United Arab Emirates University

Scholarworks@UAEU

Dissertations Electronic Theses and Dissertations

5-2022

KOH-BASED MODIFIED SOLVAY PROCESS: OPTIMIZATION AND
KINETICS STUDIES

Aya Abdel-Hamid Mourad
United Arab Emirates University, 200834607 @uaeu.ac.ae

Follow this and additional works at: https://scholarworks.uaeu.ac.ae/all_dissertations

6‘ Part of the Chemical Engineering Commons

Recommended Citation

Mourad, Aya Abdel-Hamid, "KOH-BASED MODIFIED SOLVAY PROCESS: OPTIMIZATION AND KINETICS
STUDIES" (2022). Dissertations. 232.

https://scholarworks.uaeu.ac.ae/all_dissertations/232

This Dissertation is brought to you for free and open access by the Electronic Theses and Dissertations at
Scholarworks@UAEU. It has been accepted for inclusion in Dissertations by an authorized administrator of
Scholarworks@UAEU. For more information, please contact mariam_aljaberi@uaeu.ac.ae.


https://scholarworks.uaeu.ac.ae/
https://scholarworks.uaeu.ac.ae/all_dissertations
https://scholarworks.uaeu.ac.ae/etds
https://scholarworks.uaeu.ac.ae/all_dissertations?utm_source=scholarworks.uaeu.ac.ae%2Fall_dissertations%2F232&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/240?utm_source=scholarworks.uaeu.ac.ae%2Fall_dissertations%2F232&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.uaeu.ac.ae/all_dissertations/232?utm_source=scholarworks.uaeu.ac.ae%2Fall_dissertations%2F232&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:mariam_aljaberi@uaeu.ac.ae

8aaiall & yy=ll Ciljlall d=ala !4
United Arab Emirates University g

DOCTORATE DISSERTATION NO. 2022:5
College of Engineering

KOH-BASED MODIFIED SOLVAY PROCESS:
OPTIMIZATION AND KINETICS STUDIES

Aya Abdel-Hamid Ismail Mourad

7 || Jacket Water to Maintain
the Temperature

( CO, Gas Analyzer (Model 600 Series,
Nondispersive Infrared NDIR Analyzer)

Inert Mixing Particles
(15% Volume Fraction)

Nl
U

Treated
Bane L;QundAnatyssICP pH and
= M

hnc Funnel

May 2022



United Arab Emirates University

College of Engineering

KOH-BASED MODIFIED SOLVAY PROCESS:
OPTIMIZATION AND KINETICS STUDIES

Aya Abdel-Hamid Ismail Mourad

This dissertation is submitted in partial fulfilment of the requirements for
the degree of Doctor of Philosophy in Chemical Engineering

May 2022



United Arab Emirates University Doctorate Dissertation
2022: 5

Cover: Schematic diagram of the inert particle spouted bed reactor (IPSBR)
system.

(Photo: By Aya Abdel-Hamid Mourad)

© 2022 Aya Abdel-Hamid Mourad, Al Ain, UAE
All Rights Reserved
Print: University Print Service, UAEU 2022



Declaration of Original Work

I, Aya Abdel-Hamid Ismail Mourad, the undersigned, a graduate student at
the United Arab Emirates University (UAEU), and the author of this
dissertation entitled “KOH-Based Modified Solvay Process: Optimization
and Kinetics Studies”, hereby, solemnly declare that this dissertation is my
own original research work that has been done and prepared by me under
the supervision of Professor Ali H. Al-Marzougi, in the College of
Engineering at UAEU. This work has not previously formed the basis for
the award of any academic degree, diploma or a similar title at this or any
other university. Any materials borrowed from other sources (whether
published or unpublished) and relied upon or included in my dissertation
have been properly cited and acknowledged in accordance with appropriate
academic conventions. | further declare that there is no potential conflict of
interest with respect to the research, data collection, authorship,
presentation and/or publication of this dissertation.

Student’s Signature: 2 .-ﬂjﬁl“" :

Date: 17/05/2022




Advisory Committee

1) Advisor: Ali H. Al-Marzougi

Title: Professor

Department of Chemical and Petroleum Engineering
College of Engineering

United Arab Emirates University

2) Co-advisor: Mohamed Al-Marzougi

Title: Professor

Department of Chemical and Petroleum Engineering
College of Engineering

United Arab Emirates University

3) Co-advisor: Mohammednoor Al Tarawneh

Title: Associate Professor

Department of Chemical and Petroleum Engineering
College of Engineering

United Arab Emirates University

4) Co-advisor (External): Muftah El-Naas
Title: Professor
Gas Processing Center, College of Engineering

Qatar University, Qatar



Approval of the Doctorate Dissertation

This Doctorate Dissertation is approved by the following Examining

Committee Members:

1) Advisor (Committee Chair): Ali H. Al-Marzouqi
Title: Professor
Department of Chemical and Petroleum Engineering
United Arab Emirates University

Signature A= Hesaa e Date _ 17/05/2022

2) Member: Munjed Maraga
Title: Professor

Department of Civil & Environmental Engineering
United Arab Emirates University

Signature #&ezped Mﬂ/ Date _ 17/05/2022

3) Member: Muhammad Tahir
Title: Assistant Professor

Department of Chemical and Petroleum Engineering
United Arab Emirates University

Signature " Date 17/05/2022

’

4) External Member: Paul Chen:
Title: Associate Professor
Department of Civil and Environmental Engineering
National University of Singapore

Signaturg iéj Date _17/05/2022




This Doctorate Dissertation is accepted by:

Acting Dean of the College of Engineering: Professor Mohamed

Al-Marzouqi

Signature _MA@.M&&P é‘//\{h@vsll (\

Date June 24, 2022

Dean of the College of Graduate Studies: Professor Ali Al-Marzougi

Signature A= H’W‘A&

Date June 24, 2022

Vi


mhhassan
Mohamed signature

mhhassan
Typewritten Text
June 24, 2022


Abstract

While desalination of seawater is important for meeting the water
demand, the technology produces large volumes of reject brine and COs,,
causing environmental pollution. Solvay process (based on ammonia, NHs)
and modified Solvay process (based on calcium oxide, CaO) try to manage
these wastes. However, more attention is needed to overcome different
limitations of these processes such as, alkaline solubility, operating
temperature, maintaining high pH value, and low sodium (Na*) removal
efficiency, which does not exceed 35%. The aim of this work is to introduce
an alternative alkaline, namely potassium hydroxide (KOH) and investigate
its ability to overcome these limitations. A preliminary study was conducted
to compare the effectiveness of KOH with that of CaO. All experiments were
conducted in a novel inert particle spouted bed reactor. It was observed that
KOH entails very high solubility and maintains a high level of pH in
comparison with CaO. In addition, the combined reaction was more
spontaneous in case of the KOH. Further investigations were carried out to
optimize the operating conditions using response surface methodology
(RSM) analysis. Under a 10°C temperature, 2.1 barg gauge pressure,
848.5 ml/min CO; gas flow rate, 110 g/l KOH concentration, a maximum
CO; uptake of 0.58 g/g KOH, maximum Na* removal of 44.1%, chloride
(CI") removal of 40.1%, and almost 100% calcium (Ca?") and magnesium
(Mg?*) removal was achieved. The characterization of the collected solids
revealed production of valuable products, particularly sodium bicarbonate
(NaHCO:s), potassium bicarbonates (KHCOs), Magnesium hydroxide
(Mg(OH)y), calcium carbonate (CaCOs) and potassium chloride (KCI). The
conventional process is preferred to be operated under low temperatures (10-
20°C), whereas reject brine is usually discharged from desalination plants at

relatively high temperatures (40-55°C). Therefore, the proposed process was
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optimized to investigate the ability of KOH to reduce brine salinity at high
temperatures. The results demonstrated that a good CO, uptake of 0.50 g
CO./g KOH and maximum Na* reduction of 45.6% were obtained at a gauge
pressure of 2 bar, gas flowrate of 776 ml/min, and KOH concentration of 30
g/l, and at high temperature of 50°C. These optimal conditions were then
adopted to investigate the reaction kinetics. A near first-order overall reaction
rate with respect to CO, concentration was established, whereby the reaction
rate constant (k) was ~ 0.0003 mol/I. min. Multi-stage treatment process was
examined to achieve an additional reduction in ions removal. Three different
methods were investigated. The first method evaluated the effectiveness of
adding ammonium bicarbonate (NHsHCO3) in reducing NaHCQO; solubility.
The Na* and CI~ concentrations were reduced by 56.2% and 40%,
respectively. In the second method, the addition of extra KOH in subsequent
stages was investigated. There was an ~47.3% improvement in CO- uptake
as compared to the first method. Furthermore, the percentages of Na* and CI~
removal were increased to 65% and 64.5%, respectively. In the third method,
the recovery of Ca?* and Mg?* were approximately 76.3% and 94.6%,
respectively, following the pre-treatment step (filtration). Reducing these ions
decreased the competitive reactions, resulting in higher cumulative CO,
uptake from all stages to 108.2 g CO,/1000 ml, which was 8.3% more than
the second method. Finally, the dynamic behaviour of the reactor was
evaluated using step changes in the inlet gas and liquid flow rates. The results
are promising in terms of the reactor system’s adaptability to large-scale

processes.

Keywords: Desalination, Reject brine, CO. capture, Modified Solvay
Process, KOH, Response surface methodology, Kinetics, Multi-stage,

Hydrodynamics

viii



Title and Abstract (in Arabic)
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Chapter 1: Introduction

1.1 Overview

It is estimated that by 2025, more than half of the world’s countries
could face water stress or scarcity, whereas up to 75% of the world’s
population will be able to face water scarcity by 2050 [1]. Consequently,
desalination technology is an attractive option for addressing potable water
demand. At the end of 2017, there were 19,372 desalination plants worldwide
with a total desalination capacity of roughly 99.8 Mm? /day [1]. It is worth
mentioning that Gulf Cooperation Council (GCC) countries depend primarily
on desalinated water to meet their industrial and domestic needs [2, 3]. Over
the last few years, United Arab Emirates (UAE) had a significant growth in
its desalination capacity. The production of desalination plants in UAE
increased from 7 Mm?® in 1973 to 1,750 Mm?® in 2015, and currently there are
266 desalination plants in operation [4]. Despite the fact that desalination
produces freshwater, a crucial environmental issue is the reject brine (water
with high salts concentration) coproduced from desalination processes [5].
Approximately 1.5 | of reject brine is produced for every 1 | of potable water
produced by desalination [6]. Furthermore, another type of waste discharge
associated with desalination plants is the emission of carbon dioxide (COy)

into the atmosphere, which contributes to global warming and climate change

[71.

Desalination technology cannot be operated sustainably without
addressing the aforementioned environmental concerns. Therefore, the
management of discharge brines became a very crucial environmental
challenge. The most common methods of reject brine disposal are surface
water discharge, deep well injection, evaporation ponds, and land disposal
[8]. Reject brine is commonly disposed of into the sea, but in the long term,

that could result in harmful effects for the aquatic species and also pollute the



water [9]. On the other hand, carbon capture and storage (CCS) is used to
sequestrate CO,, while carbon capture and utilization (CCU) relates to the
production of valuable products [9]. However, these conventional
technologies entail numerous limitations such as safety concerns, high capital
costs, extensive energy requirements, non-universal application, and low
efficiency [10-15]. Hence, viable and cost-effective management systems are

needed to reduce environmental pollution.

The most efficient way of managing these wastes is to treat these
pollutants in a single reaction, namely the modified Solvay process [9]. The
proposed process is an effective, economic and environmental friendly
approach [9]. However, the available literature [9] shows that more attention
is required to overcome different limitations of this process such as, alkaline
solubility, operating temperature, and maintaining high pH value. Another
challenge is the low salinity reduction of the treated brine, which results in a
low overall desalination efficiency [9]. This dissertation focuses on
introducing a new alkaline, namely potassium hydroxide (KOH) to
investigate its effectiveness to overcome these limitations for a further
improvement in the productivity and sustainability of modified Solvay
process. Most current technologies directly capture CO, from atmosphere by
reaction with strong alkaline solutions, such as KOH, due to its strong binding
affinities with CO; [16]. In addition, the proposed process aims to recover
valuable solid products from high salinity water, such as, NaHCOs, potassium
bicarbonate (KHCOs), and potassium chloride (KCI), which can be used in
many industrial applications [17]. Along the same line of enquiry, the current
study sets out to present underpinning thermochemical parameters for the
overall reaction. Additionally, parametric sensitivity analysis is carried out to
optimize the operating conditions and thereby maximize CO; capture and ions
removal from high-salinity brines. Furthermore, the ability of the new

alkaline to manage brine waste and capture CO, at relatively high



temperatures (close to brine temperature) is investigated. The Kkinetic
parameters governing the CO. capture process through reactions with KOH
are also investigated under different operating conditions. Based on the
optimized conditions, multi-stage desalination process is investigated for a
further reduction in brine salinity. In addition, the dynamic behaviour of the
reactor is evaluated to examine the flexibility and applicability of the reactor

for large-scale processes.

This project is expected to contribute to the development of an
efficient technology for brine desalination and CO; capture. The outcomes of
the project are expected to be useful for power generation plants, desalination
plants, oil refineries, natural gas purification, gas separation in the
petrochemical industries, production of nickel-Zinc battery systems [18], and

fertilizer industry.

1.2 Statement of the Problem

While desalination of seawater has enabled communities to flourish
in the arid conditions of the desert, the by-product of desalination, reject
brine, affects the health of marine ecosystems, and it is often directly pumped
out to the sea by desalinization plants. Once brine is pumped to the sea it sinks
to the sea floor, reducing oxygen levels and destabilizing marine biodiversity
[19]. Brine management is a very important aspect of desalination plants
considering that it has a substantial environmental impact on both flora and
fauna, on sea and land [20]. The total production of brine around the world is
142 Mm?®/day [21]. In the UAE, 42% of the potable water comes from
desalination plants; these plants have 14% of the world’s total production of
brine water [22]. The disposal of reject brine from desalination plants is the
greatest environmental and economic challenge associated with water
desalination. Reject brine can deteriorate water quality if not disposed of

properly [9]. The reject brine is commonly disposed of into the sea, but in the



long term, that could result in harmful effects for the aquatic species and also
pollute the water [6]. Despite advances in desalination process technology,
there is a need for further improvements in the disposal of reject brine. Most
of the traditional brine management methods are still suffering from some
drawbacks such as the contamination of ground water, salinization of soil and
high capital and operational cost [9]. Reject brine consists of many useful
ions, such as sodium (Na*), calcium (Ca?*), magnesium (Mg?*), potassium
(K*) and chloride (CI") that can be converted into many useful compounds
[9]. These compounds have diverse applications in the industrial sector [23,
24]. Hence, there is a great potential for researchers and scientists to analyze
reject brine from the utilization point of view rather than just for its disposal.
Another type of waste discharge associated with industries in general and the
desalination industry specifically in Middle East is the release of CO; into the
atmosphere [25, 26]. CO; is believed to have the greatest adverse impact on
the observed greenhouse effect. Power plants based on coal, oil, and natural
gas contribute for approximately 60% of the total CO, emissions to the
atmosphere [27]. In fact, the rise in the average earth surface temperature is
known to correlate well with the amount of CO; in the atmosphere. As high
levels of CO; are also released into the atmosphere by the desalination
industry, growing concerns related to climate change have created a further
impetus for alternative waste management methods [9, 26]. For example,
various desalination methods adopted in the UAE are estimated to be
responsible for a discharge of 15,846 tons of CO; per day [7]. Industries are
rapidly progressing towards innovative technologies to handle the carbon
emission. The CCS approach is used for the sequestration of CO, and CCU
approach is used for the production of value-added products [9, 28].
However, CCS technology has several environmental and technical
disadvantages [29, 30]. In addition, CCU requires large amounts of energy to

induce reactions. Among existing CCU technologies, the process for



converting CO; into calcium carbonate (CaCOs) requires high temperature

and high pressure as reaction conditions [31].

The combined reaction of reject brine and CO; not only manages
these pollutants simultaneously, but also results in the formation of value-
added products [9]. Hence the concept of “waste to resource generation” is
also materialized [9]. The valuable components in the reject brine can react
with CO; in the presence of a catalytic medium to form value-added products
i.e. carbonate salts [24]. “Solvay process” has been considered the primary
process for simultaneous treatment of reject brine and capture of CO; to form
useful biproducts. Ammonia (NHs) is used as a catalytic medium in this
reaction to absorb CO; in the presence of sodium chloride (NaCl) to form
NaHCO; and ammonium chloride (NH4CI) [8, 32-35]. Although NHs was
used as a catalyst to enhance the reaction rate by increasing the pH, NHs is
environmentally hazardous and its recovery is costly [24]. Several
modifications have been made to the traditional "Solvay process" in order to
improve its performance in terms of energy consumption for NH;
regeneration [9]. EI-Naas et al. [24] modified the Solvay process by replacing
NHs with 1 to 2% calcium oxide (CaO), which provided better results with
respect to pH value, CO- capture, and ions reduction. In addition, many other
useful products were produced such as soluble calcium chloride (CaCl,) and
a precipitate of NaHCOs3, which makes the modified Solvay process a more

economical viable process and more environmentally friendly.

A major challenge of the Solvay and modified Solvay processes is
the limited Na* removal which does not exceed 35% [24, 32], and could be
related to the associated chemical reactions or to the reactor’s mixing
properties, and hydrodynamics or mass transfer limitations. In the chemical
reactions involved in the traditional and modified Solvay processes, the

presence of metal carbonates such as magnesium carbonate (MgCOs3) in the



brine may compete with NH; and CaO, reducing their availability for reaction
with CO; and brine salts. Another challenge of the Solvay as well as the
modified Solvay processes is the high solubility of NaHCO; and accordingly

the low overall desalination efficiency [9].

Furthermore, the low solubility of CaO in the reject brine is
considered as another limitation [24]. The solubility of CaO in reject brine is
almost 2 g/l. Adding extra amounts of CaO beyond the solubility limits is
required to maintain high pH value through the reaction, CO; capture, and
metal ions reduction. It was reported that the optimum CaO amount is 20 g/I.
Adding more than 20 g/l of CaO resulted in the formation of CaCOs and thus
competing with the formation of NaHCOs3 [24]. On the other hand, adding
less than 20 g/l CaO significantly reduced the percentage reduction of Na*
ions in reject brine. This is due to the reduction in the pH value, which
decreased the solubility of CO; in reject brine [24]. It was also reported that
CO;, capture does not seem to be affected by increasing the CaO concentration
beyond 20 g/l, as pH level (12.5) maintained the same beyond this level. This
indicates that the CO; capture is mainly related to pH level in contrast to Na*
removal, which is related to both pH level and CaO concentration [24].
Therefore, further investigation is needed to overcome the CaO solubility

limits and thus improve the percentage reduction of Na* in reject brine.

Moreover, the Solvay and modified Solvay processes are facing
another limitation related to the operating temperature of the reaction. In
general, it was concluded from all the previous studies [9] that the modified
Solvay processes based on different types of alkaline and wastes are preferred
to be operated under low temperatures (10-20°C), where the low temperature
increases the solubility of CO; gas and enhances the precipitations of metallic
salts. However, it is worth mentioning that brine is usually rejected from

desalination plants at relatively high temperatures (40-55°C) [36]. Hence,



there is a need to overcome the temperature limitation and to be able to

capture CO and mange reject brine without any further cooling.

It is also important to note that the kinetics of modified Solvay
process have not yet been thoroughly studied, which could significantly help
in improving and enhancing the rate of the reaction and overall performance

of the process [9].

Current research focuses on introducing a new alkaline, namely
KOH to investigate its effectiveness and ability to overcome these limitations
for a further improvement in the overall performance of the modified Solvay

process.

1.3 Relevant Literature

1.3.1 Water Scarcity

The distribution of water resources on Earth is not favorable, as
seawater constitutes about 96.54% of the total, while freshwater constitutes
only 2.53% [37]. In recent years, many countries have faced severe water
crises due to the reduction in groundwater availability [9]. As the world's
population rises, the availability of water resources is increasingly threatened.
Additionally, households and agriculture utilize a large volume of
groundwater, which might contribute to water shortages [9]. Several
measures are being taken to reduce the stress on the water supply, including
conservation of water, repair of existing infrastructure, and modification of
distribution systems. However, these measures can only improve the
available water resources, not increase their availability. This encourages
countries to utilize seawater through desalination, which demands greater

investment in water procurement [9].



1.3.2 Desalination Technology

The Middle East is considered a leader in large-scale seawater
desalination. The GCC countries produce more than 60% of all desalinated
water produced worldwide. Within the Middle East, the UAE is suffering
from water shortage due to the fast-growing population and the expansion of
industrial and agricultural activities. The UAE produces about 13% of the
world desalinated water production due to the economic and demographic
development [22]. Globally, the highest proportion of desalted water is
produced through membrane processes, i.e., 63.7%, while 34.2% is produced

through thermal desalination processes [9].

1.3.3 Environmental Impact of Desalination

The output of the desalination approach is clean water, reject brine or
concentrate stream with high salt concentration, and greenhouse gas
emissions (GHG). GHG comes from the burning of fossil fuels for thermal
energy and electricity generation. The primary component of GHG is CO;
[38-40]. The disposal of reject brine from desalination plants is the greatest
environmental and economic challenge associated with water desalination.
The reject brine is usually disposed into the sea, but in the long term, that
could result in harmful effects for the aquatic species and also pollute the
water [6]. The economic and environmental concerns associated with reject
brine limit the economic performance of the desalination industry [26].
Another type of waste discharge associated with the desalination industry
specifically in Middle East is the release of CO- into the atmosphere. CO- is
the major contributor to global warming as it is relatively more persistent in
the atmosphere than other gases [41]. The high consumption of coal and fossil
fuels releases large volumes of CO; into the atmosphere [42]. Power plants
based on coal, oil, and natural gas contribute approximately 60% of the total

CO- emissions to the atmosphere [27]. Hence, removing CO, from flue gases



can effectively reduce the volume of carbon entering the atmosphere.
Desalination technology cannot be operated sustainably unless the

aforementioned environmental concerns are addressed.

1.3.4 Reject Brine Management

Although technological advances have resulted in the development
of new and highly efficient desalination processes, little improvements have
been achieved in the management and handling of the major by-product waste
of most desalination plants. Regulatory authorities usually do not allow direct
disposal of reject brine if the concentrations of contaminants and primarily
metals exceed concentration-based discharge limits [43]. The disposal of
reject brine represents major environmental challenges to most desalination
plants, and it is becoming more costly [44]. This is especially true for inland
desalination plants where brine disposal could reach 15% of the overall
desalination cost [45]. The most common methods of reject brine disposal
include surface water discharge, deep well injection, evaporation ponds, and
land disposal. These methods have safety concerns, high costs, and low
productivity making them less feasible for long term usage [9-15]. For
instance, evaporation ponds suffer from many drawbacks including the need
for huge areas and the possibility of contaminant leakage into soil and
groundwater [8]. Currently, options for reject brine treatment are limited and
most treatment methods have been developed in laboratories and their

feasibility at the industrial scale is unclear [9].

1.3.5 CO, Capture

Widely used methods for CO; capture include adsorption, absorption,
membrane-based processes, and application of biotechnological materials [9,
46-49]. However, these methods face several technical and economic barriers

that must be overcome before it can be implemented on a large scale [29, 30].



In addition, the conversion of CO; to various products is energy intensive

(CCU), as it requires large amounts of energy to induce reactions [31].

1.3.6 Combined Reaction

There is an urgent need to develop a new process for the management
of desalination reject brine that can be used by coastal as well as inland
desalination plants. Reject brine comprises many metal ions, such as Na*,
Mg?*, Ca?*, K*, and ClI~. These components can be converted into many useful
products which have various important industrial applications [9]. Therefore,
reject brine can be classified as a “resource” instead of a “waste” byproduct.
Hence, there is a great potential for researchers and scientists to analyze reject
brine from the utilization point of view rather than just for its disposal. Recent
studies analyzed the recovery of valuable salts and chemicals from brine to
assess the sustainability of brine treatment processes [50, 51]. However, high
costs are incurred in scaling- up extraction, and further improvements are
needed [52]. A cost effective and energy efficient way is to manage these
pollutants (reject brine and CO, emission) together in a single reaction. The
presence of valuable metal ions in the reject brine can react with CO; in the
presence of an alkaline medium, resulting in the formation of value-added

products.[9].

1.3.7 Parameters Affecting the Reaction

1.3.7.1 Effect of pH Value

A high pH is required in the combined process to capture CO; and
remove salt from reject brine at the same time. The pH, which is a key
parameter in this process, determines the composition of the products and
overall progress of the reaction. A higher pH increases the CO- solubility in
water and increases the saturation rate of salt with respect to the CO.. In

addition, a high pH reduces the solubility of the metallic components of salt
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and increases precipitation, thus improving the efficiency of CO, capture and
salt removal [9, 24, 32]. The ideal pH level reported in the literature resides
between 10 and 12 [23]. To increase the pH level, various alkaline
components are often added into the mixture. Various alkaline oxides and

amines were previously used to adjust the pH of the combined process [9].

1.3.7.2 Effect of Alkaline Type

The Solvay process was named after Ernest Solvay who was the first
to develop the process in 1860. It is initially developed for the manufacture
of sodium carbonate (Na2COs), where NHjs is used as a catalytic medium to
absorb CO- in the presence of NaCl to form a precipitate of NaHCOj3; and
soluble NH4CI [32-35, 53], according to Equation (1.1). NaHCOg; is then
heated to form the washing soda (Na,COs3); whereas NH4ClI solution is mixed
with calcium hydroxide (Ca(OH)) and heated to recover NH3 according to
Equations (1.2) and (1.3), respectively [32].

NaCl + NH3 + CO2 + H:0 — NaHCOs + NH.CI (1.1)
2NaHCO3; — Na,COz + CO + H.O (1.2)
2NH.CI + Ca(OH), — CaCl; + 2NH3; +2H,0 (1.3)

Mohammad et al. [32] optimized the Solvay process with respect to
CO; capture and Na* reduction by applying response surface methodology
(RSM) for optimization. Optimal conditions were achieved at a gas flow rate
of 1.54 I/min, a temperature of 19°C, and a molar ratio of NH; to NaCl of
almost 3.3:1; these parameters resulted in a maximum Na* reduction of 33%
and CO; capture efficiency of 86%. On the other hand, NHz is a relatively
hazardous substance to both human health and the environment. Furthermore,
NHs regeneration is regarded as an energy-intensive step that significantly
raises the overall operating cost of the process [24, 32], in addition to its high

volatility at the operating temperature [41, 54].
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Different modifications have been made to the “Solvay process” in
order to improve its performance. Alternative solvents to NH; are considered
as major developments in the conventional Solvay process, as they overcome
the aforementioned drawbacks associated with NH; [9]. Different types of
amines i.e. 2-amino, 2-methyl, propanol (AMP), mono ethanolamine (MEA),
diethanolamine (DEA), N-methyl diethanolamine (MDEA), and piperazine
(PZ) are proved to be effective replacements to NH3 [9, 10, 55, 56]. Amine
recovery is a challenging task that needs to be addressed [57]. Generally, to
achieve the maximum recovery of amine, two methods are considered. In the
first method, the precipitation of amine salts is achieved with a cooling
filtrate, followed by the reaction of precipitates with lime. This causes the
formation of CaCl, and CaCOzand releases amine that can be reused for CO>
absorption. In the second method, the desorption of filtrate was performed to
remove the absorbed CO.. The maximum desorption temperature was found
to be 120°C for 0.6 M NaCl and 30 wt% AMP. Then, with the injection of
lime and sodium aluminate, the chloride ions converted into calcium
chloroaluminate, which has several applications and the amine can be

separated for re-utilization [9, 10].

Recently, El-Naas etal. [24] modified the Solvay process by
replacing NHs with CaO according to Equation (1.4). Ca(OH); is produced
following the addition of CaO to the brine, after which it reacts with CO; to
produce NaHCOs and soluble CaCl,, which can be utilized in many industrial
applications [24, 58]. The experiments were carried out using a novel inert
particle spouted bed reactor (IPSBR). The results demonstrated that the
spontaneity of the CO; reaction with Ca(OH). is higher than that of the
conventional Solvay process, Equation (1.1). The parametric sensitivity
studies were conducted using central composite design (CCD) approach-
based RSM analysis to evaluate the impact of the most important parameters

on process performance and to determine the optimum operating conditions.
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The results indicated that at optimum operating conditions (temperature, gas
flow rate, pressure, and CaO concentration of 20°C, 1 I/min, 1 atm, and 20 ¢/I,
respectively) an optimum CO; uptake value of 0.92 g CO./g CaO and a
reduction in Na* ion of 30% were achieved. More reduction in Na* up to 35%
was reported by the addition of ammonium bicarbonate (NH4sHCO3) [24],
which confirmed its effectiveness in reducing NaHCOs solubility. It was also
reported that under the same optimum conditions, the reaction sustained a pH
value of 11.8, compared to the Solvay process pH of 11.2. Therefore, the
modified process entails the dual benefit of reducing brine salinity and CO;
capture. In addition, the modified process eliminates the need for NH;
recovery, which is an energy intensive step in the traditional Solvay process.

2NaCl + 2CO; + Ca(OH), — CaCl, + 2NaHCOs (1.4)

However, it was reported that increasing the concentration of CaO
beyond 20 g/l does not increase the pH, but can result in an increase in the
mass transfer resistance between the reactants [24]. Therefore, the process is
designed in a manner to optimize the concentration of the alkaline component
needed to enhance the pH. The process can be improved by investigating a

new alkaline that that is highly soluble and can maintain a high pH value.

1.3.7.3 Effect of Temperature

In addition to the effects of alkaline type and solution pH, reaction
temperature has a significant impact on the process performance because it
controls the solubility of CO,, precipitation of metal ions in the brine, and
composition of the final products [9]. In general, increasing the temperature
causes an increase in product solubility, a decrease in CO; capturing and
metal removal efficiency, and a change in product composition. Therefore,
the temperature must be optimized to obtain the desired composition of
product and other mentioned factors. In case NaCl is present as the main

constituent in the reject brine, NaHCOs is obtained as the main product and
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its solubility increases as the temperature increases as shown in Figure 1.1,
which ultimately decreases the precipitation of the desired product. [9, 59].
Additionally, high temperatures also decrease the CO; solubility, which
lowers its capturing efficiency. Hence, in general, high temperatures are not
beneficial to this process. EI-Naas et al. [24] found that an increase in
temperature from 10°C to 50°C causes almost 50% decrease in CO, removal
efficiency for NaCl rich brine. In addition, the increase in temperature reduces
the sodium removal efficiency, from 35% to < 5% as the temperature
increases from 20°C to 50°C. Another study reported by S. Palitsakun et al.
[60] described the effect of temperature, NaCl concertation, NH3
concentration, and CO- flow rate on the CO; capturing efficiency using NH3
base absorbent in a bubble column. The authors observed a reduction in CO>
capturing efficiency with increased temperature, and this decline becomes
even more significant with an increase in the gas flow rate, which is due to
the reduced gas residence time. A CO, capturing efficiency of about 70% was
achieved at a temperature of 38°C, 3.0 M initial concentration of NaCl and
CO: gas flow rate of 500 ml/min. After 3 h of reaction time, approximately
10% increase in efficiency was observed by reducing the gas flow rate to 300

ml/min, while keeping the other parameters constant [60].

In addition, a higher temperature enhances the evaporation of volatile
basic absorbents, such as NHs, resulting in a decrease in the pH of the
solution, ultimately resulting in lower CO, absorption. Therefore, an
optimum gas flow rate and ambient temperature are required to maximize the

efficiency of CO; capture and metal removal [9].
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Figure 1.1: Solubility of NaHCO3 in grams (g) per liter of water as a function
of temperatures (°C) [9, 59]

The spontaneity of the NHs-based Solvay process was compared to
the CaO-based modified Solvay process using Gibbs free energy change (AG)
with temperature. Figure 1.2 clearly shows that Equation (1.4) is a more
spontaneous reaction than Equation (1.1) at all temperatures. The AG change
becomes more negative with reduced temperature and Equation (1.4) is more
favorable to produce a high quantity of products. The CaO based Solvay
process not only avoids the hazardous effects from the traditional Solvay
process, but it achieves better performance in terms of CO, capture, Na*
removal and energy consumption. It can be noted from Figure 1.2 that AG
difference between Equations (1.1) and (1.4) reduces with an increase in
temperature. Moreover, the spontaneity of these two reactions decreases with

temperature [9, 24].

It is worth mentioning that reject brine is usually discharged from
desalination plants at relatively high temperatures (40-55°C) [36]; however,
the combined process requires low temperatures (10-20°C) to increase CO;

capture and improve ion removal [9]. Hence, there is a need to overcome the
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temperature limitation and to be able to operate the process effectively

without any further cooling.

10
——Equation (1.1)
0 ——Equation (1.4)

-10
-20

-30

AG (kJ/mol)

-40
-50
-60

-70
0 10 20 30 40 50 60 70 80 90
Temperature (°C)

Figure 1.2: Thermodynamic comparison of Equations (1.1) and (1.4) [9, 24]

1.3.7.4 Effect of Salt Type and Concentration

It is also important to note that the type and concentration of salt
determines the product type and its percentage yield [9]. Normally, in the
Solvay process, NaCl dominant brine is utilized to obtain precipitation of
NaHCOs [8, 10, 61, 62], whereas nesquihonite, dolomite, hydromagnesite,
lansfordite, artinite, dypingite are the most common products formed from
the treatment of Mg-rich reject brine [23, 62-66]. In the case of magnesium
chloride (MgClz) dominant brine utilized to capture CO,, the final products
and capturing efficiency of CO;are different from the NaCl based brine. The
CO; capturing efficiency for Mg?* and Na* rich brine ranges from 29 to 99%
[9]. The reaction rate decreases with increased salinity. With high salinity
(magnesium rich), there is a formation of chlorartinite minerals, which are
soluble carbonates not recommended to capture the CO,. At low magnesium
salt concentration, nesquehonite and lansfordite precipitation takes place.
They are stable enough to hold carbon dioxide for relatively longer periods
[65].
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In the current research, the brine utilized contains high concentration
of NaCl. Therefore, NaHCO; is the main products from the Solvay and
modified Solvay processes. However, the high solubility of NaHCOs3 limits
the overall performance of the process [9]. It is critical to investigate factors
other than temperature and pressure that can increase NaHCOj3 precipitation.
Investigating a new alkaline with high solubility may reduce mass transfer
limitations and improve NaHCOj; precipitation for a further increase in the

productivity and sustainability of the modified Solvay process.

1.3.7.5 Reaction Kinetics of CO, Using Various Chemical Solvents

In chemical processes, the mass transfer from gas bubbles to the
surrounding liquid or vice versa is an important factor. This absorption
process in the presence of a chemical reaction usually takes place in the liquid
phase. One of the most important factors for decreasing the cost of
regeneration is the use of an effective solvent with low regeneration energy
requirements. In addition, the solvent should possess rapid reaction kinetics
and high absorption capacity [67]. The overall CO, absorption can be
categorized into physical and chemical absorption [68, 69]. Physical
absorption takes place as the CO; is diffused from the gaseous phase into the
liquid phase through an interface which can be described by the two-film
theory. This method is commonly described by a mass transfer coefficient
which relates the mass flux to a concentration difference and is a function of
the material properties and flow conditions. Reactive chemical absorption can
be explained as a process in which the CO; reaction occurs in the liquid phase
(film or bulk) [9]. For Solvay reactions in which CO, reacts with NH;
(Equation (1.1)), the instantaneous rate of reaction controlled by diffusion is
as follows [70]:

Rate = KNH3CNH3CC02 (15)
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Abdel-Aal et al. [71] developed a numerical algorithm to evaluate the
unreacted NHs concentration. The numerical values were compared with
experimental data. There was a good agreement between the experimental
and numerical results. It was concluded that the resistance to mass transfer
was present only in the liquid side (liquid diffusion-controlled). Therefore,
bubble column reactor was the best choice for the process because liquid—
diffusion controlled required more contact time to reach satisfactory results.
El Hadri et al. [72] investigated the use of six types of amines—five tertiary
amines and one secondary amine (2-ethylaminoethanol, 2EAE) in terms of
CO, capture efficiency. The thermodynamic and kinetic characteristics of the
six amines for absorbing CO, were analyzed. The kinetics of CO, absorption
by the above-mentioned amines was measured at a temperature range of 25
to 40°C and a concentration range of 5 to 800 mol/m?® using stopped-flow
equipment. The obtained constant of the second-order reaction rate illustrated
that the 2EAE (2-ethylaminoethanol) has better thermodynamic, CO:
absorption, and Kinetic properties compared with the conventional amine-
based solvent (i.e., MEA), and, as such, 2EAE could be utilized as an
alternative to MEA.

It is also worth mentioning that the Kkinetics of modified Solvay
process have not yet been investigated deeply that may help to a large extent
in improving and enhancing the rate of the reaction. This can also help with

scaling up the process to an industrial level.

Table 1.1 shows a summary of studies on the combined process with a prime
focus on reaction temperature, metal removal efficiency, CO. capture

efficiency, and a summary of main products [9].

18



((Ho®N) apixoipAy

(HOoEeN) wiNIpos) e1paw
eIpaW auljeye Aoualoiyye Allwey 2113 aulfexe Jo aouasaid
JO uonelauabay [eAowal ubewolpAH (4zB\) 3y} Ul pareuoqJes sl [e9]
‘“And ybiy yum [eraw ybiy ajwolog %ES-TT (:28D 10 UOIRNUBOUOD | 8TOZ “'[e
s1onpoud ajdnjnw ‘suol ajdinw anuoyinbsaN (,z80) Jued1IubIS © pue 18 SOLIRIN|
dAsIYde 0L 40 uoneredss £00eD VIN %.6-.9 0009-0¢ Yol ,zBIN) sulq 1aley ~Z3A[eD
((seb13jut
Ul UO11eJIusoU09)
¢HN aleuoqJed 20))/(seb 1911n0
JO uonelauabay wniuowwy | Ul UoleJuadu09)
‘sjonpoud Aouadiye €0OH'HN ?00 (19eN) [09]
10 uonreaijund Burinides £E0D%N = AousIoiy3) auLIg pareluowwe 6T0Z IR 19
pue uoleredss 200 YbIH ¢00HEN % 16 < V/N 0002 Jo uonjeuoqgied unxesiijed
JSIETRIITE)
Burinided 20D Mo (renowsal
VAN Aouadiye ((Addns) 131eM) 00002 vanw
JO uonelauabay [eAowss ¢02/(1npoud) (renowsal J0 aouasald ayy ui
‘Aund [elow abelane E0DHEN 0D Joueyls) D,0/ | pareuoqgsed si (suol youl [95]
ubiy yum sponpoud | ‘suol BN pue,eD | EODBIN = Aousroiy3 (.eN) (sunyesadwiay +eN pue Bl *,zeD) 020z "Ie
ajdnnw ans1yde o | yiog Jo uoneledss ele):l0) 0 310W 6Z'¥P~ | % |ow T°0G | Ssa00ud) DGz | Joremalsem [erisnpul 19 Buey]
Aousioiye
s1onpoid Aouaioly3 [enowsal aunjeladwa |
sabus|leyD sabejuenpy urey aimde)d 20D [N uonoeay DR Joyiny

[6] sa1pms uoieuljesap aulig pue ainded apIXolIp UogJed Jo Alewwns :T°T 9|geLl

19



s9|o1edoueu

paseq-|exolu
(HO®eN) ((Addns) 0 92uasaid ay ul
elpaw aulfexfe ¢090/(1onpoud) 20D HOeN
J0 uonelauabay = Adusaioiy3) Yyim
‘syonpoud AKouaioiyye (snuobese 15AJe1RD Y1IM 94/ °96 paloeal (]OBN pue DB [¥2]
Jo uoneayund Burindes 8110[e2) pue 15A[E1ed INOYIM (,z22) ‘210eD) BuLI eI | 8TOZ “[°
pue uone.sedss 200 YbIH ¢00ED %88 905< 000G-5¢ Buisn uonezijessuiw 20| 19 Bueyz
eipaw
aulfexe
juswdinba ue se a)sem
leLasnpul Jo leLasnpul Jo (pawuioy 19npoud ayy Ul
Buiinoy sjgesonoN | uoneziinn aubuidAp | ones rejow BN /200 ayp 200 aimdes o} (@M0)
‘syonpoud S TETRIITE] alune SI Y alaym ‘Y x pJaIA BIN 1SNP U] JUBWSI YlIM [zl
Jo uoneayyund Bulimdes | anuoyanbsau | =[ 94 ssew ] pjalA 20D (:zB\) paloeal si (Suol paseq 8T0Z "I
pue uonesedss 200 YbIH 3}pJiojsue| %T6-TS %G6-65 0002-02 -BIN) suliq 103ley 19 Igequij
1500 ABJaus ybiH
S IETRIITE]
Bunndes (Do auliq 198fa1
0o Mo 008-00% wouy | Jo Anutfes ay1 8anpal
‘Kausiolyye $31| SAPIX0 pue 20D aindes
|enowal (seb 18)u1) 20D%/(seh |e18W paxiw 0} pasn aJe (SapIxo
[e18W MO ‘apIX0 1SIX3) 20D% Jo ainjesadwsay | wnuiwnpe/wnisaufbew [e2]
Jelow paxiw 10npoud = Aous1oiyye aimded (teN) uonelsuabay) paxiw) 810z “'Ie
J0 uonessusbey | o And ybiH | EQDHEN % Zh~ %02 0062 S9PIXO [eJaW PaxIA 18 1puld
Aousioiye
s1onpold [enowsal ainesadwa |
sabuajeyd sabejuenpy ureN Aouaio1y3 ainded 20D BT uonoeay DR Joyiny

(panunuo)) [6] sa1pms uoireuljesap aulig pue ainided apIXoIp uogJed Jo Arewwns :T'T 3|gel

20



((papeo) sajow)
200/(paimded
Kousroyye Kousroye €00®D sajow) 20D 200 [v2]
leAowsl Bunndes 108D = AdusIo1y3) (+eN) aimded 01 OBD Yyum 1T0Z I8
[e18W MO 00 UbiH E0OHEN %66 %GE D002 pajoeai sl aulig10afey | 19 seeN-|3
Aouaioyye
leAowsl
|e1aW Mo ((seb
‘syonpoud 13Ul Ul UOIIRJIUSIUO0D)
J0 uoneayund ¢0)/(seb 1913n0 EHN oa1esauabal
pue uoleredas Aouaioiye Ul UOIIRAIUBIUOD) 20D 01 pasnh sI OrD pue [zel
‘CHN Burimdeo ID2YHN = Aouaroy3) (;eN) 200 aimdes 0} pasn 910z “[e 18
40 uonelaushay 200 YbIH £00HEN %98 %EE D061 S1 dUlI] pajeluoWWY | pewlweyoN
s1onpoud (HO®N) eIpaw
Jo uoneoyund ‘Kausiolyye aulfex|e o aouasaid
pue uoneredas Burindes ((Addns) ayrur (suot ,zeD
‘(HoeN) 200 yby alio[es 200/(npoid) 200 | (.zBN) %98 pue BN Bulurejuod)
elpaw auljexqje | ‘suol ajdijnw 3 = Kous1o1y3) (,z20) ainjeladwal aunq 108fal Buisn [c/]1 2102
Jo uonesauabay | Jo uoneledss pissubewolpAH 20D %98< %66 waIquy uonezijelauIw 20D “Ie 10 Bueg
s19npoid Kousioiy3 Aouaioiyye ainjesadwa |
sabua||eyD sabejuenpy ureiN aimde)d ¢0D [eAowal [BIBIN uonoeay slueIORRY loyiny

(panunuo)) [6] saipms uoireuljesap aulig pue ainided apIXolp uogJed Jo Alewwns :T'T 3|gel

21



s1onpoud

urew Ajund
ybiy yo
swureny
20D aimdeo
31Sem o1 (@Hg) snp
Aousioiye Bunjew Bujew-|asls
Bunmdes -|99)s J0 €00®rD UMM pajoeal [2/]1 6102
200 Mo uoneznn E00BN aHd 6200 6zz'0 V/N o2 s1 8uLIq 108[8Y “|e 19 wiyelq|
00T seb 19jul
8U} u1 209 Jo Jusased 209
Aouaioiye awinjoA Ag painided YIIM pajoeal
ubisap J0joeal Burindes 20D J0 182J3d swnjoA sIsAj01199]9
xa]dwod 20D ybIH = ajeJ uondiosqge 10BN
‘alnipuadxa ‘10npoud ay1 20D '%0°S6< ainjesadway woJ} paonpo.d [9/]
ABiaus ybiH |40 Awnd ybIH|  EODHEN s1 ajeJ uondiosge 20 V/N walquy a0 pIN0d HOBN | 9TOZ “[e 38 WIys
s1onpoud ((Addns) EHN a1esauabal
40 uorreayiind 200/(¥npoud) 20D 0} pasn
pue uolyesedss = Kousio1yy3) s1 Bejs |991s pue
FGIIETRINTE] Aouaioiys 12YHN £0DeD 01Ul PaLdAU0d 20D ainded [¥9]
Burindes |enowal ee)50) pue paimded AjaAndaye (D) 01 pasnsiaullq | 9T0Z “'Je 18 owId
200 MO [e18w ybiH EOOHEN |00 [elIul 3U} JO %M T'8 %68< D00T< pajeluowwy oyjeAted 8@
s1onpoud Kousioiy3 Aouaioiyye ainjesadwa |
sabua|leyd sabejuenpy urey aimde)d ¢0D [eAowal |BIBIN uonoeay slueIORRY loyiny

(panunuo)) [6] sa1pnis uoneuljesap aulig pue ainded apIXolp uogJed Jo Arewwns :T'T a|qel

22



In the light of the above literature review, it can be concluded that the
combined reaction of reject brine and CO. not only alleviates the
environmental pollutants simultaneously, but also produces a variety of
useful products. However, some operating parameters limit the overall
performance of the modified Solvay processes. A parametric evaluation

provides valuable insight into the effects of various factors.

The low solubility of the alkaline used in the modified Solvay process
is one of the most important factors that can significantly affect the process
[9]. For instance, the solubility of CaO in reject brine is almost 2 g/l. Adding
extra amounts of CaO beyond the solubility limits is required to maintain high
pH value through the reaction, CO- capture, and metal ions reduction. It was
reported that the optimum CaO amount is 20 g/l. Adding more than 20 g/l of
CaO resulted in the formation of CaCOs; and thus competing with the
formation of NaHCOs3, according to Equation (1.6). In addition, CaCOs scale
causes fouling of process equipment. On the other hand, adding less than 20
g/l CaO significantly reduced the percentage reduction of Na* ions in reject
brine. This is due to the reduction in the pH value, which decreased the
solubility of CO in reject brine. It was also reported that CO- capture does
not seem to be affected by increasing the CaO concentration beyond 20 g/I,
as pH level (12.5) maintained the same beyond this level. This indicates that
the CO- capture is mainly related to pH level in contrast to Na* removal,
which is related to both pH level and CaO concentration. Therefore, further
investigation is needed to overcome the solubility limits of CaO and hence

improve the percentage reduction of Na*in reject brine.
Ca(OH),; + CO,— CaCOs;+ H,0O (1.6)

Temperature is another important parameter. It is also worth
mentioning that the traditional Solvay process and other modifications that

are based on different types of alkaline material are effective in the reduction
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of reject brine salinity and the capture of CO; under low temperatures (10—
20°C) [9]. At low temperatures solubility of CO; is higher, which enhances
the precipitation of metallic salts [9]. However, brine is commonly discharged
from desalination plants at relatively high temperatures of 40-55°C [36]. To
the best of the author’s knowledge, no previous work has optimized the
Solvay or modified Solvay processes to achieve high CO; capture and ion

removal at relatively high temperatures.

In addition, the high solubility of the main product (NaHCO3) is
regarded as a significant challenge for Solvay and modified Solvay
processes, and accordingly the low Na* removal [9]. This is clear from the
summarized studies on the combined process in Table 1.1, which illustrates

the metal removal efficiency.

More research is required to improve the reduction of brine salinity
and increase the recovery of some metal ions in the form of high purity,
valuable products. Several studies have been striving to recover the divalent
ions such as Ca?* and Mg?" from seawater and brine prior to the post-
treatment process, as it could enhance the overall performance of the process
[9, 78-83]. Rahardianto et al. [84] reported that when reverse osmosis was
combined with accelerated precipitation softening, the recovery of low-
salinity brackish water was optimized, with total product water recovery of
up to 98% due to concentration reductions in scale-forming ions of more than
90%, 95% and 78% for Ca?*, barium (Ba?*) and strontium (Sr?*), respectively.

Furthermore, the experimental data that represents the kinetics of
CO- reactions in the modified Solvay process requires further investigation
[9], which will aid in greatly improving and enhancing the rate of the reaction,
and thus the overall performance of the process. This can also assist to scale

up the process to an industrial level.
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According to the literature, the modified Solvay process based on
CaO is more effective, economical, and environmentally friendly than the
conventional Solvay process based on NHsz or other types of amines.
However, the aforementioned limitations (Sections 1.2 and 1.3), such as
alkaline solubility, pH value, operating temperature, and low Na* removal

resulted in a low overall desalination efficiency.

This research focuses on introducing a new alkaline, namely KOH to
investigate its ability to overcome these limitations for a further improvement
in the productivity and sustainability of the modified Solvay process. Most
current technologies directly capture CO, from atmosphere by reaction with
strong alkaline solutions, such as KOH, due to its strong binding affinities
with CO; [16]. Bandi et al. [85] investigated the absorption of CO, by adding
KOH inside a packed column with a total height of 2 m. It was concluded that
the CO; absorption from ambient air was around 70%. Lendzion-Bielun et al.
[86] investigated the effect of KOH treatment on the surface properties of
activated commercial carbon to improve the adsorption capacity of CO,. They
reported an increase in the concentration of hydroxyl groups on the surface,
which led to an increase in the uptake value of CO, by 14% at 0°C. In another
study performed by Keith et al. [87] aqueous KOH solution was combined
with calcium caustic recovery loop to capture about 1 Mt-COy/year from
ambient air in an industrial plant. Detailed engineering and cost analysis were
studied. It was reported that the levelized cost was about 94 to 232 $/t-CO>
captured from the atmosphere. Lombardia et al. [88] studied the effects of
capturing CO; from landfill gas by the addition of KOH and producing useful
products. It was mentioned that adding extra amounts of KOH resulted in the
production of K,COs. However, potassium bicarbonate (undesired) was
obtained by adding extra amounts of CO,. About 98% of CO, capture was
reached under a KOH concentration of 53%, a solution flow rate of 60 I/h,

and almost a constant temperature between 40°C and 45°C. Mohammad et al.
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[89] analyzed the effect of modified activated alumina with sodium hydroxide
(NaOH) and KOH on the CO, adsorption efficiency. By using 2.0 g of
adsorbent, under optimum conditions (20°C and 6 bar), the results indicated
that the highest CO, adsorption was 0.147 g/g for KOH (concentration of
30%) in comparison with 0.131 g/g for NaOH (concentration of 30%).

1.4 Research Objectives

To the best of the author’s knowledge, the KOH-based Solvay
process has never been investigated in the available literature. Hence, the
proposed research is considered novel since for the first time KOH is utilized
in the modified Solvay process. The overall reaction of the modified Solvay
process based on KOH as the alkaline material can be described using
Equation (1.7). It is also important to note that all the experiments were
carried out in a novel inert particle spouted bed reactor (IPSBR) developed
by El-Naas et al. [90, 91].

NaCl + CO.,+ KOH — NaHCO3 + KCl 1.7)

The combined reaction of reject brine and CO; not only manages
these pollutants simultaneously, but also results in the formation of value-
added products such as KCl and NaHCOs. These solids can be used in further
environmental and industrial applications [17]. It is also important to note that
the production of 1 mole of CaO from CaCOs can produce 1 mole of CO, as
shown in Equation (1.8) [24]. However, in the presence of NaCl and
according to the Modified Solvay process (Equation (1.4)), Ca(OH), can
capture 2 moles of CO, which may affect the total amount of CO, captured.
KOH can be produced from the electrolysis of the KCI solution, as illustrated
in Equation (1.9) [17] with no CO; production, which is an advantage of using
KOH.

CaCO; — CaO + CO; (1.8)
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2 KCl + 2 H,0 — 2 KOH + Cl, + Ha (1.9)

Experimental screening, thermodynamic analysis, statistical analysis

and optimization, as well as solid characteristics for the main involved

reaction are needed to evaluate the efficiency of the proposed process.

Accordingly, the objectives of this research are the following:

1.

To investigate the potential of KOH as an alternative alkaline on the
overall performance of the modified Solvay process and to compare its
effectiveness with that of CaO in terms of pH, alkaline solubility, CO,

capture, ion reduction, and thermochemical parameters.

To perform a parametric study to optimize the underlying operating
parameters such as temperature, gas flow rate, pressure, and KOH

concentration.

To investigate the ability of the KOH-based Solvay process to manage
the two wastes at a relatively high temperature of 50°C, as reject brine is
typically discharged from desalination plants at relatively high
temperatures (40-55°C).

To study the kinetics of CO- reactions in the modified Solvay process
based on KOH to acquire a model that best describes the underlying

reaction kinetics.

To evaluate the multi-stage treatment process with the addition of
NH4HCO; to reduce the solubility of NaHCOs; for a further reduction in
Na* ions from high-salinity brines and to increase the CO; capture

efficiency under optimal operating conditions.
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6. To investigate the dynamic behavior of the IPSBR using step changes in
the inlet gas and liquid flow rate. To assess the reactor system's flexibility,

stability, and adaptability for large-scale processes.
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Chapter 2: General Discussion

2.1 Research Design

Current research focuses on introducing a new alkaline (KOH) to
investigate its ability to overcome the limitations associated with the modified
Solvay process based on CaO (Chapter 1) for a further improvement in the
productivity and sustainability of the modified Solvay process. The outcomes

of this work have been published in Papers | to V.

2.1.1 Preliminary Study for KOH as a New Alkaline (Paper I)

A preliminary study was conducted to compare the effectiveness of
other alkaline and amphoteric oxides, namely KOH and aluminum oxide
(Al203), respectively, with that of CaO in terms of thermodynamic properties,

pH value, solubility, CO- capture, ions reduction.
Thermodynamic Analysis:

The thermodynamic analysis for the three reactions illustrated in
Equations (2.1), (2.2), and (2.3) was performed using quantum chemical
calculations [92]. Gaussian16W software was utilized using the CBS-QB3
composite method [93, 94]. The latter initially executes all the geometry
optimizations and frequency calculations for all illustrated reactants and
products in reactions (2.1), (2.2), and (2.3) at the B3LYP/CBSB7 level of
theory. This is followed by successive single point energies at higher
theoretical levels. It is very important to note that all the preferred properties
should be assessed at the minimum energy geometries. In the following step,
the obtained values of the vibrational frequencies and rotational constants
from the Gaussianl6W software were used to compute thermodynamic
partition functions, from which Gibbs free energy (AG) and enthalpy (AH)
for Equations 2.1-2.3 as a function of the temperature were determined.

Thermochemical computations were carried out using ChemRate code [95].
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2NaCl + 2CO, + Ca(OH), — 2NaHCO; + CaCl, (2.1)

NaCl + CO, + KOH — NaHCOs + KCl (2.2)
6NaCl + 6CO, + Al,0;3 + 3H20 — 6NaHCOs + 2AICIs (2.3)

Impact of the Alkaline/Metal Oxide Amount on the Initial pH Value and
Temperature:

From previous research works [9, 24, 58], it was concluded that the
pH value impact on the CO; capture and ions reduction from brine is rather
very significant. The high pH value plays a significant role, as it enhances the
solubility of CO; and increases the precipitation of valuable solid products
[9]. Several experimental runs were conducted to investigate the effect of
KOH, CaO, and Al,O; concentrations on the brine solution pH before it reacts
with COa.

The solubility of CO,mainly depends on the system’s temperature. It
was experimentally observed that increasing the temperature decreases the
CO; solubility, which negatively affects the process performance [9].
Therefore, the effect of the different added amounts of alkaline/metal oxide
on the solution (without CO_) temperature was examined. It is also important
to mention that the temperature was measured instantaneously.

Alkaline/Metal Oxide Impact on the CO, Capture Efficiency and lons
Removal:

El-Naas et al. [24] investigated the CaO effect on the CO, removal
(Equation (2.1)) under the optimized temperature of 20°C, gas flowrate of 1
I/min (10% COy), and 20 g of CaO/l. In this research, the effect of KOH and
Al>,O3 on CO; capture and ions deduction percentage was examined under the
same operating conditions and stochiometric concentrations of 70.57 g/l and
21.4 g/l, respectively. The experiments were conducted for each species

separately until CO; reached the saturation point, and the results were
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compared to those of CaO. The structural and chemical characteristics of the

precipitated solids were analyzed.

2.1.2 Statistical Optimization for KOH-Based Modified Solvay Process
(Paper 1)

The Preliminary results have confirmed the high reactivity and
effectiveness of KOH in capturing CO> and managing reject brine. In this
study, parametric sensitivity analysis has been carried out to optimize the
operating conditions and thereby maximize CO, capture and ions removal

from high-salinity brines.

The optimization of the modified Solvay process based on KOH was
carried out according to the Response surface methodology (RSM)- central
composite design (CCD) approach as implemented in Minitab 19.0 [96-98].
RSM is suitable for fitting a quadratic surface and aids in optimizing the
process parameters with a minimum number of experimental runs [98-101].
In this study, RSM was utilized to select the CCD in order to design a
sequence of experiments to study the influence of the operating parameters
on responses. The affecting factors are determined based on the screening
experiments which show the approximate range for each factor where the
optimal conditions could be located. A full-factorial CCD design was
employed to investigate the effects of independent factors (i.e., pressure, feed
gas flow rate, KOH concentration, and temperature) on responses (i.e., CO;
uptake and ion reduction in reject brine) throughout the IPSBR. Table 2.1 lists
the values of these independent parameters at each level. A total of 31
experimental runs were generated to analyze the impacts of the operating

parameters on responses.

Experimental results were fitted following second-order polynomial
equations to evaluate the relative influence of each factor on the studied

responses. Moreover, analysis of variance (ANOVA) was implemented to
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validate the adequacy of the models developed. The response optimizer in
RSM was used to determine the optimum operational conditions; its
performance was evaluated based on the desirability parameter (d), that
ranges from 0 to 1 [101, 102]. An optimal solution may be reached by the
proposed model when the desirability value approaches its maximum (i.e.,
close to 1). For the purpose of this research, response optimizer requested
targets were adjusted to maximize responses, CO; uptake, and the percentage
of ions reduction. The predicted optimal responses were validated
experimentally. The characterization of the collected solid products at

optimum conditions were investigated.

Table 2.1: Independent factors and their levels

Levels Feed gas KOH Temperature Gauge
Flow rate Concentration Pressure

Units I/min g/l °C barg
Tag F C T P
Level -a 400 30 10 1.0
Level -1 700 50 20 1.5
Level 0 1000 70 30 2.0
Level +1 1300 90 40 25
Level +a 1600 110 50 3.0

It was reported previously [24] that inert particles create vigorous
mixing and circular motion inside the reactor, thereby enhancing the gas—
liquid interfacial area and improving mass and heat transfer between the two
phases. In this study, the impact of the mixing particle volume fraction on
CO; uptake and percentage of ion reduction was addressed under optimized
conditions. The mixing particle volume fractions employed were in the range
of 0-25%.
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2.1.3 Ability of KOH-Based Solvay Process for Removing Na lons from
High Salinity Reject Brine at High Temperatures (Paper II)

Based on the literature review in Chapter 1, temperature has been
found to be a vital parameter that significantly affects the combined process
in terms of metal solubility and CO, uptake. Notably, low temperature
conditions are generally preferred to achieve high CO, capture and ion
removal from reject brine. However, brine is commonly discharged from
desalination plants at relatively high temperatures of 40-55°C [36]. To the
best of the author’s knowledge, no previous work has attained the
optimization of the KOH based Solvay process to achieve high CO; capture

and ion removal at high temperatures.

Three-dimensional (3D) graphs were used to illustrate the
relationship between the independent variables, namely temperature,
pressure, flowrate, and KOH concentration, and the responses of 31 previous
experimental runs (Section 2.1.2). The responses of the 31 experimental runs
were mentioned in Papers Il and Ill. It was observed that under certain
conditions and at high temperatures up to 50°C, effective Na* removal can
still be obtained. As a result, the developed RSM model in Minitab software
(Section 2.1.2) was targeted toward the highest ions percentage reduction
while keeping the temperature constraint at 50°C. RSM's performance was
assessed using the high desirability parameter (d), which should be close to 1
[101, 102]. The predicted responses under the optimized conditions were
experimentally validated. Furthermore, the structural and chemical

characteristics of the precipitated solids were investigated.

2.1.4 Kinetics Study for KOH-based Modified Solvay Process (Paper V)
The kinetics of CO; reactions in the modified Solvay process based
on KOH have never been investigated experimentally, even though the

findings yielded would contribute to the reaction rate enhancement. This gap
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in extant knowledge is addressed in the present study by changing the CO;
concertation, reaction temperature, operating pressure, CO; gas flow rate, and
KOH concertation, one at a time, while fixing the values of other parameters
at their previously established optimal values. The outcome of this set of
experiments was to acquire a model that best describes the underlying
reaction kinetics. As the optimal parameter values for the KOH-based
modified Solvay process were determined as a part of our previous work
(Section 2.1.2) [103], these values were adopted here when investigating the
reaction Kinetics. The kinetic parameters and corresponding ranges are
tabulated in Table 2.2.

Table 2.2: Kinetic parameters and corresponding ranges

Parameters Unit  Symbol Conditions range
CO; concentration % - 3 10 15 - -
Temperature °C T 10 20 30 40 50
Pressure bar P 1 2 3 4 5
KO g/l C 3 70 110 150 190
concentration
CO; flow rate  ml/min F 400 800 1200 1600 2000

2.1.5 Multi-Stage Treatment for KOH-Based Modified Solvay Process
(Paper V)

It was reported previously that the precipitation and high recovery of
metal ions from the modified Solvay process depend on many parameters,
most importantly temperature, pH and CO, gas flow rate [9, 17, 24, 103, 104].
Although some metal ions could be reduced, other ions could not be
recovered effectively under the same optimum conditions, such as Na* and
CI~ which represents the highest percentage of metals in high salinity reject
brines [9].

From the presented literature review (Section 1.3), it can be

concluded that the pre-treatment of some metal ions from reject brine and
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produced water has enhanced the overall recovery efficiency of the post-
treatment processes. Furthermore, the addition of NH4sHCO; for the modified
Solvay process based on CaO increased the Na* reduction from 30% to 35%
[24].

Consequently, the objective of this work was to evaluate the multi-
stage treatment process for a KOH-based modified Solvay process to achieve
a further reduction in ion removal from high-salinity brines and to increase
the CO; capture efficiency in comparison with previous results obtained
under optimal operating conditions [103]. Three different methods were
investigated.

In the first method, the effect of adding NH4sHCO3; was studied in a
total of four stages. The whole system was operated under the optimum
operating conditions. It was reported previously [53] that adding NHsHCOs
decreased the solubility of NaHCOs, where the high solubility of this
component limits precipitation even at a high pH and low temperature. By
increasing the concentration of NH4sHCO;3 (Equation (2.4)) and thus the
concentration of (HCO3), Equation (2.5) would shift to the left, lowering the
solubility of NaHCO:s.

NHsHCOs@q <> NH4*+ HCO3 (2.4)
NaHCOsq <> Na*+ HCO3 (2.5)

The same procedures followed in method 1 was applied in method 2,
with the difference of adding a specific amount of KOH after each stage to
maintain a high pH value. In the third method, the effect of the pre-treatment
step was investigated on the overall performance of the process, where the
filtration of the solution (reject brine + KOH) was applied before the reaction
with CO; to remove the divalent ions (Ca?* and Mg?*). This was followed by

the same procedures as method 2.
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Additionally, the collected solid products were characterised to

evaluate their composition and major physical and chemical properties.

2.1.6 Continuous Operation of IPSBR (Paper V)

It is also important to note that the reactions occur in a novel inert
particle spouted bed reactor (IPSBR) developed by El-Naas et al.[90, 91].
Consequently, the objective in the current research is to investigate the
dynamic behavior of the IPSBR using inlet gas flowrate (800 ml/min to 2400
ml/ min) and liquid flowrate (10 to 30 ml/min) step changes, where a KOH-
based modified Solvay process was performed. The continuous experiments
were conducted under the previously determined optimum conditions [103].
The step changes in the reactor's inlet gas flow rate and liquid flowrate to a
higher or lower level were used to evaluate the reactor's dynamic behavior,
while keeping the other parameters constant. The dead time and time constant
were measured to quantify the process’s responsiveness, adaptability and ease

of control [105].

2.2 Data Collection

Descriptions of the used materials, brine samples, analytical
techniques, reactor configuration, and experimental procedures in the
investigation of the CO, capture and ions removal are presented in the

following sections. More details are mentioned in Papers | to V.

2.2.1 Materials

CaO (99.9% purity), KOH (85-100% purity), and Al>O3 (99.9%
purity) were obtained from Scientific Progress Medical and Scientific
Equipment Company, UAE. In addition, the particle size of CaO and
Al>,O3 were <1.0-um APS powder, and KOH had a particle size between 5
and 7mm. NHsHCO; with a purity of 99% was acquired from EuroLab

Chemicals, Belgium. Three gas cylinders with different CO concentrations
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(3, 10, and 15% COo/air) were purchased from Abu Dhabi Oxygen Company,
UAE. Samples of real reject brine were provided by a multistage flash
desalination unit in Abu Dhabi, UAE.

2.2.2 Analytical Techniques

2.2.2.1 Liquid Analysis

Different analytical instruments were used to determine the
characteristics of the fresh and treated brine, where liquid was separated from
precipitated solids by vacuum filtration after each experimental run. Brine pH
and salinity were measured using pH and conductivity meter (HACH portable
pH meter (Model HQ11D53000000) and HACH portable conductivity meter
(Model HQ14D.99.000000)), respectively. Standard solutions were used to
calibrate the device. The ions content (Na*, Ca%", Mg?*, K*) were measured
using inductively coupled plasma spectrometry (Varian 710-ES ICP optical
emission spectrometer). An appropriate dilution factor was used for all
samples because of the high ion concentrations. The ICP calibration was
accomplished by analyzing solutions of multiple element standards, and after
analyzing every six unknown samples, a reference sample was tested to
evaluate the analysis quality and performance [106]. Chloride ions were
analyzed by HACH HQA40D portable multimeter equipped with a Cl ion
selective electrode (HACH Intellical™ ISECL181). To enhance the accuracy
of each reading, chloride ionic strength adjustment buffer powder pillows
were utilized. The average and standard deviation of ion concentrations for
actual fresh reject brine samples are illustrated in Table 2.3. The reject brine
samples displayed an average salinity of 72,640 mg/l. All readings were

determined by considering the averaged value for three collected samples.
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Table 2.3: Chemical composition and pH value of the reject brine

Na* ClI- Ca?* Mg? K* pH
mg/I mg/l mg/l mg/l mg/l

23,063+7  48,330+4 933+3 2,675+6 877+4  8.02+0.01

2.2.2.2 Solid Characteristics

After each experimental run, the collected solid samples were dried
and grinded to identify their characteristics. The structural and chemical
characteristics of the precipitated solids were examined using XRD, SEM,
Raman, and FTIR spectroscopy. More details about these analytical

techniques are provided in Papers | to V.

XRD analysis:

The structural properties for the collected samples were investigated
using an X-ray diffractometer with Cu Ko radiation (A = 1.54 A). The
analytical XRD diffraction peaks for the collected solids were identified
based on the theoretical intensity of the three most intense peaks for that

mineral in a pure state [107, 108].

SEM analysis:

The surface morphology, texture, and shape of samples were
characterized using Scanning Electron Microscopy (SEM). Samples were
first gold coated with a 300 A gold layer. Then samples were analyzed in
three different areas. Average energy-dispersive X-ray spectroscopy (EDS)
analysis was then performed to detect the main elements in each collected

sample.
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Raman analysis and FTIR analysis:

Raman spectroscopy and FTIR were implemented to confirm the

structure and effective functional groups of the collected solids, respectively.

2.2.3 Experimental Apparatus (Papers | to V)

In each experimental run, a pre-defined amount of alkaline/metal
oxide was mixed with 1 | of reject brine using a magnetic stirrer to ensure a
uniform distribution of alkaline/metal oxides in the reject brine. The pH of
the mixture was recorded before reaction with CO; gas. All experiments were
performed in a novel inert particle spouted bed reactor (IPSBR). More details
about the reactor system can be found in previous studies [77, 91, 102, 109,
110]. The reactor consists of a cylindrical vessel with a conical base, inert
particles, a jacket to control the temperature, a mass flow controller, and a
CO- gas analyzer. The reactor had a port for liquid sampling and drainage at
the bottom. Figure 2.1 (a) and (b) shows a schematic diagram and real picture
of the reactor. Table 2.4 shows the dimensions of the reactor and particle
specifications follow analogues values previously reported by El-Naas et al.
[24].

Table 2.4: Reactor dimensions and inter particles specifications [90, 91]

Reactor material Stainless steel
Reactor internal diameter 78 mm
Reactor height 700 mm
Reactor total volume 3000 ml
Orifice diameter 2 mm
Inert particles material Polymethyl methacrylate
Particle average size 13 mm
Particle average weight 0.511 g/particle
Particle sphericity 0.62
Particle wet density 1.022 g/cm?
Particle volume 0.5 cm®/particle
Particle surface area 4.92 cm?/particle
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L Moisture Trap

Gas Outlet
Gas Flow Controller m 0

Jacket Water to Maintain
the Temperature

700 mm

CO, Gas Analyzer (Model 600 Series,
Nondispersive Infrared NDIR Analyzer)

Mixture Inert Mixing Particles
Cylinder (15% Volume Fraction)

Sampling/Drain

Solid Analysis: FTIR, SEM,
XRD and Raman
Liquid Analysis ICP, pH and
CI Selective Electrode

(b)

Figure 2.1: IPSBR system (a) Schematic diagram and (b) real picture of the
IPSBR system [103]
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2.2.4 Experimental Procedures (Papers I to V)

Initially, the IPSBR system was filled with the prepared solution and exposed
to a continuous gas flow through an orifice at the bottom of the reactor (semi-
batch mode). The flow rate of the gas was controlled by a mass flow
controller. To determine the amount of CO, captured, the outlet gas stream
was passed through a CO; gas analyzer. The gauge pressure was controlled
using a back pressure regulator valve installed at the reactor outlet. At the end
of each experiment, the internal pressure was gradually reduced to
atmospheric pressure. Each experiment was ended when the designated
saturation point was reached, i.e., where the CO; concentration at the outlet
was equal to its inlet value. At the end of each experiment, the contents of the
reactor were drained and the treated brine liquid was separated from
precipitated solids by vacuum filtration using a Buchner funnel setup. It is
important to note that the solution samples (5 ml) for the kinetics investigation
were collected at 15-minute intervals. The pH value of the treated brine was
recorded. lon concentrations of treated brines were measured using ICP
spectrometry (Section 2.2.2.1). The percentage of ion (Ca?*, Na*, K*, Mg#,
CI") reduction, CO, moles reacted, CO, capture efficiency, and CO; uptake,
were calculated using Equations (2.6), (2.7), (2.8), and (2.9), respectively
[103]. Solid characteristics were investigated using the analytical techniques

discussed in Section 2.2.2.2.

lon removal % = % * 100 (2.6)

1

where C;is the initial concentration of ions in the feed brine (mg/l) and Cx is

the final concentration of ions in the treated brine (mg/l).

_ ft volume of CO, captured (I/min).dt

Moles of CO; reacted = =2 (2.7

Molar volume of CO, (1/mol)

Moles of CO; captured (mol/min) *100 (2.8)

CO; Capture effICIenCy ~ Moles of CO, (mol/min) loaded to the reactor



mass of CO, reacted

CO; uptake =

(2.9)

mass of KOH used
The inert particle volume fraction was obtained using Equation [77] as

follows:

. . lume of particl
Inert particle volume fraction= ———— > Pa228 10004

(2.10)

volume of reject brine

The reaction rate (R) is defined as the change in the amount of a reactant per

unit time per unit volume of reaction mixture [111], as indicated below:

_ Change in reactant concentration

(2.11)

corresponding change in time

2.2.4.1 Experimental Procedures for Multi-Stage Treatment Process
(paper V)
As previously stated in Section 2.15, three different methods were
performed during the multi-stage process. The methodology followed for

each method is described in detail below.
First Method (M1):

In the first method, the reject brine is passed through a total of four
stages. In the first stage (M1-S1), a brine sample of 1000 ml was mixed
properly with 110 g/l KOH alkaline (optimum concentration) using a
magnetic stirrer. IPSBR system was filled with the prepared solution and
exposed to a continuous gas flow through an orifice. The outlet CO; is
continuously monitored and measured using a CO> gas analyzer. The whole
system was operated under the optimum conditions. When the experiment
reached the saturation point, the reactor content was drained and filtrated. The
ions in the liquid were analyzed by using the same technique mentioned in
Section 2.2.2.1. In the second stage (M1-S2) the effect of adding NHsHCO3
was tested. It is important to mention that the added amount of NH:HCO3 (40
g/l) was selected on the basis of the screening experiments. It was found that

adding NH4sHCO;3; gave the maximum Na* reduction (56%), as no further
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reduction in Na* was observed by increasing the concentration of NHsHCO3
more than 40 g/l. This amount was considered in further stages of the
treatment. After adding NH4sHCO; to the treated effluent from S1, it was
mixed under room temperature with brine for 15 min at a mixing rate of 50
rpm. The mixture was then kept in the refrigerator at 7°C for 24 h to ensure
maximum NaHCOs; precipitation. The recovered solids from this mixture
were then collected using Buchner filtration, dried and analyzed using the
same techniques described in Section 2.2.2.2. The treated brine was collected
and sent to the next stage. In M1-S3, the treated liquid from S2 was inserted
to the IPSBR and reacted with CO; under the optimum operating conditions
for a further treatment step. The treated brine was then mixed again with
NH4HCO;3; and the same procedures applied for M1-S2 were followed. This
stage was repeated until no precipitates and CO; capture were observed,
which occurred during the fourth stage (M1-S4). Figure 2.2 demonstrates the
flowchart for M1 stages. The liquid analysis and solid characteristics were
investigated by using the mentioned analytical techniques in Section 2.2.2.
The percentage of ion reduction, CO, capture efficiency, and CO, uptake
were calculated using Equations (2.6), (2.7-2.8), and (2.9), respectively [103].
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Figure 2.2: Flowchart for the subsequent stages of M1
Second Method (M2):

The same procedures that were applied in the first method were
followed for the second method. Nevertheless, after the addition of NHs;HCO3
and the filtration step, a specific amount of KOH was added to the liquid to
increase its pH value to the same value (13.6) in the initial prepared solution.
The treated effluent was then recycled to the IPSBR for further reaction with
CO.. The objective of adding KOH was to enhance the pH value as it
increases the solubility of CO; and decreases the solubility of salt’s metallic

components, thus increasing precipitation of products.

Consequently, a high pH improves the efficiency of CO- capture and
salt removal. All the experimental runs were operated under the optimum
conditions. The stages were completed when no further ion reduction was
observed, which occurred during the fourth stage (M2-S4). The amount of
KOH added in S3 was 70 g/l, and the amount added in S4 was 100 g/I. Figure

2.3 demonstrate the subsequent stages of M2. Liquid analysis and solid
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properties were investigated using the analytical techniques described in
Section 2.2.2. Equations (2.6), (2.7-2.8), and (2.9) were used to calculate the
percentage of ion reduction, CO, capture efficiency, and CO, uptake,

respectively [103].

1
1
: pH =13.6
1

IPSBR =
(10% CO; and 90% air)

Liquid + adding KOH till

Liquid pH value the pH raised to 13.60
M2-81-10.93
M2-S2 = 9.07 T
M2-S3 = 9.38
Liquid

M2-S4 = 9.85

1 1
i A :
3 I ! Liquid +
Solid Liquid | !
q : v NH,HCO, Solid
)
i |

M2-S3 and M2-S4

Figure 2.3: Flowchart for the subsequent stages of M2
Third Method (M3):

In this method, the effect of the pre-treatment of brine before any
exposure to CO capture was investigated on the process performance in
terms of CO; capture and metal ion reduction percentage. At the first stage
(M3-S1), a total amount of 110 g KOH was added to 1000 ml of reject brine
and mixed at room temperature with the brine for 15 min at a mixing rate of
50 rpm. The mixture was left covered at room temperature for almost 2 h until
no more precipitation of solids was observed. The solution was then filtered
using a Buchner funnel set-up. The collected solids were dried for 24 h at a
temperature of 120°C. In M3-S2, the treated solution was inserted into the

reactor to react with CO, under the optimum operating conditions. The
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reaction was stopped at the saturation point, and the reactor was drained.
NH4sHCO3 was added in M3-S3 by the same steps shown in the previous two
methods (M1 and M2). Afterwards, the solids were separated from the liquid
by filtration. For further treatment, KOH was added to the treated brine,
similar to the procedure followed in M2 to increase the pH to the same value
as S1 (pH = 13.60). Then, in M3-S4, the whole solution was inserted into the
reactor for a further reaction with CO,. This was repeated until no more ions
reductions were detected. This occurred during the fifth stage (M3-S5). The
amount of KOH added in S4 was 70 g/l, and the amount added in S5 was 100
g/l. The subsequent stages of M3 are shown in Figure 2.4.

Brine+110 g/l KOH
pH = 13.6

IPSBR
(10% CO; and 90% air)

R A Liquid + adding KOH till
M3-S1-13.17 the pH raised to 13.60

1
1
1
1
1
1
1
: M3-S2 = 11.79 T
1
1
1
1
1
1
1

M3-83 = 9.15

M3-S4 = 10.98

Liquid

M3-S5 = 11.50

1
1 ! \
1 ! H
| Liquid +
Liquid L 1
Solld a ;8 NH,HCO, 0 Solid
P v

M3-S4 and M3-S5

Figure 2.4: The subsequent stages of M3
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2.2.4.2 Experimental Procedures for Continuous Operation of IPSBR
(Paper V)

Step changes in the reactor’s inlet gas and liquid flow rates to higher
or lower levels were used to evaluate the reactor’s dynamic behaviour while
keeping the other parameters constant. The feed gas was bubbled through the
reactor, whereas the liquid was fed at the top of the reactor and controlled by
a piston pump. The gas effluent from the top was passed through a moisture
trap and then to a CO, gas analyser. The continuous experiments were
conducted under the optimal conditions. First, each experiment was
performed for at least 3 h to achieve a steady state in CO, capture. Each
parameter was then subjected to a step change in independent tests (gas flow
rate increased from 800 to 2400 ml/min; liquid flow rate increased from 10
to 30 ml/min). A second steady-state condition of CO, capture was achieved
and maintained for at least another 3 h. Each parameter was then reset to its

previous value to achieve the third steady-state condition.

CO, capture efficiency was calculated using Equations (2.7) and
(2.8). The dead time (ts) and time constant (t,) were measured to describe
how quickly the process responds, how adaptable it is, and how easy it is to

control the overall process [105].

The dead time (tg) is defined as the time interval between the gas and
liquid flow rate step change and the first change or response in the CO;
capture efficiency. The reactor time constant (t,,), which describes the speed
with which the measured CO; capture % responds to step changes in the gas
and liquid flowrates. More specifically, it represents the time needed for the
CO. capture % to reach 63.2% of its total and final change [91, 105, 112].

Equations (2.12) and (2.13), were used to calculate the ts and Tp,, respectively.

ty =ty t, (2.12)
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Tp=te3.29 - t2 (2.13)

where t; denote the time at which the step change occurs, t, denote the time
when the measured CO, capture efficiency responds to the step change for
the first time and t43 59, denote the point at which the measured CO, capture

efficiency equals 63.2% of the total final change.

2.3 Overview of the Main Findings

2.3.1 Preliminary Study for KOH as a New Alkaline (Paper I)

The aim of this work was to compare the effectiveness of other
alkaline and amphoteric oxides, namely KOH and Al.Os, respectively, with
that of CaO in terms of thermodynamic properties, pH value, solubility, CO,
capture, ions reduction, and type of produced solids [17]. For comparison
purposes, the reactor was operated under the same optimized conditions that
were previously reported by El-Naas et al. [24] where the CaO (20 g/l) was
investigated. All experiments were performed under the same conditions, and
stoichiometric quantities were utilized for the KOH and Al.Os. The results
indicated that most of the ions removal based on the KOH and CaO were very
close. The combined reaction was very fast in case of the KOH, and many
valuable products were observed, such as KCI, in the form of crystals, as
KOH was capable of maintaining a high level of pH throughout the reaction.
It is not recommended to use Al>Os in further studies as it did not result in
any CO; capture and Na* removal, which is due to its lack of solubility and
low pH level (~8.7) at the onset of the reaction. However, it demonstrated
that it can be used as a coagulant to remove Mg?* ions in the reject brine

solution in the form of Clinohumite.

Thermodynamic Properties:

Thermodynamic properties for all illustrated Equations (2.1), (2.2),

and (2.3) were obtained using quantum chemical calculations (Gaussian16W
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software). It was observed that the modified Solvay process is not
spontaneous with Al>Os in comparison with the other alkaline solids over the
whole temperature range (0-100°C). It is also important to note that using
KOH in the modified Solvay reaction renders it more spontaneous (more

negative AG) than when using Ca(OH), at all the temperatures.

Impact of the Alkaline/Metal Oxide Amount on the Initial pH Value:

Figure 2.5 demonstrates the investigation of the KOH, CaO, and
Al,O3 concentrations effect on the brine solution pH before it reacts with CO..
The results show that potassium and calcium hydroxides can maintain high
pH values of more than 10 in comparison with Al>Os, where the pH value
was not changed. It is worth mentioning that based on the stoichiometric ratio
for KOH (Equation 2.2), 70.57 g/1 should be utilized, which means that the
process can be conducted with great performance without using all the
required amount of KOH, as the pH reached its optimal value (13.6) under
70.57 g/1. There was no remarkable difference between the mass addition and
pH change when Al,O; was added. Therefore, it was decided to run the
experiment at a stoichiometric mass of 21.4 g/l of Al,Os. Figure 2.5 reveals
that the maximum pH value was reached at 4.00 g/l of added CaO. It was
reported previously [24] that 20 g/l of CaO is the optimal amount at which

the CO, capture and ions removal rates reach their optimum values.
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Figure 2.5: Effect of the alkaline/metal oxide mass on the pH of brine before
carbonation for the added oxides

Alkaline/Metal Oxide Solubility:

It was also observed that the KOH entails very high solubility in
comparison with the CaO. All the used quantities were dissolved in high
guantities compared with CaO. However, Al,O; was found to have no
solubility in the reject brine among the three buffer solutions justifying its

poor performance in CO; capture.

Alkaline/Metal Oxide Impact on the CO, Capture Efficiency:

It was reported that almost 0.92 g CO/g CaO was achieved by adding
20 g of CaO. Itis very important to note that this added amount of CaO is less
than the stoichiometric quantity but exceeds the solubility limit. It was
reported previously that an extra amount was added to maintain high pH level
[24]. It was also concluded that the CO, uptake was ~0.32 g CO./g KOH
when 30 g of KOH was tested. In addition, adding the stoichiometric amount
of KOH (70.57 g/l) enabled to reach almost the same uptake of 0.31 g CO./g
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KOH. The same uptake value at different stoichiometric ratios can be
explained in terms of the capacity limit of KOH in absorbing specific mass
of CO; under same operating conditions. Moreover, the CO, removal was
examined using Al-Os, but there were no detected results regarding the

capturing of CO,.

Impact of the Alkaline/Metal Oxide Stoichiometric Amount on the Reaction
pH Level:

It is important to sustain a high pH value until the Solvay process
reaches the saturation state. It is also important to note that the pH value can
control the types of the formed products [9]. For example, the carbonic acid
ions initially existed in the form of carbonates CO3~and bicarbonates HCO3
in the pH ranges of pH > 10.5 and 6.5 < pH < 10.5, respectively [113]. It was
observed from a previous study that the pH reached its maximum value of
almost 11.8 when CaO was utilized at the optimal amount of 20 g/l [24].
Therefore, CaCO; was observed when more CaO was added to the system.
The formation of CaCO3; competed with the formation of NaHCOs. It is also
worth mentioning that this pH value (11.8) almost remained constant until the
end of the reaction. It is also important to note that raising the CaO
concentration more than 20 g/l, did not enhance the pH level anymore, but

instead hindered the mixing inside the reactor and reduced sodium removal.

In the current study, the effect of adding of 70.57 g/l KOH was
investigated. It can be observed that the maximum reached pH value was
12.9, and it decreased along the reaction time until reaching a value of
approximately 9.8, at which the process reached full saturation with CO,. The
changing rate of the pH value was also observed when Al,Oz was added at a
stoichiometric amount of 21.4 g/l. It was reported that the maximum reached
pH value was almost 8.7, which negatively affects the solubility of the CO,

gas.

o1



Impact of the Alkaline/Metal Oxide Type on the lons Removal:

The effect of Al,O3/KOH/CaO on the ions deduction percentage was
investigated, as illustrated in Figure 2.6, for a temperature of 20°C, a gas flow
rate (10% CO2) of 1 I/min, and amounts of 21.4 g Al.Os/l, 20 g CaO /I, and
70.57 g KOH /I. The experiments were conducted for each species separately
until CO; reached the saturation point. At first glance, the reduction
percentage of the CI~ ions was almost the same (36%) when using calcium
and potassium hydroxides. However, the poorest performance was observed
when Al,O3; was used, as only ~ 8% of the CI~ ions was reduced. It can also
be noted that there was a slight decrease in the Na* reduction percentage when
KOH was utilized instead of CaO. The lowest reduction was for Al,O3, where
the Na* ions reduction was ~ 3%. It is very clear from the figure that the
maximum ions removal was for the Mg?* ions, as reductions of almost 98%
and 96% were attained for the CaO and KOH alkaline, respectively. There
was a remarkable decline to around 24% when Al,O3; was used. Although
Al,O3 has no reactivity and solubility in the brine, it can be utilized as a
coagulant for removing magnesium cations in the reject brine solution. It was
also observed that utilizing KOH as an alkaline removed almost 97% of

Ca?*ions.
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Figure 2.6: lons reduction in effluent brine reacted with a CO,-air gas mixture
with different alkaline/metal oxide. The time needed to reach full CO;
saturation was 525 min, 330 min, 25 min for CaO, KOH, and Al.Os,
respectively

Characterization of the Produced Solids:

Figure 2.7 shows the main mineral components resulting from the
reaction when KOH was used. XRD peaks at 28.3°, 40.6°, and 50.1°
confirmed the production of KCI in the precipitated solids [114]. It is worth
mentioning that after the samples were collected, it was found that some of
the crystals started to be formed, as demonstrated in Figure 2.8 (a). The
formation of KCI crystals were confirmed by using SEM after they were
grown in a brine solution for 24 hr. The average EDS analysis for the formed
crystals shows that the main elements are potassium, and chloride with mass
percentage of 96-98%, which confirms the production of KCI crystals. Figure
2.8 (b) illustrates that the produced KCI crystals in this process have sharp
edges and apexes. The production of KCI crystals has many advantages in

different fields. In addition, KOH can be produced from the electrolysis of
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the KCI solution, as illustrated in Equation (2.14) [115] with no CO;

production, which is an advantage of using KOH.

2 KCl + 2 H,0 — 2 KOH + Cl, + Ha (2.14)

1000

CaCO3

NaHCO3
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Figure 2.7: X-ray diffraction pattern for the solids produced from the reaction
between brine and CO, with different alkaline/metal oxide for KOH from 5

to 100°2 6
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(@) (b)

Figure 2.8: Solid products (a) Solid products when KOH was added and (b)
SEM analysis of the same solid products

In summary, the results showed a promising future for KOH as a
buffer to be used in the treatment of brine and in CO; capture. Further
investigations in terms of the parametric analysis were required to optimize
the process parameters for the purpose of maximizing the CO- capture and

the metal removal from solutions in the presence of KOH.

2.3.2 CO; Capture and lons Removal through Reaction with Potassium
Hydroxide in Desalination Reject Brine: Statistical Optimization
(Paper 1I)

In this study, parametric sensitivity analysis was carried out to
optimize the operating conditions and thereby maximize CO, capture and ions
removal from high-salinity brines. RSM analysis using the CCD approach
was implemented to statistically determine the impact of important operating
conditions, including KOH concentration (30-110 g/l), CO. gas flow rate
(400-1600 ml/min), gauge pressure (1-3 barg), and temperature (10-50°C)
on key response process output variables, such as CO; uptake and ions
reduction. These analyses demonstrated that under the optimized conditions

at a temperature of 10°C, gauge pressure of 2.1 barg, CO; gas flow rate of
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848.5 ml/min, KOH concentration of 110 g/I, and an inert mixing particle
volume fraction of 15%, a maximum CO- uptake value of 0.58 g/g KOH,
maximum Na* removal of 44.1%, CI- removal of 40.1%, Ca?* removal of

100%, and Mg?* removal of 99.8% were achieved.

RSM Analysis for CO, Uptake and lons Removal:

Tables S1, S3, S4, S5, and S6 (Paper Il) present the experimental and
predicted results for CO. uptake, Na*, CI-, Mg?*, and Ca?*, respectively under
different operating factors designed by the RSM-CCD. To relate the
measured CO, uptake and ions removal to specific variables, a full quadratic
model was fitted to the data. Moreover, the high R? value (> 0.90) reveals that
the regression model fits the data. The insignificant lack of fit (p-value > 0.05)
affirms that the model fits well to the experimental data [101]. More details
about the developed quadratic models are given in Paper II.

ANOVA was used to evaluate the statistical significance of the
developed models such that the model is considered statistically significant
when the p-value is <0.05 at the 95% confidence level [102, 116, 117]. Table
S2 (Paper Il) shows that pressure is the only factor that exerts a significant
effect on CO; uptake. Moreover, the importance of the fitted regression
models, main parameters, and their interactions were assessed using ANOVA
as shown in Tables S7, S8, S9, and S10 (Paper I1) for percentage reductions
of Na*, CI, Mg?, and Ca?, respectively. The results depict that the
independent parameters of temperature and flow rate had a significant effect
on the Na* and CI~ removal. It was also observed that all independent factors
had a significant effect on the removal of Mg?* ions. However, the gas flow

rate was detected as the only major factor influencing the Ca?* removal.

56



Process optimization and validation:

Optimization was accomplished in Minitab by obtaining individual
desirability values for each response. Table 2.5 shows the optimum
conditions, confidence interval (Cl), and desirability function. The
desirability value is almost 1, confirming an optimal performance for the
studied factors [102].

Table 2.5: Optimum conditions and fitted responses for CO, uptake combined
with ion removal

Optlmy m operating Response Fits 95% ClI Cor_npo_s!te

conditions desirability
CO; uptake (g

C (gl 110 CO,/ g KOH) 0.542 (0.363, 0.760)

P (barg) 2.1 Na'% reduction 41.7 (34.00, 49.41)

F (ml/min) 8485 Cl % reduction 23.6  (19.58,27.56)  0.984
Mg?*% reduction ~ 97.6 (88.83, 100)

T (°C) 10 .
Ca?*% reduction 99.5 (87.77, 100)

Low temperatures increase CO- solubility, causing a decrease in ion
solubility by increasing solid precipitation [24], as shown in Figure 2.9 (a).
According to Equation (2.2) and as demonstrated in Figure 2.9 (b), a high gas
flow rate can positively influence CO, uptake values by enhancing the
reaction rate and shifting it toward the products. However, flow rates higher
than 1000 ml/min appeared to have a negative effect on CO, uptake, which
can be explained by decreasing the gas residence time in the reactor and hence
decreasing the reaction rate. Consequently, an intermediate value of gas flow
rate was predicted by the response optimizer. Furthermore, pressure exhibits
a linear relationship with CO, uptake and a limited effect on ion removal as
illustrated in Figure 2.9 (c). Therefore, a gauge pressure value of ~2.1 barg
was fitted by Minitab.
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Figure 2.9: Effects of (a) temperature, (b) gas flow rate, and (c) pressure on
CO- uptake and ions removal
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Figure 2.9: Effects of (a) temperature, (b) gas flow rate, and (c) pressure on
CO- uptake and ions removal (Continued)

The optimum conditions were experimentally validated under the
same predicted conditions. The results obtained for CO; uptake, Na*, CI,
Mg?*, and Ca?" percentage removal were 0.56 g CO./g KOH, 38.8%, 36.1%,
99.8%, and 100%, respectively. These results all reside within the CI of 95%
as presented in Table 2.5, confirming the ability of the model to predict

process performance at several operating parameters.

Influence of inert mixing particle volume fraction:

El-Naas et al. [24] concluded that the optimum condition of CaO-
based modified Solvay process was achieved for an inert particles volume
fraction of ~6.6%. Therefore, the above-mentioned experiments were
conducted based on a particle volume fraction of ~6%. In the current study,

the impact of the mixing particle volume fraction was addressed under the
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optimized conditions (Table 2.5). The mixing particle volume fractions
employed were in the range of 09%-25%. The inert particle volume fraction
was obtained using Equation (2.10) [77]. The optimum conditions were
improved at mixing particle percentages of 15% compared with 6%, while no
improvement was detected beyond 15%. Under these conditions, the
maximum CO, uptake was ~0.58 g CO,/g KOH, and the maximum
reductions of Na*, Cl-, Ca?*, and Mg?* were 44.1%, 40.1%, 100%, and 99.8%,
respectively.

It is also worth mentioning that the K* reduction was almost 63.5%.
Despite the fact that KOH was used as the primary alkaline (110 g KOH/I
brine), high reduction percentages were achieved in the treated brine,

confirming KOH 's high reactivity.

Characterization of the Produced Solids:

The collected solids were characterized using SEM, XRD and FTIR
(Paper I1). Obtained spectra by these surface characterization techniques
confirm the production of valuable solid products, such as NaHCO3, KHCOs,
K,>CO3, and KCI.

The produced solids have many applications in diverse industrial
fields. NaHCOs; can be used as a pH-buffering agent, baking soda, and
cleaning agent. In addition, it can be utilized as a desulfurization agent in flue
gas treatment [24, 76, 118]. The salt (KCI) is widely used as a major
ingredient in the production of potassium-fertilizers [108, 119]. It also has
some medical applications [120]. Moreover, K,COsand/or KHCOs are

widely used as cleaning and emulsifying agents, respectively [121].
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Cost estimation:

It is important to note that the modified Solvay process based on
different alkaline metals, such as CaO and KOH, resulted in a net positive
economic benefit by eliminating the associated cost with NH3 regeneration in
the traditional Solvay process [24]. According to El-Naas et al. [24] , the
modified Solvay process eliminates all NHs; regeneration energy
requirements, which are estimated to be about 30% of total operating energy.
Furthermore, by eliminating the work required for steam consumption and
compression, which accounts for approximately 70% of the total equivalent
work, the modified process significantly reduces the equivalent work.

Table 2.6 summarizes the estimated cost of consumed alkaline
materials for traditional and modified Solvay processes. It also shows the
operating conditions, CO, capture efficiency, and sodium reduction
percentage. It is worth noting that the cost of consumed KOH is
approximately 66% and 94% less than that of the consumed CaO and NHs,
respectively. Although KOH has a lower CO, uptake than some other
alkaline, it is superior in high metal ions reduction. Due to its high reactivity
and good ions removal compared to other alkaline metals, KOH could be a
good alternative, making it more competitive in the global market. It is also
important to note that the investigations confirmed the effectiveness of the
modified Solvay process based on KOH to operate under a relatively high
temperature that is near the actual reject brine temperature without prior
cooling (Section 2.3.3) [104]. Therefore, using KOH can eliminate all energy
requirements associated with cooling the brine discharge from desalination
units. This demonstrates the novelty of the KOH-based modified Solvay

process.
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Table 2.6: Summary of combined process studies under different operating
conditions

Cost

Alkaline Na* CO, capture 3
Reference Alkaline  solubility OT P reduction efficiency/ (USS/m
(°C)  (bar) treated
(a/l) % CO, uptake
gas)
Mohammad et o
al[32] NH;3 - 19 1 33 86% 7.0
El-Naas et al. 2 0.92 g CO./g
[24, 58] €O ooy 20 1 3 Ca0 128
1210 10 2.1 441 0.58 g CO,/g
Current Study KOH (at 25°C) barg KOH 0.43

2.3.3 KOH-Based Modified Solvay Process for Removing Na lons from
High Salinity Reject Brine at High Temperatures (Paper 1)

Temperature is a vital parameter that significantly affects the
combined process in terms of metal solubility and CO, uptake. Notably, low
temperature conditions are generally preferred to achieve high CO, capture
and ion removal from reject brine. However, brine is commonly discharged
from desalination plants at relatively high temperatures of 40-55°C [36].
Therefore, in this study, an RSM-based CCD approach using Minitab 19.0
was implemented to predict and optimize the effects of the important factors
on the responses by holding the temperature at 50°C. It was concluded that a
CO; uptake of 0.50 g CO/g KOH and maximum removal rates of Na*, CI-,
Ca®*, and Mg*" of 45.6%, 29.8%, 100%, and 91.2%, respectively, were
obtained at a gauge pressure, gas flowrate, and KOH concentration of 2 bar,
776 ml/min, and 30 g/l, respectively, and at high temperature of 50°C. These
results confirm the effectiveness of the process in salinity reduction at a
relatively high temperature that is near the actual reject brine temperature

without prior cooling (Paper I11).
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Impact of Independent Factors on CO; uptake and lons Removal from
Reject Brine:

The relation between the independent variables, i.e., temperature,
pressure, flowrate, and KOH concentration, and responses was represented
using three-dimensional (3D) plots (Paper I11). Figure 2.10 demonstrates the
impact of the interaction between temperature and pressure on the CO;
uptake. As a general conclusion, the uptake increases with pressure at a
constant temperature. This is for the studied ranges of temperature (10-50°C)
and gauge pressure (1-3 bar). These results were achieved under a constant
gas flowrate of 1000 ml/min and a KOH concentration of 70 g/I.

[eNeNeoloNoNeNoNoNe)
O©CoO~NOOUOAWNE

CO, uptake (g CO2/ g KOH)

. 25
e 1.0
Mperg ture (OC) 15

Figure 2.10: Response surface plots of the effect of temperature and pressure

on CO; uptake

Figure 2.11 depicts the effect of the interaction between temperature

and KOH concentration on the Na* removal, which was evaluated under a
constant gauge pressure of 2 bar and a gas flowrate of 1000 ml/min. The

maximum Na* removal efficiency was achieved at a low temperature and a
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high concentration of 110 g/l, which was beyond the stoichiometric value
(70.57 g/1). Moreover, a good Na* removal efficiency can still be achieved at

high temperatures and low KOH concentrations (30 g/l).
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Figure 2.11: Surface response plots of the effect of temperature and KOH
concentration on Na* reduction in reject brine

Process Optimization and Validation:

The previously developed RSM-based CCD model (Paper I1) for the
responses of the 31 experimental runs performed in the previous study (2.3.2)
was implemented. The response optimizer was used to predict the optimum
conditions to achieve the maximum ions reduction by holding the temperature
at 50°C. The developed RSM model predicted that the maximum ion
reduction can be achieved at a KOH concentration, gauge pressure, and gas
flowrate of 30 g/l, 2.0 bar, and ~776 ml/min, respectively, under a constant
temperature of 50°C. A high desirability value of almost 0.85 confirms the

optimal performance of the studied parameters [102].
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The predicted operating conditions and corresponding responses
were experimentally verified. Na*, CI-, Mg?*, and Ca?* show a reduction
efficiency of up to 45.6%, 29.8%, 91.2%, and 100%, respectively. All the
obtained results were within the 95% CI range, confirming the ability of the
model to predict the performance of the process at several operating
parameters. Notably, under the same operating conditions, CO, uptake
reached up to 0.5 g CO./g KOH, which still constitutes a good level of CO;

capture.

Figure 2.12 demonstrates the response optimization plot obtained via
Minitab software. It is noticed that a high KOH concentration has a negative
effect on the Na*, Cl-, and Mg?* reduction. However, it can positively affect
the reduction in Ca? ions. The figure also shows a negligible influence of
pressure on the Na* removal percentage. It is worth noting that the optimum
reduction for all ions except Ca?* can be achieved at a high temperature
(50°C). Moreover, the figure reveals that a low gas flowrate has a good impact
on ions removal, except for Ca?" ions, on which it has a negative impact.
Therefore, the optimum reduction for all ions can be achieved at an

intermediate gas flowrate value of 776 ml/min.

The hot K,COj3 process (hot pot process) [122, 123] can explain the
realization of good CO. capture and Na* reduction at a relatively high
temperature (50°C). A high temperature ensures a high solubility of the
produced K,COs, and simultaneously, a high pressure maintains CO, gas
solubility in the solution, facilitating the reaction described in Equation (2.15)
[122] to proceed. HSC Chemistry 6.1 software [124] was used to perform a
thermodynamic analysis for Equation (2.15). The analysis indicates that the
reaction is spontaneous for the whole temperature range (0 to 100°C) as

indicated by the negative AG.

K2COs3+ CO2+H20 < 2KHCO3 (2.15)
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Moreover, a low KOH concentration (30 g/l) favors the formation of
HCOs7, resulting in the formation of KHCO3z; and NaHCO3;. At 50°C, both
KHCO; and NaHCO; are soluble. However, owing to its high lattice energy,
KHCOs has higher solubility than NaHCO3; [125]. This causes the treated
solution to be oversaturated with HCOs™; therefore, KHCOs starts to compete

against NaHCOs, resulting in a high precipitation of NaHCO3 (Paper IlI).

Notably, the K* reduction efficiency reached up to 79%. Although
KOH was used as the main alkaline material at high concentrations, a high
reduction efficiency was still achieved in the treated brine, confirming the
high efficiency of the reaction under the optimized conditions.

The structural and chemical characteristics of the produced solids
were investigated (XRD, SEM, and FTIR analysis), confirming the presence
of valuable products such as NaHCO3;, KHCOs3, and KCI.
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Figure 2.12: Response optimization plot

Following the achievement of the optimal conditions for the KOH-
based modified Solvay process, the reaction Kinetics for the process were

investigated under these optimal conditions.

2.3.4 Carbon Dioxide Capture through Reaction with Potassium Hydroxide
and Reject Brine: A Kinetics Study (Paper 1V)

It was reported previously that the optimum conditions were obtained
at a gauge pressure, gas flow rate, temperature, KOH concentration, and CO,
inlet concertation of 2.1 bar, 848.5 ml/min, 10°C, 110 g/l, and 10%,
respectively (Section 2.3.2). In the current study, the reaction kinetics of
KOH-based modified Solvay process were investigated. The operating

parameters were selected based on the previously obtained optimal
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conditions, i.e., CO: inlet concentration (3-15%), temperature (10—50°C),
KOH concentration (30-190 g/I), CO- gas flow rate (400-2,000 ml/min), and
total applied pressure (15 bar). To investigate their influence on the reaction
rate, each of these parameters were varied in turn while keeping others at their
respective optimal values. The results revealed that the overall reaction rate
is directly proportional to the increase in the inlet CO, concentration.
However, the selected range of reaction temperature and KOH concentration
exerted no influence on the overall CO, absorption rate, which remained
nearly constant within the selected ranges for these parameters. In summary,
under the chosen operating conditions, a first-order overall reaction rate with
respect to the inlet CO, concentration was established, whereby the reaction
rate constant (k) was ~ 0.0003 mol/I. min.

Figure 2(a) presented in Paper IV illustrates the cumulative CO, moles
reacted per 1 | brine as a function of CO; inlet concentration (3, 10 and 15%
CO,) while adopting the optimized conditions (800 ml/min CO; flow rate,
10°C temperature, 110 g/l KOH concentration, and 2 barg total pressure). As
can be seen from the graph, increasing the inlet CO, concentration has a direct
effect on the reaction rate. The slope displayed in Figure 2(a) (Paper 1V)
represents the reaction rate, reflecting the change in CO, concentration in unit

time. The cumulative CO, moles reacted was calculated using Equation 2.7.

The graph illustrated in Figure 2.13 confirms that the reaction rate is
a function of inlet CO- concentration (3%, 10%, and 15%) and the power trend
line provides a good fit to the experimental data (with R? = 1). The process is
almost first-order with respect to inlet CO, concentration, which is expected,
given that according to Equation (2.2), as the concentration of one of the
reactants increases, the reaction shifts toward the product side, and the reaction

rate and conversion increase.
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Figure 2.13: Change of reaction rate with inlet CO, concertation at the
optimal conditions of 110 g/l KOH concentration, 800 ml/min gas flow rate,
10°C temperature, and pressure of 2 barg

The effect of temperature on the reaction kinetics was also examined,
and the findings are reported in Figure 2.14. For this experiment, five
temperature values (10, 20, 30, 40, and 50°C) were explored, while the
remaining factors were kept constant. The findings indicated that this selected

range of temperatures does not influence the reaction rate, which is in line with
the results reported previously [103, 104].
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Figure 2.14: Effects of temperature on the reaction rate at a pressure, KOH
concentration, inlet CO, concentration %, and gas flow rate of 2 barg, 110 g/l,
10%, and 800 ml/min, respectively

Figure 2.15 illustrates the influence of KOH concentration (30-190
g/l) at a constant gauge pressure of 2 bar, temperature of 10°C, constant gas
flow rate of 800 ml/min, and inlet CO, concentration of 10% on the overall
rate of reaction. As can be seen from the graph, within the selected range, the
effect of KOH concentration has almost no impact on the reaction rate. This
observation confirms the low mass transfer limitations, indicating that the
process is mainly limited by the diffusivity and reactivity of CO; into the

solution.
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Figure 2.15: Effects of KOH concentration on the reaction rate at a pressure,
COs; inlet concentration %, temperature, and gas flow rate of 2 barg, 10%,
10°C and 800 ml/min, respectively

As confirmed by Figure 2.16 and Figure 2.17, respectively, the
relationship between CO- flow rate and reaction rate, as well as pressure and
reaction rate, is linear with power of ~ 1 (R? > 99%). These results were
expected, as greater pressure allows more CO; to be solubilized. Increasing
the flowrate means adding more amount of CO- in the solution. As indicated
by Equation (2.2), this also influences the reaction rate, shifting it toward the

product and reaching the optimal CO;, uptake in less time.
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Kinetics Model (Paper 1V):

As the reaction rate increases with increasing concentration of reactants, the
rate for the reaction given by Equation (2.2) is generally represented by a
power law:

R =K[COJ*[OH}Y (2.16)

where k is the reaction rate constant, [OH7] and [CO;] represent the
concentrations of OH™ ions and inlet CO,, respectively, and x and y
correspond to the order of reaction with respect to [CO;] and [OHT,

respectively.

According to the results presented, CO; inlet concentration has a
direct effect on reaction kinetics, where the rate order is almost first-order
with respect to CO- inlet concentration (3, 10, and 15%), as shown in Figure
2.13. Figure 2.16 and Figure 2.17 confirmed the direct impact of CO; flow
rate and pressure on the rate of reaction. On the other hand, as revealed in
Figure 2.15, the reaction rate is independent of the selected KOH
concentration range, and thus follows the zero-order kinetics with respect to
KOH concentration. As a result, the overall rate of reaction which is zero-
order with respect to [OH] and a near first-order with respect to [CO2] is

given by:
R=k[CO,]** (2.17)

The constant k in the rate equation is unique for every chemical
reaction and depends mainly on the reaction temperature [111]. In the present
study, the rate of reaction was found to be almost constant within the selected
temperature range (10—50°C) and under the same operating conditions
(pressure of 2 barg, gas flow rate of 800 ml/min, inlet CO, concentration of
10%, and KOH concentration of 110 g/l). Moreover, the values of kinetic rate
constant (k) for the five temperatures (10, 20, 30, 40, and 50°C) adopted here
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were obtained by substituting the CO, concentration of 10% and the rate value
corresponding to each temperature (Figure 2.14) into Equation (2.17). A
nearly constant value of k (0.0003 mol/l.min) was obtained irrespective of

temperature.

2.3.5 Multi-Stage Treatment for Modified Solvay Process Based on
Potassium Hydroxide for High-Level Reject Brine Salinity Reduction
and CO; Capture (Paper V)

The objective of this research was to evaluate the multi-stage
treatment for a modified Solvay process based on KOH to achieve an
additional reduction in ion removal from high-salinity brines and an increase
in CO; capture than was previously obtained under optimal operating
conditions (Section 2.3.2). Three different methods were investigated. The
first method evaluated the effectiveness of adding NHsHCQO3 in reducing the
solubility of NaHCOs. Even though the Na* and CI™ concentrations were
reduced by 56.2% and 40%, respectively, the total CO, uptake slightly
improved by 1.2%. In the second method, the addition of extra KOH in
subsequent stages was investigated to overcome the pH reduction observed
in the first method. There was a 47.3% improvement in CO; uptake from the
first method. Furthermore, the percentages of Na* and CI~ removal were
increased to 65% and 64.5%, respectively. In the third method, the recovery
of Ca** and Mg?* was approximately 76.3% and 94.6%, respectively,
following the pre-treatment step (filtration), followed by the same stages as
in the second method. Reducing these ions decreased the competitive
reactions and thus increased CO; solubility and reactivity with KOH,
resulting in higher cumulative CO, uptake from all stages to 108.2 g
CO,/1000 ml, which was 8.3% more than the second method.

A summary of the overall reduction in ions and CO, uptake (g CO./
1000 ml brine) from the three methods (M1, M2, and M3) are illustrated in
Table 2.7.
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Table 2.7: Summary of ions reduction % and CO, uptake of brine for the
three methods

+ - CO;, uptake (g COo/
0,
Stages Na'% Clro 1000 ml brine)

MI M2 M3 | ML M2 M3| ML M2 M3
S1 38 389 11 35 361 3 63 597 -

S2 56 498 389 | 389 404 366 - - 84.5
S3 56.07 60.7 471 | 395 58.7 399 3 175 -
S4 56.2 65 54.6 40 64.5 53 1.8 227 75
S5 - - 57.7 - - 60.1 - - 11.1
Total - - - - - - 67.8 999 108.2

CO;, capture efficiency and ions removal percentage by M1:

Figure 2.18 shows a significant increase in Na* removal from ~38%
in S1 to 56% in S2, followed by a constant removal percentage in the
following stage as there was no more Na* reduction. These results confirmed
the effectiveness of NHsHCO;. Adding NH,HCO3 decreased the solubility of
NaHCOs, according to Equations (2.4) and (2.5).

Furthermore, Table 2.7, illustrates that the addition of NH4sHCOs had
almost no effect on the CO- uptake (g CO, / 1000 ml of brine) in the further
stages (S3 and S4). The total CO; uptake from M1 was 67.8 g CO,/ 1000 ml
of brine. More details about the findings are demonstrated in Paper V.
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Figure 2.18: lon reduction % for M1-S1, M1-S2, M1-S3 and M1-S4

CO capture efficiency and ions removal percentage by M2:

In M2, there was a 15.7% and 61.2% improvement in Na* and CI~
reduction from the first method, respectively. Moreover, the total CO, uptake
reached almost 99.9 g CO»/1000 ml of brine in M2, compared with only 67.8
g CO,/1000 ml of brine in M1, which is approximately a 47.3% improvement.
This result shows the effectiveness of adding more KOH in subsequent
stages, because high pH values increase CO- solubility and the precipitation
of valuable solid products. Table 2.7 summarizes the total CO, uptake and
ions reduction from each stage. More information on the findings can be
found in Paper V.

CO: capture efficiency and ions removal percentage by M3:

In M3, there was a considerable enhancement in the total CO; uptake
in the early stage (S2), with a value of 84.5 g CO./1000 ml brine compared
with 59.7 g CO2/1000 ml in M2-S1, a difference of approximately 41.5%.

This is due to the effect of the pre-treatment step (filtration) in M3, where
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Ca%" and Mg? were removed by ~ 76.3% and 94.6%, respectively. These
ions behave as inhibitors, and their reduction decreased competitive reactions
by increasing CO, solubility and reactivity with KOH. In addition, the
cumulative CO; uptake at the final stage for M3 was 8.3% higher than that
for M2, as shown in Table 2.7. On the other hand, the total reduction in Na*
and CI~ percentages were decreased in M3 by almost 11.2% and 6.8%,
respectively, when compared to M2. This is due to a decrease in the total
salinity of the brine. According to Equation 2.2, as salinity decreases, the
reaction shifts to the left side (Le Chatelier principle), resulting in a decrease

in total Na* and CI~ percentages.

By comparing M2 with M3, the results illustrate that the highest Na*
and CI~ removal were achieved by M2. However, if high CO, uptake, and
early recovery of Ca?* and Mg?* as pure solids were preferred, M3 would be
the best option.

Collected solids characteristics:

The recovery of the ions was also confirmed from the solid
characteristics analysis (Section 2.2.2.2). The XRD analysis for the collected
solids from M2-S3 confirmed the recovery of NaHCOs;, KCI and KHCO;
solids as shown in Figure 2.19. The presence of NaHCO; and KHCO;
confirms the effectiveness of adding NH,HCQOgs. It is worth noting that the
precipitation of K* in the form KCI and KHCO3 confirms the high reactivity
of KOH with CO,, although it was used as the primary alkaline at high

concentrations.

77



14000

NaHCO,
12000 -

10000 -

8000

Intensitty

6000 -
4000

2000 -

KCl
0 4 . ]i ﬁg JLIIL A.ANAI*A .

10 20 30 40 50 60 70 80
Angle 26

Figure 2.19: X-ray diffraction patterns of dried and collected solids from
M2-S3

Figure 2.20 shows SEM images and the EDS analysis for the M3-S4
tested sample. The EDS analysis confirmed the high percentage recovery of
Na* in the form of NaHCOs. The presence of KCI and KHCO; was also
confirmed. Lack of any spiky type solids shows that most of the NHsHCOs
added has been converted to NaHCOs; and KHCOa. Figure 2.21 illustrates the
crystals formed at M3-5S4.
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Figure 2.20: Results from SEM and EDS analyses for the M3-S4 collected
solids

Figure 2.21: The recovery of the crystals formed in M3-S4
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2.3.6 Continuous Operation of IPSBR (Paper V)

It is important to note that the reactions occur in a novel inert particle
spouted bed reactor (IPSBR) developed by El-Naas et al. [90, 91]. Therefore,
the objective of the current work was to investigate the dynamic behavior of
the IPSBR using inlet gas flow rate and liquid flow rate step changes, where
a KOH-based modified Solvay process was performed. Continuous flow
experiments were conducted under the previously determined optimum
conditions (Table 2.5-Section 2.3.2). The results were very promising in
terms of the reactor system's flexibility and applicability for large-scale
processes.

The decrease or increase in CO; capture efficiency caused by the step
changes in gas and liquid flow rates is shown in Figures 2.22 and 2.23. It is
shown that the efficiency of CO, capture increases as the gas flow rate
decreases. The opposite has been observed for increasing the liquid flow rate.

According to Equation (2.2), the above results were expected because
it has previously been reported [103, 104] that a high gas flow rate can
positively influence CO; uptake by increasing the reaction rate and pushing
it toward the products. However, flow rates greater than 1000 ml/min
appeared to have a negative effect on CO, uptake, which can be explained by
decreasing the gas residence time in the reactor and thus the reaction rate.
Consequently, an intermediate value of gas flow rate (848.5 ml/min) was
predicted by the response optimizer (Section 2.3.2).

Increasing the liquid flow rate positively affects the CO, capture rate
due to increasing the volume of fresh solution (brine + 110g/l KOH) that
contacts the gas at every time unit. This fresh solution has a high pH value
and contains a high level of metal ions, which ensures the high reactivity of

CO- during the treating time.
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Figure 2.22: CO, capture versus reaction time as a function of gas flow rate
at the conditions of 110 g/l KOH concentration, and 10°C temperature, and
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Figure 2.23: CO, capture versus reaction time as a function of liquid flow rate
at the conditions of 110 g/l KOH concentration, and 10°C temperature, and
pressure of 2 barg



Figure 2.24 shows that the dead time (tg) is less than the reactor time
constant (t,,) in all experiments, indicating tight and simple overall process
control [126].

The above results showed that the CO- capture efficiency % was in a
steady state and stabilized for at least 3 h at different operational conditions.
Additionally, the tq was less than z,, in all experiments. These findings are
promising in terms of the reactor system’s flexibility and applicability to

large-scale processes [91].
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Figure 2.24: t4 and T, for the performed step change experiments
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Chapter 3: Conclusion and Future Perspectives

Solvay and modified Solvay processes are facing some limitations
such as, alkaline solubility, operating temperature, maintaining a high pH
value, and low Na* removal, which does not exceed 35%, resulting in a low
overall desalination efficiency. The research presented in this dissertation
introduces a new alkaline, namely KOH to investigate its ability to overcome
these limitations for further improvement in the productivity and

sustainability of the modified Solvay process.

A preliminary investigation was conducted to compare the
effectiveness of a modified Solvay process based on KOH to CaO results
obtained in previous studies. All experiments were performed under a
temperature of 20°C, gas flow rate of 1 I/min, CaO concentration of 20 g/l
(optimum amount), and KOH concentration of 70.57 g/l (stochiometric
amount). Experiments were conducted in a novel inert particle spouted bed
reactor. It was observed that KOH entails very high solubility in comparison
with CaO. The obtained results also demonstrated that most of the ions
removal based on the KOH and CaO were very close. Moreover, KOH was
capable of sustaining a high level of pH (~13.6) throughout the reaction
(Paper I).

Initial results revealed that KOH is a promising alkaline material,
which can significantly accelerate CO capture efficiency and treat reject
brine. Further investigations in terms of the parametric sensitivity analysis
were conducted to optimize the process parameters for the purpose of
maximizing the CO; capture and the metal removal from solutions in the
presence of KOH. The optimization of KOH-based modified Solvay process
was investigated to obtain the maximum CO; uptake and ions recovery from

reject brine. CCD-RSM approach was utilized to predict and optimize the
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parameters of four key factors, namely, KOH concentration (30-110 g/l),
gauge pressure (1-3 barg), temperature (10-50°C), and CO; gas flow rate
(400-1600 ml/min). The experimental results were represented by a second-
order regression model and the predicted responses agreed well with the
experimental results (R?> 0.95). The optimum operating conditions were
found to be KOH concentration of 110 g¢/l, gauge pressure of 2.1 barg,
CO; flow rate of 848.5 ml/min, and temperature of 10°C. Under these
conditions, the maximum CO; uptake was ~0.58 g CO2/g KOH, and the
maximum reductions of Na*, Cl-, Ca?* and Mg?* were 44.1%, 40.1%, 100%,
and 99.8%, respectively. The effect of the mixing particle volume fraction
was also examined between 0 and 25%, such that the optimum conditions
were improved at mixing particle percentages of 15%, while no improvement
was detected beyond 15%. The collected solids were characterized using
SEM, XRD and FTIR. Obtained spectra by these surface characterization
techniques confirm the production of valuable solid products, such as
NaHCOs;, KHCO3, K,CO3, CaCOs, Mg(OH), and KCI (Paper II).

It is known that the temperature is an important parameter that affects
the performance of the combined process. Generally, the increase in
temperature causes increase in the solubility of product, decrease in the CO;
capturing and metal removal efficiency. Hence a lower temperature is
required to increase the CO; capturing and metal removal efficiencies.
However, brine is commonly discharged from desalination plants at relatively
high temperatures of 40-55°C. One important motivational point of this work
is to examine the performance of KOH-based modified Solvay process at high
temperatures. The optimization was performed under different operating
conditions to obtain the maximum CO; capture and ion recovery from reject
brine at a relatively high temperature of 50°C. An RSM-based CCD approach
using Minitab 19.0 was implemented to predict and optimize the effects of

four important factors on the responses, namely, KOH concentration (30-110
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g/l), gauge pressure (1-3 bar), temperature (10°C -50°C), and CO: gas
flowrate (400-1600 ml/min). The responses of 31 experimental runs were
properly represented using 3D surface response plots. A response optimizer
was used to predict the optimum conditions to achieve the maximum
responses by holding the temperature at 50°C. The predicted optimum
conditions were obtained at a gauge pressure, gas flowrate, and KOH
concentration of 2 bar, 776 mL/min, and 30 ¢/, respectively. The predicted
responses under these conditions were experimentally validated, and the
results showed a good agreement with the predicted values. The experimental
results showed that under the optimized conditions and at 50°C, a maximum
CO; uptake of ~0.50 g CO2/g KOH and maximum reduction efficiencies of
Na*, ClI, Ca%", and Mg?* of 45.6%, 29.8%, 100%, and 91.2%, respectively,
were achieved. Under these operating conditions, the reaction rate was
relatively high, and a new reaction occurred. This can be explained by the hot
pot process of K,COs, during which the pressurized CO, reacts with soluble
K2COs3 at high temperatures to form KHCO;. KHCO; starts to compete
against NaHCOs, resulting in a high precipitation of NaHCOs. The solid
products were characterized using SEM, XRD, and FTIR analysis. All the
results confirmed the production of valuable products with diverse industrial
applications, such as NaHCO3;, KHCOs3, K,COs, and KCI (Paper I111).

Understanding the reaction kinetics is essential for controlling
reactions and obtaining the desired outcomes. For example, production can
be improved by ascertaining how fast products are formed and identifying
factors that cause reactions to slow down. Therefore, reaction kinetics of the
KOH-based modified Solvay process were studied in a novel IPSBR system.
The operating parameters were selected based on the previously obtained
optimal conditions, i.e., CO; inlet concentration (3-15%), temperature
(10-50°C), KOH concentration (30-190 g/l), CO- gas flow rate (400-2,000

ml/min), and total applied pressure (1—5 bar). To investigate their influence
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on the reaction rate, each of these parameters was varied in turn while keeping
others at their respective optimal values. Temporal changes in ion reduction
and pH were also examined during each experimental run. The findings
revealed a direct relationship between rate of reaction and CO: inlet
concentration. In addition, the same trend of variation was attained by the
changing gas flow rate and total applied pressure. On the other hand, no
change in the reaction rate was observed when the reaction temperature
increased from 10°C to 50°C. Moreover, the rate was independent of the
selected range of KOH concentrations. As a result, the overall reaction rate
was first-order with respect to CO, concentration, and the reaction rate
constant (k) was ~ 0.0003 mol/I. min within the operating conditions chosen
(Paper V).

Though acceptable efficiency has been achieved by utilizing the
single stage process, a multi-stage treatment process was also investigated to
check its impact for further improvement in the overall performance of the
KOH-based modified Solvay process in terms of CO. capture and ions
reduction. At the optimum conditions, a single-stage treatment process
achieved a maximum CO; uptake of 67 g CO,/1000 ml of treated brine, a
maximum Na* reduction of 44.1%, CI~ reduction of 40.1%, Ca** reduction of
100%, and Mg?®* reduction of 99.8%. The current multi-stage treatment
process consists of three methods. The first method tested the effect of adding
NH4HCOs on Na* removal, which increased to 56.2%. Nevertheless, CO,
uptake slightly increased to 67.8 g CO2/1000 ml of treated brine. In M2, more
KOH was added in subsequent stages to overcome the pH reduction caused
by each treatment stage. This resulted in a considerable increase in the
reduction of Na* and CI™ to 65 and 64.5%, respectively. Additionally, CO>
uptake reached 99.9 g CO,/1000 ml of treated brine. The effect of filtration
on the solution prior to reaction with CO, was assessed in M3. At this stage,
it was found that 94.6% recovery of Mg?* in the form of Mg(OH), and
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~76.3% removal of Ca?* were achieved. This had a positive effect on CO;
uptake, as it reached its maximum value of 84.5 g CO>/1000 ml of treated
brine directly from the second stage without an additional treatment step. In
addition, the cumulative CO, uptake from all stages was almost 108.2 g
CO2/1000 ml of treated brine. These results showed that the new, proposed
multi-stage desalination process has the potential to significantly improve the
desalination of reject brine with a high salinity, which may be used in
different industrial applications. Moreover, solid products were characterized
using SEM, XRD, FTIR and Raman analysis (Paper V).

It is worth noting that, the reactor system’s dynamic behaviour was
also investigated using step changes in gas flow rate (800 - 2400 ml/min) and
liquid flow rate (10-30 ml/min). The dead time and reactor time constant were
calculated for each transient state condition. In all cases, the dead time was
less than the reactor time constant, showing tight and simple overall process
control (Paper V).

Based on the experimental and analytical studies conducted in this

work, there are many challenging issues to be considered for the future:

- Industrial solid waste can be used instead of commercial alkaline to
increase the pH and generate valuable products with a wide range of
applications. Wood ash is considered as nontoxic waste, it contains
alkaline material in the form of potassium carbonate (K.COs) and
KOH, often referred to as pearl potash and potash,
respectively. These compounds are highly soluble in water and react
with it to produce hydroxide ions with a pH as high as 12 [127].
Charcoal industry produces significant amounts of wood ash waste,
as well as pulp and paper mills industries. Further investigations are
required to examine the effect of the wood ash wastes (tree limbs/palm

fronds) to increase the productivity and sustainability of the modified
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Solvay process based on KOH. Exploring the effect of this waste can be

a new research dimension in this area.

Further improvement in the multi-stage process is required for enhancing
the purity of the produced solids. Mohammad et al. [128] developed a
novel technique, namely, a multi-stage desalination process, where a
combination of chemical and electrocoagulation processes were
implemented at different stages. This method was applied for the
modified Solvay process based on CaO. In each stage, a specific metal
ion was recovered in high purity. The electrocoagulation process was
used to recover most of the ammonium (NHJ) content as NH; gas.
Moreover, Ca?* ions in the form of CaCl, was recovered as Ca(OH),
resulted from the electrolysis of water. Moreover, hydrogen (Hz) and
chlorine (Cl) gases were produced. It is also important to implement the
developed multi-stage [128] for the KOH-based modified Solvay
process. This will increase the purity of the produced solids. In the current
work, some of the KCI was produced as a form of crystals, which can be
easily recovered by filtration. However, still some of the KCl is dissolved
in the solution. Therefore, the electrocoagulation process can be applied
to recover the dissolved KCI as a form of KOH. Furthermore, NH}
resulted from the addition of NHsHCOs in the multistage treatment
(Section 2.3.5) can be converted into NHz gas. This could result in high
recovery for K* ions up to 100% recovery. The proposed multi-stage
process has the potential to result in further improvement in the

productivity and sustainability of the process.

Recently, Mohammad et al. [129] investigated the effect of new oil-
adsorbent material produced by the modified Solvay process based on
CaO. The solids are mostly made up of NaHCO3, CaCl,, Mg(OH), and

K>CrOs. It was determined that the developed adsorbents can be utilized



in oil spill cleanup. The utilization of the recovered solids by the KOH-
based modified Solvay process is another interesting area of research. The
solid characteristics analysis of the current work confirmed the existence
of NaHCO;, KCI, KHCO3, K;CrOs;, and Mg(OH), which could be

examined to check its ability as oil adsorbent material.

The IPSBR hydrodynamics was simulated previously by Mohammad et
al. [102, 109, 110] using ANSY'S computational fluid dynamics software
(CFD). Based on the developed model, it is recommended to utilize
Ansys Chemkin-Pro simulator to select the appropriate kinetics models
for the proposed process. The continuous operation of the process can be
validated experimentally by knowing the inlet parameters of the reactor
and the kinetics model predicted experimentally. Such simulation work

will produce more accurate and realistic data for further scale up process.

Purity of the collected solids and the purification process need to be
addressed and investigated for more clear utilization process. Utilization
of the recovered solids in industrial and/or environmental applications

requires more investigations and more comprehensive characterizations.

The treated brine is within a salinity value of ~ 39,225 ppm. Accordingly,
treated brine has less impact on the operational infrastructure units
compared to the feed brine (75,000-80,000 ppm). On an industrial scale,
treated brine could be used in thermoelectric-power industry to cool
electricity-generating equipment. Also, it can be used in enhanced oil
recovery, mining, and some industrial operations. The aim is to optimize
the process to reach much lower salinity so that it can be used for brackish

water irrigation.

There are multiple parameters in the study to achieve the optimized

performance such as concentrations of salts, temperature, and ionic
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strength. It is recommended to use equilibrium model(s) such as

MINEQL to determine the better operational conditions.

A pilot study will be carried in the future for scale up. Currently, there is
an existing pilot plant in which the CaO-based modified Solvay process
is implemented. The pilot plant produces a clean air gas (~free of COy).
In addition, the recovered solids are mainly NaHCO3 and CaCO3 mixture
with a weight percentage around 20% NaHCO3 and 80% CaCOs, which
could reach a selling benefit of 10 $US/Kg for NaHCO3 and 5 $US/Kg
for CaCO; after a specific purification process. The scale-up process
could be tested for the new alkaline (KOH), and hence further feasibility
study will be carried out based on the optimum operating conditions for
the proposed process.
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While desalination of seawater is important for meeting the water demand, the
technology produces large volumes of reject brine (high salinity water) and COz,
causing environmental pollution. Solvay and modified Solvay processes try to
manage these wastes. However, more attention is needed to overcome different
limitations of these processes such as, alkaline solubility, operating temperature,
maintaining high pH value, and low sodium removal efficiency, which does not
exceed 35%. The aim of this work is to introduce an alternative alkaline, namely
KOH and investigate its ability to overcome these limitations for a further
improvement in the productivity of the process.
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