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1. Problem and Research Objectives 

Perfluoroalkyl and polyfluoroalkyl substances (PFAS) are a family of perfluorinated chemicals 
that consist of a carbon backbone, typically 4–14 in length and a charged functional moiety 
(primarily carboxylate, sulfonate, or phosphonate). The most widely known PFAS contain an 
eight-carbon backbone and include perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic 
acid (PFOS) [1].  

Compared to hydrocarbons, PFAS compounds enhance technical properties, such as a higher 
surface activity and better dielectric properties, possess at the same time higher thermal stability, 
and increase chemical resistance and physiological inertness. Due to these properties, PFAS are 
well suited for various applications and have been used extensively in many industrial, military, 
and consumer products (over 3,000 applications), ranging from stain-resistant coatings for clothing, 
upholstery, firefighting foams, and carpets, to oil-resistant coatings for paper products approved 
for food contact, to waxes, and polishes [1-3].  

Industrial discharges of PFAS can contaminate municipal source waters [4], and contaminated 
water may be the most important environmental PFAS exposure source [5]. Three known 
industrial sources discharge PFOA into the Ohio River: DuPont's Fort Washington Works and on-
site landfill, Dry Run Landfill in Washington, WV, and Letart Landfill in Letart, WV (Fig. 1).  

DuPont reported industrial discharges of approximately 150,000 lbs. of PFOA (as ammonium 
perfluorooctanoate) to the Ohio River in the 1980s, 350,000 lbs. in the 1990s and 75,000 lbs. 2000 
- 2003 [6]. The 2004 annual releases were 6,000 lbs. per year, decreasing to 705 lbs. per year in 
2011. Industrial discharges to Letart and Dry Run are unknown, but surface water PFOA 
concentrations were 107 ng/L – 40.3 μg/L 
for Dry Run and 154 ng/L – 1.96 μg/L for 
Letart [7].  

During industrial production and 
application, and also as a result of leaching 
from, and degradation of consumer 
products, PFASs enter wastewater treatment 
plants (WWTPs) [8] and as such WWTPs 
have been identified as one of the major 
point sources of PFAS to surface waters [9, 
10]. For instance, Ohio River water PFOA 
concentrations in 2009 increased 1 - 3 ng/L 
at WWTP outfalls, compared to 
measurements immediately upstream [7].  

In addition, discharge of PFAS 
contained in industrial waste or biosolids has 
been reported to contaminate surface and 
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groundwater [6]. For instance, PFOA concentrations are much lower (1.4 - 7.4 ng/L) in rivers 
solely contaminated by WWTPs [11], while industrial PFAS discharges predominate over 
WWTPs in waters contaminated by both [12]. These discharges contaminated municipal drinking 
water and private wells [13]. As a result, the mid-Ohio River Valley (Huntington, WV to Louisville, 
KY) residents were exposed to PFASs, especially PFOA, through contaminated drinking water 
from the Ohio River or Ohio River Aquifer [7].  

According to literature, organic fluorinated compounds were noted in human plasma in blood 
bank samples collected from 106 persons living in five different U.S. cities, speculating that they 
originated from an environmental source [14]. It was reported that serum PFOA concentrations 
were significantly associated with water utility [15] or Ohio River Aquifer use [16]. The Ohio 
River Aquifer area was contaminated by industrial PFOA discharges to the Ohio River [6]. PFOA 
concentrations in the Ohio River downstream were found to be 9.2 - 19.1 ng/L in September 2009  
[6]. Therefore, there is a critical need to enhance the removal of the fluorinated contaminants from 
water and wastewater [3, 17-19] and the aquatic environment [20-22] but many conventional water 
and wastewater treatment methods are ineffective [18, 23].  

The proposed project aims to pioneer an innovative engineering system that will make it 
possible to achieve energy-efficient removal of model PFAS (> 99%) from water. This study 
focuses on the incorporation of carbon nanotube (CNT) sheets onto hollow fiber membranes, and 
the effects of Joule heating on the removal of emerging PFAS via membrane distillation (MD) 
from water. Combining electrically heatable CNT layers with hollow fiber membranes has the 
potential to address the current performance and productivity of MD technology. 

Objective 1. Fabricate self-standing and electrically heatable CNT hollow fiber membranes 
for improvement of productivity and performance of MD. 

Objective 2. Develop an electrically heatable CNT-assisted MD technology to remove PFAS 
from water and wastewater efficiently. 

 
2. Principal Findings and Results for Each Objective 
2.1 Fabrication self-standing and electrically heatable CNT hollow fiber membranes 

In this study, electrically active CNT hollow fiber membranes were fabricated to improve 
water vapor flux in MD and the productivity of MD treating PFAS. To design electrically 
conducting CNT hollow fiber membranes, we first synthesized vertically aligned CNT arrays with 
~10 nm pore diameter and areal density of double/triple wall tubes ~1010 per  cm2 via chemical 
vapor deposition (CVD), followed by dry drawing of the CNT film, as described in our previous 
works [24, 25]. Densification of the CNT films was performed in H2O/acetone solutions at various 
concentrations and temperatures. This approach secures producing of very high purity CNT sheets, 
since the metal catalyst used for the tube growth remains on the array substrate during the drawing 
process.  

As shown in Fig. 2, we fabricated spinnable CNT arrays drawn to form CNT films (Fig. 2A-
B). A prototype CNT hollow fiber membrane will be made by wrapping CNT films onto a 
commercially available hydrophobic PVDF hollow fiber membrane (nominal pore size = 0.03 µm, 
length = 15 cm, internal diameter = 0.8 mm and outer diameter = 2.1 mm and water contact angle 
= 129o, LOTTE Chemical) (Fig. 2C). This polymer was selected as the model membrane platform 
because PVDF is one of the most popular materials in the membrane market due to its outstanding 
mechanical properties and chemical resistance [26, 27]. The fabrication of CNT coating on PVDF 
hollow fiber membrane was achieved by moving the CNT ribbon along the PVDF hollow fiber 
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from one end to the other, driven by a 
computer-controlled setup. CNT films with 
5 ~ 30 layers were wrapped onto the PVDF 
fiber to enable Joule heating. Finally, the 
formed CNT films will be wired to an 
external direct current (DC) power supply 
via two copper tapes applied at both ends of 
the fiber membrane (Fig. 2C).  

This type of material is easily scalable 
and electrically conducting to produce heat 
when connected to electrodes and voltage 
is applied. For electrical heating of the 
CNT/PVDF membranes, a bench-top DC 
power supply (E3612A, Hewlett Packard) 
was connected to each sample and electric 
potentials of 10 V, 15 V, 20 V and 25 V 
were run for 5 minutes. The surface 
temperatures were monitored with a FLIR 
T-640 IR camera. FLIR Tools+ software 
was used to record, plot, and prepare 
images and reports from the resulting 
thermal data. We confirmed that a 15 cm long 20 CNT layers on the PVDF membrane (Fig. 2C) 
was successfully heated up to > 60 oC using 2 W DC power (Fig. 2D).  Fig. 3 shows the effects of 
the number of CNT layers on temperature changes on the PVDF hollow fiber membrane surface. 
As the number of CNT layers increased from 5 to 30, the average temperature on membrane 
surface increased from 49.8 ºC to 75.2 ºC within 3~4 minutes. 
 
2.2 Development of an electrically heatable CNT-assisted MD technology 

MD is a thermally driven process 
based on vapor pressure difference 
maintained across a porous hydrophobic 
membrane [28]. The lower temperature 
(50 - 80 °C) and operating pressure (~1 
atm) required in MD processes than 
conventional distillation and the high 
pressure-driven membrane processes 
like reverse osmosis (RO), respectively, 
which make MD systems potentially 
more energy-efficient and easier to 
maintain.  

MD systems demonstrate excellent 
rejection of salts (> 99.9%), nonvolatile 
organic compounds, oil and grease, 
radioactive materials, microorganisms 
[28-34].  

Fig. 2. Fabrication of CNT sheet from CNT 
arrays (A); High resolution TEM image of the 
CNTs (B); Schematic of an electrically active 
CNT/PVDF hollow fiber membrane (C); and 
Joule heating of the CNT/PVDF membrane 
using 2 W direct current power and visualized by 
IR camera. The inset is a picture of the 
CNT/PVDF membrane (D). 

Fig. 3. Effects of the number of CNT layers on the 
surface temperature of the PVDF membrane.  
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In this study, the removal of PFAS 
by the electively heatable CNT (30 
layers)/PVDF hollow fiber membrane 
was studied using a bench-scale vacuum 
membrane distillation (VMD) process 
(treatment capacity = ~7.6 L/d) as 
illustrated in Fig. 4. In VMD, water 
vapor in the permeate side is removed 
continuously through a vacuum pump to 
form a vapor pressure difference across 
the membrane. Therefore, this 
configuration can provide the greatest 
driving force due to high partial pressure 
difference between both sides of the 
membranes [35]. For instance, the VMD 
has been shown to increase vapor flux by 
up to 85% compared to the direct contact 
membrane distillation (DCMD) 
configuration [36]. 

Using Joule heating of the CNT/PVDF hollow fiber membranes, we were able to increase 
membrane surface temperature between 49.8 and 75.2 oC, resulting in temperature difference 
between feed and permeate sides (ΔT) in the range of 14.6 ~ 34.5 oC that is equivalent to partial 
vapor pressure difference (ΔP) of 6.3 ~ 30.8 kPa. Under these conditions, as the vapor pressure 
difference increased from 6.3 to 30.8 kPa, water vapor flux through the CNT/PVDF hollow fiber 
membranes was increased from 4.2 to 17.5 L/m2/hr (LMH) (Table 1).  

 
Table 1. The effects of membrane surface temperature on water vapor flux through the 

electrically active CNT/PVDF hollow fiber membranes using Joule heating. 
 Membrane 1 Membrane 2 Membrane 3 
CNT layers 5 10 30 
Membrane surface temperature (oC) 49.8 66.5 75.2 
Temperature difference (ΔT, oC) 14.6 19.5 24.5 
Vapor pressure difference (ΔP, kPa) 6.3 7.9 30.8 
Water vapor flux (L/m2/hr, LMH) 4.2 5.1 17.5 

 
The CNT/PVDF hollow fiber membranes in the VMD system showed excellent removal (> 

99.9%) of 35 g/L NaCl during 12 hr operation (Fig. 5A). The membranes were also tested for 
PFAS removal. Synthetic wastewater was prepared by spiking various amounts of PFOA (Sigma-
Aldrich) into deionized water to make 1 ~ 1,000 mg/L stock suspensions. As a result, the 
CNT/PVDF hollow fiber membranes with 30 CNT layers showed excellent removal (> 99.9%) of 
a model PFAS compounds (i.e., PFOA) at lower concentrations in feed (i.e., 1 and 10 mg/L PFOA) 
during 12 hr operation. However, when the VMD system was fed with 1,000 mg/L PFOA solution, 
PFOA concentration in the membrane permeate gradually increased and reached ~ 800 μg/L and 
the removal efficiency dropped below 99% after 6 hr operation (Fig. 5B).  
 

Fig. 4. Schematic diagram of a bench-scale VMD 
system with electrically active CNT hollow fiber 
membranes. 
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Fig. 5. Changes in conductivity (A) and PFOA concentration (B) in membrane permeate during 

12 hr operation of the VMD system with the CNT/PVDF hollow fiber membranes. 
 

Characterization of wastewater and MD permeate: Temperature, pH, and conductivity 
were measured using a bench-top pH meter (Orion Model 420A, Orion Research Inc., U.S.A). All 
experiments of this study were performed at least three times. Analysis of variance (ANOVA) was 
applied for the statistical analysis and differences from controls were considered significant when 
p ≤ 0.05. Sample separation, identification, and quantization of the model PFAS were performed 
with Agilent 6540 UHD Accurate-Mass Quadrupole Time of Flight Liquid Chromatography-Mass 
Spectrometry coupled with Agilent 1290 Infinity UPLC in collaboration with Dr. Zhiqiang Wang 
at the Environmental Analysis Service Center, University of Cincinnati. Fig. 6 showed a 
calibration curve of PFOA obtained from the analysis in the range of 0 ~ 10 mg/L.  

 

 
Fig. 6. A calibration curve of PFOA obtained using Agilent 6540 UHD Accurate-Mass 

Quadrupole Time of Flight Liquid Chromatography-Mass Spectrometry. 
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3. Significance  
PFAS compounds have a significant impact on drinking water quality, fish and animal habitat, 

human health as well as ecosystem services in the State of Ohio. This study aimed to pioneer an 
innovative engineering system that will make it possible to achieve energy-efficient removal of a 
model PFAS (> 99%) from water and wastewater. This study focused on incorporating carbon 
nanotube (CNT) sheets onto a commercial PVDF hollow fiber membrane, and the effects of Joule 
heating on the removal of emerging PFAS via MD. The research outcomes provide (i) insight into 
processes for the effective removal of PFAS from water and wastewater subjected to advanced 
treatment technologies for safe and beneficial re-use of the reclaimed water, and (ii) fundamental 
and mechanistic understanding of fate and transport of PFAS through CNT layers and polymer 
membranes, which provides development of transformative engineering solutions for treatment 
and recycling of other decentralized municipal and industrial wastewater that will so reduce risks 
associated with PFAS to public health and the environment. 

 

 
Fig. 7. A graduate student (Mr. Hyunsik Kim, Ph.D. candidate) is optimizing a bench-scale 
membrane distillation system with the carbon nanotube/PVDF hollow fiber membranes to remove 
PFAS from water efficiently. 
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