
                          Woolston, P., & Van Duijneveldt, J. S. (2015). Three-phase
coexistence in colloidal rod-plate mixtures. Langmuir, 31(34), 9290-
9295. https://doi.org/10.1021/acs.langmuir.5b02224

Publisher's PDF, also known as Version of record
License (if available):
CC BY
Link to published version (if available):
10.1021/acs.langmuir.5b02224

Link to publication record in Explore Bristol Research
PDF-document

This is the final published version of the article (version of record). It first appeared online via ACS at
https://pubs.acs.org/doi/10.1021/acs.langmuir.5b02224 . Please refer to any applicable terms of use of the
publisher.

University of Bristol - Explore Bristol Research
General rights

This document is made available in accordance with publisher policies. Please cite only the
published version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/red/research-policy/pure/user-guides/ebr-terms/

https://doi.org/10.1021/acs.langmuir.5b02224
https://doi.org/10.1021/acs.langmuir.5b02224
https://research-information.bris.ac.uk/en/publications/159a6738-673b-4fcf-934c-ff758745dc17
https://research-information.bris.ac.uk/en/publications/159a6738-673b-4fcf-934c-ff758745dc17


Three-phase coexistence in colloidal rod - plate

mixtures. Supplementary information

Phillip Woolston and Jeroen S. van Duijneveldt∗

School of Chemistry, University of Bristol, Cantock’s Close, Bristol, BS8 1TS, UK

E-mail: j.s.van-duijneveldt@bristol.ac.uk

Videos

Video 1 is a time lapse video of the initial sedimentation of samples viewed between crossed

polarisers. The samples have compositions, expressed as (φSep, φMMT), from left to right, of

(0.4, 0.4), (0.4, 0.6), (0.4, 0.9), (0.6, 0.4), (0.6, 0.7), (0.9, 0.4), (1.0, 0.7), (0.9, 0.9), (0.6, 1.2),

(0.6, 1.0) vol %. One second in the video represents 7200 seconds real time.

Video 2 follows on from video 1 and is the sedimentation over a longer time period where

one second corresponds to roughly 30,000 seconds real time.

Video 3 is a two part time lapse video of the flow of the phases in a three-phase sample

with φSep = 1.0 and φMMT = 0.7. The first 1.5 seconds represents 360 s real time with the

remaining 8.5 seconds at 7200 times real time.

Decomposition into three coexisting phases

We consider a sample with overall composition φS, φM (representing volume fractions of

sepiolite and MMT, respectively) which separates into three phases i =1, 2 and 3 with

compositions denoted with subscript i. For now we assume that these individual phase
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compositions are given. Overall mass balance then allows calculating the relative volumes

fi of each phase, expressed as a fraction of the total volume such that Σfi = 1. Assuming

that the overall sample composition indeed falls within the three-phase triangle, the relative

volumes fi can then be found as follows. First of all the normalisation allows elimination of

one volume:

f3 = 1− f1 − f2. (1)

We can now write the mass balance equations for sepiolite and MMT, respectively:

φS = φS,1f1 + φS,2f2 + φS,3(1− f1 − f2) (2)

φM = φM,1f1 + φM,2f2 + φM,3(1− f1 − f2) (3)

These equations can be rearranged in matrix form to read

M

 f1

f2

 =

 φS − φS,3

φM − φM,3

 (4)

with

M =

 φS,1 − φS,3 φS,2 − φS,3

φM,1 − φM,3 φM,2 − φM,3

 (5)

These equation can be solved to find the phase volumes fi, provided that the matrix M is

not singular (determinant |M| = 0), which would imply that the three coexisting phases in

fact lie on one line in (φS, φM) space. The solution is

 f1

f2

 = M−1

 φS − φS,3

φM − φM,3

 (6)
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with the inverse matrix

M−1 =
1

|M|

 φM,2 − φM,3 φS,3 − φS,2

φM,3 − φM,1 φS,1 − φS,3

 (7)

Optimisation of three phase triangle

Experimentally, the lower two phases could clearly be distinguished from the isotropic top

phase, but the distinction between the lower two phases was not always clear cut. We

have therefore used the isotropic phase volume f1 to find the optimum three phase triangle.

As experimental data are available on a range of samples, all displaying separation into

three phases, a fitting procedure was developed to determine the compositions of the three

coexisting phases that would give the best agreement of the calculated and experimental

phase volumes, expressed using a least squares criterion as

SSR =
∑

(f1(exp)− f1(calc))2 (8)

The following procedure was followed to find the compositions minimising SSR:

1. For all samples, a small random variation (amounting to at most a change of 0.003 in

volume fraction) was applied to the experimental isotropic phase volumes f1 to allow

for experimental uncertainty (this amounted to 5 pixels in the original photographs).

2. Starting compositions for the three coexisting phases were chosen randomly but such

that one phase had low concentrations (less than 1%) for both species; one was high

in MMT and one high in Sep, in the ranges shown in Table 1.

3. The SSR was evaluated

4. A small random change was applied to one of the three phase compositions, and this

was accepted only if this resulted in a lowering of SSR (also solutions with any of the
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phase volumes fi < 0 were disallowed)

5. The preceding step was repeated until no more improvement could be found after 106

iterations

6. The whole procedure was repeated 1000 times from step 1 to collect statistics (average

and standard deviation) for all phase compositions.

Table 1: Ranges for initial guesses of phase compositions

Phase φS φM

1 0.1 - 0.3 0.1 - 0.3
2 5 - 8 0.2 - 0.5
3 0.2 - 2.2 3 - 6

Additional data and graphs

Table 2 lists the samples made, and where samples phase separated, the fraction of the

volume fm
i taken up by the different phases, as well as the calculated values for these phase

fractions f c
i , and finally the average transmission measured for the isotropic phase where

measured.

Figure 1 shows the absorbance measured for pure clay suspensions.

Figures 2 to 4 show the correlation between the measured volumes of the 3 phases to the

values calculated from the final phase compositions (shown in Table 1 in the paper).

Figure 5 shows that the phase boundaries for the three-phase systems was not always

well defined and in some cases the order of the phases even switched. As the phases are able

to intermix it is reasonable to suggest that the densities of these two phases are very similar.

Figure 6 shows a selection of samples which were made as a reproduction of some of the

original samples. The top bright field image shows that the middle phase is still present in

these samples but it is not as predominant as in the original sample series.
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Table 2: Compositions of the samples made with the measured volume fractions fm
i of the

phases observed in each (unless gelled), the calculated volume fractions f c
i of the phases

from using the phase triangle fit and the transmission through the isotropic phase where
measured.

Sample φSep φMMT fm
Iso fm

NG− fm
N+ f c

Iso f c
NG− f c

N+ Iso transmission
1 4.7 0.0 0.29 - 0.71 - - - -
2 3.4 0.0 0.40 - 0.60 - - - -
3 2.8 0.0 0.47 - 0.53 - - - -
4 2.3 0.0 0.52 - 0.48 - - - -
5 1.0 1.5 Gel - - - -
6 1.7 1.3 Gel - - - -
7 2.5 0.9 Gel - - - -
8 3.0 0.7 Gel - - - -
9 3.6 0.4 Gel - - - -
10 1.6 0.6 0.71 0.11 0.18 0.73 0.06 0.21 0.085± 0.003
11 0.4 0.4 0.98 0.00 0.02 0.97 0.01 0.02 0.050± 0.004
12 0.4 0.6 0.93 0.04 0.03 0.94 0.06 0.01 -
13 0.4 0.9 Gel - - - -
14 0.6 0.4 0.90 0.05 0.06 0.93 0.01 0.06 0.037± 0.007
15 0.6 0.7 0.90 0.04 0.06 0.89 0.07 0.05 0.080± 0.001
16 0.9 0.4 0.89 0.05 0.06 0.87 0.01 0.12 -
17 1.0 0.7 0.83 0.07 0.10 0.83 0.07 0.10 0.007± 0.001
18 0.9 0.9 Gel - - - -
19 0.6 1.2 Gel - - - -
20 0.6 1.0 Gel - - - -
21 1.4 0.5 0.79 0.05 0.15 0.78 0.03 0.18 -
22 2.3 0.4 0.65 0.09 0.26 0.66 0.02 0.32 0.069± 0.002
23 1.0 0.6 0.86 0.03 0.11 0.84 0.04 0.11 0.066± 0.002
24 1.5 0.6 0.78 0.06 0.16 0.77 0.05 0.18 0.084± 0.006
25 2.0 0.6 0.68 0.12 0.20 0.68 0.05 0.27 0.109± 0.005
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Figure 1: Beer-Lambert plot of MMT (circles) and sepiolite (crosses) suspensions with lines
of best fit.
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Figure 2: Comparison of the measured and calculated volumes of the isotropic phase in
samples which displayed three phases. The solid line represents the identity.
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Figure 3: Comparison of the measured and calculated volumes of MMT rich phase in samples
which displayed three phases. The solid line represents the identity.
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Figure 4: Comparison of the measured and calculated volumes of sepiolite nematic phase in
samples which displayed three phases. The solid line represents the identity.
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Figure 5: Examples of samples which have three phases but display the instability of the
ordering of the phases after being left 2 months undisturbed. a) The MMT rich phase is
above the sepiolite phase, b) The interface between the two phases is not well defined and
c) the MMT phase is situated in the middle of the sepiolite phase.

Figure 6: A bright field (top) and cross polarised image (bottom) of samples which were
made using the same procedure as the samples presented in the main paper. Compositions
in vol% (φSep, φMMT), from left to right: (2.2, 0.4), (1.5, 0.4), (0.9, 0.3), (0.4, 0.4), (1.4, 0.5),
(0.9, 0.5), (0.5, 0.5), (1.4, 0.7), (0.9, 0.7), (0.5, 0.7).
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The same iterative procedure used to analyse the samples reported in the article was

used to analyse the second set of samples. The resulting phase compositions and densities

can be found in table 3. The composition of the isotropic phase was found to be similar to

the originally calculated phase composition which suggests that the samples follow similar

behaviour to the original samples. The presence of a MMT rich and a Sep rich phase is also

in agreement with the original data, however the concentration of MMT and Sep particles in

the NG− phase was calculated to be slightly higher than before. The NG− layer shows less

birefringence (fig. 6) than in the samples discussed in the main text. We further note that

the conductivity of the Sep stock used for the second batch (112 µS/cm) was lower than the

orignally used stock (179 µS/cm) suggesting that the particles will be less shielded from any

electrostatic interactions.

Table 3: Particle volume fractions (in per cent) and mass densities of the three coexisting
phases for the second sample series.

Phase Sep MMT Density (g/ml)
Isotropic 0.28 ± 0.05 0.18 ± 0.03 1.01 ± 0.02

NG− 4.0 ± 0.3 7.2 ± 0.6 1.16 ± 0.02
N+ 7.4 ± 0.1 0.4 ± 0.2 1.09 ± 0.01

Table 4: Compositions of the samples made with the measured volume fractions fm
i of the

phases observed and the calculated volume fractions f c
i of the phases from the second sample

series.

Sample φSep φMMT fm
Iso fm

NG− fm
N+ f c

Iso f c
NG− f c

N+

1 2.20 0.38 0.70 0.00 0.30 0.72 0.01 0.28
2 1.48 0.37 0.82 0.00 0.17 0.82 0.01 0.18
3 0.95 0.36 0.90 0.01 0.08 0.89 0.01 0.10
4 0.45 0.41 0.94 0.03 0.03 0.95 0.02 0.03
5 1.43 0.56 0.83 0.02 0.15 0.81 0.04 0.15
6 0.94 0.56 0.90 0.02 0.08 0.88 0.04 0.09
7 0.52 0.53 0.92 0.00 0.08 0.94 0.04 0.03
8 1.45 0.74 0.77 0.03 0.19 0.80 0.06 0.14
9 0.95 0.75 0.88 0.04 0.08 0.86 0.07 0.07
10 0.49 0.74 0.91 0.06 0.03 0.93 0.07 0.01
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