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Crystallisation of sodium dodecyl sulfate–water
micellar solutions with structurally similar
additives: counterion variation†

Ruhina M. Miller, a João T. Cabral, b Eric S. J. Robles, c

Nicholas J. Brooksa and Oscar Ces*a

The effects of a series of structurally similar sodium dodecyl sulfate (SDS) additives on the crystallisation of

SDS–water micellar solutions were investigated using a combination of differential scanning calorimetry,

dynamic light scattering, optical microscopy and inductively coupled plasma optical emission spectroscopy.

Seven different counterions were chosen from groups 1 and 2 of the periodic table to replace the sodium

on SDS: LDS, (SDS), KDS, RbDS, CsDS, MgĲDS)2, CaĲDS)2 and SrĲDS)2. Two representative temperature pro-

files were employed – linear cooling ramps at rate of 0.5 °C min−1 to determine near-equilibrium kinetics

and transitions and isothermal holds at 6 °C to elucidate morphological changes. Crystallisation of the ref-

erence solution 20% SDS–H2O with 0.25, 1.0 and 2.5% additive was generally promoted or inhibited even

at the lowest concentrations. Melting points however remained largely unchanged, suggesting that the ad-

ditives predominantly had a kinetic rather than thermodynamic effect. ICP-OES measurements for the so-

lutions containing 1% additive indicated that most of the additives were integrated into the SDS crystals

which was reflected by morphological changes, including the formation of hexagonal and oval shaped

crystals. Our results both quantify and provide a morphological insight into the effect of a series of additives

on the crystallisation of micellar SDS solutions, which can readily form due to preferential Na exchange.

Introduction

Surfactants are frequently used in formulations for household
and personal care products, pharmaceuticals, paints and
textiles.1–3 These are often derived from oleochemical and
petrochemical sources for instance lard, palm and crude
oils.2–4 Surfactants produced from these sources tend to have
variability in their structures for example a mixture of chain
lengths,3 and may contain impurities from the manufacturing
process such as by-products from synthesis5 or hydrolysis re-
actions. Impurities can have potent effects on a surfactant's
properties including changing its Krafft point,6 surface ten-
sion,7 and critical micelle concentration (cmc) values.8 These
are also problematic for crystallisation processes as they can
impact transition temperatures, the metastable zone width

(MSZW) and crystal habit,9–14 potentially reducing a solution's
stability window or altering its flow and filtration properties.

Impurities or additives are also used to alter crystallisation
kinetics or the crystal morphology;15–17 often tailor-made or
structurally-similar additives are utilised for this due to their
ease of incorporation at crystal faces.10 Additives can work
via a number of routes – inhibiting, promoting or having no
effect on crystallisation.9,18 If an additive preferentially ad-
sorbs onto a specific face it can inhibit its growth rate;18–20

alternatively it might affect nucleation by lowering the super-
saturation of the system10 or by acting as a seed crystal,18,20

thus increasing or decreasing crystallisation induction times
(tind) respectively. Additionally, additives may inhibit the rate
of interconversion of one crystal form to another.16

Sodium dodecyl sulfate (SDS) also referred to as sodium
lauryl sulfate (SLS) is an anionic surfactant utilised in a range
of industrial and academic applications including deter-
gents,1,21,22 stabilisation of emulsions23 and microfluidic
droplets.24 The structure of SDS, the dodecyl sulfate moiety
and the partial phase diagram of SDS6,25 are provided in
Fig. 1(a)–(c) respectively. The crystallisation of SDS has been
studied using a variety of techniques including optical
microscopy (OM),26,27 differential scanning calorimetry
(DSC)25,27 and X-ray diffraction (XRD)26,28–33 to elucidate
structures and crystallisation kinetics. Although the other
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dodecyl sulfate crystals have received less attention, single
crystal structures34,35 and Fourier transform infrared spectro-
scopy (FTIR) data36 are available for RbDS and MgĲDS)2, in ad-
dition to transition temperatures for KDS and RbDS micellar
solutions.37 For additive studies in particular, SDS has been
used as an additive to promote interconversion reactions38

and tune crystal morphologies,39–43 however the effects of ad-
ditives (for example 1-dodecanol) on its crystallisation have
only recently received attention.44 Possible impurities in the
SDS system include 1-dodecanol if the product hydrolyses45,46

or other dodecyl salts from counterion exchange of the so-
dium, for example CaĲDS)2 in hard-water supplies.

We investigate the role of 0.25, 1.0 (primary focus) and
2.5% structurally similar SDS additives on the crystallisation
kinetics of 20% SDS–H2O solutions under isothermal and lin-
ear cooling conditions. A wide range of additives was covered
based on the substitution of the sodium ion – four counter-
ions (Li+, (Na+), K+, Rb+, Cs+) for the monovalent group 1 and
three (Mg2+, Ca2+, Sr2+) for the divalent group 2, as shown in
Fig. 1. DSC at a fixed rate (ϕ) = 0.5 °C min−1 determined
whether the additives promoted or inhibited crystallisation
and affected the melting point, whilst dynamic light scatter-
ing (DLS) at stepwise temperatures ascertained whether any
additional solubility boundaries were present. Lastly OM data
at T = 6 °C provided morphological and kinetic comparisons,
with inductively coupled plasma optical emission spectro-
scopy (ICP-OES) establishing whether the additive was inte-
grated into the crystal. Results were compared to the refer-
ence solution where applicable, which we previously
conducted isothermal27 and linear cooling47 studies on.

Experimental
Materials and methods

SDS (ACS reagent grade, ≥99.0% purity, Sigma-Aldrich) was
recrystallised from ethanol and dried under vacuum at 40 °C

for 48 h.25 LDS (supplier: VWR, manufacturer: Alfa Aesar,
≥99.0% purity) was used as received. The remaining metal
dodecyl sulfate salts (“MDS” = KDS, RbDS, CsDS, MgĲDS)2,
CaĲDS)2, SrĲDS)2) were synthesised from the corresponding
metal chlorides (“MCl”)48,49 by adding a saturated solution of
MCl (15 ml) to a 10% solution of SDS–H2O (5 ml); product
details in the ESI† (Table S1). The solution was stirred for 15
min, filtered under vacuum, washed with MCl (5 ml) and
H2O (5 ml) to yield a white powder, then dried under vacuum
overnight. The powder was subsequently recrystallised from
water and dried under vacuum for 48 h. The product was
characterised by inductively coupled plasma optical emission
spectroscopy (ICP-OES) to determine the sodium to metal
content and 1H NMR spectroscopy to confirm the precipitate
had a dodecyl sulfate unit.

Samples were prepared by weight percentage (wt%), with
20 wt% SDS selected as the basis of these studies. To this
0.25, 1.0 or 2.5 wt% of MDS or “additive” was added to give a
total SDS + MDS concentration of 20.25, 21.0 or 22.5%, with
deionised H2O accounting for the remaining 79.75–77.5 wt%.
An additional sample free of additives, namely 20% SDS–H2O
was also prepared as a reference. The samples were stirred
until full dissolution then equilibrated for ≥24 h at 22 °C;
the solutions containing 2.5% CaĲDS)2 and 0.25–2.5% SrĲDS)2
required heating before use as the additive did not fully dis-
solve. Solutions were used for no longer than one week as
SDS undergoes hydrolysis or no longer than one day for those
requiring heating as this process is accelerated.45,46 Hence-
forth the solutions will generally be referred to by their addi-
tive only, for example 1% KDS or 1% solutionĲs).

Differential scanning calorimetry (DSC)

Thermal analysis was carried out on all sample compositions:
0.25–2.5% MDS using a heat flux DSC (TA Instruments Q2000,
±0.1 °C accuracy), calibrated with indium. Samples were fil-
tered through 0.2 μm PTFE syringe filters with ≈10 mg sealed
into hermetic aluminium pans (Tzero, codes: 901683.901 &
901684.901) prior to each run. Samples were equilibrated for
10 min at 23 °C (≤25 °C for CaĲDS)2 and ≤35 °C for SrĲDS)2)
then cooled at ϕ = 0.5 °C min−1 to −5 °C. The 20% SDS–H2O
reference and the samples containing 1% MDS were subse-
quently reheated at ϕ = 0.5 °C min−1 to determine the melting
point. A minimum of two repetitions were conducted per com-
position with fresh samples used for each run; additionally
the sample weights were recorded before and after each run to
confirm that no mass was lost. Data was extracted using TA In-
struments Universal Analysis 2000 software.

Optical microscopy (OM)

OM was conducted on the 1% MDS solutions. Solutions were
filtered through 0.2 μm PTFE syringe filters and were trans-
ferred into rectangular, flat capillary tubes (CM Scientific,
cross-section 50 × 500 μm2). These were sealed with an
epoxy-based adhesive (Araldite Rapid) and were left overnight
to dry. This procedure was slightly modified for 1% SrĲDS)2

Fig. 1 (a) Chemical structure of a SDS molecule; 20% was the baseline
quantity used for all solutions. (b) 0.25–2.5% of an additive structurally
comparable to SDS on which only the counterion “Xy+” was varied. (c)
Partial phase diagram of SDS–H2O (adapted from ref. 6 and 25); the
aim of the study was to determine whether crystallisation and the
phase boundary were affected by the presence of additives.
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as it precipitated at room temperature (≈20 °C) – the sample
was heated to 40 °C, sealed with Parafilm M, adhesive and
equilibrated at T = 35 °C for 20 min. For every experiment
new capillaries were used to minimise the number of seed
crystals and to reduce concentration variations due to re-
peated temperature cycling; the use of capillaries also
allowed for rapid temperature equilibration. Three to four
replicates were carried out per additive.

A reflection microscope (Olympus BX41M-LED, 10× objec-
tive) and temperature-controlled stage (Linkam Scientific
THMS600) that has a stability and accuracy of ±0.1 °C were
used for the microscopy studies. Images were captured with a
CCD camera (Allied Vision, Prosilica GX 1050C) and were ex-
amined using ImageJ 1.49v (NIH). Samples were equilibrated
for 20 min at 22 °C (except for 1% SrĲDS)2 detailed above),
cooled rapidly at 50 °C min−1 to T = 6 °C (t = 0 s) and held
there until crystallisation was complete, specifically when no
further growth was observed. At least three repetitions were
acquired per additive.

Dynamic light scattering (DLS)

DLS was conducted on a Malvern Zetasizer Nano S (model:
Zen 1600) for the 1% MDS solutions, which was used as a
turbidimeter to determine a (second) solubility boundary
where applicable. Solutions were filtered and sealed in dis-
posable PMMA cuvettes (VWR), equilibrated in a water bath
for 20 min at 22 °C and cooled at ϕ = 0.5 °C min−1 to −5 °C.
Afterwards the exterior of the cuvettes were cleaned and
equilibrated in the DLS holder for 20 min at 20 °C. To deter-
mine the mean count rate, three measurements each averag-
ing eleven runs were acquired every 1 (0.5) °C until 30 (37) °C
(exception: 1% SrĲDS)2), with a 120 s equilibration step per
temperature point, scattering angle θ = 173°. The data were
collected using Zetasizer Software 7.01.

Inductively coupled plasma optical emission spectroscopy
(ICP-OES)

ICP-OES was carried out on a PerkinElmer (OPTIMA 2000
DV) to determine the concentration of counterions (M+) in so-
lution and subsequently the concentration of MDS or SDS.
Standards were required for calibration therefore ICP multi-
element standard solution IV (Merck Millipore) was used for
samples containing Na with Li, K, Mg, Ca or Sr, or the rele-
vant metal chlorides for Na with Rb or Cs. For Cs a second
set of standards containing 0.1% K+[Cl−] was also prepared to
reduce ionisation interference which improved the signal.
Both the standards and the samples were prepared in a ≈2%
HNO3 solution to reduce precipitation and to matrix match.

A blank and three standards (0.2, 5 and 25 ppm (25 and
50 ppm for Cs)) were initially run, with a higher concentra-
tion chosen for Cs due to the increased formation of ionic
species. These results were corrected on the software
(WinLab32) to ensure that the peak maximum and integra-
tion area were correctly selected for each element, wavelength
and for the calibration curve. The samples could then be

analysed for their Na and additive cation (“M”, for example
Li) concentrations, with three measurements acquired per
sample. For the Cs samples containing K no overlaps were
present in the Cs and K peaks. Further information including
the wavelengths chosen are detailed in the ESI† (Table S2).

The synthesised MDS compounds were analysed for their
Na and “M” content to determine the yield of MDS after coun-
terion exchange; ≥99% was the target therefore the com-
pound was recrystallised if this was not achieved. The product
was dissolved in deionised water (10 ml) to give a concentra-

tion of 5 ppm of M DS [ ], or 25 ppm for Cs DS [ ] (with and

without 0.1% K+).
To determine whether any morphological changes ob-

served via OM were due to integration of the additive into the
crystal the 1% MDS solutions were selected. The initial solu-
tion (10 μL) was diluted with deionised water (10 ml) to serve
as another ICP reference point. The remaining solution was
then crystallised at T = 6 °C between 1–3 h (based on OM
data) via one of two methods: (1) in a syringe attached to a
0.2 μm PTFE syringe filter, with the supernatant collected at
6 °C or (2) in an Eppendorf tube, which was centrifuged at
1700 rpm for 5 min at 6 °C before pipetting off the top layer
of supernatant. For both methods the collected supernatant
(30 μL) was prepared for ICP in deionised water (10 ml). The
higher volume taken from the supernatant improved the sen-
sitivity as a reduction in ion concentrations were expected.
Each method was repeated twice for every counterion and the
results are compared below. The calculations for the dilu-
tions are provided in the ESI.†

Results and discussion
DSC: overview

DSC was used to investigate whether the additives acted as
promoters or inhibitors of crystallisation based on shifts in
the induction temperature (Tind) of 20% SDS–H2O solutions.
Three additive concentrations: 0.25, 1.0 and 2.5% were stud-
ied. Samples were cooled between 23 (unless stated otherwise
in the experimental section) and −5 °C at ϕ = 0.5 °C min−1, as
this rate allowed for reasonable temperature equilibration.

Fig. 2(a) shows a series of raw traces for 20% SDS–H2O,
0.25, 1.0 and 2.5% KDS solutions, from which the onset (Tind)
and peak (Tp) temperatures were extracted.50 DSC traces for the
1% MDS solutions which are the primary focus of the study are
provided in Fig. 2b(i) and (ii) for the group 1 and 2 counterions
respectively, with the 20% SDS–H2O reference solution given as
a dotted, black line. All profiles exhibited a single exothermic
crystallisation peak. From these curves is apparent that going
down group 1 Tp initially shifts towards the phase boundary of
20% SDS–H2O (≈19.1 °C),47 therefore crystallisation is increas-
ingly favoured. At KDS Tp reaches a maximum as a further in-
crease in the ionic radius moves Tp back to lower values. For
group 2 Tp shifts to higher temperatures going down the group,
with a sharper increase noted for 1% SrĲDS)2. Both Tind and Tp
show comparable trends, however Tind was preferred for
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analysis as this is when crystallisation begins and it is less af-
fected by peak broadening.

DSC: cooling ramps

For all additive concentrations Tind was plotted against con-
centration, as shown in Fig. 3(a) and (b) for the group 1 and
2 counterions respectively. The flat, dotted black line repre-
sents the average Tind ≈ 3.1 °C for 20% SDS–H2O, whilst the
grey curve on both graphs represents additional quantities of
SDS. The effect of investigating this as an additive is twofold
– it allows for the full trend to be established along group 1
and for the effects of additional dodecyl sulfate chains to be
compared, essentially serving as a second set of reference
measurements (in addition to 20% SDS–H2O).

From these graphs it is evident that well-defined trends
are observed for all counterions, with each acting as inhibi-

tors, promoters or having a minor effect on SDS
crystallisation. SDS, KDS, RbDS and SrĲDS)2 act as promoters
– 2.5% KDS and SrĲDS)2 exert the strongest effect as they
bring Tind up by ≈7.5 and ≈5.3 °C respectively against the
20% reference or ≈5.6 and ≈3.4 °C against SDS. RbDS and
SDS have smaller effects against the 20% reference, increas-
ing Tind by ≈1.6 °C for 2.5%. Only CaĲDS)2 has a minor effect
against the 20% reference. The remaining three additives –

LDS, CsDS and MgĲDS)2 inhibit crystallisation, ≈1.6 °C for
2.5% LDS and CsDS and ≈1.3 °C for 2.5% MgĲDS)2.

A clear concentration dependence is noted with additive
addition, with all the additives (except CaĲDS)2) exerting
stronger effects as promoters or inhibitors with increasing
concentration. Discussed later, this is ascribed to lower and

Fig. 2 DSC traces from 20% SDS solutions spiked with additives (MDS),
cooled linearly at ϕ = 0.5 °C min−1 from the micellar phase. (a) Traces
for the reference solution (20% SDS–H2O), 0.25, 1.0 and 2.5% KDS; from
this the induction (Tind) and peak (Tp) temperatures were extracted. (b)
Traces for the solutions containing 1% additives for (i) group 1 and (ii)
group 2 counterions. The dotted line is the reference solution with
traces shifted in increments of 0.2 (0.3 for Cs) W g−1 for clarity.

Fig. 3 Induction temperatures (Tind) extracted from DSC data for 20%
SDS–H2O solutions containing additives (MDS), cooled at ϕ = 0.5 °C
min−1. For 0.25–2.5% MDS (a) group 1 and (b) group 2 counterions. (c)
For 1% MDS solutions (i) group 1 and (ii) group 2. The horizontal,
dotted line represents the reference solution 20% SDS–H2O.
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higher supersaturation for some of the inhibitors and pro-
moters respectively and steric hinderance during incorpora-
tion of certain additives into the crystal structure, with all
three parameters affected by concentration.

Overall the promoters have a stronger effect on Tind com-
pared to the inhibitors which can be understood based on
the system's MSZW. Discussed in further detail below the
MSZW is already large at ≈16.0 °C. Suppressing the labile re-
gion even further is therefore likely to be problematic as the
system is already very supercooled at this point and would
have a high tendency to crystallise. This is supported by the
fact that the decrease in Tind values shows signs of levelling
off with increasing additive concentration for LDS and CsDS,
whereas for the other additives the trend is almost linear.

In Fig. 3(c) Tind has been plotted for the 1% solutions. For
group 1 given in Fig. 3(ci), with increasing ionic radius Tind
initially follows the order LDS < SDS < KDS before decreasing
in the same manner KDS > RbDS > CsDS. This trend could
be caused by a variety of reasons including changes in the sol-
ubility, the coverage of the impurities, the driving force and
other factors which will be discussed in turn below.

Solubility plays a key role in crystallisation which is both a
temperature and concentration dependent parameter;24 for
the analysis of the trends in Fig. 3(c) the focus is largely on
temperature as the concentration has been fixed. With de-
creasing temperature the solubility also decreases; eventually
the labile region of the saturation diagram is reached from
which Tind values can be extracted. It is anticipated that addi-
tives such as KDS, (SDS) and RbDS reduce the solubility of
the solution across all temperatures thereby acting as seed
crystals or promoters of crystallisation,18,20 whilst LDS and
CsDS may shift the supersolubility curve (but not the solubil-
ity curve), in turn reducing Tind and inhibiting crystallisation.
Of note is that the exact trend observed here has been
reported for the Krafft point of another group of surfactants,
perfluorooctanic acid salts (Li < Na < K > Rb > Cs),55 which
was also rationalised based on the differing solubilities of
the alkali metal salts.

The melting point trend for the group 1 dodecyl sulfate
salts (the pure systems) supports this to an extent as it bears
strong similarities to this mixed system: LDS < SDS ≪ KDS ≈
RbDS > CsDS,37,47,53,54 with the last two points proving
slightly anomalous compared to what was observed here.
From this it could be argued that the additives affect the solu-
bility curve on the saturation diagram, however the melting
point data for this system shows that the values are largely un-
affected, discussed further in the DSC: heating ramps section.
The driving force of these additives is thus expected to be ki-
netic as opposed to thermodynamic. Consequently, promoters
act to seed crystallisation whilst inhibitors either lower the
supersaturation or impact incorporation of the units into the
crystal structure; the latter is discussed below.

The coverage of the impurities is likely to depend on the
counterion size which is affected by two factors – the hydra-
tion state51,52 decreases going down the group due to in-
creased charge screening, however the ionic radius of the cat-

ion also increases. The large steric size at both extremes
potentially slows down incorporation into the crystal struc-
ture, in turn causing the reduction in Tind values at either
end of the group. Of note is that this hindrance does not al-
ways affect incorporation of the additives into the crystal
structure, which is discussed further in the ICP-OES section.
LDS for instance was the only additive not to be incorporated
into the crystal, therefore its effect on Tind is likely to be due
to a change in supersaturation, whilst CsDS is more likely to
slow down the kinetics of incorporation due to size issues.

For group 2 Tind increases going down the group, shown
in Fig. 3(cii). MgĲDS)2 acts as an inhibitor whilst CaĲDS)2 has
little effect on Tind when compared to the reference. Similar
points discussed for the group 1 additives apply in terms of
solubility, with MgĲDS)2 potentially shifting the super-
solubility curve whilst CaĲDS)2 had little effect. Again a ki-
netic driving force is expected as the melting points for all
three remain relatively unchanged. SrĲDS)2 was the only pro-
moter in group 2 which exhibited significant insolubility
across the investigated temperature range, thereby potentially
acting as a seed crystal and increasing the value of Tind. The
limited solubility of SrĲDS)2 is discussed more in the heating
ramps section.

According to the Hofmeister series these cations are the
most kosmotropic in the order Mg2+ > Ca2+,51,52 more so
than the group 1 cations due to their divalent charge. It is
therefore also plausible that the inhibitory effect of Mg2+ is
due to steric bulk as opposed to a shift in supersolubility.

DSC: heating ramps

DSC traces for the 1% MDS solutions are presented in
Fig. 4(a) and (b) for the group 1 and 2 based additives respec-
tively; the 20% SDS–H2O reference solution is the dotted,
black line. From these curves it is apparent that all follow the
same generic pattern, displaying a broad transition indicative
of the crystalline phase melting down to a micellar solution.
The features on the left of the peak are interpreted as the
interconversion to the more stable dihydrate crystal. The
melting point is taken as the peak minimum from the
steepest slope which is plotted in Fig. 5(a), also where full
dissolution was observed via OM.

For the majority of group 1 in Fig. 5(ai) the melting points
display a minor shift compared to 20% SDS–H2O, with RbDS
deviating the most at 0.6 ± 0.3 °C. For group 2 in Fig. 5(aii)
T0 values shift more from the reference, although this is still
only 0.9 ± 0.1 °C in the largest case – SrĲDS)2. Overall for
both groups no significant impact on T0 is noted with the
addition of the additives. This suggests that their effect is
predominantly kinetic as opposed to thermodynamic, with
the counterions hindering or promoting crystal nucleation or
growth.

While seven of the eight solutions containing additives
melted to form a micellar solution at T0, SrĲDS)2 solutions
contained a residual precipitate with a partially crystalline
texture. To determine the temperature at which this
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precipitate dissolved for 1% SrĲDS)2 the solution's turbidity
was measured via DLS. Described further in the experimental
section the mean count rate of the solution was measured ev-
ery 0.5 °C from 20 to 37 °C. From this it was determined that
the precipitate fully dissolves by 33 ± 0.5 °C when the curve
reached a plateau, ESI† (Fig. S1). The other 1% solutions
were also measured for comparison at 1 °C intervals,
confirming that precipitates were not present in solution af-
ter melting was complete as the profiles were flat.

The MSZW is the difference between the saturation tem-
perature (T0) and the temperature at which crystallisation is
detected (Tind) for a given cooling rate: MSZW = T0 – Tind.

56–58

The MSZW for 20% SDS–H2O at ϕ = 0.5 °C min−1 is already
relatively large at 16.0 ± 0.1 °C compared to other systems

(such as simple inorganic salts),59 possibly due to the
rearrangement which occurs when these micellar solutions
crystallise to form a lamellar structure.

For the most part the MSZW in Fig. 5(b) is the reverse of
Tind because the melting point remains relatively unchanged.
LDS, CsDS and MgĲDS)2 widen the MSZW by ≈1.3 °C, increas-
ing the uncertainty window of crystallisation. SDS, RbDS and
CaĲDS)2 have a smaller effect as their impact on Tind was
lower, on average changing the MSZW by 0.1 ± 0.5 °C. KDS
and SrĲDS)2 lower the MSZW by ≈3.9 and ≈5.3 °C respec-
tively by making the solution more prone to crystallisation,
thereby reducing this uncertainty window. As mentioned pre-
viously the MSZW is already large and the system is very
supercooled. Further widening of the MSZW is thus more
challenging than suppression, therefore it is expected that
additives will promote as opposed to inhibit crystallisation
far more readily. These effects are significant and are induced
by a relatively small quantity of additive (1%). These can eas-
ily enter the system during manufacturing, for example, if
non-deionised water is used due to preferential Na exchange.

Optical microscopy: morphologies

The crystallisation of micellar SDS–H2O solutions was previ-
ously found to yield a range of morphologies from platelets
through to needles depending on the temperature27 and
cooling rate.47 The impact of linear cooling conditions is useful
to parameterise as most formulations are likely to experience
temperature variations under practically relevant conditions.
With the presence of additives however Tind occurs at a variety
of temperatures for a given rate, as shown above. Different mor-
phologies and kinetics would therefore be expected, making it
challenging to determine whether these are caused by the addi-
tive addition or the temperature at which crystallisation oc-
curred. The approach chosen via OM was therefore isothermal
holds at T = 6 °C, which also provided additional kinetic data
by employing a different type of temperature profile.

Images of the representative crystal morphology observed
for the 1% additives are given in Fig. 6(a). Whilst the refer-
ence solution yielded an octagonal platelet at T = 6 °C a

Fig. 4 DSC traces 20% SDS solutions spiked with 1% additives (MDS).
These were heated linearly at ϕ = 0.5 °C min−1 from the crystalline
phase for (a) group 1 and (b) group 2 traces. The dotted line represents
the reference solution 20% SDS–H2O, with traces shifted in increments
of 0.05 W g−1 for clarity.

Fig. 5 (a) Melting point (T0) taken as the minimum from the steepest slope of the heating curve and (b) MSZW = T0 − Tind for (i) group 1 and (ii)
group 2.
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variety of different morphologies are observed with additives,
which are generically characterised as platelets. 1% KDS and
RbDS give hexagonal and diamond shaped crystals respec-
tively, both of which differ from the reference due to increas-
ing omission of sides. These crystals grow via structural evo-
lution,60 possibly due to the additive binding to the crystal
face which inhibits their growth. LDS, SDS and CsDS retained
the octagonal form, with LDS and SDS comparable to the ref-
erence solution. In contrast four of the faces for CsDS are
truncated, again attributed to additive inhibition.

For group 2 the changes are more prominent as shown in
Fig. 6(a). 1% MgĲDS)2 and CaĲDS)2 give oval shaped crystals
which develop features over time. With 1% MgĲDS)2 rapid
growth occurs from one or more sides of the crystal, whereas
for CaĲDS)2 darker spots arise, as shown in ESI† (Fig. S2a and
b). Although CaĲDS)2 has a minimal impact on Tind, comple-
mentary microscopy data establishes its effect as an additive.
SrĲDS)2 exhibits a considerable change in morphology over
the crystallisation period – whilst this briefly begins as an
oval platelet, rapid growth ensues from the sides to give
large, thick needles, shown in Fig. 6(a) and ESI† (Fig. S2c).
Overall most of the morphologies observed here differ to
those formed during the isothermal and linear cooling stud-
ies of SDS–H2O,

27,47 therefore are ascribed to the additives.

Optical microscopy: integration and crystallisation kinetics

ICP-OES was combined with the microscopy results to under-
stand whether there was a relationship between the two data
sets, specifically whether each additive was integrated into
the crystal, directed crystallisation or had no effect on the
morphology. ICP-OES is not a standard method to analyse
whether an additive is integrated into a crystal. Traditional
techniques focus on XRD of the crystal itself or washings

from the surface of the crystal to analyse whether an additive
is completely or surface-integrated respectively. In this in-
stance this novel approach was preferred due to its ease and
high sensitivity. The supernatant was selected over the crystal
itself as residual supernatant on the crystal's surface can
skew the results whilst washing this off potentially removes
any surface-integrated additive, particularly problematic for
this system due to the small size of the crystals.

The percentage of both Na and the counterion (“M”) were
determined for the starting solution (which served as a sec-
ond set of references in addition to the standards) and the
supernatant of the crystallised solutions. The concentration
(ppm) of ions in the original solution and supernatant after
dilution were converted to percentages relative to 20% SDS or
1% additive for ease of interpretation – for example the Na
content in the starting solution is 1.59% or 15.9 ppm. These
calculations along with the dilutions are provided in the ESI.†

In Fig. 7(a) the dotted line at the top represents the
normalised Na content pre-crystallisation, whilst the square
symbols are the normalised Na in the supernatant. From
these results it is noted that almost all the Na is integrated in
the crystal across the additives, with the marginally higher
value for Li ≈ 1.36% compared to an average of ≈0.46%
(maximum: 20%) considered to be within experimental error.
For Fig. 7(b) the dotted line and symbols are for the additive,
again normalised. In most cases almost no additive remains
in the solution which correlates to the (mostly) pronounced
morphological changes observed in Fig. 6(a). The exceptions
to this are LDS which shows little sign of integration as 0.87
± 0.10% (maximum: 1.00%) Li remains in the supernatant
and additional SDS, both of which retain the octagonal mor-
phology with similar dimensions to the reference solution.

The induction times (tind) taken from optical microscopy
have been plotted in Fig. 7(c); the values represent upper

Fig. 6 (a) Optical microscopy images depicting the representative crystal morphology for each 20% SDS–H2O solution doped with 1% additive for
the group 1 and 2 based counterions. Samples were quenched to T = 6 °C and held isothermally until crystallisation was complete. (b) The
development of crystallisation over time for 1% KDS, from which the induction time (tind) and the aspect ratio (AR) were determined. All scale bars
are 50 μm.
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limits given the finite spatial resolution of microscopy.5

These are the reverse of the Tind values noted in Fig. 3(c), spe-
cifically the additives that exhibited a low Tind in the linear
cooling experiments have a correspondingly long tind value
due to increased metastability. MgĲDS)2 for example has a tind
≈ 7.8 ± 2.5 × 103 s and Tind ≈ 2.3 °C, whereas KDS has a tind
≈ 17 ± 5 s and Tind ≈ 6.8 °C.

The evolution of the crystal morphology with time was
used to determine the aspect ratio (AR) by averaging the
length to width ratio61 across the images. This is shown in
Fig. 6(b) for KDS; the last image in the series only shows sur-
face features as the crystal has outgrown the illustrative area.
1% LDS, SDS and CsDS had the lowest impact on the AR, aver-
aging 1.12 ± 0.03 compared to the reference AR of 1.11 ± 0.01.
1% KDS and RbDS crystals visibly grew smaller and had a no-
tably reduced AR of 1.03 ± 0.01 and 1.02 ± 0.01 respectively.
Although the cooling rate is often changed to produce smaller
size crystals62 to improve filtration or dissolution properties
here the same effect has been achieved with additives.

For group 2 the oval-shaped CaĲDS)2 crystal exhibited the
lowest increase in AR to 1.20 ± 0.03, which was the only one
to have any protrusions. MgĲDS)2 began with this oval base
that has an AR of 1.14 ± 0.04 however the protrusions brought
this up to 1.90 ± 0.08, as noted by the darker points in
Fig. 7(d). With SrĲDS)2 the thick needles bring its AR up con-

siderably to 6.74 ± 1.74. Needles are generally considered to
be an undesirable morphology due to their poor flow
properties.63,64

While the group 1 counterions demonstrated small
changes in the AR of 20% SDS–H2O crystals, the group 2
counterions significantly increased this. Depending on the
use, a lower AR may be preferred to reduce compact layer

Fig. 7 Determination of the ion concentration in the supernatant using ICP-OES after crystallisation was complete and crystallisation kinetics from
OM. (a) Percentage of Na normalised to the SDS concentration (20% – the dotted line at the top) for (i) group 1 and (ii) group 2. (b) Percentage of
the additive's counterion (M) normalised to its (MDS) concentration (1% – the dotted line at the top) for (i) group 1 and (ii) group 2. This has been
omitted for SDS as the 1% cannot be distinguished from the 20%. (c) Induction times (tind) from OM data at T = 6 °C for (i) group 1 and (ii) group 2.
(d) Aspect ratio (AR) for the crystals in (i) group 1 and (ii) group 2; the darker points >1.5 for mgĲDS)2 and SrĲDS)2 include the dimensions of any pro-
trusions which formed during crystal growth.

Fig. 8 Summary of the trends observed when 1% of a structurally
similar SDS additive (MDS) was added to 20% SDS–H2O. Left axis: Tind
(dark blue), melting point (red) and MSZW (purple); right: tind (light
blue) for the counterions in (a) group 1 and (b) group 2. The dotted
lines are the values for 20% SDS–H2O.
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formation at the bottom of filtration media or to alter flow
properties. Overall small quantities of structurally similar
SDS additives on which the counterion is varied have notable
kinetic and morphological effects on SDS–H2O crystallisation,
as summarised in Fig. 8.

Conclusions

The effect of structurally similar additives on the
crystallisation kinetics and morphologies of the ubiquitous
SDS–H2O micellar system was investigated under isothermal
and linear cooling conditions. Seven different counterions
from groups 1 and 2 of the periodic table were chosen to re-
place the sodium on SDS to give the following additives: LDS,
(SDS), KDS, RbDS, CsDS, MgĲDS)2, CaĲDS)2 and SrĲDS)2, which
were added to a reference solution of 20% SDS–H2O. DSC at
a fixed cooling rate ϕ = 0.5 °C min−1 for 0.25, 1.0 and 2.5%
additive showed that (additional SDS), KDS, RbDS, SrĲDS)2
promoted crystallisation, CaĲDS)2 had a minor effect and
LDS, CsDS, MgĲDS)2 inhibited crystallisation. This was
rationalised based on available solubility data, the counterion
size and hydration state. The changes in melting point were
found to be minimal suggesting that the additives had a ki-
netic as opposed to a thermodynamic effect. As such the
MSZWs were essentially the reverse of Tind. Complementary
data from DLS suggests that all the additives except SrĲDS)2
undergo transitions from the crystalline phase to give a mi-
cellar solution; this additive requires higher temperatures to
dissolve a residual precipitate.

Optical microscopy for the 1% solutions shows that most
additives had an impact on the morphology at T = 6 °C. For
group 1 RbDS and KDS gave hexagonal and diamond
shaped crystals which exhibited a lower AR than the refer-
ence, often considered more desirable as they are less
“sheet-like”. LDS, SDS and CsDS however retained the refer-
ence morphology. The basis of group 2 are oval-shaped crys-
tals which exhibit protrusions for MgĲDS)2 and the domi-
nance of thick, platelet-type needles originating from centre
for SrĲDS)2. These needles had the largest AR, a potential
drawback when it comes to processing and dissolution. OM
data was supported by ICP-OES which indicated that the
morphological changes were caused by integration of the ad-
ditives into the crystal. Lastly, although many of the Tind
values were lower than 6 °C during the cooling ramp stud-
ies, tind values from OM were the reverse of Tind due to in-
creased metastability.

Overall small (0.25 to 2.5%) quantities of structurally simi-
lar additives had a relatively potent effect on SDS–H2O
crystallisation. These additives can easily form if non-
deionised water enters the system, for instance, as the Na on
SDS is preferentially exchanged by multiple cations from
group 1 and 2. Additives also enable tailoring of both the
crystal morphology and the potential to increase or decrease
the solution's stability below the micellar-to-crystalline phase
boundary.
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