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A B S T R A C T   

Wax crystallization in pipelines in cold environments is a key factor affecting flow assurance during crude oil 
production. Polar crude oil components, such as asphaltenes, and polymeric pour point depressants (PPDs) have 
been demonstrated to interact with wax during gelation and crystallization through complex formation during 
nucleation or crystal growth alteration which leads to co-crystallization. This study introduces a methodology 
based on atomic force microscopy (AFM) to characterize features of solid surfaces precipitated from model wax, 
wax-PPD, wax-asphaltene and asphaltene systems. Height data collected from AFM measurements enabled the 
quantification of modifications in crystal sizes and shapes induced by the presence of asphaltenes and PPDs. The 
2D Fourier transform of the height was used to generate statistics for the frequency of height amplitude, 
revealing information about the pore size and the height patterns. A stiffness/elasticity analysis was used to 
calculate the Young Modulus of the upper layers. In wax and wax-asphaltene systems, two nano-scale layers with 
different Young Modulus profiles emerged. The nano-scale layer on the top was softer and corresponded to more 
amorphous wax crystal networks with trapped dissolved wax. The nano-scale layer on the bottom was stiffer, 
comprising of more crystalline structures, corresponding to wax crystals with lower deviations from full crys-
tallinity, with properties independent of asphaltene concentration. A bilayer did not form in the presence of PPD, 
which prevented the formation of amorphous phases with trapped dissolved wax or gel. After a methodology for 
model systems was established, the focus moved to systems based on production wax i.e. recovered from de-
posits. This was complemented by a comparison between model precipitation conditions and precipitation by 
cold finger, resembling industrial processes. Results highlighted the effect of change in chemical composition on 
topography, elasticity and adhesion of the surface. AFM provided new insights into wax crystallization patterns 
in the presence of inhibitors, which can be used to quantify the extent of wax-inhibitor interactions and project it 
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on production systems. The method could be used to explain macro-scale rheological properties of oils during 
flow assurance in the future.   

1. Introduction 

Paraffin waxes are n-, iso- or cyclo- alkanes, with a number of car-
bons between 18 and 100, or sometimes higher [1]. Crude oils contain 
waxes in variable concentrations, usually dependent on the extraction 
field. Wax precipitates when the crude oils are cooled below the wax 
appearance temperature (WAT), which is specific to each oil. Wax 
crystallization processes are often followed by gelation and deposition, 
which can result in operability issues, negatively affecting flow assur-
ance. One of the most affected properties is the pour point, which is 
defined as the temperature at which the oil cannot flow anymore. 
Common effects of the increased fluid viscosity and alterations in the 
reservoir fluid include a decrease in the oil flow in the pipeline, pressure 
abnormalities, pipeline restart problems and in the worst case a com-
plete blockage of the flow [2]. 

A conventional method to decrease the wax appearance temperature 
and especially the pour point below the desired operating temperatures, 
is the use of polymeric pour point depressants, which act as wax crys-
tallization modifiers [3]. PPDs manifest high affinity for the non-polar 
moieties of wax, which leads to complex formation during the gela-
tion phase of wax crystallization [4,5]. Without the PPD, wax often 
grows predominantly in 2 dimensions, through the parallel alignment of 
long alkane chains [6,7]. The result is the formation of needle, rod or 
plate-like crystals. The PPD prevents interaction between parallel long 
alkane chains and promotes growth in 3 dimensions. Therefore, 
wax-PPD complexes have a different crystallization mechanism, which 
leads to rounder, more dendritic crystals [4,5,8]. The consequences of 
these phenomena are a lowered wax appearance temperature, higher 
solubility and altered crystal features, such as lower aspect ratio and 
surface area, reducing the negative effects of wax deposition [4,5]. 

Asphaltenes are crude oil components with a complex chemical 
structure. They consist of various polycyclic aromatic hydrocarbons and 
aliphatic chains, containing heteroatoms, such as nitrogen, oxygen or 
sulfur and metals such as nickel, vanadium and iron [2]. They contain a 
non-polar part and a polar part, the former of which has also been 
demonstrated to interact with wax during crystallization [9]. At low 
concentrations, asphaltenes are present as dissolved monomers in 
toluene or other aromatic solvents. However, when the asphaltene 
concentration is high enough, nanoaggregates (2–5 nm in diameter) and 
nanoclusters (>5 nm in diameter) can form, at a concentration point 
often referred to as critical nanoaggregate concentration (C.N.A.C) [10, 
11]. These nanoaggregates and nanoclusters are believed to interfere 
with wax during the early stages of crystallization [11,12]. Their larger 
size facilitates their behavior as nucleation sites for wax, promoting the 
formation of more finely dispersed, smaller wax-asphaltene co-crystals. 
The non-polar groups of asphaltene molecules can also have a separate 
effect on wax crystallization. As wax molecules are also non-polar, these 
groups are expected to behave as binders between the wax crystals 
during the crystal growth phase of crystallization [12–14]. The result is 
the distortion of wax crystals which cannot grow as large as in the 
absence of asphaltenes. Moreover, crystal growth by parallel alignment 
of alkane chains is spatially hindered by the asphaltenes acting as 
binders. Therefore, the needle shape is not achieved anymore. Instead, 
rounder, dendritic crystals are formed. These phenomena also affect the 
gelation process, which weaken the crystal network and reduce the gel 
strength [9,12,13]. Although the modified wax-asphaltene co-crystals 
allow for better crude oil flow, they might increase WAT and the wax 
precipitation rate [13,15–18]. Moreover, alike PPDs, asphaltenes could 
also precipitate independently of wax, interfering with concurrent wax 
crystallization, by inducing steric effects which affect wax nucleation 
and crystal growth. 

The wax-inhibitor interactions were recently analyzed in literature. 
The main focus was the investigation of molecular mobility and wax 
precipitation rate by analyzing wax crystallization using toluene as a 
solvent. Savulescu et al. introduced several NMR techniques for this 
purpose [8,19]. Their studies quantified and proved co-crystallization 
[20]. The evolution of asphaltene-specific liquid signal with tempera-
ture showed that asphaltene content decreased by 30% more from 30 ◦C 
to 0 ◦C, when wax was present. A separate NMR study [21] has indicated 
a loss in the mobility of asphaltenes, when wax started crystallization, 
which demonstrated that asphaltenes got trapped in the wax crystalline 
matrix, co-crystallizing. Moreover, the NMR studies found that a 
threshold asphaltene concentration, associated with complete 
self-association to nanoaggregates and nanoclusters, generated an in-
crease in the amount of precipitated wax and in the amount of low 
mobility dissolved wax trapped inside the newly formed wax crystal 
network during crystallization. The possible mechanisms which led to 
the wax trapping process and to the intensification of trapping in the 
presence of asphaltenes were previously proposed by Savulescu et al. 
[8]. The first was the formation of wider gaps in the crystal network 
induced by the altered geometry of the packing in wax-asphaltene 
co-crystal networks. The second was the formation of smaller pores in 
the smaller wax-asphaltene co-crystals, which had a higher tendency to 
reduce the mobility of dissolved wax and consequently trapped a higher 
amount of dissolved wax. The third was the formation of an outer layer 
consisting of softer, more amorphous wax and wax-asphaltene phases, 
which favored the trapping of a higher amount of wax. This wax was 
likely attracted or bound to the crystal network surface. NMR could only 
assess bulk and surface phenomena corresponding to the fluid mobility 
in the bulk or at the solid-liquid interface. This study will introduce 
atomic force microscopy as an alternative to characterize properties 
corresponding to the solid phase (height, stiffness, adhesion force). 

To assess alterations in solid wax networks, methods such as cross 
polarized microscopy and scanning electron microscopy have also been 
used before to generate images of wax crystal networks in absence and in 
presence of asphaltenes and PPDs [22,23]. Smaller, more compact 
crystals were identified in presence of PPD by both CPM (cross polarized 
microscopy) and SEM. A transition from a plate-like shape to spherical 
shape was also noticed with SEM. For asphaltenes, only CPM was used, 
demonstrating smaller crystals [23]. Although promising, these results 
do not fully explain the wax crystallization mechanism and it particu-
larly does not explain the effect of asphaltene concentration. Moreover, 
SEM does not allow to characterize the stiffness or level of crystallinity 
of layers on the surface. The SEM scan is a 2D scan and a 3D image could 
only be obtained by merging 2D slices, which decreases accuracy. This 
study will overcome these limitations by introducing atomic force mi-
croscopy as an alternative to analyze wax and wax-inhibitor systems. 

Although many hypotheses were expressed, the exact mechanism 
behind the impact of inhibitors on wax precipitation is not clear. This 
study aims to introduce an AFM-based method to assess the level of 
alteration which is caused by inhibitors to the wax crystal network. To 
investigate a potential change in the stiffness/elasticity of wax and wax- 
inhibitor networks, AFM was proposed as a technique to characterize the 
elasticity of the resulting crystal networks. The focus was placed on solid 
crystal networks, in which the final consequences of crystal network 
alterations could also be observed by AFM from a topographic point of 
view (i.e. crystal size, surface patterns). The novelty of the AFM-based 
technique was also complemented by nano-scale resolution in 3D for 
scanning the crystal layers. For this purpose, height, 2D Fast Fourier 
Transform of the height, Young Modulus and adhesion data were 
determined. 

The first focus of the article was to investigate the effect of PPD and 
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asphaltene on model wax crystal networks, by characterizing model 
wax, wax-asphaltene and wax-PPD crystal networks from a multi- 
parameter perspective. Secondly, a similar analysis was performed for 
the corresponding systems with production wax, deposited from a crude 
oil in the North Sea. This allowed to understand the similarities and the 
differences between the model macrocrystalline wax and the production 
wax encountered in pipeline operations. A comparison between crystal 
networks precipitated by evaporation and crystal networks precipitated 
using the cold finger method was also performed to compare conditions 
for wax deposition. 

2. Experimental section 

2.1. Materials 

The solvent used in this study was toluene (anhydrous, 99.8%) from 
Sigma Aldrich, the Netherlands. Macrocrystalline wax was provided by 
Sasolwax from Sasol, Germany (wax 5405). Literature provides further 
information on the composition and main properties of wax 5405 from 
Sasol [23]. The production wax used in this study was provided by an 
industrial partner and represents a deposit collected from a pig lock at a 
crude oil field on the Norwegian continental shelf. The compositional 
characterization of the two waxes was determined by analysis at SGS 
France and is presented in Table 1. One can notice a lower content of 
hydrogen and a higher content of nitrogen and sulfur for the production 
wax, which suggested contamination with resins and asphaltenes. The 
content of resins/asphaltenes can be estimated at about 10–15% if one 
assumes a mixture of macrocrystalline wax with 14.8% hydrogen (car-
bon: hydrogen atom ratio = 2:1) and resins/asphaltenes with 7.7% 
hydrogen (carbon: hydrogen atom ratio =1:1). Moreover, the iron 
content in production wax was at least 200 times higher than in model 
wax, suggesting contamination with iron and iron oxides particles which 
could interfere with wax crystallization. 

Asphaltenes were obtained by precipitation from a crude oil (API 
19◦) originating from the Norwegian continental shelf of the North Sea, 
using n-hexane (HPLC grade, ≥97%), and the same procedure as re-
ported before [19]. Properties of the asphaltenes used in this study can 
be found in literature [24,25]. The pour point depressant was based on 
polycarboxylate (proprietary) from BASF, Germany and was presented 
before as PPD A by Ruwoldt et al. [23] and as PPD by Savulescu et al. 
[19]. The PPD was purified with solvent, using the procedure described 
in literature [23]. All concentrations presented in this study are in 
weight percentages (%wt). 

The mica substrate for AFM scanning was acquired from Nano-
AndMore GmbH, Germany and had a V1-grade quality and a thickness of 
0.15–0.21 mm. 

2.2. Sample preparation 

Samples for atomic force microscopy were prepared using two main 
methods: evaporation and cold finger. All the samples were prepared at 

least 2 times. Each of the atomic force microscopy scans were performed 
at least 2 times at the same point. 

2.2.1. Preparation of samples by evaporation 
To prepare the samples with the “evaporation” method, asphaltene 

and PPD were first dissolved in toluene. Stock solutions with a con-
centration of 1.05% and 2.1% were prepared. The stock solutions were 
shaken overnight at 200 rpm to ensure complete dissolution. Then, a 
range of wax-PPD and wax-asphaltene solutions were prepared by 
dilution of the initial solutions, followed by the addition of macro-
crystalline wax and heating at 60 ◦C for an hour. For systems containing 
production wax, 80 ◦C was used instead, due to difficulties to obtain 
complete dissolution at 60 ◦C. A range of wax-only solutions were pre-
pared by dissolution of wax in toluene, followed by heating at either 60 
◦C (model wax) or 80 ◦C (production wax). The concentration of wax in 
all prepared solutions was fixed at 5% for model wax and at 2% for 
production wax. The concentrations of modifier (asphaltenes and PPDs) 
were fixed so that the ratio between wax and modifier remains constant 
in systems with model wax and in systems with production wax. Thus, 
the values are 0.1%, 0.5%, 1% and 2% for asphaltenes with model wax, 
0.04%, 0.2%, 0.4% and 0.8% for asphaltenes with production wax. One 
additional concentration of 1.6% was used for production wax. For PPD, 
1% was used with model wax, while 0.4% was used with production 
wax. 

After the solutions were heated, 3 droplets of each solution were 
added on a mica substrate. The resulting system was stored in a closed 
box at room temperature for 2 hours to promote evaporation. Then, to 
promote wax crystallization, the system was placed in a closed box in the 
fridge at 5 ◦C overnight (for approximately 18 hours). Before the AFM 
scan, the system was placed at room temperature for 2 hours, to reach 
equilibrium. All samples were in solid state from a macroscopic point of 
view, before scanning with AFM. 

2.2.2. Preparation of samples by the cold finger method 
The principles of the cold finger method were presented before in 

literature [26,27]. 
Stock wax and wax-PPD solutions were prepared, using the method 

described before. The quantities used for the cold finger exceeded 
500 mL per experiment, which made it impractical and unsustainable to 
use asphaltenes extracted from crude oils for this part of the study: about 
8 litres of hexane would have had to be used to extract asphaltenes per 
individual experiment. 

The solutions were placed in a jacketed glass which was heated using 
a water/diethylene glycol mixture, circulated through the outside wall 
and heated at 50 ◦C, using a water bath. A metal cold finger was cooled 
to 0 ◦C by a water/diethylene glycol flow connected to a second water 
bath. Mica was glued to the bottom of the cold finger. The system was 
allowed one hour to reach thermal equilibrium and the temperatures 
were checked with a thermometer before the start of the experiment. To 
collect a wax or wax-PPD sample, the cold finger was inserted for 
2 minutes into the wax and wax-PPD solutions heated at 50 ◦C. The 
resulting gel deposited on mica was allowed to evaporate for 1 hour at 
room temperature and then it was stored in the fridge at 5 ◦C. Before 
AFM scanning, the sample was left to stabilize at room temperature for 
2 hours. 

The purpose of using cold finger was the closer mimicking of pipeline 
conditions. During fluid transport, a temperature gradient often arises 
between the inner warmer fluid and the colder pipeline wall. This in-
duces wax deposition on the wall of the pipeline [28]. The cold finger 
simulates this process by continuously stirring the warmer fluid, while 
inducing a strong temperature gradient only at the cold finger surface. 
This is a different mechanism than fluid gelation, which occurs in in-
dustry during pipeline shutdown, when the fluid is allowed to rest at 
increasingly lower temperature. The saturation limit of the wax is 
reached and crystallization starts, resulting in a gel matrix, in which the 
other dissolved crude oil components are often trapped [28]. Therefore, 

Table 1 
Elemental and aspect analysis for model wax and production wax.  

Element Model wax Production wax 

Carbon 85.3% 85.5% 
Hydrogen 14.8% 14.0% 
C:H atom 1:2.08 1:1.96 
Nitrogen <0.05% 0.06% 
Oxygen <0.2% <0.2% 
Sulfur <0.1% 0.15% 
Iron <5 mg/kg 1127 mg/kg 
Aspect White - Brown - 
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the evaporation method mimics gelation to a higher extent, while the 
cold finger method mimicks deposition to a higher extent. 

2.3. Atomic force microscopy 

Atomic force microscopy (AFM) provides mechanical imaging by 
raster-scanning a surface with a sharp tip which is attached to the end of 
a cantilever. Once the tip engages with the underlying surface, inter-
molecular forces between the 2 surfaces arise. These forces lead to the 
bending of the cantilever, which is tracked by a laser and a piezoelectric 
detector. This method generates very precise visualization of the surface 
topography, down to the nanometric or even atomic scale [29–32]. 
Moreover, AFM allows the quantification of various physical properties 
related to the molecular interactions when the tip is engaged in the 
surface. The technique detects a force-distance curve which tracks the 
change in force as a function of the distance the tip travelled towards or 
inside the surface. An elasticity analysis of the approach force-distance 
curve can result in the quantification of the Young Modulus of the sur-
face at the desired locations [33–35]. As the tip detaches from the sur-
face, an attractive force arises, typically corresponding to adhesion that 
opposes tip retraction. AFM allows for quantification of this force from 
retract force-distance curve data [36,37]. 

In this study, a Bio AFM NanoWizard 4 XP was used. The chosen 
mode of operation was Quantitative Imaging Mode (QI™-mode), with 
which a force-distance curve was recorded for every pixel along the 
height map. The scan was performed on consecutive pixels on 128 lines, 
consisting of 128 pixels each. Transition from one line to another was 
performed by moving to the first pixel above the last recorded pixel on 
the previous line. The scanning direction was thus switched on every 
new line. The setpoint force at which the tip stopped engaging was 1000 
nN, the height at which the tip was positioned at the start of each 
approach (z-length) was 1000 nm. The speed of scanning over the sur-
face was 80 μm/s and the size of the scanning surface was 100 μm x 100 
μm for all systems presented in this study. 

The scans were obtained using a silicon PPP-NCH-AuD tip from 
NanoAndMore GmbH, Germany, with a nominal force constant of 42 N/ 
m, which ensured that any molecular interactions of the tip with the 
crystal network surface do affect the deflection. The approach force- 
distance curves were recorded at each pixel, detecting the surface of 
wax, wax-asphaltene, wax-PPD and asphaltene crystals and generating 
approach and retract force distance curves. Young Modulus of the 
approach region and adhesion were quantified using JPK-SPM (now 
Bruker) software. For elasticity analysis, the stiffness (Young Modulus) 
of the analyzed surface was estimated by fitting the Hertz model [35] to 
the force-distance curve obtained at a specific point. The Poisson ratio 
was assumed to be 0.5 [33], while the radius of the tip was assumed to 
be 7 nm, which was provided as a radius maximum by the tip manu-
facturer. For model wax and model wax-asphaltene samples, 2 regions 
were selected on the approach force-distance curve, corresponding to 2 
different Young Modulus profiles. The borders of these regions are 
presented in Table S1 in the Supplementary Material. The borders were 
selected after adjustments in the baseline and the contact point, using 
“Baseline Substract” and “Contact Point Extend” functions in JPK-SPM 
Data Processing software. The calculation of Young Modulus for the 
first region of the model wax and model wax-asphaltene systems was 
performed by batch processing of the 16384 force-distance curves (the 
full image) for Slope 1. This allowed for higher accuracy of the mea-
surement. The rest of the Young Modulus calculations were performed 
by selecting 6 randomized force-distance curve indexes in 2 parallels of 
the same system (force-distance curve nr. 5000, 10000 and 15000 in 2 
parallels of the sample) and then by manual calculation. The error was 
calculated as the deviation between the 2 samples prepared as described 
in Section 3.1.1. 

The data processing and analysis for the height and adhesion were 
conducted with the JPK-SPM data processing software (JPK instruments, 
now Bruker) and with Gwyddion 2.62. The latter was used for the 

quantification of 2D Fourier Transforms of the height image. The values 
presented in this study represent the modulus of the 2D Fast Fourier 
Transform function in Gwyddion 2.62. JPK-SPM data processing soft-
ware was used for the rest of data processing and analysis. A reference of 
100 μm x 100 μm was used for height map size in all the height images 
presented in this article. 

The 2D Fast Fourier Transform (FFT) function transformed the 
height image into a 2D FT image, illustrating spatial frequencies on the 
x- and y- axis and the logarithmic height amplitude on the contour map, 
as one can notice in Fig. 1, for example. The mathematic principles 
behind the 2D FFT could be found in literature [38]. For this study, the 
focus was placed on the quantification of the frequencies of each height 
amplitude in the image. To achieve this at a more precise scale, a cross 
section through the 2D FFT was taken diagonally and the distance be-
tween 2 repeating spatial domains with the desired amplitude was 
calculated [39]. For example, in Fig. 2, to determine the frequency of a 
height of a desired value (i.e. 3.7 μm) on the diagonal, one had to 
identify the corresponding amplitude on the cross-section and calculate 
the distance in spatial frequency between 2 identical amplitude values 
on the two sides of the image center. This distance represents the inverse 
of the frequency of the desired height amplitude. In Fig. 2, the blue 
double arrowed line which connected the 2 identical amplitude values 
on the two sides of the center had a length of 0.14 cycles/μm in spatial 
frequency. This implied that 1 cycle corresponding to one amplitude of 1 
μm repeated at an average of 1/0.14 = 7.14 μm in the diagonal direc-
tion. Some uncertainties arise with the quantification of the frequency 
for high height values (>1 μm), mainly due to the low number of points 
available in the 2D FFT in this height region. 

The reason why the diagonal cross-section was used for this study is 
that the 2D FFT function had an artefact on the horizontal and vertical 
planes. Fig. 1 showed that a cross with a vertical component and a 
horizontal component appeared in the 2D FFT. This cross was an edge 
artefact, generated by the fact that the 2D FFT is calculated after 
“gluing” the original height image to itself to infinity on the top, bottom, 
left and right sides [40,41]. This created a false gradient between the left 
and right edges of the height image and between the top and bottom 
edges of the image, which resulted in high intensity frequencies artefacts 
in the horizontal and vertical directions. A potential removal of this 
artefact would have required removal of critical frequencies [40]. Using 
the diagonal cross-section minimizes the artefact effects from the hori-
zontal and vertical directions, while keeping the original height image 
intact. Moreover, when “glued” towards infinity, the corners of an 
image, which are the ends of the diagonal, only share 1 point with the 
next “glued” image, reducing the false gradient to the highest possible 
extent. The diagonal was representative for the entire FFT which was by 
definition symmetrical around the center, but in this case was also 
quasi-symmetrical around the horizontal and vertical axis (Fig. 1). 

3. Results and discussion 

3.1. Development of analysis methodology for systems based on model 
wax 

This section focuses on the analysis for surfaces evaporated from 
solutions based on model wax and inhibitors (asphaltene and PPD) in 
toluene. The analysis in this section represents a novel methodology for 
the characterization of surface features of wax and wax-inhibitor crystal 
networks and complements previous NMR studies [8,19,42]. Wax sys-
tems have been analyzed with AFM before [31], but the analysis of 
wax-inhibitor systems represents a novelty in the field. The effect of 
crystal modifier on the surface features of the wax crystal network is 
particularly emphasized in this section. The focus parameters are height, 
frequency of the height, Young Modulus and adhesion. This methodol-
ogy will be used in Section 3.2. for the investigation of a selected pro-
duction wax sample, whose exact composition is unknown. 
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Fig. 1. Height features of the solid surface evaporated from 5% model wax in toluene– (a) height map, (b) 2D Fast Fourier Transform of height map; Height features 
of the solid surface evaporated from 1% asphaltene in toluene – (c) height map, (d) 2D Fast Fourier Transform of height map; Height features of the solid surface 
evaporated from 5% model wax, 0.5% asphaltene in toluene – (e) height map, (f) 2D Fast Fourier Transform of height map; Height features of the solid surface 
evaporated from 5% model wax, 1% asphaltene in toluene – (g) height map, (h) 2D Fast Fourier Transform of height map. 
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3.1.1. Characteristics of pure model wax and asphaltenes surfaces 
The topographies of wax and asphaltene had significant differences 

(Fig. 1a,c). For wax, topography indicated needle-like surface features 
with high aspect ratio and a large maximum height, in the range of μm. 
This value corresponded to maximum variations on the surface of the 
wax crystal networks and was likely to have a relationship to crystal 
height. Wax crystal networks had wide gaps between individual crystals 
(Fig. 1a,c), induced by limitations in the geometry of the packing. The 
topography of macrocrystalline wax in Fig. 1a was consistent with 
previous SEM scans [22,43], which also highlighted the presence of 
large pores. Recent studies [43] also showed that wax with straight 
alkane chain had larger pore size and thickness in the crystal network 
than wax with branched chain. In this study, the macrocrystalline wax 
composed of mostly straight alkane chain. This explained the large, 
steep pores and large thickness, which one could notice qualitatively in 
Fig. 1a. On the other hand, the asphaltene surface (Fig. 1c) had grainy, 
round features with more uniform distribution and a significantly lower 
maximum height, in the range of tens of nm. The asphaltene topography 
and size were comparable to other studies of asphaltenes [44]. 

The 2D Fourier Transforms in Figs. 1b and 1d were used to estimate 
the frequencies of the maximum heights on the diagonal, following the 
algorithm summarized in Fig. 2. Results showed that the frequency of 
the maximum height in the wax surface was about 3–4 times lower than 
the frequency of maximum height in the asphaltene surface (Figure S1 a, 
b in the Supplementary Material). This proved that the height peaks in 
asphaltenes were more uniform than in wax. Thus, wax formed crystal 
networks composed of large crystals with large pores between individual 
crystals [23,43]. On the other hand, asphaltenes were more likely to 
adsorb on mica, a polar substrate, through their polar moieties, gener-
ating a surface with multiple, scattered grains, which did not resemble a 
crystal network. 

Force analysis highlighted a novel distinctive feature for surfaces of 
wax crystal networks. A 2-slope profile was observed when the tip was 
approached on the surface (Fig. 3). A lower slope profile emerged at the 
top of the crystal network surface, while a higher slope profile domi-
nated the remaining distance until the tip fully engaged inside the sur-
face. An explanation for the lower slope was the formation of a softer, 
amorphous nano-layer (layer 1), on top of the crystals, consisting of wax 
molecules that did not fully crystallize or of crystals that still trapped a 
considerable amount of gel or even dissolved wax particles. Previous 
studies suggested that wax crystal networks could trap dissolved or gel- 
like phases (crude oil, wax in gel state, dissolved wax, solvent), due to 
pores induced by crystal packing geometry or due to pores on the 
crystals [8,43]. Another hypothesis reported that an outer, amorphous 
layer on the crystal strengthens the gel structure that contributes to 

trapping [8]. The analysis of the Young Modulus with AFM could 
explain all of the above hypotheses. The bottom layer (layer 2) had a 
different elasticity profile than the top layer (layer 1). Layer 2 corre-
sponded to high Young Modulus values (Table 2, Fig. 4), which formed a 
stiff layer. Thus, by assuming a positive relationship between the Young 
Modulus and the degree of crystallinity [45,46] layer 2 represented 
more crystalline phases of wax. The Young Modulus for layer 2 in wax 
was still 10–30% lower than for the single layer of wax-PPD (Table 2). 
One of the potential causes could be the presence of some amorphous 
phases in wax even in the second layer. Previous NMR studies solidified 
this hypothesis, by showing that solid macrocrystalline wax had a con-
tent of 15–20% of amorphous phase at room temperature [42]. For layer 
1, the Young Modulus almost halved in value, relative to layer 2, sug-
gesting the presence of more amorphous phases, which did not fully 
crystallize. This was most likely due to trapping of dissolved/gel wax. 
Layer 1 was a nano-scale layer with a thickness representing about 
50 nm, which corresponded to less than 2% of the crystal size (Fig. 5, 
Fig. 1a). As NMR studies showed, amorphous phases were present in a 
significant percentage (15–20%) in the entire sample, affecting the 
elasticity of the bottom layer as well. The significant decrease in elas-
ticity in the upper layer with relatively very small thickness should 
therefore be caused by an event with significantly larger influence in this 
upper region than in the lower region. Trapping of dissolved wax/gel 
which could not reach full crystalline phase due to steric hindrance from 
the other wax molecules was the most likely phenomena behind this 
behavior. 

The thickness of the 2 layers recorded on the force-distance curve 
had comparable values (Fig. 5). However, the second layer most likely 
extended deeper inside the surface. The reason why the tip stopped 
engaging at the measured thickness point is that the force setpoint was 
reached. The asphaltene surface had a 1-slope profile with a higher 
Young Modulus than both wax layers (Table 2, Fig. 4). This was 
consistent with the observation of grainy structures absorbed on the 
mica surface. A relationship between the Young Modulus and the height 
has been investigated. However, only a very weak correlation could be 

Fig. 2. Diagonal cross-section (from bottom left to top right) of 2D Fast Fourier 
Transform for the surface evaporated from 5% model wax in toluene. 

Fig. 3. Force-distance profile for the surface evaporated from 5% model wax in 
toluene (random selection of a single force-distance curve for the illustration of 
typical 2-slope profile). 

Table 2 
Young Modulus and distance of approach curve for model systems with a 1-slope 
profile: surfaces evaporated from 1% asphaltene in toluene and 5% model wax, 
1% PPD in toluene.  

System Young Modulus 
[GPa] 

Distance for approach force 
[nm] 

1% asphaltene 1.36±0.01 41.7±0.1 
5% model wax, 1% PPD 1.14±0.08 66.8±6.9  
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established, highlighting an inconsistent positive trend between the 
Young Modulus and the height. This proved higher likelihood for 
amorphous phases with low Young Modulus to accumulate at low height 
(pore valleys). 

The analysis of adhesion data presented in Figure S2 in the Supple-
mentary Material illustrated that the wax surface had significantly 
higher adhesion than asphaltene. This could be correlated with the 
presence of amorphous phases, which generated viscous forces [47,48] 
when the tip was retracted. This was not the case for asphaltenes, which 
had a stiff surface, without intermediate phases. 

3.1.2. Influence of asphaltenes on crystal networks of model wax 
The wax-asphaltene surface at 0.5% asphaltene had similarities to 

wax (Fig. 1a-b, e-f). Firstly, the maximum height was in the same range 
(4.37 μm, compared to 3.7 μm for wax). Secondly, one could still observe 
needle-like formations with high heights, although the frequency of 
individual continuous structures was lower than for wax-only systems, 
due to crystal network alteration by asphaltenes. To prove this, the 2D 
Fourier transform indicated a smaller yellow region than for wax-only, 
corresponding to slightly lower (1.3–1.7 times) average frequency for 
the maximum height (Figure S1 a, c in the Supplementary Material). 
This demonstrated more uniformity on the surface. Moreover, the aspect 
ratio of crystals was lower than in the wax-only surface. Nonetheless, the 
frequency of intermediate features, depicted by the green area (0.3–3 
μm) in Fig. 1b was in the same range as for wax (Fig. 1b). This suggested 
that intermediate size features were as frequent as for wax, demon-
strating a rather low level of deviation from the surface features of wax 
crystal networks. Pores were as wide or even wider with similar thick-
ness, but with slightly lower frequency. The surface on the 2D height 
image, with very low values (<0.3 μm), which could be associated with 

crystal network pore regions, was similar as for wax This explained 
previous findings in NMR studies which concluded that 0.5% asphaltene 
did not have an effect on the capacity of the wax crystal network to trap 
dissolved wax during crystallization. Moreover, current findings solidi-
fied the hypothesis that the presence of pores and their properties (i.e. 
size, frequency) have a relationship with the amount of dissolved wax 
with reduced mobility. Similar total pore surface with quasi-similar in-
dividual pores were expected to generate a similar amount of trapped 
dissolved species, which was consistent with NMR findings [19]. 

Young Modulus analysis consolidated similarities to wax, high-
lighting a 2-slope profile with low deviations from wax for both slopes 
(Fig. 4a). The thickness of each nano-scale layer also had similar values 
as for wax (Fig. 4b). These observations led to the conclusion that the 2 
nano-layers of crystals were altered by asphaltene presence to a low 
extent at this concentration. 

The same did not apply to the wax-asphaltene co-crystal surface at 
1% asphaltene. The maximum height decreased by 2.5–3 times from 
wax-only and from wax-asphaltene at 0.5% asphaltene (Fig. 1). Needle- 
like formations could not be observed anymore. Instead, individual 
continuous structures with large areas on the 2D height map were 
scattered over the surface, most likely representing agglomerations of 
wax-asphaltene co-crystals. Crystal size was significantly lower and 
crystal shape was rounder, with lower aspect ratios (Fig. 1). The 2D 
Fourier Transform showed lower frequency for the maximum height 
than for wax-only (Figure S1 a,d in Supplementary Material). Also, the 
cross artefact in 2D Fourier Transform (Figs. 1b, 1h) was much weaker 
and the blue surface area (height<0.3 μm) in the 2D FT was higher than 
for wax-only. This demonstrated a higher level of surface uniformity and 
that heights in the range of 0.1–0.3 μm (upper half of blue region) had 
the same frequency as higher heights in wax, 0.3–1 μm (lower half of 

Fig. 4. (a) Average Young Modulus for slope 1 and slope 2 as a function of asphaltene concentration in surfaces evaporated from model wax and model wax- 
asphaltene solutions in toluene; (b) Average thickness for layer 1 and layer 2 as a function of asphaltene concentration in surfaces evaporated from model wax 
and model wax-asphaltene solutions in toluene. 

Fig. 5. Schematic representation of the 2-layer profile at the top of surfaces evaporated from model wax and model wax-asphaltene solutions in toluene.  
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green region). The pores were thus more frequent in the system with 1% 
asphaltenes. The likelihood for pores with smaller surface to form was 
also higher, since the blue region in the 2D FFT was stronger. Addi-
tionally, the height of the pores was smaller, as both the height and the 
FT showed consistently lower height values along the height map. The 
result was thus the formation of more pores, but with lower volumes. 
This was consistent with previous NMR findings that showed a strong 
increase in the amount of trapped wax during crystallization when 
asphaltene concentration reached 1%. Pores with lower volumes were 
more likely to induce a decrease in the mobility of dissolved wax. 

Young Modulus analysis also deviated from wax significantly, 
despite following a similar 2-slope profile (Figure S3 in the Supple-
mentary Material). The Young Modulus for the first nano-layer 
decreased significantly (Fig. 4a), corresponding to a more amorphous 
upper layer for 1% asphaltene. The thickness of the upper layer also 
increased by 50% (Fig. 4b), most likely due to a more open, less ordered 
crystal network structure with more amorphous phases and more trap-
ped dissolved/gel wax, which stimulated additional swelling. The 
reason for these observations was stronger wax crystal network alter-
ation by asphaltenes in the upper layer, as proposed schematically in 
Fig. 5. At 1% asphaltene, the asphaltene: wax ratio reached a threshold 
at which the mechanism of wax-asphaltene co-crystallization changed. 
Asphaltene nanoaggregates and nanoclusters were present in high 
quantities from the start of the crystallization process [8]. Thus, a higher 
amount of wax crystals nucleated on asphaltene nanoaggregates, which 
were acting as nucleation surfaces. During crystal growth, there was a 
higher number of non-polar parts of asphaltene molecules to bind wax 
molecules together, creating altered wax-asphaltene co-crystals, with 
lower level of wax crystallinity [49]. The earlier formation of large 
asphaltene clusters and then flocs provided steric hindrance on wax 
crystals to grow at earlier stages during crystallization. This explained 
the incapacity of wax crystals to grow towards the upper nano-layer of 
the surface and the resulting lower crystallinity of wax in this layer. 
Lower crystal size and rounder shape were also consequences of this 
mechanism (Fig. 5). 

The formation of more amorphous phases on the upper nano-layer 
could also be linked with the potential presence of dissolved wax 
which remained trapped in the wax-asphaltene crystal network even 
after crystallization. NMR findings showed that the quantity of trapped 
dissolved wax during crystallization was significantly higher at 1% 
asphaltene than at 0.5% or 0% asphaltene. By combining this fact with 
the mechanism of crystallization described above, one could conclude 
that less crystalline phases formed at 1% asphaltene, as a result of high 
levels of steric hindrance and crystal alteration. The conclusions for 
model wax and model wax-asphaltene systems at 0.5 and 1% were 
summarized schematically in Fig. 5. 

The trends observed for 1% asphaltenes were either the same or more 
intense at 2%. Height and 2D Fourier Transform data was presented for 
the system with 2% asphaltene in Figure S4 in the Supplementary Ma-
terial. At this concentration, the height decreased even further, by about 
30–40%. 2D FT showed higher frequency for the maximum peak than 
for 1%, with less crystal agglomeration. However, the frequency was 
similar for identical absolute height amplitudes. Pores with lower vol-
ume were more likely to form than for wax-only systems, since the depth 
was lower and frequencies for low height were higher (blue are in 2D 
FFT). The FT had weaker cross artefacts, showing an overall more uni-
form surface. Elasticity analysis showed a similar Young Modulus, but a 
thicker upper nano-layer than for 1% (Fig. 4). Previous NMR studies 
[19] indicated an increase in the amount of trapped wax from 1% and 
2%. Moreover, the asphaltene content was double at this point. These 
explained the swelling of the amorphous nano-layer at 2%. The second 
nano-layer also had a minor decrease in Young Modulus values for the 
system at 2%. (Fig. 4). This could be caused by either dissolved wax 
trapping that spread to the bottom layer or by the alteration of indi-
vidual wax crystals to the point at which they lost elasticity in the entire 
crystal network. 

Adhesion data in Figure S5 in the Supplementary Material indicated 
that a minor increase in adhesion was observed at 0.1% and 0.5% wax, 
while a decrease in adhesion occurred at 1% and 2% wax. The decrease 
at higher concentrations could be explained by the formation of more 
amorphous phases, with more trapped dissolved wax in the upper nano- 
layer, which induced weaker viscous forces [47,48] when the AFM tip 
was retracted. 

3.1.3. Influence of PPD on wax crystal network of model wax 
The PPD at 1% decreased the maximum height significantly from 

wax (Fig. 6a,c). The decrease was lower than for asphaltenes at the same 
concentration (Fig. 1g). However, the 2D Fourier Transform revealed 
different patterns for PPDs (Fig. 6b,d). Firstly, the cross artefact was 
hardly noticeable. Secondly, the green region became dominant, but 
with a smoother transition to the blue region. The first reason for these 
was higher surface uniformity. The second was the presence of a larger 
surface with intermediate heights linked to the green region (0.3–3μm) 
than for 5% wax. This corresponded to a more gradual transition be-
tween crystal peaks and the pores and inside the crystals. The pores were 
therefore significantly less steep and wider than for wax or than for 
asphaltenes. This could be correlated with observations from NMR 
findings [19] which showed that the wax-PPD co-crystal network did 
not trap dissolved wax during crystallization. This fact is solidified by 
the elasticity analysis, which revealed a profile with only 1 slope 
(Figure S6 in the Supplementary Material), with a Young Modulus, 
higher than for the stiff layer for wax and wax-asphaltene systems 
(Table 2). This was an exception from wax and wax-asphaltene systems 
at all concentrations and could be explained by the lack of large pores 
which could trap dissolved wax in the upper nano-layer and by the 
crystallization mechanisms, which deviated from both wax and 
wax-asphaltene systems. The PPD and the wax form complexes, whose 
crystal network geometry was more ordered and interlocked in a way 
which prevented the generation of large confining pores [19,50]. The 
shape of these complexes was radically different from wax molecules 
and from bound wax-asphaltene structures, due to the differences be-
tween the chemical nature of the PPD and asphaltene. The PPD is a 
polycarboxylate with long aliphatic chains, while the asphaltene has 
heteroatoms, aromatic parts and cycloalkanes. Therefore, the PPD had a 
strong part which interacted with wax (long aliphatic chain) and a 
strong part which was repulsive to wax (carboxylate). This resulted in 
more ordered crystal networks, which reached full crystallization. On 
the other hand, the polydisperse character of asphaltenes prevented an 
ordered arrangement, generating crystals with more defects. Results 
from previous NMR studies [19] showed a reduction in the wax crys-
tallization rate generated by PPD addition, which could not be observed 
with asphaltenes. This was most likely due to high solubility of the PPD 
through the polar carboxylate groups, which shielded the wax-PPD 
co-crystals (solvation layer) [6]. Previous NMR studies also showed no 
trapped wax. The most likely explanation for this is that the more or-
dered wax-PPD complexes transitioned faster from liquid state to crys-
talline state, preventing a longer gelation phase in which amorphous 
layers or pores from the crystals/the crystal network interacted with 
dissolved wax. 

Adhesion analysis revealed lower values for wax-PPD surfaces than 
for wax-asphaltene surfaces at high asphaltene content (Figures S5, S7 in 
the Supplementary Material). This could be attributed to lower viscous 
forces [47] [48]. The wax-PPD co-crystals did not trap dissolved wax, 
reaching a higher degree of crystallinity than both wax and 
wax-asphaltene crystal networks. 

3.2. Investigation of the applicability of the AFM-based characterization 
method on production wax samples 

Section 3.1.1.–3.1.3 introduced three AFM approaches to charac-
terize properties of model wax, model wax-asphaltene and model wax- 
PPD surfaces. The focus parameters were height (topography and 2D 
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Fast Fourier Transform) and Young Modulus on the approach force 
curve. In this section, all of the above parameters are determined for 
production wax samples in the presence and in the absence of asphal-
tenes and PPDs. Surfaces precipitated by cold finger are also analyzed to 
determine the effects which need to be considered in real pipeline 
conditions. 

3.2.1. Characterization of production wax surfaces generated by 
evaporation and cold finger 

Production wax precipitated by evaporation had comparable crystal 
size to model wax. However, the topography (Fig. 7a) was different. For 
model wax, long needle-like structures were formed, while for produc-
tion wax, the crystal shape was irregular, and crystals were scattered 
more uniformly over the surface. The frequency of the maximum height 
was about half, relative to model wax by evaporation (Figure S8a in the 
Supplementary Material). Higher frequency of intermediate phases 
could be observed for production wax (stronger region for 0.3–3 μm – 
green region in 2D FFT in Fig. 7b). The most likely cause for this was the 
pollution of production wax with 10–15% asphaltenes, resins and iron 
particles, which altered the crystallization mechanism. Moreover, 
microcrystalline wax with more branched alkanes could have been 
present in production wax. This type of wax generates rounder crystals 
with lower aspect ratios [43,51]. Some effect of asphaltenes could be 
noticed in Fig. 8a in the way that crystal networks had more scattered 
surface features, with smaller pores. However, the effects of resins and 
iron particles was not assessed in this study and should be investigated in 
the future. 

The method for surface generation influenced the height results. 
Production wax obtained by cold finger precipitation had larger, needle- 
shaped crystals (Fig. 7c). The cause for this was most likely a change in 
the chemical composition. The cold finger was in contact with the hot 

wax solution only for 2 minutes, which favored the precipitation of high 
molecular weight wax, with lower solubility. Therefore, low molecular 
weight waxes, resins, asphaltenes or iron particles were less likely to be 
present when wax precipitated by cold finger. The result was that 
crystals were larger than the model macrocrystalline wax crystals and 
followed a round or a quasi-rectangular shape with an aspect ratio of 
approximately 2:1, with wide pores. The frequency of the maximum 
height was about half than for model wax by evaporation (Figure S8b in 
the Supplementary Material). The crystals were larger and therefore 
rarer in the scanning size with the same surface. The frequency of in-
termediate phases in the 0.3–3 μm region was lower in the sample 
prepared by cold finger (Fig. 7d) than in the sample prepared by evap-
oration (Fig. 7b), which indicated sharper transitions between crystal 
peaks and pores in the sample obtained by cold finger. Although the 
crystal shape for production wax by evaporation deviated significantly 
from model wax in Fig. 1a, production wax by cold finger resembled it 
more. This suggested the removal of impurities (resins, asphaltenes, 
iron) from production wax, when cold finger was used. Further tests 
remained to be done in the future to confirm this. 

Elasticity analysis for production wax revealed a 1-slope profile, but 
with Young Modulus values that were specific to the upper, amorphous 
nano-layer of model wax (Table 3). The thickness of the recorded layer 
was 2–4 times higher than for the upper layer of model wax and 1.5–2 
times higher than for the upper layer of model wax with 2% asphaltene, 
which was the most swollen upper layer identified in model wax-based 
systems (Table 3, Fig. 5). A multi-layer profile was possible for pro-
duction wax as well. However, in this case, the AFM reached the 
maximum force setpoint within the thickness of the first nano-layer. The 
force setpoint was on the higher range allowed for the AFM instrument 
and therefore, further studies need to be carried out to identify a po-
tential second layer underneath the upper layer. Nonetheless, the values 

Fig. 6. Height features of the solid surface evaporated from 5% wax – (a) height map, (b) 2D Fast Fourier Transform of height map, 5% model wax, 1% PPD in 
toluene– (c) height map, (d) 2D Fast Fourier Transform of height map;. 
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determined in this study still indicated that a much larger amorphous 
nano-layer formed for production wax. 2 hypotheses were proposed to 
explain this. The first was a higher percentage of amorphous phase in the 
entire sample. This was consistent with the presence of microcrystalline 
wax in the production sample. Previous NMR studies [42] demonstrated 
that microcrystalline waxes had a higher amorphous content (30–40%) 
at room temperature than macrocrystalline waxes (15–20%). The sec-
ond hypothesis was a higher amount of dissolved wax or gel that was 
trapped in the crystal network. The potential presence of 10–15% 
asphaltene in the production wax samples consolidated this theory. 
More amorphous structures were obtained for the surface prepared by 
cold finger. This could be explained by the fact that higher molecular 
weight waxes, precipitated by cold finger, were more likely more 
micro-crystalline [52]. Additionally, literature reported higher overall 
Young Modulus by large deformation mechanical testing for straight 
alkane waxes than for branched alkane waxes, consolidating the con-
clusions [43]. The values presented in the corresponding study were 
2.76 GPa for macrocrystalline wax and 1.64 GPa for microcrystalline 
wax. This is in the same range as results presented in this study and 
deviations are most likely caused by differences in chemical composi-
tion, preparation method and tip-related assumptions (tip radius, Pois-
son ratio) used in this study. 

3.2.2. Characterization of production wax-asphaltene surfaces generated 
by evaporation 

Production wax crystal networks were less sensitive to asphaltene 
addition than model wax crystal networks. The addition of 0.8% 
asphaltene to 2% production wax corresponded to the addition of 2% 
asphaltene to 5% model wax, in terms of asphaltene:wax weight ratio. 
However, while the effect on model wax was strong at this 

concentration, there was little to no effect on production wax. The 
crystal size, the height frequency and the crystal shape remained 
approximately identical (Fig. 7a,b and 8 a,b). More hypotheses could be 
proposed to explain this phenomenon. Firstly, production wax was likely 
to contain 10–15% asphaltenes, which could alter the wax crystal 
network on their own, reducing the impact of the additional asphal-
tenes. Secondly, resins, iron particles and microcrystalline wax induced 
a different crystallization mechanism in presence of asphaltenes. Lastly, 
the absolute asphaltene concentration might play a role in the wax 
crystallization mechanism. Asphaltenes at 2% formed larger nano-
aggregates and nanoclusters than asphaltenes at 0.8%. Thus, production 
wax might start crystallizing before the asphaltene reached the same 
nanoaggregate/nanocluster size as it reached when model wax starts 
crystallizing. 

To verify the last hypothesis, an additional asphaltene concentration, 
1.6%, was used. The topography at this concentration (Fig. 8c) sug-
gested a minor decrease in crystal size. 2D FFT showed lower frequency 
for the heights in the 0.3–3 μm region (Fig. 8d - green region in 2D FFT). 
This demonstrated larger and more shallow crystal network pores, 
which resembled model wax-asphaltene crystal network at high con-
centrations. It can thus be concluded that a higher absolute concentra-
tion of asphaltenes induced stronger, but still relatively weak crystal 
network alteration. The 1% concentration point was also indicated 
before as a threshold for complete asphaltene nanoaggregate/nano-
cluster formation, which promoted the alteration of the wax crystalli-
zation mechanism [8,19]. 

Elasticity analysis showed the formation of a single layer with Young 
modulus values which were higher than production wax, but lower than 
asphaltenes. The thickness of the layer was relatively low in comparison 
to the other systems based on model and production wax. However, the 

Fig. 7. (a), (b) Height features of the solid surface evaporated from 2% production wax in toluene– (a) height map, (b) 2D Fast Fourier Transform of height map; (c), 
(d) Height features of the solid surface prepared by cold finger from 2% production wax in toluene – (c) height map, (d) 2D Fast Fourier Transform of height map. 
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value was in the same range as for asphaltenes-alone (Tables 2,3), which 
suggested that the force setpoint was achieved at the same distance as 
for asphaltenes. The most likely reason for this was the potential for-
mation of independent asphaltene deposits in the upper layers of pro-
duction wax. High Young Modulus values (Table 3) suggested that a 
mixture of independent production wax crystals and asphaltene deposits 
was most likely present in these nano-layers. This indicated that 
asphaltenes’ influence on wax crystallization reached a maximum at a 
concentration below 1.6%. The stiff layer also suggested that dissolved 
wax trapping or the formation of amorphous phases was unlikely for 
production wax-asphaltene systems. 

3.2.3. Characterization of production wax-PPD surfaces generated by 
evaporation and cold finger 

Figs. 9a and 9c showed that the PPD induced a strong decrease in 
wax crystal size for both sample preparation methods (evaporation and 
cold finger). The ratio between the maximum crystal size obtained with 
cold finger and with evaporation remained similar to the model wax- 
only systems. With evaporation, crystal shape became rounder, more 
dendritic and thinner than for wax-only. With cold finger, the same 
tendency could be noticed, but the crystals had higher aspect ratios than 
with evaporation. 2D FFT analysis showed the cross artefact disappeared 
almost completely for wax-PPD crystals with evaporation (Fig. 9b), 
suggesting high surface uniformity. For the sample by cold finger, uni-
formity was lower. To support this, the 2D FFT also showed a much 
higher frequency of the maximum height and of intermediate heights 
(green region: 0.3–3 μm) for the sample by evaporation than for the 
sample by cold finger (Figure S8 c,d in the Supplementary Material, 
Fig. 9b,d). The crystal size in the surfaces with PPD was 2–2.5 times 
lower than in the corresponding surfaces without PPD, regardless of the 
preparation method. The conclusion was that the PPD induced a similar 
effect on all types of wax, which was dependent on the crystal size and 
shape in the initial, untreated wax structure. 

The elasticity analysis revealed a 1-slope profile, with Young 
Modulus values which were 20–30% higher than for production wax 
alone, but 30–40% lower than for model wax with PPD (Table 2, 
Table 3). The PPD reduced the preponderance of amorphous phases and 
led to more crystalline production wax-PPD networks. However, the 
wax-PPD networks were more amorphous when production wax was 
used. 

Fig. 8. (a), (b) Height features of the solid surface evaporated from 2% production wax, 0.8% asphaltene in toluene– (a) height map, (b) 2D Fast Fourier Transform of 
height map; (c), (d) Height features of the solid surface evaporated from 2% production wax, 1.6% asphaltene in toluene - (c) height map, (d) 2D Fast Fourier 
Transform of height map. 

Table 3 
Young Modulus and distance of approach curve for systems based on production 
wax.  

System Young Modulus 
[GPa] 

Distance for approach 
force [nm] 

2% ind. wax - evaporaton 0.71±0.06 105.7±12.1 
2% ind. wax – cold finger 0.55±0.01 146.8±50.5 
2% ind. wax, 0.8% asph. - 

evaporation 
1.08±0.05 56.0±5.8 

2% ind. wax, 1.6% asph. - 
evaporation 

1.17±0.16 46.7±1.2 

2% ind. wax, 0.4% PPD - 
evaporation 

0.83±0.07 79.0±7.7 

2% ind. wax, 0.4% PPD – cold 
finger 

0.63±0.04 124.8±10.8  
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4. Conclusion 

AFM was demonstrated as a reliable quantitative tool for the analysis 
of surface features of model wax and model wax-inhibitor surfaces. The 
differences between surfaces were assessed with a focus on topography, 
elasticity and adhesion and the conclusions were as follows:  

a. Model wax had large crystals with a needle shape and large aspect 
ratio. The frequency of crystal peaks was high and the pores in the 
crystal network were wide and deep, which facilitated the trapping 
of dissolved wax during crystallization. A 2-layer profile was iden-
tified at the crystal network surface. A stiffer, more crystalline nano- 
scale layer was formed on the bottom, while a softer, more amor-
phous nano-scale layer was formed on the top, corresponding to wax 
which did not crystallize completely. A first reason for this was steric 
hindrance imposed by the already formed wax crystals, which pre-
vented remaining dissolved/gel wax to crystallize completely. A 
second reason was the establishment of an equilibrium at which 
dissolved/gel wax remained trapped in the upper layer due to 
interlocking.  

b. The addition of a low content of asphaltenes did not modify the 
crystal size. However, the shape was rounder, and the frequency of 
crystal peaks was lower. A similar pore area explained the similar 
amount of trapped wax observed during crystallization [19]. An 
amorphous layer with similar elasticity was formed, demonstrating a 
similar wax crystallization mechanism. On the other hand, the 
addition of a high content of asphaltenes reduced crystal size and 
modified the shape from needle to round, dendritic. More, narrower, 
and thinner pores were formed, which explained the increase in the 

amount of dissolved wax that this crystal network could trap. A more 
amorphous upper layer with decreased crystallinity was formed, 
suggesting an equilibrium in which wax crystal growth was pre-
vented more strongly. 

c. The addition of PPD resulted in lower crystal size and round, den-
dritic shape. A more uniform surface with wider, less steep pores was 
formed. The modified wax-PPD crystal network reached a full crys-
talline equilibrium, with a stiff and most likely more ordered crystal 
network, whose development was not disrupted by steric hindrance 
on gel structures or by dissolved wax trapping. 

After the development of the AFM methodology on model systems, 
applicability for the selected production sample and for wax industrial 
precipitation conditions (cold finger) was demonstrated. The AFM re-
sults showed a high likelihood for high microcrystalline wax content and 
potential contamination with resins, asphaltenes and iron particles 
which affected crystal shape (rounder) and frequency (more scattering 
over the surface). Industrial precipitation conditions led to an initial 
precipitation of high molecular weight wax, which had very large, 
rectangular crystals. The effect of asphaltene was weak in this case, most 
likely due to changes in wax composition. On the other hand, the PPD 
still had a very strong effect, causing significant crystal size reduction 
and shape change towards rounder crystals with more uniform crystal 
network surfaces. Production wax had a larger amorphous layer on top, 
caused by the presence of microcrystalline phases. Industrial precipita-
tion conditions resulted in an even thicker and more amorphous layer, 
corresponding to high molecular weight microcrystalline wax. The 
addition of PPD increased the crystallinity of the nano-layer of pro-
duction wax, but it was still more amorphous than in model wax systems 

Fig. 9. (a), (b) Height features of the solid surface evaporated from 2% production wax, 0.4% PPD in toluene– (a) height map, (b) 2D Fast Fourier Transform of 
height map; (c), (d) Height features of the solid surface prepared by cold finger from 2% production wax, 0.4% PPD in toluene – (c) height map, (d) 2D Fast Fourier 
Transform of height map. 
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with similar PPD content. 
The methodology developed in this study could be used and adapted 

in the future to analyze a range of model and production wax samples. 
The proposed AFM method creates novelty by introducing a tool to 
relatively estimate crystal network parameters described in this paper 
(crystal size, pore size, frequency of size features, elasticity, adhesion). A 
direct relationship between wax crystal network parameters and rheo-
logical properties of waxy fluids is the next step to be taken to establish 
the effect on macro-scale flow assurance phenomena. 
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