This is a repository copy of Food suspensions study with SR microtomography.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/122517/

Version: Accepted Version

Article:

Islam, S.F., Wysokinski, TW., Belev, G. et al. (5 more authors) (2018) Food suspensions
study with SR microtomography. Chemical Engineering Science, 175. pp. 208-219. ISSN
0009-2509

https://doi.org/10.1016/j.ces.2017.09.051

Reuse

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long
as you credit the authors, but you can’'t change the article in any way or use it commercially. More
information and the full terms of the licence here: https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose o
| university consortium eprints@whiterose.ac.uk
WA Universiies of Leeds, Sheffield & York https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Accepted Manuscript

CHEMICAL |
ENGINEERING
SCIENCE

FOOD SUSPENSIONS STUDY WITH SR MICROTOMOGRPAHY

Syed F. Islam, Tomasz W. Wysokinski, George Belev, Ramana V. Sundara,
Steve Whitehouse, Stefan Palzer, Michael J. Hounslow, Agba D. Salman

PIL: S0009-2509(17)30605-X

DOI: https://doi.org/10.1016/j.ces.2017.09.051
Reference: CES 13828

To appear in: Chemical Engineering Science

Received Date: 31 July 2017

Revised Date: 19 September 2017

Accepted Date: 28 September 2017

Please cite this article as: S.F. Islam, T.W. Wysokinski, G. Belev, R.V. Sundara, S. Whitehouse, S. Palzer, M.J.
Hounslow, A.D. Salman, FOOD SUSPENSIONS STUDY WITH SR MICROTOMOGRPAHY, Chemical
Engineering Science (2017), doi: https://doi.org/10.1016/j.ces.2017.09.051

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting proof before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.ces.2017.09.051
https://doi.org/10.1016/j.ces.2017.09.051

FOOD SUSPENSIONS STUDY WITH SR MICROTOMOGRPAHY

Syed F. Islarh Tomasz W. Wysokinski George Belef; Ramana V. SundataSteve
Whitehous® Stefan Palz&r Michael J. Hounslow& Agba D. Salmah

1 Department of Chemical and Biological Engineering, Unixetd Sheffield, Sheffield, S1 3JD, UK
2 Canadian Light Source Inc., 44 Innovation Boulevard, SaskaSK S7N 2V3Canada
3 Lincoln Institute for Agri-food Technology, University Lincoln, Lincoln LN6 7TS
4 Nestlé Product Technology Centre Confectionery, Haxby Raardt, YO91 1XY, UK
5 Nestec Ltd., Nestlé Research Centre, Case Postal®@Rt| ausanne 26, Switzerland
sfislaml1@sheffield.ac.uk

ABSTRACT

The incorporatiorof a small amount of secondary immiscible liquid to suspensiandead to a
shift from a fluid-like structure to a paste-like structurais is ascribed to the higher attraction of
the secondary liquid to the particles, in comparisonh® dontinuous phase. However, visual
observations on the micro-scale during both long and séon time-scales, dependant on the type
of secondary immiscible liquid used are yet to be reported.

In the current study, the movement of various secondaryiscible liquids (water, sucrose
solutions, saturated sucrose solution and glycerol) when addechodel food suspension (sucrose
particles in sunflower oil) was investigatddlynamic X-ray computed tomography was used, as a
non-invasive approach, to study the mass transfer on tbe-stale and to observe the bulk
movement of sucrose within the suspension. It was fohaickhe affinity of the secondary liquid in
dissolving sucrose was the primary contributor to the secpndiguid movement, with
density/gravitational effects playing-a minimal role.
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1. INTRODUCTION

Numerous suspension based food products comprise of solidphyldrgarticles suspended
throughout a continuous hydrophobic liquid phase. When a nuoantity of a secondary
immiscible liquid (water or glycerol) is added, it resultaiitransition from a fluid-like material to a
paste-like material [1, 2]This transition into a paste-like material may be palated to offer
sample stability, and allow products to retain their destexpe long term [3]This rearrangement
has been attributed to the establishment of liquid britbgeseen the hydrophilic particles by the
secondary liquid, varying the rheological properties af suspension several-fold-6]. The
secondary liquid has a superior affinity to the solidipled, in contrast to the continuous phase,
because of their hydrophilic characteristiowever, there are very few published results showing
the microscale changes responsible for these tamsiin a qualitative manner.

For the food based systems, moisture may enter fnensurface and/or it may diffuse between
different areas within the product. The direction of emmentis determined by the water affinity
differential between the different areas in questidns is especially important for the storage life-
time of food products, as the mass transfer can beriog over long time scales affecting quality
It is believed that a combination of transport mechanismssponsible for this, including capillary



effect and diffusion process[7]. This work presents the effect of changing the typkgaid and
the subsequent mass transfer-taking place on the nuafe-s

X-ray computed micro-tomography (u-CT) has been used suctedsf study the structures
and properties of many products including food. These incluéadbrcereal bars, apples,
mayonnaise, coffee beans and chocolate to name g8fdw]. The present work uses a non-
invasive method, via synchrotron X-ray u-CT to track thevement of a secondary immiscible
liquid, within a model food suspension. This is achieved byngpki dynamic (4D pCT) approach
and scanning the sample at different time intervals. Tdubnique enabled the evolution of the
system to be monitored over a set period of time. Buswvork has focused on studying the mass
transfer and changes in dynamics when changing the eoafrsecondary liquid added [18, 19]
This work will concentrate on changing the secondary liqymk t(in particular the sucrose
concentration), on the dynamics of the system.

2. MATERIALS AND METHODS

Materials

Suspensions of sucrose particles (ZMR Zuckermiihle Ruppei§wilGermany dip— 8.45 um,
dsp— 30.9 U, dgp— 82.7 um Malvern Mastersizer S) and sunflower oil (Surfansion 35.5 mN/m,
FTA125. Viscosity 49 mPRa, Malvern Kinexus lab+, measured at @p°were used for all
experiemnts. Further details of sample preparation edound in Islam, Sundara [19].

The suspensions were transferred using a pipette intdosellstraws (each sample was added to
a new cellulose straw, 7 samples in total, 5.75 mm diantasrers Ideas, UK) which were glued
(to prevent leakage of sunflower oil) to a plastic chuck pedgidesigned for the X-ray uCT
experiments. A lid was then placed on top which had aihdlee centre ensuring the depositing of
the secondary liquid using an electronic pipette (EpperXiddrer, UK) on the central axis of the
sample. After the addition of secondary liquid, the lid wegdaced with another containing no hole
to prevent any evaporation of the secondary liquid duringxjpergnent.

The secondary liquid was varied altering the viscositypsitg and sucrose solubility to better
understand the effect this has on the mass transpomgtalace. The liquids used were distilled
water, sucrose solutions (10 % wt., 30 % wt., 40 % wt. and 67 %amd.yjlycerol. Solutions were
prepared by dissolving with stirring the relevant amounsuafrose crystals in deionised watér a
room temperature (25°C) [20]

Rheological properties

The viscosities of the secondary liquids were measured asimogational rheometer (Kinexus
Lab+, Malvern, UK). A cone & plate geometry was used (1/50arigle and 50 mm diameter).
Measurements were conducted over a shear rate ramp @fab@e 1000 §), ensuring steady state
torque before proceeding to the next rate setfigexperiments were conducted at £5°

Interfacial tension

Interfacial tension measurements were carried out usingethéant drop method with the FTA
125 machine at 25°C. At equilibrium, the shape of the droplenvduspended from a needle is a
balance between the interfacial tension, and the readtéorces being exerted on the liquid. The
droplet can be suspended in air or within a secondary imr@daoid to create either a liquid/air
or liquid/liquid interface. Surface tension measurementiftdrent secondary liquids which were
used for experimental purposes were measured using a 20 gaugq oeted|diameter 0.9081 mm,
inner diameter 0.603 mm).



Synchrotron X-ray pCT measurements

All samples studied were scanned at the BMIT beamline (BOAID-2) at the Canadian Light
Source (Saskatoon, Canada) [2Lhe X-ray energy was set to 25 keV. The sample to detector
distance was 0.M. For each sample, 750 projections were acquired with eguiemsteps over a
range of 360°, with a regular angular step of 0.24°. Trectfe pixel size of the detector was 3.2
um. For the experiments, the pixel size was fixed to 6.4 um, applying a 2 x 2 binning. The total
scan time for each sample was 12 minutes.

Scans were reconstructed using the NRecon software (BRgdgium) resulting in 3D datasets
containing 1006 slices. Reconstructed images were analysed ussaftthare Image J. The séic
chosen for analysis purposes was where the secondary ligsithsgast in diameter along the X-
axis ((Figure 1)

Synchrotrons provide users with unique, phase-related mpagethods. They provide very high
flux with a flat energy spectrum and quasi-coherent bédrase-sensitive imaging methods exploit
differences in the refractive index of the samplenbance the acquired contrast, especially useful
when imaging weakly absorbing samples (low Z materialsg. Aigh brightness reduces the total
time required for the experiment and monochromatic intags not affected by beam hardening
artefacts. In comparison, benchtop systems requigeloacquisition times due to lower X-ray flux,
and the beam is polychromatic leading to beam hardenirfgcigehat reduce the image quality.

3. RESULTS AND DISCUSSION

Secondary liquid properties

Experiments were conducted to investigate the rheologicpkepies of the different secondary
liquids. All liquids exhibited Newtonian behaviour. The viscosity atehsity values for the
secondary liquids used can besedn in Taple 1. Thedoi@rtension in air and sunflower oil can

be seen iE Table| 2.

Varying sucrose concentration of the secondary liquid- Short term behaviour

X-ray scans were conducted on suspensions of sucrose &50:60 % by wt.) to which a fixed
volume of 5 pl of secondary liquid was deposited on thestoface as a droplet, with a diameter of
2.12 mm. The secondary liquids added were: distilled water; 10 %ugrbse solution; 30 % wt.
sucrose solution; 40 % wt. sucrose solution and a saturatemke solution. Water has the greatest
affinity and ability to dissolve sucrose, whereas saturattetbse solution has no capacity to
dissolve any additional sucrose at 25°C, thus allowinduiheange of sucrose solubility to be
investigated in driving the movement of the secondary liquidimvthe suspension.

Scans taken after 150 minutes from initial additions ofsdn@e volume (5 pl) can be seen in
for water, 10 % wt. sucrose solution, 30 % wt. sucoisiion, 40 % wt. sucrose solution
and saturated sucrose solution. The images displayedomg the X-axis in relation 1
(along the YZ plane), for the slice in which the diagnetf the secondary liquid droplet is the
largest. It can be seen that the water droplet had prodreéssefurthest into the suspension,
followed by the 10 % wt. sucrose solution. The 30 % wt. secemdution was attached to the
surface of the suspension as was the saturated sucrasersdtor the 40 % wt. sucrose solution, it
can be seen that the droplet had moved a small disiratoche suspensiolf. the penetration of the
secondary liquid was dominated by its den$ity (Table 1) actidgngravity, the saturated sucrose
solution would have penetrated the furthest due to having théegtelensity in comparison to the
other 4 secondary liquids mentioned. It can be seen thistithe case, though, if viscosity was a
key factor, this would agree with the trend displayed so far.



The volumes of the different dropletq in Figule 2 werasueed after the experiments and are
shown i Figure BAIl droplets had an initial volume of 5 pl (5tnT®) at depositing, and it can be
seen that after 150 minutes the water droplet had increasgeetitest extent to approximately 8.1
mnT, indicating it had taken up the greatest amount of solidosecfrom the bulk suspension,
followed by the 10 % wt. sucrose solution with a volume @frn?, then the 30 % wt. and 40 %
wt. sucrose solutions with a volume of 6.1 framd 5.8 mm respectively. The water droplet has
the greatest ability to take up solid sucrose as it initlzdly a 0% concentration of sucrose, whereas
the 40% wt. sucrose solution is already close to theatatnrlimit of 66% wt. for sucrose at room
temperature and therefore will take up solid sucrose avweeslrate, which agrees with the images
seen in Figure |2 and the graph in Figufe 3.

Further scans on these samples conducted after 300 mimetetown ifi_Figure]4. The same
trend persists with the water droplet moving the deepesthateuspension-and increasing the most
in volume, whereas the saturated sucrose solution drsipdeved virtually no change in volume or
movement into the suspension. Some settling of the surmyralicrose particles of the bulk
suspension is evident near the surface in the image fosahgated sucrose solution droplet
experiment. The volumes of the secondary liquid dropleta the images 4 are presented
in[Figure §. One reason for the saturated sucrose sohdtomoving at all, is believed to be due to
the droplets inability to take up any solid sucrose fromhthie suspension easily, due already
being at the saturation point, as well as the higher sutéssgon of the saturated sucrose solution
droplet has in comparison to the sucrose solutions and j{22fe

The water droplet had increased in volume to 10.4 after a further 150 minutes (300 minutes
in[Figure §), an increase of 2.3 rhrithe 10.% wt. sucrose solution increased to 9.8 arfurther
2.1 mn?, and the 40 % wt. sucrose solution increased incrementatinligy0.8 mni to 6.6 mni in
the same periadThe saturated sucrose solution showed no change in volumentd’). The
volume of the saturated sucrose droplet is lower than 5.¢) thre to some liquid remaining in the
tip of the pipette during dispensing, due to the viscous natdie diquid.

A volume of water becoming saturated with sucrose at neonperature (25°C) would result in
an additional 126 % volume [20]. Theredpfor a 5 pl (5 mrf) volume to become saturated with
sucrose the incremental 6.3 rhmould give a total volume of 11.3 mimA scan was conducted
after 630 minutes for the 5 pl water sample (Figyre 6) rimgpaldroplet volume of 18.2 ninThis
is well above the 11.3 mifmequired for saturation implying that additional crystallswerose is
also incorporated.

The accumulation of solid sucrose thatl entered the droplet can be seen and is highlighted by
a red dashed line 6. Individual sucrose crystals sarbalseen within the droplet. These
were only resolved through the use of the synchrotron fagilitich offers substantially improved
scan and image quality in comparison to benchtop X-ragysiems.

The slice corresponding to the red dashed line on the ZA#Kigure § is presentedin Figurg 7
It can be seen how solid sucrose crystals are presgrim the secondary liquid droplet as well as
the surrounding bulk suspension. The central most reditimeosecondary liquid droplet is clear,
indicating no presence of solid sucrose. The disperdi@olid sucrose will gradually encroach on
the droplet centre as more crystals cross the iciffam the surrounding suspension.

Varying sucrose concentration- Long term behaviour

Several long term scans were conducted to better undefrstanthe behaviour and dynamics of
the system change with time. The hypothesis is thatlelistvater is able to penetrate the furthest
into the suspension, as it is able to take up the greatesint of solid sucrose in comparison to the
sucrose solutions. To verify this, scans were conductedapmatzly 40 hours from application of
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the secondary liquid on sucrose in oil suspension saniplages for scans taken after 40 hours can
be seen if Figure]8. The distilled water and 40 % wt. sucsodgtion display a similar
distinguished shape which is very different to the sphiesitapes seen in earlier scgns (Figdre 4
The sample to which water was added is greater in both timohtal and vertical dimension, in
comparison to the 40 % wt. sucrose solution, even thoughllpnithe same volume was added.
This accords with the water having the greatest remainipgcts to dissolve and take up
additional sucrose from the suspensi®he 40 % wt. sucrose droplet is nearer to the saturation
limit and thus has a limited capacity to dissolve further secrd@herefore, the majority of the
sucrose which does enter will remain in the solid state avgmall proportion dissolving slowly to
raise the concentration of the syrup toward saturation.

The maximum length in the horizontal and vertical dimersiohthe distinguished shapes in

Figure § for both water and 40 % wt. sucrose solution weesuned as defined by red arrows in
Figure §. For water, the maximum horizontal dimension amtical dimension was 3.8 mm and 3

mm respectively, whereas for the 40 % wt. sucrose saltii® maximum dimension measured was
3.2 mm and 2.6 mm, respectively.

The saturated sucrose droplet[in Figule 8 shows a volumease of 0.3 mfduring the
approximately 35 hour period following the imaging of Figuf@He droplet has detached from the
surface of the oil layer and the surrounding sucrosecfestof the bulk suspension have settled.
The low rate of movment of the saturated sucrose solution despite its largsitgdable 1),
shows that gravity is not the dominating mechanism driviegnitbvemenitlt is believed that there
is no thermodynamic driving force for solid sucrase amsfer from the bulk suspension into the
saturated droplet, which is the reason for the slow peiwethaovement.

A scan conducted after 102.5 hours for the saturated susmpleI(Figure |9) showed a
volume increase of 0.2 ninin the additional 62 hours since thaf of Figufe 8. Cleadyne change
was occurring though at a considerably lower rate in compatisdhe cases of water and lower
concentration solutions.

A slice taken along the Z-axis marked by the red dashednfegure 9 is shown [n Figure 110
The presence of sucrose crystals can be seen bbtnelary between the saturated solution and the
bulk suspension. The increase in volume must have beeio duerose crystals entering the droplet
from the bulk suspension, but these crystals have favaittéity at the interfaceEffectively, a
barrier crust may have formed due to crowding of the bounidseyr possibly reinforced bre-
crystallisation effects bonding the crystafrther, il Figure 9 there is evidence of solid sucrose
present near the top of the saturated sucrose drogeloaation where there was no contact with
the bulk suspension from which solid sucrose crystaisetder. This supports the hypothesis of
crystals being initially mobile in the interfacial layer.

Glycerol

Scans were conducted on a suspension sample to which dr&pjet of glycerol was added at
the surface, and images can be sefn in FigyrEdrly scans showed that the behaviour of glycerol
is considerably different to that of water including thia¢ tmovement is significantly slower.
Therefore, scans were conducted after extended periodgocdge in order to capture the
noteworthy change. After 12.5 hours, it can be seentibe¢ tvas virtually no change to the droplet
itself, though the surrounding sucrose had settled leaviagea of clear oil on the surface of the
suspension. Density differences between sunflower dilsarcrose drive sedimentation. After 22
hours, it can be seen that the glycerol droples stdl pendant on the oil surface above the
suspension. After 44 hours from addition, the droplet had fi#isached from the surface, and
further settling of sucrose particlesthe bulk suspension resultedincreagd oil displaced to the



surface layer. In the scan image at 44 hours, a redvamarks the presence of a large sucrose
crystal in the suspensiomhich at 84 hours was found transferred into the lower regiothe
glycerol droplet[(Figure 12) along with many other crystalis large crystal is arrowed[in Figdre
as well as the void it had occupied in the adjacent suspeftsis apparent that this crystal was
caused to translate across the interface by wettingsarfdce tension forces, and presumably, the
same mechanism acted on all the other ingested crystals.

The behaviour of glycerol droplets in these suspensionseesto be very different to those of
water and sucrose solutions in terms of rate of respamdecapacity to incorporate sucrose and
dilate. The viscosity of glycerol is high compdrto the sucrose solutions which may moderate a
mechanism of travel reliant on flow transfer acrossititerface. Density is not dissimilar to high
concentration sucrose syrups, again suggesting that grawtyata controlling force on speed but
perhaps dictated the direction of traygable J.

The glycerol droplet increased by 0.8 fwolume during the first 44 hour period after addition
Over the next 40 hours, the droplet increased disproporiyriay 1.9 mmperhaps because earlier
it had been attached to the oil surface and preventeddodiding with suspension particles lay
downward movement. The 5 ul water droplet showed a greatéoulilatthe first 5 hour period
following addition [(Figure ) than the glycerol droplettbé same initial volume over 84 hours.
The solubility of sucrose in glycerol is approximately 7%, withich is significantly lowr than in
water (67% wt.) [20]. Therefore, substantially any sucroserig the glycerol droplet will remain
in the solid state. This was confirmed by viewing a slice deshed line) along the Z-axis from the
image ir] Figure 13 (97 hours) as showh in Figuile I 4ppears that the packing arrangement of the

sucrose particles is more close/dense within the dropletithie surrounding bulk suspension.

Dissolution of sucrose

The images presented have shown that high-resolution higrasbscans collected at BMIT are
able to capture the microscale detall of solid sucrosiclesr both within the suspension and the
secondary liquid droplet. Furthermore, for the secondaryidligiroplet to progress into the
suspension, it must either include or displace crystaflim@ose particles from the volume ahead.
The imaging capability allows to determine the fate of tipestcles

It is hypothesised that the initial sucrose which ergesster droplet from the bulk suspension
will dissolve relatively easily and quickly. However, asthier quantities of crystalline solid are
introduced their dissolution will become highly retarded paldrly without convective mass
transfer to disrupt weak concentration gradients clossatoration values. To make observations
relative to this hypothesis experiments were conducted @b aul water droplet, in particular
focusing on the early stages after addition to a sucrosd suspension. Images from a series of
scans made between droplet addition and up to 150 minutesi&fteresented in Figure |15 this
period the droplet volume increased by 5 fremd travelled a distance of 0.55 mm into the
suspension (into the space indicated by the red rectarglendn the first image Therefore a
volume 0.55 mm deep below the droplet, previously occupied by aummixif sucrose and
sunflower oil, became occupied by the dilating droplet. Tumroase crystals which were there
previously had entered the droplet and disappeared (dissoMeg)pdrticle arrangement in the
suspension further below the droplet remained the samaiimdjahat displacement by the droplet
was not an active mechanism.

A large sucrose crystal (approximately 200 um in diamee3ent in the first scan image and
also in the image after 90 minutes is indicated by red arimwigure 1% After 105 minutes it had
entered the droplet and was present near the surface aratiapmemaller in size due to partial
dissolution. After 120 minutes this crystal was no longesgae The stack of images along the X



and Y axes were searched for both 120 and 150 minute scansowvirdce found. The Z-axis slice
marked by the red dashed line in Figure 15 is shown in Figure 46 @sample demonstrating the
absence of particles in this lower region of the drofleerefore, this sucrose crystal had entered
the droplet and dissolved completely during 30 minutes between @@ 2 minutes from the
addition of the water droplet. For the first 150 minutesdimtion of the droplet wassen to be due

to solid sucrose entering from the bulk suspension and letarglissolution.

Scan images following longer storage are presented in Figjiafter 330 minutes the lower
portion of the droplet was beginning to fill with particleslicating that the rate of accumulation
was then outpacing dissolution. This was to be expettsahae point as sucrose concentration rose
and retarded dissolution.

The volume of the droplet after 330 minutes was 17.F amd at 750 minutes was 25.6 fhm
an increase of 8.5 nimin a period of 420 minutes. The scan images show the growing
accumulation of particulate sucrose in the lower negib the droplet. At 750 minutes half the
droplet volume was occupied by a particle bed. The 340% dilatiche original water droplet
volume was the combined result of dissolution and ofdsaiclusion of sucrose shown
schematically ip Figure 18 as a two-stage mechanism.

A particularly large sucrose crystal can be seen irstispension after 330 minute$ in Figuré 17.
It is highlighted in the image with a red arrow. Thisnsacrystal had moved into the droplet by the
time of the scan at 360 minutes leaving a void in the adfjemespension as arrowed. After 750
minutes this crystal, apparently undiminished by dissolutiad been significantly displaced
within the droplet as further solid sucrose from the bullension entered from beneath. A Z-axis
slice shown ip Figure 19 again locates this same largelparti

Two further scans conducted after 24 hours and 34 hours produagdsireeen [n_Figure PO
After 24 hours, it can be seen that the droplet was feltyipied by a bed of particulate sucrose and
has changed dramatically in-shape acquiring a concave upmerTihe large crystal shown in
can still be found (marked by a red arrow) pushed tophef the droplet as yet further
sucrose entered beneaf@nce the droplet was full of particles, the system weaarlgleot yet in a
state of equilibrium as the movement of water/liquid cwed as evidenced by the changes
revealed in the image after 34 hours.

A slice along the Z-axis after 34 hours at the red dashedniifégure 29 can be studied in
which-includes a magnified area from the slicaaritbe seen that in regions beyond the
nominal boundary of the droplet connected structures Hammed by suspension particles
apparently-bridged by a liquid phase. This causes the b tdisplaced into connected channels.
The hypothesised mechanism of bridging is shown schentgiiciligure 22. The driving force for
the formation of the liquid bridge is the interfaciahd®n and the resistance to this flow is due to
the viscosity| (Table |& [Table 3 [23].

Once the sucrose crystal suspended in oil are contactedtby a liquid bridge forms drawing
them together under the driving influence of interfacialsien. Sucrose might also partially
dissolve into the liquid bridge causing an increase in siscand a ‘sintering’ of the network. The
oil previously present between the particles is displégeitbw under the resistance of its viscosity
[20]. This creates a separated system comprising a contrastedspstructured suspension and
excluded free oil at the top and sides of the sample.

The mechanism by which the water or syrup phase transpeytsd the boundaries of the full
dilated droplet to incorporate the wider suspension remaiansrtain. However, the concavity of
the top of the droplet implies mass transport from a-seiid (paste-like) body into the suspension.
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5. CONCLUSION

In this study, the behaviour of droplets of different seeoy immiscible liquids (water, sucrose
solutions, saturated sucrose solution and glycerol) wiidedato a suspension of crystalline sucrose
in sunflower oil was investigated on the micro-scale. This aghieved using synchrotron micro-
tomography to observe the interactions at high resolatm@hto monitor the dynans®f change.
This work was a follow up of previous work conducted focusing oereifit volumes of the same
secondary liquid (water) and the effect this has on the dgsams well as the importance of
surface area to volume ratio in driving the mass tramgfsucrose from the bulk suspension [18].

It was hypothesised that sucrose dissolution and solubiéditykey roles:in the rate of movement
of the secondary liquid during the early stages. This wasie¢e using sucrose solutions of
different concentrations varying from distilled water daturation. Distilled water exhibited the
quickest gain in volume and associated progress into tlesiigpension, whereas a saturated
sucrose solution showed minimal movement and limited gd&in volume even after extended
presence in the suspensiorhelsaturated sucrose solution has a highest density tekezdby
demonstrating by its lack of response that gravitationakfe not the key factor driving movement
in such a system.

Glycerol, which is similar in density to concentrated ssersolutions but much more viscous,
moved through the suspension by engulfing sucrose particlestieosuspension ahead. It showed
similar behaviour to water, though at a considerably slopeed It is known that the solubility of
sucrose within glycerol is very low compato water and hence this would be a negligible part of
the transport mechanism. Rather, viscous-limited capilleetting of particles might havbeen
controlling dynamics.

The noteworthy quality of the images from the Canadian lsption facility enabled the
presence of solid sucrose within the secondary liquid dropleettracked and monitored. This
proved invaluable as two mechanisms driving movement of th@edrcould be distinguishedhe
first during the early stages being sucrose particlesiegttre droplet and dissolving completely
leadng to an increase in volume. This was followed dunmgrmediate to long term periods where
further solid sucrose from the suspension entered thgledrand accumulated within with little
dissolution. This was verified by tracking the changefénolume of the droplet and the presence
and location of solid sucrose within the droplet with time.

Finally, the operation of an additional mechanism inrttaure stages of the agueous systems was
recognised whereby the wider suspension became linked by a liquid bridging ‘sintering’ effect.
Water transport mode from the droplet body in this stag&ins unresolved.
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Figure 1. Representation of axis in relation to the sammpdereconstructed scan slices

Water 10 % wt. Sucrose Solution

309% wt. Sucrose Solution 40 % wt. Sucrose Solution

Saturated Sucrose Solution

Figure 2. Central slice along X-axis 150 minutes aftction (where the diameter of the droplet is largest)5fu
droplet. The scale on images is 1 mm.
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Figure 3 The volume of the droplets from the imag¢gs in Figflrﬁél 450 minutes.
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Water 10 % wt. Sucrose ‘Solution

30 % wt. Sucrose Solution 40 % wt. Sucrose Solution

Saturated Sucrose Solution

Figure 4. Central slice along X-axis 300 minutes aftigction (where the diameter of the droplet is largest)5fu
droplet. The scale on images is 1 mm.
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Figure 5 The volume of the droplets from the imag

rééet 800 minutes.

Figure 6 Central slice along X-axis 630 minutes after injectionegithe diameter of the water droplet is largest), for
5 pl water droplet.
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Water 40 % wt. Sucrose Solution

Saturated Sucrose Solution

Figure 8 Central slice along X-axis approx.. 40 hours after ipacfwhere the diameter of the water droplet is largest)
for 5 ul droplet. The scale on images is 1 mm.
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crystal

Figure 10. Slice along Z-axis|

in Figur

b 9, for 5 plsatted sucrose droplet, 102.5 hours after injection.

16



After 22 hours After 44 hours

Figure 11. Time lapse of the central slice along X-autsere the diameter of the droplet is largest), for 5 ydeagbl
droplet. The scale on images is 1 mm.

Figure 12. After 84 hours for 5 pl glycerol droplet.
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Figure 14. Slice along Z-axis|

in Figure

13 for 5 pl ghgtelroplet after 97 hours after injection.
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After 0 min After 90 mins

After 105 mins After 120 mins

After 150 mins

Figure 15Time lapse of the central slice along X-axis (wheredibeneter of the droplet is largest), for 7.5 pl water
droplet. The scale on images is 1 mm.
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Figure 16. Slice along Z-axis from image after 120 minfrts :

After 330 mins After 360 mins

After 750 mins

Figure 17 Long term scans of the 7.5 pl water droplet|(see FigﬂreThe scale on images is 1 mm.
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Figure 19. Slice along Z-axis from the image after 758utes i

After 24 hours

Figure 20. Long term scans of the 7.5 ul water drc(pﬁ Figure 1

After 34 hours

5)'he scale on images is 1 mm.

Figure 18. Schematic for proposed movement of sucroselfutkrsuspension into water droplet during early and late
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Slice

Figure 21. Slice along Z-axis, coincident with the redhdddine irf Figure 2Gafter 34 hours from injection.

Magnified image
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Qil
movement

Sucrose suspended

Liquid bridge formation

Figure 22. Schematic for proposed liquid bridge formatigmvben sucrose patrticles.
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Table 1. Viscosity and density values of liquid solui¢25°C).

Viscosity (mPas) | Density (kg/n)

Distilled water 0.98 1000

10 % wt suc solution 1.30 1040
20 % wt suc solution 1.71 1083
30 % wt suc solution 2.74 1129
40 % wt suc solution 5.00 1179
50 % wt suc solution 12.2 1232
Saturated suc solution 150 1337
Glycerol 712 1258

Table 2. Surface tension measurements for secondaigdi

Surface tension il Interfacial tension in

air (mN/m) sunflower oil (mN/m)
Distilled water 68.84 +0.4 26.4+0.1
Saturated sucrose solutig 76.12 £0.1 25.1+0.2
Glycerol 62.51+0.5 17.7+0.5

Highlights

e Innovative dynamic method using synchrotron X-ray CT to toorthe movement of a
secondary immiscible liquid within the suspension of sucamskesunflower oil.

e Time lapse of scans taken to observe variatisamples, to understand dynamics taking
place.

e Type of secondary liquid as well as sucrose solubility, tré@ztuence system dynamics
and mass transfer.

¢ Industrial relevance of research is in gaining a bettdenstanding related to the storage
life of suspension based food products.
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