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Abstract

Cotton textiles are mercerized with anhydrous ammonia liquefied at ca. —33 °C to improve their mechanical performance,
appearance, and handle. Similar effects may also be achieved with NaOH mercerization, but goods mercerized with liquid
ammonia (L-NH;) are judged qualitatively better (e.g., softer hand) and thus command a greater price. Therefore, it is of
interest to be able to test and confirm whether cotton textiles labeled as L-NH; treated are indeed so. Building on previous
work, we report on tests in collaboration with a process house on identifying ammonia-mercerized fabrics from a pool of
cotton textiles treated with L-NH;, NaOH, neither, or both—using FTIR-ATR spectroscopy. It is based on detecting the
change in crystal lattice structure from type I (native cellulose) to type II (after NaOH mercerization) or type III (after
ammonia mercerization). We could consistently differentiate the ammonia-mercerized fabrics from the untreated and those
mercerized with NaOH, but the latter could not be differentiated from fabrics mercerized with both. It was also possible to
detect evidence of ammonia mercerization in 4- and 14-year-old samples.
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Introduction

Mercerization is the term given to swelling treatments on
cotton textiles, which is performed early on in their process-
ing sequence, with a view to improving their esthetic quali-
ties, such as the texture, resilience, softness, dye uptake, and
evenness of coloration. The treatment may be performed in
concentrated solutions of NaOH (20-30% w/w) or in lique-
fied anhydrous ammonia (L-NH;) at — 33 °C [1-3]. The lat-
ter treatments are more effective in improving fabric texture
and mechanical properties than the former, and thus may be
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preferred in some instances. Due to the greater operation
costs of processing with L-NHj, the final goods also com-
mand a greater price.

The changes in mechanical properties and dye uptake
caused by mercerization with NaOH or L-NH; differ only
in relative degree, and it is not easy conclusively to differ-
entiate between one and the other treatment. However, in
some instances, e.g., in public tendering contracts, it may be
of interest to categorically confirm whether a cotton textile
is indeed mercerized with L-NHj; if so claimed, rather than
with NaOH.

Previously [4], we reported on our investigation into the
use of FTIR-ATR spectroscopy to identify and differenti-
ate between NaOH- and L-NH;-mercerized cotton fabrics
from laboratory- and pilot-scale treatments that imitated
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full-scale treatments. It is based on detecting changes in the
crystal lattice structure of cotton. The allomorph in native
cellulose such as cotton, cellulose I, changes after NaOH
mercerization to cellulose II or to cellulose III after L-NH;
mercerization.

In parallel, the samples were also analyzed with FTIR
transmittance spectroscopy (KBr pellet method) and powder
X-ray diffraction (PXRD). With principal component analy-
sis (PCA) and visual inspections of the resulting spectra, it
was determined that whereas FTIR-ATR spectroscopy ena-
bled differentiation between the two mercerization types,
that was not possible with FTIR transmittance spectroscopy
or PXRD. The reason behind is believed to be that commer-
cial-scale treatments, optimized to maximize output speed,
minimize the residence time of fabrics in swelling media,
and therefore restrict changes of supramolecular structure
to only the surface.

The L-NH; mercerization has two variants based on the
mode of ammonia removal after treatment, which is either
by heating to evaporate the fluid or by washing off [1, 5, 6].
Although it was not possible to detect differences between
these two variants, it was possible to differentiate between
them and NaOH mercerization from their FTIR-ATR spec-
tra. An option practiced in industries is to perform NaOH
mercerization followed by L-NH; mercerization to accrue
the benefits of both processes [6—8]. It was not possible to
differentiate between the FTIR-ATR spectra from samples
treated only with NaOH and both NaOH and L-NH;.

The aim of the work reported here was to validate the
suitability of FTIR-ATR spectroscopy for confirmation of
NaOH vs. L-NH; mercerization of cotton, by measure-
ments on fabrics treated in commercial-scale operations
with kind support of a process house Veramtex s.a. (Brus-
sels, Belgium). The following two sets of experiments were
conducted:

(a) Single-blind test The process house supplied the authors
with sample pieces (ca. A4-sized) from 24 fabrics mer-
cerized with L-NH;, NaOH, NaOH +L-NH;, or neither
(i.e., no mercerization), and the authors were not told
which sample was from what fabric. Both the evapo-
rative and wash-off modes of ammonia removal were
represented in the sample set.

(b) Test of storage time The process house supplied the
authors with ca. A4-sized samples from two fabrics:
one treated with L-NH; (evaporative mode) 4 years
prior and the other treated with L-NH; (wash-off mode)
14 years prior to the identification tests. For compari-
son, the process house also made available freshly
treated as well as untreated samples of the same fabrics.

A description of the samples, and their photomicrographs,
is available in Table S1 and Fig. S1 (see Supplementary

@ Springer

Information I). The samples included both dyed and undyed
materials; two weave types; and were of different gram-
mage (i.e., g/m?), to examine whether any of these variables
exerted influence on the detectability of mercerization type.
The influence of time interval between L-NH; merceriza-
tion and FTIR-ATR measurements was also examined as
described in experimental set b above.

All samples were measured, but we present below the
typical results, explain our analyses, and discuss where
the postulations were successful and where not. The actual
treatments awarded to the samples in the set are shown in
Table S2 (Supplementary Information I).

Results and discussion

The detection of treatment type is based on analysis of FTIR-
ATR spectra in the region 1500-850 cm™', specifically of
changes to the peaks about 1429, 1163, 1111, and 893 cm™!
[9-11], as described below:

1429 cm™!: Attributed to symmetric bending of CH,
groups (scissoring), the peak appears as a strong signal in
cellulose [; is shifted to 1420 cm™! with strong reduction of
intensity in cellulose II; and is shifted to 1425 cm~! with
moderate reduction of intensity in cellulose III.

1163 cm™!: Attributed to the antisymmetric stretching
mode of the C—O-C group, C-O stretching, or O-H bending,
there are no differences of intensity between cellulose I, II,
and III. A transformation from cellulose I to II is accom-
panied by a shift of the peak to lower wavenumbers, while
there is no shift with a transformation to cellulose III.

1111 cm™": Attributed to ring asymmetric valence vibra-
tion and in addition, thought analogous to a similar signal in
primary and secondary alcohols rising from the influence of
hydrogen bonding on stretching vibration of the C—O bond.
The peak intensity at this position is strong for cellulose
I and is shifted to lower wavenumbers in cellulose III. In
cellulose II, the peak is transformed into a shoulder, due to
the appearance of a strong, broader peak in the region of
1090 cm™.

893 cm™!: Attributed to valence vibration of the C—-O-C
group or vibrational modes of groups at the C(1) position.
In cellulose 1, it appears as a weak, broad peak, but changes
to a sharp and strong peak on transformation to cellulose II.
In cellulose III, the peak exhibits an intermediate intensity.

Set (a): single-blind test

The approach in this experimental set was that the authors
would first postulate on the treatment type awarded to the
samples based on analysis of FTIR-ATR spectra, and the
process house would then reveal the facts.
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Typical examples of the FTIR-ATR spectra in the region
1500850 cm™! from samples of the experimental set are
shown in Fig. 1. The four key wavenumbers described in the
list above are highlighted in the figure, and it may be noted
that the absorbance peaks in our measurements did not occur
at the exact positions reported in literature.

As may be observed in the figure, there were distinct
differences between samples in the peak at 1107 cm™'. As
compared to the untreated sample (spectrum A), there is
a small but distinct peak shift toward lower wavenumbers
in the spectra of ammonia-mercerized samples (B and C).
A shoulder appears at the peak position in the NaOH- and
NaOH + L-NH;-mercerized samples (spectra D, E, and
F). These observations acted as the primary basis for our
postulations of the treatment type. The peaks at 895 and
1429 cm™! were deemed unreliable indicators of treatment
differences as we observed only minor changes of peak
intensity, sharpness, and of their positions.

There were changes observed in the peak at 1160 cm™,
but they were inconsistent, as explained with examples
in Fig. 2. Spectrum G shows a distinct shift of the peak
at 1107 cm™! (indicative of ammonia mercerization) [10],
but also a small shift of the peak at 1160 cm™' (indicative
of NaOH mercerization) [10]. This would indicate a com-
bined NaOH + L-NH; mercerization, but the sample was
only L-NH; mercerized. There were more such instances
of samples not mercerized with NaOH showing small
shifts of the 1160 cm™! peak, and samples mercerized with
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Fig.1 FTIR-ATR spectra of selected samples from set (a)—A:
untreated; B: ammonia mercerized (ARE variant); C: ammonia mer-
cerized (wash-off variant); D: NaOH mercerized; E: NaOH followed
by ammonia mercerization (evaporative variant); F: NaOH followed
by ammonia mercerization (wash-off variant). The spectra are artifi-
cially staggered for clarity of presentation
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Fig.2 FTIR-ATR spectra of four other samples from set (a)—G:
ammonia mercerized (ARE variant); H: NaOH mercerized; I and I:
NaOH- followed by ammonia mercerization (ARE variant). The spec-
tra are artificially staggered for clarity of presentation

NaOH showing no shifts. Therefore, changes in the peak
at 1160 cm™! were also deemed unreliable as indicators of
treatment type.

It was not possible to differentiate between the evapora-
tive and wash-off modes of ammonia removal in L-NH;-
treated samples as their FTIR-ATR spectra are very simi-
lar (compare spectra B and C in Fig. 1). A differentiation
between NaOH and NaOH +L-NH; is also very difficult,
as exemplified by spectra I and J, in Fig. 2, which are both
from samples mercerized with NaOH + L-NH; Both show
a shoulder at 1107 cm™', which indicates NaOH merceri-
zation, but spectrum I also shows a shift of the shoulder
region, hinting at L-NH; mercerization but that is not seen
in spectrum J.

Thus, it becomes clear from the results of this set that the
FTIR-ATR spectroscopy method could be used to differenti-
ate the samples into three distinct groups: untreated, L-NH;
mercerized, and NaOH mercerized. The method could not
be used to differentiate between the two modes of ammonia
removal, nor would it detect L-NH; mercerization post a
mercerization with NaOH.

Set (b): test of storage time

The goal here was to investigate the time stability of the
FTIR-ATR signal for detection of L-NH; treatments. To
this end, the process house provided sample pieces from
fabrics in their storage that had been L-NH; treated in the
past (sample nos. 25 and 26). For comparison, they also pro-
vided other pieces from the same fabrics that were untreated
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and freshly treated with L-NHj; for the test. Sample 25 was
subjected to the evaporative mode of ammonia removal and
sample 26 to the wash-off mode. The dates when they had
been treated previously were in the years 2012 (sample 25)
and 2002 (sample 26), and the fresh ammonia mercerization
was performed in the year 2016. It should be noted that the
fabric storage area at the process house is not temperature
or humidity controlled. The FTIR-ATR spectra measured on
the samples are shown in Fig. 3.

As can be seen, the spectra from all the treated pieces
showed a distinct shift of the 1107 cm™! peak, which was not
observed in the untreated pieces, and there were no differ-
ences between the samples treated in the past (i.e., in 2012
and 2002) and those treated in 2016. Thus, the changes
observed in the FTIR-ATR spectra appear time stable over
a span of at least 14 years.

Kafle et al. [12] compared FTIR-ATR spectroscopy,
X-ray Diffraction (XRD), and sum-frequency-generation
(SFG) vibrational spectroscopy to detect mercerization
type on cotton textiles treated in commercial operations. In
the FTIR-ATR measurements, they focused on changes to
the —OH stretching peaks in the regions of 3270, 3450, and
3480 cm™!, but we find the changes at the 1107 cm™! peak
to be more distinct.

Kafle et al. [12] found it difficult to obtain clear evidence
of cellulose II in the NaOH-mercerized fabrics with XRD
measurements, and that is reported by other researchers as
well for materials treated in commercial operations [13, 14].
In industrial operations, there is generally insufficient time
for complete permeation of the NaOH liquor through the

fabric bulk, and therefore seldom a total conversion of lattice
structures. Thus, treated substrates exhibit a mix of the type
I and II allomorphs along with an increased proportion of
amorphous regions [15-18]. Since XRD is a bulk measure-
ment technique, the resulting signal consists of overlapping
contributions from the two allomorphs as well as amorphous
regions, and it becomes difficult to isolate the signal of the
type II lattice structure.

FTIR-ATR spectroscopy is a surface measurement tech-
nique, with the depth of IR beam penetration into substrates
limited to typically between 0.5 and 5 pm [19]. There is
high likelihood of NaOH liquor penetration to such depths
in commercial treatments and thus, clear evidence of cel-
lulose II lattice structures may be obtained with FTIR-ATR
spectroscopy as observed in this work. SFG spectroscopy
is also a surface measurement technique, but since the cel-
lulose II allomorph produces a very weak signal [20], it was
not found possible to obtain clear evidence of NaOH mer-
cerization by [12].

A distinct signal of L-NH; treatment was consistently
observed in the FTIR-ATR spectra of samples from the
evaporative mode of ammonia removal, but unexpectedly,
the same was observed even for samples from the wash-off
mode. This was true even in the sample measured 14 years
after the treatment. In general, it is found difficult with
XRD to detect the cellulose III; lattice structure in L-NH;-
treated cotton if the ammonia is removed by wash-off, in
contrast to the evaporative mode of ammonia removal,
where substrates exhibit clear evidence of the lattice
transformation [21-24]. It is attributed to a water-induced
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Fig.3 FTIR-ATR spectra of samples from set (b)—(I) sample 25,
ammonia mercerized (ARE variant), A=untreated piece; B =piece
mercerized in 2012; and C=piece mercerized in 2016; (II) sam-
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ple 26, ammonia mercerized (SRE variant), A=untreated piece;
B =piece mercerized in 2002; and C=piece mercerized in 2016. The
spectra are artificially staggered for clarity of presentation



Detection of ammonia mercerization in cotton textiles

reversion of the cellulose III; to cellulose I, accompanied
by an increase in proportion of the amorphous or disor-
dered fraction in the polymer. Only if cotton is treated
with L-NH; under greater than atmospheric pressures do
materials exhibit a cellulose III; lattice structure stable to
ammonia removal with water [25].

There is research to suggest that small amounts of the III;
allomorph persist in cotton subjected to the wash-off mode
of ammonia removal, and their presence may be detected
by employing peak deconvolutions of XRD signals [5, 26].
However, it is unclear how they are spatially distributed
within fiber structures so as to account for their detection
with a surface-limited method such as FTIR-ATR spec-
troscopy. In their work, Kafle et al. [12] only investigated
the evaporative mode of ammonia removal, and while they
did observe a strong signal of the cellulose III; lattice with
SFG spectroscopy, it is not known whether the same will
be observed with the wash-off mode of ammonia removal.

Thus, it may be concluded that no one method can dif-
ferentiate between cotton textiles treated with only NaOH
vs. NaOH + L-NH;, but it would be possible with both
FTIR-ATR spectroscopy and SFG spectroscopy. The former
method would yield confirmation of the NaOH treatment,
and with the latter, it would be possible to yield confirma-
tion of the L-NHj; treatment. However, as stated above, Kafle
et al. [12] tested SFG spectroscopy only on the evaporative
mode of ammonia removal, and it is not clear what effect the
washing mode of ammonia removal will have on the results.

It is to be noted that, as the samples were pieces obtained
from commercial processing operations, the treatment his-
tory of the fabrics is not fully known. For instance, it is not
known whether mercerization treatments were awarded to
entire fabrics or yarns. In the latter, especially in case of
yarn-dyed samples, it is not known whether all yarns in the
fabric were mercerized or only the colored yarns. Never-
theless, the mercerized could be differentiated from non-
mercerized pieces even though all were measured only at
one position located at the approximate center.

Another unknown factor is whether the samples in our
work were dyed before or after mercerization. In general,
mercerization treatments precede dyeing operations [27].
However, L-NH; mercerization may also be performed
after dyeing, as a preparatory step for finishing treatments,
e.g., flame retardance or crease resistance [28]. Therefore,
whereas it may be assumed that the NaOH mercerization
preceded the dyeing step, the same cannot be stated with
respect to L-NH; mercerization. The presence of colorants
on fabric samples did not interfere with the differentia-
tion between non-mercerized and mercerized samples, or
between L-NH; mercerized and NaOH mercerized samples.
Moreover, based on the assumption above, it appears that
dyeing after NaOH mercerization did not interfere with treat-
ment identification. However, it remains to be investigated

whether a dyeing operation after L-NH; mercerization will
interfere with the treatment identification.

Conclusion

The results we obtained in the work suggest that the FTIR-
ATR-measured changes to the absorbance peak at ca.
1107 cm™! could be used as a simple test of mercerization
type on cotton textiles treated in commercial operations. One
can differentiate between NaOH mercerization, L-NH; mer-
cerization, and no mercerization. Surprisingly, clear signs of
L-NHj; mercerization are evident even if the wash-off mode
of ammonia removal is employed, which is not the case with
other methods such as XRD. The method also appears robust
to differences of thickness, weave type, as well as dyeing.

It is difficult with FTIR-ATR spectroscopy to confirm
whether L-NH; treatments were awarded if the textiles were
previously mercerized with NaOH. There are other methods
available, such as XRD and SFG spectroscopy, which can
detect evidence of L-NH; treatments. With these other meth-
ods, however, it is difficult to confirm NaOH mercerization,
and thus it appears there is no one method that will clearly
differentiate between the different mercerization treatments,
and a complementarity of testing methods is necessary to
elucidate the mercerization history of commercially treated
cotton textiles.

It should be noted that the aim of the work was not to
arrive at a “quality” measure of mercerization. The textile
industry employs a variety of other tests for the purpose. The
aim is simply to confirm whether the mercerization history
of a cotton textile is truly what it is stated to be. A question is
whether post-mercerization treatments, such as cross-linking
for wrinkle resistance, will have an influence on the detec-
tion of mercerization types. It will be investigated in future
work and will be reported on at a later time.

Experimental

All samples tested in this work were woven fabrics of 100%
cotton mercerized with L-NH;, NaOH, or their combina-
tion in commercial-scale operations, or not mercerized. Both
the evaporative and wash-off modes of NH; removal were
included. Descriptions and photomicrographs of the experi-
mental substrates are available in Table S1 and Fig. S1 (Sup-
plementary Information I), and the mercerization process
descriptions are available in our previous report [4].

FTIR-ATR spectroscopy

The instrument used was a Bruker Vector 22 FTIR spec-
trometer (Bruker Corporation, USA), equipped with a
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MIRacle™ Horizontal ATR accessory fitted with a dia-
mond crystal double-reflection universal plate from PIKE
Technologies (USA). The absorbance spectra were recorded
from an aggregate of 128 scans in the wavenumber range
of 4000-500 cm™! at a resolution of 2 cm™!. The measure-
ments were performed at one position per sample piece (in
the approximate middle), and all spectra were smoothened
and min—-max normalized. Whereas only selected examples
are illustrated in the paper, the complete dataset is available
in Supplementary Information II.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00706-024-03181-9.
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