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Lecture Outline

* PFAS aspects

‘Membrane Advances (background)

» Some new NF approaches

 Membrane pore and surface functionalization approaches

* PFAS Adsorption/desorption (Temperature responsive to amine
functionalized membrane pores and fibers)

*Metal catalyst synthesis in MF pores and UF surface towards halo-organic detoxification

Superfund
Research Center



PFAS REMEDIATION TECHNOLOGIES
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Membrane Technolo gV (Background)

Dense Membranes
Reverse Osmosis(RO)
Forward Osmosis (FO)
Pervaporation(PV)
Electrodialysis(ED)

Nanoﬁltrationl
(NF)

Other surface modif

LN\

Itrafiltration icrofiltration
(UF) (MF)

CDI, ED, MD, SLM, etc.

Advanced Functionalized Membranes:
Responsive and Adsorptive Membranes,

In-situ Catalytic-Nanoparticles to thin film,
GO, Bioinspired




RO/NF interfacial polymerization(surface
reactions)
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Khorshidi, et al, Scientific reports (2016)




RO Membrane

Modules

—» >

Source

Retentate Stream

Pretreatment

No place to dispose retentate
Permeate (except seawater)
(Low Concentration \j,y need other hybrid processes
Stream)
to recover materials or to dispose
Most cases require very high recovery
(a)
High Pressure Feed Side
Feed Concentrate

> AP = Transmembrane
Pressure Difference

Fg=Fead Flow Rate At = Osmotic Pressure

Cp=Feed Solute Difference - C. = Concentrate Salute

. Conceniration
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Fg = Concentrate Flow Rate

Low Pressure Permeate Side

pH = Feed pH

Jw= Water Flux

Ap= Membrane Suiface Area J g= Solute Flux
Fp= Permeate Flow Rate
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Need to look at PFAS now

Reverse Osmosis for Treatment of Municipal Wastewater (Secondary
Effluent) at Orange County, CA



Some RO/NF membranes PFAS separation Results

Pollutant (Concentration, ppm) Tec:::;l:;tﬁs od Conditions Water Matrix Rejection
pH4
. . 2H°C
PFOS: 0.5-1500 RO . Real wastewater >00%
200 psi
24h
Tt o PR 5o
. ! NF and RO 22-28 °C Tap water 95-99.9%
perfluorooctanoic acid (PFOA), and H74
perfluorooctane sulfonate (PFOS): 0.001 P
PFXxA: 0.0001-0.0003 RO, NE and UF pHY Milli() water 69-99.2%
pH67 .
9 types of PFAS NF 18°C Artificial ground 5 g0,
. waker
125 psi
PEOA: 1 NF (negatively ];;];g Simulated 907
’ charged) 100 psi groundwater

Das and Ronen.

“A Review on Removal

and Destruction of Per- and
Polyfluoroalkyl Substances (PFAS) by

Novel Membranes”.

Membranes. (2022)



Uk

KENTUCKY Membrane Test Cells and

Modules

Cross-flow cell

-aU&-

Dead-end cell




Automated cross-flow
NF and Functionalized
N2 MF membranes System
(4 cross flow cells, one
spiral module) with
temperature control,
etc.)

11



Modeling of NF Membrane Separation

Extended Nernst-Planck Equation

d(lny,) ¢ D, dP de, z;¢;D, d
j,=—e,p,, SN Gy AP e G EOTwy pdV g
’ dx RT dx T dx RT dx ’
T ' T T | ] T Y ] ( Y ] ( Y J
Solute
T Solute diffusion T convection
The activity gradient TTanspo;t <|:I:e todthe
electric field gradient
jl'he_ Flux Of th.e The effect of pressure (equals zero for
'onic Species on chemical potential uncharged solutes)

\ J

Y
Negligible due to small
pressure drop

Bowen and Welfoot, Chem. Eng. Sci..2002, 57(7), 1121-
1137.

Bowen and Welfoot, Desalination.2002, 147, 197-203.
See-Toh et al. J. Membrane Sci. 2008, 324, 220-232.
Francisco, Escobar, Liu, and Bhattacharyya et al , JIMS
(2021)



Some NF (Nanofiltration)
Advances Towards PFAS



Synthesis of Negative ot positive
charge NF Membranes

Tape
Remove excess solution

Porous support
Glass plate
Rinse & w \

Remove excess water

- N
e
\* g \s ()
\ ) NHE - \ O AP0
¢l Cl
M pip or PIP? +pAH M ™ME
aqueous solution =~ om‘-‘““" solution

l Remove excess solution
Nanofiltration layer Q. « i

i e : b ; Post-heat treatment
with positive and negative Y Jr NHg ’(NH, (convective oven)
a o Q. ’ =
functional groups N 8 o «
= +
f N " v —
Porous support  + ! Untape thin film
composite

Figure 5. Schematic of interfacial polymerization process for synthesis of nanofiltration layer. This
process was used for both PIP and PIP/PAH chemistries in the laboratory and simplified
representation of final PIP/PAH — PS35 thin film composite functional groups is presented. [7]
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554

Chemical composition:

1) 1.4% PIP; 0.14% TMC
2) 1.0% PIP and 0.4% PAH; 0.14% TMC

. Porous Support:

Commercial PS35 (Solecta co)

PAH:
¢ MW~15,000 Da

* Calculated < r >1/ 2 = 4.8(nm)

» HCI
NH>

n

Leniz, Escobar, Liu, and
Bhattacharyya, J. Memb. Sci.
620 (2021)
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membrane with tailored selectivity for the removal of perfluoroalkyl substances with

reduced

oF

H
Pipsarazine Bipiperidine
(FIP) (BF)
Interfacial Polymerization.

o e

Trimesoyl Chioride
{TMC})

scaling potential.

° . Perfluorooctanoic Acid

Palyethersutions |-
- (PES)

- Size exclusion
- Electrostatic interaction

The fabricated NF membrane
possessed a negative surface

charge and had a pore diameter

of ~1.2 nm. exhibited a high retention
of PFOA (~90%) while allowing high
passage of scale-forming cations

(i.e., calcium)



Pore and Fiber Functionalized membranes

« Temperature swing PFAS sorption/desorption
» Pore functionalized amine hydrogels for PFAS capture and concentration
« Nanofiber membrane co-valent quat amine functionalization



Physical Response

Lower fouling
Temperature- Enhanced " _» Two-dimensional layer
FOspORIEY Functionality

Presence of functional groups
Controllable selectivity & permeability

Magnetic-
responsive
- ! G
'Q' Light-responsive
- Functionalized
Membranes

Chemical Response

. Improved: s sg
[H] Bt + Stability A W ‘-\
ALY,
CATRY.Y
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LAENY,Y

_/{

responsive X
* Selectivity Stimuli-
O e/ St s j Ream;illt? responsive
’ _ . Perml:ab.]jlty Functionalization
e / Scalabihity Membrane Pore

Summary of primary functionalized membranes, their responsive nature, and
key improvements (Mills, Bhattacharyya, et al, Sep. Sci. and Technology (Dec
2022)



Lab-scale
studies

Small membrane

Large-scale flat sheet and modules
(collaborative work with Nanostone/Solecta et e
Membranes, Oceanside, CA) -




Temperature and pH Responsive (PNIPAAM and PAA) Full - Scale PNIPAAm-
PAA-PVDF Membrane

100
m 1%
80 F m 3%
PNIPAAmM network @PAA network s " %
c o}
120 300 FPAA-PVYBFHE §
)
100 _gzoo I P s ’g' ------- o==="" Tm |X
— 2100 | "Q ------- g- ------ ®
i = 1,/
=80T o - 1 P=3.8 bar
Temperature (°C) .
2.1 i 1% cross-linker
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= 0 | 5% RPN A Temperature (°C)
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. OpH=6.3 _ _
20 Fomommoe @B ApH=T.3 Note: UF Type tunable separations with
o b====- OA®__p--A _ _ _ pore Functionalized MF membranes
20 24 28 32 36 40 44

Xiao, Takigawa, Bhattacharyya, et al D., J. Membrane. Sci.

Temperature (°C)
457, 39-49 (2014)



High value metal recovery (Ag) and toxic Metal (Hg)
Sorption by Thiol Functionalized MF Membrane Pores

Membrane Adsorption Bed >> conventional ion exchange ; Joint develpment with industry

M+ = Hg2+, Ag+= etc. UF Membrane

= Metal Sulfide Wastewater / ® 1.0
anpgaricls . M O Actual Incorporation e
Fluid Flow D ﬂ g = ==== 1f 100% Incorporation e
i a N @ | 0 0.8 - ]
&= 7
7 1 /D
_______ — éﬂ
M T M © 0.6 - e
= P
@ Ve
2]
_________ < 0.4 4 Ja
SH \kHS <
4 i
C t -PAA-PVDF
w s eamelzrr‘:brane ‘vﬁ
0.0 0.2 0.4 0.6 0.8 1.0

* No pore diffusion issues Hg2* Passed (umol)
* Convective flow

* High dynamic capacity

* > 90% sorption site utilization

Islam,, Hernandez, Hatakeyama (Chevron), 30
Vogler, Bhattacharyya, et al, ACS Omega (2020)



Converting traditional MF membranes for emerging toxic halo organic separations

PNIPAmM (Poly(N-isopropylacrylamide)
Functionalized Responsive Membranes and
hydrogels for temperature swing perfluoro-
organics Sorption/desorption

(Emerging Pollutants in water)

PFOA: R FFR FR F O

Why not carbon
F Adsorption?
OH High T regeneration and
F FF FF FF F Corrosive gas potential

Saad, A., Mills, R., Wan, H., Mottaleb, MA., Ormsbee, L., & Bhattacharyya, D.

J. Membrane Science (2020); Leniz, Zimmerman, Bhattacharyya, et al ,

ACS Appl Mat Interface (2023)

Bhattacharyya, Saad, Mills, Ormsbee, on PFOS technology with temp responsive
Membranes and hydrogel, US Patent (US 11,660,574 B2), May 30, 2023



Temperature Responsive Polymer
Sorption/desorption applications

Dehydrated
PNIPAM

Fully hydrated
PNIPAM Structure i

T<LCST T>LCST

PNIPAmM
e LCST behavior
e Controllable LCST value
e Controlled flux
* Gating character

*Co nfO rmationa I C h dNgesS “  Hydrophilic functional group of PNIPAm

Q Hydrophobic functional group of PNIPAm

* Hydrophobic contaminant (PFOA, PFOS)
®  Water




PFOA sorption-desorption from water over multiple

cycles: Temp Responsive PVDF membranes
Pressure= 3.5 bar
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Dual-Functional Responsive Membranes for PFAS and Organics Separation
from Water

Dual-Functional

Nanofiltration and
Adsorptive Membranes

Crossflow membrane testing unit

Synthesis Process

PVDF400 PNIPAmM-PVDF

‘ . Interfacial
Polymerization Polymerization

In-Pore
NIPAm (Monomer)
MBA (Crosslinker)

AMPS (Initiator)

) [T
I

Aqueous Phase: N
1.4 wt% PIP .

NF-PNIPAm-PVDF

<

Orym ic Phase:
[* 0.14 w1% T™MC

[N ]
CI\'r&Yo
o ]

Application towards PFAS
Separation

RFRFRF 9~
Water source F\M}& QH
with PFAS F

ot

Concentrated
—— PFAS solution

S T A S N

Cleaner Water

Crossflow

S| membrane testing
systems:

- Large processing |
volumes.
- 4 membranes
simultaneously.
- Temperature,
pump and other

for halo-organic compounds

separations

- Small volume for hazardous

solutions.

control functions,
with recording
and digital
display functions

PermeGear
Membrane

Permeabilit
Measurement

System:

- Fast throughput
membrane solute
PERMEABILITY
ANALYSIS
-Upto7
membrane
samples
simultaneously
Continuous flow

- Easy to transport for on site runs.

For positively charged NF membrane synthesis and application
See Leniz, Liu, Bhattacharyya, et al, J. Membrane Sci (2021)
For PFAS and metal capture, see Leniz, Bhattacharyya, et al,
ACS Appl Mat Interfaces (2023)



Challenges to make NF on MF support (Dual Functional
Temp responsive and Adsorptive Nanofiltration
Membrane towards PFAS separation)

PVDF400 CH3

HZC\/U\N CHs

Synthesis of NF @
layer on top of \ /
open porous
PVDF400

PNIPAmM-PVDF NF-PNIPAm-PVDF

Interfacial

In-Pore
Polymerization
NIPAmM (Monomer)

MBA (Crosslinker)
AMPS (Initiator)

O rganic Phase:
0 14 wt% TMC

O

T
Ao s Q

100%  ——r—r——r—————————s
NF-PNIPAm-PVDF
© GenX >¢

T -

80%

: & ©PFOA 1,
.5 F FFFFF ; FF F

g 60% | ® ! PFBA 0 o |
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m 40(V B : T 100% F=SFOA |
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Q-‘ & 40% |

20%
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0%
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Time (h)

ACS ES&T Water (May 2022)

ds (}’l‘gPFOA/ gmembrane)

P At —

NF Cross flow unit (7 bar, flux
100 LMH)

to get high water recovery and
minimize

waste generation

35  —r————————————————————————
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I5 F
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0 2 46 810121416 182022242628
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Procedure for MF Membrane Pore functionalized with hydrogels

of Quat amine and Primary Amine 1600 —
¥=207.44x.
1400 & PVDF400
- 4l O PVDF400+DMAPA-Q
monomers o= 1200 A PVDF650+DMAPA-Q
E [0 PES20Exp+DMAPA-Q
= 1000 | A PVDF650+PAH
¢ i N
- . = 800 |
No pre-treatment Heﬁ.t ~85°C), =
i igh pH, -
or other % 600
=
el . 400
Soaking or Léniz-Pizarro et al.
vacuum lhroughl 1 l ACS AM&I. 2023 200
0 L L L L
0 1 2 3 4 5 6 7 8
Transmembrane Pressure (bar)
Functionalization Capture Regeneration
. Water Regenerate:
(3-acrylamidopropyl) containing 50:50
trimethyl ammonium targeted Methanol:Water
contaminant —
(DMAPAQ) T
Solvent-
Py TTTTTTTTTTR . contaminant
i Interaction ) N
1 Carbon with 4° amine interactions
| ( Backbone induce release
L (polymer-
E ization sitc)('j ‘q& ® .«
(AR ot - &,
Treated, o w Concentrated
contaminant- contaminant
. Greater Steric Hindrance free water Elevated pKa stréam
Quaternary amine Lesser Charge Density Regenerated via hydrophobic interactions
F T ‘,; a-te-r- Regenerate:
I Membrane Ally] amine containing pH 10.5 Water
targeted
. Carbon M} contaminant
) [ i Loss of charge
) Hydrogen i | Interaction induces releise
i ! with 1° amine
@ Nitrogen : )
i i O
[ ] Oxygen
Treated, Concentrated
@ Contaminant Lesser Steric Hindrance contaminant- Approachable pKa contaminant
Primary amine . free water . . . stream
Greater Charge Density Regenerated via charge interactions

Ref. Thompson, Gutierrez, Bukowski, Bhattacharyya, Molecules (MDPI Journal) Sept 2024



MF Membrane Pore functionalized with hydrogels of Quat amine and Primary Amine
(Sorption and desorption Cycles for PFOA and PFBA)

Capture Releasa Capture Rolaase Copture Release Capture

Release Capture Release Capture Release
| 1 I
w ol | ]I‘_l—| .H—\ {_‘_I w v !_ \ '
] i I! I =St Juina : : =8-Quat. Amine
: I =#r—=Prim. Amine 10 : :
B y I It [PEOALy, .o = =120 ppb — I : A Prirr, Armii e
27 I ; Ve 73t 2, l ;
oo : ' " P A% Bar T E i
g 8 il 2. : :
3 b ' | o
; ! < 4 ! v:',:s 75ml
o 3 ' o i P=4.88ar
e, o a. i
i i 2 I » i ™
:] % Cycle 2 li Cycle 3 al c;-;t:n |= Cycle 2 : Cycle 3
o 50 100 150 200 250 300 350 o = o 150 200 = 300 30
Permeate Throughput (L/m?) Permeate Throughput (L/m?)
(a)
(b)
Capture and controlled release of (a) 120 ppb PFOA solution (at 1500 LMH) and (b) 140 ppb
PFBA solution (at 900 LMH) in functionalized and pristine membranes. Quaternary amine-
functionalized and primary amine-functionalized membranes were regenerated with 50:50
methanol:water mix and deionized water adjusted to pH 10.5 using NaOH, respectively. All
permeations performed at 4.8 bar
PFOA
e R — N*Cl~ + PFAS™ &R — N*PFAS™ + Cl™
S%eh Thompson, Gutierrez, Bukowski, & Bhattacharyya.

“Microfiltration Membrane Pore Functionalization with
o Primary and Quaternary Amines for PFAS

‘ \ Remediation: Capture, Regeneration, and Reuse”.
o @ Molecules. ( Sept 2024)



Electrospun PVDF-gr: -QA Gravity-driven PFAS removal Merits

é é @ PFoxmoieCme Ultrathin fiber

67 £ 27 nm

Gravity-driven electrospun membranes for effective
removal of perfluoro-organics from synthetic

groundwater

Hongyi Wan, Rollie Mills ,Yixing Wang ,Keyu Wang, Sunjie Xu, Dibakar
Bhattacharyya, Zhi Xu

School of Chemical Engineering, East China University of Science and
Technology, Shanghai, 200237, China Department of Chemical and Materials
Engineering, University of Kentucky, Lexington, KY, 40506, USA

Stable removal
> 90% after 8 h tests

Highly concentrated
*Electrostatic  oo-foldT after

é é é *Hydrophobic regeneration

J. Membrane Sci (2022)

Here we show use of Quat amine cation functionalized
Membrane (also with hydrophobic interactions)

rather than temperature responsive p-Nipam

+ PVDF Partial -
Electrospinnin
defluor|nat|on QA grafiing P 9 pump
|:> ( )1007 1 |PFOA [Nl PFOS (b)100 7|PFOA [ PFOS
+ PEPA, 40°C Dehydrated Spinneret = ¢ R
QA agent, E g0 7 £ 804
APS, 75°C g : 3
S #
R \/ Rotary g o0y § 60|
"'CF c "CF : “'CF C s X
2\ / \CHZ"' z}cf\:\CHzm 2>C/ \CH, collector S 0 g ol
VA N e e : £ 5
H H H H iRN*MeSE T Z ) c F
ol f 7 I/, I N / f
33 53 75 8.9 11.2 656 2606 11150
. . H conditi Conductivity (uS/cm)
Membrane fabrication methods from the pr condtions

preparation of dope solution in the electrospinning process

PFOX removal using the electrospun PVDF-g-QA membranes
QA:2-(methacryloyloxy)ethyl]trimethylammonium chloride

Permeate flux=30.4 LMH
Ath0 =0.032 m; pressure =313 Paand T =22 oC

Dr. Hongyi Wan, currently Professor at Hunan Institute of Science and Technology-:



Direct nano structured metal catalyst synthesis on membranes:
« Nano sized in-situ synthesis in MF membrane pores
« Thin Pd film (magnetron sputtering) on UF membrane surface

Some Environmental halogenation applications to reduce toxicity by hydrogenation



Detoxification

Pd C,F,;COOH (aq)

[ cT 15coon 4.__/6("'“@
—"' ! @ﬂ]orm@

Hananl Y, N
_ | 4 ‘ S F
Bubble-ree ™\
ble-fr L H \ Desorption
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| "
CfF5,CO0H g

|- C.H,F,;,COOH +==

Bubhl_e-frh —H f Gesorptlow
H, diffusion \ Q’ 5
efluorination

T EA Pd/Fe-PMAA-PVDF

4 \ ." mH

= CHyuF15nnCOOH "5,
Long et al. Env. Sci. & e G@HMFM”COOH ) mem b ra n e

Tech. 2021 12015 1Smsn Wan et al. JMS. 2020




Soecio hydmdefuorinasos ratia (%

Auto-Assembled Pd—Rh Nanoalloys Catalyzed Faster and Deeper
Hydrodefluorination of Perfluorooctanoic Acid (PFOA) in

Environmental Conditions
Min Long, Chen Zhou,* Welman C. Elias, Hunter P. Jacobs, Kimberly N. Heck, Michael

S. Wong,
and Bruce E. Rittmann
ACS ES&T Eng (2024)

Evaluated auto-assembled palladium (Pd)
plus rhodium (Rh) nanoalloys for H2-induced catalytic hydrodefluorination
for one of the most prominent PFASSs, perfluorooctanoic

104 021 7
IR ‘:i 'e
f 4018 5

J -._ 9
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40- -]
apd | & I | 08 E
| <]
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1
werature.

Figure 4. PFOA removal and
hydrodefluorination rates
catalyzed by monometallic Pd or
Rh and by bimetallic Pd—Rh with
different metal molar ratios at
pH 7. Zero-order rate
coefficients for hydro-
defluorination rate are in units of
uM/h. First-order rate
coefficients for PFOA removal
rate are in units of h—1. Specific
hydro-defluorination ratios are in
the unit of %.



One can use MF membrane pores to synthesize highly controlled size
Nanocatalysts for halorganic hydrogenation
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Magnetron Sputtered Nanostructured Metal Thin Films on UF membranes
for Separations and Catalysis

. UF PSf (Solecta PS 35) membrane
Detisch, Bhattacharyya, et al used as substrate

J. Materials Res (2021)
* 10 nm Ta (about 1.5 min dep time) interlayer

* addition of a thin metallic film top layer will deposited
modify separations capability of the resulting _ .
Composite membranesl of value for separations ° Thickness can be controlled by deOSltlon time

in organic solvents or other harsh conditions. « 10 W RF bias applied during deposition

* dealloying may be used to generate a _ 2.5 mtorr working pressure for deposition
nanoporous structured metal film for catalysis _ _
applications such as dechlorination in water * 100 nm deposited thickness 75/25 at. % Mg/Pd
treatment. * Post Mg leaching by water

UF+10nm Ta +

UF polysulfone UF + 10 nm Ta Film UF + 10 nm Ta + Alloy nanoporous Film
g (~ ) - (Mg/Pd) Film € D

! Sputtering : Sputtering

Added separations properties separations and catalytic properties
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Nanoporous Pd Composite Catalytic Membrane

(A) Plan view of UF PSf + 10 nm Ta + 60 nm nanoporous Pd (npMTFC).
(B) Cross-section of npMTFC composite.

As-dealloyed Pd Composition: <5 at. % Mg
Thickness reduced to 60 nm (bimodal pore distribution)
Average ligament size of 4.1 £ 0.9 nm



%

PCB-1 Dechlorination under convective flow
using porous Pd film on UF Membrane

* npMTFC composite membranes were HPp = ¢,
used in dead-end cells for dechlorination (] A ]
- @® PCB-lPureH; |
of PCB-1. sl | § St
* The headspace was pressurized with H, at 2 e,
various pressures, resulting in various @ [ [ M balnee Sk
dissolved H, concentrations, and different S | o .m- 8
residence times. gors,
* A95/5 Ar/H, mixture of gasses was also £ I Ay ¢
ot g o5 08 Biphenyl
used for pressurization. o pheny
* H, concentration and residence time both 025 ¢ oy
depend on pressure and have opposite |
effects on PCB-1 dechlorination. % 25 5 75 10 125 15

Dissolved H, (ppm)



Some Key take away messages

RO vs NF membrane, how to select

 Research needs in improving PFAS rejections

 Lower volume retentate for PFAS detoxification

 What about responsive and functionalized
membranes? GAC won’t do

« Both hydrophobic (possible temp responsive
polymers) and lon exchange domain in loose
membranes

« Detoxify (Possible hydrogenation) the lower volume
regenerant

* Role of other matrix in water (including other chloro-
organics, such as TCE, PCB, NOM, etc.

* Need for hybrid technologies
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