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Using the nuclear magnetic resonance (NMR) pulsed field gradi- on the use of the NMR-PFG technique in processing equip
ent (PFG) technique, it is possible to determine the size distribution ment or as a research tool for the study of emulsion evolutiol
of emulsion droplets. This method is extended so that the same mea-  ynder shearing conditions. In addition, the technique can als
surements can be performed in the presence of flow. The resultant | compromised by the presence of convection currents in st
flow-compensating NMR-PFG technique is used to determine the tionary samples4). In this paper we report the use of a flow-

i let-size distribution of an oil-in- Ision flowine i . _ _
oil droplet-size distribution of an oil-in-water emulsion flowingina -, b ated NMR-PFG technigue to examine the droplet-siz
narrow tube at various flow rates. Comparison with the nonflowing o - - .

- R TSR . distribution of a xylene-in-water emulsion, in response to ar
oil droplet-size distribution enables the effect of velocity shear on | ) o .
the oil droplet-size distribution to be quantified. © 2002 Eisevier Science increasing flow rate. This is performed in a narrow tube unde

Key Words: emulsions; PFG; flow compensation; shear. well-developed laminar flow conditions.

INTRODUCTION EMULSION DROPLET-SIZING THEORY

When using NMR-PFG, the signal intensigy,for free unre-
ricted self-diffusion can be related to experimental acquisitiol
rameters using the formula

Emulsions, where one liquid is dispersed in another liquid i
the form of droplets with radii of the order of micrometers, ard
extensively used in a range of industries including c:osmetié)s"’,1
detergents, foodstuffs, and pharmaceuticals. The characteristics S 5
of an emulsion relevant to their functionality (e.g., viscosity, — = exp(— Do(ygd)2<A - —)) [1]
stability, and turbidity) all depend on the size distribution of the < 3

droplets. Hence an ability to experimentally determine this sizei

distribution is essential. The nuclear magnetic resonance (N MR Cred s the strength of the applied magnetic field gradi&t,

pulsed field gradient (PFG) technique has been proven as aqu'%nhe signal |ntenS|ty_ whe_n the magnetic f|eI1d gradlgz_rﬂ: 0,

. 7 . . > ° 1% is the gyromagnetic ratio=£ 2.68 x 108 for 'H), Dg is the
titative tool for characterizing emulsion droplet-size distribu- e U . . .
. . 2 : . free molecular self-diffusion coefficiend, is the time period
tions under nonflowing conditions. This technique measures thé

e : o ; over whichg is applied, andA is the time period over which

self-diffusion behavior of liquid molecules in a completely non-...~ " . :

. . : diffusion is observed. Hence, by measurigs a function of

invasive mannerl). When such molecules are restricted to the . " : .

L ; e , it is possible to determine the value D§.

interior of droplets, the resultant restricted self-diffusion beha?: : . . .

. . . . . The restricted self-diffusion of molecules in a spherical cav-

ior can be interpreted so as to provide the emulsion droplet—S|t7_e . . i
S ) Ify has been modeled theoretically and the following equatior

distribution. NMR-PFG was used first by Packer and Rees N, cloped to describe the resulting NMR si ((5)

1972 @) to measure the size distribution of emulsion droplets. P 9 9 '

Use of the technique has since been frequently reported in the 52 oo 4

X . . . . . S 2y“g a G

literature, including studies of multiple emulsior8.( HR) = — = — 5 r; x |28 — —— | [2a]
The conventional NMR-PFG technique is unable to distin- Do fmomR® -1 afDo

guish between molecular self-diffusion and a velocity distribu-

tion in the sample of interest. Hence this is a severe limitatis¥here

G = 2+ exp(—akDo(A — 8)) — 2 exp(a? Dod)
1To whom correspondence should be addressed. E-mail: mlj21@cheng.
cam.ac.uk. -2 ex;:(a,zn DOA) + exp(—ozrzn Do(A + 8)), [2b]
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FIG.1. (a)The conventional stimulated-echo NMR-PFG pulse sequence, used to measure self-diffusion. (b) The flow-compensated stimulated-echo NN
pulse sequence, which allows self-diffusion to be measured in the presence of a velocity distribution.

andon, is themth root of distribution. These are determined my minimizing the sum o
the errors squared between the predictions of Eq. [3] and tt
corresponding experimental data.

iJS/Z(a R) = Js2(«R). [2c] In conventional stimulated-echo NMR-PFGS,is measured
aR as a function ofg using the pulse sequence shown in Fig. la

: . L However, when a distribution of velocities is present in the sam

The radius of the spherical cavitR, is the only free parame- A : : . L
ple being investigated, as is the case for flow in a cylindrica

ter in Eq. [2]. I_-|gnce by measuring as a functlo_n ofg, and tu[be, both velocity and self-diffusion contribute to the attenua
subsequently fitting Eq. [2] to the resultant experimental data, | o . ) .
. i . . . tion of Sasg is increased. Hence emulsion droplets in flowing
is possible to determinB. Most emulsions however contain a : . :
L o streams cannot be sized using the conventional NMR-PFG pul:
distribution of droplet sizes; hence Eq. [3] has to be used, . : -
sequence. An alternative pulse sequence is shown in Fig. 1
which compensates for the effects of a velocity distribution or
S the acquired signals. This is a stimulated-echo variant of the
S = / H(R)- F(R)dR, [3] flow-compensating spin-echo sequence described in Callagh
and Xia (7). Provided that the displacement due to flow of eack
whereH (R) is the function shown in Eq. [2], whilE (R) is the individual molecule during the initial time period, /2, is equal
volumetric probability distribution of droplets with a radi&s to the displacement due to flow of the molecule during the
F(R) can thus be determined by fitting Eq. [3] to the expersecondA /2 time period, the effect of flow on the NMR sig-
mental data $ as a function of an increasing). To simplify nal, S, is eliminated. This requirement is met for laminar flow
this process, a log-normal functional form is usually assuméu a tube, provided that transverse diffusion between strean
for F(R) (e.g.,6). This requires that only two parameters be ddines is negligible during the observation time, For the case

termined, namely the mean and the variance of this log-nornwdlself-diffusion of the liquid molecules, the magnitude of the
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displacement during the second2 time period is independent @ 1
of the magnitude of displacement during the fitst2 time pe-
riod. Thus self-diffusion attenuates the acquired sigBasg e Experimental Data
is increased, while the effects of flow &are eliminated. Hence 0.8 - Fit of Eq. [3] -
the pulse sequence in Fig. 1b can be used to measure the droplet- o
size distribution of an emulsion under flowing conditions. 2 06
g 0
MATERIALS AND METHODS S

The oil-in-water emulsion investigated consisted of 37 wt% ?;, o4
xylene, 6 wt% Tween 40, and 57 wt% water. Tween 40isanon- @
ionic surfactant in which the poly oxyethylene chains contain an 0.2 - :
average of 40 units. All chemicals were purchased from Sigma
Aldrich (Dorset, UK) at purities in excess of 99%. The emul- 0 ‘ ‘ ‘ ‘ ‘

sion was prepared by first dissolving the surfactant in the water. 0O 02 04 06 08 1 12 14
The xylene was then emulsified in the resultant solution using g (T/m)

a magnetic stirrer. Four liters of emulsion was prepared. The

emulsion was transferred to a gently stirred storage vessel from(b) 0025

where it was pumped in a continuous flow loop using a positive '

displacement pump, through a 2-m-long glass tube with an in- ——NMR-PFG

ternal diameter of 10 mm. The pump was fitted with a dampener 0.02 - B Confocal Microscopy|
to ensure a constant flow rate. The NMR signal was detected

from a 15-mm-long section of the glass tube, lodatem from
the entrance point of the liquid.
The NMR equipment used consisted of a 7-T vertical-bore
magnet equipped with a 15-mm-diameter bird-cage rf coil, tuned
to 300.13 MHz in order to detedH NMR signal. Chemical
shift differences were used to differentiate the xylene signal
from the water and surfactant signals. Magnetic field gradients
were available in three mutually orthogonal directions with a
maximum gradient strength of 97 G/cm. Standard and velocity- |" 1
compensated self-diffusion data were acquired when the emul- 0 5 10 15 20 25 30 35
sion was nonflowing in a glass vial with an inner diameter Droplet Radius (Microns)
of 9 mm and a depth of 10 mm. Velocity-compensated self- _ _ '
difision measurements were then acquire for the cmulsion {5 1) T e MR oS S s s e
the flow |OOp at SUperfICIal velocities of 0, 0.01, and 0.05ts Eqg. [3], describing self-diffusion in spherical cavities with a distribution of sizes,
The values of and A used for each measurement were 4 anginese data is also shown. Agreement between the model and the experimer
150 ms, respectively. Varying the value &fbetween 50 and data is excellent. (b) The resultant size distribution produced by the NMR-PFC
500 ms for each superficial velocity considered produced tghnique is shown along with the size distribution obtained from a confoca
variation in the droplet-size distributions produced. The totglicroscope. The agreement bet_w_een the two is good, and serves as verificati
experimental time for each droplet-size distribution measurd-"® NMR-PFG technique of sizing emuilsion droplets.
ment was 3 min. Repetition of each measurement revealed that
the system was stable over periods in excess of 3 h. fit of Eq. [3] to these data is also shown. The quality of the fit is
In addition, for verification purposes, optical micrographs a#xcellent and the droplet-size distribution produced is shown il
the stationary emulsion were acquired using a Zeiss LSM5E®. 2b, along with the size distributions produced by the opti-
confocal microscope. A size distribution based on 730 emual micrograph. Agreement between the two independent met
sion droplets was extracted from the resultant micrographs fmis of determining the droplet-size distributions in the xylene
comparison with the droplet-size distribution produced bgmulsion, confocal microscopy and NMR-PFG self-diffusion
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Number Distribution (Normalised)

NMR-PFG under nonflowing conditions. measurement, is very good and serves as verification of tt
NMR-PFG droplet-sizing technique. In Fig. 3, the droplet-size
RESULTS AND DISCUSSION distributions produced by conventional NMR-PFG (Fig. 1a) anc

by flow-compensated NMR-PFG (Fig. 1b) for the nonflowing
The raw experimental NMR-PFG dat& yersusg) for the xylene-in-water emulsion are shown. The two droplet-size dis
nonflowing xylene-in-water emulsion is shown in Fig. 2a. Theibutions are virtually identical; this serves as proof that the
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0.02 ‘ ‘ ‘ ‘ nonflowing emulsion is also shown. Comparing the droplet-siz
--------- Conventiona NMR-PFG distributions for the nonflowing emulsion to those for the emul-
—— Flow-compensated NMR-PFG sion flowing at superficial velocities of 0.01 and 0.05 s
it is clear that some of the larger droplets have been broke
up as superficial velocity is increased. In addition, as the st
perficial velocity is increased from 0.01 to 0.05 Thsa fur-
ther reduction in the size of the larger droplets occurs. Thi
result is encouraging since, if the velocity distribution were
distorting the diffusion measurements by contributing to signa
attenuation, via Taylor dispersion, for example, it would be ex:
pected that the droplet-size distribution would be distorted sig
nificantly toward larger radii. This is clearly not the case. The
droplet-size distributions were also determined in different di:
0 2 4 6 8 10 1 wu rections, both parallel and perpendicular to the principal flow
Droplet Radius (Microns) direction. Identical droplet-size distributions were produced
suggesting that for the system studied, shear is not significant
FIG_. 3. The droplet-size d_istributions for the s_tationary xylene—in—wat_eﬂistorting the spherical shapes of the droplets. Future work wil
emulsion are shown, as predicted by the conventional NMR-PFG techmqs}geecuS on the stability of the technique at higher superficial veloc
®

and by the flow-compensated NMR-PFG technique. Agreement between dits inclusion i . . . I
two is excellent and verifies that the flow-compensated NMR-PFG techniq S and its inclusion in magnetic resonance imaging protocols

is not introducing any additional error relative to the conventional NMR-PFG
technique. CONCLUSIONS
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) ) . . A flow-compensated NMR-PFG techniqgue was success
flow-compensated NMR-PFG technique is not introducing agy ysed to investigate the droplet-size distribution of a

ditional sources of error relative to the conventional NMR'PF%/Iene-in—water emulsion flowing in a narrow tube. As the flow
technique. _ o rate was increased, the resultant increase in velocity shear w
In Fig. 4, the emulsion droplet-size distributions are showtpep, 1o decrease the size of the larger droplets present, there
for the xylene-in-water emulsion flowing at superficial veloCiparowing the droplet-size distribution. For the case of the nor
ties of 0.01 and 0.05 m$. The droplet-size distribution fortheflowing emulsion, the droplet-size distributions produced by
optical microscopy, the conventional NMR-PFG technique ant

the implemented flow-compensated NMR-PFG technique, wel

0.025 . ; found to be identical to within experimental error.
--------- Non-flowing Emulsion
~ - . L -1
00z L Superficial Velocity = 0.01 ms REFERENCES
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