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ABSTRACT 1 

Hypothesis: Cysteic acid functionalized mineral oxide nanoparticles can be used to impart 2 

superhydrophilic performance on a range of woven and non-woven fabrics.  3 

Experiments: Woven and non-woven fabrics spray and dip coated alumina and iron oxide based 4 

cysteic acid functionalized mineral oxide nanoparticles, were characterized by SEM, EDX and the 5 

change in water contact angle was measured or where the increased hydrophilicity was sufficiently 6 

great that the time for the adsorption of the water droplet was measured.  7 

Findings: Fabrics showed a remarkable increase in the hydrophilicity upon coating with cysteic 8 

acid functionalized mineral oxide nanoparticles, although alumina-based materials performed 9 

better than the iron oxide homologs. Untreated spunlace polypropylene (contact angle = 147.5°) 10 

shows the greatest change after CAMO treatment to a water absorption time of 15 ms. 11 

Keywords: cysteic acid, nano metal oxide, functionalization, fabric, coating, super hydrophilic 12 
surface.  13 

1. Introduction  14 

The efficacy of breathable, yet viral trapping fabrics are of increasing importance, particularly in 15 

light of the recent COVID-19 pandemic [1]. The need to use and provide personal protection such 16 

as face covering as well as effective ventilation in buildings via heating, ventilation, and air 17 

conditioning (HVAC) filtration systems is a global challenge [2]. Typical PPE is hydrophobic 18 

since it is primarily designed as splash protection of bodily fluids, while HVAC filtration levels 19 

are defined by particle size rejection. Neither was originally designed for airborne viral pathogens 20 

in aerosol droplets which has been shown to be the major risk factor of COVID-19 [3-5]. The small 21 

size of viruses and even the aspirated droplets ordinarily require a filter/fabric with a small pore 22 

size; however, this also limits airflow which makes breathing more difficult in the case of masks 23 

and increases energy costs for HVAC. In both cases it would be desirable to have a porous 24 

(breathable) fabric that traps viruses by a different mechanism than physical size [6].  25 

One approach in providing viral protection would be the incorporation of an additive that 26 

possesses anti-viral properties. For example, copper (Cu) and silver (Ag) are known to have anti-27 

viral properties [7-9], while a recent report suggests that immobilization of enzymes also has anti-28 

viral potential [10]. Unfortunately, in the case of copper and silver the anti-viral activity reported 29 
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is based upon submersion of the treated substrate in a viral containing solution, and while complete 1 

destruction of the virus occurs it requires an extended timeframe of minutes to hours. Where silver 2 

and copper containing fabrics have been tested for viral flow there is no enhanced viral rejection 3 

when compared to untreated fabric. We propose that in order to create sufficient residence time of 4 

an aspirated droplet on an active antiviral agent, it is necessary to collapse the aspirated droplet 5 

onto the surface and thus expose the virus to the antiviral agent. To collapse aspirated droplets a 6 

hydrophilic surface or better still a superhydrophilic surface is required.  7 

There have been a wide range of approaches to the creation of superhydrophilic fabrics, 8 

including depositing ultrathin silica layers [11], nanodiamond coatings [12], growing zinc oxide 9 

nanorods [13], attaching nanoparticles to pretreated fabric [14,15], as well as new polymer 10 

compositions [16]. We have previously reported that the surface energy of alumina-based materials 11 

can be altered using carboxylic acids with appropriate functional groups [17]. The application of 12 

a carboxylate functionality is dictated by relationship between the O…O distance in a carboxylic 13 

acid and the Al…Al distance in alumina materials [18,19], the resulting topotactic reaction ensures 14 

a covalent functionality. Thus, the surface of metal oxides can be tailored from superhydrophobic 15 

[20] to superhydrophilic [21] depending on the choice of the carboxylic acid: superhydrophilicity 16 

was best achieved with cysteic acid [22].  17 

Additionally, we have shown that a similar surface modification can occur on micron- and 18 

nano-sized particles [23-25], which can be immobilized onto fibers and fabrics by dip coating and 19 

partial thermal annealing (ca. 100 °C) [21,26]. Previous results with Nomex fabric have 20 

demonstrated the coating ability, but the high “weight” (200 g/m2) has a low airflow limiting its 21 

use outside specialist applications [27]. There is a need, therefore, to apply the concept of creating 22 

superhydrophilic functionalization to a wider range fabrics. In particular, non-woven and 23 

specifically spunlace polypropylene that are commonly used in filters. Herein report an 24 

investigation of dip and spray coating of cysteic acid functionalized metal oxide (CAMO) 25 

nanoparticles onto a range of non-woven fabrics and determined the conditions for optimization 26 

of the hydrophilic properties.  27 

 28 

 29 
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2. Experimental  1 

2.1. Materials 2 

Cysteic acid monohydrate (C3H9NO6S) was obtained from Shaanxi Greenbo Biochem Co., 3 

Limited. Preformed alumina (13 nm) nanoparticles, Iron(II) chloride tetrahydrate (FeCl2.4H2O, 4 

99%)  and sodium hydroxide (NaOH, ≥ 97%) were purchased from Sigma-Aldrich and used as 5 

received. Pural SB pseudoboehmite was provided by Sasol Germany. Deionized water (resistivity 6 

= 18.2 MΩ cm, Millipore) was used to conduct the experiments.  7 

 8 

2.2. Alumina CAMO preparation 9 

Cysteic acid functionalized alumina particles were prepared by a modification of two previously 10 

reported methods [23,25]. In the first method, preformed alumina nanoparticles (13 nm, 130 g, 1.3 11 

mol) were dispersed in 3.0 L of deionized water using mechanical stirring. An excess of cysteic 12 

acid (357 g, 2.1 mol) was then added and the mixture heated to reflux for 16 hours. Once the 13 

reaction time had elapsed, the mixture was allowed to cool in air until it reached room temperature. 14 

The solid from the mixture was recovered through centrifuging the suspension at 3800 rpm for one 15 

hour and then discarding the supernatant. Following this, the solid was re-suspended in deionized 16 

water and then sonicated for ten minutes in order to remove physisorbed cysteic acid from the 17 

particles. The solid was then recovered through centrifuging at 3800 rpm for one hour and 18 

discarding the supernatant. The particles were dried at 90 °C for 16 hours. The dry mass of the 19 

recovered solid was ca. 113 g. The products from this reaction are given the acronym AlNP-CAMO. 20 

In the second method, boehmite powder (10.0 g, 0.167 mol) was dispersed in 100 mL of deionized 21 

water. 160 mL of 1.0 M cysteic acid solution (31.3 g, 0.167 mol) was added to the boehmite 22 

suspension. This resulted in formation of a viscous slurry. Therefore, 50 mL of deionized water 23 

were added to that mixture. The mixture was refluxed at 90 °C for 17 hours. The reaction flask 24 

was allowed to cool down to room temperature and then centrifuged for 25 min at 3800 rpm. The 25 

precipitate was washed with deionized water and then centrifuged. This was repeated twice. The 26 

precipitate was oven dried at 85 °C for 15 hours. The final product mass was 9.5 g. The products 27 

from this reaction are given the acronym AlB-CAMO. A summary of alternative synthetic 28 

conditions is given in Table 1.  29 

 30 

 31 
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Table 1 1 

Summary of a reaction conditions for the synthesis of Al-CAMO from either preformed alumina 2 

nanoparticles or boehmite.  3 

Mineral Mass 
(g) 

Total 
volume 

H2O (mL) 

Cysteic 
acid 
(g) 

Addition process Time 
(h) 

Yield 
(g) 

Yield based 
upon mineral 

mass (%) 
Alumina 

NP 
130 3000 357 Add solid acid to mineral 

suspension 
16 113 87 

Alumina 
NP 

10 450 28 Add acid solution to 
mineral suspension 

21 12.2 122 

Alumina 
NP 

130 3000 357 Add acid solution to 
mineral suspension 

19 140 108 

Alumina 
NP 

95.8 3000 264 Add acid solution to 
mineral suspension 

22 101 105 

Boehmite 10 2600 31.26 Add acid solution to 
mineral suspension 

17 9.5 95 

Boehmite 10 250 18.75 Add solid mineral to acid 
solution 

21 9.4 94 

Boehmite 100 2500 187.5 Add solid mineral to acid 
solution 

21 108 108 

Boehmite 10 250 6.25 Add solid mineral to acid 
solution 

21 9.4 94 

 4 

2.2. Iron oxide CAMO preparation 5 

Cysteic acid functionalized iron oxide particles (Fe-CAMO) were prepared by a modification of a 6 

previously reported method [28,29]. A FeCl2.4H2O solution (100 mL, 1.0 M) was magnetically 7 

stirred for 15 minutes, after which an aqueous NaOH solution (100 mL, 1.67 M) was added 8 

dropwise over a period of 1.5 hours, under vigorous stirring. Upon addition of the NaOH solution 9 

the color of the solution was observed to change from orange to brown, and then finally to black 10 

towards then end of the addition. Cysteic acid solution (80 mL, 1.0 M) was then added and the 11 

suspension heated to 90 °C for 16 hours under magnetic stirring. Once the reaction time had 12 

elapsed, the mixture was allowed to cool to room temperature. A black solid was then recovered 13 

from the mixture through centrifuging the suspension at 3800 rpm for one hour and discarding the 14 

supernatant. The solid was dried at 90 °C for four hours. The dry mass of the solid was 15 

approximately 7 g. A summary of alternative synthetic conditions is given in Table 2. 16 

Unfunctionalized iron oxide particles (FeOx-NP) were prepared by a modification of the 17 

above method. An aqueous FeCl2.4H2O solution (100 mL, 1.0 M) was stirred for ca. 15 min, after 18 

which an aqueous NaOH solution (100 mL, 1.67 M) was added dropwise over ca. 2 h, with 19 
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continued stirring. During the addition of the NaOH solution the color of the suspension was 1 

observed to change from light green to brown, and then finally to black at the end of the addition. 2 

The solid from the suspension was recovered through centrifuging the mixture at 5000 rpm for 1 3 

h and the supernatant discarded. The solid was then re-suspended in deionized water and sonicated 4 

for 10 min to remove adsorbed ions from the particles. Following this, the solid was recovered 5 

through centrifuging the mixture at 5000 rpm for 1 h and discarding the supernatant. This process 6 

of sonication in deionized water and recovery of the solid using centrifugation was repeated one 7 

further time using the same conditions. The material was then dried in an oven at 90 °C for 16 8 

hours to afford a black solid. 9 

 10 

Table 2 11 

Summary of a reaction conditions for the synthesis of Fe-CAMO. 12 

Volume (mL) 
of FeCl2 

solution (1 M) 

Volume (mL) 
NaOH solution 

(1.67 M) 

Reaction 
time (min.) 

Volume (mL) of 
cysteic acid 

solution (1 M) 

Reaction 
time (h) 

Yield 
(g) 

Yield based 
upon FeCl2 
mass (%) 

100 100 90 80 16 7.0 55 
100 100 210 80 16 5.2 41 
100 100 120 3.8 ga 16 5.9 47 
100 100 120 None n/a 7.5b 58 
100 100 210 80 21 4.3 34 
100 100 220 80 21 3.2 25 
100 100 220 80 21 4.1 32 
980 980 150 800 16 26.6 21 

1500 1500 270 1200 16 44.5 23 
1500 1500 280 1200 16 31.3 16 
1500 1500 270 1200 16 32.3 17 
3000 3000 540 2400 20 47.6 13 
3000 3000 240 2400 21 50.6 13 
3000 3000 240 2400 16 63.2 17 

a Added as a solid. b Unfunctionalized FeOx NP.  13 

 14 

2.3.Characterization methods 15 

Fourier transform infrared attenuated total reflection (FTIR-ATR) analysis of csyteic acid 16 

functionalized mineral particles was made using Thermo Scientific Nicolet iS10 FT-IR 17 

Spectrometer in the 600-1800 cm-1 region, with 32 scans. Thermogravimetric analysis (TGA) was 18 

carried out using ca. 20 mg samples in an alumina pan with a TA Instruments SDT Q600 at a 19 

heating rate of 20 °C.min-1 from room temperature to 800 °C in air. Scanning electron microscopy 20 

(SEM) images equipped with energy dispersive X-ray analysis (EDX) were taken using a Hitachi 21 
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TM3000 tabletop microscope (Hitachi, Japan). Dynamic light scattering (DLS) analysis was used 1 

to measure the particle size distribution in deionized water using Zetasizer Nano ZS (Malvern).  2 

 3 

2.4. Fabrics selected for this study 4 

 5 

Six different types of fabrics were selected as substrates to be used during this investigation. 6 

These fabrics differed in both their density and chemical composition (Table 3). All fabrics were 7 

used as received and coated without carrying out any further treatment. 8 

 9 

Table 3 10 

Characterization of the as received fabrics. EDX analysis was performed using the SEM 11 

mentioned in section 2.3. 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

2.5. Dip coating 23 

In a typical experiment, a piece of the chosen fabric (3×3 cm2) was dip coated in an aqueous 24 

suspension of appropriate cysteic acid functionalized mineral oxide nanoparticles for 25 

approximately 5 s. The fabric was then dried through heating in a drying oven under ambient 26 

atmosphere, to 100 °C for 2 hours. A summary of the various dip coating experiments, including 27 

the identity of the mineral oxide and the fabric as well as the solution concentration is provided in 28 

Table 4.  29 

 30 

 31 

Fabric Fabric 
weight 
(g/m2) 

Elemental Composition 
(EDX) 

O / % C / % 

Woven polyethylene  131 66.09 33.91 
Spunlace 

polypropylene 
30 1.73 98.27 

Spunlace 
polypropylene 

55 36.50 63.50 

Woven polyester 
Poplin 

62 35.60 64.40 

Woven polyester 
Montana 

60 36.25 63.75 

Woven 
polyester/spandex 

120 30.69 69.31 
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 1 

Table 4 2 

Summary of a dip coat conditions for the synthesis of Al-CAMO coated fabrics. 3 

Fabric Fabric weight 
(g/m2) 

Al-CAMO Solution 
conc. (wt.%) 

Drying time 
(min.) 

Woven polyethylene 131 AlNP-CAMO 20 120 
Spunlace polypropylene 30 AlNP-CAMO 20 120 
Spunlace polypropylene 55 AlNP-CAMO 20 120 
Woven polyester Poplin 62 AlNP-CAMO 20 120 

Woven polyester Montana 60 AlNP-CAMO 20 120 
Woven polyester/spandex 120 AlNP-CAMO 20 120 
Spunlace polypropylene 55 AlNP-CAMO 1 20 
Spunlace polypropylene 55 AlNP-CAMO 2 20 
Spunlace polypropylene 55 AlNP-CAMO 5 20 
Spunlace polypropylene 55 AlB-CAMO 1 20 
Spunlace polypropylene 55 AlB-CAMO 2 20 
Spunlace polypropylene 55 AlB-CAMO 5 20 

 4 

2.6. Spray coating 5 

Two approaches were taken in the spray coating experiments. First, a piece of the chosen fabric 6 

(3×3 cm2) was spray coated with an aqueous suspension of appropriate cysteic acid functionalized 7 

mineral oxide nanoparticles (M-CAMO) for approximately 1 s. This was carried out using a 8 

hydrocarbon airbrush propellant (Spraycraft SP10, 500 mL) and a spray gun nozzle (0.6 mm). As 9 

required subsequent layers were then sprayed onto the fabric for similar amounts of time. The 10 

fabric was then dried through heating in an oven in air to 100 °C for 20 minutes. In the second 11 

method a measured volume of a 1 wt.% solution was sprayed for 20 s. The fabric was then dried 12 

through heating in an oven in air to 100 °C for 20 minutes. In order to provide a comparison of the 13 

effect of the cysteic acid, samples of iron oxide nanoparticles (without cysteic acid) were sprayed 14 

under identical conditions. A summary of the various spray coating experiments, including the 15 

identity of the mineral oxide and the fabric as well as the solution concentration is provided in 16 

Table 5.  17 

 18 

 19 

 20 

 21 

 22 
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 1 

Table 5 2 

Summary of a spray coat conditions for the synthesis of M-CAMO (M = Al, Fe).  3 
Fabric Fabric 

weight 
(g/m2) 

Nanoparticles Solution conc. 
(wt.%) 

Number of 1 
s coat stepsb 

Volume 
(mL)c 

Spunlace polypropylene 55 AlNP-CAMO 1 3 n/a 
Spunlace polypropylene 55 AlNP-CAMO 2 3 n/a 
Spunlace polypropylene 55 AlNP-CAMO 5 3 n/a 
Spunlace polypropylene 55 AlNP-CAMO 1 3 n/a 
Spunlace polypropylene 55 AlNP-CAMO 5 1 n/a 
Spunlace polypropylene 55 AlNP-CAMO 1 n/a 5 
Spunlace polypropylene 55 AlNP-CAMO 1 n/a 10 
Spunlace polypropylene 55 AlNP-CAMO 1 n/a 15 

Woven polyester/spandex 120 AlNP-CAMO 1 1 n/a 
Woven polyester Poplin 62 AlNP-CAMO 1 3 n/a 

Woven polyester Montana 60 AlNP-CAMO 1 3 n/a 
Spunlace polypropylene 55 AlB-CAMO 1 3 n/a 
Woven polyester Poplin 62 AlB-CAMO 5 3 n/a 

Woven polyester Montana 60 AlB-CAMO 5 3 n/a 
Spunlace polypropylene 55 Fe-CAMO 1 3 n/a 
Spunlace polypropylene 55 Fe-CAMO 2 3 n/a 
Spunlace polypropylene 55 Fe-CAMO 5 3 n/a 
Spunlace polypropylene 55 FeOx a 1 3 n/a 
Spunlace polypropylene 55 FeOx

 a 2 3 n/a 
Spunlace polypropylene 55 FeOx

 a 5 3 n/a 
Woven polyester/spandex 120 Fe-CAMO 5 1 n/a 
Woven polyester Poplin 62 Fe-CAMO 5 1 n/a 
Woven polyester Poplin 62 Fe-CAMO 5 3 n/a 

Woven polyester Montana 60 Fe-CAMO 5 1 n/a 
Woven polyester Montana 60 Fe-CAMO 5 3 n/a 

a Product from the reaction of FeCl2 with NaOH without the addition of cysteic acid. 4 
b The abbreviation “n/a” is used for samples that were not sprayed with the suspension sequentially in steps. Instead, 5 
the entire suspension volume is sprayed onto the fabric in one step. 6 
c The abbreviation “n/a” is used for samples where the volume of the spray coating suspension was not measured, 7 
instead samples were sprayed in stages according to column five of the table and dried at 100 °C after each 8 
application of the coating. 9 
 10 
2.7. Contact angle measurements 11 

Static contact angle values were measured for solid-liquid interface using DSA25 Expert Drop 12 

Shape Analyzer and analyzed using ADVANCE software (KRÜSS GmbH) equipped with the 13 

automated camera at 25 °C and 35% humidity. The sessile drop method was performed for the 14 

purpose of measuring contact angle values according to the Young−Laplace equation, this was 15 

completed using a contour-fitting algorithm. Each of the contact angle measurements, and water 16 

adsorption measurements were repeated three times to minimize standard errors.  17 
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 1 

3. Results and discussions 2 

3.1. Synthesis and characterization of Al-CAMO 3 

As noted above, we have investigated two routes to the formation of cysteic acid functionalized 4 

alumina nanoparticles: (a) the surface functionalization of preformed 13 nm alumina nanoparticles 5 

[20] and (b) the reaction of pseudo boehmite in which the larger particles are reduced in size by 6 

the reaction [25]. During the reaction, cysteic acid is chemically absorbed onto aluminium oxide 7 

NPs and pseudo boehmite through covalent binding with surface sites [20]. Large scale synthesis 8 

of metal oxide NPs is often defined as multi gram [30-32]; however, both of these reactions have 9 

been performed previously at this scale and, we are interested in the possibility of scaling-up the 10 

reactions to >100 g.  11 

 For purposes of comparison, the percentage yield is defined as Eq. 1, where mAl is the mass 12 

of the mineral source (NPs or boehmite) and mCAMO is the mass of Al-CAMO isolated. 13 

    Yield =  mCAMO
mAl

 × 100     (1) 14 

As may be seen from Table 1 the formation of AlNP-CAMO by the addition of an aqueous solution 15 

of cystic acid to an aqueous suspension of preformed NPs shows a small decrease in yield (ca. 8%) 16 

upon a 10× increase in scale; however, further increases appear to not affect the yield, suggesting 17 

that larger scale reactions are possible without significantly lowering the isolated yield. Adding 18 

the cysteic acid as a solid to an aqueous suspension of preformed NPs lowers the yield, while the 19 

reaction appears to be independent of the relative concentration of either cysteic acid or NPs. This 20 

latter observation suggest that in large scale synthesis the ratio of reagents can be dictated by 21 

economic factors and the ease of purification of the product from any unreacted reagents.  22 

In contrast to AlNP-CAMO, the formation of AlB-CAMO by the addition of an aqueous 23 

solution of cysteic acid to an aqueous suspension of pseudo boehmite shows a slight increase in 24 

isolated yield, (ca. 14%) upon a 10× increase in scale, again suggesting that the reaction is suitable 25 

for >100 g scale batches (see Table 1). Also, unlike the preformed NPs there is no effect of adding 26 

the cysteic acid as an aqueous solution to the aqueous suspension of pseudo boehmite or adding 27 

the latter as a solid to the aqueous solution of the former, allowing for a simpler reaction at scale. 28 

As with the preformed NP synthesis, the yield is independent of the cysteic acid:mineral ratio. In 29 
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fact, the yield is constant over a reagent ratio of 0.63:1 to 3.13:1 suggesting that the reaction can 1 

be performed irrespective of the reagent ratio.  2 

 The TGA characterization of samples prepared by the two methods show a marked 3 

difference in the extent of functionalization. As is seen in Fig. 1 the TGA for AlNP-CAMO shows 4 

a 11.4% weight loss as compared to 34% for AlB-CAMO. The lower weight loss is consistent with 5 

a low level of cysteic acid functionalization. The relative level of functionalization is consistent 6 

with the aggregate size (measured by DLS) which shows an average size of 65 nm and 50 nm for 7 

AlNP-CAMO and AlB-CAMO, respectively (Fig. 2). It is known that smaller aggregate size comes 8 

from more functional groups [33].  9 

 10 
Fig. 1. Representative thermogravimetric analysis (TGA, red line) and associated derivative 11 
weight (blue dashed line) plots for (a) AlNP-CAMO and (b) AlB-CAMO prepared using 10 g of 12 
the appropriate mineral, heated under air at 20 °C/min.  13 

 14 

Fig. 2. Plots of particle size distribution for (a) AlNP-CAMO and (b) AlB-CAMO prepared using 15 
10 g of the appropriate mineral. 16 

In order to determine the inherent hydrophilic nature of AlNP-CAMO, a microscope glass 17 

slide substrate (25×75 mm) was spray coated with 5 wt.% aqueous suspension of AlNP-CAMO. The 18 

slide was then dried at 100 °C for 2 hours. The water contact angle of the coated glass substrate was 19 

~7°. This is consistent with the value of 5° previously reported for AlB-CAMO [21].  20 
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3.2. Synthesis and characterization of Fe-CAMO  1 

Although carboxylic acids are known to react with Goethite (the iron analogue of boehmite) [34], 2 

we and others have shown that large scale synthesis of carboxylic acid functionalized iron oxide 3 

nanoparticles are best made from the formation of lepidocrocite from FeCl2 [28,35] by the reaction 4 

with NaOH followed by reaction with cysteic acid (Scheme 1). Similarly to the synthesis of 5 

aluminum oxide functionalised by cysteic acid (Al-CAMO), the cysteic acid becomes chemically 6 

absorbed onto FeOOH (Fe-CAMO) during the reaction [29]. In the present study a 1 M solution 7 

of FeCl2 was used in all the reactions, however, the scale is varied between 100 mL and 3000 mL 8 

of the solution. Other variables include the time after NaOH addition and prior to cysteic acid 9 

addition from 1.5 to 4.5 hours.  10 

 11 
Scheme 1. Reaction steps for the formation of Fe-CAMO from FeCl2.  12 

As may be seen from Fig. 3a as the scale of the reaction is increased then the mass of Fe-13 

CAMO isolated increases in a near linear manner; however, the percentage yield as derived from 14 

Eq. 2 decreases with increased scale (Fig. 3b). This suggest that a limited yield of ca. 13% in large 15 

scale production may be problematical unless the unreacted iron oxide can be recycled.  16 

    Yield =  massFe−CAMO
massFeCl2

 × 100     (2) 17 
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 1 

 2 
Fig. 3. Plots of Fe-CAMO yield in (a) mass (R2 = 0.92) and (b) as a percentage as a function of 3 
the volume of a 1 M solution of FeCl2.  4 

Interestingly, as shown in Fig. 4, the yield decreases with increased time between the 5 

addition of the NaOH to the FeCl2 and the addition of the cysteic acid, i.e., t1 in Scheme 1. There 6 

is also a decrease in yield (albeit on a limited sample size) with increased reaction time after 7 

addition of cysteic acid, i.e., t2 in Scheme 1.  8 
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 1 
Fig. 3. Plot of Fe-CAMO yield as a percentage as a function of the time between the addition of 2 
aqueous NaOH to the FeCl2 solution and the addition of the cystic acid solution.  3 

The TGA data (Fig. 5) indicates a functionalization ratio for Fe-CAMO is similar to that 4 

of AlNP-CAMO (c.f., Fig. 2), while the particle size distribution of Fe-CAMO becomes bi-modal 5 

upon longer time (t1), see Fig. 6.  6 

 7 
Fig. 5. Representative thermogravimetric/differential thermal analysis (TG/DTA) plots for Fe-8 
CAMO nanoparticles heated under air at 20 °C/min.  9 

 10 
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Fig. 6. Plots of the particle size distribution of Fe-CAMO as prepared using 100 mL of a 1M FeCl2 1 
solution, 100 mL of a 1.67M NaOH solution reacted for 3.5 hours before addition of 80 mL of 1M 2 
cysteic acid solution and reacting for (a) 16 h and (b) 21 h. 3 

In order to determine the inherent hydrophilic nature of Fe-CAMO, a microscope glass slide 4 

substrate (25×75 mm) was spray coated with 5 wt.% aqueous suspension of Fe-CAMO. The slide 5 

was then dried at 100 °C for 2 hours. The water contact angle of the coated glass substrate was only 6 

~115°. This is consistent with our prior work for superhydrophobic analogues, where the aluminum 7 

version shows a greater effect than the iron homologue [29].  8 

3.3. Characterization of base fabrics 9 

The uncoated fabrics were characterized by SEM and associated EDX analysis (see Supplementary 10 

Material and Table 3) to confirm their composition and hydrophilicity/hydrophobicity. In order to 11 

determine the baseline hydrophilicity/hydrophobicity of the fabrics the water contact angle was 12 

measured (e.g., Fig. 7). However, in some samples (the two polyester fabrics) the contact angle 13 

could not be measured since the water absorbed into the fabric (Fig. 8). Thus, the time taken for a 14 

water droplet placed on the surface to lose its structure and be absorbed by the fabric was 15 

determined in place of contact angle. The results are summarized in Table 6. 16 

  17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 
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Table 6 Summary of the wettability of the as received fabrics. 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 
a The abbreviation “n/a” is used to show that water droplets did not remain on the top of the fabrics and as a result 11 
the contact angles could not be measured. Instead, the droplets were absorbed into the fabric in the times stated in 12 
column four.  13 
b The abbreviation n/a” is used to show that water droplets were not absorbed into the fabrics. Instead, they remained 14 
on the surface and showed the contact angles listed in column three. 15 
 16 

 17 
Fig. 7. Representative photograph of a 4.0 μL water droplet on the as received 120 g/m2 woven 18 
polyester/spandex blend fabric, where the width of the needle (at the top of the image) is 19 
approximately 0.514 mm.  20 

 21 

Fabric Fabric 
weight 
(g/m2) 

Water contact 
angle (°)a 

Water 
absorption time 

(ms) b 
Woven polyethylene 131 141 n/a 

Spunlace 
polypropylene 

30 147.5 n/a 

Spunlace 
polypropylene 

55 147.5 n/a 

Woven polyester 
Poplin 

62 n/a 10000 

Woven polyester 
Montana 

60 n/a  180 

Woven 
polyester/spandex 

120 144 – 147 n/a 
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 1 
Fig. 8. Photographic images showing the absorption of a 4.0 μL water droplet into the uncoated 2 
60 g/m2 polyester Montana fabric (a - c). Image (a) corresponds to the droplet before contact with 3 
the fabric (0 ms), whilst images (b) and (c) show the droplet on the fabric after 80 and 160 ms 4 
respectively. The width of the needle is approximately 0.514 mm.  5 

Superhydrophilicity commonly refers to the phenomenon of excess hydrophilicity, or 6 

attraction to water; in superhydrophilic materials, the contact angle of water is close 0°. Because 7 

it is difficult to measure the contact angle of a water droplet on a non-flat, inhomogeneous, surface, 8 

such as a fabric, herein a superhydrophilic surface is defined as the time taken for a water droplet 9 

is placed on the surface to lose its structure and be absorbed by the fabric. In the present work a 10 

superhydrophilic surface is defines as one where the water droplet merges with the substrate in a 11 

time less than 1 second. 12 

 13 

3.2. Dip coating 14 

Samples of each fabric were dip coated in a 20 wt.% aqueous solution of AlNP-CAMO following 15 

the methodology previously reported [27]. The coated fabrics were characterized by contact angle 16 

measurements, SEM and associated EDX. During dip coating, the particles deposit onto the fabric 17 

and interact with the fabric’s fibre’s through physisorption.  The mass uptake for each fabric was 18 

determined by measuring the mass before and after coating (e.g., Fig. 9 ). No coating was observed 19 

on the polyethylene because the fabric would not wet the aqueous solutions. The non-woven 20 

spunlace polypropylene fabrics show a significantly higher uptake in comparison with the woven 21 

fabrics. This is counter to the starting hydrophilicity, where the polyester and polyester/spandex 22 

blends would be expected to absorb the solution. Thus, suggesting that the starting wettability does 23 

not affect the CAMO loading. he uptake on the 55 g/cm2 weight spunlace polypropylene is slightly 24 

greater than the 30 g/cm2 materials, which would be expected based upon mass fiber per unit area.  25 
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 1 
Fig. 9. Plot of mass uptake (%) for different woven and non-woven fabrics dip coated with a 20 2 
wt.% aqueous solution of AlNP-CAMO.  3 

The large weight increase for the spunlace polypropylene fabrics when using 20 wt.% 4 

solution is accompanied by sloughing-off material during handling and webbing (as seen in the 5 

SEM, see Supplementary Materials) suggesting that a lower concentration solution is required. As 6 

a result, additional dip coat experiments to compare AlNP-CAMO and AlB-CAMO were performed 7 

using 1, 2, and 5 wt.% solutions. The uptake of AlNP-CAMO and AlB-CAMO on 55 g/cm2 weight 8 

spunlace polypropylene was determined by measurement of the relative aluminum content by 9 

EDX using 1, 2, and 5 wt.% solutions under identical dip coat and drying conditions.  10 

As may be seen from Fig. 10, the aluminum content (i.e., CAMO uptake) increases with 11 

the use of a 2 wt.% solution as compared 1 wt.% for both AlNP-CAMO and AlB-CAMO; however, 12 

further increase in solution concentration does not result in increased uptake. Presumably this 13 

signifies saturation of the fabric and further increases would necessitate multiple dip/dry cycles. 14 

Interestingly, AlNP-CAMO shows a higher uptake that AlB-CAMO at 1 wt.%, but this is reversed 15 

for higher concentrations.  16 

 17 
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 1 
Fig. 10. Plot of aluminum concentration (at.%) as determined by EDX for 55 g/cm2 weight 2 
spunlace polypropylene dip coated with aqueous solutions of AlNP-CAMO and AlB-CAMO. 3 

3.3. Spray coating 4 

Table 7 provides the data for spray coating of the fabrics by Al-CAMO or Fe-CAMO, which 5 

may be compared to the base fabrics in Table 6. Similarly to dip coating, during the spray 6 

coating the particles are deposited onto the fabric and interact with the fabric fibre through 7 

physisorption. In general, the performance of AlB-CAMO and AlNP-CAMO are either lower or 8 

comparable. In the case of polypropylene, the hydrophilicity is dramatically increased as 9 

indicated by the change from a contact angle for the untreated fabric of ca. 147° to <1 sec time 10 

for the droplet to collapse. Application of the functionalized nanoparticles onto the fabrics was 11 

observed to lower their wettability in most cases. For example, the initially hydrophilic 12 

polyester fabric becomes superhydrophilic after coating, while the Spandex changes from 13 

hydrophobic to superhydrophilic. In each case SEM images and associated EDX confirm the 14 

presence of a coating on the fabrics. Interestingly, the Montana polyester becomes less 15 

hydrophilic upon coating with either Al-CAMO or Fe-CAMO. A possible explanation for this 16 

could be that the coating material could slow the ingress of water into the fabric as the droplet 17 

is being adsorbed. The SEM images of uncoated and coated fabric (Fig. 11) shows that while 18 

the AlNP-CAMO appears to have been deposited on the individual fibers, the coating is non-19 

uniform and not contiguous. Given the application of spunlace polypropylene in PPE, and the 20 

significant enhanced hydrophilicity, further studies concentrated on this substrate.  21 

 22 
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 1 
Fig. 11. SEM images of 60 g/cm2 weight woven Montana polyester (a) before and (b) after 2 
spray coated with aqueous solutions of 5 wt.% AlNP-CAMO.  3 

Table 7 4 

Summary of a spray coat conditions for the synthesis of M-CAMO (M = Al, Fe). 5 
Fabric Fabric 

weight 
(g/m2) 

Nanoparticles Solution conc. 
(wt.%) 

Number 
of 1 s 

coat steps 

Water 
contact 

angle (°)b 

Water 
absorption 
time (ms)c 

Spunlace polypropylene 55 AlNP-CAMO 1 3 n/a 102 
Spunlace polypropylene 55 AlNP-CAMO 2 3 n/a 96 
Spunlace polypropylene 55 AlNP-CAMO 5 3 n/a 103 
Spunlace polypropylene 55 AlNP-CAMO 1 3 88.2 n/a 
Spunlace polypropylene 55 AlNP-CAMO 5 1 n/a 160 
Spunlace polypropylene 55 AlNP-CAMO 1 5 mL a 86.6 n/a 
Spunlace polypropylene 55 AlNP-CAMO 1  10 mL a 56.8 n/a 
Spunlace polypropylene 55 AlNP-CAMO 1 15 mL a n/a 15 

Woven 
polyester/spandex 

120 AlNP-CAMO 1 1 n/a 4540 

Woven polyester Poplin 62 AlNP-CAMO 1 3 n/a 60 
Woven polyester 

Montana 
60 AlNP-CAMO 1 3 n/a 2060 

Spunlace polypropylene 55 AlB-CAMO 1 3 110 n/a 
Woven polyester Poplin 62 AlB-CAMO 5 3 n/a 61 

Woven polyester 
Montana 

60 AlB-CAMO 5 3 n/a 2060 

Spunlace polypropylene 55 Fe-CAMO 1 3 n/a 1264 
Spunlace polypropylene 55 Fe-CAMO 2 3 n/a 601 
Spunlace polypropylene 55 Fe-CAMO 5 3 n/a 38 
Spunlace polypropylene 55 FeOx b 1 3 n/a 3820 
Spunlace polypropylene 55 FeOx

 b 2 3 n/a 3014 
Spunlace polypropylene 55 FeOx

 b 5 3 n/a 2620 
Woven 

polyester/spandex 
120 Fe-CAMO 5 1 26-61 n/a 

Woven polyester Poplin 62 Fe-CAMO 5 1 n/a 320 
Woven polyester Poplin 62 Fe-CAMO 5 3 n/a 80 

Woven polyester 
Montana 

60 Fe-CAMO 5 1 n/a 9660 

Woven polyester 
Montana 

60 Fe-CAMO 5 3 n/a 5000 

a Total volume used. b Product from the reaction of FeCl2 with NaOH without the addition of cysteic acid.  6 
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b The abbreviation “n/a” is used to show that water droplets did not remain on the top of the fabrics and as a result 1 
the contact angles could not be measured. Instead, the droplets were absorbed into the fabric in the times stated in 2 
column seven.  3 
c The abbreviation n/a” is used to show that water droplets were not absorbed into the fabrics. Instead, they remained 4 
on the surface and showed the contact angles listed in column six. 5 
 6 

As may be seen from Table 6 AlNP-CAMO shows better results (in terms of reduced 7 

contact angle/increased hydrophilicity) than AlB-CAMO for non-woven spunlace 8 

polypropylene, but near identical for Poplin; however, given the identical results obtained for 9 

films deposited on glass substrates (see above) this would suggest that the difference is due to 10 

the uptake on the fabric. Fig. 12 shows SEM images of spunlace polypropylene after spray 11 

coating with AlB-CAMO (Fig. 12a and b) and AlNP-CAMO (Fig. 12c and d). Fabric coated with 12 

AlB-CAMO shows webbing even with a 1 wt.% solution and large deposits between the fibers 13 

using a 5 wt.% solution (c.f., Fig. 12a versus Fig. 12b). In contrast, spray coating with a 1 wt.% 14 

solution of AlNP-CAMO shows no webbing (Fig. 12c), and even at 5 wt.% the webbing is 15 

contained (Fig. 12d). The uniformity of the spray coating may be seen from Fig. 13 showing the 16 

SEM image and associated EDX analysis of 55 g/cm2 weight spunlace polypropylene dip coated 17 

with aqueous solutions of 2 wt.% AlNP-CAMO. 18 

 19 

 20 
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Fig. 12. SEM images of 55 g/cm2 weight spunlace polypropylene dip coated with aqueous 1 
solutions of (a) 1 wt.% AlB-CAMO, (b) 5 wt.% AlB-CAMO, (c) 1 wt.% AlNP-CAMO and (d) 5 2 
wt.% AlNP-CAMO.  3 

 4 

 5 

Fig. 13. SEM images and associated EDX maps of selected elements acquired at 15 kV using 10 6 
minutes of acquisition time for a piece of the 55 g/m2 non-woven polypropylene spunlace fabric 7 
after spray coating with 1 wt.% aqueous solution of AlNP-CAMO showing the uniform distribution 8 
on the fabric fibers.  9 

 10 

As an alternative to altering the solution concentration, a series of samples were prepared 11 

using a 1 wt.% solution of AlNP-CAMO, but changing the total volume of solution sprayed. 12 

Increasing the solution volume results in a linear decrease in the contact angle for a water 13 

droplet on the fabric surface (Fig. 14). Importantly, at 15 mL of solution, the contact angle is 14 

not measured, but instead it collapses in 3780 ms suggesting that the fabric has reached 15 

superhydrophilicity.  16 

 17 
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 1 
Fig. 14. Plots of contact angle (°) as a function of the volume of AlNP-CAMO aqueous solution (1 2 
wt.%) spray coated on 55 g/m2 spunlace polypropylene fabric. 3 

 4 

 As may be seen from Table 6 the Fe-CAMO shows less of an effect in terms of contact 5 

angle reduction when compared to Al-CAMO. This is similar to the effects observed for 6 

superhydrophobic homologs [29] This is exemplified by Fig. 15, which shows a plot time for a 7 

water droplet to collapse (in ms) as a function of the mass increase after coating with 1, 2, and 8 

5 wt.% solutions (using 3  × 1 sec coats). The AlNP-CAMO samples show essentially no change 9 

with increased mass of the coating, while the Fe-CAMO shows a more expected exponential 10 

decrease in time with mass added, i.e., the more Fe-CAMO added the more hydrophilic the 11 

surface. Thus, a 4% mass addition of AlNP-CAMO has the same superhydrophilic performance 12 

of ca. 15-20% mass of Fe-CAMO. This is in agreement with the relative hydrophilicity of the 13 

materials (see above).  14 

 15 

 16 
Fig. 15. Plots of time for a water droplet to collapse (ms) as a function of the percentage mass 17 
added on to 55 g/m2 spunlace polypropylene fabric from a sprayed aqueous solution of (1, 2 and 18 
5 wt.%) M-CAMO.  19 
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 1 

 In order to be able to ascertain the effect of the cysteic acid as compared to the NP 2 

structure, samples of Fe-NPs were prepared by an analogous manner to Fe-CAMO, but without 3 

the addition of cysteic acid. As may be seen from Fig. 16 and Table 6, coating the spunlace 4 

polypropylene fabric with unfunctionalized Fe-NPs does increase the hydrophilicity of the 5 

fabric, but the cysteic acid functionality results in between 3× and 10× decrease in the time for 6 

a water droplet to collapse on the surface. This confirms our prior study of the cysteic acid’s 7 

functionality being a controlling factor in creating a hydrophilic surface [21,22].  8 

 9 

 10 
Fig. 16. Plots of time it takes for droplet to collapse (ms) as a function of the concentration of 11 
aqueous solution (wt.%) of Fe-CAMO and unfunctionalized Fe-NPs, spray coated on 55 g/m2 12 
spunlace polypropylene fabric.  13 

 14 

4. Conclusions 15 

Herein we report that a range of woven and non-woven fabrics may be dip and spray coated with 16 

aqueous solutions of cysteic acid functionalized metal oxide (CAMO) nanoparticles in order to 17 

increase their hydrophilic properties. The best performance for creating a superhydrophilic fabric 18 

is achieved by the use of Al-CAMO rather than Fe-CAMO. Furthermore, an excess of Al-19 

CAMO does not greatly improve the performance meaning that ca. 5% mass uptake provides 20 

optimum superhydrophilic performance with no webbing and no sloughing. Finally, it appears 21 

that multiple passes of a sprayed solution create a more hydrophilic surface than a single pass 22 

for longer.  23 

 24 
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