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Abstract

Abstract

Brine streams from industry is a burden to the environment if not disposed properly.
“Zero liquid discharge” (ZLD) is an ideal way of converting saline streams from waste to
resource through multiple membrane-based or thermal-based treatment technologies. The
utilization of the recovered resource minimizes both costs and environmental impacts.
Among the brine treatment technologies, the Eutectic Freeze Crystallization (EFC) is a
promising thermal-based technology to obtain water and salt in high purity. EFC
technology has higher energy benefit and simpler equipment than conventional
evaporation technology. This technology is feasible for continuously recovering pure salt
and ice in different stages, and separating them spontaneously.

In this study, batch EFC experiment was conducted to determine the solubility curve of
Na:5Osunder the different concentrations of NaCl. The effect of NaCl on the solubility of
Na:SOs at the low-temperature interval was investigated. It was found that with the
increasing concentration of NaCl, the common ion effect between Na:SOs and NaCl
reduced the solubility of Na:5SOs and depressed the eutectic point (EP) of Na:SOs-H20
system. The decreasing EP showed a linear trend. A thermodynamic model in OLI Studio
was used to evaluate the solubility of Na:SOs as well. The modelling result was compared
with the experimental data. The experimental result about the EP of Na25Os-H:20 system
has a better agreement to the theoretical value than the eutectic concentration of Na2SO.a.
Besides, the effect of NaCl was compared with KCl in the OLI Studio, the salting- in effect
of KCI promoted the solubility of Na2SOs.

A scenario study was carried out to explore a proper process to treat reverse osmosis (RO)
concentrate from a demineralised-water-producing (DWP) plant that was rich in Na,
SO+ and CI. The thermodynamic model was used to simulate the continuous EFC
process and investigate how the different pre-treatment processes affect the recovery of
Na2SOs. Four scenarios with different pre-treatment technologies were put forward based
on the existing processing facilities: Scenario 1: RO — NF — EFC, Scenario 2: RO — TOC -
NF - EFC, Scenario 3: RO — TOC - EFC, Scenario 4: RO — TOC - NF - RO - EEC.

All the scenarios could reach more than 92% recovery of H2O. Among the four scenarios,
Scenario 4 accomplished the highest recovery of Na25Os (98.4%) by -3°C. But the scaling
tendency and poor permeate quality of the second RO unit made spontaneously. The gap
between ice yield and Na25O+10H20 (Mirabilite) yield was significant in all the scenarios.
It was suggested only to recover H20 rather than both H2O and Na25Os, which can be
achieved by means of Scenario 1 or 3. In Scenario 2, the close nucleation temperature of
ice and mirabilite brought problem for separation work.

To conclude, EFC is a newly emerging technology that can achieve a sequential removal
of minerals from brine and is sustainable. There are barriers to overcome in impurity
studies and those problems deserve attention. Further developments should be
stimulated on recovering H20 and salt with an advance retrieving method, for example
the design of multi-stage separation process, and the synergistic effect of different ion
species and the combined effect of the organic compounds.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Research background

Water scarcity has been a long-term global issue. It was estimated that more than 50% of the
countries on our planet might face severe water stress or water shortage by 2025. By then,
70% of the population could encounter this scarcity !. The rising water demand coupled with
a deficit of water supply accelerate this problem. Among the water supply boost strategies,
desalination receives the most attention. Along with the development of desalination, safe
disposal of brine waste and innovative management and disposal strategy has been a
particular concern, also a challenge.

“Zero liquid discharge (ZLD)” is a concept to maximize the recovery of freshwater and
minimize waste in the wastewater treatment process. During the process, the industrial brine
streams are converted into useful resources, the contaminants are reduced to solid substance,
and the salt compounds are concentrated. An advanced circular economy can be achieved by
recovering and reusing the collected minerals that are with high quality and sufficient purity
from the brines. In the meantime, the industrial saline wastewater streams can also be
eliminated.

A project was launched to achieve sustainable ZLD 2. In the project, EFC is one of the selected
technologies to obtain fresh water and solid products with high quality and good market
value. A treatment process combined reverse osmosis (RO), nanofiltration (NF) and EFC
aims to eliminate the brine effluent, recover high purity sulphate salts.

EFC is a novel technology that can be an alternative for evaporative crystallization. It is
capable of selectively precipitating salts, and can be used to purify the concentrated brine.
The technology is based on the theory that when the temperature of the solution achieves the
EP, the solid phase and aqueous phase are separated due to density difference 34°.

With the development of over two decades, EFC has been proven to be used for the treatment
of brine from desalination techniques such as multi-flush, spent regenerant of ion exchange
(IEX) and concentrate of RO. One of the advantages is that EFC produces pure salt(s) and ice.
Besides, F. Van der Ham et al. (1998) demonstrated that EFC required less energy and lower
costs compared to conventional evaporative crystallization process >°.

In the practical application, product quality and purity are all influenced by impurities.
Despite the fact that diverse research investigated the influence of different impurities on EFC
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process, none of the previous studies detailed explained to what extent the presence of other
salts alters the product nucleation temperature and solubility. And how the pre-treatment
process influences the product recovery, which can provide a better solution for the
sequential removal of salts from brine.

In this study, the objective was to experimentally investigate the influence of concentrated
NaCl on the EFC of Na:SOs from the aspects of the eutectic concentration and EP. Then a
scenario study was carried out by using a thermodynamic model to assess the feasibility of
recovering Na:SOu from the brine produced by a DWP plant.

1.2 Knowledge gaps and research objectives

1.2.1 Effect of NaCl on the recovery of Na:SOs

In an effective crystallization process, with a pure salt solution system, the recovery of aim
salt can reach 100%. When reaching the EP, ice and salt are separated in a fixed ratio at the
constant temperature, corresponding to the composition at EP. However, the presence of
impurities reduces the recovery of salt by directly alter the surface diffusion and
incorporation kinetics or indirectly change the solubility. Thus, reduce the purity of the ice
product, brings difficulties for the separating work.

Studies about the effect of inorganic impurities on using EFC to recover Na25O4 have been
conducted widely. Reddy et al. (2011) recovered Na:SO: (4%) from a reverse osmosis
retentate with some impurities (F, Cl, K, Li, Mg, Ca, NOs and NHs) found that concentrated
NaCl (20 wt.%) inhibit ice crystallization 7. Edward et al. (2016) observed the effect of
phosphonate antiscalant (K*, Na*, P*) during the EFC of Na:S504 8. According to the results
from Reddy et al. (2011), the presence of NaCl (20 wt.%) lows the EP of Na2SOsa.

Though Reddy et al. (2011) had proved that the presence of NaCl depressed the EP of Na:5Os-
- H20 system 7, to what extent this decrease would be, and how the nucleation temperature of
ice and NazxSOs are altered are still unknown. Besides, even though Reddy et al. (2010)
showed that the crystalline composition was also affected by Na2SOs concentration and NaCl
concentration in the solution in a modelling study, no previous study provided quantitative
information to what extent this effect would be °. Moreover, the recovery and purity of ice
and Na:SOs are influenced by the different pre-treatment process of EFC. To achieve the
sequential separation of salts, a proper treatment process needs to be explored.

According to the stated knowledge gaps, the research objectives are:

Investigate the effect of high concentration of NaCl on EFC of Na:SOx from the aspects of temperature
and product composition.

Using the thermodynamic model to assess the feasibility of applying EFC to recover Na:SOs from the
brine produced by DWP plant with the different pre-treatment process.
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1.2.2 Research questions and approaches

Based on state of the art mentioned in Chapter 1.1 Research background, the following four
research questions are formulated to meet the research objective stated in Chapter 1.2.1.

(1) Does the solubility and eutectic concentration of Na2SOs increase or decrease with
increasing NaCl concentrations?

(2) Does the eutectic point of Na:SOs-H2O system decrease with increasing NaCl
concentration?

(3) How much the ice and Na2SOs recovery in EFC would be with the different pre-treatment
process?

1.3 Thesis structure

To answer the above research questions, two research approaches were applied in this study:
literature review and laboratory research. According to two research approaches, the thesis
was divided into eight chapters.

Chapter 1: Introduction

Chapter 1 gives the general background information of this study and provides the relevant
research questions.

Chapter 2: Literature review and theory

The literature presented in Chapter 2 is firstly carried out to understand the underlying
mechanisms of EFC technology, and then identifies the gap in the literature that this study
intents to fill. As the research continued, the collected experimental data were analyzed and
explained based on the literature to ensure the theoretical stringency of the results.

Chapter 3 & 4: Laboratory research and modelling work

To effectively accomplish the research objectives, a series of laboratory work was conducted
to collect the solubility data of sodium sulfate. The detailed procedures are presented in
Chapter 3. Chapter 4 describes the scenario study process in detail. A thermodynamic model
was built up to simulate the continuous mode of EFC process and therefore to investigate the
relation of solution concentration and product yields.

Chapter 5: Result and discussions

Chapter 5 describes and explains the study finding of experimental result and simulation
result.

Chapter 6: Conclusion

This chapter answers the research questions and lists out the important realizations in the
study.

Chapter 7: Research limitations and recommendations

This chapter lists out the limitations of the experiment set-up and the design of the study.
Besides, this chapter provides suggestions for future study and application.



Chapter 2 Theory and Literature Review 4

Chapter 2 Theory and Literature Review

Relevant background information about EFC technology and impurities studies presented in
other researchers” studies that are related to this research are discussed in this chapter.
Chapter 3.1 explains the terminologies and concepts in crystallization technology that will be
referred to in the following chapters. The fundamentals of EFC are presented in Chapter 3.2.
Then Chapter 3.3 presents two operation modes in EFC. Chapter 3.4 includes the current
research progress using EFC to recovery Na:SOs. Next, the impurity study and the ice scaling
phenomenon are summarized.

2.1 Mechanisms of crystallization

2.1.1 Phase diagram

Phase diagram graphically presents the equilibria between various phases under different
temperatures, pressures, and composition. It identifies the equilibrium condition and the
presenting phases (solid, liquid and gas) at a certain composition corresponding to a certain
temperature ''. In this study, the discussion is within the temperature and composition of
solid-liquid equilibria in the binary or tertiary system, the change in pressure is neglectable.

Typical binary temperature-composition phase diagram is shown in Figure 2.1. The graph
shows a mixture of A and B, temperature (T), the mole fraction of B (Xp), the number of
phases co-exist in equilibria. According to the temperature and concentration of the solution,
whether the solution is saturated or diluted can be estimated. The maximum phases the
system reaches are three, which is at the EP. Below the solidus line, solid phases are present
at all compositions in equilibrium; above the liquidus line, the system is in liquid. More often,
the liquidus line is called solubility line . In EFC, left part of liquidus line is ice line while the
right part is the salt line.

The theoretical yields of each compound can be calculated using the phase diagram. The
relative ratios obey the ruler rule:

Weight of salt _ €D
Weight of complete system  CF Equation 1
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Liquidus line

Liquid (unsaturated solution)

ElementA+ saturatedsolution Element B+ saturated solution

Solidus line

Temperature

Eutectic point

Ice+ salt crystals

A Concentration [wt%] B
100 wt% water 100 wt% salt

Figure 2.1 Binary phase diagram of element A and B. A mixture of A and B
The concentration of B changes with temperature. Solution composition at A:100 wt% H20, B:100
wt% salt.

The phase equilibria in the ternary system is complex. The composition of the system can be
plotted in a triangular graph, which is shown in Figure 2.2. The three corners of this triangle
represent pure component. The two-phase region is below the arch while across the arch
where is the single-phase region.

......Tie line REGION

0 20 40 60 80 100

Contaminant (% mole fraction)

Figure 2.2 phase equilibria in the ternary system V7

2.1.2 Supersaturation

Supersaturation refers to a condition that solution contains a more dissolved substance in a
solvent than it could be under normal circumstance. It is a prerequisite before a solid phase
appears in a saturated solution ™°.

2.1.3 Crystallization

Crystals are molecules or atoms bound with highly ordered structure and have a
reproducible appearance. Crystallization is regarded as one of the oldest separation and
purification technology of human. By screen out the desired product from the mother liquor
using this thermodynamically based technology, the applications of crystallization vary from
normal life to industries .
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Supersaturation is the fundamental driving force of crystallization. It is referred to as a
solution in which the solute concentration exceeds the equilibrium solution concentration at
the given temperature. The dimensionless form of supersaturation is shown in Equation 1.

P a yc
———=In—=In—
RT a Yc Equation 2

Chemical potential (i), temperature (T), activity (a), activity coefficient (y)concentration (c). *

represents the property at saturation.

2.1.4 Crystal lattice

A crystal lattice is the arrangement of the atoms or molecules that form crystals. As shown in
Figure 2.3, the lattice is made up of repeating units '2.

Figure 2.3 A point lattice 12
The repeating unit call point lattice, which is used to describe the highly ordered structure of
crystals. It can be constructed having unit cells in the regular shape such as square and
rectangle, etc. Every point represents a position of an ion.

2.1.5 Nucleation of crystals

A two-steps process is necessary to cultivate crystals. The first is the birth of new crystals
from supersaturated solution, known as nucleation. The second is growing the crystals into
larger size 2.

Nucleation is the initial formation of the solids that have characteristics of crystalline. It
occurs in solution, vapour, liquid, in which a small number of ions, atoms, or molecules from
a site that allows additional particles deposits. Nucleation temperature refers to the
temperature when nucleation happens.

Primary nucleation refers to the formation of the first nucleus without introducing crystals 3.
It is subdivided into heterogeneous or homogeneous nucleation regard on whether the
nucleation occurs on the foreign surfaces or not 12, Heterogeneous nucleation happens when
foreign particles appear in the solution. They orient the formation of the crystal. The surface
of a different substance, such as: dust particle and the wall of the reactor, always acts as the
centre of a crystal. Homogeneous nucleation is a spontaneous behaviour of a pure and
supersaturated solution. Secondary nucleation refers to the crystal nuclei produced from a
pre-existing crystal 113, Seeding is the best method to induce crystallization and to prevent
excessive nucleation.
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2.1.6 Crystal growth

The growth process enlarges the existing nuclei. It is always described as changes in some
dimension with respect to time 2. Usually, there are three ways to express the crystal growth
rate: face growth rate, overall mass growth rate, overall liner growth rate.

Figure 2.4 A, B, C, three sites molecules can incorporate into the crystal surface
As shown in Figure 2.4, A, B (step) and C (kink) are three possible sites for molecules to
incorporate into the crystal surface. Position C is more likely to grow than other positions
from the thermodynamic aspect of view because it is bound by three nearest neighbours and
has a great chance to become the centre of a crystal.

The driving force of crystallization refers to the supersaturation that makes growth happen .
The decrease of free energy in the system related to crystallization promotes the growth of
crystals. In the supersaturated solution system, the difference between the chemical potential
of the solution phase (n.) and the chemical potential of the crystalline phase (lm) is the
driving force (Ap = pm —u.). This driving force is associated with temperature. When the state
is stable, the level of supercooling (aT=T,-T) is the most straightforward and measurable
index represents the driving force of crystallization. T. T,: the temperature at the melting
point 15,

2.1.7 Product characteristics

Crystal structure: Crystal structure describes the ordered arrangement of crystals. Each
crystal unit cell has a three-dimensional repeating pattern of its structure '°.

Morphology: Crystal morphology is termed as shape or habit of crystals. It is an essential
factor that determines product quality. Different shape of products has a different dissolution
rate.

Crystal size distribution (CSD): Two types of crystal size distribution are density
distribution and cumulative distribution 2. The size and size distribution of the crystalline
product partly determine the separation efficiency of the crystallization technology.

Yield: the mass of the salt product or ice product, usually in g/L of feed.

2.2 Fundamentals of EFC technology

EFC is a promising desalination technology. It is established based on the theory that each
salt solution has its EP. The EP is a representative equilibrium point in phase diagram where
the salt, ice and solution co-exist 8. With more than twenty-year development, EFC has
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shown its potential in RO retentate treatment and salt recovery. It also has been proved to be
more energy-friendly than conventional evaporative crystallization °.

EFC borrows the concept that crystals can precipitate from a solution due to the extraction of
heat 5. In the cooling process, when the solution system reaches its EP, the ice floats on the
surface while the salt settles down due to density difference so that they can easily be
separated.

This process is presented in Figure 2.5. It is a binary phase diagram for the inorganic
compound in a common situation. Phase diagram builds up the foundation of EFC
technology. By analysing the solution concentration and temperature in the phase diagram
can help to have a better understanding of solubility and prediction of crystalline product
composition.

The diagram plots temperature against salt concentration. The left vertical represents 100%
ice, whereas the right one is 100% salt. There are four different phases shown in the graph:
liquid, ice + saturated solution, salt + saturated solution, ice + salt. When a feed stream with a
concentration corresponding to point A enters the crystallizer, at first it is in liquid, and the
salt concentration lower than the eutectic concentration. By decreasing the temperature of this
mixture, point A will vertically reach point B. Before it reaches point B, the composition of the
solution is fixed. When the point touches point B, there will be a small portion of ice in the
reactor. After that, the ice keeps freezing, the salt mass is going up along the ice line with
decreasing temperature and eventually get to point E, which is at the eutectic temperature
and also the critical point of the four phases 5. At this time, the system of ice, salt and
solution reaches equilibrium. Ice and salt then crystallize simultaneously at supersaturated
conditions in the area below point E.

In another situation, when the solution concentration is higher than the eutectic concentration,
the cooling process follows the path from C to D and reaches E eventually. Instead of ice, the
salt crystal precipitates first. The rest of crystallization behaviour is the same as process A to
E.
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Figure 2.5 A simplest water-salt phase diagram at constant pressure 2.

2.3 Processing modes of EFC

There are two crystallization modes, batch and continuous mode. The selection of mode
highly depends on the configuration of equipment and the requirement for the crystalline
product 2.

The traditional batch crystallization process has been adopted widely in chemical,
pharmaceutical, photographic and other industries. During the process, the supersaturation
of the mother liquor is changed throughout time. The discharge of the product is made only
once at the end of the run. Batch cooling crystallization is the most frequent method if the
solute solubility changes rapidly with temperature. It has been used widely in the laboratory
to examine a large number of operational variables the characteristics in a short time. Though
the batch mode has been extensively studied, there still exist some problems. The heat and
mass transfer cause severe ice scaling, the complicated operation constraints the consistent ice
and crystalline product 2.

Recently, continuous crystallization has harvested interests from both industry and academia.
Compare with the batch crystallization process, one of the most apparent advantages that
continuous mode has is that it produces a consistent product specification. The shape and
size of the products are even 2. The general flow diagram of continuous EFC process is
shown in Figure 2.2. In a continuous EFC process, the feed stream is pre-cooled close to the
saturation point before flowing into the crystallizer. The temperature in the crystallizer
remains constant at sub-eutectic temperature, where the precipitation and growth of ice and
salt proceed. The salt crystals and ice are simultaneously separated due to the density
difference. Ice floats on the top of crystallizer flow to the ice settling tank then are filtrated
and separated with the residual mother liquor. The mother liquor is then recycled back to the
crystallizer. Salt crystals, which is obtained at the bottom of the crystallizer, is treated almost
the same as ice. After filtration and washing, part of the residual mother liquor is returned to
the crystallizer for further crystallization >22.
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Figure 2.6 Schematic representation of continuous EFC process for the production of pure water and
salt 4

2.4 Heat transfer in EFC

The heat transfer in a crystalline reactor comprises the heat absorption of coolant, the heat
release from the formation of crystals and heat dissipation of scraper and reactor wall, etc. As
mentioned in Chapter 2.1.1

The driving force is expressed in term of temperature difference. The heat absorption of
coolant is given by Equation 3 and Equation 4. Where ¢;, is specific heat capacity, AT is the
temperature change of cooling medium, m is the solution mass flow rate.

Q = _Qcoolmn + Qm‘ystuuizatiou + Qdissipatiau Equation 3

Qcoolmlt = meﬁT Equation 4

2.5 Recover Na:SO4 by EFC

Many industrial waste effluents are rich in Na2SOs For example, the waste streams from
textile, glass, mining and kraft pulping industries 2. There have been several studies focusing
on the EFC precipitation of Na250a.

Some of the studies focus on the recovery and purity of ice and mirabilite products. Reddy et
al. (2011) used batch EFC to treat RO rejection from mining wastewater. It was evaluated that
the recovery of water was more than 99%. It also achieved a high purity of Na2S504 (96.4%
purity with no washing) °. Then they used cascading EFC to treat textile wastewater and
investigated the product yield. It was found that the treatment of EFC brought 95%
conversion of the waste stream to ice and Na:SOs-10H20. The relative purity of ice after
washing reached 98%, the yield of Na:SOs was 30%, but it could be approved if the feed
stream was more concentrated.?.

Some of the studies focus on the exploration of crystallization kinetics. Edward et al. (2016)
explored the effect of a phosphonate-based antiscalant on the crystallization kinetics of ice
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and mirabilite in a continuous EFC process. It was concluded that the presence of antiscalant
decreased the ice nucleation rate, but there was no effect on mirabilite morphology 8 Emily et
al. (2017) evaluated the influence of phenol on the crystallization kinetics of ice and mirabilite
during batch EFC process 2.

There are some other studies centralized on the improvement of technique. Hasan et al. (2017)
recovered Na:50s with air-cooled (non-stirred) batch EFC and analyzed the influence of
different factors and operating conditions . It was investigated that the recovery of Na250:
was 11.8 wt%. Jooste (2016) searched for the operating factors that affected the ice scaling in
continuous EFC of Na2SOs .

2.6 Impurity Studies in EFC

The previous studies about EFC concentrated more on process parameters, design work and

crystal size while the systematic study about the intervenes of impurities is relatively lacking
28

Raymond et al. (2003) performed EFC on an industrial KNOs-HNOs-H20 system with a slight
amount of impurities (Ca?, Mg?, Na*, NH*). It was found the main impurities stuck on ice
surface was K* and could be washed off . Lewis et al. (2010) and Reddy et al. (2010) found
that the existence of multi-ions (F, Cl, K, Li Mg Ca NOs) depressed the EP of Na:SO+H0
system. With the presence of a high concentration of NaCl (20 wt%), the recovery of
mirabilite reached 90% at a temperature of -15°C. This result implied a sequential removal of
salts from brine 7%. Besides, Edward et al. (2016) investigated the effect of phosphonate
antiscalant on the EFC Na25O4+H20. Both ice and salt showed an increasing trend in terms of
growth rate with a higher concentration of antiscalant. The nucleation rate of ice decreased,
but the nucleation rate of mirabilite did not show noticeable change 8. Debbie et al. (2019)
studied the effect of impurities (Ca?, Mg? and CI') on ice scaling in batch EFC of Na:5O4-H20
system. It was found that the ice scaling tendency was reduced due to the electrostatic
interaction between the solute ions and the electropositive ice surface 3!. Besides, Chen et al.
(2019) recovered Na:SO+10H20 and NaE (Sodium erythorbate) sequentially from
pharmaceutical wastewater through EFC. This research is one of the few studies reporting on
organic salt recovery with EFC. The results showed that negligible amounts of impurities (Al,
Si, S, Cl) adhered on the Na:504-10H20 surface, but incorporated into NaE 32.

In terms of the effect of organic impurity on EFC process, limited research has been done 32.
Only Becheleni et al. (2017) worked on the application of EFC to recover Na:5Os from
synthetic petrochemical saline solution with the presence of phenol. It was found that phenol
improved salt growth rate and reduced nucleation rate 2.
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2.7 The mechanism of impurities incorporated into
crystallization

There are two general mechanisms that impurities incorporated into the crystals during the
crystallization process: (1) the adsorption of impurities into the crystal lattice or onto the
crystal surface (2) solvent inclusion in the crystals.

1. Adsorption of impurity onto the crystal:

(1) Thermodynamic adsorption of impurity

The formation of intermolecular bonding drives this thermodynamic adsorption. The
bonding causes a release of the least free enthalpy energy corresponding to the equilibrium
condition between the mother liquid and impurity.

(2) Kinetic adsorption of impurity onto the crystal

The kinetically driven impurity adsorption is another kind of adsorption that results in the
impurities adhere to the crystals. This kind of adsorption affects the total thermodynamic
adsorption rate of impurity at each point in the crystallization. It was found that the growth
rate is decreasing with a rising impurity concentration. If the crystals grow slowly, there
would be a different amount of impurities in the crystals. The effect of impurity concentration
on the adsorption is summarized as below:

Low concentration: at low impurity concentration, the kinetic-driven adsorption is in
predominant. The thermodynamic-driven adsorption is negligible.

High concentration: at the high impurity concentration, the crystal surface is a desirable site for
the impurity to adhere on. This adsorption is a thermodynamic-driven process. The
formation of the adsorption layer is preferable when large-sized impurities present in the
system. Because the interaction between the large inhibiting species and an adsorption site is
weak, another issue caused by the high concentration of impurity could be the nonuniform
adsorption of impurities, it leads to irregular growth. Part of the crystals follow the growth
mechanism and have adsorption, while the rest are entirely blocked by impurities. In general,
the thermodynamically driven impurity adsorption induces the incorporation of an impurity
into the target crystal lattice 3.

2. Solvent Inclusion of Impurity into the Crystal

The solvent can be incorporated as an impurity via three mechanisms: (1) thermodynamic
and kinetic adsorption on either crystal lattice or surface, (2) liquid inclusion into the growing
crystal in three-dimensional defects, and (3) solvent entrapment in between crystals.

Overall, the effect of impurities on crystal growth is hard to predict. The operating condition,
the solution composition and other factors affect this process.
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2.8 Ice scaling in scraped wall crystallizer

Ice scaling formation in EFC is a complex process. There exists an adhesive force between ice
crystals and cold heat exchanger surface. If ice scaling is not prevented, a scaling layer will
form on the heat exchanging walls resulting in a substantial decrease of heat transfer rates 3.
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Chapter 3 Experimental study on the
effect of NaCl concentrations

3.1 Materials

The Na:50s (sodium sulfate) powder used in this study was purchased from Merck KGaA,
Germany. The NaCl (sodium chloride) was purchased from Avantor Performance Materials
B.V., the Netherlands.

As shown in, a 5 L scarped cooled wall crystallizer (SCWC) with triple-layered glass filled
with liquid coolant and monitoring device will be used for solubility experiments. The inner
wall of the SCWC was scraped using a scraper made of high-density polyethylene. During
the experiment, the rotate speed of the scraper was set at a fixed 90 rpm. The solution
temperature was controlled and monitored by the thermostatic unit LAUDA RP4080 CW.
The solution conductivity was measured continuously by Consort C3010 multi-parameter
analyzer for every 5 seconds. The data of stirrer refrigerated, water bath circular and
conductivity meter were delivered to a computer in line. For a more detailed explanation of
the equipment, refer to Appendix A.

Motor stirrer

Temperature { Computer
Eun

probe

Refrigerated bath circular

5 L insulated triple layer crystallizer
Figure 3.1 Experimental set-up for solubility experiments
A 5 L triple-layer jacketed crystallizer was connected with a motor stirrer, temperature probe and
refrigerated bath for the cooling process. All of these pieces of equipment can be controlled by the
computer.



Chapter 3 Experimental study on the effect of NaCl concentrations 15

3.2 Experimental design and reagents

To determine the salt line, seven batch experiments were carried out. Each time, the same 5 L
of aqueous Na250s solution with the composition of 175 g/L was prepared, but a different
amount of NaCl in terms of 0, 25, 50, 75, 100, 150, 200 g/L was added respectively.

To determine the ice line, 5 L of aqueous Na:SOs solutions with concentrations of 0.0025,
0.005, 0.01, 0.015, 0.02, and 0.025 g/L were prepared respectively. Different amount of NaCl
with respect of 0, 25, 50, 75, 100, 150, 200 g/L was added into the prepared Na:5O: solution
accordingly. The experiment procedures are described in detail in Chapter 4.3.

3.3 Experimental procedure

The experimental procedure for investigating the effect of NaCl on phase equilibria of
Na:50:-H20 system is summarized in Figure 3.2 and Figure 3.3. The first half part of the
solubility experiment was conducted using a 2 L SCWC, and the later part was conducted in
a5 L SCWC. Except that, all the experimental conditions were the same. The concentration of
both Na:SOsand NaCl in these two reactors were not affected. The agitation speed was set to
80 rpm for mixing well. The binary phase diagram of Na:50: — H2O was determined as
follows:

Salt line: The batch experiment was carried out to determine the Na2SOs solubility line with
the presence of NaCl. The 5 L SCWC was filled with 5 L aqueous solution contained 0.175
g/mL Na2SOs. Each time, different concentrations of NaCl (0, 25, 50, 75, 100, 150, 200 g/L)
were added to the NaxSOs solution respectively. The temperature of cooling liquid was
adjusted to keep the starting temperature inside the crystallizer at 18°C. The solution was
saturated at this temperature according to the literature. Then the cooling process started,
Na:2SOsbegan to precipitate during this period. About 30 mL of solution samples were taken
by a 10 mL syringe for every ten minutes until the solution reaches the EP of Na:50s — H20.
The sampling temperature was recorded by a temperature probe. All the samples were filled
by a 0.2 um filter. This experimental process is summarized in Figure 3.2.

Add NaCl to Na,SO, solution Cooaling down the solution. Stop sampling when
Prepare Na,S0O, with concentrations of 0, 25, Sampling the solvent tzm ethurge of
solution of 175 g/L 50, 75, 100, 150, 200 g/L since the first precipitation mp
: ) solution reaches EP
respectively for every 10 min

Figure 3.2 Experimental procedures to determine the salt line

Ice line: The batch experiment was conducted to determine the saturation point of the ice line
in the phase diagram at the same concentration of Na:SOs with the presence of different
concentrations of NaCl. Each time, the 5 L SCWC was filled with 5 L aqueous solution
contained a particular concentration of Na2504(0.0025, 0.005, 0.01, 0.015, 0.02, and 0.025 g/L
respectively). At first, no NaCl was added, the solution was cooled down till almost reached
0 °C. Then about 5 g ice seed was added. A 30 mL of solution sample was taken when the first
ice crystal was observed. All the samples were filtrated by a 0.2 um filter. The temperature at
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this point was recorded. Later on, 125 g NaCl was added. This extra adding made the
concentration of NaCl in compliance with 25, 50, 75, 100, 150, 200 g/L for each time
accordingly. The temperature in the crystallizer was increased to speed up the dissolution
and then decreased again. The above steps were repeated until the first crystal turned to be
salt. This experimental process is summarized in Figure 3.3.

Sampling the solution.
Increase the solution
temperature, add 125g NaCl

\ 4

Discharge the reactor,
prepare the next
concentration of
Na,SO, solution

Prepare Na,SO, Cooling down
solution of 0.0025, the solution, add
g/lL 5 gice seed

First observed
crystal is ice

v

Figure 3.3 Experimental procedures to determine the ice line

3.4 Measurements

3.4.1 Temperature

The temperature of the feed solution (T1), bulk liquid (T2), coolant inlet (Ts) and coolant outlet
(Ts+) were measured with platinum resistance thermometers (Pt100), with an accuracy of +
0.01 °C. The flow rate of the cooling liquid was kept constant at 1500 kg/h. The thermometers
were connected to online data recording software.

3.4.2 Concentration

According to the results from the pre-experiment, the whole cooling process (from the first
appearance of crystal till equilibrium) took about 90 minutes. Residual mother liquor samples
were taken by a 30 mL syringe fitted with a 0.2 um filter. The ion elemental analysis of Na*,
SO«* and ClI-for liquid phases was performed on Ion Chromatography (IC).

3.4.3 Stirring torque

The stirring force required to rotate the scrapers was measured as torque by a sensor. Stirring
torque is a parameter that associate with ice scaling.
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Chapter 4 Modelling study about
continuous EFC of Na2504

The phase equilibria is the foundation of EFC process. The solubility data of a multi-
component brine at the low-temperature range is in limited availability. The phase diagram
comprises more than four components is impractical. Therefore, a thermodynamic modelling
tool was used to accurately predict phase equilibria and kinetic change in electrolyte solution
over a broader range of temperature.

OLI Stream Analyser is such a modelling tool that investigates EFC-related equilibria. OLI
adapts framework of Bromley — Meissner, Pitzer, Helgeson for those excess terms.
Particularly, with a given amount of solvent and solute, the composition of the solution and
the precipitated phase and under a certain temperature can be predicted. The recoveries and
the yields of each compound can also be known. From the aspect of accuracy, D.Randall
(2011) compared OLI with the extending UNIQUAC model. Results showed that OLI had
higher coincidence with experimental data °.

In this chapter, the solubility curves of Na2SOs — H20 system with different addition of NaCl
were determined based on the simulation results from OLI Stream Analyser. These results
were compared with the experimental data. Then the scenario study was carried out to
investigate the influence of pre-treatment on continuous EFC of Na250s.

4.1 OLI Stream Analyser modelling procedure

Figure 4.1 shows the thermodynamic modelling procedure of OLI Stream Analyser. The
blocks give the steps during the simulation. The simulation was achieved by inputting
corresponding data in either of the first three blocks. If only have ion data, to get the
simulation results needs to go through all of three kinds of analysis. Ion data was input at
‘Brine Analysis’, the output of which gave conditions of pH, alkalinity, density, etc. Also, at
this step, the input ion data would be reconciled. Those outputs could be the input data of
‘Water Analysis’, and the production of “Water Analysis” could be the input data of “Stream
Analysis”.

In the interpretation and modification step, there were three models helping for the optimal
calculation, which are shown in Table 4.1. In this study, the MSE model was chosen. It is
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capable of a complex system containing electrolytes and non-electrolytes over a broad
concentration range and at a variety of temperatures. Furthermore, it is especially good at
calculating salt solubility that reaches the fused salts limit or at a critical temperature.

Conditions
Scenarios Compound data
lon data Setpoints Temperature range
Brine Analysis ——> Water Analysis Stream Analysis » Interpretation » Recommendations
Modifications
Figure 4.1 Thermodynamic modelling procedure in OLI Stream Analyser
Table 4.1 Three models provided in OLI Stream Analyser
Model Aqueous (AQ) Mixed Solvent Electrolyte MSE-SRK
Name (MSE)
Corrosion rate Salt solubility that reaches High-pressure upstream
calculations the fused salts limit oil and gas production
environments
Mineral scaling during oil Conditions approaching
Scope of and gas production critical temperature Predicting the effects of
Application salts on the solubility of
Flue gas scrubbing using Electrolytes dissolved in acid gases in aqueous
lime, caustic, or limestone non-aqueous solvents solutions

MSE model evaluates the excess Gibbs energy. This is a function of three energy terms: (1)
long-range electrostatic interactions. (2) specific ion-ion and ion-molecule interactions. (3)
short-range interactions .

G_ex R N ™y G7sg

RT RT  RT  RT Equation 5
Similarly, the activity coefficient is given by:

Inv; = Inv;® + Inv; MR + [nv; R Equation 6

(1) The long-term interactions are quantified using the Pitzer-Debye-Hiickel formula:

44,1, 1+ pl,
(Z n;) In (
i P 2ix; [1 +p(1;°)

Gex 1/2

LR _
RT

1/2]

Equation 7

(2) The medium-range interactions are calculated from an ionic strength-dependent,
symmetrical second virial coefficient-type expression; this is key to modelling
concentrated electrolytes:
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(3) The short-range interaction uses the UNIQUAC model to calculate.
GexSR _ GexUNIQUAC _ Gexcombhmtor:’a! 4 Gexresiduai‘
RT RT RT RT Equation 9
With:
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4.2 Effect of NaCl concentration on the solubility of
Naz2504

This study was exploratory and interpretative. The thermodynamic model was used to verify
the experimentally determined Na:SOs-H:0 phase diagram. Then NaCl was substituted to
KCl to further inquire into the interaction between the ions. The model input is shown in
Appendix B, Table Al.

4.3 A scenario study: effect of pre-treatment on the
product yield and recovery in continuous EFC of
Naz2504

In this scenario study, the main issue was to test the influence of various pre-treatment
process during the EFC of Na:SOs. RO concentrate was from a DWP plant. Figure 4.2
describes the conventional treatment procedures of the brine. The stream was first fed to a
TOC removal unit, then passed through NF. The NF concentrate will be fed to an EFC unit
wherein the ice and salt would be separated and recovered.

Benchmark experiments at several sampling points were done to collect the stream data. It
was concluded that Na:SOs was the most potential salt that can be extracted by EFC. Even
with the limited result, a necessary adjustment of the treatment process was foreseen. The
concentration of Na*and SO«* were various at the influent and effluent of each unit. The
presence of other interfering ions such as ClI- and HCOs brought more uncertainties in
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crystallization. Thus, it still did not decide to extract which stream or a mixed stream as the
feed of EFC.

To sum up, it was essential to study the effluent of crystallizer carefully and consider the
possible pre-treatment options or making assumptions of the process to test the feasibility of
using EFC to recover Na250s.

The current data included the influent and rejection of NF when TOC unit was open and off.
Four scenarios with different routines were put forwarded based on the provided data. The
simulations started from 5°C with 0.25°C interval till -25°C by using the ion concentration data
as the input in OLI Analyser. Each time, the stream input was with 1kg of solvent, and all the
concentration was calculated based on mass. In Chapter 5 Results and discussions, the figures
only present the shorter temperature range. Because when the main salt compound of the
solution system reaches its EP, without the interference of a high concentration of organic
synthesis, the temperature of the solution does not change a lot. A quite low temperature of
the solution is theoretically accessible but difficult to achieve in reality. The recovery and
yield of ice and mirabilite were calculated based on the input ion information and final
simulation output.

4.3.1 Effects of different Na:SO: concentrations in EFC

Before introducing the real brine composition to the model, a simulation with only Na:50x
was first done to investigate how the Na:SO. yield changed with its concentration in a
continuous EFC process. This simulation lays the foundation of the following scenario study.
In this simulation, the temperature ranged from 0°C to the EP of the Na25Os-H20 system. The
ion information as model input is shown in Appendix B, Table A3.

4.3.2 Effect of NaCl concentrations on the recovery of Na:SOs and
ice

Before introducing the real brine composition in the model, a simulation with Na250sand
NaCl was first done to investigate the effect of NaCl on the ice and Na2SOs yield in a
continuous EFC process. The temperature ranged from 0°C to the EP of the Na:SOs+-H:0
system, which depended on the concentration of NaCl. The ion information as model input is
shown in Appendix B, Table A4.

4.3.3 Scenario 1: RO-NF-EFC

This scenario is the main scheme of treatment at present. As shown in Figure 4.2, the RO
retentate directly goes to NF, then the concentrate of NF acts as a feed of EFC. The detailed
ion data is shown in Appendix B, Table A5.
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Figure 4.2 Process diagram of scenario 1

4.3.4 Scenario 2: RO-TOC-NF-EFC

In this scenario, the treatment process of brine was different from the brine in scenario 1. The
brine will first be fed to TOC removal unit to remove the organics. At the unit, the addition of
sulfuric acid introduces a large amount of sulfate. Then the organic-free stream will go to NF
unit. Then, NF concentrate is sent to the EFC unit. Figure 4.3 gives the process diagram. Table
A6 shows the ion information of NF concentrate after TOC removal unit.

Ice
Retentate H,S0, Retentate

Feed |
— RO TOoC NF EEC

[ ———

Permeate Permeate

Salt slurry

Figure 4.3 Process diagram of scenario 2

4.3.5 Scenario 3: RO-TOC-EFC

In this scenario, the effluent of TOC removal unit was directly linked with EFC. Figure 5.4
and Table 0.11 provide the process and ion information.

Ice

Retentate H,SO,
Feed —
— RO ToC EFC
- —
Permeate
Salt shury

Figure 4.4 Process diagram of scenario 3

4.3.6 Scenario 4: RO-TOC-NF-RO-EFC

Figure 5.6 provides the process information in this scenario. In terms of ion information, the
raw data of the EFC feed as RO retentate was unknown. But the NF concentrate was shown
in Appendix B, Table 0.7. Thus, software provided by Dupont water solution called WAVE
was used for calculating the concentration of RO retentate before EFC by using the NF
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concentrate data. The assumption of 70% TOC removal and 70% water recovery was adopted
in WAVE when estimating RO retentate concentrations.

Retentate H,S0, Retentate Retentate
Feed -
— RO TOC _NF~ RO EFC
Permeate Permeate Permeate
Salt shurry

Figure 4.5 Process diagram of scenario 4
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Chapter 5 Results and discussions

This chapter presents and discusses the research findings of the research questions stated in
Chapter 1 and the consistency to the previous studies catalogued in Chapter 2. The discussion
can be divided into two aspects. In Chapter 6.1, the experimental result about the effect of
NaCl on the solubility of Na:SOs will be discussed and compared with the OLI modelling
predicted result. The error between the experiment and modelling work and the possible
reasons that led to the error are summarized. The effect of NaCl on the EP and eutectic
concentration of Na2SOs-H:0 system was compared with the effect of KCl. In Chapter 6.2, the
result of the scenario study is presented. Effects of different pre-treatment processes on the
separation of Na2SOs by EFC process were evaluated. The modelling predicted recovery and
yield of crystalline product in four scenarios was calculated and compared.

5.1 Effect of high concentration NaCl on EFC of
Naz2S04 from the aspects of temperature and
product composition

5.1.1 Na:5S0s - H20 binary phase diagram

The experimentally determined binary phase diagram of Na:5Os+-H2O system with different
concentrations of NaCl (0~200 g/L) is shown in Figure 5.1. Each point on this phase diagram
represents a saturation point of Na2SOs at a certain temperature.

It can be found that NaCl made the supersaturation of Na:SOs decrease significantly.
However, this decreasing trend became less with increasing NaCl. When NaCl concentration
reached 150 g/L and 200 g/L, the salts curves were almost superimposed on each other.
Except for the pure Na:SOs salt line, the other salt fitting curves conformed to the logarithmic
distribution with R? values greater than 0.99. This reflected that the solubility of Na:SOs was
more sensitive at the high-temperature range and changed less dramatically at the low-
temperature range. The detailed fitting functions and solubility results are shown in
Appendix C.

The ice curves (left part of the saturation curve) in Figure 5.1 showed an overall downward
tendency and became narrow with increasing concentration of NaCl. At the same
concentration of Na:SOs, the nucleation temperature of ice became lower with increasing
concentration of NaCl. Moreover, the ice line was steadier than the salt line, it reflected that
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the solubility change with respect of temperature on the same freezing line was more
significant. So, when the solution was quite diluted, the solubility changing with temperature

was more sensitive.

Temperature (°C)

Figure 5.1 Binary phase diagram of Na250s- Hz0 system changes with NaCl concentrations

Figure 5.2 EP of Na:SOs- H20 system and eutectic concentration of Na2SOs with different NaCl
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Figure 5.2 presents the EP of Na:SO4-H20 system and the concentration of Na2SOs at EP at
different NaCl concentrations. The data was extracted from Figure 5.1. The EP of aqueous
Naz50s solution with no extra addition of NaCl was -1.116°C with a solubility of 4.2 wt%. This
result was in a good agreement with the reported values from the literature that EP varied
from -1.1 to -1.2 °C and solubility of Na2SOs from 3.8 to 4.2 wt% 78. With extra NaCl, the EP
showed a downward trend, gradually depressed from -2.34°C to -17.67°C. The corresponding
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solubility of Na2SOsdropped from 4.2 wt% to 0.5 wt%. The depression of EP with different
concentrations of NaCl showed a linear fitting trend with R2= 0.986. Thus, it was expected
that the presence of the NaCl would depress the freezing point of HO in hypoeutectic
Naz2SOsaqueous solutions in proportion to the impurity concentration.

The probable reason resulted in the linear depression of the EP was the common ion effect.
Both NaCl and Na:5Oshave Na*, when two salts containing the same ions dissolve in water,
both of their solubility decreases. Besides, with higher salinity, more water molecules act as a
hydration shell, and less free water is available as the solvent.
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Figure 5.3 Binary phase diagram for Na:SOs+H:O showing regions of stable phases 3

According to Thomson (presented in Figure 5.3), Na:5Os exists in three forms of the hydrate 3.
When the temperature is below 32.27°C, all the Na:SOs-7H20O (Thenardite) transfers to
Naz2S0+10H20 (Mirabilite). From one hand, the mirabilite was the dominant crystalline of
Na:xSOs at low temperature. The formation of mirabilite took water molecule from solution.
From another hand, the solubility of NaCl keeps at a relatively stable number before
temperature drops to -20°C *.

To further explore if the common ion effect is the only reason led to the decreasing solubility
of Na:50s, the solubility at of Na2SOs at two temperature points was deduced by using the
logarithmic fitting functions in Origin. The ionic concentrations were calculated.

At equilibrium condition under the same temperature, the solubility product equilibrium
constant (Ksp) is in a fixed value:

Kna,s0, = [50,%7] [Na,]? Equation 12
After adding NaCl:

Kyays0, = [S04°7|[Na; + ANa]? Equation 13

Where Naiis the initial concentration of Na".
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The calculated value of Knaso,, the detailed fitting functions and ion concentration data at 0 °C
and 5°C are presented in Table A9 and Table Al0, respectively. It can be observed that the
consistency of Knaso: was better when NaCl concentration was larger than 7.5%. When the
concentration was below 7.5%, the fitting curve was not as accurate as it of the higher
concentration.

5.1.2 Comparison of experimental phase equilibria with
modelling results

Figure 5.4 shows theoretical phase diagram of Na:SOs+~H:0 system under different NaCl
concentrations obtained by using OLI Analyser. Figure 5.5 depicts the trend about how the
EP and the eutectic concentration of Na:SOs changed with changing NaCl in the experiment
and in the thermodynamic model. The theoretical EP of pure Na2SOs+~H20 system was -1.15°C,
which was almost the same as the experimental value and was comparable to the other EFC
modelling study #. However, after adding NaCl, the theoretical EPs were all higher than the
experimental results while the theoretical Na2SOs concentrations at EP become lower than
experimental ones. The reason led to the gap might be that the experiment system was
unseeded, the nucleation temperature of ice is usually lower.

Error analysis:

The error between the experimental result and the simulation result was calculated and
shown in Table All. It can be observed that at the same temperature, the higher
concentration of NaCl resulted in a larger error. At the same concentration of NaCl, the lower
temperature resulted in a more significant error. From one aspect, the fitting curve might not
fit the experimental data perfectly at the low temperature, so that caused more significant
error compared with the high-temperature range. From another aspect, a large amount of
mirabilite was precipitated, accumulated and floating in the reactor when the temperature
went down, which made the sampling of the solution more difficult to proceed. Although the
syringe used for sampling was covered by a filter, it was inevitable that mirabilite and ice
crystals were mixed with the solution. Thus, the detected ion concentration of the saturated
Na:50: solution by IC went up, leading to the error. Another reason might be that the
experiments were conducted in an unseeded system. The induction time was significantly
prolonged compared with the seeded system, and therefore the nucleation temperature was
lower.
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Figure 5.5 The change of the Na:SOs- H20 system EP and eutectic concentration with different
addition of NaCl (0-200 g/L)

5.1.3 Comparison of the effect of salt with common ion and
uncommon ion on the solubility of Na:SOx
In order to further demonstrate the effect caused by salt on the solubility of Na2SOs, the same

simulation was conducted with the salt that did not contain the common ion with Na2SOa.
The outcome was compared with the result of NaCl.
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The simulation results of adding KCl to the Na:504-H20 system are shown in Figure 5.6 and
Figure 5.7. In contract with the effect of NaCl, the solubility of Na:SOs increased with the
additional KCl concentration. The EP of Na:SOs+-H2O system was depressed. When the
concentration of NaCl reached 150 g/L, the curve had an inflexion point. It was due to the
formation of KCI-H20 at about 1.5°C. Part of the HO was taken from the solution system.

The phenomenon caused by KCl can be explained by salting in effect. When two electrolyte
that does not have the same ions, due to the increase in the total concentration of ions in the
solution, the interaction between ions is strengthened, which reduces the chance that the
anion and cation being dissociated. So the ion concentration increases accordingly, and the
degree of dissociation increases. Moreover, NaCl is more covalent than KCI; KCl is more ionic
than NaCl. H20 molecule is a polar solvent. An ionic compound is more soluble in the polar
solvent. So KCl is more soluble than NaCl in the water. And thus, strengthen the salting in
effect.
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5.2 Scenario Study of using EFC to treat RO retentate

5.2.1 Effect of different Na:SQs concentration in EFC

This simulation aims to investigate the relation between Na:50sand ice yield in a continuous
mode of EFC. Due to the provided Na* and SO+* concentrations were far below the saturated
concentration of Na2SOs at 0°C, two smaller concentrations (2% and 3%) were selected. In this
simulation, Na25Os was the only input solute. Each data point represents an equilibrium
condition.

Figure 5.8 reflects the change in ice yield of 1 L solvent with decreasing temperature in the
continuous EFC process. Each concentration profile could not reach 100% recovery. The
higher concentration of Na2SOs led to the later precipitation of ice and thus resulted in the
variation of ice recovery. The ice yield had a largest jump at the EP. A highly concentrated
solution induced a reduced ice yield at EP. There was a relatively large amount of ice needed
to be moved before the temperature reached the EP (70%, 60% and 50% of total solvent with
respect to 2 wt%, 3 wt%, 4 wt% Na250s). This result also reflected the relatively high yield of
ice in one-stage EFC process.
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Figure 5.8 Effect of Na2SOs concentration on ice recovery
Continuous EFC with 1 L of H20 and three different concentrations (2 wt%, 3 wt%, 4 wt%) of NaCl
as modelling input. The temperature ranged from 0 °C to the EP of the solution system.

5.2.2 Effect of NaCl concentration on the recovery of Na:SO4 and
ice

Figure 6.9 compares the theoretical product yield of ice and salts in 1 L of H2O in continuous
EFC process of 4 wt% NaxSOs when different NaCl was added. The solubility of NaCl is
stable between 0 and 25°C ¥. The different temperature ranges in figures were selected based
on the EP of Na2SOs-H20 system. Table 5.1 gives the nucleation temperature of solid products
predicted by OLI Stream Analyser. The recovery of H:O and Na:5Os before -21°C (formation
temperature of NaCl-2H20) was calculated.

Table 5.1 Nucleation temperatures and solid recovery for solid compounds in continuous EFC of
NazS0: (4 wt%) with different concentrations of NaCl
The inflow stream was 1 L of H20 and ions with the concentrations shown in Table A4. The recovery
was calculated based on mass.

Nucleation temperature

No NaCl 50 g/L NaCl 100 g/L NaCl 150 g/L NaCl
Ice -1.2°C -3°C -6 °C -9 °C
Na2504+10H20 -1.2°C 0°C 0°C 0°C
NaCl-2H:0 - -21°C -21°C -21°C
Ice recovery at -21°C 94.93% 78.13% 61.34% 44.54%

Na2SOs recovery at -21°C 100% 99.32% 98.64% 97.96%
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Figure 5.9 Solid yield at different NaCl concentrations in continuous EFC of Na:SOs
Inflow stream: 1 L H20, 4 wt% Na:5O4 and NaCl. (a) No NaCl, (b) 50 g/L NaCl, (c) 10 g/L NaCl, (d)150 g/L
NaCl.

According to the model, the mirabilite started to precipitate at about -1.2 °C in pure Na2SOa
aqueous solution. The ice reached a constant value quickly after that. Both solids became
stable at -3 °C. The theoretical recovery of ice and Na:SOsreached 100% and 94.92% (mass-
based).

Figure 5.10 presents the ice recovery with different addition of NaCl. Since the concentration
of Na:50sin the solution was a bit higher than its solubility corresponded to the binary EP of
Na:50:-10H20 system, and the previous experiment showed that the existence of NaCl
depresses the EP of Na2SOs, it can be observed that mirabilite already precipitated at 0°C. Ice
started precipitating when the temperature reached the binary EP. The whole solution system
reached a ternary EP when NaCl -10H20 formed at -21°C. Due to the precipitation of
Naz2S0+10H20 and NaCl-2H:O, the ice recovery at -21°C decreased from 94.93% to 44.54%
when NaCl concentration increased from 0 to 150 g/L. Figure 5.15 presents the Na:5Os+-10H.0
recovery with different addition of NaCl. It can be seen that the lines had two jumps when ice
and NaCl2H:0O formed. The final theoretical Na:SOs4 recovery can all reach 100%, so it was
less affected by NaCl than ice.
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Figure 5.10 Ice and Na:SOs4 recovery in the cooling process at different concentrations of NaCl
Inflow stream: 1 L H20, 4 wt% Na:SOs and NaCl. The recovery was calculated based on mass.

Take 150 g/L NaCl concentration as an example. The mirabilite already started to precipitate
at the beginning. Ice appeared at about -10 °C with a recovery of 0.8 % at this moment. When
temperature kept going down, NaCl-2H:0 began to precipitate at -21 °C, where both ice and
Na:504-10H20 had a jump. After this jump, the ice recovery finally reached 85.67 % (mass-
based 856.792 g). This value was lower than the ice recovery in pure Na:SOssolution (100%),
because there were NaCl-2H>O and Na250:-10H20 formed in the solution. So, if Na:SOs is the
only aimed salt to recover, the temperature should be controlled above the EP of NaCl-2H-0

to prevent salt contamination. However, the recovery of HxO at this temperature was less
than 50%.

It can be observed that mirabilite precipitated in a larger recovery with increasing NaCl when
the temperature was relatively high, but finally reached a lower yield at the EP of Na2SOs-
10H:20 system. However, the difference of mirabilite recovery between each concentration
profile was less than ice recovery. Therefore, NaCl affects ice recovery more than salt
mirabilite recovery.

5.2.3 Scenario 1: RO-NF-EFC

In this scenario, NF was the pre-treatment technology of RO retentate, NF concentrate played
as the feed stream of continuous EFC process. From the brine information in Appendix C,
Table A5, the dominant cations (Na*, K*) and anions (SOs*, CI) provided the possible
crystalline products.

Figure 5.11 presents the thermodynamic modelling results of this scenario. Four significant
components precipitated out from NF concentrate, three were salts or salt hydrates, another
one was ice. There were also other crystalline products such as CaCOs (Calcite), KCI (sylvite)
and KNO:s (Niter) but can be ignored regards their small portion. Each point represented an
equilibrium condition. It can be observed that ice was the first crystallized compound and
began to precipitate at -0.5°C. Its total recovery reached 86.5% at -2.25°Cwhen Na2504-10H20



Chapter 5 Results and discussions 33

started precipitated (calculated based on the input ion data). Na:5SO4+10H20 (Mirabilite) was

the first crystallized salt -2.25°C, followed by NaHCOs (Nahcolite) at -4.25 °C, all of the four
main crystalline products all precipitated out.

According to the simulation result, the recovery of Na:SOs at -5°C was 84.114% with a yield of
2.21 g . The recovery of ice at -5°C was 95.803% with a yield of 958.03 g. These results reflected
that EFC could reach a high recovery of ice and salt theoretically. As the aim of this treatment
process was to effectively recover Na2SOs and H:O, though a high recovery was achieved, the
low yield of Na:SOs made it hard to be separated in the crystallizer. Apart from that, salt
contamination may also happen if the temperature went down to -4.25°C. The process was
ineffective in recovering salt as SO4* concentration in the feed stream was not concentrated
enough. Nevertheless, if the temperature can be controlled at -2°C where the H20 recovery
was 84.29%, this scenario can still reach an excellent separation of H2O from the brine stream.

Table 5.2 Nucleation temperature of solid products in scenario 1
OLI simulation of a continuous EFC process. The inflow stream was with 1 L of H20 and ions with the

concentrations shown in Table A5.The recovery was calculated based on mass. The yield was converted
from hydrate to the compound. OLI simulation of a continuous EFC process.

Nucleation Mass- Compound Mass- Compound
Temperature based based yield based based yield
(°C) recovery (without recovery (without

at-3°C (%) H20) at-3°C at -5°C H:0) at-5°C

(&) (%) &)
Ice -0.5 90.437 904.37 95.803 958.08

Na2504+-10H20 (Mirabilite) -2.25 37.422 1.96 84.114 2.21
NaHCO:s (Nahcolite) -4.25 - - 49.560 1.50

NaCl-2H,O (Hydrohalite) -22.25
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Figure 5.11 Product yields with temperature in scenario 1

As stated in the preliminary simulation result, directly recovering mirabilite at one-stage EFC
crystallizer seemed impossible due to the low SO concentration. One feasible method to
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obtain more salt product was to place crystallizers in a series to concentrate the RO
concentrate even further. Accordingly, a simulation to investigate the effect of enrichment
times on the product yield was done.

The effect of the multi-stage continuous EFC process on the recovery of Na:SO4

In the multi-stage simulation, it was assumed that 60% of the formed ice is removed from the
crystallizer with a 20% loss of Na:SOs at each concentrate stage. This percentage was chosen
based on the result stated in Chapter 4.3.1. Figure 5.12 shows the nucleation temperature of
ice and mirabilite against the number of enrichment times. With more times of enrichment,
the nucleation temperature of ice showed a downward tendency from -0.5°C to -4.25°C, while
Na:SO: formation temperature stayed the same (-4.25°C) until the fourth stage of
concentrating. This finding revealed that in the first three stages of concentrating, the
temperature profile of H:O-Na:SOs system followed all though the ice line shown in Figure
2.5. Then at the fourth stage, as concentrating caused Na:50: concentration continuously
increased, the system crossed the ice line and got in touch with the salt line. Thus, the
mirabilite appeared first at 5°C. The high concentration of mirabilite depressed the nucleation
point of ice, which appeared until -4.25°C.

¥ Ice formation temperature

Na:S0s formation temperature

N

Nucleation temperature (°C)
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Figure 5.12 Nucleation temperature of ice and Na:SO: at different number of concentrate times

In the EFC process, temperature control is a vital issue, because product yield as well as the
purity are highly depending on the temperature. Even this thermodynamic model could not
simulate the crystal properties. The solid composition and ion information under different
temperature points give indications about the operation of EFC.

Two temperature points were chosen to investigate the influence of the number of the stage
on product yield and composition. The first was -3°C. The ice formation point in four of the
five simulations was -2.5°C, consider the existence of other ions (Mg?*, Ca*, K, etc.) could
further depress the EP of H20-Na2SOs system, -3°C was a relatively stable point. To make the
analysis more comprehensive, -5°C was chosen as the second temperature. For one thing, it
was still unknown to what extent the effect of accumulative NaHCOs and other ions on the
depressing the temperature of the solution. From another, NaHCOs multiplied with
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increasing enrichment times. With more enrichment time, the formation temperature of
NaHCO:s became earlier than ice (0°C in four-stage crystallization, ice formed at -4.25°C). It
could be possible that the solution temperature dropped to this degree.

Figure 5.13 describes the effect of the number of the stage on the total solid mass and solid
content proportion at -3 °C. Theoretically, both ice and salt yield doubled when the number of
stages was increased. It can be observed that at the same temperature, the mass of total solids
reduced about 15% per stage. Among the three main solid products, ice was predominated in
the first three enrichment simulations. The proportion of ice showed a downward trend, and
this trend was accelerated. By contrast, the proportion and quality of salt products went up.
At the fourth enrichment time, the high content of mirabilite became dominant, despite that
the total mass of solids was comparatively low.
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Figure 5.13 Solid content and total mass at different number of stage at -3 'C in 1L of feed
At -3 C, there was not salt contamination, the solution system was relatively stable.
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Figure 5.14 Solid composition and total mass at different number of stage at -5°C in 1L of feed

Figure 5.14 describes the effect of the number of the stages on the total solid mass and solid
content proportion at -5 °C. The overall trend was the same as depicted in Figure 5.13, but the



Chapter 5 Results and discussions 36

total solid level was higher than it was at -3°C. The product content of each compound did
not change a lot, except about 24.3 g of NaHCO: precipitated and caused salt contaminant at
a five-stage crystallization.

The problem in this scenario is tricky. From one thing, one-stage crystallization process
resulted in a less salt product. However, the gap between the nucleation temperatures of ice
and mirabilite was suitable for only recovering H20. From another, the multi-stage
operations made the product yield increase. However, the nucleation temperature of ice and
mirabilite became closer. Although the multi-stage operation promoted the formation of
mirabilite, it was still unable to make up for the considerable gap between the ice and
mirabilite yield, and it may inhibit the separation performance.

5.2.4 Scenario 2: RO-TOC-NF-EFC

Compare with the brine of Scenario 1: RO-NF-EFC, the brine of Scenario 2 contained double
times of Na*, the SOs* concentration was about ten times as it in Scenario 1: RO-NF-EFC, the
HCOs and CI- concentration were obviously less. Moreover, more metal compounds were
presented in the brine.

Table 5.3 lists the nucleation temperature of the solid products and corresponding recovery.
Both ice and Na:504+10H20 had a comparatively high recovery. Ice precipitated at -0.75°C,
which was lower than the ice nucleation temperature in 4 wt% Na:50s solution in Chapter
5.2.2, Figure 5.8. It means that the concentration of Na:SOs in the stream of scenario 2 was a
bit lower than 4 wt%. The nucleation temperature of mirabilite was -1.25°C, which was almost
the same as the one in Chapter 5.2.2, Figure 5.8. Therefore, the effect of the small portion of
Cl-on the precipitation temperature of the solid product could be neglected. The double salt
K2504-CaSO+H:0 (Syngenite) crystallized at -3.75°C but only in a tiny portion, so its effect can
be ignored.

Compare with the nucleation temperatures of the solids product in Scenario 1: RO-NF-EFC,
the nucleation temperature of the ice in this scenario was lower while the one of mirabilite
was higher. This phenomenon indicated that SO+ in this scenario was more concentrated
than Scenario 1. Besides, there may be a relation that high concentration level of Na*led to a
high crystallization temperature for Na25SOs+10H20. This phenomenon was the same as the
finding of Randall et al. °.

In Figure 6.19, the product yields with temperature were graphically depicted. Two main
solid products were ice and mirabilite. CaSO4+2H20 (Gypsum) and KNOs(Niter) presented
with low yields so can be ignored. The TOC removal unit introduced extra SO%, the mirabilite
yield was far more than it was in Scenario 1: RO-NF-EFC. Nonetheless, it still had potential
been hidden by ice in terms of their huge yield gap. Another point was that the nucleation
point of ice and mirabilite was close, which makes it hard to control the temperature and to
precipitate ice solely.
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Table 5.3 Nucleation temperature of solid products in scenario 2
OLI simulation of a continuous EFC process. The inflow stream was 1 L of H20 and ions with the

concentrations shown in Table A6. The recovery was calculated based on mass. The yield was
converted from hydrate to the compound.

Nucleation =~ Mass-based Compound based
Temperature  recovery at yield (without H20) at
(°C) -3°C (%) -3°C (8)
Ice -0.75 96.926 969.26
Na2504-10H:20 (Mirabilite) -1.25 98.380 16.88
CaS04+2H20 (Gypsum) -1.5 94.926 0.0067
K2504-CaSO4+H20 (Syngenite) -3.75 0 0
KNOs(Niter) -9.5 0 0
NaCl-2H20 (Hydrohalite) -25 0 0
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Figure 5.15 Product yields with temperature in scenario 2

5.2.5 Scenario 3: RO-TOC-EFC

In this scenario, instead of going to the NF, the effluent from the TOC removal unit was
directly transported to EFC unit. Without any pre-concentration step, the stream contained
the least Na* and SO+% out of the four scenarios; the other concentrations of ions were little as
well. Therefore, it was expected to have a higher precipitation point of ice due to a weaker
common ion effect and salt effect. The simulation results confirmed this hypothesis.

Table 6.4 shows the nucleation points of the solids compound. Ice formed at -0.25°C. The
precipitation point of mirabilite was -1.25°C. Those were close to the one in pure 4 wt%
Naz2SOs solution in Chapter 5.2.2. Cas(OH)(POs)s (Hydroxylapatite) was an uncommon

electrolyte formed at an early stage, but its small quality did not affect the EP of Na2SOs- H20
system according to the simulation result.
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Figure 5.16 presents the product yield of this scenario. The lower salt concentrations led to a
high recovery of ice as less hydrate formed. It can be calculated that the theoretical recovery
of ice and mirabilite at -3°C reached 99.158% and 96.417%, respectively. The yields of them
were 99.158 g and 2.910 g (with Na2SO+10H20 6.598 g). Theoretically, due to the effect of
other ions effects such as K*, Mg%, and CI, the temperature in the reactor would slowly
decrease until the last solid compound precipitated out. During the meanwhile, the recovery

of solids products increases. However, these implications are negligible if those ions are with
low concentration in reality.

The optimal function of EFC in this scenario was to recover water. Controlling the
temperature between -0.25 to -1.25°C so that the high yield of ice can be separated from the

crystallizer. The interference of HOCs was less and more significant yield of mirabilite than
Scenario 1: RO-NF-EFC.

Table 5.4 Nucleation temperature of solid products in scenario 3
OLI simulation of a continuous EFC process. The inflow stream was 1 L of H20 and ions with the
concentrations shown in Table A7. The recovery was calculated based on mass. The yield was
converted from hydrate to the compound.

Nucleation Mass-based Compound based
Temperature  recovery at -3°C yield (without
(°C) (%) H20) at-3°C (g)
Ice -0.25 99.158 991.58
Na250410H20 (Mirabilite) -1.25 96.417 2.910
Cas(OH)(POs)s (Hydroxylapatite) 5 100.000 0.0008
10 1200
r —*— Na:50s 10H:z0 (Mirabilite) -
——H:0 ]
] e "‘Q\ —+— Cas(OH)(POs)s (Hydroxylapatite)s |
L C..‘ 1 900
I . ]
~— te *. * 7]
&6 . \ 1 C
= T
o} \ "| - 6003
= .‘ * i ]
&+ ', I| ] =
\
| | <
' | T 300
2 4 'I || 4
I |‘ 7
. | :
I e
-3 -1 5

1 3
Temperature (°C)

Figure 5.16 Product yields with temperature in scenario 3
5.2.6 Scenario 4: RO-TOC-NF-RO-EFC

In this scenario, the pre-treatment steps of DWP RO retentate included TOC, NF, RO. NF
rejection was treated by RO, then RO retentate was the feed of EFC. Due to the limited ion
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concentration data, WAVE® was applied to predict the RO concentrate after NF. It was
assumed that the last RO had 75% of TOC removal rate and 70% of water recovery. The SI of
RO retentate was 0.169, so there was not scaling tendency. This RO concentrated the main
ions in the NF rejection significantly. The feed stream of EFC contained an extremely high
concentration of Na* and SO4*.

Table 5.5 displays the nucleation temperature, mass-based recovery and yield of crystalline
product at -3°C. Na25Os reached its solubility limitation before 0°C. Ice crystal began to form
at -1.25°C. The water recovery was 92.108%, which was the lowest among the four scenarios.
With 102.408 g yield of mirabilite, the Na2SOs recovery reached 98.490%, which was the
biggest among the four scenarios.

As indicated in Figure 5.17, the gap of nucleation temperature between ice and mirabilite was
large. From this point of view, it seemed to be capable of retrieving Na2SOs from waste brine
before ice crystal forms and achieving a sequential recover of Na:SOs and freshwater.
However, according to the result of WAVE®, the RO permeate contained large amount of
SOs*, Na*and NOs, which led to another brine stream. The treatment efficiency of this RO
was insufficient.

Actually, if taking the design information of WAVE® into consideration, the RO was
impossible to achieve the high recovery and high quality of permeate at the same time. With
several tries, it was found that with a high quality of permeate the excess of SOs and Ca?*in
RO retentate resulted in severe scaling of RO membrane. While reducing the scaling tendency
of RO retentate led to poor quality of permeate. If so, the design of this scenario goes against
the concept of ZLD and cause extra burden to the facilities. Therefore, this scenario was not
practical for either recovering H2O or Na2SOs. But this was concluded based on insufficient
information and assumptions. With more detailed information from the RO unit, the more
accurate predictions can be made for this scenario.

Table 5.5 Nucleation temperature of solid products in scenario 4
OLI simulation of a continuous EFC process. The inflow stream was 1 L of H2O and ions with the
concentrations shown in Table A8. The recovery was calculated based on mass. The yield was
converted from hydrate to the compound.
Nucleation = Mass-based recovery Compound based

Temperature at -3°C (%) yield (without H20)
(°C) at-3°C (g)
Na:S04+10H:20 (Mirabilite) 0.25 98.490 45.161
Ice -1.25 92.108 921.078
CaSO042H20 (Gypsum) 15 96.095 0.

K2504-CaSO4+H20 (Syngenite) -3.25 0 0
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Chapter 6 Conclusions

This study has determined the phase diagram of Na:SOs- H20 binary system with different
concentrations of NaCl by running crystallization experiments. A thermodynamic model in
OLI Analyser was used in parallel to compare with the experimental results. A scenario study
was conducted to find an optimal process to recover Na:SOs and H20. According to the
conducted experiments and simulation, the listed research questions can be answered:

(1) The solubility and eutectic concentration of Na:SO: will increase or decrease with
increasing NaCl concentrations?

The presence of NaCl decreased the solubility of Na:SO: due to the common ion effect, but
the decreasing tendency was decelerated with increasing NaCl. The experimental results of
solubility had a high-degree coincidence with the simulation results. The effect of KCl was
further compared with NaCl in the model. In contrast, KCl promoted the dissolution of
Na2SOs, and it can be explained by the salting-in effect between the two salts.

(2) Will the EP of Na:SOs-H20 system decrease with increasing NaCl concentration?

The rising level of NaCl depressed the EP of Na:SOs+-H2O binary system. The decreased EP
showed a linear trend. The model showed that the change of EP had better accuracy with
theoretical value than the change of eutectic concentration of Na250s.

(3) How much the ice and Na:SO: recovery in EFC would be with the different pre-
treatment process?

All of the four scenarios achieved more than 92% of ice recovery. Except Scenario 1 (84.4%),
the rest of the three scenarios reached more than 96% of Na:SOa recovery at -3°C.

Though the theoretical recovery of Na2SOs and H20 were high, the goal of recovering Na2504
was hard to accomplish. The ice yield was far in excess of the mirabilite in all of the scenarios.
A pre-concentration step is needed to recover Na:SOs. The result from Scenario 1 reflected
that the pre-concentration stage in diluted solution led to a closer nucleation temperature of
ice and mirabilite, which may bring difficulties for separation work. In Scenario 2, the closer
nucleation temperature of ice and mirabilite was more prone to cause a mixture. Scenario 3
was too diluted to harvest Na2SOs. Scenario 4 was most likely to accomplish the highest
recovery of Na:SOs. However, the RO unit in this scenario causes low H:O recovery, poor
quality of permeate and scaling issue, which could not be tackled at the same time.
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The result also indicated that the optimal temperature range to operate the crystallizer was
between -1.25°C to -3 °C. Both Scenario 1 and Scenario 3 can be considered as feasible
processes to recover only HzO if the temperature can be controlled well.

In conclusion, EFC brings us closer to the sustainable ZLD concept. It is an effective tool to
recover H20 from industrial RO retentate. The presence of NaCl is a double-edged sword. It
enlarges the gap of the nucleation temperatures but may cause less purity, which needs
further vilification through experiment. The impurity study of EFC is still underway. The
recovery of H2O and salt are highly depending on the composition of feed stream. It is
recommended to study the combined effect of the ions in the waste stream since they have a
synergistic or compensatory effect.
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Chapter 7 Research limitations and
recommendations

Based on the conducted experiments and the thermodynamic model, several limitations of
this research are stated below. Besides, the corresponding suggestions are given to improve
the current methodology and future research. The original objective of this work was to
investigate how the different concentrations of NaCl or humic aid affect the crystallization
kinetics and the quality of solid products in EFC of Na:SOs. As a result of COVID-19, the
experiment did not go as planned. Only the study about the effect of NaCl on the solubility of
Na:50: was processed in the laboratory.

7.1 The experiment set up and design

Ice scaling phenomenon was severe. The smooth inner wall provided ideal attachment points.
Gradually, the rapid increase of ice layer thickness retarded the rotation of scraper. Therefore,
improving the design of scraper is in urgent need.

In response to the problem of mixing solid liquids occurred when using a syringe to take the
liquid sample, it would be better to create a low-temperature environment for the operation
of sampling and filtration or finding a more effective way to filtrate the solids. Otherwise, the
quickly melt solids in the syringe add more error to the experiment.

Improve ion analysis techniques. An accurate ion analysis makes the calculation of solubility
more precise, and the ion data as the input in the thermodynamic model could be more
convinced. A consistent analysis makes the results more reliable, especially when more
dilution times are needed.

The partial solubility experiment of the salt line was conducted without seeding. It is also
recommended that run the partial experiment of salt line with seeding to see if the nucleation
temperature of ice changes. Combine the temperature profile with the phenomenon in the
crystallizer for a better observation.

For further exploration, the following research questions are still worthy of answering:

(1) How will the different concentrations of NaCl affect the crystallization kinetics and the
quality of ice and Na:50s and ice in EFC?
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- How are the crystallization kinetics (nucleation rate growth rate) of ice and Na:5Osare
altered by different NaCl concentrations?

- How are the morphology and size of ice and salt crystals changed by different NaCl
concentrations in EFC?

- How does the different NaCl concentrations affect the ice purity in EFC ?

- Does the fast cooling cause different effect on crystallization behaviour by different
NaCl concentrations in EFC?

(2) How will the presence of humic acid affect the crystallization kinetics and the quality of
ice and Na250s and ice in EFC?

- Does the presence of humic acid increase or decrease the ice and mirabilite yield of
sodium sulfate salt in EFC?

- How do the morphology and crystal size changed by different humic acid
concentrations in EFC?

- Does the presence of humic acid increase or decrease the ice crystal purification
efficiency in EFC?

- Do the impurities physically adhere on the ice surface or incorporated into the Na2504
crystal lattice?

7.2 Modelling study about continuous EFC

All of the simulation results should be experimentally verified or being evaluated with
related experimental results. The analysis should be combined with crystallization kinetics
such as morphology and crystal size distribution. The kinetics of the system should also be
taken into account. For example, the incubating time and energy consumption and economy.
It is recommended to further explore in terms of those aspects.

In Scenario 1: RO-NF-EFC, the existence of NaHCOs was found. Whether the same
concentration of NaHCO:s in the feed will depress EP, and to what extent it will are uncertain.
The relevant experiment can be conducted to explore that. The feed stream of Scenario 2: RO-
TOC-NF-EFC and Scenario 3:RO-TOC-EFC were both diluted. A further simulation that
investigates the influence of enrichment on these two scenarios can be attempted. Moreover,
in Scenario 2: RO-TOC-NF-EFC, which is the most used routine at present, the results showed
that salt contamination might happen in a significant probability. It can be overcome by
testing the kinetics of the crystallization.

The study on the effect of organic matter in the EFC process needs to be prompted, some
qualitative research has been done, but the quantitative analysis is insufficient. Besides, the
process conditions, detailed ion information and process regulations of each treatment unit
were not clear. More additional measurements of the process would provide more accurate
indications.
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Appendix A: Experiment set-up

Figure A2 Consort C3010 multi-parameter Figure A3 Lauda RP4080 CW thermal
analyser controller
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Appendix B: Thermodynamic model input of OLI Analyser

Table A1 Model input: effect of NaCl concentrations on the solubility of Na2SOs

NaCl concentration (g/L)

0 50 100 150 200

H20 (g) 1000 1000 1000 1000 1000
Na250s(g) - - - - _

NaCl (g) 0 50 100 150 150

Table A2 Model input: effect of KCI concentrations on the solubility of Na:SO4

KClI concentration (g/L)

0 50 100 150 200

H20 (g) 1000 1000 1000 1000 1000
Na250s(g) - - - - _

KCl (g) 0 50 100 150 150

Table A3 Model input: the ice yield at different Na2SOs concentrations

Na2SOs: concentration
1 wtlh 2 wtlh 3 witlh
H20 (g) 1000 1000 1000
Na2S0s(g) 10.10 20.41 30.93

Table A4 Model input of the simulation about the effect of NaCl on the recovery of mirabilite

NaCl concentration (g/L)

0 50 100 150 200

H20 (g) 1000 1000 1000 1000 1000
Na2504(g) 40 40 40 40 40
NaCl (g) 0 50 100 150 200

Temperature (°C) 0~-30 0~-30 0~-30 0~-30 0~-30
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Table A5 Ion concentration of NF concentrate, scenario 1

Temperature (°C) 25
Conductivity (mS/cm) 8.2
pH 9.1

Concentration (mg/L)

NH4* <1
K+ 58
Na* 2300

Ca? <4
Mg <2.5
NOs 12
Cl 1329
SO4> 1173
HCOs 2214
PO <5
Fe 0.054
Mn <0.0055
/n 0.015
B 0.027
Cu 0.184
Mo 0.116

TOC 45.32
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Table A6 Ion concentration of NF concentrate after TOC removal unit, scenario 2

Temperature (°C) 25
Conductivity (mS/cm) 18
pH 3
Concentration (mg/L)
NHa4* <1
K+ 89
Na* 5304
Ca> 31
Mg? 3.9
Si 115
NOs 182
Cl- 132
SOs* 11651
HCOs <6
PO+ 8.8
Fe 5.673
Mn 0.257
Zn 3.595
B 0.223
Cu 1.655
TOC 16.2
Total cation (meq/L) 234.85
Total inion (meq/L) 249.5

Imbalance (meq/L) 14.65
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Table A7 Ion concentration in effluent of TOC removal unit, scenario 3

Temperature (°C) 25
Conductivity (mS/cm) 4.8
pH 3
Concentration (mg/L)
NHa4* <1
K+ 16
Na* 964
Ca> 44
Mg <2.5
Si 18.3
NOs 109
Cl 76
SOs* 2041
HCOs <6
PO+ <5
Fe 0.374
Mn 0.036
Zn 0.078
B 0.089
Cu 0.075
TOC 4.2
Total cation (meq/L) 42.7
Total inion (meq/L) 46.6

Imbalance (meq/L) 3.88
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Table A8 Ion concentration in the last RO retentate, scenario 4

Temperature (°C) 25
Conductivity (mS/cm) 4.8
pH 2.7

Concentration (mg/L)

NH4 2.55
K+ 226.4
Na* 15000
Ca* 94.67
Mg? 9.99
Si -
NOs 332.6
Cl- 286.9
SOs* 31078
HCOs -
PO« -
Fe -
Mn -
Zn -
B -
Cu -
TOC -
Total cation (meq/L) 663.4
Total inion (meq/L) 660.9
Imbalance (meq/L) 2.5

Saturation state calculation:

(1) Ionic strength:

1
[= Ez?ﬂf Zfz

Where z is the electric charge of the i*" ion, m is ion concentration

(2) Calculation of activity coefficient:

VI
lOg}’E = —AZEZ(W - 03I)

where A is ion-specific parameters, in this case A = 0.5085

(3) Saturation index:

SI—] IAP
IS
IAPg}Jpsum = [C{I ][504 ]

Where K is the solubility product equilibrium constant. In this case

K

gypsum

=493 x 10™°
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Appendix C: Fitting curves and Ksp values

Table A9 Fitting functions, solubility calculation results, ion concentrations and Ksp of Na:SOs at 0°C when NaCl concentration changes

T=0TC Logarithmic distribution function Solubility (%) NaxSOs(g/L) SO« (mol/L)  Na*(mol/L) Ksp
25 g/L NaCl y =-23.5+16In(x+1.862) 2.48180199 2544962934  0.17922274 0.35844548 0.02302711
50 g/L NaCl y =-6.50314+10In(x+0.05957) 1.9101854 19.47384049 0.13713972 0.27427944 0.01031691
75g/LNaCl y=-2.84106+9.47894In(x-0.15982) 1.50930547 15.3243459 0.10791793 0.21583586 0.00502737
100 g/L NaCl  y =-1.48123+9.14998In(x-0.23662) 1.41234316 14.3257605 0.10088564 0.20177127 0.00410722
150 g/L NaCl  y =-2.25513+9.87099In(x-0.23692) 1.49328372 15.15920716  0.10675498 0.21350996 0.00486659
200 g/L NaCl y = -0.45+9.34In(x-0.32) 1.36935939 13.88371179  0.09777262 0.19554524 0.00373862

Table A10 Fitting functions, solubility calculation results, ion concentrations and Ksp of Na:SOs at 5°C when NaCl concentration changes

T=5C Logarithmic distribution function  Solubility (%) Na2SOs(g/L) SO« (mol/L) Na*(mol/L) Ksp
25 g/L NaCl y =-23.5+16In(x+1.862) 4.07527337 42.48407597  0.29918363 0.59836727 0.10712072
50 g/L NaCl y =-6.50314+10In(x+0.05957) 3.09961474 31.98764101  0.22526508 0.45053016 0.04572372
75 g/L NaCl y =-2.84106+9.47894In(x-0.15982) 2.44674593 25.08113086  0.17662768 0.35325536 0.02204125
100 g/L NaCl y =-1.48123+9.14998In(x-0.23662) 2.2672228 23.1981825  0.16336748 0.32673496 0.01744042
150 g/L NaCl y =-2.25513+9.870991n(x-0.23692) 2.32209193 23.77294898  0.16741513 0.33483027 0.01876913
200 g/L NaCl y = -0.45+9.34In(x-0.32) 2.11232163 21.57903488  0.15196503 0.30393007 0.01403754
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Appendix D: Experimental error of Na:SOs solubility at three

NaCl concentrations

Table A11 Error calculation about three concentrations of NaCl under different temperature

Error (%)
Temperature (°C)
50 g/L NaCl 100 g/L NaCl 150 g/L NaCl
18 -3.041 7.839 5.301
16.5 -0.077 9.443 4.803
15 2.538 10.722 4.151
13.5 4.803 11.666 3.322
12 6.715 12.270 2.294
10.5 8.271 12.524 1.047
9 9.469 12.419 -0.440
7.5 10.307 11.941 -2.195
6 10.781 11.071 -4.251
4.5 10.889 9.782 -6.646
3 10.632 8.035 -9.430
1.5 10.008 5.782 -12.662
0 9.018 2.957 -16.416
-1.5 7.723 -0.452 -20.704
-3.2 -15.112 -4.602 -25.685
-4.5 - -9.605 -31.477
-6 - -15.601 -38.211
-7.5 - - -46.044
-9 - - -55.165

-9.45 - - -58.862
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Appendix E: Decreasing rate of the solubility of Na:SOs with

temperature at different NaCl/KCl concentrations

Table A12 The decreasing tendency of the solubility of Na:SOs with temperature when NaCl
concentration changed

Decreasing percentage (%)

Temperature (°C) (.50 g/ KCI 50-100 g/L KCl ~ 100-150 g/L KCI  150-200 g/L KCI

18 22.556 17.875 10.599 2.556
16.5 24.668 19.428 11.514 3.240
15 26.864 20.908 12.257 3.724
13.5 29.155 22.309 12.838 4.042
12 31.547 23.619 13.264 4.220
10.5 34.039 24.823 13.542 4.278
9 36.631 25.905 13.679 4.233
7.5 39.313 26.849 13.683 4.099
6 42.075 27.642 13.562 3.886
4.5 44.902 28.271 13.325 3.606
3 47.773 28.727 12.980 3.265
1.5 50.670 29.005 12.536 2.871
0 53.570 29.101 12.000 2.429

Table A13 The decreasing tendency of the solubility of Na:SOs with temperature when KC1
concentration changed

Decreasing percentage (%)

Temperature (°C) 0-50 g/LKCl  50-100 g/LKCl  100-150 g/L KCl  150-200 g/L KCl

18 14.152 10.530 8.091 13.311
16.5 15.241 11.428 8.229 14.587
15 16.404 12.373 8.357 15.983
13.5 17.641 13.349 8.476 17.490
12 18.951 14.339 8.586 19.101
10.5 20.339 15.328 8.690 20.808
9 21.806 16.299 8.786 22.606
7.5 23.361 17.232 8.876 24.487
6 25.007 18.112 8.961 26.445
4.5 26.752 18.918 9.040 28.474
3 28.602 19.636 9.114 30.568
1.5 30.563 18.306 9.197 34.886

0 32.638 19.340 9.257 23.013
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Appendix F: Decreasing and decreasing rate of the solubility of

Na:S0Os: with temperature
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Figure A4 The decreasing and decreasing rate of Na:SOu solubility with temperature at different
NaCl(left) or KCl(right) concentrations

(a) Compares the falling percentage in the solubility of Na:SOs with and without NaCl. (b) Compares the

rising percentage in the solubility of Na2SOs with and without KCI. (c) At the same temperature, the high
er the concentration of NaCl, the less decreasing rate the solubility of Na:SOs. Decreasing the temperatur
e, the higher the concentration of NaCl, the decreasing tendency of Na:SOu solubility with temperature.

(d) The effect of KCI was almost the same as NaCl, except at 150-200 g/L that the change of Na:2SOx solub
ility accelerated with decreasing temperature.
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Appendix G: Temperature profile of the EFC process
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Figure A5 Temperature and conductivity profile during EFC
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Figure A6 Ice and mirabilite yield during the cooling process under the different NaCl concentrations
Continuous EFC process with 1 L solution of 40 g/L. Na2SO4 and NaCl (0-150 g/L)
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