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ABSTRACT 

Particulate matter (PM) pollution has become a global environmental issue because it 

poses threat to public health. To protect individuals from PM exposure, one common 

method is using air filters for indoor air purification. However, conventional air filters have 

various drawbacks, such as high air resistance, the filters are not fabricated with 

environmentally friendly technology, and they cannot be easily regenerated. In this 

dissertation, a new electrospun poly(vinyl alcohol) (PVA)/cellulose nanocrystals (CNCs) 

composite nanofibrous filter was successfully developed. This PVA/CNCs composite 

material was demonstrated as air filter for the first time. The CNCs improved the filtration 

performance by increasing the surface charge density of the electrospinning suspension and 

thereby reducing diameter of fibers. High PM2.5 removal efficiency was achieved (99.1%) 

with low pressure drop (91 Pa) at a relatively high airflow velocity (0.2 m s-1), under 

extremely polluted condition (PM2.5 mass concentration >500 μg m-3). The integral effect 

of various electrospinning suspension properties on filtration performance was also 

investigated using response surface methodology. With a face-centered central composite 

design, the operating parameters for fabricating PVA/CNCs air filters were optimized, and 

the optimum conditions were a suspension concentration of 7.34% and a CNCs percentage 

of 20%. Additionally, the water-soluble PVA/CNCs composite was converted to be 

completely water-resistant when the electrospun material was heated at 140 oC for only 5 

min. The mechanism of the change of water solubility of the fibers was investigated 

systematically. Our results revealed that increased crystallinity is the key factor for 

improving the aqueous stability, and CNCs provided additional nucleation sites for PVA 

crystallization during both electrospinning and heating process. The heated filters were 

effectively regenerated by water washing and the filtration performance was satisfactorily 

maintained. Because both PVA and CNCs are nontoxic and biodegradable, no organic 

solvents or crosslinking agents were used in the whole fabrication process, and the heating 

process is facile, the method proposed in this dissertation for fabricating electrospun 

PVA/CNCs nanofibrous filters is environmentally friendly and cost-effectively. This new 

cellulose-based air filter, which possesses high removal efficiency for PM, low pressure 

drop, and long lifetime, is very promising.  
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INTRODUCTION 

This dissertation consists of three journal articles: (1) “A novel method for fabricating 

an electrospun poly(vinyl alcohol)/cellulose nanocrystals composite nanofibrous filter with 

low air resistance for high-efficiency filtration of particulate matter”; (2) “Optimization of 

electrospun poly(vinyl alcohol)/cellulose nanocrystals composite nanofibrous filter 

fabrication using response surface methodology”; (3) “Preparation of electrospun 

nanofibrous poly(vinyl alcohol)/cellulose nanocrystals air filter for efficient particulate 

matter removal with repetitive usage capability via facile heat treatment”. The first article 

was published on ACS Sustainable Chemistry & Engineering in 2019 (Zhang et al., 2019); 

the second article was submitted to Carbohydrate Polymers on July 10th, 2020; and the 

third article was published on Chemical Engineering Journal in 2020 (Zhang et al., 2020). 

Each article is presented as an individual chapter in this dissertation.  

With rapid development of industry, expanded population in urban areas and increased 

motor vehicle use, air pollution has become a serious global environmental issue 

(Landrigan et al., 2018). According to World Health Organization’s report, more than 90% 

of the world population was affected by poor air quality in 2016 (World Health 

Organization, 2016). Particulate matter (PM) is one major air pollutant, which consists of 

extremely small solid particles and liquid droplets (Harrison et al., 2016). It is usually 

categorized as PM10 and PM2.5 based on its size, which represent the diameters of the 

particles less than or equal to 10 and 2.5 μm, respectively. Because of its small size, PM 

can penetrate into lungs and bronchi when inhaled, causing respiratory and cardiovascular 

diseases (Brook et al., 2010, Pope III et al., 2002, Raaschou-Nielsen et al., 2013). About 

4.2 million premature deaths around the world could be attributed to PM2.5 pollution in 

2015 (Cohen et al., 2017). Therefore, it is pressing to control and reduce PM pollution.  

Studies have shown that people spend most of their time indoors. Hence, improving 

indoor air quality can greatly reduce the risk posed by PM pollution (Liu, 2007, Xu et al., 

2014). Air filters equipped in air circulation system are feasible to remove PM by capturing 

the particles. However, the filter medium of conventional high efficiency particulate air 

filters is thick, which result in high energy consumption and frequent clogging (Hutten, 

2007, Yun et al., 2007). To reduce the air resistance while keeping relatively high PM 
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removal efficiency, numerous studies have been focused on developing new materials and 

fabricating methods for air filtration (Dai et al., 2018, Gopal et al., 2007, Khalid et al., 

2017, Kim et al., 2018, Liu et al., 2015b, Vanangamudi et al., 2015, Xu et al., 2016, Zhang 

et al., 2016a, Zhang et al., 2016b, Zhang et al., 2016c). Among various technologies for 

preparing air filters, electrospinning is an effective technique to produce ultrafine 

nanofibrous filter (Doshi and Reneker, 1995, Huang et al., 2006). Smaller fiber diameter 

could provide large surface area to capture PM (Kenawy et al., 2002, Podgórski et al., 

2006), and also allows air molecules pass through due to slip-effect (Brown, 1993, Hung 

and Leung, 2011, Zhao et al., 2016). But the process of electrospinning often involves 

organic solvents due to the need to dissolve the polymers used. The use of large amounts 

of organic solvents, which can be both flammable and toxic, may cause health and 

environmental problems (Jiang et al., 2016, Zhu et al., 2018). To avoid this kind of issues, 

water-soluble, biodegradable and environmentally friendly polymer should be used for the 

electrospinning. Poly(vinyl alcohol) (PVA) is a polymer that meet these requirements and 

commonly used in electrospinning for numerous applications (Finch, 1973). However, the 

fibers made from PVA are not mechanically strong. Cellulose nanocrystals (CNCs) are 

ideal additives to enhance the mechanical strength of PVA fibers because of their 

outstanding mechanical properties (Habibi et al., 2010, Moon et al., 2011). Previous studies 

have demonstrated that adding CNCs into PVA polymer matrix could significantly increase 

the tensile strength and storage modulus (Miri et al., 2015, Peresin et al., 2010). Since 

CNCs are primarily isolated from cellulose fibers by acid hydrolysis, and cellulose is the 

most abundant natural polymer on the earth, this nanosized material has attracted great 

interest. The unique mechanical properties and biosafety of CNCs make this renewable 

nanomaterial very promising.   

The filtration performance of air filters fabricated via electrospinning is affected by 

many process parameters. Status between the repulsive and constrictive forces along the 

initial jets at the Taylor cone determines the morphology of generated fibers and the 

structure of the nanofiber network (Garg and Bowlin, 2011, Huang et al., 2006, Reneker 

and Yarin, 2008, Thompson et al., 2007). Previous studies have investigated the effect of 

electrospinning parameters, like voltage, working distance, solution feed rate etc., through 

one-factor-at-a time method (Ding et al., 2002, Garg and Bowlin, 2011, Supaphol and 
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Chuangchote, 2008, Thompson et al., 2007). But this type of method is time consuming 

and unable to examine the interaction effects. In addition, the properties of electrospinning 

solution, such as viscosity, conductivity and surface tension, are normally varied 

simultaneously as the concentration or the composition of the solution changes. Therefore, 

it is no longer applicable to use one-factor-at-a-time method to study the effects of these 

factors. To evaluate the filtration performance of the filters with considering the integral 

effect of different electrospinning solution properties, and optimize the fabricating 

conditions effectively, utilizing design of experiments is necessary. Response surface 

methodology (RSM) is an effective statistical modeling tool, which can be used for 

extended reasoning, interaction study and parameter optimization (Montgomery, 2017). It 

is a technique that maximizes the inference of results while minimizing the number of 

experimental runs and costs of experimentation (Bösiger et al., 2018, Fu et al., 2016, Meng 

et al., 2015, Sarlak et al., 2012). 

 Although using water-soluble polymers in electrospinning can avoid large amounts of 

organic solvent, the air filters made from water-soluble polymers is not stable in high-

humidity environment and cannot be regenerated by water-washing after use. Non-reusable 

filters have higher costs given one-use which requires more cumulative raw materials and 

the related energy consumption during the manufacturing process. Additionally, 

inappropriate disposal of waste filters may cause environmental issues as well (Fan et al., 

2018a, Fan et al., 2018b). To improve the aqueous stability of the filters, crosslinking the 

polymers is one commonly used strategy (Peresin et al., 2014, Qin and Wang, 2008, 

Shalom et al., 2019, Song et al., 2016). But the added crosslinking agents are often toxic 

and may create new environmental concerns (Liu et al., 2017, Zhu et al., 2018). Several 

studies have shown that water stable PVA materials could be prepared via heat treatment. 

The increased crystallinity is the reason caused the change in water solubility (Hong, 2007, 

Wong et al., 2010). Because CNCs may act as nucleating agent and promote crystallization 

of PVA (Popescu, 2017, Rescignano et al., 2014, Uddin et al., 2011), it is expected that a 

waterproof PVA/CNCs composite material could be obtained under an even milder heating 

condition. 

In general, conventional air filters are not ideal for the removal of fine particles, such 

as PM10 and PM2.5. The removal efficiency for PM and the air resistance of the filter cannot 
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be well compromised, which makes the air permeability of the filter has to be sacrificed to 

ensure a high PM removal efficiency. In another word, more filtering materials are required 

to be stacked, which greatly increased the energy consumption. To overcome these 

problems, one feasible strategy is to reduce the fiber diameter of the fibrous air filter to 

nanoscale, so that the specific surface area to volume ratio and the porosity of the filter 

medium can be improved. The air resistance of air filter could be reduced due to the 

nanometer-level fibers while keeping a high removal efficiency for PM. However, many 

of the polymers used for fabricating nanofibers are not environmentally friendly, and a 

large amount of organic solvents may be used during the manufacturing process. The toxic 

materials and solvents may cause new environmental concerns, thereby lowering the 

significance of air filters for the protection of individuals and the improvement of 

environment. In addition, the most air filters on the market at this time are not reusable, 

which will inevitably lead to higher energy consumption for production, increased demand 

for raw materials, and increased working load to treat and recycle the waste after use. All 

these drawbacks force the existing air filter fabrication technology to be improved, and it 

is urgent to develop a green and environmentally friendly filter preparation method. 

The research objective of this dissertation was to develop a novel method, which 

utilized cellulose-based materials, to fabricate environmentally friendly reusable air filter 

with high PM removal efficiency and low pressure drop. The problem of the compromising 

between the removal efficiency and the air resistance of air filter was solved with this new 

air filter fabrication technique. The use of harmful materials during the manufacturing 

process was avoided. Therefore, neither the preparation procedure nor the final product 

would generate pollutants to the environment. The reusability of the filter also reduced the 

cost for cumulative use of raw materials. Additionally, the use of renewable materials 

demonstrated in this dissertation may promote the production and use of green air filters. 

This would not only reduce energy consumption, but also decrease potential carbon and 

microplastic emissions. Since cellulose is the most abundant natural polymer on the earth, 

the efficient utilization of it may expand the application prospect and market of renewable 

resources, thus further increasing the economic value of agricultural and forestry products. 

In this dissertation, a new electrospun nanofibrous PVA/CNCs composite air filter was 

successfully fabricated in Chapter I. The filtration performance for PM was evaluated, and 
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the influence of CNCs on PVA fiber formation and filtering performance was investigated. 

Results indicated that adding CNCs can significantly improve the PM removal efficiency 

and decrease the pressure drop. The overall filtration performance of the fabricated 

PVA/CNCs air filter is superior. To further investigate the optimum filtration performance, 

the conditions of electrospinning suspensions were optimized using RSM in Chapter II. A 

face centered central composite design (CCF) was applied for the RSM. ‘Suspension 

concentration’ and ‘CNCs percentage’ were selected as independent variables, and 

‘removal efficiency’ and ‘pressure drop’ were the responses. The constructed prediction 

quadratic models were proved to be reliable, and the operating conditions were optimized 

effectively. In Chapter III, the water-soluble electrospun PVA/CNCs filter was completely 

converted into water-resistant via a facile heat treatment without adding any crosslinkers. 

The mechanism was systematically investigated, and the heated PVA/CNCs filter was able 

to be regenerated effectively. In general, the novel method proposed in this dissertation is 

believed to be environmentally friendly and cost-effectively. This dissertation 

demonstrated the promise of electrospun PVA/CNCs air filter for air purification. It also 

provided guidance on the cleaning and recycling strategies of CNCs-based electrospun 

filter for long-term usage. 
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CHAPTER I 

A NOVEL METHOD FOR FABRICATING AN ELECTROSPUN 

POLY(VINYL ALCOHOL)/CELLULOSE NANOCRYSTALS 

COMPOSITE NANOFIBROUS FILTER WITH LOW AIR 

RESISTANCE FOR HIGH-EFFICIENCY FILTRATION OF 

PARTICULATE MATTER 
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A version of this chapter was originally published on ACS Sustainable Chemistry & 

Engineering by Qijun Zhang, Qian Li, Timothy M. Young, David P. Harper and Siqun 

Wang. Reproduced with permission from ref. Zhang et al. 2019. Copyright 2019 American 

Chemical Society. 
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Abstract 

Particulate matter (PM) air pollution poses a risk to public health, especially in rapidly 

industrializing countries. One major way to protect individuals from PM exposure is to use 

fiber-based filters for indoor air purification. In this study, a new low pressure drop 

poly(vinyl alcohol) (PVA)/cellulose nanocrystals (CNCs) composite nanofibrous filter was 

fabricated using electrospinning. This electrospun PVA/CNCs filter was demonstrated as 

an air filter for the first time. The CNCs not only contributed to the PVA/CNCs system as 

mechanical reinforcement agents but also increased the surface charge density of the 

electrospinning solution, thereby reducing fiber diameter. The thinner fibers reduced 

pressure drop significantly and increased the efficiency of the PM removal. Our results 

indicate that high PM2.5 removal efficiency was achieved (99.1%) under extremely polluted 

conditions (PM2.5 mass concentration >500 μg m-3) with low pressure drop (91 Pa) at an 

airflow velocity of 0.2 m s-1. Considering that PVA and CNCs are both nontoxic and 

biodegradable, this high-efficiency composite filter with low air resistance is 

environmentally friendly and shows promise in indoor air purification applications. 
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1. Introduction 

Particulate matter (PM) is a combination of extremely small solid particles and liquid 

droplets in air; it is composed of organic compounds, black carbon, sulfate, nitrate, 

ammonia, and trace metals (Harrison et al., 2016). In recent years, due to rapid industrial 

and economic development, PM pollution has occurred more frequently, especially in 

developing countries such as China and India. The living quality of people is tremendously 

influenced from PM pollution which effects atmospheric visibility (Watson, 2002), climate 

(Booth and Bellouin, 2015) and poses potentially serious threats to public health (Koplitz 

et al., 2017). On the basis of particle sizes, PM can be categorized by its aerodynamic 

diameter as PM10 and PM2.5, which represent particle diameters less than or equal to 10 and 

2.5 µm, respectively (Harrison et al., 2016). Studies have shown that PM10 is small enough 

to be able to be inhaled, enter people's lungs, and pose potential health risks, while PM2.5 

is even more harmful since it may penetrate bronchi and enter extrapulmonary organs and 

possibly the central nervous system itself, through the bloodstream (Brook et al., 2010, 

Pope III et al., 2002, Raaschou-Nielsen et al., 2013). 

To protect individuals and reduce the risks of long-term exposure to PM, masks are a 

preventive measure used outdoors. Studies show that people spend 85% of their time 

indoors, where PM2.5 concentrations have been found to exceed daily average limits by 

approximately 6 times during hazy days (Liu, 2007, Xu et al., 2014). Air filters are a 

feasible way to remove indoor PM by filtering, whether that occurs through the use of 

ventilation, air conditioning, or air purifiers. Various strategies have been developed to 

fabricate air filters, such as spun-bonded (Zhang et al., 1997), needle-punched 

(Anandjiwala and Boguslavsky, 2008), and melt-blown (Lee and Wadsworth, 1990). 

However, conventional fiber-based filters prepared by these methods are usually not very 

efficient in the filtration of fine particles because of the large pore sizes of micrometer-

level fibers (Barhate and Ramakrishna, 2007, Thomas et al., 2001). To improve the 

efficiency of conventional air filters, a thicker filter medium is necessary. High efficiency 

particulate air (HEPA) filters and ultralow particulate air (ULPA) filters can achieve 

99.97% and 99.999% filtration efficiencies when capturing PM, respectively (Hutten, 

2007). However, the high pressure drops in HEPA filters result in high energy consumption 
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and frequent clogging (Yun et al., 2007). To achieve the best compromise between air flow 

and filtration efficiency, new air-filter materials must be developed.  

Electrospinning has emerged as an effective technique to obtain uniform nanofibers 

with diameters from 1 to 1000 nm (Doshi and Reneker, 1995, Huang et al., 2006). Smaller 

fiber diameters increase the specific surface area to volume ratio as well as the porosity of 

the filter medium (Kenawy et al., 2002, Podgórski et al., 2006) allowing air molecules to 

pass through the filter effectively. This is especially true when the diameters of nanofibers 

range from 200 to 60 nm, where the slip-effect promotes aerodynamic slip and decreases 

the collision of the air molecules with the nanofibers (Brown, 1993, Hung and Leung, 2011, 

Zhao et al., 2016). Thus, many polymers, such as polyacrylonitrile (PAN) (Bian et al., 

2018b, Yun et al., 2007), polystyrene (PS) (Liu et al., 2015b), polyamide (PA) (Ahn et al., 

2006), polyimide (PI) (Zhang et al., 2016), polyurethane (PU) (Scholten et al., 2011), and 

polysulfone (PSU) (Gopal et al., 2007), have been successfully electrospun to produce 

high-performance air filters, demonstrating that electrospinning is ideal for producing 

filters with high filtration efficiency and low air resistance. In addition, the interconnected 

geometries and morphologies of electrospun nanofibers are tunable (Ding et al., 2002, 

Doshi and Reneker, 1995, Supaphol and Chuangchote, 2008), which makes the filtering 

performance controllable.  

The process of using electrospinning to fabricate nanofibrous filter material often 

involves dissolving polymers, such as those above, in organic solvents. Generally, the 

electrospinning solution is prepared at a concentration of less than 30%; thus, the 

fabrication process involves large amount of organic solvents, which can be both 

flammable and toxic. Exposure to such solvents at high concentration during the 

manufacturing process or even long-term exposure at low concentration from the end-use 

products may result in health and environmental problems (Jiang et al., 2016, Zhu et al., 

2018). Further, disposal of the used air filters may also cause environmental pollution (Liu 

et al., 2017). Air filters prepared with protein-based materials, including zein (Fan et al., 

2018b, Tian et al., 2018), silk fibroin (Bian et al., 2018a, Lang et al., 2013) and whey (Fan 

et al., 2018a), are considered environmentally sustainable and have shown excellent PM 

removal efficiency. Another approach in the avoidance of new environmental concerns is 

the use of biodegradable, water-soluble, environmentally friendly polymers for the 
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electrospinning. Poly(vinyl alcohol) (PVA) is a water-soluble, nontoxic, fully 

biodegradable, and biocompatible polymer, which is commonly used in electrospinning for 

numerous applications (Finch, 1973). However, PVA fibers are not mechanically strong. 

Several strategies to strengthen them have been studied, such as post treatment (Jeun et al., 

2009), cross-linking (Peresin et al., 2014), blending (Ding et al., 2004) and the use of 

nanofillers (Wong et al., 2009). But cross-linkers and additives may create other 

environmental concerns (Liu et al., 2017, Zhu et al., 2018). Cellulose nanocrystals (CNCs) 

obtained from renewable resources have attracted great interest because of their minute 

size, biodegradability, and outstanding mechanical properties. In fact, used as 

reinforcement agents, CNCs have been demonstrated to significantly improve the 

mechanical properties of composite materials (Feng et al., 2017, Huang et al., 2017, Huang 

et al., 2018, Ma et al., 2017). Previous studies have shown that by the addition of CNCs 

into a PVA polymer matrix, the tensile strength was increased by 80% and the storage 

modulus was strengthened 3-fold (Miri et al., 2015, Peresin et al., 2010). Other studies also 

demonstrated that cellulose-based materials can be successfully utilized for air filtration 

(Long et al., 2018, Lu et al., 2018, Su et al., 2018). 

Despite numerous studies investigating electrospun materials, no studies in the public 

domain have been reported on the development of PVA/CNCs composite fibers as air filter 

for fine particle filtration. This study introduces a novel, environmentally friendly, 

PVA/CNCs nanofibrous air filter with high PM removal efficiency and low air resistance. 

In this research, PVA aqueous solutions were mixed with CNCs by means of 

ultrasonication and then fabricated into nanofibers via electrospinning. A commercial 

window screen was applied as a collector for the electrospun fibers across the mesh holes, 

forming a network for filtration. The fabricated PVA/CNCs filters were characterized, and 

the PM filtering performance was evaluated. The PM used in this study was generated by 

burning incense. Previous research has demonstrated that the PM from incense smoke is 

more difficult to remove than rigid inorganic PM due to its large carbon and water content 

(Liu et al. 2015b). The aim of this study was to not only add CNCs as PVA reinforcements 

but also investigate the influence of CNCs on PVA fiber formation and filter performance. 

Considering that CNCs are negatively charged and could increase the surface charge 

density of electrospinning solutions, it is expected that fabricated fiber diameters could be 
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tuned by varying the amounts of CNCs added into the PVA (Stranger et al., 2009). In 

addition, the effect of filter basis weight (mass of electrospun filter media per unit area) on 

both PM capture and pressure drop was also studied. 

2. Experimental section 

2.1. Materials  

PVA (99+% hydrolyzed, Mw 85000-124000) was purchased from Sigma-Aldrich (St. 

Louis, MO). CNCs (∼12 wt%, 5-20 nm in width, 150-200 nm in length) were purchased 

from the University of Maine (Orono, ME), which were prepared by sulfuric acid 

hydrolysis. PVA and CNCs were used as received. Commercial window screens with 0.25 

mm wire diameter and 1.2 mm × 1.2 mm mesh size were purchased from Saint-Gobain 

ADFORS (Clear Advantage, Grand Island, NY). 

2.2. Preparation of PVA and PVA/CNCs suspensions  

PVA was dispersed in deionized water and stirred at 85 oC until it was fully dissolved. 

After the PVA solution had cooled to room temperature, specified amounts of CNCs were 

added to obtain the following CNC percentages of PVA content: 5%, 10%, 15%, and 20% 

(w/w) while total concentrations were kept at 7 wt%. The dry weight of CNCs was 

determined every time before use. For comparison purposes, neat PVA solution was also 

prepared at 7 wt%. All PVA and PVA/CNCs suspensions were sonicated using an 

ultrasonic processor (Sonics VCF-1500, Newton, CT) in an ice bath for 2 min under 600 

W of power. As previous studies have indicated, the short time and low power 

ultrasonication conducted in an ice bath did not change the viscosity and surface charge 

density of PVA and CNCs (Dong et al., 1998, Mohod and Gogate, 2011, Shafiei-Sabet et 

al., 2012).  

Prepared suspensions were denoted to indicate their CNC content; for example, 

PVA/CNC-5 represented a PVA/CNCs suspension with 5% CNCs. 

2.3. Electrospinning of PVA and PVA/CNCs nanofibrous filters  

A 5 mL plastic syringe with a 22-gauge needle was used to load the prepared 

suspension. The needle was connected to the positive end of a voltage generator 

(PS/EK40P15011, Glassman High Voltage, High Bridge, NJ). The window screen was 
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directly placed on a 7.6 cm diameter metal circular cylinder as a collector. The cylinder 

was grounded and placed at a working distance of 10 cm from the needle tip. The operating 

voltage was set at 22 kV. Solution was pumped out at a constant 0.5 mL h-1 flow rate during 

electrospinning by a syringe pump (NE-1800, New Era Pump System, Farmingdale, NY). 

Electrospinning was performed at room temperature and 50 ± 5% relative humidity. 

Electrospinning times of 2, 4, 6, and 8 min were applied to control the basis weight (mg m-

2) of the electrospun fibers.  

The resulting electrospun air filters were labeled to denote their CNC content and 

electrospinning time. For instance, PVA/CNC-10-4 represented a filter fabricated with 

PVA/CNCs suspension with 10% CNCs and an electrospinning time of 4 min, and PVA-2 

represented neat PVA with 2 min of electrospinning. 

2.4. Morphology characterizations  

The morphology of the electrospun nanofibrous filters was studied by means of a 

scanning electron microscope (SEM, Zeiss Auriga SEM/FIB crossbeam workstation, 

Germany) with an acceleration voltage of 5 kV. All samples were sputter-coated with gold 

before observation. Diameters were evaluated by SEM images and 50 fibers were measured 

for each filter. 

2.5. Zeta potential measurements  

Zeta potentials of the PVA and PVA/CNCs suspensions were determined by a Zetasizer 

Nano ZS (Malvern, Westborough, MA). The suspensions were diluted to 0.7 wt% for the 

zeta potential measurement. The pH values of all PVA and PVA/CNCs suspensions were 

found to be within the range of 6.51 ± 0.04, so the pH effect on zeta potential measurements 

was considered negligible and no further pH adjustment was applied. All measurements 

were conducted at 25oC, and the collected data were averaged over 5 measurements.    

2.6. Rheological measurements  

Suspension viscosities were measured by a stress-controlled rheometer (AR-G2, TA 

Instruments, New Castle, DE) equipped with a cone-plate geometry (cone with 2o angle, 

40 mm diameter and 56 μm truncation) at 25 oC. Viscosity tests were performed within a 
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shear rate range of 0.01-1000 s-1. A solvent trap was used to prevent water evaporation 

during the measuring procedure. 

2.7. Fourier transfer infrared spectroscopy (FTIR) analysis  

The basic chemical characteristics of electrospun filters were analyzed by a FTIR 

spectrometer (Spectrum Two, Perkin Elmer, Llantrisant, UK) over a wavenumber range of 

4000-500 cm-1. All spectra were collected with a resolution of 4 cm-1 after 16 scans. 

2.8. Filtration performance of electrospun PVA and PVA/CNCs filters for PM  

Figure I-1 shows the experimental system for PM filtration. Two glass bottles 

customized by Adams & Chittenden were used as the filtration unit. Each bottle possessed 

one flange and two ports. The fabricated filter was clamped between the two flanges of the 

bottles with a sealing ring. The ports of the bottles were used to connect to the air flow and 

the pressure gauge. PM particles were generated in a smoke-generating bottle by burning 

incense, which produces more than 45 mg g-1 PM when burned; gases such as CO, CO2, 

SO2, NO2, as well as volatile organic compounds, including toluene, benzene, aldehydes, 

xylenes, and polycyclic aromatic hydrocarbons, were also generated (Lin et al., 2008, 

Mannix et al., 1996). This complex smoke is a model system to simulate hazy days because 

it contains many components that can be found in polluted air. The particle size of the PM 

that was generated varied from <0.3 to >10 μm. The concentration of the PM in the smoke-

generating bottle was controlled at >500 μg m-3, and the PM concentration was measured 

by a particle counter (CEM DT-9851M, China). Removal efficiencies were calculated by 

comparing the PM concentrations in the filtered air with and without filters. The air flow 

rate was controlled at 0.2 m s-1. Pressure drops across the filters were measured by a 

differential pressure gauge (Testo 510, Germany). All experiments were conducted in 

triplicate. To evaluate the overall performances of the electrospun filters in terms of both 

efficiency and pressure drop, a quality factor, Qf, was used as an indicator. Qf is defined 

as: 

Qf = -ln(1-E)/ΔP (1) 

where E is PM removal efficiency and ΔP is pressure drop across the filter.  
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2.9. Statistical analysis   

The significance tests for the effect of CNC content on fiber diameter and filter pressure 

drop were evaluated by t-test using JMP software (version 14, SAS Institute, Cary, NC). 

The differences between group means with p-values equal or less than 0.05 were 

considered statistically significant. 

3. Results and Discussion 

3.1. Characterizations of PVA and PVA/CNCs suspensions and electrospun fibers  

The morphologies of the electrospun PVA and PVA/CNCs fibers are shown in Figure 

I-2. The electrospun fibers formed smoothly without beads, indicating that adding CNCs 

did not induce capillary instability of the Taylor cone during electrospinning (Reneker and 

Yarin, 2008). As shown in Figure I-2f, the diameter of the electrospun fiber was strongly 

dependent on how much CNCs were added. Statistical analysis results of diameter 

distribution of each air filter are shown in Table I-1. From the t-tests, the means of each 

group are significantly different (Table I-2). The average diameter of the neat PVA fibers 

was 209.4 nm. With the addition of CNCs ranging from 5% to 20%, the fiber diameters 

decreased gradually and achieved the lowest value of 127.6 nm for PVA/CNC-20-6. With 

the addition of 20% CNCs in terms of PVA content, which is only 1.4% of the total amount 

of the PVA/CNCs suspension, the fiber diameter decreased 39.1% compared with that 

generated using the neat PVA fiber. Such a significant effect might be attributed to the 

negative charge of the CNCs. It is known that charge density is one important parameter 

affecting electrospun fiber diameter. An increase in charge density may cause stronger 

electrostatic forces and lead to the formation of a Taylor cone with a steeper angle. Thus, 

the initial jet could emerge with a smaller diameter (Stranger et al., 2009). CNCs possess 

a negative electrical charge due to the sulfate groups (-O-SO3
-) that were introduced onto 

its surface during sulfuric acid hydrolysis. Zeta potential measurement studies showed that 

the zeta potential values of PVA and PVA/CNCs suspensions decreased with increasing 

CNC content (Figure I-3). The negative zeta potential value of PVA, -0.6 ± 0.2, is probably 

due to the existence of acetate groups on its surface. When CNCs were added as 5%, 10%, 

15% and 20% levels, the zeta potential values decreased to -6.9 ± 0.4, -11.8 ± 0.6, -12.4 ± 

1.3 and -15.7 ± 0.8, respectively. A 25-fold increase in zeta potential value was induced by 
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the addition of 20% CNCs. Considering that the volumes of the PVA and PVA/CNCs 

suspensions were constant, we can infer that the surface charge densities of the suspensions 

increased considerably as the CNC amounts were increased. The results of the zeta 

potential measurements are consistent with the variation tendencies of the electrospun fiber 

diameters reported above, implying that the increased suspension surface charge density 

plausibly reduced the electrospun fiber diameter. 

To further support the hypothesis mentioned above, the viscosities of all PVA and 

PVA/CNCs suspensions were measured. The viscosity of the suspension plays an 

important role during electrospinning and may strongly affect the diameter and structure 

of the electrospun fiber (Garg and Bowlin, 2011). Steady-state viscosity as a function of 

the shear rate of each of the PVA and PVA/CNCs suspensions are shown in Figure I-4. It 

was observed that the suspension viscosity was independent of the CNC content. This can 

be attributed to the small amount of CNCs added. Since the added amount of CNCs came 

up to 20% of the PVA content and the suspension concentration was 7%, the total amount 

of CNCs added into the suspension only amounted to 1.4%. Thus, the decrease in the 

electrospun fiber diameter was not driven by the viscosity of the suspension. Furthermore, 

the viscosities of both the PVA and PVA/CNCs suspensions decreased with increases in 

the shear rate, indicating shear-thinning behavior. It is evident that CNCs did not cause any 

phase transition because the five shear-thinning curves almost overlap each other. Hence, 

the small amount of CNCs did not affect the rheological property of the PVA solution. 

Therefore, it was further confirmed that the negatively charged CNCs favored the 

formation of smaller-diameter electrospun fibers. 

The SEM images of the fiber surface morphologies of PVA-2, PVA/CNC-10-2 and 

PVA/CNC-20-2 filters are presented in Figure I-5. As CNC content was increased to 10% 

and 20%, there was no CNCs agglomerate or other protrusion formed on the fiber surface 

(Figure I-5b and I-5c), which indicated that CNCs were embedded inside the PVA/CNCs 

fibers. On the basis of previous studies, the electrospinning process facilitated the 

orientation of CNCs along the axis of electrospun fibers, while some nonoriented CNCs 

can occur at the same time along the direction of fiber cross-section (Bian et al., 2018c, 

Wanasekara et al., 2015). Since the lengths of the CNCs range from 150 to 200 nm, which 

are greater than the average diameters of PVA/CNC-10-2 and PVA/CNC-20-2 (155.8 ± 
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24.6 nm and 127.6 ± 16.9 nm, respectively), the CNCs were unlikely to be oriented 

perpendicular to the direction of fiber axis. Therefore, the CNCs were possibly oriented 

along the PVA/CNCs fiber axis uniformly. 

The FTIR spectra collected for electrospun filters with different CNC content are 

shown in Figure I-6. For pure PVA filter, the strong absorption peak at 1087 cm-1 is due to 

C-O stretching and O-H bending (Peresin et al., 2014). The peaks at 2942 and 2908 cm-1 

are the typical O-H and C-H stretching peaks. The broad band from 3200 to 3550 cm-1 

corresponded to the stretching of O-H bond from intermolecular and intramolecular 

hydrogen bonds. For PVA/CNCs composite filters, the peak observed at 1058 cm-1 was 

assigned to the C-OH stretching of cellulose. It was noticed that the presence of CNCs and 

the increase in CNC amount caused the change in shape of the main band between 3200 

and 3550 cm-1, which can be attributed to the formation of hydrogen bond network between 

PVA and CNC molecules (Peresin et al., 2010). 

3.2. Filtration performance of electrospun PVA and PVA/CNCs filters for PM  

The quantified PM2.5 and PM10 removal efficiencies by all the electrospun nanofibrous 

filters are shown in Figure I-7. It clearly indicates that the addition of CNCs effectively 

improved the removal efficiencies for both PM2.5 and PM10. These improved efficiencies 

are attributed to the decrease in fiber diameter, as can be seen in the electrospun fiber 

diameter distribution reported above. Interestingly, as CNC content was increased from 0% 

to 20%, the PM removal efficiency improved significantly at first and then only slightly. 

For example, the removal efficiency of PVA-2 filter (average diameter 209.4 nm) for PM2.5 

was 56.0 ± 3.3% (Figure I-7a). With increases in CNC content to 5% and 10%, the average 

fiber diameter decreased and the removal efficiency increased dramatically to 70.1 ± 6.4% 

(PVA/CNC-5-2 filter, 181.8 nm) and 82.3 ± 7.8% (PVA/CNC-10-2 filter, 155.8 nm), 

respectively. However, continued increases in CNC content to 15% and 20%, resulted in 

improvements in the removal efficiencies of 82.9 ± 5.0% (PVA/CNC-15-2 filter, 140.7 

nm) and 84.9 ± 7.4% (PVA/CNC-20-2 filter, 127.6 nm), respectively. Similar results have 

also been observed for PM10 removal efficiency by all electrospun filters (Figure I-7b). 

These results imply that when the fiber diameter of the electrospun filter is lower than ~150 

nm, fiber dimension is no longer the dominant factor affecting the ability to capture smoke 

PM. When electrospinning time was 2, 4, 6 and 8 min, the basis weights of fabricated filters 
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were 20, 40, 60 and 80 mg m-2, respectively (Figure I-8). As the thickness of the electrospun 

filters was increased, removal efficiencies for both PM2.5 and PM10 increased (Figure I-7); 

>95% removal of PM2.5 was achieved after the electrospinning time was increased to 6 

min, and >99% removal was achieved when the time was increased to 8 min. A comparison 

of the efficiencies of the filters fabricated with 2 min electrospinning and window screen 

(0 min electrospinning time) shows that with a low basis weight (20 mg m-2), the 

efficiencies of the PVA-2 filter are ~47% and 59% higher than window screen for PM2.5 

and PM10, respectively. Furthermore, CNCs as additives showed superior effectiveness in 

air filters for PM removal; that is, the substitution of 2 mg of PVA with CNCs to fabricate 

one square meter PVA/CNC-10-2 composite air filter resulted in the removal efficiencies 

of PM2.5 and PM10 being improved to approximately 82% and 83% from approximately 

56% and 61%, respectively.  

To characterize the interaction between electrospun filter fibers and captured PM, the 

filters, before and after filtration test, were studied by SEM; the resulting images of the 

PVA/CNC-20-2 filter are shown in Figure I-9. Smoke PM generated by burning incense is 

considered to be soft PM, due to its larger contents of carbon and water than those of rigid 

inorganic PM. Instead of simply attaching to the surface of the nanofiber as inorganic PM, 

soft PM has been demonstrated, in a previous study, first to deform after contacting and 

then to wrap around the nanofiber (Liu et al., 2015b). As shown in Figure I-9b, smoke PM 

wrapped around nanofibers as a coating and formed bead-shaped particles on the fibers. In 

addition, PM particles were also able to attach directly to the PM already captured on the 

fiber and became aggregated. As the PM merged together, bigger size particles were 

formed and filled the pores, especially at the junctions of the nanofiber network. The 

wrapping of the PM around the fiber indicates that the fiber surface of the electrospun filter 

possesses an affinity for the smoke-generated particles, which leads to the enlargement of 

the contact area. Since soft PM is generally considered more difficult to be captured than 

rigid inorganic PM, our electrospun nanofibrous filters appear to be promising for both soft 

and rigid PM filtration applications. 

Besides removal efficiency, another important factor in air filters, pressure drop, was 

also evaluated (Figure I-10). An increase in electrospinning time results in an increase of 

the thickness of the fabricated air filter, making the filter more air resistant. As shown in 
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Figure I-10, pressure drop clearly increased as electrospinning time was increased from 2 

to 8 min. The pressure drop results also indicate that the addition of CNCs improves the air 

permeability of fabricated filters. For these filters with four different thicknesses, the 

increase of CNC content from 0 to 20% resulted in pressure drop reductions from ~178 to 

91 Pa, 102 to 56 Pa, 72 to 38 Pa and 37 to 15 Pa, respectively. The effect of CNC content 

on pressure drop is statistically significant (Table I-3 to I-10). This pressure drop reduction 

could be attributed to the decrease in fiber diameter; smaller fibers tend to form a 

nanofibrous network with higher porosity at the same basis weight, allowing the air 

molecules to pass through more easily. Furthermore, previous studies have indicated that 

nanofiber diameters ranging from 60 to 200 nm promote aerodynamic slip and decreased 

collision of air molecules with nanofibers by means of the slip-effect (Brown, 1993, Hung 

and Leung, 2011, Zhao et al., 2016). As mentioned above, the improvement in PM removal 

efficiency is relatively limited with a CNC content higher than 10%. Nevertheless, a 

continuous increase in CNC content, along with the reduction in pressure drop, contributes 

significantly to that improvement.  

The quality factor (Qf) was employed to evaluate the overall performance of the 

fabricated filters. The Qf values for all PVA and PVA/CNCs filters were calculated based 

on their PM2.5 removal efficiency. Among the air filters with >95% removal efficiency, the 

PVA/CNC-15-6 and the PVA/CNC-20-6 had the highest Qf (0.054 Pa-1), followed by the 

PVA/CNC-20-8 filter (0.052 Pa-1) (Table I-11). The Qf of the other fabricated filters ranged 

from 0.019 to 0.029 Pa-1. Air filters with outstanding performance that have been used in 

other studies are also summarized in Table I-11 for comparison.  

In addition, face velocity was considered when the Qf values of different filters were 

evaluated; the penetration of particles and pressure drop would be both increased at higher 

face velocity (Ahn et al., 2006, Bian et al. 2018c). As listed in Table I-11, only the PVAc 

filter (Matulevicius et al., 2016) had a slightly higher Qf value (0.055 Pa-1) and it was 

obtained at a much lower face velocity (0.058 m s-1). Therefore, the fabricated PVA/CNC-

15-6, PVA/CNC-20-6 and PVA/CNC-20-8 filters showed superior overall filtration 

performances. 
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4. Conclusions 

In this study, a PVA/CNCs composite filter with low air resistance and high PM 

removal efficiency was fabricated via electrospinning for the first time. The addition of a 

small amount of CNCs (2 to 16 mg m-2) resulted in a dramatic improvement in the overall 

filtration performance (Qf value went as high as 0.054 Pa-1). These results indicate that 

CNCs effectively reduced the electrospun fiber diameter because of their negative charge. 

In addition, the entire manufacturing process of the electrospun filters was environmentally 

friendly. No organic or toxic solvents were involved, and both PVA and CNCs are 

environmentally benign materials. Furthermore, the basis weight of the filter was very low, 

which made the filters potentially cost-effective. This electrospun PVA/CNCs filters are 

highly promising for indoor air purification applications. 
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Appendix I 
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Figure I-1 Scheme of PM filtration set. 1. Air compressor; 2. Flow meter; 3. Smoke- 

generating bottle; 4. Air filter; 5. Air filtered bottle; 6. Differential pressure gauge; 7. 

Particle counter. 
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Figure I-2 SEM images of electrospun PVA and PVA/CNCs nanofibrous filters fabricated 

with various CNC content (0~20%): (a) PVA-6, (b) PVA/CNC-5-6, (c) PVA/CNC-10-6, 

(d) PVA/CNC-15-6 and (e) PVA/CNC-20-6. (f) Effect of CNC content on fiber diameter 

distribution of electrospun PVA and PVA/CNCs nanofibrous filters. 
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Figure I-3 Zeta potentials of prepared PVA and PVA/CNCs suspensions. 
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Figure I-4 Viscosities of prepared PVA and PVA/CNCs suspensions. 
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Figure I-5 SEM images of fiber surface (a) PVA-2, (b) PVA/CNC-10-2 and (c) 

PVA/CNC-20-2. 
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Figure I-6 FTIR spectra of PVA-2, PVA/CNC-5-2, PVA/CNC-10-2, PVA/CNC-15-2 and 

PVA/CNC-20-2 electrospun air filters. 
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Figure I-7 (a) PM2.5 and (b) PM10 removal efficiencies of PVA and PVA/CNCs filters 

versus electrospinning time. 
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Figure I-8 Photographs of window screen and fabricated PVA/CNCs filters with different 

basis weights. 
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Figure I-9 SEM images of PVA/CNC-20-2 filter a) before and b) after particle capturing. 

PVA/CNC-20-2 represents filter fabricated by PVA/CNCs suspension with 20% CNCs and 

the electrospinning time was 2 min. 
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Figure I-10 Pressure drops of PVA and PVA/CNCs filters fabricated with different 

electrospinning time (different basis weight) versus CNC content. 
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Table I-1 Diameters of electrospun air filters with different CNCs content. 

Level Mean (nm) Standard deviation Coefficient of variance 

0% CNC 209.4 34.6 16.52% 

5% CNC 181.8 17.8 9.79% 

10% CNC 155.8 24.6 15.79% 

15% CNC 140.7 22.0 15.64% 

20% CNC 127.6 16.9 13.24% 
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Table I-2 t-test of filter diameters between groups with different CNC content. 

Level  - Level Difference Standard error of deviation p-value 

0% CNC 5% CNC 27.6 5.4 <0.0001* 

5% CNC 10% CNC 26.0 5.4 <0.0001* 

10% CNC 15% CNC 15.1 5.1 0.0034* 

15% CNC 20% CNC 13.1 5.1 0.0106* 

0% CNC 20% CNC 81.8 5.4 <0.0001* 

0% CNC 15% CNC 68.7 5.1 <0.0001* 

5% CNC 20% CNC 54.2 5.4 <0.0001* 

0% CNC 10% CNC 53.5 5.4 <0.0001* 

5% CNC 15% CNC 41.1 5.2 <0.0001* 

10% CNC 20% CNC 28.3 5.4 <0.0001* 
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Table I-3 Pressure drops of air filters fabricated with electrospinning time of 2 min. 

Level Mean (Pa) Standard deviation Coefficient of variance 

PVA-2 37.0 1.7 4.68% 

PVA/CNC-5-2 28.0 2.6 9.45% 

PVA/CNC-10-2 23.0 1.0 4.35% 

PVA/CNC-15-2 19.7 0.6 2.94% 

PVA/CNC-20-2 15.7 1.5 9.75% 

 

  



 

35 

 

Table I-4 t-test of pressure drops between groups with different CNC content. 

Electrospinning time is 2 min. 

Level  - Level Difference Standard error 

of deviation 

p-value 

PVA-2 PVA/CNC-5-2 9.0 1.3 <0.0001* 

PVA/CNC-5-2 PVA/CNC-10-2 5.0 1.3 0.0041* 

PVA/CNC-10-2 PVA/CNC-15-2 3.3 1.3 0.0331* 

PVA/CNC-15-2 PVA/CNC-20-2 4.0 1.3 0.0142* 

PVA-2 PVA/CNC-15-2 17.3 1.3 <0.0001* 

PVA-2 PVA/CNC-10-2 14.0 1.3 <0.0001* 

PVA-2 PVA/CNC-20-2 21.3 1.3 <0.0001* 

PVA/CNC-5-2 PVA/CNC-20-2 12.3 1.3 <0.0001* 

PVA/CNC-5-2 PVA/CNC-15-2 8.3 1.3 0.0001* 

PVA/CNC-10-2 PVA/CNC-20-2 7.3 1.3 0.0003* 
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Table I-5 Pressure drops of air filters fabricated with electrospinning time of 4 min. 

Level Mean (Pa) Standard deviation Coefficient of variance 

PVA-4 72.0 2.0 2.78% 

PVA/CNC-5-4 63.3 1.2 1.82% 

PVA/CNC-10-4 56.0 2.0 3.57% 

PVA/CNC-15-4 49.3 1.2 2.34% 

PVA/CNC-20-4 38.0 2.6 6.96% 
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Table I-6 t-test of pressure drops between groups with different CNC content. 

Electrospinning time is 4 min. 

Level  - Level Difference Standard error 

of deviation 

p-value 

PVA-4 PVA/CNC-5-4 8.7 1.5 0.0002* 

PVA/CNC-5-4 PVA/CNC-10-4 7.3 1.5 0.0007* 

PVA/CNC-10-4 PVA/CNC-15-4 6.7 1.5 0.0015* 

PVA/CNC-15-4 PVA/CNC-20-4 11.3 1.5 <0.0001* 

PVA-4 PVA/CNC-10-4 16.0 1.5 <0.0001* 

PVA-4 PVA/CNC-15-4 22.7 1.5 <0.0001* 

PVA-4 PVA/CNC-20-4 34.0 1.5 <0.0001* 

PVA/CNC-5-4 PVA/CNC-15-4 14.0 1.5 <0.0001* 

PVA/CNC-5-4 PVA/CNC-20-4 25.3 1.5 <0.0001* 

PVA/CNC-10-4 PVA/CNC-20-4 18.0 1.5 <0.0001* 
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Table I-7 Pressure drops of air filters fabricated with electrospinning time of 6 min. 

Level Mean (Pa) Standard deviation Coefficient of variance 

PVA-6 115.3 3.1 2.65% 

PVA/CNC-5-6 81.3 1.5 1.88% 

PVA/CNC-10-6 76.0 4.6 6.03% 

PVA/CNC-15-6 59.7 0.6 0.97% 

PVA/CNC-20-6 54.3 1.2 2.13% 
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Table I-8 t-test of pressure drops between groups with different CNC content. 

Electrospinning time is 6 min. 

Level  - Level Difference Standard error 

of deviation 

p-value 

PVA-6 PVA/CNC-5-6 34.0 2.1 <0.0001* 

PVA/CNC-5-6 PVA/CNC-10-6 5.3 2.1 0.0318* 

PVA/CNC-10-6 PVA/CNC-15-6 16.3 2.1 <0.0001* 

PVA/CNC-15-6 PVA/CNC-20-6 5.3 2.1 0.0318* 

PVA-6 PVA/CNC-10-6 39.3 2.1 <0.0001* 

PVA-6 PVA/CNC-15-6 55.7 2.1 <0.0001* 

PVA-6 PVA/CNC-20-6 61.0 2.1 <0.0001* 

PVA/CNC-5-6 PVA/CNC-15-6 21.7 2.1 <0.0001* 

PVA/CNC-5-6 PVA/CNC-20-6 27.0 2.1 <0.0001* 

PVA/CNC-10-6 PVA/CNC-20-6 21.7 2.1 <0.0001* 
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Table I-9 Pressure drops of air filters fabricated with electrospinning time of 8 min. 

Level Mean (Pa) Standard deviation Coefficient of variance 

PVA-8 177.7 4.0 2.27% 

PVA/CNC-5-8 167.7 4.0 2.41% 

PVA/CNC-10-8 146.0 1.7 1.19% 

PVA/CNC-15-8 125.7 2.1 1.66% 

PVA/CNC-20-8 91.7 3.5 3.83% 
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Table I-10 t-test of pressure drops between groups with different CNC content. 

Electrospinning time is 8 min. 

Level  - Level Difference Standard error 

of deviation 

p-value 

PVA-8 PVA/CNC-5-8 10.0 2.6 0.0036* 

PVA/CNC-5-8 PVA/CNC-10-8 21.7 2.6 <0.0001* 

PVA/CNC-10-8 PVA/CNC-15-8 20.3 2.6 <0.0001* 

PVA/CNC-15-8 PVA/CNC-20-8 34.0 2.6 <0.0001* 

PVA-8 PVA/CNC-10-8 31.7 2.6 <0.0001* 

PVA-8 PVA/CNC-15-8 52.0 2.6 <0.0001* 

PVA-8 PVA/CNC-20-8 86.0 2.6 <0.0001* 

PVA/CNC-5-8 PVA/CNC-15-8 42.0 2.6 <0.0001* 

PVA/CNC-5-8 PVA/CNC-20-8 76.0 2.6 <0.0001* 

PVA/CNC-10-8 PVA/CNC-20-8 54.3 2.6 <0.0001* 

 

  



 

42 

 

Table I-11 Performance summary of air filters for PM2.5. 

Polymers/filters E (%) ΔP (Pa) V (m s-1) Qf (Pa-1) Reference 

PVA-8 

PVA/CNC-5-8 

96.7 

97.0 

178 

168 

0.20 

0.20 

0.019 

0.021 

 

PVA/CNC-10-8 96.9 146 0.20 0.024  

PVA/CNC-15-6 96.0 60 0.20 0.054  

PVA/CNC-15-8 97.4 126 0.20 0.029  

PVA/CNC-20-6 95.1 56 0.20 0.054  

PVA/CNC-20-8 99.1 91 0.20 0.052  

PAN 96.1 133 0.21 0.024 Liu et al., 2015b 

Nylon 99.0 250 0.50 0.018 Liu et al., 2018 

PLA 99.9 165 0.14 0.023 Wang et al., 2015 

PVAc 98.8 80 0.053 0.055 Matulevicius et al., 2016 

E, PM removal efficiency; ΔP, pressure drop; Qf, quality factor, Qf = -ln(1-E)/ΔP; V, face 

velocity.  
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OPTIMIZATION OF ELECTROSPUN POLY(VINYL 

ALCOHOL)/CELLULOSE NANOCRYSTALS COMPOSITE 

NANOFIBROUS FILTER FABRICATION USING RESPONSE 

SURFACE METHODOLOGY 

 

 

 

 

 

 

  



 

44 

 

A version of this chapter was submitted to Carbohydrate polymers on July 10th, 2020. 

 

Authors: 

 

Qijun Zhang, Timothy M. Young, David P. Harper, Terry Liles, Siqun Wang 

Center for Renewable Carbon, University of Tennessee, Knoxville, TN, United States 

 

Terry Liles 

Huber Engineered Woods, Commerce, GA, United States 

 

Q. Zhang’s primary contribution to this paper includes identifying the research objective, 

design and conduct of the experiments, process and interpretation of the data, drafting the 

paper. 

 

Co-researchers’ contributions are listed as follows: 

T.M. Young identified the research method, provided research guideline, worked with 

Qijun to analyze the data and revised the paper. 

D.P. Harper worked with Qijun to fabricate the nanofibrous air filters. 

T. Liles revised the paper. 

S. Wang provided research guideline, worked with Qijun to investigate the experimental 

parameters and revised the paper. 

 

  



 

45 

 

Abstract 

A Poly(vinyl alcohol) (PVA)/cellulose nanocrystals (CNCs) composite nanofibrous air 

filter was fabricated via electrospinning. CNCs were added to improve the overall filtration 

performance for particulate matter (PM) removal. The integral effect of different properties 

of electrospinning suspension on the PM2.5 removal efficiency and pressure drops were 

studied. To optimize the fabrication parameters, variables such as suspension concertation 

and CNCs percentage at different levels were systematically investigated using response 

surface methodology. The feasible operating space, where the suspension concentration 

and CNCs percentage were varied from 6% to 8% and 5% to 20%, respectively, was 

evaluated with reduced experimental runs using a face-centered central composite design. 

Our results indicate the quadratic models developed for predicting responses were 

adequate. The optimum filtration performance for PM2.5 was achieved with 7.34% of 

suspension concentration and 20% of CNCs percentage, where the removal efficiency was 

94% and the pressure drop was only 34.9 Pa. 
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1. Introduction 

In the recent decades, particulate matter (PM) pollution has become a global concern 

due to its influence on public health (Heal et al., 2012, Lepeuleet al., 2012, Pope III et al., 

2002). To reduce the exposure to PM, especially PM2.5, which can deeply penetrate into 

lungs and bronchi due to their smaller size, numerous strategies have been proposed to 

develop air filters (Fan et al., 2018b, Gopal et al., 2007, Jeong et al., 2017, Li et al., 2017, 

Liu et al., 2015b, Zhang et al., 2016c). Among those approaches, electrospinning is one 

commonly used technique because it is able to produce ultrafine fibers effectively (Doshi 

and Reneker, 1995, Huang et al., 2006). The reduced fiber diameter could increase the 

specific surface area and the porosity of the filter medium. Therefore, the filter can capture 

more PM while allowing air molecules to pass through (Kenawy et al., 2002, Podgórski et 

al., 2006). This is particularly true when the diameter is less than 200 nm, where the slip-

effect applies, and air molecules bypass the nanofibers without colliding with them (Brown, 

1993, Hung and Leung, 2011, Zhao et al., 2016). The decreased pressure drop could 

effectively reduce the energy consumption during the filtration process (Yun et al., 2007).  

In our previous study, an electrospun poly(vinyl alcohol) (PVA)/cellulose nanocrystals 

(CNCs) air filter with superior PM2.5 filtration efficiency and low air resistance was 

successfully developed via an environmentally friendly method (Zhang et al., 2019, Zhang 

et al., 2020). The PVA and CNCs polymer hybrid was utilized for fabricating nanofibrous 

filters because it is nontoxic, biodegradable and water-soluble. The use of water-soluble 

polymer avoided large amount of organic solvents during electrospinning. More 

importantly, CNCs improved both the mechanical property and the overall filtration 

performance of the electrospun filter (Feng et al., 2017, Huang et al., 2017, Zhang et al., 

2019). The negative charge of CNCs was revealed as a key factor affect the filtration 

performance as it promoted the formation of finer fibers. Since cellulose is one of the most 

abundant natural polymers on the earth, CNCs are very promising to be used as additives 

in electrospinning polymer matrix for fabricating air filters.  

However, the process of electrospinning is also affected by many other parameters. 

Only a balanced status between the repulsive and constrictive forces along the jets at the 

Taylor cone would generate fibers with desired uniform morphology (Huang et al., 2006, 

Reneker and Yarin, 2008). The properties of the electrospinning solution, such as viscosity, 
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conductivity and surface tension, have an integral effect on the stability of the Taylor cone. 

These properties affect not only the diameter of the electrospun fibers, but also the shape 

of the fibers and the structure of the nanofiber network (Garg and Bowlin, 2011, Thompson 

et al., 2007). When the factors other than conductivity vary, the influence of CNCs on 

solution surface charge density which reduces fiber diameter and improves filtration 

performance remains unclear. Additionally, it will be difficult to estimate the fiber diameter 

once the beaded, bundled or ribbon-like fibers are formed. Therefore, it is no longer 

applicable to evaluate the filtration performance of the electrospun filters through fiber 

diameter. The effects of various properties of the electrospinning solution on PM2.5 removal 

efficiency and pressure drop should be considered comprehensively and evaluated directly. 

Previous studies have investigated the effect of electrospinning parameters through 

one-factor-at-a-time method (Ding et al., 2002, Garg and Bowlin, 2011, Supaphol and 

Chuangchote, 2008, Thompson et al., 2007). But previous methods were time consuming 

and did not examine interaction effects. Especially, when studying the effects of various 

properties of the electrospinning solution, different properties are normally varied 

simultaneously as the concentration or the composition of the solution changes. To 

overcome these limitations, response surface methodology (RSM) is often utilized (Bösiger 

et al., 2018, Meng et al., 2015, Sarlak et al., 2012). As an effective statistical modeling tool, 

RSM can be used for enhanced inference, studying interaction effects, and parameter 

optimization (Montgomery, 2017). It is a technique that maximizes inference while 

minimizing the number of experimental runs and costs of experimentation (Fu et al., 2016). 

The objective of this study was to estimate the overall filtration performance of 

electrospun PVA/CNCs filters based on simultaneous effects of key factors, and to predict 

the optimum condition for fabricating PVA/CNCs filters using RSM. Two variables, 

‘suspension concentration’ and ‘CNCs percentage’ were selected to represent the integral 

properties of PVA/CNCs suspension. The ‘removal efficiency’ for PM2.5 and the ‘pressure 

drop’ of the electrospun filter were directly evaluated as responses. A face-centered central 

composite design (CCF) was applied for the RSM, and the coefficients of the constructed 

quadratic mathematical model were evaluated over the feasible operating space. The 

morphology of the electrospun filters fabricated under different conditions was also 

studied. 



 

48 

 

2. Experimental section 

2.1. Materials 

PVA (Mw 85000-124000) with degree of hydrolysis >99% was purchased from Sigma-

Aldrich. CNCs (∼12 wt%, produced by hydrolysis using sulfuric acid) with 150-200 nm 

length and 5-20 nm width were purchased from the University of Maine (Orono, ME). The 

commercial window screens used as collectors were purchased from Saint-Gobain 

ADFORS (Clear Advantage). The wire diameter and mesh size of the window screen were 

0.25 mm and 1.2 mm × 1.2 mm, respectively. All the chemicals and materials were used 

as received. 

2.2. Preparation of PVA/CNCs suspensions 

PVA was fully dissolved in deionized water, and specified amounts of CNCs were 

added to obtain a CNCs percentage of PVA content ranging from 5% to 20% (wt/wt), while 

total concentration was kept from 6% to 8% (wt/wt). These feasible ranges of CNCs 

percentage and the suspension concentration were determined based on preliminary 

screening experiments. The prepared PVA/CNCs suspension was then mixed by 

ultrasonication (VCF-1500, Sonics) in an ice bath for 2 min under 600 W of power (Zhang 

et al., 2019).  

2.3. Electrospinning of PVA/CNCs nanofibrous filters 

The electrospinning setup is shown in Figure II-1. The prepared suspension was loaded 

into a 5 mL plastic syringe capped with 22-gauge metal needle and pumped out with a flow 

rate of 0.5 mL h-1. A grounded metal rolling cylinder covered by window screen was placed 

at a working distance of 10 cm from the needle tip as a collector. The needle tip was applied 

with a high voltage of 22 kV by a voltage generator (Series EK, Glassman High Voltage). 

All the electrospinning processes were performed at room temperature and 50 ± 5% relative 

humidity. 

2.4. Morphology characterizations 

Scanning electron microscope (SEM) images of the electrospun filters were 

characterized using a Zeiss Auriga SEM/FIB crossbeam workstation. The SEM analysis 

was operated with an acceleration voltage of 5 kV. All samples were gold coated before 
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observation.  

2.5. Filtration performance of electrospun PVA/CNCs filters for PM2.5 

The test of filtration performance followed the method described in our previous study 

(Zhang et al., 2019). Briefly, the fabricated filter was clamped between two flanges of two 

customized bottles (Figure II-2). An air compressor was connected to generate air flow and 

the flow rate was controlled at 0.2 m s-1
 by a flow meter. Pressure drop across the filter was 

measured by a Testo 510 differential pressure gauge. PM particles were generated by 

burning incense, and a particle counter (DT-9851M, CEM) was used to measure the 

concentration of PM2.5. The inflow PM2.5 concentration was controlled at >500 μg m-3. 

Removal efficiency (E) was calculated as:  

E (%) = (1 - Ct /C0) × 100 (1) 

where Ct and C0 are the measured outflow PM2.5 concentrations with and without filter, 

respectively. 

2.6. Experimental design 

Figure II-3 shows a graphic illustration of a two-factor orthogonal CCF. The factorial 

matrix consists of factorial points (blue points), axial points (red points) and center points. 

The estimation of response surface curvature in this design was augmented with the axial 

points, which are at the center of each face of the factorial space and representing 

intermediate values (high and low) for each factor. For fitting quadratic model, three levels 

of each factor (‘CNCs percentage’ and ‘suspension concentration’) were used (Table II-1). 

The levels were determined based on preliminary factorial experiments. The CCF provided 

a prediction over the entire feasible operating space. 

The full factorial CCF experiments require a certain number of experimental runs, 

which could be calculated as: 

N = 2k + 2k + nc (2) 

where k is the number of factors and nc is the number of center points. 2k represents the 

number of factorial points and 2k is the number of axial points. In this study, both k and nc 

are 2. Therefore, with a replicate for each of the point, the total number of experimental 

runs of this design was n = 20, including 8 factorial points, 8 axial points and 4 center 

points. Experimental runs were randomized. 
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The quadratic mathematical model constructed for estimating the functional 

relationship between independent variables x and each response y can be described as: 

 y = 𝑏0 + ∑ bixi + ∑ biixi
2

k

i=1

 + ∑ bijxixi + ε

k

i=1, j = i+1

k

i=1

 (3) 

where b0 is a constant, bi, bii and bij are the regression coefficients of the individual linear 

effect, quadratic effect and interaction effect between the variables, respectively; k is the 

number of factors and ε is the error component. 

All statistical analyses were performed using JMP software (version 14, SAS Institute) 

which included an analysis of variance (ANOVA), regression coefficient estimation, 

quadratic model validation, and response surface plots. 

3. Results and Discussion 

3.1. Morphology characterization of electrospun filters 

The filters were fabricated by electrospinning the suspensions of given concentrations 

and CNCs percentages (Table II-1). As shown in Figure II-4, the morphology of 

electrospun PVA/CNCs filters was strongly affected by the concentration of 

electrospinning suspension. A transition of the fibers from beaded to bead-free was 

observed as the concentration increased from 6% to 7% and 8%. The occurrence of beading 

is a common phenomenon in electrospinning, which could be resulted by various process 

parameters. When the concentration is low, due to the low viscosity, the initiating jet cannot 

be sufficiently elongated under the applied electrical field, and the low viscoelastic force 

is not enough to overcome the surface tension. The resulted capillary instability then caused 

the formation of beads (Ding et al., 2002, Fong et al., 1999, Thompson et al., 2007). As the 

CNCs percentage increased from 5% to 10% and 20%, the number of beads decreased and 

the beads were more elongated into a spindle-like shape (Figure II-4b and II-4c). This could 

be attributed to the increased charge density introduced by CNCs, which increased the 

electrostatic stretching force applied on the jet and suppressed the surface tension (Fong et 

al., 1999, Reneker and Yarin, 2008). Additionally, because the total concentration of 6% 

is relatively low, increased addition of CNCs may also play a role in the change of the 

suspension viscosity, which could increase the viscoelastic force and reduce the formation 
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of beads. As the suspension concentration was raised to 7%, regardless of the amount of 

added CNCs, the beads on the electrospun fibers were eliminated and the fibers formed 

smoothly and uniform. This could be explained by the improved stability of the Taylor 

cone. The increased viscoelastic force stabilized the initiating jet, allowed the jet being 

stretched evenly, and then produced uniform fibers (Figure II-4d) (Ding et al., 2002, 

Reneker and Yarin, 2008). Our previous study has demonstrated that adding CNCs up to 

20% of PVA content in suspension with 7% total concentration, the viscosity was not 

changed due to the small amount of CNCs (Zhang et al., 2019). Therefore, the stability of 

the initiating jet was maintained as increasing the CNCs percentage. In addition, adding 

CNCs was expected to increase the surface charge density of the electrospinning 

suspension and thereby reducing the fiber diameter (Figure II-4e and II-4f) (Zhang et al., 

2019). Similarly, bead-free fibers were also obtained as the suspension concentration was 

8%. However, the prepared fibers appeared to be larger in diameter as the concentration 

increased, which is consistent with previous studies (Figure II-4g to II-4i) (Ding et al., 

2002, Thompson et al., 2007). This may lower the filtration performance of the electrospun 

air filter.  

3.2. Estimation of coefficients in mathematical polynomial function and model 

validation 

The CCF design and the experimental results are presented in Table II-2. The pattern 

of experimental runs in this design was coded based on the independent variables. The 

symbols ‘+’ and ‘-’ represented the high and low level of the factorial points. The letters 

‘A’ and ‘a’ represented the high and low extreme value of the axial points, and ‘0’ was the 

center point. Within the operating space of the independent variables, the two responses, 

PM2.5 removal efficiency and pressure drop, ranged from 82.8% to 96.6% and 54 Pa to 486 

Pa, respectively. This indicated that both removal efficiency and pressure drop of the 

electrospun filter are affected by the suspension concentration and CNCs percentage. All 

the obtained experimental results were utilized as training data set for developing 

prediction quadratic model. The fitted model for describing the relationship between the 

response variable of removal efficiency and the factors is: 

E = 91.98 + 2.39(S-7) + 0.12(C-12.5) + 0.18(S-7)(C-12.5) – 5.24(S-7)2 + 0.01(C-12.5)2 

     (4) 
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where E is the removal efficiency, S is the suspension concentration and C is the CNCs 

percentage. The model for response variable of pressure drop and the factors is: 

ΔP = 47.91 – 97.76(S-7) – 5.88(C-12.5) + 4.49(S-7)(C-12.5) + 172.75(S-7)2 + 0.58(C-

12.5)2                                                                                                                                  (5) 

where ΔP is the pressure drop, S is the suspension concentration and C is the CNCs 

percentage. 

To estimate how well the models describe the experimental data, the goodness of fit 

test was applied. The actual versus predicted values plots were plotted in Figure II-5. 

According to the fitting results, there was a correlation between actual and predicted 

removal efficiencies, where the coefficient of determination R-squared (R2) was 0.72 

(Figure II-5a). The correlation between actual and predicted pressure drops was stronger, 

with a R2 = 0.96 (Figure II-5b). The obtained R2 indicated that both the suspension 

concentration model and the CNCs percentage model fit the experimental data well. The 

root mean square error (RMSE) for the two quadratic models were 2.44 and 29.01, 

respectively (Figure II-5).  

The results of ANOVA for the two fitted models were summarized in Table II-3. The 

critical value for the F distribution, which is F0.05, 5, 14 = 2.96 (0.05 is the false rejection 

probability, 5 and 14 are the degrees of freedom of regression and residual, respectively), 

was used for both two models to determine whether reject the null hypothesis. As presented 

in Table II-3, the F-ratio for the removal efficiency model was 7.18, which is ~2.5 times 

greater than the critical value (2.96), indicating a statistical significance. However, a 

calculated F-ratio which is less than 3-5 times of the critical F value is considered as an 

indicator of relatively low significance (da Silva et al., 1999). For the pressure drop model, 

the F-ratio (72.38) was much higher, reaching ~25 times the critical value and suggesting 

a higher significance. Therefore, the model for pressure drop is considered more reliable 

than the model for removal efficiency. The significance of each coefficient in the models 

was evaluated based on p-value, and the coefficient with a p-value smaller than 0.05 is 

considered to be an important contributor to the model. In the removal efficiency model, 

the linear term suspension concentration, and the quadratic term suspension concentration2 

were significant, while the interaction term and CNCs percentage did not make significant 

contribution (Table II-3). Previous studies have demonstrated that the PM2.5 removal 



 

53 

 

efficiency is associated with the specific surface area of the electrospun fibers and the 

porosity of the filter media (Kenawy et al., 2002, Podgórski et al., 2006), and adding CNCs 

could improve the removal efficiency by reducing the fiber diameter (Zhang et al., 2019). 

However, the results in this study indicated that, comparing with the effect of suspension 

concentration, the influence of CNCs on removal efficiency is relatively insignificant. This 

could be explained in that the changes in morphology of the electrospun fibers, which was 

caused by the variation of suspension concentration, had a greater impact on specific 

surface area of the fibers than the effect of CNCs on the reduction of fiber diameter. The 

estimated regression coefficients for term suspension concentration and term suspension 

concentration2 were listed in Table II-4. In the model for pressure drop, the linear term 

suspension concentration and CNCs percentage, the quadratic term suspension 

concentration2, and the interaction term were significant (Table II-3). The order of 

significance of the terms is: suspension concentration2 (p < 0.0001), suspension 

concentration (p < 0.0001), CNCs percentage (p = 0.0001) and suspension concentration × 

CNCs percentage (p = 0.0048). As shown in Table II-4, CNCs percentage posed negative 

effect on pressure drop. These observations implied that, although CNCs percentage is not 

the main factor affecting removal efficiency when suspension concentration varies, 

increasing CNCs percentage within the operation space can significantly reduce the 

pressure drop across the filter. 

To validate the fitted prediction models, additional experimental runs were conducted 

with randomly selected operating conditions. The ratio of training data to validation data 

was set as 0.7:0.3. Therefore, 8 additional data points were collected into the validation 

data set. The selected parameters for operation and the evaluated performance of the 

fabricated filters were listed in Table II-5. The figure of experimental responses from 

validation data set versus the predicted responses based on training data set were plotted in 

Figure II-6, and the fit of the regression was assessed using R2 and RMSE. For the removal 

efficiency model, the calculated R2 for validation was 0.64 (Figure II-6a), which was 

smaller than the one calculated based on training data (R2 = 0.72) (Figure II-5a). The root 

mean square of prediction (RMSEP) for validation, which was calculated to be 1.66, was 

also smaller than the value from training data (RMSE = 2.44). Although smaller R2 implied 

a lower correlation between the training and validation data, smaller RMSEP indicated a 



 

54 

 

better fit. These results indicated the constructed quadratic model can be used for predicting 

removal efficiency. As shown in Figure II-6b, the R2 for validation of the pressure model 

(R2 = 0.94) was similar to the value calculated from training data (R2 = 0.96) (Figure II-

5b); and the RMSEP = 20.19 was surprisingly smaller than the RMSE = 29.01 in the 

training data which sometimes occurs given that the validation n = 8 was smaller than n = 

20 in training. Given these validation results, the fitted pressure drop model is considered 

adequate for prediction of pressure drop value and has better predictability for removal 

efficiency. 

3.3. Optimization of PM2.5 removal efficiency and pressure drop of electrospun 

PVA/CNCs nanofibrous filters 

The response surface plots over the operation space of the two variables were utilized 

for examining the optimum condition of filter fabrication (Figure II-7a and II-7b). Two-

dimensional contour plots were also used to help visualize the optimum along the response 

surfaces (Figure II-7c and II-7d). As shown in Figure II-7a, the response surface of removal 

efficiency showed a saddle-like shape. The maximum PM2.5 removal efficiency was 

achieved (94.0%) at suspension concentration of 7.36% and CNCs percentage of 20%. In 

the contour plot of removal efficiency (Figure II-7c), it is clearly shown that only when the 

suspension concentration was over 6.5%, the effect of CNCs percentage on removal 

efficiency can be observed. According to the results of SEM tests (Figure II-4), it is 

believed that the electrospun fibers prepared with suspension concentration below 6.5% 

are mainly beaded. The addition of CNCs into PVA solution has limited effect on the fiber 

morphology. Therefore, the specific surface area of the fibers can hardly be influenced by 

CNCs. When the suspension concentration was higher than 6.5%, the removal efficiency 

was improved by increasing CNCs percentage (Figure II-7c). This could be attributed to 

the increased specific surface area, which was caused by the negative charge of CNCs. As 

the fibers became bead-free with increased suspension concentration, the negative charged 

CNCs elevated the surface charge density of the initial jet, and therefore promoted the 

formation of thinner fiber (Zhang et al., 2019).  

The relationship between pressure drop and the two variables is shown in Figure II-7b. 

The minimum response was located at the center of the ellipses which were displayed in 

the contour plot (Figure II-7d). Combine the response surface and the contour plots, the 
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minimum pressure drop was observed as 24.5 Pa, where the corresponding suspension 

concentration was 7.2% and CNCs percentage was 16.6%. According to the result of 

estimation of regression coefficients, although CNCs percentage posed negative effect on 

pressure drop, the interaction between suspension concentration and CNCs percentage 

made opposite contribution to the response (Table II-4); hence, the minimum pressure drop 

was not achieved with a CNCs percentage of 20%.   

To further determine the optimum processing condition with considering both 

responses, a prediction profiler analytical tool was utilized. Desirability in the profiler is a 

measure of how close the predicted value with optimal conditions to the desired value. The 

value of desirability ranges from 0 to 1, where 1 represents the ideal case. The desirability 

function is commonly used for parameters optimization in RSM, and the function is a 

smooth piecewise function that pass through three defining points. These points can be 

used to define the shape of desirability function to determine if the response should be 

maximized, minimized or close to some target value. The profile of prediction and the 

optimum condition for overall filtration performance is shown in Figure II-8. The 

desirability functions for removal efficiency and pressure drop were set as ‘maximize’ and 

‘minimize’, respectively (Figure II-8, right column). The bottom row of the plot shows the 

trace of desirability for each factor. By adjusting the desirability, where the maximized 

geometric mean of desirability was obtained as 0.8674, the optimum condition for filter 

fabrication to achieve best overall filtration performance was revealed: suspension 

concentration of 7.34% and CNCs percentage of 20%. The estimated removal efficiency 

and pressure drop under the optimized processing conditions were 94% and 34.9 Pa, 

respectively. 

It is worth mentioning that the RSM could also be used for optimizing parameters with 

some target response value. For example, if the PM2.5 removal efficiency of the fabricated 

filter is required to be over 90%, the desirability function could be adjusted to be 0 when 

the removal efficiency is below 90%, and to be ‘maximize’ when the removal efficiency is 

over 90%. Additionally, the RSM also provided information about the scale of filtration 

performance of filters manufactured within the operating space. It is helpful to provide 

guidance on modifying parameters other than variables when there is a requirement need 
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to be meet, e.g., increasing electrospinning time to improve removal efficiency even though 

the pressure drop will be significantly elevated (Zhang et al., 2019). 

4. Conclusions 

In this study, the optimum operating parameters for fabricating PVA/CNCs 

nanofibrous air filter was investigated via RSM. The suspension concentration and CNCs 

percentage of the electrospinning suspension were selected as independent variables, and 

the removal efficiency for PM2.5 and pressure drop across the filter were the two responses. 

A three-level-two factor CCF design was applied to study the integral effect of various 

properties of electrospinning suspension on the responses. Fitted quadratic prediction 

models estimated the responses effectively and were validated. The processing condition 

was successfully optimized, and the optimum filtration performance was achieved as 

removal efficiency was 94% and pressure drop was 34.9 Pa, with the suspension 

concentration of 7.34% and CNCs percentage of 20%. Adding CNCs improved the 

filtration performance of the filters by reducing the diameter of fibers when the electrospun 

fibers were bead-free. Comparing with conventional one-factor-at-a-time method, RSM 

gives more integrate and accurate results, while requiring less experimental runs and costs.  
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Appendix II 
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Figure II-1 Diagram of electrospinning experimental setup. 
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Figure II-2 Scheme of filtration system. 
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Figure II-3 Graphic illustration of two-factor CCF design.  
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Figure II-4 SEM images of electrospun PVA/CNCs filters fabricated with suspension 

concentrations of (a-c) 6%, (d-f) 7% and (g-i) 8% and CNCs percentages of 5% (left), 10% 

(middle), and 20% (right). 
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Figure II-5 Goodness of fit with training data between actual values and predicted values: 

(a) removal efficiency and (b) pressure drop. 
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Figure II-6 Validation of developed prediction quadratic models: (a) removal efficiency 

and (b) pressure drop. 
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Figure II-7 Response surface plot of (a) removal efficiency and (b) pressure drop; and 

contour plot of (c) removal efficiency and (d) pressure drop.  
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Figure II-8 Prediction profiler and desired conditions for optimum filtration performance.  

 

  



 

66 

 

Table II-1 The levels of each factor for CCF design.  

Factor Level   

Low Center High 

Suspension concentration (%) 6 7 8 

CNCs percentage (%) 5 10 20 
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Table II-2 The CCF design and the experimental data for three-level-two factors response 

surface analysis. 

Serial number Pattern Independent variable Response variable 

 
 

S (%) C (%) E (%) ΔP (Pa) 

1 ++ 8 20 92.6 135 

2 ++ 8 20 88.8 122 

3 A0 8 10 91.8 144 

4 A0 8 10 87.5 136 

5 +− 8 5 86.2 172 

6 +− 8 5 88.4 174 

7 0A 7 20 96.6 61 

8 0A 7 20 93.1 54 

9 00 7 10 92.2 78 

10 00 7 10 94.2 83 

11 00 7 10 89.5 69 

12 00 7 10 91.6 72 

13 0a 7 5 87.3 77 

14 0a 7 5 92.3 94 

15 −+ 6 20 85.3 261 

16 −+ 6 20 82.9 278 

17 a0 6 10 82.8 296 

18 a0 6 10 83.3 343 

19 −− 6 5 85.7 437 

20 −− 6 5 88.5 486 

S, suspension concentration; C, CNCs percentage; E, PM2.5 removal efficiency; ΔP, 

pressure drop. 
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Table II-3 ANOVA for response surface quadratic models.  

Source Degree of 

freedom 

Sum of squares Mean squares F-ratio p-value 

Removal efficiency (%) 

Model 5 213.55 42.71 7.18 0.0016* 

S 1 67.10 67.10 11.27 0.0047* 

C 1 9.90 9.90 1.67 0.2181 

S × C 1 15.60 15.60 2.62 0.1277 

S2  1 128.10 128.10 21.52 0.0004* 

C2  1 0.84 0.84 0.14 0.7130 

Residual 14 83.33 5.95 - - 

Lack of fit 3 27.67 9.22 1.82 0.2013 

Pure error 11 55.67 5.06 - - 

Total 19 296.88    

Pressure drop (Pa) 

Model 5 304613.44 60922.70 72.38 < 0.0001* 

S 1 112669.74 112669.74 133.86 < 0.0001* 

C 1 23320.08 23320.08 27.71 0.0001* 

S × C 1 9405.05 9405.05 11.17 0.0048* 

S2  1 139265.29 139265.29 165.46 < 0.0001* 

C2  1 3812.73 3812.73 4.53 0.0515 

Residual 14 11783.36 841.7 - - 

Lack of fit 3 8929.363 2976.45 11.4720 0.0010* 

Pure error 11 2854.000 259.45 - - 

Total 19 316396.80    

S, suspension concentration; C, CNCs percentage. 

* Significant at p  0.05 
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Table II-4 Estimated regression coefficients for removal efficiency and pressure drop. 

Term Estimate Standard error t Ratio p-value Lower 95% Upper 95% 

Removal efficiency (%) 

Intercept 91.98 1.145 80.30 <0.0001* 89.52 94.44 

S 2.39 0.71 3.36 0.0047* 0.86 3.91 

S2 -5.24 1.13 -4.64 0.0004* -7.67 -2.82 

Pressure drop (Pa) 

Intercept 47.91 13.62 3.52 0.0034* 18.69 77.12 

S -97.76 8.45 -11.57 <0.0001* -115.88 -79.64 

C -44.08 8.37 -5.26 0.0001* -62.05 -26.12 

S × C 33.67 10.07 3.34 0.0048* 12.07 55.27 

S2  172.75 13.43 12.86 <0.0001* 143.95 201.55 

S, suspension concentration; C, CNCs percentage. 

* Significant at p  0.05 
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Table II-5 Comparison of model predicted and experimental values of the two responses 

(validation data set). 

Run order S (%) C (%) E (%) ΔP (Pa) 

Experimental Predicted Experimental Predicted 

1 8 13 90.5 89.3 138 122 

2 8 11 92.2 88.7 151 126 

3 7.5 15 89.4 92.4 112 37 

4 7.5 7 92.0 91.0 109 80 

5 7.5 6 92.1 90.8 112 90 

6 7 10 93.7 91.7 86 66 

7 6.5 12 87.4 89.5 161 144 

8 6 17 81.2 84.3 278 284 

S, suspension concentration; C, CNCs percentage; E, PM2.5 removal efficiency; ΔP, 

pressure drop. 
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CHAPTER III 

PREPARATION OF ELECTROSPUN NANOFIBROUS 

POLY(VINYL ALCOHOL)/CELLULOSE NANOCRYSTALS AIR 

FILTER FOR EFFICIENT PARTICULATE MATTER REMOVAL 

WITH REPETITIVE USAGE CAPABILITY VIA FACILE HEAT 

TREATMENT 
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Abstract 

Air pollution has become a global concern, and numerous studies have focused on 

developing filters for particulate matter (PM) removal. However, the reusability of air 

filters, which could lower resources consumption and waste discharge, is also necessary to 

be investigated. In this study, a water washable electrospun poly (vinyl alcohol) 

(PVA)/cellulose nanocrystals (CNCs) nanofibrous air filter for PM removal was prepared. 

The water-soluble polymer composite was converted to be completely water-resistant via 

a facile heat treatment without adding any crosslinking agent. Our results indicate the 

increased crystallinity is the key factor to improve the aqueous stability of PVA/CNCs 

fibers. The CNCs provided additional nucleation sites for PVA crystallization during 

electrospinning and heating process. By loading 20% CNCs and heating at 140 oC for 5 

min, the crystallinity degree and crystal size of PVA were increased from 54.7% and 3.3 

nm to 85.4% and 6.3 nm, respectively. The reusability of fabricated filters was tested by 

water washing over 5 cycles. The results show the heavily fouled filters (pressure drop 

>1000 Pa) were regenerated effectively: the PM2.5 removal efficiency was maintained at 

above 95%, meanwhile the pressure drop remained less than 100 Pa after repetitive usage 

(PM2.5 mass concentration >500 μg m–3). Considering the raw materials are nontoxic and 

biodegradable, the heating temperature is relatively low, and the process is short, it is a 

promising green method to manufacture long lifetime air filter.  
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1. Introduction 

Air pollution is a significant environmental risk to public health given industrial 

growth, expansion of urban area populations, and the related increase in motor vehicle use 

(Landrigan et al., 2018). Over 90% of the world population was living in areas where 

ambient air quality levels exceed World Health Organization (WHO) limits (World Health 

Organization, 2016). One major air pollutant is particulate matter (PM), which is a mixture 

of small solid particles and liquid droplets. It contains both organic and inorganic 

compounds, and some components can be cytotoxic and carcinogenic (Harrison et al., 

2016). Exposure to elevated levels of PM, especially PM2.5 (particle aerodynamic diameter 

less than or equal to 2.5 µm), can cause respiratory and cardiovascular diseases, since finer 

PM can penetrate deeply into lungs and bronchi (Brook et al., 2010, Pope III et al., 2002). 

It was estimated that ~4.2 million premature deaths were attributed to PM2.5 in 2015, 

globally (Cohen et al., 2017). Besides, PM2.5 exhibit longer residence time in air than coarse 

particle, which enlarges its hazardous. Therefore, control and reduce PM level, especially 

PM2.5 level, is a pressing task (Apte et al., 2015). 

To protect individuals from PM2.5 exposure, numerous studies have been conducted to 

develop air filters focusing on achieving higher filtration performance (Dai et al., 2018, 

Gopal et al., 2007, Khalid et al., 2017, Kim et al., 2018, Liu et al., 2015b, Vanangamudi et 

al., 2015, Xu et al., 2016, Zhang et al., 2016a, Zhang et al., 2016b, Zhang et al., 2016c). 

Among those studies, electrospinning is a technique commonly used to produce ultrafine 

nanofibrous filter (Doshi and Reneker, 1995, Huang et al., 2006). Smaller fiber diameter 

could provide large surface area to capture PM2.5 (Kenawy et al., 2002, Podgórski et al., 

2006), and also allows air molecules pass through due to slip-effect (Brown, 1993, Hung 

and Leung, 2011, Zhao et al., 2016). However, most filters have to be disposed once the 

filters are clogged, to avoid the high pressure drop resulted energy waste (Yun et al., 2007). 

Non-reusable air filters have higher costs given one-use which requires more cumulative 

raw materials and the related energy consumption during the manufacturing process. 

Additionally, inappropriate disposal of waste filters may cause environmental issues as 

well (Fan et al., 2018a, Fan et al., 2018b). Therefore, developing high-performance air 

filters with reusability has received increasing interests (Bai et al., 2018, Chen et al., 2017, 

Jeong et al., 2017, Lee et al., 2019, Li et al., 2017, Liu et al., 2015a, Zhao et al., 2017). But 
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most reusable air filters were prepared involving organic solvents. The flammable or toxic 

organic chemicals utilized during the manufacturing process could be harmful to both 

human health and environment (Jiang et al., 2016). Thus, it is necessary to further develop 

an environmentally friendly method to fabricate PM2.5 filters which can meet the 

requirements of both high filtration-performance and reusability. 

Our previous study successfully developed an electrospun poly(vinyl alcohol) 

(PVA)/cellulose nanocrystals (CNCs) air filter with high PM2.5 removal efficiency and low 

air resistance (Zhang et al., 2019). Unlike other nanofibrous filters with ultrafine diameters, 

PVA/CNCs filters do not require additional mechanical support (Leung et al., 2010, Qin 

and Wang, 2008, Zhu et al., 2017) due to the strength enhanced by CNCs (Xu et al., 2018, 

Li et al., 2018). The presence of CNCs also promoted the formation of finer fibers because 

CNCs increased the surface charge density of electrospinning solution (Reneker and Yarin, 

2008, Stranger et al., 2009, Zhang et al., 2019). The fabricating process is environmentally 

friendly because both PVA and CNCs are nontoxic, fully biodegradable and water-soluble. 

However, one common problem of air filters made from water-soluble polymers is that the 

filter is not stable in high-humidity environment and cannot be regenerated by water-

washing after use. To improve the aqueous stability, maleic anhydride (Peresin et al., 2014, 

Qin and Wang, 2008), formaldehyde (Song et al., 2016) and 1,2,3,4-butanetetracarboxylic 

acid (Shalom et al., 2019) were used to crosslink PVA and CNCs. But the cross-linkers 

may create new environmental concerns (Liu et al., 2017, Zhu et al., 2018).  

The aim of this study is to develop a simple and green method to improve the aqueous 

stability of PVA/CNCs air filter without adding any new additives. In this study, a facile 

heat treatment method was investigated to convert the water-soluble electrospun 

PVA/CNCs air filter into water-resistant. Despite many studies have shown that water 

stable PVA materials could be prepared after heat treatment due to the increased 

crystallinity (Hong, 2007, Wong et al., 2010), few researches have been conducted to 

investigate the effect of heat treatment on water resistance of electrospun PVA/CNCs 

fibers. Since CNCs may act as nucleating agent and promote crystallization of PVA 

(Popescu, 2017, Rescignano et al., 2014, Uddin et al., 2011), it is expected that a water-

proof PVA/CNCs filter could be obtained under a milder heating condition comparing with 

reported studies (Hong, 2007, Wong et al., 2010). This study investigated the mechanism 
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systematically and demonstrated the feasibility of regenerating the used electrospun 

PVA/CNCs filter for PM2.5 removal. It may provide a guidance on the cleaning and 

recycling strategies of CNCs-based electrospun filter for long-term usage. 

2. Experimental section 

2.1. Materials  

PVA (Mw 85000-124000) was purchased from Sigma-Aldrich with degree of 

hydrolysis >99%. CNCs (∼12 wt%, 5-20 nm in width, 150-200 nm in length, prepared by 

sulfuric acid hydrolysis) were obtained from the University of Maine (Orono, ME). 

Commercial window screens with 0.25 mm wire diameter and 1.2 mm × 1.2 mm mesh size 

were purchased from Saint-Gobain ADFORS (Clear Advantage). All chemicals and 

materials were used as received. 

2.2. Electrospinning of PVA and PVA/CNCs nanofibrous filters  

The suspensions of PVA and PVA/CNCs were electrospun to form nanofibrous filters 

as described in our previous work (Zhang et al., 2019). Briefly, PVA solution was prepared 

and specified amount of CNCs was added to obtain a CNCs percentage of PVA content is 

20% (wt/wt), while total concentration was kept at 7 wt%. The amount of CNCs added into 

PVA was determined based on previous study to achieve best filtration performance 

(Zhang et al., 2019). PVA/CNCs suspension was mixed by a sonicator (VCF-1500, Sonics) 

in an ice bath for 2 min under 600 W of power. For comparison purposes, neat PVA 

solution was also prepared at 7 wt% and sonicated for 2 min. The obtained suspension was 

then loaded into a 5 mL plastic syringe with a 22-gauge needle. The flow rate of suspension 

was controlled at 0.5 mL h-1 by a syringe pump (NE-1800, New Era Pump System). 

Window screen was covered over a metal circular cylinder as a collector and placed at a 

working distance of 10 cm from the needle tip. The needle was connected to a voltage 

generator (Series EK, Glassman High Voltage) while the cylinder was grounded, and the 

operating voltage was set at 22 kV. The diagram of electrospinning set is shown in Figure 

III-1. Electrospinning was performed at room temperature and 50 ± 5% relative humidity. 

Electrospinning time of 6 min was applied to control the basis weight of the electrospun 

fibers to 60 mg m-2 (Zhang et al., 2019).  
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2.3. Heat treatment of electrospun PVA and PVA/CNCs filters  

The heat treatment was conducted in an oven (Isotemp, Fisher Scientific). The prepared 

PVA and PVA/CNCs filters were heated at temperatures of 80, 100, 120 and 140 oC for 5 

min, respectively. Then the samples were taken out to cool down at room temperature. 

2.4. Morphology characterizations  

The morphology of all the heated and unheated filters was studied using scanning 

electron microscope (SEM, Zeiss Auriga crossbeam workstation) with an acceleration 

voltage of 5 kV. All samples were gold coated by SPI sputter coating system before 

observation. Diameters were measured via SEM images and 50 fibers were evaluated for 

each filter.  

2.5. Water resistance tests  

The heat-treated filters were immersed in 20 oC deionized water for 8 h. Then the 

samples were transferred out and dried at room temperature. For comparison, the 

electrospun filters without heat treatment were also tested with the same procedure. All 

water immersed samples were then characterized by SEM. 

2.6. X-ray diffraction (XRD) analysis  

XRD analysis was carried out using a diffractometer (Empyrean, Panalytical) equipped 

with CuKα radiation (λ = 1.5418 Å), operating at 45 kV and 40 mA. The diffraction patterns 

were collected between 10 and 40o with a 0.05o step size. The degrees of crystallinity were 

calculated using the method of Hermans: 

Xc = Ac/At (1) 

where Xc is the crystallinity degree, Ac is the sum of the signal areas of crystalline regions 

and At is the total area of the diffractogram (Popescu, 2017, Hermans and Weidinger, 1961). 

The crystal sizes (L) were estimated by Scherrer’s equation: 

L = Kλ/Bcosθ (2) 

where K = 0.94, λ is the X-ray wavelength (0.15418 nm), θ is the Bragg angle and B is the 

full width at half maximum intensity of the diffraction peak (Popescu, 2017). 
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2.7. Thermogravimetric analysis (TGA)  

The thermal properties of prepared PVA and PVA/CNCs filters were analyzed by a 

Perkin Elmer Pyris 1 TGA. The samples were placed in an aluminum pan and heated from 

30 to 600 oC with a 10 oC min-1 heating rate. 

2.8. Fourier transfer infrared spectroscopy (FTIR) analysis  

All the electrospun PVA and PVA/CNCs filters, before and after heat treatment, were 

analyzed by a FTIR spectrometer (Spectrum Two, Perkin Elmer) over a wavenumber range 

of 4000-500 cm-1. All spectra were collected with a resolution of 4 cm-1 after 16 scans. 

2.9. Filtration performance of heated electrospun PVA/CNCs filters for PM2.5  

The experiment setup for PM filtration is shown in Figure III-2. The filtration test 

followed the method described in our previous study (Zhang et al., 2019). Briefly, the 

fabricated filter was clamped between two Adams & Chittenden customized bottles with a 

sealing ring. PM particles were generated by burning incense, which are considered to be 

soft PM, due to its larger content of carbon and water than that of rigid inorganic PM (Liu 

et al., 2015b). The inflow concentration of PM2.5 was controlled to >500 μg m-3 and the 

PM2.5 concentration was measured by a particle counter (DT-9851M, CEM). Removal 

efficiencies (E) were calculated as:  

E (%) = (1 - Ct /C0) × 100 (3) 

where Ct and C0 are the measured outflow PM2.5 concentrations with and without filter, 

respectively. The air flow was generated by an air compressor and the flow rate was 

controlled at 0.2 m s-1
 via flow meter. Pressure drops across the filters were measured by a 

Testo 510 differential pressure gauge. All tests were conducted in triplicate. To evaluate 

the overall performances of electrospun filters in terms of both removal efficiency and 

pressure drop, a quality factor, Qf, was used as an indicator. Qf is defined as: 

Qf = -ln(1-E)/ΔP (4) 

where E is PM removal efficiency and ΔP is pressure drop across the filter.  

2.10. Regeneration of clogged filters  

After recording the removal efficiency and pressure drop of the first filtration test, the 

inflow concentration of PM2.5 was elevated ~400 times of 500 μg m-3. Therefore, the filters 
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were clogged quickly and the reusability of the heated electrospun PVA/CNCs filters could 

be evaluated efficiently. The heavily fouled filters were then cleaned by immersed into 20 

oC water and waggled mildly for 30 s. After drying at room temperature, the filters were 

applied for second filtration performance evaluation. This filtration-wash-dry cycle was 

repeated 5 times. All tests were conducted in triplicate. 

2.11. Statistical analysis   

The significance tests for the effect of heat treatment and water immersion on fiber 

diameter, effect of heat treatment on fiber crystallinity, and the effect of regeneration times 

on filter pressure drop, were evaluated by t-test using JMP software (version 14, SAS 

Institute). The differences between group means with a p-value 0.05 were considered 

statistically significant. 

3. Results and Discussion 

3.1. Effect of heat treatment on water resistance of electrospun filter  

The morphologies of the electrospun PVA and PVA/CNCs fibers are shown in Figure 

III-3a and III-3b. The average diameters of PVA and PVA/CNCs fibers are 207.6 and 130.7 

nm, respectively (Table III-1), indicating the addition of CNCs favored the formation of 

smaller-diameter fibers, which is consistent with our previous study (Zhang et al., 2019). 

After 140 oC heat treatment, the morphological features of both PVA and PVA/CNCs fibers 

remained unchanged (Figure III-3c and III-3d). In addition, PVA and PVA/CNCs fibers 

treated at all the heating temperatures (80, 100, 120 and 140 oC) showed no significant 

diameter changes (Table III-1). Therefore, the morphology and size of the electrospun fiber 

were not significantly changed by the heat treatment. All the prepared filters were then 

immersed in water for 8 h to evaluate their aqueous stability. Both the as-spun PVA and 

PVA/CNCs fibers were completely dissolved due to the hydrophilicity (Figure III-4). As 

shown in Figure III-5, the PVA fibers became more water-resistant as heating temperature 

increased from 80 to 140 oC. Similar trend has also been observed for PVA/CNCs fibers. 

This could be attributed to that the heat treatment facilitated the mobility of polymer chains, 

and then the amorphous region of chains can align and fold to form crystallites (Wong et 

al., 2010). With the increased crystallinity, the accessibility of infusion water to polymer 
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structure is reduced and the water resistance of polymers is expected to be improved 

(Kenney and Willcockson, 1966). Although neither PVA nor PVA/CNCs fibers were 

completely dissolved after they were treated at 80 oC, their water stability is very limited 

and most of the air filter-morphological features were lost (Figure III-5a and III-5e). 

Similarly, the 100 oC treated samples did not exhibit good water resistance either. The 

fibers were fused into membranes and bundles, though the PVA/CNCs fibers appeared to 

retain part of the characteristics of electrospun fibers (Figure III-5b and III-5f). For the 

filters heated at 120 and 140 oC, the cylindrical feature of fibers was observed and the 

average diameter were measured to quantify the aqueous stability (Table III-1 to III-3). The 

average diameters of PVA fibers treated at 120 and 140 oC are 771.1 and 393.2 nm, 

respectively, after immersed in water. This swelling is due to absorption of water. 

However, with the addition of CNCs, the fibers were less swelled after water immersion, 

and the average diameters of PVA/CNCs fibers heated at 120 and 140 oC are 258.1 and 

127.5 nm, respectively. From the t-tests, there is no significant diameter change between 

PVA/CNCs fibers before and after water immersion, as heated at 140 oC. As shown in 

Figure III-5h, the morphology of the PVA/CNCs fibers was completely conserved. 

Therefore, the water resistance of water-soluble electrospun filter is considerably enhanced 

by adding CNCs and heating at 140 oC for 5 min.  

3.2. Characterizations of electrospun PVA and PVA/CNCs filters  

The XRD patterns of PVA and PVA/CNCs fibers heated at different temperatures are 

shown in Figure III-6. The peak at 2θ = 19.5o is corresponding to the (101) plane of PVA 

(Figure III-6a). For the PVA/CNCs fibers, the new shoulder peak appeared at 2θ = 22.2o is 

due to the (200) plane of CNCs (Figure III-6b) (Voronova et al., 2015). The small signals 

at 14.8o and 16.8o also indicate the presence of CNCs, which are attributed to the (101) and 

(10 1̅) planes, respectively (Figure III-6b) (Popescu, 2017). Since CNCs are primarily 

consist of crystalline domain and have restricted chain mobility, their crystallinity degrees 

and crystal sizes are considered relatively unchanged at each heat treatment level. The 

average crystallinity degree of the unheated PVA and PVA/CNCs fibers were 54.7% and 

59.6%, respectively. By applying heat treatment and increasing the heating temperature 

from 80 to 140 oC, the crystallinity degree of PVA and PVA/CNCs fibers both increased 

gradually and achieved the highest value of 73.7% and 85.4%, respectively (Table III-4). 
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This is consistent with previous results of water resistance test. Higher heating temperature 

provided more polymer chains mobility and facilitated the formation of crystallinities 

(Table III-5 to III-6). The crystal sizes calculated in Table III-4 were based on the peaks of 

PVA (101) plane. As shown in Table III-4, the crystal size of PVA in PVA fibers was 

increased from 3.3 ± 0.1 nm to 4.9 ± 0.1 nm after a 140 oC heat treatment. This additionally 

proved that heat treatment effectively promoted the crystallization of PVA (Table III-7). 

Similarly, the heat treatment also significantly promoted the growth of PVA crystals in 

PVA/CNCs fibers (Table III-8). By adding CNCs into the PVA, the crystallinity degree of 

as-spun fibers increased ~5%. As the heating temperature increased from 80 to 140 oC, the 

differences of crystallinity degrees between PVA/CNCs and PVA fibers at each heat 

treatment level are 4.8 ± 1.6%, 7.6 ± 1.8%, 10.8 ± 2.1% and 11.7 ± 0.9%, respectively. 

This rising tendency of the difference of crystallinity degrees implied a combined effect of 

heating and CNCs, indicating CNCs promoted the crystallization of polymer matrix (Table 

III-9). Comparing the crystal size between PVA and PVA/CNCs fibers (Table III-4), it also 

shows that the presence of CNCs significantly promoted the growth of PVA crystals under 

same heating condition (Table III-10). This could be explained by the nucleating effect. 

The CNCs could act as nucleating agents and provide additional nucleation sites for PVA 

crystallization (Popescu, 2017, Rescignano et al., 2014, Uddin et al., 2011). It is noticed 

that several previous researches stated that adding CNCs into PVA could cause decrease 

of crystallinity degree (Desmaisons et al., 2018, Peresin et al., 2010, Roohani et al., 2008). 

Two mechanisms were proposed: (1) randomly distributed CNCs may decrease the PVA 

nucleation and disorder the polymer chains; (2) CNCs may connect to each other and form 

a percolating network, which prevents the growth of polymer spherulites. These researches 

may provide evidence that CNCs in this study are not aggregated and are well dispersed in 

the PVA matrix. Since electrospinning process could facilitate the orientation of CNCs 

along the PVA/CNCs fiber axis and increase the alignment of both PVA and CNCs (Lee 

et al., 2016, Zhang et al., 2019), it is feasible that well aligned CNCs could effectively 

promote the crystallization of PVA.  

To further investigate the effect of heat treatment on electrospun PVA and PVA/CNCs 

fibers, thermogravimetric tests were conducted. As shown in Figure III-7, PVA/CNCs 

fibers started losing weight at 150 oC, which is lower than 190 oC of PVA. This initial mass 
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loss (~5 wt%) could be attributed to the degradation of hydroxy groups and sulfate groups 

of CNCs (Nan et al., 2017). The onset temperature of first decomposition region of PVA 

fibers is 210 oC and the peak temperature is 255 oC (Figure III-7b). This stage of 

decomposition is mainly corresponding to elimination reactions; and the second stage of 

degradation occurred above 400 oC involving carbonaceous matter decomposition caused 

by chain-scission reactions (Voronova et al., 2015). By adding CNCs, the onset and peak 

temperatures of decomposition of PVA/CNCs fibers both shifted to higher temperatures 

(225 oC and 330 oC, respectively), indicated that CNCs enhance thermal stability of the 

composite material. According to previous studies, the enhanced thermal stability of the 

composite was resulted by the hydrogen bond formed between PVA and CNCs (Miri et al., 

2015, Park et al., 2019, Voronova et al., 2015), which is consistent with the results of XRD 

analysis. The PVA/CNCs fibers lost more weight than PVA fibers under 400 oC could be 

attributed to the decomposition of CNCs (Huan et al., 2016, Park et al., 2019). For both 

PVA and PVA/CNCs fibers, no obvious weight loss was observed before 140 oC. This 

indicated that bound water is less contained after electrospinning, and the increased degree 

of crystallinity was not caused by eliminating the water molecules within the amorphous 

region of polymers. 

The FTIR spectra collected for PVA and PVA/CNCs filters with different heat 

treatment are shown in Figure III-8. In the spectra of PVA filters, the strong absorption 

peak at 1094 cm-1 is due to C-O stretching and O-H bending; the peaks at 2942 and 2910 

cm-1 are the typical C-H stretching from alkyl groups; and the broad band from 3200 to 

3550 cm-1 is corresponding to the stretching of O-H from intermolecular and intramolecular 

hydrogen bonds (Figure III-8a) (Huan et al., 2016, Hui et al., 2014). For PVA/CNCs filters, 

the additional peak observed at 1059 cm-1 is assigned to the C-OH stretching of cellulose 

(Figure III-8b) (Qua et al., 2009). By adding CNCs, there is no shift in the PVA peaks. It 

was noticed a change in shape of band from 3200 to 3550 cm-1 was caused by the presence 

of CNCs. This could be attributed to the formed hydrogen bond between PVA and CNCs 

(Peresin et al., 2010). As heating temperature increased from 80 to 140 oC, the intensity of 

peak at 1143 cm-1 in the spectra of PVA filters increased gradually (Figure III-8a). This 

peak is assigned to the stretching of the C–O associated with the crystalline parts of the 

polymeric chain (Mansur et al., 2008, Peppas, 1977). The increased peak intensity 
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indicated an increase in crystallinity degree, which is consistent with the previous XRD 

results. Similar results have also been observed for PVA/CNCs filters. For all the FTIR 

spectra, no newly formed C-O-C or C=C bonds were observed (Peresin et al., 2014). The 

FTIR analysis results indicated there is no intermolecular or intramolecular etherification 

occurring with heat treatment under 140 oC (Lyons and Olson, 1972). Thus, it is reasonable 

to assume that the enhanced water resistance of heat-treated filters is achieved solely due 

to the increased crystallinity.  

The inference based on FTIR results can be further proved by immersing the heated 

filters in hot water. The 140 oC heated PVA/CNCs filter was dissolved completely after 

immersion in 80 oC water for 8 hours, demonstrating there is no strong chemical bond (e.g. 

C-O-C, C=C) formed between PVA and CNCs. The elevated temperature promoted the 

infusion of water and facilitated the accessibility of water molecules to polymers structure. 

It is worth mentioning that the 140 oC heated PVA/CNCs filter could be dissolved after 

placed in 60 oC for 10 min with vigorous stirring. This feature might be an advantage for 

recycling the window screen substrate since the procedure is simple.  

3.3. Regeneration of clogged electrospun PVA/CNCs filters  

To evaluate the capability of repetitive usage of heated PVA/CNCs filter, the 140 oC 

treated PVA/CNCs filter was used for the test of PM removal. For the first filtration test, 

the removal efficiency for PM2.5 was ~96%, and the pressure drop was ~60 Pa. As our 

previous study demonstrated, the addition of CNCs dramatically improved the overall 

filtration performance of PVA/CNCs filter. The fiber diameter was reduced as CNCs 

increased the surface charge density of electrospinning solution. Therefore, the thinner 

fibers increased the specific surface area to volume ratio of the filter and improved the PM 

removal efficiency. In addition, filters with smaller fiber diameter possess higher filter 

medium porosity, which allows air molecules to pass through more easily. After a filtration 

of ultra-high concentration of PM (~400 times of 500 μg m-3), the filter was clogged by 

‘oily substance’ (Figure III-9a). Since burning incense produces PM, volatile organic 

compounds and gaseous pollutants (Mannix et al., 1996, Lin et al., 2008), the generated 

PM contains large amount of carbon and water. This type of PM is considered as soft PM, 

which is more difficult to be captured than rigid inorganic PM (Liu et al., 2015b). The PM 

deformed and wrapped around the nanofibers after contact, and then formed bead-shaped 
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particles on the fibers (Zhang et al., 2019). Besides, the PM particles can also directly attach 

to the PM already captured on the fiber and merge together. As the captured PM became 

bigger and filled the pores, it formed a membrane-like structure and clogged the air filter 

(Figure III-9a). Regeneration of the PVA/CNCs filter was then managed by a water 

washing for 30 s. As shown in Figure III-9b, most of the attached particles were washed 

off and the morphological features of the filter was clear and well maintained. As shown 

in Figure III-9c, small amount of particles remained on the fibers after water washing. 

These residuals could be explained by the affinity between the carbon content of PM and 

fiber surface. Considering the captured organic PM is more difficult to be cleaned than 

inorganic PM (Lee et al., 2019), our electrospun filters is promising for removal of PM 

generated from different sources.  

The pressure drop of the PVA/CNCs filter was significantly increased to ~1000 Pa from 

60 Pa, when the filter was clogged with massive PM (Figure III-9a). After first cleaning, 

the pressure drop was recovered to 77 Pa (Figure III-9b). As shown in Figure III-10a, the 

removal efficiency for PM2.5 was maintained consistently (>95%) after 5 filtration cycles, 

indicating the filtration efficiency was not affected by regeneration. However, the pressure 

drop was significantly increased to 94 Pa (Table III-11). This could be attributed to the 

accumulated residual PM on the fibers. Since the PM concentration was elevated ~400 

times for quick filter blocking in this regeneration evaluation, the lifetime of this 

PVA/CNCs filter is expected to be considerably long. The quality factor (Qf) was also 

employed to evaluate the overall performance of fabricated air filter after each filtration 

cycle. Although the pressure drop was increased by 156.7% after 5 cycles, it was still less 

than 100 Pa. The Qf of regenerated filter after 5 cycles remained above 0.035 Pa-1, which 

is comparably superior (Zhang et al., 2019). 

4. Conclusions 

In this study, a reusable PVA/CNCs filter with outstanding PM2.5 filtration performance 

was developed via electrospinning and facile heat treatment. Without adding any 

crosslinking agent, the environmentally friendly water-soluble filter was converted to be 

completely waterproof in room temperature water by heating at 140 oC for 5 min. The 

CNCs and heat treatment synergistically improved the crystallinity of PVA polymers. 
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Given that the amount of added CNCs is small, the heating temperature is low, and the 

heating time is short, the results imply a cost-effective manufacturing process for the 

production of electrospun PVA/CNCs nanofibrous filters. A thirty second immersion in 

water at room temperature also effectively recovers its filtration capability, which is an 

easy and low-cost solution for household use. This PVA/CNCs filter is promising for PM 

removal with its low cost and superior reusability. Furthermore, the filter can be 

strategically dissolved with 60 oC water, which means the filter substrate can be easily 

recycled. With proper treatment, the dissolved PVA and CNCs might be reutilized as well. 
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APPENDIX III 
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Figure III-1 Diagram of electrospinning set. 
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Figure III-2 (a) Scheme of filtration system and (b) photo of filtration unit. 
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Figure III-3 SEM images of electrospun fibers: (a) PVA, (b) PVA/CNCs, (c) PVA heated 

at 140 oC and (d) PVA/CNCs heated at 140 oC. 
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Figure III-4 SEM images of electrospun (a) PVA and (b) PVA/CNCs fibers. Both 

completely dissolved in 20 oC water after 8 h immersion: (c) and (d). 
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Figure III-5 SEM images of electrospun (a-d) PVA and (e-h) PVA/CNCs heated at 

different temperatures after immersed in water for 8 h. 
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Figure III-6 XRD patterns of (a) PVA and (b) PVA/CNCs electrospun fibers heated at 

different temperature. 
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Figure III-7 (a) Thermogravimetric and (b) derivative thermogravimetric analysis curves 

of electrospun PVA and PVA/CNCs fibers. 
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Figure III-8 FTIR spectra of (a) PVA and (b) PVA/CNCs fibers treated at different 

temperature. 
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Figure III-9 SEM images of fouled PVA/CNCs filters (a) before and (b, c) after water 

washing. 
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Figure III-10 Reusability of heated electrospun PVA/CNCs filter. 
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Table III-1 Diameters of electrospun air filters before and after water immersion with 

different heat treatment. 

samples T (oC) D (nm) 

  Before water immersion After water immersion 

 - 207.6 ± 49.7 - 

 80 209.2 ±51.0 - 

PVA 100 211.3 ± 54.5 - 

 120 204.8 ± 47.4 771.1 ± 103.5 

 140 205.5 ± 28.8 393.2 ± 63.9 

 - 130.7 ± 31.3 - 

 80 125.1 ± 28.2 - 

PVA/CNCs 100 131.3 ± 38.4 - 

 120 128.8 ± 26.6 258.1 ± 52.3 

 140 128.3 ± 23.8 127.5 ± 33.9 

T, temperature of heat treatment; D, diameter of fiber. 
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Table III-2 t-test of diameters between groups of PVA fibers with different heat treatment 

after immersed in water for 8 h. 

Level, T (oC)  - Level, T (oC) Difference Standard error of deviation p-value 

120  Not heated 565.6163 16.13578 <0.0001* 

120  140  377.9214 16.13578 <0.0001* 

140  Not heated 187.6950 16.13578 <0.0001* 

T, temperature of heat treatment. 
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Table III-3 t-test of diameters between groups of PVA/CNCs fibers with different heat 

treatment after immersed in water for 8 h. 

Level, T (oC)  - Level, T (oC) Difference Standard error of deviation p-value 

120  Not heated 129.7598 8.613786 <0.0001* 

120  140  130.5432 8.613786 <0.0001* 

140  Not heated 0.7835 8.613786 0.9277 

T, temperature of heat treatment. 
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Table III-4 Effect of heat treatment on the crystallinity of electrospun fibers. 

samples T (oC) Xc (%) L (nm) 

 - 54.7 ± 1.6 3.3 ± 0.1 

 80 61.9 ± 1.2 3.7 ± 0.1 

PVA 100 65.0 ± 1.6 4.1 ± 0.2 

 120 68.2 ± 1.8 4.5 ± 0.2 

 140 73.7 ± 0.5 4.9 ± 0.1 

 - 59.6 ± 1.0 3.5 ± 0.1 

 80 66.7 ± 1.0 4.3 ± 0.1 

PVA/CNCs 100 72.6 ± 0.9 4.7 ± 0.1 

 120 79.0 ± 1.0 5.2 ± 0.1 

 140 85.4 ± 0.7 6.3 ± 0.1 

T, temperature of heat treatment; Xc, degree of crystallinity; L, crystal size 
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Table III-5 t-test of crystallinity degree of PVA fibers with different heat treatment. 

Level, T (oC)  - Level, T (oC) Difference Standard error of deviation p-value 

140 Not heated 19.00000 1.147558 <0.0001* 

120 Not heated 13.50000 1.147558 <0.0001* 

140 80 11.83333 1.147558 <0.0001* 

100 Not heated 10.26667 1.147558 <0.0001* 

140 100 8.73333 1.147558 <0.0001* 

80 Not heated 7.16667 1.147558 <0.0001* 

120 80 6.33333 1.147558 0.0003* 

140 120 5.50000 1.147558 0.0007* 

120 100 3.23333 1.147558 0.0182* 

100 80 3.10000 1.147558 0.0223* 

T, temperature of heat treatment. 
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Table III-6 t-test of crystallinity degree of PVA/CNCs fibers with different heat treatment. 

Level, T (oC)  - Level, T (oC) Difference Standard error of deviation p-value 

140 Not heated 25.85333 0.7664753 <0.0001* 

120 Not heated 19.38667 0.7664753 <0.0001* 

140 80 18.75000 0.7664753 <0.0001* 

100 Not heated 12.98667 0.7664753 <0.0001* 

140 100 12.86667 0.7664753 <0.0001* 

120 80 12.28333 0.7664753 <0.0001* 

80 Not heated 7.10333 0.7664753 <0.0001* 

140 120 6.46667 0.7664753 <0.0001* 

120 100 6.40000 0.7664753 <0.0001* 

100 80 5.88333 0.7664753 <0.0001* 

T, temperature of heat treatment. 
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Table III-7 t-test of crystal size of PVA in PVA fibers with different heat treatment. 

Level, T (oC)  - Level, T (oC) Difference Standard error of deviation p-value 

140 Not heated 1.643333 0.1027186 <0.0001* 

120 Not heated 1.260000 0.1027186 <0.0001* 

140 80 1.223333 0.1027186 <0.0001* 

120 80 0.840000 0.1027186 <0.0001* 

140 100 0.823333 0.1027186 <0.0001* 

100 Not heated 0.820000 0.1027186 <0.0001* 

120 100 0.440000 0.1027186 0.0016* 

80 Not heated 0.420000 0.1027186 0.0022* 

100 80 0.400000 0.1027186 0.0030* 

140 120 0.383333 0.1027186 0.0039* 

T, temperature of heat treatment. 
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Table III-8 t-test of crystal size of PVA in PVA/CNCs fibers with different heat treatment. 

Level, T (oC)  - Level, T (oC) Difference Standard error of deviation p-value 

140 Not heated 2.770000 0.0748331 <0.0001* 

140 80 1.956667 0.0748331 <0.0001* 

120 Not heated 1.756667 0.0748331 <0.0001* 

140 100 1.593333 0.0748331 <0.0001* 

100 Not heated 1.176667 0.0748331 <0.0001* 

140 120 1.013333 0.0748331 <0.0001* 

120 80 0.943333 0.0748331 <0.0001* 

80 Not heated 0.813333 0.0748331 <0.0001* 

120 100 0.580000 0.0748331 <0.0001* 

100 80 0.363333 0.0748331 0.0007* 

T, temperature of heat treatment. 
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Table III-9 t-test of crystallinity degrees between PVA and PVA/CNCs fibers at different 

heating temperature. 

T (oC) Level  - Level Difference Standard error of deviation p-value 

- PVA PVA/CNCs 4.880000 1.085004 0.0108* 

80 PVA PVA/CNCs 4.816667 0.9088026 0.0061* 

100 PVA PVA/CNCs 7.600000 1.049868 0.0019* 

120 PVA PVA/CNCs 10.76667 1.199074 0.0009* 

140 PVA PVA/CNCs 11.73333 0.4666667 <0.0001* 

T, temperature of heat treatment. 
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Table III-10 t-test of crystal sizes between PVA and PVA/CNCs fibers at different heating 

temperature. 

T (oC) Level  - Level Difference Standard error of deviation p-value 

- PVA PVA/CNCs 0.2300000 0.0867948 0.0570 

80 PVA PVA/CNCs 0.6233333 0.0735603 0.0011* 

100 PVA PVA/CNCs 0.5866667 0.1097472 0.0059* 

120 PVA PVA/CNCs 0.7266667 0.1047749 0.0023* 

140 PVA PVA/CNCs 1.356667 0.0664162 <0.0001* 

T, temperature of heat treatment. 
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Table III-11 t-test of pressure drops between groups with different filtration cycles. 

Level  - Level Difference Standard error of deviation p-value 

5 1 35.62400 1.677370 <0.0001* 

4 1 31.23333 1.677370 <0.0001* 

3 1 24.56667 1.677370 <0.0001* 

5 2 18.82400 1.677370 <0.0001* 

2 1 16.80000 1.677370 <0.0001* 

4 2 14.43333 1.677370 <0.0001* 

5 3 11.05733 1.677370 <0.0001* 

3 2 7.76667 1.677370 0.0009* 

4 3 6.66667 1.677370 0.0026* 

5 4 4.39067 1.677370 0.0257* 
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CONCLUSIONS 

To solve globally environmental issues caused by PM pollution, and to improve 

existing air filter technologies, a novel method for fabricating electrospun PVA/CNCs air 

filters was proposed in this dissertation. The nanofibrous air filter prepared via this method 

was highly efficient for PM removal, environmentally friendly, cost-effective and reusable. 

The three chapters in this dissertation describe the completed studies of the feasibility of 

fabricating electrospun PVA/CNCs filter, the optimization of the fabricating conditions, 

and the development of the reusability of the air filter, respectively. The technique for 

fabricating electrospun PVA/CNCs air filters was successfully developed and 

systematically improved in the researches supporting this dissertation. 

The PVA/CNCs composite filter with low air resistance and high PM removal 

efficiency was fabricated via electrospinning for the first time. The addition of slight 

amount of CNCs (2 to 16 mg m-2) resulted in a dramatic improvement in the overall 

filtration performance. CNCs effectively reduced the electrospun fiber diameter due to their 

negative charge. The highest removal efficiency for PM2.5 was achieved as 99.1% when 

the electrospinning time was 8 min, while the filters prepared with electrospinning time of 

6 min possesses the best compromise between removal efficiency and pressure drop, where 

Qf value went as high as 0.054 Pa-1. The entire process for fabricating the electrospun filter 

was environmentally friendly. No organic or toxic solvents were involved, and both PVA 

and CNCs are environmentally benign materials. In addition, the basis weight of the filter 

was very low, which made the filters potentially cost-effective.  

To achieve the best overall filtration performance, the optimum operating conditions 

for fabricating PVA/CNCs filter was investigated via RSM within the operating space, 

where suspension concentration ranges from 6% to 8%, and CNCs percentage ranges from 

5% to 20%. A three-level-two factor CCF design was applied to study the integral effect 

of various properties of electrospinning suspension on the responses. Fitted quadratic 

prediction models estimated the responses effectively and were validated. The processing 

condition was successfully optimized, and the optimum filtration performance was 

achieved as removal efficiency was 94% and pressure drop was 34.9 Pa, with the 

suspension concentration of 7.34% and CNCs percentage of 20% (electrospinning time 

was 6 min). CNCs could improve the filtration performance by reducing the diameter of 
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fibers only when the electrospun fibers were bead-free. Comparing with conventional one-

factor-at-a-time method, RSM gives more integrate and accurate results, while requires less 

experimental runs. RSM is reliable to be utilized for evaluating the true structure of the 

processing condition and provide guidance on adjusting manufacturing parameters.  

Without adding any crosslinking agent, the environmentally friendly water-soluble 

PVA/CNCs filter was converted to be completely waterproof in room temperature water 

by heating at 140 oC for 5 min. The CNCs and heat treatment synergistically improved the 

crystallinity of PVA polymers. The study provided a cost-effective manufacturing process 

to produce electrospun PVA/CNCs nanofibrous filter with aqueous stability. A thirty 

second immersion in water at room temperature effectively recovers the filtration 

capability of the filter, which is an easy and low-cost solution for household use. This 

PVA/CNCs filter is promising for PM removal with its low cost and superior reusability. 

In addition, the filter can be strategically dissolved with 60 oC water, which means the filter 

substrate can be easily recycled. With proper treatment, the dissolved PVA and CNCs 

might be reutilized as well. This electrospun PVA/CNCs filters are highly promising for 

indoor air purification applications. 
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FUTURE WORK 

The work performed in this dissertation covers the preparation and characterization of 

electrospun PVA/CNCs filter, and optimization of the electrospinning conditions. It is 

focused on developing an environmentally friendly and cost-effectively method to produce 

air filters with superior filtration performance for PM and reusability. PM was the pollutant 

targeted to remove. Based on the existed results, future work could focus on broadening 

the application of this novel air filter by: 

(1) Investigating the removal efficiency for microorganisms, such as bacteria and 

viruses. 

(2) Incorporating metal nanoparticles to improve the antibacterial properties of the 

filter. Therefore, the potential risk caused by microorganisms enriched on the filter 

during filtration could be avoided. 

(3) Incorporating catalyst on the fibers to remove volatile organic compounds in the 

air (such as formaldehyde) through catalytic degradation. 
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