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ABSTRACT: A portable, low-field nuclear magnetic resonance scanner, the nuclear magnetic resonance mobile universal surface
explorer, is introduced as a tool for investigating the extraction process of mineral oil in the gel-spinning technology of ultrahigh-
molecular-weight polyethylene (UHMWPE) fibers. Factors affecting the extraction process were studied systematically; these included
the UHMWPE type, extraction agent type, and concentration and ultrasound. We found that the extraction process could be
described by a replacement—dilution dual-effect model. The extraction agent not only replaced and extracted the mineral oil but also
considerably decreased the viscosity of mineral oil and thus enhanced the molecular motion and diffusion of mineral oil. Although
chloroform had a smaller molecular size and lower boiling point, benzene and cyclohexane were found to exhibit more efficient
extraction and dilution effects on mineral oil. The extraction efficiency could be characterized by the diffusion of mineral oil in the
mineral oil/UHMWPE gel/deuterated extraction agent multicomponent systems during the extraction. © 2015 Wiley Periodicals, Inc. J.
Appl. Polym. Sci. 2015, 132, 42018.
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INTRODUCTION

Ultrahigh-molecular-weight polyethylene (UHMWPE) fibers
display a low specific gravity and an extremely high stiffness
and strength, which is about 10 times higher than that of
steel fibers."” These excellent properties of the UHMWPE
fibers have made them suitable for a wide field of applica-
tions, such as aviation, navigation/sailing, communications,

The only industrial manufacturing process is gel-spinning tech-
nology; it was invented by Smith and Lemstra in the late
1970s."'~">  Nowadays, the gel-spinning technology process
mainly consists of the following procedures.”'>'* First, typically
10 wt % UHMWPE and 90 wt % solvent are mixed, with either
with decalin, as in Smith’s original patent, or a less costly min-
eral oil. After the swelling and dispersion of the UHMWPE, the
material is extruded with a screw-type mixer, and the fibers are
shaped through a spinneret. This gel-like material is subse-
quently cooled, and the solvent is extracted by a second solvent
with a low boiling point. Drying then removes this extraction

sports, and military-grade reinforcements, for example, as
armor plates, bullet-proof vests, and helmets. In addition,
UHMWPE fibers have attracted much scientific interest in

terms of composite material applications.” The UHMWPE
virgin powder is hard to process directly into UHMWPE
fibers because of its high melting point and highly entangled
molecular structure. Processing methods include, among
others,™” solid-state extrusion,”’” gel-spinning ultradrawing,®’
hydrostatic extrusion, the drawing of single-crystal mats,"
and swell drawing.

© 2015 Wiley Periodicals, Inc.
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agent, and the product is fed into a multistep drawing process.

During the entire sequence, a solvent of nearly 10 times the
polymer weight is needed to disentangle the UHMWPE mole-
cule, and consequently, even more extraction agent is required.
The large amount of extraction agent leads to high cost and
environmental pollution. Apart from these economic aspects,
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the details of the extraction procedure play an important role in
the UHMWPE fiber productivity and performance. Therefore, it
is of considerable interest to investigate and optimize the extrac-
tion procedure and to even provide analytical methods during
the production process.

The diffusion coefficient (D) is the key parameter for the inves-
tigation and optimization of the extraction procedure, which in
essence is a mass-transfer process. In the literature, the tradi-
tional method used to obtain this quantity for an extraction
process is a repeated series of weighing and drying cycles.'>™"*
Fick’s second law and solutions described in Crank® are used
for the computation of D. However, the method is time-
consuming, requiring a minimum of several days, and is subject
to interpretation ambiguity because of the ill-defined and vari-
able boundary conditions. Another weakness of the weighing
method is that the value of D obtained is for the solvent—
UHMWPE two-component systems without the extraction
agent. Therefore, an alternative and more efficient method of
determining the diffusion properties during extraction in the
UHMWPE gel-spinning technology is of outstanding interest.
Ideally, such a method should be applicable during the indus-
trial process with little effort.

In general, diffusion processes in the polymers can also be
measured by holographic techniques,”'** inverse gas chroma-
tography,”** and nuclear magnetic resonance (NMR)>**® apart
from the conventional gravity weighing method.””*® The trans-
port parameter obtained by the first three methods is the self-
diffusion coefficient, whereas that determined by the weighing
method is the mutual D. The two Ds are not identical but can
be correlated.”® The holographic approaches are commonly lim-
ited by the need for transparent solutions; on the other hand,
the size of the UHMWPE fiber is too large to be coated in the
column for inverse gas chromatography. NMR is a compara-
tively fast and appropriate tool for investigating the diffusion in
polymer solutions or gels, not only for two-component systems
but also for multicomponent systems to separate components
either spectroscopically or with multiparameter fitting proce-
dures. With minimal effort, the spin-lattice relaxation time (T7)
and spin—spin relaxation time (7T3) can also be obtained to pro-
vide information about the microscopic molecular motion of
the solvent and to probe the polymer in a polymer network.*
Although pulsed-field gradient NMR, frequently combined with
high-magnetic field superconducting magnets, has become a
standard in determining diffusion properties®'
tory, the possibility of providing online or offline quality studies
during the manufacturing process is much facilitated by the
more recent development of portable, simple low-magnetic field
devices, such as the nuclear magnetic resonance mobile univer-
sal surface explorer (NMR-MOUSE). Its one-sided geometry
and open access allows the investigation of samples at any stage
of the production process.”>** At the same time, the contrast of
relaxation times, in particular T, becomes larger toward lower
magnetic fields and thus more sensitive to material properties.

in the labora-

In this study, we proposed the use of the NMR-MOUSE as a
desktop tool for measuring the diffusion of mineral oil in a sol-
vent/UHMWPE/deuterated extraction agent system during the
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Table I. Characteristics of the UHMWPE Samples

UHMWPE-1  UHMWPE-2 UHMWPE-3
3,230,000 4,680,000 6,010,000

Property

Viscosity molecular
weight®
Crystallinity (%)°  55.4

52.0 49.8

@Measured according to GB/T1632.3-2010 with a capillary viscometer.
b Determined with differential scanning calorimetry (PerkinElmer 7).

extraction process, and we supported these by relaxation time
measurements. This multicomponent system bore a close resem-
blance to the real system used on an industrial scale. The
extraction mechanism was investigated, and the factors affecting
the diffusion and extraction efficiency, such as the UHMWPE
type, extraction agent type, extraction agent concentration, and
extraction duration, were studied.

EXPERIMENTAL

Preparation of the UHMWPE Gel

The UHMWPE gels were prepared by a gel-spinning method
described in the literature.'”” Three types of commercial-grade
UHMWPE (see Table I) were used in this study. A mineral oil
(J&K Chemical Co., Shanghai, China; flash point =220°C,
density = 0.88 g/mL at 25°C) was used as a solvent. The mass
ratio of UHMWPE to the solvent was 10:90. The obtained
UHMWPE gel was cut into small pieces with uniform sizes for
extraction and NMR measurements.

Extraction Process

The extraction processes were carried out with these steps. First,
the UHMWPE gel was immersed in the extraction agent for a
defined period of time, and then the free solvent was removed
from the surface. Second, the sample was positioned on the
NMR-MOUSE scanner to measure the NMR relaxation times
and self-diffusion coefficients. Third, we repeated the extraction
for a second period of time and then performed a further mea-
surement cycle. In this way, it was possible to investigate the
relaxation and diffusion properties of the mineral oil in the
same UHMWPE gel after different extraction durations. The
operating parameters used in the extraction experiments are
presented as follows:

1. The extraction durations were 1.5 min for the first interval,
4.5 min for the second interval and 20 min for the third
interval.

2. The extraction agent concentrations (i.e., liquid extraction
agent-to-solid gel ratios) were 2, 5, and 10 mL/g.

3. The extraction agents were chloroform d (CDCl;), benzene-
ds (C¢Dg), and cyclohexane-d;, (CgDi,). The deuterated
extraction agents were chosen to eliminate interference from
hydrogen protons.

NMR-MOUSE Measurements

The diffusion and relaxation NMR measurements were per-
formed in the stray field of a single-sided NMR sensor, the pro-
file NMR-MOUSE (Magritek GmbH, Germany) with a 'H
resonance frequency of 11.7 MHz, and a constant magnetic field
gradient (G) of 11.5 T/m. The magnet and sample were kept at
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Figure 1. Scheme of the experimental setup, where By, B; and G, indicate the directions of the main magnetic field, the radio frequency (RF) field, and

the B, field gradient respectively. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

300 £ 0.5 K. The scheme of the experimental setup is shown in
Figure 1.

The T, decays were obtained with a Carr—Purcell-Meiboom—
Gill (CPMG) sequence, that is, a train of 180° pulses of a pulse
duration of 2.8 us, which was preceded by the preparation of a
90° pulse. The T; buildup curves were obtained with a satura-
tion recovery (90-180°) pulse sequence followed by a CPMG
train to increase the signal-to-noise ratio.

The diffusion decays were obtained with a constant-gradient
stimulated spin-echo sequence, as shown in Figure 2, with the
same parameters as used in the corresponding relaxation experi-
ments; the diffusion time (A) was kept constant at 50 ms, and
the pulse separation was varied between the first and the second
90° pulses () up to a maximum of about 1 ms. This ensured
that the signal decay was unaffected by transverse relaxation,
which was found to be T, > 16 ms in all of the samples.

The relaxation times (T, and T;) and D values were obtained
by the fitting of the detected curves according to the following

equatl()ns.
1 eXP T (1)

1 o< 1—exp (_Til) (2)
1 o exp {—yszrz <A+%)} (3)

where I is the signal intensity as a function of the time variable,
t is time, and y is the gyromagnetic ratio. The pulse separation
in the CPMG sequence was set as short as possible, that is, to
54 us, to prevent an additional contribution due to diffusional
signal decay. In all analyses, the signal dependence was fitted by
mono-exponential and bi-exponential decay functions, and the
results were interpreted by two components if the residuals

Gol l

Figure 2. NMR-stimulated spin-echo sequence for measuring D, where 0,

and 0, correspond to radio frequency flip angles theta and pulse phase x
and y, respectively, and 7 is the echo pulse separation.
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were found to be significantly smaller than in the monoexpo-
nential case. For the UHMWPE samples, a two-component fit
was probably representative for a continuous distribution of Ds,
which could be assigned to the heterogeneous nature of the gel.
The values of the diffusion coefficients (large and small compo-
nents of diffusion, D; and D) should, therefore, be understood
in this way. In general, the ratio D,/D, remained approximately
constant; this was to the finding that the shape of the distribu-
tion function of Ds did not change significantly. With the
experimental method applied in this study, a detailed inversion
of the distribution function was not feasible.

RESULTS AND DISCUSSIONS

Component Analysis of Mineral Oil

The diffusional decay of the mineral oil as a bulk liquid and
mineral oil in UHMWPE-1 before the extraction treatment was
measured, and the normalized signal results are shown in Figure
3. The signal curves were tentatively fitted according to eq. (3)
by mono-exponential and bi-exponential decays, and only a
negligible difference in the fitting quality was found. Because of
this small difference, we concluded that to a good approxima-
tion, (1) the mineral oil could be considered a pseudo-one-
component system, although the mineral oil was, in fact, a mix-
ture of hydrocarbons, and (2) the diffusion inside the polyethyl-
ene (PE) was suitably well approximated by a monoexponential
behavior and, therefore, by a single self-diffusion coefficient.

= bulk mineral oil
14 o [oilUHMWPE-1] before extraction
g %
& .- o (o]
= o
e " °
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o
=
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Figure 3. Normalized signal of the diffusion echo decay of mineral oil in
the bulk and UHMWPE-1 before extraction, where G, is the magnetic
field gradient. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42018


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE
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Extraction D or D4 and D>
No. Components duration (min) T4 (ms) (107 m?/s)
1 Mineral oil/UHMWPE-1/CDCls 1.5 82.2 2.7 0.81
2 Mineral oil/lUHMWPE-1/CDClz 6 140 4.1 0.96
8 Mineral oil/UHMWPE-1/CDCls 26 212 56 1.27
Mineral oil (bulk) — 34.1 1.69
Mineral oil/UHMWPE-1 = 30.7 0.78

A comparison of the results of the mineral oil in bulk and in
PE revealed that the relaxation times were reduced only mini-
mally (from 34 to 31 ms in T and from 20 to 16 ms in T,
respectively) and that the D was reduced by about 50% from a
bulk value of 1.69 X 107 to 0.78 X 107! m?/s (see Table II);
this corresponded to an effective tortuosity of 2.2. This assump-
tion required that the polymer matrix be considered as a porous
medium with the solvent diffusing in between; this had to be
an approximation because the concept of tortuosity is conven-
tionally defined by the path length of a fluid molecule in a solid
matrix. However, within this picture, for a mass ratio of 10:90,
the tortuosity is expected to be closer to unity. We could, thus,
expect that the reduction in D was at least partially a conse-
quence of fast exchange with a fraction of molecules entering
the solid polymer phase where the mobility was restricted as a
function of the solvent molecule size.***"**

Extraction Mechanism

Replacement Effect of Extraction Agent. The diffusion and
relaxation behavior of mineral oil in the mineral oi/lUHMWPE-
1/CDCl; three-component system was measured for different
extraction durations, with CDCl; being the extraction agent,
and a liquid-to-solid ratio of 2 mL/g. The extraction durations
were 1.5 min for the first interval, 4.5 min for the second inter-
val, and 20 min for the third interval.

9
8- — 0: before extraction
7710 1 1: extraction duration 1.5 min
631 ik 2: extraction duration 6 min
5 532! vty 1Y — 3: extraction duration 26 min
8 433 M‘h i
2 1 g
2 33
L
= ]
T 2
: -
D ]
‘® ]
14

time (ms)

Figure 4. Original signals of the T, echo decays (mineral oil in the PE1
gel with a liquid-to-solid ratio of 2 mL/g and CDCl; as the extraction
agent). [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Figure 4 shows the signal decay of the CPMG sequence, from
which the transverse relaxation time (7,) was obtained. We
observed that under identical experimental conditions, the ini-
tial signal intensity decreased with increasing extraction dura-
tion. The NMR signal was proportional to the number of
hydrogen atoms, which in this system, corresponded to the con-
centration of mineral oil to a good approximation because
long-chain PE contributed only negligibly to the signal because
of its short relaxation time. We, thus, concluded that with
increasing extraction duration, the amount of mineral oil
remaining in the UHMWPE gel decreased and was replaced by
CDCls.

Furthermore, the weight losses of the UHMWPE gel after differ-
ent extraction durations were obtained by the traditional dry-
ing—weighing method; this included the heating of the sample
after extraction in a vacuum oven for at least 24 h at 60°C to
completely remove the extraction agent and the comparison of
the weight with that before extraction. The weight losses were
24.0, 32.9, and 42.3%, respectively; this indicated that mineral
oil was gradually replaced by the extraction agent.

Dilution Effect of the Extraction Agent. Mineral oil/UHMWP-
E/CDCIl; three-component system. The original signal results
were normalized for the purpose of directly comparing the dif-
fusion behavior, as shown in Figure 5.

14 ® extraction duration 1.5 min
— ] 4 extraction duration 6 min
;! = extraction duration 26 min
©
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Figure 5. Normalized echo decays for the different extraction times, where
Gy is the magnetic field gradient. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. Schematic diagram of the distribution of the solvent and the extraction agent in the gel system. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

We noticed that the diffusion curves significantly deviated
from the monoexponential decays and exhibited multiexpo-
nential decays. During the extraction, mineral oil and CDCl;
could not reach the equilibrium in a short time and distrib-
ute nonuniformly in the UHMWPE gel, as schematically
shown in Figure 6. Consequently, mineral oil was confined in
several different domains and exhibited multiple diffusion
behaviors.

Although the ternary exponential fitting gave slightly lower
residuals than the biexponential fitting, to facilitate the analysis
and because of the small dynamic range of the data, the diffu-
sion curves were fitted by a biexponential model, to label D,
and D,, respectively. The relative proportion of D; increased
slightly from 45 to 60% with increasing extraction duration.
The larger D; represents the diffusion in the less confined
domain, where one should keep in mind that in reality, a con-
tinuous distribution of Ds may exist. The average root mean
square displacement within the experimental encoding time of
50 ms was about 1-2 um; for any domain sizes much smaller
than this value, an averaging to a single D would be observed.
This would put a lower limit to the spatial heterogeneity of the
sample. The corresponding fitted values are listed in Table II,
together with those for the mineral oil bulk liquid and in the
UHMWPE gel before extraction. The longitudinal relaxation
times (T;) were obtained from monoexponential fits and are
shown for comparison.

In comparison to the two-component system before extraction,
the diffusion of mineral oil was enhanced. This was only par-
tially due to a slight swelling of the polymer matrix (ie.,
reduction in tortuosity), but mostly it was determined by the
presence and diluting effect of the extraction agent, CDCls. In
the biexponential fit, this became most obvious in the higher
component D;, which was even larger than the bulk liquid D.
The trend was confirmed by a similar observation of Tj,
which was approximately proportional to D;. This was
expected because both D and the relaxation time were inver-
sely proportional to the viscosity, and the reduction in the vis-
cosity brought about by the presence of the extraction agent
affected both quantities in the same manner. In a comparison
of the three chosen extraction times, we found that the diffu-
sion and relaxation were generally enhanced with growing
extraction duration. On the one hand, mineral oil was gradu-
ally replaced by CDCl;, whereas the available pore space in
the UHMWPE gel was almost maintained in the presence of
CDCl;. Less solvent in the same space resulted in larger Ds.
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On the other hand, an increase in the concentration of the
extraction agent that diffused into the gel led to a more pro-
nounced dilution effect.

Mineral 0ilUHMWPE two-component system after extraction
drying. The mineral oil/UHMWPE two-component system after
extraction drying was obtained by the heating of the sample (after
the third 20-min extraction) in the vacuum oven for at least 24 h
at 60°C to completely remove the extraction agent chloroform.
The diffusion signal echo decay of mineral oil is presented in Fig-
ure 7 and is compared with the result of the mineral oil/
UHMWPE/CDClI; three-component system before drying.

After drying for more than 24 h, the mineral oil was uniformly
distributed in the UHMWPE gel. Thus, the diffusion curve
exhibited a nonexponential decay, which was, however, domi-
nated (ca. 75%) by a slow component of about 3 X 10~ '* m*/s.
This value was considerably lower than the one found for the
two-component system before extraction (7.8 X 10712 m?%/s).
This was in accordance with a significant reduction in the free
volume accessible for the mineral oil, which was not necessarily
equivalent to a porosity change of identical magnitude. Rather,
the remaining oil was redistributed in the matrix, whereas
before extraction, oil was filling voids with a range of diameters
in the UHMWPE gel. The remaining oil after extraction was
preferentially located in small pores and, thus, possessed a lower

mobility. This was possibly enhanced by an attractive
¢ [mineral oil/PE1] after removal of CDCI,
1 4 [mineral oi/PE1/CDCI,] after 26min extraction
5
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(] ]
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Figure 7. Normalized echo decays for the mineral oil in PE1 before and
after the removal of CDCl;. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 8. Normalized echo decays for the mineral oil and CDCl; mix- b
1,8

tures. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

interaction with the matrix. This picture is analogous to the
unsaturated porous media, where the wetting fluid preferentially
filled the smallest pores and pore throats first.

Mineral 0il/CDCl; liquid mixtures. To confirm the relation
between D of the mineral oil and its dilution in CDCI3, samples
with corresponding amounts of the latter were prepared. The
mineral oil/chloroform d two-component systems were prepared
by the mixture of the two liquids with the concentrations of
mineral oil being 74.3, 97.5, and 99.4%, respectively. We noticed
that the viscosity of mineral oil was significantly reduced when
it was mixed with chloroform. The measured diffusion behav-
iors of the liquid mixtures were compared with that of the pure
mineral oil, as presented in Figure 8 and Table III. In the
homogeneous mixtures, the diffusional decay was monoexpo-
nential as expected.

According to the Einstein—Stokes equation
_ kgT
6T Ry,

(4)

where kg is the Boltzmann constant, # is the viscosity, Ry, is the
hydrodynamic radius of the molecular, and T is the tempera-
ture. D was inversely proportional to the viscosity. The diffusion
of mineral oil was accelerated as a result of decreasing viscosity
with increasing CDCl;. The results further prove the dilution
effect of the extraction agent and provide an estimate of the
concentration of extraction agent at the three different extrac-
tion periods, but a direct comparison was not possible because

Table IIL. D Values of Mineral Oil in the Mineral Oil/CDCl; Mixtures

Concentration

No. of mineral oil (%) D (10~ m?/s)
1 743 10.8 (0.3)

2 97.5 3.85(0.05)

3 99.4 2.20 (0.02)

4 100 1.69 (0.06)
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Figure 9. Effect of the UHMWPE type on the diffusion of mineral oil
during extraction (D; and D,). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

of the inhomogeneous nature of the gel (cf. Figure 6 and
discussion).

Replacement—Dilution Dual Effect of the Extraction Agent.
After the previous results were combined, we concluded that
the extraction process could be described by a dual mechanism
of replacement and dilution. On the one hand, the extraction
agent and the solvent permeated and diffused mutually into or
out of the UHMWPE under the concentration gradient during
the extraction process. The solvent was replaced and extracted
for the desolvation effect of the extraction agent; thus, the con-
centration of the solvent decreased, and that of the extraction
agent increased. On the other hand, the diffused-in extraction
agent decreased the viscosity of the solvent. This enhanced the
molecular motion and diffusion of the solvent. This could be
considered as the dilution effect, which as the results suggests,
outweighed the effect of confinement due to the presence of the
UHMWPE chains.

Factors Affecting the Extraction Process

The extraction duration, UHMWPE type, extraction agent type,
and its concentration played important roles in the extraction
process of the mineral oi/UHMWPE system and for the prop-
erties of the UHMWPE fibers obtained with this process.
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detected initial and normalized signals followed similar trends
to those shown in Figure 5. The NMR Ds were obtained by the
biexponential fitting of the curves according to eq. (3), and the
results are summarized in Figure 9.
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a 9 - - The oil Ds increased with increasing UHMWPE molecular
mineral oil-PE1-CDCI,-10 ml/ig . . . . .
) ) weight. This was in agreement with the assumption that long
g | =—v=—mineral oil-PE1-CDCI,-5 ml/g ¢ K . o
—a— mineral oil-PE1-CDCI.-2 milg chains hlrsléiered crysta}llzatlon. As a .result, the crystallinity
7 v decreased,” as shown in Table I. A higher amount of amor-
R phous material, in turn, facilitated diffusion into and within the
E 6+ matrix.”” Although the addition of solvent led to partial dissolu-
i o tion, the remaining crystallinity was expected to be largest for
T 9 / the lowest molecular weight because this agreed with the highest
Q 4] degree of order. The variation in D with the molecular weight
of UHMWPE was in agreement with the variation of crystallin-
34 ity, but a change in the pore volume available for the mineral
b/ oil at each extraction stage, indirectly related to the molecular
2 i i ‘ weight and crystallite size, was also possible because the differ-
0 10 20 30 ences between the sample types were comparatively large.
extraction duration / min
b 1s Effect of the Extraction Agent Concentration. The diffusion of
mineral oil-PE1-CDCI,-10 mlig 5 mineral oil in the UHMWPE gel samples extracted by CDCl;
=v=mineral cil-PE1-CDCI,-5 miig was investigated as a function of the extraction agent concentra-
1,61 —=—mineral oil-PE1-CDCI,-2 miig tion, that is, with the liquid-to-solid ratio being 2, 5, and
w v 2 10 mL/g, respectively. The extraction durations were kept at 1.5,
NE 1,4 4.5, and 20 min. The Ds are plotted in Figure 10.
"_9 1 A larger liquid-to-solid ratio was found to result in higher Ds at
o 1.2 the same extraction duration. Because a larger liquid-to-solid
Q
1,0 1 . a
/’ 6- —+—mineral oil-PE1-C,D,, o’
08 | —e—mineral 0il-PE1-C,D, i 2
' : : : = —=—mineral oil-PE1-CDCI, 1
0 10 20 30 2 5
extraction duration / min E
Figure 10. Effect of the extraction agent concentration on the diffusion of :'O
the solvent during extraction (D, and D,). [Color figure can be viewed in = 4
the online issue, which is available at wileyonlinelibrary.com.] a
3
The effect of those factors on the relaxation and diffusion of n
mineral oil in UHMWPE were investigated empirically to iden- 0 10 20 30
tify a correlation between the quantities measured by NMR and extraction duration / min
the material properties.
Effect of UHMWPE Type. UHMWPE with a higher molecular b 15 ]
weight favored an increase in the degree of orientation and 144 = mineral oil-PE1-C.D,,
crystallinity and thus improved the intensity and abrasion s °
resistance of the UHMWPE fibers. At the same time, the very = 1‘3__ —®—mineral oil-PE1-CDCI,
large molecular weights rendered the extraction process itself “E 1,2
exceedingly difficult and cost-intensive. This was the motivation b= 1
for analyzing the diffusion and extraction process for mineral g 1.11 ol
oil in UHMWPE as a function of the molecular weight. « 1‘0__
Three UHMWPEs with different molecular weights were 0‘9__
selected, and their characteristics are listed in Table I. The min- . o
eral oil/UHMWPE gel samples were extracted by CDCl; for the 0.8
diffusion measurements, with an extraction agent concentration 0.7 ] l ' : ' . '
of 2 mL/g and extraction durations of 1.5, 4.5, and 20 min. The 0 10 20 30

extraction duration / min
Figure 11. Effect of the extraction agent type on the solvent diffusion dur-
ing extraction (D; and D,). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Table IV. Physical Properties of the Extraction Agents’>

Extraction agent CesDe CgD12 CDCl3
Molecular weight 84.15 96.24 120.38
Boiling point (°C) 79 80.7 60.9
Molecular size of 0.68 0.69 0.65

corresponding undeuterated
solvent (nm)

ratio was equivalent to a larger concentration gradient, the driv-
ing force of mass transfer was larger, and it became easier for
the chloroform to diffuse into and for mineral oil to diffuse out
of the matrix. Under the effect of replacement and dilution, the
amount of mineral oil left in the UHMWPE gel became smaller,
and the dilution influence of mineral oil got stronger with a
larger liquid-to-solid ratio.

Effect of the Extraction Agent Type. The requirements for an
optimal extraction agent are usually formulated as follows:*® (1)
excellent compatibility with solvent, (2) low boiling point and
high volatility, (3) constant state of macromolecules of the gel
during or after the extraction process, and (4) high availability,
low price, and feasibility in industrial processes. Halogenated
alkanes, xylol, hexane, gasoline, and so on are frequently used as
extraction agents. In this study, the self-diffusion coefficients of
mineral oil during the extraction process with different extraction
agents (CDCl;, C¢Dg, and C¢D,) were measured. The liquid-to-
solid ratio was maintained at 2 mL/g, and the extraction dura-
tions were chosen as indicated in the Experimental section.

Figure 11 presents the fitted D; and D, of mineral oil in the
UHMWPE gel after extraction by different extraction agents. We
observed that the extraction rate of benzene was fastest and that
of chloroform was slowest; however, the differences were minor.
Generally speaking, an extraction agent of lower boiling point,
higher volatility, and smaller molecular size can permeate into the
gel more easily. Consequently, it can replace and extract mineral
oil more efficiently. C4D¢ can extract mineral oil somewhat more
quickly than C¢H,,. However, the extraction efficiency tendency
presented in Figure 11 of CsDg > CsD;, > CDCl; did not follow

3,51
—_ 2,81
w
NE /-'—-—-—._..
g 244 ™
=
Q 144

0,7_ cl ] :#__7.,—3

('hhml';nn-d I\;;n:zne-s
0,0 T

0,65 0,66 0,67 0,68
extraction agent molecular size / nm

0,69

Figure 12. Diffusion of the solvent in the solvent/extraction agent mixtures.
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the decreasing tendency of the boiling point and molecular size
CDCl; < C¢Dg < CgD15, as shown in Table IV. On the one hand,
the permeation rate of the extraction agent also depended on the
molecular structure and polarity according to the like-dissolves-
like rule. C4Dg and C¢D,, had a more similar structure and non-
polarity with C—C of UHMWPE compared with CDCl;. Thus,
they could diffuse into the UHMWPE gel network and replace
mineral oil faster; this caused a lower oil concentration at any
given time and, therefore, a larger self-diffusion coefficient. On
the other hand, this was probably a result of the combined effects
of dilution and replacement. As mentioned in the extraction
mechanism part earlier, the extraction agent not only replaced
and extracted the oil from the gel system but also diluted the oil.
Figure 12 shows the D of the liquid mixtures of mineral oil and
extraction agent with the same oil concentration, 99.4 wt %. This
indicated that the dilution efficiency of benzene was strongest,
whereas that of chloroform as weakest (cf. the bulk value of min-
eral oil of 1.69 X 10~"" m?s). Thus, benzene enhanced the
molecular motion and diffusion of the oil most significantly.

Effect of Ultrasound. Zhou® introduced ultrasound to enhance
the mass transfer of hydrocarbon in the devolatilization process
of polyolefin. Ultrasound was recently applied to improve the

a 7
{=*»— mineral cil-PE1-CDCI, + ultrasound
g |—=—mineral oiI-PEjﬁfls/,/rp
7 | > -
I\Té 5 _
s j
= 44 .
a
3
| 7
u
2 — T T T
0 10 20 30
extraction duration / min
b 1.6
15 _ —»—mineral oiI-PE1-C)DCI3 + ultrasound
" |—=—mineral oil-PE1-CDCI,
1,4 .
- j
c 1'3j -
T 1,24
Q i
SN 1,1 a
1,04
0,9 /
1 P,
0,8 1
T ¥ T ¥ T ¥
0 10 20 30

extraction duration / min
Figure 13. Effect of ultrasound on the solvent diffusion during extraction
(D; and D,). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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1.8 PE3 10miig

]

164 pPe2 5mlg c,D,
€D, t

ultrasound
1,44 pe 4| 2mitg [elslel]
1.2
1,0
0,84
0,6
0.4
0,24
0,0

D, (10" m'rs)

UHMWEPE type liquid/solid extraction agent type ultrasound

ultrasound

0.6+ ; 5milg
0,5
0,44

0,34

weight loss

0,24

0.1

0,0
UHMWPE type

liguid/solid

extraction agent type ultrasound

Figure 14. (a) Comparison of D, after 26 min of extraction. (b) Compari-
son of weight loss after 26 min of extraction. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

extraction processes.’’ We investigated the influence of ultra-
sound on the extraction process of mineral oil in the UHMWPE
gel. The ultrasound extraction experiments were carried out in
an ultrasound cleaning bath (Fisher Scientific FB15047, 55 kHz)
at 300 £ 0.5 K. The extraction agent was CDCls, the liquid-to-
solid ratio was 2 mL/g, and the extraction durations were kept
as in the previous experiments. The Ds after extraction are
shown in Figure 13.

The diffusion of mineral oil was enhanced to some extent.
Extraction appeared to be affected most at intermediate times,
but it tended to saturate at longer times. The enhancement
effect of ultrasound was partly due to an increase in the temper-
ature. The introduction of ultrasound increased the temperature
of the system by up to 5°C. This led to an increase in D of the
extraction agent between 5 and 10%. In addition, the mechani-
cal effect of the ultrasound promoted the extraction agent con-
centration being distributed uniformly, and it increased the
concentration gradient near the gel surface.

Comparison of the Affecting Factors. The self-diffusion coeffi-
cients, D, and D,, of mineral oil in the UHMWPE gel after 26
min of extraction under different extraction conditions were
compared; only D, is shown in Figure 14(a) (D, is propor-
tional). The weight losses of mineral oil after 26 min of extrac-
tion were obtained by the traditional drying—weighing method,
and the results are compared in Figure 14(b).

After 26 min of extraction, D; and D, followed the same tendency
as that of the weight losses. The self-diffusion coefficients could
thus be used to characterize the extraction efficiency. With the
increasing molecular weight of UHMWPE and extraction agent
concentration, the self-diffusion coefficients of mineral oil
increased. Although chloroform had a smaller molecular size and
lower boiling point, benzene and cyclohexane could extract and
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dilute the mineral oil more efficiently; thus, the self-diffusion
coefficients of mineral oil and extraction efficiency were larger
with benzene and cyclohexane than with the extraction agent.

By varying several parameters independently of each other, we
found small but statistically significant influences on the extrac-
tion efficiency. For all variables that were compared—polymer
type, extraction agent concentration and type, and application
of ultrasound—the NMR parameters of the self-diffusion coeffi-
cient and T; were found to be correlated with the weight loss
figures obtained after the end of the extraction process.

CONCLUSIONS

The diffusion behavior of mineral oil in the extraction process
of the gel-spinning technology of the UHMWPE fibers was
investigated by a portable low-cost NMR scanner. The self-
diffusion coefficients were obtained from the NMR signal decay
in a constant G provided by the device, and the NMR relaxation
times were determined for the same samples. The extraction
agent was deuterated, and only the signal of mineral oil was
detected. The mineral oil could be treated as a pseudo-one-
component system despite its composition because a single
average D and a single relaxation time were determined in bulk.
The effects of various experimental parameters, such as the
UHMWEPE type, extraction agent type, extraction agent concen-
tration, extraction duration on the diffusion of mineral oil, and
extraction efficiency, were investigated systematically. In addi-
tion, ultrasound was introduced to enhance the extraction
process.

The extraction process could be described by a replacement—
dilution dual-effect model. On the one hand, the extraction
agent replaced and extracted the mineral oil for the desolvation
effect. This caused the amount of mineral oil in the UHMWPE
gel to decrease. On the other hand, the diffused-in extraction
agent enhanced the molecular motion and diffusion of mineral
oil by decreasing the viscosity of liquid in the UHMWPE gel.
The dilution enhancement effect was far stronger than the con-
finement effect of the UHMWPE chains. We concluded from
the phenomena that the fastest components of Ds of mineral oil
in the mineral oil/extraction agent/UHMWPE gel system were
much larger than that of the bulk mineral oil liquid. The dilu-
tion effect of the extraction agent promoted the replacement
effect. In the extraction process, the mineral oil and extraction
agent were not distributed uniformly in the gel. This led to a
multiconfined space formed in the UHMWPE gel and multidif-
fusion behaviors of mineral oil.

The self-diffusion of mineral oil was faster in UHMWPE with a
higher molecular weight and under a larger extraction agent
concentration. The Ds were slightly larger with benzene and
cyclohexane being the extraction agents, although chloroform
was of a smaller size and lower boiling point, an effect of the
vanishing polarity of the former substances.

The distribution of self-diffusion coefficients brought about by
the nonuniform distribution of oil and extraction agent in the
gel matrix was successfully approximated by the fitting of a
two-component diffusion process, with both components fol-
lowing identical trends during the variation of variables. In
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relaxation, the long component of T} dominated. For all varia-
bles investigated in this study, the self-diffusion coefficients and
relaxation times correlated with the weight loss after extraction,
itself being a measure for the extraction efficiency. The methods
applied, thus, not only provided a noninvasive approach for
quantifying the extraction efficiency in such a process but also
allowed, in principle, the monitoring of the extractions process
itself because the duration of a diffusion and a relaxation
experiment could be reduced to a timescale of a few minutes.
Although the quantitative correlation of the measured parame-
ters with the sample’s weight loss was demonstrated in this con-
tribution, a more thorough understanding of extraction
processes requires a detailed study of the heterogeneities in the
UHMWPE gel matrix and its influence on the diffusion and
relaxation properties of the mineral oil.
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