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Synthesis of crystallizable poly(behenyl
methacrylate)-based block and statistical
copolymers and their performance as wax
crystal modifiers†

Isabella R. Dorsman,a Derek H. H. Chan,a Victoria J. Cunningham,b

Steven L. Brown,b Clive N. Williams,b Spyridon Varlas *a and Steven P. Armes *a

Two series of behenyl methacrylate-based diblock and statistical copolymers have been prepared by

reversible addition–fragmentation chain transfer (RAFT) solution polymerization in n-dodecane and eval-

uated as additives for the crystal habit modification of a model wax (n-octacosane). DSC studies indicated

that each statistical copolymer exhibited a significantly lower crystallization temperature (Tc) and melting

temperature (Tm) for the semi-crystalline behenyl methacrylate component than the corresponding

diblock copolymer of almost identical overall composition. Temperature-dependent turbidimetry studies

were conducted for each copolymer using a series of solutions of 5.0% w/w n-octacosane dissolved in

n-dodecane to determine Tcool, which is the temperature at which zero transmittance is first observed

owing to wax crystallization. At a constant molar copolymer concentration of 0.26 mM, each of the eight

copolymers produced a reduction in Tcool of approximately 3–5 °C. Scanning electron microscopy (SEM)

studies confirmed that the presence of such copolymers led to a reduction in the overall size and/or a

higher crystal aspect ratio. The diblock and statistical copolymers were similar in their performance as

potential wax crystal modifiers. However, the statistical copolymers were easier to prepare and did not

suffer from any homopolymer contamination. Moreover, optical microscopy and SEM studies revealed

that needle-like crystals were formed instead of platelets when employing behenyl methacrylate-rich

statistical copolymers.

Introduction

The formation of insoluble paraffinic wax crystals in oil at sub-

ambient temperature is a long-standing problem that causes

pipeline blockages in cold climates.1,2 This is an important

issue for both crude oil transportation and the delivery of

diesel fuel to automotive engines.3–6 The onset temperature at

which these n-paraffins exceed their solubility limit and pre-

cipitate in the form of wax crystals is often denoted as the ‘wax

appearance temperature’ (WAT) or cloud point temperature.6,7

Such deposits consist of lamellar crystals that form random,

interlocking structures containing occluded crude oil.8 These

crystals form a 3D network with as little as 2% w/w solid wax

required for gelation.9,10 Below the WAT, the temperature at

which the oil no longer flows under static conditions is known

as the pour-point temperature (PPT).7,11

In principle, the precipitation of wax crystals can be sup-

pressed by the addition of suitable oil-soluble copolymers,

which are known as wax inhibitors (WIs) or pour-point

depressants (PPDs), or more broadly as wax crystal

modifiers.6,12 A wide range of copolymers have been evaluated

in this context. These include polyethylene-polybutene8,13–15 or

polyethylene-poly(ethylene-stat-propylene) diblock and statisti-

cal copolymers,16,17 poly(ethylene-stat-vinyl acetate) (EVA)18–21

or (meth)acrylic22,23 statistical copolymers and maleic anhy-

dride-based alternating or statistical copolymers.4,5,24 In each

case, one comonomer is designed to interact with the

paraffinic wax, while the other comonomer remains

solvated and hence confers steric stabilization. Ideally, the

critical temperature at which wax crystals are formed is

lowered below the relevant working temperature for the oil, so

that precipitation is avoided. Alternatively, the crystallization

behavior is modified such that the size and shape of the wax

crystals do not lead to pipeline blockages. Most studies report

a reduction in crystal size in the presence of wax
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inhibitors,19,25–29 and thus a higher critical gelation concen-

tration (CGC).

Although some studies report no significant change in the

WAT in the presence of wax inhibitors,5,30–32 the addition of

such modifiers typically lowers the WAT.25,33–35 Sjöblom et al.

used differential scanning calorimetry (DSC) to study a 5%

w/w macrocrystalline wax in toluene at a PPD concentration of

1000 ppm and reported a WAT reduction from around 20 °C in

the absence of any PPD to 15–19 °C in the presence of five

different PPDs.25 This was attributed to a change in the solubi-

lity equilibrium as a result of the formation of solute com-

plexes.36 A change in crystal morphology was also reported in

the same study. Optical microscopy studies indicated that the

wax crystals formed in the absence of PPDs exhibited a mixed

morphology comprising needles and plates, whereas those

formed in the presence of the most effective PPD (a commer-

cial carboxylate-based polymer) possessed a smaller, more

compact structure.

In 2015, Binks et al. conducted a series of experiments

using three model waxes (n-eicosane, n-tetracosane or n-hexa-

triacontane, i.e. C20H42, C24H50 or C36H74).
37 Assuming a

thermodynamically ideal solution, the temperature depen-

dence for wax solubility was predicted for n-heptane and

toluene, which served as model non-polar aliphatic and aro-

matic solvents respectively. For a given wax concentration, the

PPT corresponds to that at which a critical volume fraction of

wax crystals has precipitated. Close to this temperature, the

wax crystals typically comprise irregular platelets that form a

3D network. Addition of a suitable PPD copolymer typically

reduced the size and axial ratio (thickness, h/diameter, d ) of

the wax crystals, which in turn increased the critical volume

fraction of wax crystals required to form a 3D network (and

hence block a pipeline). Moreover, PPD performance was cor-

related with the difference between the wax and the polymer

solubility boundary temperatures for four different copoly-

mers. More specifically, the reduction in PPT for formulations

containing 20% wax by mass proved to be most effective when

the critical solubility temperature of the PPD copolymer in a

given solvent was approximately 15 °C below that of the target

wax–solvent system. In principle, this empirical approach pro-

vides a useful method for the rapid identification of next-gene-

ration PPD copolymers.

Prior research suggests that poly(n-alkyl methacrylates) pos-

sessing pendant n-alkyl groups comprising 20–30 carbon

atoms can serve as potential wax crystal inhibitiors.30,37 A

recent review article by Chi et al. on controlling paraffin depo-

sition in production lines noted that effective wax crystal modi-

fiers typically contained paraffin-like crystalline segments.6

Such PPD polymers can co-crystallize with and hence influence

the formation and structure of wax crystal networks.

Given this encouraging precedent, we decided to evaluate

the performance of a range of model copolymers based on

behenyl methacrylate (BeMA or Be) for wax crystal modifi-

cation. Accordingly, two series of well-defined diblock and stat-

istical copolymers were prepared, employing BeMA as the crys-

tallizable component and lauryl methacrylate (LMA or L) as

the oil-soluble component (Scheme 1). All copolymers were

prepared via reversible addition–fragmentation chain transfer

(RAFT) solution polymerization to ensure that they possessed

relatively narrow molecular weight distributions. For wax

crystal modification studies, n-octacosane (C28H58) was

employed as a model wax and the non-polar solvent was

n-dodecane.

Results and discussion

A PLMA98 homopolymer was prepared via RAFT solution

polymerization of LMA in toluene at 70 °C using PETTC as the

chain transfer agent (CTA) (Scheme S2†). This polymerization

Scheme 1 Synthesis of (a) poly(lauryl methacrylate)98-poly(behenyl methacrylate)x (PLMA98-PBeMAx) diblock copolymers (x = 10–60), and (b) poly

(lauryl methacrylate100-stat-behenyl methacrylatex) (P(LMA100-stat-BeMAx)) statistical copolymers (x = 10–60) via RAFT solution polymerization at

80% w/w solids in n-dodecane at 90 °C.
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was quenched at 57% conversion to produce a PLMA98 precur-

sor with a mean DP of 98, as indicated by end-group analysis

using 1H NMR spectroscopy (Fig. S3†). Terminating the RAFT

polymerization well below full conversion avoids monomer-

starved conditions and hence aids retention of the trithiocar-

bonate end-groups.38,39 This is usually considered desirable

for ensuring high blocking efficiencies for the subsequent syn-

thesis of poly(lauryl methacrylate)98-poly(behenyl methacryla-

te)x (PLMA98-PBeMAx) diblock copolymers. Analysis by THF

SEC using a series of poly(methyl methacrylate) calibration

standards indicated a number-average molecular weight (Mn)

of 18.0 kg mol−1 and a relatively narrow molecular weight dis-

tribution (Đ = 1.20).

A series of four PLMA98-PBeMAx (or L98-b-Bex) diblock copo-

lymers and four P(LMA100-stat-BeMAx) (or L100-stat-Bex) statisti-

cal copolymers, where x = 10, 20, 40 and 60, were subsequently

prepared via RAFT solution polymerization in n-dodecane at

90 °C (Scheme 1). Given its relatively high molar mass (395 g

mol−1), BeMA monomer has a relatively low molar concen-

tration for a given mass concentration compared to other

common methacrylic monomers, e.g. methyl methacrylate

(100 g mol−1). Thus, syntheses were conducted at 80% w/w

solids to ensure that a high BeMA conversion could be

obtained. All copolymerizations were conducted using an

organic peroxide T21s initiator using a [PLMA98]/[T21s] or

[PETTC]/[T21s] molar ratio of 3.0.

After 16 h at 90 °C, at least 98% BeMA conversion was

achieved for all four PLMA98-PBeMAx diblock copolymers, as

determined by 1H NMR spectroscopy (Fig. 1 and Table 1). THF

SEC analysis of the purified copolymers indicated Mn values

ranging between 21.4 kg mol−1 and 33.2 kg mol−1 and rela-

tively narrow molecular weight distributions (Đ ≤ 1.25), which

suggests good RAFT control (Table 1). Comparison with the

SEC trace obtained for the PLMA98 precursor confirmed rela-

tively high blocking efficiencies, although a low molecular

weight shoulder is evident when targeting PBeMA DPs of 40 or

60 (Fig. 2a). Reaction times were increased to 64 h for the syn-

thesis of the P(LMA100-stat-BeMAx) statistical copolymers to

ensure at least 99% comonomer conversion (Table 1). THF

SEC analysis of the as-synthesized copolymers indicated copo-

lymer Mn values of 24.4–39.6 kg mol−1 and relatively low dis-

persities (Fig. 2b).

Prior to their examination as wax crystal modifiers, all co-

polymers were purified to remove residual BeMA monomer by

precipitation (twice) into excess ethanol at 35 °C. 1H NMR spec-

troscopy confirmed the disappearance of the vinyl signals

Fig. 1 Partially assigned 1H NMR spectra (CDCl3) recorded for (a) the reaction mixture at zero time (t = 0 h) containing a PLMA98 precursor and

BeMA monomer, and (b) the same reaction mixture after polymerization for 16 h to form a PLMA98-PBeMA60 diblock copolymer.
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between 5.5 and 6.1 ppm, indicating the complete removal of

unreacted monomer(s). Comparison of the SEC traces recorded

for PLMA98-PBeMAx diblock copolymers before (Fig. 2) and after

(Table 1) such purification indicated only a modest difference

between the initial and final Mn in each case, along with a mar-

ginally narrower molecular weight distribution (Fig. S5†).

To aid the assessment of copolymer structure on wax crystal

modification performance, a PBeMA37 homopolymer pre-

viously prepared by Derry et al.40 was also examined as a

control. Differential scanning calorimetry (DSC) was used to

determine the crystallization temperature (Tc) and melting

temperature (Tm) for the semi-crystalline PBeMA chains in the

PBeMA37 homopolymer and the eight diblock and statistical

copolymers.41,42 A summary of the THF SEC and DSC data

obtained for all eight purified copolymers and also for the

reference PLMA98 and PBeMA37 homopolymers is provided in

Table 1.

It is well-known that both PBeMA and PLMA are semi-crys-

talline polymers. Tm values of 60.0 °C and −36.8 °C were

measured for PBeMA37 and PLMA98, respectively. These

compare well to the literature values.40,43 Notably, PLMA exhi-

bits relatively subtle melting and crystallization transitions

compared to PBeMA because the former homopolymer is

much less crystalline (Fig. 3). According to the literature,

PLMA exhibits a Tg of −65 °C.44,45 It is likely that this tran-

sition is obscured by the broad Tm peak for the PLMA98 homo-

polymer shown in Fig. 3.43

The four PLMA98-PBeMAx diblock copolymers exhibit well-

defined peaks for crystallization and melting, with both Tc and

Tm lying above ambient temperature (25 °C). Both transition

temperatures increase as the DP of the PBeMA block is raised

and approach the Tc and Tm values observed for the pure

Table 1 Summary of (co)polymer compositions, (co)monomer conver-

sions, SEC molecular weights and dispersities, and Tc and Tm values

determined by DSC for the two series of BeMA-based diblock and stat-

istical copolymers after their purification by precipitation into excess

ethanol

(Co)polymer
composition

(Co)monomer
conversiona/%

Mn
b/kg

mol−1 Đ
b

Tc
c/

°C
Tm

c/
°C

L98 — 18.0 1.20 −44.3 −36.8
Be37 — 12.5 1.14 48.3 60.0
L98-b-Be10 99 21.1 1.18 28.7 45.1
L98-b-Be20 >99 24.3 1.19 39.3 50.5
L98-b-Be40 99 30.4 1.20 41.7 53.5
L98-b-Be60 98 39.4 1.17 43.9 54.4
L100-stat-Be10 >99 26.1 1.15 −34.6 −27.1
L100-stat-Be20 >99 28.1 1.18 −16.8 −1.4
L100-stat-Be40 99 32.1 1.21 0.5 16.9
L100-stat-Be60 99 39.1 1.23 11.0 26.1

aDetermined by 1H NMR spectroscopy. bDetermined by THF SEC and
expressed relative to a series of poly(methyl methacrylate) calibration
standards. cDetermined by DSC (all copolymers were subjected to two
thermal cycles to remove any hysteresis effects).

Fig. 3 DSC traces conducted at a cooling/heating rate of 10 °C min−1

showing Tc values (exothermic) and Tm values (endothermic) for

PLMA98-PBeMA60 diblock and P(LMA100-stat-BeMA60) statistical copoly-

mers, as well as the PBeMA37 and PLMA98 reference homopolymers.

Fig. 2 THF SEC traces recorded for (a) a PLMA98 precursor and the

corresponding PLMA98-PBeMAx diblock copolymers, and (b) P(LMA100-

stat-BeMAx) statistical copolymers. [N.B. All copolymers were analysed

prior to their purification by precipitation into excess ethanol].
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PBeMA37 homopolymer (Tc = 48.3 °C; Tm = 60.0 °C). Such

thermal transitions are attributed to crystallization of the

PBeMA blocks. However, no separate Tc and Tm values for the

less crystalline PLMA block was observed for these diblock

copolymers when using a heating/cooling rate of 10 °C min−1.

The four P(LMA100-stat-BeMAx) statistical copolymers displayed

broader, more subtle thermal transitions, with most Tc and Tm
values occurring below 25 °C. In this case, crystallization

arises from self-organization of the pendent behenyl groups

randomly located along the methacrylic backbone. This differ-

ence is also reflected in the differing physical appearance of

these copolymers. At ambient temperature, the four statistical

copolymers form viscous fluids, whereas the four diblock

copolymers are solids.

n-Octacosane (C28H58) was selected as a single-component

model wax and was employed as a 5.0% w/w solution in

n-dodecane. This concentration is at the lower end of the

typical wax content in crude oils (5–30% w/w)12, but such con-

ditions produced sufficient wax crystals for characterization by

optical and scanning electron microscopy (SEM). Moreover,

Ashbaugh et al.19 and Kurniawan et al.46 used comparable wax

concentrations in their studies. Macrocrystalline paraffin wax

comprises mainly low molecular weight n-alkanes (C16–C40)

and generally crystallizes in the form of either needles or plate-

lets.12 Indeed, wax crystal platelets are observed on cooling a

5.0% w/w solution of n-octacosane dissolved in n-dodecane in

the present study (Fig. 4a and b). Prior literature reports

suggested that an initial copolymer concentration of 1.0% w/w

should be selected for initial experiments.37,47 For PLMA98–

PBeMA10, this is equivalent to a copolymer concentration of

0.26 mM. This molar concentration was held constant for all

copolymers throughout our investigation to ensure that the

same number of copolymer chains were present in each experi-

ment when varying the copolymer composition (i.e. 2.1 × 1017

chains per gram of solution).

Effective wax crystal modifiers act by lowering the critical

WAT required for the onset of crystallization of paraffin wax.6

To examine how the present copolymers influence the WAT of

a model wax, turbidimetry measurements were conducted

using 5.0% w/w n-octacosane dissolved in n-dodecane. Initial

experiments were performed at a copolymer concentration of

0.26 mM. Thermal cycles from 50 °C to 0 °C to 50 °C were con-

ducted three times at a cooling/heating rate of 1.0 °C min−1.

Representative data obtained for one such thermal cycle per-

formed in the absence of any copolymer are presented in

Fig. 4c, along with digital photographs indicating the physical

appearance of the n-octacosane/n-dodecane mixture recorded

at 50 °C and 0 °C, respectively. Tang and co-workers employed

a similar light transmittance method to evaluate WATs for

model paraffin waxes in n-decane in the presence and absence

of wax crystal inhibitors.35

The n-octacosane/n-dodecane mixture forms a highly trans-

parent solution at 50 °C (100% transmittance), but becomes

opaque (0% transmittance) on cooling owing to wax crystalliza-

tion. A WAT is observed at around 23 °C, below which a sharp

reduction in transmittance is observed. Tcool is taken to be the

temperature required for 0% transmittance on cooling (i.e. the

temperature at which crystallization is judged to be complete).

Tcool occurred at around 19 °C, which is typically a few degrees

Fig. 4 Digital images recorded for pure n-octacosane (C28H58) wax

crystals prepared in the absence of any copolymer additive at 20 °C as

(a) a 5.0% w/w suspension in n-dodecane using bright field optical

microscopy, and (b) dried crystals examined by SEM. (c) Normalized

transmittance (%) at λ = 650 nm vs. temperature plot for 5.0% w/w solu-

tions of n-octacosane in n-dodecane on cooling from 50 °C to 0 °C

(blue open triangles) and on heating from 0 °C to 50 °C (orange solid

circles) at a cooling/heating rate of 1.0 °C min−1. The temperatures

required for zero transmittance on cooling (Tcool) and 100% transmit-

tance on heating (Theat) are labeled. Digital photographs show the for-

mation of a transparent solution at 50 °C and the same sample becom-

ing opaque after cooling to 0 °C.

Table 2 Composition of (co)polymer additive and mean Tcool for wax-

(co)polymer mixtures as determined by turbidimetry studies. Wax-(co)

polymer mixtures contain 5.0% w/w C28H58 in n-dodecane with

0.26 mM (co)polymer additive

(Co)polymer composition Tcool wax + (co)polymera/°C

— 19.3 ± 0.5
L98 16.8 ± 0.1
Be37 18.9 ± 0.1
L98-b-Be10 15.7 ± 0.1
L98-b-Be20 15.6 ± 0.1
L98-b-Be40 14.1 ± 0.5
L98-b-Be60 14.7 ± 0.1
L100-stat-Be10 15.0 ± 0.1
L100-stat-Be20 16.2 ± 0.5
L100-stat-Be40 13.7 ± 1.2
L100-stat-Be60 14.0 ± 0.5

aMean values and corresponding standard deviations calculated from tur-
bidimetry studies conducted for three consecutive heating/cooling cycles.
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below the WAT. The former parameter was used to compare

various wax-copolymer mixtures as it can be readily identified

from transmittance vs. temperature plots. On reheating to

50 °C, a transparent solution (100% transmittance) was

obtained. The minimum temperature corresponding to 100%

transmittance on heating is denoted as Theat. As anticipated

for a first-order phase transition, some thermal hysteresis is

observed, i.e. the sharp increase in transmittance on heating

occurs approximately 10 °C higher than the corresponding

reduction in transmittance during cooling. This is attributed

to a kinetic energy barrier associated with the formation of

wax crystals on cooling, whereas the corresponding melting

event involves no such barrier. Similar hysteretic behavior has

been reported in the literature.37,40

Turbidimetry data obtained for a series of eleven experi-

ments conducted using 5.0% w/w n-octacosane in n-dodecane

in the absence or presence of BeMA-based copolymers at a

fixed molar concentration of 0.26 mM are presented in

Table 2. Each Tcool value and corresponding standard deviation

was calculated from three consecutive heating/cooling cycles.

In all cases, the Tcool value was a few degrees below the WAT.

The n-octacosane wax in n-dodecane exhibited a Tcool of 19.3 ±

0.5 °C in the absence of any (co)polymer. This Tcool value

remained unchanged (within experimental error) in the pres-

ence of the PBeMA37 homopolymer. In contrast, addition of

PLMA98 homopolymer reduced Tcool to 16.8 ± 0.1 °C. However,

the greatest reduction in Tcool was achieved by using BeMA-

based diblock or statistical copolymers, with the copolymer

Fig. 5 SEM images recorded for wax crystals formed by cooling solutions of 5.0% w/w n-octacosane in n-dodecane in the absence or presence of

various (co)polymers at a constant (co)polymer concentration of 0.26 mM.
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architecture making surprisingly little difference. BeMA-rich

diblock or statistical copolymers reduce Tcool by approximately

5 °C compared to that observed for the pure wax in n-dodecane

in the absence of any copolymer. Other workers have pre-

viously reported similar observations for effective wax crystal

modifiers.33–35 For instance, Sjöblom et al. reported WAT

reductions between 1.4 and 5.5 °C for 5.0% w/w macrocrystal-

line wax in toluene in the presence of various commercial and

putative PPDs.25 It is generally accepted that polymers reduce

the WAT of a wax by changing its solubility

equilibrium.6,25,27,36 Polymers interact with (or become incor-

porated into) the precipitating wax crystals, which in turn

results in slower dissolution kinetics.35

It is well-established that wax inhibitors and PPDs can alter

the morphology of wax crystals.6 Such polymeric additives are

believed to delay nucleation, and either adsorb onto or co-crys-

tallize with paraffin waxes.12,48 To ensure the same heating/

cooling rate for all the wax-copolymer mixtures, optical

microscopy and SEM images were always acquired after per-

forming turbidimetry measurements at a heating/cooling rate

of 1.0 °C min−1. After the third cooling sweep from 50 °C to

0 °C, each sample was returned to 20 °C at a heating rate of

1.0 °C min−1. Turbidimetry studies confirmed that 20 °C is a

sufficiently low temperature to maintain crystals (i.e. just

below Theat for the wax-copolymer mixtures). Optical

microscopy was employed to determine the wax crystal size

and morphology in solution, while SEM images were recorded

for the dried wax crystals. The former technique showed that

wax crystals were formed as large clumps of platelets (mean

length, l ≈ 0.5–2.5 mm) when cooling a 5.0% w/w solution of

n-octacosane in n-dodecane from 50 °C to 0 °C (Fig. 4b). Large

platelets, up to 2 mm in length, are also discernible in SEM

images obtained for dried n-octacosane wax crystals (Fig. 5a).

Binks and co-workers reported the formation of similar irregu-

larly-shaped thin platelets when cooling solutions of either a

C24H50 wax in toluene or a C36H74 wax in heptane in the

absence of any copolymer additive.37 Fetters and co-workers

reported a 3D ‘house of cards’ structure when using optical

microscopy to characterize wax crystals on cooling a 4% w/w

solution of similar n-paraffins in n-decane to 0 °C.8,14

The effect of using a fixed copolymer concentration of

0.26 mM on the wax crystal size and morphology was further

studied by SEM (Fig. 5). Addition of a PLMA98 homopolymer

had minimal effect on the size and morphology of the n-octa-

cosane crystals (Fig. 5b). More specifically, large, irregular

platelets were observed that resembled those obtained for the

pure wax shown in Fig. 5a. Similar platelets were also observed

for wax crystals prepared in the presence of a PBeMA37 homo-

polymer (Fig. 5c), but small clumps of approximately 5 μm dia-

meter were also visible. Interestingly, addition of a PLMA98-

PBeMAx diblock copolymer resulted in significantly smaller

wax crystals. All four diblock copolymer compositions exam-

ined (i.e. x = 10, 20, 40 or 60) produced similar crystal mor-

phologies; a mixture of irregular-shaped clumps (∼2–10 μm)

and needle-like crystals [length, l = 25 ± 17 μm (averaged over

175 crystals); width, w = 0.7 ± 0.3 μm (averaged over 50 crys-

tals); mean aspect ratio, l/w = 31] are represented in Fig. 5d–g.

There are many literature examples of polymeric wax crystal

modifiers producing relatively small wax crystals.19,25–29 This is

useful because it can improve crude oil flowability. Fewer

Fig. 6 Tcool vs. copolymer concentration plots for 5.0% w/w n-octaco-

sane in n-dodecane for (a) PLMA98-PBeMA40 diblock copolymer, and (b)

P(LMA100-stat-BeMA40) statistical copolymer. Error bars indicate the

standard deviation from three repeat measurements. Such error bars lie

within the data points in some cases.
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contacts between neighboring crystals lead to weaker gel net-

works, so the removal of waxy deposits becomes easier.7,28 In

principle, increasing the anisotropy of wax crystals to produce

elongated needle-like structures should also reduce gel

strength relative to that for the ‘house of cards’ networks

formed by large platelets.8,49

In contrast to the four PLMA98-PBeMAx diblock copolymers,

the BeMA content of the four P(LMA100-stat-BeMAx) statistical

copolymers had a discernible effect on their wax crystal modi-

fier performance. Thus, using the P(LMA100-stat-BeMA10) stat-

istical copolymer mainly resulted in the formation of large

platelets (Fig. 5h), although some smaller (<200 μm) and more

elongated crystals were also present. However, a strikingly

different wax crystal morphology was obtained when using

P(LMA100-stat-BeMA20): large needle-like crystals [l = 280 ±

136 μm (averaged over 80 crystals); w = 13 ± 3 μm (averaged

over 50 crystals); l/w = 22] were observed almost exclusively

(Fig. 5i). Fetters and co-workers observed a similar crystal mor-

phology when investigating the influence of semi-crystalline

poly(ethylene-stat-butene) (PEB) statistical copolymers on the

crystallization of n-octacosane.14 On cooling this model wax

(4% w/w in n-decane) to 0 °C in the presence of 0.05–0.3% w/w

PEB7.5, crystals described as ‘long sticks’ (l ≈ 50–100 μm) were

observed by optical microscopy. According to Bai and Zhang,

such rod-like crystals provide fewer opportunities for inter-par-

ticle interactions than platelets, resulting in significantly

weaker crystal–crystal interactions.49

Increasing the mean number of PBeMA repeat units per

copolymer chain up to 40 or 60 resulted in much smaller crys-

tals. In particular, mixtures of small platelets (l ≈ 5–10 μm)

and a few needle-like crystals (l ≈ 50 μm) were observed in

Fig. 5j and small platelets co-existing with smaller needle-like

crystals can be observed in Fig. 5k. Fetters and co-workers also

reported the formation of smaller n-octacosane wax crystals

(‘short bars’) in the presence of a higher PEB concentration

(0.85 w/w), as opposed to the ‘long sticks’ that were formed at

lower copolymer concentrations.14

In summary, the presence of various PBeMA-based diblock

or statistical copolymers at a fixed copolymer concentration of

0.26 mM influenced the morphology of the wax crystals

formed when cooling a 5.0% w/w solution of n-octacosane in

n-dodecane. In some cases, a significant reduction in the

overall crystal dimensions and/or an increase in the crystal

aspect ratio was observed. For the diblock copolymers, increas-

ing the mean DP of PBeMA had a relatively weak effect on the

wax crystal morphology. Smaller wax crystals (<50 µm) were

observed by SEM for all four diblock copolymers. In striking

contrast, large needle-like crystals were obtained when increas-

Fig. 7 Representative images of wax crystals formed on cooling 5.0% w/w n-octacosane in n-dodecane in the presence of PLMA98-PBeMA40 at

various copolymer concentrations obtained by (a)–(g) optical microscopy, and (h)–(k) SEM.
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ing the BeMA content of the statistical copolymers from 10 to

20 repeat units per copolymer chain, while relatively small wax

crystals were formed at 40 BeMA repeat units per copolymer

chain. Yao et al. demonstrated that the addition of EVA resulted

in a reduction in the wax precipitation temperature and con-

cluded that co-crystallization was the dominant wax-copolymer

interaction.50 The dominant interaction mechanism for the copo-

lymers studied herein is also likely to be co-crystallization of the

pendent behenyl groups with the n-octacosane wax crystals. This

interpretation is supported by the reduction in Tcool indicated by

turbidimetry studies.

The effect of varying the total molar concentration of the

copolymers on (i) the Tcool values identified by turbidimetry

studies and (ii) the wax crystal morphology was investigated

for selected copolymers. In particular, PLMA98-PBeMA40 and

P(LMA100-stat-BeMA40) were chosen to compare the diblock

and statistical copolymer architecture because this pair pro-

duced the lowest Tcool values as judged by turbidimetry, as well

as some of the smallest crystals when employed at a fixed

copolymer concentration (0.26 mM). The copolymer concen-

tration was systematically varied from 0.06 to 1.03 mM and tur-

bidimetry studies were used to identify Tcool for wax-copolymer

mixtures in each case. For 5.0% w/w n-octacosane in

n-dodecane, Tcool was reduced from 17.5 °C to 14.0 °C when

increasing the PLMA98-PBeMA40 concentration from 0.06 to

0.26 mM (Fig. 6a). However, higher concentrations produced

an increase in Tcool up to 16.0 °C. A similar concentration

dependence was also observed for P(LMA100-stat-BeMA40): a

minimum Tcool value of 12.9 °C was measured at a copolymer

concentration of 0.51 mM (Fig. 6b). Such behavior suggests

two competing effects, but it is not clear why the initial inter-

action between the copolymer chains and the wax crystals

should be reduced at higher copolymer concentrations.

Moreover, the n-octacosane crystals obtained in the pres-

ence of the PLMA98-PBeMA40 diblock copolymer were imaged

at 20 °C by optical microscopy (Fig. 7). Larger wax crystals were

formed at lower copolymer concentrations (≤0.26 mM), with a

mixture of irregular-shaped and needle-like crystals being

observed in Fig. 7a–c. The smaller crystals observed above

0.26 mM (Fig. 7d–g) were also examined by SEM to obtain

higher resolution images (Fig. 7h–k). Fig. 7h shows platelets

prepared at a copolymer concentration of 0.06 mM, while mix-

tures of irregular-shaped and needle-like crystals obtained at

copolymer concentrations of 0.13 mM, 0.26 mM and 0.51 mM

are shown in Fig. 7i–k.

A series of n-octacosane crystals formed in the presence of

P(LMA100-stat-BeMA40) were imaged in solution at 20 °C by

optical microscopy and after drying by SEM (Fig. 8). Large

Fig. 8 Representative images of wax crystals formed on cooling 5.0% w/w n-octacosane in n-dodecane in the presence of P(LMA100-stat-BeMA40)

at various copolymer concentrations obtained by (a)–(g) optical microscopy, and (h)–(k) SEM.
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needle-like structures [l = 77 ± 28 μm (averaged over 50 crys-

tals); w = 3.3 ± 0.8 μm (averaged over 50 crystals); mean aspect

ratio, l/w = 23] were obtained at a copolymer concentration of

0.06 mM (Fig. 8a and h). These wax crystals were smaller, but

their mean aspect ratio was comparable to that of the needles

formed in the presence of P(LMA100-stat-BeMA20) at 0.26 mM

(Fig. 5i). Large, relatively thick needles (l ≈ 100–300 μm; w ≈

10–20 μm) containing a secondary population of notably

smaller crystals were obtained at 0.13 mM (Fig. 8b and i). For

copolymer concentrations at or above 0.26 mM, irregular-

shaped wax crystals of less than 50 µm were observed by both

optical microscopy and SEM, as shown in Fig. 8c–g, j and k,

respectively.

A morphology map based on optical microscopy images

(Fig. 9) was used to illustrate the effect of varying copolymer

composition and concentration on the wax crystal morphology

when using P(LMA100-stat-BeMAx). For the copolymer with the

lowest BeMA content, relatively large crystals were formed at

all copolymer concentrations. For P(LMA100-stat-BeMA20), the

large platelets produced at a copolymer concentration of

0.06 mM are replaced by needle-like crystals at higher copoly-

mer concentrations. For the copolymer with the highest BeMA

content, relatively fine needles are produced at 0.06 mM, with

much smaller, irregular crystals being formed at higher copoly-

mer concentrations. These observations suggest that statistical

copolymers with higher BeMA contents (i.e., x = 50 or 60) may

promote the formation of relatively small crystals at copolymer

concentrations at or below 0.06 mM. This conjecture warrants

further studies.

Conclusions

In summary, two series of PLMA98-PBeMAx diblock and

P(LMA100-stat-BeMAx) statistical copolymers were prepared via

RAFT solution polymerization at 80% w/w solids in

n-dodecane. High monomer conversions (≥98%) and relatively

narrow molecular weight distributions (Đ ≤ 1.25) were

obtained for all copolymers. DSC studies confirmed that the

P(LMA100-stat-BeMAx) statistical copolymers exhibited signifi-

cantly lower crystallization and melting temperatures than

PLMA98-PBeMAx diblock copolymers of almost identical

overall composition.

All eight copolymers were evaluated as potential wax crystal

modifiers for a 5.0% w/w dispersion of a model n-octacosane

wax in n-dodecane, with PLMA98 and PBeMA37 homopolymers

also being examined as reference materials. Temperature-

dependent turbidimetry studies were conducted to determine

Fig. 9 Optical microscopy images obtained for wax crystals formed by a 5.0% w/w dispersion of n-octacosane in n-dodecane in the presence of

various concentrations of P(LMA100-stat-BeMAx), where x = 10, 20 or 40.
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the wax crystallization temperature (or Tcool), which is the

temperature at which zero transmittance is first recorded

owing to wax crystallization. Typically, Tcool was a few degrees

below the wax appearance temperature (WAT). At a constant

molar copolymer concentration of 0.26 mM, there was negli-

gible difference between the Tcool values obtained by turbidi-

metry studies for the various wax-copolymer mixtures. Each of

the eight copolymers produced a reduction in Tcool of approxi-

mately 3–5 °C, with similar observations reported in the litera-

ture for effective wax crystal modifiers.33–35

SEM studies confirmed that the presence of such copoly-

mers led to significant changes in the morphology of the wax

crystals. Using either diblock or statistical copolymers at

0.26 mM produced a reduction in the overall size and/or an

increase in the crystal aspect ratio. In principle, smaller crys-

tals should improve the flow properties of crude oil because

the wax crystals have a lower propensity to interact with each

other and therefore form weaker gels.7,25,28 In addition, for the

PLMA98-PBeMAx diblock copolymer series, increasing the

mean PBeMA DP from 10 to 60 had surprisingly little effect on

the wax crystal morphology. Relatively small crystals of less

than 50 µm were observed by SEM for all four diblock copoly-

mers. In contrast, strikingly different needle-like crystals are

obtained simply by increasing the BeMA content of the

P(LMA100-stat-BeMAx) statistical copolymers. Furthermore, for

this copolymer series, increasing either the copolymer concen-

tration or the mean number of BeMA repeat units per copoly-

mer chain (x) led to the elongation of the initial platelets and

the formation of needle-like structures, with subsequent for-

mation of relatively small, irregular-shaped crystals. These

observations suggest that statistical copolymers with higher

BeMA contents could promote the formation of small crystals

at copolymer concentrations at or below 0.06 mM.

The dominant interaction mechanism for such copolymers

appears to be co-crystallization of the wax with the pendent

behenyl chains in the PBeMA units, thus altering the size and

shape of the growing wax crystals. This is supported by the

reduction in Tcool for a 5.0% w/w wax dispersion in n-dodecane in

the presence of such copolymers, as indicated by turbidimetry

studies. Overall, the BeMA-based diblock and statistical copoly-

mers studied herein are interesting new wax crystal modifiers.

However, the statistical copolymers may offer an advantage over

their diblock counterparts, as they are easier to prepare and do

not suffer from any homopolymer contamination.
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