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Abstract

As a result of humactivities, the level of atmospheric carbon dioxide fCkas increased.
Carbon capture and sequestration (CCS) technologies offer an effective approach for mitigating
COz from various industrial process to reduce the global climate change effect. Tdnessdgies

can be integrated into existing infrastructure with minimal disruption. This study reviews en post
combustion C®@ capture and sequestration techniques, with a specific focus on mineral
carbonation process routes dhdir potential feedstocks. Meral carbonation is an approach that
mimics the natural weathering of rock, in which metal osbdaring materials, for instance natural
silicate minerals (serpentinite, olivine) react with gaseous ©6Qorm solid carbonates. This
process takes placenageological time scales, but it can be accelerated by increasing the

concentration of C@in a reactor through pressurization of the system.

The purpose of this study was investigation of technical feasibility of a CCS processabyg of
ahydraulic aircompressor (HAC). A series of experiments were conducted on the HAC pilot plant
to investigate the potential of the system as a-postbustion C®@ capture system. Those
experiences experimentally verified a aimmensional steadgtate model for twghasebubbly

flow. The verified bubbly flow model was used to compare the hydrodynamics and mass transfer
characteristics of HAC downcomers and upwaretaent flow bubble column reactors and to

predict gas liquid mass transfer coefficients.

The experimentatesults showed that the HAC is an effective technology for intensification of
CCS processes due to its improved mass transfer performance compared to other mass transfer

devices. While the high capital cost of HAC construction, following a general MaA#( design



paradigm, limits applicability, the horizontal injector loop (HIL), developed in this thesis offers a
new apparatus with similar gas compressor performance and reduced height, which would make

the concept more accessible for capital restriptegects.

A mathematical dynamic kinetic model is developed to simulate the kinetics :0ali30rption

into an alkaline solution in the HIL. This model makes a significant contribution in predicting the
absorption rate under operating conditions beyond those achievable in experimental tests
undertaken. In addition, this model can be used toegtlid design of a new reactor and future

experiments, making it a valuable tool for £8pture and sequestration activity.

Carbon dioxidecapture and sequestration by means of a HIL as a pressurized, continuous chemical
reactor was also investigated experntally. The experimental results demonstrated that the HIL

has a credible potential for this purpose. These experiments were also simulated using the dynamic
kinetic model, which showed good agreement with the experimental findings. However, some
potental improvements to the dynamic kinetic model have been identified to enhance its

compatibility with experimental conditions.

Keywords CO: capture and sequestratjonineral carbonatiornydraulic air compressor,

horizontal injector looptwo-phase bubbly flowdynamickinetic model
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1. Introduction

1.1 Mitigating global CO , emissions

Human activities have increased the concentratdrgreenhouse gasssich asCO, methane
(CHa), nitrous oxide (MO), andhalocarbon gases in the atmospH#PE€C, 2007)It is estimated
that the current averaggmospheric C&concentration increased from a fnelustrial value of
280 ppm to 419 ppm in 20221 highest level value in at least 2 million yeddsS Department
of Commerce, 2022 Emissions of greenhouse gases are expected to increase, reinforcing the
greenhouse effect, whick predicted to increase the average temperaturé ®gClin the next
century. A few visible impacts of climate change include the global average sea level rise, increase
in the intensity and frequency of extreme weather events, disruption of ice shatvebanggin
rainfall patterns(IPCC, 2001) Reducing C®@ emissions requires different strategissich as
switching to renewable energy, carbon capturesagiestration (CCS), reducing global energy
consumption, and switching to less caratensive fuels.

One of the primary sources of @@missions is the use of fossil fuels for electricity
generation, particularly in developing countries. The combustion of fossi| fuels as coabil,
and natual gasin power plants for generating electricity contributes ovét 00 the total global
COz emissions. Codired power plants alone account for approximately-thiel of the CQ
emissions from power generation. Fossil fuels are widely used for g@neration because they
are inexpensive, abundantly available, widely distributed geographically, and easily exploitable

using existing technologies.



Although alternative energy sour¢esich as renewable eneygpyw-carbon energy, nuclear
power, and cleaenergy technologyhave shown great potential to replace fossil fuels, they are
not yet perceived as fully reliable and cannot effectigelypeteeconomically with cheap fossil
fuels in some jurisdiction®espite the efforts to fully replace fossil faelith renewable sources,
fossil fuels may remain the largest global energy source over the next several ({€&Zad&X16;

IPCC, 2005a)

1.2 Carbon capture and sequestration

According to the IEA(2016) carbon capture and sequestration (C@8)nologies are the most
effective approaches for reducing CO2 emissions from existing power plants because they can be
retrofitted to existing generation infrastructure with minimal disrup{Blomenet al, 2009;
Yadav and Mehra, 2021The deployment of CCS importantfor reducingCOz emissions from
power plantsand other emittingndustries such as iron and steel smelting, cement production,
natural gas proasing and petrochemical refiniigO 6 C oat al,@001b; Wileyet al, 2011; Yi
et al, 2012) so that the climatic impact ofébe emissions is reduced.

T h e tcabomcapiure and sequestrafioefers to technologiesn which CQO; is first
captured fromndustrial or energyelatedemissionsourcegCOz capturelandthenisolated from

the carbon cycle throughansfer tosome form oftorage sitdCO. sequestration)IPCC, 2007)

The aim of the capture of G@ to removeor separat€O, from mixtures ofexhaust gases

in theflue strears of fossil fuetbasedelectricity-generating planter other industrial processes

! International Energy Agency



that combust fossil fuel&Chaiet al, 2022). The process of capturing GO@an be grouped into
three broad categories, such as capturing &fore fuel combustion (preombustion capture),
after combustion (postombustion captureand combustion in a pure stream of ©xy-fuel
capture) A comparison of these technologies is presentethirie 1-1. For furtherinformation,
please refeto Carpenteet al. (2017, Leunget al. (2014, Sethi and Dutt$2018 and Y. Wang

et al.(2017)

Table 1-1: Advantages and disadvantages of COcapture technologies modifiedLeung et
al., 2014; Rao, 2010; T. Wangt al, 2017; Y. Wanget al, 2017; Woodallet al, 2019)

Capture
process

Application
area

Advantages

Disadvantages

Pre
combustion

Coal
gasification
plants

High CQ, concentration enhance
sorption efficiency; fully developet
technology, commercially deploye
at the required scale in some industi
sectors; opportunity for retrofit t
existing plant; For coal plants
efficiency, and cost penalties ar
generally lower than for post
combustion capture; GGs generatec
under pressure thus less compress
is needed for transport

High parasitic power requirement fc
sorbent regeneration; Inadequi
experience due to few gasification pku
currently operated in the maitkeHigh
capital and operating costs for curre
sorption systems; Efficiency loss in wat
gas shift section; Cooling and cleaning
syngas beforecapturng the CQ is
necessary

Post
combustion

Coalfired
and gas
fired plants

Technologyis moremature than othe
alternatives; Can easily retrofit int
existing plants; Applicable to th
majority of existing coafired plants.
Existing power plant can be
retrofitted with minor modifications
The energy demand athe power
plant can be controlled hyassing or
adjusting the C@capture step during
peak load.

Low CGQ;, concentration affects the captu
efficiency; The high capital and operatir
costs; The high energy requirement
solution regeneration; Due to the hig
temperature, the gas needs to do®led
before the C@ capture step; Energ
penalty due to solvent regeneratic
Degradation and loss of solvent

Oxyfuel
combustion

Coalfired
and gas
fired plants

Very high CQ concentration tha
enhances absorption efficienc
mature air separation tewologies
available; reduced volume of gas to
treated, hence required smaller boi
and other equipment; Combustc
would be fairly conventional
Potential for advanced oxyge
separation membranes with low
energy consumption

High efficiency drop anenergy penalty;
cryogenic Q@ production is costly;
corrosion problem may arise; Need

recycle large quantities of flue gas to avc
excessively high combustio
temperatures; Power consumption of
cryogenic separation until may be cc
prohibitive; Materals of construction have
to resist to the high temperature

operation; Retrofit is an issue due to t
high combustion temperature




To date, postombustion carbon capture (PCC) has been the only industriatdp@ure
technology demonstratemh afully commercial scalelhe Technology Centre Mongstd@iCM)
in Norway (.e., CO2 capture bythe Monoethanolamine (MEApbsorption proceysand
SaskPower's Boundary Dam 3 CCS Facility (BE3D2/SC: capture and ESOs productionby
the MEA absorptiorproces¥are twolargescale demonstratiors this technology(Liang et al,

2015; Zhanget al, 2020)

* Chemical loopil a
* Room temperature IL « Calcium Wn:‘ 2 Selexol process
* Task specific IL 5 Re::;ol process * Monoethanolamine
* IL-based solvents Pu PIO0e * Ag i
" + Alkaline solution
Hv.gh-tem!). Physical + Modified Solvay
e Solid Looping e * Dual-alkali
lonic Liquid Absorption + Others (PZ, AMP, PIP)
(IL)
.- Chemical * Wollastonite
based Absorption  Samaniice
S :::::"‘” Bio-based CO2 Capture + Olivine
Forest System Technologies * Iron/Steel slags
* Fly ash
Plant Mineralization Rt
gz * Cement waste
Cryogenics * Mining waste
Solid * Paper/pulping
/ Membrane- Adsorbent waste
based System

* Dry ice formation at low

temperature
* Compressed Flue Gas™
* External Cooling Loop™

= Gas separation
* Gas absorption

* Zeolite

* Molecular sieve
* Metal organic framework (MOF)

* Ceramic-based system
* Membrane-amine hybrid

* Activated carbon (AC)
* Alumina / lithium Compounds

* Electrodeionization (EDI)

Figure 1-1:. Different approaches to postcombustion CQG, capture technologies

(Chiang and Pan, 2017a)

The methodwvhich is described in this thesis based on postombustioncarboncapture
andsequestratiorprocessFigure 1-1 illustratesthe many of the technological options that have
beendeveloped and investigated fargtcombustiorCO; capture methods, motivated by the need

to mitigate the climatic impact of anthropomorphic £Z&nissions.



This work investigates a carbon capture method that is conceptually similar to those
illustrated inFigure 1-1, butis not completely representéy any of those options. That novel
concept is capture by pressurisation of a combustion flue gas stream with water so that the CO
becomes preferentially and dissolved in the waitegeneral, ltis is a feasible route because2CO
is approximatelytentimes more soluble in water than the remaining gaseous constituehés of
combustion flue gasgsvater vapo in the combustion gas condenses and besathemically

indistinguishable from the water solvent).

The closest process to that proposed in this thdkistratedin Figure 1-1 is i Ro o m
temperature | LO because the compression proc
commpression proces#dditionally, thedh Co mp r e s s e grocéshswaleo clBs#m @bvious
reasonsHowever,compressing flue gasalonewill not separate the CQOrom the other species
in the flue gas without additional measufes., dissolution in wéger). The overall CCS solution
investigated in this thesis includes alkaline solutions. However, the alkaline solution is shown
principally to be concerned with the sequestration method after capture rather than the capture

mechanism itself

The straightfoward dissolution of C®is the mechanism investigated in this study
distinguishing it from other studies involving dissolution and reastisach as theIEA method.
However, the C® capture concept relationship &so clearlyclose. Moreover, if another
discriminant is required to distinguish the £€pture process proposed in this study, it will be
possible to distinguish it from the MEA dissolution of £0 flue gas streami® the manner of

capture solvent regeneration.



In the MEA procesghe captured dissolved CGOs driven out of MEA solution by heating,
which takes advantage ohe ofthe general properties of gaseshat they are less soluble in any
solvent when the solvent temperature is highhough heat regenerates the solverthenMEA
process, the quantities of heat required to regenerate the solvent in practice at scale (e.g., the
Boundary Dam codiired electricitygenerating plant in Saskatchewan) have proven to be high

enough to stall interest in this former leading captecdnology(Kolawole, 2019)

However, the solvent regeneration method proposed in this thesigas the precipitation
of the CQ as an alkalineearth metal oxide, such as calcium carbonate, G@&YOThe
precipitation process occurs under ambient temperature conditions and is accelerated by the high
pressure at which the capture processurs.The CCS methods proposedtims studyinvolve
mineral carbonatiorHowever they are applied in the G@equestration route, rather tharthe
COz capture operation. II€hiang and Pan(2017a)illustration of capture methods, mineral
carbonation can be conceived as a capture process #idaeapplied to separate @@om
mixtures of atmospheric gas or combustion gas strégmiging the gas to mineral substrates as
gas streams pass over thddowever this isnot an efficient processcompared tdhe concepts

investigated and developedthis thesis

Following the capture,a separated or concentrated stream ot €&h be directed intthe
sequestration rout€&or CCS to be a useful option for reducing thial emissions of C&xo the
atmosphergthesequestration option for tleaptured C@must ensure that the G@ stored in a
place andn aform that isisolaied from the atmosphe(er otheriberatingenvironmental drive)s
for a long period of time measured oizarthd surface process timescales or possibly geological

timescalegIPCC, 2005a; Sanret al, 2012)



Figure 1-2 shows the main sequestratioutes following postcombustionCO: capture.
There are four main COsequestration methods with different characteristiosjuding
limitations,longevty, and costs involve(Neeraj and Yadav, 2020)hese methods are classified
as mineral, biological, geological and ocean sequestration methus advantages and

disadvantages of these methods are summarizédbtel1-2.

R
CO, source

—

0, separation,
compression and
transportation

CO, Sequestration

_l_d

Ocean Geological Biological Mineral
Sequestration Sequestration Sequestration Sequestration

Depleted oil and Deep coal Saline Salt Natural Industrial and
gas reservoirs seams aquifers caverns minerals municipal waste

Figure 1-2: Different methods ofpostcombustion CO2 sequestration

The CCS literature sometimes confuses ttimate impact mitigation objectivef CO;
sequestrationwith the downstream use afapturedCO,, whatever form it takes, as economic
feedstock for ongoing industrial procesggsir, 2008) Therefore the cost of the capture process
is subsidized by revenues from €@®ales.However, the sequestration objective becomes
confounded in these instances because 1G&y be subsequently released back into the carbon
cycle Although end uses for GQOr its deived productsother than permanent storagee allowed

in thisstudyon economic grounds, they are not considered $eQuestration.



Table 1-2: Summary o different CO > sequestration methodgBobicki et al, 2012a; Chiang and Pan, 2017a; IPCC, 2005a;
Neeraj and Yadav, 2020; Parket al, 2016; Sipilaet al, 2008)

Sequestration Mechanisms Advantages Disadvantages Cost (US$/t
types CO:2 stored)
Geological It is also called enhanced reservoir | Feasible on a large scale 1 High threat of leakage 0.58.0
recoverywhichis the process of { Substantial storage capacisy  { Requires constamhonitoring. (storage)
storing CQ in underground geologic  known. 1 Shortage of suitable sites 0.1-0.3
formations. The C@is usually { More extensive experience (monitoring)
pressurized until it becomes a liquid, ¢ | ow cost and economical
and then it is injected into porous roc { Public acceptance
formations in geologic basins.
Ocean It involves injecting C@into the 1 Large storage capacity 1 Temporary storage 6-31 (storage)
oceanat suffcient depth (>500 m).  § Universal availability { Potential harmful effects on aquatic 12-16 (tanker
Below500 m depth, C&can existin  q No monitoring microbes and biota transfer)
the ocean as a IIqUId L|qU|d Q@ 1'[ Expensive than gemorage
less dense than water and poorly
miscible with water
Biological It refers to the assimilation and stora 9§ Low cost 1 Monocultures plantatiacan imbalance 31 10
of atmospheric carbon in vegetation, q Less environmental issues the ecosystem
soils, woody products, and aquatic g High potential 1 Insufficient capacity
environments 1 Risk of disruption othefood chain
Mineral It is based on the reaction of €®ith  q The mly known form of 1 Energyintensiveand hgh cost 501 100
carbonation metal oxide bearing materials to forn permanent storage 9 Slow reaction kinetics

insoluble carbonates, with calcium

and magnesium being the most
attractive metals.

9 Minerals requiredreavailable
in quantities capable of binding
all fossitfuel boundcarbon.

9 Carbonation producisre
environmentally benign

1 Pretreatment of feedstocknd mor
recovery of additive chemicals

1 The poblem ofstorageor use of the
process product if implemented alarge
scale.

1 Mining of feedstock crease
environmental issues




Currently, one of the most common uses for captured i€@ inject it into oil and gas
reservoirs in a process known as enhanced reservoir recdwehjs process, although CG&
potentially permanentlgtoredin the subsurface, the purpose of injecting@b the reservoir is
to drive more oil or gasrbm that reservoir. Obviously, the combustimintha oil and gas in
electricity generation and other industrial processes will exacerbate the climate impact of CO
rather than improve it. It should be noted that this use of captured @presenteth Figurel-2
asadepleted oil and gas reservdihe oil and gas reservoir sequestration option depicted is where

the captured Cg&is simply stored in depleted reservoirs without releasing more fossil fuel

Routing to sequestration frequently necessitates2 @Ompression and pipeline
transportation, both of which are enetigjensive processes requiring significant power and
energy onsumption(Lackner, 2003) Moreover, if a fossitfuel electricitygenerating plant
supplies this power/energy, this consumption will also exacerbate rather than improve the climatic
impact of CQ. Similarly, sequestration through injection into depleted oil and gas reservoirs, or
saline aquifersor deep coal seams, or salt caverns, requires cosimmed the captured C&to
40-50 bar,which requires considerable energpd power input andpgcialist compression

equipmen{IPCC, 2005a)

In contrast, mineral carbonation avoids the consumption of appreciable amounts of
compression energy in the sequestration process. It can be deployed at any location, rather than
requiring the opportunistic adjacency of a depletedmilgas reservoior a saline aquifer at depth,
or geology that supports salt formations or coal seams, if the parasitic energy in the transportation
of the captured C&s to be avoidedVineral carbonation requires the availability of largasses
of alkaline earth metal oxides and hydroxide mineral feedstocks, exemplified by rased

wastes such as mine tailings and slags produced in iron/steel/nickel pyrometMaostyf the
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geological CQsequestration options presentedrigurel-1. remainenergized to some extent, at

least after sequestratiofherefore, these options must be associated with the potential that causes
the CQ to become dsequesteredr-or exanple, without appropriate engineering measures,
pressurized gas in a confining cavern can cause fracture, breach, and escape of previously
sequestered CdYadav and Mehra, 2021n contrast, mineral carbonation sequestration leaves
CQOzin a much lower energy state, and in a far more immobile formghalogical sequestration
options.Sequestered carbonates can be released through contact with acidic materials. However,
the processes involved are much closer to those that operate in natural carbott /fieshese

reasons thahe sequestratiomption/mechanism considered in this study is mineral carbonation

Following CQ capturein a flue gas stream by continuous (not batch) pressure driven
dissolution in water, witha co-current continuous dissolution of alkaline earth oxides and
hydroxides in the same water body, the:@3sequestered through chemical transformation to a

CaCQ precipitate which removes ti@&O, from thewater andegenerates the waterigssolvent

In the above discussionstbiedistinctions between the work of others, and the CCS concept
explored in this thesis, reference has been made to a préssere ithermal compressioof
combustion flue gases containing £@hich is captured and sequesterkdaddition to the
novelty of ths CCS concept compared to mainstream alternatives, the compression device
considered in this work & furthemovel aspect ahis work The device considered is a hydraulic
air compressor (HACHAC systems, which have been historically proven to be reliable machines
at industrial scales and over decades of use, provide a practical, ineBesthgglisothermal gas
compressiomprocessAn isothermal compression procesthie most energy efficient conceivable

over any specifiedpressure ratidHutchison, 2018a)ln comparison to prior work with €o
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investigators, e innovative conceptual pivot explored in this thesis is that the HAC should not
simply be considered as a gas compressorthait is more appropriate to conceive of it as a
pressurizedcontinuouschemical reactorThus, it resembles an autoclawvethat the reactions

occur at pressurélowever,the HACcan also handle continuous flows of reactants and praducts
The analyses and experimental wprksentedh this thesis demonstrate the use of the HAC as a
2-phasecontinuous pressurized reactor (when gases are captured via pressure driven dissolution
in water alone) and &-phasepressurized reactor. G(@) and Ca(OHXs) are continuously
supplied to the HAC and reactas dissolved C®and a suspension solution of Ca(Q(d) at
saturatiorto continuously produce CaG() precipitats. Theeconomidoy-product produced by

the HAC during this process is pneumatic pgwke gases than remain in the flue gas mixture

after the CQis removed from it are isothermally, maximally efficiently, compressed.

1.3 Thesis aim and objectives.

In recent years, theeduction in capitahndoperating costs of C{zapture, ands energy penalty
have gained considerable attentidhe high capital costs are due to the lamggctorsizes that
result from the significant mass transfer resistances that need to be av@rcamventionaCCS
methodsHeat and mass transfer improvements are achievable by creating better contact between
the phases and fast mixing

In this studythetechnical feasibility othe CCS procesasing theHAC is investigatedThe
experiments conducted on the HAC pravat this system is a suitable technology the
intensification of carbon capture and sequestration due togker mass transfer performance
compared to other mass transfer devsashas conventionabubble columns or spray towers.

However, following the generdVillar (2014a)design paradigm, the size of the HAC unit is
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consistently large, implying that the capital cost of H&@hstruction is considerable in all the
variations investigated thus ffloreover, a system that can provide comparable performance with
reduced height would render the concept more accessible to capttadted projectsherefore,

a horizontal injear loop is introduced as a new apparatus to increase the mass transfer rates

between the phases and achieve better miXings, he objectives of this study are as follow

1 Provide an ugo-date review of potential raw materials that can be used as feedstocks for

thecapture andequestration of CO

1 Provide a literature review tssess how variables such as temperatures, pressigef
CQ, partial pressure of CQalkaline solutionsaand pH affectnineralcarborationyield.

1 Developa mathematicatlynamickinetic model to simulate thkinetic of absorption of
CQz into analkaline salition in a high pressure reactd@he significance of the evaluated
model is that it can be used to predict the absorptiomnateroperating conditions beyond
those of experimental tests. The model can also guide the design calculromsw
reactos and future experiments.

1 Perform he experiments to investigate the potential of the HACpastcombustionCO;
capturesystem andtb verify of aonedimensional steadgtate modeior two-phase bubbly
flow.

1 Perform lydrodynamic and mass transfer comparison of HAC downcomers and upward
co-current flow bubble column reactausing the verified bubbly flow model.

1 Determinethe effects of pressureandCa(OH) solution concentration on the GCapture

efficiencyandgasphase mass transfer.
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1 Design and fabricata horizontal injector looas a new high pressure reactor and perform
experiments todemonstratehe carbon capture and sequestration applicatodnthis
system

1 Simulatethe CQ capture and sequestration experiméntke lorizontal injector loopvith
a dynamic kinetic model to verify the experimental work within a sound conceptual

framework

1.4 Thesis Structure

Chapter 1 introducebe challenge of global warming and climate change, CCS and the approaches

to CO: capture ad adescription opostcombustion carbon capture aseljuestratioprocesss.

Chapter 2 presents a review of the relevant literature sourgeEstrombustion C@captureand
sequestratior{PCC) processesmineral carbonation as a promising method for reducing: CO

emissiors, and potential feedstocks for shmethod

Chapter 3 describes the principles and mechanisms of carbonation using a Caf@dtus
solution. The kinetics of the three major carbonation stepsdG6olution in an alkaline solution,
metal ion leaching, and carbonate precipitation, #ustrhted. A model for Cfabsorption and

CaCQ precipitation in a reactor is also presented to aid in interpreting the experimental results.

Chapter 4 describes tlgdraulic air compressor as a gaglid contactor acceleray the mass
transfer rate beteen gaseous C@nd the liquid solution phasgounget al (2022)developed a

onedimensional model for estimatirgasabsorptionduringthe compression process in a HAC
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downcometthatcouples the hydrodynamics, solubility kinetics and psychrometric aspects of the

system.The experimental conditions and thegsults are discussed in detail in Chapter 5.

Chapter 6 introduces a horizontal injector loop, which is a variation of the previously presented
HAC systems. The primary design objective of this system is to capture and sequesiEneCO
experimental rests of CQ capture and sequestration are presented in Chapter 7, which aims to
demonstrate the proaff-concept of the designed system and constrymtetbtype A dynamic

kinetic model is also introduced to determine the yield of @@ capture and seqsagation

processs The results othis modelare discussed in Chapi&r

Chapter 9 presentsa@mparison of théaydrodynamic and mass transfers of HAC downcomers
and upward ceurrent flow bubble column reactors using the verified bubbly flow model. A
comparison betwedhe HAC andhe newexperimental apparatue rorizontal injector loopis

also presented

Chagper 10 summarizes the major outcomes of this work and suggests potential future work.
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2. Areview of mineral carbonation as a post-combustion carbon

capture and sequestration

In this chapter, different approaches for posmbustion C®@ capture from flue gas or air are
introduced, and the advantages and disadvantages of each method are discussed. Mineral
carbonation is a postombustion C@capture and sequestration (PCC) processttandspects of

this process that render ipsomisirg method for reducing C@missiors are explored.

2.1 Post-combustion CQ capture and sequestration

Carbon Capture ansequestratiofCCS) is a range of technologies being developeabsist in
mitigating climate change by isolating a significant fraction of 2G@oduced during fuel
combustion €.g.,coal, gas,and biomassirom the atmospherédmong CCStechnologies, post
combustion C@ capture (PCC) is considered the mosimmonprocess for C®capture fom
industrial flue gases.

When separating CGrom industrial gas streanmand/or conventional power plaptSO;
content and pressuretime exhausgascandetermine the capture procégara, 2018; Thonemann
et al, 2022) Table2-1 shows the relative proportions of the gas compositiat can be used in a
capture process. Thmmbustiongas stream dischargdérom power stations ootherindustrial

plantsusually containsnaterial concentrations of problematic species, particuk@ly andSC,.



Table 2-1: Summary of emission gas characteristics from post carborapture CO2 source( iBoi | er

Co mb u stialj 2019;,Ho and Wik, ; H

2016; IPCC, 2005a; Last and Schmick, 2011; Padureast al, 2012; Pavri and Moore, 2007; Pellegrinét al, 2020; Romancet al, 2013; Songet al, 2004)

Sources CO2 concentration Major impurities  Minor impurities Pressure of gas References
(%) vol. (dry) stream (MPa)
Power station
Natural gas fired power station 7-10 H20, Nz, Oz CO, NG, SQ, CHs, VOC!, TOC? 0.1 (fiBoil er CombBuel®i i on
Gas turbines 34 H20, N, Oz CO, NQ, SG, UHC? 0.1 Combustion2010; Hoet al, 2019; IPCC,
Coalfired power station 12-14 H20, N2 CO, NG, SO 0.1 fnoooosr? ggg?r%e;_aslb ?101t2:;;1lpg\(/)%2'mzjhu
Qil fired boilers 11-13 H20, NeO, O, CHs CO, NG, SG, HC vOC 0.1 and Fr’ey, 20’12) ' etal '
Coal firedboilers 12-15 H20, No CO, NQ,, SG, O2 0.1
IGCC?® aftercombustion 12-14 N2, Oz, Hz2 H20, NO, SQ,, H2S, CHi, NH3 0.1
IGCC, synthesis gas after gasificatio 8-20 N2, Oz, Hz H20, NG, SQ,, H2S, CHi, NH3 2-7
Cement industry
Cement kiln flow gas 14-33 CO, NetAr, SO NO«, HCL 0.1 (IPCC, 2005a; Last and Schmick, 2011
Refineries
Process heaters 8-9 H20, No+Ar NOx, SO 0.1 (Ho and Wiley, 2016; Straelest al, 2009)
Fluid catalytic cracker 12-13.5 H20, Not+ Ar CO, NG, SG, Catalyst dust 0.1
Hydrogen production
Steam methane reforming emission 4-8 H20, No+Ar, Oz, NOyx, SO 0.1 (Ho and Wiley, 2016; IEAGHG, 2017;
Pressureswing absorption tail gas 44.545.1 CO, CH: N2, Hz, H20, CHe 0.13 Pellegriniet al, 2020)
Shifted syngas to PSA purification 14-15 H2, CHs N2, H20, CO, 2.530
An integrated irorandsteel mill
Cokeoven gas 2-5 CO, GHm NOx, SQ, HCL 0.1 (Romancet al, 2013; Wileyet al, 2011)
Blast furnace gas 20-25 H20, Nz, H2 NOx, SG, dust 0.1
Sinter plant 5-8 H20, N2 SO, NO, Dioxins, Heavy metals 0.1
Lime kiln 20-30 H20, Nz, Oz NOx, S& 0.1
Basic oxygerfurnace 10-18 CO, N\ H>, dust 0.1
Hot strip mill 7-10 CO, N NOx, SQ 0.1

1 Volatile organic compound
2 Total organic carbon
3Unburned hydrocarbons

4 Hydrocarbon

SIntegrated gasification combined cycle, after combustion



The levels of C@in the discharge gas stream depend on the type of fuel aedtdreof
excess air used in the combustion procassnost cases, flue gases from the power plant are
delivered at atmospheric press(fendrikset al, 2009) so the partial pressure of i@ the gas
stream is lowWhen the concentration of G@n the gas stream is lowhetimes associated with
sequestration processes are lonf@hiang and Pan, 2017bJhe reaction time is inversely
proportional to C@concentration in the offyas flow; the lower the gas GContent is, the longer

the duration of theequestration

In principle postcombustion capture systems can be applied to stack gases produced from
the combustion of any type of fuélowever, the impuriés in the fuel are very important for the
design and costing of the complete pI@ARCC, 2005a)The most common technologies used for
postcombustion C@captureareshown in Figurel-2. Table2-2 briefly compares the advantages

and limitations of tese carbon capture technologies.

In Table2-2, five processes mentioned as capture techreda@gn ©ncentrate the dilute
CQ: in flue gas to nearly pure COAfter that, the sequential storage or utilizatishouldbe
consideed (Chiang and Pan, 2017&Jowever, mineral carbonation and biologioa¢thodsare
related tothe direct conversion and utilization of G@ecause the plico-chemical property of
COz undergoes @hange aftethe capture process. Therefore, no additionak GtOrage site is

required with the capture pla(Ranet al, 2018c)



Table 2-2: General advantages and disadvantages pbstcombustion CO; capture and sequestration(Chiang and Pan, 2017a;
Kolawole, 2019; Singh and Dhar, 2019)

Technology Mechanisms  Pros Cons
Capture
Physical The solubility of  High capacity at low tempenae & high 1 Low selectivity

1 Selexolprocess
1 Rectisol process
9 Purisol process

CQO2in a solvent

pressure

1 Cheaper solvent

1 Mature technology

1 Low vapor pressure and toxicity (Selexol)
1 Low corrosion (Rectisol)

1 Low energyconsumption (Purisol)

1 High energy consumption

1 Low capacity at higltemperatureand
low pressure

9 Absorbent loss

1 High capital and operation costs

Absorption Chemical ' _ Chemical 1 High capacity at low C&pressure 1 Energyintensiveregeneration
1 Alkanolamine solutionMEA?, DEA2, MDEA®  reaction betweer § Mature technology 1 Low absorptiondesorption rate
1 Aqueous ammonia a solvent and 1 Corrosionandabsorbent degradation
1 Alkaline solution CC 1 High operation cost
1 Modified solvay 1 Large absorber volume required
9 Dualalkali 9 Amine degradation by SOINOz, Oz
1 Sterically hindered aminromoter PZ*, PIP 1 The high cost of manufacturing the
solvent (e.g. MEA ~ USD 1250 / tonne)
lonic liquid 1 Low vapor pressure 1 High viscosity
9 Roomtemperature IL 1 Non-toxicity 1 High energy requirement for
1 Task specific IL 1 Good thermal stability regeneration
1 IL-based solvent 1 High polarity 1 High unit costs
Physical (Solid) Molecular sieve { Wide availability and low cost 1 Low CC; adsorption capacity
1 Activated carbon (AC) confinement 1 High thermal stability (AC) 7 Low CO; selectivity
1 Zeolite effect of solid ¢ Low sensitivity to moisture (AC) 11 Slow adsorption kinetics
Adsorption 1 Mesoporous silica (MS) materials, ) 1 High pore size and tunable pore size(MS & 1 Thermal, chemical, and mechanical
1 Metakorganic frameworks (MOFs) normally  with  \OFs) stability in cycling
1 Activated carbon (AC) micropores

1 Monoethanolamine

2 Diethanolamine

3 Methyl diethanolamine
4 Piperazine

5 Piperidine
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Mechanisms  Pros

Cons

Technology

High-temp. 9 Chemicallooping
Solid 1 Calcium looping
looping

Based on a {High capture efficiency
reversible

reaction betweer

CaO and C®

1 High energyrequirement
1 Low efficiency

Membrane ¢ Gas separation

Different  gas ¢ Relatively low operation cost

1 High manufacturing cost

separation 9 Gas absorption permeability 1l Easy hanlting and operation 1 Relatively low separation selectivity
9 Ceramicbased system 1 Permeability still low
1 Mambraneamine hybrid 1 Negative effect omoisture
1 Electrodeionization (EDI)
Cryogenic  { Dry ice formation at low temperature Different 1 High capture efficiency (up to 99.9%) 1 High energyrequirement
techniques  § Compressed flue ges condensation 1 Low efficiency
1 External cooling loop temperature 1 Moisture preremoval is required

1 Solidified CQ may be accumulated or
the surface ofheheat exchanger

High-temp. 9 Chemical looping
Solid 1 Calcium looping
looping

Based on a {High capture efficiency
reversible

reaction betweer

CaO and C®

1 High energyrequirement
1 Low efficiency

Capture and segstration

Bio-based  { Enzymebased

Captured and 1 No hazards of chemicals

1 Long time requirement

system 1 Microalgae utilized through 1 Large areaequirement
1 Crops photosynthesis 1 May affect biologicabiversity
1 Forest in plants
1 Plant
{ Biomass
Mineral 9 Natural ores 1 Environmentally safe 1 High costs

carbonation { Solid wastes

9 Exothermic reactions

9 Abundance of feedstock

i Permanent

1 No monitoring

1 Utilization of industrial waste

9 Slow reaction kinetics

9 Pretreatment of feedstock

1 Energyintensive

1 Unsecure future potential

1 Poor recovery of additive chemicals
9 Problem ofstorageor use of process
product if implementedm large scale
1 Mining of feedstock crease
environmental issues




2.2 Areview of mineral carbonation routes and feedstocks

This work focuses orthe captureand simultaneous sequestratiinCC; by Ca(OH) agueous
mineral carbonation in a pressurized continuous red¢toonstitutesa preliminary study of the
feasibility of sequestering CQwith solid wastes containing CaO/Ca(QH)sing a horizontal
injector loop.Calcium oxidéCalcium hydroxide CaO/C4OH).) is adoptedor clarity andthe
focus of investigations, however, mineral carbonatising additional metal oxide/hydroxide
species is anticipatedo. Cdcium oxideis hygroscopicthe free Ca(present in a solid rapidly
converts to Ca(OH)upon exposure to air, due to its absorption of airborne moisthezefore
Ca(OHp constitutes the major reactive component in solid waste conta@i@@jCa(OH)(Yan
et al, 2015a)

An agueous solution @@a(OH) can beused as an effective solvdnt absorling COz due

to its various advantageotsatures

i) Ca is inexpensive, abundant, and #m@zardousCdcium carbonte precipitation
resultingfrom the carbonation of Ca(OkHaqueous soluti@or slurries containing
calciumis awell-known and classic reactiomommonly observed in natues a

weathering proceq$lanet al, 2011a)

i) Recovery andregeneration(via calcium looping technologyare available to
disposeof the pecipitatedCaCQ (Wanget al, 2017) The regenerative calcium
cycle is a nore efficient, less toxic alternative to current postbustion capture
processes, such as amine scrubbinig alsomore economic than traditional GO
sequestrationlue to the absence of any additional costsCiOr liquefaction and

transportatior{Deanet al, 2011)
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iii) The precipitated CaCf2an be used as thewr materials in different industriesich

asconstructionpapermakingrubber and plastis (Liendoet al, 2022)

Despitetheseadvantageghe Ca(OH} aqueous solution has not received much atteiatson
a source forCOz capture This is kecausethe source of Ca(OR)or CaO has mostly been
considered to be natural limestone, where the extraction process is-grengiwe(Panet al,

2018a; Teir, 2008and carlead toconsideral# COz emissionsas well

Recently, investigations into mineral carbonation have beggorted to address these issues.
(Azdarpouret al, 2015; Harihararet al, 2017; Li and Hitch, 2017; Yadav and Mehra, 2021)
Mineral carbonation uses alternative Ca sources, including Ca extraction from natural silicate
minerals such as wollastonif€aSiQ) or alkaline solid wastes like iron and steel slags, cement
wastes, air pollution ash, and gold mine tailii(lysdrade and Sanjuan, 2018; Chakraborty and Jo,
2018; Cheret al, 2020a; Ji and Yu, 2018a; Kornmiller, 1995; Mokhtari, 2016; Pakradi,

2021; Paret al, 2015a)

In the following sections, a literature reviefumineral carbonatiomethod andfeedstocks

(alternative Ca sourckss presentedhn detail

2.2.1 Process routes of mineral carbonation

The concept of imeral carbonationwvas initially introduced b{Seifritz, 1990)as a method for
carbon capture and storage (CCS). In this approachis@Bemically reacted with alkaline earth
metatbearing minerals or waste materials to form stable solid inorgambonatesln nature,
calcium and magnesium carbonates are forbyathe weatheringrocesf rocks.In this natural

process, which occurs over geological time scales, calcium and magnesium ions are leached out
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of silicate rocks by rivers and rainfallhese ions then react with atmosphericc@Dform solid
calcium and magnesium carbonatksgs. (2.1) and(2.2) show thereactiors between natural
alkalinesilicate minerals and atmospheric £f@anet al, 2012)
0@ ¢60 i O0 a°0w R ¢Od wn YR h
y QU (21)

YO ® G— YWD
aea

DQYLi 160 @wn ¢O0 a°¢h™Q wR TOHL R YR h
.. QU . . (2.2)
YO C Wr—.Y'Yu
ae
Mineral carbonation caaccureitherbelow ground(in-situ) or above(exsitu) ground In-
situ mineral carbonation involves injesy COz into a geological formatiortio facilitate the
reactionbetween C@and alkalineearth metaminerals leading to thdormation of carbonates
(Romanowt al, 2015) Ex-situ mineralcarbonatiorntakes plac@bovegroundandutilizes natural

ores or industrial waste produgiSannaet al, 2014a) Figure 2-1 showsthe ex-situ mineral

carbonatiorprocess. In this thesite primary focus isn ex-situ mineralcarbonation

1 Standard temperature and pressure
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Figure 2-1: The exsitu mineral carbonation process(Veetil and Hitch, 2020a)

In termsof technological concegt mineral carbonatioms relatively new compared to
geological storage. This technology offers certain fundamental advantages that are not present in
more established sequestration methddimeral carbonation products are thermpdmically
stable, ensuring that G@& permanently trapped in a solid state, as long as it is not exposed to an
acidic environment. The resultant products of mineral carbonation can be managed through
stockpiling in mines or repurposed for constructiorppses(IPCC, 2005b)There is no need for

after storageurveillance and is environmentally benig{Sanneaet al, 2014b)

In additionto offering substantial and s@® storage, the exothermic nature of the overall
carbonation reaction provides another advantage of mineral carbonation. This characteristic could
potentially result in reduced energy consumption and costs compared to more established
alternatives(Panet al, 2012) In the case of industrial residues, there are additional potential
benefits, such as: (a) the carbonation process can be more efficient since the residues generally
exhibit higher reactivity than primary minesalb) the alkalinity of the residues is reduced, and

(c) the residues can continue to be utilized in recycling processes after carbonation, for instance,
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as aggregates in construction applicatidtiewever, this technology is still #te experimental

stage, with only limited commercial application&hanget al, 2020)

The main barriers to the largeale application of mineral carbonati@mainhigh enegy
intensity, low carbonation efficiency, and slow reaction kingticand Yu, 2018b)lo overcome
the slow reaction kinetics, researchers have focti@defforts on carefully selecting the process
chemistry routes, feedstock, and-pmeatment options, as demonstrate@obicki et al (2012a)
Ex-situ mineral carbonation can belassified into twomain methods direct carbonatiorand

indirectcarbonationboth of which are summarized in the subsequent sections.

9 Direct mineral carbonation

Direct mineral carbonationis a single stepeaction mechanism iwhich COz reacts with the
reactivecompounds (minerals or alkaline solid wastesiorm carbonatedt can occur through
two routes (1) dry (ga$ solid) carbonation, (II) aqueous carbonation.

1 Dry (gag solid) mineral carbonation

Carbon dioxideand a mineral are the only readain a direct gasolid carbonation process. This
approachwasinitially studied by Lackneet al. (1995).In general, this carbonation process has
slower reaction kinetics compared to alternative mineral carbonation processes. It also demands a
significant amount of energy due to the absence of a moist medium that would facilitate better
interaction between the reactaf@hiang and Pan, 2017&Jigh CQ: pressure (10A50 bar) is
required toachievereasonable reaction rat€Sannaet al, 2014b) These fators contribute to a
relatively low capture efficiency for dry carbonation. As a result, most of the published works

primarily focus on evaluating the performance of aqueous carbonation.



Table 2-3: Summary of mineral carbonation process routegBobicki et al, 2012b; Chiang and Pan, 2017b; WouteHuijgen and Comans, 2005)

Characteristic Challenges

Dry CQris reacted with mineral carbonate in a -ga$id reaction;The Slow rate of mass transfer between gas @ liquid solution phase
simplest method of mineral carbonation; Not possible for silic Losses of material and energy (i.e., heat of reajtinfluence of impurity
Direct minerals in flue gas, such as sulfur dioxide (@nd particulate matter (PM), o
carbonation Aqueous CQOzis reacted with minerain aqueous suspension; Rreatments carbonation efficiency; High energy consumption of overall processe:
required; Needs higher pressure of 200 compare with othel to feedstock/material processing and reactor use (e.g., high temperatt

carbonation routes; Most promising technique presure); Product separation and its subsequent utilization.
pH swing A multistep process consisting of metal ions extraction from The high energy consumption for evaporation of the aqueous solution
process feedstock in acidic conditions in the first step and carboi large variations in free energy resulting from the necessary formatic

precipitation under high pH conditions in the following steg intermediate products; Other elements, such as heavy metals, ma
Produce high purity produst The large amount of water that nee leach out during the extraction step, thus leading to impure carbi
to be separated from the salts during the regeneration step; precipitate.

HCI extraction Metal iors extracted from mineral using HCI; Metal ®rare
precipitated as a hydroxide for carbonation; HCI recovered

Molten salt Molten magnesium chloride satt used to extract metal isrffrom
silicate minerals; Metal ian precipitated as a hydroxide fc
carbonation; Molten sals highly corrosive; Makeup chemical co

is prohibitive
Indirect Acid extraction Acids used to extract metal i®from minerals; Extracted mete
carbonation carbonated aqueously; Various acids used; High carbc

conversions achieved; Multiple process steps allow contaminar
be separated, resulting in a pure carbonation product; Chem
intensive; Energy intensive if acrecovered

Bioleaching Chemolithotrophic  bacteria combined with agenerating
substances and silicate minerals to extract metal ions for aqt
carbonation; Passive and inexpensive

Ammonia Ammonia salts used to extract metal 9dnom silicate rock for
extraction carbonation; Selective leaching of alkaline earth metals; Ree

recovery possible; Reasonable carbonate conversions achievel
Caustic Caustic soda (NaOH) used to extract metad foom silicate rock for

extraction carbonation; Not a promising technique




1 Aqueous mineral carbonation

Direct aqueous mineral carbonation is a proaesghich CO; reacts with minerals in an aqueous
suspension to produce solid carbonatest permanently fixhe CO.. The agueous mineral
carbonationprocessfollows the carbonic acid processing route. This process comprises three
simultaneous reactionsirst, COz is dissolved in wateproduang carbonate andbicarbonate ions

and protons (M) thatslightly reduce the pH of the reaction mediurhe protons help to dissociate

the mineral feedstock into metal catiq@@hakraborty and Jo, 2018; Fara, 20I8)e product is
separated into a liquid solution and a carbonated solidwolh carbonation. Although no
excessive heat is required in agqueous carbonation, the liquid solution (or slurry) can be heated to
about 6080 °C to achieve a higher carbonation conversion than at ambient tempédCharey

et al, 2012; Cheret al, 2020b)

Direct aqueous carbonation can achieve kayltbonate conversions and acceptable reaction
rates by optimizing the reaction conditions, modifying the solution chemistry, and using pre
treatment techniques such as comminutiosbiains mal | particl e siands (ty
liberation of alkéine earth metal oxide&\lthough no direct aqueous mineral carbonation scheme
has yet been proven economjcaany researchers consider it a promising @heralization
technique(Bobicki et al. 2012a; Kemachet al. 2017; Pan, Linget al.2018). Reseaha's have
concentrated on reaction kinetics modeling (Cheingl. 2013; Zhang and Jiang 2019), process
evaluation and optimization by varyinige conditions and contents of the aqueous phases{Na
al. 2019; Teir 2008), developing improved greatment techniques (Rackley 2017; Tove Anette
2010)to study the applicability of differeriypes of waste products as feedstock materials (Xiao

et al.2014), anddevelopingnovel reactor desigri{Panet al.2015; Y. G. Zhanget al.2013).
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The process chemistignd kineticsof direct aqueosi mineral carbonatioare detaiked in

Chapter 3The keyfactorsnecessaryor effectivedirect aqueousarbonatioraresummarizd in

Table2-4.

Table 2-4: The essentialfactors for effectivedirect aqueouscarbonation (Chiang and Pan,

2017a)
Phases Physical properties Chemical properties
Solid phase 1 Particle size 1 Compositions (e.g., Ca andCaO content,
(Silicate mineral 1 Mineralogy Ca/Si ratio, Ferrite/eA ratio)
industrialalkaline 1 Specific surface area f Metals (e.g., Pb, Cd, Ni, Cr)
residues) 1 Porosity/Permeability 1 Free water content
1 Surface activities 1 Permeability
1 Microstructure
Liquid phase 1 Temperature 1 Organics/Inorganic
1 Liquid-to-solid ratio 1 Anions/Cations
1 pH (or alkalinity)
1 Permeability
Gas phase 1 Partial pressure 1 CO;concentration
1 Flow rate 1 Organics/Inorganic
1 Relative humidity 1 Particulate matter content
1 Temperature 1 Other airpollutants (e.g., S8

9 Indirect mineral carbonation

Indirect mineral carbonation follows a mudtiep reactionprocess. Initially, the reactive
magnesium or calcium compounds are extracted from the mineral using acids or other solvents.
Subsequently, the extracted components undergo reaction®itleither in the gaseous or
agueous phag&anneetal., 2014b)

The result of indirect carbonation is the formation of pure metal carbonates, with impurities
such as silica and iron being removeefore carbonate precipitatiofPanet al, 2015a) The
process carmlsobecome complex due to the-machng of other impurities (such as iron and

nickel) associated with the candidate metal. Additionally, complexities arise from the regeneration
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and recycling of chemicals employed for metal extraction, the limited pH range for effective
operation, and thedttuations in free energy during the creation of intermediate reactive species
(Annan and Gooda, 2018; Azaatial, 2019; MaroteValer et al, 2005; Teir, 2008; Veetdt al,

2015)

Direct carbonatioypically allows for achieving a higher G@moval capacity and rate in
comparison to indirect carbonation. However, the Ca@@cipitate produced through indirect
carbonation tends to possess a higher purity than that obtained via direct carbonestigualiti
advantage could result in a more valuable product for utilization, should that be the infeéation

et al, 2018b)

Several technologigd able2-3) are available for indirect mineral carbonatiorcludinga
pH swing process, HCI extraction, the molten salt process, other acid extraction, bioleaching,

ammonia extraction, anchustic extractioiBobicki et al, 2012a)

2.3 Natural mineral feedstock for mineral carbonation

Both matural mineral silicate rocks and industrial alkaline residues are potenti&edstocksor
sequestratiothroughmineral carbonation(Saranet al, 2018) A brief description of both types
of material is presented in the following sections. Tae materialsthat can beused for
carbonatiormustbe abundantdeally already prgprocessedand cheapThis sectiorfocuseson
natural minerafeedstocks.

From achemicalkelement perspective aadhermodynamic pointf view, both alkali metals
(i.e., Na, K, etc.) and alkaline earttetals(i.e., Ca, Mg, etc.)an becarbonateqPanet al, 2012;

Teir, 2008) However, alkali metals aransuitable for the longerm storage of Cfas their
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carbonates obicarbonates are kdble in water. Their dissolution wouldsultin COz being

released back into the atmosphere. Additionally, minexaisaining several othanetals (e.g.,

Mn, Fe, Co, Ni, Cu, and Zn) could potentially be carbonatednbst of theselements are either

too rare or too valuable to be used for the sequestration p{Ra@et al, 2012; Teir, 2008)
Magnesium and calcium are by far the most common in natureEEhe t hés cr ust co
roughly 2 moi% magnesium and 2 méb calcium, primarily bounés carbonates and silicate
minerals(Teir, 2008) Table2-5 presents some of the natural minerals that are suitablstée&d

for mineral carbonation.

The majority of research ommineral CQ sequestrigon is focusedon the carbonation of
natural silicate mineral materialas exemplified irDaval et al (2009, Haqueet al ( 2019,

Krevor and Lackner(20113, andPoweret al. (2013.
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Table 2-5: Potential mineral rocks for mineral carbonation (King, 2022; Lackner et al,
1995; Sanneet al, 2014; Yadav and Mehra, 2021)

. : Mg Ca + (0 1 Rx?
Rock Minerals Chemical formula (%) (%) Fe?* (%) Rreal (%)
Antigorite Based orarock 26.1 0.019 2.61 21 92
Serpentine . . formation it can be
Lizardite X2.3Y 206(OH)s? 23.9 0.314 2.4 25 40
Fayalite Based orarock 0.3 0.6 44.3 2.8 66
Olivine : formation it can be
Forsterite ALSiO 27.9 0.1 6.1 1.8 81
Feldspar Anorthite CaAlSixOg 4.8 10.3 3.1 4.4 9
. (Ca, Na) (Mg, Fe,
Pyroxene Augite Al) (S, A205 6.9 15.6 9.6 2.7 33
Basalt Based orarock 4.3 6.7 6.7 4.9 15
formation
Ultramafic Talc MgsSisO10(OH)2 15.7 2.2 9.2 2.8 15
Ultramafic Wollastonite CaSig 0.3 31.6 0.5 2.8 82
Ultramafic Harzburgite CaMgSiOe+(Fe, Al) 46.4 0.5 7.8 7.3 -

2.3.1 Carbonation potential and efficiency of natural s ilicate rocks

Carbonation potential is a theoretical parameter that represents the value of a specific mineral
reactant in mineral carbonatioBoff etal. (2000) initially described this parameter regarding the
hydrated magnesium silicate serpentine §8lg0s(OH)4]. Goff used the molar concentration of
Mg?*in a serpentine sample to calculate the theoretical number of moles,afidch reacts with
theserpentine and converts it to magnesite (MgGGoff et al, 2000) This method was modified

by 06 @nnoret al.(2005) to include the cations €and Fé' in the calculation because all three

cations can potentially form stable carbonate compounds.

! Ratio ofore mass that must be processed to carboraiit imass of C@ assuming 100% carbonatiohall Ca,Mg, andFe2.

2 Reaction efficiency

3 Where X could be Mg, P& Fé*, Ni, Al, Zn, or Mn and Y could be Si, Al, and Fe. For example Atfitgjorite can beresented as
(Mg, Fe}SiOs(OH),

4 Where A could be Mg or Fe. For example, the Fayalite can be presentes5#®: Bad pure Forsterite can be expressed by
Mg2SiOs
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The carbonation potential 4= is defined as the mass ratio of rock or mineral necessary to
convert a unit mass of GQo the solid carbonatéEqg. 23). By this definition, a low Ral is
preferable to a high/ki( O 6 C oat al,@005)

pTTT

Y Bood 00 00 0o (2:3)

whereB is thesum of the molar concentrations for the specified cations. is themolecular
weight of CQ.

While the Rea is a property of a rock or mineral, based on its chemical composition
( O6 Coetmlp 2005) the carbonation reaction efficiency of that rock or minerahls®
dependent on numerowsdditional factors, including the mineral composition, pretreatment
methods and solubility at the specific carbonation conditions of time, temperature, presslre
pH. The reaction efficiency of mineral rocky,Rs the percent stoichiometric conversion of the

Ca*, Fe*, andMg?* in silicate feed to their carbonate counterparts.

Y o —0 5 (2.4)

where® is COz concentration in theolid products in weight perceif is percent weight gain

assuming 100% stoichiometric conversion of the available cations to the carljo@ate< oet n o r

al., 2005)

2.3.2 Studies of mineral carbonation by neutral silicate materials

A summary of the significant studies of mineral carbonation is preseniebla2-6. The most

common natural silicate minerals used in mineral carbonation are wollastonite, serpentine, and
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olivine. According toTable2-6, all samples are pretreated. The purpose of thér@atment step
is to promote and accelerate carbonation reaction rates and the efficiency of the(fa@uesst

al., 2014a)

1 Pre-treatment of feedstock

Numerous optins exist for prareating the feedstock to enhance the carbonation rate. Mechanical
activation, heat activation, chemical activation techniques, ultrasonic, and microwave activation

are detailed below

Mechanical activationIn this pretreatment process, mechanical force is used to accelerate the
reaction rate by making changes to the surface properties and crystal structures of rflinerals.

and Hitch, 2016)The mineral feedstock is ground because the reaction rate increases with the
specific surface area. Wet grinding ates smaller particles, but the dry grinding process is more
effective in disrupting the lattice structure and generating a more reactive product. The feedstock
particles are typically reduced to an average diameter cfl1®9@ e m, wi t h further
|l ess than 38 -effrbetviieen addjtional energyacdsés and increased mineral

conversion(Li and Hitch, 2018; Rackley, 2017)

Chemical activation technique$here is a wide range of organic and inorganic acids, bases, and
salts available as options to improve feedstock reactivity. A possible disadvantage of this method
is the reductiorn alkaline metal content in the feedstock, leading to increased sequestration costs.

(Huijgen and Comans, 2005)
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Heat(thermal)activation Heat activation is a commame-treatment method for natural minerals,

used to remove chemically bound water from the ores. For instance, heating serpentine to
temperatures around 6@%0 °C changes its crystalline characteristics, transforming it from
crystalline to amorphous as hgadyl groups decomposdfter heat treatment, the materials
experience an increase in porosity and surface area, leading to an unstable structure that
subsequently promotes the rate of carbonafiim Li et al, 2018; Park and Fan, 2004@he

energy required for heat pteeatmentis considerable and can exceed the energy released from
carbon combustion, which generates the volume ot €&ptured as carbonate. Therefore,
achieving a nehegative heat treatment sequestration efficiency seems viable only when waste

process heat is aitable through integration with another industrial pro¢Bssckley, 2017)

Ultrasonic andmicrowave activationEarly works on mineral activation through ultrasonic or
microwavepre-treatment do not yield higher reactivifgackley, 2017)

Conventional grinding remains the sole viable-jppeatment option that has demonstrated
both energetic and economic feasibility. Heat treatindue to its high energy consumption,
appears to be a candidate for avoidance. However, if waste process heat is accessible through
integration with another industrial process, this-jpeatment approach could be considered
(Huijgen and Comans, 2009)he benefits of all prereatment options should be weighed against

their additional costs and energy consumption.

In most studies, process heating andtpeatment (thermal and roleanical) are the most
energyintensive processésiuijgenet al, 2007) Among the natural silicates used, wollastonite
does not necessitate thermal feedstock activation due to the absence of hydroxyl groups in its

crystal structur€Veetil and Hitch, 2020b)



Table 2-6: Summary of the significant studies of mineral carbonation using naturaiminerals (DAC = direct aqueous carbonation, DC =

direct carbonation, IC = indirect carbonation, CEA= Chemical extraction agent used for metal leaching

Resource Metal Oxide Particle Additives CO2% Pre-treatment Reactionconditions Efficiency/ Cost US$/ Reference
(%) size in gas Amount tCO2
Wollastonite Ca0: 30 <38 m No ~ 100 Mech. grinding DAC, T = 200°C, P = 20atm, L/S=2kg/kg, 69 102 (Huijgenet al,
t=15 min 2007, 2006)
Wollastonite CaO: 22 <38 m No ~ 100 Mech. grinding  DAC, T = 200°C, P= 20atm, L/S=2kg/kg, 67 77 (Huijgenet al,
t= 15min 2007, 2006)
Wollastonite Ca0: 42.05 <75e m No ~100  Mech. grinding DAC, T = 150°C, P = 40atm, t= 1hour 83.5 (Yanet al, 2015b)
Wollastonite <75e m No ~ 100 Mech. grinding DAC, T = 100°C, P= 40atm, t=1 hour 70 112 (Gerdemanret al,
2007a)
Wollastonite Ca0: 324 15. 6 0.02 % NaCl ~ 100 DAC, T=150°C, P=4 MPa, stir, L/SE3 kg/ 90 (Zevenhoveret al,
kg, t=2 hour 2010)
Wollastonite 38e m No ~ 100 Mech. grinding DC, T=100°C, P= 40 bar, t=1 hour 80 ( O6 Coatal,or
2000)
Wollastonite NA succinic acid ~ 100 IC, T=80°C, P= 30 bar (Bagetglga
2010)
Wollastonite CaO0: 46.6 NA NH4OH ~99.9 IC, CEA:6 M HCI, 93 120 (Ding et al, 2016)
Dissolution T = 8CC, t =3 h Carbonation T
=30°C, P = latm, t= 1h
Serpentine <75¢ m 0.64MNaHCQ:s ~100 Heat treatment DAC, T = 155°C, P = 115tm 65 300500 (Gerdemanret al,
& 1 M NacCl 630°C, 2007a)
Mech.Grinding
Serpentine MgO: 45.7 <37¢e m 0.64MNaHCGs ~100 Heat treatment DAC, T = 155°C, P = 1§ atm 78 ( O6 Coetal,or
& 1 M NaCl 630°C, 2001a)
Mech. Grinding
Serpentine 1501200 NaHCG 15 Heat treatment DC, T = 140°C, P = 3640 bar (Sanneet al, 2014;
em 650 °C, Verduynet al,
Mech. Grinding 2011)
Serpentine 100e m Acid/NHs ~100  Mech.Grinding DC, T =550°C, P = 50 bar 90 (Wee, 2013)
Serpentine MgO: 44.82 75¢ m NH4OH ~ 100 Mech. Grinding IC; CEA: 1 vol % HPQy, 0.9 wt.% CGH20s, 65 (Park and Fan,
and 0.1 wt% EDTA; Dissolution T = 2004b)
70°C, time = 1h; Carbonation T = 28C, P
=Jlatm, L/S=2.5 g/80 mL, t = 1®in
Serpentine 75 m NHsHCQOs/ NH3 ~ 100 Mech. Grinding  IC; CEA: NH4SQOs and NH; Dissolution T 95.9 (Wang and Maroto

=100°C, t= 2h; Carbonation T = 85C, P
=latm, t = 30min

Valer, 2011)
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Resource Metal Oxide Particle Additives CO2% Pre-treatment Reaction conditions Efficiency/ Cost US$/ Reference
(%) size in gas Amount tCO2
Serpentine MgO: 40.72  10-56& m 1M NaCGs ~100 Mech. Grinding IC; CEA: Leaching 1M HCI Purification 82.5 - (Hemmatiet al,
1 M NaOH; Dissolution T = 86C, t = 6h; 2014b, 2014a)
Carbonation T =50C, P = latm, t = 1h
Serpentine MgO: 40.1 750 NHsHCOs ~100  Mech. Grinding IC; CEA: Leaching 1.4M NH4HSOy 93.5 - (Sannzet al, 2013)
150e m Purification NHIOH; Dissolution T =
100°C, P = l1atm, t = 3h; Carbonation T =
80°C, P =1latm,t=1h
Serpentine - 75¢ m - ~ 100 Mech. Grinding IC; CEA: 0.1 M citrate, EDTA; T = 120C, 60 - (Krevor and
P=2atm,t=2h Lackner, 2011b)
Serpentine - 425 ¢ (NH42SQ/ NHz  ~100 Heattreatment: IC; T =500550°C, P = 2atm, t = 30 min 60 - (Nduaguet al,
250°C, 2012)
Mech. Grinding
Olivine MgO: 46.8 37¢ m 0.50M NaHCQ  ~ 100 Mech. Grinding DAC; T=185°C,P =11%tm,t=6h 80 - ( O6 Coatal,or
& 1 M NaCl 2001a)
Olivine - 75¢ m  0.64MNaHCQ: ~100 Mech. Grinding DAC; T =185°C, P = 15(tm,t=6 h 80 80 (Gercemanret al,
& 1 M NaCl 2007a)
Olivine MgO: 46.4 100e m No ~ 100 Heat treatment: DAC; T =180°C, P =20atm, t=24 h 78.8 - (Juicouret al,
1000°C, 2015)
Mech. Grinding
Olivine MgO: 50.9 38e m 2.5M NaHCO3 ~100 Mech. Grinding DAC; T=185°C, P =65atm,t=6h 84.4 - (Li etal, 2019)
& 1 M NaCl
Olivine MgO: 48.1 75 NH4HCGOs ~ 100 Mech. Grinding IC; Dissolution T = 100C, t = 3h; 90 - (Sanneet al,
100e m Carbonation T = 90C, pCO2 = latm, t = 2014a)
1h
Olivine - 75 m NaHCQ ~ 100 Heat treatment: DAC, T =185°C, P = 15(atm, t=12 h 80 - (Gercemanret al,
630°C, 2007a)
Mech. Grinding
Olivine MgO: 49.3 10e m - 20 Mech. Grinding DC, T =150200°C, P = 0.3%tm, t = 14 25 - (Kwon et al, 2011)
min
Olivine - 65 m - 10 Mech. Grinding IC; Leaching, NHHSQy; Dissolution T = 43 - (Reyneset al,
61°C, t = 2h; Carbonation T= room temp, 2021)
P=1atm,t="n
Dunite MgO: 45.3 20i45¢ m 0.64M NaHCQs ~100  Mech. Grinding T =180°C, P=130atm, t = 8h 62.3 - (Rashidet al, 2019)




1 Challenges in utilizing natural materials as feedstock for mineral carbonation

Although the naturasilicate minerals have sufficient capacity 00, storage,using them as
feedstock for mineral carbonatigmesents certain challeng@dining operations are required to
extract the raw materials for mineral carbonation. Furthermore, mineral carbonation demands
substantial energy input, making it an eneigfgnsive process to facilitate the carbonation
reaction. (Chiang and Pan, 2017d&jor example, a considerable amount of energy is needed for
several aspects, such as:

1 Preparation of the solid minerals, ifwiog mining, transportation, grinding, and activation

when required

1 Processing, including the energy associated with recycling and possible losses of additives

or catalysts

1 Separation of valuable metals (e.g., iron oxide) from the feedstock before ainderg
accelerated carbonation or accelerated weathering, and disposing of carbonates and by

productyGerdemanret al, 2007b; IPCC, 2005a)

Pure calcium or magnesium oxides are rare in natural minerals due to their high reactivity
As illustrated inTable 2-6, calcium or magnesiurare present iwarious oxides within a silicate
matrix. The conversion of silicate to carbonate does not occur in the solid state; rather, it
necessitates the dissolution of minerals in the aqueous gh&@@é. Connor , &ahl in,

2001).In general, the dissolutioof the mineral constitutes the rditmiting step in the aqueous

mineral carbonation process.
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The mineral carbonation reaction is limitedrbgisgransfer phenomenasulting from slow
reaction kinetics, which necessitates the use of large reactarAsizestimated reactor volume of
approximately60 n? could potentially achieve 20% reduction in the COemissions from a

typical 506MW coalfired power plant (Raet al.2007).

2.4 Alkaline waste materials

Alkaline waste residues hawsome distinct advantageger natural mineral feedstocks. There is
not any requirement for mining activities when an industrial alkaline waste material is used as
feedstockMoreover, thesavastes are relately cheap and are frequently closeZ@z emission
points (e.g power pants and industries\where the cost of transportation can be reduced
considerably.Table 2-7 shows examples of industrial alkalimastesthat have been teste
feedstock fomineral carbonation.

Alkaline waste residues araghly reactive ananay not require prdreatment to achiev
high carbonate conversionBurthermorethe carbonation of alkalingaste residues can improve
their environmental qualities aradlow them to be stored more safely, reused, or sold as-value

addedby-productgSanneet al, 2014a; Veetil and Hitch, 2020a; Woodeilal, 2019)
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Table 2-7:The examples of alkalinavastesused adeedstock formineral carbonation
collated from Chiang and Pan(20179, Doucet(20103, Li (2016, SanchezCotte etal.

(2020 and, Sannaet al (2012)

Waste Group Types of wastes MgO (%) CaO (%)
Iron and steel slags Blast furnace slag (BFS) 6-11 1541
Basic oxygen furnace slag (BOFS) 1.510 34-55
Electric arc furnace slag (EAFS) 1.917.6 2547
Ladlefurnace slag (LFS) 7.511.9 50.557.5
Argon oxygen decarburization slag (AODS) 8.09.0 54.558.8
Electric arc furnace reducing slag (EAFRS) 6.29.8 40.849.4
Cement wastes Cement kiln dust (CKD) 1521 34.546.2
Cement bypass dust (CBD) 0.8 68.0
Recycled concrete aggregate (RCA) 1.05.11 6.522.8
Air pollution control (APC) Municipal solid waste incinerator (MSWI) fly ash 1.92.1 16.421.1
residues Air pollution control (APC) 8 50-60
Coal fly ash 2.43.9 5.99.2
Cyclone dust - -
Cloth-bag dust - -
Bottom ash (from furnace MSWI bottom ash 2.8 32-53
or incinerator) Boiler ash (BA) - -
Coal slag - -
Oil shale ash 42-50 56.5
Wood ash (WA) 8-9 24-46
Mining and mineral Red mud (RM) 0.27-2.06 2.9942.2
processing wastes Asbestos tailings 39.4 0.16
Nickel tailings (Nickelcoppertailing) 0.041.2 32.83
Paper mill wastes Lime kiln residues (calcium mud or lime mud) - -
Green liquor dreg - -
Paper sludge 1.35.3 45-69

2.4.1 Carbonation capacity and efficiency of alkaline waste residues

The carbonation capacijtgr the CQ uptake capacitycan be deemed as the net uptake ot &0
aproportion of themassof the original material before carbonatidime determination of the CO
uptake capacity can be measured by different methods, such as the mass gain method, the mass

curve method, and the thermogravimetric analysis
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)

whereld isthe mass of C&xhat has been successfully sequest@r&arbonation treatment and

Mc is the original mass of the material before carbonation treatment.

The otherkey parameter to quantify the carbonation effect of materials is the carbonation

efficiency (or degree of carbonatioithecarbonatiorefficiency(O ) is estimated by comparing
the successfully captured mass of G ) by a material under a given conditjomith the

calculated theoretical extent of carbonatiased on the composition of thee-carbonated waste

(Eq. (26))

0O e~ P T (2.6)

where "YQQ is the theoretical mass fraction of €@equestration achievable based on

stoichiometry and the reacthoxide content of the wastnd itisd et er mi ned based

formula(Andrade and Sanjuan, 20l Hunt z i n (Hantzibgeretfalp2008u | a

YQ ™ YU POOU M o POOW®W 1 P™ (2-7)
P8t wpP0 Q0 T p POWO
M oY PO THOoCPUOD
This method is based on the assumption that the total amount'afr@avig?* can be fully
extracted from the wastand subsequently, carbonaf®dn,2010) The experimentalO: uptake

(ECCx uptake) expressdn wt.% is also presented irable2-7.
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The storageof CO: can be maximized bgptimizing the operating conditions including
pressuretemperature, liquido-solid ratio, gas humidity, the gas flow ratikee liquid flow rate,

particle size, and solid piteeatmen{Sanneet al, 2014a)

2.4.2 Studies of mineral carbonation by alkaline waste materials

Table 2-8 presents some of the studies of mineral carbonation by alkaline waste matéeals.
direct compason of the performance of mineral carbonation for different alkaline wastes is
difficult because each waste has its own unique set of advantages and disadvantagfesl.(Pan
2015). For example, industrial alkaline wastes sudr g®ollution control wates and ashes from
solid fuel combustion often contain a considerable amount of free lime (®arala2014).
However, the steelmaking slag may contain a significant fraction of CaO and MgO.

The alkalineearth metal oxides are primarily locked into sitee, aluminate, or ferrite phases
(Lekakhet al.2008). Notably, the mineralogical compositions of the steel slags are generally more

complex than other types of waste materials, such as air pollution control ashesdP2015).



Table 2-8: Main properties and carbonation conversions of waste materials (DT direct carbonation, DAC 1 direct aqueous carbonation,
IAC 1 indirect aqueous carbonation, NWi natural weathering, CRW i cold rolling wastewater, DI deionized water)Bobicki et al, 2012b;

Reddyet al, 2019; Sanneet al, 2014a)

Composition Particle
- - - 0,
Waste CaO MgO Theo = o7 CO2% Reaction conditions ECO; Advantage Disadvantage
(%) in gas (%)
(%) (%) (e m)
Iron and Steelmaking slags
10 ) I AC: (1) st expOOH)T(2)step 0= 22.7 1 High C_IQ sequestration  §  Must undergo milling,
30°C, P = 1 bar, NaOH) capacity except AODS and LFS
1542 511 2044 N ’ f  Generated in large f  High T&P or additives are
BFS - 100 DAC:P=5bar; L/S=0.15;t=2h 7 quantities needed for acceptable
1 Generated near GO conversion
38.3 10.2 98 75150 - DAC: T = 100 eC P = - source 1 Currently expensive to
38 100 DAC: T = =09 [4D0/S =8 25 f  Possible applications: achieve high carbonate
=30 min PCC conversion
- 100 DAC: T = 70 eC; P =1 229 f  Carbonation improves ~ f  High energy consuming
- 100 DAC: T = 60 eC; P = 1. 289 mech. char. of slag
min
BOFS 3456 26 29-52 44 - DAC: T = 25°C; P = 1 bar; L(CRW)/S = 20; 28.3
t =125 min
2000 13 Il AC: (1) step (T = 80 162
step (T= 80 eC, t= 2h)
- 100 I AC: (1) st es@OQH] (2rsteB(D 9
= 30 eC; P = 1 bar; N ¢
38106 15 DAC: T=201C;P =1bar; L(DI)/S=10;t=40h 1.74
100 15 DAC: T =20 °C; P =1 bar; L(DI)/S = 10; 1.9
EAFS 2547 49 2448 £=65 min 8.7
- 100 DAC:P =5bar; L/S=0.15;t=2h 12
150 100 DAC.: T = 50e C,; P -4h 3 18
63-200 100 DAC: T = 50eC; L(DI)/ ¢ 151
- 10 DAC: T = 50 eMgCh/SI=1¢ 16. 27
t =240 min
AODS 41-61 475 31-54 DAC: T = 90 ecC. P = o9 26.4
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Composition Thcoz Particle CO2% . .
Waste a0 Mg (%) size in gas Reaction conditions ECO> Advantage Disadvantage
0,
%) (%) e m) (%)
Cement wastes
) . . _ o 1 Generated in large I Waste cement needs to be
- 5-15 DAC: ambient T&P; L/S =0.33;t=8h 8-18 quantities ground
CKD 34-48 1-1.5 10-30 - 100 DAC: ambient T, P = 2 bar; 4@ to form 10 I Generated near CO 1 Low carbon sequestration
paste;t=72h source (CKD, CBD) capacities (CKD); cost: IAC
. . _ ) 1 Carbonated product can b with PCC production: $136
CBD 66 1 50 - 100 DAC..anlblent T, P = 2 bar; 2 to form 25 reused in cement 323 per tCaCQ
paste; t=72h manufacturing, aggregate:
18 0.0300 DAC: T = ZHDbarglS;=0Pk : 1.6 E‘:JKPSO%UI;:S I;:CCf_etc.;
0.5,t=0.8E00h; 165 article size'as e
RCA 2563 032 20 P ’
- 20 DAC: T = 20 eC; L(1I89
t =60 min
MSWI ashes
L ) . . _ ) 1  Produced in large 1 Low carbon sequestration
MSWI 710 100 Df\g Ph— 3 bar; L/S = 0'B)34; RH =65%; 3.2 quantities (MSWI BA) capacity (MSWI BA)
2253 28 o5 t=25 1  Produced near CGource
BA ' - 100 DAC: ambient T, P = 2 bar;4® to form 4 1  Carbonation reduces pH
paste;t=72h and leaching of hazardous
elements for safer landfill
212 100  DAC: P =3bar; LIS=08.3; RH=65%; 7.3 1 Grinding not required
t=25h
66 20 DAC:T=208B0 eC; L/ SH58 8-12
APC residue 3660 1-25 5058 min
- 10-50 DC:T=65B00 e C,; P =1 25
- 100 T=3065 0 ¢ C'HO Ifar; IS =18D.6 25
Alkaline paper millwastes
15 : DAC: T=301C; P =10 bar; L(DIS=20;t=2| 21.8 T Highcarbon T Generated in small quantities
APMWA 4582 1.5 4555 sequesration capacity
100 DAC: ambient T& P = 2 bar; ¥D to form paste; t = 10-26 I Grinding not required

72 h
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Waste

Composition Thco2

Particle CO2%

Reaction conditions

————— (% iz in E Advan Disadvan
CaO  MgO (%) (z ri) gas (OC/O())Z dvantage sadvantage
(%) (%)
Fuel combustion ashes (FA)
o ) . 1  Produced in large Low CQO; sequestration
Coal FA 1.310 1-3 6-9 40 100 ,E'Ll\g'hT =206 0 ¢ C.id0mar/S £ 00; 26 quantities (coal FA) capacity (coal FA)
= 1  Produced near GGource Waste available in few areas
20150 100 DAC: T = 30 e¢ieQbard=11C 3.6 1 Grinding usually not (OS FA); cost: $1R1 per
7.2 required tCOz at mineralization
, _ . _ 1 High CQ: sequestration capacity of 0.1.2 tCQ per
- - ?-AZCF:I T = 90 eC; P = 4 65 capacity (OS FA) t-FA.
- - NW: ambient T&P; wet deposited ash; t=20ye. 6.8
I <250 10 DAC: T = 75 eC, P =1 23
HonteFA - 2rS 6S 48 s 10 DACIT=3080 eC; 180/NACI¥2540
L-1; pH=59;t=1050 min :
Qil shale 15 DAC: ambient T&P; L/S = 10; t = 65 min 29
FA 3850 512 2649 NW: ambient T&P; wet deposited ash; t w8 2.2
Wood Ashe  24-46 8.9 50 100 tD:A(7:2 e;lmblent T& P = 2 bar; ¥ to form paste; 8
Mine tailings
Asbestos 0.2 39 43 3775 56 DC: T = 375 eCs0;tk5KF 1 05 9  Carbonation destroys the Low carbon sequestration
tailings asbestos nature (asbestos ECO:
. - - — - — tailings, Ni tailings if Too expensive to achieve
{\lz;i(lziﬁms 3.4 21-40 43 <0.5 100 llA% _(1) s:ep (I - 720 1% ;‘ (_4 M (H(;I,)HN&SVSt _e 29 chrysotile present) high carbmate conversion
9 ' ’ 1 Grinding not required (asbestos and Ni tailings)
2-7 <1 7-19 30 - DAC: T = 20 eC; ®6= 3 (asbestos and Ni tailings) Bicarbonates generated
Red mud t=12h 5.3 1 Large quantities produced instead of carbonates (RM);
in localized areas cost: $147 per tCg&for DAC
0.1:160 100 DAC: ambient T&P; Zarbonation cyclegeach 7.2 of RM;162 IAC of Ni tailings
5h) with hydromagnesite
production US$60BL600 per
<1000 15 DAC: ambient T&P; L/S=10;t=24h 4.15 tCOz for chemicals only
APMWA 45-82 1-5 4555 15 - DAC: T =30 1C; P = 10 bar; L(DI)/S = 20; 21.8 9 High carbon sequestratior Generated in small quantitie:
t=2h capacity
100 DAC: ambient T& P =2 bar; D to form paste;  10-26 9  Grinding not required

t=72h
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1 Iron and Steelmaking slags

The iron and steel industry produces 2.6 Gt @ahually and it consumes 7% of the global energy
(Al ron and Steel Techno.lStdslagRananguwtedlpdpyoddchod | vy si s
the manufacture of steel frooig iron (blast furnace) and metal scrap (electric arc fupnBeeing
steel production, 2 to 4 tons of solid wastes are generated per one ton of steel piduosin
types of iron and steelmaking slags@essified ablastfurnace slag (BFS), basoxygen furnace
(BOFS), electric arc furnace (EAFS), and ladle furnace (LFS) slags each named for the processes
where they are produc¢8annaet al, 2012; Yildirim and Prezzi, 2011)

The chemical composition of slags can change widely due to the prodpoticess, the
type of furnaces from which they are produced, and the raw materials and their particle sizes.
However, their composition, especially in the form of Ca and Mg silicates, is like natural sand,
gravel, and crushed stones (Chiang and Pan 2(8&anaet al. 2014). The mineralogical
compositions of the steel slags are generally more complex than other types of industrial waste
like air pollution control ashes. They are a consolidated mix of many compounds, e.g., primarily
calcium, iron, silicon, lmminum, magnesium, and manganese oxides, presented in different phases

(Pan, Chianget al.2018).

USA, Japan, Germarand France utilize most of the produced steel slag. The iron and steel
slags can be utilized in the following fields: (a) aggregateancrete or asphalt, (b) cement
industry, (c) road construction, (d) glassmaking, (e) ceramic tiles, (f) soil conditioner for

agriculture, (g) aquaculture, and (h) land amendment®iél. 2012). However, conventional
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uses of untreated iron and steegslan civil engineering have faced several technological barriers,

such as heavy metal leachiagd low cementitious property of slag (Chiang and Pan 2017b).

The iron and steel industries are one of the highestetiitters. For every singtenneof
iron / steel manufactured, 0.28 to Xdhnesof CO: is released into the atmosphere (Yadav and
Mehra 2021). The recent studies on the steel slag as a fdeftsttite CCS proces3 éble2-8)
show that the different types of steel slag have a considerable reactivity withalB@ving
achievenent for specific process routes and operating conditions, higlu@@ke (Bobicket al
2012b; Baciocchet al. 2016; Huijgen and Comans 2006). Elonetal (Elonevaet al. 2008)
show the steelmaking slag ce@questeup to 171million tonnesof CO; per year globally which

amounts to storing 0.6% tfeglobal CQ emissions annually

I Cement waste

Waste cement is a gyroduct obtained from the aggregate recycling process. The@iSsions
of cement manufacturing are significantly high and are responsible for approxima&lyob
global CQ emissions annually (de Lorena Diniz Chageal.2021). The cemeftype wastes are
mainly composed of SKpCaO, AbOs, and FeOs, along wih several trace elements such as,SO
TiO2, and NaO. The chemical composition of metal oxides with an alkaline character of cement
type wastes could be considered a suitable material far@i@eralization (Chiang and Pan
2017b)

Annually, cementindustries produce large amounts of cement waste in the form of cement
kiln dust (CKD) and cement bypass dust (CBD). Cement kiln dust (CKD) is a fine powdery

material that is the bproduct of Portland cement and lime higimperature rotary kiln
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production. CKD iscategorized as potentially hazardous waste because of its caustic nature and
potential as a skin, eye, and respiratory irritant (Satah 2012). The cement industry generates
0.150 to 0.20 tonnes of CKD per tonne of cement (world output 2.8 Gt) (86ah2014). The

CDK ECQ uptake achieved is-85 wt.% {.e., 0.080.25 tCO. per tCDK) (Dri 2014). Cement
bypass dust (CBD), which is removed after kiln firing, has a much lower carbonate content than
CKD, and therefore much higher potential to capt@@ (0.5 tCOz per tCBD) (Gunning, Hills,

and Carey2009).

Recycled concrete aggregate (RCAaiwther type of cement waste.idtproducel during
the processing of inorganic material previously used in construction and principally comprises
crushed cocrete (Dri 2014). It consists of a series of calcium silicate hydrate, calcium aluminate
hydrate, and calcium hydroxide compounds, whichadlr@ighly alkaline. Because of the high

variability in CaO content, RCA ECQuptake is also very variablel, B2wt%b.

Waste cement can be considered a significant source of mineral carbonation feedstock. The
annual waste concrete production of EU, USA, and China is &illién tonneswhich has the
potential to capture up to 6Gtillion tonnesCO, (Bobicki et al. 2012b) Considering the highest
waste cement ECQiptake as 16.5 Crapture wt.% and taking the waste concrete produced in
the abovementioned countries, waste cement coultlectively sequester a maximum of 60

million tonnesof CQOz/year, accounting for 0.2% of global @@missions from fuel combustion.

1 Municipal solid waste incinerator (MSWI) fly ash

Incineration isa popular waste management option faunmipal solid wasteprocessing It

producesa solid residual containing approximately 12% vol/vol LTne solid residueare rich
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in calcium oxide. Mineral carbonation can be used to stabilize the MSWI ash befwe oe
landfilling as it limits heavy metal mobility andds in CQ sequestration. The small particle size

of MSWI ash, high CaO concentrati@and proximity to CQsources are other factors that make
MSWI ash favorable for C&sequestratioffYadav and Mehra, 2021Yhe amount of municipa

solid waste (MSW) was estimated at 1.3 billion tons per year worldwide in 2012 and is expected

to rise to 2.2 billion tons in 202%anneet al, 2012)

I Fuel combustion ashes

Coal fired power plants produce annually 12000 M@l 600 Mt fly ashThe combustionof
fossil fuels such as cqadil, and natural gam power plantgor generéing electricity contributes
over 70% of the total global G@missiongHo et al, 2019; Romanet al,, 2013) The bituminous
fly ash contains 80% CaO and-B% MgO. The C@sequestration potential of bituminous coal
FA is relatively low ~ 9wt% but it could reach-43% for Carich lignite type coal or oil shale

asheqSanneet al, 2014)

1 Mine tailingsand alkaline paper mill waste

The carbonation of these residues not only sequestersu€@iso improves the properties ofshe
wastesmaterials before finadtorage safely stored or used feecondary purposes. Mine tailings
produced in asbestos, serpentine, dunite, and serpentingeaitde used as a feedstock for
mineral carbonationin addition residues such as red mud and bauxite from aluminum
manufacturing sites can be used in carbequestration to improve their properties and make them
suitable for reuse and safe landfilli(Bobicki et al, 2012a; Yadav and Mehra, 201Due to the

hazards involved in working with asbestos tasdingery little study has beaimdertakeron this
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material (Azadiet al.2019; McCutcheomrt al. 2017). However, the carbonation process can fix
and immobilize hazardous elements and mineral groups in carbonation forms to create
environmentally benign products which can be used for mine site rehabil{fatbicki et al,
2012a; Pamt al, 2015b; Sannat al, 2014b)

The cost involved in using nickel tailings as az8@questration feedstockhgh, but nickel
tailings are often very rich in magnesium (40%). The use of new technologies to integrate the
mining process withCCScould makenickel tailings a valuableaw material forfeasiblemineral

carbonation (Bodoet al.2013).

Red mudanalumna manufacturing residuis produced from the digestion of bauxite ores
with caustic soda (i.e., Bayer process) under elevated heat and high pressaleghktlysalkaline
procesgpH > 13)(Azadiet al, 2019; Bobicket al, 2012a)For every toneof alumina produced,
approximately 1 to 1.%onnesof red mud are also generated. Annual production of alumina in
2020 was over 133 million tons resulting in the generation of over 175 million tons of cbkd mu
(6Al umi na Pr oMineraltcarmomation @af Be2used to reduce and neutralize the
alkalinity and contaminations in red mud. Carbonated red mud can be used for various applications
like fertilizers, brick and tile industry, cement production, and wastewater tregivzewt et al,

2019)

Production of cellulose pulipom paper manufacturing produces alkaline paper mill wastes
(APMWs) which typically contaim2-82% free CaO. These materials are suitable sorbents for
mineral carbonation. C{s also a byproduct of pulp production which can be used to carbonate
the APMW. The resulting CaCGGrom the carbonation process can be used in the pulp and paper

industy or sold as a byproduct (Yadav and Mehra 2021).
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2.5 Summary

In this chapterthe postcombustion C@capture and sequestration methods@ptebns for
mineral carbonation process routes/e been detailedn upto-date review of the potentighw
materialsthat can be used as the feedstdokshe sequestration of C@as also beepresented.
Generally,mineral carbonatiofis a very promising option in terms of resources available and
enhanced security, but the technology is still in its infancy and tretrespa storage costs are still
higher than geological storage in sedimentary basins ($17 instead of $8 pe(S@aaet al,

2014b)

In the following chapterthe process chemistry and kinetics of direct aqueous mineral

carbonatiorare described in detail
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3. The direct aqueous mineral carbonation chemical process

Direct aqueous mineral carbonation follows a complex reaction mechantsich has been
modeled in various way$&opinath and Mehra, 2018)ypically, three stepare involved:

i) DissolvingCQ; in watervia gasliquid interfacegbubbles, contactor materials)

i) Mobilizing cations for CQ capture by dissolving calcimand magnesiurbearing

solids(dissolution of the mineralsand

iii) Formation of carbonate precipitatsspendedh the liquid phase or at the liqusblid

interface(Panet al, 2012)

Thework herein exemplifies the mineral carbonation processsg a simplified system that
starts with aqueou€a(OH} and the dissolution of the atmospheri€0Oz in water Aqueous
calcium hydroxideis a good choice of exemplar for the following reasdfisst, as shown in
Chapter 2Cais abundarly available in mineral and waste feedstqekselativelynon-hazardous
and thus may be expectéadl be relatively inexpensive to obtain or procure for carbonation
Calcium carbonatgrecipitation from the carbonation of Ca(QHiqueous solution is a very
familiar and classic reaction commonly observed in natseeond, mineral carbonates such as
CaQ0s3 are thermodynamicallpne of themost stable fors of carbon. Therefre, long-term
storage of C@can be achieved once itésnvertednto carbonatdorm, and the product of this

reaction isenvironmentally benig(Changet al, 2017; Haret al, 2011a)

In this chapter, the process chemistry and kinetics of the readtipi®®0, captureand

sequestrationsing aqueouSa(OH}solutiorsarereviewed. Based on this review, a mathematical
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model for the reaction set is formulated and subjected to verification tests to check that the model

captures the necessdghaviors

3.1 Reaction equilibria

3.1.1 Carbon species arising when CQ is dissolved in water

Carbon dioxides a colorless, odorless, andnflammable gasvith a slightly sour tastéhatis
essentiato life onEarth. Its critical temperature, pressure, and density304.13 K(31.0° C),
73.8 bar (107@si), and469kg/n?®, respectivelyAt standard temperature and pressure, the density
of CQzis around 1.98 kg/fpabout 1.67 times that of giChiang and Pan, 2017d)hediffusion
of COz throughwater is approximately 10,000 timsi®werthan throughair (Gough, 2016)

The solubility of gases in watdepend®n temperaturgressureliquid propertiesthe ratio
of liquid to gasby volume or masandnumerous additional factaré/hen the temperature rises,
the solubility of CQ decreases due to increased kinetic energy. Higher kinetic energy leads to
greater molecular motion, breafinntermolecular bonds and causing L0 escape from the
solution. (Dodds et al, 1956) The solubility of CQ in water is diretly proportional to the
pressuréWhenthe pressure is increased, the2@@lecules are forced into the solutidokhtari,
2016) Doddset al. (1956)providea CO; water solubilitychartshowing solubilityas a function
of pressurend temperaturéJsingthe chart permita. more precisestimation ofCO; solubility

in water,andthisis shownin Figure3-1.
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Figure 3-1: Solubility of carbon dioxide in water (temperature, pressure effect§poddset
al., 1956)

The dissolution of th€0z in water can be considmta mass transfer procedsgtontrolling
factorsof which are described inetail in Section3.2.1with more detailsHere, the process is
initially described in simpler termbn a batch reactor (rather than an opewtag, the three major
techniquesvailableto increas¢éhe CO; transfer rate fronthegas stream to the solution #deajie

Li et al, 2018; Nasser, 2010; Park, 2005)

1 Increasing the stirrer speed of the reactor (when there is a stirrer)
1 Increasing the C£xoncentration (partial pressure) in the input gas mixture
1 Increasing the reaction pressure involving the gas
Increasing the stirrer speed increases thet@@sfer rate from the gas stream to the solution

in the cited work, but the fundamental reasonhigh CQ transferwhen stirreds because the
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time that the gas bubbles are in contact with the liquid increases, an idea shéfedebyl,

2011)and that the potential for gas transfer remains high because the liquid solution concentration
becomesmore homogenousAgitation also breaks down the gas bubbles into smahes,

increagng the surface area in contact with the liqgMasser, 2010)By St ok eds | aw, S |

bubbles will be suspended or entrained in liquid flows for lopgeiods(Dey et al, 2019)

The physical dissolution of gaseous €@ the solution is denoteith E q . (3.1). Her
constantontrols the amount of C@lissolutionAc cor di ng t optoagontthees | aw,
a linear relationship between the partial pressure of a gas and its concentration in a dilute solution
(Rasi, 2009)As expressed iRqg. (32), H e n rlaw@resents thahe solubility ofthegas inpure
water is proportional to its partial pressure aboventaer. Itis strictly valid onlyfor gases that
can be infinitely diluted in solutiofChiangand Pan, 2017aj\t high pressure@nore than 5 bar),
Henryds | aw is no | magémpenataré becomes a maiidcatfaceorn mp | e

than pressure for gas solubilifgasi, 2009)

80°Qu 60 &On (3.1)

6 O 0 (32
In Eq. (3.2)0 is theconcentratiorof CO; dissolved in aqueous solution (o), 0 is
H e n rsplubitity constant for CQ and Oy, is the partiapressure of C@in the gas phas@he

value ofHe n r solabdity constantéxpressed imol/L bar) is a function of temperature and can

be expresseby Eq.(3.3).

1T0C upccwdmtmnY x@PYouy n'yY (3.3
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whereT is the temperatureK] (Velts, 2011) The dissolution of C&X(g) into an aqueous solution

is described in more detail Bection3.2.1

When CQis dissolved in watethe carbon in th€O; will exist invariouschemicaforms
The specific chemical form that arisdspend on the pH of the solutionin which the CQ
dissolves The possibleforms arei) aqueouscarbon dioxide COz (aq) ii) true carbonic acigd
H2COs, iii) bicarbonatdonsH @5 a q andiv) carbonatdons C G a ¢dMineral carbonation
becomegossible when there is sufficient availability of these carbon species in dpspdn

systemgqChiang and Pan, 2017a)

A closed system refers tmesystemwherethe total quantity of carbon species within the
system remains constatttere isno exchange of carbon species with atmospherie(G)®r solid
phasegproducedike CaCQ (Pankow, 1991)A systemis considered open when the addition or
removal of CQwith the environment occurs; for example a fixed volume of water in equilibrium
with the atmosphere is characterized by a constant partial pres§&i®@e @ankow, 1991; Stumm
and Morgan, 1995)The direct air C@ capture and mineralization of mine tailings materials

discussed bYiu et al. (2021)is another example @nopen system.

In an aqueous solutiotess than 0.3% of theOzis hydrated to HCOs (true carbonic acid)
(Fioravanteet al, 2019) As it is difficult to distinguish between the 4anized species C{Jaq)

and the pure acid,480s, in consideration oflissolution processes, both quantities are frequently

0l umped togetheroé to oneHzétQ:ngle component in

(H K #/1 AN ( #/ (34)
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wherebrackets represent total concentratidisC @ is namedapparentcarbonic acidand is the
carbonic acid that igenerally acceptetb becarbonc acidin the literaturgZeebe and Wolf
Gladrow, 2001a)

The relative concentrations of @@ag) and HCOs;, and he deprotonated formef
bicarbonatéd @3 a qand carbonat€ G a g depend on the pH of the sitibn (Figure3-2). At
pH < 6.5H,C Q is the main constituenAt the pH raning 6.5 < pH< 10.5the production of
H @3 a qdominates When thepH is more thanl0.5 carbon speciegxist in the form of

carbonate ion<C G a q(Hanet al, 2011a)

H2COs has a strong tendency for dissoatandrapidly breaks down into bicarbonate plus
hydrogen ionsThus, theconcentratios of the HCQO;s specifically @anbe negligible(Khodayari,
2010) For these reasons, when the chemieattion equations are written down as a complete set
across the pH rangkl,C Q does not appear as a distinct speciesH@; andC G feature

instead as presentedHus (3.1) and (3.5) to (9):

806 Qu 60 &N (3.1)

50 GR 06 auv 'O &R 08 &R 3.5
08 GRs 0GR 80 Gn (36)
06 v O ©R 00 &On 37)

600 wn 00 wnRe 00 N (3.8)
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O wn 00 wne OLa 60 wn (39
These equations govern the dynamguilibrium of the solutiorconditionthat is created when
CQ: is dissolved in water. I€ Q g cannot be introduced into the water by (3.1), then the
following reactions to (®) are inhibited. When son@ Q g is dissolved to aqueous form, the
system of equations brings about transformations of the concentrations of species, with a state of
completion that depends on theaaledequilibrium constantsvith a pace which depends upon

the secalledkinetic constats.

A large value of the equilibrium constant will reflect a reaction that has the potential to
proceed to completion in the sense that the reactants shown on the LHS of the equilibrium sign are
consumed virtually completely to produce the produbts are slown on the RHS of the

equilibrium sign.

The pH connected with the condition of the resulting solution, depends upon the extent to
which the reaction kineticand equilibrium constantsermit the production of protons (3.7) and
(3.8), as well as the avalidity of protons(or theconsumption of protonsrising from external /
additional reactions operating-carrently with CQ dissolution. An example of the latter would
be the dissolution of NaOH in water at the same time as the dissolution of the W&er as in
(Covingtonet al, 1985) If the systenis modelled it must also accommodate kinetic rate constants
depending upon the species actually present within the mix (and indirectly the equilibrium
constants) which, in turn, depend on the pH. Such systems are coamgleets of coupled

differential equations are required to represent the interactions
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Reaction (3.5) can be the rate controlling reaction of the dissolution oinG@ter as it is
relatively slow(the kinetic constants are numerically smadicept at high pH. Reaction §Bis
faster than reaction (3.fanet al, 2011b) The kinetic rate constants of the reactions, which are

described in much more detailsaction3.2, determir reaction speed.

When the reaction proceeds in pH > 10 (the pkhefsolution is high), direct reaction with
OH predominates and reactions8Band (39) are most active in this range. Reactior9)3s
faster than reaction @. Thus, reaction (8) is the rate controlling reaction in this pahge(Han
et al, 2015) The two reactions (8) and (39) are also active across 7 < pH < 10 ramtmvever,

reaction (3) is faster than reaction @.in this range, leadg to a higher concentration &f (O3

thanC @'in solution.

When CQ s dissolved in wateequilibriumis established betwedrydrogerH®, carbonate
C@ a qand bicarbonateH @; aq ions. The correspondingstoichiometric equilibrium
constants fof3.5), (35), and(3.7) are definedn equations (3.Q), (3.11), and (3.2) respectively

from (Stumm and Morgan, 1995)

o0 O (3.10)
00 &N

o 29 02 (3.1)
Oo v

0 O 00 (3.12)

The correspondingoichiometricequilibrium constants faf3.9), and (3.10are definedn

equations (3.3), and (3.%) respectively:
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. 0 06 0
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0 00
0 — 3.14
v OCouv v'0O (3.14)

In contrast to other authofslokhtari, 2016; Stumm and Morgan, 1995; Zeebe and Wolf
Gladrow, 2001ain this work,Ka andKp areintroduceddistinctly as it is clear that they represent

slightly different reactions in the reaction set (compg&revith Ka andK2 with Kp). Introducing

this distinction applies focus on knowing exactly which reactions of the reaction set are in play,

and thus which values &inetic constants should be applied to match. Overall, this makes tracking

of the chemical system dynamics less ambiguous and thus, less prone to error. When iSa(OH)

introduced into the system as a pH influencing speciaddition to, or instead djaOH, because

the former also contains the alkaline earth metal cations, one needs to account for additional

interactions / couplingsSection 3.2, illustrates these issues and explainsdbepling steps in

detail.

Stoichiometric equilibrium constants have a weak temperature dependence Idue to
enthalpies of reactioriThe molebalan@s of the carbonic acid system equilibrium can be

expressed as

o} 60w O wnRn 60 WA (3.15)

where Cr is the total inorganic carboi(TIC) concentration(mol/L), and this can change
dynamicallydepending on the pH diiesolution and th@artialpressure of C&gas among other

factors By substitution of Eqs3(10) and @.11) into Eqg. 8.15), an explicit formulaford 0 @1,

H @; a q, and[C G a d can be obtained as donein (Chiang and Pan, 2017a)
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56 on 1 6E 0 (3.16)
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Figure3-2 shows the fractior] () of each carbon species presasthese varwith the pH
of the soluton. When CQ s dissolved in water, equilibrium is established between hydrogén [H
bicarbonateH @3 a ¢, and carbonateC G a d ions. Due to the presence pfotons the
solution becomes acidic and its pH decreases. The pH of a saturated solution of carbon dioxide
solution varies from 3.7 at 1 atm to 3.2 at 23.4 atm as the pressure of the gas over the water varies
(Doddset al, 1956) The pH of the solution is a direct function of carbon dioxide solubility, which

varies with temperature and press(Rark, 2005)
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Figure 3-2: Distribution of carbon species as a function of pH (n the presence oPcc. of

1 atm, and at ambient temperature of 25 °CfFioravante et al, 2019)
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At atmospherigressure X atm) and ambient temperature {Zb °C), carbon dioxide is
scarcely soluble in water (0.038dol/L at 20 °C) although this can be an order of magnitude
higher than the solubility of other atmospheric gases in widtedissolution of CQin watercan
be enhanced by increasing the alkalinity of the solutiomhe pH modifies the amount of ionic
species present in the aqueous solutibmerefore,specific carbonate concentratiortan be
achieved by controlling the pH of water for carbon dioxiliesolution as in Aghajanian and

Koiranen(2020)

One of the chllenges in th&€€ O, captureprocess is theelatively lowrate of mass transfer
between gaseous G@ndtheliquid solution phas€Chiang andPan, 2017bdlepicted in equation
(3.1). As will be seen subsequently, this thesis proposes alternative mestekerate the mass
transfer between these two phalglevating the gas pressuvéh theHAC. In Chapters and
6, the applicatiors of i) a HAC andii) a horizontal inector loopas a generalization of the HAC
processare proposed as means of O@ass transfer anchixing devicesand are described in

detail

3.1.2 Dissolution of the minerals into solution

Mineral dissolution,d mobilize cations for C&(or other specieassociated to C{hrough the
equilibria in Section 3.1.1) to react withas part of the sequestration process via mineral
carbonation, may also turn out to be the -fetgting step in the overall aqueous mineral
carbonation process. Mineral dissodn also depends on the pH, temperature, and the solid
material properties (particle size, porosity and surface area, and miner@iogyy Yu, 2018b)

The intent is that alkaline cations will be leached from the natural mineral feedstackiof2.3
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and the alkaline waste materialsettion2.3. However, for simplicity in explaining the chemistry
of direct aqueous mineral carbonation hehe system is set out using calcium hydroxide as an
example

The chemical equilibrium equation for tlkssolution of Ca(OH)in water is

OWO i ™0 av 60 R 00 wn (319
If Ca?* (aq) is the only calcium species in the solution, the equilibrium constant of Ga(OH)

can be considered as:

0 (3.20)

where U refers to the actiwt of either calcium and hydroxide ion&Greenberg and Copeland,
1960) The solubility of metals tlough the formation of aqueous complegan be influenced by
activity and the effective concentratio(Vanderzee, 2016)Activity (U) is a measte of the
feffective concent r atandisddinedds thprodscpoieanceststion n  a
C, and amactivity coefficientf.

The activity coefficient represents the deviation of the behavior of a real solution from that
of anideal solution and takes into account the effects of intermolecular interactions between solute
and solvent moleculeBy considering both the concentration and activity coefficient, the activity
provides a more accurate measure of theltelmaviorof a ecies in a mixture, which can be used
in the reaction kinetics modelir{étkins et al, 2014) For many complex dynamical descriptions
of chemical equilibria and reaction kinetics, where species condensraire shown, they may be

replaced by activities to better reflect experimental reality.
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To avoiddoubt, in the immediately following involving algebraic manipulation, the variable
Cis used to denote the concentration of a specieseaatcion put it should be noted at elsewhere
in the thesis the concentration of a species is denoted adopting the convention that the species is

surrounded by square brackets e.g. {ICO

| Q0 (3.22)

Theactivity coefficients can be calculated if the iosicength is knowiiVanderzee, 2().
As will be seen subsequently, such a procedure, as implemerited &yal (2021) andNaet al.,
(2019a)have been applied when the dissolution of Ca(@H)water has been computddbwever
other reaction systems presented herein adopt species concentrations rather than [the superior]
activities. The reason for this is that data drawn from the literature to complete mathematical
descriptions of reaction chemistry must be consistentamplete. It has not proved possible to
draw a complete set of activityased values of equilibrium constants and kinetic rates from the
literature to populate the dynamic equations for mineral carbonation. Consisterthsivedata
from the literatue for that system has only been foumdthen expressed with species

concentrations.

In electrolyte solutions, each ion will exert an electrostatic force on every other ion, and this
force increases as the distance between ions is reduced. The extent eleittesstatic forces is
determined by ionic strength Generally ionic strengthmeasureshe concentration of ions in a
solution, consideringboth the number of ions present and their charges. It is calculated by
summing the products of the concentrati of each ion species in the solution, raised to the power

of the absolute value of their respective char@dsckris and Reddy, 1972; David Glasstone,
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1962) Mathematically, the ionic strength can be expressduay Eq (3.22) in units of molality
(moles solute/kg solvent) or molarity (mol/L)
(3.2)

O 0w

Fallhe)

whereCi andZ denote the concentration and charge number attihen species in the solution,
respectively.The ionic strengths influenced by concentratipibecause higher concentrations
reduce the distance between ions, and by the ion ¢lafgehannsen and Rademacher, 1999; Lee

et al, 2021)

Whenthe ionic strenth isknown activity coefficients can be calculatad(Johannsen and

Rademacher, 1999)

@0 (3.23)
p p8UNO

I o)

The above equatiois an approximation usebly the DebyeHulckel equationto calculate
activity coefficients.The extendedDebyeHuickel theory describes the behavior of electrolyte
solutions at relatively low concentrationss #quatioraccounts for the interactions between the

different ions, which are the primary cause offedtences between the properties of dilute

electrolyte solutions and those ofsalled ideal solutionfDrewet al, 1981)

The value of 1.4 in thEq. (3.23)is an empirical correctiofactor. It is used to account for
the fact that real ionic solutions deviate from ideal behavior, especially at higher ionic strengths.
The 1.4 factor helps improve the accuracy ofexiendedebyeHiickel theory's predictions over

a wider range of concéations. However, it's important to note that this factor is empirical and
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may not be valid for all systems. It is often used as a simplification in pracime strength can
decrease the activity coefficient and therefore increase the solubil@y@H)2 by decreasing

activity (Harris and Lucy, 2020)

The equation (3@ can be expressed in the form of

0 o) o) "Q (3.24)

whereC is speciegsoncentratiomndf is the activity coefficienf(Greenberg and Copeland, 1960)

In order to calculate the concentratians and0  during the dissolution process the
total calcium species concentratisrequired However, here is no agreement the literature
regarding the identity of water soluble calcium species in equilibrium with Ca(§ohannsen
and Rademacher, 1999; Kutetsal, 2016; Litoet al, 1998a) Some researchers considered*Ca
(aq) is the only calcium species in the solutidManderzee, 2016)However other literature
sources, suggest, thia alkaline solutions, beside €4aq), the formation of CaOHaq) is also
significant (Pallagiet al, 2012a) In systems containing Ca(Ots the initial solid prse the

following chemical equilibria can be considel(@&hes and Mesmer, 1977; Pallagial, 2012b)

6O i 8 6wl @R VO wn (3.%%)

0 w0 @AY 6w R VO N (3.26)

The corresponding equilibrium constateq. (3.5) is:

8 6 . (327)
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Thetotal calcium species concentratioincalcium ions can be calculated(s¢iechers and

Sturrock, 1975)

0 0 0 (3.28
In this work, theactivity coefficientis only considered in the kinetic model of dissolution of

Ca(OHp} particles in the solutio(seesection3.2.2.

However,activity coefficients (of one form omather)alsoaffectthe pH of the solution.
The pH of the standard saturated Ca(©$tlutionis 12.45 at 25C (Bateset al, 1956; Litoet
al., 1998b) In theory, he concentration of hydroxide ions determines e pnd then ptof the
Ca(OH} solution.Later in this work,it will become evident thahe value othecalculated pH is
found to be highethanthe pHmeasuredit is suspected th#the reason for this isdgsausectivity

coefficiens are not able to beonsidered in the pH calculation.

The solubilty of Ca(OH} in water is known to be temperatedlependent. There are varying
reports on the effect of temperature on the solubility of Ca@Hyater. For instance, Johannsen
and Rademacher (1999) proposed an equation to calculate the solubilitypéf)Cia(waterthat
suggests that the solubility of Ca(QH)ecreases with increasing temperature. However, other
authorshave reported that the solubility of Ca(QHnhcreases with increasing temperature
(Hassanpouet al, 2016; LemusRuizet al, 2012; Sazonoet al, 2014) Notably, Johannsen and
Rademacher (1999) is a widely used reference for modeling the dissolution of €al@idder,
and many researchers have utilized the assumptions and equatibasviork to model the
behavior of Ca(OH)in aqueous solutiondeeet al, 2021; Neet al, 2019b; Veltset al, 2011a)

This work hadollowed suitfor the present studfeq. (329) shows thesolubility of Ca(OH} as a
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function of thetemperature and the siz# Ca(OH} particles being dissolvedcand becomes

important wherthe diameteof theCa(OH} particlesarel ess t hran 0. 5 &m

6@ 0 o V& p T TBIp CYA GBS G p@ (3.29)

whergd 0 @ 'O is lubility of calcium hydroxideo is theequilibrium constant of
Ca(OH}in water,T is the temperature (Kandd is diameteiof the Ca(OH} particles € m The
theoretical solubility at 2 5JohaénsdnandRadenaehert i c | ¢

1999; Leeet al, 2021)

Leeet al.(2021)also presentie equilibrium constant of CaCkh water(0 ) as:
- PP (3.30)
T @ piﬁwawwWU o

whereT is the temperature (K)

A challenge of mineral carbonatiarsing alkaline solid wastes is that the dissolution of
calcium species in alkalimesiduef themineral feedstocks reviewed @hapter 2s favored at
low pH, while low pH is not favablefor the subsequenprecipitation of calcium carbonatas
will be seensubsequently,hie balance between dissolution and precipitatiependson the
kinetics and solubility of the feedstogkesentandthe possible product§éChakraborty and Jo,
2018) and dissolution of Ca(Ok@at high pH is a characteristic of the carbonation process in the

reactor designed and tested

The mechanical or otheproperties of the calcium (or magnesium) solids may change

considerably byheleachingof the solid particle§Chiang ad Pan, 2017bMcCabeet al.(2005)
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observed that coarse, hard, or granular feed soiasdisintegrate into pulp or mush when their
soluble content isemovedand this mayresent potential challenges in residt@rage The rate
and extent of calciurar magnesiunteachingfrom solid particlesareinversely relatedo particle
size and pHThe factorsthat might affectthe rate and extent deaching of metal ionsf the

potential feedstocks for mineral carbonatemdleadto a loweringof masstransfer ratare

=

Lackof porosityor permeabilityin solid wastesnd their particles

1 Formationof isolating layer of precipitate on the surface of alkaline metal earth

hydroxide particles suspended in solution

1 Insufficientstirring and mixing between solid and liquid phasexd;

=

Severeagglomeration of (fine) particles in the soluti@hiang and Pan, 2017a)

3.1.3 Formation of calcium carbonate precipitates: nucleation and growth

Calcium carbonate is formed by reactdretween) calciumions and carbonate i01(3.31) and

i) calciumions andbicarbonate ioné3.32) (Ji and Yu, 2018c)The firstreacton isknown to be
fast andleads tothermodynamically stdé (Figure 3-3) precipitateproducts(3.33) (Han et al,
2011c) The energy of formation for gaseous£310s a p pr o x i imelf amdthgt ofsodd0 O
CaCQ precipitateis considerably lower at1100 kdmol, according toPanet al. (20153, which

is the mairreasorthe mineral carbonation procasgavourable

6i On 60 GAY 6OEUE 0 Ha QR (3.31)

60 GdR 060 Gy O OR 6O60E60AQQ (3.32

k J
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0Wwoo g 0 WO L i (3.33)
As is evident fronfFigure 3-2, and as stated bghiang and Par(2017b) whenthe pH is
more than 10, the predominant carbon containing species are carbimmetdC G) andthus

CaCQ would be formegrincipally according t¢3.33).During the formation of CaCfthe pH

valuewould decrease gradually.
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Figure 3-3:Standard molar free energy of formation for several carborrelated

substance at 298 KPanet al, 2015a)
At pH < 9 the bicarbonate ions ((C Q) react with Ca&* (Chiang and Pan, 2017b)
Energetically, e precipitation of CaC£rom carbonatéons C @ ismorestraightforwardhan
its formation from bicarbonate iong (# /), becausehe bicarbonate iorequires deprotonation

beforeforming CaCQ (Allen, 2019) The growth of the CaC{Xxrystals (3.33)is not considered
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in thedynamial kinetic model of the mineral carbonation kineticsmulatedsubsequentlyThe
omission of crystal growtfrom thedynamial kineticmodelrepresents a simplification that can

be improved upon witfurther work that is beyond the scope of the current thesis.

The equilibrium constant, , for the brmationof calcium carbonate (Eq. @)) can be

expressed as:

0 | 0 6 Q (3.34)

whereU refers to the activities of thealcium and carbonate ionS,is the concentratioof the
calcium and carbonate ignandf is the activity coefficien{Duggirala, 2005) To simplify the
calcium carbonate precipitation model, it is assuifedp, so| 0.

The value obolubility constanbf CaCQ depends on the temperature and empirically given

by (Plummer and Busenberg, 1982)

Co v, C W®OW O s (3.35)
1€ PXBX X TBIX X OW6—0— XM wul'y

The pH of the solution has no direct impaction, although it does affect solubility by
controlling the level of G present in solutioDuggirala, 2005)
This author has not been able to recovéumesfor the equilibrium constant associated with

(3.32). However, values for the kineticate constantdor this reactionare presenteth Velts,

(2011)
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3.2 Kinetics of the reactions

Chemical kineticgleak with the change of chemical properties through tand considers the
details of the transitins of one chemical specidgs amother on a molecular leveit chemical
equilibriumpredicted by the reaction equilibrigeactions takelpcecontinuously with the rats

of the forward reactisequalingthe backward reactiorates(Zeebe and Woltsladrow, 2001h)
According toLeverspiel (1999) reactordesignneeds to consider both the equilibria (of the prior
section) and thk&inetics(presented in this sectio)he mineralcarbonatiorprocess is limited by
thekineticsof one of three possible steps:

i.  the dissolution of C@into anaqueous solution,
ii.  the dissolution oCabearingsolid compoundsor,
iii.  the formation of solid products under diffusion control

The kinetis of calcium carbonate dissolution atiee inverse process pfecipitation inan
agueous solution have beée subject of numerous investigati¢gAsakaki and Mucci, 1995; Liu,
1997; Paret al, 2018e; Plummeet al, 1978; Ragipanet al, 2019; Zeebe and Welladrow,
2001a) Various models andets of associategquationshave been proposduhsed oreither
homogeneous or heterogeneous syst@iontesHernandezet al, 2006; Panet al, 2018e;
Vacassyet al, 2000; Wiechert and Sturrock, 197&) describethe dissolution/precipitation

kinetics of calcium carbonate.

The first empirical equation fothe dissolution/precipitation of calcium carbonate was
reported by Dorange ar@uetchidjan(1978) They investigated the dissolution of marble chips as

a function of the initial calcium concentration and the partial pressur®off®@ey deduced that
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the rate of reaction was governed by the degree of undersaturation in the (§etepton and

Daly, 1987; Kornmdller, 1995However, their model does not give a general descriptidmeof
dissolution kinetics of calcium carbona®ummeret al. (1978)presented a model to predict the

net rate otthe dissolution of calciuntarbonate in terms of the activities of the reacting species.

Their model gives an excellent fit to the experimental dedduced byCompton and Daly1987)

andmary otherresearcherskaveu s ed Pl ummer 6 s (Awldld and Mati, 109%ei r wo
Mitchell et al, 2010; Neet al, 2019c; Veltset al, 2011b; Zeebet al, 1999) and parts of it are

deployed in the system developed in this work

Mitchell et al (2010), Naet al (2019),Velts et al (2011)modified the kinetic model of
Plummer Theyused it to describe the kinediof direct aqueous mineral carbonationgtreactions
for COz capture using Ca(Okaqueous solutignThese models are of great relevance to the work
herein However,one of their deficiencies is that the particle size of the GaZ@lucedloesnot
feature.In each of thesenodek, the system isonsiderechomogeneous thatthe kinetics of the
nucleation and growth of calcium carbonate particles are not consid&hesh the system is
heterogneousthefocus is retained on the dynamics of solid particle growmtitien mineral wastes
are considered the feedstosgveral theorical modeldhave been put forwarduch asherandom
pore model (MoralesFlorez et al, 2015) the overlapping grain mode(Liu et al., 2012)the
shrinking core model (for dissolutiaf, e.g. Ca(OH), mineral silicates(Johnseret al, 2006)
and the surface coverage mod®an et al, 2014) Thesecan be applied to simulate the
performance of the direct aqueous mineral carbonation using-d&sd silicate basednaterial
where the time evolution of CaGOrystal growth and feedstock substrate coating mechanisms,

areimportant.
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Anothersignificant challenge in the mineral carbonation process is the relatively slow rate
of mass transfer of gaseous £1@the liquid solution phase (Chiang and Pan, 20IMa$t of the
studiesof mineral carbonatiokinetics focus on the kinetgof the dissolutionof feedstockssuch
as Ca(OH) andthe precipitation of calcium carbonat&n accurate representation of tkmetics
of COr absorption in the system is a critical step for building reliable numerical models to

guantitativelycharacterize the process of &faptureand sequestration.

To improve on this situation, part of the thesis work, involved experimental verification
(Pourmahdaviet al, 2022)of a detailed representation of the mass transfer kinetics af CO
absorption in a HAQYoung et al, 2022) In the model of reaction kinetics presented in this
section the HAC is conceptualize@sa pressurized, continuous chemical reacttw which the
COz(g) is continuouslysupplied to the HAGo dissolvein a suspension solution of Ca(Qks)),
so thata CaCQ(s) precipitateis continuously produce€onsequently,he kinetic modelwhich

is preented in tle following, is divided irto two parts
I.  The gas absorption in the HAC system
[I.  Thedissolutionof Ca(OH) andprecipitation ofCaCQ

Younget al (2022)developed anedimensionaimodel fa estimating the gaabsorption
in the compression process in a HAC downcqom#aich couples the hydrodynamics, solubility
kinetics and psychrometric aspects of the system. This mealelbe used tpredictthe mass
transfers between the gas and liquiagds and caoonsiderthe impactsof raisingthe liquid
temperature and the addition of inorganiesodutes ta@xamine changingqueous systenf¥oung

et al, 2022)
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In order to verify the bubbly flow model developeg Woung et al (2022) some

experiments have been conteet The conditions of e experimentsand their resultsare

discussedh detailin Chapteb. After verifying thebubbly flowmodel, the C@(g) absorption rate

into thealkaline solutions predicted with this model.

Part two of thekinetic modelusesthe rate constantwith results from théubbly flowmodel

to calculate the amount of precipitated CaCébtained for conditions subsequentlyeds

experimenally with Ca(OH} solution(Chapter 5)

The dissolution of calcium oxide or calcium hydroxide in waienerates th€a* in the

solution. The rapid and strong increase in bHF12.5 observeds due to this leachingtep

(Dijkstra et al, 2004) CQz is injected continuouslyinto the solution rich in G4 ions at a

designated pressure and a conistiw rate

During the reactions At the end of reactions

COy)

Total C ntration: Ct=TIC
H.0) o once -
Gas f T Gas
Liquid‘ ¢ //// \\\\ Liquid
COZ(&J) e Hcoar(aq H20(|) /

/COZ(aq) Equinb N
quilibrium \ -

/ (aq)
\ Equilibrium ,

Ca (aq)

H' aq) X 2A HCO3 (aq) /] v
OH (ag) C}); (aq) \

>R
= C03 (aq)

2+
o o
¥ CaCOy ——- e
? Liquid
Ca CO3(5) Ca(QH)z (ﬂ@ Ca C03(5)

Figure 3-4: Schematic of thedirect agueous mineral carbonation mechanisniCa(OH)-
aqueoussolution), modified from (Chiang and Pan, 2017b)
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The mechanisms of the direct aqueous mineral carbonation in a batch reactor are illustrated
in Figure 3-4. The kinetic reactions involved in the carbonation process can be categorized into
three groups: first, the mass transfer of carbon dioxide gas into the alkaline soletiond Bhe
dissolution of calcium hydroxide solid particles into a reactant. Last, ionic reactions between the
dissolved ions derived from the gas and solid reactants cause the t0gt€xipitate. Generally,
the ionic and precipitation reactions are fasti n contr ast, the gasiliaqu
dissolutions are slow and regarded as-liatéing steps because of the resistance between two

phases.

The following section briefly describése gasmass transfer model used Wgunget al
(2022) Then the reaction kinetics for theissolutionof Ca(OH}, ionic reactions between the

dissolved ionsandprecipitation ofCaCQ are explained.

The modehrticulatedby Centset al (2005)for the reaction oflissolvedCO:. with aqueous
solutions ofhydroxides is extended based on the theoretical considerations of &tediis(2011),
Naet al. (2019b) andZeebe and Wolfsladrow(2001a)to permitall the reaction®ccurringin

the reactoto be modelled

3.2.1 Mass transfer of COz gas into the alkaline solution

COz absorptionin the alkaline solutionnvolves physical mass transfer and chemical reaction.
Several theories exishatmodelthegasabsorption processs achemical reaction. The penetration
theory (Higbie, 1935) the surface renewal theofpanckwerts, 1955and thetwo-film theory
(Whitman, 1962have beerextensively usetb describe the interphase gaguid mass transfer

mechanismin different systems.Ilt has been shown that theseahes give almosidentical
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guantitative predictionfDanckwerts and Sharma, 1966; Khodayari, 20A0)of these theories
assumehat therate of mass transfer is determined by a mass transfer coefficient and a driving
forcearising froma concentration or pressure gradi@naralet al, 2019)

The bubbly flow model has employed the tfil; theory fordescription of the mass transfer
between the gas and the ligygdasegYoung, 2017) The twafilm theory assumes that the flux
(rate) ofmolar transfer across a gas liquid interface is a function of the rataictit travels to
the interface from the bulk gas @eaand from the interface into the bulk ligiigure 3-5)

(Young, 2017)

Bulk gas phase .
&)
T Y SR -== P C
@ Film 1 b
@ =EpEeEESESsEEEEEEsAEEEEEEEEEE= === pf-) C;?
Film 2
@ - O O . . . O . . O O O . O e = . pf'r C;.I-;
Bulk liquid phase '

Figure 3-5: Two film theory. P;x and Cjk are the partial pressure and molar

concentration gasspecieg at position k respectively(Young, 2017)
Thetwo-film theory affordsthe mass transf@rocess gasside resistance and a liqeste
resistance ankkads tathe following equation for the rate of absorptiortlod gasspeciesnto a

liquid:
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~ ~

& NQO60;, 05 Q006 05 (3.36)

where1 is the bulk gas phase, 2 is the-tigaid interface, 3 is the bulk liquid phage;, is the
partial pressure of specigat a given locatiok in Pa 0 j; is the concentration of specipat a
given locationk in mol/m?, "Q is thegas phase mass transfer coefficignts), Q is the liquid
phase mass transfer coefficignt/s) andA is theinterfacial area (). The drivingpotentialfor

gas absorption in the gas phase is shdoyn 0; 0y and the drivingpotential for gas
absorption in the liquid phaserispresentely 6; 0 (Wanget al, 2018; Young, 2017)

When the limiting resistance isn the gasside the overall mass transfer rate can be

calculatedusing the gaphase parameters tife equation(3.36, middle term only. Whenthe
limiting resistance isn the liquidside the overall mass transfer can be described using the liquid

phase parameters of equat{@36, RHS only (Young, 2017)

In the systems considered in this st@ehlAC, Chaptes 4 and 5and horizontal ijector loop
Chapter6), the gas phassomprisesmall(1mm to 1cm)Qubbles Thereforethe rate at which the
gas solutes diffuseithin the bubbles cahe neglectedThegas absorption rate would be limited

by the rateof thegas diffuses from the gdisjuid interface to the bulk fluidyoung, 2017)

It is assumd that there is no resistance to molecular diffusion agtsiquid interface.
Therefore,the gas solute concentration in the liquid at the gas liquid interface is always at
equilibrium with the parti al Ilpwcandbaisedtecorvért t he ¢
the partial pressure of the specieghe gas phase to its concentration in the liquid phase at the
interface (Young, 2017) Therefoe, Cj,2 which isthe gasliquid interface concentratiofor gas

specisj (here CQ) is expressed as:
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0 p U 0 (3.37)

wherev istheHenr y 6 s s ol wdfined by toncentrationsahdapressuranal/L bar,
and0d s the partiapressure of C®in the gas phas@a).
In the bubbly flow modelhe liquidphase mass transfer coefficiehbased on thevork of

Higbie (1935)whichinvestigated the liquid film resistance in simulated industrial conditods

wasformulated as:

) F (3.3)
Q ¢ e
whereD is thediffusion constant for a given gas spedieshe liquid phase in s andte is the
time of exposure of the gas and liquid ifY®ung, 2017)Q is a measure of the rate of mass
transfer between gas and liquid at the interface between the two.phases

The liquid mass transfer coefficient together with theailableinterfacial area can be
referred to as a single parameter knowias also known aghe overall volumetric mass transfer

coefficient (s1) (Kimweri, 2001) Mathematically,it is defined as the product tiie specific

interfacial aread) and thegasliquid mass transfer coefficient), which can beepresenteds:

QO QO @ (3.39)
where®is thespecificinterfacial areand itrepresents the amount of interface available for mass

transfer per unit volume of the liquid phalds expressed as
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5
5 8 (3.40)
W

whereA is the interfacial arem?) andV is the volume of the liquid phage®) (Kimweri, 2001;
Whitman, 1962)The value of Qddictates thegas transfeprocesgGalan Sancheet al, 2011;
Naet al, 2019b) The largertiis, the greater the mass of a gas species is transferred to the liquid

phase

With the above simplificationshe CQ gasmass transfer ratato the liquidcan bewritten:

& Q0 00 80 on (341)

where 6 0 wn is theCOz bulk liquid concentration.

Y o u n lpubbdy flow modelcan beused to estimat@@accounting forthe increase in
pressure as the gas is induciet® the reactor. Thatuch arincrease of pressure of thasphase
occursin the flow direction should be recognized ame potentially leading to significant
improvements in the mineral carbonation proaessparedo conventional contactors (where the

gas pressure fallfecause th€O, mass transfers are elevatattlaccelerated.

An overview description otthe bubbly flow model is presented in Chapter 4. Howeoer
more information about thi@rmulationof this model fothe hydrodynamics, solubility kinetics

and psychrometrgof the gas compressipplease refer t¢Younget al, 2022)

1 The effect of precipitation reaction on the rate of CO 2 mass transfer

The reaction othe COz with Ca(OH}» solutionincreaseshe rate of absorption and increafiee

capacity of the liquid solution to dissolve €elts et al, 2011b) Kimweri (200J); Leeet al
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(2021, Na etal. (2019h, and Velts, 2011a)ntroducea so-called Gnhancement factrE, to
representthe effect of the chemical reactiordriven phenomenomn themass transfeprocess
performanceThemass transfer enhancement is generally expressed as the rativabithetric

mass transfer coefficient with chemical reaot('Q¢ ) to that withoutchemical reactions

Qo  (Veltset al, 2011d; Wanget al, 2018)

Qo (3.42)
0 —
Qw

Various methods can be used to calculate the enhancementFactexampleYelts et al.
(2011e)were not able to estimate the bubble interfacial area intin@ilels that simulated their
experimental resultsothey backcalculatedQc andE directly as a lumped valifeom their
model. In contrast Na et al (2019a)andLeeet al (2021) utilized correlations and models to

predict’Q®  andE by considering various system parameters, such as flow rate, geometry, and

physical properties of the phases involved.

As mentioned earlielY o u nidbly flow model is useih this studyto estimate thé& ¢
The value oE can be estimatibe estimated by comparing this model's results with experimental

data.

An enhancement factor greater than 1 indicates that the presence of a chemical reaction has
increaseda mass transfer rate compared to the case without a reaction. Conversely, an
enhancement factor less than 1 indicates that the presence of a reaction has decreased the mass

transfer rateThe enhancement factor is a useful tool for quantifying the impacherical
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reactiors on mass transfer performance and for optimizing the design of chemical reactors and

other mass transfer systeitaynes, 2011)

CQO: transfers from a gas into the liquid phasea gasliquid contacbr device The gas
liquid contactor igheequipment thabringsa gas and a liquid phas®gyether to facilitate the mass
transfer procesLContactorsprovides a large interfacial area of contact between the phases to
achievea high mass transfeate (Gruenewald and Radnjanski, 2018a)Chapters 4 an@, the
hydraulic aircompressor (HAC) and horizontal injector loop as ¢faesliquid contactor are

described in more detail. These devican provide C®(aq) at high concentrations.

3.2.2 Calcium hydroxide dissolutionin water

The equatios for a solution of calcium hydroxiden waterincluding forward and backward
reactiors are

Dissolutionsof Ca(OH}:

Q

B0 I £ 6O b0 (343)
Q
ko)

6OITWAE §& §O (3.4

The®Q ,Q ,Q, andQ denotethe rate constants of the forward and backward reaction

which follow the elementary reaction rate equafidaet al, 2019b)

The values of the rate constants of the forward and backward re¢g&ti@nare estimated

as a function of tmperaturawith the followingrelations:
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- I WX ¢ wiphv a€a (3.45)
imY
Q @ pmAGB——Bns Sl oa
. TBILU 'Y ¢ wipu 0 (3.46)
Q  pd pADB— Ty GEa6a

whereT is the temperatur&( andR s the @gs constan{Jmol K) (Naet al, 2019d) It should be

noted thafQ and™Q are dependent onti surface area of the solid to reflect the decrémse

dissolution rate owing to the shrinkage of the solid particles as the reaction pridaedsl,

2019D)

This author has not been able to recover values foratieeconstamstof the forwardand

backwardreactiors (3.43). However Leeet al (2021)set theQ to 1.958 x 18s* anddefined the

value ofQ with the value of the equilibrium constant for this reactiéh ( —— . Leeet al

(2021)andNa et al (2019a)showedthat variatiors in Q andQ do not significantly affect the

reaction rate

Theoverall dissolution rate of calcium hydroxide particles is expressed as

t 50 QéHpQi0N MO0 & 0O (347)
whereAs is the total surface area of the Ca(@Bplid particles in water, anélis the activity

coefficient(Johannsen and Rademacher, 1999etNa., 2019b)

During thereaction, the shrinkage of the solid particles causes the dissolution rate of calcium
hydroxide to decrease in proportion to the total surface area of theTd@idctivity coefficient

is calcuhted from the ionic strength according tq3.23).
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In order tocalculate the dissolution rate, the total surfacés of the Ca(OH) particles is
required. During the dissolutiprine surface area decregsand this has to be taken into
considerationThe required calculation can be simplified by assuntiag all particles have the
same diameter and are spherical in shape. In this ttese¢otal number of particles remains

constantand thevolume of one Ca(OH)particleof diameted is:

T, Q (348)

The total number gbarticles per volume of solutipns, is given by the total volume of the

dosed amount of calcium hydroxide and the particle volume.

: o (3.49)
” (b
where® refers to thenitial weight of calcium hydroxideand” is its density.Due
to the dissolutionthe totalvolume of Ca(OH}, w , decreases. Simultaneously the total

concetrationof calcium species in solutiancreases.

, . . Y e w m , (350)
(0V] — W ow OWOoOwWww W

whered ® is molecular weight of Ca(OkandVr is the volume of the reactorhe total

surface areds of the Ca(OHj particles is calculated as follows:

& o (351)
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When CQ is dissolved into stronglkaline solutionslike Ca(OH} solution the following

reactiondecome applicablés before anyexistence of HCOzs is negligible because of istrong

tendencyfor dissociation(Naet al, 2019b)

Formation of bicarbonate:

~

Q
ovwn 00 wnilf DA 0N
Q
Dissociation of bicdoonate:
0
VW wn VL0 oR#¥ o060 @R OU A& (nstantaneous)
§o]
lonization of water:
0
O o 00O wn# 0OV a
0

COz hydration

~

00 ®wp O0 af 060 R O Gn

(352

(3.53)

(3.54)

(3.55)

The valuesof the equilibrium constantof above reactions are denotedbas) hy hand

U respectively ar@resented in the secti@l.1las Eq. (3.3), (3.14), (3.12), and (3.D).

The forward andackwardeaction rates follow the eteentary reaction rate equatioitie

forwardrate constanf) of reaction(3.51), has been correlated as a function of temperature and

ionic drength byPohorecki and Moniuk1988) However, consideringhe infinite dilution ionic

strength of Ca(OH)solution, the value ofie seconerder ratéQ (L/mol s) can be calculated

only as a function of temperature from the following relation$\gdts, 2011)
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- 356
T p @ ¢ (350

The backwardeaction rate of reaction &3) Q is definedwith the value of the equilibrium

constant for this reactio®ff = —— . The value of the solubility produst (mol?/mf) is given

by Tsonopoulot al. (1976)

TRUR: (357)

| W
I T e~ ~_ CEXXNAT o@ec

The value of the equilibrium constant (mol/m®) is given as a function of temperature by

Edwardset al. (1978)

PG T
&y

(358)

v Aob Cc@wbh'qomwc

where” is the density of water (k).

The forward rate constai@ of reaction (353) was reported asx@0’ L/ mol s byEigen
(1963) The equilibrium constani (m®mol) at infinite dilution determines the valwd the
backward reaction rat& ~— asgiven byHikita et al (1976)

pL @Y . 359
oV D Yo@gaoxpm'y (359)

11
The neutralization rate constai,, is 1.4 x13* L/mols (Eigen, 1954)The rate constant

0 for thereadion between C®and water is 0.024'qEigen, 1954)The values of the backward

reaction rate constanf® ,and’Q may be calculated from the equilibrium constants and are equal

to— and — (Centset al, 2005)
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Two reactiondead toproducton of calcium arbonate.

Formationof CaCQ crystals:

Q
6% 60 ORE 6060 (360
Q
Backdissolution of CaCe@crystals at lower pk
56660 F 6& O (361
Q

Neither ofthesereactions becomes a rdimiting step because they are fast ionic reactions

producing thermodynamically stable product.

The backward rate consta@it of thereaction (360) was estimated to bex@0° s* by Velts

et al.(2011c) The value of the forwanakaction rate constaks: is calculated from the solubility

constants and isqual to— . The average values of the reaction rate consi@ntandQ are
given byVelts (2011)as 0.k10’ s and 4x16L/mol s.

3.3 Formulation of a dynamic al kinetic model of the reactions

3.3.1 The differential e quations

A set of ordinary differential equations (OB based on theeaction equilibria andinetics
described in the@rior sectionsis presented her@ogetherthey form a model that accounts for
absorption and reaction kinetics in the liquid phase, including the formation of the solid product
and the hytbdynamic conditions within the systeifhe @ncentratiortime series ofll species
participating in theprecipitation processan be predicted with this system of equations, given
appropriate initial conditions and values of equilibria parameters aratickioonstants. The

formulation is based on thoseMé&etal., (20199 andVelts et al. (201 1f)
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Q6 OB . . . .
oo Q 6w 6O QO Qow 060 Q 0 0O (3.73
In Egs (364) to (3.73) concentrationgre expressed in molar un{tmol/L), Qg is the gas

masdlow rate(L/s), 6 0 "Q s the inlet CQgasconcentrationQ Gy i is the volumetric mass
transfer coefficient of C&in theabsence of chemical reacti(s), E is the enhancement factor,
O i s the laMemstant id émdl bar, U Qis thethe partialpressure of C®in the gas
phasgP9g), VL is the solution volume (L)Ve is the volume ofas in the gasiquid mixture(L).
Va2 is the gas volume in the empty spad®ve the reaction mixture (LAs is the total surface

area of the Ca(OH)particles(m?).

When the alkaline solution is saturated below saturation concentratiothereare no
Ca(OHp patrticles in the solutioand thusAsis zero The reaction rateonstants used in Eqs.§38)
to (3.73) and otler parameters used in this model (T = 299.Are summarized ihable3-1. The
&inetic moded constitutes this system adrdinary differential equationswith time asthe
independent variablendcan be solved bysingthe MATLAB ODE solver(Leeet al, 2021; Na

etal., 2019c; Velts, 2011a)

Table 3-1: Parametersand constantsused in thedynamical kinetic model (Leeet al, 2021,
Naet al, 2019b; Velts, 2011)

Parameter Value Parameter Value

kit (L/mol s) 8.4 x 10 kss  (L/mol s) 1.9 x 16
ki (sh 20x 10" ks (mollL s) 9.0 x 1¢°
ko1 (L/mol s) 6.0 x 16 ker  (sh 0.1 x 10
koo (sh 1.2 x 16 ke (L/mol s) 0.4 x 16
ksi  (L/mol s) 1.4x16" Kk  (molL s cnt) 2.2 x108
ks  (mol/L s) 1.3x10° k, (L?/moFscnf) 1.9 x 10°
kit (sh 24x100 ke (s 1.95 x 18

ki (L/mol s) 57x10 k2 (Y 1.99 x 16
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The resulting system oflifferential equationsexhibits a sec a | Istéf@behavior.Any
modelof ordinary differential equatianis said to exhibit such behavibthe solution being sought
variesslowly. However ther nearby solutionshangeapidly, so tlat thenumerical method must
take smalltime steps to obtain satisfactory resulgerhapsrequiing millions of evaluations
without special measurebhe ODE solvers of MATLARBRhat are designed for stiff ODEs, known
as stiff solversdeploy measures dbat thg are able to take much largiéme steps andhave
improved numerical stability compared to the +stiff solvers.The stiff ODE solversavailable
within MATLAB andinclude: odel5s, ode23s, ode23t, ode23tb, and o(db%er, 2022) In this

work, ode23tb is used to solve thgstem for varying initial and boundary conditions

3.3.2 Verification 1. CQ absorption in NaOH solution

Velts et al. (2011c)conducted comprehensive experimenith lime-containing oil shale waste

ash They experimentally investigated the mechanism of ash leachate carbonation in a stirred semi
batch reactoby changingthe CQ partial pressure, gas flow rate, and agitation intendityey

also providedonsistent model equatioasd physicdlchemical parametets describe the CaCGO
precipitation process he resukli of Velts et al. (2011c)experimentare employed to validate the
functionality of the MATLAB model applied in this study.

All the experiments were performed in a sdmaichreactor equipped with a turbitgpe
impeller. The volume of the reactor was 15 L. Operating variathlaswere varied during the
experiments included altO2gas mixture flow ratez Oz concentration in the inlet gaandstirring
rateof impeller. Experiments were conducted until the solution pH reached a valy¥etset

al., 2011d)
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These experimental trials aimeditientify the key factorafluencingthe CQ absorption
process in alkaline solutionBy analyzing the expéenental data alongside a @@ass transfer
mode] the volumetric mass transfer coefficients of2@@ the system in the absence of chemical
reaction with Ca(OH)are estimated under different conditions of gas flow rate, stirrer rotation
speed, C@concentration in the inlet gas and its partial pres$Mhen the experimental conditions

were applied, it was found thiite "Q G, § was 0.01941 (Veltset al, 2011d)

The volume of the NaOH solution, concentratiand pH were fixed at 10 L, 0.01 ol
and 12 respectively. The ail€O2gas mixture flow rate (Q, COz concentration in the inlet gas
andstirring rateof the impeller were 100Q/h, 15 (%), and 400 rpmrespectively(Velts et al,
2011d) When CQ gas is bubbled into a solution containing a strong base such as NaOH, the

electroneutrality balancén terms of molar concentration units can be expressed as follows:
O 0 & V60 ¢go60 00 (3.69)

The Nd ions doparticipate inreactions with carbon species and are therefore not included
in the kinetic model being verifiedhe reaction rate constants andestiparameters used are

summarized iTable3-1. The change of the experimental MATLAB simulated concentrations

of the reactive species (G@),H C @( a,¢ )3 ( a)@nd pH of the solutioaver timeare shown

in Figure3-6 andFigure3-7.

In Figure 3-7, the pH values predicted byhe model show good agreement with the
experimental datalhe values of C®©concentration in the discharge gas predicted by the model
are slightly higher than theesults of the experiment. However, the shape of the modeled curve

aligns with the sequence of discrete experimental observations, including their complexity.
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In Figure 3-7, the experimental values BfC @concentrations are higher than the values
predicted by the MATLAB model. However, the presence of the plateau evident in the modeled

curve aligns with theliscrete sequence of experimental observations.

According toFigure 3-2, when the pH is 6.5, the dominardrbon species in solution are
H C @and CQ (aq) Veltset al (2011c)did not measure the concentration ofZ4&xy) during the
experiment They onlymeasuredhe offgas concentrationtt is assumed that the model correctly
predicts the concentration thfe CO;z (aq). When the model predicts more ££0) in the discharge
gas of the reactoit implies thatless CQ (ag) mustbe dissolved in the solution and converted to
theH C @ions. Therefore, there are the differences between the measured and model prediction

of COz (g) discharge concentration aHAC @

3.3.3 Verification 2: CQ absorption into alkaline solution (lime  -containing oil shale

waste ash)

Oil shale combustion ash (containiagproximately8.0% free CaO) was dispersed in distilled
water at a liquidto-solid ratio of 10:1 (w/w). The resulting alkaline suspension solution was
filtered to remove allolid particles. The volume of tlakaline solution, initial concentration of
Ca*ions, and pH value were 10 L, 0.028 fhadnd12.65 respectively. The ai€0z gas mixture

flow rate (Q), CO: concentration in the inlet gas and stirring rate of impeller were 1000 L/h, 15
(%), and 1000 rpnrespectivelyin previous experimentghe value of théQdy g wasdetermined

to be0.0194s™. The reactiometweenCO, andCa(OH) solution enhances the rate of absorption

and increasethe capacity of the solution to dissolve more 2CThe "Qqy, ¢ value for this
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experimentwasfound to be0.035 (') (Velts et al, 2011d)and the enhancement fact@) (vas
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Figure 3-8: The variation of Ca?*, CaCQOs, and OH concentrations according to the time
Figure3-8 shows theconcentrationsfoCa*, CaCQ, and OH at different times during the
experimentThe discrete points represent the experimental observationd/gtiset al. (2011c)
and the continuous lines represent the predictions from the initial conditions obtained from the

MATLAB model prepared for this work

This experiment indicated th#tat an alkaline solution reacts withC&:-containing gas,
leading to a decrease in the contenCaf* ions. The reaction between Ghions and dissolved
CQOz resulted in the formation d€aCQ, which is practically insoluble in watevhen the pH
exceeds 9As the pH decreaseH" concentratioatriggered the ralissolution of CaCg) releasing

calcium ions back into the solutiomhe relativelysmall differences between the measured and
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predictel dataconfirm the ability of the'ATLAB modelof thisstudyto accuratelyrepresent the

process courséncludingre-dissolutionof precipitated calcium carbonadelower pH.

3.3.4 Verification 3: CaCQ precipitation through direct mixing of Ca(OH) 2 and a

solution of dissolved CO2

Relative to the rates of the chemical reactions that lead to £€a@tation,the rate of gaiquid
mass transfer is slow because of the resistance between two different Gloasesjuentlythe
rate of CO2 mass transfer willdetermine the overall COremoval efficiencyin a mineral
carbonation reactofl o illustrate the reaction kinetics without such a constraining atspmple
experimentwas conducted. Aolution of Ca(OH) and water containing dissolvedO, were
mixed togetherThe systen{3-68) to (3-73) was used to predict the response, applying initial and
boundary conditions to {88) that effectively omtedthe gas mass transfer mechanism from the
system model.

A 0.5 L saturated aqueous soluti@aOH). was prepared by dissolvin@a(OHp to its
maximum solubility 0f0.7383 g in 500 g dD.l water at 28C. The solution was filtered through
a 5micron filter, resulting in no undissolved particles. The initial measured pH of the solution was

12.35.

Carbon dioxide gagom a cylinder was bubbled through 0.5 Lxt. water for2 minutes.
The concentration of dissolved €@ water was not measured directjowever,the measured

pH of the water was 4.5 at 25°C and atmospheric pressure

In the rext step,0.015 liters of 0.036 mol/L Ca(OH)» aqueous solution ere addedto a

beaker containing.015 liter of D.I. watercontainingthe dissolved CQ The resultindiquid in
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the beaker became cloudgter mixing the two solutionsindicating precipitation of CaC{s).

The final pH of tis mixturewasmeasured &t0.8 (Figure3-9).

Figure 3-10 shows the results of the kinetic model of this reaction, undertaken within
MATLAB. The concentration of Ca(Ok}¥ considered as 0.036 (mol/&} te initial condition
of the model The intial concentration of total inorganic carbon (TIC) is assumed to be the same
as thatof Ca(OH}. The pH ofD.I. wateris 4.5 so CQ (aq) isthe dominant form of carbon species

The CQ(aq) converts t€ G and the produce@ G ions react withCa*. In Figure 3-10, the

COx(aq) converts t€ G and the produce@ @ ions react with C&.

Figure 3-9: The slurry of calcium carbonate
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Precipitated CaC®is the product of thsereactions. The moddlustrates thathe reaction
between the dissolved io(derived from the gas and solid reactaidgrecipitae CaCQ occus

rapidly with with the reactions essentially completing within a period of 0.2r&kco

In contrast, the time scales to completion for the simulations and experiments presented in
Figure 3-7 and Figure 3-8, where the gas mass transfer logic is utilized are on the order of 10
minutes The comparison of those curves aftgure3-10c onf i r ms t hat t he ga
transfer process, as well as the dissolution of Caf@H)ater, will be ratdimiting steps of the

mineral carbonation process.

3.4 Summary

The literature review of the equilibria and kinetics of reactions relevant to the mineral carbonation
process led to the collection of relevant equilibrium, solubility, and kinetic constants, which were
thenused to formulate a mathematical model of the chemical systdrasnodel formulation's
efficacy was confirmed by comparing its results to experimental data reported in the literature, and
it was found to be accurate

The carbonatiorreaction rateis contolled byt h e ligua smass transferate the
availability of CQ(aq) speciesandthe rate of dissolution of solid Ca(OH)nder varying pH
conditions Dissolving COz(g) to COz(aq) is a relativelyslow processbecause of the resistance

betweerthetwo different phases

Increasing pressure is one of the key factors to consdeteratinghecarbonatiomeaction
rate.According toH e n rlgwptise solubility of COz in the liquidincreases with enhancing the

pressuregCarroll et al, 1991) In the next chaptershe models of mass transfer processetha
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HAC systems will be introduced and verified to dematsttheir ability to achieve high rates of

CQOz dissolution from flue gas streams and accumulate high concentrationg(@O

Without asimultaneousigh rate of Ca(OH)solutionto maintain high pH, igherrates of
CQOe dissolution into the liquid phasell tend tolower pHandfavorthe production of soluble bi
carbonate speciearbonate precipitation is favored to realize the intended sequestration
mechanism if a high pH can be maintainEdr a reaction sequence using Ca(&le rate of
CaCQ production, or equivalently, the rate of €&€equestration, will then depend on the rate of
solution of alkaline earth metal oxides and hydroxides. Whether the latter process can keep up

with an accelerated rate of @@) mass transfer will be tested exipgentally in Chapter.
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4. Hydraulic air compressor as agas-liquid contactor

Many industrial processes such as mineral carbonation involve the flow and contact of multiple
phasesOne phase can be finely dispersed into another to increase the intedataat area and

create high turbulence in the continuous phHse desirable to promote intense mixing between
immiscible phases to increase mass, momentum, and energy transfer. According to Tatterson
(1991), 25% of all chemical reactions occur betwgases and liquids. A major class of-fjgsid

flows is one in which the liquid phase is continuous, and the gas phase is dispersed in the form of
bubbles(Fara, 2018)Generally, the term bubbly flow refers to the flow of a gas or a mixture of
gases in a continuous liquid as a drspd phase of bubbles.

One of the challenges in the €@apture process is the relatively low mass transfer rate
between gaseous G@nd the liquid solution phase. €@nters the liquid phase through a-gas
liquid contactor. These devices play an importesie in the capture efficiency of mineral
carbonation. Gadiquid contactors can be categorized into three main groups depending on the
relative flow of the phases (emrrent, countecurrent, and crossurrent) and the nature of the

gas and liquid phaseshe different contactor types are as follows:

1. The iquidis presentsdiscretedropsthataredistributedwithin a continuouggasphase.
Examplesof this systemarespraytowersandatomizerunits
2. Both the liquid and gas exist as sepacatetinuous phases with a single contact boundary

surface. An example of this system is a wetted wall column
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3. The gas is dispersed as bubbles in a continuous liquid phase. Examples of such systems
include mechanically agitated reactor vessels and bubblenosl(Charpentier, 1981,
Majumder, 2016a)

Table 4-1 provides a classification of the different characteristics of theligais!
contactors. The sources referred to in this t
and Ahigho to descr iandtheadutwrdalawsnsuidaavevernitgvillkiea r i a b |
preferable if discriminating parameters are provided more quantitatiMedyprincipal message
of Table4-1 is that pecific types ofas liquid contactoraresuitedfor specifictypes ofservices.

According toMajumder,(2016a) selecting an appropriate giguid contactor in process design

requires the following consideratien
1 greatesselectivityfor desiredproducts
1 maximumconversiorof reactants
1 minimumenvironmentaimpacts
1 easeof processautomatiorandprocessontrol

1 simple to construgscaleup and easy to operate

=

low capitalandoperatingcost

Although each of the gddiquid contactos listed in Table 4-1 is suited to specific
applicatiors, bubble column devices have become increasingly popular for conductitiguges
or gasliquid-solid mass transfer reactions in numerous industrial preséesy., oxidation,

hydrogenation, aqueous mineral carbonat{dgjumder, 2016a; Zheng Chabal, 2020)
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Table 4-1: Classification of gasliquid contactors (Charpentier, 1981; Dutta, 2009;
Gruenewald and Radnjanski, 2016a; Gunjal and Ranade, 2016; Kohl and Nielsen, 1997;
Vinu, 2017; Wardhaughet al, 2017)

Gasliquid contactor type

Advantages

Disadvantages

Packed column 1 Able to manage foulingquids; 1  Not appropriate for liquids with
— 1 Low gasside pressure drops; solid particles
T Liquid 1 Small diameters possible; 1 Channeling, which must be
lf\\ 1 Can handle foaming systems; controlled by redistributing
o 1 Low capital, operating, and maintenance liquid.
cost; 1 Cannot handle extremely high
1 Simple construction; or low flow rates.
f  Can handle corrosive materials with 1 Cannot handle liquids with Hig
Gas 3 corrosionresistant packing; viscosities.
= f Reduces back mixifdn comparson to I Need to be preferentially wette
spray columns; to avoid reduction of the
{ Better mass transfer than in spray columr interfacial area to volume ratio
Tray column 1  Wide operational gas/liquid range; 1 Less applicable for foaming an
T = 1 High mass transfer coefficients; cqrrosive liquids;
a f  The liquid/vapor contact in the crossflow « 1  High costs
v platecolumns is more effective than the  §  Higher pressurerdps than
countercurrent flow in packed columns; packed columns.
 Can handle solids; 1 Slow reaction rate processes.
1 Easily customized to specific requirement Plugging and fouling may
such as operations requiring much heat; occur.
‘lv Gas
Bubble column 1 Low capital and maintenance cost; 1  Low contact efficiency.
T 1  Simple construction 1 Considerable degree of back
1 High thermal stability. mixing in the liquid and gas
Moy =5 1 Uniform distribution because of high liquic 1 ~ Short gas residence time.
circulation. 1 High gas pressure drops.
Low energyinput requirements.
No moving parts and minimum
maintenance
Reasonable interfacial mass transfer aree
Reducing the column size; 1 Complex technology
Achievement of higher gas velocities not {  High capital andperating cost;
restricted by flooding limits; 1 Unstable liquid sheet;
High mass transfer coefficients; High gas pressure drop

The potential to use higher viscosity liquic
absorbents

Lis the tendency of reacted chemicals to intermingle with unreacted feed in a (&bat&eesh, 2021)
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Gasliquid contactor type

Advantages

Disadvantages

liquid in

Rotating packed bed

- !

gas oul 4

. rotor
housing._ e

A s in
liquid out

1 High mass transfer rate;
1 Low energyconsumption;
1  Significant reductions in equipmevolume

1 Complex technology;

1 Under development
technology;

1 Low angular slip velocity of
gas

Wetted wall column 1 Can also recover waste heat; 1 Complex design;
] 1 Can handle flammable feeds and dust; 1 High maintenance costs;
2 5 1 Can neutralize corrosive gas; 1  Corrosion problems with
[ ]y, Ui f  Can minimize odors from waste; interior metal
1 Can be useth a multistaged configuration;
| 1 No secondary dust sources;
| e 1 Relatively small space requirements;
- 1 Can handle higitemperature, high humidity
Lg—' gas streams;
[ cas 1 Low capital cost
Memlrane contactors 1  Flexible modular; 1  The membrane itself
1 Easy scalap; provides additional mass
1 Enables the two phases to be independent transfer resistance;
controlled 1  Prone to fouling

T

Stirred tank reactor 1  Most effective with viscous liquids or 1  Back mixing.
slurries 1 High maintenance costs;
1 Can handle low gas flow rates and large
liquid volumes
Jet reactor (higivelocity gas Relatively low maintenance 1 Large pressure drops
High removal yield 1  Signs of erosion when

liquid contactors)

Simple and compact construction

No mechanicatomponents

Gaseous components are absorbed
Able to deal with fluctuating gas flows
No ventilator required

E I ]

scrubbing abrasive medium:

Due tothis trend, this chapter first describes bubble column contactorthandliscusses

the effects of specific variables on the mass transfer coefficient in a bubble flow column.


https://www.sciencedirect.com/topics/engineering/energy-engineering
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Subsequently, a HAC, which is a type ofaarent downward bubble column, is introduced as a

new gadiquid contactor system.

4.1 Bubble column devices and the mass transfer coefficient

The simplest form of a bubble column reactor is a device with a cylindrical vessel in which the
compressed gas enters the bottom of the cylinder through a gas distributor, which may vary in
design. The liquid phase may be supplied in batch form, or itmuase with or against the gas

flow ( Figure 4-1). Liquids can contain suspended, fluidized, reactive, or catalytic solids.

Accordingly, the device is called a twor threephase (slurry) bubble column.

Gas sparger
Figure 4-1: A simplest form of the bubble column(Majumder, 2016a)
Based on the phase flowbbly flow devices are classified as horizontal flow, vertical up
or downflow, co-current, and countercurrefAndreussiet al, 199). Many different bubble
column designs have been used over the years based on specific practical requireyuesds?

showsa few frequently used vertical bubble colunfdakobsen, 2014)
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When additional perforated plates are incorporated into a simple bediblan reactor
(Figure4-1), a cascade bubble column is form&ure4-2 (a)) and the gas is redistributed over
the perforated plates. This redistribution of gasrgeerforated plates intensifies mass transfer,
reduces the fraction of large bubbles, and preventsim&dkg in both phase§lakobsen, 2014)
Backmixing can also be reduced by filling the bubble column with an inert packing rhateria

(Figure4-2 (b)) or using static mixer@rigure4-2 (d)) (Bai, 2010)

Multishift bubble column reactors(Figure 4-2 (c)) prevent bulk circulation such that a
uniform distribution of gas bubbles can be achieved throughout the reactor. In addition, circulation
can be increased via either an internal or an extésop| as showin Figure4-2 (e)i 4-2 (f).

When solid particles are suspended iiguid, a slurry phase is formed, and the bubble column is

referred to asheslurry bubble column reactoFigure4-2 (g)) (Bai, 2010; Jakobsen, 2014)

In recent years, courrent down flow bubble column@-igure 4-2 (h)) have attracted
significant d@tention, particularly when the interfacial mass transfer area is theaatelling step
of the process. In these devices, the gas is first introduced into the liquid medium at the top of the
reactor and then allowed to move against its buoyancy byathvaward liquid momentum in the

column.

The principal advantage of this type of reactor is that the relatively short gas residence times
obtained in uglow reactors can be increased because the residence time is determined by the
bubble rise velocityln other words, by selecting the appropriate liquid and gas throughput rates,
the gas residence times can be adjusted to the maximum gas content within certain limits

(Jakobsen, 2014; Majumder, 2016a)
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The key parameter in designing a-fjasid contactor, particularly a bubble column device,
is the volumetric mass transfevefficient {Q¢) of the liquid(Besagniet al, 2018) This factor
depends on the gd&uid mass transfer coefficient)) and specific interfacial argéa(Majumder,
20164a) It was introduced in SectioB.2.1in the context of the kinetics of carbonation reactions,
and it is a term in the differential equations that model those reactions in Sk8tibiBecause
this is a key parameter, some variables that influence the values of the volumetric mass transfer

coefficient in gadiquid contactors are described in detail in the forthcoming subsections

4.1.1 Effect of temperature on kLa

An increase in the system temperature may incrégaesignificantly (Majumder, 2016b;
Rakymkul, 2011)As the temperature increases, the liquid viscosity and surface tension decrease,
whereas the diffusivitpf the gas in the liquid increases. A lower viscosity and surface tension
together results in the formation of smaller bubbles and a decrease in bubble velocity. Therefore,
the specific interfacial area) increases with increasing temperature. MoredvetauseQ is
inversely proportional to the liquid viscosity, a decrease in viscosity will inci@age increase

in gas diffusivity into the liquid increasé® becauséQis proportional to the diffusivity to the
power 0.5 or 1.0ln the case of gases undergoing mass transfer to liquids, the general negative

characteristic of gas solubility is that it is inversely proportional to tempef&iwan et al, 2008)

4.1.2 Effect of gas and liquid velocity on kLa

The gas and liquid velocity profiles and their variations with the mass transfer coefficient depend
on the type of bubble column device. In-@arent upflow bubble columns, the highsing

velocity of the bubbles leads to a decrease in the bubble residence time, which in turn leads to a
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low gas holdupof approximately 30%. The interfacial area and mass transfer rate also decrease
(Mandal, 2010)

As the gas is forced to movewnward against its natural tendency to riseceoent
downflow bubble columns have a higher slip velodhan upflow systemgMandalet al., 2005)
Thus, bubbles can have a higher residence time, which leads to higher gas holdups for given gas
injection rates. Thisncrease in the residence time of the bubbles and the high gas holdup also
leads to an increase in the interfacial area and enhanced mass transi@Vatitesand Sathe,

2011)

The volumetric mass transfer coefficient increases with superficial gas véMaitymder
et al, 2006)andsystematically induces an increase in the speiaferfacial area. At a low liquid
phase flow rate, an increase in the superficial gas velocity causes an increase in the mass transfer

coefficient owing to higher turbulence in the liquid ph@dajumderet al, 2006)

At high liquid flow rates, the effect of the superficial gas velocitydgligible because the
influence of the liquid flow rate on the mass transfer behavior is higher than that of the gas flow
rate. However, the ratio of the gas to liquid velocities depends on the typelmjugd€ontactor

(Majumder, 2016c¢)A suitable choice of the liquid and gas throughput rates permits the gas

lis a dimensionless parameter defined as the volume occupied by the gas phase in the form of

bubbles to the total volume of the bubbléucan. It plays an important role in the design and analysis of bubble
columns. The gas holdup increases with increasing gas velocity and operating pressure, and it decreases with
increasing liquid viscosity and solid concentratfgvalke and Sathe, 2011)

2 Slip velocity is the relativeelocity between two phases (e.g., gas and liquid) within a flowing migiatke and
Sathe, 2011)
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residence times to be adjusted to the maximum gas content within certain(INajtsnder,

2016a)

4.1.3 Effect of bubble size on kLa

Bubble size distribution determines the interfacial area per unit volume of the gas phase. Therefore,
it has a considerable influence on the volumetric mass transfer coefficient. The bubble size
distribution at any point in a colums determined by i) the initial bubble size at the point where

the gas and liquid meet, ii) bubble coalescence during column transit, and iiijupreaking

column transi{Majumder, 2016b; Zahradnik and Fialov4, 199@cording toChenet al.(2021)

the bubble coalescence and brepkrates are principally affected by the turbulent energy
dissipation rate in a given system. Decreasing the bubble size can effectively increase the
volumetric mass transfer coefficierq &), particularly when the bubble size decreases to several
micrometergMajumder, 2016a; Zahradnik and Fialova, 1996)

However, the bubble size has opposite@ff®n the gas holdup, depending on whether the
flow is upward or downward in the bubble column. The slip velocity of the bubble increases with
its size. In the ulow bubble column, an increase in bubble size, and thus slip velocity, leads to
a lower gasoldup because the bubbles will then exit the column more quickly. In the downflow
bubble column, large bubbles will spend more time in the column, thus increasing the gas holdup

(Brienset al, 192).

4.1.4 Effect of pressure on kiLa

Another parameter that plays a significant role in characterizing and designing a bubble flow

column is the operating pressure. It is commonly accepted that increased pressure results in a
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higher gas holdufzZahradnik and Fialova, 199@)he change in pressure in a system governs the
flow energy required to transport multiphase fluids in a certain flow system. Many studies on
bubble columns have been published in the litergtdegumder, 2016Q)However, most of them
used laboratorgcale columns, in which consideration of the falling pressure along the length of
the bubble column (for upward flows)as notnecessary. Laboratosgcale bubble columns are
typically up to 2 m high. Therefore, it is possible to assume a simple mass transfer modeling with
perfect mixing in the liquid phase and no pressure variation along the column kiiglatver,
tall bubble caimns with a high heigktb-diameter ratio (aspect ratio > 10) and good gas dispersion
systems provide a large interfacial area and long contact times between the(pBast@l,
2001; Deckweet al, 1978; Liuet al, 2020; Zahradnik and Fialova, 1996)

However, most of these investigators aghee the effect of pressure &ra is related to the
liquid-phase physicochemical properties, leading to a general increase in gas solubility with
pressure. This can also lead to a decrease in the viscosity and surface tension of the liquid phase

(Rakymkul, 2011)

4.1.5 Effect of solid concentra tion on kLa

The addition of solid particles to a liquid phase can have varying effectg aanLow
concentrations of small particles have a limited impact on the slurry viscosity. They can inhibit the
coalescence tendency or promote the breakup of gas bubbles lbgtintedirectly at the gas

liquid interface, resulting in a small increasdia values However, high solid concentrations are

more likely to increase the slurry viscosity, promoting gas bubble coalescence and decreasing the

gas liquid interfacial areaHowever, increasing the bubble size can increase the mass transfer
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coefficientk, . As a resultk a might increase, decrease, or remain unaffected by the solid

concentration, depending on the resultant effect onlpatinda. (Rakymkul, 2011)

4.1.6 Challenges in estimating masstransfer coefficient in bubble columns
Several difficultiesare associated with estimating the mass tramsfdrvolumetric mass transfer

coefficients in a bubble column. Some of the most significant challenges are as follows:

1 Complex flow dynamics: Although the bubble column reactor has a simple geometry,
complexhydrodynamics and their influence on the mass transport characteristics make it
difficult to achieve a reliable design and seajeof bubble column contacto(ébdul
Majeed Saed, 2003)t can be challenging to model and predict the mass transfer

characteristicsaurately.

1 Nonruniform bubble size distribution: The bubbles generated in a bubble column are
typically not uniform in size, making it difficult to estimate the interfacial area and mass

transfer coefficient accurate(iKrishna and van Baten, 2003)

1 Gasliquid interfacial area: Measuring the interfacial area between gas and liquid phases
can be challenging and requires advahegperimental techniques. Accurate parameter

estimation is essential for calculating the mass transfer coeff{€@enan, 2013)

1 Chemical reactions: In many industrial applications, mass transfer occurs in conjunction
with chemical reactions, which can further complicate the estimation of the mass transfer

coefficient(Jakobsen, 2014This effectis clearlyillustrated in Sectio3.3.
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1 Limited experimental data: The experimental data required to estimate the mass transfer
coefficient may be limited, particularly foomplex systems or conditions outside the range

of typical operating parameteBintoet al, 2016)

Overall, accurately estimating the mass transfer coefficient in a bubble column can be
challenging because of the complex flow dynamics and numerous variables that can influence the
mass transfer rates of each phase. A combination of advanced experimental tschndjue

sophisticated modeling approaches is required to obtain accurate. results

Young et al. (2022) have presented a model that estimates gas absorption during the
compression process in a HAC downcomer by incorporating the hydrodynamics, solubility
kinetics (for varying aqueous, noeacting systems), and p$yometric aspects of the system.
Although it is principally developed to predict the gas mass transfer behaviorairremt
downward gadiquid bubble column contactor systems (as present in a HAC), this model can also
be applied to ceurrent bubbly flevs in any orientation, including upward flows (as present in a
conventional bubble column contactor). The following sections describe the HAC asiaent
downward bubble column and then summarize the hydrodynamic and mass transfer behavior of

the HAC dbwncomer using th¥ounget al. (2022) bubbly flow model in Section 4.4.3.

4.2 Hydraulic air compressor (HAC) developments

A hydraulic air compressor (HAC) is a#mooving-parts gas compression technology that uses
hydropower to compress air. Original commdrdvelopment of this technology is attributed
Charles H. Taylor in the 1890s whereby a-afriver hydropower resouragasutilized to induct

and compress atmospheaiic (Schulze, 1954)
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The modern HAC systems investigated Millar (2014b) do not rely on natural
watercourss, but instead use pumps to circulate the ligeigiufe4-3) while taking advantge of
nearisothermal gas compressighutchison, 2018b)A HAC system can be arranged in two

different configurations: open loop, or clodedp as depicted ifrigure4-3.

In a closed loop system, the forebay tank is rerd@rel replaced by a pipe loop to connect
the pump directly to the downcomer pifidutchison, 2018a)lts process begins with water
entering the forebay from the pump dischawyater flows through a mixing head aainospheric
air is entrained in the watand produce &quid-dominated twephasebubbly flow at the air
wate mixing horizon (AWMH). As the bubbly flow continues vertically downwards in the
downcomer duct, the static pressure of the water increases, which is subsequently transmitted to
the gas, compressing the bubbksisthe lower elevation end of tliempression process, the high
pressure air bubbles are separated from water by reducing tphase flow velocity in a duct of
larger area and permitting buoyancy to lift the bubbles from the liquid phase to form a compressed

air plenumabove the sepaatoperating water level (SOWL).

When the water stream passes up the riser it recovers its potential energy. Then the water
enters a tailrace tank open to atmospheric pressure at the tailrace operating water level (TOWL).

A pump lifts water from the taile tank to the AWMH, thereby completing the circuit.

The elevation difference between the mixing horizon (AWMH) and tailrace water level
(TOWL) provides the driving head for the liquid flow in the system and the column of water
between the tailrace (TOWIand the water level in the liquidas separator (SOWL) determines

the delivery pressur@utchison, 2@8a; Younget al, 2022)
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Figure 4-3: Schematic of theopen andclosed looped systesof the HAC (Hutchison,
2018a)

The water flow rate can be controlled &iyhera throttling valve a variable speed driyer
the operating configurations of multiple parallel purapsexplored byiillar and Pourmahdavi,
(2021) The gas is passively inducted by the HAC and the amount of gas induetegkigially
determined by the amounf input hydropower remaining after the frictional losseshef fiuid
flow circuit are overcomeThedelivery of compressed aian becontrolled by adjusting the water
level in the separator with a motorized valve and a PID controller which enables the separator to

double as a compressed air storage vés¥seinget al, 2022)

In aclosed looHAC, there is a significant emphasis on the energy efficiency of the system

because the source of the compression wotlkeégnechanical shaft work of the pumping system
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which provides the input hydropowetnlike a runof-river HAC, where the cost of powés
effectively zero, electrical power is required to thaclosedloopHAC. The reduction of energy
consumed to compress air is achieved when each source of wasteg isnapgpropriately
addressed. Thereforthe target forthe efficiency mprovementof HACs is the reductiorof

irreversibility from all sourcegHutchison, 2018a; Millar and Pourmahdavi, 2021)

Currently, two prototypes of HAG have beerc onst ruct ed: an initial
HACO) and -aeommemgeiralpr@emeomisa rBRadrotrh (A0 or fAd
Both of the systemwere initially designed to operate apen loopas reported bydutchison,

(2018b) but have since been modified tperate in the closed loop configuratiohhe
experimental work presented @hapter5 was completed on Baby HA@nd the system will be

described in much greater detail therein.

As will be seen in Chapter 6, as part of this work, a further variant of et@iguration
has been developed to lab prototype stage, which removes the tailrace tank from the system and
connects the riser directly to the suction side of the circulating pumps. As a consetjusnce,
removes th@ossibility formass transfanteradions with the atmospherand thus affords greater
control of gas mass transfer behaviour and the opportunity for the greater degree of chemical

control required for C®capture and sequestration applications of HACs.

Whether they are open loop or clodedp, the downcomers of HACs clearly represent a
type of gadiquid contactor Figure4-2). An important distinguishing factor between the system
illustrated inFigure4-2(h) and a HAC illustrated in saffigure4-3, is that in a HAC, the mass

flow rates of the phases are connected to one another as induction of the gas phase is passive,
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whereas mass flow rates of the phases are taken to be independatrttylable for devices of

type Figure4-2(h).

4.3 The hydrodynamic and mass transfer bubbly flow model of the HAC

In theHACs of Figure4-3, water is circulatedhrough the systenmwhile being isolated from the
natural environmengverywhere with the exception of the tailrace tanhis featureallows the
gases other than air to loeducted into the process the AWMH and provides the means to
manipulate thesolubility kinetics and psychrometric aspects of the compression process by
controlling (i) the circulating liquid temperatuaad,(ii) the circulating liquid chemistr{Young

et al, 2017).

Young et al. (2022) describes a model for estimating thésorption of gas in the
compression process in a HAC downcomer which couples the hydrodynamics, solubility kinetics
and psychrometric aspects to establish a novel capability. It upgradésiaing2014b)model by
integrating the mass transfers between the gas and liquid phases with the hydrodynamic
formulation, rather than leaving these respective aspects of behavior weakly coupled, and can
account for the effects of increasing the liquid terapge and the addition of inorganicon

reacting,co-solutes so that varying aqueous systems can be explored.

In the Young et al. (2022) model, the gas compression process in the downcomer of the
HAC is modelled as a steady edinensional twephase bubbly flow and it permits species to
transfer between gas @itiquid phases due to the solubitdyiven gas species mass transfer and
changing psychrometric conditions of the gas phase in the process. The state of the fluids through

the process is defined by the pressure, temperature, liquid velocity, gasaipyyspecies molar
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flows in the gas and liquid phases. The model gpisalicts the pressure, temperature, liquid
velocity, gas slip velocity and the species molar flows in the gas and |upaises at the outlet of
the downcomer from which tr@mpositio of the compressed effas produced by a HAC at the
separatoand the concentrations of the same gas species dissolveduatdrean beestimated.
For full details of the HAC downcomer bubbly flow model formulation, please ref@fdong,

2017)

As reportedn Younget al. (2022) thisHAC downcomer modeloriginally reported with
only minor formulation variations in Young (201#jproves upon the next best representation of
mass transfer behaviof co-current upward and downward gleguid bubble column contactor
systems due to Deckwet al. (1978) Rzehak (2016)and Hissangat al.(2020) have also made
valuable contributions. While good agreement was obtained between the Young (2017, 2022)
simulation predictions and the experimental data of Declewvat (1978), similar experimental
data was not available fatownward cecurrent bubbly flow of a HAC. The results of the
experiments presented in Chapfeaim to correct this ga@But more pertinently before the
simulation tool could be adopted in design of a carbon capture and sequestratioricistamg

theconcepts oChapter 3the Young (2017, 2022nodelneeded to be experimentaligrified

4.4 HACsystems as mineral carbonation contactor s

The application of HAC systems ageneral gasompressiomlevices has been discussed in detail
by Schulze(1954) Chen and Ric€1982) andMillar (2014b)with more specific aspects being
dealt with by Hutchison(20180 (air-water mixing & separationMillar and Pourmahday2021)

(pump manifolds) andYoung (2017) (psychrometric and gas mass transfer aspects). From the
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descriptions of HACs presented section4.2 compared alongside the bubble column devices
reviewed in section 4.1, it may be readily appreciated that the HAC downcomer duct at least may

be consider as a ceacurrent downward flow bubble column reactor.

4.4.1 Isothermal compression

When viewed as a gas compressor only, ohéhe advantages diACs over contemporary
compressor technologiesthe neaty isothermalgascompressiomprocesst embodiesin aHAC,

air iscompressedndsimultaneously cooledsthe heat generated from compression of the gas is
simultaneouslytransferred to the watéHutchison, 2018a)A typical HAC has a mass flow of

water more than 1000 times that of air and the heat capacity of water is four times that of air. There
is a lage interfacial area available for heat transfer within theghase bubbly downward flow

of the HAC downcomemandthe resulting temperature rise of the gas is s(RaWeset al, 2017)
Therefore this compression process approaohes ofisothermal compression, the theoretically
minimum work compression proce§&asphase compressiorat must enter the liquid phase and
thusthe gagemperature must rise a littte drive the heat transfer process between the phases

Consequentlythe gascompressiomprocess of the HAG termedneaty-isothermal

4.4.2 Pressure gradient varies with the sense of interphase mass transfers

The pressure gradient increases with the direction of the downwardriamt flow whichis
thoughtto lead togreater mass transfer in comparisonttie upward cecurrent flow bubble
columnswhich currently prevail. The pras® boundary condition at the terminal of the process
in an upward ceurrent flow is atmospheric. In a downward-aarent flow contactor, the

terminal pressure boundary condition can be any pressure dephding on bubble column



117

(downcomer)length Such characteristiceould enhance the mass transfer characteristics and

provide greater options ithe desigrof CO; capture systems

4.4.3 Hydrodynamic and mass transfer of HAC downcomer

In Young et al. (2022) bubbly flow model (all the graphs esented in this section have been
prepared on this basis), the gas species are permitted to transfer between the gas and liquid phases
because of the solubiligiriven gas species mass transfer and the changing psychrometric
conditions of the gas phasetime process. The pressure, temperature, liquid velocity, gas slip
velocity, and species molar flow in the gas phase define the state of the fluid during the mass
transfer process.

In this model, the bubbly flow is discretized into a series of conduit sggmeth different
inlet and outlet diameters and nonvertical flow directions. The conservation equations for energy,
momentum, mass, and gas species are applied, assuming a terminal slip velocity condition to solve

the state of the fluids at the outletezfch segmerflYyounget al, 2022)

This section presents the simulati@sults of the hydrodynamics and mass transfer of the
HAC downcomer designed for a Dynamic Earth HAC demonstrator. The model input parameters
obtained from the design configuration and performance testing of the demonstrator system are

listed inTable4-2.

The number of conduit segments in which the downcomer is discretized in the model is 60.
The mixtures of dry air and input gas used in the model are list€dble 4-3. These are not

experimentally tested concentrations obtained from Dynamic Earth trials but are instead assumed
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to illustrate the probable performance of the demonstrator system in stripparfgo@Can input

gas stream to simulate the expected behavithran exhaust gas stream

Table 4-2: Summary of input parameters for the simulation

Input parameter HAC Downcomer
Input water mass flow rate (kg/s) 401.27
Input air mass flow rate (kg/s) 0.109
Input pressure (Pa) 101325
Input temperature (K) 293.15
Diameter (m) 0.368
Length (m) 21.94
Flow direction ) -90
Absolute roughness (m) 5.8x10°
Input gas relative humidity (%) 100

The initial CO2 concentration in the water at HAC intakassumed to be zero. The initial
concentrations of the other species are

approximate equilibrium with the atmospheric concentrations of the same species.

Table 4-3: Mixtures of air and input gas
Mixture N> O Ar CO>
Atmospheric dry mol fractions 0.7808 0.2095 0.0093 0.0004
Inputgasdry mol fractions 075 005 0.01 0.19

c al
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Figure 4-4: Concentration profiles of the gas and liquid in the HAC downcomer predicted

by the model
The input pressure ¢he HAC downcomer islefined to bel01.325 kPaFigure4-4 shows
the model prediction of the concentration profiles of each g®igas and liquid phases of the

HAC downcomer. The delivery pressure of the downcomieisd to be285.96kPa.

The concentrations of dissolved €@q), No(aqg), and Ar (aq) ithe water increase as the
depth of the HAC downcomer increases. However, the concentration profile of dissel{az) O

shows an interesting behaviéigure4-4 shows that the initial concentration of dissolvegl(@q)
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is 0.30 mol/m. Water is initially saturated with oxygen relative to the atmosphesic O
concentration. However, it is in contact with a gas that has significantly less oxygen than the
atmosphere. Thefere, water is initially supersaturated with oxygen at the top of the HAC
downcomer. Some dissolved (@q) exited the solution through the HAC downcomer, causing an
increase in the concentration of the remaining oxygen gas. The minimum value of di€gatved

0.244 mol/ni at-18.29 m of HAC downcomer.

As previously mentioned, the initial concentration of dissolved(&9) is considered zero.
The concentration of dissolved €@ the water increases as the water transits the HAC
downcomer. The concentration of remainingz@Che gas phase decreases as morsdidSolves
in water The concentrations of dissolved £€@q) and gaseous G@g) at the length of 21.95 m
of the HAC downcomer are 1.50 molfand 0.0082 mol/mol, respectiveljhese results show

that most of the inlet C£pas is dissolved in the water.

Figure4-4 shows that the concentration of the remaining(ly) increased more than that of
the other gases This is because the other species dissolved faster due to their different solubilities.

The concentration of the remaining Ar (g) does not change significantly.

The model also calculated the liquid concentration of the gas species at {iguigas
interface in each section of the downconfEigure 4-5). According to thetwo-film theory
implemented in the Young (2022) modedfer toFigure 3-5), the liquidphase concentrations at
the bubble interfaces are considered to be at predspendent saturation conditions determined

through Henry's law.
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Figure 4-5: Liquid concentration profile of the gas species at the gdguid interface in

each section of the downcomer

According toFigure4-6, along the entire length of the HAC downcomer, the concentration
of CO; at the gadiquid interfacial area is higher than the bulk licypbdase concentration of
dissolved CQ@at the same HA@owncomer depth. This is because the concentration paChe

gasliquid interfacial area is calculated based on the local gas compositions. The difference
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between the interfacial and bulk concentrations provides the potential to drive the gas into the

solution
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Figure 4-6: Variations of gas and liquid molar flow rates in HAC downcomer predicted

by the model

The concentration of COin the gas phase is 0.19 mol/mol at the inlet of the HAC

downcomer. Sice CQ dissolves in water as the flow progresses downward, the concentration of

the remaining C®in the gas phase decreases, which reduces the potential to devet@€Cthe

solution. Consequently, despite the higher pressure of the bulk gas in theshuibh increasing
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depth, the concentration of @@t the gadiquid interfacial area also decreases. However, the O
concentration profile exhibits a different behavior. The water is initially supersaturated avith O
The concentration of dissolvec @ higher than that of ©in the gadiquid interfacial area. The
Oz comes out of the solution through the HAC downcomer process.

In Figure4-6, significant variations can be observed in the molar flow rates of theg@©

and liquid in the HAC downcomer. However, no considerable changes are observed in the molar

flow rates of the dter species in either phase.
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Figure 4-7: The variation of slip velocity and gas density
4.4.4 Back-calculation of kra for HAC downcomer

Figure4-7 shows that the gas density increases in the HAC downcomer (as the gas is compressed,
as expected in a HAC) while the slip velocity decreabks mean bubble diameter decreases as

the gas bubles move down the column after accounting for iptesise mass transfergigure
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4-8). The Young et al. (2022) model conserves the number of gas bubbles (bubble coalescence

and bubble breakup are not coiesed). Thus, the interfacial area between the gas and liquid

phases decreases as the flow progresses downward
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Figure 4-8: The variation of mean bubble diameter and interfacial area available for the

For the case presentedliable4-2 andTable4-3, by integrating the interfacial area present

in each of

414.35 M. Normalizing this by the 2.334%wolume of the downcomer, the average value of the

gas mass transfer.

specific interfacial area in the HAC downcomeris 177 ni/mq.

Internally, theYoung et al. (2022) bubbly flow modetomputes thegas mass transfer

coefficient for each gas speciast

simulation case presented are plotiedrigure 4-9 for COz (g). The variation in values is as

each o6slicebo

of theeHA® dbwnéosnérimodelstide total interfacialeaa@ailable is

oThesd Vvalees fbir Ah@

down

expected based on the model formulation, but it is also worth noting that it is relatively small and

does not vary significantlylhe average valuesf the mass transfer coefficient are presented for
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each gaseous speciegable4-4 which may be taken to be representative of the HAC downcomer

geometry and theigen flow conditions

Mass transfer coefficient of CO; (m/s)
4. 10E-04 420E-04 430E-04 440E-04 450E-04 460E-04

N
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Figure 4-9: Variation of the mass transfer coefficient of CQ in the HAC downcomer

Table 4-4: Average values of thegas mass transfer coefficient

k. (m/s)x 103

N2 02 Ar CO2
0.44 0.50 0.38 0.44

From heYounget al. (2022)model system values d{ a can be hck-calculated from the

simulation results according to:

ory & 4.0
2w w YO

wheree is the overall addition rate of CQo the liquid phasémol/s) in the downcomefshown

in Figure 4-6), V is the total downcomer volum@gn®), andk C is a bg mean concentration

differencebetweenthe inlet and the outlet of the downcomg@nol/m?) that may be calculated
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from the plots ofFigure4-4. For conveniencegxamplecalculations fofQ&  arepresented in

Table4-5.

Table 4-5: Summary of calculations fo

Tt

Parameter Value Unit
Volume of downcomery 2.33 m®
Interfacial areaA 414.35 113
Specific interfacial area = A/V 177.48 m
Mass transfer coefficienQ 4.42x10* m/s
E A, ,¢€E P /(pE A 0.0784 st

Equation (4.1) shoedthatkac oul d be consi dered a type of
transfer ceefficient, permitting comparison of values derived from results of bubbly flow systems
of different types and scales. For exampléniection3.3.2 Q& =0.0194s' was reported for
the experimental systems WElts et al. (2011c) which comprised a batch reactor in which the
liquid was stirred and gas wé&ubbled into the stirred liquith this study, the bubbly flow model
of Younget al (2022) was used to estimate the2@@s mass transfer coefficie®@(> ) for the
dynamic kinetic model of mineral carbonatiéior the demonstrator conditions dedled,”Q

was 0.0784°%, approximately 4 times higher than thaMefits et al.(2011c)

4.5 Summary

In this chapter, various types of glaguid contactors were briefly introduced. Subsequently, the
bubble column contactors were described in more detail, and the effect of different variables on
the volumetric gas mass transfer coefficient in a bubblenwolwas discussed. HACs were then

presented as gdisjuid contactor systems that utilized a@arrent downward bubble column, and
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the model developed byoung et al. (2022) to simulate such systems was outlined. Finally,
simulation results from the downcomer model were used to illustrate how the vakye<oiild

be backcalculated so that they could be used in the reaction kinetics model presented in Section
3.3.1 The exemplar value produced by tlaelbanalysis process was comparable to the values of
k_a cited by other workers. The latter was based on the results of experimental observations of gas
mass transfer and thus were empirically derived. In contrast, those from the étaaln(2022)
bubblyflow model emerged from a synthesis of the process, physiepludse flow, and assumed

flow conditions. Although the latter process produced hmat&ulatedk a values comparable to

those from empirical sources, the source of the variance between themnknownlt was
concluded thatx@erimental verification of the Youngt al (2022) bubbly flow modelould be

necessary so that the values derived from it could be used with confidence
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5. The Experimental verification of bubbly flow model of the

HAC

This chapter presents the experimental verification of adonensional steadgtate bubbly flow
model.Young (2017, 2022) can simulate tgdrodynamics and interphase mass transfer of two
phase bubbly flow during the compression process in the downcomer of the HAC. In addition to
its application in this context, the model is ajsoposedo estimae the CQ volumetricmass
transfer coeffiant of the dynamic modébr the mineral carbonatiochemicalprocess discussed
in Chapter 3usinga backcalculation process based on simulatesgescribed in Chapter. Fhe
overall approach teerificationaims toestablish a reliable digital twiiGrieves, 2019) of the HAC
process

In the following sections, afterraore detailegkxplanation of the approach to experimental
verification of the bubbly flow model, the experimentatsptand procedures employed to verify
the Younget al. (2022) model a described. Results from the experimental procedures are
presented and the experimental results are compared with the results of simulation using the Young
et al.(2022) model. The discussion of the results, along with a summary of the presented material

are provided in the concluding sections of this chapter.

1 Some of the contents of this chapter have been adapted from themapished at
1 M. Pourmahdavi, S.M. Young, A. Hutchison, C. Noula, D.L. Millar, Gas absorptionhiydia@ulic air
compressor. Part Il: Experimental verification, Chemical Engineering Science, Volume 261,2022,117870.
1 S.M. Young, M. Pourmahdavi, A. Hutchison, D.L. Millar, Gas absorption in a hydraulic air compressor. Part
I: Simultaneous hydrodynamic andss transfer bubbly flow model, Chemical Engineering Science, Volume
260, 2022, 117871
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5.1.1 Approach for model verification

A series of practical experiments were designed and conducted on the Babyrida@ %-1)
pilot testing system such that the initial and boundary conditions prescribed for the model could
be matched to the physical reality of the experiment. If the bubbly flow model produced simulation
results that agreed with the hydrodynamidatale observations for these same conditions and this
recurs for different operating conditions, this presents strong evidence that the model isiverified
in one respect

But during HAC operation, the system not only maintains a hydrodynamic ealagyce
across all HAC components at all times, a species mass balance between the phases is maintained
too. If the input gaphase species concentrations;gdk species concentrations, dissolved gas
concentrations at the AWMH and dissolved gas condigmisaat the separator confirm a mass
balance in both model and experiment, and those mass balances agree between model and
experiment, this exhibits further evidence of verification of the Young (2017, 2022) downcomer

model.
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Figure 5-1. Schematic of the modern style of the hydraulic air compressor and its contrc
volumes, AWMH: airiwater mixing horizon, SOWL.: separator operating water level,

TOWL.: tailrace operating water level
The predttions of the composition of the compressed gas product and -jpaise
concentrations of gas species by using¥beng et al. (2022) bubbly flow model are strongly
dependent on the liquid phase concentrations of gas species defined at the AWMH. Essentially,
for the same hydrodynamic operating conditiongnittal flow rates of liquid and gas, and
identical composition of inlet gas mixture, the simulation tool revealed multiplicities of gas mass

transfer behaviour, with significant variations in resultingge#s compositions, depending on the
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dissolved gasoncentrations at the AWMH at the start of each experimental phase. Initialization
of the liquidphase dissolved gas concentrations at the AWMH in the model thus required careful
consideration. When a reof-river style HAC is being considered, the watethe HAC passes
through the process only once and initialization of the ligpndse concentrations is
straightforward: the liquid phase concentrations of the gas species are initialized assuming

equilibrium with atmospheric air at atmospheric pressure.

However, modern HAC systems such as the Baby HAC pilot utilize pumps to continuously
circulate the water. Simulation of mass transfers as well as hydrodynamic performance using the
bubbly flow model, required much more sophisticated definition of the lavyrabnditions for
dissolved gas concentrations in the circulating liquid in these cases, particularly at the AWMH. As
the water recirculates continuously in the Baby HAC pilot, the ligpndse concentrations of gas
species reflect the history of admissoand removals of dissolved gas species within the
downcomer and the remaining components of the HAC (i.e., separator, riser, tailrace, pump).
Consequently, as a part of the experimental verification efforts, an auxiliary model for the time
evolution of dssolved gas species within the ducts and vessels of HAC systems had to be
developed to provide a basis for the appropriate definition of the dissolved gas concentrations in
the liquid phase at the AWMH in simulations of each stage of the experimenttlie ad this
auxiliary model is presented in Secti®d.3. The experimental methods also had to be designed
to ensure that the time evolution of dissolved gas concentrations predicted by this dynamic model
in each of the HAC system compartments (P, RS, Figure5-1) matched the actual dissolved

gas concentrations at these locations, and that the latter were confirmed through direct observation.
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Overall, verification of the Young (2017, 2022) model involved obtaining consistency
between sets of i) hydrodynamic operating variables, ii) species concentrations at the AWMH in
both the gas phase and the liquid phase as well as iii) species concentrations in separated

compressed offgas and separator liquid, for varying system set ups and operating conditions.

5.1.2 Experimental control

During the experiments, some of the variables which were subject to control processes were
measured and recorded continuously. Theeeess variables included the liquid mass flow rate

(by means of a regulating valve) and liquid temperature (by means of a cooling loop installed in
the tailrace with adjustable water flow rate) and the level of water in the separator (SOWL) and
tailrace(TOWL) tanks (controlled by means of actuation of a sematrolled compressed effas
delivery valve). Keeping the SOWL and TOWL steady also provided steadyasftielivery
pressure. The Author designed a secwatrolled delivery valve that operatedthwa PID control

loop using the SOWL as the control variable. This afforded excellent control over the SOWL and
the system delivery pressure at all times during testing.

The Baby HAC operatewithin a temperatureontrolled space however, the input gas
temperature and relative humidity fluctuate diurnally. These variables are also monitored
throughout. During the experiment, the gas and liquid phase concentrations of atmospheric gas
species are measured continuously at multiple locations around the Baby HwConly
experimental parameter that is systematically varied during the experiment is the input gas
composition at the AWMH. During the experiment, the input gas mixicinesgeby mixing
ambient air with progressively higher and then progressivelyrloamrolled mass flows of pure

COz gas. Carbon dioxide is three orders of magnitude more soluble than nitrogen, and two orders
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of magnitude more soluble than oxygen and ar@ander, 2015)A series of set points of &h
experimental conditions are formed by gas mixtures admitted to the AWMH dosed with higher
mass flows of C@ They would also provide readily measurable changes in the composition of

the gas inducted and delivered by the Baby HAC.

5.1.3 Details of the auxiliar y model for the time evolution of dissolved gas species

within HAC systems.

In order to characterise the timgolution of liquid phase concentrations resulting from the
absorption history of continued operation of a HAC with water recirculation, a farorulks
provide a framework for this tirrearying aspect of the performance of recirculated HAC systems
was developed. This model permits the general natures (constant, increasing, reducing) of
additions and removals of dissolved gases in the liquid phétben different components of the
HAC system, to be represented and permits the expected gas species concenttagditgiid
phasean different parts of the HAC system to be computed.

For aliquid mass flomdx (kg/s) passing through a control voie, i, containing masai
(kg) of liquid, from a control volume 1 subject to gas dissolution or exsoluti&n(kg/s) from or
to a gas phase, the time evolution of concentrafioof that dissolved gas (kg/kg) is given by

Ekberg,(1994)

0d
¢ =20 46 ab (5.1)

Qo
For the purposes of this formulation, a HAC with water recirculation is divided inta#ton
volumes (as shown iRigure5-1) where:i = {D; S; R; T; B, D is the downcomer which starts at

the AWMH and ends at the downcomer outlet in the separ&tas, the separator which
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encompasses the liquid in the separatssgER s the riser pipe from the separator to the tailrace,
T is the tailrace tank and is the liquid in the pump circuit which brings water from the tailrace
back to the AWMH. For steady input mzentration( constam the analyticakolution of

(5.1) is:

63 o o0 (5.2)

For i=D, the downcomerXi-1 =Xp which is not steady during BaliyAC startup and
transient periods between set points. If the igagtoncentrations are unsteadyinite difference

solution of 6.1) at the n1" period, each of duri&n a& seconds, can be used instead:

O a aw .
o (5.3)

@ O aw adn YY ©
W O a4 ad Yy &
&) 0O 4 ad YY & (5.4)
® O a4 ad Yy &
® O a®d a YY O

whereY'Y Yora .
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In the HAC, the control volumes that contain aidjgsid interface are the downcomer,
separatoryiser, and tailrace control volumes and therefore it is assumed that dissolution or
exsolution can only occur in thegontrol volumes. The gaguid interface in the riser control
volume depends upontheghsi qui d separatordos effectiveness
from the liquid. Supposing that no gas entering the separator reports to the msesphsened

in theBabyHAC pilot, the system.4) can be simplified:

() O O adaw YY ©
0 O ad a YY O

&) GO an YY & (5.5)
A O ad ao YY O

@ GO an YY O

‘O, 0 andO can seen to drive the systewplution as a whole, depending on their nature,
that is, whether they are values that are steady, increase or decline in time. In order that a fully
predictive scheme can be established, mechanistic models of the addition rates of species in the
downcome, separator and tailracertool volumes are require® is evaluated with the Young

et al.(2022) bubbly flow model while the models Or andO are presented in the following.

The addition or removal rate of gas species in the sepanradaiailrace need to respond to
the changes in the bulk and interfacial concentrations at the operating liquid level. The addition

rate of species to the liquid in the separator and tailrace control votamédmevaluated by:
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O 006 0O 0O (5.6)

wherei = {S; T}, M is the molar mass of speci&sis themass transfer coefficiert, is the molar
concentration of species at the SOWL or TOWL ang the gross plane area available for mass
transfer inside the separator or tailrace

The mass transfer coefficient for the flow conditions ind@parator and tailrace tanks?)

is estimated using surface renewal theory (Knuésexh, 1999):

~ JE—

Q VO (5.7)

. 9 (5.8)
a

whereD is the mass diffusivity of the species aid the surface renewal rate estimated by the

mass exchange rate of the tank.

The concentration of speciesla¢ gasliquid interface0 ar e eval uated wusing

while the mass fraction of the spesgiin the bulk liquid is convedgo a molar concentratiod, .

5 0 0® (5.9)
(5.10)

whereKni s t he Henryods cBistbetograting pfessure of thedaripteec i e s
gasphase ma fraction of the species ahdis the density of the liquid solutio@uring HAC

operation, the operating pressures of the separator and tailrace are steady with the tailrace operating
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at atmospheric pressure and the separatorabpgrat the delivery pressudetermined by the

elevation differences between the TOWL and SOWL.

5.2 Principal dimensions and process flow diagram

A schematic diagram of the experimapiparatusleveloped to verify the bubbly flow model of
thecompressiomprocess in the downcomer of the HASCshown n Figure5-2.

The Baby HACIis constructedf transparent PVC plastic and its total height is 5A®.
mentioned beforeahe deliverypressure of a HAC depends twe elevation difference betwetre
TOWL and SOW. sothis systentypically generates a gauge delivery pressure of around 30 kPa
(Hutchison, 2018a)in theBaby HAC, the water flow rate tloughthe systemcan be controlled
by a throttling valve. The downcomer sectminthe BabyHAC is a 4 in (102 mm) schedule 40
PVC pipe, and itenternal diameter is 0.102 m. The lengthtloéd downcomer i4.225 m, and its
roughness is 1.% 10° m. Further details of th&aby HAC test configuratiorand instrument

calibrationare explained ifHutchison, 2018a)
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5.3 Instrumentation

For the safe operation of tiBabyHAC, several process parameters are monitored and recorded
continuously by different instruments. These parameterspatsode input to the model being

verified. The main features of the measuring instruments are described in the following.

5.3.1 Temperature

Two U.S. Sensor USP10978 thermistars usedo measure the temperature of the air in the gas
inlet (TT1) and the tempature of the watemi the separator (TT2). The BablAC is located
indoors in a temperatwantrolled laboratory, so the air temperature range is limiadng the
experimentsif the Baby HAC is noactively cooled, the temperature of the water in@sawver
time because ofhecontinuous addition of gasothermakompression heat and heat added due to
the efficiency of the pump. A cooling cad thus used for regulation of water temperatitres
located in the tailrace tankhestrength of the P& materialseduces afteB5°C. Therefore35°C

is the maximum limitof liquid operatinggemperature

5.3.2 Pressure

Two Freescale Semiconductor MPX4250AP presdransmitters (PT1 and PT2 kigure 5-2)
are used to measure pressurd.l at the top of thBabyHAC measurethe atmospheric pressure

while PT2 measures the absolute delivery pressiside the separator of the BapC.
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5.3.3 Water level

The level of water inthe tailrace tank (LT1)s measured by almpress Sensors IMSL 1P86
submersible level transmittet ECFreaks HESRO04 ultrasonic ranging module is utilized as a
water level sensor (LT2) anslinstalled in a stillingvell-connectedn parallel with the sepator

to measure the water level of the separator. An Arduino Uno Rev3 A000066 is programmed as a
proportionalintegratderivative (PID) controller and is integrated with LT2 and the motorized

control valve (MC\A1) to maintain the SOWL at the desired sa@np(typically 0.230 m)

5.3.4 Water flow rate

The waterf | ow rate was i1 ndependently determined
utilizing the waterdepth sensor in the tailrace (LT1) while water was discharged through the pump
from the tailrace to the AWM as during experimental trials and the riser was plugged so that the
tailrace would be drained. The throttling valve is used tdutade the water mass flow raBuring

the experiments, the position of the throttling valve was not changed #mel\sate flow rate of

the BabyHAC is assumed constamuring operation, and as a redundarthg water flow rate is
alsomeasured by the orifice flow meter on the riser pipe (FT28.readinggrom this flow meter

were highly variable but consistent with theran f | ow establ i shed with

flow rate fixed with throttling valve

5.3.5 Gasflow rate

The gas masow rate inducted by the BaliyAC is measured by the orifice flow meter with an

Allsensors 1 INCHD differential pressure transducer (DPTH)tbe air inlet pipe (FT1). A ProStar



141

HRF 1425580 rotameter (FT3) and an Omega FMA308 digital mass flow meter (FT4) are

used to measure the Etbw rate which is added to the inlet air.

5.3.6 Gascomposition

In order tocontinuously monitor and recotble concentration of the inlanhd discharge gases of
the BabyHAC, Hiden Analytical HPR20 QIC mass spectrometer gas analyzer is.uBeid
system is a mukstream gas compositi@malyzerand it is suited to a range of applications where
multi-component, multstream gas analysis is requiredreattime (Hiden Analytical, 2021).
Water vapour admitteinto the mass spectrometer challengeass spectrometer calibration
proceduresTherefore water vapour is removed from the sample lines by passing it through a
drying tube containing calcium chloride and calcium sultisiccantsThe mass spectrometer
thusreporsthe dry composition of theag. The humidity of the inlet air into the BaC during

the experimenis measured with a Kestrel 5400 handheld digital psychrometer (GT1).

5.3.7 Dissolved CQ concentration

The concentration of dissolved carbon dioxide @Ld the circulating process waterthe liquid
sample streams from the BaB)C is measured by &ievers 800 series total organic carbon
(TOC) analyzerThe pH of thesampledwater of the BabyHAC separatois measuredvith a

Dr.meter PH100V (AT1) at specific times during experiments
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5.4 Experimental methodology
5.4.1 Gas sampling

The gas sampling lines to the mass spectrometer gas analyzer are skayuna-2. The input

and discharge gas compositicare sampleét the AWMH in the forebay (a), gas discharge (b)

and tailrace evolved gas (c). The instrument was set up to switch between the sampling streams
every 25 sconds and return dull set of concentrations of NO2, Ar and CQ for each reading.
Calibration of theHidenHPR-20 QIC is conducted with gas mixtures of known composition with
gas species concentration magnitudes bracketing those expected to be mdasorees
cylinders, (@libration gas 1 and 2 figure5-2) are used to calibrate the mass spectronpeier

to any experimental run and the calibration is checked against these reference mixtures
immediately after an experimeitrun The instrument calibration spanned the expected CO
concentrations measurethe certificates of analysis for the firstxture provided 400 ppm CO

with analytical accuracy4 ppm and that for the second mixture provided 10.00% i

analytical accuracy af0.02%

5.4.2 Liquid sampling

According to the manual ofhé TOC analyzeflonics Instrument Business Group, 2004)der
normal operatiomn this instrumentliquid samples reacted with phosphoric acid to convert any
dissoled inorganic carbon (e.d4, C @ C G ) to C (ag)and oxidizing agents after irradiation
from UV light to convet any organic carbon to G@aq). In this work, theCOz (aq)is the process

parametethat must be measured. Therefdtee TOC analyzer is operated with no phosphoric
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acid or oxidizing agents and with the UV lamp turned off. Under these conditions, only the
dissolved CQin the liquid will be measured by the TOCadyzer.

Carbon oncentrations reportday TOC analyzearein parts per million or parts per billion
by mas (kg/kg) and are converteddarbon dioxide concentratioby the ratio of their molecular
weights. The instrument was calibrated by usiagstandrd solution following procedures
documented in the TOC analyzer manual. The concentration of carbon in the solution standard
was 25.00 ppm and the observations from the instrument aegzingthe solution standard

were 25.00 ppm, repeatedly and comsigy.

Figure5-2 shows the liquid sampling lines to the Sievers 800 TOC analyzer that each deliver
250 mL/min to PRV1 (pressure reducing valyeuringthe operaton. The concentration of CO
(aq)is measured at the separator (d) and tailfagerhe design sample stream flow rate of the
TOC analyzer is 0.35 mL/midictatedby the pressure reducing valve (PRN upstream of the

unit and a peristaltic pumpithin the unit

During the experiment, the liquid sample streams are brought te1P&¥g two pumps
capable of delivering 3 m head with a flow rate of 250 mL/min to RR8ample streams from
either the separator or tailrace can be analyzed by adjustings H\A2 and H\(3. There is a
latency of around 6 min between the time sample arrives at the sample splitter and the time of the

first reading from the TOC analyzer that is representative of that sample

5.4.3 Experimental procedure

Tapwater is used to filthe Babyplant HAC.The systenoperates for ggoximately 1 h until the

waterlevel in the separator and the temperature of the circulating waterastehd\state.
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Throughout the whole experiment and across input IG&ss flow set points, observations
are taken of input and discharge gas stream compositions using the mass spectrometer gas analyzer
and dissolved C¢® observations are takensing the TOC analyzerThe Baby HAC
process/hydrodynamic variables are characterized by repeatedciB@samplirg and logging
periods of all instruments at 20 Hz. A cylinder of £&fas is used to enrich the €ncentrations
in the gas inducted by the Bab)C. CO: gas is added to the inducted air at a constant rate by
adjusting the C@&gas cylinder regulator settis while monitoring the Cf3yas mass éiw meters
(FT3 and FT4 inFigure 5-2 on the regulatgr Thus, the only experimental parameter that is
systematically varied ding the experiment is the flow rate of €@dded to the inlet air stream,
in order to explore a series of set points. At each specificn@3 flow rate set point, the baby
HAC plant is operated until measured concentrations efr€&&h asymptotic values both in liquid
and gas phases. Experimental control is applied to ensure that all ptessesand

environmental parameters are held constarat st¢adystate, as faas practicable.

5.5 Experimental r esults

The results of foureplicateexperimentsre presented. Thesere conductetb verify thebubbly
flow model of the compmsion process in the downcomkater these are compared with results

from simulations of theane experimental conditions undertaken with the Young (26tad

Younget al, (2022) model.

5.5.1 HAC process operating conditions

A summary of thgrocess operatingonditions of the four experimentsenductedlabelled A, B,

C, D,and any vaation in experirental procedurendeitakenare presented ifiable5-1.
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Table 5-1: Details of experimental conditions and hydrodynamic process variablg®ourmahdavi et al, 2022)

Experiment A B C D

Date 21 Mar2020 13 Aug 2020 14 Aug 2021 18 Aug 2021
Time 3:0022:00 10:55 22:50 10:10 20:30 10:20 20:45
Gas composition analysis at points (a) and (b) * * * *

Gas composition analysis at point (c) * *
Continuous measurement of carbon concentratieaparator and tailrace wat « * * *

Recording of lab temperature, atmospheric pressure, and relative humidit « * * *

Recording of pH of separator liquid samples *

Number of set poistof CO, gas addition to intake air 5 8 8 7

Typical setpoint duration (minutes) 105 60 64 60
Maximum CQ concentration added in inlet pipe (mol%) 10 10 10 10

Relative humidity of the lab (%) 21.9 52.9 47 4 50.6

Total mass of water in the HAC (kg) 324 325 294 318
Average water mass flow rate (kg/s) 75 7.3 7.4 9.2
Average circulating water temperature (K) 289.05 294.16 296.88 296.78
Average input gas mass flow rate (g/s) 1.652 1578 1.805 2110
Average tailrace water level (m) 021 0.23 0.23 0.18
Average atmospheric pressure (kPa) 100.057 99.078 99.087 98.791
Average delivery pressure (kRabg 132.001 131.601 131.760 131.352
Averagedeliverypressure (kPayaugg 31.945 30.205 32.676 31.699
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The experiment labels are ordered in the sequence in which theymasgaken. During
each experimental trial learnings were gained to improve or refine experimental technique, or to
expand the set of observations acquired. An important reason for the execution of multiple
experimental trials was to establish the replidgbof the core experimental procedure.
Experiment D is the final replicate of the experiment and as such benefited from the learnings
gained from the earlier experiments. It is the principal set displayed in this section during the
explanation of the malts gained but does includes some observations taken that are absent in

results for earlier trialsA full set of all experimental resulis deferred to AppendiA.

5.5.2 CQ additions defining experimental set points

The measured mass flow rate of ££dded to the input gas tife Baby HAC at each set point is
shown inTable5-2. Gas composition monitoring shows that gas species concentratiloonsidn

gas phase reach steady state around 30 min after the set point is $eheltdépends on the total

mass of watecirculating in the HAC. From the start of each experiment, the rate paddition

was stepped up fosubsequenset poins. Toward the end of each experiment the rate o CO
addition was stepped down, ultimately to zero. In order to better understandti® system
responds to the change of €€dncentrations, during experiment C, the rate of &dalitionwas
increased to 142.4 mg/s at set point 5, then decreased to 32.2 mg/s (set point 6). The maximum

COz2 mass flow rate of this experimieis 195.0 mg/atset point7.



147

Table 5-2: Mass flow rates of CQ added to inlet air for each set point in each experiment
(Pourmahdavi et al, 2022)

Input CO 2 mass flow for set point in experiment (mg/s)

Set point

Expt A Expt B Expt C Expt D
1 0.0 0.0 0.0 0.0
2 59.1 33.2 32.2 32.1
3 74.1 95.2 95.9 95.6
4 143.4 140.3 128.0 142.0
5 0.0 184.7 142.5 253.1
6 65..0 32.2 105.4
7 43.1 195.0 0.0
8 0.0 0.0

5.5.3 Time series of experimental observations of CO 2 concentrations

The time series of experimentabservations of C&concentrations in both gas and liquid phases
throughout experiment @nd Care shown irFigure 5-3 and Figure 5-4 respectively The time
series of C@concentrationsf experiment A and Bre preseridin AppendixB.

In Figure 5-3 and Figure 5-4, the CO; (g) concentrationn the gas inducted by the Baby
HAC (location (a) inFigure5-2) during the experiment D and i€ shown with the dashed line.
The solidine indicates th€Oz (g) concentratioin the compresseaffgas delivered by gthsystem
(location (b) inFigure5-2). These figureslso showthe CO: (g) concentratiomn the evolved gas
of the tailrace tank with the dotted links the scale of the vertical RHS axis is principaky to
follow changes in the intake and offgas concentratitvetirhe series of C@&concentration in the
tailrace evolved gas shown inFigure 5-5 with expanded scale, faxperiment D Discrete
circular points onFigure 5-3 and Figure 5-4 show the liquid phase dissolved £Qaq)
concentrations. For experiment D only, the pH of the circulating water was also recorded at

specific times throughout the experiment.



148

----- Input gas (a) Discharge gas (b) ----- Tailrace evolved gas (¢)  --+-- Averaging period (a,b)
--=--Set point change O Separator liquid (d) 0 Tailrace liquid (e) A pH
009 F 7O 1 180
008 | 4T 1 160
o007 b T | MO%
£ E
€ 0.06 | 7f 11208
s A i 8
8 005 [ o 6.8 100 2
2 @ . &
1<) 1 52
3 . ]
2004 | 667 o 180 g
5 : =)
= N . ! 54
= ! o
2003} 64 ! 160 8
g ' [
2 : 2
7] ' g_
£002 f 62¢ i 40 3
2 ! A
- e I PO oo g
0.01 | 6t : 120
P
(RSN S
0.00 §.g s Q0D R T e S ) 0
o o O o g v o v v o o o g v v o B o 9o ©
S 6 & & & & & & & & & & & & &S a & & S &
2 g2 & 2 g 2 8 g g2 a &2 85 88 8 858882 82

Time of day
Figure 5-3: CO2 concentration monitored in gas phase antiquid phase during experiment D. Mass flow rates of C@added
for each of the 7 set points are asonsecutively listed inTable 5-2. For each set point, average sady state concentrations were

computed over the time durations indicated by the horizontal dashed lines.



149

----- Input gas (a) —— Discharge gas (b) ------- Tailrace evolved gas (c)  --4-- Averaging period (a,b)

-----Set point change O Separator liquid (d) 0 Tailrace liquid (e)

0.09 r K

0.08

160
0.07

120

0.05 | S s

Liquid-phase carbon dioxide concentration (ppm)

]
1
1
]
1
]
1
1
1
]
1
]
1
0.06 i
i
]
1
1
]
1
]
1
]
1
1
1
1

Gas-phase carbon dioxide concentration (mol/mol)

. H
0.04 i H
i 80
]
4
0.03 & |
" ]
o :
! -
] 1
0.02 ' :
; ] ? ______ ol 40
1 'Q ]
v Cooeon { :.
0.01 i i \
2 28.78 : H
. . 1
1 1 X
0 00 ooy ? “ ........ poevenaen qeeeeeeean oageters’ i L teeeeens R b n N 0
(=] (=] (=] (=] o (=] (=) (=] o (=} (=) (=] (=3 (=} (=3 (=} o (=] (=) (=} o (=]
S A S A S A S A S A S A = A S A S 3! S N S A
() () - — o o (ap] on < < v w O \O ~ o~ o0 o0 N (o)} (=} S
— — — —_— > — — — — —_— — — — — —_— — —_— — — — ~ )
Time of day

Figure 5-4: CO2 concentration monitored in gas phase antiquid phase during experiment C Massflow rates of CO, added
for each of the 7 set points are asonsecutively listed inTable 5-2. For each set point, average steady state concentrations were

computedover the time durations indicated by the horizontal dashed lines.
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Figure 5-5: COzconcentration measured at location cKigure 5-2) during experiment D. Mass flow rates of CQadded for

each of the 7 set points are as consecutively listedTiable 5-2.
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Figure5-3 andFigure5-4 show that the timevariation of the C@concentrations (andloer
species) in gas and liglphases is not steady acltanges rapidly when the input €@ass flow
rate is changed at thatart of a set point. After thenput gas concentrations amther HAC
operating conditions have behald steady for approximately 30 min, the measuredspasies
concentrations asymptotically converge to new steady state \easesiated with each set point
At these steadgtate conditions, the time average of the concentrations pirCgas phase are
calculated for each set point. The time inteswaler which the steady state values were averaged

for each set poirdreindicated inFigure5-3 andFigure5-4.

As illustratedin Figure5-3 and Figure 5-4 for the early set points of the experimertke
concentration of C®measured at thAWMH in the forebaytank (location (a) inFigure5-2) is
higher than C@concentration measured at gas discharge (location figume5-2). Asexpected,
when adding more CQo the system, the concentration of dissolved @Qhe circulating water
is increasedwith the trends being broadly consistent whether their concentrations are measured
from sampled liquidrom the tailrace ofrom the separator vesselacreasing dissolved CG{aq)
would be expected tmake the water more acidand cause thegH of the systento become
depressedThis was confirmed with the pH observations reporteigure5-3. As experimerg
progress the concentrations measured in the gas discharge bestmhtty higher than those

measured at the forebay.

In Figure5-3 andFigure5-4, the observations of the concentration of2GCthe separator
and tailrace liquid are shown along with the gas phase observations. When the concentration of

CQz is steady in the inguand dscharge gas of the BalbJAC, the concentratigwof CO; in the
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sepaator watersamplegpoint (d) inFigure5-2) areclose to the concentration of M tailrace

watersamplegpoint (e)Figure5-2).

The water mass flow rate of experiment D is 9.2 kaysund 2 kg/s highé¢hanin the prior
experiments. When the BalbyAC circulates higher water mass flow rates, the system inducts
more gas into the forebay targresenting this to thdowncomer. Therefore, the G@dmitted is
diluted with more humid ajrwhen the same CQOmass flow rate is seflThis is why he
concentrabns of CQ in the inducted gas mixturef the experiment D are lower than
experiments AB andC for comparablé€€O2 mass flowsThis also explains whihe concentration
of dissolved CQ@in the wateiin experiment D igenerally lowetthanin the earlieexperiments.

As expectedFigure5-3 andFigure5-4 confirm that the CQ concentrations measured in the gas

and liquid phase during experiment D are lower than those measured in experiment C.

In Figure5-5, position (c.i) shows the G@oncentration in the evolved gas that leaves the
circulating water across the free water surface in the tailrace tank. Position (c.ii) showsthe CO
concentratia in laboratory air outsidéhe tailrace tank buimmediately adjacent t@ during
experiment D. Indicator,e., approximate, concentrations of €@ gas exsolving across thefair
water interface of the tailrace tank dneisobtained by subtraction ofi¢ CQ concentrations of

position (c.i) from position (c.ii).
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Figure 5-6: Added CO. mass flow rate to the inlet air versus absolute values of GO

concentration of the evolved gas of tailrace tank through experiment D.
Figure5-6 shows the input C&mass flow rate versus G@oncentration of the evolved gas
of the tailrace tank throughout experiment(ftom Figure 5-3). According to this figureghe
exsolution of CQfrom the tailrace water is in direct proportion to inputz@@ass flowAlthough
this isnot at all counterintuitive, t o t he best of , Figureb-6i8 thefilstor 6 s k
direct experimental evidence presented confirming gas exsolution in the riser ducts and tailrace

area of HACs.
5.6 Comparison of the experimental data with numerical results
To compare the numericeesults of models for the BalbyAC with the experimental data, time

averaged valuesf observationgrecomputedor (i) thedry mole fractions of the gas species at

the AWMH (location (a)in Figure5-2) andii) the separar off-gas (location (pin Figure5-2)
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(iii) atmospheric pressurey) delivery pressure, (v) input gas temperatuig giculatingliquid
temperature (V) input gas mass flow(viii) the asymptotic values of ligughase C®@
concentrations in t separator (location (dy Figure 5-2) and ix) the tailrace (location (e)n
Figure5-2). This is dondor each set poingvereach experiment.

The time averaged values faah set pointor each experiment can lpeovided as input to

theYounget al.(2022) bubbly flow modeih two distinctways:

I. a single downcomer simulation #ite measuredsteady(average, asymptoti@perating

conditiors at each set poinand,;

[I. a transient HAC simulation from measured operating conditions at the start of each set
point
The approachi s referredctdowacomer @®ssaheme and |
procedure described in Yourg al. (2022) while the secondpproach, lljs referred to as the
6dynami c equi dlsb imeorparateghe aixliarg moeel described section5.1.3

with the procedure shown Figure5-7.



155

. ) Define input gas Define atmospheric gas
@TARWCDHE»:{- input datﬁ Define duct geametry—Jjm compasition —- composition
Determine the number of - * —
- - Define bulk liquid
timesteps, species, and -‘— composition
control volumes

Set initial liguid-phase
concentrations of gases in
each control volume to
those provided

Mo $et initial liguid-phase concentration
of gases in each control volume to

saturation with atmosphers

fes Ere liquid-phase
concetrations of gases

provided?

| <l Evaluate pressure,
Initialise gas-phase ’ Evaluate Sauter meaan ’ Evj;:;i:g:“:?;nsgm ; tem.peraturr:z .ﬂl'l'ﬂ |iQLIIid
molar flows bubble diameter hotizam welocity at mixing horizan
with mixing equations

For each timestep

For each control volume

Report concentrations and
addition rates of each species in
each contral volume in each
timestep

No

Evaluate concentrations o
each species based on the
source contrel volume
concentration and additio
rates in the previous
timestep

5 it the first timestep

{For each control volume

eparator conlro
volume?

Tailrace control
volume?

volume?

Evaluate addition rate of Evaluate compressed gas nitialise liquid-phase malar flow;
each species with liguid- compasition from downcomer with pump control valume
phase concentration in simulation in current timestep goncentrations in current timestep
current timestep and
atmosphere composition ‘* *
‘ Fvaluate addition rate of each specieq Run bubbly flow
Set addition with liguid-phase concentration and simulation of downcomer]

predicted compressed gas
composition in current timestep

! g - i Evaluate addition rate of
@ each speices to the liquid

rates to Zero

Figure 5-7: Flowchart of the dynamic scheme used to predict the steadhate

concentrations of experiment set points

For the model, irither static or dynamic schemes, the ligpithse concentrations of all gas

species present need to be initialized to ateethe simulation but the BalbyAC is equipped to
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measure only the CQiquid-phase concentration. An initialization scheme forréraaining gas

species, specifically, nitrogen, oxygemd argonwasrequired.

For the dynamic equilibrium scheme, the ligpitlase concentrations of each gas species
considered in the simulation, including &€Qare initialized at equilibrium with the lab air

composition measured for the first set point of each experiment.

The liquidphase concentrations in subsequent expereheat points are initialized with
the measured value for G@hile the remaining gaspecies are initialized with the predicted final
concentrationgrom the previous set point. For the static downcomer scheme, the-fifage
concentration of C®is initialized with the measured value and the remaining species are
initialized at the saration concentrations with the measured discharge gas composition at the

measured delivery pressure.

Each experiment set point is simulated with the dynamic equilibrium scheme for 3600 s at 1
s intervals discretizing the downcomer into 5 segments. Wiesdowncomer is discretized into
5 segments, an hour of simulated time requires approximately an hour to execute on a Dell XPS

9500 with a 2.60 GHz Intel Z0750H CPU and 16 GB of RAM

Figure5-8 plots theexperimentally measur&giO; concentratioain the discharge gas of the
Baby HAC against theexperimentally measure@O. concentration in the liquid phase of the
separator for each set point measured across exg@riB) once steady operation has been
establishedThe same two quantities are plotted on the same axes, using values arising from the

numerical simulations.
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Figure 5-8: CO, concentration in the discharge gas of the BabyHAC versus CQO,
concentration in theliquid phase of the separator measured and modelled for experimer
D. Dynamic equilibrium predictions of individual set points linked with corresponding

measured points with solid line segments.
Predictions from the dynamic equilibriu) and static downcomét) schemegrom the
Young (2017,2022) modalre also shown iRigure5-8. Since the variables plotted on both axes
are dependent variables of the process, the accuracy of the model is judged by the distance between
measured and predicted marks for the same set Rerfectagreement between experimental
measurements and simtidan results arises if the set point values from each source plot at the same
location on thechart While the predictions of the static downconfigbetter match the observed

values, the predictions of the dynamic equilibrium sché@thare fully preditive and do not rely
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on prior knowledge of the new steady operating condition of the experimental set point. Both
modelling schemes produce predictions within 10% of the observed values except for the extreme

low end of the range (less than 5 ppm in thaitl phase and less th@.1% in the gas phase).

Figure 5-8 also shows results from a sensitivity analysis of the static downc@iner
simulations where eleven inpatodel parameters were systematically varied individually: 1)
atmospheric pressure, ii) liquid mass flow rate, iii) input gas mass flow rate, iv) liquid temperature,

V) input gas temperature, vi) input gas relative humidity, vii) input gas do@centratia, viii)
inputligudCGconcentration, ix) Henryod6s constant, Xx)
diffusivity. Each parameteras varied over an interval &20% from the observed value at each

set point at the experimental conditions or aebadue, howeverthe results inFigure 5-8 are

limited to an interval 0£5%. The results dhis type ofsensitivity analysis show that the measured

and predicted values from both simulation schemes are all vaithérrorellipse poduced by the

predictions of althe 5% variations of all selecteftexed input parametersThis suggest that

predictions from the Younet al.(2022) bubbly flow model are robust.

The predicted time series of liqupghase C®@ concentrations in the sepaor and tailrace
liquid and addition rates in the downcomsgparatorand tailrace entrol volumesaccording to
scheme llare shown irFigure5-9 a and b for experiment set points 5 and 6 for experiment D,

respectively.
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Figure 5-9: Resulting time series of C@concentrations in the separator and tailrace

liquid and addition rates in the downcomer, separator and tailrace predicted by the

dynamic equilibrium scheme with the time series of observed CQiquid concentrations
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The predicted initial and final additiorates of C@in the BabyHAC control volumes for
set points D.5rad D.6 are summarised rable5-3. The predicted addition rates of the tailrace
are consistent with the elevated indicator.@&s concentrations measured in the evolved tailrace
gas. While the latency in the observation bé tconcentration ofCO; (aq) impairs direct

comparison of the observed and predicted time series, there does appear to be general agreement.

Table 5-3: Predicted initial and final addition rates of COz in the Baby HAC control

volumes for experiment set points D.5 and D.6.

Ini tial addition rate of CO2 (mg/s) Final addition rate of CO2 (mg/s)
Control volume
D.5 D.6 D.5 D.6

Downcomer 85.32 -117.15 0.76 0.34
Separator 0.13 -0.05 0.07 0.03
Riser 0.00 0.00 0.00 0.00
Tailrace -0.47 -0.87 -0.83 -0.37
Pump 0.00 0.00 0.00 0.00
Total 84.98 -118.07 0.00 0.00

Figure5-10 aggregatethe measured and predicted £fncentration in the disaelhge gas
of the BabyHAC against C@concentration in the liquid phase of the separator for each set point
across all expé@nentsA to D, once steadyasymptotic,operation has been established. The
measured points, marked with solid circles, are linked with a line segment to the corresponding

mod el predicted point, marked with xdvalues Good

is obtained across all set points of all experiments and the model returns a similar linear behaviour

asexhibited by the measured dat
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Figure 5-10:CO2 concentration in the discharge gas of th®&aby HAC versus CQ; concentration in the liquid phase of the

separator measured and modelledbor experiment D. Dynamicequilibrium predictions of individual set points linked with

corresponding measured points with solid line segments.
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The nset ais in Figure5-10 shows the set points with G@as concentrations below 0.15%
and CQ liquid concentrations below 5 ppm. Predictions of the G@centratiornn the discharge
gas in this concentration range produce results close to that measured but the predictions of the
liquid phase concentrations of €@ the separator liquid are different by as much as 2 ppm in 4
ppm (exhibited in the figure by the largehprizontal line segments). The TOC analyzer is
calibrated at BC > 25 ppm (91.67 ppm [C{aqg)). When the instrument is used to determine
values appreably lower than this value for [CO(aq)] < 5 ppm, this tests the limits of
measurement precision of this instrument. Potential evidence of thisvisin the inset axis of
Figure5-10, the modelled valuewore closely follow the general linear trend of the measured data

in this region and the measured values are largely offset horizontally from the modelled values.

Figure5-10 showsthe performance of the prediction of the steady concentrations ahCO
the gas and liquid phases with the dynamic equilibrium sci{@inerhe model tends to over
predict the liquidphase concentration of GOntil 100 ppmafter whichthemodel tends to under
predict the steady concentrat®orA possible explanation for this trend may be attributed to
acidification of the circulating water to produce £@q)from the stock dissolved carbonates and
bicarbonates in the mains water used targh the HAC systenas theYoung (2017, Younget
al., (2022) model does not consider the chemical equilibria of the carbonate spécads

However, the predictions of the model do remain within 10% of the observed values.

Figure5-11 compares the delivery pressure measured and predicted for each set point of all
experiments. No boundary conditions on the outlet of the downcomerpiedaphen evaluating

the mass transfer rate of gas to the liquid phase in the downcomer control volume. The resulting



prediction of pressure at the outlet of the downcomer is the result of the initial conditions set at the

downcomer inlet and the modellagidrodynamics of the process
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Prrerdicted separator liquid CO, concentration (ppm)

Figure 5-11: Performance of the dynamic equilibrium prediction of the pilot HAC
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Figure 5-12: The performance of the Younget al.(2022) bubbly flow model predicting the gauge delivery pressure of the

pilot HAC.
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The prediction of the concentrations of £i@ the gas and liquid phase at the downcomer
outlet are dependent on the prediction of the pressure due to the poegzemeence of the
absorption rate of gas ke liquid (Young et al, 2022) Consequently, comparison of the
predicted and measured delivery pressure is required to dafigss the agreement between
experiment and model as agreement in the prediction of concentrations could be the result of the
propagation of erroneous predictions of pressure in the downcomer instead of true migngtme
experiment. Fronfrigure5-12 Figure5-12, it can be seen that the model tends to wpdedict

the delivery pressure of the BabWC, but it is within 5% of the measured gauge pressure.

5.7 Discussion

Having established good agreement between observations and model predictions, reasons for the

disparities that still remain are explored.

5.7.1 The effect of pH on the CO: concentration in liquid and gas phases

The pH of the system influences the concentratiodisgolved inorganic carbon in wateéxs
mentionedn Chapter 3the reactions of carbonate species in water are reversible anOriast.
the CQ has dissolved it the water while the mass flow rate remains broadly the same, it can
react with the water to form carbonic aqidé § A Nalways occurs in vergmall @ncentration
compared to C®(aq) (< 0.3%)(Stumm and Morgan, 1995; Zeebad WoltGladrow, 2001a)
Figure3-2 shows the distribution of carbonate species as a function of pH at 25°C.

The bubbly flow model for the downcomer process does not considse #quilibria
(Younget al, 2022) In all of the experiments, mains taater is used to fill the BabytAC. The

mains tapwater typically has a pH from 7.2 to 7.8 (Health Canada, 2015) and contains some
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bicarbonate and carbonate species. When the pH of the system drops to 6.18 or lower, these species
are converted to agous carbon dioxide and €@q)is the dominant form dDIC. Some of this

COz comes out of the solution in the separator. This explains why, as is evideguie5-3, for

low pH set pointsthe concentration of COmeasured at gas discharge is more than the CO
concentration measured at inlet gas when mass flows at inlet andsbotlédbe comparablat

steady state, equilibrium operating conditidhalso would explain why the model, as carsben

in Figure5-10does not perform as well at the petnts with he highest C®(aq)concentrations

There is a mecmasm for producing C®(aq) in the experiment that is not considered by the

model.

5.7.2 Estimating the values of kiLa for Baby HAC downcomer
In this section, some of the simulation results offtydrodynamics and mass transfer of the Baby

HAC downcomer are presentélthble5-4 presents the input parameters of the model.

Table 5-4: Summary of input parameters for the simulation

Input parameter Downcomer of Baby HAC
Input water mass flow rate (kg/s) 7.3
Input air mass flow rate (g/s) 1.57
Input CQ mass flow rate (g/s) 0.23
Input pressure (kPa) 99.078
Input water temperature (K) 294.16
Input gas relative humidity (%) 100
Absolute roughness (m) 1.5x10°
No. segments 60
Diameter (m) 101.5x16
Length (m) 4.225

Flow direction {) -90
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The initial concentration of C{n the water at the inlet of the Baby HAC is assumed to be

zero. The initial concentrationsdfe ot her species, which are cal

assumed to be at equilibrium with the atmospheric concentrations of the same species. The
percentage of C£xoncentration added in the inlet air of the Baby HAC is 14.57 mol% of the inlet

air tosimulate the combustion effas.

cOo,
Gas concntration (mol/mol)

N,
Gas conentration (mol/mol)

0 0.05 01 015 02 06 0.65 07 075 08 085 0%
— 101 101
023 } - 0.22
073t e 106 -0.72 1 108
123 | p 11 -1.22 111
~ -
E i73 / 116 3 8 -17 =
—= -1 - / -1.72 ©
£ : 52 Vg
©'-223 | ’ 121 o & -222 N P
A / . “ 24 \ 121 8
273 } / Liquid & 272 ]
) —~ = —Gas 126 & e o
& {126 &
3.23 -3.22
131
373 | 3.72 4 131
136
4723 -4.22 -
0.00 050 00 150 2.00 04 05 06 07 08
Liquid conentration (mol/m?) Liquid conentration (mol/m?)
02 Ar
Gas concntration (mol/mol) Gas concntration (mol/mol)
0.020 0.040 0.060 0.080 0.100 0.000 0.005 0.010 0.015
101 100
023 1 -0.23
4 106 E
073 + 073 + 105
123 | 1 1m -123 1 110
g 17 116w §-173 115 g
5 g s =)
- - @
84 223 121% 5 223 1120 §
a 2 a
-2.73 @ 273+ o
126 & 4125 &
323 323 f
131 4 130
3.73 -3.73
136
423 : 423 . . 1 135
022 024 026 028 030 032 0.01 001 0.01 0.02 002 0.02 0.02

Liquid conentration (mol/m?®)

Liquid concntration (mol/m*)

Figure 5-13: Concentration profiles of the gas and liquid in theBaby HAC downcomer

predicted by the model
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Figure5-13 shows the model prediction of the concentration profiles of each gasgas
and liquid phases of the Baby HAC downcomer. The delivery pressur87ig5kPa. The
simulation results for # hydrodynamic and mass transfer of the Baby HAC downcomer
simulating one of the experimental set points return qualitatively similar behavior to that of the

Dynamic Earth HAC demonstrator downcomer present&eationd.4.3

Mass transfer coefficient of CO; (m/s)
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Figure 5-14: Variation of mass transfer coefficient of CQ and interfacial areas of the
Baby HAC downcomer

Figure5-14 shows that the C£Xg) mass transfer coefficient through the Baby HAC does
not vary significantly Table 5-5 shows that the average value' @ty is 0.0674 3, which is
comparable to the value of 0.0784fsr the Dynamic Earth HAC demonstrator, which is back
calculated using the same model but with a much larger scale and greater operatmgl figaa!
and gas mass flow rates. This outcome provides confidence in adopting the modeldal tdeke

Q¢ for design purposes.
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Parameter Value Unit
Volume of downcomerp 3.424x1 m?
Interfacial aread 5.407 m?
Specific interfacial areay 0¥w 157.859 m
Mass transfer coefficienE' ‘s 4.47x106 m/s
Qh £ & 6.74x10° st

S #

5.7.3 HAC asa CQ capture system

The mineral carbonation process faces the challenge of achieving efficient mass transfer between
gaseous C®and the liquid solution phag€hiang and Pan, 2017k gas liquid contactor is
used to transfer CQrom the gas phase to the liquid phase. The primary function &¢ tevices
is to increase the interfacial area between the two phases, thereby enhancing mass transfer
(Gruenewald and Radnjanski, 2016b)
A HAC is a type ofco-currentdownwardbubblecolumn In this Chapter the bubbly flow
modelof Younget al, (2022)is used to predict thamount of dissolwé carbon dioxide in the
water of Baby HACat different pressureand varying flow rates, and varying input £@ass
flow rates BabyHAC simulations are performed assumangextended downcomer/riser height to
estimate the HAC pressure (HAC height) required for almostplete CQdissolution from the
off-gas for the carbon capture and sequestration protieesnput parameters of the model are

listedin Table5-4.

Figure 5-15 shows the results dhe calculationsthat estimaéd the length of the revised
downcomer/riseto provide the required pressure for practically complete di€3olution from
the off-gas forthe carbon capture and sequestration procHss.CQ off-g a gieldéof a HACis

calculatedasthe amount of C®in the offgasat the off-gas delivery pressure dividdy the
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amount of CQin the inlet airLower yield valuesiemonstrate that more G@ dissolved in water

(because the principal product of the HAC process is compresged gas
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—a&— Outlet Pressure
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Figure 5-15: Variation of CO: yield and discharge gauge pressuraccording tothe

downcomer length
According toFigure 5-15 Figure 5-15, when the lendt of the downcomer is 15 mthe
discharge gauge pressuretogdowncomer is 125.151 kRp (18.2 psi(g)) The CQ yield of this
HAC would be8.46% meaimg that more than 90% of thejected CQ would becomalissolved
in circulatingwater.The HAC downcomelength has to be extended to 30 m / 260.3 kPa / 37.8
psi(g) to reduce CO2 yield to below 5% while dissolving 95% of the injected TG@ HAC
acting as a C®capture device in this work means converting the @@sent in an inlet gas

mixture to its aqueus form dissolved in HAC circulating wate
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5.8 Summary

In this section, a formulation for modeling the time evolutiothefgas species concentrations in
a pumped HAGvas presented. When coupled with the bubbly flow model described in ¥bung
al., (2022) and estimations of the mass transfer rates in the separator and tailrace vessels of a
pumped HACthe transient periods between steathte operating points were unsteod to be
driven by the nature and characteristics of the addition rates of the gas species in the downcome
and tailrace control volumes.
The instrumentation and procedures used to observe the absorptionlyf th®Baby HAC
were described. The metl® described ensured that experimental errors in observations were

minimized as much as possible.

The results of four experiments conducted over two yearstatitferent times of the year
were presented. The observed behavior in the concenttatierewolution across all experiments
was consistent and repeatable. The modeling results agreed well with the hydrodynamic and
chemical process variables, and the model was considered sufficientiywenwgdd for
engineering purposeAn effective digital twinof the pumprecirculated HAC was produced when
coupled with the finitedifference transient concentration scheme described irCthapter.The
bubbly flow model predicted éhdelivery pressure of the BaB\AC within 5% of the measured
gauge pressurd@he elevated CQ concentrations measured in the gas above the TOWL agreed
with the prediction of increased mass transfer rates aff©@ the tailrace liquid at higher liquid

phase concentrations of @O
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Furthermore, mechanism®ot captured by the model Aigh CQ concentrationsvere
identified. A sensitivity analysis of the static downcomer model showed that the concentrations of
CQOz in the separator liquid and discharge gas predicted in both stdtatyaamic schemesere

within a+5% flex of all relevabhmodel input parameters of each other and the measured values.
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6. Horizontal injector loop test rig

In the previous chapter, the application of the HAC as digaisl contactor was described. A
series of experiments was conductedeémonstrate how the HAC system can deliver dissolved
CQzin the solution at controllable concentrations. Chapter 5 also confirmed the level of reliability
with which the Younget al. (2022) downcomer model predicts the HAC operating conditions,
both hydrognamically and in accounting for the solubility/mass transfer behavior of gaseous
specis. Based otthis knowledgein this Chaptera HAC configuration, which is a variation on
the HAC systems presentpdeviously, is introduced, with both the capture aaduestration of
CQ; as its primary design objectiveater, in Chapter 7,x@erimental results will be presented
that aim to demonstrate proof of concept oféffectiveness of theystem designedn Chapter
8, simulation results from the dynankimetic model of the chemical kinetics of carbonatieiti
show that a basis fthhedesign of CQcapture and sequestration systems according to the concepts
herein has been established

Theverification trials conductednthe HACs and presented in Chapestrongly suggest
that these systems are well suited tte intensification of carbon capture and sequestration
processesThey present opportunities for higher mass transfer performance compared to other
mass transfer dewes such asconventionalbubble columns or spray towers. Despite this, the
height of HAC units, following théillar (2014)design paradignis consistentlyextensivedue
to the mechanism employed poessurze the systema column of waterTo produce service air
pressure at 800 kRg, aHAC height of approxnately100 m is requiredn detailed engineering
studies the capital cost of HAQonstructionis considerable in all variations that have been

exploredsofar. Despite its capital intensity and despite the high flow rates of liquid circulated, as
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a machine for producing pneumatic power, its lower energy consumption and lower operating cost
have meanthat itstill offersadopters credible payback periods. However, a system that can offer
comparable performance with reduced height would render the concept more accessible for
projects that are capital constrained. If a HAC system could be designeddthrait deature
appreciable elevation differercavhile retaining the energy efficiency and mass transfer

characteristics, such developments could be enabling.

As it turns out, such developments are exactly those that feature in the HAC system that was
desgned and fabricated specifically to explorepegssure aqueous mineral carbonation that will
be explained in the forthcoming sections of this chapter. The experimental apparatus so designed
retains desirable characteristics of HACs as efficient proviolepmeumatic power at constant
elevation and yet are short,and soithasbeem! | ed a &6 hor i(dlb).rButieforei nj e ct

the design of the HIL is set out, a brief review of the alternativeased
6.1 Review of alternative reactor sfor CO, capture and sequestration process
In recent years, different types oéactors such asbatch (autoclave reactors,fluidized bed

reactorsand rotating packed bedactordhave beenlevelopedo enhanceéhe mass transfef the

carbonation process

6.1.1 Batch reactor

Batchreactorgautoclavereactor$ arewidely proposed fodirect carbonation process@sgure
6-1). The carbon dioxides injected continuously it the reactor at design pressure and a

constant flowratéHan et al, 2011d) In the batch reactorhé key operating factors include the



175

reaction timeliquid to solid(L/S) ratio, slurry volumestirring ratereaction temperature, gas flow

rate COz pressuremineral feedstockandtheirinitial pH (Chiang and Pan, 2017a)

drain I by pass

Eon
A I

A

Figure 6-1. Schematic diagram of the experimental setup of batch reactor for th€O
capture using Ca(OH) solution as the absorbent(1) N cylinder, (2) CO; cylinder, (3)
Mass flow controller, (4) gas mixer, (5) temperature controller, (6) Pyrex reactor, (7)
sparser, (8) magnetic stirrer, (9) thermometer, (10) pH sensor, (11) electrical
conductivity (EC) sersor, (12) pH/EC meter, (13) dehumidifier, (14) sampling pump, (15

gas analyzer, and (16) computer for data acquisitiofHan et al, 2011d)

The carbonation reaction would become stable afiere timebecause of the formation of
carbonates on the surface of tteedstockparticles. This would strongly reduce theactive
surface available for further carbonation and hinder the extracti@Qa/fgions fromalkaline
solid particles(Chiang and Pan, 2017a; Ji and Yu, 2018h)a batch reactor, gaseous €0
dislution can be accelerated mcreasing the pressuoé admittedCOz gas Calcium leaching

from alkaline solid matrix into solution can be enhanced by mechanical stirring. However, the
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mass transfer is still low because of the small contacting surface-bdjgasparticle thregphase

system(Chiang and Pan, 2017a; Ji and Yu, 2018b)

6.1.2 Fluidized bed reactors

Figure 6-2 showsa schematic diagram of the fluidized beelactor containinghe fine alkaline
solid wastegarticles suspended in a ligui@hanget al, 2015) These kinds of reactorare
frequently used in thehemical and/or biochemical industriescause ofheir ability to increase
mass transfe(Ji and Yu, 2018b)The fluidized bed can provideore contactreabetweenthe

COz and the feedstoak comparison t@ batch reacto(Changet al, 2013)
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— Solid
9 Waste
Slurry
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Figure 6-2: Schematic diagram of the experimental setup dfuidized bedreactor for

mineral carbonation of alkaline solid wastes (1) gas cylinder; (2) circulating bath; (3)
rotameter; (4) slurry reactor; (5) heating jacket; (6) gas distributor; (7) sampling; (8)
thermos couple and pH analyzer; and (9) vent to hoofChang et al, 2015)
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It can be operateat various conditionfChanget al, 2015) Normally, the COz is injected
into the slurry reactor continuously at 101.3 kPa (ambientpaswhstant flow rat(Changet al,
2015) However,when examining the diagram Figure 6-2, this appearsinlikely asthe gas
pressure would have to be high enough to allow the gas to enter the bubble column at the bottom.
By increasing the C£&Xlow rate, themass transfer between the liquid and gas plesd® raised
and the carbonatioronversiorcan bemproved.However thecarbonatiorconversiordecreases
moderately with further increas intheflow ratein aslurry reactorThe high flow rate of C@in
a fluidized bedresults ina poor gadiquid mass transfer rate and decreases the carbonation
converson. Furthermore, elevated GGlow rates can accelerate a rapid pH decrease, which is
detrimental to the carbonation reactidherefore, th&€€ O, flow rate should be limited to a certain

value(Chiang and Pan, 2017a; Ji and Yu, 2018b)

6.1.3 Rotating packed bed reactors

Figure 6-3 shows the atating packeded (RPB) reactorwhich is designed to improve timeass
transfer among the gdigiuid-solid phases ithe carbonation proces@anet al, 2013) This
reactorns designed to enhant®ge mass transfer between gas and liquid phases via high centrifugal
acceleratia. It canprovide a mean acceleration of up to 1000 times greater than the force of
gravity, thereby leading to the formation of thin liquid films and tiny liquid droplets (microscale
to nanoscalejPanet al, 2018a) Therefore, he mass transfer between £@as andagueous
solutionin an RPB reactor can be improved, resulting in high carbonaimversionwithin a

short contact periofChenet al, 2020b; Parmt al, 2018b; Peet al, 2017) Theliquid velocity at

the rotor tipof RPB is50 m/s which can develop apprecialdeergy penaksasaloss of kinetic

energy.The main disadvantage the rotating parts, including the rotdrearings,and dynamic
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seals, which result in lorgerm reliability concernsThis reactor alsoaquires a liquid distributor

(Cortes Garciat al, 2017; HassaBeck, 1997)

Rotating packed bed (RPB) CO, source
2

Exhaust
gas ,

i b ey |

' (2)

4) B

(1)

1L

Fresh
slurry

3 Carbonated
@) (3) slurry

Figure 6-3: Schematic diagram of the experimental setup of rotatingpacked bed (RPB)
for the carbonation of fly ash: (1) highgravity RPB reactor; (2) stirring heating
machine; (3) slurry storage tanls; and (4) pump (Panet al, 2013)

6.2 Horizontal in jector loop

In this work, the production afalcium carbonatearticles fromcalciumhydroxide solutiorby

using a new experimental apparatafied tre HIL, is investigatedCompared t@traditional batch
reactor,the HIL is expected tgrovide operatig conditions more favorableto carbonation
conversion due texpectedmproveanents inmass transfer from gas to liquid. It providegher

bubble contact area, agitation by means of circulation of solid, liquid and gas in the rig, higher
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final pressurén thecontactoy and does this with superior energy efficiency due to the HAC nearly
isothermal compression process

In this work, the reaction of Ca ions with CQ (aq) to produce precipitated calcium
carbonag particlesis performedn an injector and separatavhere flows are highlyurbulen, and
the bubbles created providm appreciablemass transfer area f@O:. to dissolve at the gas
pressurises of the diffuser of the injectBased on the literature review, there are only 2 studies
found (Altiner et al, 2019; Parivazlet al, 2022)that use an injectas agas distributomn a gas

liquid contactorfor a carbonatio processhat may be regarded as comparable
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< flow

o
© o0 °o%6 o
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Gas + liquid Gas + liquid

Ejector Venturi

Figure 6-4: The ejector and venturi gasdistributors (Trambouze, 2004)
Literature review(Majumder, 2016b; Mandal, 2018)soreveals that contactors or reactors
belonging to e jetmixing category, such ageetors, venturi distributorsand other similar

devices are good alternative foachieving efficient dispersion of one fluid irdoother. These
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are generally all caurrent flow devices, where the kinetic energy of a fluid is used to achieve fine

dispersion and mixing between the phgd4andalet al, 2005)

Figure6-4 illustrates an ejector distributor and a venturi injeclistributor. In the ejector,
(Figure6-4, A), the primary flow is introduced through one or more nozzles immediately before
the throat of the ejector. The pressure energy of the primary fluid converts tgpeelssure, high
velocity flow in the nozzle, which draws in and entrains a secondlathe venturi distributor
(Figure6-4, B), the primary flow passes through the converging part of the venturi and induces a
secondary flow through the venturi wall atevel with the throat of the ventu(Parmar and

Majumder, 2013; Trambouze, 2004)

Based on thélow direction, three types of systerhave been reported, vertical-tipw,

vertical downflow, and horizontal flow(Balamurugaret al, 2007)

6.2.1 Description of process flow of the horizontal injector loop

The horizontal ifector loop(HIL) wasdesignedandconstructedas atestreactor toconfirm the
expecteperformance of the system a€@ capture and sequestratidavice.

Figure 6-5 showsthe HIL apparatus that was designed and assemtilesiconstructed of
transparent PVC plastic and clear vitwing. Thus, as well as being a platform for instrumented
observationghe process is open to visual observatwmch leads to better overall understanding
of the rig operation. The major components of the systeragasliquid venturiinjector, a gas

liquid separatgrand a centrifugal pump.
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Figure 6-5: The horizontal injector loop
A venturi injector is used to distribute gas into the liquid circulating in the syasiteims
installed horizontally following the recommendations of the manufactuiei Ma z z e i
| nj ect oranditds c@nfeet@d)to the separator with a vinping which permits visual
inspection of the nature of the flow before separation of the phiassissidediameterof thetube
is 1.27cm( 1 / ahdit9 length isl5.1cm. A section otlearvinyl tubing is also used upstream of

the venturi injector so that the nature of the flow entering can be visually confirmed too.

The pumpforcesthe motive liquid througltheinjector. When pressurizeliquid enters the
injector inlet, it is constricted toward the injection chamber and changes into-aehigity jet
stream. The increase in velocity through the injection chamber results in a decrstee in
pressure, creating wacuum that draws a gas additive through the suction port axeks nti

thoroughly into the liquid stream.

vent
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As the bubbly flowis diffused toward the injector outlet, its velocity is redyqadssure is
recovered (for the liquidgnd flowproceedsn a thaoughly mixed state with slightly lower energy
than when it entered the injecfofi Ma z z ei v e nt u.rBubblyflaw cenimercedisst, 6 2 0 2
downstream of the mixing thro@nd can be seen to occupy the whelection of the injector
extension tube to the separatéhen thebubbly flow reaches the separator, the flow velocity is
reduced to permit thgasbubblesto separate from the liquid to form a compressed gas plahum

the top ofthe separator vessel.

A pressure relief valvevith anadjustable setting locatedat the top of the separatevhich
can beset to open at a predetermined presaiteen the set pressure is exceeded, the relief valve
is forced open andllows the compressed ga® flow out ofthe systemuUsing this valve,it is
possible to antrol the delivery pressure of the HIL as a compressor. This pressure is the separator
pressure which is the same as the ha@ssure faced by the injectdts theseparator pressure
increases the extent of bubbly flow visible in the separator ieeducel, and liquid and gas
distribution visible in the transparent tubing can be seen to stratify. Separatedsldpaen from

the base of the separator andasirculated back to thelet of the injectoviathepump

6.2.2 Design characteristics of the HIL

The size of all fitting used in the rig s Thi6 dimension is not critical to the function of the
HIL except that flow losses in thigtings consume energy that would otherwiseutidized for
creating moe suctiorinthei nj ect or . T lconvehiant bécausettheynare sot expensive
andreadily availableThis rig is designed to be lowost and easy toonstructand operateo

provide rapid proof of concepthe pumpcirculatesthe liquid in the system. The model of the
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injector (MazzeiPVDF584- shown inFigure 6-6) wasselected based on the performance curve

of the pump (Figure 6-11) provided by the manufacturéri Mast er craft 3/ 4 HP
l rrigation Jet P u m.prhe|size®atheasuciion ardisdhargeeortsof th2 0 2 2 )
pumparel 0 (2.5 c¢cm) f emal e raadtthentaxiaum flgvangd gresdute ofe a d (

the pump are 17 U.S. GPM (64 L/m) andg34respectively.
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Figure 6-6: Mazzei injector( i Ma z z e | ventur i I nj e
The material othis injector is plyvinylidenefluoride (PVDF) and the maximum operating

temperature and pressure are’l0@nd 8.44 bar(g) (at 20) respectively. There is a check valve

in the suction inlet of the injector. However, if the system works at a presslrer lthan
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atmospheric pressure at the nozzle throat, this check valve does not prevent the flow of water into

the air intake line.

A gad liquid separator is an essential part of the apparatus, in wieghaseof the gas
liquid mixtureareseparatedrom each otheihe separatahouldbe sufficiently largeto provide
anearperfect gasliquid separatiorat all flow ratesIn theHIL, the separator ia 4 inch (10 cm)

schedule 4@learPVC pipe The maximum pressure for this pipe is 110 psi (g) atF32Z3C)

As the rig harnesses bubbly flow, thgdrophobicity / hydrophilicityof the rigmaterials
deserves some discussidfydrophobic materials are ngoolar materials with a low affinity to
water, which makes them water repellifdydrophobic surfaces can be seléaning to some
extent. Water droplets tend to roll off hydrophobic materials, carrying dirt and contaminants away
with them PVC and PVDF are a characteristically hydrophobic materials, and consequently, these
materials boices may present significant influence over bubble formation mechanisms in the
injector, and bubble separation processes in the receiver, a topic of investigation beyond the scope

of this thesis.

To design areffective separator witthdequate sizesepaators of varyinglengtts and
orientatiors have been designed and tested. Based osetke&periments, the shortest length
(height, for a vertically oriented separatof)the separator is 4Qcm). The design water level
inside the separator is 26.4 cnilee desigroperatingpressure of 24siand waterflow rates of
24.528.5L/min. When the system is filled to this level it contains 3.55 L of liqiiie water flow
thatenters the pump must be freegafs otherwise thegas bubbles enter the pump ratbamber,
andthe cavitationtypebehavioroccussin thepump The separatovasnotdesigned to bable to

separate particles of thegeipitatedcalcium carbonatédrom water.
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Figure 6-8: The horizontal injector loop with instrument labels (the cloudy liquid visible in the separator is a solution and

suspension of Ca(OHythat progressive reacts with admittedCO2 to form CaCOs as experiments proceed).
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6.2.3 Instrumentation

Figure6-7 shows a process and instrumentation diagram (PID) of the FHijure6-8 presents a
corresponding pditograph Alongside the ijectar, gasliquid separatorandcentrifugal pumpthe
locations of liquid control valves (VY,2), air control valves (VA-1, V-A-2) pressure relief valve
(PV), pressurggauges (PG, PG2, temperature and pH sensors (PH), and flow meter¢FM,
FT1, FT2 are illustrated.

The specifications of theeasuring instruments are described in the following sections

o Water flow rate

The fow rate orthehorizontal inector loopis measured usirgGREDIA water flow sensofFM).

This sensor comes with agdal LCD display water flowquantitativecontroller. The flow range

of this flow meter is 460 L/min, and the maximum water pressure is 1.2 MPa (174 psi). This is a

reattime flow rate monitoring system. The calibratioatss of the instrument was checked by

usinga Obucket and Iseforeipstalatiocintbe rign dhelwater flow meter is

installed on the discharge of the pump and measures the flow rate before the inlet of the injector.
A throttling valve(V-1) can beused to modulate the water mass flow mat#e rig but when

this is full open, the water flow rate in the systemagerminedy theconvergent sectiom¢zzlg

of the injector In the experimentshé outlet pressure of the nozzle sectibthe injector is always

justbelow Opsi(g) (atmospheric) this being finally determined by any additional fittings / tubing

fitted to the secondary f | ui.dhentheflentiratgttwaughh as

the system depends only on thenp discharge pressure and the (fixed) geometry of the nozzle
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The throttling valve can modify the system behavior but only when the drop at this valve is greater

than the drop in the injector nozzle

o Gas flow rate

Experiments withthe BabyHAC confirmed athat when the water becomes saturated with
dissolved gaghemass flow atheinlet to the system will equal the mass flow of gathabutlet.

In the horizontal injector loop, gas mass flow inducted into the rig by the injectdrewilbalance

with the gas mass that flows out of the rig at the pressure relief valve. Therefore, the gas mass flow
rate is measured only at the gas (secondary) intake line of the injector. A vah4d)(dermits
manipulation of the gas mass flows i@ rig, by reducing the absolute pressure at the injector
suction inlet as it is closed. However, when the valv@&\(¥) is fully open, the gas mass flow rate

is dictated by the water flow ratend thenlet, and outlet pressures of the injector. When(ih

A-1) valve is closed, the injector can not induct air into the systemsaitdworks like a
connecting tube between the pump and the separator. An OmegaAEBER digital mass flow

meter (FT1) measures the gas mass flow rates at the gas intatdethiaenjector. As well as the
check valve at the injector suction inlet, there is another check valve in the gas intake line that

prevents back water flow to the gas mass flow meter.
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Figure 6-9: Air & C Oz mixing tank and its instruments
When the HIL works as a reactor for the precipitation of calcium carbonate, th@)d®
added to the inlet air of the systefi@ mix CO; and airproperly, a mixing tank is connected to

the gas intake pipe of the injectdfigure6-9 shows the air and COnixing tank.

Without the mixingtank, the ijector sucksmore G2 than air to the rigA ProStar HRF
1425 580 rotameter (FT3) and an Omega FMA308 digital mass flow meter (EZJ are used to

measure the CQOlow rate which is added to the inlet air
o Pressure
Measuring the pressure ihe rigis a critical quality step toontrol the performancend safety

check to be aware of leaks thre build up of ovepressuran the system.The HIL is equipped

with two Bourdontype pressuregauges(PG1l and R52). PG1 at the discharge of the pump
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measureshewate pressure at the inlet of thgeotorwhile PFG2 measurethe pressure at the top
of the separatoilhe pressure range of both gauge presssi@100psi.

o Temperature

A temperaturesensor(AT) is locatedin the suction lineof the pump, and it measures the
temperature othewater after the separatdrhe tempeature of the inlet ga® the irfjectoris not
measued. However, heHIL is located indoors in a temperatwrentrolled laboratory, sde air
temperaturevariationsarelimited

While therig is running, if not actively cooled, the temperature of the water increases over
time due topump inefficiency ang¢ompression heat arising from the compressedAyasoling
coll, located in theseparataris thus used fothe regulation of water temperature. Liquid
temperatures are limited to a maximum of 35°C due to the reduced strength of the PVC materials

beyond this temperature.

o pH

The rig is equipped with @ole-Pdmerin-line pH probe(pH). The temperature operating range
of this probe is5 to 80 C, and its epoxy bodwithstands pressures to 1p6i. The pH meter is
calibrated with thg@H Buffer solutions includingolutions apH 7 and pH 10Anotherhandheld
pH meter Dr.meterPH100is also sed forseperate measurementtbie samples.

o0 Gas composition

A HiddenAnalytical HPR20 QIC mass spectrometer gas analyzer is usazht;uouslymeasure

the concentration afischargegasspecies frontherig.
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6.3 Experimental results of o peration of the HIL

The injectormanufacture{Mazzei) provides a performance table tisdows the volume of the
inductedflow for different inlet pressureand varying injector back pressure (at the outlethle
6-1 shows the performance tabletbé PVDF584 model of the Mazzei injector which is used in
this work.The inlet and outlet pressuremngefrom 15 to 80(psi) and0 to 65 (psi) respectively
The inducted air flow rate to the injector is also reported at different water flow fdies.
manufacturer diahot provide the inducted air flovatesfor all ranges of the pressurklowever,

the tablecan becompleted by interpolatintpe data that are presentedtbg manufacturer.

Inducted gas (L/min)

Table 6-1: The performance table of the PVDF584 model of Mazzei injector

Inlet Motive Injector back pressure si)
pressure F|0YV 0 5 10 15 20 25 30 35 40 50 60 65
(psi)  (L/min) Inducted gas (L/min)

15 13.25 8.18 2.16 0.46

20 1514 964 385 1.36 041

25 17.03 10.86 4.75 226 0.89 0.35

30 1855 12.27 6.39 3.15 155 0.85 0.30

35 20.06 13.35 8.70 4.37 244 1.27 0.80

40 2158 1443 9.12 512 324 197 127 0.71

45 2271 1485 10.11 592 442 273 183 118 0.66

50 23.85 1556 1058 752 484 357 235 165 1.03 0.61

60 26.12 17.01 1255 987 6.39 470 268 202 132 094

70 28.39 17.20 1354 11.09 8.08 6.02 3.76 216 1.26

80 30.28 17.86 1457 12.31 10.29 7.52 4.89 3.34 216 1.22 0.79

To calculate the losses (resistance) and operating pbthe system, a test wasnducted
to reproduce the injectoepgformance table experimentallyjhroughout théest, the inlet and back
pressures of the injector were measuredhgtwo pressure gaug€PGl and F52). The water
flow sensor (FM) andhedigital mass flow meter (FIl) measure thalet water flow rate and the

inducted airflow rateof the injector respectivelFigure6-7). Psychrometric conditions of intake
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air were measured with a Kestrel handheld digital psychrometer / anemonmeteamount of
electrical power that the pump consumed was also measurgablyeaneter. The systeprocess

/ hydrodynamic variables were recorded by continuously monitoringrtakggauges / digital
display units with a video camera. Upon completion of the experiment, the video recording was
reviewed, and observation setgere taken and referenced against video timestamps. The

observations wereecordecevery 10 seconds

The hydraulic injector loop was filled with watd@ihe only experimental parameter that was
varied during theéestwas the back pressure of the injector by siiljig the pressure relief vali@

varying setpoinpressure. Table6-2 presents the data collected during the test.

Table 6-2: Experimental measured values

Pump discharge Separator Inducted Pump

Water flow . Temperature .
rate (L/min) pressurerea(_jlng pressure (PG2) gas of water (°C) electric

(PG1) (psi) (psi) (L/min) power (W)

19.13 30.3 0.0 12.38 20.10 586.25
20.70 35.3 7.0 5.75 20.09 590.13
21.32 38.1 10.0 4.31 21.34 593.50
21.19 36.9 10.0 4.55 20.10 588.13
23.06 45.4 20.0 251 21.13 595.14
23.34 45.4 20.0 2.36 20.20 590.80
23.36 46.0 22.0 2.28 20.30 589.75
23.97 47.3 25.0 2.08 21.06 593.56
24.35 50.5 29.0 1.83 20.08 590.00
25.10 52.5 30.0 1.75 20.71 595.09
26.26 55.7 35.0 1.46 20.50 594.11
25.47 55.8 37.0 1.43 20.33 592.17
26.77 60.6 40.0 1.33 20.35 595.13
27.90 68.3 49.2 1.00 20.35 594.17
28.21 66.9 50.0 1.01 20.13 594.77
29.35 72.6 56.0 0.90 20.31 594.38

The separator / injector back pressures ranged from 0 to 56 psi(g) during the experiments.
By increasing the back pressure, the water flow rate and pump discharge pressure both increased.

The water flow rate increased because the injector primary flowetiglpressure to its nozzle
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increased as the system pressure rose. The differential pressure across the injector remained
approximately constant as the system pressure (separator pressure / injector back pressure) rose.
As expected, as the system pressase, reduced mass flow rates of inducted secondary air were

noted.

Figure 6-10 shows the measured inducted gas according to the water flow rate (or
equivalently injector delivery pressure) during the testinBsrpolating the data that are presented
in the Mazzei injector performance table a curve represetim@apntinuous behavimf inducted
gas mass flow with varying injector water flow can be prepared and this is also pidtigdre
6-10. It is evident that there is a good agreementvbeh the measured values of the inducted gas

and the Mazzei injector performance table; the injector was behaving as designed in the rig.

14
4 Inducted gas (Mazzei performance table)
12 - . . .
Inducted gas (Experimental observations)
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Figure 6-10: Gas suction flow rate versus water flow rate
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6.3.1 Pump performance

Table6-3 shows the pump performance table providedhepump manufacturefhe role
of a pump is to provide sufficient pressure to move fluid through the system at the required flow
rate. This eneng compensates for the energy losses due to friction, elevation, velacdy
pressure differences between the inlet and outlet of the syBteason, 2000)Thehydraulicwork

of the pumps calculated by Eq6(1)

C
Ca
C

@ (6.1)

where0 is the liquidvolumetricflow rate,0 and0 arethedischarge and the suction

pressures of the pumpespectively In Table 6-3, the measured values of the electrical power

which the pump consumed during the operation are also presented.

Table 6-3: The pump performance table provided by the pump manufacturer

Parameters Values

Head (m) 6.1 18.3 27.4 30.5

Pressureise (psi) 8.7 26.0 38.9 43.3

Discharge flow rate (L/min) 50.5 29.7 18.9 12.0

Mass flow rate (Kg/s) 0.839 0.493 0.315 0.199
Hydraulic work (W) 50.2 88.5 84.6 59.6

Measuredlectric powern(\W) 595 585 585 595

Efficiency (%) 8.44 15.13 14.46 10.02

The pump efficiency is characterized by the ratio of hydraulic power imparted to the flow to

the electrical work provided by the mo{@erakh$anet al, 2013)

DwQI O & G
O Quwipé i

(6.2)

As presented ifable6-3, generally, the efficiency of the pump can be seen to be low. The

maximum efficiency of the pump is 15.13%. However, this value appears typical of the efficiency
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of small-scale water pungwhich arecommerciallydistributedas consumer pumps to North

Americanmarkes (Emiliawati, 2017)

The pressure vs flow rate performance curve of the pump provided by the manufacturer is
plotted inFigure6-11, the values provided having been fittedjt@dratic formIn this figure, the

pressure drops across the injector based on the water discharge flow rates are also presented.
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Figure 6-11. The performance curves of the pump and injector

Determination of the pumping system operating point involves equating the relation for the
pressure rise across the pump to the pressure fall associated with the components in the circuit
with which it is connectednd solving for thevaterflow rate(Millar and Pourmahdavi, 2021f
connecting pipes, tubes and fittings are appropriately sized, the dominant component of the system

pressure drowvill be thatattributable to the injectotf inappropriately sized, the pressuteps
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arising from flow throughhe piping elements such &alves, elbowsbarbsand bendsas well as

the separator, will alter the system operating point.

In Figure6-11, theresidual pump curveeflects the pgormance of the pump after the head
losses in serially connectguping elementsat a particular discharge ratesigbtracted from the
pump read at te same discharge rafghis figure shows the separator, pipework, valves, flow
meter, etc. account for a 7.8sf) (downward)offset of the pump curvegr a 0.0033 varying

pressure drop.

6.3.2 Injector performance

The Mazzeiinjector consists o0& nozzle suction chamber, throat, and diffug€igure6-12). In
this injector, the diameter dhe nozzle inlet ¢p) and outlet ¢,) are 1.24(cm) and 0.43 (cm)
respectively. The diffuser outledd) is 1.24 (cm).

In theinjector, apressure drop accompanies the change in velocity of the water as it passes
through the covergensection(nozzle) Thepressure drop through the injectmnvergent section
must be sufficient to createslight negative pressure (vacuum) measured relative to atmospheric
pressureat the throatUnder these cattions, the gasvill flow into the injector. Most venturi

injectors require at least a 20% differentiéssure to initiate a vacuuiin et al, 2020)

The nozzle is an important part of an injector because it deterthmegter flow ratand
the vacuum levedtthe suction chambesindthus,the amount of secondary fluidas) that can be

ertrained into the systeifWanget al, 2021)
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Figure 6-12 Configuration of Mazzei injector

The pump provides sufficient pressure to move water through the system at the required flow
rate. The watewith flow rate Qp and high pressur®, supplies the energy utilized for gas
entrainmentcompressionand dspersion of phases in the inject@vateris accelerated through
thenozzk and creates low-pressurd’s (vacuum) at thesuctionchambeiof theinjector. The air,
with flow rate Qs, flows throughthe secondaryeed pipe tothe suction bamber.The nozzle
converts the presse energy(staticpressurgof the motive fluid (waterjo the kinetic energyby
increasinghe local velocity(creating ahigh-velocity jej. Kinetic energycan be divided into two
components: axiginetic energy and turbulent kinetic enerdymain part of the axial kinetic
energy of the jet is converted back to the pressure energy by mixing shock refsaitirthe
dispersion othegas phase into fine bubbles. A part of the turbulent kinetic gnamoteghe
disintegration of the free jet and improves the gas entrainmen{@gietalet al, 2018; Wanget

al., 2021)
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Pressure drop of water flow across the noz2}e Ps) can becalculatedrom the Bernoulli

equationby assuming the density of watercagngant

(6.3)

. " S . Y
V] — U —

S RS

wherev, is liquid vebcity at the injector inlefm s?), vn is jet velocity at the nozzle exit (m)s o
is africtional losses coefficient is liquid density (kg ri?). Bernoulli'sequation is valid for ideal

fluids (Opletalet al, 2018; Wanget al, 2021)

The mixing process with energy and mamum exchanging between water and gas occurs
through thethroatof the injector. Erther mixing is achieved when the tpbase lbw passes
through the diuser. The pressure of the mixing fluits P4 at the outlet othe ijector. Based on
the inlet pressure of the injector, inlet water flow rates of the nozzle are calculated by using the
Bernoulli's equationPs which is thepressure in the suctia@hambeis taken azero (atmospheric
pressure) The frictional losses of the nozzle are also neglected ). Figure 6-13 shows the
calculated water flow ratesf the nozzleandthe Mazzei injector performance tablersusinlet
pressures.There is a good agreement between the calculated vahesMazzei injector

performanceable.

Figure 6-13 also presestobservations of pressure and water flow rate from the rig trials.
The water pressure and flow rate are measured at the discharge of the pumprdsqsi¢ deficit
has beendund tooccur between the gaugad the inlet of the injectorhis 1 (psi)loss ispart of
the total losses consideredtireresidual pump curvéNVhen the 1 (psi) loss subtracedfrom the
pump discharge pressures, the measured water flow rates seeatioe calculated water flow

rates and those of the Mazzei injector performance table.results of the conducted test also
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confirm that the water flow rate of the system depends principally on the injector inlet pressure

and the injector nozzle dimgions
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Figure 6-13: The injector water flow rate according to the inlet pressure.

The pressure drops across the inje@®ii Pd) are estimated by considering tfedlowing
assumptions

0 Both phaseare intensely mixed in the throat, and due to the high thermal conductivity of

water, the process is considered to be isothermal
o Static pressure at the ejectautlet, Pq ,is equal to the separator pressure
o0 The kinetic energy of the gas is negligibenpared to that of the liqui@ero slip).

o The water density is assumed for the combinedphase flow at the outlet of the injector
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Figure6-14 shows the gnamic pessurg” — which represents the kinetic energy per unit

volume of a fluid for the twgphase flow at the end of the injector. The values of the dynamic

pressures are small and can be ignored
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Figure 6-14: Inlet pressure and outlet dynamic pressure of the injector versus inlet wate

flow rate
In Figure6-14, the injector outlet pressures are calcula@sdhe sum of the static pressure
(Pd) and dynamic pressure at the outlet of the injector. The difference in pressure between the
pressure riseaioss the pump and the pressure drop across the injector represents the frictional

head losses of the system
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Table 6-4: The performance of the system (injector and pump)

Water _Pump Injector Separator Injector Pressure _Pressure Measured Pump Work of gas Pump
flow rate discharge inlet pressure outlet dr_op across rise across mdu_cted electric compression hydraulic
(Lmin) pressure  pressure (PG_Z) pressure |nJec§or pump air power (W) work (W)
(PG1) (psi)  (psi) (psi) (psi) (psi) (psi) (L/min) (W)
19.13 30.3 31.3 0.0 0.1 31.1 38.7 12.38 586.25 0.00 85.1
20.70 35.3 36.3 7.0 7.2 29.1 37.3 5.75 590.13 3.79 88.6
21.32 38.1 39.1 10.0 10.2 28.9 36.7 431 593.50 3.81 89.8
21.19 36.9 37.9 10.0 10.2 27.7 36.8 4.55 588.13 4.02 89.6
23.06 45.4 46.4 20.0 20.2 26.2 34.8 251 595.14 3.70 92.2
23.34 45.4 46.4 20.0 20.2 26.2 345 2.36 590.80 3.48 92.5
23.36 46.0 47.0 22.0 22.2 24.8 344 2.28 589.75 3.58 92.5
23.97 47.3 48.3 25.0 25.2 231 33.7 2.08 593.56 3.57 92.9
24.35 50.5 51.5 29.0 29.2 22.3 333 1.83 590.00 3.46 93.1
25.10 52.5 53.5 30.0 30.2 23.2 324 1.75 595.09 3.38 93.3
26.26 55.7 56.7 35.0 35.3 214 30.9 1.46 594.11 3.10 93.1
25.47 55.8 56.8 37.0 37.3 19.6 31.9 1.43 592.17 3.16 93.3
26.77 60.6 61.6 40.0 40.3 21.3 30.2 1.33 595.13 3.06 92.8
27.90 68.3 69.3 49.2 495 19.9 28.6 1.00 594.17 2.59 91.6
28.21 66.9 67.9 50.0 50.3 17.6 28.1 1.01 594.77 2.64 91.2

29.35 72.6 73.6 56.0 56.3 17.3 26.4 0.90 594.38 251 89.2
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The major part of the pressure energy provided by the pump is used in the injector mainly
for fine dispersing and compressing gas into the liquid phaseble 6-4, the workutilized on

the gas compressioMomy is calculated by Eq.6(4)

) a T Vi %— (6.4)
whered is the gas massdiv (kg/s), Tair is specificgas constantd kg K), andTs is temperature
in suction sectionK). By increasing the back pressure, the amount of the air indudtezlggstem
decreases. The gasmpression work also decreadeslable6-4, the hydraulic work of the pump

is calculated by Eq6(1).

6.4 Summary

TheHIL test rigwhich is a variation on the HAC systemssdesignedfabricated/assembled and
tested The height of HAC units, following thiglillar, (2014)design paradigms invariablyhigh.
Thereforethe capital cost of HAQonstructionis considerable in all variations that have been
explored thus farThe HILis a type of HAC witha small elevation differencd.he momentum,
mass, and energy formulations for the injector are identical to those of the AWMH of theAHAC
hugeadvantageof HIL is that the delivery pressure is simply controllable without requiring a
change of HAC height.

Another advantage of the HIL is that practical isothermal compression was achieved for the
gas According tothe work ofOpletal et al. (2018 and Witte (1969) gas compression in the
injectorcanbe treated with good accuracy as being isotherfidrefore the temperature can be

controlledin the HIL.
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In the HIL test rig, the mass flow rates of gas inducted matched those expected from the
manufacturerds injector performance tabl e,

separator pressure.

In the rext chapter, the operation of HIL as a£f@pture and sequestration device/process
has been investigated experimentally. The rig is operated withg@®being mixed with the
inducted air (to simulate a combustion off gas), and with Ca{&dfjition circlating rather than

water.
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7. Experimental investigation of CQ capture and sequestration

by means of HIL

In the last Chapter, the basic design of the HIL was explained, and the experimental performance
of the unit was f ound ttloair bseahe ihvdusted deemdary flusdndl wh e
with water as the primary circulating fluid. In this chaptiee,performance of the HIL is revisited,

but with 2 key differences in operation compared with Chaptéirst, a suspension solution of
Ca(OH} (a diute slurry)is used to replace water as the primary circulating liquid. Second, the air
enriched with controlled mass flows of €@onstitutes a secondary inducted gas stream. In
addition to inducting and compressing the secondary gaseous phase, the ligjleaves as a gas
distributor to create bubbles enriched with230 that the C@dissolves in the alkaline solution.

The remaining gas phase is pressurized in the diffuser of the injector. As Cai{&d)ves and

reacts with the dissolved G@ the HIL, a CaC®precipitate is formed, and the circulating fluid
remains a dilute slurryith altered chemistry.

As a result, the design objectives of the HIL in this configuration arec@@iure (through
dissolution) and sequestration (to CaCg@recipitate). The HIL should be conceived as a
continuous pressurized chemical reactor to undedsthe performance of the system as a CO
capture and sequestration device. The results of the experiments conducted in this chapter aim to
provide a proofof-concept that the HIL is a credible potential L€pture and sequestration
technologyBecauselte experiments planned fibredevice involve relatively high concentrations

of CQOy, conducting these trials in a fume hamdspreferable for health and safety reasons
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7.1 Experimental procedure s for CQ carbonation

7.1.1 Purpose of experiment

The purpose ahe experiments beyond the HIL design triedso confirm that the reaction between
COz and Ca(OHto form CaCQ@ and water can be sustained within the HIL.

In testing rigs beyond the ladzale unit presented herein, it is envisaged that finely ground
alkaline earth minerals will be entrained in water in a separate reactor, some of which will be
dissolved to create alkaline or suspension solutions that will be continuously admitted to the HIL
simultaneously as combustion-@fés is inductedHowever, in the latscale unit discussed herein,
instead of continuously admitting an alkaline solution/suspension, the uniteétignged with a
liquid comprising a saturated solution of Ca(@Hhd suspended, initially undissolved Ca(@H)
particles for better control irhése earlstage experiment®\s dissolved Ca(OH)reacts with
CQO, the Ca(OH) solution will tend to become depleted from its saturated state. However, the
expectation is that the solid suspended Cat@H r t i cl es wi | | progressive
the solution to a saturated state so that the starting pH will be maintained (at approximately
pH=12.5). When all the suspended excess Ca{@3Hjssolved and consumed in the precipitation
reactions, fuher creation of Céfaq) causes the pH of the solution to decre@ke principal
observation from each experiment is the duration from the start of admission gh€®hen the

pH is approximately 12.5 to when the pH decreases.to 10

7.1.2 Preparation of circ ulating liquid solutions/suspensions

The first step in the experimental process is the preparation of a Gag@ttjon to fill the rig.

Five different solutions are prepared for the2C@pture and sequestration experiments. The first,
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named 1GF, comprised 3.55 L of Ca(OH}aturated aqueous solution in which Ca(©Hs)
dissolved to its maximum solubility of 33y in 3540 g of deionized water (D.l.) at 22°The
1C-F solution is filtered using a®icron filter to remove undissolved, suspended patrticles.
The remaining solutions/suspensions, labeled-E72.2CS, 2.9CS, and 5CS, are 3.55 L
of water containig 9.09, 11.76, 15.68, and 26.72 g of Ca(&)Fspectively. In all the suspension
solutions, 5.34 g of Ca(Okl)s commonly dissolved, and any excessegssts as undissolved

Ca(OHpy to form a slurry.

In this work, D.l. water is used to prepare the Ca@dution. The pH of D.I. water is 6.0

to 6.4, depending on the temperature. However, the pH of pureiwater

7.1.3 Filling the injector loop with liquid

Before each individual experimental run, the rig is filled with deionized water and operated for
approximaely 10 minutes. The objective is to flush out any remaining reactants or products from
previous experimental runsn this work, eight experimental runs are reported with the rig
containing varying amounts of Ca(Qligither in dissolved or suspended esator bothAfter
each experiment, the rig is washed with dilute acetic acid to remove anys @& @ay have
remained from a previous run. A contaminated or dirty apparatus could lead to inaccurate results
from the experimental run.

Thefill -up line ofthe rigis shown inFigure5-6. The horizontal inector loopis filled with
3.55 L of solutiorsuspensiorAfter thesolution/suspension is added to the rig, valv2ig closed,

and the system is ready to operate.
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7.1.4 Phase | Start-up and steady state operation without CO 2 being inducted .

After loading the rig with the solution, the pump is turned on, and the solutiacusated in the
system while the injector inducts atmospheric laiphase |, the pressure relief valve is adjusted
to the desired separator pressure (24 psi) after the circulating pump is operated.

When the pressure gauge at the top of the separat@®) (lRGicates 24 psi, the mass
spectrometer gasampling line is connected to the rig to measure the separatgasff
compositionDuring phase |, the mass spectrometer supplies compressed gas through the sampling
line from the separator and reports thenposition of the discharge gas from the rig. Concurrent
analyses of atmospheric air intake are also perforifeel sampling stream is passed through a
desiccant tube containing a calcium chloride and calcium sulfate mixture to absorb water vapor
from the df-gas stream, and the gas is then supplied to the mass spectrometer at a rate of ~60
mL/min. A mass spectrometer is used to record the coposition of the discharge gas every

25 s. Phase | requires2Zmin to complete.

According to theYoung et al. (2022)bubbly flow model prediction anérigure 5-15, the
required pressure to dissolve (90%) of thex@0@mitted to the circulating fluid is 18.2 psi(g) for
mineral carbonation purposes. The operatingguresof the HIL is set to 24 psi to ensure complete
dissolution of the admitted GOIf this occurs experimentally, the @Concentrations in the off

gas composition readingsoulddecrease to zero.

7.1.5 Phase Il Steady state operation without CO 2 being induct ed.

In phase I, the rig is operated farather 57 min to reach a steady state befGx@: is added to

the inlet air. A steady operating state condition is assumed when the HIL delivery pressure,
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circulating fluid temperatureandoff-gas composition reatys of the mass spectrometer do not
vary over time. During this phase, the injector inducts atmospheric air into the system, and the

mass spectrometer reports thez@0Oncentration in the discharge gas in-teak.

7.1.6 Phase lll Admission of the air/CO 2 mixture

Once the system reaches steathte conditions, C£ls added to the inlet gas, which constitutes
the start of Phase Il of the experiment.

The experiment uses a gas feed stream with 15% (by volumegpGnulate expected CO
concentrationgn the combustion of éfgases/exhausts. The gas feed composition of the air/CO
mixture is achieved by maintaining the air and-@ss flow rates at 2.7 L/min and 0.40 L/min,

respectively.

The pH of the solution/suspension is continuously measured andledcewery 10 s

throughout the experiment

According to the mineral carbonation chemistry described in SeBtipnvhen the pH is
greater than 10, the predominaatboncontaining species are carbonate i@<¥). The reaction
between C# ions and dissolved CQOeads to the precipitation of CaGQwvhich is practically
insoluble in water with pH > 9. If the experiment is started with a saturated solutiondi.e., n
suspended Ca(Ob)) the pH value will decrease gradually as the pH is lowered during the
formation of CaC@ The increased Hon content triggers the 1dissolution of suspended Cag O

releasing calcium ions into the solution.

The nucleation stage oflcaum carbonate formation in the system (formation of nuclei or

critical clusters) occurs at pH over 12.5, followed by precipitation and crystal growth until pH 10
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(MontesHernandezt al, 2009) During the experiment, when the pH of the solution reaches 10,
the pump is turned affaind the valve (MA-1) of the gas intake linis closed marking the end of

phase Il of the rig operation.
7.1.7 Recovery of precipitate

To separate the precipitated calcium carbonate, the sampling line of the mass spectrometer is
disconnected, and an air bypass valveAR2) is opened to depressurize the rig. Subsequently, a
5-micron filter is connected to the rig in paraliela secalleddiltration loopa

The filtration loopis illustratedin Figure7-1. During filtration,thevalve (V-1) is closedso
that he pump circulates the solutisnspensiothrough the filtration loopThe model of the filter
used is Waterra 5 Micron groundwater. §filter has 600 crof polyethersulfone Snicron filter

media

Figure 7-1: 5-micron filter showing a white slurry at input and a clear fluid at outlet
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Figure7-1 shows the 56S solutionflow before and after filtration. The solution was milky

prior to filtering. After filtering, the solution became clear and colorless.

The precipitate recovered from the filtration system was dried, and its total mass was
measured. A sample was collected and sent fomyXdiffraction analysis to confirm the

composition othesolid.

7.2 Experimental r esults

The chemistry and kinetics of the expected carbonation process are described in Chapter 3. The
conditions of the experimental trials and variations in the experimental procedure are summarized
in Table 7.1.The initial Ca(QH)2 concentrations of the solutions used in experiments E4 and E6
were subject to uncertainty. The rig was not completely empty of DI water prior to the experiment.
It is believed that there was already some D.l. water in the pump manifold when the filpdas
with the 2.2 CS and 2.9 €S solutions in experimental trials E4 and E6, respectively. The presence
of D.l. water changed the initial Ca(OiHtoncentration in the solution.

During experiments E4, E5, E6, and E8, the pressure at the inlet of irffp€&towas set to

50 psi. In experiments E1, E2, E3, and E7, PG1 showed 52 psi.

In all the experiments except E1 and EG6, the average pressure at the top of the separator
measured using PG2 was 24 pai.experimentEl and E6the areragepressure of 82 was

slightly lower (23 ps).



Table 7-1: Details of experimental conditionsand principal results

Experiment El E2 E3 E4 E5 E6 E7 E8
Date 27 June 1 July 29 June 29 June 1 July 28 July 27 July 1 July
CO; absorption solution DLW 1GCP 17GS 22GS 22GS 29CS 5GS 5GCS
Solution state - St S S-S SS S-S S-S S-S
Mass of the Ca(OH)dded to solution (g) O 5.34 9.09 11.76 11.76 15.68 26.72 26.72
Total mass ofvater in the rig (kg) 3.54 3.54 3.54 3.54 354 3.51 3.54 3.54
Initial pH of the solution 6 12.24 12.29 12.15 12.22 12.28 12.26 12:35
pH of the solution at the start of addingC 7.15 12.25 12.31 12.22 12.26 12.28 12.26 12.35
Final pH of thesolution 4.96 10.01 10.04 10.15 10.08 9.97 10.05 9.95
Duration of experiment (mm:ss) 19:30 09:10 12:10 14:10 15:40 19.50 18:30 24:40
Time of adding CQto inlet air (mm:ss)  07:30 05:00 05:40 10:00 11:40 11:00 11:40 20:10
Average[CO;] added ito inlet air (mol%) 16.56 15.48 15.06 14.12 15.46 14.61 15.02 16.17
Average input gas mass flow rate (L/min 2.60 2.53 2.79 2.92 2.55 2.74 2.52 2.47
Average water volume flow rate (L/min) 28.36 28.17 28.48 26.33 24.12 25.56 28.36 26.10
Averagecirculating water temperature (°C 23.6 22.05 22.0 21.8 22.2 22.8 24.59 21.3
Average pressure of GHpsi) 52 52 52 50 50 50 52 50
Average pressure of GHRpsi) 23 24 24 24 24 23 24 24

1 Deionized water

2 Ca(OH) saturated solution

3 Ca(OH) suspensiorsolution(Supersaturatesblution)
4 Saturated

5 Suspensiorsolution

211
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The average temperature (°C) of circulating water in all experiments except experiments E1 and
E7was22 °C. In experiments E1 and Efie circulating water temperaturegre slightly higher

at23.6°C and 24°C respectively.

7.2.1 CQ dissolution in deionized water

In experimen&l, the rigis filled with D.1. D.l is a form of pure, clean water purified by removing
atoms, ions, and molecules from tap water through an ion exchange process. Deionization removes
dissolved particles such as salt (sodium chloride), mserarbon dioxide, organic contaminants,
and other impurities from waten theory, the lack of ions means tkat water should have a pH
of 7. However, wherD.l water comes into contact with atmospheric carbon diofallging
handling and transferits absorptiorof the gas produces weak carbonic acid, which can reduce
the pH of the water to 5.5. Therefore, the pH of D.I. water is typically below 7.

Some pH meters cannot measure the pH of D.I. water because ions are required to provide
accurate readirgy The initial pH of the D.I. water before carbon dioxide has an effectTis 7.
maintain a pH of 7, it is necessary to either prevent the D.I. water from being exposed to air or boil

the water to remove carbon dioxifleicheet al, 2006)
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Figure 7-2: Variation s of dischargeCO, and Oz concentrations and pH of the D.I. water
throughout phases| to Il of the experimental of the experimental trial according to the

time
In this experiment, # initial pH of the D.I. water was 6. During phases | and II, the pH

increased and finally reached a constant value after approximately 11:30 min. Lab atmospheric air
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was inducted into the water during this time using an injector. The D.l. water wasedeaplet
dissolved @, and injecting air into the water increased the dissolvedfChe solution and
increased its pH. As the2@aq) gradually increased, lesser amounts 0di€solved in the water

until the [& (aq)] tended toward an asymptotic value that mirrored the increase in pH.

The D.l. water with dissolved dDO) would be a fairly aggressive fluid toward metals.
Carbon steel was present in the pump casing, and copper was in the separator. DO caquld readil
react with these to create metal oxides, which would rapidly hydrate to produce metal hydroxides.

Thus, an increased prevalence of @iduld consume protons to cause the pH to increase.

As shown inFigure7-2, COz is added to the inlet air during phase lll. This is now in much
higher partial pressure, and its 10x higher solubility in water means thati€0lution chemistry
in water dominates over the chemistry@fdissolution in water. As C£s dissolved in water,
reactions (3.5) (3-8) proceed, and the pH of the solution decreases untis@Qration. The final

pH of the CQ-saturated D.I. water is 4.99.

7.2.2 CQ dissolution in Ca(OH) 2 saturated solution

The Ca(OH: saturated solution, €, was prepared by mixing 5.34 g of Ca(@phwder in 3540
g of D.I. water at 22C. The 1CGF solution was filtered by a-&icron filter, and it had no
undissolved particles. The initial pH of the solution was 12.25. HowevepHha the standard
saturated Ca(OH)solution was 12.34 at 22C (Bateset al, 1956; Litoet al, 1998b) The

experiment required 9.16 min, and £&as added to the inlet air at 3:30 (mm:ss) onward.
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As listedin Table7-1, the average percentage of £@) concentration added to inlet air
was 15.48 %. The avage gas mass flow rates of the inlet air and the&@ided to the inlet were

2.53 and 0.39 L/min. The water volume flow rate was 28.17 L/min.

Figure7-3 shows the chage in the C@concentration of the discharge gas and the pH of the
solution with respect to the time of the experiment. At the start of the addition2ad @@ inlet
gas, the pH of the solution was 12.25, and mass spectrometry revealed that theatercent

CQOz in the discharge gas was near zero.

When the pH was greater than 10 (10 < pH < initial), reaction (3.19) did not proceed because
the GF solution was prepared by filtering the Ca(@Bl)spension solution and did not contain
any undissolved ptcles. In this pH range, reactions (3.(3.9) and (3.21) proceed in the reactor,
and the carbonateC(@) ions, which are the dominacarbonate species (according to the
distribution of dissolved carbonate species based on the pH(Faduee3-2), react with calcium

ions and CaCe&precipitates bsed on reaction (3.31).

The pH began to decrease after adding: @Othe inlet gas. Simultaneously, the mass
spectrometer showed increased@Oncentration in the discharge gas. When the pH reached
10.01, the mass detected more-@Cthe discharged g&s0.01%, still orders of magnitude below

the concentrations provided at the input to the system
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Figure 7-3: Variation of discharge CQ concentration and pH of the saturated solution

according to thetime of the experimentE2

7.2.3 CQ dissolution in Ca(OH) 2 suspension solution

0 1.7GS solution

This solution comprised 5.34 g of dissolved Ca(©ddexisting with 3.74 g of undissolved

Ca(OHy. The initial pH of the solution was 12.31. Becatls=pH was measured solely from ions

dissolved in the liquid state, the initial pHthre suspension solution (1.78) should theoretically

be the same as thattime saturatedolution (1GF). In practicethe pH varied from the prior values

by a small amount.

As listedin Table7-1, the average percentage of £@) concentration added to inlet air

was 15.06 %. Thaverage gas mass flow rates of the inlet air and thea@@ed to the inlet were

2.79 and 0.39 L/min. The water volume flow rate was 28.48 L/min.
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Figure 7-4 showsthe variations in the Cfconcentration and pH as the duration of the
experiment increased. The behavior of this solution was similar to thatBf Te duration of

the experiment was2.00 min. CQwas added to the mixing air @4:40.
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Figure 7-4: Variation of discharge CO; concentration and pH of thesuspensiorsolution
(1.7C-S) according to the time of the experimeniE3
The pHstaredto drop to 10.20 after mixing CQvith the inlet gas. Simultaneously, the
mass spectrometer showed increased@@centration in the discharge gas. However, the pH did
not reach a constant value, and after entering a trough, it increased and appeared to plateau at
pH=11.83 at the end of the record. Possiblg, dlaration of the experimentas insufficient to

produe a complete and consistent decreagsHino < 10.
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0 2.2GS, 2.9GS and 5GS solutiors

The 2.2GS solution consisted of 5.34 g of dissolved Ca(ftdexisting with 6.41 g and
undissolved Ca(OH)n 3.54 kg of D.l. water. Twexperiment$E4 and E5) were conducted using
this solution. However, the Ca(OHgoncentration in the solution used in experiment E4 was

unclear.

As shown inTable7-1, , the average percentage of @) concentration added to inlet air
in experiment E4 was 14.12 %. In this experiment, the average gas mass flow rates of the inlet air
and CQ were 2.92 and 0.38 L/min. The water volurte rates in experiments E4 and E5 were
26.33 and 24.12 L/min, respectively. Although the water volume flow rate in experiment E4 was
greater than that in experiment E5, the percentage ef@@oncentration added to the inlet air
in experiment E5 was ¢iher than that in experiment E4. In this experiment, the average gas mass

flow rates of the inlet air and inlet G@rere 2.55 and 0.40 L/min respectively.

Figure7-5 shows the change in the €&ncentration of the discharge gas and the pH of the
solution with respect to the experimental time. The lengths in experiments E4 and E5 were 14:10
and 15:40, rgzectively. The reading of the pH meter fluctuated during phase | of experiment E5.
The initial pH of the solutions used in the experiment was 11.91. The length of phase Il of

experiment E5 was 1.67 min longer than that of experiment E4.

Both experimentshowed similar behaviors. G@vas added to the gas mixture at 3:40 and
3:30 in experiments E4 and E5, respectively. The gas mass spectrometer showed changes in the
COz concentration of the discharge gas at 5:40 and 6:09 in experiments E4 and E5, réspective
At E4, pH decreased from 12.21 at 3:40 to 10.41 at 10:50, then increased to 11.95 at 11:30 and

after a small peak, and finally decreased again to 10.15 at 13:40.
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A concentration Or eb o udorténtratian ofaisceacge gabduireng v e d
this time. The trends of the G©@oncentration of the discharge gas and the pH of experiment E5
are similar to those of experiment E4. It is suggested that the reason for this phenomenon is a non
continuous dissolutmo o f 6 cl| umps 6 o bexistingdvitninghe Hik. & b furthar( OH)
suggested that when the pH decreases to 10.41 in experiment E4, a 'clump' of solick Ca(OH)
suspended in the solution but somehow obstructed from dissolution starts to disscive), theu
pH to increase again, and the-giis CQ concentration decrease as thex@&cts with CaCéls).
This behavior is evident in all experimental trialgh suspension solutionsvith the possible
exception of E7possible because E7 may have beadted prematurelyHowever it is asserted
that when a circulating solution of Ca(Qténtrains and suspends excess solid Caf P#t}icles,
they may accumulate somewhere in the horizontal injection loop before ultimately becoming
dissolved with a more planged operationAn alternative explanation is that some manner of
Ca(OHp} dissolution activation or threshold exists that is not represented in the chemical
conceptual framewor k. Either way, a more robu

detemined to be a subject for further investigation, beyond the scope of this thesis.

The 2.9GS solution consisted of 5.34 g of dissolved Ca(£ddexisting with 10.36 g of
undissolved Ca(OH)n 3.51 kg of D.I. water. However, the Ca(Qldpncentration intte solution

used in experiment E6 was unclear.

The mass of water in the rig in experiment E6 was 5.41 kg. The average gas mass flow rates
of the inlet air and the C{added to the inlet air were 2.74 and 0.4 L/min. The water mass flow

rate was also 25.36min.
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As shown inFigure7-6, the length of phase Il in this experiment was longer than that in the
other experiments. However, phase Il started when the][@@pH values were similar to those
in other experimental trials at the beginning of phase Ill. The length of phase IIl in experiment EG,
which was 11 min, was shorter than that in experiment E5. However, the Ga(DkEgntration
in the solution in experimefE6 was greater than that in experimentlE&as this concluded that

theremnantD.l. water in the rig significantly changed the Ca(@ttncentration in thsolution.

0.14 | 12.5
16:10, 12.08
: E6
_ 012 112
£ . 5
> . O 09:40, 12.28
5010 41 115
o 15:30, 11.18
B0 H :
g P \
-
& 008 4111
= ® 16:17, 0.0800 @
5 % [16:17, 00800} ]
S 0.06 1105
g ) 19:32, 0.0522 [~
= |1 I I1I .
2004 17-30, 0.0239 4 10
o L ]
o [ ]
o) *
U o002 1 95
19:20, 9.96
0.00

i 1 9
0000 0253 0546 0838 1131 1424 17:17 20:10
Time (mm:ss)

Figure 7-6: Variation of discharge CO; concentration and pH of the2.9C-S suspension
solutions according to the time of the experimenE6
The 5GS solution consisted of 5.34 g dissolved Ca(§)Which was suspended in 21.38 g
undissolved Ca(OH)in 3.54 kg of D.l. waterAs shown inTable 7-1, the average pressure of
PG1, water temperature, and the water flow rate in experimemtdss higher than those in

experiment E8.



222

Figure7-7 shows the time evolution of [CPin the separator discharge gas and pH of the
solution in experiments E7 and EB¢periment EMnight have been curtailed prematurely due to
afallof[CO)] due to O6clumping, & which is the reasol

E8 a few days later.
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7.2.4 Summary of results from experimental trial s

The key observations identified from varioesperimental trials are presentedliable7-2.

Table 7-2: The value of CQ consumed in each experiment

Experiment E2 E3 E4 E5 E6 E7 ES8
CO;, absorption solution 1CGF 1.7GS 22GS 22GS 2.9GS 5C-S 5C-S
Solution state st s ss ss S SS  SS
Duration from first time adding CQ to pH=10 5 5.67 10 1166 11 11.67 20.16
(minutes)

Mass ofconsumed Cé&Xg) 3.77 4.37 7.53 8.75 8.84 9.16  15.99
Mass of the Ca(OH)in the solution (g) 5.34 9.09 11.76  11.76  15.68 26.72 26.72
Average [CQ] added into inlet air (%) 15.48 15.06 14.12 1546 14.61 15.02 16.17

7.2.5 Mass ofsuspension solids at the conclusion of each experimental run.

Various filtration methods were tested on the solution. Connecting Waterra 5 micron groundwater
filters to the HIL within a filtration loop effectively separated suspension solids from the
circulating fluid. These filtes were also used in experiments E5 and E8. The solids then had to be
removed from the filters. However, it was evident that the solid mass remaining on the filters could
not be recovered for the asqagnoted as F imable7-3). Thefiltrate was collected was dried in
an oven at approximately 60° C overniginid the mass of dried filtrate was measured.

At the end of experimental trials E2 and E4, theFlahd 2.2ES suspensions were decanted
from the HIL and dried in an oven. The masses of the recovered dried suspension solids were 3.572
g and 10.631 g for experimental trials E2 and E4, respectively. In these trials, it was established

that solids remaining in thdIL could not be recovered for the assay. Samples of the solutions

1 saturated
2 Suspension
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were collected at the end of experiments E3 and E6. The masses of dried solids in these samples

are presentenh Table7-3.

Thus, for every experimental run, it proved challenging to recover all suspension solids,
irrespectiveof the filtration methodrialled. Table7-3 showsthe suspension solids collected from

the HIL at the conclusion of each experimentail.

Table 7-3: Concentrations of C&* and mass of recovered soli€aCOs

Experiment E2 E3 E4 E5 E6 E7 E8
CO;, absorption solution 1C-F 1.7GS 2.2C-S 2.2C-S 2.9C-S 5C-S 5C-S
Initial concentration of Ca(OH)g) 5.35 9.09 11.76 11.76 1556  26.72 26.72
pH of the solution at the end of phase | 10.01 10.04 10.15 10.08 9.96 10.01 9.95
Measured pH, before filterirgplution 9.81 11.83 10.12 9.88 9.85 10.78 9.99
Mass ofrecovered solifg) 3.57 1.31 10.63  6.38+F 1.25 - 18.39+F

The expectation of the experiment was that the recovered solids were principally GaCO
and all suspended Ca(OHjissolved and reacted with @(aq) during the experimental trials.
However, it was deemed possible that some solid Ca(Gat)ld have remained. Consequently,
samples of the dried suspended solids in the HIL were subjecD analysis to confirm the

presence or absence of the reactant and expected product species.

7.2.6 XRD analysis of products
X-ray diffraction (XRD) isone of themost powerful tooldo identify the crystal structure

and mineral phases geological samplesThis method has also been proven effective in the

1 Unknown mass of unrecovered CaLO
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quantification of mineralogical datQuantification is based on the fact that the peak intensities
an individual mineral are proportional to the latter's content in the sample. Measurement of peak
intensties should, therefore, provide information regarding the relative amount of the

corresponding mineral phaégl-Jaroudiet al, 2007)

While it was reasonablgertainthat the CQwas beingabsorbedy the solution/suspension
by reacting with the Ca(Okland precifgating as CaCeg) the suspended particles of Ca(@&hd
the CaCQ@ in the circulating liquid were both white, fine, crystalline solids that were
indistinguishable visually. XRD of the dried filtrate from the rig was thus used to confirm that the
filtrate dbtained was in fact CaG@nd to see if any Ca(OHgould be detected in the product.
Quantificationanalysisof the filtrate by such methods was not part of this work. The XRD analysis
were qualitative only and aimed to identify Cag€@nd Ca(OH in the fltrate samples of

experiments E2, E5, E8, and also of the Cag@éjctant powder.

After drying, the filtrate powder samplebackpacked into an aluminum sample holder and
analyzed usinghe XRD-100 instrumentat the Geoscienckaboratories, situated in the Wiltet
Green Miller Centre on the campus of Laurentian University. Scamgraf@mdiffraction angles
from20°t080A 2d at a s c af/91Tha @suling spectta acefpresentedFigure

7-8 andFigure7-9.
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Figure 7-8: XRD patterns of Ca(OH). powder
Figure7-8 showsthe XRD spectrum of the Ca(OHjowderreactant used, which claimed
99.5% purity Sensor intensity peaks at angles that are characteristic of boths@a€Ga(OH)
are denoted with orge diamonds and blue triangles, respectively. In this spectinene are 2
minor intensity peaks & d 29.5 and2 & 64.5 which might be expected in CaG@hereas
they are not expected in Ca(QHWigh intensity peaks & & 29.0,2 & 34.0,2 &¢51.0,2 &
54.5 and2 ¢ 72.0 are characteristic of Ca(OHYheXRD spectrum of Figure-26 thus suggest

a sample of Ca(OH)with trace amounts of CaGO

Figure7-9illustrates the XRD patterns of filtrate samples from experiments E2, E5, and ES8.
The peaks identified in these spectra are all characteristic of Ca@Dthere are no intensity
peaks presdrat any value o2 dhat are consistent with Ca(OHjresence in the samplexpert

testimony from the technician who customarily operates the instrument suggests that tae CaCO
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present in the sample from experimental run E2 is very highly crystalliaZE@{ whereas the

filtrates from experimental runs E5 and ES8 lasswell crystallized.

In the spectra from experimental runs E2, E5 and EB8, it is possible that Ca@ti)les
have acted as seeding points for crystallization/precipitation of €a€@eir surfaces; Ca(OH)
could remain in the filtrate but be shielded fromays by a CaC®&coating. Were this to be the
case, it would still be expected that among the billions of particles present in the specimens, patches
of Ca(OH) would be exposed todwe lower intensity yet visible intensity peaks in the spectrum
at values oR dcorresponding to those expected for Ca(©Wp there were none of these at all

evident inFigure7-9, it seems unlikely there is any Ca(Qlkgmaining at all in the filtrate samples.
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Figure 7-9: XRD patterns of CaCQOsz produced in the experiments E2, E5, and E8
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7.3 Discussion

7.3.1 Did the reactor operate as intended?

According to the results of experiments presented in this chapter:

1 During phase llof each experimental run, when [€@)] ~ 15% was admitted #ieinlet,
[CO2(g)] in discharge gas was lower tha@X®% of the inlet gasThis implies that 99.99%
of the CQ thatis added to the inlet air dissolves in the Ca(©sblution/suspension
solution under these conditions. This is expected behavior if the HIL operated as intended.

1 With one exception, collectively, the results of the experimental runs show that the amount
of COz absorbed in each experiment increases ptapately with the total Ca(OH)n
solution and suspendé&das would be expected if the HIL operated as intended.

1 With one exception, collectively, the results of the experimental runs show that the duration
from the start of phasel io the time the pldf the solution was measured to be 10 increases
proportionately with the total Ca(OHin solution and suspendé&das would be expected
if the HIL operated as intended.

1 A saturated solution was used during experimental E2. Without suspended gia(the)

HIL, the amount of C@®absorbed would be lower than in other experimental runs, if the
HIL operated as intended.

1 Atthe end of phase Il of the experimental run, when the admissionoé€z@ed and the
circulation pump was deactivated, XRD analysis ofhgi@s of the solid particles
suspended in the formerly circulating liquicasound to be exclusively CaGQOnot

Ca(OHp}. This was the expectatiohthe HIL operated as intended.
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1 Although samples from only 3 experimental runs and the reaCt@H) material were
sent for XRD analysis, the XRD results lead to a confident presumption that in every
experimental run, the suspended solid material in the HIL at the end of the experimental
run was CaCe®only. This being the case, for experimental &4, the mass of CaGO
recovered was 10.63g while the mass of Ca€xpected to be produced, based on the
overall reaction stoichiometry was 15.87g. This suggests that for one experimental run at
least, the yield of CaC4{(s) was at least 67%. The actualgt for E4 will be higher than
this when it is recalled thahe remnant solid was visible in the HIL after the circulating
solution had been decanted.
Taking the above listed evidence into account, the overall assertion is that the experimental
runs cofirm the successful performance of the HIL as a-@@pture and sequestration device.

Proof of concept has been generated.

7.3.2 Problems evident in the results of the experimental runs.

During the conducted experimen&perimental control is applied to ensubhat all process and
environmental parameters are held constant, at steady state, as far as pradoeabler, some
unwanted variations of experimental variables affect the results of the experiments.

The consumed C£n experiment E6 is lower than experiment E5, and this is thought to
be a result of the factor thagfore theE5 experimerdl run theHIL may not have beecompletely

emptiedof D.l. water.If therewas some D.l. water in the pump manifold when the rig was filled
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up with the 2.9€S solution the D.l. waterwould change the Ca(OH)concentration of the

solution and the calculation of the amount of £absorbed would be in error

The 2.2CGF solution isused in experimental runs E4 and E5. Althotigh percentage of
CQOz added into the inlet air of experiment E5 is more than experiment E4, the length of phase Il
of experimental run E5 is longer than that of experimental run E4. The amount eb&@bed
in experiment E5 is more than in experiment E4. Taken together, these results confirm that there
is a lower amount of Ca(OH)n the solution of experiment E4 in comparison with that of

experiment E5.

As experiments E3 and E7 may have been stopped #dalyesults of these experiments

may not be completely consistent with those of other experimental runs.

The trends of C&concentration of discharge gas and pH of the experiments E4, E5, E6, and
E8 are similar . Thzdg) doncentrabruanddpél are ehsistently olosérved O
in the results of those experimental runs which at least indicates reliable instrumentation. It is
thought that when a circulating solution of Ca(@Ektrains and suspends excess solid CafOH)
particles, these may belakio accumulate somewhere in the HIL before ultimately becoming

dissolved with more prolonged operation.

The pressure relief valve was always set to open at 24 psi to reliably regulate the separator
delivery pressure. The intent was to maintain the preshwp across the injector constant during
all of the experimental runs, the pressure at the inl¢tedhjector measured by the PG1 gauge
was 52 psi during experiments E1, E2, E3, and E7, meaning that for those runs, the pressure drop
across the injeot was slightly higher than for other experimental runs. The pressure drop across

the injector during experiments E4, E5, and E8 was 26 psi.
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The temperature of the circulating solution into the rig is another important variable of the
experiment.A cooling coil in the separatoregulaes the circulating liquidemperature The
temperature of the solution was maintained approximately constanf@td2ing all of the
experiments, with one exception: the average temperature of experiment E7 solutionhtlgs slig

higher at 24.5%C.

It is now thought plausible th&x.1. watercould have remained present in the pump involute
may lead to some variance between calculated and actual starting concentrafla(@Hp in

the HIL for experimental runs E4 and E6.

At the stage of writing, it is known that the experimental procedures would be much
improved with i) better suspended solids filtration, ii) more consistent HIL washing and DI water
flush at the conclusioaftereach experimental ryand iii) better methodsf preparation of the
suspension solutions used. However, as the experiments reported simply aimed to generate proof
of concept that the HIL reactor Oworkedd as
various experimental methodological improvemsddentified have been devolved to the realm of

further work.

7.4 Summary

In thischapteithe use of a HIL as a GO@apture and sequestration device/process was investigated
experimentally, and a description of the hydrodynamic design and operation of the HIL was
presented in Chapter 6. The results of the Chapter 7 experiments confirmed that the reaction
between C@ and Ca(OH)} to form CaCQ could be conducted within the HIL and that the

performance of the HIL was consistent with the design expectations. Numerous problems were
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encountered during carbonation experiments. HIL systems configured forc&g@ure and
sequesation required much refinement to demonstrate that the process could be effectively scaled

up from the labscale work reported herein. The use of a rather pure Ca{@gt)stock to maintain

the high pH necessary to sustain sequestration and air witled @6 gas stream represents an

ideal situation. Practical and theoretical investigations will be necessary to demonstrate that the
HIL process can accommodate more complex mineralogical feedstocks containing alkaline earth
metal oxides and hydroxides. Mmver, the combustion of flue gas streams that more realistically
contain potentially contaminating gas species

basic chemistry being applied.

Consequently, while some preof-concept of an effective COcgpture and sequestration
technique has been generated, the work presented {Dhifwder essentially establishes a starting
point for an appreciable body of o6further wor|
to achieve commercially viable ggms. Regardless of the nature of such further work, it will
undoubtedly be appreciably assisted by some predictive capability for the performance of HIL as

a CQ capture and sequestration device that specifically embodies the reaction equilibria and
kinetics governing carbonation. Establishing such a predictive capability is the topic of the

following Chapter.
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8. Dynamic simulation of mineral carbonation experiments

This Chapter reportghe resultsdynamic kinetic modeling of the type introduceddhaper 3 of

the carbonation experimentgetailed in Chapter with the HIL, which is designed and proven
hydrodynamically inChapter6. The objective of this chapter is to show that a sufficient
understanding of the process in the HIL has been obtained ttptedgerformance as a GO

capture and sequestration system for degigposes.

8.1 Dynamic kinetic model of carbonation experiments

Because the reaction producing CaG@®strongly pHdependent, understanding the kinetics of
the reactions in the HIL reactor is important for successfully operating a HIL reactor to sequester
carbon through a mineral carbonation reaction. In additio@, accurateprediction of CQ
absorpton by alkaline solutions is significant for designing and optimizing taogée CQcapture
and sequestration devices.

In this chapter, the dynamlinetic model developedn Chapter 3s used to predict the
concentratioriime series of abpecies partipating in theprecipitation process tifiecarbonation
experiments conductedsing theHIL in Chapter 7.For convenience, the relevant reactions

described in Chapter 3 are repeated.
00 Qu 600 wn (3.1)
00 wnn O0 ay O wn O wn (3.5

0 wnAe O wn 60 ©n (3.6)
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06 v O G 00 &n 3.7)
80 GR 00 GRY 08 &n (3.8)

08 Gf 60 GRY 00 a 60 on (3.9)
B0 i 00 aw 6& Of <00 N (3.19)
8O0 @A 8G GR cB'O Gn (3.26)
86 Of 60 GRY 6HBE 0 (3.31)

86 Gn 0860 “GRw 6 G606 O (3.32)

The dynamic kinetic model which is the subject of this Chapteonstitutes a set of
differential equations representing the above chemical system, which are presented as equations
(3.59) (3.60) in Chapter 3, together with the tabulated equilibria and kinetic coefficients presented
in Table3-1. The parameters driving the set of equations are set to represent the experimental trials
of Chapter 7, such that the time series of the species concentration and pH predicted by this model
can be compared with the experimental time series and the veracity of system (3.1) to (3.32) can

be identified.

8.1.1 The conditions of the experiments

In the following sections, the CaG@recipitation process during phase Il of experiments E2, E4,
E5, and E8s modeled. Experiments E3 and E7 were found to have stopped early, leading to
inconsistencies in their results compared to other experiments. The measured consumption of CO
in experiment E6 was lower than that in experiment E5, probably because thesihot fully

emptied of D.I. water before the E5 experimental trial. The presence of rinsing D.I. water in the
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pump manifold might have caused a change in the Ca(Cdticentration in the circulating
solution. Calculations of COabsorbed were known to ®roneous. Consequentlgnly the

results of the remaining experiments, E2, E4, E5, and E8, were simulated using a kinetic model.
Table 8-1 summarizes the key inpytarameters used to simulate the experiments. In all the

experiments, the volume of the alkaline solution in the HIL rig 3vB4L.

Table 8-1: Summary of input parameters for the simulation of selected experiments

Experiment E2 E4 E5 ES8

CO, absorption solution 1CGF 22GS 22GS 5CS
Mass of Ca(OH)added to solution (g) 5.34 11.76 1176 26.72
AverageCO; (g) flow rate added into inlet aiS{LPM) 0.39 0.38 0.40 0.40
Average inlet gamass flow rategLPM) 2.79 2.92 2.55 2.47
Average circulating water temperature (°C) 22.05 218 22.8 21.9

In experimentE2, the rig was filled with saturated Ca(OH)solution The remaining
experimental trials used suspension solutmrgaining varying amounts of excess solid Ca(fOH)

suspended in a Ca(Otolution at saturation

Whenthe alkaline solutionwas saturatedno Ca(OH} solid particles were present in the
solution. Therefore, the total surface area of the Caf@ét}icles,As, was zero. lrother cases
the diameteof the Ca(OH)par t i cl es was considered asz2 2. 4
solutions were modeled, tivalue ofAswas calculated using Eq. (3.45) to (3.48)e volume of
gas in the gasiquid mixturewas0.23% L. This value was calculated by using theunget al.
(2022) bubbly flow modelAccording to the volume of the reactor and the mass of the akalin

solution in it, the volume of gas in the empty space above the reaction nvgbwas estimated

as 1.16 L.
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8.1.2 Estimating the values of kia and enhancement factor

Chapter 4 detailed howacbon dioxide is dissolved in watdmrougha gas liquid mass transfe
phenomenonthe experimentally verifiedn Chapter 5To calculate the rate of carbon dioxide
dissolution in HIL systems, first, calculate an appropriateligagl volumetric mass transfer
coefficient g a) when no chemical reactiorage present, and then consider the value of the
enhancement factor E, which accounts for the altered mass transfer behavior when chemical
reactions are preseikf ais an indicatoof how quicklygas specieare diffused and transfed at

the gasliquid interfaceof a bubbly two phase flownd is a critical parameter in the design of
reactorCho and Choi, 2019)

The hubblesize estimation at the point of initial mixing of the liquid and gas phases in the
Younget al. (2022) bubbly flow model was based on Akita and Yoshida (1974) and Wilkinson
(1994). This procedure produced the initial bubble size and the initial bubble flux. Thereafter, the
bubble flux remained constanBoth models were empirical in nature, and the natfitbe flow
in the HIL preferredhe Wilkinson (1994) modeWhen the HIL was simulated, the initial bubble
size was found to be of the same order as
inconsistent with the observations made through thegemast tubing connecting the outlet of
the injector to the inlet of the separator of the HIL. To explicitly model the Venturi injector, a
refinement of the model for the initial bubble size estimation during mixing was required, subject

to further work begnd the scope of this thesis.

Consequetty, an approximateapproachwas usedo estimate the appropriate values of

k& for the HIL. Following the procedure illustrated in Sectié®.4 a vertical HAC

downcomer was modeled with the same diameter as the HIL outlet (25.4 mm). However, the
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downcomer lengths were varied between 5 and 20 m so that the vatues ofcould ke tabulated

for increasing outlet pressuréable 8-2 presents the input parameters of the model, which are

the same as those in experiment E2. The input (@JOcorcentration was 0.1655 (mol%lable

8-3 shows the estimated valueskpto  based on the outlet pressure.

Table 8-2: Summary of input parameters for the simulation

Input parameter HI L éDownceor
Input water mass flow rate (kg/s) 0.4717
Input air mass flow rate (g/s) 5.603x10?
Input CQ mass flow rate (g/s) 1.25¢10?
Gaspressure at injector suction inlgPa) 99.078
Water temperature (K) 295.145
Input gas relative humidity (%) 100
Absolute roughness (m) 1.5x10°
No. segments 60
Diameter (m) 2.54x10%
Flow direction () -90

Table 8-3: The estimated values ol‘<|_=|=|= L according to the outlet pressure

Length of Outlet gauge Total Volume  Specific Average

downcomer pressure Interfacial x10%  interfacial
(m) (psi(g)) area (m? (m3) area(m)
5.00 6.16 0.396 2.53% 157.329
7.50 9.33 0.561 3.8 147.803
10.00 12.54 0.707 5.067 139.705
12.50 15.76 0.839 6.334 132.573
15.00 19.01 0.959 7.601 126.200
17.50 22.43 1.446 8.867 163.171
18.75 23.90 1.517 9.501 159.429
20.00 25.72 1.579 10.13 155.859

From these results, the value of e

used in thdollowing calculation was 8.18x10

st for 23.9 psi(g) to correspond with the outlet pressure of the injector diffuser in the HIL rig

during the experimental trials of Chapter 7 (24 psi(g)). Note that this vakye>of was f or a

chemi strydé conditi

on,

participating in a CaCgprecipitation reaction.

noe @& dissalvgd Cwwaa hot depieted Hy u | k
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According to the results of C@apture and sequestration experiments reported in Chapter
7, it was observed that during phase Il of each experimental trial, 99 P9 ©Q added to the
inlet air dissolved in the Ca(OH$olution/suspension solution. To determine the enhancement
factor E, it was assumed that only 0.01% of inlet £@as present in the discharge gas.

Subsequently, the volumetric mass transfer coefficient of the chemical redtidon () was
estimated. As shown in equation (3.4R)is the ratio ofQ® tok & . Table8-4 shows the
summary of calculatisof E and'Qc® based orEquation (4.1).The value ofE used in the

following simulations is 32.

Table 8-4: Summary of calculation for E and @+ |

Parameter Value Unit
Volume,V 9.501x1C m?
Addition rate of CQto the liquid phase, 2.52x10% mol/s
Log mean concentration different g@&C 9.46x10% mol/m?
o st
Qw —5 2.625
o 2% 32.04 )
?‘Q (I) .

8.2 Results of dynamic kinetic model

8.2.1 CQdissolution in Ca(OH) 2 saturated solution

The measured pH of the I solution at the beginning of phase 11l was 12.25. However, the pH
of the standard saturated Ca(QHpolution was 12.34 at 22 (Bateset al, 1956; Litoet al,
1998b) The measured pH was lower than that of a standardasadusolution at the same

temperature. The dynamkinetic model calculated the initial pH dfie solution as 182, which
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is higher than the measured pBine of the reasons of this differencehs activity coefficients
were not considered in the pH aalition.

Generally, activity coefficients are correction factors used in calculating pH, particularly for
solutions containing ions or molecules that interact strongly with each other. These coefficients
account for the effect of other ions or moleculessblution on the activity or effective
concentration of a particular ion or molecule of inte¢astins et al, 2014) In the context of pH
calculations, activity coefficients are typically used to cataithe equilibrium concentrations of
acid and conjugate base species and the concentrations of other ions that may affect the pH of the
solution. By considering the activity coefficients, a more accurate estimate of the actual
concentrations of the spesien the solution can be obtained, leading to more accurate pH
calculationgRobinson and Stokes, 200Bowever, it is difficult to find a formula that accurately
calculates the pH of calcium hydroxidelutions while accounting for the effects of the activity

coefficients.

Figure8-1 shows the modeling of the variations in the pH and €@hcentration of the
discharge gas during phase Ill of experiment E2. According to the model prediction, it required
4.30 min for the pH to decrease from 12.63 to 10 as the reaction progressed. However, the
experimentally measured time was longer, at B0@ Additionally, the initial pH of the model
was higher than that measured during the experiments. Therefore, thepmeutieted time for the

pH to decrease to 10 was shorter than the actual time observed in the experiment.

The modeled variation in 6hCQ concentration of the discharge gas was in close agreement
with the experimental result¥he root meansquareerror between theno d el 6 s optheedi ct e

COz concentration of the discharge gasl theexperimental resultis 3.4x103, Figure8-1 shows
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that the concentration of dischargedG@) remained lower than 0.1 % until pH decreased to 10,
indicating that almost all of the added £ the inlet air was consumed in the reaction system
during the experiment. In the dynamic kinetic model, the concentration of dissolveth CO

solution wa determined using the valueskpé andE.
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Figure 8-1: Modeling of the variations of dischargeCO2concentration and pH of 1C.F

solution according to the timeto phase Il

Figure 8-2 and Figure 8-4 present the variations in the concentration<ef*, CaOH,

CaCQ, and carbon species (€@q),H C @ andC @) predicted by the model during phase Il

of experimental trial E2.

When the pH was greater than 10 (10 < pH < initial pH), the dissolvedv@©converted
to C G ions, whichreacted withC&*ions. The latter originated from the dissolution of Ca(®H)
(Ca* and CaOH ions). The CaC®precipitates were based on reaction (3.31), whiciteeded

until all calcium ions in the reactor were consumed.



243

25
""" Ca™
\ | 12-5
20K Qo _Ja13, 1042 T 7 CaCO
\‘\ 3 —_CaOI_F— _ 115
I AN |
g ‘\\ .’"l i 10.5
éﬂ ‘\‘ \l ’l m
Q10 F . . .
: & TN 195
+ ) .
P{'ﬂ_ p \
U | .‘\
| <4 85
‘r \\ ”’
_'F \\\J—’—'-— 4-18._ {191
Yo I I ' 7.5
i ’ ) 6 8 10

Time (minutes)

Figure 8-2: Modeling of the variations of Ca?**CaOH*, and CaCQ; concentrations of the

1C.F solution according to the timeof phase IlI

In Figure8-2, the sum of the initial concentrations of®and CaOH was 20.32 mmoll/L,
which is the same as that of fdin a saturated solution. The initial concentration of Ca@&s
zero. According to the model prediction, the maximum concentration of precipitatecs G@aSO
19.42 mmol/L when the pH of the solution was 10.45 at 4.13 min. The concentration¥,of Ca
CaOH, andC C§ ions were 0.90, and 0, respectively. When thenatd decreased below 10, the
precipitated CaCe&quickly dissolved into calcium and carbonate ions. When the pH was 7.74 at
9.48 min, the concentrations of and CaC@were 15.09 and 5.21 mmol/L, showing that most

of the precipitated CaCQvas convertednito calcium and carbonate ions.



244

20 7 0.6

44,13, 0.54 .’-

— —
= (]

CO;? (mmol/L)

CO; (aq), HCOj5 (mmol/L)
in

Tune (mmutes)

Figure 8-3: Modeling of the variations of CO2(ag), HCOi", and COz* concentrations of

the 1C.F solution according to the timeof phase Il
In Figure 8-4, by decreasing the concentration offUa the reactor, the model predicted
[ C%Oi ncreased t o Prnsol/lLpatmik0.40 &nd theh Becrbased @ 0.03 mmol/L
at pH 7.74. Comuing to admit CQin the simulation caused the pH to decrease further below 10
so that the dissolved G@as converted tbl C @ In the simulation, when the pH was 7.74 at 9.48

min, the model predicted Gaq) andH C @concentrations 2.74 and 30.11 mfprespectively.

The accuracy of the predictions of the dynamic kinetic model was influenced by the
calculated values df a, E, and pH. As these values were estimated more accurately, the
experimental observations were more likely to align with the feogeedicted performance,

leading to a greater degree of agreement betiveanodel andhe experiment
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8.2.2 CQdissolution in Ca(OH) 2 suspension solutions

1 2.2GS solutions

Experiments (E4 and E5) were conducted with a 52€blution whichconsisted of 5.34 g of
dissolved Ca(Oh)that coexist with 6.41 g of undissolved Ca(@Ht) 3.54 kg of D.I. water.
However, as mentioned in Sectidr8.2 the amout of Ca(OH} in the solution in experiment E4
was lower than that in experiment E5.

For the initial conditions of the model, it was assumed that 20.30 mmol/L of CayH)
dissolved in the solution, and 6.41 g of Ca(@tdmained as undissolved solids3iu54 kg of D.I.
water. In accordance with this assumption, the total surface area of the Gatles As) and
the initial pH of the solution were calculated. The initial pH of the model was 12.63, principally
because of the concentration of Cddidedto the water. In comparison, the initial pH values in

experiments E4 and E5 were 12.22 and 12.26, respectively.

The average percentage of £@) concentration added to the inlet gas in experiment E4
was 14.12 %. In this experiment, the average gas nasgdlkes of the inlet air and GWere
2.92 and 0.38 L/min. The water volume flow rates in experiments E4 and E5 were 26.33 and 24.12
L/min, respectively. Although the water volume flow rate in experiment E4 was higher than that
in experiment E5, the penstage of CQ(g) concentration added to the inlet air in experiment E5
was higher than that in experiment E4. In experiment E5, the average gas mass flow rates of the

inlet air and inlet C@Qwere 2.55 and 0.40 L/min, respectively.
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Figure 8-4: Modeling of the variations of discharge CQ concentration and pH of 2.2C.S
suspensiorsolution according to the timephase Il of experiments(a) E4 and (b) E5

The length of phase Il isxperiment E5 was greater than that in experiment E4, indicating
that the Ca(OH)concentration of the solution used in experiment E4 was lower than that in

experiment E5.
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Figure 8-4 shows the modeling of the variations in the pH and €ahcentration of the
discharge gas during phase Il of experiments E4 and E5. For the initial conditions of the model,
the percentage of C(Y)) added to the inlet air in experiment\&ds lower than that in experiment
E5. The model predicted that the length of phase Il in experiment E4 would be greater than that

in experiment ES.
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Figure 8-5: Modeling of the variations of C&*, CaOH*, and CaCQ; concentrations of the
2.2C.S solution according to the timef phase 1l of experiment E5

The model predicted that the pH of experiments E4 and E5 decreased from 12.63 to 10.02
over 8.32 and 7.83 (min), respectively. However, the mopeddicted duration for the pH drop
was shorter than the actual phase Il duration in both experiments. The duration of phase Il of
experiment E4 was 10:00 min, while E5 had a duration of 11.67Rigare8-4 also showed that

the concentration of discharged £(@) remained lower than 0.1 % until pH decreased to 10,
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indicating that almost all of the added £i®the inlet air was consumed in the reaction system

during the experiments

The variationsn theCa*, CaOH, and CaC®concentrations, and carbon species{@Q),

H C @ C @) predicted by the model during phase Il of experiment E5 are illustraféigne

8-5 andFigure8-6, respectively.
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Figure 8-6: Modeling of the variations of CO2(aqg), HCOs%, and COz* concentrations of
the 2.2C.S solution according tehe time of phase 11l of experiment E5

According to the model results Kigure8-6, when the pH decreased fror.&3 to 10.48,

the Ca(OH) solid particles dissolved in the solution and reacted @it§ ions. The CaC®

precipitated during this time. The highest concentration of Gaghe solution existed at pH

10.48, after which CaC@lissolved to C& andC G . However, the dissolution rate of Ca£i®

the 2.2CS suspension was lower than that in theFL&€aturated solution. When pH was 7.39 at

20.55 min, the concentrations ofand CaC@were approximately the same, at 23.29 mmol/L.
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Figure8-6 shows the trends tfie COz (aq), HCQ?, and CG* concentrations of the 2.2C.S

suspension solution predicted thye model, which is similar to those bktC.F saturated

I 5C-S solutions

Experiment E8 was conducted using a$SGolution consisting of 5.34 g of dissolved Ca(&)H)
which was suspended 21.38 g of undissolved Ca(OHip 3.54 kg of D.l. water. In the model, it
was assumed that 20.30 mmol/L@&(OH} dissolved in D.l. water, reaching saturation, while

21.38 g of Ca(OH)remained aan undissolveduspended solid in 3.54 kg of D.l. water.
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Figure 8-7: Modeling of the variations of dischargeCO. concentration and pH of 5C.S
solution according to the timeof phase I

Figure8-7 shows the model prediction of the variations in the discharge@®@entration
and pH of the circulating solution, starting with 5C.S. The initial pH of the experiment and model

were 12.35 and 12.69, respectively. The model prediction of (@{of discharged gas was close
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to the measured values and was 'low' in agg dde root mean square error between the modeled
prediction of the C@concentration of the discharge gas #mexperimentally measured valige
2.2x10°%. The model predicted that it would take 20.03 min to reduce the pH from 12.69 to 10.02,
which wasvery close to the duration of phase Ill in experiment E8. Furthernkigare 8-7
showed that once the pH of the model reached 7.35, alb@ed to the inlet air was present in

the discharge gas.
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Figure 8-8: Modeling of the variations of the concentrations of C&, CaCQ;, and pH of

the 5C.S solution according to the time
As shown inFigure 8-8, the highest concentration of Ca€ the solution was 96.7

mmol/L at 19.90 min when the pH was 10.45. After that, the GaléSolved into C& and

C @. However, the rate of dissolving Ca€®as lower than in the other experiments. WI
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pH was 7.35 at 39.20 min, the concentration d€Gawas 77.04 (mmol/L), which was high

than the C& concentration (23.48 mmol/L) at that time.
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Figure 8-9: Modeling of the variations of CO2(aqg), HCOs%, and COz* concentrations of

the 5C.S solution according to the timef phase llI

Figure8-9 shows the variations theconcentrations ahecarbon species CQaq),H C @

andC & predicted by the model during phase Which are similar to those presented for the

earlier expaments.

8.3 Discussion

8.3.1 Comparison between experimental and modeled results

Table8-5 provides a&comparison between the experimental results and model predictidinsgsis

table indicates thahe predicted mass of precipitated CaG€) is more than the collected solid
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CaCQ from the filter after the experiments. This is likely due to some of the €sdli@not being

recovered from the filter.

Table 8-5: The comparison between the experimental results and model predictions

Experiment / Model E2 E4 ES E8
CO, absorption solution 1CGF 2.2GS 2.2GS 5C-S
Massof the Ca(OH} in the solution (g) 5.34 11.76 11.76 26.72
Experiments

Duration from time adding CQo pH=10(minutes) 5 10.00 11.66 20.16
Mass of consumed CGQg) 3.77 7.53 8.75 15.94
Mass of produced of CaG®) (9) 3.57 10.63 6.38+F 18.39+F
Model

Model 6s predicted dminutes) i 4.3 8.32 7.83 20.03
Model 6s predicted(gnass ¢ 3.28 7.66 7.61 1546
Modeld s predi ct eqs)tmpHsl®g)o f 6.79 1455 1465 3433

The root mean square error((RMSE) calculation

TheRMSEb et ween t pregicted ofdtte|CO

concentration of the discharge gas and the experim:  3.1x10° 1.55<101 2.38x10%* 2.1x10°3
measured values

According toFigure8-10 andFigure8-11, in experiment E2, although the model predicts a
shorter duration of time to reachp#d of 10 compared to the actual time required during the
experiment, the mass of consumed2G@) in this experiment is consistent with the model's

prediction

In experiment E5, iis observed that the duration of phadeisllongerthan the predicted
value by the modehndthe mass of C&(g) consumed during the experimastigher than the

value predicted by the model.

While the Ca(OH) concentration in the solution of experiment E4 is lower than that of
experiment E5, the percentageCO: (g) added to the inlet air of experiment E5 is higher than

experiment E4. As a resuthe model predicts a longer time for experiment E4 to reach a pH of
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10 compared to experiment BEwever this duration isalso shortethan phase llof experiment
E4. The results of experiment E8 showed a close agreement between the actual duration of phase

[l and the amount of consumed €(@) during this period with the values predicted by the model
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Figure 8-10: Mass of absorbed CQ@and versusthe mass of Ca(OHj in the solution
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Figure 8-11: Duration of time to reach pH=10 versus the mass of Ca(Okl)n the solution
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Table8-5al so presents the RMSE bet weoacentratitne mo d e
of the discharge gas and the experimental measured values. In experiments E2 and E8, the
calculated errors are @ small, with values in the order of "0 According toFigure 8-1, the
modeled variation in the CCQconcentration of the discharge gas closely aligns with the
experimental results, resulting in a small RMSE between these values. Moreover, as shown in
Figure 8-7, the model prediction of C{g) concentration oflischarged gas was close to the

measured values. Thus, the root mean square error between these values is also smalffas 2.2x10

In experiments E4 and E5, as showrrigure8-4, the model predicts a shorter duration of
time to reach a pH of 10 compared to the actual time required during the experiments. Therefore,
the modeled variation in the G@oncentration of the discharge gas is lower than exstial
resul ts. So, the root mean squar excancentratios bet w

of the discharge gas and the experimentally measured values are considerable

The results presented in this section indicate that the model predictmndeponly a
moderate degree afuantitativeagreement with the experimental observatidtewever, it is
known with certainly that some of the durations to pH = 10 established experimentally are a
consequence of the | oc alvewhith grepthomghtdo bd asdoaated o r i
with o6cl umpsdé ofs alnidd spad tvied! €a (OH)Jomi ng O6st uc
that allow the circulating suspension solution to dip below Caf@&turation conditions. That
experimentally establishe@&bavior (which the results collectively show is repeatable) potentially
0 ma sakestéblishing agreement between simulated and experimental times to pH=10 with high

precision.
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In all cases of modalersusexperimentthe model's predicted G@oncentratios in the
discharge gaarefound to bdower than the measured concentration of2qg) in the discharge
gas during experimental ruynslthough these concentrations are far lower than(@O

concentrations in the input gas mixture.

Such performance fronhé model simulations perhaps casts doubt on the efficacy of the
HIL as a device in which to perform carbonation processes and the degree of understanding of the
carbonation process embedded in the dynamic kinetic model of the reactions or the controlling
parameter values within them. Howeverrogning the simulations using valugsy =0.0194
standE = 1.8transposedl i r ect |y obtai ned (Veltsethal, 20d1dfas 6 e x p
presented in SectioB.3.3 produces a far greater discord between model predictions and
experimental results. Variances in tirae to pH=10 are much greater, and the simulatedadf
concentrations are orders of magnitude greater than observed. The vaués of 0.0818 s!
andE = 32 found predictively in this work (rather than through empirical fitting) clearly illtestra
the superiority of the HIL aa mineral carbonation device, enhanced process understaantiing

the veracity of the Youngt al.(2022) model

8.3.2 Sensitivity analysis

A sensitivity analysisvas conductedon the model predictionsf experiment E2This analgis
aimed toassess the experiment's robustness and the model's reliabagyisks irunderstanding
the sensitivity of the model's output to changes in its inputs and parameters.

The reasorfor selectingexperiment EZor sensitivity analysiss thatit did not include the

compl i cat i oimtheetperiméntlly mehsupd pH curves, suspected taused by
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Gtuclbo r 6 c | Ga@pl)eedidentin all other experimend runs The alkaline solutionof
experiment E2vas saturatedono Ca(OH) solid particles were present in the solution. Therefore,

the total surface area of the Ca(Qparticles,As,was zero

The sensitivity analysisevaluatedthe impact of varyingall selectedparameters orthe
duration required fothe pH of th& C-F solutionto decrease to 10 hisdurationwas alsaneasured
during the experimentallowing for a comparisorof the model resultswith the actual time

observed in the experiment

The followinginput model parameters wesystematically varied individually) mass of
Ca(OH) added to solutioni) solution volume, iii)averagéanlet gas mass flow ratév) average

input gas CQflow rate added into inlet aiv) k &0 Vi) E.

With the immediately followingexceptions, other parameters governing experimental
conduct or model simulations were considered but were concluded not to be matangle<in
temperature affect the rate constabtg; because experimental temperatures were controlled and
exhibited litle practical variationtemperature variatiowas not considered in the sensitivity
analysis.The effects of pressure variation are accounted for by tumg et al. (2022) bubbly
flow model and again, separator pressure was well controlled by the tiegulalue and so

pressure variatiomasnot considered in the sensitivity analysither.

Eachflexed parameter was varied over an intervat®®% from thebasevalueduring the
simulationof the experimenE2. The reason for this choice of variation was because 10% was the

maximum error considered credible for the experimentally established variables, simulating what
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could be argued to represent a blunder in measurement of mass, volume or flohatd&s6

presents the results thfe sensitivity analysief experiment E2

According toTable8-6, the duration for pH to drop to 10 is highly sensitive to changes in
the mass of Ca(Okpdded to the solution. In experiment E2, the alkaline solution was saturated.
When the mass @@a(OH} is 10% lower than the base value, the solution is no longer saturated.
The initial pH of the solution is 12.58, which is lower than the pH of saturated solution. The
duration for the pH to drop to 10 significantly reduces. The likelihood of a 10% lomeoerthis

parameter is zero.

Table 8-6: The results of sensitivity analysis of experiment E2

QD
2 5 (gn =3 5 A m
o 9 =] ~=2D =T E: T3
. e 5 1 mwo—~ mno?t - &3
Experiment E5 @es> T3 [532E8 L2o @ S 3
Tgf s 8?2 280 To m 3
=0 c ~°3 ~°g = 3
s 3 ¢ 2
Likelihood of 10%dower very likely likely likely very very
error unlikely likely likely
Variable
5.32 3.54 2.79 0.392 8.18 32
parameters Basevalue
10% more than base value 5-852  3.894  3.069 04312 8998  35.2
Likelihood of 10%more very likely likely likely very very
error unlikely likely likely
10% lower than base value 3 gg3 4367 4321 535 4283  4.286
Duration (minutes)
for
dropping Base ValugModel 4.300 4300 4300 4.300 4300 4.300
pH to 10 (minutes)

10% more than base value  4.432 5.371 4.298 4.210 4.320 4.351
(minutes)
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Converselywhen the mass dta(OH} is 10%morethan the base value, the solutiorais
suspension solutior20.30 mmol/L of Ca(OH)is dissolved in the solution, an@.532 g of
Ca(OH)» remained as undissolved solids in D.l. waidne duration for the pH to drop to 10

increasesThe likelihood of a 10%noreerror on this parameter is zero.

The variations in solution volume also affect the gas volume in the empty space above the
reaction mixture. Therefore, this parameter is also adjusted during the sensitivity aAalysis.
lower solution volume (386 L) generally results in a shorter duration for pH drop compared to
the base valu€onverselywhen the solution volume is increased by 10% to 3.894 L, it results in
slightly longer durations for the pH to drop, taking approximately 5.371 minutesdiitaton
closely aligns with the actual time observed in experimenTk@.chances of a 10% error in this

parametenreconsideredikely.

The inlet gas mass flow raglows minimal sensitivity in this experiment. Even when the
flow rate varies by 10%n both directions, there is virtually no noticeable impact on the time it

takes for the pH to re& 10. The likelihood of a 10% error in this parameter is quite high.

The flow rate of C@gas has a moderate sensitivityhen the amount of Cbeing added
to the solution is reduced by 10% from the base value (0.392 SLPM), it results in a longer time for
the pH to drop to 10, specifically 5.35 minut@his duration closely aligns with the actual time
observed in experimenPEWhile increasing the flow ratef CO; gas reduces the time needed for
the pH to reach 10 compared to the base vdlne likelihood of a 10% error in this parameter is
quite high.The gasliquid volumetric mass transfer coefficieht &) and enhancement factig)

have a relatively mior impact on the duration, with small variations having minimal effétisse
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parameters are estimated by usrfayinget al.(2022) bubbly flow modeThis modeis known to
require improvement in accurattyeffectively simulate the gagjuid masdransfer in the injector
diffuser and include the reaction kinetics of carbonate equilibrium in aqueous sylié6rsvings

in these values do not produce material variations in the time to pH = 10.

8.3.3 Potential improvements to the dynamic kinetic model for better agreement

with experimental conditions

1 The bubbly flow model camotsolvetwep hases fl ow in the short

diffuser. Therefore, thig (0 is estimated for aelection odowncomers with a range of

outlet pressures similar to that observed during the operation of the HIL rig during the
mineral carbonation experiments. The downcomer is vertical, with a diameter of 25.4 mm,
and itsheightis adjusted from 5 to 20 m to creatidferent outlet pressure$he bubbly
flow model needs improvement to accurately modelgagliquid mass transfein the
injectod gliffuser. The comparison of simulation results with volumetric mass transfer
coefficient from Velts with those adoptedin Young indicate that the bubbly flow model
nevertheless produces plausible values of these parameters.

1 Thechemicaleffect ofthereaction of CQwith Ca(OH} solution on the rate of absorption
and increasing the capacity of the liquid solution to dvesmore CQis considered bt
in the dynamidkinetic model To enhanceéhe accuracy of the dynamkinetic model, a
more precise method for calculatiggs required.

1 The pH value calculated by the model is higher than the pH value measured during the

experimentand this is thought to bdue to the activity coefficients not being considered
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in the pH calculatiorover basic concentration§o improve the accuracy of thiynamic

kinetic model, it is necessary to include the activity coefficients in the pH calculation

The equilibrium and kinetic coefficients used in the set of differential equations for the
dynamickinetic model were calculated based on the experimeptaditons outlined in

their references. However, to ensa@mpletely objective assessment of dlceuracy of
thesimulationmodelfor the HIL experimery, all equilibrium and kinetic coefficients need

to be established consistgntat all-times using ativity coefficients for all values, and

recalculatd for specific experimental conditions of the HIL.

Accurate measurement of the initial diameter of the CafQdjticles is crucial for
modeling their dissolution in the suspension solution. This allows for a more precise
calculation of the total surface area of the Ca(Ophrticles leading to improved

agreement between the results of the dynakmetic model ad the experimental

conditions
The problems due to | ocal 6di psé of the ptF
the CQoffgas concentration curve, t hought to |

particles of Ca(OH)b e c o mi ng 06 st m @hkddhesmeed to beelimngted ttee
prevent masking of the phase Il duration to pH=10 when compared to simulation results.
This is just one aspect of the experimental procedures that require uggratieraspect
includes improving the method of regery of CaCQ (s) so that the yield of the process

can be more reliably estimated.
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8.4 Summary

This chapter presented the utilization of the dynamic kinetic model, as discussed in Chapter 3, to
predict the concentration time series of all species participatitige precipitation process of
carbonation experiments conducted via the HIL, as discussed in Chapter 7. The initial conditions
and process for estimating the valueki@fandE were described in detalDverall, tie results of

the dynamic kinetic modehgreed well with the experimental findings. Some potential
improvements to the dynamic kinetic model were identified to enhance its compatibility with the

experimental conditions.
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9. Discussion

9.1 Summary of purpose or findings of prior chapters

Theprincipal functions of the preceding chapters of this thesis are summarized below:
Chapter 2i Review of the state of technical development and diverse process pathways

explored for mineral carbonation processes for carbon capture and sequestration.

Chapte 317 Focu®s on the details ahineral carbonation reaction equilibria, chemical
kinetics and gas mass transfer with the understandaiged embedded in a dynankimetic
model of mineral carbonation using alkaline earth metal oxide or hydroxide sslufibis also
highlighted the importance of solutions, alkaline earth metal oxide/hydroxide dissolution, and CO

gas mass tbhamtsif emedlod 6tdlee process for miner al

Chapter 4i General review and explanation of HACs, devices that lmaherto been
principally developed for the purpose of efficient gas compression, but which are considered to
have their purpose augmented in this thesis as improveliggas contactors that enhance gas

mass transfer.

Chapter 51 Report of experimentgirocedures that verified the Yourqg al (2022) 1D
process model for hydrodynamics and mass transfephma®e bubbly flows, typical of hydraulic
air compressors. A procedure for calculating the volumetric gas mass transfer coefficient from the

results é numerical simulations using the Youagal. (2022) model is also presented.

Chapter @ Design, fabrication, and testing of a bench sselealledéorizontal induction

loopd(HIL), a type of HAC that does not rely on great elevation difference teymies inducted
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gas but instead is more compact by relying on a venturi injector geometry to pressurize inducted

gas and to recover pressure of the injectoros

Chapter 7 Use HIL to undertake proaif-concept experiments to capturedtis, separate)

COz present in mixtures of atmospheric gases and sequestdo @3olid carbonate product.

Chapter 8 Reports of simulations of the preof-concept mineral carbonation experiments
undertaken with the HIL, using the Youeg al (2022)model to backcalculate values of the
volumetric mass transfer coefficient and a comparison of the results from the HIL experiments
with the dynamic kinetic model simulations. The degree of agreement between the simulation and

the experiment was deemedisfactory at this stage of concept development.
In this discussion chapter:

The efficacy of the gas mass transfer behavior of the HAC, and more specifically, its
downcomer, is tested against that of a bubble column contactor on a commercial scale. This is
because a conventional bubble column reactor appears to be the closest competitsA@® a
downcomer in terms of mass transfer performance aldme focus is retained on the predicted
gas mass transfer behavior to illustrate the ability to use the xmavimentally verified Youngt

al. (2022) model in process design calculations.

9.2 Hydrodynamic and mass transfer comparison of HAC downcomers and

upward co -current flow bubble column reactors.

This section presents the simulation results of the hydrodyreamdienass transfer behaviors of
the HAC downcomer and bubble column. The input parameters of the model, composition of dry

air and input gas mixtures, and initial concentration of each species in water closely resemble those
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used in the simulation describen Section4.4.3 For convenience, a summary of the input
parameters is presentedliable9-1 andTable9-2. The shaft lengths of the HAC downcomer and
bubble column were 80.95 m.

It is important to recognize that in the case of thewwent upflow bubble column, the gas
injected into the column at the column base would first have to be compressed to the column base
pressure. In contrast, in the HAC system, the gas was inducted ahaprieissure and compressed
(to 829.440 kPa) with the maximum conceivable efficiency as part of its contactor process.
Consequently, significant energy savings associated with gas compressidig€aition should
be expected by adopting a HAC system kguad/gas contactor over a-@urrent upflow bubble
column. The input pressures of the HAC downcomer and bubble column were 101.325 and
884.860 kPa, respectively. When the inlet pressure of the upwanari@nt bubble column was
considered the same #ee delivery pressure of the HAC downcomer, the outlet pressure of the
bubble column became slightly negative. Thus, in the simulation, the inlet pressure of the bubble
column was set slightly higher than the delivery pressure produced by the HAC dowriEbener
pressure loss in the aivater mixing process of the HAC downcomer was the principal reason for

this small difference.

Figure9-1 shows the concentration priafs of gases dissolved in water predicted by the
model. The concentrations ot [&q) and Ar (aq) increased as the lengths of the HAC downcomer
and bubble column increased. The HAC downcomer provided more dissolved gases in the water

than the bubble column
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Table 9-1: Summary of input parameters for the simulation

Input parameter Downcomer HAC Bubble column
Input water mass flow rate (kg/s) 401.27 401.27
Inpit air mass flow rate (kg/s) 0.109 0.109
Input pressurekfPa) 101325 884.860
Input temperature (K) 293.15 293.15
Shaft diameter (m) 0.368 0.368
Shaft length (m) 80.95 80.95
Flow direction ) -90 90
Absolute roughness (m) 1x10°3 1x10°
Input gas relative humidity (%) 100 100
No. segments 60 60

Table 9-2: Mixtures of air and input gas

Mixture N2 02 Ar COz2
Atmospheric dry mol fractions 0.7808 0.2095 0.0093 0.0004
Input gas dry mol fractions 0.75 0.05 0.01 0.19

The concentrations of dissolved G@t the end of the HAC downcomer and bubble column
are 1.59 and 49 mol/m? respectivelyThe CQ dissolved by the HAC is consistently higher than
an equivalent upward ewurrent flow bubble columnThis statement holds truacross all
comparative simulations, despite the small differeAseshown inFigure9-1, the concentration
of dissolved C® in the HAC downcomer increased to 1.50 mdl/at 21.95 m and then
asymptotically increased to 1.59 mot/rat the end of the HAC downcomer. However, the
concentration of dissolved G@ the bubble column increased to 1.59 mélan35.08 nupits
length and then decreased to 1.49 mol/@t the uppenost end of its column. The HAC
downcomer provided approximately 6.25% more dissolveg(&@fpthan the bubble columfhis
HAC downcomer performance margin of superiority was was lower than expéideever,
based on the work presented earlier in this thesis, the reasons for this are i) saturated solution with

COz and i) system losses.
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Figure 9-1: Concentration profiles of the liquid in the HAC downcomerand bubble

column predicted by the model

Figure9-1 shows thathe watemwassupersaturated with @t the HAC inletBecause the

HAC downcomer had a lower inlet pressure than the bubble column, the dissolved O2 first exited

the solution in te HAC downcomerHowever, a higher initial pressure in the bubble column

caused more £30 dissolve in the water. As the lengths of the HAC downcomer and bubble column

increased, the pressure in the HAC downcomer also increased, resulting inzrhenegihitially

dissolved in the water. In contrast, the pressure in the bubble column decreased, catsing O

escape from the solutioRigure9-2 shows that the conceatron of the remaining oxygen gas in
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the HAC oftgas increased and then decreased along the length of the HAC downcomer. However,

the remaining @in the offgas increased in the bubble column.

Figure 9-2: Concentration profiles of the gas in the HAC downcomer and bubble columr

predicted by the model
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