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ABSTRACT

7KH FRQVWDQW ULVH LQ ROMRBRI FRY/VHIQIIRYD FRQ IWREWLQJ WKF
D UHVXOW LW LV LQ WKH LQGXVWU\ V LQWHUHVW WR ILQG HQY
FRQVXPSWLRQ HZKLFOML YAHROAWPDLQWDLQLQJ SURGXFWHITHBWLW\

HYDSRUDWLRQ LV XVHG DV D WUDGLWLRQDO WHFKQLTXH WR UHC
QHHG IRU VWHDP WKLV S QRFHYWVLYW K$Q KIDO VAIQWEDWLYH WHFKQF
HQHUJ\ UHVRXUFHV LV UHIXWWHN & W R HWH G XCHP DMKG ZIIGOH LQFUF
FRQWULEXWLQJ WR]MWKRH FDIUERQ MW VLRQ WDUJHWVEDWHG/ LQ V
WHFKQRORJ\ KDV HPHUJHG DV D SURPLVLQJ DSSURDFK WR PHHW
SRGXFW TXDOLW\ FKDOOHQJHV ,W LV D WHFKQRORJ\ ZLWK WKH ¢
HVWDEOLVKLQJ LWVHOI DV D YLDEOH DOWHUQDWLYH WR FXUUHQ

7KLV VWXG\ DLPHG WR L@DNW®W LR R @WHD YOVBIOBNBMROMIH SURFHVV LQ
IUXMMLFH HQHUJ\ +RZHYHU WKH UDWLRQDOHEDYG CHFRROIRP LW R
FRQFHQWUDWLRQ SURFHVV ZRXOG UHTXLUH WKH NQRZOHGJH RI
WKHLU IRURDLWWYRQRNLYKLY UHDVRQ PHDVXUHPHQWYV RI K\GUDW
K\GUDWH IRUPDWLRQ NLQHWLFV ZHUH FRQGXFWHG H[SHULPHQWI

7KH LVRFKRUVHDURAKYWHWXSIHULPHQWDO PHWKRG XVH&UBV@KBE\ G
VWDLOWHNW ENNTXIPO FHOO WR PHDODSEHLOWKE SKG®WBWHTXLOLEUI
([SHULPHQWDO PHDVXUHPHQWY RQ K\GUDWH SKDVH HTXLOLEUL.
FRQGXFWHG WR WHVW WKH YDOLGLW\ DQG UHOVDBLOA WHWK R/ |
XVHG 7KLV LQFOXGHV JDV K\GUDWH GLVVRF2ZDWL\REY BRLMOMPV 73
H[SHULPHQWDO PHWKRG DQG PHDVXUHPHQWY ZHUH DFFXUDWH D
WKH UHVXOWY DQG WKH OWMKWHHDBRMHSWHD E B Bl VQHHGU MDA IQW)A 6 XEV
PHDVXUHG LQFOXGH H[SHULPHQWDO K\GUDWH SKDVH HTXLOLEUL
6\VWHP RBPDSH MXLFH 6\YMWHD SS&PH MXLFHE BWAMWHP PE®@RQ MXL

YDU\LQJ MXLFH ZDWHU FXWV IURP WR “ ZW ZHUF
GLVVRFLDWLRQ FRQGLWLRQV UHSRUWHG IRU WKH K\GUDWH SKLC
WR . DQG IURP WR 03D

%DVHG RQUDKMH KSKDVH HTXLOLEULXP PHDVXUHPHQWY XQGHUWDI
WKH MXLFH V\VWHPV XQGHU FRQVLGHUDWLRQ KDYH FRQVLGHUD
UHVXOWY VKRZHG WKDW UHGXFLQJ WERW ZIF'RNKO G XWLIWMRWKH KWR
HTXLOLEULXP FRQGLWLRQV WRZDUG KLJKHU SUHVVXUHY DQG OR

Vi



$ IXUWKHU VWXG\ H[DPLQHG WKH HIIHFW RI GLITHUHQW GULYLQJ
DQG MXLFH ZDWHU FXWYV HRWLKW XDWH IR QRDMWORRQ[SIHQLPHQWDO
WKH ELQDQG&2AUDSH SLQHDSSOH RU ELWWHU PHORQ MXLFH PL[W)
IXQGDPHQWDOO\ DIIHFWHG E\ WKH LQWHUDFWLRQ EHWDMWWHQ K\G
FRPPHUFLDOLVDWDRRRGRWKFXKWDIRWORI\ FDQ EH JDLQHG WKURXJK V3

&RQVLGMKILWQIDFW WKH FRQFOXVLRQV RI WKLV FRPSUHKHQVLYH
SKDVH GLVVRFLDWLRQ FRQGLWLRQV DQG NLQHWLF H[SHULPHQW\
WKH RSWLPXP FRQGLWLRQV RI WHKH BQ RRIRAHY VUXLW MXLFH FRQ

$OVR LQFOXGHG LQ WKLV UHVHDUFK ZDV WKH RSWLPLVDWLRQ R
WKUHH GLIIHUHQW MXLFH V\VWHPV IRUPLQJ FDUERQ GLR[LGHI
EHWZHHQ WKH PHDVXUHG. GIDWD $DRIGV WRVLBEBOOGEWD GHVLJIQ
PHWKRGRORJ\ 560 ZDV XVHG WR GHWHUPLQH RSWLPDO FRQG
GLVVRFLDWLRQ DQG IRUPDWLRQ RI K\GUDWHY LQ WKH SUHVHQF}
HIDPWQRQ RI WKH HIIHFWV RI WKH 560 LQSXW YDULDEOMR VXFK
WKH MXLFH FRQFHQWWD W IDRQIG WKH SWRVVESHB RQ WKH
GHK\GUDWLRQ UDWLR '+5 DQG D.%$5WHSRWHMHQ MM GF LIODW KL F R\QWV

/IDVWO\ WKLV VWXG\ HYDOXDWHG WKH IHDVLELOLW\ RI IUXLW MX
DV RSSRVHG WR H¥FMH HPPOBRUDWLRQ PHWKRG $ SUHOLPLQDU\ D
FRQVXP SWLWRLP ORV FIRQGLWLR D VRIG WRAFKH\GWDWWLRQ SURFHVYV
FRPSDULVRQ SXUSRVHV 7KH DQDO\VLV VXJIJHVWV WKDW K\GUD

W R N- RI FRROLQJ SHU VWDJH W RYFHROQ R R NI UFDRAAN LU X
HYDSRUDWRU WKLV FRROLR)J SHRVHNWYHUHYT XIKLKWH WKHVH ILQG
SURPLVLQJ LW LV VWLOO QHFHVVDU\ WR GHWHUPLE@BVWE&H VL]
FRQFHQWUDWLRQ WHFHGQRQ RVKH M UDPLS/D WPHEW LQGXVWU\ $V VX
GHWHUPLQLQJ WKH ILQDO FRQFHQWUDWLRQ RI WKH VROXWLRQ F

Vii
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Figure D.1:
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Figure D.2:
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Figure D.3:
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Figure D.4:
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time experiment at a target temperature of 274.15 to 276.15 K and varying pre
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The dotted line is the hydrate phase equilibrium line for carbon dioxide + ping
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Figure D.5:

Degree of subcooling for carbon dioxide and pure grape juice system during an in
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time experiment at a target temperature of 274.15 to 276.15 K and varying pre
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Thedotted line is the hydrate phase equilibrium line for the carbon dioxide + pure
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Figure D.6:
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Figure D.7:

Measurements of carbon dioxide hydrates growth in a pineapple juice system du
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induction time experiment at a targeinjgerature of 274.15 K and varying pressu

res.

Figure D.8:

Measurements of carbon dioxide hydrates growthpmaapple juice system during
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induction time experiment at a target temperature of 275.15 K and varying prgssures.

Figure D.9:

Measurements of carbon dioxide hydrates growth in a pineapple juice system du
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induction time experiment at a target temperature of 276.15 K and varying pre

ssures.

Figure D.10:

Measurements of carbon dioxide hydrates growth in a pineapple juice system du

ring an

induction time experiment at a target temperature of 274.15 K and varying pre
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Figure D.11:
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CHAPTER 1

INTRODUCTION

2YHUYLHZ

The demand fanatural foods containing bioactive components continues to rise as people become more
mindful of their health. Fruit juices are among the most popular natural foods. The food industry is
confronted with new issues, including rising energy costs and aititinéd meet customer demand

due to various challenges such as inadequacy of resources and processes. Furthermore, fossil fuels as
energy sources produce carbon dioxide, a greenhouse gas that significantly impacts the climate. One
answer to these problemsuld be to adopt gas hydrate technology. Gas would be acquired from the
natural gas sector to meet the increasing energy demand. Gas hydrate technology offers opportunities
for energy savings in fruit juice concentration processes. However, its enguggneents are not fully

known. This is one of the challengas which this thesis is centred. This chapter provides a
comprehensive overview of the entire thesis. Moreover, the rationale, research questions, and objectives
are all wellarticulated. The iestigatiors significance, relevance, and value to the industrial and

academic communities are underlined.

%DFNJURXQG RQ IUXLW MXLFH FRQFHQWUDWLRQ

Fruit juice (natural beverage: no additives or preservatives) results from liquid extracts from the fresh
cut ripened fruit through a pressing or squeezing process in the fruit juice industry. However, due to
high liquid content (i.e. water), extracted fruit juices are generally subjected to a concentration process.
This process is extensively used to pastidiéhydrate fruit juice ideally without affecting or changing

any contents in the solid composition to preserve juice freshness and reduce the costs dueng long
storage, transportation, and packaging. Various techniques are used for juice concehieatmthe

different advantages. These techniques include thermal processes (i.e. evaporation and freeze
concentration) and membrane concentration processes. The thermal process (evaporation) is the most
widely used concentration method to concentraii finices. This process is capable of producing the
highest concentrations among other processes. However, due to relatively high heat requirements
(energyintensive), most of the volatile contents deposited in the solid composition are lost, leading to
colour degradation and the development of bitter aftertaste. Membrane and freeze concentration
processes are suitable alternative technologies for evaporation because they operate at moderate or
lower temperatures. Even though they also suffer from sonitatiioms. In this study, a gas hydrate

based concentration technology was used as an alternativeataotrementioned methads



%DFNJURXQG RQ JDV K\GUDWHYV

Gas hydrates (commonly known as clathrate hydrates) are crystalhiilkeigeclusion molecules that
FRQVLVW RI DQ HQWUDSSLQJ IUDPHZRUN ZD-\\MHPa) AblRcMes” DQG W
NQRZQ DV K\GUDWH IRUPHU" ™ Rl (Felfseir YI84; Siv&nakd Kol ROOTHNE Q D W X U
most common hydrate former found within an entrapping framework is methane KoMever, other

hydrate formers such as hydrogen sulfideSihydrogen (b, ethane (gHs), carbondioxide (CQ),

nitrogen (N) and so forth are also found in naturally occurring hydrates. The formation of clathrate
hydrates only occurs when the hydrate former interacts with the lattice of water molecules, resulting in

a cagdike structure through weakan der Waals intermolecular forces. The resulting cavities are
known to be stable due to a balanced interaction between the hydrate former and the lattice of water
moleculeqJeffrey, 1984; Rodger, 199Mowever, compared to the cavities of pure water in solid form

(ice) with six hexagonal moleculatructures, cavities in clathrate hydrates are incompletely filled.
Clathrate hydrates are natoichiometric solid compounds distinct from stoichiometric salts hydrates
(Sloan and Koh, 2007)n addition, based on phase diagraths,ideal conditions for clathrate hydrate
formation are usually low temperatures and higher pressures, depending on the hydrate former present
(Englezos, 1993)The three most common clathrate hydrate structures (Tdbnd Figure 1.)lare

the cubic structure | (sl), cubic structure 1l ({/Btackelberg, 949; v. Stackelberg and Miller, 1954)

and hexagonal structure H (skRipmeesteret al, 1987) Hydrates can dissociate if pressure and
temperature conditions are sufficiently altered. Consequently, this can ctiengdrate from a

crystalline icelike structure back to water and hydrate former.

Table 11: The characteristics of different cavities in common clathrate hydrate structures (sl, sll and
sH) (Sloan and Koh, 2007)

Cavity name Cell formula Unit cell Number of Average cavity
cavities per diameter (A)
unit cell

sl sl sH sl sl sH
Pentagonal Dodecahedrc 5t2 2 16 3 79 782 7.82
Tetrakaidecahedron 51262 6 - - 8.66 - -
Hexakaidecahedron 5264 - 8 - 9.46 -
Irregular Dodecahedron 435563 - - 2 - - 8.12
Icosahedron 5268 - - 1 - - 11.42




Figure 1.1: The characteristics of different cavities{3 in common clathrate hydrate structures (sl,
sll and sH)Sloan and Koh, 2007)

Over an extended period, intensive research has been directed toward preventing hydrate formation
during oil and gas exploitatiofHammerschmidt, 1934; Sloan, 2008)owadays, hydrate technology

has also attracted considerable attention in humerous other applications. These inclodpt@®

(Lee et al, 2003) seawater desalinatidiBriggs et al, 1962; Javanmardi and Moshfeghian, 2003)
energy recoveryH; or CHy) and energy storag&nglezos, 1993the concentration of dilute aqueous
solutions(Glew, 1960; Huanget al, 1965, 1966)transportationEnglezos, 1993and nany other

attractive applications.

The growing interest in hydrate technology from academic and industrial research has led to numerous
studies. These studies share a common goal: to develop processes (gasbhgdjtehat could
mitigate environmentaBROOXWLRQ ORZHU HQHUJ\ UHTXLUHPHQWYV DQG L

ORWLYDWLRQ

Fruit juice in a commercial process is generally concentrated via thermal evaporation to prolong fruit
juice shelf life. The evaporation process is useful in reducing transportation, packaging, and storage
costs. However, due to high energy requiremehesntal evaporation display shortcomings, which
generally contribute to high operating costs. Also, due to thermal effects, the resulting fruit juice
significantly loses its sensitive properties (such as aroma, taste, colour, and so forth). Promising
alterrative technologies that offer potential advantages-thermal) include freeze concentration and
membrane separation. However, even with improved product quiddéyperating costs of these

technologies are too high, which hinders their applicationsndtustrial processes. The freeze
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concentration process is enefigyensive, and membranes undergo fouling due to high concentration
characterised by increased viscosity which requires constant cleaning. Alternatively, -atagelti

vacuum evaporation proge can be used to avoid high temperatures to safeguardemsiive

materials, but the energy consumption is high. These problems (high capital and operating costs)
prompted a quest to seek an alternative process with low energy consumption and irfipaedved

product quality.Gas hydrate technology is a credible candidate in this regaisltechnique has the
advantage of low energy usaiygoreover, CQ K\GUDWH WHFKQRORJ\TV PLOGHU FRQG

to fruit juice concentration than traditioregbproaches.

Furthermore, thermodynamic properties and phase equilibrium data are required before hydrate
technology can be used in industrial operations. This information is important for altering or testing
existing clathrate hydraggroducing thermodyamic models. If the accuracy of such data (both
experimental and simulated) is confirmed, it can then be utilised to build, optimise, or simulate feasible
and costeffective hydratébased industrial processes. Howevkre to a lack of benchmark data, the
current hydrate prediction algorithms cannot make valid predictions when juice amounts dlenge
research efforts as documented in this thesis sesdtdi@sshe challenges mentioned above and gaps

in the literature due to a lack of thermodynamic ainétic data on fruit juice concentration via hydrate
formation. In addition, this research contributes to the knowledge of the thermodynamics and kinetics
of juice production, enabling us to estimate the energy requirements associated with the development
of that technology. The lower operating temperature benefits of the technology should be considered
ZKHQ DVVHVVLQJ LWV HQHUJ\ UHTXLUHPHQWY KRZHYHU WKLYV

process economics is significantly better than convealtimchniques.

+\SRWKHVHVY DQG 5HVHDUFK TXHVWLRQV

The following hypotheses were developed as part of this research:

x The CQgas hydratetEDVHG WHFKQRORJ\ FRXOG UHGXFH WKH MXLFH

x Using the experimental data on phase equilibrium, one could estimate the energy required by
CO; hydrate technology.

X $ NLQHWLF PRGHO PD\ EH XV HG pha&tichlihpaRd epeétgyVaqiireviéhE K Q R O R
and better understand the interactions between different juice ingredients arntdtaie
formation in a typical hydratbased concentration process.

x Based on the concepts of the empirical model integratedDagigrExpert Software, the
proposed hydratbased concentration technology may be developed as-affexgtve hydrate
technology. At the same time, synthesising rqitiiod heat exchanger networks could handle
fluctuations in process parameteRsT) within specific ranges caused by variances during

temperature increases.



This project seeks to answer the following interrelated questions to support the hypotheses above:
x How economically and technically effective can gas hydrate technology be in cotiegntra
needed fomqueous solutions consisting of bitter melon, pineapple or grape juices?
X In particular, under which conditions can separation be advantageously effected via gas hydrate
formation, in terms of energy consumption and overall operating costpared to other
currently used techniques?

$LPV DQG 2EMHFWLYHYV

The present study aims to investigate gas hydrased concentration as an enesgying process in
the fruitjuice energy. To achieve the aim of this study, the folloveibjgctives were investigated:
X Evaluate the hydrate phase equilibrium and kinetic data for reported juice systems. This is done
to determine the extent to which existing experimental data/prediction methods can be bridged.
X Measure the experimental hydraterhation conditions for C£gas hydrate in selected juice
systems
X Measure the experimental formation kinetics for.@&s hydrate in selected juice systems
X Optimise the operating conditions of hydrate phase equilibria and kinetics data fga€0O
hydratein juice systems, and
x Develop and evaluate the cedtectiveness of Cohydratebased concentration processes for

selected fruit juice systems via process simulation.

7TKHVLV RUJDQLVDWLRQ

&EKDSWHUWURGXFWLRQ

7KLV FKDSWHU H[SODLQV WKH SXUSRVH REIMAR WLRR 'S OLH\D M/E RAF
DGYDQFHV WR FXUUHQW NQRZOHGJH LQ WKLV ILHOG DUH GHVFU
MRXUQDO SDSHUV FRQIHUHH ISURE HHR®LU 8 UW QFEIGSERAHMHGLQ J!
WKLV VWXG\ ,@/BPIBGLWYRQXWWKUH DQG FRQWHQW RIIHUHG LQ H
EUDMILQ WKLV FKDSWHU

&KDSWHWHUDWXUH 5HYLHZ

7KH WKHUPRG\QDPLF DQG NLQHWLFPDVHGHDYEW FRQFW & & WDRV LR
DQG H[SODDSWG WQ &K YLGHG LQWR ILYH VHFWLRQV 7KH UHDGHL
LQ WKH ILUVW VHFWLRQ 7KH VHFRQG SDUW SURYLGHV D VXPP
SUDFWLFDO WHFKQLTXHV IRU IUXLW MKLBB FRIGRAHRWY U B MW QRIQV
SUHYLRXV H[SHULPHQWDO DQG PRGHOOLQJ ZRUN IRU WKHUPRG\C

5



WKH UHVHDUFK QHHG JDS LQ WKLV ILHOG ZKLRK FKD SWKHQ IRHF XK
RQ XVLXGUIEWMHG FRQFHQWUDWLRQ WHFKQRORJ\ IRU IUXLW M>
6HFWLRQ FRQFOXGHV ZLWK VRPH ILQDO WKRXJKWYVY DQG UHFRPI
7KLY FKDSWHU DFFRPSOLVKHG WKH VWKGQG\WK LVUNKD W M H FDMULH 1D
HQG $ UHVHDUFK SDSHU KDV EHHQ SXEOLVKHG LQ D SUHVWLJLR

&KDSWHKHUPRG\QDPLFV VWXGLHYV

7KH H[SHULPHQWDO PHDVXUHPHQWW RKI\GHWDWH \HTXL®KHUSEDQIRLS:
PHORGTGMWMX\VWHPVY DUH WKH VXEMHFW RI &KDSWHU ZKLFK LV GL°
GHVFULEHVY DOO WKH UHVHDUFK DSSURDFKHV HPSOR\HG LQ WKL
SURFHGXUHV DQG H[SHULPHQWDODRUGR MVHGX YD L GLKH BRHONL B L
H[SHULPHQWDO SURFHGXVHDNU RK FPFHVRKR G SHUHSO/K\BHKE LQ WKLV
DORQJ ZLWK FRPSDULVRQV ZLWK OLWHUDWXUH GDWD 7KLV FKD!
K\GUDWHDWLRQYRFRQGLWLRQV QHZ DQG WHVW VA\VWHPV DQG OL
DGGUHVVHV WKH LPSDFW RI GLITHUHQW LQLWLDO MXLFHKADWHU
LQIOXHQFH RI YDULHG ZDWHU FXWYV WQHK$HHW\L RJIHHQ W DWH R \HQMD WV B (
FRQGLWLRQVR GLVFXVVHG LQ &K DSOS\ U XY LHITIX /W H R&EO WRVE B @
GLVVRFLDWLRQ HQWKDOS\ 7KLV FKDSWHU DFFRPSOLVKHG WKH
UHPDMUQNE LPBH@RWN WR K\GUDWH WH$BEQ R FHWHFE WRIGL GR GV KL
OLVWHG BW MMHDHBK SDSHU KDV EHHQ SXEOLVKHG LQ D SUHVWL

&EKDSWHUQHWLFYV VWXGLHYV

7KH H[SHULPHQWDO PHDVXUHPHQ®HW REVK\GDYD @24 G ILRINP B WLLGR Q|
SLQHDSSOH JUDSH ELWWHU PHORQ MXLFH VIVWHP DUH SURYLGH(
7KH H[SHULPHQWDO DSSURDFK DQG PDWHULDOV XVHG LQ NLQHW
FKDSWHQVWBWIWWG GLVEFXVVHY WKH LQWHUSOD\ EHWZHHQ K\GUDW!
VWXGLHG MXLFH V\VWHPV &DOFXODNRZL N\LQHWLLF SFORUIDHPONW B
H[SDQG RQ WKH GHVFULSWLRQ RI WKIKWHGQWHU 8 &/X\G \T&KQ W KFLKLDES \F
VRXUFHV FLWHG LQ WKLV FXDS$W H D UFIKHS OSSHRVHOMBES/MHY \WM QG R
MRXUQDO $&6 2PHJD

&KDSWRSWLPLVDWLRQ DQG &RQFHSWXDO GHVLJQ

7KLV FKDSWHU GLYLGHG LQWR ILYH VHFWLRQV GLVFXVVHV VWX
7KLV FKDSWHU XVHG DQ HPSLULFDO WRRO WR DVVHVV WKH LQLW
RQ WKH GHK\GUDWLRQ UDHQWR UBW HDRREQWW B @D/ SIDBS %DVHG F



NLQHWLF GDWD UHSRUWHG LQ FKDSWHUV DQG RI WKLV WKHV
WKH VI\VWHPV VWXGLHG $ FRUUHODWLRQ PRGHO ZDV IRXQG W
H[SHPHQWDO GDWD 7KH RSWLPDO FRQGLWLRQV DUH SUHVHQWH
LQ WKLV FKDSWHU 7KH FKDSWHU DOVR GHVFULEHV WBWHBHVW F
IUXLW FRQFHQWUDWLRQ SURFHVNQVRIQE HDSJEXG DVE KMV I HG LL\D DAOMR
WKH HQHUJ\ UHTXLUHPHXWVY FRDSWHH DFERPIR KVUNGKG W KWK VW
REMHFEWL@BOO\ FRQF®XGCL QP IHPYDHAMHQWY WR K\GUDWROWHFKQ
VRXUFHV FLWHG LQ WKLV FKDSWHU DUH OLVWHG DWW DVKWMLFQE
SDSHU WR WKH MRXUQDO RI IRRG HQJLQHHULQJ (OVHYLHU

&EKDSWERQFOXVLRQV DQG 5HFRPPHQGDWLRQV

7KLV FKDSWHU SURYLGHV D JHQHUDO RYHUYLHZ RI WKH VWXG\T
LPSRUWDQW FRQWULEXWLRQV WR QHZ XQGHUVWD Q GIHQIHZUHDDH V X

FORVLQJ UHPDUNV UHFRPPHRXGRYLKRQGVIRWBW NWWHIRQIGMMRBEK P H |
UHVHDUFK VXJJHVWLRQV



SHIHUHQFHYV

%ULJIV ) $ +X < & DQG %DUGXKQ $ - H1IHZ DIJHQWYV |
GHPLQHUMDOZV UMD VEDEOH IURP WKH 1DWLRQDO 7HFKQLFDO ,QIR
DV 3% B3ULFH FRGHV $ LQ SDSHU FRS\ $ LQ PLFUR

'HYHORSPHQW 3URJUHVV 5HSRUW
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CHAPTER 2 (BASED ON PAPER 1)

LITERATURE REVIEW

A REVIEW OF THERMODYNAMIC AND KINETIC STUDIES RELEVANT TO GAS

HYDRATE-BASED FRUIT JUICE CONCENTRATION

" &RQWHQW SYXBPOLYKO RILRRG (QJLQHHULQJ

$SEVWUDFW

Although the proof otoncept has been demonstrated, significant progress is necessary to achieve the
industriatlevel validation and commercialisation of gas hydi#zdeed fruit juice concentration. This
emerging and innovative separation technology is reviewed in this dtiolegh thermodynamic and
kinetic studies reported in the literature. It emerges that hylested juice concentration has two
outstanding features: it preserves more bioactive compounds and consumes less energy. As a result, it
is a technology that i&kely to contribute to sustainability and position itself as an alternative to current
juice concentration processes. This review briefly introduces three established industrial juice
concentration processes and provides a background on gas hydrates fbefisieg on both
experimental and modelling studies related to hyelvased fruit concentration. It appears that carbon
dioxide is the hydrate former of choice in juice concentration while the number of investigated juice
systems is still low. For thigason, more research is required to confirm the sustainability of this novel

process. Other areas of concern for future scientific investigations are also outlined.

 QWURGXFWLRQ

Since the 19 century, according to the International Energy Age(Biyol, 2017) global energy
consumption and production have been increasing steadily. Furthermore, as many countries around the
world experience energy shortage, there is a need to develop -effiicgnt processes. These would

allow for energy savings arehhance economic viability. It is in this context that clathrate hydrate
based processes emerged as environmentally friendly and egficggnt alternatives to numerous
industrial processes in areas such as separation progéskasimanesiet al, 2012; Gambellet al,

2019) seawater desalinatiqBabuet al, 2021)and fruit juice concentratio(ClalRenet al, 2019;
Srivastaveet al, 2021) This article reviews experimental and modelling studies related to the use of
gas hydrates formation in fruit juice concentration to conteibowards sustainability through energy

savings in the food processing industry so as to:
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1) highlight advances made in the application of -lggdrate concentration to fruuice
concentration in the context of energy management and pollution mitigation,;

2) rationalise the available experimental data as well as the use of modelling approaches for gas
hydratebased fru#juice concentration;

3) point out opportunities for further research in the area of data collection and process modelling.

While previously published review articles on this topic mostly focused on experimental studies
(Clal3enet al, 2019; Srivastavat al, 2021) this article presents a more extensive examination of
advances and challenges associated with the modelling of hydised. Furthermore, more recent
publications could not be obviously found in thaidable reviews. The present article provides some
background on gas hydrates after briefly introducing their structure. This is followed by a critical
examination of available experimental studies relevant to gas hyahsgel fruit concentration. It is

worth noting that modelling aspects have not yet been addressed by previous review articles on gas
hydratebased dehydration, although such studies are essential in understanding and optimising
industrial processes. Finally, concluding remarks are prasémteecommendations for interesting
future studies to accelerate the adoption offgalyatebased dehydration on an industrial scale.

%DFNJURXQG RQ JDV K\GUDWHV
'HILQLWLRQ DQG SURSHUWLHV

&ODWKUDWH K\G U DWGILYN B UH F O XWWIHBOQ/CAIREIGNEERYDMH R MD Q HQWUD S S
RI ZDWHU PROHFXOHV *KRVW  DQG IDMRUDNS&H&+SBHWVNQGVHG PF
+6 NQRZQ DV 3K\GUDWH I'RXEHNW RO *JRBHOM|RV&ODWKUDWH K\GL
IRUPDWLRQ RFFXUV ZKHQ WKH K\GUDWH IRUPHU LQWHUDFWYV ZL\
FDJHLNHFWWWUWHK WKURXJK ZHDN YDQ GHU %IDHORDJIHEMXHDO® ROHFXOD
(QJOH]RYV ORQWD]HUL DQTKHROB®YRSWXQRBRWDYLWLHY DUH NQI
WR D EDODQFHG LQWHUDFWLRQ EHWZHHQ WKH K\GODWIH DRGP H |
5LSPHHVWHDKH QXPEHUV RI FRQWULEXWLQJ DWRPV WR WKH K\G L
RI VPDOO ZKROH QXPEHUV H) KUGW BMVH M HDUWHR Q/RFROLIDNHKER BARVIIV. FQ F
FRPSRXQGV WR GLVWLQJXLVK WKHP [(URPNMWMRLFEKHR®KWHHFPBDC
K\GUDWH VWUXFWXUH\ERRGMIEGCZOWKNO®OWRIHQFDSVXODWLQJ JXHV
VWUXFWXUH , V, FXELFWXWMURPWXDHULHY,DQ®D QK KH[DIJRQDO
VWUXFWXURQ:GRVY+DO DV VKRZQ LQ )LIXUH DQG 7DEOH QI
V+ VHYHUDO RWKHU FU\WWDO VWUXFW»UHV7 KD B &HHNRUDWSSR
VWUXFWXUHV ZKHUH JXHVW PROHFXOHV FKROHRDDO®\ ERQGRZLWK
HW DO %DVHG RQ SKDVH GLDJUDPV WKH LGHDO FRQGLWLRQV I}
ORWHPSHUDWXUHV DQGJIOHKHW7EKUMWDWKNVQGHUHG WKH XVH RI
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LQ LQGXVWULDO DSSOLFDWLRQV GXH WR WKH SURKLEMVLYH HQ
KRZHYHU PRMHLAQHQW WKDQ WUDGLWLRQDO FRQFHQW&DWLRQ ¢
typical size of a hydrate former that can fill the hydrate cavity varies between 3.8 and (@66bka

etal, 2021; Englezos, 2022)$ GHWDLOHG GHVFULSWLRQ RI JDV K\GUDWHVT ¢
and structural properties is availablddhHaq et al. (2022)Doubra et al. (2021) and Englezos (2022)
Neverthegss, they are summarised in Table 1.1 and Figure 1.1, which reveals a similarity between gas
hydrate and water or ice properties, except for mechanical strength, heat capacity and thermal
conductivity. Similarity stems from a hydrate structure containipndou85 % watefDoubraet al,

2021; Englezos, 2022he knowledge of these properties is essential for designing hydrsed

processes and preventingturally occurring gas hydrates.

Figure 22: Hydrate phase equilibrium curve-{B of Freonl2 hydrate former. (Adapted from
Zavodovskii et al., 2020)
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Table 22: Comparison between water, ice and gas hydrate properties. Provided values are based on
methand tetrahydrofurahor methanesthanepropanéhydrates. (Adapted fromdoh et al, 2011)

Property Water Ice Structure?| Structure Il
Thermal conductivity, 0.58 (283 K)  2.21 (283K) 0.57 (263 K) 0.51(261 K)
(W.mL.K?)
Thermal diffusivity 1.38 x 16/ 11.7 x 17 3.35 x 1¢/ 2.60 x 16
(m2.sh
Heat capacity, 4.192 (283 K) 2.052 (270 K) 2.031 (363 K) 2.020 (261 K)
Cp (kJ.kgt.K?)
Linear thermal expansion - 56 x 10° 77 x 10° 52 x 10°
at 200 K (KY)
Compressional wave velocity 1.5 3.87 (5 MPa, 273 K) 3.77 (5 MPa, 273 K) 3.82% (30.491.6 MPa,
Ve (km.s?) 258288 K)
Shear wave velocity, &/ 0 1.94 (5 MPa, 273 K) 1.96 (5 MPa, 273 K) 2.00% (26.662.1 MPa,
(km.sh) 258288 K)
Bulk modulus K 0.015 9.09 (5 MPa, 273 K) 8.41 (5 MPa, 273 K) 8.482 (30.491.6 MPa,
(GPa) 258288 K)
Shear modulus G 0 3.46 (5 MPa, 273 K) 3.54 (5 MPa, 273 K) 3.666 (30.491.6 MPa,
(GPa) 258288 K)
Density ! (kg.nT°) 999.7 (283 K) 917 (273 K) 929(263 K) 971¢ (273 K);
24

$SSOLFDWLRQV RI JDV K\GUDWHYV

,Q WKH WBHOQWXU\ FODWKUDWH K\GUDWHYVY IRUPDWLRQ ZDV RQO\
LQG XVWWO X V AHIDFO D (QIOH]RVHW DOR7KH\ LPSHGH WKH SURGXF
WUDQVSRUWDWLRQ RI K\GURFDUERQV L H PHWKDQH HWKDQH

LQ )LIXUH 7KLV FDXVHV SRWHQWLDO KD]DUGV WR SURFHVV H
ORVVHV %$SRQGK\GUDWH IRUPDWLRQ WKH VXGGHQ FKDQJH RI
YLVFRVLW\ LQ WKH SURFHVV RI IOXLG DQG HQYLURQPHQWDO SU
IORZ DVVXUDQFH SURFHVV 7KXV WKH S OHVNQWHRQ@ B K\GQIDIV
FRQFHUQ (QJLQHHUV DQG UHVHDUFKHUV ZHUH SURPSWHG WR L
ZHOO DV WKH NLQHWLFV RI JDV K\GUDWH IRUPDWLRQ 7KLV UH
SUHGLFWLRQ DQG SDWHHQWUR®Y RY FRDODRKWLRQ RU GLVVRFLDWLI
DQG JDV WUDQVSRUWDWLRQ SLSHOLQHYV
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Figure 2.3: Shows a subsea pipeline plug made of gas hydrate hydrates. This conglomerate is filled
with gas hydrate, tich is white. (Adapted frorBloan and Koh, 2007)

7TKURXJK LQWHQVLYH UHVHDUFK LW KDV EHHQ IRXQG WKDW JD\
SUHYHQWHG WKURXJ# BGYRIK BIMOQBOP HW K REBEVHKIHT I RYARXZ LQJ WHFKC(
DUH WKH PRVW SURPLVLQJ DFFRUGLQJ WR UHFHQW VWXGLHV

1) water removal to lower the system dew point;
2) keeping the system temperature higher thamyideate formation temperature;
3) keeping the system pressure lower than the hydrate formation pressure; and

4) using thermodynamic inhibitors.

For gas hydrates to form, free water must be present. Hence, the absence of free water effectively
prevents thie formation. Consequently, water vapour can be removed from natural gas or acid gases
(lower the system dew point) to avoid this flow assurance nuisance. The presence of water in a flowline
can be reduced through a dehydration technique, accorddaut®017) In addition to its suitability

for longdistance tiebacks, this methandcreases reserve recovery while reducing topside water
handling, treatment, and disposal. However, it is difficult or expensive to altogether remove water from

gas and oil.
The goal of preventing hydrate formation is generally best achieved at tempemitabout 4C or

KLIJKHU .HHSLQJ WKH IORZOLQHTV V\VWHP WHPSHUDWXUH KLJKF

pressures. Under these conditions, the flowing mixture is held outside the zone where hydrates form.
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By insulating the flowlines, it lsabeen reported that the temperature of the flowing mixture can be
maintained $ Q UHHW O +RIDW DO %HWODO Itis, however, not sufficient to
maintain the temperature of the flowline using this method alone, regardless of the insulation used
(i.e., dry, wet, and pipeline burial). Short flowlines are the onlgs that can benefit from the technique.
Longer flowlines will require a complementary approach, such as using active heating as a supplement
to insulation methods. Through this technique, a suitable amount of heat is supplied to the system to
raise theemperature above the hydrate dissociation point. Hydrate crystals are quickly dissociated in
this way, preventing pressure builgp and possible flowline problems. Activated heating is usually
achieved by direct electrical heating or circulating hot faridil. The major advantage of this method

is that it can be used as a preventative or remedial measure for hyBratd® D \V§ QRIBW D O
+RQHAW DO %HWODO These can also be used during sthasvn or restart as well as
continuous operation. Although this is true, their accomplishments do not always meet expectations and
are not economical. Recent offshore operations in the Gulf of Mexico have employedepipelih as

an affordable thermal loss reduction methadd Q J HW D @ contrast, conventional and pije

pipe insulation can be predicted more accurately and are therefore recommendedistzaomg pipes,
however, are more costly to heat andilate.

$OQORWKHU SUHYHQWLYH PHDVXUH IRU K\GUDWH IRUPDWLRQ LV W|

the hydrate formation pressure. Hydrate formation is generally prevented using-thepliassurisation

method =R X . It involves reducing the system pressure sufficiently to reverse the equilibrium

reaction at a pressure below the hydrate formation presswamlaent temperature = R X

Line-depressurisation cannot be used for long and-pighsure gas transmission pipes. Rapid

depressurisation at the wellhead lowers the temperature, making it more conducive to forming hydrates
:DQJ HW D This method is economically feasible and can be applied for gas hydrates contacting

conventional gas reservoirs, inclndiformations with higher permeability and depth.

Hydrate inhibitors are another practical method to prevent hydrate formation in the pipeline by injecting
the chemical agent into the free water phase. There are three types of inhibitors for gas hydrate
formation: thermodynamic, kinetic, and aagglomeant (Kim et al, 2018, 2020; Wangt al, 2019;
Semenovet al, 2021; Liet al, 2022) The last two are known as leslose inhibitors. Common
thermodynamic inhibitors include methanol, monoethylene glycol, and triethylene glycol, which are
less corrosive and less expensive to use these inhifitorset al, 2018, 2020; Wangt al, 2019;
Semenovet al, 2021; Liet al, 2022) Due to the high toxicity and large loss of MeOH during
operations, its use igmited 6 HP H @ RY DO A key element of hydrate inhibition is keeping
pressure and temperature away from the hydrate formaijpon. The effects of these compounds alter

the equilibrium in the hydrate phase by altering the temperature and nucleation rate that lead to

crystallisation. This is due to the interaction between these additives and the water molecules forming
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the hydrae host structure . LPHW D O They do this by forming hydrogen bonds with each other
and destabilising the hydratbase structure.

In industry, these approaches to gas hydrate mitigation are used either individually or jointly. Despite

their negative connotations in petroleum industries, clathrate hydrates have attracted considerable

attention in numerous applicationBhese can be termed as positive applications of gas hydrates and

include carbon dioxide capturee D HHRI HKQW®R DO :LOEHMHWRDBH <XW DO

seawater desalination& KR®W DO 1JHPW DO 2QJ DQG &KHQHW DO%DE X

energy recovery (hydrogen or methane), energy storage (Englezos, 1998hdbeti@tion of dilute

agueous solutions as well as fruit juid€ew, 1960; Huangt al, 1965, 1966; Ngan and Englezos,
$QGHUVHQTY DQG 7KRPVHQ /IL 6KHQ /LX )DQetDbQG 7DQ

al., 2015; Safari and Varaminian, 2019; Ab&dirizhendiet al, 2020; Ghiaset al, 2020; Doubraet

al., 2021) transportation (QJO H]R Vand many other attractive applications. However, poor

kinetics and harsh formation conditions hinder the industrial implementation diygiaatebased

processes. These stem from the fact that gas hydrate stability is generally achieve miplenature

and highpressure conditions. Hydrab@sed processes atgacacterised by high operational costs due

to refrigeration requirements and the substantial capital expenditures associated with pressure vessels.

It is imperative to come up with a convincing reactor technology that solves the two challenges.

%DFNJURGQGBXLW MXLFH FRQFHQWUDWLRQ SURFHVVHYV

Fruit juice (natural beverage: no additives or preservatives) results from liquid extracts from the fresh
cut ripened fruit through a pressing or squeezing process in the commercial operation of fruit juice
without adding heat or solvent. They are not thexrmodynamic equilibrium state, leading to adverse
changes during storage*xDPBW DO This is due to high moisture contemie(, water). An
extracted fruit juice is generally subjected to a concentration process. This amounts to partial
dehydration without affecting or changing any contents in the solid composition to preserve juice
freshness and reduce the costs during-tengy storage, transportation, and packaging. In addition, the
removal of moisture strengthens solid material stability. Water can be added later, closer to the point of
sale, if necessary. Moisture content and water activity in the concentration processogrésed as
essential factors or parameters that influence the product quality of fruit jaibeP BW D O
However, water dwvity has a more direct effect on fruit juice than moisture content. These factors may
affect the micrebiological and chemical characteristics of fruit juice. Adverse impacts such as a change
in colour, aroma and stability of fruit juice may result franadequate concentration. Thus, the
concentration process plays a crucial role in limiting water activity levels (concentrated fruit juices,
0.80to 0.85) to avoid bacterial spoilage and the problems abdM P BW D O In industrial

processes, concentrated extracts are categorised into two types, namely, frd2érn)(&#d regular
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(>70 W% U (Hajauria and Tiwari, 2018).

Numerous techniques are used for juice concentration due to their different advantages, as shown in

Table 2.2. These include popular techniques such as thermal asidenoral (i.e. evaporation and

freeze concentration) presses as well as membrane concentration (i.e. reverse 0Smosis) processes
OLVHMW DO =DPEHMNWNBO 'LRAW DO &KDUFRVVHW HW DDGUDVQLD

3HHW DO Table 2.3 shows the differences between these techniques in terms of product quality,

guantity, energy consumption, and process ecor{@agirasniat al,, 2021; Doubra and Naidoo, 2021;

TobarBolafioset al, 2021)
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Table 23: Advantages and disadvantages of the evaporation, membrane, anefneezatration processes.

Technology Advantages Disadvantages
x  High levels of concentrated solids X  Low retention of volatile aroma compounds
. x  High evaporation rates X Requirement of post treatment process to recover lost essences
Evaporation . . - iy . L .
x High yield ofconcentrated juice X  Sensory and nutritional alteration changes colour and diminishes antiox
power
x  Energyefficient compared witlfreezing and evaporation x As a result of fouling, the permeate flux rate decreases over time
X Suitable for moderate temperatures and pressures x  In order b overcome the osmotic pressure, the pumping pressures mus
Membrane x  Excellent retention of organic molecules of low molecular wei considerably higher. This leads to high pumping costs.
x  Stable chemical and physical properties X Resulting in low concentrations
x Pretreatment processes are required
x  Due to the low temperatures used, pineduct quality is excellen x Compared to conventional dehydration, evaporation or membrane
X Low temperatures are less likely to cause corrosion or scaling concentration operations, this procedure takes nuraer
x  Energy consumption is lower X The high costs of production of freezencentrated foods are a result of tr
X The process uses low temperatures, which cause volatile aro abovementioned challenge combined with relatively high capital
compounds to be retained longer. investments
Freeze Concentratior x Discharged pure water does not requingtfer treatment X |r_1 freeze_ concgntr'ation, higlacuum production is an additional expense,
x  Hybridisation can be made easier with membrane systems sincerefrigeration is costly
x  Using materials that are inexpensive X Retention of unpalatable flavours
X High mass transfer coefficient x  The crystal separation process entails higher investment costs and cap
expenditures
x  Crystal brine separation can be challenging
x  Growth is slow at high viscosities

Table 24: Comparison between concentration technologies based on concentration levels, capital investment, operating costs uemgtign,camg time.

Product

Costs

Technology Maximum sglids achieved Same instal_la.tion for Energy.
concentration % (m/m) Quality Quantity different juices Operating Capital investment consumption
Evaporation 60 to 65 Very poor Higher Moderate Moderate Very high
Membrane 2510 30 Very good Low High High Moderate
Freeze concentration 40 to 55 Very good Moderate High High High
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7TKHUPDO SURFHVYV

Thermal processing (i.e. evaporation) is by far the most widely used conventional technology for fruit
juice concentration because of favourable economics. This technique canmas@ham desirable in
industrial concentration value ranging from 60 to 65 % (m/m) soliel® F N HW WCompared to

other concentration systems, it can produce large quantities of products. However, despite this
advantage, the technology provides the lowest product quality while being -émergive 6 L H WA\ V
DO &\NOLYV A variety of organic substances are subjectdgradation. For instance,

amino acids and sugars can undergo Maillard browning and pigments, such as anthocyanin and
carotenoids, are destroyed. Juice concentrates with high solids levels are produced by evaporation at
temperatures of 50 to 15Q to renove the water. Consequently, the method has been improved to
reduce energy consumption per unit production by using a mudffdet evaporator (i.e., shell and

tube type) or vapour compression, which lowers the residence time of liquid extracts wdthin th
evaporator. Regardless of such measures to reduce energy costs, the process quality challenge
negatively impacts heaensitive nutritious ingredients6 L H YHHW VD O &\NOLV

9LGDQD *BMDDHD DQG IUXLW MXLFHYV<DROW RO\ dDeNONdndgiityX W H V
exposure to heat. Due to the high temperatures of the proogsisstage evaporation still results in a
significant loss of sensory attributes and kestsitive nutritional ingredientss avell as a colour

change within a short period.

Compounds associated with sensory attributes aneshaattive nutrients in fruit juice are soluble in
water, so they are eevaporated with the water, resulting in poor product quality. However, to address
this quality challenge, lost essences (i.e.n@pmay be recovered through a system of entrapping,
concentrating essence or tigtick process and be added back to the concentfateN HQV D O
6DIIDULRQSRXU DQG 20W RV Due to it& bigh\wetbiRery rate, the pervaporation
membraneébased technology is considered a viable solution for recapturing lost aroma. The
technologies utilised for aroma recovery aim to minintgeloss of sensory paramters of fruit juice

and heasensitive nutrients by producing an aroma concentrate that can be reconstituted into the final
product. The separation of vapours and liquids continues to be a major industrial technology, possibly

to retain the original scent of the aroma as well as standardise the process of processing it.

Fruit juices containing aromas are in demand, especially in the food and beverage industry.
Concentrated flavours are advantageous because they offer a lbegelifs, fewer packaging
materials, and reduced distribution and storage costs. As a result of these demands, the technology has
seen wide application in the liquid food concentrating sector. A major disadvantage of this technology

is that it cannot matain the original taste during the recovery process. Following concentration, they

cannot keep the original flavour precisely; therefore, flavour adjustments or additives are needed
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IXNIHQNV DO 6DIIDULRQSRXU DQG 2WWRQV. However& BaveurU R
adjustment strategies are unfavourable since consumer demands for highly natural, nutritious, and

additive-free fruit juices are growing due to consumer concerns about a healthy lifestyle.

Industrial concentration by thermal evapgaa is generally performed under a reduced pressure to
lower the boiling temperature (i.e., operating under vacuum) of the liquid extracts and minimise thermal
degradation. Consequently, working at a lower temperature negatively impacts pumping andl reduce
heat transfer due to increased viscosity and concentration. In addition, this leads to slow heat transfer,
and it requires longer retention of the liquid extract within the evaporator. As a result, this may lead to
crystals formation, which may caused¢htages and total shdbwn of the processing unit. Furthermore,

it is possible in a concentration process involving heat transfer to form fouling deposits on the surface

of the heat transfer unit, which further hinders the heat transfer coefficient.

Figure 2.3 shows many industrial evaporators, including batch pan evaporators, natural circulation

evaporators, and forced circulation evaporators. However, the selection of evaporators has to be in line
with the properties of fruit juice, the product qualépd the economy. This plays a vital role in avoiding

the loss of volatile essences during condensation. Aside from minimising energy consumption, the

selection also contributes to energy conservation. Vacuum evaporation is the most common method

performedby a rotary evaporator.

Figure 24 (YDSRUDWRU W\SHWXHEH + EUWPRERNYIDFEWXEQRIJYHUWLFDO DQ
JRUFHG FLUFXODWLRQ
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Industrial concentration by thermal evaporation is genepdlyormed under a reduced pressure to
lower the boiling temperature (i.e., operating under vacuum) of the liquid extracts and minimise thermal
degradation. Consequently, working at a lower temperature may lead to crystal formation and solids
impurities depsits, which may cause blockages and total-dbutn of the processing unit. These
challenges are mainly experienced in the first effect tubes. Furthermore, it is possible in a concentration
process involving heat transfer to form fouling deposits onuHace of the heat transfer unit, which
further hinders the heat transfer coefficient (from 4494.5 up to 8475CHkdh) &\NOLV

In the industrial setting, for example, it is common practice to design heat exchangers with larger areas
than required because of the risk of foulant deposition, reducing the performauiz®d WO D O,

resulting in higher capital expenditures. If a 30 to 40 % excess area exists, the total capital cost can
increase to 25 % 3 D WWOD O. Larger areas can also facilitate foulant deposition due to lower fluid
velocity under cleaningonditions 3 D W WO D O . The presence of foulants on heat exchangers
cannot be wholly avided. Thus, they must be cleaned as soon as possible to prevent their performance
from deteriorating. Despite its higher investment costs, -tybe heat exchangers (mudtiage
evaporators) are still prevalent in the fruit juice industry. Designing aanchvaporator requires a
reasonable estimation of the heat transfer coefficient. Even though falling film evaporators have been
in use for at least 50 years, the overall heat transfer coefficient and mass transfer in the fruit juice

industry still pose carerns.

OHPEUDQH SURFHVVHYV

Membranebased technology is widely used in fruit juice clarification and concentration processes. It
has become a common and significant process in f@&#& D U F R V V FlMthermore, the technique

is known as the most promising alternative to the conventional methods of fruit juice concentration as
the flavour of the freshly extracted fruit juice is well maintained without any @K DUFRVVHW
while operating conditions are moderate. The method improves fruit juice clarity, reduces labour and
production costs, provides means to recover enzymes and other valuable materials during filtration, and
facilitates waste management. Thus, the procesitrective due to its lower energy consumption and
production of highgquality fruit juices & KD U F RV V.HH®wever, it is noteworthy that the
clarification process must be installed prior to concentration. This is instrumental in achieving a more
economically viable concentration process by rapidly increasing the concentuéttpdde production

rate. The freshly cut and squeezed fruit juice contains a high content of insoluble pectins, proteins, cellu
lose, hemicellulose and lignin'tH] D QG 5 R V Dh@se constituents increase the viscosity of the
fruit juice, which leads to difficulty in the clarification process when membrane technology is used.
7TKXV WKH IUXLWTTV P R¥ydtnreRRRIRIQUE ihzih@atiS tteetment by pectinase

or depectination process%oa RNKHDW\DO 5X3EKW DO <4XW DO. In this process,

pectinase is used to dehydrolyse pectin, which leads to the flocculation of pectin protein complexes.
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The later juice is less viscous and contains a lower amount of pectin. This is useful for dopisobs
membrane process to reduce fouling risks. Upon increasing the efficiency of the enzymatic process, it
is vital to use the optimal condition of the most critical variables. These include the rate of flux, enzyme
temperature, concentration and pFk RN KD \DO 3 XW@LMDNO 5XGRW@WSKO <X
HW DO 'tH] DQG 5R Wd@®ver, the préreatment step is costly (pectinase is 25% of the
processing costs), but alternative-meatment processes are under investigatioiR XIVQ H JHKW GD O

. These include centrifugation processes and the addition of pure fining agents (bentonite and
gelatin) or enzyme addition<kR X VHIDHEW D O.

In particular, pressurdriven membrandased operations, such as microfiltration (MF), ultrafiltration
(UF), nanofiltration (NF), and reverse osmosis (RO), as shown in Figure 2.4, have been used extensively
in different industrial applications, includirfguit juice concentration industry'tH] DQG 5RVDO
<DGBW DO

Figure 25 7\SHV Rl SOGUVNYXQHPHPEUDQHV PLFURILOWUDWLRQ O
QDQRILOWUDWLRQ 1) DQG UHYHURHZFRRPRMAW HW2 D@GDSWHG 11U

These pressus@riven membrane processes reduce energy usage by éingipaase change in the

fruit concentration process. The primary separation mechanism in MF, UF and NF membranes is size
exclusion. Generally, RO membranes are used for separating low molecular weight compounds from a
relatively pure solvent since theioq@s are microscopic. It is common to use MF and UF membranes

to remove particles, while RO and NF membranes are used to recover nutrients. In recent years, new
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membrane processes have gained popularity for the extraction of components associated with the
sensory attributes and hesgnsitive nutrients. These membrane processes include pervaporation (PV),
membrane distillation (MD) and osmotic distillation (ODEULVFXRQ@HL HW DO 3LD]]C
DO ‘HQ W H Q S¢Mcttibg@hese membrane types depends on their chemical and physical
(pore size and pore size distribution) nature. These properties affect the separation of clarified liquid
streams. However, other factors such as operating conditions (pressure, concentration, and temperature)
and the type of fruit juice (maturity level and desired quality) also affect the separation of clarified
liquid streams. MF and UF membranes are comynaskd to remove particles, while RO and NF
membranes are applied as nutrient recovery techniques. Despite favourable operating conditions, these
techniques can only lead to a maximum concentration range of 25 to 30 % (m/m). These concentration
levels arelower than those typically resulting from thermal evaporation and freeze concentration
processes. This is due to severe fouling and a reduced permeate flukXet&®/ D O. The residual

pomace in fruit juice could block the tiny holes in the membrane, leading to a high membrane
repla@ment cost. Several techniques are used to avoid this complex phenomenon, including ultrasonic
vibration, periodic backwashing with air op,Nbulsating flow, turbulence promoters, and antifoaming
agents % RNKDWMW\DO 5 XGRS +XW DO 'tH] DQG 5R MiBhQross

flow velocity also reduces the development of concentration polarisation and restores the permeate flux,
preventing membrane fouling if not monitored. The two distinct flow patterns are depicted in
Figure 2.5. Reducing membrane fouling andaamntration polarisation is possible by increasing the

system temperature.

Figure26: $ 6FKHPDWLF UHSUHVHQWDWLRQ RI PHPEUMH@QGC DYEHE PR
&URNWRZ $GDSWREBIBMRPXRY HW DO

Despite this, none of these is useful on its own. Fouling attached to the membrane acts atoan initia
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for binding the more foulers, so the fouling cannot be completely eliminated. In contrast, a regular
cleaning regime combined with the right processing conditions keeps a membrane in good working
condition for a very long time. Thus, the comercialisation of membrandéased technology has been

hindered by high investment costs due to high utility requirements (i.e. energy, pure water and rapid
cleaning) and the phenomenon known as membrane foulin@ N KDV DO 5 X GR® SIKO

<XHW DO 'tH] DQG 5RVXB WR PHPEUDQH IRXOLQJ DQG SUHVVXUH
to reach a favourable concentration of juice products by predsven membranes. Consequently, it

is more common to use them to preconcentrate juice rather than to replace the thenodl Asean

alternative to pressudriven membranes, research is currently being conducted on new membrane
classes (OD, MD, and PV), which offer potent advantages of higher permeate flux rates and less fouling

6DIIDULRQ SRKWHIY HW DODQ&ULVFXROL HW D@QJXIRHM DO
‘"HQWHMWD DO

JUHH]H FRQFHQWUDWLRQ SURFHVV

Freeze concentration, an emerging food technology, is based ofiqglidphase separation, which
occus in a manner that requires low temperatures and thexistence of a liquidapour interface.
As a result of this technology, the water content in fruit juice solutions is wholly or partially frozen,
leaving the unfrozen concentrated solution rich atutes. Compared to the thermal evaporation
process, due to low temperatures used, this technique can retain thermal sensitive components of liquid
food, viz., volatile aroma and flavours. It gives the best sensory quality and has been reported to meet
the quality of freshly extracted fruit juice, which exceeds that processed by thermal evaporation
(QJOH]R VThus, it has been regarded as a credible alternative to conventional technologies used
in a concentration of fruit juices, such as thermal and membrane processes. The energy requirements in
the freeze concentration process compared to thermal processeanuch lower
&\NOLYV JHWL Q O This has been observed when both were compared theoretically by
looking at the heat of evaporation (2260 kJ/kg) and enthalpy of freezing (335 kJ/kg) at atmospheric
pressure (101 kPa). In addition to the energy savings associatedisvited¢ze concentration process,

the lowtemperature requirements lead to lowst equipment construction.

Additionally, freeze concentration requires no -peatment process nor fouling, unlike thermal
evaporation or membrane separation. Freeze caatientcan be accomplished with a single or multi

stage unit, depending on the production scale. On the other hand,-atagdtfreeze concentrator can
consume less energy and produce more. As opposed to conventional systems, the food industry prefers
asinglepass freeze concentration system due to its simplicity and ease of use. In Figure 2.6, various

types of freeze concentration processes are shown.
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Figure 27 &RQFHQWUDWLRQ PHWKRGV W K'DREXIXV QUHDH HWP BDHBW RB W H G
PHWKRGV DUH D VXVSHQVLRQ FU\WWDPRQVBQWROQWLR® B EH
LQGLFDWHY KHDW WUDQVIHU GLUHFWLRQ

Despite an energy advantaga the freeze concentration process, its lagme industrial
implementation has not been widely adopted industrially. This is due to several technical issues, which
include possible precipitation of soluble solutes, a considerable loss of solid c¢sbéurtess stick to
the surface of the crystals, which lowers the solid material in concentrate), lengtiupteoid startip
times, and high capital costs (i.e., costs of refrigeration, equipment investments and operation)

4LBW D O. Inthe concentration process of fruit juices by freeze concentration, it is reported that
there is a formation of a smooth and impermeable layer on the surface. In addition, freeze con
centration technology can reach a maximum concentration of 40%o(68m) solids +DF NHW W
This degree of concentration is somewhat lower than that provided by thermal evaporation but higher
than that offered by membrane processes. This is caused by a decrease in ice crystal growth rate and
diameter due to a rise in solute concentration that causes an increase in nucleation. In addition, when
the solute concentrations are high, they can solidify together with the ice, and it would be difficult to
separate them. Ice crystals grow greatly asibeatmoved from the sample until the sample temperature
EHFRPHV YHU\ ORZ ZKHQ PDVV WUDQVIHU SUREOHPV FDXVH WKH
DQG IUHH]LQJ SRLQW GHWHUPLQH WKLY WHFKQRORJ\TV PD[LPXF
viscous, it prevents the ice crystals from growing. The third challenge of this technique is its increased
physical properties with a decrease in juice temperature. In this way, ice crystals are continuously
formed till they reach a separable size. Moredieeming large crystals requires longer residence times
(and therefore larger equipment), making it difficult to separate them in a subsequent step (e.g., ice
separator) whose capacity is inversely proportional to the viscosity. As a result, the wedl Eyeiis
have a considerable heat transfer resistance, which results in a large heat transfer area with a low heat
transfer rate and a long crystallisationtim@L\DZDNL DQG ,QDNMWDDO 4EH®RDO

In addition, due to the directional freezing iple involved in freeze concentration application,

its heat transfer rate is generally higher than the mass transfer rate in the process. Hence, ice has a low
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mass diffusion coefficient and a high thermal conductivity. Therefore, diffusion of sensomyepens

and heasensitive nutrients leads to supercooling (constitutional supercooling) at the tip region, where
crystals form in a dendritic pattern DG UDN@WLDO The two methods of concentration by
freezing are presented in Figure 2.6.

The technique is also energyensive (35 to 40 kwWh/t) due to the operating temperature below the
freezing point and the nature of the feed solutions that are being concentrat@HRV D O. The
solidification of water in most fruit juices requires substantial energy since most juices contain more
than 80% water by volume. However, when there is little water content in the crystallisation process,
the energy demand is significantly reduced. Thus, for thasems, freeze concentration is only utilised

in the production of higlvalue products in much lower quantities where fsghsitive components are
retained 'D G U DWW\ LIDO

There are costs associated with juice loss and the struggle to remove ice crystals without losing solids

in freeze concentration (i.e., $2 M for 1G/mcapacity), which are higher than those associated with

evaporation 'D G U DW\@ LIDO As a result of its high capitand energy costs, the technology has

not been able to achieve widd FDOH LQGXVWULDO DSSOLFDWLRQV $GGLWL

drawback is the use of hazardous refrigerants. As a result of its potentially explosive flammability limit,

this refrigerant is also a major safety concern. A new generation of equipment known as IceCon
YDQ %BMHNO 'DGUBWQRO has beeneveloped in response to these inconveniences.

The new generation of equipment produces slurry crystallisation by combining nucleation and growth.

7KH VOXUU\YY FU\WWWDOOLVDWLRQ DQG LFH YU XZONREX \BWUHRREXXLF W L R

DO S5H]YDQL 'DVWJHU GILsibhpifies &k Helign of the equipment and eliminates

the need to Essurise the vessels and internal filters. A capital cost reduction of 35 % and a reduction

of 20 % in energy consumption can be achieved through these improvements.

([SHULPHQWDO VWXGLHV UEMDHY® QWX MWR BRYFKHNGW DWW LR Q
BULQFLSOH RI BDVHGGWRIMWFHQWUDWLRQ

Concentration by clathrate hydrate formation is similar to the freeze concentration process. Both

processes are based on the fact that the solids materials present in the aqueous solution are not contained

within the ice or gas hydrate crystal structur¢ QJOH]RV Ice formation during freeze

concentration is replaced by hydrate crystal formation during clathrate hydrate concentration
IHOXVAHIW\DO E +DVVDQSRMKUNDX EFQJEOH . Since gas hydrate can

be formed above @C, energy use becomes smaller than that in freeze concentration. Fhabkatke

concentration is expected to be less endamggnsive than evaporation, membrane technology and

freeze concentration. Thus, the critical advantage of this process is -sagrgy when operated at
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moderate pressures and temperatures.

To concentrate dilute aqueous solution via gas hydrate formation, the selected gas that is capable of
forming hydrate is forced into an aqueous mixture under suitable conditions in terms of terapera

and pressure. Gas hydrate is then removed from the concentrated aqueous solution by utilising the
centrifugation process' RQBW DO 'RXHBHWDDO Water and gas from gas hydrates are
separted by elevating the temperature or reducing pressure, or combining the two approaches to
decompose the gas hydrate crystals. In order to save on utility requirements, thefoyaiategas is

then separated from water and recycled back for subsequemydate formation (Q JO H] R Vit

is worth mentioning that most reported hydrate formers are not environmentally friendly in the
concentration process of food. Hence, care should be taken togesdestthat would not lead to juice
poisoning, or a compromise should be found between environmentally friendliness and safety when

selecting hydrate formers.

There is not much information about typical gas hydbased processes for the juice conceiainat
process. The literature, however, indicates that iSGalready widely used in the food processing
industry as it is not toxic to humans. Technology based onh@@ates may then be regarded as a
gentle, new way to concentrate fruit juices. Basedherliterature survey, the flowsheet presented in
Figure 2.7 can be considered as a good description of operations involved in fruit juice concentration

via clathrate hydrate formation.
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Figure 2.8: The flowsheet of the hydratsased juice concentration process

In order to concentrate fruit juice, a hydrate former and fresh juice must be mixed in the jacketed reactor
in which gas hydrate forming conditions are achie&efore this, fruit juice is cooled down to improve

the hydrate formation efficiency and avoid any microbiological changes in the juice that might occur
and lead to the loss of bioactive compounds. Moreover, this will reduce the coolant purBp&dyP

from the refrigerator to the reactor. Thus, the freshly extracted juice will be cooled by passing through
a series of heat exchangers X2 and 3). The cooling energy which is sourced from process streams
(HX-1, 2 and 3), is part of energy recovery.efiéfore, juice at a lower temperature closer to that
required to form hydrates is fed into the hydrate reactor and the hydrate former. As part of energy
saving, the hydrate former is continually being supplied by the hydrate former storage tank, which is
recovered from the process. However, in case of any losses during the processp magdiydrate
former may be used to overcome shortages. The hydrate reactor has an incorporated mechanical stirrer

which enhances the process kinetics. The hydrate suiting the hydrate reactor is pumped2Pto
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a highpressure centrifuge to separate the juice concentrate from gas hydrate crystals. The latter is
subsequently conveyed to a hydrate dissociator. At this stage, the separation between pure water and
the hydrate former is affected by setting the mixture conditions at ambient temperature and pressure.
These two components of the hydrate phase are recycled to the reactor. The hydrate former leaving the
hydrate dissociator top is mixed with another stream sflyarate former and compressed into the
hydrate former storage tank. Pure water is collected at the bottom of the dissociation vessel. This

recovered water can be reused in other sections of the plant.

Dehydration ratio (water content removed) iseg parameter used in most convectional processes for
fruit juice concentration to assess the process separation efficiency. It is calculated utilising the

following equation:

(2.1)

wheren denotes the hydtion numbefFakiret al, 2021) ~ Qis the amount of gas consumed through
clathrate hydrate formatiofAbediFarizhendiet al, 2020; Pahlavaradehet al, 2020; Fakiret al,
2021) andnyo denotes the initial number of water molecules in the liquid p{izader et al, 2021)

7KLY SDUDPHWHU LV UHODWHG WR WKH ILQDO SURGXFWTV H[SH
calculation of the final concentrated juice volume from known raw jhiltgeover, depending on the

nature of the initial juice and expected product, this parameter also provides more insights into the
SURFHVV HQHUJ\ UHTXLUHPHQWY &RQFHQWU D Wiife@epehdanV MXLFH
the dehydration ratioThe maximum juice preservation and extended dielfcan be effectively

achieved at high dehydration ratios. However, the process requires more energy at these levels of
dehydration ratios. Despite this challenge, gas hydrate technology can easilg hidtiev dehydration

ratios than conventional concentration processes. Eivéggy compared to other conventional
technologies, gas hydrate promises to be an ersgng technology. This is supportedbgubraet

al. (2021) who estimated energy requirements as 180 to 2160-idHtey, 936 to 1800 kJ/kgater,

and 252 to 360 kJ/kgater for evaporation, freeze concentration and hydrased concentration

processes, respectively. The literature also reveals that the ecoeeahiation of hydratbased
concentration processes can be undertaken from the knowledge of the type of juice (its constituents),

the type of hydrate former, the operating pressure, the operating temperature, the initial juice
concentration, etdDoubraet al, 2021) In order to design and analyse hydiasésed concentration

processes to establish their economic viability, thermodynamic, kinetic, and heat and mass transfer

studies are required.
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([SHLPHQWDO WKHUPRG\QDPLF VWXGLHV

There is no industrial plant anywhere in the world that concentrates fruit juice through gas hydrate
formation as all requirements are not yet met for that end. These include accurate thermodynamic,
kinetic, mass and heatahsfer data for investigated juices under hydrate forming conditions and
thermophysical properties of various materials involved in the concentration process. Concerning gas
hydratebased concentration, studies reported in the literature are mostly remcevith
thermodynamic data measurements to provide the information required for process design, modelling

and simulation. Table 2.4 summarises major systems that have been investigated in the open literature.
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Table 25: Experimental studies for gas hydrate dissociation in fruit juice systems.

Author (s) Hydrate former Aqueous Dissociation Dissociation Concentration Data Dehydratio  Study
system  conditionsp[MPa] conditions T/[K]  (w/w) point  nrate (V/V)

(Li, Shen, Liu, RAn, Experimental study of concentration ¢

Tan,et al, 2015) COz + HO Tomato  2.33-4.10 218.42-282.5 ) 50 19.0-632  mato juice by C@hydrate formation
Li, Shen, Liu, Fan Experimental study of concentration ¢
gn 4 Tan 2015) COz + H0 Orange  2.36-4.15 278.77-282.77  87.7 5.0 21.0-57.2 ton'f]’ato s by cé/hy rats formation
An energyefficient juice concentratior
(Li et al, 2017) CoHa + H20 Orange  0.75-1.63 275.0-281.4 87.7 5.0 92.8 technology by ethylene hydrate
formation
A Novel Orange Juice Concentration
(Li et al, 2014) CaHa + H20 Orange  0.70-4.43 275.15-276.73 87.7 >20.0 993 Method Based on 4El4 Clathrate

Hydrate Formation

A Novel Orange Juice Concentration
(Li et al, 2014) CaHa + H20 Orange  0.65-2.10 275.11- 276.0 87.7 >20.0 20.2 Method Based on 4El4 Clathrate

Hydrate Formation

Gas hydrates in aguecogganic
(Huanget al, 1966) CCIlsF + HO Apple - 273.65-275.15 10-30 5.0 +80 systems. Il. Concentration by gas

hydrate formation

Gas hydrates in aquecogganic
(Huanget al, 1966) CHsBr+ H20 Apple - 273.65- 275.15 10-30 5.0 +80 systems. Il. Concentration by gas

hydrate formation

Gas hydrates in aquecogganic
(Huanget al, 1966) CCIlsF + HO Orange - 273.65-275.15 10- 36 5.0 +80 systems. Il. Concentration by gas

hydrateformation

Gas hydrates in aquecogganic
(Huanget al, 1966) CClsF + HO Tomato - 273.65- 275.15 - 6 +80 systems. Il. Concentration by gas
hydrateformation
Measurement and Prediction of
Hydrate Phase Equilibrium of Orange
Juice + CQ, C;Hs0r CHs for Orange
Juice Concentration
Measurement and Prediction of
Hydrate Phase Equilibrium @range
Juice + CQ, C:H4 or C:Hs for Orange
Juice Concentration
Measurement anBrediction of
Hydrate Phase Equilibrium of Orange
Juice + CQ, C2H; or GHs for Orange
Juice Concentration

(Li et al, 2016) CO: + H0 Orange  2.40- 4.40 278.30-282.70  87.7 5.0 -

(Li et al, 2016) C2Ha + H20 Orange 0.76-1.64 275-281.5 87.7 5.0 -

(Li et al, 2016) CaHs + H20 Orange  0.75-1.46 275.85-280.60  87.7 5.0 -
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(Safari and
Varaminian, 2019)

COz2 + H20

Orange

Study the kinetics and thermodynami
conditions for CQhydrate formation
in orange juice concentration

(Safari and
Varaminian, 2019)

THF +H20

Orange

Study the kinetics and thermodynami
conditions for CQhydrate formation
in orange juice concentration

(ClaReret al, 2019)

COz2 + H20

Apple

Concentration of apple juice using €(
gas hydrate technology to higher sug
contents

(Seidlet al, 2019)

CO; + H0

Orange

1.5 £3.95

273.65 +280.55

Food technological potentials of GO
gas hydrate technology for the
concentration of selected juices

(Seidlet al, 2019)

CO2 + H:0

Apple

3.45 4.3

278.85-282.15

> 20.0

Food technological potentials of GO
gas hydrate technology for the
concentration of selected juices

(Ghiasiet al, 2020)

CO; + H0

Tomato

2.32-4.11

278.41- 282.5

5.0

Clathrate hydrate based approach for
concentration of sugar aqueous
solution, orange juice, and tomato
juice: Phase equilibrium modeling
using a thermodynamic framework

(Ghiasiet al, 2020)

COz2 + H20

Orange

2.37-4.39

279.59-282.8

5.0

Clathrate hydrate based approach for
concentration of sugar aqueous
solution, orange juice, and tomato
juice: Phase equilibrium modeling
using a thermodynamic framework
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It emerges that there is little available information in the literature on juice concentration by hydrate
formation(Huanget al, 1965, 1966; Let al, 2014, 2016, 2017; Li, Shen, Liu, Fan and Tan, 2015; Li,
Shen, Liu,Fan, Tanet al, 2015; Safari and Varaminian, 2013his is evidenced by scarce phase
equilibrium data and kinetic data of clathrate hydrate systems relevant to the fruit juice concentration
process. Altogether, 13 research articles are availabheiliterature on gas hydrabased fruit juice
concentration (sugar cane juice is obviously excluded) between 1966 and 2020. This is because the field
Rl uySRVLWLYHY JDV K\GUDWH DSSOLFDWLRQ Vbased tese@réhWadnY HO\ Q|
be declined in terms of published articles as recorded on Scopus database as follows: one research for
each of the years 1966, 1969, 1978, 2004, 2009, 2017, 2019 and three articles each for the years 2020
and 2021. Most papers focus on finding the optioagditions for lowering the water content in fruit

juices. The reported experimental studies were successful in achieving this in some instances.
Dehydration ratios as high as 80% were reported, as seen in Table 2.4. It was found that factors such as
initial concentration, temperature, pressure, juice volume, and stirring speed in hydrate concentration
technology are factors limiting the maximum water removal for investigated fruit juices.
Thermodynamic studies aim to determine the stability conditionashgdrates in systems involving

juices. This is achieved through phase equilibrium measurements, mostly in terms of-hydrate
dissociated conditions. The investigated crops thus far include tomato, apple, and orange.

TRPDWR MXLFH

Hydratebased tomato juice concentration has been reported in three different studies from two
laboratories. While investigating the use of gas hydrate formation for the concentration of dilute juices
(Huanget al, 1966) undertook experiments using two halogenated hydrates formers that are also well
known refrigerants, i.e. fluoromethane (€ and bromomethane (GBF). In this thermodynamic

study, Huang and cesearchers used a baskgte centrifuge to separate the juiogh liquid phase

from the hydrate phase consisting of water and the entrapped hydrate formers. They drew inspiration
from their previous work in which they reported the characteristics fefr€lift refrigerants as hydrate
formers and highlighted the possibility of forming considable amounts of hydrates in aqueous

solutions containing lipids, carbohydrates, or proteifisafiget al, 1965.

The two hydrate formers used in tomato juice concentration expgamere not selected at random;
refrigerants generally form hydrates under moderate conditions. This would lead to energy savings
should the process be industrially implemented. However, the success reported by these researchers
would be referred to as Re&d as the hydrate formers significantly degraded the sensory properties and
the appearance of tomato juice, although an 80 % of dehydration rate was reported through a single
pass. This is attributed to juice oxidation caused by the enzymatic and chesaitédns between

refrigerant and juice bioactive contents.
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Addressing the shortcomings associated with the application of refrigerants in fruit juice concentration,
as reported byHuanget al. (1966) the need for more suitable hydrate formers was raised. In this
context Li, Shen, Liu, Fan, Taret al. (2015) proposed tomato juice concentration utilising carbon
dioxide (CQ). This hydrate former has already been used for various purposes in beverages. Its
disadvantage lies in the fact that carlb@rxide forms stable hydrates at lower temperatures and higher
pressures, which are harsh conditions compared to most refrigerants and some hydrocarbons such as
ethylene, propane, and propylene. The effect of temperature and juice volume on water fremoval
juice was also investigated. The hydration ratio increased with decreasing temperature. Moreover, it
was reported that an increase in juice volume lowers the dehydration rate due to insufficient agitation.
They reported a maximum dehydration rate26% at a feed pressure of 3.95 MPa and a juice volume

of 80 mL.

$SSOH MXLFH

The only research articles on hydratesed apple juice concentration were published by Hatal
(1966) andClaReret al.(2020) In these publications, equilibrium data for apple was reported. Huang
et al.(1966) claimed dehydration ratios of 88 % and 80 ¥hefvater from the juice when using ¢

and CCiF as hydrate formers, respectively. HowewaRenet al. (2020)claimed dehydration ratios

of 30 % of the water and G@vere used as a hydrate former.

2UDQJH MXLFH

The very first scientific article addressing hydrbtesed orange juice concentration was published by
Huanget al. (1966. Still, in response to the need to replace refrigerdimtst al. (2014, 2016, 2017)
substituted etline as well as ethylene instead of carbon dioxide, V@afari and Varaminian (2019)

used tetrahydrofuran (THF) as a hydrate former. In all likelihood, carbon dioxide was substituted by

other hydrate formers in a quest fooderate operating conditions, as explained previously.

Li et al. (2019 reported experimental thermodynamic data for ethylene hydrate in the presence of
orange juice. A higipressure stirred batch reactor was used to form hydrates at various initial pressures
andtemperatures. Dehydration ratios ranging from 20.2 and 99.3 % were obtained. It was observed that
secondary nucleation occurred at high initial pressures, resulting in high dehydration ratios. However,
this phenomenon led to longer times to attain thermadhyc equilibrium. Hence, very high
dehydration ratios render the hydrai@sed orange juice concentration endrggnsive when ethylene

is used as a hydrate former.

Li, Shen, Liu, Fan and Tan (2018&arried out an experimental study on the concentration of orange
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juiceusingCOK\GUDWH WHFKQRORJ\ 7KHVH UHYVHD URydtatd priicesQ WHU H V'
and assess the possibility of commercialising the technology despite the high energy requirements
reported in the literature. Experimental phase equilibrium measurements were carried out using an
isochoric pressurgsearch method to address this. The efféctumerous factors on hydrate formation

was assessed and evaluated for the reliability of the proposed optimised conditions. The stirrer speed

did not affect the dehydration ratio. The rate of hydrate formation increased with increasing initial
pressure. fie findings presented by these authors confirmed as well the effectiveness gh<O

hydrate technology to concentrate fruit juice. However, a practical tool like response surface
methodology may be used for further investigations. This may assist iningtaptimum conditions

and evaluating the techvazonomic viability of the C&gas hydratdased concentration.

To compare the effect of the hydrate former on concentration efficieney,al. (2016)undertook a
thermodynamic study on orange juice concentration in systems involving carbon dioxide, ethylene and
methane hydrates. This study established ethane as an effective hydnatdliat can be used as well

in orange juice concentration proces&¥sspite encouraging results achieved using methang god
ethylene (GH.) as hydrate formers, their application in the food industry for human consumption is still
guestionable. However, G@s a hydrate former offers better energy savings than methane and ethylene
and better preservation of bioactive compounds. Moreoverg@€is considered benign and has been
widely used in the food processing industry. The faat gas C@hydrates form at higher pressures.

This may hinder its commercialisation due to the high requirements of compression.

More recentlyLi et al. (2017)claimed to have reachedmaximum dehydration rate of 92.8% from
thermodynamic equilibrium data of the watthyleneorange juice systerander hydrate forming

conditions using the isochoric search method.

([SHULPHQWDO NLQHWLF VWXGLHYV

While Thermodynamics will allow one to determine maximum dehydration ratios at various pressures
and temperatures, kinetics is instrumental in understanding the progress (extent) -od-twadeate
conversion as a function of time. Experimental kinetitadehich were reported in the literature by
ClaReret al.(2020) Safari and Varaminian (201,9)i, Shen, Liu, Fan, Taret al.(2015)andLi, Shen,

Liu, Fan and Tan (201%re summarised in Table 2.5.
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Table 26: Studies of hydrate formation kinetics in fruit juice systems.

Author (s) Hydrate Aqueous Initial Initial Kinetic Concentration  study
former system conditions conditions parameter
p[MPa] T/K]

Experimental

(Li, Shen, study of

'II_'gjnFeztir;l CO+H0O  Tomato LBLE 2758 kp:0.94201 94.4wt% (HO) fgggfgﬁgg%gf

2015) CQO: hydrate
formation
Experimental

(Li, Shen, study of

an CO;+HO Orange  196-41 2758 ki 0.67+L91 94.4wt% (HO) f(;’rﬂgfgﬁggrxf

2015) CQO; hydrate
formation
Study the kinetics
and

. thermodynamics

(Safari and 27515+  dp/dt: 0.0157+ .. conditions for

Vggaglman CO; +H20  Orange 2 £35 27615 0.0575 Brix = 10- 16 COz hydrate

, ) f T
ormation in
orange juice
concentration
Concentration of
apple juice using

+ .
gﬁazgoezrg)t CO» +H.O  Apple 35 ST vQi022:073 Brix=11-40 o298 gﬁg"te

higher sugar
contents

The first kinetic studies for juice concentration using.G&s hydrate were firstly reported biy Shen,

Liu, Fan, Tangt al. (2015) They carried out a study on tomato juice concentration viahg@rate
formation. The influence of initial pressure on the maximum apparent rate consiantwas
investigated. The rate constant is one of the essential kinetic para(Mrdbemnmadiet al, 2014. It

was observed thdt,p increased with increasing initial pressure. Thig and pressure ranged from

1.81 to 2.01 mélJ.s.Paand 0.94 to 3.95 MPa. The same study revealed that higher valkgs of
corresponded to systems with higher water cuts. This is due to weakened inhibition effects, as proved
by the same authors. The residual did not completely disrupt the hydrate doriiagtics by not
increasing the induction and disrupting the hydrate crystal growth rate. Considering the weakened
inhibition, it appears that hydrate formation was not competing strongly with residual juices containing
electrostatic and hydrogéyondingforces. The phenomenon of mass transfer in the vdjpuid

interface was not affected by the fact that.@highly soluble in water at low temperatures.

While investigating the effect of orange juice concentration (water cuts) on gas hydrate forbiatio
Shen, Liu, Fan and Tan (201&)served thats,, valuesfor orange juice were lower than those obtained

for tomato juice. As expected, it was observed that the obtamleeds for both kinetic parameters
increased with increasing initial pressure. The difference in the kinetics of different juices can be

attributed to their specific compositiol@me components can exhibit an inhibitory effect, while others
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are likely tohave a promoting effect or no effect at &lla3enet al, (2020)carried out the study on

apple juice concentration by using €43 a hydrate former. They investigated the effect of initial sugar
content on the rate of gas consumption. The study revealdteiges consumption rate decreases with
increasing initial sugar content. This observed behaviour supports findings reported on gas hydrate
inhibitory effects of juices. The maximum gas consumption rate was achie¥red at5 MPa,T =

274.8 K and Brix = 8°. However, the formation rate was longer than 2.5 hours. It emerged from this
study that more than one hydrate reactor would be required to reduce the gas hydrate formation rate.
More recently,Safari and Varaminian, (20L9vestigated the effect of initial pressure, Brix and
temperature on hydrate formation in the presence of orange juice. They established that the initial rate
of hydrate formation increased, and the relaxation time decreased with increased pndssececased
temperature. This study was undertaken using carbon dioxide and tetrahydrofuran (THF) as hydrate

formers.

S5HPDUNV RQ H[SHULPHQWDO &D WHGUIRIXD W HGX WHRH KRB Q BMHW U

From the literature as mentioned earlier datafahewing observations can be made:

x The major achievement of experimental studies is undoubtedly the successful thermodynamic
verification of the feasibility of concentrating fruit juice via gas hydrate formation

X Very high dehydration ratios can possibly dibtained in a single pass

X Multistage hydratdased juice concentration can be used to achieve high purity

X Research articles on kinetics are by far in smaller number than those related to Thermodynamics

X Only single gas hydrate formers have been usedanus

X These studies concluded that there is a very high possibility that the investigated systems in
fruit juice concentration can be attained by gas hydrate formation. The critical conclusion of
the phase equilibrium measurements studies is that thal ipifissure and temperature for
hydrate formation influence the dehydration rate. Moreover, other factors that need to be looked
at are induction time, the size distribution of gas hydrate and the growth rate of the selected gas

hydrate.

ORGHOOLQJRWK\GIRMNF HQJ VI\VWHPV LQYROYLQJ IUXLW MXLFH
SKDVH HTXLOLEULXP PRGHOOLQJ

Identifying accurate thermodynamic models describing hydoateing systems is essential for process
simulation purposes. The phase equilibria of, @@rate in the presence of orange and tomato juices
were successfully modelled by Ghiasti al. (2020) by means of thermodynamic and empirical

approaches. Average absolute deviations of 0.05 and 0.08 K were obtained for systems containing
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tomato and orarg juices, respectively. Due to the limited number of experimental data points
considered, fully optimised models could not be obtained.

In order to assess the feasibility of the proposed technology, kinetic modelling is performed using the
experimental kinetic data. The kinetic models are used to determine key features of hydrate formation,
including storage capacity, apparent rate comstaraterto-hydrate conversion rate and gas
consumption rate. Weknown kinetic models proposed lynglezoset al. (1987) were used to
determine these kinetic parameters. Model derivations were based on the consideration that the driving
force for gas hydrate formation was the fugacity difference between the hydrate and vapour phases.
Kinetic studies on fruit juices in litature are very scarce. In available publications, kinetic modelling

is confined to the determination of the apparent rate constant as wellxagehto-hydrate conversion

rate and gas consumption rate. Modelling results reported in the literaturaglraredan Table 2.5.

Kinetic parameter values depend not only on the nature of the juice represented by its composition but

also on operating conditions such as pressure, temperature and initial concentration.

5HPDUNV RQ H[SHULPHQWD (R D XKGCGREMWBHEOIWW HW G BXWHEHIFRQFF

From the literature as mentioned earlier data, the following observations can be made:

X The major achievement of experimental studies is undoubtedly the successful thermodynamic
verification of the feasibility of ancen trating fruit juice via gas hydrate formation

x Very high dehydration ratios can possibly be obtained in a single pass

X Multi-stage hydratdased juice concentration can be used to achieve high purity

X Research articles on kinetics are by far in smallenber than those related to Thermodynamics

x Only single gas hydrate formers, as opposed to mixed hydrate formers, have been used thus far.
The reason for this is that humans need to ensure the safety of the food they consume. Therefore,
CO,, which is cosidered safe, has been the preferred option thus far, presenting the best
compromise between safety and cost.

x These studies concluded that there very high dehydration rates can be attained by gas hydrate
formation for any fruit juice.

X Both experimental anchodelling studies related to the kinetics of gas hydrate formation in the
presence of juices are very scarce. Furthermore, only one optimisation study could be found in
the literature (Safari and Varaminian, 2019More experimental kinetic studies on fruit
concentration using gas hydrate technology are required to assess the feasibility of the proposed

technology further and effectively size gas hydrate reactors.
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&RQFOXVLRQ DQG IXWXUH SHUVSHFWLYHYV

7KLV UHYLHZ DUWLFOHLSURYPOGMWGERED RQJURXQGGUDWHY EHIRUH
LPSRUWDQW UHVHDUFK ILQGLQJV FRQFHUQLQJ WKH WKHUPRG\Q
VFDUFLW\ Rl H{SHULPHQWDO NLQHWLF DQG WKHUPRG\QDPLF GDV
DWWUDFWLYH WHFKQRORJ\ ,Q DGGLWLRQ QR FRPSUHKHQVLYH
DYDLODELOLW\ RI WKLV SURFHVV ZLWK D KLJK GHFRQMW BL@FFX U
VI\VWHPV KDYH EHHQ LQYHVW RIDQVHX L WRH XWX KRX WDK)GW IRUN ®H Q
PRUH VWXGLHVY DUH UHTXLUHG WR EXLOG D GDWDEDVH IRU IXW)
JLYHQ WR K\GUDWH GLVVRFLDWLRQ GDWD DV ZHM®LFW WLOQWWR F
ZKLFK RQFH PHDVXUHG ZLOO FRQVWLWXWH D GDWDEDVH WKD'
DSSURDFKHV 7KHVH DUH UHTXLUHG IRU SURFHVV GHVLJQ SXUSR

,W LV QRW H[FOXGHG WKDW K\EULG V\QHHFRRBRRER VWKBW HGIL WR C
ZRXOG FRPELQH JDV K\GUDWH IRUPDWLRQ ZLWK FXUUHQWO\ F
ORUHRYHU WKH PLFURELRORJLFDO VWDELOLW\ RI WKH MXLFH FR
VLQFH LW ZLOO SURYLGH YIXDDOQWQRRUPIOHNERQ AHEKRXWDWKIEB MXL
WUDQVSRUW SURSHUWLHV ZKLFK DUH DOVR LQVWUXPHQWDO L
PRGHOOLQJ VWXGLHY LW LV HVVHQWLDO WR GHYHORS WKHUPR
WKW&QH DFWXDO MXLFH FRPSRVLWLRQ
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%RNKDU\ $ 7TLNND $ J/HLWFK 0O DQG /LDR % HOHPEUDQ
6WUDWHJLHYV LQ 3XOS DQG 3DSHUYLMEKYWRA R SOOHFBDUNDLRO B F $H
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SHVHDYBK (& 035/ &S GRL -065

&DVOYXHMR] 5 U3HUYDSRUDWLRQ 7KH HPHUJLQJ WHFKQLTXH
IURP IRRG V\W\RXHPDD RI )BRBUL@ILHYLHU + SSRL

- -)22'(1*
&KDUFRVVHW & H&ODVVLFDO DQG 5HFHQW $SSOLFDWLRQV F
JRRG (QJLQHHULQJ 5H8BHEZQJHU =+ SRL 6
&KRQJ = 5 +H 7 ®%DEX 3 =KHQJ - QDQ DQG /LQJD 3
HIILFLHQW K\GUDWH EDVHG GHVDOLQDWLRQ XWLOL]LQJ FROG
'HVDOLQDOWLRQHU +  GBFSL - (6%

&OD%HQ 7 -DHJHU 0O /RHNPDQ 6 *DWWHUQLJ % 5DXK & D
DSSOH MXLFH XVLQJ &2 JDV K\GUDWH W, QEXRYDMRIM HV)R R G J &HLLH §
(PHUJLQJ 7THFKQR®RJIJLHVGRL IVHW M L

&0OD%HQ 7 6HLGO 3 /RHNPDQ 6 *DWWHUQLJ % G5DXK & DQ
WHFKQRORJLFDO SRWHQWLD&®XURIHIDV XS GQ DRWH [EWREIIR O RLIN 13 SH
+ GRL M FRIV

&ULVFXROL $ H2VPRWLF 'LVWLOODWLRQ DQG YDFXXP PHPE
$ FRPSDULVRQ LQ WHUPV RI HQHUJ\ FROWNSPSBWRRQDWQ®W KIX SIH
7THEKQRO®RVUMYLHU S - 6GR285

&\NOLV 3 H+HDW WUDQVIHU LQ IDOOLQJ ILOP HYDSRUDWRU
FRQFHQWUDWSUSKRGNY VRL FEH BRRPG VEDPAFEHP\ Rl 6FLHQFHV 9R(
+ GRL $27(5

&\NOLV 3 H(ITHFW RI IRXOLQJ RQ IDOOLQJ ILOP HYDSRUDW!
IUXLW MXLFH FRQFHEWUQ WM BIURCRG WQ\RHPTHHW L @G S
M MIRRGHQJ

'DGUD$QL®H %RQD 0XxR] , <ixH] ( + /DPNDGGDP , 8 ORUD

$UJHODJXHW / / :LOOLDPWVGRODIIB®QG 2DWOHU6XVWDLQDEOH Q

IURP DQLPDO PDQXUH $ UHYLHZ Rl FXUUWRM FRW WQ B/ DPW LR

FRQFHQWUIRKIURXPIO RI &OHDQHU (O¥YBIRGMBW LRI GF
M MFOHSUR

'tH] % DQG 5RVDO 5 U$ FULWLFDO UHYLHZ RI PHPEUDQH P
ELRIRXOLQJ FR/QYWWWRLOH@® FSHIAHE UD QD GRRARKQRVRJI\ IRU (QYLL
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(QJLQHHULQJ6SULQJHU + GBB 6 :

'LQJ = 4LQ ) * ) <XDQ - +XDQJ 6 -LDQJ 5 DQG 6KDR <
ZWK DQ LQWHOOLJHQWRIXUWGIDD FRRQRRGWOU WRHMU L] GBL
- -)22'(1*
'RQJ + :DQJ - :LH = :DQJ % =KDQJ / DQG 6KL 4 u3F
WKH IRUPDW ER Q VDIQR3Q GRUIVMERVQKAGIVBDAHD @ G 6 X VW D L @B B OBIPR® UJ\
S GRL - 56(5
'RQJ + =KDQJ / /LQJ = =KDR - DQG B6RQJ < H7KH &RQW

OHFKDQLVP RPoBVGEBIEDWHWD QWS &6 BRYIWDILQDEOH &KHPLVWU\ DQ
$PHULFDQ &KHPLFDO 6RFLHWARL SS DFVVXVFKHPHQJ E

'RXEUD 3 +DVVDQDOL]DGHK 5 1DLGRR 3 DQG S5DPMXJHU
PHDVXUHPHQWQDQRG RRGBIHWH GLVVRFLDWLRQ IRU &2 UHIULJHUI
VROXWLRROVIRXUMHEW XDW GSRL DLF

'RXEUD 3 DQG 1DLGRR 3 peXJbu FDQH MXLFH FRQFHQWU
$,&K( -RRURKQ :LOH\ ©6RQV /WG S H GRL DLF

(QJOH]RV 3 H7KH JUHH]H &RQFHQWUDWLRYHGRKRFHYW VD Q
&KHPLFDO (QJLQHHULQJ DQG OLSEHUBGRL3URFHVIVSIQJ

(QHJRV 3 H$SSOLFDWLRQV RI &0ODWKUDW H- RAEY DMIBYDWH'
BRQV /WG SSGRL &+
(QJOH]RV 3 .DORJHUDNLV 1 'KRODEKDL 3 ' DQG %LVKQRL

PHWKDQH DQG HWKRRHPLED K \@QUDYHBHUQDBRQHQFH: SS
GRL ;

(VODPLPDQHVK ®GLORKDPP 5LFKRQ ' 1DLGRR 3 DQG 5DPMX
HSSSOLFDWLRQ RI JDV K\GUDWH IRUPDWLRQ LQ VHSDUKXWLRQ SU
-RXUQDO RI &KHPLFDOS$FOHGHPRGEG\QDIRY ¥FVGRLSS M MFW

)DNLU 7 %DEDHH 6 DQG 1DLGRR 3 H$SSOLFDWLRQ RI *D\
3KDVH (TXLOLEULXP DQG .LRHWILIFO, ®Y R\KW PLEFWOR QMIJL GSHULQJ
+ GRL DFV MFHG F

*DPD 7DOODFH + 0 7UXHPDQ®%PBL-6DQG +RVUXBDQW\ DQG VKHO
QXWV $ BRYHIMLD + R WOMH XOMEX USSR L M VEFLHQWD

*DPEHOOL $ 0 &DVWHOODQL % 1uUFROKQGUPWIHQIRBRUWLLR)Q LC
IRU &+ &2 VHSDUDWLRQ ([SHULPHQWDO VWXG\ RQ JDVHRXV Pl
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-RXUQDO RI 1DWXUDO *DV G6FLH@eENHYOYLAH® (QIJLGBHHULQJ G

- -1%6(
*KLDVL 0O 0 ORKDPPDGL $ + DQG =HQGHKERXGL 6 H&OD
FRQFHQWUDWLRQ RI VXJDU DTXHRXV VROXWLRQ RUDQJH MXLFH
XVLQJ D WKHUPRG\QUIPICFXLBJDPKIEIRKW (TXLOISEULD GRL

M IOXLG
*OHZ ' 1 H6ROXWLRQ WUHDWPHQW
KWWSV SDWHQWY JRRJOH FRP SDWHQW 86 $ HQ $FFHVVHG
*R : <XQ 6 /[/HH ' DQG 6HEBLRHQWDOUDGE FRPSXWDWLRQDC
K\GURSKLOLF PRQRPHULF VXEVWDQFHVY DV QRYHO &XDHUBUDWH
(OVHYLHU /WG GRL - (1(5*<
+DENHWW % H7KH (VVHQWDIVQRKFRIUERDO L QXWX VW X VSRR |

(QJLQHHDY SS

+DVVDQSRXU\RX]EDQG $ -RRQDNL ( 9DVKHJKDQL )DUDKDQL

(QJOLVK 1 - 6FKLFNV - 0 (GOPDQQ . OHKUDELDQ*DtV $PDQ

K\GUDWHYV LQ VXVW&HKKQPIERDHD FGKRHALLIBMNVMDE §RAZNW\ Rl & KHPLVWU\
* GRL & &6 $

+RQJ & :DQJ < <DQJ - (VWHIHQ 6 ) DQG /RXUHQFR 0 |,
YROKARRU D VXEVHD SURBXBWDRQRV\¥\WHMRIUH OHFKDQLFV DQG §
$PHULFDQ 6RFLHW\ Rl OHFKDQLFDO (QJLQHHUV $60( GRL
+XDQJ & 3 )HQQHPD 2 DQG 3RZULH : ' RIDQ@EBWYAGEHDBWH
&U\RELR®AFRIGHPLF 3UHV Y GRS$S 6

+XDQJ & 3 )YHQQHPD 2 DQG 3RZULH : ' RUJDORLV¥ K\GWDHI\WW
&U\RELR®AFDIGHPLF 3UHV Y GRS 6

-LDR % &DVVDQR $ DQG 'ULROL ( H5HFHQW DGYDQFH

FRQFHQWUDWLRQ RI {RXUND MG LFFIH)\R ROG (GH GEHW L )  SRL
M MIRRGHQJ

.LP+ .LP - DQG B6HR < L(FRQRPLF EHQHILW RI PHWKDQH K
WUDQVSRUW SLSHOLQH E\ UHGXFLQJ WKHURKG@D®P LE KBHW DR
6FLHQFH DQG (QJLO®HHULQEGRL M SHWURO

.LP + 9HOXVZDP\ + 3 6HR < DQG /LQJD 3 HORUSKRC
TKHUPRG\QDPLF ,QKLELWRUV GXULQJ OHWKDQH +\G&UWD\WWD®UPD
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*URZWK DQG '"HVLGRL DFV FJG E

.RK & G6ORDQ ( ' 6XP $ . DQG :X ' 7 H)XQGDPHQWD(
K\GUDW®@®XDO 5HYLHZ RI &KHPLFDO DQG %LRBBAHFX®®W (QJL
DQQRKHRELRHQJ

.RQGR < $0ODYL ®QGDAXXHP\®OUDB 5 HM&KDUDFWHUL]DWLRQ RI
JRUPHG ZLWK )OXRURPHWKDQH DQG 3LQDFRORQH 7KH 7KHUPRG!
RI WKH 6WUXFWXUH +R%UQDO\ RI\GKDW. R NP RKIHOLY VEKUHPLFDO 6R

SS + GRL $&6 -3&% & 6833/B),/( -3 & B6,B 3

/L 6 4L ) 'X . B6KHQ < J/LX ' DQG BDIQFUHQW MXi®Hi GRQFV
WHFKQRORJ\ E\ HWK\OH 6H S GDW WRQI B @BEFWQRQORIB WLIRQ % 9
SS + GRL M VHSSXU

/L 6 6KHQ < /LX ' )DQ / DQG 7DQ = L&RQFHQWUDWLQ
K\GUDWH W HKKKHPREBO\{QJLQHHULQJ 5 HYNVD IR M\DHIRD FIDVL JQJL Q H H
X0\ S8 GRL M FKHUG

/L 6 B6KHQ < /LX ' )DQ / 7DQ = =KDQJ = /L :HQ[LX DQG /
VWXG\ Rl FRQFHQWUDWLRQ RI WRP DWRNPILG H QE3 X&2W K\ ®QIBWEIK F
(QJLQHHULQJ 4XDUS\S#UO\GRL &, & (4 /

/L 6 6KHQ < /LX ' )DQ / =KDQJ = DQG /L : u$ 1RYH
OHWKRG %DVHG RQ & + &ODW K UWIBW BIQFRXUUIDDID RIU PRRVA RBEY. H Q
7HFKQRORJ\SS+ GRL DMIVW

/L 6 6KHQ < /LX ' )YDQ / =KDQJ = /L :HQ[LX 7DQ = /L

LOHDVXUHPHQW DQG 3UHGLFWLRQ RI +\GUBMWH &KX D% H+ (TRUL GLE UL
IRU 2UDQJH -XLFH SGRQIFGIRW URDWICRDET R1 )RRG 6FLHQFHSDP QG 7HFK
GRL DMIVW

/L = =KDQJ < B6KHQ < &KHQJ / /LX % <DQ . &KHRN * DQG
VLPXODWLRQ WR H[SORUH WKH VIQHUJLVWLF LQKLELWLRQ HIIHF\
(QHUJ\ GRL M HQHUJ\

/ILIXRUL / 5XVVR 3 DQG $OEDQHVH H3URGXFWLRQ RI KL
GLVWLOODWLRQ WHFKQLTXH 2SWKPP]IDADIOR @ RIL GGRHRE HY I3 CBIIDIO
$VVRFLDWLRQ RI &KHRBLF&O0 $QILOHHHEBRDJI & (7

/X & %DR < DQG +XDQJ - < HYRXOLQJ LQ P HPXEWWHXHWIL O\
2SLQLRQ LQ )RRGVGPLIHURH GBRSL - &2)6
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IXNLQ , OHU] - INGI® 6FKHPEHE7HFKQLTXHV IRU WKH UHFRYH
FRPSRXQGV IURP ELRFKHP )LGD®RXWRWEG $ WIHMLBHIE H L-REX\U Q®FROQ V
/WG 3S GRL )) -

OLVUD 1 1 .RXEDD O 5RRKLQHMDG 6 -XOLDQR 3 $0SDV +
) - LW/DQGPDUNV LQ WKH KLVWRULFDO GHYHORSPHQW RI
WHFKQRYRRIG HHVHDUFK ,GWRHUQBWRRGD@& YV

OL\DZDNL 2 DQG ,QDNXPD 7 LWHYHORSPHQW RI 3URJUHV)
$SSOLFDWLRQRBGHQGH2LRSURFHVYV 7HFRKQRARI + GFRL
6

ORKDPPHGIODQWHJIKLDQ O +DJKWDODE $ ORKMREDGBLO$ + DQ
H.LQHWLF VWXG\ RI FDUERQ GLR[LGH K\GUDWH IRUPDWLRQ LQ

&KHPLFDO (QJLQHHULSS +RXGERLO M FHM
ORQWD]HUL 6 0 DQG .ROOLRSRXORV * H+\GUDWH EDVH(
WUHDW P HQ WH \$ DLIOHYQLDABAHRYQ. H U S GRL - (6%/

ORXVVDRXL & %ODQFR 0 OXxR] +HG®I®GHFDYHQWYY$Q [DSBEWR
WKH RSWLPL]DWLRQ RI WKH SURJUHVVLYH IUHH]H FRQFHQWUDW
KWWSV GRL RUJ 7D\ORU JUDQFLV + GRI.

1JDQ < 7 DQG (QJOH]RV 3 H&RQFHQWUDWLRQ RI OHFKDC
BROXWLRQV WKURXJK 3URSDQEXYWWUWDMWH )RQPIDMHHRLONWI &KHPL
$PHULFDQ &KHPLFDO 6RELHWGRL SS LW

1JHPD 3 7 1DLGRR 3 ORKDPPDGL $ + DQG 5DPMXJHUQDWK '

IRU &ODWKUDWH +\GUDWHVY )RUPDWLRQ LQ &2 1D&0O RU &D&
6\WWHPV ([SHULPHQWDO OHDVXUHPHQWVRXY® IF¥EHRIP R GH@DRP DB
(QJLQHHULQJ 'DVBI3 + GRL DFV MFHG E
2Q)J & : DQG &KHQ &u7HFKQLFDO DQG HFRQRPLF HYDOXDWLI
GHVDOLQDWLRQ XVLQJ OLMHUIBEUIDPROUBO 23VY GRL

M HQHUJ\

3DKODYDQ]DGHK + -DYLGDQL $ 0 *DQML + DQG ORKDPPDGL
RI 1D&0 RQ WKH .LQHWLFV RI' 5 D +\GUDWH )RUPDWLRQ LQ WKF
ZLWK 3RWISDUED® LR Q%DY HG G'HIVD BQA®OWALRIQNO  (QJLQHHULQJ
5HVHDUFK SS % GRL DFV LHFU F
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3DWLO 3 6ULQLYDVDQ % DQG 6ULGEDAH® @HWKRGRQRMLW KOAK
IRXODQWWDW H[FKDQJHUV XVLQJ H[FH\&K MPKHDRD @ DIQEH K \UELQD X5
DQG 'HVLJQSS+ GRL - &+(5"

3HL - *DR 6 6DUS 6 :DQJ + &KHQ : <X - <XAHUJL@®XUDY
IRUZDUG RVPRVLV DQG PHPEUDQH GLVWLOODWER® I BH KGIQTVXLYGH
5HYLHZV LQ )RRG 6FLHQFHRRQGLRRG GBRIGIW\ /W Gt GRS

3pWX\D & *RQOGWHQUHOSX3 'DPD\ ) DQG 'HVPHGW $ ¥

PHWDVWDELOLW\ RI WKH 6, DQG 6,, FDUERQ PRER[UREG &LGIWDWY

LQYHVWLZIOHV LRXQUQDO RI &KHPBFINE GKVKILEM //&$,3 3XEOLVKLQJ
GRL

3XWQLN 3 .UHVRMD & %RVLOMNRY 7 G5HAHN -DPEUDN $ %D

*UDQDWR ' &4XQWDU , DQG %XUVDU .RYDpHYLU L&RPSD

WKHUPDO WHFKQRORIMNM R@LFRPHRRGL WK HP(OMAYHEY + SS
GRL - )22'&+(0

4LQ ) * ) 'LQJ = 3HQJ . <XDQ - +XDQJ 6 -LDQJ 5 DQG 6K
RI DSSOH MXLFH |RODMRZIRR R | LHFHRIMENHG REHRR G (@QVHPHHW L Q
S GRL - -)22'(1*

5H]YDQL 'DVWJHUGL + DQG &KXDLFRELGFKD UIH EHZI QHURR QFH QW
&DVFDGHG )OXLGLVHGH®RHGDWRD®OG (WY RYQLHU S G
- 6%/

5XGROSK * 9LUWDQHQ 7 )HUUDQGR 0 *«HOO & J/LSQL]NL )
LQ VLW PHPRQLWRULQJ WHFKQLTXHV IRU PHPEUDQH IRXOLQJ L

VHFWRURNUQDO RI OHPEUDQHOVBNLHMQFHS GRL

- 0(06&,
6DIDUL 6 DQG 9DUDPLQLDQ ) HEWXG\ WKH NLQHWLFV DQ
K\GUDWH IRUPDWLRQ LQ RUD@RY MWLNH FRREHFWHOQORLRQEHUJILC
(OVHYLHFHPEHU S GRL M LIVHW
6DIIDULRQSRXU 6 DQG 2WWHQV 0 USHFHQW $GYDQFHV LQ
JRRG 3URFHR/RGQUIILQHHUL@B BIHYIHEZVIHZ <RUN //& GRL SS

6 7$%/(6

6HLGO 3 /RHNPDQ 6 6DUGRJDQ O 9RLIJW ( &OD%HQ 7 +D
5DXK & DQG 'HOJDGR $ M)RRG WHFKQRORJLFDO SRWHQWLI
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FRQFHQWRUDWHIORH FWIHIK MMHNVNYXYH BDWOWHDDRKS )UDQFLW /WG
GRL

BHPHQRY $ 3 OHQGJD]JLHY 5 , 6WRSRUHY $ 6 ,VWRPLQ 9 $

9LQRNXURY 9 p¥KH SXUVXLW RI D PRUH SRZHUIXO WKHUPRG\Q

PHWKDQRO 'LPHWK\O VXOIR[IEGXH PR¥DO F@MH HHUX QUK RRXUQD
M FHM

BLHYHUV ' $ BWLFNHO - - *UXQGO DIO 3HDQRUPDRFH DQG {FF

(YDOXDWLRQ RI (YDSRUDWRYHG DQREQ PHO BWWDGHLRQ H® U6 XaIDRIPDI\

,QGXVWULDO DQG (QJLQHHULQJ &KHPISSWUY% 5HVHIRLFK
DFV LHFU E

60RDQ ( ' DQG .RK&GBWKUDWH K\GUDWHWRGERDWHEHDO EKHPLFL
,QGXVWULHV GRL

6ULYDVWDYD 6 +LW]PDQQ % DQG =HWWHO 9 u$ )YXWXUH
+\GUDWH DV DQ (PHUJLQJ 7THFKQRGRDQ GQ%IRARSUBHRAMMD U/FAKSIKK QR O R
* GRL V

TREBBRODXRV *»RWDWDV1 IDHRODDDDQEG 3HW]JROG * H% O
%LRDFWLYH FRPSRXQGV KHDOWK LPSPBW HER-R X¥XRQFEG RYVYBWG
6FLHQRHKQ :LOH\ 6RQV/WGGRHBS

80 +DT , 4DVLP $ /DO % =DLQL ' % )RR . 6 OXEDVKLU ¢
( DQG 6KRZ 3 |/ 1, RQLEEQMWLRG R I RD WK\ Q B KWURQ FHQMNLG
&KHPLVWU\ /HWWESIWLQJIHU + SSRL 6

9HOXVZDP\ + 3 .XPDU $ 6HR < /HH - ' DQG /LQJD 3 D

JDV 6WHFKQRORJ\ IRU JDV VWRUDSS UL B G @NMBMIDHNEH ESGUDWH
GRL M DSHQHUJ\

9HOXVZDP\ + 3 .XPDU $ 6HR < /HH - ' DQG /LQJD 3 E

JDV 61* WHFKIZIRORWRIRDJIJH YLD FESBWKHDBDWPRNKBEGUBWHY | SS
GRL - $3(1(5*<

9LGDQD *DPDJH * & J/LP < < DQG &KRR : 6 HERXUFHYV D(

DQG QRQDF\ODWHG DQWKRF\DRKQQDQ@ EH YRIR® BH LA @ WHH DVIIG 7H
6SULQJHU + IRL 6 =

DQJ < .RK & % KLWH - 3DWHO = DQG =HUSD [/ ( H

VLPXODWLRQ@VJORWVKHDODOM.Y DQG WKHUPRG\QDPLOKHQ@B&VEHYWRUV L
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SS + GRL - )8(/

‘DUULHU 3 DQG .RK & $BURSKEBRBINXEWQMRI &ODWKUDVLOV D
7UDQVDFWLRQV Rl WKH ,QGLDQ ,Q&SWLWXWH RI §HYDORL
6

'HQWHQ , * .KRBUXQDBUW® 5 /XJLWR * DQG -XOLDQ + TEX
RVPRVLV )2 PHPEUDQH IRU |IURXW QDXQ FH FRRG HQWHIRRMAWR QY S
GRL - -)22'(1*

'LOEHUIRUFH 7 20DEL7 $ (VDAL HG DQG $EGHONDUHHP 0 $
FDUERQ FDSWXUHARUIHRKORRRIWKNf7RWDUHM L HWRQPH® W G
M VFLWRWHQY

<DGDY ' +D]DULND 6 DQG ,QJROH 3 *1Q QD QRHRHDWD @HRBOR)S
DQG WKHLU GLYHUVPHUIHQ %S OBWBWQ ROV 168 L v
<DQ ; $QJXLOOH 6 %HQGDKDQ 0 DQG ORXOLQ 3 u,RQL

VHSDUDWLRQ SURBHSDHDYWIL RE YDLRIGI3XUL(DVMHWLRQ 7HFKERORJ\
GRL - 6(3385

<DR / )DQ /QD@EG 'XD pup(IITHFW RI GLITHUHQW SUMHWUBQ®RBQW!'
LQIUDUHG GU\LQJ RQ WKH ELRDFWLYH FRPSRXQGV SK\VWLFRFKHI
VOLHARRSG &KHPIOMHY\L HU S GRL -)22'&+(0

<RXVHIQH]KDG % OLUVDHHGJKD]L + DQG $UDEKRVVHLQL $
5HG %HHW -XLFHV E\ &HQWULIXJDWLRQ %HIRUH 0HRKWID@H &I DU
JRRG 3URFHVVLQJ D@RBUHVHUMDSAELR Q

<X *UDKDP 1 DQG /LX 7 MB3UHYHQWLRQ RI 8) PHPEUDQH
E\ DGGLWLRQ RI + 2 GXULQJ P:BREHLD QHIVEHDRENBDR/X L QI 1S S
GRL - :$75(6

<X < 6 =KDUQXJ -; :/ /HH < DQG /L ; 6HQ H1IDWXUDO JDV K\G
WHFKQRORJLHVY D UHYLHZ DQG DQDO\VLV Rl WKH DYYRBUDWHG
(QYLURQPHQWDDKH FER\®RH 6RFLHW\ RI &KHPL¥WU\GRL SS

- (( (

=DPEUDQR $ 5XL] < +HUQIiQGH] ( 5DYHQWYV 0 DQG ORUHQR

WKH LQWHJUDWLRQ R | D ORRG@AHIQW P [DVQLCRHEY/DRAFKBIAMHRYBL\HIU
SS + GRL - (6%
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=DYRGRYVNLL $ * ODG\JXORY 0 6 DQG 5HVKHWQLNRY $ 0

DQG 'HFRPSRVLWLRQ RI OHWRVWIDED HR XN BB BD WK\WL FDSS & KHP L
+ GRL 6

B8QFRQYHQWLRQDO SSHOWBROHRAVIRRORJIIHWVRDHXP 'GIRLC

=RX &
E
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CHAPTER 3 (BASED ON PAPER 2)

THERMODYNAMICS STUDIES

EXPERIMENTAL HYDRATE PHASEEQUILIBRIUM DATA RELEVANT TO BITTER

MELON, PINEAPPLE AND GRAPE JUICE CONCENTRATION

" &RQWHQW SK&EORVKISG LQ

Abstract

One of the major challenges experienced by the fruit juice industry is the steady rise of energy costs.
Hence, it is of industrial interest to find possible environmentally friendly measures that reduce energy
consumption while cosffectively maintaininghe quality of manufactured products. Hydrhtesed

juice concentration technology can be used to overcome this challenge. In the present work,
experimental hydrate phase equilibrium conditions of three systems involving(Bistem 1: CQ+

grape juie; System 2: Co+ pineapple juice; System 3: G® bitter melon juicejvere measured using

an isochoric pressugearch. The temperature and pressure ranges for reported experimental data were
272.6 t0 282.3 K and 1.17 to 3.85 MPa. Results have showa tleatrease in water cut from (98.3 to
88.5+ 2.53) wlbo could shift the hydrate phase equilibrium conditions towards higher pressures and
lower temperatures. This proved that all investigated juices exhibited inhibitory effects on gas hydrate
formation. To properly assess the energy requirements for this novel technology, molar hydrate
dissociation enthalpies were estimated using the Cla@apeyron relations at different measured
conditions. Lastly, the present study revealed that hydbaged fruit ylice concentration technology

would be a credible alternative to existing commercial technologies related to fruit juice concentration.

,QWURGXFWLRQ

There is a continuous energy demand, which has led to increased use of available fossil fuels due to
rapidly increasing population, enhanced living standards, and expansion of industrial activities. This,
in turn, has placed pressure on existing fosglsfleading to significant exhaustion of its reserves and
increased ecological repercussions. However, despite this, it has become impossible to increase fossil
fuel use due to the imposed environmental legislation and the 2050 targets set by Unitesifdiasion
Net-Zero carbon emissiofi.iitzkendorf and Balouktsi, 2019; Charani Sharetial, 2021; van Soest

et al, 2021) However, as the availability of fossil crude experiences a signifiemhnd globally, its
economic price has overshadowed its environmentalldesinget al, 2014) This steep, sharp rise in

energy resource prices is due to an increasing global energy demand coming fromeheifigistg
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ecaomies. This nomegotiable energy resource price from a-nemewable resource is one of the main
drivers for the promotion of renewable energies. Consequently, the interest has shifted toeatadn
sources of energy or energfficient and environmaally friendly chemical processes. While searching

for strategies to minimise energy consumption, carbon dioxide hyloage®l processes have received
increasing attention from numerous industries. The technology has been successfully applied in
desalinabn of water(Makogon, 2010; Chongt al, 2019; Ngemat al, 2019; Ong and Chen, 2019)
separation of gafumbaet al, 2014; Gambellet al, 2019; Sergeevat al, 2021) carbon dioxide
capture and sequestratigilwang et al, 2014; Tanet al, 2015; Wilberforceet al, 2021) and
preservation processes in the food indugtityanget al. 1JDQ DQG (QJOH]RV $QC
and Thomsen, 2009; Li, Shen, Liu, Fan and Tan, 20l 58Hen, Liu, Fan, Tamt al, 2015; Safari and
Varaminian, 2019; Ghiagit al, 2020; Doubraet al, 2021) It has been recognised as a aféctive

cold thermal energy storage solution.

As CQ hydrate technology becomes a point of attraction inftod industry, the demand for cold
thermal energy storage has rapidly increg€#dRenetal., 2019; Wanget al, 2020; Srivastavat al,

2021) This is due to rising health awareness. Hence, there is a high demand globally for natural food
having natural bieactive compounds, and fruit juices are amongst them. Due to increasegy
requirements, existing conventional concentration processes fail to meet and keep up with the global
demand for storage purposes and preservation of fruit juices. Moreover, these processes fail to maintain
the quality of products manufactured dueutdavourable changes in nutritional contents. The main
factors for these processes' challenges are their reliance on thermal evaporation (180 to 2160 kJ/kg
water), freeze (936 to 1800 kJ/kg water), or pressure gradient concentration. Upon mitigating these
challenges, C®hydrate technology offers better energy savings and the preservation of bioactive
compounds. This is due to lemperature requirements and the low hydrate latent heat of fusion (252

to 360 kJ/kg water). This means gl@ydrate technologyequires milder conditions than conventional

fruit juice concentration processes. Moreover, since iE@onsidered to be environmentally benign

and has been widely used in the food processing industp/hltatebased technology seems to be a

gentle noel technology to concentrate fruit juices.

Before applying C@hydratebased technology into the concentration process, there is a need to obtain
hydrates (pure water and juices) tineélependent as well as tirtependent properties (structural,
transpat, and kinetic), including hydrate dissociation conditions. Such properties and equilibrium data
can be measured experimentally. These data can be used to test existing thermodynamic models or
modify the existing ones to estimate the equilibrium condition clathrate hydrate forming systems.

If such data (i.e. experimental and modelled) are established to be accurate enough, they can
subsequently be used as a tool for designing, optimising, or simulating economically viable and

practical hydratdased mdustrial processes. To date, gas hydrate technology has been used for the
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concentration of food substances such as jijldeanget al, 1966; Ngan and Englezos, 1996; Li, Shen,
Liu, Fan and Tan, 2015; Li, Shen, Liu, Fan, Tainal, 2015; Safari and Varaminian, 2019; Ghiefsi
al., 2020)and coffee(Abedi-Farizhendiet al, 2020) These studies have focused on hydrate phase

equilibrium and hydrate formation kinetics measurements.

Huanget al, (1966)investigated the use of GBr and CC4F as hydrate formers to concentratenge
apple and tomato juice. These authors were able to remove about + 80 % of the water content from
fruits. Despite contented concentration results, gas hydrate formation resulted in the development of a

bitter aftertaste and the change in product colodour, and flavour.

After more than three decadd®rwantoet al, (2001)carried out a study on xenon gas hydrate to
concentrate coffee solutions. The authors objective was to address challenges with hydrate formers
reported by Huang and aworkers They achieved higher concentrations when the stirring speed was
increased. Hoewver, it was reported that water removal efficiency at higher temperatures was negatively
affected. Despite the authors promising results, due to the cost and environmental issues related to xenon
hydrate former, $QGHUVHQTV DQG & kdarl fdQalternative hydrate former/s was
suggested.

To date, the use afitrous oxide (NO), nitrogen (N) or the rare gas as hydrate formers are known to
overcome previously reported problems. However; @43 hydrate technology has emerged as a novel
technology for concentrating fruit juices like orange, apple, and tothat8hen, Liu, Fan and Tan,

2015; Li, Shen, Liu, FanTan,et al, 2015; Liet al, 2016; Safari and Varaminian, 2019; Sesdhl,

2019; ClaReret al, 2020; Ghiaskt al, 2020) This technology to concentrate fruit juice was firstly
reported byLi, et al, (2015) These authors investigated the application of Bydirate technology to
concentrate tomato juice with maximum dehydration ratio of 63.2 % at an initial pressure of 3.95 MPa.
Furthermorel., et al.,(2015)undertook another study to concentrate orange juice. This study achieved
a maximum dehydration ratio of 57% with an initial pressure of 4.1 MPa. Lastly, thd\@itate
technology was developed further 8gidlet al, (2019)andClaf3enet al, (2020)concentrated apple

juice. InSeidlet al, (2019)study, a maximunBrix of 27 was achieved, where@al3eret al, (2020)
obtained aBrix of 45. The low concentration reported Bgidlet al, (2019)is due to the reactor used
(bubble column). In all these studies, reported hydrate dissociation data indicated a shift to higher
pressures and lower temperatures, indicating inhibiting effects. Therefore, doneladed that the
orange, apple, and tonagjuice contents acted as inhibitors. This also indicates that hydrate formation
in the presence of juices may be leading to increased energy demand. This was supported by the
experimental study on the hydrate formation kinetics of orange jBafari and Varaminian, (2019)
Longer induction times were observed, rendering. Q@drate technology impractical for

commercialisation. Moreover, when sugar content is considered a factor in hydrate formation,
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conficting results wexr observed b$afari and Varaminian, (20183 wellasSQGHUVHQTV DQG 7KRF
(2009) Tomitigate these limitations, researchers will have to carry out an optimisation study on phase
equilibrium data of juice concentration. Moreover, th@aracterisation of juice contents should be
considered. Therefore, more experimental hydrate phase equilibrium data must be made available
considering the previously mentioned challenges.

To the best of our knowledge, there is limited research contsibatade to the study of hydratased

juice concentration as an alternative to evaporation. Moreover, no studies focus on hydrate dissociation
conditions using carbon dioxide and bitter melon or grape or pineapple juice systems under different
water cuts.The present study investigates O@dratebased technology in the juice concentration
process. For this purpose, experimental hydrate phase equilibrium conditions of three systems
containing juices(system 1: G@® grape juice + water 2: GG pineapple jice + water 3: C@+ bitter

melon juice + water) were considered in the absence and presence of juice with different water cuts
ranging from 88.5 to 98.3 £ 2.53 wt.%. to evaluate the novel concentration technology based on gas
hydrate formation. These hyate dissociation conditions are important and can be simultaneously
measured with hydrate kinetic studies. Due to the lack of accurate information regarding the
composition of juices, it was impossible to develop a thermodynamic model to predict, aratecomp
with experimental data.

([SHULPHQWDO VHFWLRQ
ODWHULDOV

Materials used for this study include ultrapure Millip&@evater, fruits and carbon dioxide (@@as.
Ultrapure Millipore water was obtained in the laboratory of this research grou@@igas used was

of food-grade quality, and it was supplied by Afrox (South Africa). Further details regarding these two
chemicals are gathered Trable 3.1. Raw fruits (grape, pineapple, and bitter melon) were purchased
from a Food lovers supermarket invEZulu-Natal (South Africa, Durban). These fruits were carefully
squeezed to extract juices freshly, and their typical compositions are ilisfEable 3.2and are
discussed later in the results and discussion se&ioaccurate analytical balance, model AS220/C/2
(supplied by RADWAG, Poland) with an uncertainty of + 17 k§ in mass was used to prepare juice

solutions having an uncertainty level of 5 710° gravimetrically.
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Table 31: CAS Registry Number and purity of the Chemicals

&RPSRQH &%$6 5HJ 6XSSt 0DVV &RQGXFWL8LNW OHDVXUHPEL
IUDFWLE PHWKRG
7KLV ZF /LWHU
:DWHU 087 &RQGXFWL"
&DUERQ ( $IUR] ! 1RQH

*Purity provided by Afrox; #At 298.15 K;Literature;Tumbaet al, (2011)

Table 32: Composition of investigated bitter melon, grape and pineapple3juice.

SUR[LPDWH 4XDQWLW\ OHDQ " 6' PJ
:DWHU FRQWHQW “« E “« E
88.5 + 2.58 91.4 + 2.58
91.1+2.58 93.3+2.53
7TRWDO VROLGYV « E E
11.5+0.02 8.6 £0.02
8.9+0.02 6.7 + 0.02
7TRWDO DVK E “ E
0.263 + 0.0438 0.217 + 0.0438
0.216 + 0.043 0.168 + 0.048
/I[LSLGV « E “« E
5.93+ 0.67 4.78 + 0.67
7.81+0.0¢ 5.85 + 0.67
S + “ E “ E
3.92+0.0% 442 +0.0%
3.72+0.04 4.12+0.0¢
$VFRUELF $FLG 9L « E © B
18.55+0.92 13.45 + 3.16
15.4 + 0.87 1195+ 3.16

- Expressed as (wt.%), * Expressed as pH sc@lAOAC International, (2016)°, ° bitter melon juie,
¢ grape juice? pineapple juice.

$SSDUDWXYV

In this study, a higipressure equilibrium ce{Figure C.2was used. It was made of stainless steel (SS

/| PDWHULDO VXSSOLHG E\ %*FKL 6ZLW]JHUODQG ZLWK DQ LQV
is hydrophobically coated with an alloy (nickairomiumiron-molybdenum) and capable of
withstanding tempeitures and pressures up to 473.15 K and 10 MPa, respectively.-#Aifeu?t100

thermocouple (supplied by Grant Instruments, United Kingdom), with an uncertainty of + 0.3 K,
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measured the system and liquid bath temperature. A pressure transducer (bydp8édechnology,

United Kingdom) having an uncertainty of £0.25% of full scale measured the inside pressure of the
high-pressure equilibrium cell. A magnetic stirrer bar was with a capacity of 1000 RPM was used to
achieve thermodynamic equilibrium quigkdnd ensure proper mixing of the contents in the cell. A
temperatureontrolled unit named LTC4 (supplied by Grant Instruments, United Kingdom) consisting
of a TX150 Optim&" circulating bath, and an R4 tank/refrigeration unit was used. It alloweddodet
control the system temperature, corresponding to the liquid bath temperature. The coolant was the
agueous solution of glycerol water. Any trapped air inside the cell was removed by a vacuum pump
(supplied byGardner Denver, United States). The apparatas connected to an SQ26PE8 data
acquisition unit (supplied by Grant Instruments, United Kingdom) and interfaced with a computer to
monitor pressure and temperature data at particular intervals using SquirrelView software. An overall

schematic diagraraf the experimental setp used in this study is illustrated in FigeiBel andC.1

Figure 3.1: Schematic diagram for the higitessure equilibrium apparatus. A, magnetic stirrer; B,
Neodymium magnet stir bar; C, higinessure equilibrium cell; D, cooling coil; E, therrsiatted bath;

F, gas cylinder; G, pressure regulatéyyacuum pump; I, ventalve; J (1 or 2), temperature probe-(Pt
100); K, needle valve for loading; L, relief valve; M, LTC4 unit; N (LTC4 unit), biltirculating
bath; O, circulating thermostat; P, data acquisition system; Q, computer; R (1,2 or-8ff shlue; S

(1 or 2, pressure transducer.
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6DPSOH SUHSDUDWLRQ

Samples were prepared using a 506 wotlumetric flask. Firstly, the flask was thoroughly washed and
rinsed with distilled watefThen, different concentrations of fruit juices were configured using freshly
produced Ultrapure Millipore water. An accurate analytical balance was used to prepare juice solutions
having an uncertainty level of +0.5 &gravimetrically. These concentrati®were prepared by adding

the desired amount of ultrapure Millipore water in a 508 eatumetric flask of fruit juice. Freshly
prepared samples were kept in an ultrasonic bath for 15 minutes. Finally, pure and dilute fruit juice
samples were stored inetifridge and were kept at T = 277.15 K. Timeasuredcomposition of
investigated fruit juices, following a wetlefined procedurésee Appendix C)n literature, AOAC
International, (2016)s reported in Tabl8.2.

([SHULPHQWDO PHWKRGYV

Hydrate Phase equilibria measurements

In this study, the isochoric presstgearch method (graphical technique) as describesldan and

Koh, (2007)andTumbaet al, (2011) along with material balance calculations, were used to generate
experimental hydrate equilibrium data (hydrasgoourliquid) for the carbon dioxidéydrate in the
presence of bitter melon, grape or pineapple jéit¢he beginning of each experiment, the equilibrium

cell was washed with soapy liquid and repeatedly rinsed with Ultrapure Millipore water. Once the cell
had been adequately cleaned, isvewacuated for approximately 30 minutes using a vacuum pump.
This was to avoid contamination of the cell injection port and help clean the cell. Then, the inlet valve
was closed to maintain the cell under a vacuum. After initial evacuation, the apprapreitity of
Ultrapure Millipore water or juice sample (approximately 4G with an uncertainty level of £0.5 &n

was injected into the equilibrium cell to form hydrates with all the injected gas. In this study, the
assumed molar ratio between gas atdpure Millipore water was 1:6 in the gas hydrates. Again, the
equilibrium cell was evacuated to eliminate any presence of air for 5 minutes. Afterwards, the
equilibrium cell was immersed into the temperatcoatrolled (filled with an equal volume of vea

and glycerol) liquid bath to cool the equilibrium cell. The system temperature was set at 293.15 K, using
the TX150 Optimad" circulating bath. Thus, the cell was pressurised with the hydrate formey (€O
increasing the inlet flow, passing it throudfine pressureegulated valve until the corresponding
operative pressure was reached. After pressurising the cell, the preggulating valve was closed,

and the magnetic stirrer was switched on and set at a speed of 500 rpm to agitate the ph#se inside
equilibrium cell. The liquid phase (ultrapure Millipore water or juice sample) was allowed to stabilise

to a temperature of 293.15 K for at least a period of 45 to 90 minutes, depending on the liquid sample.

When the system pressure was stabilised, and the gas was fully absorbed in water, the data was recorded
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using SquirrelView software. Then the temperatoatrolled liquid bath was set to approximately
273.15 Kbelow the estimated hydratiessociation temperature. This process is known as the cooling
phase. Two distinct observed slopes represent this in the cooling curve of Figure 3.2. The considerable
decrease in system pressure categorises the first slope, the formation of hydratepr@$esited the
occurrence of the nucleation process. In this prod&3sclrve), pressure is a function of temperature
change, and this is obtainable using the hyeapourliquid isochoric curvgSloan and Koh, 2007;

Carroll, 2014) The system pressure was expected to decrease sharply on the second slope. This was
observed by a sudden change in gradient on the cooling.cthie observed sharp decrease on the slope
indicates hydrate growth within the system. If there isimarp decrease observed in system pressure,

the system was further subcooled by decreasing liquid bath temperature at the rate of 1.0 K/hr until the
hydrate/semiclathrate hydrate formation was observed. Cooling was stopped when the system pressure

and temperature were in equilibrium (decay was less than 0.005 MPa/hr).

|||||||||||||||||| T T T T T T T T T T g

36 E _ _
= . Cooling curve Hydrate phase equilibrium point
(P, T)
E  ° Hydrate formation curve \

E \

34 F ccapinfi N
E e Dissociation curve ,§-~
E 1

E  * Heating curve
32 F

Pressure (MPa)
w
o
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Temperature (K)

Figure 3.2: Pressure and temperature tracefémmation and dissociation of simple hydrate using an

isochoric pressure search method (this study). The photograph (i) taken in this study shows the hydrate

that was formed during the experiment.

After the hydrate formation by isochoric cooling, the metgnstirrer was switched off, the system was

heated up to dissociate the hydrate, and the trapped gas was released into the vapour space, and the
increment was done in a stepwise manner. Large temperature increments of 2 K every hour were
initially used until the conditions were closer to those of the dissociation point. From that point on, the

temperature was gradually increased by 0.1 K every hour until the the actual dissociation point was
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obtained. This point which indicates the intersection indictitecequilibrium transition (intersection
between cooling and heating curves) from (hydrate + liquid + gas) to (liquid + gas), is highly dependent
on heating curves. After the dissociation point, the change in system pressure was a function of
temperatureThen, the system temperature was raised back to 293.15 K.

SHVXOWY DQG GLVEXVVLRQ
+\GUDWH HTXLOLEULXP FXUYH

Since the equipment was new, its reliability and the validity of the experimental procedure had to be
examined before generating thgdrate phase equilibrium data reported in this study. The binary test
system consisted of carbon dioxide and pure watep ¢C@0O) as intensive studies had already been
carried out for this mixture under hydrate forming conditions. Numerous hydratardasailable in

the literature for this system. Eleven gas hydrate dissociation pBiatgd(T), under liquid water (k)

+ hydrate (H) + C@vapour (V) equilibrium, for the C£4- HO test system were measured. In addition,

the hydrate dissociation dateere compared with the literature datavidfoijer-Van Den Heuveét al,

(2001) Smith et al, (2016) Adisasmitoet al, (1991) Tadbe 3.S1 and Figure 33 present the
experimental data as measured in this study and the graphical view of the same data in the temperature
and pressure ranges of 272.6 to 282.3 KRhAad03 t03.8481 MPaAs shown inFigure 33, there is
reasonable agreement between the exmiah data and the reported literature data for the carbon

dioxide + HO test system.
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Figure 3.3: Experimental phase equilibrium data for carbon dioxide hydrate in pure water (system: CO
+ H20). The literature data was taken frdfiooijer-Van Den Heuvel et al., (20013mith et al., (2016)
andAdisasmito et al., (1991)

The new systems' experimental hydrate phase equilibrium conditions (for System+lgf2ape juice

+ water; 2: CQ+ pineapple juice + water; 3: G@ bitter melon juice + water) were measured under
different water cuts (96.5, 97.4 and 98.3 = 2.53) wi.he water cut for pure bitter melon, grape and
pineapple juices were 96.5, 88.5 and 91.1 wt.% with an uncertainty of + 2.53. To the best of our
knowledge, there are no experimental data for these investigated systems at varying fruit juice water

cuts. Thaneasured data are reportadrables 8.S2to 3.S4) andplotted in Figures (3.4 to 3.6).
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Figure 3.4: Experimental phase equilibrium data for carbon dioxide in bitter melon juice having

less than 98.3 wt.% of water cut.
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Figure 3.5: Experimental phase equilibrium data for carbon dioxide hydrate in grape fruit juice having

less than 94.3 wt.% of water cut.
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Figure 3.6: Experimental phase equilibrium data éarbon dioxide hydrate in the pineapple fruit juice

having less than 95.6 wt.% of water cut.

Figures (3.4 to 3.6)ndicated a similar tendency to the hydrate dissociation curves reported for the
CO: + H0 system in Figure 3.3. ThisobservEBHKDYLR XU LQGLFDWHYV WKDW WKH LQ"
was only composed of pure water and carbon dioxide. Recycling and reusing materials (dissociated
carbon dioxide and water) in juice hydrate can reduce the energy costs associated with the subsequent
separation processes. Solid particles dissolved in juice cannot be incorporated in the hydrate structure.
However, they are likely to be trapped in its pores. Therefore, a treatment process may require reusing
water to wash and clean the batgidrate crgtalliser equipment when the gas has been released from
water molecules. Also, recycled water may be used to dilute cleaning agents to a proper concentration.
This water may also be utilised to clean and disinfect the process equipment involved inckuit ju
production. This would reduce the costs of utility required for cleaning. Despite the requirements of the
treatment process, according to thermodynamics conditions for the process, it is evident that the
hydratebased technology may be applied as dermétive to existing commercial technologies for
agueous solution concentration. However, it is noteworthy that before suggesting this technology, one
will be required to perform a feasibility study that also includes kinetics and transport phenomena

assaiated with hydrate formation.

The obtained hydrate dissociation points for all three systems revealed that a slight increase in the
dissociation temperature results in a drastic increase in the dissociation pressure. The possibility of

obtaining erroneasl values for the measured hydrate dissociation conditions was prevented by
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prolonged and careful adjustments. For this reason, during the heating phase, the system temperature
was increased stepwise By0 K every hour until the equilibrium dissociationipbwas obtained.
Moreover, it is advisable to consider systems with moderate or low pressures to minimise the

compression costs.

Conversely, based on the obtained results, it is expected that high energy requirements may be necessary
for concentrating thinvestigated juices through hydrate formation at pressures as high as those reported
in this study. This may be avoided by injecting a watduble material referred to as promoter to lower

the system pressure.

It was revealed that system pressurdswe2.0 MPa might require the addition of wabesoluble

hydrate inhibitor to avoid ice formation for temperatures close to or below 273.15 K. This is the lowest
pressure for hydrate dissociation pressure of carbon dioxide urAdéy Equilibrium conditims. The
experimentally observed high hydrate dissociation pressures have been attributed to dissolved solids in
fruit juices, disrupting the encapsulation of carbon dioxide gas into water cavities. Further phase
behaviour studies are required at dissoaiatemperatures higher than those reported in this study. This
could assist to examine better the dependency of the dissociation pressures on the water content in

investigated systems.

,QIOXHQFH RI GLVVROYHG VROLGV LQ K\GUDWH SKDVH HTXLO

CO; hydrate dissociation data were obtained in the present study in the temperature range of 271.7 and
282.8 K and pressures ranging from 1.25 to 4.79 MPa, suitable for fruit juice preservation. Dissociation
data presented by Figures (3.4 to 3.6) indicateesameresting findings. It is observed that all
investigated juices were able to slightly shift C@ydrate dissociation curves towards lower
temperature (by 1.5 K on average for pure juice) and higlemsure zones. This observed behaviour
confirms thatinteractions between the constituents of investigated juices and water lead to inhibiting
effects. These substantial inhibiting effects are similar to those of alcohols, glycols and electrolytes
reported in the literaturd@Burgasset al, 2018; Saberét al, 2018; Nasiet al,, 2020)

Understanding inhibitory effect of the investigated fruit juices on hydrate formatiessential for
process development purposes. It is well known that hydrate dissociation conditions are highly
dependent on the physical properties of investigated juices and those of carbon dioxide. Since juice
constituents exhibit either hydroxyl groupslarge molecules, their size and chemical nature do not
allow them to be part of the hydrate structure. Therefore, these inhibiting effects could be due to the
combination of strong hydrogen bonds formed by juices dissolved constituents which interact

eledrostatically with the other water molecules.
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According to the literature, polymers, sugars, essential minerals, and organic acids inhibit hydrate
formation thermodynamically and kinetically. Therefore, residuals (soluble solids) such as natural
polymers pectin), proteins and sugars (i.e., fructose and glucose) were the main contributors to these
inhibiting effects. Sugars (fructose and glucose) contain four hydroxyls and one carbonyl group in their
structure, forming a strong hydrogen bond with water owés. The dissociation conditions for new

systems reported in the present study, and those for the €@rose/fructose/glucose model solution

system are in the same rang&g KXQ DQG /HH $QGHUVHQTV D4, 7KRPVHC
2021) Therefore, since they are in tremendous amounts in juices, sugars strongly influenced hydrate

formation in the investigated systems.

Thefruit juice pH and system temperature played a decisive role in influencing the competition between
sugars and lipid chains contained in juices. The pH scale of all investigated juices was below 4.6. Sugars
at this pH scale are known to exhibit higherrofml stability. Since at this pH scale, fermentation may

not take place, the observed inhibiting effects could not be attributed to the presence of alcohols. The
present minerals could not participate in hydrate formation but dissociate to cations @mg] ani
GHFUHDVLQJ WKH IUXLW MXLFHYYV ZDWHU DFWLYLW\ 7KLV LV E
inhibitors reduces molecule activities, thus increasing the competition for water molé&tdss.
constituents instigated the intermolecular interastiaith carbon dioxide to increase the system's
acidity. Constituents disrupt the hydrogen bonds of host water molecules that build up the cage
frameworks of the hydrate structure. Based on the results presented in plots, it can be deduced that the
constitients present in bitter melon fruit juice have a higher inhibiting strength than those in grape and
pineapple fruit juices. Observations made in this study illustrate the necessity of undertaking hydrate
based concentration studies on freshly extractedegui@ther than commercial juices sold in

supermarkets as the constituents are better known in the latter than in the former juices.

,QIOXHQFH RI ZDWHU FXW RQ K\GUDWH SKDVH HTXLOLEULXP

Water content of the investigated systems is of great interest in designing carbon dioxideliaghate

fruit juice concentration processes. Investigated juices had a water cut ranging from 88.5 to 96.5 wt.%.

The shift in hydrate dissociation conditionsiswreduced by increasing the juice water content. The

effect of water addition on carbon dioxide hydrate inhibition was almost identical at all investigated

juice concentrations. It can be observed that freshly extracted fruit juices (88.5, 91.1, amtl8&b

water) had higher inhibitory effects than juice at 91.4, 93.3, 94.3, 95.6, 97.4 and 98.3 wt.% of water.
7TKH LOQKLELWLRQ HIIHFWV RI TUXLW MXLFH FRPSRQHQWY RQ FDU
concentration was decreased due to Milgwater addition. Therefore, it is proposed that economic

studies be undertaken to obtain the optimal quantity of water in fruit juice for effective hiydsai

concentration. Furthermore, it is suggested that further studies validate this hypdéttieisisnally,
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the strength of relevant juice constituents should be determined as this information is crucial for
developing thermodynamic models.

It can also be highlighted that hydrate dissociation curves of carbon dioxide of the three juices
investigaded in this study have a similar inhibitory tendency as those reported in the litékatGieen,

Liu, Fan and Tan, 2015; Li, Shen, Liu, Fan, Teiral, 2015; Liet al, 2016; ®idl et al, 2019; Clafllen

et al, 2020)for other juices. However, inhibition effects observed in this study were slightly higher
than those of previously investigated juiceset al, (2016)indicated that orange juice had a slight
impact on hydrate dissociation conditions of carbon dioxide. Therefore, the authors successfully
regressed the obtained experimental data by ignorinighitstory effects of juice contents on hydrate
dissociation. Conversely, in this study, observed inhibitory effects were significant. Therefore, these
effects may not be ignored when the predictive thermodynamic model is developed to calculate the
dissocation points for the investigated systems. Thermodynamic calculations can determine the
dependence of macroscopic and microscopic properties on system pressure and temperature to
understand this behaviour better. This information would greatly interestiigry regarding process
design/optimisation of the newly proposed fruit juice concentration process.

$VVHVVPHQW RI WHPSHUDWXUH GHSHQGHQFH

This study used experimental dissociation points to assess thermal properties by predicting and
estimating the heat required to dissociate carbon dioxide hydrates in the presence of juices. Hydrate
dissociation is an endothermic process since it requirarg)g to break the hydrate crystals. Therefore,

this process reflects hydrate stability, crystal hydrogen bonding, and cavity occupation. Thus,
considering thermal properties is essential for the design/optimisation of the new carbon dioxide
hydratebasedfruit juice concentration process. In the present study, molar dissociation enthalpies of
carbon dioxide hydrates in the test system and new systems were estimated using the experimental
hydrate dissociation data and the Clausilepeyron equation (3.1§as compression was taken into
account by calculating the compressibility factor for each corresponding hydrate dissociation point

reported in this chapter.

(3.1)

whereP andT show the hydrate dissociation pressure and temperature of carbon dioxide, respectively,
0 +issis the molar enthalpy of dissociatidRijs the universal gas constant, arid the compressibility

factor of the carbon dioxide gas, which is calculated uia@oaveRedlichKwong (SRK) equation
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of state(Soave, 1972)etailedin appendixB. In this equation, the ratain(P)/d(1/T)is the slope of the

line produced by plotting ) against (IF). It is calculated using the hydrate dissociation points

reported in Tables (3.6 to 3.8) and Figures (3.4to0 7KLV HTXDWLRQ FDQ Ed XVHG W
whenz does not change significantly over the range of the measured hydrate dissociation points, and it

LV YDOLG IRU XQLYDUL D Q WasssivhdtRckiangeXdsigfisardtly Ret) & narfiow

temperature range.

The graphical representation of molar hydrate dissociation enthalpy is presented in Figures (3.7 to 3.9).
The semilogarithmic plot (In P vs 1/T) shows a linear relationship that validates the Clalagiagron

equation for the considered range of expentak hydrate dissociation data. The values of
compressibility factors were obtained by assuming that carbon dioxide is immiscible in water and the
DPRXQW RI ZDWHU LQ WKH YDSRXU SkPiMitate @ s@dag @latbhghipH 7 KH
with z, and both properties change in the same order of magnitude. This observed behaviour supports
the claims made b$kovborg andRasmussen, (199®)at for the univariant slope of phase equilibrium

boundary (In P vs 1/T) to be constant, these values must display the same order of magnitude.
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Figure 3.7: Predicted molar enthalmprresponding to the experimental hydrate dissociation conditions
for carbon dioxide in the presence and absence of bitter melon juice having less than 98.3 wt.% of water

cut.
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Figure 3.8: Predicted molar enthalpy correspargito the measured hydrate dissociation conditions

for carbon dioxide in the presence and absence of grape juice having less than 94.3 wt.% of water cut.

77 _ ° , o Pineapple (91.1 wt.%%

g o © o o Pineapple (93.3 wt.%

E A <& E

73 3 N A A L o o Pineapple (95.6 wt.%]

E A® E

69 F SN A Pure water E

2

S 65 F ! E

o 3

S A E

5 o

= 61 F N 3
= 0 ?°

L—f 57 k N

g o 0% 3

53

E < E

49 F

45 Eovernnees litsaaaaa lisa a1 lisaas ey litsaa11a lis a1 lisasa1aay latssar1a lis 111 lisasa1aay lisaas ey litsaaaaay 3

271 272 273 274 275 276 277 278 279 280 281 282 283
Temperature (K)

Figure 3.9: Predicted molar enthalpy corresponding to the measwmcite dissociation conditions
for carbon dioxide in the presence and absence of pineapple juice having less than 95.6 wt.% of water

cut.
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It can be seen that the enthalpies of carbon dioxide hydrate dissociation in each investigated system and
the CQ + H.O system indicate an exponential temperature dependence. Notably, the hydrate
dissociation conditions are set by the type of hydrate structure and guest molecules. Therefore, the
hydrate dissociation points indicated dependence on the guest molecaledsizvity size ratio. The

average hydrate dissociation enthalpy for the €60 system was found to be 67.66 + 1.5 kJ/mol of

CO; for a temperature range of 272.6 to 282.2 K. The hydrate dissociation enthalpy values varied in the
order: CQ + grape > CQ+ pineapple > C@+ bitter melon while the corresponding average values

were 67.83 = 1.5, 64.19 + 1.5 and 63.44 + 1.5 kJ/mol of @Spectively. There are few deviations
between the investigated systems and the test system. Furthermore, these were compared to published
data on dissociation enthalpies of 4@drates in pure water or fruit juice. The dissociation enthalpies

of new ystems and those calculated in the literature are in the same range.

A reason for the preservation of valuable juice components is the hydrate structure itself. It is assumed

that sl hydrate is formed for systems investigated as onlyga®is availabléLee et al, 2009) and
LQKLELWRUY SDUWLFLSDWHG E\ SUHYHQWLQJ JDV K\ugfdrDWH IRUF
new systens are slightly higher compared to those of the test systems. As shown in TaB® (3

3.S4), observed behaviour indicates that inhibitors do not change or affect the hydrate stBloture.

and Fleyfel, (1994pointed out that the dissociation enthalpy of gas hydrate primarily depends on the
hydrate structure armhge occupancy of guest molecules, and 80 % of the enthalpy is due to the strength

of water hydrogen bonds in the hydrate structure. Therefore, as long as the same hydrate structure is

I R U P H gsswill be the same.

In the present study, the observedO LJKW L QF UH DV H Vst mayWedttribtie @t slightR 1 0 +
increases in the interactions between the hydrate lattice apch@@cules. This signifies that higher
pressures and lower temperatures are required to form hydrates. The increase in the hydrate dissociation

enthalpy is an indication that the hydrate phase is approaching a more stable region.

&RQFOXVLRQ

In this work, the hydrate phase equilibrium dataek systems (system 1: g®grape, system 2: GO

+ pineapple, system 3: GG bitter melon)were studied under different water cuts of fruit juice
solutions. It was observed that the investigated juioesiderably shifted the G@hase equilibrium

curve to higher pressures and lower temperatures. This increased with the reduction in juice water cuts
while observed inhibitory effects were significant. These effects may not be ignored when predictive
thermodynamic models are developed to calculate the dissociation points for the investigated systems.
The obtained results also suggest that it is advisabledertake experiments and modelling studies on

fresh juices rather than commercial (supermarket) juices containing some additives.
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Supplementary

Table33.S1 Experimental hydratdissociatiorpoints(P and T measured in the presence of gDest
system:CO; + H-0) with their corresponding enthalpy of dissociat{ontisg), compressibility factor

(2) and hydrate numbén).2

TGXP (K) PeXp(M Pa) Z (estimated) "Haiss (kJ/mOI CQ) n
282.3 3.8481 0.71 57.10 6.05
281.4 3.4222 0.75 60.24 6.08
280.4 2.9301 0.79 63.55 6.12
279.6 2.6281 0.82 65.44 6.15
278.8 2.3480 0.84 67.13 6.18
277.9 2.0493 0.86 68.88 6.22
276.8 1.7662 0.88 70.48 6.27
275.9 1.5963 0.89 71.40 6.29
274.7 1.4084 0.90 72.40 6.33
273.6 1.2861 0.91 73.03 6.35
272.6 1.1703 0.92 73.64 6.38

a8 'H) (0.95 level of confidence¥ +1.5, u(T) (0.95 level of confidence) = +0.08 KyP) (0.95 level of
confidence) = £0.0234 MPa.
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Table43.S2 Experimental hydrate dissociation poin® §nd T) measured in the presence of £O
hydratebased (System: GO+ bitter melon juice + water) with their corresponding enthalpy of
dissociation " +isg), compressibility factorz) and hydrate numben)f.

W (wt.%) Texp (K) Pexp(MPa) Z (estimated) "Haiss (kJ/mol CQ) n
96.5 280.8 4.5843 0.61 50.67 5.98
280.4 41474 0.67 55.59 6.00
279.8 3.7547 0.71 59.19 6.03
279.0 3.3079 0.75 62.78 6.06
278.2 2.9582 0.78 65.33 6.09
277.1 2.5331 0.82 68.21 6.13
275.8 2.1422 0.85 70.68 6.17
274.5 1.8578 0.87 72.39 6.21
273.0 1.5812 0.89 74.02 6.25
272.1 1.4236 0.90 74.94 6.28
97.4 281.7 4.6334 0.61 50.44 5.98
281.3 4.2456 0.66 54.80 6.01
280.7 3.7612 0.71 59.20 6.04
280.1 3.4163 0.75 61.91 6.06
279.5 3.1404 0.77 63.92 6.08
278.4 2.7041 0.81 66.89 6.12
277.0 2.2490 0.84 69.78 6.17
275.5 1.8977 0.87 71.88 6.21
274.0 1.6016 0.89 73.60 6.26
272.2 1.3099 0.91 75.27 6.32
98.3 282.5 4.7756 0.59 51.13 5.98
282.1 4.3140 0.66 56.78 6.01
281.7 3.9044 0.70 60.73 6.04
281.1 3.5999 0.73 63.28 6.06
280.6 3.3057 0.76 65.57 6.08
279.7 2.9047 0.79 68.48 6.11
279.0 2.6530 0.81 70.19 6.14
278.1 2.3259 0.84 72.34 6.17
277.0 2.0322 0.86 74.17 6.21
275.5 1.7319 0.88 75.98 6.25
273.3 1.3576 0.91 78.19 6.32E

8 'H) (0.95 level of confidencey +1.5,u(T) (0.95 level of confidence) = +0.08 K(P) (0.95 level of
confidence) = £0.0234 MPa,\Wj (0.95 level of confidence) £ 2.53wt.%.
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Table53.S3 Experimental dissociation point8 &ndT) measured in the presence of C@dratebased
(System: CQ + grape juice + watenvith their corresponding enthalpy of dissociatiori iss),
compressibility factorZ) and hydrate numben)?

W (wt.%) Texp (K) Pexp(MPa) Z (estimated) "Haiss (kJ/mol CQ) n

88.5 281.9 4.7999 0.58 51.08 5.97
281.2 4.3330 0.65 57.01 6.00

280.5 3.9720 0.69 60.62 6.02

280.0 3.7013 0.72 63.06 6.04

279.5 3.4495 0.74 65.17 6.05

278.9 3.1774 0.77 67.30 6.07

278.2 2.8616 0.79 69.65 6.10

277.1 2.4623 0.82 72.46 6.14

275.8 2.0376 0.86 75.28 6.19

274.5 1.7395 0.88 77.19 6.23

273.6 1.5393 0.89 78.44 6.27

91.5 282.2 4.6578 0.61 55.24 5.98
282.0 4.5427 0.63 56.69 5.99

282.3 4.7097 0.60 54.52 5.98

281.5 4.1858 0.67 60.69 6.01

280.7 3.7402 0.72 64.94 6.04

280.0 3.3875 0.75 67.94 6.07

279.3 3.0655 0.78 70.48 6.09

278.6 2.7433 0.80 72.89 6.12

277.7 2.4016 0.83 75.31 6.16

276.9 2.1479 0.85 77.03 6.19

275.8 1.8336 0.87 79.11 6.23

274.4 1.5457 0.89 80.95 6.28

273.1 1.3264 0.91 82.32 6.33

94.3 282.9 4.5791 0.63 57.08 6.00
282.4 4.2951 0.66 60.28 6.01

281.8 3.9042 0.70 64.10 6.04

281.2 3.5610 0.74 67.08 6.06

279.8 2.9352 0.79 71.97 6.11

278.4 2.4184 0.83 75.64 6.16

276.4 1.8160 0.87 79.64 6.25

274.5 1.4230 0.90 82.12 6.32

a8 'H) (0.95 level of confidence¥ +1.5, u(T) (0.95 level of confidence) = +0.08 KiP) (0.95 level of
confidence) = £0.0234 MPa,\Wj (0.95 level of confidence) £ 2.53wt.%.
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Table63.S4 Experimental dissociation point8 &ndT) measured in the presence of C@dratebased
(System: CQ+ pineapple juice + water) with their corresponding enthalpy of dissociaticfss),
compressibility factor) and hydrate numben)®

W (wt.%) Texp (K) Pexp(MPa) Z (estimated) "Haiss (kJ/mol CQ) n
91.1 282.8 4.7549 0.60 48.82 5.98
282.4 4.3944 0.65 52.93 6.01
282.0 4.0779 0.69 55.90 6.03
281.9 4.0222 0.69 56.39 6.03
281.2 3.5931 0.73 59.85 6.06
280.4 3.2004 0.77 62.69 6.09
279.0 2.6532 0.81 66.31 6.14
277.2 2.1019 0.85 69.66 6.20
274.8 1.5786 0.89 72.65 6.28
273.4 1.3594 0.91 73.86 6.32
271.8 1.1779 0.92 74.83 6.36
93.3 281.9 4.5893 0.62 51.71 5.99
281.5 4.2343 0.66 55.62 6.01
280.9 3.8227 0.71 59.37 6.04
279.7 3.2127 0.76 64.13 6.08
278.8 2.7855 0.80 67.12 6.12
277.0 2.2074 0.84 70.84 6.18
274.9 1.7062 0.88 73.85 6.25
273.4 1.4509 0.90 75.32 6.29
272.2 1.2738 0.91 76.33 6.33
95.6 280.9 4.3425 0.64 55.29 5.99
280.5 4.0110 0.68 58.70 6.02
279.8 3.5830 0.73 62.47 6.05
278.9 3.1157 0.77 66.12 6.08
277.7 2.6094 0.81 69.69 6.13
276.6 2.2511 0.84 72.05 6.16
275.5 1.9521 0.86 73.96 6.20
274.2 1.6515 0.88 75.80 6.25
273.1 1.4604 0.90 76.93 6.28
271.7 1.2493 0.91 78.17 6.33

a8 'H) (0.95 level of confidence¥ +1.5, u(T) (0.95 level of confidence) = +0.08 KiP) (0.95 level of
confidence) = £0.0234 MPa,\Wj (0.95 level of confidence) £ 2.53wt.%.
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CHAPTER 4 (BASED ON PAPER 3)

KINETICS STUDIES

EXPERIMENTAL KINETIC EVALUATION OF CARBON DIOXIDE HYDRATE-

BASED CONCENTRATION FOR GRAPE, PINEAPPLE AND BITTER MELON JUICES

"&RQWHQW SKEORVYKIBG LQ ;i ;

Abstract

Hydratebased technology has emerged as a promising approach to addrdsQ®BeX VWUV HQHU
demands and product quality challenges in the food industry. Despite reported successes in the literature
where higher dehydration ratios were achieved, technological problems like slow formation rate and

poor process scalgp economics eed to be addressed. Moreover, with little hydrate formation data
DYDLODEOH WKH PRVW IRFXV LV RQ WKH WHFKQRORJ\TV DELOL
kinetics of hydrate formation are scarce. In the present work, the effect of varyiefpgrappple/bitter

melon juice water cuts (88.5 to 97.4 + 2.53 wt.%) on the formation kinetics of carbon dioxigle (CO
hydrates were investigated. Such information can provide insight into the possibile commercialisation

of the hydratebased technology. Erreported experimental data were determined using the isochoric
isothermamethod in a higipressure reactor at a target initial temperature from 274.15 to 276.15 K and
varying initial pressures. Kinetic parameters were calculated usinmgltitese kinetic models proposed

in the literature. Lower relative values of investigated kinetic parameters and longer induction times

were obtained at lower juice water cuts and lower degrees of subcooling. Despite observed inhibition
effects, the studprovides useful experimental and modelled kinetic data for filling the knowledge gap

in understanding the controlling mechanism of.@¢drate formation. Therefore, it is believed that the

reported findings may highlight some important practical aspdetedeto CQ hydrate technology as

an alternative juice concentration process.

,QWURGXFWLRQ

Sustainable and smart nation development requires energy as a critical resource. In the next 20 years,
the global energy demand is projected to increase by &#é6t and more fossil fuels resources will

be needed for energy supfiwvanget al, 2014;International Energy Agency, 202Meanwhile, the

most significant challenge for industries is currently the decline in available fossil fuels reserves.
Moreover, as the global energy demand is expected to increase, the impact of greenhouse gases will

also increase. Therefore, the greenhouse effect, diminishing fossil fuels and increased energy demands
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are pervasive global challenges due to the growing global population. This has increased the demand
for agricultural commodities and industrial producthe aforementioned global challenges are
becoming more severe and have drawn more attention in different sectors in the past decades
(Lutzkendorf and Balouktsi, 2019; Charani Sharedial, 2021;van Soeset al, 2021)

While the depletion of fossil fuel reserves is observed, carbon dioxide emitted by burning fossil fuels
for energy purposes is the most prevalent contributor to the greenhouse effect. Even with cost
competitive renewable ergr sources, fossil fuels will continue to supplement the energy supply.
Furthermore, rapidly developing countries do not appear to be particularly interested in reducing their
use of relatively cheap coal reserves. Based on projections, fossil fuelkeljlidominate energy mix
worldwide for a long time, and renewable energy sources will have difficulties to fully gain a substantial
share of the global markéMohr et al, 2015; Brockwayet al, 2019) Even in the context of the
Coronavirus disease (COVAD9) pandent having caused a shock to the overall energy demand driven
by a decline in commercial and industrial activities, carbon emissions kept on inckéesstigppietro

et al, 2020; International Energy Agenc3021) In addition, due to the global economy statvn,

this COVID-19 outbreak has significantly increased the unemployment rate to 34.9% in South Africa,
leading to energy povertffHughes Alison Larmour Richard, 2021; Ye and Koch, 2021; Ngaah

2022) Therefore, for these reasons, researchers seek alternative methods to reduce carbos emissi
while protecting consumers basic energy needs. Addressing both energy inefficiency and CO
emissions represents an integrated approach in developpingfstiageart innovative technologies
(Huanget al. (QJOH]RV 1JDQ DQG (QJ0etalR2009; Mako§@@GHUVHQ
2010; Tumbeet al, 2014; Hwanget al, 2014; Li, Shen, Liu, Farfan, et al, 2015; Taret al, 2015;

Li, Shen, Liu, Fan and Tan, 2015; Ngeetaal, 2019; Ong and Chen, 2019; Safari and Varaminian,
2019; Chonget al, 2019; Gambelliet al, 2019; AbediFarizhendiet al, 2020; Ghiaskt al, 2020;
Sergeevat al, 2021 Wilberforceet al, 2021; Doubrat al, 2021) As for the fruit processing industry,
carbon dioxide hydratbased juice concentration has become increasingly popular as a novel approach

for carbon dioxide reuse€. reduction of CQemissions) andreergy savings.

Nowadays, the food industry utilises freeze concentration as an alternative to evaporation to remove
water from heatensitive solutions and preserve bioactive conte@tmcentration via hydrate
formation is similar to freezeoncentration such that the ice formation step is replaced with gas hydrate
crystal formation in the former technology. The principle behind both processes is that the components
of juice, except water are not involved in the crystal structure of eitbarigas hydrate. The freeze
concentration process is very eneigiensive in the food industry as it relies on temperatures below
water freezing point. However, energy requirements in gas hyolagexd technology are moderate
since gas hydrate can berfurd above water freezing point. Thereforecomserve energy without

destroying bioactive components in liquid foods sagfuicegHuanget al, 1966; Ngan and Englezos,
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1996; Chun andlee, 1999; Li, Shen, Liu, Fan and Tan, 2015; Li, Shen, Liu, Fan, étaal, 2015;
Smithet al, 2016; Safari and Varaminian, 2019; Seaithkl, 2019; ClaRemt al, 2020; Ghiaset al,
2020; Doubreaet al, 2021)and coffegPurwantoet al, 2001, 2014; Abedkarizhendiet al, 2020) it

is feasible to incorporate high concentrations of @@ liquid foods and effect water removal thgbu

a hydratebased technology. Hence, €l@ydratebased technology in the food industry has emerged as

a green solution to guarantee stable and sustainable renewable energy utilisation.

Although the hydratdased concentration technology offers energyseovation and preservation
benefits in the fruit juice concentration industry, its commercialisation associated with inekcsthial
production is not yet effective. This does not come as a surprise when it appear that thermodynamic and
kinetic data releant to hydrate forming systems in the presence of fruit juices are scarce. Such data are
instrumental designing and optimising industrial processes. The present experimental study was
initiated to provide new experimental data from which insight can inedéntothe interplay between
hydrate formation kinetics and juice water contents. It was reported in previous studies tmgdrate
formation depended on juice composition, the mixing of the phases, and system gébimstrgn,

Liu, Fan and Tan, 2015; Let al, 2017; Safari and Varaminian, 201%®inetic studies entails
determining keykinetic parameters of hydrate formation, including storage capacity, apparent rate
constant, wateto-hydrate conversion, gas consumption, and rate. These kinetics parameters of gas
hydrates formation are of interest in fully assessing the proposed aatioenprocess of gas hydrates

in vew of its future commercialisatioWell-known kinetic models proposed Byglezoset al.(1987)

were used in this study to determine these kinetic parameters. Based on crystallisatidEtiytergs

et al, 1987) these kinetic maels were developed to calculate the difference between the fugacity of
the gas species in the hydrate and vapour ph@kissis the driving force for gas hydrate formation.

Concretely, experimental kinetic data under hydrate forming conditions havedmmsted for three
different systems containing carbon dioxide, water as well as grape/pineapple/bitter melon juices. The
effect of grape/pineapple/bitter melon juice water cut on experimentally obtained induction time and
calculated kinetic parameterave been examined at various initial temperatures and predsmessc

data such as those reported in the present study represent a prerequisite for industrial roll out of gas

hydratebased fruit juice concentration.

(ISHULPHQWDO VHFWLRQ
ODWHULDOV

Ultrapure MilliporeQ water, fruits, and carbon dioxide (@Qvere used for the present study. The
ODERUDWRU\ REWDLQHG ZDWHU ZLWK DQ HOHFWULFDO UHVLVWI

experiment. Tabl8.1 contains additional isfmation about these two chemicals. Afrox (South Africa)
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provided CQ gas with a minimum mass fraction of 99.99%, raw fruits (grape, pineapple, and bitter
melon) were purchased from Food lovers supermarket in Kweldaidal (South Africa, Durban). Fresh
juice was extracted from these fruits by carefully crushing them; the characteristics of their
compositions are given in Tab&2, which will be discussed further in the results and discussion
section. The preparation of juice solutions with an uncertaguwgl lof £0.5 mL gravimetrically was
conducted using an accurate analytical balance, model AS220/C/2 (provided by RADWAG, Poland)

having an uncertainty of £0.0001 g in mass.

$SSDUDWXYV

In this study, a higipressure equilibrium cell was used1B80-mL stainless steel container made from
stainless steel (SS 316L) was supplied by Blchi, Switzerlamickel-chromiumiron-molybdenum

alloy is hydrophobically coated on the inside of the cell, making it capable of withstanding temperatures
and press@s up to 473.15 K and 10 MPa, respectively. The liquid bath and system temperature were
measured with a fouwire Pt100 thermocouple (supplied by Grant Instruments, United Kingdom),
with an error of £0.3 K. An inside pressure of the kgbssure equilfium cell were measured by a
pressure transducer (supplied by ESI Technology of the United Kingdom), with an uncertainty of
0.25% of full scale.A magnetic stirrer bar was used with a capacity of 1000 RPM to stabilise the
thermodynamic equilibrium quickland ensure thorough mixing of conted{gemperaturecontrolled

unit, designated LTC4 (supplied by Grant Instruments, United Kingdom), was composed of a TX150
Optima™ circulation bath and an R4 storage tank and refrigeration unit. A liquid bath aednsys
temperature were set and controlled with this deioeagueous solution of glycerol water served as

the cooling solutionThe cell is vacuumed to remove any trapped air (supplied by Gardner Denver,
United States). In SquirrelView software, pressurd eemperature data at particular intervals were
monitored using the apparatus connected to a Grant Instruments Data Acquisition Unit (32020

Figure3.1 shows a schematic diagram of the experimental setup utilised in this study.

6DPS®BHHSDUDWLRQ

For the preparation of the samples, a 500 mL volumetric flask was used. First, the flask was washed
and rinsed out with distilled watd¥ollowing that, Fruit juices of different concentrations were prepared
using Ultrapure Millipore water. I 500mL flask of fruit juice, the desired amount of ultrapure
Millipore water was added, and an uncertainty level of £0.5 mL was determined. Freshly prepared fruit
juice samples were kept in an ultrasonic bath for 15 mirhg&ge storing both pure andwed fruit

juice samples in a refrigerator at 277.15 K. Lastly, a-deficribed methodology in literatu®DAC
International, (2016)was used to analyse the composition of the investigated fruit jdiabte 3.2

give a detailed rakdown of the constituents of the examined fruit juices.
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([SHULPHQWDO PHWKRGYV
.LQHWLFV RI K\GUDWH IRUPDWLRQ PHDVXUHPHQWYV

In this study for this thermodynamic measurement, the same experimental method and experimental
procedure were used in literat@g described by Sloan and Koh (2007), Tuetial. (2011),andFakir

et al. (2021) for hydrate measurements were used. However, the primary purpose for these
measurements was to estimate the effect of each parameter used (i.e. initial temperature and pressure as
well as fruit juice concentration) and identify the hydrate formation and growth rate, storage capacity,
mole consumption, apparent rate constant, amatemto hydrate conversion during the hydrate

formation.

In these measurements, the system for each run was washed vigorously to eliminate any remaining fruit
juice sample from previous kinetic measurements, and a fresh fruit juice sample at selected
concentration was used. The equilibrium cell was cleanedsa@hy liquid and repeatedly rinsed with
Ultrapure Millipore water. Then, the system was soaked with methanol or ethanol for 30 minutes. After,
the cell was rinsed with acetone to ensure that it was dry before each experimental run. After cleaning,
the equiibrium cell cover plate was tightened to ensure proper seal before being pressurised and was
connected to the monitoring system. Then, a vacuum pump was used to evacuate the cell for
approximately 30 minutes to a pressure of 0.00025 MPa. After thatppnepaiate quantity (40 mL

with an uncertainty level of £0.5 mL) of the fruit juice sample freshly prepared was injected into the
equilibrium cell. Again, the equilibrium cell was evacuated to eliminate any presence of air for 5
minutes. Afterwards, the adibrium cell was submerged into the temperatcoatrolled liquid bath

set for the desired initial temperature to cool the equilibrium cell for at least 45 to 90 minutes depending

on the liquid sample to ensure that equilibrium temperature was achieved.

When system temperature stabilises, the equilibrium cell was purged by slowly pressurisingwith CO

to 0.5 MPa. Then the cell was vented completely. This cycle was repeated at least three times to prevent
residual air contamination. The cell was therspugised slowly with C&xo a desired initial pressure

within the hydrate stability zone. During €@jection, the dissolution of warm G@n water causes a

slight increase in system temperature. After pressurising the cell, the pnesauleging valve was

closed, and the magnetic stirrer was switched on and set at a speed of 500 rpm to agitate the phase inside
the equilibrium cell. Therhe system temperature decreases steadily to the set temperature. The system
temperature and pressure were monitored and recorded by a data acquisition connected to a computer
installed with the SquirrelView software for display until an equilibrium coonitvas reached. Since

heat energy is released (exothermic process) during hydrate formation, the nucleation point was
detected by a spiked system temperature (in both the interphase and the liquid), depicted 4nlFigure

Then, as the hydrate was form&{), was encapsulated (hydrate growth) inside the crystals, causing
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the cell pressure to drop sharply. The system was left until a stable temperature and pressure was
observed after the hydrate growth.
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Figure 4.1: Pressure and temperature traces during the hydrate nucleation and growth at the constant
temperature and initial pressure of 276.15 and 3.9 MPa in grape juice having 50.0 vol% of Millipore

water added. As can be seen in the photograph (i), the hydratdfbgnthe experiment.

In order to shut the system down after the pressure stabilises, the data acquisition was stopped, the
stirrer, the temperature controller, and the bath were turned off. Next, the cell was disconnected from
the data acquisition syste removed from the liquid bath, and placed in a fume hood. The gas
accumulated inside the cell was slowly released through the vent, and the contents were discarded.
Lastly, the cell was cleaned as described aballeneasurements were repeated twicensure that

the reported results were reproducible and accurate, and the uncertainty of the induction time reported

is +£1 min.

7TKHRU\
.LQHWLF PRGHOV

In this study, kinetic parameters were empirically determined, including the rate of hydrate formation,
storage capacity, apparent rate constant, watbydrate conversion, and gas consumption. The kinetic
models developed by Englezes al (1987) wereXVHG DQG DUH ZHOO GHVFULEHG

literature(Sloan and Koh, 2007}-or the formation of C&gas hydrate in juice systems investigated,
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the following equation describes the physical reaction between water argh€0

(4.2)

wheren denotes the hydration number calculated by utilising the following equation for structure |
(Sloan and Koh, 2007)

(4.2)
where L and sdenote the fractional occupancy and indicators of L and S represents large and small

cavities.In this study, the model parameters for the Langmuir constants fpg&Qwere determined
usingthe3AaDUULVK DQG 3 lEdnativhQds\dhpwn below:

(4.3)

whereA;;, andB;, are adjustable adsorption parame{@€eble4.1) found for different hydrate formers
in the open literature S DUULVK DQG 3UDXVQLW]

Table 41: Langmuir constants of various materials are presented

Langmuir parameters

Structure | Structure Il
Property Aj Bi Aj Bij
Small 0,001198 2860,5 0.0 0.0
Large 0,008507 3277,9 0.0 0.0

Accordingto & KHQ D QG * XtRe following equation is used to calculate fhgacity of gas

species in the vapour phase:

(4.4

(4.5)

wheref GHQRWHY D VSHFLHVY IXJDFLW\ LQ HTXLOLE yR&fprsEntsVK WKH
its fugacity in equilibrium with the unfilled initial hydrate phase. According to this equation, the
symboils ; fand 2 fdenote the number of related cavities per water molecule and the number of gas
hydrate formers per water molecule, respe¥tH O\ 7KHVH DVVXPSWLRQV .1 LQ HTXI
and 2 for structures land I&E KHQ D QG *XJBng Equation 4.6, one can calculate the fugacity
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of agas molecule in equilibrium with a basic unfilled hydrate:

(4.6)

where

4.7)

(4.8)

(4.9)

(4.10)

T and P in the above equations are in K and Pa, respectiv8lyDV VXJJIJRBRXWH DO BRG *XR
can be taken as a constdntEquatiord.7, the A, B, and C parametéiicable4.2) represent the Antoine
constants for thhydrate former & KHQ DQG *XR

Table42: $QWRLQHYV FRQVWDQWY RI YDULRXV PDWHULDOV DUH SUF

Antoine's constants

Structure A B C
| 9.64 x 109 -6444.5 36.67
1 3.45 x 109 -12570 6.79

For structurd, the "parameter is equal to 0.4242 x®1(K/Pa), and for structure II, it is equal to
1.100224 x 18 (K/Pa) &KHQ DQG *XRFFRUGLQJ WR /DQJPXLUYV DGVRUSYV

parameter can be calculated as follows:

(4.11)

whereC; indicates the Langmuir constant previously determined (Eq. 4.3} &the fugacity of gas
in the vapour phase. In order to calculate the amount of gas consumed through clathrate hydrate
formation, the real gas law is used as foll§g@siithet al, 2000; Fakiret al, 2021)

(4.12)
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where P, T, and V signify pressutemperatureand volume of gas inside the highessure equilibrium

cell. For each time value 6fandt, the subscripts indicate the equilibrium conditions at that time. In
Equation 4.12, SRK Eo0S is used to estimatetmepressibility factoZ RI WKH JXHM8itV PROHF X
et al, 2000) Based on the following equatigMohammadiet al, 2014) the gas volume inside the

cell, V4, at timet can be estimated:

(4.13)

whereVeet UHSUHVHQWY WKH FHOO TV WRrépE&ns levdBrie oftkelagueols/ FP
solution, which is 40 cfa Then, the volume of solution or water reactésly:at a time, the following
equation estimatedgMohammadiet al, 2014)

(4.14)
whereVvh, represent the molar volume of water in the cell, which can be calculated by the following

expressior(Englezoset al, 1987; Mohammadat al, 2014)

(4.15)

where, T and*y, are in K and rffmol, respectively. The molar volumy, of the hydrate at time t, is

calculated as followgMohammadiet al, 2014)
(4.16)
where T is in K, P is in MPa andy, is the volume of empty hydrate lattice. According to Klauda and

Sandler (2000), and Dharmawardhaataal. (1980), the following equations can be used to calculate
molar volume¥, LQ VWUXFWXUH ,TV HPSW\ K\GUDWH ODWWLFH SKDVF

(4.17)

whereNa LV $YRJIDGURTV VOXPEKRIUP BX®Q @ #mol, K and MPa, respectively.
Waterto-hydrate conversion (known as a mole of water per moles of feed solution) is calculated as

follows:
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(4.18)

The storage capacity of gas hydrates is defined as the volume of gas they can store under standard
pressures and temperatures. The equation4B§) for calculating the storage capacity of hydrate
formers during hydrate formatiolohammadiet al, 2014)is used as follows:

(4.19)

where subscripts STP stands for the standard conditionsY.atgl the molar volume of hydrate
formation, which is calculated using EdL.16). As a result of the formation of gas hydrate, the
following equation is used to estimate the rate of gas confamfginglezoset al, 1987; Zhangt al,
2007; Mohammadgt al, 2014)

(4.20)

In equationd.20, ni.; andni.irepresent the number of gas molecules in the vapour phase at a time equal
to ti.iandti.1, respectively, wherewais the initial number of water molecules in the liquid phase, which

is estimated using the initial volume of water (40*émthis study). According to this studkp, (the
apparent rate constant of reaction during hydrate formation) is another pardestebed. This

parameter is estimated using the equation béd@hammadiet al, 2014)

(4.21)

SHVXOWM DEXG/VLRQ
([SHULPHQWDO UHVXOWY DQG DQDO\VLV RQ WKH NLQHWLFV

7LPH RI FDUERQ GLR[LGH K\GUDWH IRUPDWLRQ ,QGXFWLRQ WLPI

A total of 60 hydrate formation experiments were carried out at initial pressures ranging from 2.1382
to 4.8731 MPa and constant temperatures from 274.15 to 276.15 K in threeojuiaming systems
(system 1: C@+ grape juice; System 2: G@ pineapplguice; system 3: CoO+ bitter melon juice)

with pure and dilute fruit juice concentration. All measurements were repeated twice to ensure that the
reported results were reproducible and accurate. The uncertainty of the reported induction time is

+1 min. The experimental results are providedTables4.3 to 4.5. It should benoted that hydrate
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formation times were calculated by averaging two measurements under identical conditions. It was
observed that the required hydrate nucleation time depended pertdure and pressure. Laboratory
hydrate dissociation data measurements revealed that hydrate formation wascansoming
phenomenon, an indication of its enefgiensitivity. Therefore, in the context of techaconomic
analysis, hydrate formatiomte can be regarded as the main factor ensuring the financial viability of
the proposed technology. Thus, this factor is so crucial that excluding it may lead to inaccurate models
for the design and optimisation of hydrdtesed fruit concentration processdt is vital in

understanding the kinetics and mechanisms to form gas hydrates for new investigated systems.

Table 4.3: Experimental kineticsesults of hydrate formation in the presence of bitter melon juice.

bWC Texp 9" Texp  Pexp T 9SC  "FMGC 'FWHC IKgppx10®® KHFRx1G
I(wt.%) /(K) /(K)  /(MPa) /(min) [(viv) mmole /(%)

96.5 274 409 29432 783.58 128.95 0.023 27.60 18.5 4.12
4.65 3.2371 292.08 145.57 0.027 32.40 20.5 11.5

4.83 3.3293 97.75 162.85 0.029 34.80 211 13.3

275 3.45 31131 892.92 109.61 0.023 27.39 17.6 7.70

4.15 3.5063 301.33 127.29 0.027 31.81 20.0 12.6

5.05 4.0739 115.08 133.59 0.028 33.38 234 22.2

276 275 3.2826 890.25 86.91 0.018 21.72 17.2 3.18

3.15 34736 556.92 113.19 0.024 28.28 18.3 9.71

3.65 3.7934 183.01 121.82 0.025 30.46 20.0 11.3

97.4 274 5.15 3.0533 83.92 135.35 0.028 50.4 18.8 12.6
6.05 3.4888 46.25 83.43 0.038 68.4 21.7 18.9

6.45 3.7120 4.58 101.36 0.041 73.76 23.1 26.4

275 3.75 2.8968 115.42 105.54 0.022 39.56 17.4 8.16

491 3.3897 71.08 158.22 0.033 59.31 20.5 16.9

5.75 3.9080 12.08 197.94 0.008 14.22 23.9 22.6

276 275 2.8916 1167.67 93.52 0.018 27.28 141 5.04

334 3.1375 443.25 109.28 0.023 40.96 15.4 7.41

4.25 3.5720 184.17 158.47 0.033 59.4 17.7 134

100 275 3.42 3.0000 1.10 174.25 0.166 27.02 258.8 102
276 2.65 3.0600 - 49.90 0.042 26.90 3.57 11.0

a Standard uncertaintyy(T) = 0.08 K,u(P) = 0.0234 MP& Water contentt initial temperature? degree of
subcoolingé initial pressure! Induction time;? storage capacity®, Final moles of gas consumed per moles of
water;' Final watefto-hydrate conversion (mole%)Apparent rate constanand* Hydrate formation rate,
ORKDPPBWLDO $$EHGDRUL]KHW @O
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Table 4.4: Experimentakinetics results of hydrate formation in the presence of grape?juice.

BWC  Tew 9 Zop  Pop T 9SC  "FMGC FWHC Kappx10® KHFRx1G
IWt.%) IK)  KK)  /[(MPa) /(min)  /(vIv)

885 274 515 3.3338 458.05 143.30 32.27  0.029 16.3 25.1

5.85 3.6529  90.17 157.10 38.20  0.032 18.5 28.4

5.85 3.6680  47.92 158.39  39.10  0.033 18.6 29.1

275  3.25 29690 1269.92 10551  26.36  0.022 12.6 16.3

455 35651 507.42 133.26 32.01  0.028 16.3 25.7

475 3.6282 287.92 14021  33.32  0.029 16.7 27.1

5.25 3.8767 122.33 14470 3573  0.030 18.2 28.1

5.35 3.9391 53.08 155.08 39.01  0.031 18.7 29.4

276  2.65 3.1126 1820.33 9850 24.61  0.021 12.2 14.2

3.65 3.5736 1193.1 11091 27.72  0.023 14.8 19.4

425 3.9184 882.75 151.63 37.89  0.032 16.8 25.2

91.4 274 2.75 2.1382 23.75 - - - - -
4.75 2.8866 16.08 - - - - -
6.75 3.8245 11.17 - - - - -
6.75 3.8342 6.67 - - - - -
7.15 4.1001 2.92 - - - - -

275 4.17 3.0795 990.25 126.77 47.52 0.026 14.7 20.3

495 3.4774 308.67 141.95 64.80 0.036 17.4 29.3

5.05 3.5146 191.08 152.18 66.60 0.037 17.7 31.4

515 3.5451 146.75 157.48 68.40 0.038 17.9 32.7

276 3.15 3.0321 425.86 113.84 42.67 0.024 13.0 16.7

3.87 3.4129 34292 140.91 52.82 0.029 15.4 22.2

415 3.4983 298.33 160.28 60.08 0.033 15.9 24.2

4.54 3.7202 715 17451 65.41 0.036 17.3 26.7

100 275 3.42 3.0000 1.10 174.25 0.166 27.02 258.8 102
276° 2.65 3.0600 - 49.90 0.042 26.90 3.57 11.0

a Standard uncertaintyy(T) = 0.08 K,u(P) = 0.0234 MP& Water contents initial temperature? degree of
subcoolingé initial pressure! Induction time;? storage capacity® Final moles of gas consumed per moles of
water;' Final waterto-hydrate conversion (mole%)Apparent rate constant; aficHydrate formation rate,
ORKDPPBWLDO 35 $EHEBRUL]KHW @DLO
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Table 4.5: Experimentakinetics results of hydrate formation in the presence of pineapplé*juice.

PWC  Texp 9 Texp  “Pexp T 9SC  "FMGC 'FWHC IKapx10° KHFRx1G
Iwt.%) /(K)  /(K)  /(MPa) /(min)  /(vIv)

91.1 274 6.25 3.1963 137.08 132.97  0.033 33.23 17.5 11.7

735 3.7980 52.83 16549 0.041 4135 21.1 12.8

7.55 3.9086 400 173.46 0.043 4334 21.7 18.4

275 6.05 3.5764 405.15 136.84 0.034  34.20 17.8 14.3

6.45 3.8021 139.67 145.82  0.036 36.44 19.0 16.8

6.95 4.1672 20.08 166.90 0.042 4171 20.9 20.7

276  4.75 3.4405 581.67 120.72  0.030 30.16 15.4 7.66

525 3.6976 193.83 13186  0.033 32.95 16.7 19.1

585 4.1011 34.33 151.30 0.039 38.92 18.6 21.1

93.3 274 555 3.1663 129.08 175.00  0.035 62.84 14.8 12.5

6.35 3.5995 97.58 184.55  0.041 73.23 17.0 23.1

6.45 3.7277 28.67 193.73  0.043 76.87 17.6 25.3

275  4.05 2.9725 470,57 15434  0.032 57.85 15.2 9.21

495 3.4297 396.92 172.05  0.036 64.49 17.7 1.6

545 3.6157 129.17 183.41  0.038 68.75 18.7 20.8

276  3.35 3.1082 643.92 123.93 0.028  46.45 14.5 6.5

475 3.7869 330.42 13545  0.027 50.75 18.0 18.9

485 3.8697 24250 136.35  0.025 51.11 18.3 21.7

100 275 3.42 3.0000 1.10 17425 0.166 27.02 258.8 102

276 2.65 3.0600 - 4990 0.042 26.90 35.7 11.0

a Standard uncertaintyy(T) = 0.08 K,u(P) = 0.0234 MP& Water contentt initial temperature? degree of
subcooling® initial pressure! Induction time;? storage capacity’ Final moles of gas consumed per moles of
water;' Final waterto-hydrate conversion (mole%);Apparent rate constgnand* Hydrate formation rate,
ORKDPPBWLDO ¢ $EHGRUL]KHWW ®LO

In this study, the hydrate formation time varied from seconds to days due to the complex nature of the
hydrate formation proceg&ashchiev and Firoozabadi, 2003; Sloan and Koh, 200y induction

time is determined between gas injection and the occurrence of the nucleate i§8lpem&and Koh,

2007) This occurs due to a dramatic drop and abruptly increase of the system pressure and temperature.
This quicktemperature increase is due to the heat released when the supersaturated metastable state is
suddenly brokerlTables4.3 to 4 4 reports the average induction times values with other pertinent data

for newly investigated systems obtained from experimental kinetics of hydrate formation measurements
carried out at constant initial temperatures of 274.15 to 276.Yhklldifferent initial pressures ranging

from 2.80 to 4.10 MPa.

As reported in Table$.3t04.5, it can be seen that the incipient hydrate time relied on numerous factors,
including initial pressure and temperature, -sobling temperature, juice residuals, water cut, and

system geometry. Therefore, resutstained in this study for investigatedssyms did not accurately
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match. This signified that replication of results obtained from one system is not possible. All
investigated systems seem to provide better stability gain at higher pressures and temperatures. The
assessment of these factors oruitthn time is discussed later in ti@hapter

(I'HFW RI LQLWLDO SUHVVXUH DQG WHPSHUDWXUH RQ LQGXFWLR

Initial conditions (pressure and temperature) were selected in the hydrate stability zone to ensure the
clathratehydrate formation. BeforetheQLWLDO K\GUDWH IRUPDWLRQ WKH K\GUD
to £ 0.05 MPa) were observed. Induction times varied significantly with experimental conditions. As
observed in Table$.3to 4.5 and Figure®.7 toD.15, induction times for the nesystems investigated

in this study are shorter at high initial pressures. This is understandable as high initial pressures

correspond to high degrees of subcoolisee AppendiD, FiguresD.1 toD.6).

During the dissolution stage between gas injectimhthe occurrence of nucleation, the pressure was
observed to drop, indicating that a large amount of ®@&s dissolved in the juice system. This was
followed by a sudden pressure drop and a sharp temperature increase, indicating the onset of CO
hydrate micleation. It was also observed that clathrate hydrate nucleated immediately once the agitation
was initiated at higher degrees of szdpling. This is due to the fact that the liquid phase was quickly
converted to the bulk hydrate. The hydrate formatia increased as the initial pressure was increased.
This indicates that at higher initial pressures, the mass transfer resistance in the liquid phase is lower

due to an increased driving force for the hydrate formation reaction, resulting in rapid Fyminateon.

When the equilibriunpressure is attained, a condition such that the hydrate is no longer formed, the
pressure drop observedTables 43to 45 and Figure®.7 toD.15may be related to hydrate formation.

As it can be seeincreasing the initial pressure and the degree oftsoling as driving forces of the
hydrate formation has decreased the pressure @tip observed behaviour may be attributed to the
high solubility of CQ at high pressure which compel the liquid phtaseccommodate a limited number

of additional CQmolecules prior to conversion into hydrate. However, an opposite trend was observed
when the system temperature was decreased, leading to a decreasesatuBiity in water and an
increased pressure @raGrape juice exhibited the highest hydrate formation rate, in which more gas in

the same period is consumed than pineapple and bitter melon juices.

On the oth