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Abstract: Environmentally benign layer-by-layer (LbL) deposition was used to obtain flame-retardant
and antimicrobial cotton. Cotton was coated with 8, 10, and 12 phytic acid (PA) and chitosan (CH)-
urea bilayers (BL) and then immersed into copper (II) sulfate (CuSOy) solution. Our findings were
that 12 BL of PA/CH-urea + Cu?* were able to stop flame on cotton during vertical flammability
testing (VFT) with a limiting oxygen index (LOI) value of 26%. Microscale combustion calorimeter
(MCC) data showed a reduction of peak heat release rates (pHRR) of more than 61%, while the
reduction of total heat release (THR) was more than 54%, relative to untreated cotton. TG-IR analysis
of 12 BL-treated cotton showed the release of water, methane, carbon dioxide, carbon monoxide,
and aldehydes, while by adding Cu?* ions, the treated cotton produces a lower amount of methane.
Treated cotton also showed no levoglucosan. The intumescent behavior of the treatment was indicated
by the bubbled structure of the post-burn char. Antibacterial testing showed a 100% reduction of
Klebsiella pneumoniae and Staphylococcus aureus. In this study, cotton was successfully functionalized
with a multifunctional ecologically benign flame-retardant and antibacterial nanocoating, by means
of LbL deposition.

Keywords: cotton; antimicrobial; flame-retardancy; chitosan; phytic acid; copper (II) sulfate

1. Introduction

Cotton is one of the most frequently used textile materials for a variety of prod-
ucts, such as medical textiles, underwear, sportswear, fashion garments, footwear, safety
clothes, etc. [1]. The reason why cotton is such a favorite material is its softness and water
uptake, enabled by highly hydrophilic and reactive hydroxyl groups in the molecule of
cellulose. The reactivity of these groups, however, makes cotton fabric very flammable and
prone to microbial growth [2]. These properties are undesirable, especially for textiles used
for protective clothing. Commercially available compounds to reduce the flammability of
cotton and cotton-based materials are halogen, organo-halogen, antimony organo-halogen,
and organophosphorus [3]. Halogens, as well as antimony compounds, are known to be
toxic to the environment as well as humans, and the inhalation of the volatile gases gener-
ated in a fire can be fatal. Organophosphorus flame retardants (FRs) have been considered
safe for many years [4]. To stop or at least reduce bacterial growth, cotton is treated with dif-
ferent antibacterial compounds, such as chitosan, citric acid, metal particles and metal salts,
phenyl derivates, quaternary ammonium compounds, triclocarban and triclosan. However,
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phenyl derivates, triclocarban and triclosan are toxic [5]. Durable FR, as well as antibacte-
rial finishes for cotton, are commercially applied by a pad-dry-cure process. The process is
not ecological due to the release of toxic formaldehyde derivatives during production and
usage [6,7]. The greener, formaldehyde-free alternatives for curing FRs and antibacterial
finishes on cellulosic fabrics are polycarboxylic acid-based curing agents [8,9]. Another
environmentally friendly approach could be layer-by-layer (LbL) deposition, which uses
deionized water as a solvent for various active compounds (polymers, nanoparticles, small
molecules, etc.) and is applicable to nearly any charged surface, such as textiles [10,11]. In
LbL deposition, the charged fabric is immersed into oppositely charged polyelectrolyte
solutions to deposit a layered nanocoating in the form of layers [12]. The process can be
repeated as many times as necessary to obtain textiles with desirable properties such as
flame retardancy [13] and antimicrobial action [14], or even multifunctional properties
such as flame retardancy and antimicrobial action [15], hydrophobicity—flame retardancy—
conductivity [16], and hydrophobicity—flame retardancy, etc. [17]. In a previous study,
cotton was successfully deposited with anionic PA solution and cationic CH-urea solution
by means of the LbL technique, forming 8, 10, 12, and 15 BL with effective FR properties
that are comparable to commercial FR finishes of cotton [18]. In the second study, cotton
was successfully LbL-deposited with anionic PA and cationic CH (with the addition of
CuSOy) to build an effective antibacterial 2- and 4-BL assembly that was able to eliminate
100% of Gram-negative Klebsiella pneumoniae and Gram-positive Staphylococcus aureus [19].

In the present study, 8, 10, and 12 BL of PA and CH-urea were deposited on cotton and
the LbL-treated samples were then immersed in a 2% Cu?* solution. The resulting cotton
fabric was successfully functionalized with multifunctional ecologically benign flame-
retardant and antibacterial nanocoating by means of LbL deposition. In the tests, 12 BL
were sufficient for the self-extinguishing of cotton and to kill almost 100% of the bacteria.

2. Materials and Methods

USDA Southern Regional Research Center (New Orleans, LA, USA) supplied the
chemically bleached cotton fabric (119 g/ m?). Sigma Aldrich (Milwaukee, WI, USA)
supplied the branched polyethyleneimine (BPEI, M = 25,000 g/mol, < 1% water), urea,
chitosan (CH) powder (M ~ 190,000-310,000 g/mol, 75-85% deacetylated), copper (II)
sulfate pentahydrate (CuSO4 x 5H,0), hydrochloric acid (HCl) and sodium hydroxide
(NaOH). Biosynth Carbosynth Ltd. (Compton, UK) supplied the phytic acid dodecasodium
salt hydrate (PA, M ~ 923.82 g/mol, purity > 75%). For the preparation of all polyelectrolyte
solutions, as well as for the rinsing of fabrics, deionized (DI) water (18.2 mW) was used. A
cationic BPEI solution (5 wt %) was prepared for prime layering of the cotton. An anionic
PA solution (2 wt %) and a cationic CH solution (0.5 wt %) were magnetically stirred for
24 h. Urea (10 wt %) was added to the CH solution after 24 h. Cu?* solution (2 wt %)
was prepared by adding CuSO, x 5H;0 into DI. Prior to the LbL deposition, the pH of
all solutions (except BPEI) was adjusted to 4, with 1 M NaOH or 1 M HCI. Six cotton
samples were first immersed into the BPEI solution and then alternately immersed into the
PA /CH-urea solutions, depositing 8, 10, and 12 BL. At the end of the process, the samples
were immersed in 2% Cu?* solution to achieve antibacterial properties. The whole process
is shown in Figure 1.

The immersion time was 5 min for the first layer (BPEI/PA/CH) and 1 min for each
additional layer (PA/CH). Between each immersion step into the polyelectrolyte solution,
the fabric was rinsed in DI water. The samples were dried at 80 °C for 24 h at the end of
the LbL deposition.

The weight gains (%) of samples were calculated according to the following equation:

weight gain (%) = [m (treated) — m (untreated)]/m (untreated) x 100 (1)

Limiting oxygen index (LOI) measurements were performed according to ISO 4589-
2:2017 with a Concept Equipment Oxygen Index Module (Poling, UK) [20]. Vertical flame
testing (VFT) was carried out according to ASTM D6413/D6413M-15 [21].
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Figure 1. The LbL deposition process of FR/antimicrobial nanocoating on cotton.

Measurements of heat release were performed by means of a Govmark MCC-2
(Heilbronn, Germany) according to ASTM D7309—21a, Method A [22]. The samples were
heated from 75 °C to 650 °C with a heating rate of 1 C°/min (flow rate: 100 mL/min).
Three replicate samples were measured for the calculation of standard deviations.

Thermogravimetric analysis (TGA) was carried out with a PerkinElmer Pyris 1
(Shelton, CT, USA). All samples were heated from 50 to 850 °C, with a heating rate of
30 C°/min in air (flow rate: 30 mL/min). The TG data were analyzed via Pyris 1 software.

Evolved gas analysis was performed via a PerkinElmer Spectrum 100 FI-IR spectrom-
eter with TL 8000 TG-IR interface (Shelton, CT, USA) in absorbance, wavelength range
4000-450 cm ™!, resolution 4.0 cm™!, and with a 27-min heating interval. The spectra were
normalized and analyzed via the KnowlItAll Informatics System 2020, IR spectroscopy
edition (John Wiley & Sons, Ltd., Hoboken, NJ, USA) and available literature.

The morphology of the samples, before and after performing VFT, was analyzed
with a Tescan MIRA LMU FE-SEM (SE detector, 5 kV, Brno, Czech Republic). All samples
were coated with 5 nm of chromium (Q150T ES Sputter Coater, Quorum Technologies,
Laughton, UK), with the exception of the char.

The chemical analysis of post-burn char was studied using a Tescan Mira LMU FE-SEM
(backscattered electron BSE detector, 10 and 20 kV) equipped with an energy-dispersive
X-ray spectroscopy (EDS) detector (Oxford Instruments, Oxford, UK).

Antimicrobial testing was performed according to AATCC Test Method 100-2019 against
Gram-negative Klebsiella pneumoniae and Gram-positive Staphylococcus aureus [23]. The per-
centage of reduction of the bacteria was calculated according to the following equation:

R (%) = (C — A)/C x 100 @)

where R (%) is reduction, C is the number of bacteria recovered from the inoculated un-
treated control specimen swatches in the jar at “zero” contact time, and A is the number of
bacteria recovered from the inoculated treated test specimen swatches in the jar, incubated
over the contact period of 24 h.

3. Results and Discussion

As presented in Table 1, cotton samples were coated with 8, 10, and 12 BL of PA/CH-
urea. The weight gain increases linearly with the number of bilayers. Limiting oxygen
index (LOI) values also follow linear growth. The resulting weight gains are consistent
with the weight gains obtained in a previous study following linear growth from 12% (8 BL)
to 18% (12 BL) [18]. The LOI value of untreated cotton is 18, whereas the values of treated
cotton increase from 21.5% (8 BL) to 24.5% (12 BL). Compared with the findings of the
previous study, the results of the LOI values are lower by approx. 4.3% [18]. The samples
that were immersed in Cu* solution at the end of LbL deposition show a slight increase of
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LOI values (from 23.5% for 8 BL to 26.0% for 12 BL). The commercial requirements of LOI
for durable FR cotton are 28% or above [24].

Table 1. Weight gain and LOI values of cotton coated with CH-urea/PA, with and without CuSOy.

Batch Number of BLs Weight Gain (%) LOI (%)
Control n/a n/a 18.0
8 12.34 21.5
PA /CH-urea 10 17.58 24.0
12 18.54 24.5
8 12.96 23.5
PA/CH-urea + Cu?* 10 18.05 255
12 18.97 26.0

The results of the vertical flame test (VFT) show that only cotton treated with 12 BL
passed the test, with a char length of 6.7 cm for cotton treated with PA/CH-urea and
6.5 cm for 12 BL cotton immersed in Cu?* solution, as shown in Table 2. The results of VFT
correlate with measured LOI values.

Table 2. The results of the VFT of cotton coated with different recipes.

Control PA/CH-Urea PA/CH-Urea + Cu?*

Number

of BL n/a 8 10 12 8 10 12

Image

Char

length n/a n/a n/a 6.7 n/a n/a 6.5
(cm)

After

flame n/a n/a n/a 0 n/a n/a 0
time (s)

After

glow n/a n/a n/a 0 n/a n/a 0
time (s)

Figure 2 and Figure S1 show microscale combustion calorimeter (MCC) values, such as
heat release rates (pPHRR), as a function of temperature (Tpprr) for untreated and differently
treated cotton. The results of MCC measurements are summarized in Table 3. Parameters
responsible for the MCC data are heating rate, chamber atmosphere, inhomogeneity of
the sample as well as sample preparation [25]. There are three major groups of curves for:
untreated (control) cotton, cotton treated with 8 BL (PA /CH-urea, PA/CH-urea + Cu?*),
and cotton treated with 10 and 12 BL (PA /CH-urea, PA /CH-urea + Cu®*). According to
Figure 2 and Table 3, the pHRR of untreated cotton is 269.4 W/g, while the total heat release
rate (THR) is 11.6 kJ /g at 395 °C. In the present study, 8 BL cotton shows a reduction of
peak release rate (AHRR) of more than 49%, while a reduction of total heat release rates
(ATHR) is more than 30%. In the previous study, the AHRR values for 8, 10 and 12 BL
were reduced by more than 57%, whereas the ATHR values were reduced by more than
67% [18]. By immersing 8 BL samples into Cu?* solution, the AHRR is reduced by more
than 59% (Figure S1 and Table 3). By adding more bilayers of the PA/CH-urea + Cu?*
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system, from 10 to 12, the pHRR slightly decreases from 110.1 to 103.0 W/g, but there is no
actual difference in the pHRR and THR values between 10 and 12 BL, with and without
added Cu?* ions. By adding Cu?* ions, the pHRR values, as well as TpHRR, decrease for all
treated samples, as shown in Table 3. The resulting MCC values correspond to LOI values
in Table 1 and the VFT results in Table 2.

—— CONTROL
8 BL
10 BL
12 BL
150 200 250 300 350 400 450 500 550

Temperature (°C)

Figure 2. MCC curves for untreated cotton (control) and cotton coated with 8, 10 and 12 BL of PA/CH-urea.

Table 3. MCC data of cotton coated with different recipes (with standard deviations).

Sample pHRR (W/g) AHRR (%) THR (k]J/g) ATHR (%) TparRR (°C)

control 269.4 = 4.8 0.0 11.6 £ 0.9 0.0 395+ 14
8 BL 1332+ 5.7 50.6 7708 33.6 360 £2.4
10 BL 136.7 £5.5 49.3 50=£0.6 56.9 322 +27
12 BL 1322+ 64 50.9 50£11 56.9 318 £ 3.0

8 BL Cu 110.1 £ 6.1 59.1 79+1.0 31.9 320 £29

10 BL Cu 108.8 £ 4.2 59.6 51=£0.7 56.0 310 £ 1.8
12 BL Cu 103.0 £ 4.1 61.8 53 £0.6 54.3 311+ 1.7

Figure 3 represents the weight loss of untreated and PA /CH-urea-treated cotton
samples as a function of temperature, while Table 4 summarizes the weight (%) of samples
at the first decomposition (T1) and the second decomposition temperature peak (T5). As
seen in Figure 3, between 50 °C and 100 °C, the evaporation of moisture of all samples
occurs. The dehydration and depolymerization of cellulose molecules occur between
250 °C and 400 °C. At the end of this stage (at 420 °C), cotton loses almost 95% of its weight
by generating non-flammable gases, such as CO, and CO, primary char residue, and the
highly flammable levoglucosan [26]. The maximum peak temperature of the first stage of
untreated cotton occurs at 396 °C, as shown in Table 4.
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Figure 3. TGA curves for untreated (control) and 8, 10, 12 BL PA /CH-urea-treated samples.
Table 4. Summary of thermogravimetric analysis of untreated and LbL-treated cotton.
Sample Onset 1 T Time Weight End 1 Onset 2 T, Time End 2 Weight at
P €0 Q) (s) at T1 (%) €O 0 0 (s) (@) 650 °C (%)
control 360 396 727 43.6 420 496 578 1027 607 0.4
8 BL 324 364 646 54.4 388 604 623 1158 813 8.3
10 BL 316 342 602 58.7 357 527 640 1142 745 13.8
12 BL 312 339 609 57.8 354 512 636 1161 711 14.9
8BL + Cu 258 334 588 54.9 376 488 578 1066 648 3.3
10 BL + Cu 267 328 576 58.5 350 502 634 1182 705 14.8
12 BL + Cu 261 330 597 56.2 354 464 636 1130 700 13.3

All treated cotton samples show a shift to lower T; by more than 32 °C due to the
addition of the FR agent. At the second decomposition stage (between 500 °C and 650 °C
and with its maximum at T5), levoglucosan decomposes, generating highly flammable
gases and secondary char [26]. As shown in Table 4, the highest rate of weight loss of
untreated cotton (56%) appears at 396 °C, while at 650 °C it loses over 99% of its mass.
The TG curves of 10 BL and 12 BL are almost identical, showing the first decomposition
temperature peak (T7) at around 340 °C and weight loss of around 42%. At 650 °C, both
samples lost around 86% of their mass. According to Figure 3, the 8 BL sample lost 46% of
its weight at 364 °C, and around 92% at 650 °C. Compared with the previous study, the
Tq and T, values of 8, 10 and 12 BL samples are higher, and the char yield at T; is lower,
while the values of char yield at 650 °C differ slightly [18]. The TG curves of 10 and 12 BL
samples correspond to the LOI values of 24.0% and 24.5%, whereas only the 12 BL samples
passed VFT (Figure 3, Tables 1 and 2). The differences in flammability (VFT, LOI) and
thermal stability (MCC, TG) between the 8, 10 and 12 BL samples of PA /CH-urea in this
study and the previous study [18] come from the slightly different chemicals used in the
experiment, basically the MW of CH and the purity of PA.
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Figure 4 shows the weight loss of untreated and PA /CH-urea + Cu?*-treated cotton
samples as a function of temperature, while Table 4 summarizes the weight (%) of samples
at the characteristic first decomposition (T7), as well as at the second decomposition
temperature peak (T,). Cotton samples treated with 8, 10, 12 BL of PA /CH-urea + Cu?*
exhibit a shift to lower first-stage decomposition temperatures by more than 62 °C, in
comparison to untreated samples. The TG curves of 10 BL and 12 BL are almost identical,
showing the first decomposition temperature peak (T1) at around 329 °C and a weight
loss of around 43%. At 650 °C, both samples lost around 86% of their mass, as shown in
Table 4. The TG curves of 10 and 12 BL correspond to the LOI values of 25.5% and 26.0%,
where only 12 BL passed the VFT (Figure 5, Tables 1 and 2). According to Table 4, the 8 BL
samples lost 45% of weight at 334 °C and around 96.7% at 650 °C.

As shown in Table 4, by immersing treated cotton samples into 2% Cu?* solution at the
end of LbL deposition, the first decomposition stage exhibits a shift to lower temperatures
for 30 °C for 8 BL, 14 °C for 10 BL, and 9 °C for 12 BL. The TG curves of 10 BL and 12 BL
show almost identical behavior at the second decomposition stage, as shown in Figure 4.
These curves correspond to the pHRR and Tpprr values obtained by MCC, which show a
strong reduction of MCC values by adding Cu?* ions into the LbL system of PA/CH-urea,
as seen in Table 3.

Only gas IR spectra of untreated and treated cotton samples (12 BL with and without
added Cu®") were analyzed due to the strongest intensity profile of gaseous products
generated during heating from 50 °C to 850 °C. The profile was taken at two measuring
temperature/time points, where the derivative weight curves show the maximum tem-
perature peaks at the first and second decomposition stages (T1 and T3), as presented in
Table 4.

——— CONTROL
8 BLCu
10BL Cu

12 BLCu

150 250 350 450 550 650 750 850

Temperature (°C)

Figure 4. TGA curves for untreated (control) and 8, 10, 12 PA/CH-urea + Cu?*-treated samples.
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Figure 5. IR spectra of untreated and 12 BL-treated cotton at the first decomposition stage (T1).

As seen from Figure 5, the first group of characteristic peaks of IR spectra of all
untreated samples lies between 3800 cm~! and 3500 cm ™!, which matches the medium
stretching vibrations of O-H bonds in a molecule of water [27]. The second group of
characteristic peaks lies between 3000 cm ! and 2750 cm ™!, which is the C-H stretching of
methane [28]. Untreated cotton produces more methane while heating relative to treated
cotton. The third group of characteristic peaks lies between 2450 cm~! and 2300 cm ™!,
which belongs to the strong antisymmetric stretching and rotational bands from the R
branch of the C=0 bonds in carbon dioxide [29]. Double peaks at 2172 em tand 2112 cm !
represent the stretching vibrations of C=O molecules of carbon monoxide [28]. A peak at
1744 cm ™! matches the C=0 stretching vibration of aldehyde (formaldehyde, acetaldehyde,
acrolein). Treated cotton immersed in Cu?* solution produces less aldehyde during heating,
relative to untreated cotton and cotton treated only with PA/CH-urea. Cotton treated only
with PA/CH-urea also shows a peak at 1410 cm ™! that matches that of propylene. At
1062 cm ™!, there is a very sharp peak of untreated cotton that can be assigned to levoglu-
cosan, which is the compound responsible for the high flammability of cellulose. Cotton
treated only with PA/CH-urea shows two peaks at 742 cm~! and 702 cm™~!, probably
belonging to the wagging of NH bonds [30]. Untreated and treated cotton show a very
sharp peak (668 cm™!) of weak bending vibrations from the Q branch of the C=0 bonds
from carbon dioxide [29]. Other phosphorus or nitrogen compounds may exist, but their
spectra are overlapped by water and carbon dioxide [31].

Figure 6 shows the IR spectra of gas products of untreated and treated at the second
decomposition stage consisting of water (wavelength range from 3800 cm~! to 3500 cm™1),
carbon dioxide (wavelength range from 2450 cm~! to 2300 cm~!, and a sharp peak at
around 668 cm 1), carbon monoxide (peaks at 2181 cm ™! and 2107 cm 1), and levoglucosan
for untreated cotton (1062 cm~!) [27-29]. At the second decomposition stage, treated
cotton shows no levoglucosan, which means that even a small fraction of FR compounds
decreases the amount of levoglucosan responsible for the high flammability of cellulose,
thus producing more post-burn char. Although the T; of the second decomposition stage of
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untreated cotton is lower by more than 58 °C than the treated ones, due to the small amount
of levoglucosan more flammable gases are generated during its thermal decomposition,
making the untreated cotton more flammable than the treated cotton. The FR compounds
have little effect on the amount of water, carbon dioxide and carbon monoxide [32].

236637
Control at 578 °C N iz
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Figure 6. IR spectra of untreated and 12 BL-treated cotton at the second decomposition stage (T3).

Figure 7 shows the SEM images of treated and untreated cotton. The surface of
untreated cotton is smooth (Figure 7a), while treated samples have a rough, uneven, and
paste-like structure (Figure 7b—c). There is also a very slight difference between PA /CH-
urea- (Figure 7b) and PA /CH-urea + Cu?* (Figure 7c)-treated samples. It seems that adding
Cu?* salts as a very top layer will peel off the upper PA /CH-urea layer, thus making the
surface of the fibers more fibril-like. This structure corresponds to the thermal degradation
of the FR properties of PA/CH-urea + Cu**-treated cotton by decreasing the char length
after VFT, as well as by increasing the LOI values accordingly (Tables 1 and 2). This
difference is more obvious when comparing the pHRR and T,prr values obtained by MCC
(Table 3) and the TG values of PA/CH-urea and PA/CH-urea + Cu®* (Table 4).

All the post-burn charred LbL samples shown in Figure 8 demonstrate a bubbled
structure, one that is typical for intumescent flame-retardant systems with phytic acid
acting as an acid donor, chitosan as a carbon donor, and urea as a blowing agent generating
non-flammable gases. Cu®* metal ions act as a shield that is capable of preventing heat
from going into the fiber [33,34]. There is no difference between the post-burnt char of a
sample treated with PA /CH-urea and PA /CH-urea + Cu?* ions.
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(b)
Figure 8. SEM images of post-burn char: (a) 8 BL; (b) 8 BL + Cu.

To semi-quantify the amounts of phosphorus, nitrogen and copper, EDS measure-
ments at 4 different points for each post-burn char of the treated cotton samples were
performed and the average values of wt % for phosphorus, nitrogen and copper for each
sample were calculated; the results are summarized in Table 5. The post-burn char mainly
contains carbon, oxygen, phosphorus, and copper (for PA/CH-urea + Cu >*-treated sam-
ples), along with impurities such as aluminum, iron, magnesium, calcium, sulfur, and
potassium (derived from the technical-grade sodium phytate). These results suggest that
the deposition of PA/CH-urea and PA /CH-urea + Cu?* was successful.

The results of the antibacterial activity of Gram-negative Klebsiella pneumoniae and
Gram-positive Staphylococcus aureus after immersing LbL-treated fabric into Cu?* solution
are summarized in Table 6. Metal ions such as Cu?* and Zn?* damage the cell membrane
acting as a biosynthesis inhibitor, thus killing the bacteria [35]. As expected, all PA/CH-
urea + Cu?* treated samples killed almost 100% of the bacteria. These results are consistent
with the results obtained in a previous study, where only 2.3 wt % of copper is sufficient to
kill almost 100% of the bacteria [19].



Fibers 2021, 9, 69 11 0f 13

Table 5. Quantity of phosphorus, nitrogen, and copper in post-burn for PA/CH-urea and PA /CH-
urea + Cu?* coated cotton.

Element Phosphorus Nitrogen Copper
Atomic number 15 7 29
Series K-series K-series L-series
Sample Average wt %
8 BL 12.1 5.2 n/a
10 BL 1.7 3.3 n/a
12 BL 11.7 6.8 n/a
8 BL Cu 5.8 2.6 17.0
10 BL Cu 8.3 2.3 6.6
12 BL Cu 14.0 4.6 8.2

Table 6. Influence of treatments on the reduction of Klebsiella pneumoniae and Staphylococcus aureus
bacteria after 24 h of incubation (%).

Bacterium Reduction (%)

Sample Klebsiella pneumoniae Staphylococcus aureus
8 BL Cu 99.9 100
10 BL Cu 99.7 99.9
12 BL Cu 100.0 100.0

4. Conclusions

Cotton fabric was successfully treated with an environmentally benign flame-retardant
coating consisting of PA/CH-urea, deposited via LbL deposition. The LOI value of cotton
coated with 12 BL was 24.5% and the sample passed the VFT, with a char length of 6.7 cm.
By immersing such treated cotton into Cu?* solution, it is possible to achieve a higher FR
effect, as well as to obtain antimicrobial properties. The result is in accordance with MCC
values, where the pHRR for cotton, when treated with 12 BL of PA/CH-urea, is 132.2 W/g.
The reduction of HRR is more than 50% and the reduction of Tpyrr is more than 23 °C,
relative to untreated cotton. At the same time, the TG analysis showed that the 12 BL
treatment moved the T at the first decomposition stage to a lower temperature by 57 °C.
By adding Cu?" ions into the LbL system, the difference is even more visible. Antibacterial
testing showed the reduction of Gram-negative Klebsiella pneumoniae and Gram-positive
Staphylococcus aureus by almost 100%. By means of LbL treatment, it is possible to achieve
an effective, environmentally friendly, multifunctional FR-antimicrobial nanocoating con-
sisting of PA/CH-urea + Cu" on cotton as an alternative to commercial treatments.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/fib9110069/51, Figure S1: Heat release rates as a function of temperature for untreated (control)
and cotton treated with 8, 10 and 12 BL of PA/CH-urea + Cu?*.
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