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Amir Sheikhi PennState

EDUCATION .
BS: University of Tehran, Chemical Engineering %

MS: University of Tehran, Chemical Engmeermg
PhD: McGill University, Chemical Engineering -
PDF: McGill University, Chemistry ‘
PDF: Harvard-MIT Health Sciences and Technologies,
Engineering in Medicine

PDF: UCLA, Bioengineering

FUN FACT(S) about ME

- was born in Tehran, the capital city of Iran. . 25% 92 1 e
-When | was a kid, | really wanted to become an astronaut' I was kind of
addicted to collecting space-related magazines that my parents got worried
about me! .
-DID YOU KNOW: During the launch phase, an astronaut has to endure a force of
up to four times their own body weight. llI-fitting dental fillings could become g;
loose or fall out = So, | took a good care of my teeth and never had any
problem with them...but never became an astronaut!!

Many years later, | became a Chemical Engineering faculty!!

-Hobbies (Swimming), favorite food (Barberry rice w/ saffron chicken)
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How Can Bio-Based Soft Materials and
Biomaterials Impact Society?

Soaring population growth, imbalance supplies and demands,
shortage of ready-to-use remedies, and urbanization have
introduced unprecedented challenges to satisfying the world’s
essential needs for water, healthcare, food, and energy.
Designing new material platforms inspired by the following
questions may take us one step closer to finding solutions to
these needs:

1) How can natural bioproducts be micro-/nanoengineered to
overcome the persistent bottlenecks of current synthetic
materials?

2) How can the sophisticated structure-property relationships
in nature be mimicked to address everyday life challenges?




Our Contributions

— « Sl Thrust 1 Our team endeavors are geared towards addressing
Microfluidic . .
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*Conxxgattgnr Biomatetials some of the quintessential challenges of the 21

~Cormosion century in biomedicine and the environment by

designing novel soft material platforms (e.g.,

hydrogels and colloidal systems) via micro- and
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nanoengineering techniques. In 2019, Dr. Amir
Sheikhi founded the Bio-Soft Materials Laboratory
(B-SMaL) at Penn State Chemical Engineering to
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develop transformative and/or translational bio-

Micro-/Nanoengineered Soft Matter

_ ’ derived soft materials and biomaterials that can
Requirements >
set the stage for the adoption of affordable,
widespread technologies with immediate benefits
for humans and ecosystems.




MOST FRESHWATER
IS UNATTAINABLE:

SALTWATER DOMINATES
EARTH’S SUPPLY:
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97.5% W .
ST Every 20 seconds, a child dies...
(0] .
2.5% 30%  from not having access to clean water

(most of which is too expensive
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—@® LESS THAN 1%

of the world's freshwater is
available for human consumption

More than 38% of men and women
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Outline
Hairy nanocelluloses

Part Il:
Part I: Biomimetic
Scale inhibition mineralization
Part IV: Part Ill:
Water remediation Scale-resistant
interfaces

Part V: Other applications

» Nanocomposites

» Bactericides

» Humidity switches
> Rheology modifiers

12



Conventional nanocelluloses

v’ Biorenewable
v' Biodegradable '
v Cost effecti MicrofiHils Kontturi et al., Advanced Materials (2018)
05t etiective Microfibrillated cellulose > Dufresene, Materials Today (2017)
v i 1 ,
v Environmentally friendly Cellulose fibre Habibi et al., Journal of Materials Chemistry (2008)

La rge su rface area (>1OO mZ/g) (1) Crystallites, (2) Amorphous region, (3) Cluster,
{4} Inter-fibrilar molecular tie, (5) Void

Malainine et al., Carbohydrate Polymers (2003)
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Introduction to conventional nanocelluloses

Conventional nanocelluloses Applications

Anselme Payen Bengt Ranby Nanocomposites
1795-1871 » 1920-2000 (1100 articles)

Films (500)

MFC/NFC

Hydrogels (240)
Rheology (190)
Coating (160)
Aerogels (145)
Fillers (145)
Optical (140)

Self-assembly
(120)

) o« =
Microfibrillated cellulose

Cellulose fibre >

(1) Crystallites, (2) Amorphous region, (3) Cluster,
(4) Inter-fibrilar molecular tie, (5) Void



Introduction to conventional nanocelluloses

Conventional nanocelluloses Applications
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Introduction to conventional nanocelluloses

Conventional nanocelluloses

2000 2019
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Introduction to conventional nanocelluloses

Conventional nanocelluloses Applications

Other (4.8%)

Medicine (1.3%)

Energy (2.5%) — ¥

Environmental S... (3.6%)
Physics and Ast... (6.3%)

Materials Scien... (29.1%)

Agricultural an... (7.1%)

Biochemistry, G... (8.3%)
/ Chemistry (16.1%)
Engineering (10.4%)

Chemical Engine... (10.5%) 12



Introduction to Hairy Nanocelluloses

Hairy nanocelluloses

Conventional nanocelluloses

USDA Forest Products Laboratory —
North Carolina State University I_* -
Pennsylvania State University I—
Georgia Institute of Technology E
purdue University I ——
Virginia Polytechnic Institute and Sta... _
Louisiana State University _
University of Maine _ ! ! High ionic strength
University of Tennessee, Knoxville E N
Cornell University — IEG_— CeIIuIc?se { |
UDiverSit’f;Fﬁifﬂmi?fa:is A— Nanotechnology| Functional groups
niversity of Texas at Austin | NEREEE
Auburn University - IR CF;?]SS?)ar‘Ifuhm Charge density
Oregon State University _— Colloidal stability
QOak Ridge National Laboratory [N Facile production
0 20 40 60 80 100 120 140 Biodegradation/

Documents | hemocompatibility



Part |: Scale inhibition

* Sparingly soluble salts
» Anions: CO,%, SO,7%, ...
» Cations: Ca%*, Mg?*, Ba*t, ...

 Examples of affected operating units
» Cooling towers, digesters, evaporators, and heaters

* Problems: Fluid mechanics, heat and mass transfer

- —

pH

W

St oy o S Loy e ol
2 Corrosive *{ 222000

* Inhibition methods e e
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0 1 20 2% 300 30

» Acid treatment, ion exchange, macromolecular additives ° Alkalnity (ppm)
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Drawbacks of current macromolecular antiscalants

Most of the antiscalants are not biodegradable

Their backbone is toxic
They comprise phosphorus and nitrogen

Their functional groups result in eutrophication

Total phosphorus trigger ranges for Canadian lakes and rivers.

Canadian Trigger Ranges

Trophic Status Total phosphorus (ng'L™)

Ultra-oligotrophic <4

Oligotrophic 4-10

Mesotrophic 10-20 PLANATION

MESD—EHtI‘Dph iC 20 —3 5 YeIaI: oti; detergel_ltdl;an—

Eutrophic 35-100 paral ban

Hyper-eutrophic >100 = 0.1 ppm [ noban

[ ] 1970-79

Canadian Water Quality Guidelines for the Protection of [ roso-so

- 1990-98

Aquatic Life, Canadian Council of Ministers of the
Environment, 2004.
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Simulated industrial scale formation

v Highly phosphonated Clean
250~ v Flexible -1 electrode

4

Industrial antiscalant
ook xconcentration = 10 ppm |

50t
x No additive
0
0 100 200 300 Scaled
t (min) electrode
2H,0 + 0, + de’ A0H S.R.P.=-1.23v
P » H2CO3 + OH- —> HCO3- + Hzo Kal ~ 2.58-4
i P HCO, + OH- — CO;2 + H,0 Ka2 ~ 5.6e-11
CO,2 + Ca?* — CaC03(S)l Ksp ~ 4e-9
CaZ, CI- . |
Na*, HCO; & CO, giss — CO,(g) Koy = 29.76 atm/mol/L
- o COZ,diSS + Hzo ﬁ H2C03 Ka ~ 1.7e'3
H,0 _ H*+OH  Kw=1le-14

Chronoamperometry
Sheikhi et al., Environmental Science: Water Research & Technology (2015)
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Nanocelluloses as antiscalants

s
CNC

COOH (0.3 mmol g)

TEMPO-CNC

< COOH (0.65 mmol ')

NFC

250

2004

=150
=

100}

50t

i

<

CNC (66.6 ppm)

[ TEMPO-CNC (66.6 ppm) - “““ o
NFC (66.6 ppm) : ‘( ‘( “ ‘( ‘(
o € LD

B

) , -
o 100 200 300
t (min)

P b

v" Not enough charge content v" Not enough flexibility

Sheikhi et al., Materials Horizons (2018)

22






Hairy nanocelluloses

o (mS em™)

i H
05} Vaaon ~ 11.95mL

0 10 20 30 40 50 60
V (mL)

COOH concentration =
0.01195 (Vy,0n) X 10 MM
(NaOH concentration) /0.02 g
(initial ENCC) ~ 5.98 mmol/g

N 15.0 nm

O!
Nanofibril Dialdehyde modified nanofibril 00 2.5 um
Sheikhi and van de Ven, Current Opinion in Colloid & Interface Science (2017) >N\ /"*...._
Sheikhi et al., Journal of Visualized Experiments: JoVE (2016)

Yang et al., Langmuir (2012)
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Hairy nanocellulose synthesis

Preparing partially oxidized fibers

Preparing electrosterically stabilized nanocrystalline celluloses (ENCC)
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NCC versus ENCC

High 1onic strength

ENCT

0
2 E\ ‘ o
40 =
(&)
— = 015 | <.
> E i
S < o
' —E o
NS = > 0.1
_] L . \) _8 @ m
m S
B 00
-120 i i __ =
Sheikhi et al., Journal of _ _ _ _ . . . )
Colloid and Interface Science V¢ 50 100 150 200 % 50 100 150 200
(2014) [KCI] (mM) [KCI] (mM)
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ENCC assembly

Height

Yang et al., Biomacromolecules (2016)
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ENCC assembly

(a) no PAMAM (b) with PAMAM

3
30.0 nm 40.0 nm

© PAMAM
Latex bead

" 0.0 nm

am— HENCC 0.0 nm

Height 500 nm Height 1.0 pm

Tavakolian et al., Journal of Colloid and Interface Science (2019)
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Hairy nanocelluloses as antiscalants

Hairy nanocelluloses

COOH (5.5 mmol g™)
\Tmﬁ
ENCC1 COOH

COOH (3.4 mmol g7)

-

ENCC2 COOH

COOH (2 mmol g7)

“~COOH
ENCC3

300

¢t (min)
v" High functional group density v" Structural flexibility

Sheikhi et al., Materials Horizons (2018)
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Hairy nanocelluloses as antiscalants

ENCCI T=21°C

COOH (5.5 mmol g7)

e il

%~ COOH (5.7 mmol g)

b

Additive C (ppm)
ENCC 12.5
DCC 8.3

0.037

ENCCI, T=50°C

200( _
16.6 ppm
150

—1I (pA)

100 F

0 100
t (min)

DCC, T=50°C

300

200 300

ENCCI T=35°C

250

100

200

150

—1I (pA)

100F W

300
t (min)
DCC, T'=35°C
1.6 ppm

wo

200

—I (pA)

100 f

1509 _o

50t :
0 ppm S
0 : . >
0 100 200
t (min)
250 T -
DCC, T=21°C
200
_ 1 6 and - ppm
1—: 1506 = - . —
T 100
sot
0
0

t (min)

250 250
COO'/ CaZt 2002&’\ 2004
(mOI/mOI) %150 A) g " g e e =150
= ¢ DCC (16.6 ppm) 2

=100 ~ oob

| . DCC (8.3 ppm) I 100

‘ ——6—o——=o—g@
0.026 s0f 4 50f
: 0 & 0 ppm_ .
0 100 200 300 0
t (min)

vvvvvvvv

ENCC (8.3 ppm)

: / ENCC (16.6 ppm) |

100

200
¢ (min)

300

Sheikhi et al.,
Materials Horizons
(2018)
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Hairy nanocelluloses as an antiscalant

- 1) s oo
4 . B

= e
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Qs \ Nt
7 —
L 5 .
N Jii -

Sheikhi et al., Materials Horizons (2018)
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PUBLIC RELEASE: 21-NOV-2018

Hairy nanotechnology provides green
anti-scaling solution

MCGILL UNIVERSITY

of a more effective and less environmentally damaging solution to one of the biggest
challenges facing water-based industries: preventing the buildup of scale.

Formed by the accumulation of sparingly soluble minerals, scale can seriously impair the
operation of just about any equipment that conducts or stores water - from household

in phospharus derivatives, environmental pollutants that can have catastrophic
consequences for aquatic ecosystems.

American Chemical Society's Applied Materials & Interfaces, a team of McGill chemists and
chemical engineers describe how they have developed a phosphorus-free anti-scaling
solution based on a nanotechnology breakthrough with an unusual name: hairy
nanocellulose.

An unlikely candidate

‘Z‘ BPRINT  EEMAIL

Anew type of cellulose nanoparticle, invented by McGill University researchers, is at the heart

appliances to industrial installations. Most of the anti-scaling agents currently in use are high

In a series of papers published in the Royal Society of Chemistry's Materials Horizons and the

Hairy Nanoparticles Make Anti-Scaling Agents More
Environmentally Friendly

Walter - Digital Reporter - 3 @RandDMagazine

2 t by Kenny

‘

Nanotechnology v Physics v Astronomy & Space v Technology v Chemistry v

PHYS '#ORG

fyaxQ

Home » Nanotechnology » Nanomaterials > November 1, 2018

Hairy nanotechnology provides green anti-scaling solution

November 1, 2018, McGill University

Technolg

Solutions for Industrial Water Mana
[RRRETY 11

Water Systems

P

#A  Treatment Reuse Wastewater  Industries  Solutions

NEWS & INSIGHTS

MCGILL TEAM DEVELOPS ANTI-
SCALING SOLUTION; CENTRISYS/CNP

Mapping markets to drive informed decisions

Business  Healthcare  Technology  LifeStyle  About  Contact -

Nanoparticles to be Used as Green Anti-Scaling
Solution

ScienceDally

Just In:

Your source for the latest research news

SD Health ~ Tech ~ Enviro = Society ~ Quirky ~

Science News from research organizations

Hairy nanotechnology provides green anti-scaling solution

Date:  November 26, 2018
Source:  McGill University

Summary: A new type of cellulose nanoparticle is at the heart of a more effective and less
environmentally damaging solution to one of the higgest challenges facing water-based
industries: preventing the buildup of scale

share: § W G+ P in &

RELATED TOPICS FULL STORY

Matter & Energy A new type of cellulose nanoparticle, invented by
McGill University researchers, is at the heart of a
more effective and less environmentally damaging
solution to one of the biggest challenges facing

> Nanotechnology
> Chemistry

> Inorganic Chemistry

T McGill

Newsroom Searct Q

Media Relations Office
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Hairy nanotechnology provides green anti-scaling
solution
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MEDIA RELATIONS
FFICE
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Part II: Biomimetic mineralization

% http://www.123rf.com
A m==="pccessed on 12/08/2015

http://www.snail-world.com

Accessed on 12/08/2015 http://www.toonpool.com

http://biologyencore.tumblr.com/ Accessed on 12/08/2015
Accessed on 12/08/2015
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Biomimetic mineralization of CaCO, using ENCC

COOH (0.65 mmol g7) . . .
— — X Anionic hairy nanocelluloses (ENCC)
NFC

vaterite
o ‘\ ﬁ ;

8% 600 um

Sheikhi et al., Crystal Growth & Design (2016)
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Biomimetic mineralization of CaCO, using ENCC

magn WD det| HV |spotjx:-2.4724 mm| 1
1057 x 9.9 mm ETD 5.00 kv| 2.5 |y -0.0

det HV pot/x: -2.4919 mm
m ETD 5.00 kV 2.5 |y: -0.0981 mm
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Biomimetic mineralization of CaCO, using ENCC

10 pm ——
McGill Helios

1 pm

4&
=

boundary

sts, 12/1/2015 HV curr HF,
11:02:04 AM  30.00 kV | 40 pA 127 ym

e
e .
1Onm |Gem ). e Sheikhi et al., Crystal Growth & Design (2016)
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Part lll: Scale-resistant interfaces

Ca2+

interface

Cellulose acetate membrane

Vaterite

2+
>>Ca -

0 P — -
= —ENCC 0% Eg +gﬁ _ i mgjmi 2 2000 ——
_ 0 -+ CA =4 mg/m J . i
200 ENCC 0.2% «CA =10 mg/mL K
~ENCC0.3%| 100 | -4000
_ 0 — LA ® @ 10
Q;ISO ENCC 0.4 A) -E 80 | ;;5)" E _6000 B
s -0 o —
~ g .7 = 8000 |5 ° ===
~ 100 S P S = 2 ._
40 © -10000 -+ 4
50 20 + -12000 ~ 6 4 1'0 15 20
{ (min)
0 0 | | | | 14000 1 1
0 1 2 3 4 0 01 02 03 04 05 0 s (min)200 300
t (h) c (wt %)

Sheikhi et al., Journal of Materials Chemistry A (2018)

Sheikhi et al., ACS Applied Materials & Interfaces (2018)
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Part IV: Water remediation

Initial copper 0sec 150 sec . 210sec
solution 1000 ppm
ENCC added

e

ENCC

CM-BNCC 9.7
Activated C | 44
Sheikhi et al., ACS Applied Materials & Interfaces (2015) 100 o

38



Dye removal using hairy nanocellulose-based foams

nnnnn

Mix at 8k rpm, 60 °C

\ o0 o ’ Iz —
O% \%%\ z)_‘ Modified chitosan adsorbent pH Fm (mg g l)

‘? >T B rice husk’ 7 312.0
Carboxyl group
+  Crosslinkingsite sugar cane bagasse9 7 99.6
o NCC" 7.5 101.2
NCC modified by TEMPO reaction'® 6.5 769.0
commercial activated carbon™ 7.4 980.3
cellulose nanofibrils* 9 122.2
cellulose nanofibrils aerogel47 3.70
banana pith carbon™ 1 2334
chitosan/bentonite composite49 5.1 142.9
BNCC—CMCT aerogel (this work) 7.5 785

Yang et al., Langmuir (2016)
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Part V: Reinforcing papers

No coating

Sheikhi et al., ACS Applied Nano Materials (2018) RH (%)

0 25 50 75 100

1000 60
800 50
600 ;g
et 20
10
“\\S R n“; SG——> =
o~ = 0 25 8 78100 8
ﬁ‘a‘\ D CNC+b|0Iatex+AZCV RH (%)
L . | 1000, 60 =
P Tl 50~
P & i < 40 g
Periodate/ ) " §8‘E
Strong acid /' \Chlorite oxidation 8 = 108
hydrolysis =
, . 0 25 Ris{o( J? 100 =
T A - 2 ENCC+biolatex+AZC P4
- > - °1000~. 160 3
" A =" /:/_/_ s V2 800 . e |90
o o
CNC Amomc hairy CNC 200, ©0
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Part V: Antibacterial nanocrystalline cellulose

|24h exlposure|

- Free nisin

Tavakolian et al., ACS Applied Materials & Interfaces (2018)

Immobilized nisin

41



Part V: Nanocellulose-based humidity switch

CNT/NCC composite

Water molecule

Possible
pathway X
of current &

1 ] 1
40 60 80
RH(%)

= lowmoisture=>{
content DCC chains *'

Safari et al., ACS Applied Materials & Interfaces (2016)
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Part V: Colloidal nano-toolbox for molecularly regulated

CNC

CNF

Sheikhi et al., Materials Horizons (2017)

polymerization
100
CNFOH _,
10 ¢ .---~" CN(l
- ENCC TEMPO-CNC CNE_«~~
o 1 fo----c-c-iFEzzmaeecacpetil_

o g Tl HENCC-2
S o1 b N SNCC™. HENCC-
0.01 e

0.001 L———io :
0.001 0.01 0.1 1
c (wt %)
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COOH (5.5 mmol g7)
R

e -
ENCCT g

Concluding remarks

Hairy nanocelluloses (HNCs)

v'"Nanoengineering cellulose fibers via facile chemistry yields HNCs.

v'"HNCs overcome the structural limitations of conventional nanocelluloses.
v'"HNCs can provide reliable, green scale inhibitors.

v'Cellulose-based scale-resistant membranes are now feasible.

v'HNCs are promising candidates for water remediation, reinforced . 7 4

nanocomposites, bactericides, humidity switches, and
rheology modifiers.
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