Colloid Polym Sci (2009) 287:541-548
DOI 10.1007/s00396-009-2000-9

ORIGINAL CONTRIBUTION

Surface treatment of LLDPE and LDPE blends by nitric
acid, sulfuric acid, and chromic acid etching

Hao Wang - ShuangJun Chen - Jun Zhang

Received: 17 July 2008 /Revised: 21 December 2008 / Accepted: 8 January 2009 /Published online: 27 January 2009

© Springer-Verlag 2009

Abstract Surface treatment of linear low density poly-
ethylene and low density polyethylene blends is investi-
gated herein using nitric acid, sulfuric acid, and chromic
acid. These chemical treatments not only make the
surface rough but also introduce polar groups. A new
method, “sulfonic groups index” (SI) is employed to
quantify the newly generated polar groups in the wave-
number of 1,250-840 cm ! in the Fourier transform
infrared spectra. The SI values effectively indicate that the
most polar groups are incorporated into the chromic acid-
etched samples among the three inorganic acids, which is
also confirmed by scanning electron microscopy and
roughness tests. Besides, annealing treatment can enhance
the crystallinity X, of all etched samples which plays a
predominant role in the increase of roughness within 2 h.
As etching time increases, chain scission and destruction of
amorphous parts happen and roughness increases a lot for
chromic acid-treated samples, but for sulfuric acid- and
nitric acid-treated samples, the destruction of amorphous
parts may not happen so that the roughness has not many
changes.
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Introduction

Surface treatment of polyolefin has been widely studied
because many properties of polyolefin such as adhesion,
wettability, printability, transparency, lubricity, and biocom-
patibility can be improved by introducing polar groups or
making rough surface [1, 2]. Several techniques of surface
modification have been applied to polyolefin, for example,
chemical [3—7] or physical etching [8, 9], flame [10, 11],
corona discharge [12, 13], plasma treatment [14—17], and
photografting [18]. Among these techniques, chemical
etching of polyolefin by nitric acid, sulfuric acid, and
chromic acid in different treating conditions has been well
investigated and these treatments not only make the surface
rough but also introduce the polar groups [19-21].
Researchers mainly concern about the mechanical proper-
ties and surface element constitutes of the etched poly-
olefins. However, there is little work to quantify the
introduction of multiple polar groups.

Low density polyethylene (LDPE) is generally applied in
packing films due to its good processability and mechanical
properties [22]. LDPE is produced by high-pressure
polymerization through free radical reaction. It contains
alkyl branches and long chain branches. These alkyl
substituents cannot be accommodated in the crystalline
lattice, which results in the lower crystallinity [23]. Linear
low density polyethylene (LLDPE), produced by co-
polymerization of ethylene and «-olefin, contains short
chain branches. The crystallinity of LLDPE is higher than
LDPE. LLDPE has been widely used as plastic films and in
injection molding due to its excellent mechanical properties
such as tear and impact strength as well as high tensile
strength [22, 24]. By blending LDPE with LLDPE, the
good processability, excellent mechanical properties, and
high crystallinity can be obtained. The films of the blends
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will be produced without the need for extruder modifica-
tions [25-27].

In this paper, LLDPE and LDPE blends, which have
been blown into smooth films, are chosen as typical
complexes because of their comprehensive applications in
industry. A new method, “sulfonic groups index”, is
employed to quantify the newly generated polar groups in
the wavenumber of 1,250-840 cm ! in the FTIR measure-
ments. The molecular structures and morphology of
LLDPE/LDPE films etched by nitric acid, sulfuric acid,
and chromic acid have also been discussed.

Experimental
Materials

The blends of LLDPE/LDPE (1:1, mass ratio) were blown
into smooth films (with a thickness about 0.13 mm) by the
extrusion film blowing technique [28-30]. The LLDPE was
purchased by Sinopec Yangzi Petrochemical Company Ltd.
(China) and the LDPE was purchased by BASF-YPC
Company Ltd. (China). Nitric acid (65%, AR) was supplied
by Shanghai Chemical Reagent Co. Ltd. (China). Sulfuric
acid (98%, AR) was obtained from Nanjing Chemical
Reagent Co. Ltd. (China). Potassium dichromate (GR)
came from Sinopharm Chemical Reagent Co. Ltd. (China).
The chromic acid with different concentrations [K,Cr,O4/
H,O/H,SO4 (1:2:18, 1:5:184 and 4:5:184, mass ratio)] was
freshly prepared by mixing potassium dichromate, hot
distilled water, and sulfuric acid prior to use.

Preparation of samples

The LLDPE/LDPE films were soaked into distilled water,
nitric acid, sulfuric acid, and chromic acid at 75 °C for
different times (1, 2, 4, and 8 h), respectively. After etching
by three acids, the films were immediately washed with
running distilled water and ethanol. Then the films were
dried in a vacuum oven at room temperature for 24 h.

Fourier transform infrared (FTIR) measurements

FTIR spectra were obtained by attenuated total reflectance
technique. The scanning range of the spectrometer (IFS 66/S,
Bruker, Germany) was 4,000-580 cm ' with a nominal
resolution of 4 cm ™' at 32 scans.

Differential scanning calorimetry (DSC)

The crystallization behaviors of LLDPE/LDPE films before

and after treatment were studied using differential scanning
calorimetry (DSC-7C, Perkin-Elmer, USA) with appropriate
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samples sealed in aluminum pans. The heating rate was
10 °C-min"' with the temperature ranging from 50 to 150 °C
under a dry argon blanket. The relative crystallinity (X.) of
the samples was calculated as follows:
AH,

XC - A—]—[; X 100%

Where AH; is the enthalpy of fusion of the perfect
polyethylene (PE) crystal and AH; is the enthalpy of fusion
of the samples. The value of AH; for PE is 277.1 J g "' [31].

Scanning electron microscopy (SEM) observation

The surface morphology of LLDPE/LDPE films before and
after etching were taken by a SEM (JSM-5900, Japan
Electron Optics Laboratory, Japan) with the pretreatment of
Au deposition. The accelerating voltage of the SEM was
15 kV.

Surface roughness measurements

The surface roughness of the treated films was determined
using a portable roughometer (TR200, TIME, China). The
roughness was measured according to ISO 4287-1997.

Results and discussion
FTIR measurements

FTIR spectra are used to identify the functional groups and
quantify chemical changes on the surface after acid
treatment. Figure | indicates the differences of the etched
films in different conditions.

There are little changes of nitric acid-etched sample
before and after etching (Fig. la), which means that the
films are essentially resistant to nitric acid. After etching by
chromic acid, there is a broad band near 3,035 cm !, which
is referred to as hydroxyl groups. The new absorption
bands between 1,250 and 840 cm™ ' of the samples etched
by sulfuric acid and chromic acid (Fig. 1b and c,
respectively) can be attributed to multiple sulfonic groups
(0=S=0, S=0, S(=0),0H, —SOzH, S-0-C, etc.) [32-34].
Other new main absorption bands of the sample etched
in chromic acid (Fig. Ic) are in 1,800-1,500 cm'. The
new bands are mainly assigned to groups containing
carbonyl such as ketones, aldehydes, carboxylic acids,
and even some C=C bonds [2, 6, 32-34]. The intensity of
these new absorption bands increases when the etching
time is increased. The appearance of the oxidized
substances on the surface of the etched samples is an
indication of oxidative reactions, which provides support-
ing evidence of chemical composition changes of the
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Fig. 1 FTIR spectra of a nitric acid-etched LLDPE/LDPE films, b
sulfuric acid-etched LLDPE/LDPE films, and ¢ chromic acid-etched
LLDPE/LDPE films

surface. The schematic mechanism of the oxidative
reactions by chromic acid is depicted as Figure 2.

The attack to the molecular chains by hexavalent
chromium in acid medium proceeds through the formation
of the tetravalent chromium ester intermediate, which
hydrolyzes to an alcohol. The alcohol then undergoes
oxidation to form chain scission products, such as an olefin,
an aldehyde, and a ketone, which may be further oxidized
to carboxylic acid [7, 35, 36].

Other investigators have also proved that the sulfonation
procedure of polyolefins by fuming sulfuric acid or hot
concentrated sulfuric acid is accompanied by oxidation of
polymers [32, 34, 37, 38]. However, these two absorption
bands between 1,250-840 and 1,800-1,500 cm ! are
complex because there are a lot of new polar groups
generated during oxidative reactions. In order to quantify
the effect of acid etching time on oxidation of the films, the
carbonyl index [39, 40] (CI) is introduced at first.

The CI is calculated using the following equation:

A(1300—
C — “01800-1500)

A760-660)

where A(1g00-1500) are the integrated areas of the
absorption bands of carbonyl groups from 1,800 to
1,500 cm™ ' of each etched sample and A(760-660y are the
integrated areas of the absorption bands of methylene from
760 to 660 cm ' of each etched sample. The reason for
division by integrated methylene peak areas is to eliminate
the effect of film thickness.

Table 1 shows the CI changes of LLDPE/LDPE films
etched in three acids for different times. From Table 1, it
can be seen that CI values of all untreated samples are not
equal to zero. It is assumed that there may exist very few
C=C bonds due to the synthesis procedures of LLDPE and
LDPE. When the treating time is not much, the C=C bonds
may react and be diminished, resulting in the little decrease
of CI values of nitric acid-treated samples. As the treating

H
1{ Chromic acid | H,O
~ CHZ—?— CHy~ ——————— ~ CH2—(|Z— CHy~ —>—
H 0= Cr(v)
(OH)3

~CH;—C=0 + 0=C—CH, ~

! Cr(VI
~ CHg—(—Cl; ~ LV
OH

f

~CH5—C—CH, ~+ ~CH;—C—OH

Fig. 2 The schematic mechanism of polyethylene oxidized by
chromic acid [2]
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time increases long enough, some new groups like
carbonyl, C=C bonds, and ether may form by oxidation.
The oxidation may enhance the CI values little for nitric
acid-treated sample. However, the CI values of nitric acid-
etched sample have no considerable changes which are
due essentially to the ethylene copolymers’ resistance to
nitric acid.

The CI values of sulfuric acid-etched sample have a
minor change from 0.38 (untreated sample) to 0.79 (8 h),
while the CI values of chromic acid-etched sample grow
from 0.38 (untreated sample) to 2.64 (1 h), 4.09 (2 h), 7.98
(4 h), and 16.81 (8 h). The changes of CI values suggest the
newly generated carbonyl groups [39]. It can be observed
that the sample etched in chromic acid has the largest CI
values among the three acids. This can be ascribed to the
strong oxidation of chromic acid. However, CI is not
enough to illustrate the introduction of functional groups,
especially the sulfonic groups. A new method, sulfonic
groups index (SI), is employed to semi-quantitatively
measure the sulfonation by acids. The SI is similar to CI,
and it is calculated using the following equation:

A _
g7 — A0250-840)

Az60-660)

where A4(1250-s40) are the integrated areas of the absorp-
tion bands of sulfonic groups from 1,250 to 840 cm ' of
each etched sample.

Table 2 shows the SI changes of LLDPE/LDPE films
etched in three acids for different times. As mentioned, the
untreated samples may have very few C=C bonds, which
also results in the SI values of the untreated samples not
equal to zero. The little decrease and then little increase of
SI values also exist which is covered by the increase of
sulfonic groups. For the SI values, the original groups and
other newly formed groups have to be considered. So the
original SI values should be revised by subtracting the
control data of nitric acid-treated samples.

The SI values of the chromic acid-etched sample have
increased drastically from 0 to 32.49, 54.76, 83.67, and
215.33, when etching time changes from 0 (untreated
sample) to 1, 2, 4, and 8 h, respectively. The SI values of

Table 1 CI changes of LLDPE/LDPE films etched in three acids for
different times

Etching time (h) Carbonyl index

Nitric acid ~ Sulfuric acid ~ Chromic acid
0 (untreated sample) 0.38 0.38 0.38
1 0.21 0.35 2.64
2 0.20 0.45 4.09
4 0.26 0.70 7.98
8 0.50 0.79 16.81
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Table 2 SI changes of LLDPE/LDPE films etched in three acids for
different times

Etching time (h) Sulfonic group index

Nitric acid ~ Sulfuric acid  Chromic acid
0 0.77 077 0% 0.77 0*
(untreated sample)
1 0.66 2.40 1.74 33.15 32.49
2 0.64 4.44 3.80 55.40 54.76
4 0.67 3.17 2.50 84.34 83.67
8 1.55 4.10 2.55 216.88 215.33

*The SI values are obtained by subtracting the control data of
corresponding nitric acid-treated samples

sulfuric acid-etched sample have increased from 0 (untreat-
ed sample) to 2.55 (8 h). The SI values of nitric acid-etched
sample are similar to its CI values, which have no
considerable changes. The increase of SI values of the
etched samples suggests that there are sulfonic groups
generated during the treating procedure. It indicates that the
chromic acid-etched sample has much more sulfonic groups
than that of the sulfuric acid-etched sample, which may also
result from the strong sulfonation and oxidation of chromic
acid. This possibly points out that chromic acid is a
stronger oxidizing etchant than sulfuric acid and nitric acid
for polyethylene [2].

Compared to CI, SI is more appropriate to quantify the
concentrations of sulfonic groups introduced by strong
oxidative acids. In addition, SI can be a complementary
measurement to quantify the sulfonation and oxidation
degrees resulting from other strong oxidative substances.

DSC analysis

Figure 3 and Table 3 compare the DSC melting curves of
untreated, distilled water-treated, and acid-etched LLDPE/
LDPE films. All curves show two distinct melting
characteristics including a premelting plateau and a main
melting peak. The onset melting temperature 7" and the
premelting plateau temperature 70! of the untreated sample
increase after treating either in distilled water or in all three
acids for 1 h. After treating for 8 h, the 7°" and 77! of all
samples have another minor increase, which probably
results from the continual growth of smaller crystals during
the treating procedure at 75 °C. The treatment here is
mainly an annealing procedure [41]. The main melting peak
temperature7’2 and the final melting temperature 77 of the
sample treated in distilled water for 8 h (111.9 and 117.2 °C,
respectively) are approximate to the untreated sample (112.5
and 117.9 °C, respectively). The 7% and T! of three acid-
etched samples for 8 h are lower than the samples etched
for 1 h and the untreated sample. The lower 7% and T of
the acid-etched samples suggest the etching of the
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Fig. 3 DSC melting curves of untreated LLDPE/LDPE films, distilled
water-treated LLDPE/LDPE films for 1 and 8 h, and LLDPE/LDPE
films etched by three acids for 1 and 8 h

amorphous regions and the crystal structures [42, 43]. The
ATy (AT, = T — T") appears to be similarly affected,
which reduces from 44.2 °C (for the untreated sample) to
around 36 °C (for the samples etched by acids for 8 h). It
indicates that the spherulite size distribution in the blends
becomes narrow, which results from the etching of the
bigger spherulites.

The crystallinity X, of all other samples has increased
after acid etching for 1 and 8 h, except the sample etched in
chromic acid for 8 h (35.56%), which has a minor decrease

compared to the same sample for 1 h (36.04%). After etching
for the same time, 8 h, the X values of the chromic acid- and
sulfuric acid-etched samples (35.56% and 36.57%, respec-
tively) are less than that in distilled water (37.06%). This
demonstrates that the acids may etch not only the amorphous
regions but also some crystal structures. However, after
etching for 8 h, the X, values of all etched samples are much
larger than the untreated sample (32.98%). Therefore, it
suggests that the annealing procedure plays a predominant
role during this acid treating procedure.

Surface morphology

The surface morphologies of the LLDPE/LDPE films
before and after acid etching are presented in Figure 4.
The surface of untreated film is essentially smooth and neat
on the submicron scale. After a short acid etching time by
nitric acid and sulfuric acid for 1 h (Fig. 3b and d,
respectively), there appear some protuberance on the
surface. After a longer etching time for 8 h (Fig. 3c and
e, respectively), the surface becomes rougher. In contrast,
the samples etched in chromic acid for 8 h (Fig. 3g) have a
severe surface situation that the trenches and hills cover the
entire surface. This is attributed to the stronger oxidation
of chromic acid than that of nitric acid and sulfuric acid.
The amorphous regions of LLDPE/LDPE films which have
a looser chain packing structure may easily be etched by the
oxidative acids, especially chromic acid [42].

Figure 5 shows the morphology of etched LLDPE/LDPE
films in different chromic acid concentrations for 1 h at
75 °C. It can be seen that the holes and trenches on the
surface increase when the concentrations of chromic acid
become higher. This is consistent with the previous FTIR
spectra analysis that the samples etched in chromic acid for
8 h have the largest carbonyl index and sulfonic group index.

Table 3 DSC data derived from melting curves of untreated, distilled water-treated, and acid-etched LLDPE/LDPE films

Etching time (h)

0 1 8
Untreated Distilled Nitric Sulfuric Chromic Distilled Nitric Sulfuric Chromic
sample water acid acid acid water acid acid acid
" (°0) 73.7 77.8 78.1 77.2 77.9 78.4 78.7 78.5 79.5
Th (°C) 76.7 83.7 84.0 82.4 83.0 86.2 85.2 84.4 85.9
Ty (°C) 1125 111.2 113.3 111.6 112.0 111.9 110.6 110.3 111.8
Ty (°C) 117.9 116.6 119.5 117.2 116.9 117.2 114.9 115.1 116.9
AT, (°C) 442 38.8 41.4 40.0 39.0 38.8 36.2 36.6 374
AH: (T gh 91.38 97.79 97.85 100.86 99.86 102.68 104.07 101.34 98.53
X, (%) 32.98 35.29 35.31 36.40 36.04 37.06 37.56 36.57 35.56

T Onset melting temperature of LLDPE/LDPE films, 72! the premelting plateau temperature of LLDPE/LDPE films, 772 the main melting peak
temperature of LLDPE/LDPE films, T rfl the final melting temperature of LLDPE/LDPE films, ATy, = Tlf1 — T, AH; enthalpy of fusion, X

crystallinity of LLDPE/LDPE films
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Fig. 4 SEM images of a un-
treated LLDPE/LDPE films,
nitric acid-etched LLDPE/LDPE
films for b 1 h and ¢ 8 h,
sulfuric acid-etched LLDPE/
LDPE films ford 1 h and e 8 h,
and chromic acid-etched
LLDPE/LDPE films for f 1 h
and g 8 h

Surface roughness measurement

Roughness is characterized by means of Ra, expressing the
arithmetical mean deviation of the profile within the
sampling length [44, 45]. The roughness of the film etched
in three acids for different times is presented in Figure 6.
The initial roughness of the untreated film is 0.126 pm.
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Tum

After etching by sulfuric acid for 8 h, the roughness of the
sample has increased to 0.258 pum. The nitric acid-treated
sample has a similar change, but the roughness 0.240 pum is
lower than that of the sulfuric acid-treated sample. The
chromic acid-etched sample has the maximum of 0.545 yum
when treating for 4 h. However, at the end of the treating
procedure of 8 h, the roughness drops to 0.340 pum.



Colloid Polym Sci (2009) 287:541-548

Fig. 5 SEM images of a un-
treated LLDPE/LDPE films and
etched LLDPE/LDPE films in
different chromic acid concen-
trations for 1 h at 75 °C: b
KzCr207/H20/stO4 (1 :5:1 84,
mass ratio); ¢ K,Cr,0O,/H,0/
H,SO4 (4:5:184, mass ratio); d
chr207/H20/stO4
(10:20:180, mass ratio)

When etching time is within 2 h, the increase of
roughness may be attributed to the annealing of the
samples, so the roughness of the three samples changes
almost to the same extent. As etching time increases, for
sulfuric acid- and nitric acid-treated samples, the de-
struction of amorphous parts may not happen, so the
roughness has not many changes. However, for chromic
acid-treated sample, as etching time increases from 2 to
4 h, chain scission and destruction of amorphous parts
happen and roughness increases a lot. As etching time
continues, chain scission and destruction of crystalline
parts happen. This is like smoothing so that the
roughness decreases. So the etching process may include
three stages: the first is oxidation and groups introduc-
tion of amorphous parts of semi-crystalline polymer or
blends; the second is chain scission and destruction of
amorphous parts; the third is chain scission and destruc-
tion of crystalline parts.

Conclusions

The new FTIR absorption bands between 1,250 and
840 cm ' of the chromic acid- and sulfuric acid-etched
samples can be attributed to the multiple sulfonic groups
such as O=S=0, S=0, S(=0),0H, —SO;H, S—O0—C, etc. A
new method, “sulfonic groups index” (SI), is employed to
quantify the newly generated polar groups in the wave-
number of 1,250-840 cm ' in the FTIR spectra. The SI
values effectively indicate that the most polar groups are

incorporated into the chromic acid-etched samples among
the three inorganic acids, which is also confirmed by SEM
and roughness tests. Besides, annealing treatment can
enhance the crystallinity X, of all etched samples which
plays a predominant role in the increase of roughness
within 2 h. As etching time increases, chain scission and
destruction of amorphous parts happen and roughness
increases a lot for chromic acid-treated samples, but for
sulfuric acid- and nitric acid-treated samples, the destruc-
tion of amorphous parts may not happen so that the
roughness has not many changes.

07
—=— Nitric acid treated
i —e— Sulfuric acid treated
= —a— Chromic acid treated
0.5
E
= 0.4
(]
r
0.3
_‘
0.2
0.1 T ¥ T ¥ T ¥ T ¥ T
0 2 4 6 8

Etching time (h)

Fig. 6 The roughness changes of LLDPE/LDPE films etched in three
acids for different times
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