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CHAPTER 1

INTRODUCTION

1.1 Motivations

issions of anthropogenic greenhouse gases

is one of the most serious environmenta | problems/ ¢ an dioxide (CO;,) is the main component
of greenhouse gases and an increase™m 3t . el is accelerating global climate
change. Global average temperak year since 1900, by the end of
at around 1.4-5.8°C in total

gature, but they will surely have

the twenty-first century; tempsé
(Pipitone and Bolland, 2009). Ei

their global consequences such agi€hafizgs i %\ fige, etc.
l.'rf
To mitigate climate chagge, feda u@' n D; p - *L l s are required. There are many
CO; reduction approaches includigg ﬁgﬁ mloglca] methods, for example;
adsorption by hydrogel membrane and b et jal (physical methods) (Ishibashi et

al., 1999 and Yokoyama, 2003), absurp
Bai et al., 2005), cyclic ¢atbe
(Abanades et al., 2004b; W2 h*{ WpLake via photosynthetic living
organisms (biological methnd]ﬁydne i ct al. @JDE' Huntley et al., 2007), etc.
The world’s most widely used method is amine process using gas scrubber or absorber to

sweetening natural gas ﬂl ﬂbﬁa@nwﬂ ﬁWHG}%@ these approaches, the

biological method using Microalgal phmasyn&hems 1S recentl}r considered as an effective method

to remove CDW W Tgﬂ/ m ﬁlﬂcﬂnm the form of
microalgal bio photosynthesis. Most microalgae use CO; as an inorganic source for their

growth through photosynthetic pathway, and CO; naturally is transformed to oxygen, biomass

ocess (Je et al., 2009; You et al., 2008;
S :j? ocess (chemical methods)

57 T

and many useful chemical substances such as lipids and proteins. Due to mass transfer limitation

between gas bubble and liquid, CO; in gaseous form cannot dissolve well as aqueous solution at



2

a desire rate, and in most cases, CO; is freely released to the atmosphere. Other CO;

transformation is required in an alternative choice which helps sequestrate CO; from stack gas.

This study aims to investigate the capture and storage of CO; into other inorganic soluble
forms such as aqueous CO,, carbonate and bicarbonate compounds which can potentially be
consumed by microalgae, and also to examine the possibility in using this dissolved CO;, most

likely in bicarbonate form, in cultivating microalgae.

1.2 Objectives

the work attempted to sequestrate

atfCspecial desigr *ﬁ:‘ id contactor. Secondly, the use
( icdrbi \ *\ the cultivation of microalgae,

CO; by maximizing its dissoluti
of dissolved carbon dioxide in !

Chlorella vulgaris, at various pll rasge

1.3 Scopes of the research

1.3.1 The determination of gpti or the CO- dissolution in bubble columns

was performed by varying the follo

-pH level at 6, 8 and 10

- Height of reactor fromg 1 to 3 meter: a— -
.l 1)
- Gas flow pathway induéged by packing material
- Liquid flow mﬁ Lﬁ ﬁlﬁ ﬁ :mgir id i 5 gas-liquid contacting
bubble column, ﬁ]ﬂ | i ﬂ f hﬁ{ﬁ 'S per minute)
¢
manipulating pH ge'5:9] v m]l ndte ¢o 1o inrthe range of 0-200

mg-L". Furthermore, the algal growth under the addition of CO, captured from Section 1.3.1 was

also investigated where the efficiency of the cultivation systems was indicated by Cell

- Salinity in a range o

concentration and Specific growth rate.



Chapter 11

Theoretical Backgrounds and Literature Review

2.1 Global warming and CO;

Global warming is an increase. in averag @e of the world’s atmosphere and

oceans. Global warming has gengialiv"Begn Know "'n obe 2 consequence of an increase in

concentrations of greenhouse gase vities e.g. fossil fuel combustion,

deforestation and electricity gg . Glebal average temperature has
increased by 0.6°C per year sincgfl' bl by f the twenty-first century, temperature
may increase by a drastic figure ©f Arghi i 'Q X Pipitone and Bolland, 2009)
resulting in the change of weather gvsy 0}, queh icg %Y 0 sea level rise. The greenhouse
gases like nitrous oxide, methane™ r ' e are playing crucial role in the

world’s global warming phenomenc he excessive emission of these gases

is the major cause of global warming-as thies p_heat in the earth’s atmosphere. To

decrease the effect of globalsthrming, g ases must be“controlled or diminished from
X 1!.

emitting sources. Global we ‘:'!" : -' oly important as the effects of

climate change are becoming apgarent all around the world.

zucnzasgrﬂ%ﬁq 'ﬂﬂ‘ﬂﬁ'ﬂﬂ']ﬂ'ﬁ

CO; gas is pla}'mg a major role i global wagming. When C£s is released to the
atmosphere, it aﬂ W mﬁa\'ﬂﬂﬁmu %}%ﬂ@m H from leaving the
Earth’s surface afd raising the average temperature. The growth rate of atmospheric carbon
dioxide (CO;), the largest human contributor to human-induced climate change, is increasing
rapidly. Recent growth of the world economy combined with an increase in its carbon intensity
has led to rapid growth in fossil fuel CO; emissions. CO; is the largest contributor to this effect

as it is a long-lived gas and its emission increases each year. From these reasons, international



courtesy rules for CO; reduction was proposed e.g. Kyoto protocol and EU’s carbon credit

regulations
2.2  CO;removal methods

2.2.1 CO; removal via absorption processes

There are several commercial availahlé s technologies which can in principle be

used for CO; capture from flue gases. Hawe assessment studies have shown that

WE the preferred option for post-

combustion CO; capture (Je et a sent, absorption processes offer

high capture efficiency and -s€le tyf faud Jowest -.1*-1. onsumption and costs when

27N

of the chemical reaction of an

compared with other existing
post-combustion capture makegfisefb!

. Absorption processes in

i ;%?Igi M, aC] & \ pur gas. The process flow diagram is
presented in Figure 2.1. After coolifg the £ ‘brought into contact with the solvent in
an absorber. A blower is required reame thes ~--A_ through the absorber. At absorber
temperatures between 40 and 60 C, C O%is b i b ehemical solvent in the absorber. The flue
gas then undergoes a water wash secl of : > system and to remove any
solvent droplets or solvent ;r_-mm:; absorber. It is possible to
reduce CO; concentration in the alues, as a result of the chemical

reaction in the solvent but lower exﬂ. concentrations tend to increase the height of the absorption
vessel. The rich solve i en pumped to the top of
stripper (or mgmmunynmm Mm temperatures (100-140
'C) at pressure an atmospheri lied to the reboiler
to maintain th ﬁ ﬁ:ﬁﬁm 15 siﬁma*jg ty as a result of

heating up the sulvent providing the required desorption heat for removing the chemically bound

CO; and for steam production which acts as a stripping gas. Steam is recovered in the condenser
and fed back to stripper, whereas the CO; product leaves the stripper. The lean solvent,
containing far less CO; is then pumped back to the absorber via the lean-rich heat exchanger and

a cooler to bring it down to the absorber temperature level.



Reactions are described below:
2 RNH; + CO; + HiO +—» {RNH;:I;CU; I:i]:]
(RNH3),CO;3 + CO; + H;O0 +—» 2 RNH;HCO; (2.2)

2 RNH; + CO; «=— RNHCOONH;R (2.3)

R = C;H40H group

absorption system are

- Flue gas flow rate -Th e size of the absorber.

- CO; content in flue ga ospheric pressure, the partial
pressure of CO; will be at 3-15 j@Pa Mgder theselow CO, al pressure conditions, aqueous

amines (chemical solvents) are the lyents (Kohl and Nielsen, 1997).

- CO; removal —In pmcuc IENael rec hoice will lead to a taller absorption

:p—-r—;-—-——--u-—

- Solvent flow rate ,, :'4 e size of most equipment
apart from the absorber. For A giver ‘ ll be fixed by the previous

parameters described above an ‘aiso the chasen CO; cnm:\entrauons within the lean and rich

e ﬂ‘lJEl’J‘VIEWIﬁWEI']ﬂ‘i
ammnim NN Y
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Figure 2.1 Process flow diagras ‘overy from the flue gas by chemical absorption
(Metz et al., 2005) '

There are post-combustion syStems berig that make use of regenerable solid
sorbents to remove CO; at relatively higlt lemperaty e use of high temperatures in the CO;

separation step has the potential te
methods. In principle, they a ‘IL"'T

alties with respect to wet-absorption
¥ g SCHEE "-‘““““-"m-sf i where the combustion flue
gas is put in contact with the ‘ ben ( -Il the gas-solid reaction of CO;

with the sorbent (usually the carbonation of metal oxide). The s
- o O

gas stream and sent ﬂﬂraﬁ rEj mm?key component for the

development of these sysl is0b {:11/ e t'it ith"géod CO, absorption capacity

and chemical W;Tﬁ: ﬁlﬁhﬁ)ﬁi ﬂiﬁ aﬁﬂ{ﬁ ﬁﬁtﬂd cycle. Solid

sorbents investi : or - : ﬁﬁp ) Lad tassium dioxides

and carbonates (to produce bicarbonate). They are usually supported on a solid substrate
(Hoffman et al., 2002; Green et al., 2002). Also, high temperature Li-based and CaO-based

sorbents are suitable candidates. The use of lithium-containing compounds (lithium, lithium-

olid can be easily separated from

zirconia and lithium-silica oxides) in a carbonation-calcination cycle, was first investigated in
Japan (Nakagawa and Ohashi, 1998). They reported that the performance of these sorbents was



very good, with very high reactivity in wide range of temperatures below 700°C, rapid
regeneration at higher temperatures and durability in repeated capture-regeneration cycles. The
use of CaO as a regenerable CO; sorbent has been proposed in several processes in the 19"
century. The carbonation reaction of CaO to separate CO; from hot gases (T> 600 C) is very fast
and the regeneration of the sorbent by calcining the CaCO3 into CaO and pure CO; is favoured
at T>900 C (at a partial pressure of CO; of 0.
carbonation-calcination cycle for post-g

Pa), The basic separation principle using this

q,'*_\\{“ g/
(1999). The effective capture of COsby as begfi.demonstrated in a small pilot fluidized
bed (Abanades et al., 2004a). Othg orporating capture of CO; with CaO
that might not need O, are being™dcueloped, 1 \". ¢ onc that works at high pressures with

simultaneous capture of CO; ang point in all these processes

is that natural sorbents (limestorgé agfl dofomites) deacti pidly, and a large make-up flow

of sorbent (of the order of the mass oy ¢ , Y lant) is required to maintain the
activity in the capture-regeneratios p, (Ab ' \ " i 04b). Although the deactivated
sorbent may find application in the cg Andis! ry 4 18 sorbent cost is low, many ranges of

being pursued by several research
around the world. To 1mprov: CO, absarptitn niass] er and to inhibit corrosion, proprietary

activators and inhibitors are gddéd. These svstems known as “actigaied hot potassium carbonate”
L]

(AHPC) systems including “:?" : _.ér.l'. ethanolamine) show that the
full capacity of the "hot pot" f ily of processes requires a feed CO; partial pressure of about

e ﬂuaqwﬂwﬁwawni

Reactions are desgribed

AR1aN RARUBIENLAY o

CaC0O; + CO; + H;O +—» Ca(HCO;): (2.5)
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Figure 2.2 Process  diag ; / from 1k _,J ue gas by Benfield process
or carbonation process (UOP LLg, 2000 A

D

2.2.3 CO; removal via adsorption processes ,

In the adsurpuﬂ u&t %mm& Mr}] nlgular sieves or activated
carbons are used in ad&rbmg CO;. Desorking CO; is then by the pregsure swing operation
s o el AR 0 CH A VDAL v e
swing adsorption(Ishibashi et al., 1999 and Yokoyama, 2003). Much less attention has been
focused on CO; removal via temperature swing adsorption due to the longer cycle ties needed to
heat up the bed of solid particles during sorbent regeneration. For bulk separations at large scale,
it is also essential to limit the length of the unused bed and therefore opt for faster cycle times.



Adsorption processes have been employed for CO; removal from synthesis gas for
hydrogen production. It has not yet reached a commercial stage for CO; recovery from flue
gases. It can be concluded based on mathematical models and pilot-scale data that industrial
adsorption process might be feasible. A serious drawback of all adsorptive methods is the
necessity to treat the gaseous feed before CO; separation in an adsorber. In many cases gases
have to be also cooled and dried, which lu:r.h sithg attractiveness of PSA, TSA or ESA (electric

Membrane processes are emoval from natural gas at high

pressure and at high CO; con€€ntg 'O, partial pressure difference

provides a low driving force § of carbon dioxide using gas

separation with polymeric membhfing§ resuits w npt only efergy penalties compared with a

T
standard chemical absorption process, hutalso the i m percentage of CO; removed which
is lower than for a standard chemical W{] rocesses (Herzog et al., 1991, Van der Sluijs et

SETEEr At )

al,, 1992 and Feron, 1994), M.

V : ] "“'
The membrane option -eurre: attention is a hybrid membrane-

absorbent (or solvent) system. These systems are being developed for flue gas CO, recovery.
Hybrid membrane syst = : i i face to volume ratio for
mass exchange bemeem&qlmﬁmmtsﬁ‘;ﬂﬁmxam system. This results
in membrane contact stem i i ‘ﬁmﬂ : barrier between a
liquid and a gaﬁlﬁ:ﬁ:ﬁﬁﬁﬁ zjﬁlmﬁnﬁd in the membrane
and diffuse thmugh the pores and are absorbed by the liquid. The contact surface area between

gas and liquid phases is maintained by the membrane and is independent of the gas and liquid

flow rate. The selectivity of the partition is primarily determined by the absorbent (solvent).
Absorption in the liquid phase is determined either by physical partition or by a chemical

reaction.
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The advantage of membrane/solvent systems are avoid of operation problems where gas
and liquid flows are in direct contact. Operation problems avoided include foaming, flooding and
channeling. Furthermore, the use of compact membranes result in a smaller equipment sizes with
capital cost reductions. The alternative of a suitable combination of solvent and membrane

material is very important. The material characteristics should be avoided at operating pressure

gradients of typically 50-100 KPa while the,ts f gas is not hindered. Membrane/solvent
systems can be both used in the absorption as ‘ &amﬁnn step.
"1.___- L /
.—J

Research and developmentweftortshave rted in the area of facilitated

transport b . An i 1ant V i3 o N0
port membranes imporiani.el \\\,\\T\H rt membranes is the so-called
iquid¢c tamed in a membrane. For CO;

separation, carbonates, 2 suggested as carriers (Feron,

1992). Porous membranes ang \ge HiEMibra been employed as the support.
Until now, supported liquid mejfibr; L % studyuin a laboratory scale. Practical
problems associated with suppogted, i. ’ & membrane stability and liquid
volatility. Recent development work as F’;I ollowing technological options that are

applicable to both COy/N; (i.e. Aml -------- i and CO./Hy (i.e. Fuel cell and Syngas

purification) separations, exa # le
e — A
- Amine-containing ’.{i ; ) m

- Membranes containing pglassium carbonatquulymer gel membrane

e U INENINYING
'”“W’THW?JWW\ NY

- Dendrim@r- containing membranes (Kovvali and Sirkar, 2001),

- Poly-electrolyte membranes (Quin and Laciak, 1997).
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2.2.5 CO; removal via algal cultivation

The biological method using microalgal photosynthesis is recently considered as an
effective method to remove CO; from stack or flue gas. By this approach, CO; is turned into the
form of microalgal biomass by photosynthesis. Carbon fixation refers to process through which

gaseous carbon dioxide is converted into a solid compound. It mostly refers to the processes

found in autotrophs (organisms that prod

luce he ood), usually driven by photosynthesis.
e

Most microalgae use CO; as an i teir growth through photosynthetic

pathway, and CO; naturally is t

substances such as lipids and proieir *. dioxide from different sources,

‘\
\\\\l\\ 1: es (e.g. flue gas and flaring
: -. .g., NaHCO; and Na,CO;).

_& \ \ gan create their own food. In
plants, algae and cyanobacteria, phoids £t :1\_1 ) :\‘ ide and water and converts to

mass and many useful chemical

such as CO; from the atmosphere
gas), and fixed CO; in thé

Photosynthetic organisms are géille
‘ s¢ may be used directly by the plant

other molecules (fiber, starch, protein and for siFdetlral or energy-storage purposes.

sugar (glucose), releasing oxygen a8

for its own metabolic needs during ce s glucose also can be converted into

7 == ur
Photosynthetic reactmnﬁde

6CO, + 6H,0 Suight gﬁ,% HOWWET%I h}%mphyll} (2.6)
iﬂ“ﬂ*ﬁmﬂ‘ﬂﬂﬁfﬂ%ﬁﬂ“ﬁ’ﬂmﬁﬂ
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2.3 CO;Removal via algal cultivation (CO, Bio-mitigation)

Biological CO; mitigation has attracted much attention as an alternative strategy because
it leads to production of biomass energy in the process of CO; fixation through photosynthesis
(Ryu et al., 2008; de Morais and Costa et al., 2007). Biological CO; mitigation can be carried out

by plants and photosynthetic microorganisms (photosynthesis reaction is described in Section

Microalgae, a group of fe
have the ability to fix CO; w
greater than that of terrestri

multicellular microorganisms,
™ efficiency of 10 to 50 times
nicroalgae-for-CO-mitigation
or CO; fixation via microalgae _ 5 advantages.

Firstly, microalgae have michshigh 20} - Ates ‘ 00, fixation abilities compared to
Vpllds fLi%: al., 2008). Secondly, it could

L

conventional forestry, agricultura
completely recycle captured CO; | dioxide is converted into the chemical
emical reaction-based CO; removal

approaches as previous discussed abov i 0 blems because both the captured CO;

(s
substances via photosynthesis. In cofipa

and the wasted absorbents ,’;1;_ 4 { Bui “"-““’-"-""_"r;:-' 3). Thirdly, as mentioned in
i

the previous section, chemical rgact r aachr:s are energy-consuming

and costly processes (Lin et al., 2003; Resnik et al., 2004). the other hand, CO; bio-

mitigation using mic ton of biofuels and other

<
ro t
useful bioproducts. FlMﬁﬂi‘ﬂmmguﬂb *made more economically
cost-effective i en :ﬁﬂ i iL. is ined with other
e LA IR BN N

A number of microalgal species have been shown to be able to utilize carbonates such as
Na;CO; and NaHCO; as inorganic sources for cell growth (Huertas et al., 2000a). They fix CO;
by chemical reaction to produce bicarbonates and carbonates and use as the latter carbon source
for microalgal cultivation. These bicarbonates and carbonates uptake pathway by active transport

in microalgae are mainly described in Section 2.4.
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There are two main methods in which algae can be cultivated. One of the methods is to
cultivate algae in an open pond or lake. This type of system is considerably cheap and allows for
large production capacities. However, because this is an open system, the algae are exposed to
natural, uncontrolled conditions such as water temperature and lighting conditions. There is also
a risk of contamination by other organisms. This often causes problems with the open pond
cultivating systems. A cover or greenhouse rr? ised to cover the pond to increase production

by eliminating some of the dlsturhanccmﬂssﬁcl n systems.

Figure 2.3.1 Chlar (Continex, 2009)

Another method in whiclf microalgae can We/cultivated is by using a photobioreactor.

A photobioreactor contffls bdigh) Quﬂé]aﬂ i¥d c@salpfstbrm] Tl photobioreactor can be set

up like a batch reactor uH continuously haryesting reactor, As a mmmalg&,phmobmmacmr is a
totally enﬂlose@%’q |ae@ ﬂ}fﬁw;ﬁl%f}@ a%[&" 135@ E*:wcver there are
several major advantages as the bioreactor can prevent or at least minimize contamination and
allows easier cultivation of one algae strain. It also offers better control over a range of other
growing conditions, like pH, light, carbon dioxide, and temperature. To enhance productivity of
microalgae with CO;, flue gases from emitting sources can be directed through the integrated

microalgal reactor. CO; is taken up by the microalgae, directly recycled in the form of biomass
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and derived products. Several algal cultivation systems are equipped with CO; fixation to
increase the algal productivity, such as Chlorella sp. (Hyun et al., 2008) and Dunaliella
tertiolecta (Sydney et al., 2010).

Traditionally, microalgae are cultivated in closed systems or open ponds, which are
aerated or exposed to air to allow micmalgae to capture carbon dioxide from the atmosphere for

cell growth. Industrial exhaust gases such as contains up to 15% CO; provide a CO;-rich

source for microalgal cultivation and ap urce for CO; bio-fixation. Therefore,

it would be beneficial if microalgaes ran‘l'tu
CO; fixation from flue gases (Maeda"¢L a} )i view on flue gas tolerance by
microalgae indicated that high lew€lsS of (
moderate levels of SO, and NO# (upfty /; )
1997). However, the excess CO, l€avif

be considered and optimized CO; j€c

O, level should they be used for

y microalgal species and that
@gll-tolerated (Matsumoto et al.,

sphere is the factor that should

Figure 2.3.2 Phy.raqme‘regj ernlg n ic?ﬂfﬂ;lgnzeuncal (Eva, 2007)
AMIANTUNNIINYAY
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24 CO; and bicarbonate as inorganic carbon source for microalgal uptake

Higher terrestrial plants usually depend entirely on CO; as their only source of inorganic
carbon for photosynthesis, whereas marine microalgae acquire their inorganic carbon from the
S . ater, The DIC system contains four forms of
carbon, i.e. CO,, H,CO;, HCO;5™ and CO' R .'“-,-_‘ ersion being governed by a complex
equilibrium: _—-*_"':'-'-

CO, + H,0 H( HCO: S 0,>+ 2H" 2.7

emperature and alkalinity (Merrett

\\

AR ol problems in obtaining a supply

JIJ-

et al., 1996). Aquatic photosynthetigforgai
of CO; for photosynthesis, causing elyﬁk

which is controlled primarily by pid'autl ©a “\

n‘ \ chemistry of the water phase. The

rate of diffusion of CO; in water i§ 1:¢/30% tim ¥ ir than it is in air, and at alkaline pH.
HCOj5" is the dominant diss-:_}lved inox «: arbon n (f pecies and the rate of spontaneous
conversion of HCO;5™ to COxisislow in this pH range The lowavailability of CO; is particularly
acute in seawater, which has @ fig _ ‘J?} pH of 8.0 to 8.2; most of the

DIC (99%) is present in the fors E“ of HCO;5™ (about 2mM), where

low (10 mM at 20°C) ( ﬁ:ﬁﬁ: m ﬁ ux from the bulk phase
' ﬁ m iting for the growth of

to the plasmalemma suggi
marine diatoms (Riebesell et al., 1993). ¢

oy PRREVD B AN HR Bt

raise the intra{:t.alular CO; concentration (Kaplan and Reinhold,, 1999). Many marine

¢ the CO; concentration is very

phytoplankton species possess a CO;-concentrating mechanism (CCM), which consists of active
CO; uptake, HCO;- uptake, and the presence of an external carbonic anhydrase (CA). Although
it is not required for either CO; or HCO5  transportation, the presumed role of external CA is to
maintain the CO»/HCO; equilibrium at the cell surface and thus ensure the availability of
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substrate for the CO; transporter (Williams and Turpin, 1987). These microalgae can therefore
acquire inorganic carbon by the direct uptake of bicarbonate or the active uptake of CO; derived
from bicarbonate by the action of external CA.
A number of species have been found to display the characteristics of a CCM in that they
have the capacity to accumulate inorganic carbon during photosynthesis. Leggat et al. (1999)
showed a 7- to 26-fold accumulation over -< _ ’
and a 5- to 24-fold accumulation i the Syripiols cies Symbiodinium sp. A 10-fold
arine érmm micans (Nimer et al., 1999),

he external medium in Amphidinium carterae

and a 5- to 70-fold accumulation hasbeC tonstratéd inthe freshwater species Peridinium
gatunense (Berman-Frank et & ate inorganic carbon may be
required to maintain photosyn
At present, most ecophysi@logical ; idi o[ marine diatems have focused on the ability
of these organisms to take up ma énts and grow under various light
regimes (Sarthou et al., 2005).

physiological mechanisms of inorganié - sitiondi " proup. Early work suggested that the

v studies have examined the

rate of diffusive CO, supply could significamtly lim om growth as a result of the low CO;

concentrations in marine surface watess afid h 0, affinity of the principa] RubisCO -

v =

However, subsequent J’mdlﬂﬂ demonstrated the pﬂence of inorganic carbon-

concentrating mechani k:ﬁ ﬁﬁﬁ %ﬂm W E-I’ymd es (Rotatore et al. 1995;
Korb et al. 1997; Bur ts to concentrate CO; in
close proximity to Rubls O via the active uptake of CO; and/or HCO; (therdominant C form in

o)t I AGHITFD e HIAY DB i s

species (Colman et al., 2002; Giordano et al., 2005).

There is a variety of inorganic carbon acquisition mechanisms in marine microalgae.

carboxylating enzyme ribule
1993).

Some have been shown to take up both CO; and HCOs” by active transport, with or without the
involvement of an external CA (Colman and Rotatore 1995; Bozzo et al., 2000), whereas others
have been found to take up only a single species of inorganic carbon (Rotatore et al. 1992,
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Huertas and Lubian 1998; Huertas et al., 2000b). These algae therefore display all the
combinations of inorganic carbon uptake that could be expected from the existence of two active
inorganic carbon transporters and an external CA (Colman et al., 2002). The utilization of HCO5
may occur either by direct uptake or by CA catalysing the conversion of HCO3 to CO; and OH"
externally to the plasmalemma. Both mechanisms have been reported for marine macro- and
microalgae. (Nimer and Merrett 1992; Do

2.5 Solubility of carbon dioxide

represent in the largest carbon
i from the atmosphere by the
d’s most powerful long-term
ewer et al., 1995). Dissolved
=ase of CO; to the atmosphere.
it \ at 0° C contains about 2200
3 hat in fresh water and about 1% of
the dissolved CO; in seawater is in the ‘ el T fagueous form ) or H2COs, and 97% is in the
form of HCOj5". Since the degree ¢ C i ifhr pH, the solubility of CO; in
seawater is a function of not ﬁa_Ff_'__'_ ir1p81).

To enhance CO; eepturgnd 10 e su@:ility of CO; is essential to be
understood and according to the iu:eumng of mass E;nsfer between gas and liquid phase, how

CO; soluble in the wﬂﬂxﬁn&lw W%Mﬂlﬁ the gas solubility in the

water i.e. (1) chemical pibperty, (2) temperature and (3) pressure Ftrstly, the solubility of one

e A T

of chemical substance e.g. polarity, enthalpy of formation and reactivity affect efficiently the

As carbon dioxide causing tl
storage capacity in the world as a |
ocean OCCUTs ON an enormo '-
buffer against the rise of both

inorganic carbon in the ocean is dficrgs g hecaiise of \

Open ocean water in equilibn ‘

micromoles/liter CO,, which is abo

solubility of gas in the liquid. Secondly, Due to the differences between gas and solid, solid
substances are able to be dissolved well at higher temperature but contrary to the gas. Gas is
dissolved better at lower temperature. As CO; solubility is temperature dependant, colder water



can dissolve more CO; and increasing water temperature reduces the solubility as demonstrated
in Figure 2.5.1. Last, solubility is direct proportional to pressure so increasing in pressure causes
more gas to dissolve in a liquid. At higher pressure, gas molecules are forced to be more
dissolved into the liquid phase. Furthermore, Henry’s law is commonly used to quantify the
su]uh:hty of gases in solvents. The solubility of a gas in a solvent is directly proportional to the

(2.8)

where p is the partial s above the solution, ¢ is the

concentration of the solute sions of pressure divided by
concentration
However, it should also Be 1 s a limited only to low soluble

gases, e.g. O; and N, where the soly d to linearly vary with pressure. For

relatively high soluble gases like CO 2 1% i !F ry' law is observed because indirect
proportion between solubili "' ressure is often the cas L;_‘ cularly for COg, the soluble
CO; could undergo carhonau'u

HCO; and CO;* according to thesfollowing reactions (Wilhelm et al., 1977):

AUDANENI NGNS
aﬁﬁﬂﬁﬁ‘nfﬁiﬁﬁﬂﬂ’ié'?ﬂ

e %

cma‘ its carbonate derivatives like
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50.4_ ............................. -
sﬂﬂ :
s

50.2

>

= 0.1

tg 0 AN

77730\ "30 .40~ ‘

70\ NSl

Figure 2.5.1 The relafion$ ._1: icen zinthc water (in g-10”ml™)
i pre on, 2003)

at various temperature

Any water-soluble gas becomes - moie s he temperature decreases, due to the
thermodynamics of the reactioli, the entropy change AS “afthiswsaction is positive because the
gas molecules are less™=, co ,: molecules in  solution.
This effect is particularly largﬂ‘or gases like CO; that underg specific reactions with water.

Then, equilibrium is ﬂﬁﬁ ﬁwmgwwﬁﬂzcm, carbonic acid.
Vi ek} (R I

This reaction is lanetically slow. At equilibrium, only a small fraction (ca. 0.2 - 1%) of the
dissolved CO; is actually converted to H,CO;. Most of the CO; remains as solvated molecular
CO,. As eguation:

H,CO,

*=eoy]

~1.7.107 @.11)
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In fact, the pK, (the symbol for the acid dissociation constant at logarithmic scale) most reported
for carbonic acid (pKa; = 6.37) is not really the true pK, of carbonic acid. Rather, it is the pK, of
the equilibrium mixture of CO; (1) and carbonic acid. Carbonic acid is actually a much stronger
acid than this, with a true pK, value of 3.58. However, these values are also temperature
dependent (Wang et al., 2008). Carbonic acid is a weak acid that dissociates in following two
steps (Lide et al., 1990):

‘_..nﬁ_;ﬂ* +HCOy (2.12)
$ i ® + (o0 T (2.13)

which are controlled primarily b ipity and described in interconversion of CO; in
Equation (2.7) (Merrett et al., 193
in Figure 2.5.2. At high pH

the pH value decreases, the

Carbonate species are foua ia'c
values, carbonic acid exists only i / 0 e
fraction of bicarbonate increase€ prdpaftionglly.
amounts. Furthermore, low pH va ' I' Y, picark ate ¢ X 8 at equilibrium. (Fleischer et al.,
1998)

nd 10.3, both ions exist at equal

.'

AR A

§ WL 0.001 =
4

119N87a}

fico~~
0 4
| |
5 6 7

Fig 2.5.2 The various fraction of carbonate species in pH range from 4 to 13
(Fleischer et al., 1998)
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2.6 Literature Review

From early twentieth century, Amine process using MEA (Monoethanolamine) as
absorbent was found for CO; removal from pre-treated natural gas and then it was improved for
removing CO; from coal-fired power plant and other purposes. However, MEA can cause energy

penalty during absorption and regeneration,
temperature are needed (described ia : .
alternative amine absorbent for substi : .&umnnia} (Je et al., 2009; You et
al., 2008; Bai et al., 2005; Jameg gial Isunling et al., 1997). Ammonia
seems to be a promising alternati om flue gas (Yeh et al., 1999).

S
NS

From literature study, Azt degses using NH 5 in various important aspects
e.g. fed CO, flow rate, flue gas ca@fmpdsition “ al \&\ \\ maximum absorption capacity
and averaged absorption rate werg/Comip. e ‘é oW \\ \ 2.6.1. MEA showed acceptable
CO; absorption rate for commiercil fise. & rthe \  'was a study of chilled MEA

(Temperature at -4°C) enhancing 99). However, it shows sign of
energy penalty during cycle as ment --f 3 as absorbent studies were compared
because NHj represents the better CO,- ' ion rate than MEA as shown in Table
2.6.1. The highest averaged @bsorptior t1ir gt atmospheric pressure was
presented at 12.01 kg COykg™™E

0.98 kg of CO»'kgNH;™" (Jame: lal 2005). Moreover, chilled¥H; process (at Temperature=-
4°C) was also com capacity and averaged
absorption rate at 1.20 ﬂﬁﬁj ﬁmmﬁrﬁl day' respectively (Yeh
et al., 1999). This im ]:ed that temperature éffect greatlysyields better C@y absorption rate and
et DI oM sk 11 ) 161

I maximum absorption capacity at



Table 2.6.1 Summary of CO; removal rate via amine processes

Absorbent Flue gas Averaged Absorption rate Reference
COy fMlowrate composition Maximum Absorption
(Vmin) (%eviv) i

NH, 210 40 0 kg CO; kg NH," 14.4 kg COkg NH," & Yeh et al., 1999
MEA 210 3 CO kg MEA" | 4.80 kg COkg MEA" ¢
NH; 0.12 12.81 g CO; kg NH, 730 kg COkg NH," o You et al., 2008
NH, 3 14.7 / mgEialy \x\‘ 0.24 kg m.u;mn' 11.52 kg COkg NH, 7 | Baietal, 2005
NH; 2 100 | Femper st ‘\ kg of COkg NHy T | 10.8 kg COskg NHy T Hsunling ct al, 1997
MEA nfa 100 *=°-""i""‘“ ‘ 0.36 kg of COskg MEAT | 432 kg COkg MEA™ 4 Jou et al,, 1995
NH, 15 15 P -ﬁ--f-{_;;, kg NH," 5.88 kg COukg NH, " o James T. et al., 2005
NHy 20-30 25 2-7 % NH, Temperature =25°C 0252 kg CO, kg NH," 12.01 kg COzkg NH, a7 Je et al., 2009

fiusi AvmIngNg
AMIAN TN INGINY
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CO; sequestration by photosynthetic organisms or autotrophs is being interesting
throughout the world. Forestry, sea and fresh water plant are considered as alternative options for
CO; removal. Because of highly potential growth rate of algae compared with other plants and
some use CO; as their inorganic carbon for their growth. Furthermore, according to its
substantial CO; removal benefit, captured CO; is cnmpletel;-r transformed to biomass and some

high-valued products. There are many studieg for algal cultivation and global warming

mitigation purposes. CO, fixation raig in different living organisms and

x'n ;
operating conditions as shown in Table.2.6.2. Litera mends the range of condition for
CO; fixation in the photobiorea inténsity. 8e40-250 pE m? s (Sydney et al.,
2010; Hyun et al., 2008; de , 1997; Kurano et al., 1995 ),
various low to medium CO; flo " (Eduardo et al. 2010; Hyun et
al. 2008; de Morais et al., 2007) 00-1000 ml-min’’ (Yeoung et al.,
1997; Kurano et al., 1995), differght j

mediums for algal cultivation w€re proyided: :. 10us algde dre Cultivated in fresh water and sea

to 34 %v/v and a variety of

water in which they can naturally ge g ap plied steel-making facility waste

i

water for Chlorella vulgaris cultivation 4& ients in which high value CO; fixation

(0.624 g 1"'d™") was taken (Yeoung et ik 19 971 H nlyfresh water or artificial sea water are

considered without pH effegty Sea water €/ i 1itte presents the highest CO;
e x

., 1995) and fresh water

Chlorella sp. shows the secon ighest CO; fixation at 0.570 g 1v:i'1 Note that in many cases,

CO; supplied to algal cﬁwﬁiﬂ%wgfﬁ Bir;? ﬂ .qju'nptmn rate at which the
alga can uptake is relati %,ly

From T ﬁ Qﬂ?ﬁmjﬁl’ﬂ I:I'I ﬂ Tﬁultwatmn can be
compared in man ?er ﬂhﬂ ilization and unit

operation. CO, removal rate per day in amine process representing in averaged absorption rate
(in kg CO; kg absorbent” day™) are clearly better than in algal cultivation (in g 1"'d™").

fixation among other sea wa -JF

Nevertheless, amine process costs a chemical expenditure and need energy provided for

absorption and regeneration cycle via costly absorber and desorber columns. On the contrary,
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CO; removal via algal cultivation requires little chemical for medium, no need for regeneration
cycle and reacted CO; is completely transformed into biomass by simple photobioreactors.
Eventually, Amine process is still reliable and effective for industrial scale use and CO; removal
via algal cultivation need to be more improved for competitive CO; removal for substantial
development.

AULINENINYINS
ARIAATAUUNINGIAY



Table 2.6.2 Summary of CO; removal rate via algal cultivation

Microalgac Reactor type / volume Remark Reference
Chiorella vulgaris Photobioreactor /0251 | Temperature = 27 °C Using suspended solid removed wastewater Yeoung et al., 1997
Medium : N8 Mediuni from stecl-making facility
ugm 110
Haematococcus pluvialis | Photobioreactor / 180 | Tunpm-m-ls'c Commercial scale, outdoor and using daylight | Huntley et al., 2007
Medium : nfa Addition of CO, until pH in range of 7.3-7.8
Light intensity >2200 pF;
Spirulina sp. Phatobioreactors (3)/ Temperature = 30 G’ - de Morais et al,, 2007
total volume 5.4 | Medium : modificd
lensity = 43 24
Chiorella sp. Photobioreactors (4)/ Temperature = 20 °C . Ryu et al., 2008
total volume 2.4 | Medium - Allen mediu
Light intensi
Botryococcus braunii Photobioreactor / 8 | Temperature = 25 *C Artificial sea water Sydney et al., 2010
pH 7.2202 adjusted by acid/base injection
Spirulina platensis Photobioreactor / § | . Antificial sea water Sydney et al,, 2010
pH 9.040.2 adjusted by acid/base injection
Dunaliella fertiolecta Photobioreactor / § | Atificial sea water Sydney et al., 2010
pH 7.240.2 adjusted by acid/base injection
NS
Chorelia. vlgaris Photobioreactor /8 | | 0bsb | | Grificial sea water Sydney et al, 2010
¢ pHT‘Jjo.z:djumdbymiabmhqjuﬁm
Chlorococcum Litora | Culture vessel /20 | i m waler Kurano ct al,, 1995
pH wats 1l adjusted

Y4



CHAPTER 111
MATERIALS AND METHODS

Experimental methods can be divided into two parts; (1) maximising CO;
dissolution in bubble column, and (2) the usage of bicarbonate as inorganic carbon source
for fresh water microalgae Chlorella vulgaris. The first and second parts are illustrated in
Figures 3.1 and 3.2, respectively. For CO; dissolution study, many manipulated variables

are examined and then finally evalua \ } / optimal dissolution condition. This can be

elucidated using Figure 3.1. ::_;_' details of experiments in which
bicarbonate is employed as JiH0rg 1 : for fresh water microalgae

cultivation. C. vulgaris i5°€ vaicr algal model in this work due to its

rapid growth rate and eas€ o

dy of salinity effect: 0-30 ppt
Described in 3.2.1.2)
L4
Study of optimal gas fl , dy of gas-liquid contact area
in range 10-40 em/mir I using packing material
(Describedia@32.04) | {Déscribed in 3.2.1.3)
[V -
o/ Study of reactor height:
=R B Y AT e
32.16 ing material
tbed in ) ¢ (Describédin 3.2.1.5)
™ ol

o IeNo

Figure 3.1 Experimental diagram: Maximising CO; dissolution in bubble column
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Study of the effect of bicarbonate on microalgal
growth in compared duo bubble columns

experimental set
Cultivation without NaHCO; Cultivation with 30 ppm of NaHCO;
(Blank cultivation) and initial pH adjustment to 6, 7, 8 and 9
(Described in 3.2.2.1) (Described in 3.2.2.2)

tivation with 200 ppm of
: :and initial optimal pH

ribed in 3.2.2.3)

Y

\‘h“‘\t:\ﬂ\ on between El‘ﬂ\‘ﬂh

G 0; and CO; dissolution water
*"‘ R\\\ CO; dissolution in bubble

tﬂ\\\i‘&\ R S
as inorganic carbon source

Figure 3.2 Experimental difigram:
for fresh water

3.1  Experimental .4__
v
3.1.1 Combined ermﬂ»r syst

X
i sﬁtinn

3.1.1@11 alhents in huhl:llu'mlumus

e effect of p Ylsj w :3111 dissolution in the water is
o W TSI e
(see Fig. Lu a ol Lﬂ::T of optimal gas

flowrate, 2 metre high bubble column with the same diameter is instead employed. CO; gas
is fed from gas cylinder and measured with a “Dawyer” rotameter before entering the
reactor at the bottom. The gas velocity is controlled and sparged at 10 cc min™.
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X

I
i
3.1.1.2 E:[Lc ents in pm: olumns

ﬂ'hmggmlﬂ nmm r SR——

m high clear acryl:c plastic bubble coluthn. This is exactly the same golumn as that used in
o 3 PO VNOSTHY B SHIA 9 AIRE SR B 1 e o
study effect of height in packed material, 3 metre high packed column with equal diameter
is replaced. CO; gas is fed from gas cylinder and measured with a “Dawyer” rotameter
before entering the reactor at the bottom. The gas velocity is controlled and sparged at 10

ccmin™,
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cking material

(C.C.C.) packed column

The com Ye fis 2 ‘design for optimal CO; dissolution is

investigate in “C.C.C" : n is fully filled with packing
material. Water is allowed . ﬁ ! ¥ nsverse direGtion with gas fed (see Fig.3.4).
Water recycle flowrate is ighlatedwid neter atk desire range of 1-3 LPM (Litres
per minute). Submerged p iy, plae — it servoir enabling water to circulate

further. CO; gas is fed from gas

=L --‘.-"" ‘r s 1 et

measured with a “Dawyer” rotameter before
entenng the reactor @t:_‘)he bottom. The gas

itrolled and sparged at 10 cc

ﬂ‘iJEJ’WlEJ'ﬂ‘ﬁWEJ']ﬂ‘ﬁ
Q‘W’]a\ﬂﬂim UANINYA Y
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=4 g“ * ..
=

Figure 3.5 Experin ' & ow Contactor

,TI-,. Tor fresh water microalgae

R
Two 2.8 L bubble celumns are prepargd, side by side to allow the sharing of light

source as :tlm&ﬁi%ﬁﬂ Tl Byt 15 e A Qaftdt iuo bubble columns”. 18

W Fluorescent lighit bulbs are lucated between the two columns :Jlummatmg 10000 Lux

light in Wmm IH} of chlorine (as
sodiumlicc loride), air is awyer’ rotameter and supplied at a

superficial velocity (Usg) = 1 cm/s.

3.1.2 Effect nfhi-.-a |
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Figure 3.6 Expmmql setup for cultl ion of Ch!nreﬂa vulgaris in sharing light

“m"“'ﬁ‘iﬂﬁﬂﬂtmﬁw BIN3
Qﬁﬁﬁﬂﬂ‘iﬁuuﬁﬂﬂmﬁﬂ
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3.2 Experimental Procedure
3.2.1 Maximising CO; dissolution in bubble column

3.2.1.1 Study of pH effect

1. Setup the sparged bubble column as described in Section 3.1.1.1

4. Collect 20 ml : 254 '~ or ene hour; store the collected
samples in refrig : \\

5. Analyse for To iic Oarbe () by wusing Shimazsu Total Inorganic
Carbon (TOC)

Ll 2 2
3.2.1.2 Study of salinity effédcs

-~ 'ﬁ’-’” J" -..-II

1. Setup the spargéd diniSettion 3.1.1.1

L~z Y )
2. Replace fresh : wit . '-;; 0 and 30 ppt

3. f;mmi ,C“ ﬁnqgﬁﬁﬁl EEI]%?T %ﬁ E]n;is ﬁaﬁer at the bottom of the
L NI TIM Y

5. Analyse for Total Inorganic Carbon (TIC) by using Shimazsu Total Inorganic
Carbon (TOC) Analyser
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3.2.1.3 Study of gas-liquid contact area effect

1.

2.

Setup the sparged packed column as described in Section 3.1.1.2

Adjust demineralised water with HCI 0.5 M and NaOH 0.5 M at pH of 6, 8 and
10.

Sparge CO; from th rous sparger at the bottom of the
column.

Collect 20 ml at eyer¥ 15 minttes for onc hour; store the collected samples in
refrigerator.

Analyse for Total" Ingrganic n (FICG) by wsing Shimazsu Total Inorganic

Carbon (TOC) Analysg

Setup the sparged packed Cribed in Section 3.1.1.2
Adjust demine ;’: ............................................ Section 3.2.1.1 with HCI
0.5 M and NaC .'"

. Sparge CO, at 10, 20,30 and 40 fromgthe gas cylinder to the porous sparger at the

mmﬁwqwﬂmw 1N
4Dty PN i)}/
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3.2.1.5 Study of height and gas-liquid contact area effect
1. Setup the sparged packed column as described in Section 3.1.1.2

2. Adjust demineralised water with NaOH 0.5 M and HCl 0.5 M at optimal pH from
obtained Section 3.2.1.1

3. Sparge CO; from the gas cylinder to the porous sparger at the bottom of the

column.

4. Collect 20 ml at evéf¥™iS-m: S (&n store the collected samples in
refrigerator. 7 -

5. Analyse for To Al
Carbon (TOC) -

3.2.1.6 Study of com

This experiment empluys the f @plmal conditions obtained from Sections
3.2.1.13.2.1.5 in-opdg etermine tk itign for CO; dissolution in the

bubble column. y— .’F'l

I
1. Setup the spa:gﬁnubhle column as described in Se. tion 3.1.1.3
'

2. Adjust ﬁlm% HM‘WW @l 0.5 M at optimal pH

obtained ffom Section 3.2.1.1
;. @mmmmumamm N

4, Sparge CO; from the gas cylinder to the porous sparger at the bottom of the
column.
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5. Collect 20 ml at every 15 minutes for one hour; store the collected samples in

refrigerator.

6. Analyse for Total Inorganic Carbon (TIC) by using Shimazsu Total Inorganic
Carbon (TOC) Analyser

3.2.2 Effect of bicarbonate on

Study of bicarbonat 1 effegt n@ Chlorella vulgaris growth can
be divided into 4 experi n -a!u n (controlled experiment) —no
bicarbonate added and i // \ e?*-\h ion with 30 ppm of NaHCO;
and pH adjustment in gafige @ 13.2%. 3 \ vith 200 ppm of NaHCO; at
optimal pH from 3.2.2.2_gnd finaly 1994 c with the medium prepared from
the Section 3.2.1.5 (with s flsfbIBGGIAN N\
conducted by this followings

1. Setup the bioreaci@fs g5 s

2. Sterilise the, duo-bubible columns sh water with 50 ppm chlorine (as
sodium h ;"—-—:u-—-—-‘m*-'—h'i- sparger at the bottom of

e

the column fo

{I ol O
adding pntassnﬁn iodide in fresh watcr and if chlorine is not exhausted, the

mwmwwwmm

Fill the column with steriliged culture medium together gvith pure culture with

W@d@ﬁ@mw AR o woine

Yolumeto 2.8 L

*si .'.IJ al chlorine in fresh water by

4. Supply the compressed air through a porous sparger and adjust the superficial

gas velocity to 1 m s™
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5. Supply both sides of column with 18 W fluorescent light bulbs, placed
along the column height. The light intensity is adjusted in the range of 9,000 -
10,000 luxes or 122-136 pmol photon m™s” by moving the light bulbs in or

out from the column as shown in Figure 3.5.

6. Further experiment method for different conditions will be decribed in 3.2.2.1,
3.222and3.2.2.3.

3.2.2.1 Cultivation of " Chlore! thout NaHCO; added and pH

1. Setupbi

2. Take 3 dadl yfand on, the density using Haemacytometer
(mentioned in 3€

3. Calculate the sgécifie’growtirrite using Equation 3.3

3.2.2.2 Effect of bigarhonate:

1. Setup bi{ﬂactor as described in 3.22

SﬁP‘HElfJ %Hﬂ‘ﬂ S racorsy i

NAHCO:.

k! ﬁ&ﬂﬁtﬂimﬂm AN VAL o e

ﬂSMandHCIDSM

4. Take samples daily and count for the cell density using Haemacytometer
(mentioned in Section 3.3.2).
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5. Calculate the specific growth rate using Equation 3.3, the productivity
using Equation 3.4 and the specific productivity using Equation 3.5

3.2.2.3 Effect of 200 ppm of NaHCO; on microalgal growth

dried NaHCO:

3.  Adjust pF¥ pfinat, pH., (gbtained 3.2.2.2) in both reactors by

acid/base inje 4N3

JE U -4 : nd 7-5."- g \/
'& '\ \
4. Take samples@aily and cou -\ eIl density using Haemacytometer

(mentioned in Seftigh 3.3 .23 = &

s
5. Calculate the spech

using Eq -
e )

ile using Equation 3.3, the productivity
using Equation 3.5

y 2

3.2.2.4 Effect of COy dissolution water from optimal combined effect bubble

w8 AN EINTNENS
L MGRIRIVEW e REE

2. Bterilize the duo bubble columns with 50 ppm chlorine (as sodium

hypochloride). Sparge air through the porous sparger at the bottom of the
column for about 1 day. Check the residual chlorine in fresh water by adding
potassium iodide in fresh water, and if chlorine is not exhausted, the sample
will be turned yellow.
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3. Release the sterilized water from the bioreactor.
4. Fill the column with CO; dissolution water from 3.2.1.5

5. Fill the column with sterilized culture medium together with the pure culture
with initial cell concentration of 1x10° cells mL™' and adjust the total working
volumeto 2.8 L

6. Supply the compresse /ornus sparger and adjust the superficial

gas velocity to 1 /
—

scent light bulbs, placed along
d in the range of 9,000 —
by moving the light bulbs in or

the column k

(mentioned.j

X
at

10. Calculate thes ' 3.3, the productivity using
% ’ r!l
uation 3.4-an e speciiic productivity using Equation 3.
Eq'3d1hpe ity using/Equation 3.5

e AUEINENTNENS
s HARNIANKIAN YA Y

Dissolved inorganic carbon (DIC) is the sum of inorganic carbon species in a
solution. The inorganic carbon species include carbon dioxide, carbonic acid, bicarbonate

anion, and carbonate. It can express carbon dioxide and carbonic acid simultaneously as
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CO;*. Cy is a key parameter when making measurements related to the pH of natural

agueous systems, and carbon dioxide flux estimates.
Cr = [CO,*] + [HCO5] + [COs™ ]

where,

[HCO; ] is the biefirbg
[CO5*7] is the carbgiatg

Total inorganic carbon igfd f phosphoric acid operating in
removal and venting of IC and PO Partic \\ gic Carbon) gases from the liquid.
Then, IC mostly transforms jfito, ;': it isgdetested by the non-dispersive infrared
analysis (NDIR). A region of ads -f"" ired light specific to CO,, usually around
4.26 pm (2350 cm™ } is m ._’ through the detector. The
gas continues to flo "}_—_-—' ; "thé sum of the measurements
results in a peak that isE&egr o 110 the @a] CO; concentration or Total

Inorganic carbon totally f in the sampla concentration, mg/l.

332 netemiuaﬂ ummﬂmgm 1M9
. ORAT PSRN Y HAFH i i

as TIC in mg di the total amount of CO; entering the reactor in

%Efficiency= % (3.1)
g w

RT




where
TIC =  Total Inorganic Carbon concentration (g-L™)
Vi = Volume of water in bubble or packed column (L)
P = Pressure (bar)
Qg =  Volumetric flowrate of CO; fed in the system (L-min™)
{ =
Mw =
R =
T =

concentration is deter

Due to the very.igh density of Chlorella sp. apBopriate dilution is needed. Cell

iae i of the comting giid mad

ot
=

the medium area are 0. | n and 0.04 mm®, respectivel ./ The cell concentration can be

determined as foﬁ

—

o

T IneningIns
- RIRRARGRR 111 E0 8

Cover the slide with cover glass, avoid the presence of bubbles

Count the cell in 25 medium squares on the grid



5. Calculate the cells number, using Equation 3.2:

:"a":i:-t;lﬂ5
25

where

N = cells

n = upper and lower grid (cells)
334 Determination of#pegifie ¢ ¥

The specific growth rate cafl befeal ibn 315 as follows:

H = spcd‘f wthrale{h

v £ anﬁtﬂﬂ'] 3
”ﬁl R T TRNN TN N8 Y

= first sampling time (h)

1] = second sampling time (h)

41

(3.2)

(3.3)



CHAPTER IV

Results and Discussion

4.1  Maximising CO; dissolution in bul e ¢

4.1.1 Effect of pH on tc

pH in the EM

in the water because bicarbonate

Q in the water

en {0t dy its effect on CO; dissolution

ge as dissolved inorganic carbon

and, in many cases, suits to be S as inorganic carbon source for

microalgal growth. Figure 4.1. otal Inorganic Carbon (TIC)

measured from TOC analyser in'll i of. - n pe \ g'L"") at all pH range. During
m )G

the course of the experiment (fi€ s fhe™ otal dissolved inorganic carbon

increased steadily with time and accit , e column, The maximum dissolution at
pH 10 (measured from the total inor, Iganie’¢s J,,,,_'. _ ost of the time higher than those
obtained at pH 6 and 8. In faci:pH 6 saw the lowest trend of CO>dissolution.

' v.- I

From Table
as TIC in mg divided by the tu amount of CO; entering the re Hu in mg) achieved the highest

and lowest at pH 10 an \ﬁf mwmgﬂ ﬁ‘ riment, inorganic carbon
was able to dissolve g ﬂ d, bu ﬁn decreased subsequently.
The highest efficiency GHQ 81% was obtaingd at the begianing of experiment with pH 10 ( 15h

i, o 1 AR 5453 B A cmon e

driving force (ﬁCf'as described in the following mass transfer rate equation:

25 rupurtinn of CO;! dissolved

N=kAAC (4.1)
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where N = Mass transfer rate (g'min”)
k = Mass transfer coefficient (m'min™")
A = Mass transfer area (m?)
AC = Concentration difference (g'm™)

(Cg) - Liquid phase concentration

rﬁwmch is in equilibrium with gas

phase concentration (Cy)). /
At the beginning, J g€ iatio; \\\‘ arbon in liquid was very low
compared with the equilibrium k

was observed and this is reflecteq ~fappares igh %efficiency of CO; dissolution. At later
stage, the dissolved CO; (C;) beca
did the mass transfer rate. At su

(Note: AC = Equilibrium lig ""‘"“-Q.‘* o0

(C)) where C‘g is assumed to be t

result, high mass transfer rate

Dneentrs tion difference (AC), and so
ime, C; reaches approximately the

equilibrium liquid phase concentration ( e i AC—0 and no further net mass transfer

R Tl
would take place. Fortunately, CQ trangformation to bicarbonate and
nfiined the liquid phase CO,
um i tiﬁ. Consequently, the gas-liquid
mass transfer could continue a:cuidig to the level 09{3 driving force at that particular moment.

The chanﬁ'nw @w[ﬁwmﬁﬁﬂmfumﬁ to bicarbonate

and carbonate. Experimét demonstrates that at high pH, this transformation occurred at a more

rapid rate. In w:ll ;HEIJW nmﬁ(ﬁ to the forward
reactions (2) ﬂi} in Equation a low AC for maintained at a

longer period and a high level of CO; dissolution could consequently be obtained. It was

carbonate according to Eq _%_ =
concentration at a lower level &n i

demonstrated in this section that an increase in pH could lead to a greater dissolution of CO,
resulting in a greater TIC concentration trend. Within the range of pH investigated, pH 10 gave



the highest fraction of inorganic carbon being dissolved in the liquid compared with other pH

levels.

CO;(g) +—— COy(l) «——— HCOy <+— CO;" (4.2)
(1 (2) 3

$ pHI0

g

140 T

120 T

8

80 1
60 T

40 +

Total Inoraganic Carbon (m

20 T

(=]

i i
Figure 4.1. Iom] Inorganic Carbon time profile at various pH levels
o

AUYINYNINYINT
PMIANTUAMINYAE
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Table 4.1.1 % Efficiency of CO; dissolution at various pH levels

Time (min) “YeEfficiency (Carbon Balance)
pH 6 pHS pH 10
15 22.26 35.83 45.28

30 3341
45 26.76
60 23.38

4.1.2 Effect of gas-li

the water

al inorganic carbon dissolved in

In this section, pa 1 packed in 1 m high bubble column
to enhance the contacting area hetw n w mid. Although the effect of pH on TIC

dissolved in the water was alfes

P e ==a "=k
o

L]

, the different configurated

columns were operated at the/ ) f to ensure that there is no
relationship between the two eEcts, n addition, sample wm@]lect:d at different heights, at
the middle and top of the columng’ Bistinctly, TIC time profile in Figure 4.1.2.1(a) representing

the concentration at thﬂ)w ’J.hwW§st ﬁTIC trend at pH 10. In

contrast, pH 6 showed the lowest TIC trend gompared wﬂh the others wh@ confirms the effect
ot s 409 GG BV 1AV R 20 v s
at pH 10. Note th@t there were not much differences between the results at pH 6 and pH 8, and
from hereafter, only the results at pH 10 will be discussed unless otherwise mentioned. The
highest efficiency, 51.87% at pH 10, was reported at middle of the column as reported in Table
4.1.2. %Efficiency largely decreased with time, e.g. 51.87% at 15" min and then, 35.33% at 30"

min because of lower mass transfer rate due to the increase of C) over time as described in
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previous section, At the beginning of experiment, at lower position of column, equilibrium liquid
phase concentration (Cg) was largely higher than concentration in liquid (C;) which resulted in
higher %efficiency in CO; dissolution at the middle compared with at the top of the column. At a
longer time period (30" min and later), not much differences in %efficiency at the top compared
with the middle were observed because the influential factor in concentration difference
decreased with time.

The effect of gas-liqui

at pH 10 in different contactor
configurations, i.e. bubble and : igilluste igure 4.1.2.2. Adding gas-liquid
contacting area (by introducing ¢

RIS Bher rate of CO, dissolved in the
water. Gas hold up (gg) is calculgted w\'-\\ :

(4.3)

where
ime of gas in the column (L)

iquid in the column (L)
Vi x
€gb and gy, are eq bubble column and 1 m high

packed column, respectively (see # ndix C 2). Thas means that, provided that the bubble size
remained unaltered, us m’?tﬁ?}; dﬁup significantly and this
led to a higher contactingjarea. Proportionally. havmg a 2 limes hlgher gas hﬂldup, the contacting

o AT T T
However, the m te n efficiencies of

the two systems at pH 10 at 60 min are 23.38% for bubble column and 29.76% for packed
column (both at top of the column) (Table 4.1.1). Similarly, at 15" min, 45.28% for bubble
column (Table 4.1.1) and 51.81% for packed column (both at top of the column) were observed.

Obviously, the packed column could not deliver the enhanced mass transfer as expected (from
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the high contacting area). Due to the path blockage in packed column, bubble was allowed to
move more slowly. It resulted in slower slip velocity expressed as a smaller k (mass transfer
coefficient) in following equation:

Sh=a Re” S¢' (4.4)

where

Equation (4.4) can be formul

(4.5)

where or coefficient (m'min™)

;,". 1] (Iﬂ:l-
':“

(m*min™)

= | ddens:ty (kgm o)

ﬂ u El ’l VI ﬂﬂiweﬂaniveiomw (mmin”")
ARIANNT 0131 AAA Ferrere

a,pandy = constant number

Equation 4.5 suggests that slower silp velocity (v) could cause lower mass transfer coefficient
resulting in a decrease in mass transfer rate (N). Fortunately, mass transfer area between gas
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bubble and liquid (A) was enhanced by packing material. The influence of gas holdup and
bubble diameter could be realized from the following analyses.

(4.6)

(4.7)

Substitute Ng from Equation 4.7 to 4.6: 38

——
ﬂ - v I (4.8)
ﬂ ‘a o/
From Equation 4.8, an 1*35&:% g?s m«:tujpw ?wllqa Qr;]hIL er mass transfer rate (N)
. . €. N
AN AR S 1A RN M3
larger bubble Mmi e ﬂ[}n As aresult, a

twice increase in gas hold up did not enhance the %CO; dissolution efficiency as expected. Thus,

adding packing material for improving gas-liquid contact area would only result in a slightly
better in %CO; dissolution efficiency.



(a)

(b)

8
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b d
(=] L
=] =]

L]
un
=

Total Inorganic Carbon (mg/l)

[ =]
o 1

= ] 2]
un = w1
=] 1= =]

Total Inorganic Carbon (mg/l)

Juiﬂjg

8

8

&

75

& pHI10

A

1 T

| AudRngyinens

R189N IR AN

Time (min)

75

Figure 4.1.2.1 Total Inorganic Carbon time profile at various pH levels in bubble
column with packing material (a) at top of the column (b) at middle of the column
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Table 4.1.2 % Efficiency of CO; dissolution in packed column at various pH levels

and positions
% Efficiency (Carbon Balance)
Time pH 6 pH 8 pH10
(min) Top Mid Mid Top Mid

15 16.83 i 39.33 46.15 51.87
30 23.93 2647 37.21 35.33
45 25.37 33.41 29.83
60 24.84 " 2 29.76 23.74
400

=~ 350 -

T Packed

E__ 300 T column

g
250 -

;

2 200 _ " _ — < Bubble

515“__ --___.E- column

go ¥ o “AF W

a 1 -

£ AMUNINYING

£ 5ot ¢ . 'Y

= AWIANNIUARIANGIRE

0
&I 15 30 45 60 75

Time (min)

Figure 4.1.2.2 Total Inorganic Carbon time profile at pH 10 level in different column
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4.1.3 Effect of gas-liquid contacting area on total inorganic carbon at pH 10 in
3 m high packed column

In this section, the fully packed column height was further upscaled from 1 m
to 3 m to study the effect of height on CO; dissolution. TIC samples were collected and analysed

at every Im height interval and the associate %Efficiencies were calculated. Note that the

experiments were operated at pH 10. The jime profile is illustrated in Figure 4.1.3
\\ }kﬂd column. Because of inadequate
‘ in TIC at different heights were not
_m height increased substantially
itions which could have resulted

"'\
stage as discussed earlier. At higher

where TIC increased with time and &
contacting time at the beginning of
significantly different from each othe
and made the highest TIC conce
from the high concentration differe fort o
positions and later time periodgfhe disgolye ) became high, lowering the concentration
difference (AC) and so the massffrauSfef rate  Flox 'Oy a1 2 and 3m positions after 30 min
was able to dissolve more steadily #hs - . C; only increased gradually with time
leading to a larger AC at the beg :-—‘-!r g in a Steeper slope. Additionally, packed
column allowed CO; to dissolve more e == ely _- ‘& large quantity of CO; was dissolved at

the lower position, a lesser COp wa e top pc erefore a lower TIC was also

observed at the top position - \'increase in the column height
may exhibit some influential f@o
in the 3 metre column will be about gl% Ingher e pressure at | m location in the 1 m or 2

m contactors. Increasin e bubble size and mass
ﬁ’%ﬁ*@%ﬁﬂ%’ﬁ“&* e

transfer rate and this was‘ii‘:ﬂected in the hlgh‘r;r initial mass transfer of CD; from gas to liquid.

CIIRFU P11
in Table 4.1.3. el er at 3m. The highest

%pefficiency at 1 m hc:ght was obtained at 30 min. However, computed %efficiencies at 2 m and

as the aﬁnlme pressure at 1 m location

3 m increased with time from 15 min and achieved the highest %efficiency at 45" min. There
were not significant differences between %efficiency at 45" and 60™ min for both at 2 m
(26.95% and 23.47%) and 3 m (19.41% and 17.51%) heights. Furthermore, at 30", 45" and 60"
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min, around 23-26% efficiency at 2 m position and around 10-19% efficiency at 3 m position

were achieved.

350

Lad

=

=
]
T

250 T

200 T

150 +

100 1

Total Inorganic Carbon (mg/1)

75

Figure 4.1.3 Total Iforganic Carbon tifaé profile: samples collected various axial
sl Lbe N ) 1119

PIRNTUAMINAE

In summary, %efficiency was the lowest at the beginning and best at 30™ min
where the highest total % efficiency was obtained here at 78.39%. A triple increase in column
height could result in better %efficiency but not triple times, e.g. 29.76% at 1 m high packed
column (Table 4.1.2) and 64.35% at 3 m high packed column (at 60" min).
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Table 4.1.3 % Efficiency of CO; dissolution in packed column at pH 10 and every 1 meter

position
Time %eEfficiency (Carbon Balance)
(min) 1m 2m 3m Total
15 20.72 6.27 36.92
30 45.25 9.54 78.39
45 34.04 23.29 76.83
60 21.02 64.35
4.1.4 Effect of gas 10-40 ce'min” fed into the 1
and 2m high bu
Different CO; svin- range 103400 comin” were studied in this
experiment to find out how gas flo {feCt.CO; lutién in the water. The experiment was

conducted in 1 and 2 m high bubble calumas al p or the 1 m high bubble column, the

' i the. colin asifof the 2 m high bubble column,
¢ Sd ime profiles at different gas
flowrates were constructed as along with t.m associated %CO; efficiencies
in Table 4.1.4.1. Dissolved TIC iricreased and accumulated with time and the gas flow rate of 40

comin’ was shown to ﬂuﬁﬂsﬁ,‘iiﬂ 4o, SntY folcclofil eahibited the towest trend.

Besides, the average Izuﬂcst TIC concentragion from 40 cc/min gas ﬂuwte was achieved at

" A BB H AN B, B i o

over time.

samples were collected at
samples were collected at e rofs

wn in Fig 4.
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Fi.gl-ll'l‘ 4111411 TG : .. $ 7 -’ Y I ‘diflere tﬁ.ﬂ]ﬂ iII 1 m bubhlﬂ culum]]_:
Effect of gas flowrate | 1590 co
(T
However, the calculaied %% tliciefiéigs. in CO; dissolution in Table 4.1.4.1

/s /high in the early stage of
experiment and decrease with-iy ) ‘
rate increased to 20-40 cc- mm 2.g. for 40 ccmin, %eefficiene " s varied in the range of 7.04-

8.66. Distinctly, great m&mw fficiencies with time and the
undissolved gas would é n city, an increase in gas

flowrate was resulted in 1gh mass transfer ebefficient angd,rate. Howeverg this reduced AC and

i g P M A o e

greater amount u gas per time was could cause the higher C, appeared in bubble column and
higher dissolved TIC concentration.

might not suggest an increasel of flowrate. %CO; efficieney™
not as clear when the flow
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Table 4.1.4.1 % Efficiency of CO; dissolution in 1 m high column

Time %Efficiency (Carbon Balance)
(min) 10 cemin® 20 cemin” 30 cemin’ 40 comin’!
15 30.94 10.64 7.47 8.66
30 29.98 9.53 7.45
45 23.86 9.40 7.04
60 8.91 7.64
In case of 2 , yrofiles at 1 m and 2 m height
are shown in Figure 4.1,4.2{aj ad 441 4 _ " _ \ 18solved TIC increased gradually
and gathered with the time in the célugin/ At 1 on. 4t the beginning of experiment, it was

AN

. ' S, 43 min as displayed in Figure
4.1.4.1(a). Similar to previous exp€ri i it umn, an increase in gas flowrate would
result in greater TIC dissolved in the'w righest TIC concentration was achieved
at 60™ min at 40 cc'min” was 264.14 mgL” 711 v ion measured at 1 m high position in
the 2 m column was in a si -{{:f-'_i-:r*_‘jﬁ-:?'m'?;rm‘mip im column regardless of the
' flc20uld be wastefully released as

%efficiency of CO; dropped & shown in Table 4.1.4.2(a). In other words, the 10 cc/min gas

flowrate provided the mag ‘I? _ m te.where 30.94% efficiency
was the highest nhminmn. Ww ﬂTﬁﬁﬁv

Fi 4.1.4.2(b resefits TIC timesprofile at 2 m @ at the top position
where samples %ﬁ:ﬁ]eaﬁ'l{a%mtumﬂf | mm anmbehaved slightly

different from that at the middle of the column (1 m) (in Figure 4.1.4.2(a)). To begin with, in the
first 30 min, the TIC concentrations at the top and middle parts were close at all flowrates. The
deviation started to be well observed after 30 min where the 40 cc/min TIC provided the highest
average TIC concentration of 250.10 mg-L" at 60" min. The increase in TIC at higher gas

flowrate employed. Neverthe S5y ar

flowrate could be due to the accelerating bubble velocity which facilitated the gas-liquid mass
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transfer (as long as the system behaves in the bubbly flow regime). In contrast, the gas flowrate
of 10 cemin” gave the lowest level of dissolved TIC. Despite so, %Efficiencies of CO;
dissolution was found to be the highest at 10 cc:min™ as most of CO; in the inlet gas stream
could dissolve into the water (Figure 4.1.4(b)). On the other hand, a greater quantity of CO; did
not have enough contact time with the solution and was wastefully released to the atmosphere.

low gas throughput. This behaviour gradually ¢! ¢t 46 the well mixed as the gas flowrate
éle fition of dissolved TIC at the top of
. Figure 4.1.4(a) and 4.1.4(b)

pncentrations (i.e. at 1 m and 2

the column due to higher velogii
depicts that there were large difl
m height) particularly at low gas emiin’ ), and the differences seemed to be

'\ | be due to the different mixing
behaviour as the higher flowratgfscéme 1g. by ) duce more back-mixing and the

'.‘-r pattern. On the other hand, the

insignificant at higher gas flowgdtes/d4

behaviour of the system becam¢ clgSerfto, the.com
column behaved closer to a plug flow fhodg &

= might enhance the CO, solubility, but
at this condition, most of the CO, was-jlist 1 : he atmosphere, resulting in the low
Yefficiency in CO; dissol L_._;;..—.,—;.:;. b net beswerthwh le to feed the gas at high

In sumary, an inC

flowrate into the bubble colur 4*; thout adding gas contacting

ncy in CO; dissolution (when

““““"‘““”““"“"ﬁﬂ'ﬁhwﬂmwmnﬁ
AMIANTUUNIINYAY

area could not effectively provide a satisfactory level of effic
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Figure 4.1.4.2 Total Inorganic Carbon at different time: effect of gas flowrate
from 10-40 cc-min™ on Total Inorganic Carbon concentration and samples collected

(a) at Im height (b) at 2m height
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Table 4.1.4.2 (a) % Efficiency of CO; dissolution in 2 m high column: samples

collected at 1 m position

Time %Efficiency
(min) 10 c¢/min 20 cc/min 30 cc/min 40 cc/min
15 30.94 19,64 ; 8.66
30 2998 : 7.45
45 23.36 m—12, 7.04
—_ =
60 21.1 , 8.9 7.64
s i ' N

Table 4.1.4.2 (b) % EfGfledcy of 203 dis: h!\l in 2'm high column: samples
collected at 2 m posifior W\
Time
(min) 10 cc'min ) ce'min” 40 cc'min™
15 2 14.79
30 &8 11.00
45 60 70 8.29
60 15.91 10,34 7.23

AULINENINYINS
MR TUAMINYAE
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4.1.5 Effect of salinity on CO; dissolution

CO; dissolution in the salt water has great application as many microalgae are
marine species and their growth would require the carbon source in some particular forms.
Various salinity levels from 0 to 30 ppt (part per thousand) were carried out in this experiment.
The pH value of the fresh control experiment was set at pH 8 which was the closest to that of the
high bubble column. Dissolved TIC

le column. The presence of salinity

brine solution. An experiment was taken place
was increased with time and was aceu ¢
lowered the dissolution of TIC in the'solutio:
ppt, resulted in lowest TIC trend {

was not quite distinctly different ai

zst salinity in this experiment, 30
PpL) ¢ and brackish water (5 ppt), TIC
rence became clearer at the later
stage of the experiment. %ef] '- rious salinity levels is reported in
Table 4.1.5. The highest %effigi€nc ry i
of salinity (fresh water) whereasghe fighest salii is experiment, at 30 ppt, exhibited the
lowest %efficiency than the o he -

ed was achieved at zero level

means water contains higher
alcium sulfate. These might lower
e result, CO; solubility become lower

dissolved salt contents, e.g. sodium g j
the solubility, especially at higher degree 8

than that observed in fresh w
v Y]

e

!li 2
ﬂ‘lJEl’J“ﬂWlﬁWEl']ﬂ‘i

’Q‘mﬁNﬂ‘iﬂJ UANINYAY
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3 J us salinity levels from 0-30

30 26.31 27.09 15:.19
45 25.20 19.38 14.32
60 22.47 17.88 14.31

13.32

12.82
13.13
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4.1.6 CO;dissolution using Circulating Counterflow Contactor (C.C.C.)

Previously, the effects of pH, liquid-gas contacting area, column height and
gas flowrate were studied for their influence on the dissolution of CO; in the water. In this
section, the optimal combined effects led to the new cooperated system design; it was thereafter
called “Circulating Counterflow Contactor- C.C.C" 1 m packed column was implemented and

the flow configuration was changed from le flow in which it allowed gas and water
to contact in opposite direction in the . € tgservoir was united in the flow system
to allow a more effective recirculalien-ei-the water, ﬂlaﬁng liquid flowrate was varied

from 1 to 3 LPM (Litres per mintfe

\\ at 10 cc/min and the pH at 10.
Figure 4.1.6 demonstrates the : \\

rent recirculating flowrates whereas Table
NNy ,
: , ime and accumulated in the

Ve t ﬁ:"\} oncentration was 2 LPM. The
J WD

highest %efficiency was achieved'at 56/ Uihe fi '- ‘\‘1 but this seemed to slightly

4.1.6 reports the %efficiency @
column, and the recirculating f
decrease with time. ' .
The better CO; €. system was resulted from two

icular reasons: (1) an increase in sli Vel
p.arh. — ( } ; ; n-".-"“l-l"_:__i 248
diminishing concentration diffgrence ( AC) barrer. |
liquid from the top of the cOi i thie tansy

being in contact with liquid a4 longe

y the recycle flowrate of liquid and (2) the

ing of recirculating flowrate of

nify gas resulted in gas bubble
ving to dissolve in liquid more.
Additionally, gas bubbles did not sg::w coalescing behaviour in such dynamic condition when

compared with that in ﬁ;ﬁ: ‘Jwﬁ.ﬂﬂ% EI rrﬂl% bubble, or higher mass

transfer area which consgquently provided a higher mass transfer rate. For the second reason,

larger AC was ip~this, s . Lﬁm o the average C,
leading to a ammm mﬂlﬁg orece. ﬁ:a ‘EI‘:JO; dissolution
efficiencies could be found not only the early stage but also at the later stage.

From these reasons above, C.C.C. might be the successful combined effect

for CO; dissolution system in which the most optimal recycle flowrate was employed at 2 LPM.

Next, utilize captured CO; for microalgal cultivation purpose will be studied in section 4.2.
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ifferent time at various recirculating
using recycle flow in a range of
d

|

amamﬁmmmmmm

30
45
60

37.56
23.92
27.54
26.06

%Efficiency
56.01 21.40
42.05 22.80
36.90 21.47
34.70 23.02
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4.2 Accelerating microalgal growth with bicarbonate as inorganic carbon source

4.2.1 Cultivation of C, vulgaris with NaHCO; at various pH range

The cultivation of Chlorella vulgaris was investigated in various range of pH
cultivating condition. Originally, modified M4N (Morita et al., 2000) is reported to be suitable
for the growth of Chlorella vulgaris, and thisymedium, without the addition of NaHCO;, was

employed as a blank experiment. Note -‘ edwia'is without the presence of NaHCO; and
erat 4 bicarbonate ion (HCOj') can be
s the aim of this work to investigate

whether this readily soluble fopm 6! efiba xh*q senefit the growth of such alga.

:.h,; requires that the pH of the

Eﬁf this, N2 \\: at 30 ppm was added to the
.;E&ﬂ : concentra ion time profile illustrated in the
: approximately 6 days for the cell to reach

num ¢ pneentration achieved from pH 6, 7, 8

";:.-:..,‘; VUL
3im ' ion cells per millilitre, respectively. pH

medium at various initial pH (¢
Figure 4.2.1 displayed the experimé
its stationary phase where the averaj
and 9 conditions were 106, 105, 73.75
around 6 and 7 seemed to give thé h above whichtixé growth started to drop, and it

was obvious that pH 9 was, by-l] means, nc vt (as some of the bicarbonate

1 = 11k
o

can be transformed to carbonatévhich could not be uptaken by m: cell). It is interesting that the
cultivation at pH 8 gave a better résult than the blanktést in which the initial pH was around 7.2.

The growh ate can bl chdualed b &b B b o hd specific growih rate s

unit h™! and d”' and shﬂwa'l in Table 4.2.1. The highest spegific growth rateayas acquired at 0.045

h™ or 1.080 " Qalw E}Jaﬂﬂﬂﬁﬂaﬂ;ﬂﬁ ﬁ}@ %ﬂsﬂ:ﬂ %I:H 8 and 0.034 '
"or 0.816d™ at pi 9.

Distinctly, enhancing microalgal growth with bicarbonate as inorganic carbon
for microalgal cultivation offered the higher maximum cell concentration and specific growth
rate compared with the case without bicarbonate (blank test). From the finding, suitable initial



pH value for C. vulgaris cultivation was in the range of 6-7 in which utilization of bicarbonate
was most effective.

Cell Concentration (Cells*10%/mL)

Figure 4.2.1 Growth gurye of C‘Hﬂreﬂa.ydgwrs cultivation with 30 ppm NaHCO;

“"‘“fﬂﬂ“ﬂ%ﬁ%&iﬁ@%&?’m‘i
ammnim AN Y
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Table 4.2.1 Maximum cell concentration and specific growth rate (u) of Chirollera
vulgaris cultivation with 30 ppm NaHCO; as inorganic carbon source at various

initial pH conditions

Condition Maximum cell conc. 1 m

(h-1)  (d-1)
Blank 0.036 0.864
pH6 1.032
pH7 1.080
pH 8 0.960
pH 9 . \\ 0.816

4.22 Cultivation of C. vig ith higit u of NaHCO; and CO;

dissolved water fory ‘bon at pH 7

In this section, iniffal i E n at pH 7 was employed with higher
g (ppm) to investigate its effect on

e from the C.C.C. system in

B3It is noted that this solution

1]
'of TIC. "Bestdes; the iltivation with equivalent concentration

of NaHCO; at 80 ppm was alsoscgnducted to compare the result with the medium with CO;

a_jis:iuﬁo: :f:ter. Cell A Lnbeition Jinge profill ith d{ffefeht anfokngy of bicarbonate is shown
RN INANINGAY

concentration of NaHCO;, i.e. from 3071 200,
microalgal growth. In additigntisé pH-adjusted C

Section 4.1.5 (at 2 LPM) wak Al
contained approximately 80 p

ol
-
k.
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o
|

Obviously, the cu V- tion 10 blank met CO;) was the lowest which
illustrates well that this microdl ould _ n bonate form. However, not
significantly different growth curves were clearly observed from the cultivation with 30, 80 and

F-9 L7
200 ppm NaHCO; w rﬂml nﬁﬁ t] i6Us conditions are reported
3 erence in;Eptmc gro ﬂmi ﬂlg

in Table 4.2.2. Only a skight di rate was obtained; 1.080, 1.056 and

1.032 d" for jvali iﬂj Miﬂ However, CO,
dissolution walaﬁniacﬂia 5 {ﬂﬁm} i er trend in cell
concentration time profile compared with other cultivation with the addition of NaHCO; where
the maximum cell concentration and specific growth rate were obtained at 124 million cells per

millilitre and 1,104 d”', respectively. This verifies that Chlorella vulgaris could be well cultivated
using carbon source from the solution obtained from the CO, absorption column. When
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compared the results with the medium with 80 ppm NaHCO;, the growth in the C.C.C. water
seemed to give a slightly better result, which could be due to the error from experiment.

Table 4.2.2 Maximum cell concentration and specific growth rate (u) of Chlrollera
vulgaris cultivation with various amount of NaHCOj; as inorganic carbon source at
initial pH 7 condition N Y \l ,

Condition Wasimum celi cons m

,..-*/ / P @)
Blank N Tl 0.864
30ppm NaHCO; 1.080
80ppm NaHCO; 1.056
200ppm NaHCOs 1.032
C.C.C. water 1.104

ﬂ‘lJEl’JVIEWIﬁWEI']ﬂ‘i
wwmﬂimum'mmaa



5.1 Conclusions

CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

The investigation in thi€Woskelod 1o, the following Conclusions:

| 5

An increase in p! lution of CO; resulting in a greater
TIC concentration wéndéut #COdissolutit c1ency

High %efficie ge of experiment and later was
decreased with ti ] \‘ erence between gas phase and
liquid phase.

Adding gas-liquid hold up (gg) caused a slightly greater

dissolution of CO; due ﬁ%&# elocity by path blockage and bubble
was coalescened resulting in large bubble diameiér of gas and decreased mass

transfer rate. Y A

A triple mcreasﬂ'l height in packed column gavéithe better overall %efficiency
but not in direct ﬁﬁm onal in tn fe/times. Furthermore, concentration in gas

waﬂlﬂﬁ concentration in higher
ﬁm&ww WA P Vol e concsmie

dué' to an accelerating bubble velocity which enhanced the gas-liquid mass
transfer. However, a greater quantity of CO; did not have enough contact time
with the solution and wastefully released to the atmosphere causing low

%efficiency.
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6. Higher degree of salinity gave the lower TIC dissolved in the water. Fresh water
exhibited the higher TIC trend and %efficiency at any time than salt water.

7. The optimal combined effects from previous findings led to the system design of
better CO; dissolution called “Circulating Counterflow Contactor- C.C.C". It
allowed liquid and gas to contact in transverse direction. This would provide the

longer dissolution period and ¢ 45 bubbles did not show coalescing behaviour in

this system. As a result,.L B\ ffered steadily high %efficiency not only in
early stage but also 2 slag Ang 1:1 the case where 2 LPM optimal
flowrate was emW """"-‘

8. The most suitable®ini { .\ esh water microalgae Chlorella
Qg

vulgaris with Nz ximum cell concentration and

specific growth rz he contrary, pH 8 and 9 did not
suit the C. vulgaris ghiltfs

9. An increase in N&H ,
200 ppm did not pdrtig arljsf fve theldifferent growth characteristic. Besides,

30 ppm TIC concentration) provided

.'\". ation system from 30 to 80 and

CO; dissolution wate :
a slightly higher in_grewithty axtmum cell concentration and specific
growth rate. T : afv,,‘ om CO, dissolution system

could be impleificnte

o AU INYNTNYINT
et ﬁ“ P ENLTL iU T g

to be the pﬂtﬂnﬂﬂjl}’ sustainable method. Microalgae have the capability of conducting highly
effective photosynthetic activity in which CO; is turned into the form of microalgal biomass but
this transformation rate is much too low when compared with the rate at which CO; is being
released to the atmosphere. This work introduces the transformation of CO; into the other forms,

e.g. bicarbonate and carbonate compounds which could later be used as carbon source for the
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microalgae. This system will act like a buffer zone where CO; is being captured prior to feeding
to the algal culture. CO; dissolution water was proved in accelerating C. vulgaris growth
(compared with the no addition of inorganic carbon). These preliminary results provide an
encouraging indication to the future development of CO; capturing technology where the two
step approach could be treated as a potential direction,

This work only presents th&"bcginfufic of CO, sequcstration by capturing CO; and prior
storage for the microalgal uptak feadis \ 1. into the cultivation system.
Many fundamental effects weseStudicd i this work e.g pH, gas-liquid contact, salinity and
column height. Moreover, the c; g \\ proved to be applicable as a
" ulgaris. The next step towards the

o

along with the actual size microalga Ivatne sy h@use of actual CO; from the flue gas

carbon source for the cultivatigh ¢

implementation of such technolog issolution system as a pilot study

should also be investigated.

9
U
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APPENDIX A

TOTAL INORGANIC CARBON ANALYSE

EXPERIMENTAL DATA

(a) AtpH 6
Time
(min

15

| Avg
5605 882}, 21.09 7097

F’WEI‘WI RTNE RS

130.64 143 90 7.73  136.11

79



(c) At pH 10
Time Total Inorganic Carbon (mg-L™)
(min)  1"time  2"time SD  Avg
15 92.85 86.53 447 89.69
30 126.00 138.72 899 132.36
45 159.01
60 185.26

Time

(min)

154100\ V842, 694
18250 ii_‘

15

13.78 268.40

45 W
o Yoo
Ta

[

Time Toﬂ Ir:::trganic Carbon {mg-L‘l)

143.26 157.11 8.31

150.18
220.96 186.01 19.88 203.48
224.66 220.11 236 22238

80

me at different pH 6, 8 and 10



(b) At pH 8 (at top and middle of the column)

Time Total Inorganic Carbon (mg-L™)

(min) ~ 1"time 2"time SD  Avg
15 60.57 57.04 234  58.81
30 162.88 42 05 1457 15247

45 1549 237.58
60 286.58
Time .
(min) //‘gﬁ?‘\ AN Avg
15 1043\ '\ S50, 106.23
30 1 1L .10, 142,98
a5 198, 1204 0 202.98
60 4003 ia 214, 438 227.28
(c) At pH 10
\7Z
Time .,l
(min) ~ 1%time 2" time

@w‘ﬂmﬁ‘wzﬁm
wmmuﬁﬁm \ &)
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Time

(min)

Total Inorganic Carbon (mg-L™)

1*time  2"time SD  Awg

15
30
45
60

144.83 135.34 5.00 140.09
192.43 189.24 1.56 190.84
240.13 243.24 252 241.69
261.33 5.11  256.49

Table A-3 %CO; dissoluti

column ,.-'-
(a) At Im

Time

(min)

d height in 3 m high packed

f"ﬂl’"ﬁ-i W L

/e

Avg

15
30

45

60

8.78 60.62
B9 64.83

06 7 310.38

u-'

mmmwﬁmwmm

29.47 28.69 0.27 29.08
153.68 122.43 11.05 138.06
231.18 205.63 9.03 21841
274.68 232.53 1490 253.61




83

(c) At 3m
Time Total Inorganic Carbon (mg:L™")
(min)  1"time 2™time SD  Avg
15 19.84 16.84 1.06 18.34
30 52.95 58.76 205 5585
45 1423608 10.52  157.24

87  189.21

60

e and flowrate in range 10-

Table A-4 %CO; dissols u.,i

40 ce'min”'in 1 m high biibh) f ‘
(a) At 10 ccs _

%))
: Avg
039 88.12

awﬁﬁ |

30
45 124.49 13599  8.13 130.24
60 142.69 147.49 339 145.09




(¢) At 30 cc'min™

Time Total Inorganic Carbon (mg-L™

(min)  1¥time  2"time SD  Avg
15 52.32 51.80 0.37 52.06
30 104.69 97.40 5.16 101.04

45
60 21 2o

>
(d) At 40 ccow

N
*ﬂt:: Y R W 2
Time ~ o Jof Jons u‘a x?\ J

b/ 32 TINN

1.63  166.14
208.24

1 k!
15 b »ié% \ 67.33
30 : 373 _ 149.57
45 51 18594
60 ‘ ) 2 20.85 218.34
T ]
Table A-5 (a) % CO; d I olu ferer I; ime and flowrate in range

10-40 ce'min’'in 2 m high huhhle column {S:mplu coliécted at 1 m position)

“*'ﬂ‘wﬁlﬂfi NUNTNYINT
ﬂﬁﬁlﬁ N Tt "r *'“"E 1_.“".. g

65.19 68.53 236  66.86
30 128.34 130.78 1.73  129.56

45 156.44 152.92 249 154.68
60 184.84 180.02 341 18243




(a.2) At 20 ccrmin”
Time Total Inorganic Carbon (mg:L™")
(min)  1"time  2"time SD  Avg
15 48.61 4335 372  45.98
30 124.18 130.13 421 12715
45 157.29:000% 2.54  159.08

60 18684 194% 5.03  190.49

(2.3) At 30 et rﬁ'/

Towe 11’/ s '.2: e
(min) B (45 . Avg
5 ' 7' L 320 4841
30 TR o 12355
45 :_ 182.72
60 697 238 61 23095

' ,_'F' 4
(a.4) At 40 ;‘r

1
i ¥

Time ¢ o Total Inorganig Carbon (mg: L

(ﬁ}uﬁW

74.75 ¢ 7491 ﬂ]l '}'43

Qﬁﬂﬁﬁﬂ?mﬂm?ﬁﬁl”m&l

189.15 175.68 9.53 18242
60 268.85 259.42 6.67 264.14
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Table A-5 (b) %CO; dissolution efficiencies at different time and flowrate in range
10-40 c¢c/min in 2 m high bubble column (Samples collected at 2 m position)

(b.1) At 10 cc'min™

Time Total Inm:gamc Carbon (mg-L™)

(min) 1* tlme "
15
30
45
60

15 42.32 41.80 0.37 42.06
30 144.69 137.40 516 141.04
45 174.79 167.10 544 17094

60 233.09 213.60 13.78 223.34
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(b.4) At 40 cermin”™
Time Total Inorganic Carbon (mgL™)
(min) Ftime 2" time SD Avg
15 124.23 109.53 1039 127.80
30 184.73 173.66 7.83  190.12

45 213.93088 1400  214.95
60 250832275 548  250.10

Table A-6 % CO;, dlss Q\\ ifferent t e and salinity

// AN
(a) At S ppt s \
7/ 3\
{mm) 1 ‘, W 3\\ Avg
15 v‘*F 'a*" 7 61.78

30 97.57
45 i 47 115.17
60 .67

30 46.14 50.96 9.92 60.17
45 72.86 74.07 8.64 85.08
60 99.77 103.72 9.61 113.36




Table A-7 %CO; dissoluf
C'Cic‘

88

(c) At 30 ppt salinity
Time Total Inorganic Carbon (mg'L™")
(min) 1* time 2"time  SD Avg
15 18.18 18.06 467 2479
30 45.28 16.93 530  52.77

45 66.21 8 | / 707 7621
60 '.' 744 103.99

> and recycle flowrate using

(a) At 1 LP)

15 33.38 33.19 0.13 33.28

30 53.08 46.88 438 4998
45 66.63 64.92 1.21  65.77

60 82.06 82.89 0.59 8247




(c) At 3LPM recycle flowrate

Time Total Inorganic Carbon (mg-L™")

(min) 1 time 2" time SD  Avg
15 12.92 12.51 0.29 12.72
30 23.35 30.84 530 27.10

38.28
54.73

45 37.87 | -’! / ' 0.58
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APPENDIX B
CULTIVATION OF C. VALGARIS WITH BICARBONATE
EXPERIMENTAL DATA

Table B-1 C. vulgaris cell concentration at different time without pH adjustment
and NaHCOj; added (Blank m \

ratibe il eells ml™)

//X 3&"““‘ P Ave
\ ~ 1

Time
(h)
0
24
48
72
96

ﬂ'lJEl’JVIEWIﬁWEI’]ﬂ’i
Qﬁﬂﬁﬂﬂ‘iﬁuuﬁﬂﬂmﬁﬂ
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Table B-2 C. vulgaris cell concentration at different time and with 30 ppm NaHCO3
added (initial pH = 6)

Time Cell concentration (10° cells ml™)
(h) 1* time 2" time SD  Avg
0 | 1 0.00 |

24 20 : 088 13
48 é‘f 265 37
72 GIo— 54 66
9 98

120 110

N
144 RE i}\\\ 115

Table B-3 C. vulgaris céll @ ¢\ ~ mie and with 30 ppm NaHCO;

added (initial pH = 7) PRI
fx’i"'.. i 2

i | COTT ORI 100 -1

Time _ r :'? Ui 0 eﬂs ml™)

() ) ‘

0 &2 ) 1

Avg

24} 14 , 0.88] 13.13
guianenEneany,

Qﬁﬁmf‘f‘imﬁ{ﬂﬁ?ﬁﬁlﬁﬁﬂ
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Table B-4 C. vulgaris cell concentration at different time and with 30 ppm NaHCO;
added (initial pH = 8)

Time Cell concentration (10° cells ml™)
(h) 1¥ time 2" time SD  Avg
0 1 1 0.00

24 18 088 7
48 0. 10
7 22
96 35
120 40
144 )

Table B-5 C. vulgaris ¢

added (initial pH = 9) DA
ft’l{ “f-‘.l
Time Cg (10° cells ml-]}

(h) | -}— S, Aveg

0 F———'ﬁl 1

# 9 .

035 10

ﬁuﬂ’é‘“ﬂ EWI?'W El'fl@‘if

ammﬂﬁmummgnga
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Table B-6 C. vulgaris cell concentration at different time and with 80 ppm NaHCO;
added (initial pH = 7)

Time Cell concentration (10° cells ml™)
(h) 1* time 2™ time SD  Avg
0 1 | 0.00 1
24 N | 035 14
48 s 24 32
72 —ry Rr— k 67
117

Table B-7 C. vulgaris cel \, me and with 200 ppm NaHCO;

added (initial pH = 7)

\_

£10° cells ml™)

Time

(h) | Avg

F#HEHZVIEWI‘@WEI%?E

1.59

aw"’rmmmumﬂfmmﬁa

144




Table B-8 C. vulgaris cell concentration at different time and with CO; dissolution
water (initial pH =7)

Time Cell concentration (10° cells ml™)
(h) 1% time 27 time SD  Avg
0 1 1 000 1
24 | 13
48 50
72 78
96 103
120 121
144 124
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APPENDIX C

SAMPLE CALCULATIONS

C.1  “%Efficiency of CO; dissolution

% Efficiency can be calculated by us

For example, experimen : ?H \ liected at 2 m position in which:
P=1.3 bar, T=298 ] ’ \ \\ Volume of liquid (Vy) = 1200
mL, CO; flowrate = 10 j Subs i --; ’ les and get %efficiency = 21.67%

C.2  Gas hold up aadins 2

Gﬂshﬂldupcanhg* T TN

: v,

.II
|
W

VE““““““WT&“ET‘?W?HWB’W e

For 1 m high buh e column; Volumegof liquid = 1300 mL and Volyme of gas = 178 mL;

Subsino Mcﬁ*&)ﬂd‘iﬁd WA ’J g ﬁ t

For 1 m high packed column; Volume of liquid = 1200 mL and Volume of gas = 270 mL;
Substitute in equation (4.3) and obtain &g, = 0.23.
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C.3  Specific growth rate (p)

Specific growth rate can be computed by equation (3.3) in Chapter 3:

o= lﬂ(Nz)'lﬂ{NJ

I -1

Plot In(Ni)/In(No) vs. (t-to) and obiai fronsibpe of plotting

Where ntration at t time (10° cells ml™)
ion at the beginning (tg)
ed time (h)
Time at f - »ginning of cultivation (h)
It noted that only cell concéntrétion i fog : will'be used to calculate for p. For

example, cultivation of C. vilgariatinitial gave the pu=0.045 h™' or 1.080 d”!

(Figure C.1)

.;f:' |;:d
..i
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In (N¢/No)
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y=0.045x + 0.833

100 120

Figure C.1 Plot of IngN /N,

C.4  Amount of Sodium Bicsz _1__,*{,}&{‘ he cultivation system

-
LiA

30 ppm {mg'L-I) ﬂ'f \. vm":__?“:i . ﬁﬂﬁﬂn Symm

In case of 2.8 L cultivatig 3 2.8%30= 84 mg to be dissolved.
i¥

AULINENINYINS
MR TUAMINYAE



98

APPENDIX D

PUBLICATIONS

International Symposium / Conference Proceedings

Pichiansoontorn P. and Pavasant P., "-!'l ' ELERATING MICRGALGAL GRD‘W'I'H
WITH CO;, TRANSFORMATION. f posiums a ical Engineering

RSCE) Conference Book of.Abstrs iy Mo oarmber 2223 Bangkok, Thailand

National Symposium / Conferér

Pichiansoontorn P, and Pavg
absorption in bubble€t
August 19"-20" Banghek,

: fFects, of Des:gn and pH -shift for CO,
refiée 2010 proceeding, pp. 567-572,
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