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Abstract

We have investigated how four different pour point depressant (PPD) polymers affect the pour point
transition in mixtures of a single pure wax in a solvent. We used either n-eicosane (C20),
CHj3(CH,),3CH3, n-tetracosane (C24), CH3(CH,)»,CHj; or n-hexatriacontane (C36), CH3(CH;)34CHj3
as the wax component with either n-heptane or toluene as the solvent component. For all
wax/solvent combinations, the measured variation of wax solubility with temperature is well
predicted by ideal solution theory. The variation of pour point temperature as a function of the
overall wax concentration is quantitatively modelled using the idea that, for each overall wax
concentration, the pour point occurs at a temperature at which a critical volume fraction d)* of wax
crystals has precipitated. Close to the pour point temperature, extraction and examination of the wax
crystals show they consist of polydisperse, irregularly-shaped platelets with axial ratios (h/d, where h
is the plate thickness and d is the plate long dimension) in the range 0.005-0.05. It is found that the
measured ¢ values corresponding to the pour point transitions are weakly correlated with the wax
crystal axial ratios (h/d) for all wax/solvent/PPD polymer combinations. These results indicate that
the pour point transition occurs at a volume fraction larger than the value at which the volumes of
rotation of the platelet crystals overlap, i.e., 2.5(h/d) < (I)* < 11(h/d). PPD polymers work, in part, by
increasing the wax crystal axial ratio (h/d), thereby increasing (I)* and reducing the pour point
temperature. Since the PPD’s ability to modify the wax crystal shape relies on its adsorption to the
crystal-solution surface, it is anticipated and observed experimentally that optimum PPD efficacy is
correlated with the difference between the wax and the polymer solubility boundary temperatures.
This finding and the mechanistic insight gained here provide the basis for a simple and rapid
screening test to identify candidate species likely to be effective PPDs for particular wax systems.
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1. Introduction

When a solution of a long chain hydrocarbon wax in a hydrocarbon solvent is cooled, wax crystals
are formed at temperatures below the solubility boundary temperature of the solution. Upon further
cooling, sufficient wax crystals are produced to form a crystal network throughout the two-phase
dispersion of wax crystals plus saturated wax solution. The crystal network causes gel formation and
the mixture exhibits a finite yield stress and ceases to pour (flow) as a result of gravity'>. The
temperature at which this occurs is called the pour point temperature and it depends primarily on the
solvent, the nature of the wax and its concentration. Failure to flow caused by wax crystallisation is
a major problem for pipeline transport of crude oils and the use of hydrocarbon fuels in cold
climates. The importance of enhancing our understanding of crystal network formation is not limited
to petrochemical applications. Commercial products such as shoe polish consist of a semi-solid wax
crystal network within a matrix of saturated solution. In addition, the processing of liquid
triacylglyceride (TAG) oil mixtures into semi-solid fat products such as butter and margarine
involves the precipitation of the high melting point TAG components. The system forms a gelled fat
crystal network which, in turn, determines many key properties of the final semi-solid fat product®.

For hydrocarbon wax/solvent mixtures, polymer additives are used to reduce the pour point
temperature — so called “pour point depressants” (PPDs). There is extensive literature on the
efficacy of different PPD chemical structures in reducing the pour point temperatures of different
wax/solvent mixtures®>>. It is believed that the pour point reduction observed for a particular
PPD/wax/solvent system is related to the interactions of the PPD with particular faces of the growing
wax crystals. Computer simulation has been used to probe these interactions in certain systems™ ..
However, despite these extensive previous studies, many fundamental questions about both the basic
mechanism of the pour point phenomenon and how PPDs affect the pour point are currently not fully
resolved. These questions include:

1. Can the wax solubility as a function of temperature be quantitatively predicted?

2. What is the volume fraction of the precipitated wax crystals present at the pour point
temperature?

3. How does the volume fraction of the precipitated wax crystals present at the pour point

temperature depend on the crystal properties? Can this information be used to predict the
pour point temperatures for a particular wax/solvent system?

4. How does the addition of a polymer PPD affect points 1-3 above? Does this information
provide guiding principles to enable the rapid screening of PPDs for their likely efficacy?

The aims of this work are to address questions 1-4 above using model systems consisting of a single
wax component with a single solvent component with and without a polymeric PPD. The model
systems consist of either n-eicosane, CH3(CH,),3CHj3, n-tetracosane, CH3(CH,),,CH3 or n-
hexatriacontane, CH3(CH,)3;4CH; as the wax component with either n-heptane or toluene as the
solvent component. Four different PPD polymers were used, as shown in ESI Table 1. The polymer
abbreviated names have the format “x-y-z” where x indicates the molecular mass (HMn = high
number average molecular mass and LMn = low), y indicates the monomers used (M = maleic
anhydride, S = styrene and A = methyl methacrylate) and z indicates the hydrocarbon side chain
length. Thus, HMn-MS-C18-22 and LMn-MS-C18-22 are both maleic anhydride-styrene
copolymers (1:1 monomer mole ratio) with C18-22 side chains; they differ only in their average
molecular mass. LMn-MSA-C18-22 and LMn-MSA-C12 are both maleic anhydride-styrene-methyl
methacrylate copolymers (1:1:0.05 monomer mole ratio) of similar average molecular mass; they
differ only in the lengths of the hydrocarbon side chains.

2. Experimental
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2.1  Materials.

n-Eicosane (abbreviated to C20, Sigma-Aldrich, 99%), n-tetracosane (abbreviated to C24, Sigma-
Aldrich, 99%), n-hexatriacontane (abbreviated to C36, Sigma-Aldrich, 98%), n-heptane (Fischer
Scientific, 99%) and toluene (Fischer Scientific, 99.99%) were used as received. The four polymeric
PPDs and their characterisation data (see electronic supplementary material ESI Table 1) were
supplied by Lubrizol Ltd., Hazelwood, UK. Polymer LMn-MSA-C12 was supplied as the pure
liquid polymer. The other three polymers were supplied as 90 wt% polymer dispersions in toluene;
the toluene solvent was removed prior to use by drying to constant mass under vacuum at 50 °C.

2.2 Methods.

Solubility measurements of the wax and PPD polymers in the solvents were made by weighing the
required masses into 4 mL clear, squat-form vials which were screw top sealed to prevent
evaporation loss of the solvent. These were then placed in a Grant LTD 6/20 water bath with Grant
LTD6G heating unit and preheated to 75°C for five minutes to ensure the sample was fully dissolved
and homogeneous. The water bath temperature was then decreased at 0.3°C/min to obtain a rough
value of the temperature at which precipitated wax or PPD is first observed using a 5x magnification
hand lens (T.o01). For each visual observation, samples were removed from the water bath for no
more than a few seconds and gently shaken before being replaced. Following the rough
measurement of Tc,o1, more accurate measurements of both Teoor and Theq (the temperature at which
the last trace of precipitate was observed to disappear on heating the sample) were made at slower
cooling/heating rates of 0.1°C/min. Temperature measurements were made using a +0.1°C
thermocouple (Omega MHS806WE) calibrated with a 0.1 °C ASTM calibrated total immersion
thermometer.

Pour point temperatures were measured using a slightly modified version of the ASTM D97
procedure®’. The pour point temperature was taken to be the highest temperature at which no flow of
the sample was observed when the vessel was tilted from vertical to horizontal. Experimentally, this
temperature was found to be equal (within the experimental uncertainty of +0.2°C) to the lowest
temperature at which movement of the sample was observed on tilting. A first rough value was
obtained by cooling the sample at 0.3°C/min. Final values of the pour point temperatures from both
cooling and heating used temperature change rates of 0.1°C/min. For selected systems, it was found
that heating or cooling produced no significant changes in the pour point temperatures and the
majority of measurements were made using cooling only. In principle, the frequency of tilting the
sample may disturb the network of precipitated wax crystals and hence affect the pour point. In
practice, we found that using variable times (from 20 s to several minutes) between tilting of the
sample in the determination of the pour point did not significantly affect the final pour point
temperature within the uncertainty of +0.2°C.

Wax crystals were extracted from two-phase mixtures at temperatures below the solubility boundary
and imaged using scanning electron microscopy (SEM) as follows. A sample of the required
composition was first fully dissolved by holding it at a temperature of few °C above Theq for ten
minutes. It was then cooled to a temperature within 2 °C or less (most samples were within 0.5 °C)
of its pour point temperature and held at this temperature for 2 minutes. The solutions were then
rapidly (less than 10 seconds) vacuum filtered using paper filter discs (Sartorius stedim, grade 292,
particle retention 5-8 pum) at room temperature of 18-22 °C. The wax crystals had the appearance of
a slightly damp powder at this point; they were held in a continuously evacuated vacuum desiccator
at 18-22 °C for 60 hours to remove traces of residual solvent. A random selection of wax crystals
was carefully sprinkled from the filter paper onto a carbon impregnated ‘sticky disc’ (12 mm
diameter carbon-based, electrically conducting disc coated on both faces with polycarbonate
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adhesive supplied by Agar Scientific) attached to a 15 mm diameter threaded Hitachi SEM mount.
This sprinkling procedure was used to minimise possible breaking of the crystals. The sample was
imaged at various magnifications using an Hitachi TM-1000 SEM operating at 15 kV with a vacuum
of 50 Pa. These conditions were selected to minimise electron beam “melting” and surface charging
artefacts of the wax crystals. Preliminary experiments using a Zeiss EVO 60 SEM operating at 20 kV
produced significant melting of the C20 and C24 waxes.

3. Results and Discussion

3.1 Wax solubility as a function of temperature

As shown in the electronic supplementary material (ESI Figure 1) we observe a hysteresis of a few
°C in measurements of the solubility boundary temperatures by cooling and heating, Tcoo and Thea.
Since the solubility boundary is an equilibrium quantity, this hysteresis must result from the kinetics
of either the crystal formation or dissolution being slow relative to the temperature change rate used
here (0.1 °C/min). Crystal formation by cooling occurs by nucleation and growth which generally
requires an energy barrier to be overcome and hence can be slow. Crystal dissolution by heating is
expected to require little or no energy barrier and is likely to be fast. Hence, Ty, is expected to
correspond to the true, equilibrium temperature of the solubility boundary. This expectation is
confirmed by the experimental results shown in ESI Figure 1 and we therefore take Ty, values to be
equal to the equilibrium solubility boundary temperatures.

Figure 1 shows the variation of wax solubility with temperature for the three pure waxes in both
heptane and toluene. In order to quantitatively predict the solubility behaviour, we assume that the
wax/solvent mixtures form ideal solutions and that the wax crystals contain no co-crystallised
solvent. In the case of a pure wax which, in the absence of solvent, shows only a single phase
transition from crystalline solid to a liquid at a temperature Tj;q with molar enthalpy change AHj;q, the

variation of solubility with temperature is given by”*>":
lnX:iG— 1) (1)
R \T Ty

where X is the mole fraction of solute in the saturated solution at absolute temperature T and R is the
gas constant. As seen in Table 1, the waxes C24 and C36 show more complex phase behaviour.
They form a crystalline solid at temperatures less than T at which a rotator phase forms with molar
enthalpy change AH,... The rotator phase transforms to the liquid at temperature Tj;q with molar
enthalpy change AHjiq. To take account of the rotator phase formation, the solubility equation must
be modified as shown below.

—AHjig (1 1
InX = —4(=—
R T Tiiq

) for T, <T < Tliq (2)

and InX —InX,o =

_(AHliq +AHrot) (

1 1
: 1 ) for T < Try 3)

T Trot

where X, is the mole fraction of solute in the saturated solution at absolute transition temperature
Trot (determined using equation 2).

Using literature values of the transition temperatures and enthalpies***’ given in Table 1, equations
1-3 were used to calculate the variation of wax solubility with temperature as shown by the curved
dashed lines in Figure 1. The agreement with the measured data points is within the estimated
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uncertainties (+0.5 °C or so) in all the wax/solvent combinations except for the C20/toluene system
where small but significant deviations are observed. Overall, the conclusion is that the equilibrium
solubility behaviour of these wax/solvent systems is adequately predicted by ideal solution theory
requiring no adjustable parameters as input. This conclusion is in reasonable agreement with
previous studies of single wax/alkane solvent systems; however, it is noted that prediction of the
solubility behaviour of wax mixtures is considerably more complex**°.

3.2 Pour point temperature versus wax concentration with and without polymer PPD additives

Figure 2 shows two examples of measured pour point temperatures as a function of the wax
concentration for systems without PPD additives. It can be seen that the measured pour point curves
are similar to the corresponding solubility boundaries but simply shifted on the wax concentration
scale. In order to model the pour point temperature curves, we postulate that the pour point
temperature corresponds to the temperature at which a critical volume fraction (I)* of wax crystals has
precipitated, just sufficient to create a gelled crystal network causing the pour point transition. The
value of d)* is assumed to be independent of the overall wax concentration for a particular
wax/solvent system but specific to each wax/solvent system. Using equations 1-3, we calculate the
temperature at which a set volume fraction of crystals is precipitated as a function of the overall wax
concentration. For each wax/solvent system, the critical volume fraction (I)* of crystals is adjusted to
obtain the best fit with the experimental pour point curve as shown in Figure 2. The pour point
curves calculated in this way show good agreement with the experimental data; thereby justifying the
assumption that ¢" is independent of the wax concentration. As seen in Table 2, the values of ¢ for
the different wax/solvent systems in the absence of PPD polymer vary from 1.5 to 7.4 vol%. Some
possible reasons for this variation of (I)* for the different systems are discussed in section 3.3.

The addition of 1 wt% PPD polymer has different effects on the pour point curve which appear to
depend primarily on the temperature of the polymer solubility boundary relative to the wax solubility
boundary temperature. Illustrative plots comparing pour point curves with and without PPD, wax
solubility curves and the PPD solubility boundary are shown in Figure 3. In the upper plot (C20
wax, heptane solvent, 1 wt% LMn-MSA-C18-22), the polymer solubility boundary occurs at approx.
27 °C (the polymer is soluble above this temperature and precipitates below it). This temperature is
much higher than the wax solubility boundary temperatures of -10 to 10 °C at 0-20 wt% wax.
Hence, over the temperature range at which the wax precipitates to cause the pour point transition,
the concentration of dissolved polymer is expected to be low and hence little or no effect of polymer
addition on the pour is expected. In agreement with this prediction, the pour point curves with and
without polymer are not significantly different. It appears that the presence of the precipitated
polymer does not significantly affect the pour point temperature.

In the middle plot (C36 wax, heptane solvent, 1 wt% LMn-MS-C18-22), the polymer solubility
boundary in the absence of wax occurs at 26 °C. This is below, but within, the range of the wax
solubility boundary temperatures of 20 to 50 °C at 0-20 wt% wax. In this case, the polymer is fully
dissolved over the relevant temperature range but rather close to precipitating, indicating that the
polymer affinity for the solvent is low. A low affinity between polymer and solvent is expected to
maximise the tendency of the polymer to leave the solution by adsorption to the wax crystals. Strong
adsorption of the polymer to the wax crystals is then likely to produce a significant effect on the pour
point curve. It can be seen that there is indeed a large reduction in pour point temperatures for this
system by up to 17 °C. As seen in Table 2, this large pour point depression effect can be quantified
in terms of (I)*. In the absence of polymer, d)* is 2.9 vol% whereas the addition of 1 wt% of the
polymer increases ¢ to 13.6 vol%. For wax concentrations less than about 15 vol% when the fitted
pour point curve lies below the polymer solubility temperature, the measured pour point
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temperatures no longer follow the fitted pour curve; instead they are approximately equal to the
polymer solubility temperature. For this reason, the low wax concentration data points (below
approx. 15 wt%) were excluded when fitting the pour point curve to estimate d)*. Overall, the extent
of reduction of the pour point temperature appears to be limited by the onset of the polymer
precipitation.

In the lower plot (C20 wax, heptane solvent, 1 wt% LMn-MSA-C12), the polymer solubility
boundary occurs below -10 °C (and was not measured), much lower than the range of the wax
solubility boundary temperatures of -10 to 10 °C at 0-20 wt% wax. In this case, the polymer is fully
dissolved over the relevant temperature range and also far from precipitating, indicating that the
polymer affinity for the solvent is high. A high affinity between polymer and solvent is expected to
maximise the tendency of the polymer to remain in solution. Hence, adsorption to the wax crystals
and the corresponding effect on the pour point curve, are likely to be small. It can be seen that there
is indeed only a small effect on the pour point temperatures for this system. As seen in Table 2, (I)* is
5.5 vol% in the absence of polymer and 7.1 vol% in the presence of 1 wt% of the polymer.

Although we mainly focus here on the effects of adding 1 wt% of the PPD polymers, measurements
have been made for different PPD polymer concentrations, as shown in the electronic supplementary
material. ESI Figure 2 shows the variation of polymer solubility temperature with polymer
concentration in both heptane and toluene solvents. For the case of heptane, the three polymers
measured all show solubility temperatures that are virtually independent of the polymer
concentration from 0.005 to 5 wt%. Hence, these polymer/solvent systems switch from being
virtually either fully soluble or fully precipitated as the solubility temperature boundary is crossed.
For toluene as solvent, the change in polymer solubility with temperature is much more gradual.

ESI Figure 3 shows some examples of the effects of PPD concentration on the variation of pour point
temperature with wax concentration. For the C24/toluene/LMn-MSA-C12 system (for which the
addition of 1 wt% gives no change in the pour point temperatures), it can be seen that the pour point
curve is unaffected by the addition of 0.5 — 2 wt% LMn-MSA-C12. In contrast, the pour point plots
for the C24/toluene/LMn-MSA-C18-22 system (for which 1 wt% PPD addition causes a pour point
temperature reduction corresponding to an increase in (I)* from 4.0 to 13.2 vol%) shift progressively
to lower temperatures as the LMn-MSA-C18-22 concentration is increased from 0.5 to 2 wt%. This
shift is not observed for wax concentrations less than about 15 vol% where the pour point reduction
is limited by precipitation of the polymer. Overall, these and similar results for other
wax/solvent/PPD systems (not shown) show that changing the PPD polymer concentration has no
effect for ineffective PPDs whereas the effect increases when the PPD concentration is increased
from 0.5 to 2 wt% for those PPDs which are effective.

3.3  Howis ¢* related to the properties of the precipitated wax crystals?

From the results discussed in section 3.2, it can be seen that the variation of pour point temperature
with the overall wax concentration is reasonably accurately described by a model based on the idea
that the pour point transition occurs at a critical volume fraction of crystals ((I)*) which is independent
of the overall wax concentration. The value of ¢" is specific to each particular wax/solvent system
and can be changed by the addition of PPD polymers. As seen in Table 2, we observe that ¢ is in
the range of 1.5 to 14.8 vol% for the systems investigated here.

As discussed in ref. 67, gel formation by particle dispersions occurs by inter-particle attraction
leading to particle aggregation to form a sample-spanning network having a finite yield stress. For
the case of spherical particles with short-range attraction, gelation is initiated by spinodal
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decomposition at the equilibrium gas-liquid phase boundary of the dispersion®’. Gel formation in
waxy crude oils has been shown to exhibit similar rheological behaviour to gels formed from fumed
silica particles dispersed in paraffin oil®>. For the wax/solvent systems investigated here, the gelling
particles consist of wax crystals which are triclinic for C20 and C24 and monoclinic for C36.
Theoretical and experimental crystal shapes and corresponding relative face growth rates of alkane
waxes have been reported®® . Crystals of the triclinic even n-alkanes consist of flat plates with
large, slow growing {001} flat faces exposing terminal methyl groups and small, fast growing edge
faces which expose mainly methylene groups. Theoretical estimates of the crystal axial ratios
(small/large dimension) are of the order 0.01, similar to what is observed here. The difference in
surface energy between the low energy methyl-exposing {001} surface and the higher energy
methylene-exposing edge faces is expected to be approximately 8 mJ m? . This surface energy
difference between the crystal flat and edge faces is expected to be important in controlling the
relative strengths of flat-flat, flat-edge and edge-edge adhesion contacts in the aggregation process
leading to the gelled crystal network.

There has been extensive study of the phase behaviour of dispersions of hard discs of thickness h and
diameter d. For hard discs of axial ratio h/d, the volume fraction at which their spheres of revolution
overlap ¢overap = 1.1(h/d). Both theoretically and experimentally, hard disc dispersions show a
transition from an isotropic to nematic liquid crystalline phase at a volume fraction ¢r.n = 3(h/d)
Wu et al.* have shown that addition of a spherical attractive square well potential at the centre of
mass of the discs facilitates the formation of orientationally ordered phases.

77-89

The SEM micrographs of Figure 4 show that the wax crystals extracted at temperature close to the
pour point temperatures consist of irregularly shaped, polydisperse, thin platelets. The isotropic
dispersion-gel transition (as opposed to an isotropic-nematic phase transition) presumably occurs
because the crystals are (i) irregularly shaped, (ii) polydisperse and (iii) likely to possess attractive
dispersion inter-particle attractions which are different for the crystal flat faces and edges. Despite
these differences between the wax crystals and hard discs, it seems reasonable to speculate that the
pour point critical volume fraction ¢ might be related to dovertap and hence (h/d). In addition, if gel
formation is initiated by a phase transition as discussed in ref. 67, d)* might be better correlated with
1.y which again depends on (h/d). We hypothesise here that ¢ = x(h/d) where x is an (unknown)
constant but note that we cannot exclude the possibility that d)* might also depend on (as yet
unidentified) factors other than the crystal axial ratio (h/d) such as crystal-crystal adhesion forces.

In order to test the hypothesis that d)* = xh/d, it is necessary to determine average values of the wax
crystal dimensions h and d. This is a very challenging experimental task since h is of the order 0.1-1
pm whereas d is of the order 10-100 um. The wax crystal plate thickness is typically too small to be
resolved by visible light microscopy and hence methods such as confocal fluorescence microscopy
cannot be used to determine the crystal morphology in situ within the samples. Because the higher
resolution of scanning electron microscopy (SEM) is required, the wax crystals must be extracted
from the samples as described in the experimental section. This procedure has the disadvantage that
some crystal breaking may occur during the extraction. In addition, the determination of average
values of h and d from the SEM micrographs has a low precision caused by the intrinsic difficulties
of resolving h and d values for individual crystals within the SEM images (see ESI Figure 4).
Despite these challenges causing large uncertainties in the values of h/d, we report results in Table 2
for the different wax/solvent systems with and without PPD polymer in order to test (for the first
time) for a possible correlation between ¢" and (h/d).
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Figure 5 shows examples of cumulative distributions of h and d derived from SEM images similar to
the examples in Figure 4. ESI Figure 4 shows SEM images labelled with the arrowed dimensions of
the individual crystals which were used to construct the corresponding distribution plot. For each
distribution plot a total of at least 40-60 values of d and 20-30 values of h were recorded from six
separate images covering different sample areas at different magnifications. For each system, the
average value of h/d was calculated using the h and d values corresponding to the 50% cumulative
frequency point on the distribution plot and values are summarised in Table 2. It was checked (ESI
Figure 5) that the cumulative distributions of h and d were not significantly affected (within the
estimated uncertainties in h (approx. +40%) and d (approx. £30%); see ESI Table 2 for the results of
repeated experiments) by changing the wax concentration from 20 to 40 wt%. As seen in ESI Figure
5, larger variations in h and d were observed by changing how the wax crystal sampling temperature
was reached (slow or fast cooling from above or heating from below the final temperature). These
latter variations can be seen to be similar in magnitude to the estimated uncertainties and so may
have limited significance.

Figure 6 shows a plot of d)* versus h/d for all the systems where it can be seen that there is only a
weak correlation between d)* and (h/d); the Pearson product-moment correlation coefficient is 0.645.
It is observed here that the entire data set falls within the dashed lines corresponding to 2.5(h/d) < d)*
< 11(h/d). We conclude that, although there is a weak correlation between ¢ and crystal axial ratio,
it appears that d)* is not solely determined by the value of (h/d), either in the presence or absence of
PPD polymer. Additional factors such as wax crystal-wax crystal adhesion must also affect ¢
Examination of Table 2 indicates that the addition of an effective PPD polymer (indicated by an
increase in ¢* relative to the corresponding value in the absence of PPD) again weakly correlates
with an increase in (h/d) for the wax crystals in the presence of the PPD polymer relative to that in
the absence. Hence, at least in part, effective PPD polymers decrease the pour point temperature by
increasing the wax crystal axial ratio (h/d) but are also likely to affect other contributory factors such
as crystal-crystal adhesion.

3.4 Under what conditions are PPD polymers effective?

The results of section 3.3 indicate that effective PPD polymers decrease the pour point temperature
partly by increasing the axial ratio (h/d) of the precipitated wax crystals. It is thought that
modification of crystal shapes by an additive such as a PPD polymer occurs by differential
adsorption of the additive to the different faces of the growing crystal which, in turn, alters the
growth rates of the different faces thereby changing the final axial ratio. Hence, for a PPD to be
effective, (i) it must adsorb from solution to the crystal-solution interface and (ii) the adsorption to
the plate-like crystal edge and flat faces must be different and/or modify the growth rates differently.
In order to increase (h/d), the edge face growth rate of the wax platelet crystals must be slowed more
than the growth rate of the plate faces. In general, the tendency of a polymer to adsorb from solution
to a crystal-solution interface depends on the relative affinities of the polymer for the solvent and for
the crystal surface. For the PPD polymers and solvents used here, we observe that the polymers are
soluble at high temperatures and precipitate as the temperature is reduced. The temperature at which
the polymer becomes insoluble provides a crude relative measure of the polymer-solvent affinity. If
the solubility temperature is very low, the polymer has high affinity for the solvent and low
adsorption to the crystals is expected. If the solubility temperature is very high (and well above the
experimental temperature), the bulk of the polymer precipitates and the concentration of dissolved
polymer is too low for strong adsorption. Overall, the highest tendency to adsorb is expected to
occur at temperatures above but close to the solubility temperature. Based on these considerations, it
is expected that PPD polymers with polymer solubility temperatures slightly below the wax
solubility temperatures of the wax/solvent systems have the potential to be effective in reducing the
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pour point temperature. However, it must be noted that, although systems fulfilling this condition of
the relative temperatures are likely to show optimal adsorption, they may not exhibit the strong
differential adsorption to the crystal edges and faces necessary to increase (h/d) and reduce the pour
point temperature. Hence, if these ideas are correct, we expect effective PPD polymer/wax/solvent
systems to be within this “window” of relative temperatures but also that not all systems within the
“window” will necessarily be effective.

In order to test this idea, we have plotted the change in pour point depression effectiveness
(expressed as the change in critical volume fraction of precipitated wax crystals (¢*1wt%ppD - (I)*nopp])))
versus the difference between wax and polymer PPD solubility temperatures

(Theatiwi%spPD - Theat2owtoswax) for all the different systems. As seen in Figure 7, the plot shows a
maximum, consistent with the ideas of relative solvent affinity and adsorption tendency discussed
above. Overall, the pour point reduction for systems containing 20 wt% wax is most effective when
the solubility temperature of the PPD polymer in the solvent is about 15 °C below that of the target
wax/solvent system. Although the optimum temperature difference is -15 °C, the “window” of
temperature difference in which effective PPD action is observed extends at least 20 °C either side of
the optimum value. In Figure 7, the PPD effectiveness expressed as ((I)*lwt%pp]) - d)*nopp]))) is plotted
versus (TheatiwtooPPD - Theatzowt%wax ), cOrTesponding to systems containing 20 wt% wax. ESI Figure 6
shows similar plots for systems containing either 50 wt% wax or 100 wt% wax (for which
Theatl00wtzwax 18 €qual to the melting temperature of the pure wax). It can be seen that maxima similar
to that in Figure 7 occur in all the plots but that the optimum temperature difference shifts from
-15°C for 20 wt% wax to -25°C for 50 wt% wax to -41°C for 100 wt% wax.

These results indicate that measurement of the polymer/solvent solubility temperature could provide
an easy screening test for the rapid identification of candidate PPD species likely to be effective pour
point depressants for wax/solvent systems which precipitate at a particular temperature. Further
work is underway to see whether this potentially very useful result holds true for a wider range of
PPD chemical types than those used here.

Conclusions

The aims of this work were to answer the four questions posed in the introduction and thereby
elucidate how PPD additives reduce pour point temperatures. The key conclusions are as follows:

1. The solubility as a function of temperature for linear chain waxes in heptane and toluene can
be accurately predicted using ideal solution theory and the phase transition temperatures and
enthalpies for the pure waxes.

2. Plots of pour point temperature versus the overall wax concentration are reasonably
accurately modelled by assuming that the pour point occurs at a temperature at which a wax
concentration-independent, critical volume fraction d)* of wax has precipitated. Values of d)*
are observed to be in the range of 0.015-0.15 for the different systems.

3. Precipitated wax crystals have been extracted and imaged using SEM. They consist of thin,
polydisperse and irregularly-shaped platelets with (approximate) axial ratios (h/d) in the
range 0.005-0.05.

4. The range of measured values of d)* correlate weakly with measured (but rather low accuracy)
values of the axial ratios (h/d) of precipitated wax crystals. Values of ¢" are found to be
between 2.5(h/d) and 11(h/d), higher than the estimated overlap volume fraction. The

9
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weakness of the correlation between d)* and (h/d) indicate that (I)* is not solely determined by
the crystal axial ratio. Other factors such as crystal-crystal adhesion forces are likely to

additionally affect ¢,

5. The addition of effective PPD polymers causes ¢~ to increase which decreases the pour point
temperature. Because (I)* weakly correlates with axial ratio (h/d), it is concluded that effective
PPD polymers work, in part, by changing the axial ratio of the precipitated wax crystals.

6. In agreement with arguments based on PPD polymer-solvent affinity and its tendency to
adsorb to a wax crystal, it is observed that pour point depression efficacy in systems
containing 20 wt% wax is maximum when the PPD polymer solubility temperature is
approximately 15 °C lower than the wax solubility temperature. Measurement of the PPD
solubility temperature potentially offers a simple, rapid screening test for the identification of
PPD candidates likely to be effective in particular wax/solvent systems.
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Table 1. Phase transition temperatures and enthalpy changes for the three pure waxes used
here. The data is taken from ref. 47.

Wax Trot! °C | Tiig/ °C | AHyo/ I mol” | AHyo/ J mol™
Eicosane C20 - 36.4 - 69730
Tetracosane C24 47.6 50.5 31701 54396
Hexatriacontane C36 73.9 75.8 31071 87682
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Table 2. Summary of wax critical volume fractions at the pour point ((I)*), wax crystal axial
ratios (h/d) and solubility temperatures for 1 wt% polymer and 20 wt% wax solutions.
Measurements of (h/d) for C20 wax were not possible as exposure to the SEM caused
crystal melting (indicated as “n.d.” — “not determined” in the table).

Theat for 1 wt% Theat for 20

Wax | Solvent Polymer ¢*/vol% (h/d) | polymer/ °C (in the absence wt%

of wax) wax/°C

C20 | Heptane None 5.5 n.d. - 9.3

Toluene None 1.5 n.d. - 10.7

C24 | Heptane None 7.4 0.0064 - 24.5

Toluene None 4.5 0.0054 - 24.0
C36 | Heptane None 2.9 0.0050 - 51.0
Toluene None 35 0.016 - 49.8
C20 | Heptane HM“'%S'CB' 104 | ™ 25.0 9.3
LMn'l\éS'Clg' 122 | ™4 26.0 9.3
LMn-MSA- n.d.
C18.22 8.5 26.5 9.3
LMn-MSA- n.d.
cl2 7.1 <-10.0 9.3
Toluene HM“'Dz/Izs'Clg' 8.8 n.d. 7.8 10.7
LMn'hz’I;'Clg' 7.5 n.d. 13.9 10.7
LMn-MSA- n.d.
C18.22 8.6 16.4 10.7
LMn-MSA- n.d.
Cl12 1.7 <-10.0 10.7
C24 | Heptane HMn‘zgS‘Clg‘ 123 | %o 25.0 245
LMn'l\éS'Clg' 130 | %013 26.0 24.5
LMn-MSA- 0.019
C18.22 10.6 26.5 24.5
LMn-MSA- 0.0083
Cl2 5.1 <-10.0 24.5
Toluene HMn'zdzs'Clg' 140 | %% 7.8 24.0
LM“‘%ZS'CI& 148 | 004 13.9 24.0
LMn-MSA- 0.016
C18.22 13.3 16.4 24.0
LMn-MSA- 33 0.0046 <-10.0 4.0
Cl12
C36 | Heptane HM“'I\Z/IZS'CI& 77 | 0030 25.0 51.0
LMn-MS-C18- 13.3 0.026 26.0 51.0
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22
LMn-MSA- 0.022
C18-22 7.6 26.5 51.0
LMn-MSA- 0.0055
Cc12 3.0 <-10.0 51.0
Toluene HMn—lE/Izs—Cl& 74 | 00%7 7.8 498
LMn'l\;zS'CIS' g6 | 001 13.9 498
LMn-MSA- 0.011
C18.22 7.5 16.4 49.8
LMn-MSA- 0.012 | Polymer solubility transition
34 L. 49.8
C12 not visible
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Figure 1. Variation of wax solubility with temperature for C20 (squares), C24 (triangles) and
C36 (circles) in heptane (upper plot) and toluene (lower plot) as solvent. The curved
dashed lines show the ideal solution solubility behaviour predicted using the

parameters shown in Table 1.
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Figure 2.

Physical Chemistry Chemical Physics

Pour point temperature versus wax concentration for C24 (filled triangles) and C36
(filled circles) in heptane as solvent with no added PPD polymer. The curved dashed
lines show the ideal solution solubility behaviour predicted using the parameters
shown in Table 1. The solid lines are calculated as described in the text using the
values of critical volume fraction ¢* shown in Table 2.
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Figure 3.

Physical Chemistry Chemical Physics

Variation of pour point temperature with wax concentration in the absence (unfilled
diamonds) and presence (filled diamonds) of 1 wt% PPD polymer. The curved dashed
lines show the ideal solution solubility behaviour for the wax predicted using the
parameters shown in Table 1. The horizontal dotted line shows the solubility
boundary of the 1 wt% PPD polymer in the absence of wax. The filled circles show
the first solubility boundary temperatures observed on cooling solutions containing
wax and 1 wt% PPD polymer as a function of the wax concentration. (For the upper
plot, this data corresponds to the polymer solubility in the presence of wax whereas in
the lower two plots, the data corresponds to the wax solubility in the presence of
polymer.) The curved solid lines are the calculated best-fits to the pour point
temperatures in the presence of PPD polymer using the values of critical volume
fraction ¢~ shown in Table 2.

Upper plot: C20 wax in heptane with and without 1 wt% LMn-MSA-C18-22

Middle plot: C36 wax in heptane with and without 1 wt% LMn-MS-C18-22

Lower plot: C20 wax in heptane with and without 1 wt% LMn-MSA-C12 (The
polymer solubility boundary is less than -10 °C and is not shown.)
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Figure 4. Examples of SEM images of extracted wax crystals.

@) C24 crystals extracted from a 20 wt% solution in toluene in the absence of PPD
polymer. Crystal extraction temperature = 21.5 °C, solubility boundary temperature =
24.1 °C and pour point temperature = 22.0 °C.

TM-1000_3929 2014/03/12 15:35 x200 500 um

(i1) C24 crystals extracted from a 20 wt% solution in toluene with 1 wt% LMn-MS-C18-
22. Crystal extraction temperature = 13.6 °C, solubility boundary temperature = 24.7
°C and pour point temperature = 13.1 °C.

TM-1000_4197 2014/04/17 14:50 L x1.2k 50 um
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(iii) C36 crystals extracted from a 20 wt% solution in heptane in the absence of PPD
polymer. Crystal extraction temperature = 48.0 °C, solubility boundary temperature =
50.7 °C and pour point temperature = 49.8 °C.

TM-1000_4149 2014/04/17 1128 L x200 500 um

(iv) C36 crystals extracted from a 20 wt% solution in heptane with 1 wt% LMn-MSA-
C12. Crystal extraction temperature = 47.3 °C, solubility boundary temperature = 49.7
°C and pour point temperature = 49.3 °C,

TM-1000_4043 2014/06/03 12:06 L
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Figure 5.

Physical Chemistry Chemical Physics

Upper plot: cumulative distributions of h (triangles) and d (circles) for 20 wt% C24 in
toluene with (filled points) and without (unfilled points) 1 wt% LMn-MS-C18-22
(derived from the images in Figure 4(i) and (ii)). Lower plot: cumulative distributions
of h (triangles) and d (circles) for 20 wt% C36 in heptane with (filled points) and
without (unfilled points) 1 wt% LMn-MSA-C12 (derived from the images in Figure

4(iii) and (iv))
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Figure 6. Variation of measured critical volume fraction of crystals (I)* (derived from pour point
temperature measurements) versus average crystal axial ratio h/d from SEM for all
systems. The dashed lines correspond to d)* =2.5(h/d) and (I)* = 11(h/d).
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Figure 7.

Physical Chemistry Chemical Physics

Variation of polymer PPD efficacy (plotted as (d)*lwt%PpD - d)*nopp]))) versus the
difference in polymer PPD and wax solubility temperatures (Theatiwiosppp —
Theatzowswax) for all wax/solvent/PPD systems. The unfilled symbols refer to systems
containing LMn-MSA-C12 for which the solubility temperature in both solvents was
determined only as being less than -10 °C; for these data points the true position on
the relative temperature scale is somewhere below the position plotted (using -10 °C
as the PPD solubility temperature). The horizontal solid line marks zero pour point
depression and the curved dashed line is a guide for the eye.
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