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Abstract 

Cellulose, the world’s most abundant biopolymer, forms the foundation of numerous durable, 
renewable materials such as cotton.  Through Natural Fiber Welding (NFW) with ionic liquids, 
cotton can be engineered into a functional biocomposite without destroying the desirable material 
properties it has evolved over millennia. Our lab has recently discovered how to use NFW to 
transform a low surface area native cotton textile into a high surface area mesoporous scaffold.  
After re-exposure to a polar solvent and subsequent solvent removal, this scaffold collapses into a 
low surface area structure with closed pores.  In the current study, we explore how to use this 
mechanism to trap two different kinds of functional nanoparticles into cotton textiles: (i) 5 nm 
diameter titanium dioxide nanoparticles (TiO2NPs) for UV protection and (ii) a nanoscale metal 
organic framework (MOF, UiO-67) catalyst to degrade chemical nerve agents.  Diffuse 
transmittance UV/Vis spectroscopy was used to measure the UV-protective properties of the 
TiO2NP composite textiles, while UV/Vis spectroscopy was used to evaluate the effectiveness of 
the MOF composite textiles.  In each case, the data reveals the advantage of preparing functional 
biocomposites from mesoporous cellulose scaffolds, where effective nanoparticle loadings and 
desired physicochemical properties are achieved, even after prolonged rinsing in water. 
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Cellulose, functionalized textiles, nanomaterials, natural fiber welding, ionic liquids, sun 
protection, nerve agent catalysis. 
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2. Introduction  

Prior to the advent of synthetic polymers, biopolymer materialsI,II were the primary candidates for 
applications such as textiles, building supplies, and packaging.1-3 The recent demand for cost-
effective, renewable, and sustainable alternatives to synthetics, however, has rekindled interest in 
biopolymer materials.3-6 Despite the beneficial material traits they offer, which were naturally 
selected by evolution, the current means of processing them into workable products involve toxic 
solvents, such as carbon disulfide.7 Due to the environmental and personnel hazards associated 
with these production methods, modifying biopolymer materials remains a challenge. 
Furthermore, these harsh solvents can also degrade their otherwise favorable mechanical 
properties.8 To address this problem, ionic liquids (ILs) can be used to alter the physicochemical 
properties of biopolymer materials through an environmentally friendly, green engineering method 
called Natural Fiber Welding (NFW).  

Ionic liquids are non-volatile salts that are liquid at or near room-temperature (< 100 °C).  In 2002, 
Swatloski et al. first reported how certain ILs could easily dissolve cellulose under mild 
conditions.9 Consequently, ILs can also be used to partially dissolve and mobilize the surface of a 
biopolymer material, keeping the structurally favorable native core of the material intact. Through 
solvent exchange with a simple anti-solvent, such as water, this partial dissolution process is 
quenched, enabling the mobilized biopolymer to reform its hydrogen bond network.10 IL addition, 
biopolymer dissolution, and quenching remain the underlying principles of NFW. By tuning the 
conditions of the welding process, such as IL identity, exposure time, solvent temperature, and 
anti-solvent identity, the physical properties of resultant composite materials can be tailored.11, 12  
In addition, the low volatility and often negligible toxicity of ILs used during NFW drastically 
reduces the environmental impact of biopolymer processing compared to other methods.13  

Natural Fiber Welding was originally conceived as a means of uniting, or “welding,” biopolymer 
materials together through the concerted mobilization of their surfaces with an IL welding solvent. 
Since the advent of NFW, our lab has developed more advance methods to manipulate this surface 
biopolymer mobilization and deliver novel functional biocomposites. Two such NFW processes 
most pertinent to this project include the generation of high surface area, mesoporous biopolymer 
materials (first reported by Aiello et al.) and the addition of functional nanomaterials into the fiber-
welded matrix.14-16 This study aims to combine these two advancements in order to develop nano-
functionalized cellulose composites using a high surface area, mesoporous scaffolding as the host 
material. 

By carefully removing the IL during quenching through a solvent gradient of decreasing polarity, 
the surface area of cellulosic textiles can increase by over three orders of magnitude (Scheme 1).17, 

18  

                                                 
I In this report, biopolymer refers to any macromolecule produced by a natural source, composed primarily of sugars, 
amino acids, or proteins. 

II In this proposal the term “biopolymer material” refers to a material originally generated from biomass (i.e., plant, 
animal, fungus) that is composed of biopolymers organized in an ordered hierarchical structure (e.g., wood, cotton, 
silk).  This term may be modified with the word “natural” or “native” to designate a biopolymer material that is 
essentially unmodified from its original configuration. 
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Scheme 1. Cartoon showing the basic steps involved in the production of a mesoporous biopolymer material, including IL treatment, 
solvent exchange (quenching) with a solvent gradient of decreasing polarity, and drying. 
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The exact mechanism of this process is currently under investigation; it is hypothesized to involve 
a rearrangement of cellulose polar and nonpolar planes following their swelling during IL 
quenching, as well as  restructuring of the hydrogen bond network within the cellulose strands 
during the drying phase.19 Although stable under gaseous chemical environments, such as in dry 
atmospheric air or pure nitrogen, a facile collapse of the mesoporous surface matrix is observed 
upon drying after exposure to polar solvents such as water. Ultimately, subjecting mesoporous 
cellulose to these processes produces a material with a surface area similar to conventionally fiber-
welded cellulose.20  

Although NFW-engineered mesoporous cotton possesses numerous physicochemical advantages 
due to its enhanced surface area and porous structure, these properties can be reversed through its 
collapse. Similarly, the natural occurrence of water in earth’s atmosphere leads to slow degradation 
of the mesoporous material during prolonged contact with humid air.21 This surface degradation 
remains a major obstacle when working to functionalize mesoporous cellulose when high surface 
areas are desired in the final product. The ability to readily collapse this mesoporous cellulose 
scaffolding, however, also presents a unique opportunity to introduce functional nanomaterials 
into the mesoporous matrix and then physically entrap them by intentionally closing down the 
pores. The term “scaffolding” was chosen to describe the mesoporous surface structure acting in 
this capacity, as it was theorized to provide a temporary framework, much like the scaffoldings 
used during large scale construction projects, on which a final nanomaterial structure can be 
positioned before mesopore collapse. In theory, for this function to impart viable loadings, the 
nanomaterial of interest must be on the same size scale as the mesoporous surface (ca. 2-50 nm 
diameter) to maximize how many particles can fill the pores. Through this mechanism, various 
nano-sized materials (i.e., nanoparticles, macromolecules, etc.) can be incorporated into the 
cellulose, imparting their function to the underlying matrix. 

As one of the most common forms of cancer in the world, melanoma of the skin is projected to 
affect up to 99,780 individuals in the United States alone in 2022, while claiming an estimated 
7,650 lives.22 Most commonly, these skin cancers are caused by excess exposure to the harsh UV 
light emitted from the sun, or through artificial sources such as tanning beds.23 UV light emitted 
by the sun can be divided further into the three spectral ranges of  UVA (315-400 nm) , UVB (280-
315 nm), and UVC (100-280 nm) light. Due to atmospheric protection from ozone, only UVA and 
UVB light from the sun pose a significant threat to human skin. Despite the staggering statistics 
regarding skin-related cancers, physical protection from UV rays through topical sunscreens and 
protective clothing can allow for enjoyment of outdoor activities in intense UV radiation. Although 
topical sunscreens are most commonly described by the in vivo Sun Protection Factor (SPF), the 
degree to which a sun-blocking textile protects against light in the UVA/UVB spectra is expressed 
quantitatively through a value known as the Ultraviolet Protection Factor (UPF). Defined 
mathematically as the ratio between the incident and transmitted UVA/UVB light, a textile with a 
UPF value of 25, for example, allows through only 1 of the 25 arbitrary units of UV radiation.24 
As such, a higher UPF value corresponds to a greater degree of UV protection, with the FDA 
segmenting recorded UPF values into three distinct ranges under the ASTM Standard D6603 
(Table 1). 
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Table 1. Classification of FDA UPF Value Ranges in Accordance with ASTM Standard D6603. 

FDA Classification UPF Range UV Radiation Blocked (%) 

Good 15-24 93.3-95.9 

Very Good 25-39 96.0-97.4 

Excellent 40-50+ 97.5-98.0+ 
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Current materials for UV protection include broad-spectrum sunscreens composed of synthetic 
organic chemicals such as oxybenzone, or special clothing made of synthetic polymers, such as 
nylon or polyester.25 Many of these compounds, although effective in blocking the harmful rays 
of the UV spectrum, produce harmful pollutants upon synthesis, are associated with other health 
issues such as endocrine disruption, or can cause serious damage when released into the 
environment.26-28 Recently, the state of Hawaii went as far as to ban the use of oxybenzone, 
avobenzone, and octocrylene, common ingredients in synthetic sunscreen, after linking them to 
extensive coral reef damage.29,30 Due to these concerns, mineral sunscreens have risen in 
popularity as alternatives to synthetic organic chemicals for sun protection.25 Unlike their synthetic 
organic counterparts, whose mechanisms involve absorption of UV light and subsequent 
conversion into heat, mineral sunscreens rely on naturally occurring, inorganic compounds such 
as TiO2 and ZnO to absorb or scatter UV rays away from the skin’s surface.25, 31  

Despite significant advances in developing ecologically-conscious, renewable topical sunscreens, 
less progress has been made to develop functional, high-UPF textiles from renewable materials 
that do not require extensive chemical functionalization or costly in situ nanoparticle growth within 
the fabric.32-34  In the current study, nanoparticles of titanium dioxide (TiO2NP, 5 nm diameter) 
and zinc oxide (ZnONP, 10-30 nm) were chosen to impart this function, given their commercial 
availability, affordability, and well documented UV-protective properties.  By encapsulating 
nanoparticles within the pores of a fiber-welded mesoporous scaffold, ultra UV-protective textiles 
sourced entirely from natural materials can be delivered.  The process is low cost, environmentally 
friendly, scalable, and can be adopted to any biopolymer that can be fiber-welded into a 
mesoporous matrix and/or any nanomaterials with sizes coincident with the pore size of the 
supporting scaffold. 

Another attractive class of molecules for encapsulation into the mesoporous scaffold are metal 
organic frameworks (MOFs).  In particular, zirconium-based MOFs were interesting candidates, 
due to their small size (<50 nm diameters) and ability to degrade nerve agents such as sarin gas.35,36 
Sarin, an organophosphate gas, presents a large threat to civilian populations and militaries across 
the globe due to its high toxicity, low volatility, and colorless and odorless properties.37 Notably, 
sarin has been used in deadly attacks against Japanese civilians in 1995, Kurdish citizens in the 
Iraq-Iran war from 1980-1988, and Syrian civilians as recent as 2013. In response to these threats, 
there is a pressing demand to develop efficient, cost-effective, and industrially-scalable textiles 
that support MOFs for protective filters or clothing in a range of   civilian and military applications, 
from gas masks to shipboard ventilation systems.38-40 Although highly effective in destroying 
lethal compounds, most MOF species exist as intractable powders that are not easily workable into 
a macroscale structure to facilitate their widespread use.  Incorporating the MOF into textiles using 
mesoporous scaffoldings would thus provide these species a robust, modular framework through 
which they can impart their function. One zirconium-based MOF, UiO-67, was studied due to its 
ability to suspend in water, small particle size (ca. 8-10 nm diameter), and well-documented ability 
to rapidly catalyze the degradation of sarin gas and other related compounds.  Due to legal and 
technical limitations of working with sarin, the chemical analog methyl paraoxon (DMNP) is 
commonly studied.  DMNP is a commercially available insecticide that structurally resembles 
sarin gas and degrades through a nearly identical process, shown in Figure 1. 
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Figure 1. Degradation of methyl paraoxon (DMNP), a mimic of the nerve agent sarin, that is catalyzed by the presence of MOF UiO-
67 in aqueous solution at neutral pH. This reaction offers a relatively safe, reproducible method for assaying the ability of a material to 
degrade nerve agents. 
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Because a MOF’s performance against DMNP directly correlates with its ability to neutralize 
sarin, it can be used to evaluate a material’s catalytic efficacy against nerve agents like sarin safely 
in a conventional lab setting.35, 36, 38, 39  Using the same fabrication process as the UV-protective 
textiles, this report delivered a series of MOF-laden textiles using mesoporous cellulose 
scaffoldings and evaluated their catalytic ability to degrade nerve agent sarin through the DMNP 
reaction. 

3. Materials and Instrumentation 

The following textiles and nanomaterials were obtained from commercial vendors and used as 
received unless noted otherwise: pure cotton cross-stitch fabric Aida cloth (22 count, 
Sensations™), 5 nm titanium dioxide nanoparticles (TiO2NPs, anatase, 99.9%, Sky Spring 
Nanomaterials, Inc.), and 10-30 nm zinc dioxide nanoparticle powder (ZnONPs, 99.8%, Sky 
Spring Nanomaterials, Inc.). Detailed characterization obtained from the supplier regarding the 
purchased nanoparticles can be found in the Supplemental (Figure S1).   

The following chemicals were used: sodium dodecyl sulfate (SDS, SIGMA, 99%), 1-ethyl-3-
methylimidazolium acetate (EMIAc, Io-Li-Tec, IL-0189-TG, 95%, nominal water content by KF 
titration is 0.28 wt%), isopropanol (IPA, Aldrich, 190764, ≥99.5%), 2-butanone (2B, Aldrich, 
360473, ≥99.0%), cyclohexane (CH, Aldrich, 227048, 99.5%), 4-nitrophenolate (4-NP, Acros 
Organics, B0150783A, 99%), n-ethyl morpholine (Acros Organics, A0382449, 99%), UiO-67 
MOF powder (UiO-67 MOF, obtained from MIDN 1/C Will AsheIII), Paraoxon methyl (Sigma-
Aldrich, #BCCF7777), glacial acetic acid (Sigma-Aldrich, SHBG5375V, ≥99.0%), hydrofluoric 
acid (HF, Sigma-Aldrich, MKCK5091, 48%) and 18 MΩ e-pure water (H2O, Barnstead E-Pure 
Water Filtration System). All chemicals were certified ACS reagent grade and were used as 
received unless noted otherwise. 

The following instruments and apparati were available at the United States Naval Academy: 
Tescan MIRA 3 FEG scanning electron microscope (SEM), TEAM Octane SSD energy-dispersive 
X-ray spectrophotometer (EDS), JASCO V-670 diffuse transmittance UV/Vis spectrometer with 
60 mm integrating sphere accessory (DUV/Vis), Micromeritics ASAP 2020 Plus Brunauer-
Emmett-Teller (BET) Physisorption Analyzer, and a Thermo Fisher Scientific NanoDrop™ 
UV/Vis Spectrometer. All pH values were recorded using a properly calibrated Denver Instrument 
UltraBasic UB-10 pH Meter and confirmed with Hydrion® pH paper. For BET measurements, N2 
gas was used for surface area measurements of mesoporous surfaces, whereas Kr gas was used for 
measurements of low surface area materials due to its lower vapor pressure at the analysis 
temperature of 77 K. All procedures for the listed forms of instrumentation will be outlined in the 
following section, when necessary. 

4. Materials Synthesis and Procedures 

i. Preparation of Aida Cloth Base Materials (Native Aida Samples) 

To prepare the base Aida cloth for testing and sample fabrication, 16 cm2 squares of cloth were 
cut and placed into water (40 mL, 24 h) in 60 mL glass jars for an initial rinse to remove impurities. 

                                                 
III For extensive information regarding the synthesis and functionality of this species, see MIDN 1/C Will Ashe’s 
2023 Trident Report, “Enhancement of Metal-Organic Frameworks for Degradation of Nerve Agents.” 
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After, the samples were placed into a drying oven (60 °C, 24 h) for a pre-drying. Here, the samples 
were pressed between two sheets of Teflon, which was weighted down with a 5 lbs. weight to 
prevent curling during the drying process. This “flat drying” ensures that the samples are near 
uniform in shape so UPF testing can be performed without any undesired influence from the shape 
of the samples. Any bends and curling in the samples after drying, for example, may cause 
superfluous increases or decreases in transmittance not dependent on the fundamental chemical or 
physical identity of the textile under investigation. The samples were then moved into a vacuum 
oven (60 °C, 24 h) to complete the drying process, with the weight removed to allow for any 
remaining moisture to evaporate off the samples. Then, the samples were moved into an N2-filled 
dry-box (<1 ppm water) to prevent reabsorption of atmospheric moisture by the samples. All 
samples in this study utilize this rinsed, dried textile as the base material, which will be referred to 
as Native Aida cloth. 

ii. Fabrication of Mesoporous Cotton Aida Cloth (M-NFW Samples) 

To prepare the mesoporous, high-surface area M-NFW samples, the samples of Native Aida cloth 
were submerged in EMIAc (60 min, 60 °C) in a custom designed welding apparatus. Details on 
the schematics of this apparatus can be found in the Supplemental (Figure S2). The samples were 
removed from the dry-box and placed into water (8 oz, 24 h, room temperature) in 8 oz glass jars 
to terminate the welding process. To ensure all the IL was removed from the sample matrix, the 
water was emptied and refreshed instantly and after 5, 10, and 60-minute periods, as well as 
following the overnight rinse. Upon conclusion of this rinse, the samples were exposed to the solve 
gradient of IPA (60 mL, 24 h), 2B (60 mL, 24 h), and CH (60 mL, 24 h) in a 60 mL jar. Each 
solvent was emptied and refreshed after 1 minute to ensure all of the previous solvent was removed 
from the rinsing container. Aida cloth samples were then pressed between Teflon for pre-drying 
in an oven (60 °C, 24 h) before the weight was again removed and the samples were transferred 
into a vacuum oven (60 °C, 24 h) to complete the drying process. All samples were then sealed in 
plastic bags and stored under N2. 

iii. Fabrication of Plain Welded Cotton Aida Cloth (NFW Samples) 

To prepare low-surface area, plain-welded NFW samples, base Aida cloth samples were placed 
into the NFW apparatus filled with EMIAc (60 °C, 60 min) and then placed into water (60 mL, 24 
h) in 60 mL glass jars to terminate the welding process. As in the M-NFW samples, the aqueous 
rinse was emptied and refreshed after 1, 5, and 15-minute periods. Upon conclusion of this rinse, 
the sample jars were emptied. All samples underwent the same standard drying process as their 
M-NFW counterparts. Likewise, all samples were then sealed in plastic bags and stored under N2. 

iv. Suspending TiO2NPs in a Colloidal Mixture 

Initial tests of the as-received 5 nm TiO2NPs demonstrated stable suspensions could be achieved 
in concentrations of far greater than 100 mg mL-1 TiO2NPs in water without sonication. Given this 
demonstrated stability, 10 mg mL-1 was chosen as the initial test concentration of TiO2NPs to save 
material due to the repeated number of trials needed, and ensure the desired TiO2NP concentration 
remained near one order of magnitude of the sparingly-suspendable ZnONPs. To assess the effect 
of varying TiO2 concentration on loading, suspensions were also prepared at concentrations of 1 
mg mL-1, 10 mg mL-1, 100 mg mL-1 in pure water. The pH for the mg mL-1, 10 mg mL-1, and 100 
mg mL-1 TiO2NP suspensions were recorded to be 3.43, 2.38, and 1.50, respectively. This 
acidification is expected and well documented in the literature, which reports the acidic metal 
oxide character of TiO2NPs as promoting the dissociation of water and binding of hydroxide, 
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leading to a decrease in pH.41, 42 All suspensions were prepared the hour before fabrication of the 
cellulosic textile composite materials and were not reused for further testing to avoid aggregation 
effects, except when noted otherwise.43 Furthermore, solutions of TiO2NPs at all prepared 
concentrations demonstrated high stability in aqueous solution for over two months at room 
temperature, with no settling or aggregation observed over this period. 

v. Suspending ZnONPs in a Colloidal Mixture 

Unlike the TiO2NPs, the 10-30 nm ZnONPs received proved far less stable in water; only 0.25 mg 
mL-1 ZnONP suspensions (at room-temperature) were stable over the time frame required for 
testing. To ensure a proper colloidal suspension, the ZnONP/water mixture was then sonicated 
using a sonic bath for 5 minutes.44 The produced suspensions were a white color, yet less vibrant 
than the TiO2 suspensions and more opaque, even at a much lower concentration, indicating a 
greater suspended particle size. Settling and aggregation were observed after 30 min, suggesting 
the ZnONP suspensions at this concentration may be stable over the exposure time of 1 minute, 
but not indefinitely stable like the 10 mg mL-1 TiO2NP suspensions. 

In an attempt to replicate the stable 10 mg mL-1 concentration easily achieved by the TiO2NP 
suspension, a mild detergent and a known dispersing agent, SDS, was utilized in attempts to 
decrease aggregation of ZnONPs and increase its effective concentration. If the SDS did not 
negatively impact the adsorption of the ZnONPs to the cellulose surface, this increased 
concentration was hypothesized to increase the loading within the mesoporous scaffoldings upon 
their collapse. The critical micelle concentration (CMC), or minimum concentration of SDS in 
solution needed to form micelles around the particles and increase their suspendability, has been 
reported as around 8.2×10-3 M in pure water.45 To ensure the CMC was achieved in the unique 
chemical environment of the ZnO suspension, a slight excess of 9.0×10-3 M SDS was utilized to 
mitigate any adverse interactions between SDS and loading the particles into the cellulose matrix. 
As with the other ZnONP suspension, each solution was sonicated for 5 min. Shortly after 
sonication, however, particles aggregated and settled, indicating the prepared suspension was not 
fully stable at this concentration, even with the addition of SDS. 

vi. Fabrication of TiO2NP Laden Cotton Textiles 

Samples were placed into ~60 mL of the desired TiO2NP suspension (60 s, room temperature) and 
swirled gently before being quickly drip-dried to remove excess fluid adhering to the surface. The 
one-minute exposure time was chosen to demonstrate industrial scalability, as well as the potential 
for the mesoporous scaffolding surfaces of the M-NFW samples to efficiently entrap NPs 
compared to the low surface area NFW and control samples. The samples were again pressed 
between Teflon sheets for pre-drying in an oven (60 °C, 24 h). Next, the samples were transferred 
into a vacuum oven (60 °C, 24 h) with the weight removed to complete the drying process, 
allowing the mesoporous scaffolding to collapse around the adsorbed TiO2NPs. Following this 
initial drying, the samples were rinsed thoroughly in 60 mL water for three days while placed on 
a shaker table at 70 rpm. This rinse was done in attempts to remove all NPs not fully integrated 
into the sample matrix, with the water being refreshed after the first rinsing day. Once this rinse 
was finished, the samples were subjected to the same drying process as before (60 °C, 24 h in 
drying oven and then vacuum oven). 
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vii. Fabrication of ZnONP Laden Cotton Textiles 

Given the instability of the colloidal suspension in ZnONP/SDS suspension, these divided 
suspensions were then sonicated for an additional 1 minute before the exposure process began. 
Samples were then placed into ~60 mL of the ZnONP (0.25 mg mL-1 and 10 mg mL-1 in 9.0×10-3 
M SDS) suspensions (60 s, room-temperature) and swirled gently for the entirety of their exposure 
before being quickly drip-dried to remove excess fluid adhering to the surface. Then, the samples 
were dried and rinsed in the same manner as the TiO2NP laden materials. 

viii. Fabrication of Combined TiO2NP and ZnONP Laden Textiles 

Ultimately, loading both TiO2NPs and ZnONPs into the cotton textiles is desired, as this would 
theoretically confer the textile with broad spectrum UVA and UVB protection, as well as 
demonstrate the ability to “mix-and-match” the loading of small nanoparticles into the textile to 
perform a variety of different, simultaneous functions. Mixing TiO2NPs and ZnONPs in the same 
solution, however, led to undesirable aggregation, even at low concentrations and with the addition 
of SDS at its CMC. As such, to prepare a combined TiO2NP and ZnONP laden textile, suspensions 
of TiO2NPs (10 mg mL-1 and ZnONPs (0.25 mg mL-1) were prepared as described earlier. Then, 
M-NFW, NFW, or Native samples were then placed first into 60 mL of the TiO2NP suspension 
(60 s, room-temperature) and then immediately into 60 mL of the ZnONP suspension (60 s, room 
temperature) following a brief drip-drying to remove excess liquid. After the final exposure, the 
samples were dried and rinsed using the previously outlined methodology. 

ix. Thermogravimetric Analysis (TGA) Procedure 

Thermogravimetric analysis (TGA) using a TA Instruments Q500 analyzer was employed to 
estimate the loading of the TiO2NPs into the textiles, as well as investigate the thermal stability of 
these materials. First, 10-30 mg of representative sample was placed in platinum analysis pans and 
heated at 10 °C min-1 to 900 °C under air, and was then left to dwell at 900 °C for 15 minutes. The 
literature shows that above 700 °C in atmospheric air, titanium compounds form both anatase and 
rutile titanium dioxide powders at high levels of purity.46 As such, given that all elemental titanium 
was added into the textiles as titanium dioxide, and heating of titanium in air preserves the titanium 
dioxide species, TGA could be used to estimate its loading into the materials while operating under 
the assumption that TiO2NPs did not enhance the char yield of the cellulose during its pyrolysis. 
For analysis, total sample mass was taken to be the mass of cellulosic composite at 135 °C, a point 
beyond which the cellulose is assumed dried of adsorbed water.47 Furthermore, final sample mass 
values were taken at 800 °C, after which the collected thermograms of the samples showed 
negligible further mass loss. 

x. Diffuse UV/Vis Spectroscopy Procedure and UPF Calculation Method 

The following parameters were utilized using the JASCO V-670 spectrometer with 60 mm 
integrating sphere for all recorded DUV/Vis spectra: %T, slow response, 0.5 nm UV/Vis 
bandwidth, 200 nm min-1 scan speed, 400-290 nm spectral range, 0.5 nm data interval, 20.0 nm 
NIR bandwidth, continuous scan mode.  

For all samples, the UPF values were automatically determined using the JSCO VWUP-712 UPF 
Measurement Program for V-600 series spectrometers. This program is licensed in accordance 
with the ASTM Standard D6603, allowing for determination of FDA UPF classifications for each 
sample. The parameters listed above were selected in accordance with the ASTM Standard D6603 
and software requirements. Additionally, as per the ASTM, four spectra taken from four different, 
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representative points on each sample were collected to determine a sample’s UPF value. A clean 
JASCO Spectralon™ standard reference plate was utilized to determine the baseline signal prior 
to data collection.  

xi. SEM Imaging and EDS Mapping Procedures 

Imaging with the Tescan MIRA 3 SEM was conducted in the secondary electron (SE) mode. For 
image areas with an EDS elemental map overlay, a 20 keV acceleration voltage was utilized, with 
a working distance of 15.00 mm. Before imaging, TiO2NP composite samples were sputter coated 
with a thin layer of elemental gold (2-5 nm) using a Cressington 108 Auto V2 Sputter Coater to 
increase surface conductivity and minimize sample charging, allowing for augmented image 
resolution without significant loss in visible surface pore features. Samples exposed to UiO-67 
MOF, however, were sputtered with carbon using a Cressington 108C Sputter coater to avoid 
interference between the zirconium EDS signal and a gold surface coating. For cross sectional 
images, samples were first frozen in liquid nitrogen before being cut with a cold razor blade to 
ensure a smooth, clean cut. Samples where only EDS maps were taken, most notably for the TGA 
char residues and UiO-67 composites, did not receive any sputter coating, as high-resolution 
imaging was not required. 

xii. Fabrication of MOF UiO-67 Laden Cotton Textiles 

UiO-67 MOF powder was obtained as reported by MIDN 1/C Will T. Ashe. As done with the 
TiO2NPs, a suspension of UiO-67 was prepared in water by adding a known mass of UiO-67 
powder to water at a concentration of 1 mg mL-1. A milky white colloid was created, with 
negligible aggregation observed after 24 hours, indicating a stable suspension over the time frame 
required to load the samples. This concentration was chosen due to the small quantity of this 
material that could be fabricated at a given time, as well as the material’s lower observed 
suspendability than the TiO2NPs. Similarly, each sample was submerged in 60 mL of 1 mg mL-1 
UiO-67 suspension for 1 minute to load the samples through the collapse of the mesoporous 
scaffolding. Samples were then dried using the standard drying procedure, and rinsed thoroughly 
in 60 mL water for three days to remove all NPs not fully integrated into the sample matrix. Once 
this rinse was finished, the samples were stored in water to keep the textile matrix swelled for 
catalytic testing, as previous catalytic studies suggest drying of cellulose-nanoparticle composites 
leads to an unwanted decrease in catalytic performance during cellulose re-swelling.48 

xiii. UV/Vis Spectroscopy Procedure for Analysis of DMNP Hydrolysis 

To assess the catalytic effectiveness the UiO-67 MOF composite textiles fabricated from the 
mesoporous and control materials, a Thermo-Fischer NanoDrop™ spectrophotometer was used to 
monitor the extent of DMNP hydrolysis. One of the products this catalyzed reaction is 4-
nitrophenol (4-NP), which absorbs light readily at 400 nm when deprotonated, allowing for 
measurement of its concentration using Beer’s Law. All reactions were performed in an aqueous 
n-ethyl morpholine acetate buffer solution (~0.30M, pH = 7.00) to ensure partial ionization of the 
4-nitrophenol in solution without promoting excessive catalyzation of the reaction from elevated 
solution basicity.35 For testing, 1 mL of buffer was placed into a 2 mL reaction vial, stirred 
constantly using a small stir bar, to which a small section of UiO-67 laden textile prepared from 
either M-NFW or Native aida cloth was added. Following injection of 10 μL of DMNP into the 
reaction vial, 2 μL aliquots of solution were removed at regular time intervals, and their spectra 
was recorded using the spectrophotometer. All samples were compared to a control trial of DMNP 
injected into a pure buffer solution with no added textile. To determine the mass of sample used 
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in each trial, following data collection, samples were removed from their reaction vials and rinsed 
in 30 mL of water for 24 hours. Then, samples were dried (24 h 60° C) in vacuum before being 
weighed on an analytical balance. 

5. Results and Discussion 

5.1.TiO2NP and ZnONP Composite Textiles 

Gas physisorption analysis and SEM were utilized to confirm the presence of a high surface area, 
mesoporous surface in the M-NFW samples, and a low surface area, amorphous shell in the NFW 
samples. Surface area data before nanoparticle exposure are found in Figure 2 and Table 2. SEM 
of representative sample surfaces before exposure to nanoparticle suspensions are also included in 
Figure S3A-C. As shown by the data, the M-NFW samples surface areas (191 m2 g-1) are well 
over an order of magnitude higher than the control samples (0.92 m2 g-1), and almost two orders 
of magnitude higher than the conventionally welded NFW samples (0.22 m2 g-1), consistent with 
the values first reported by Aiello et al.16  

UPF testing using DUV/Vis was then performed to determine the spectral effects of welding and 
mesoporous surface generation on the cellulosic Aida cloth before nanomaterial exposure. 
Replicate samples were analyzed for each sample type in accordance with the ASTM Standard 
D6603, with the spectra of the first eight samples of each type shown in Figure 3. Relatively small 
standard deviations in the measured UPF values of the M-NFW and control samples confirmed 
the reproducibility of the sample fabrication process and demonstrated a statistically significant 
difference between UPF values of M-NFW samples and the other types (Table 3). Of note, 
materials subjected to the welding process did not have spacing between individual cotton threads 
like the Native cloth samples, as the individual threads became fused following the weld into an 
amorphous shell of cellulose polymer. Yet, it can be concluded that the increase in UPF value of 
the M-NFW Aida cloth samples is not due to the closing of these gaps, as the plain NFW sample 
had a low recorded UPF value (UPF 1.9 ± 0.2). Rather, either the increased porosity scattered more 
UV radiation, or the mesoporous surface made the sample effectively thicker, thus preventing more 
incident light from transmitting. 
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Figure 2. Graphical representation of the measured BET surface areas for the precursor textiles. 
Mesoporous samples were measured using N2 as the analysis gas, and low surface areas samples 
were analyzed with Kr gas. 

 

Table 2. Summary of BET surface area data from M-NFW, NFW, and Native aida cloth samples 
before exposure to nanoparticle suspensions, confirming the presence of the desired variations in 
surface areas. 

Sample Type Initial BET Surface Area (m2 g-1) 

M-NFW Aida 191 ± 22 

NFW Aida 0.22 ± 0.05 
Native Aida 0.92 ± 0.03 
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Figure 3. UV spectral overlay of the different aida cloth sample types, M-NFW Aida, NFW aida, 
and Native aida, for the first eight samples tested in this study prior to nanomaterial exposure.  

 

Table 3. Summary of collected UPF data from M-NFW, NFW, and Native aida cloth samples 
before nanomaterial exposure, demonstrating a statistically significant difference between the UPF 
values between the M-NFW samples and the other sample types. 

Sample Type Initial UPF Value (a.u.) Number of Replicates (n) 

M-NFW Aida 5.8 ± 0.5 19 
NFW Aida 1.9 ± 0.2 8 
Native Aida 2.0 ± 0.1 13 
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Given the success of these preliminary studies, efforts shifted towards enhancing UPF through 
nanomaterial exposure. A preliminary assay of the four different nanoparticle suspensions outlined 
in this report was conducted (Table 4). Preliminary UPF testing of these four different exposures 
demonstrated that the M-NFW samples exposed to 10 mg mL-1 TiO2 yielded the highest UPF value 
of 18.9, and was also the only fabricated sample able to meet the FDA requirements for a UV-
protective textile. This sample showed significantly improved UPF compared to the NFW (UPF 
5.4) and Native (UPF 12.3) trials, indicating that the mesoporous matrix favorably augmented the 
final UV-protective properties of the cotton. DUV/Vis spectral overlays of all samples prepared in 
the preliminary assay can be found in Figure S4.  

Samples treated with ZnONPs, however, did not exhibit improved UV-protection. Their relatively 
low UPF values are due to the observed clustering and instability of the ZnONPs in aqueous 
suspension. As such, all sample types exposed to the 0.25 mg mL-1 ZnO suspension or the 10 mg 
mL-1 ZnO suspension held comparable, low UPF values (see Table 4). ZnONP aggregation in 
solution likely created larger effective ZnO particles, which could not fit inside the surface 
mesopores. Minute decreases in the transmission in the UVA regions of these samples suggest a 
small amount of ZnONPs, however, remain with these samples following the rinsing procedure, 
but not at a level high enough to confer the textiles with a lasting UV-protective ability or to be 
quantified using alternative methods (EDS, TGA, or Flame-AAS). 

Lastly, the samples exposed to both the 10 mg mL-1 TiO2NPs and 0.25 mg mL-1 ZnONPs exhibited 
low UPF values in the M-NFW (UPF 2.7) and NFW (UPF 2.7) matrix, while the Native samples 
displayed a much higher value (UPF 8.6). Likely, the significant loss of nanoparticles observed in 
the M-NFW and NFW samples subject to this exposure sequence is due to the one-minute rinse in 
0.25 mg mL-1 ZnONPs following the initial exposure to the TiO2NP colloidal suspension. This 
second rinse before the drying process likely rinsed away any TiO2NPs previously adsorbed to the 
textile surface. This suggests a drying process immediately after exposure to the nanoparticle 
colloid—as incorporated into the procedure—is necessary for entrapping particles through the 
mesoporous matrix, as it facilitates its complete collapse. Conversely, the Native Aida cloth 
samples subjected to this exposure process retained a much higher UPF value, possibly due to the 
large, macroscopic spaces that exist between unwelded fibers, which may have trapped large 
pockets of nanoparticle suspension (Figure S4A). Further rinse testing using a more aggressive 
procedure is needed, however, to assess how tightly these particles are integrated with the native 
cellulose matrix and confirm this theory.  
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Table 4. Summary of collected UPF data from preliminary nanoparticle exposure trials. 

Sample 
Type 

Sample Treatment 
Process 

Initial UPF 
Value (a.u.) 

Final UPF 
Value (a.u.) 

Final FDA 
UPF Rating 

M-NFW 10 mg mL-1 TiO2 6.1 18.9 Good 
NFW 10 mg mL-1 TiO2 - 5.4 - 
Native 10 mg mL-1 TiO2 1.9 12.3 - 

M-NFW 0.25 mg mL-1 ZnO 6.5 2.2 - 
NFW 0.25 mg mL-1 ZnO 1.6 1.8 - 
Native 0.25 mg mL-1 ZnO 2.0 2.3 - 

M-NFW 10 mg mL-1 ZnO w/ SDS 5.1 3.0 - 
NFW 10 mg mL-1 ZnO w/ SDS 1.9 2.0 - 
Native 10 mg mL-1 ZnO w/ SDS 2.0 3.5 - 

M-NFW 10 mg mL-1 TiO2/ZnO 5.0 2.7 - 
NFW 10 mg mL-1 TiO2/ZnO 2.2 2.7 - 
Native 10 mg mL-1 TiO2/ZnO 1.9 8.6 - 
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To ensure the enhanced UPF value associated with the 10 mg mL-1 TiO2NP M-NFW sample can 
be attributed to the presence of TiO2NPs in or on the textile’s surface matrix, SEM imaging and 
EDS mapping were conducted on a typical portion of the sample surface. As shown in Figure 4, 
the corresponding EDS map shows titanium atoms distributed throughout the sample surface, 
represented by light blue shaded regions. Furthermore, comparison to the carbon tape on which 
the sample was mounted (shown on the farthest left side of the image panel) highlights the extent 
of titanium loading.  Relative signal intensities for the elements present in this image area are 
shown in Figure 5. Given this high level of titanium signal, satisfactory UPF level recorded after 
the prolonged water rinse, and low transmittance in the UVB region associated with TiO2, it can 
be concluded that TiO2NPs were successfully loaded into or onto the textile’s surface, thus 
conferring it with the elevated UV protection. The extent to which these materials were integrated 
into the surface, however, as well as the quantity and capability associated with this method of 
loading, became the focus of the next round of testing. It is also worth noting that the presented 
evidence does not confirm or deny the hypothesized method of mesopore collapse as being 
responsible for the increased UPF value. Comparison to the plain NFW and Native Aida cloth 
samples conducted during this preliminary assay would suggest, however, that the mesoporous 
surface did enhance the final UV-protective ability of these textiles through some mechanism. 
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Figure 4. A) SEM image and B) EDS map of an M-NFW Aida cloth sample after treatment with 10 mg mL-1 TiO2NP suspension and 
subsequent rinsing, confirming the presence of titanium in the sample matrix. The EDS image area shown corresponds to the same 
location on the SEM image. SEM image was taken using the SE mode to display topographical features of the sample surface.  



22 

 
 

 

Figure 5. EDS spectra of the image area and map shown in Figure 4, showing the presence of a strong titanium (Ti) signal. Gold (Au) 
is present in the sample due to sputter coating for imaging. 
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More robust testing was then conducted with variable concentrations of TiO2NP suspensions. 
Given the poor loading and UPF values associated with the plain NFW samples, extensive testing 
using this material was limited during this next stage to the 100 mg mL-1 concentration. Native 
samples, however, remained thoroughly evaluated as controls. Furthermore, additional 
experimentation with ZnONPs was set aside due to the failure of the currently utilized ZnONPs to 
confer the textiles with a substantial increase in UPF. Smaller ZnONPs, or surface-modified 
ZnONPs capable of enhanced stability in aqueous suspension, however, still remain candidates for 
future experiments.  

 Each sample type was submerged into a suspension of TiO2NPs at 1 mg mL-1, 10 mg mL-1, or 100 
mg mL-1 in accordance with the developed procedure. A summary of the final UPF values of these 
samples is found in Table 5. The samples producing the highest UPF value, fabricated from M-
NFW Aida cloth at 100 mg mL-1 TiO2NP concentration, vastly exceeded the FDA UPF maximum 
value of 50+, earning the designation as an “excellent” UV-protective textile. As shown in a 
representative spectrum of these samples (Figure 6), the transmittance for these samples 
approached zero in the UVB portion, corresponding to the spectral region associated with TiO2. 
Other representative spectra associated with this testing can be found in Figure S5. As expected, 
the UV-protective ability for both Native and M-NFW Aida cloth samples increased with 
increasing TiO2NP concentration. Yet, for samples produced from M-NFW precursor, the final 
UPF values of the recorded materials are linear with respect to the TiO2NP concentration (Figure 
7), whereas those created using Native Aida cloth produced UPF values that are linear with respect 
to the log10 of the TiO2NP concentration (Figure 8). Although these data are not enough to 
demonstrate enhanced loading with the mesoporous scaffolding intermediate, they do demonstrate 
that the presence of the scaffolding during nanomaterial exposure greatly augments the UV-
protective ability of the final fabric, either through enhanced loading, more favorable spatial 
distribution of the nanomaterial through the scaffolding, or a combination of these effects. 
Ultimately, only samples fabricated from M-NFW material were capable of achieving the highest 
FDA approved level of UV protection, which were sustained throughout the three-day rinsing 
period. Plain NFW material also achieved a relatively high UPF value (UPF 41) through exposure 
to the 100 mg mL-1 suspension, yet still remained substantially below its M-NFW counterpart. 
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Table 5. Summary of collected UPF data from Aida cloth samples exposed to varying TiO2NP 
concentrations. 

Sample 
Type 

Sample Treatment 
Process 

Number of 
Replicates (n) 

Final UPF Value 
(a.u.) 

Final FDA 
UPF Rating 

M-NFW Control 3 2.3 ± 0.1 - 
Native Control 13 2.0 ± 0.1 - 

M-NFW 1 mg mL-1 TiO2 3 6 ± 3 - 
Native 1 mg mL-1 TiO2 3 4.0 ± 0.2 - 

M-NFW 10 mg mL-1 TiO2 5 20 ± 1 Good 
Native 10 mg mL-1 TiO2 7 8.6 ± 0.7 - 

M-NFW 100 mg mL-1 TiO2 2 201 ± 16 Excellent 
NFW 100 mg mL-1 TiO2 2 41 ± 1 Very Good 
Native 100 mg mL-1 TiO2 2 12.1 ± 0.3 - 
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Figure 6. UV spectral overlay of M-NFW and Native samples after their exposure to 100 mg mL-1 TiO2NPs suspended in pure water. 
UPF values have been labeled in accordance with Table 5. 
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Figure 7. Graphic representations of the collected UPF values for the M-NFW/TiO2 Aida cloth 
samples, following exposure to various TiO2NP concentrations through the developed procedure. 
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Figure 8. Graphic representations of the collected UPF values for the Native/TiO2 Aida cloth 
samples, following exposure to various TiO2NP concentrations through the developed procedure. 

 

0

2

4

6

8

10

12

14

U
P

F

1 mg mL-1 10 mg mL-10 mg mL-1 100 mg mL-1

0.0 0.5 1.0 1.5 2.0 2.5
0

2

4

6

8

10

12

14

U
P

F

log10[TiO2NPs] (A.U.)

R2 = 0.999



28 

 
Surface morphologies of the TiO2NP samples were then reanalyzed to elucidate the structural 
features both preserved and imparted during the fabrication process. As shown in the SEM images 
presented in Figure 9, M-NFW samples exposed to 10 mg mL-1 TiO2NPs show surface features 
similar to the control sample, which was exposed to pure water for one mintue and dried using the 
standard procedure. This indicates that exposing M-NFW material to the colloidal suspensions at 
relatively low concentrations (1-10 mg mL-1) did not inhibit the collapse of pores within the 
mesoporous structure or coat the sample surface with an observable layer of nanoparticles. This 
was confirmed by subsequent BET analysis of the control and 10 mg mL-1 samples, which were 
found to be 0.004 ± 0.003 m2 g-1 and 0.92 ± 0.03 m2 g-1, respectively. Likely, this slight increase 
in surface area can be attributed to the loading of 5 nm TiO2NPs, which would impart a greater 
surface area than the textile alone due to the high surface area to volume ratio of the nanoparticles. 
These surfaces appeared qualitatively similar in SEM images to the plain NFW surface (see Figure 
S3B) which suggests little distinction can be made between the external structure of samples dried 
following water quenching during standard NFW or reexposure of a M-NFW textile to water.  M-
NFW samples subjected to the highest TiO2NP concentration of 100 mg mL-1, however, showed 
a surface morphology distinct from the samples prepared using lower concentrations. As shown in 
the SEM images, at this loading, the TiO2NPs have been integrated or aggregated into a smooth, 
relatively uniform arrangement that completely covers the textile’s surface. BET confirmed the 
presence of a low, but slightly elevated, surface area (2.46 ± 0.02  m2 g-1). As with the 10 mg mL-

1 TiO2NP sample, another increase in surface area compared to the control is observed. Exposure 
to the greater concentration of nanoparticles, however, appears to have further increased the final 
surface area, supporting the hypothesis that the elevated surface area is due to the presence of 
TiO2NPs on or near the sample surface. 

Small cracks can also be seen running through this surface coating, which indicates the extensive 
deposited or integrated mass of TiO2NPs seen on the sample is likely the cause of the observed 
brittleness of the M-NFW samples after exposure to the high concentration. It is hypothesized that 
this morphology represents a complete saturation of the surface pore space within the scaffolding 
surface structure of the material, leading to an efficient, uniform distribution of the nanoparticle 
throughout and/or on the sample surface. Given the prolonged rinse (3 days) to which this sample 
was subjected, TiO2NPs must remain adhered to or integrated into the sample surface to some 
relatively high degree. A SEM image of a cross section of the 100 mg mL-1 M-NFW with 
accompanying EDS map was taken to probe the extent of TiO2NP penetration into the sample 
surface (Figure 10). As seen in the cross-sectional map, the titanium signal appears to be ca. 3 μm 
into the sample surface, and does not extend throughout the full amorphous cellulose shell resulting 
from the NFW process. Given the sensitivity of the EDS detector to the incident angle of the 
sample, however, it is likely any titanium present deeper into the sample surface could be deflected 
away from the detector, contributing to a loss of signal. Additional mapping of this surface is 
planned to further probe the extent of loading. To reiterate, it is still unknown, however, if the 
titanium signal shown represents a mere surface aggregation of the particles facilitated by the 
mesoporous surface or a well integrated mass of particles. Previous experiments involving 
mesoporous textiles prepared using NFW show that the mesoporous structure extends throughout 
the entire amorphous shell region, suggesting that the hypothesized movement of the TiO2NPs into 
the mesoporous surface through capillary action may have nonetheless been hindered by the 
particle size or exposure time.16 Currently, a test involving exposuire of M-NFW material to 100 
mg mL-1 TiO2NPs for 24 hours is underway in attempts to saturate a deeper pore space with 
material.  
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Additionally, as highlighted by the elevated UPF values of low surface area, plain NFW material 
exposed to 100 mg mL-1 TiO2NPs (UPF 39.3), some level of surface aggregation is likely occurring 
in these samples, as confirmed by SEM (Figure 11). These images show the surface coating of 
TiO2NPs on the plain NFW sample is significantly shallower than the M-NFW sample, extending 
< 500 nm. EDS mapping confirmed that this coating was titanium-rich (Figure S6). Further 
confirmation of TiO2NP integration into the surface matrix through additional testing is 
imperative, as it would help clarify the mechanism through which this material has been imparted 
with an exceptional UPF value. If TiO2NPs are simply adsorbed to the surface, they are likely to 
be less resistant to wear associated with their daily use as a textile, leading to unfavorable 
nanoparticle loss from their surface. More robust rinse testing are currently being considered to 
assess how strongly these particles are retained in the matrix.  
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Figure 9. SEM images of M-NFW following one-minute exposures to A) pure water as a control, 
B) 10 mg mL-1 TiO2NPs, C) 100 mg mL-1 TiO2NPs, and D) higher-resolution detail of TiO2NPs 
viewed on the 100 mg mL-1 sample. Samples were imaged at 10 keV acceleration voltage at 
variable magnifications and working distances needed to take a focused image at approximately 
equal scales. All samples were gold sputtered to mitigate charging effects. 
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Figure 10. A) cross-sectional SEM image and B) EDS map of an M-NFW aida cloth sample after treatment with 100 mg mL-1 TiO2NP 
suspension and subsequent rinsing showing titanium penetration on and in the sample surface. The EDS image area shown corresponds 
to the same location on the SEM image. SEM image was taken using the SE mode to display topographical features of the sample 
surface.
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Figure 11. Cross-sectional SEM image NFW aida cloth sample after treatment with 100 mg mL-1 
TiO2NP suspension and subsequent rinsing showing the thickness of the TiO2NP layer on the 
sample surface. EDS mapping was used to confirm the shell-like structure’s identity as titanium 
rich, shown in Figure S6. 
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To assess the thermal stability of the TiO2NP composites, and to estimate TiO2 loading, TGA (in 
air) was conducted on the composite samples. These data are summarized in Table 6, show that 
char yields scale with the amount of TiO2 in each treatment.  Furthermore, samples fabricated from 
Native Aida cloth exhibited significantly higher char yields than their M-NFW counterparts at 
equivalent concentrations. Complete thermograms of samples prepared from M-NFW and Native 
Aida cloth are shown in Figure 12 and Figure 13, respectively. Visual images of these chars are 
also found in Figure S7. Of note, thermograms of the M-NFW materials show the presence of a 
small enhancement in the textile’s thermal stability that can be attributed to the welding process, 
indicated by a slight plateau in the mass loss curve between roughly 350 °C and 500 
°C.  Furthermore, TGA data from the control samples show near complete combustion (>99% 
mass loss) of both M-NFW and Native Aida cloth samples exposed to 0 mg mL-1 TiO2NPs, as 
expected. 

These results suggest that either the Native Aida cloth samples were loaded with a greater amount 
of TiO2NPs per gram of sample, an interesting result given the significantly lower UPF values 
compared to their M-NFW analogs. These data may also mean that the presence of the welded 
surface matrix in the M-NFW samples enhanced the combustion of the cellulosic scaffolding with 
TiO2NPs present in the surface matrix. The latter explanation remains unlikely, however, as EDS 
spectra over representative sample areas of the TGA residue showed an approximately 2:1 ratio of 
oxygen to titanium in both samples fabricated from Native Aida cloth and M-NFW Aida cloth 
(Table 7). Although EDS remains a semi-quantitative analysis technique, and the carbon signal is 
especially prone to error, both samples showed relatively small atomic percentages of carbon, 
furthering the idea the char was comprised primarily of TiO2. SEM imaging and EDS mapping of 
the Native aida cloth sample exposed to 100 mg mL-1 indicate large clusters of titanium rich 
aggregate masses observed throughout the gaps between the unwelded fibers in the sample (Figure 
14). BET analysis of this sample also showed an elevated surface area of 7.78 ± 0.07 m2 g-1, which 
can also be attributed to these aggregates. Likely, the clusters are a result of the drying process, in 
which pockets of colloidal suspension are trapped between the fibers following nanomaterial 
exposure, which then slowly dries into a large clump as solvent evaporates. It is hypothesized that 
these clusters are not tightly integrated or bound to the cellulose structure supporting them, and 
would likely be removed with more aggressive rinsing. 

Given the uneven distribution of the loaded TiO2NPs, the Native Aida cloth samples experienced 
a much higher nanomaterial loading, yet with a distribution that is not advantageous for UV 
protection or efficient integration into the textile matrix. Given these results, more robust 
quantification of the TiO2NP loading into the samples (i.e., Flame AAS) is necessary to complete 
the characterization of these samples.  Furthermore, a more aggressive rinsing procedure can be 
devised to ensure any TiO2NPs not securely integrated into the cellulose surface are removed. 
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Table 6. Summary of collected TGA data from Aida cloth samples exposed to varying TiO2NP 
concentrations. Control samples represent samples subjected to pure water instead of a TiO2NP 
colloid. 

Sample Type Colloid Concentration 
Char Yield at 800 °C from 

Dry Total Mass (%) 
M-NFW Control 0.31 ± 0.03 
Native Control 0.96 ± 0.06 

M-NFW 1 mg mL-1 TiO2 0.31 ± 0.05 
Native 1 mg mL-1 TiO2 1.0 ± 0.2 

M-NFW 10 mg mL-1 TiO2 0.60 ± 0.1 
Native 10 mg mL-1 TiO2 2.5 ± 0.2 

M-NFW 100 mg mL-1 TiO2 2.0 ± 0.1 
Native 100 mg mL-1 TiO2 25 ± 8 

 

 

 

 

Table 7. Summary of collected semi-quantitative EDS data from char collected from M-NFW and 
Aida cloth samples treated with 100 mg mL-1 TiO2NPs, following their TGA analysis and pyrolysis 
at 900 °C. Of note, carbon signals produced by EDS are likely due to surface contaminants and are 
generally considered unreliable. 

Sample 
Type 

Colloid 
Concentration 

Atomic Percent 
Carbon (%) 

Atomic Percent 
Oxygen (%) 

Atomic Percent 
Titanium (%) 

M-NFW 100 mg mL-1 TiO2 9 ± 3 60 ± 4 32 ± 2 
Native 100 mg mL-1 TiO2 3 ± 1 56 ± 9 40 ± 9 
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Figure 12. Representative TGA decomposition curves for the M-NFW aida cloth samples treated 
with TiO2NP suspensions of increasing concentration.  
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Figure 13. Representative TGA decomposition curves for the Native aida cloth samples treated 
with TiO2NP suspensions of increasing concentration.  
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Figure 14. A) SEM image and B) EDS map of an M-NFW Aida cloth sample after their treatment with 10 mg mL-1 TiO2NP suspension 
and subsequent rinsing confirming the presence of large clusters of TiO2NPs embedded between sample fibers, likely a result of 
entrapped colloid evaporating during the drying process. SEM image was taken using the SE mode to display topographical features of 
the sample surface.
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5.2. MOF UiO-67 Composite Textiles 

Prior to UV/Vis testing, UiO-67 laden samples produced from M-NFW and Native Aida cloth 
samples were stored in water for over 40 days due to limitations with instrument access. Although 
likely contributing to significant structural degradation of any embedded MOF, this delay 
serendipitously highlighted the ability for the mesoporous scaffoldings to preserve the 
functionality and prevent loss in efficacy of the UiO-67 MOF over time. Under the same 
experimental conditions as cited by other sources performing UV/Vis catalytic tests of DMNP 
degradation, DMNP was observed to readily hydrolyze to completion at pH 7 in approximately 20 
minutes. Ultimately, this was attributed to the presence of free hydroxide in solution catalyzing its 
forward reaction (Figure 15).38, 39 Representative absorbance spectra are also found in Figure S8. 
Despite the presence of this parasitic catalytic pathway, both trials performed with the M-NFW 
and Native Aida cloth treated with 1 mg mL-1 UiO-67 MOF showed an enhancement in rate of 
DMNP degradation, suggesting some level of preserved, undegraded MOF existed in their surfaces 
to further facilitate the reaction. Of note, the measured extent of reaction in these samples 
fluctuates slightly above and below the 0-100% range, likely due to the presence of small cellulosic 
fibers evolving off the samples as the reaction vial stirred during testing, which was observed to 
slightly cloud the solution and thus alter the measured absorbance signal. The final measured 
absorbance value of all solutions, however, was recorded at around 0.120 A.U., and the first order 
reaction profile characteristic to the hydrolysis of DMNP was also observed repeatedly. 

To assess the amount of DMNP hydrolysis in each sample trial due to the presence of embedded 
UiO-67 MOF, the amount of background conversion due to the presence of the base catalyzed 
reaction pathway had to be subtracted from each measured time point. Next, a running sum of the 
net conversion percentage due to the presence of MOF was taken and divided by the mass of 
sample present in each trial. This standardized the percent enhancement to the grams of biopolymer 
composite material utilized, and allowed for the catalytic ability of the two samples to be compared 
directly. The results of this assessment are shown in Figure 16, and more clearly depict the 
standardized catalytic enhancement of fabricating samples from M-NFW over Native Aida cloth. 
Finally, SEM/EDS was used to confirm the presence of residual MOF in the sample surfaces. As 
shown in Figure 17, MOF particles can be seen uniformly distributed on the surface of the M-
NFW sample (Figure 17A) following the fabrication process, with some particles even appearing 
embedded or slightly buried in the surrounding polymer scaffolding. Figure 17A shows this effect 
on the top profile and Figure 17B shows how MOF was integrated throughout the cross-section 
of the welded fibers (some embedded MOF are highlighted by white circles). A subsequent EDS 
map confirmed the identity of these particles as zirconium, with data from this analysis shown in 
Figure 18. It is worth noting that this technique is unable to quantify how much of the MOF is 
present in an active, undegraded form, as it only measured the zirconium present. Due to the 
enhanced catalytic performance demonstrated, however, it can be concluded a significant amount 
of the MOF has preserved its functional structure through the fabrication and storage procedure. 
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Figure 15. Plot showing the extent of DMNP hydrolysis over time for each of the catalytic trials. 
Of note, different masses of M-NFW/UiO-67 and Native/UiO-67 material were utilized in each 
respective test, which required an additional standardization for direct comparison. 
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Figure 16. Plot showing the enhancement in degradation of DMNP by the presence of the M-
NFW and Native aida cloth samples after their exposure to 1 mg mL-1 UiO-67 MOF. Standard 
catalytic enhancement represents the running sum of the difference between the percent conversion 
of the reaction with and without the textile sample present, as the DMNP was observed to readily 
hydrolyze with free hydroxide in solution at pH 7. 
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Figure 17. A) Low resolution cross-section and B) high resolution SEM image of the M-NFW sample after treatment with 1 mg mL-1 
UiO-67 MOF suspension, showing the regular distribution of MOF on and embedded in the sample surface. 
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Figure 18. A) SEM image and B) EDS map with superimposed spectrum of an M-NFW aida cloth sample after treatment with 1 mg 
mL-1 UiO-67 MOF suspension, confirming the presence of zirconium in the sample matrix. The EDS image area shown corresponds to 
the same location on the SEM image. SEM image was taken using the SE mode to display topographical features of the sample surf
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6. Conclusions and Future Work 

These studies demonstrate the ability for the described scalable, environmentally friendly, time-
efficient process to produce textiles with the ability to enhance the degradation of nerve agent-like 
molecules and reach FDA approved levels of UV protection using mesoporous cellulose 
scaffoldings. Furthermore, the samples fabricated from fiber-welded mesoporous cellulose have 
superior physicochemical properties at lower NP loading than native cellulosic textile. Yet, as 
highlighted in the differences between the UPF values of the textiles exposed to solutions 
containing TiO2NPs and ZnONPs, it is hypothesized that only nanomaterials that are highly stable 
and suspendable in solution are able to be laden into cellulosic textiles using the described method. 
Aqueous suspensions of unstable nanomaterials, such as the ZnONPs, will cluster into larger, 
macroscale particles in solution, preventing efficient loading. Additional nanomaterials with a high 
stability and ease of suspendability in water should thus be investigated in the future to demonstrate 
the applicability of the mesoporous scaffolding intermediate structures for functionalizing textiles 
with a range of functional nanomaterials. 

The most important future experiment that still must be performed is an extensive, quantitative 
loading analysis using Flame AAS. Although this method of analysis would require the total 
dissolution and destruction of the prepared samples, it would provide a precise value of TiO2 
loading. With these values, more concrete conclusions about the ability for the M-NFW samples 
to efficiently entrap nanomaterials compared to the Native Aida cloth could be made. Ultimately, 
this test would further elucidate the role of the mesoporous cellulose scaffolding in functional 
textile preparation.  

Further testing is also required to demonstrate the ruggedness of these samples. If all the 
incorporated nanomaterials are removed through a simple rinse in mild detergent or nonpolar 
solvent, then their utility as a wearable, commercially-viable textile decreases. This testing would 
also provide evidence for, or against, nanomaterial incorporation into the biopolymer matrix, as 
opposed to mere surface aggregation. Additional tests should also be conducted on the samples to 
assess other, unique functions that may be conferred by the presence of integrated nanomaterials. 
The first of which involves the well documented “self-cleaning” properties of TiO2NPs.32, 49 As a 
photocatalyst, TiO2NPs facilitate the degradation of a range of colored compounds through their 
interactions with UV light. Given these properties, the TiO2NP cellulose composites fabricated 
through the previous experiments may possess the ability to completely remove visible stain color, 
such as from a coffee stain, after a brief period of irradiation under a UV lamp. Finally, both 
TiO2NPs and ZnONPs also possess thoroughly-studied antimicrobial properties.32 As such, basic 
antimicrobial tests should be conducted in the future to assess this desirable property. 
Antimicrobial textiles may reduce the ability for odor-causing bacteria to proliferate in these 
textiles, making these textiles suitable for widespread use in the medical field. 

For the samples laden with UiO-67 MOF, replicate catalytic testing should be performed to probe 
any inconsistencies in the outlined experimental method and determine measurement error. 
Additionally, catalytic testing should be performed closer to the end of the sample fabrication 
process, as it is likely that a large majority of the incorporated MOFs were damaged or lost during 
their over 40-day storage in water. Conversely, the long wait time used in this report may have 
better demonstrated the ability for the mesoporous material to preserve the functional nanomaterial 
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over a long period of time compared to its native textile counterpart. Regardless, replicate testing 
remains a priority for future experiments involving these materials. 
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7. Supplementary Information 

 

Figure S1. A) TEM image of the ZnONPs obtained from the supplier, Sky Spring Nanomaterials, 
confirming the desired size range of 10-30 nm particles and B) SEM image of the TiO2NPs 
(anatase) obtained from the supplier, Sky Spring Nanomaterials, confirming the desired size range 
of 5 nm particles. 
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Figure S2. Image of the custom welding apparatus. A thermocouple, electric heating elements, 
and a digital temperature controller were used to keep the EMIAc at a constant temperature during 
the welding process, which was verified using an alcohol thermometer probe. The mantle itself is 
constructed from milled aluminum to allow for a high thermal conductivity, with the ionic liquid 
inside is contained within a glass jar to prevent leaching of metals into the welding solution. All 
welding was done in a pure N2 environment to prevent atmospheric water absorption. 
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Figure S3.  SEM Image of the A) M-NFW aida cloth surface B) NFW aida cloth and C) Native aida cloth surfaces before exposure to 
any nanomaterials. Sample was imaged with a 10 keV acceleration voltage, 8.52 kx magnification, and a 9.52 mm working distance, 
and was gold sputtered with 4.0 nm gold to minimize sample surface charging. BET surface areas relating to these surfaces were recorded 
as 191 ± 22 m2 g-1, 0.22 ± 0.05 m2 g-1, and 0.92 ± 0.03  m2 g-1, respectively. 
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Figure S4. UV spectral overlay of M-NFW, NFW, and Native aida cloth samples after their exposure to A) 10 mg mL-1 TiO2NPs and 
10 mg mL-1 ZnONPs B) 0.25 mg mL-1 ZnONPs and C)10 mg mL-1 ZnONPs with SDS at CMC. 
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Figure S5. UV spectral overlay of M-NFW/TiO2 and Native/TiO2 samples after their exposure to A) 1 mg mL-1 TiO2NPs and B) 10 mg 
mL-1 TiO2NPs in pure water. UPF values have been labeled in accordance with Table 5.
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Figure S6. A) SEM image and B) EDS map of a plain NFW aida cloth sample after treatment with 100 mg mL-1 TiO2NP, confirming 
the presence of titanium on the surface of the sample. The EDS image area shown corresponds to the same location on the SEM image. 
SEM image was taken using the SE mode to display topographical features of the sample surface.  
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Figure S7. Visual images of the A) M-NFW and B) Native aida cloth samples treated with 100 mg mL-1 TiO2NPs following exposure 
to the TGA heating cycle in air. Residue collected represents the total residue contained for all four trials of each sample, as well as the 
residue on which EDS quantization was taken. 
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Figure S8. Detail of UV/Vis spectra for M-NFW samples treated with 1 mg mL-1 UiO-67 MOF suspension showing an increase in 
measured absorbance at 400 nm, taken at two-minute intervals, corresponding to the hydrolysis of DMNP into 4-NP at pH
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8. Glossary 

Anion – negatively charged ion species. 

Biocomposite – composite material consisting in some part of a material generated from a living 
organism. 

Biopolymer – polymer generated by a living organism. 

Biopolymer fiber – individual strand composed of biopolymers held by intermolecular forces. 

Biopolymer material – material generated by a living organism typically composed of 
biopolymer fibers (e.g. cotton, silk, chitin, wool) organized in an organism-specific structure. 

Capillary Action – process of fluid being drawn throughout a permeable surface. 

Chemical Environment – the phase, physical properties, and identity of the species in which a 
reagent of interest is situated. 

Cross-section – image obtained by cutting a material, such as a yarn, perpendicular to its long 
axis. 

Denature – to break apart the native structure. 

Dissolution – process of dissolving a material in solution. 

EMIAc – ethyl methylimidazolium acetate, the IL used in this report during NFW. 

Hydroxyl Group – a chemical functional group consisting of an oxygen and a hydrogen (-OH). 

In-vivo – Latin for “within the living,” in this project, this commonly refers to experiments done 
with or inside living cells. 

Ion – charged chemical species (such as Na+, K+, Cl-). 

Ionic Compound – general classification of a chemical consisting of ions. 

Matrix – the immediate chemical environment, or the free spaces, surrounding the biopolymer; 
everything in a biopolymer system but the biopolymer itself. 

Mesoporosity – materials with pore diameters between 2 nm and 50 nm. 

Microporosity – materials with pore diameters less than 2 nm. 

Mobilization – the dispersal or partial dissolution of a matrix, allowing for greater degrees of 
freedom of movement. 

MOF – a Metal-Organic Framework, or a compound containing groups of metal ions that are 
coordinated to organic ligands. 

Nanomaterial – any chemical species with dimension sized on the nanoscale. 

Nanoparticle – a small particle of a given species sized on the nanoscale. 

NFW Solvent – solvent capable of mobilizing biopolymers within a fiber, typically an IL. 

Phase – a distinct thermodynamic state of a system, such as solid, liquid, or gas. 

Polar – possessing an electrical polarity (positive or negative charge). 
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Polymer – chemical compound made of a long chain of monomer building blocks. 

Reactant – starting material for a chemical reaction. 
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