezin amaglari:

Otektik donma kristalizasyonu ekipman ve teknolojisinin endiistriyel olgege
gecirilmesi.
Otektik donma kristalizasyonu fiziksel olgusunun deneysel analizler ve hibrit
otektik tip kristalizor optimizasyonu agisindan anlagilmasi.
MgSO4 model ¢ozeltisinin kesfedilmemis temel 6zelliklerinin arastirilmasi.
MgSO; ¢ozeltisinin soguk ylizeylerde niikleasyon ve biiylimesinin kabuk olusumu
(scale formation) ile iliski; ve bu olusumun 6nlenmesinin teorik ve deneysel
olarak anlagilmasi.

- Otektik donma kristalizasyonun endiistriye hizla uyarlanmasini sagliyacak bir

model onerilerek, bilim ile sanayinin bagdastiriimasi.

EFC operasyonlar1 i¢in tasarlanan pilot Olgekli Sogutmali Disk Kolon Kristalizorii
(Cooled Disc Column Crystallizer- CDCC-2) ile ilgili deneysel ¢aligma BoOlim 2’ de
sunulmaktadir. 150 litre kapasiteye ve 5.6 m*/m’ sogutma yiizeyine sahip kristalizor,
endiistriyel MgSO, soliisyonu kullanilarak test edilmistir. CDCC-2 performansi daha
onceki EFC kristalizor tasarimlarina kiyasla 1s1 transferi, buz-tuz kristal boyutlari, iiretim

ve kristal biiylime hizlar1 agisindan degerlendirilmistir.

Cozelti konsantrasyonunun ve asir1 doygunlugunun aninda (inline) belirlenmesi, 6tektik
dondurma kristalizasyonu deneylerinin degerlendirilmesi ve ayni anda buz ve tuz iireten
sistemin proses kontroliiniin saglanmasi agisindan énemlidir. B6lim 3’ de aninda (inline)

iletkenlik (conductivity) ve refraktif indeks (refractive index) tekniklerinin, MgSQO4
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cozeltisinin konsantrasyon ve siiper doygunluk ol¢iimlerinde kullanilmasi anlatilmstir.
Endiistriyel MgSO4 ¢ozeltisi, %16 ve 22 konsantrasyonlart ve 10 ila -5 °C sicakliklar
arasinda incelenmistir. Iletkenlik (conductivity) konsantrasyon ve sicaklikla emperik
Casteel-Amis denklemi (Casteel-Amis equation) ile; refraktif indeks (refractivity index)
ise konsantrasyon ve sicaklik ile gelistirilen emperik bir model kullanilarak
iligkilendirilmistir. MgSQy, sisteminde buz ve tuz metastabilite limitleri (metastable lines),
degisik konstantrasyonlarda yapilan onlarca sogutma deney sonuglarina dayandirilarak
cizilmistir. EFC calisma araliginda, Gpyzmax=0.2 and Gy,-max=0.23 relatif doygunluklari
(relative supersaturations) hesaplanmstir. Iletkenlik olgiimleri yaklasik %20, refraktif

indeks ol¢iimlerinin ise %3 hata igerdigi tespit edilmistir.

Boluim 4’ de tigiincii jenerasyon Sogutmali Disk Kolon Kristalizorii (Cooled Disc Column
Crystallizer- CDCC-2) ve 130 ton/y1l MgSO4-7H,0 ve su liretme kapasitesine sahip Skid
Mounted Unite (Skid Mounted Unit) tasarimlari sunulmaktadir. Tamamen mobil olan
Skid Mounted Unite, CDDC-3, bir bant filtre (band filter), bir yikama kolonu (wash
column) ve depolama tanklarimin (storage tanks) yanisira, goriintii analizi (image
analysis), bilgi toplama (data acquisition) ve field-bus kontrol sistemi (field bus based
control system) gibi 0zel Ol¢lim cihazlarindan olugmustur. 220 litre kapasite, 7
kompartman ve 7.7 m*/m’ sogutma yiizeyine sahip CDCC-3 iin performans, 1s1 iletim
Ozellikleri ve iriin kalitesi agisindan degerlendirilmistir. MgSO4 ¢6zelti sistemi igin,
CDCC-3 igerisinde sabit 30 dakikalik kalma siiresi (residence time) ve degisken ¢ozelti
(bulk)-sogutucu (coolant) logaritmik ortalama sicaklik farklari kullanilarak 1s1 akisi,
ortalama kristal boylar1 ve kristallerin safsizlik icerikleri 6l¢iilmiistiir. Deneysel veriler,
buz ve MgSO411H,0 tuzu i¢in niikleasyon ve biliyiime hiz kinetik parametrelerinin

tespitinde kullanilmistir.

Daha onceden de soz edildigi gibi bu tez calismasinda, EFC fiziksel olgusunun
anlasilmas1 ve teknolojinin gelistirilmesi i¢in MgSO, ¢o6zeltisi model sistem olarak
kullanilmistir. Daha detayli bir arastirma icin 6tektik sartlarda MgSOy tuz yapisi iistiine
yapilan ¢alisma Bolim 5° de raporlandirilmigtir. Yaklasik 0 °C sicakligin altinda olusan
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MgSO;, kristal hidrat yapisinin genel olarak bilinen MgSQO4-12H,O (dodecahydrate)
yerine MgSO4 11H,O (undecahydrate) oldugu ispatlanmistir. Kristaller, ¢ozeltiden
otektik donma (eutectic freeze) ve sofguma kristalizasyonu (cooling crystallization)
yontemleriyle biiyiitiilmiistiir. Kristallerin yapist ve molekiil diizeni tek kristal X-Ray
difraktif (single crystal X-Ray diffraction) teknigi ile tespit edilmistir. Raman Spektrospik
yontemi (Raman Spectroscopy), MgSO4 11H,O tuzunun karakterizasyonu ve
MgS04-7H,0 tuzu ile kiyaslanmasi amaciyla kullanilmistir. Iki tuz arasinda suyla sulfat
gruplarinin etkilesimleri, O-H stretching vibrasyonlari, O-H...O (sulfat) ve O-Mg-O bant
vibrasyonlar1 basta olmak iizere 6nemli farklar mevcuttur. Termogravimetrik analizler
(thermo gravimetric analysis) MgSOy-11H,0 tuzundaki su molekiil sayisini stokiometrik
olarak onaylamaktadir. Ayrica MgSO4 11H,0 kristalinin temel ylizeyleri icin Miller

indeksi (Miller indices) tanimlanmustir.

MgSO4 11H,O formuliiniin ¢dziilmesi, bahsi gegen molekiiliin dogada bulunabilme
olasiligmi ve mineral olarak kayitlandirilabilecegi fikrini dogurmustur. Bolum 6,
MgSO411H,O yapisindaki yeni mineral -Meridianiite-> in dogada Japonya-Saroma
Goli’'nde ve Antarktika buzulundaki kesfini anlatmaktadir. Micro Raman Spektroskopik
(Micro Raman Spectroscopy) yontemi, Meridianiite’ in varligini1 sentetik MgSO4-11H,0
kristalleri ile deniz ve Antarktika buzullarindaki safsizliklarin (inclusions) arasindaki
miikemmel c¢akismay1 gostererek kanitlamistir. Ayrica Epsomit (epsomite) ve Mirabilit
(mirabilite) Raman spektralar1 da Meridianiite ile karsilagtirilmigtir. Hem deniz hem de
Antarktika buzullarinda Meridianiite safsizliklarinin (inclusions) sentetik MgSQO4-11H,0

kristalleri ile benzer morfolojiye sahip oldugu gézlemlenmistir.

Bolim 7’ de MgSO; ¢ozeltisi kullanilarak soguk yiizey iizerinde kristallerin niikleasyonu
ve biiyiimesi teorik ve deneysel olarak arastirilmistir. Bu fenomenin daha iyi anlagilmast,
soguk yiizeylerde kabuk olusumunun engellenmesi ve endiistriyel kristalizorlerdeki
operasyon maliyetinin distlriillmesi acisindan biiyilk Onem tasir. Kristalizasyon
araylizeyine (interface) giren, ¢ikan ve i¢inden gecen 1s1 ve kiitle iletimi excess entropi
tiretim hizlar1 (excess entropy production rate for heat and mass transport) sistemin ak1 ve

kuvvetlerini tanimlamakta kullanilmistir. Bu metot, kristalizasyon arayiizeyini (interface)
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lokal olarak dengede ayri bir faz (iki boyutlu) gibi tanimlamaktadir. Denge durumunda
olmayan sistem (non-equilibrium) termodinamiginin (karsilikli iliskili Onsager teorisi-
Onsager theory with reciprocal relations) sundugu cift (coupled) 1s1 ve kiitle akisi
denklemleri, kristal biiylimesi ve biiyliyen kristalin arayiizeyindeki (interface) sicaklik
artisgin1 (temperature jump) tanimlamaktadir. Tiim tasima direngleri, soguk yiizeyde
MgSO47H,0O kristallendirilerek tayin edilmistir. Ciftlestirilen katsayr (coupling
coefficient), kristalizasyon entalpisinin (heat of crystallization) tuz ve sivi fazlar

arasindaki dagilim katsayisin1 gostermektedir.

Ekonomik ve ekolojik agidan, 6tektik dondurma kristalizasyon teknolojisinin sanayiye
hizla uygulanmasi istenmektedir. Son on yil boyunca bilim enstitiileri, bir ekipman
tireticisi ve kullanicilarinin basarili (proses endustrisi) ortakligt EFC’ yi pilot 6lgek
boyutuna kadar gelistirmistir. EFC teknolojisinin en hizli sekilde sanayiye uygulanmasi
icin yenilikleri ‘de8isim ¢evrimleri’ esastyla tanimlayan Cevrimsel Yenilik¢i Model
(Cyclic Innovation Model-CIM) sunulmustur. Bu modelde gelismeler, ayn1 anda tiim alt
cevrimlerinde bir girisimcinin yonetiminde gerceklesir. Geleneksel olarak yeniliklerde
her etap birbirinden bagimsiz yol alir (lineer model-linear chain). Bir sonraki etap bir
oncekinin sonlanmasiyla baglar bu da dogal olarak sonuca ulasmada hatr1 sayilir bir
zaman kaybidir. Oysa CIM, tiim g¢evrimlerde gelismeyi tetikliyerek ve tiim aktorleri
birbiriyle kaynastirip beraber calismaya yonlendirerek lineer modelin maruz kaldigi
engellerin istesinden gelmeyi onerir. BOlUm 8’ de Cevrimsel Yenilik¢i Model
kullanilarak 6tektik dondurma kristalizasyon teknolojisinin sanayilesmesi i¢in bir yol

cizilmektedir.
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