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History of papermaking

Pulps — Beating and fiber properties

Pulps — Additives and functions
Papermaking processes & interfiber bonding
Paper— Structural and absorption properties
Paper— Mechanical properties

Paper- Optical properties

Recent trend of paper science and technol.
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Lecture information and contact

Homepage of “Process Technology of
Papermaking (T. Enomae)”

http://www.enomae.com/
— Handouts in lecture(B& & )

E-mail address
— t@enomae.com
for any questions and comments




Process Technology of Papermaking by 2 OCT 2013
Toshiharu Enomae

Biomaterial and Paper

What biomaterial is
Materials constituting components and the
structure of organisms processed to provide
properties required for the use such as:

Wood, paper, cellophane, rubber,
leather, polylactic acid 0

Theory and method for providing OH
high performance to biomaterials is polﬁiﬂc i
called biomaterial science. Paper
science is one of the most important
biomaterial sciences.

cX/LEES,
EMREBRT DEDPIBERIC, FIAICLEGMIZRLMH
R A& AN TL RE, RURAEGE

Biomaterial Science& (&
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“Paper” —Definition
» “A thin, flat material obtained by sheet-
forming and drying fibers especially of
plants”

» “A thin, flat material made from crushed
wood or cloth used especially for writing
and printing on and in packaging” -
Cambridge Dict.

Plant fibers, especially wood-sourced, as a
raw material of paper are called “a pulp”

Cambridge Dict TI&. British Dict TIE in packaging H‘#k(+TTLV5,
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scope of Paper Science

» Colloid Sci ( Fiber dispersion system ) + Applied Paper Sci

Silviculture-
Bioteghinol.

Forest

Wood Chem?- H
Pulping Digestion

Chip

Colloid Science

Fiber dispersion
N Pulp

BleachlngJ 1 e {

="

Applied Paper Science
Printing, Packaging Calendering

\\\é%\\ ‘(A\“ \\ \"_{U

Coating

Drying

Silviculture=& k=
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Who has affected you most?

“Who has affected you most in your life so far?”
was voted in an internet site.

Jesus Christ received the second largest
numbers of votes

(A) received the largest.

Without paper, printing technology would not
have developed, nor would wealthy life today be
guaranteed.

Cai Lun ( &% )

2 OCT 2013



Process Technology of Papermaking by 2 OCT 2013
Toshiharu Enomae

Origin of paper

» Ts’ai Lun is traditionally
regarded as the inventor of
paper. Exactly, however, he
invented the composition for
paper along with the
papermaking in A.D. 105.

» The fibrous materials used in
those day were bark, hemp,
silk, and fishing net.

10
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Origin of paper

» The world oldest paper
discovered in an ancient
tomb was estimated to
be made between 179
and 142 BC (early
Western Han 54).

» It was used as a map,  Fangmatan (ik & #) paper
where mountains,

waterways and roads
;..are..d.ra.wn, ..........................................................................................................

early Western Han Bil;&

11
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History of papermaking tech. -Materials

» Hemp (Cannabis A+ Linendt )

- Cannabis has been used for
cloth and fishing net in China
and Japan. Linen in Europe.

» Rags

- Recycling of cloth woven originally from
hemp. Cotton from the age of Industrial
Revolution

» Bast (skin) fibers, such as Paper Mulberry
etc. for Japanese paper

2 OCT 2013
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History of papermaking tech. -Materials

» Leaves, of Treang tree to make
“Sastra”

» Wood, capable of producing on a
large scale

» Kenaf
- A kind of hemp promoted for

forestry preservation, but not
accepted any more.

» Plastics, synthesized paper from

Sastra

2 OCT 2013

14



Process Technology of Papermaking by
Toshiharu Enomae

Origin of Printing technology
Gutenberg (13957 -1468)

invented a printing press in around
1445.

The invention consisted of
» mass-producing movable type;
» oil-based ink from linseed oil; and

» @ wooden printing press similar to
the agricultural screw presses

and allowed the mass production of
printed books and was economically
viable for printers and readers alike.

[ A
Movable type

2 OCT 2013
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4

»

42-line Bible (42B)

Gutenberg printed and
published 180 copies of
42-line Bible.

- The start of the age of the
printed book in the West
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- Increased paper demand
- Development of mass production of paper
- Use of wood as a papermaking material

- Invention of paper machine to produce
“continuous paper”.
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The Greatest Inventions of the Past 2000 Years

Edited by John Brockman and published on Jan 12, 2000

» John Brockman, a novelist of USA, asked “What is the most
important invention in the past two thousand years? and Why?”
to famous.

» “Reading glasses” and “eraser” were unexpectedly proposed.

» Many people including Dr. Philip Anderson, a Nobel prize
winner, chose “printing technology” because it promoted
knowledge occupied by privileged people to the public.

» Another physical scientist chose “watch” for quantification of
time passage that was dependent on one’s sense so far.

» “Heliocentric theory”, “mathematics”, “differential and integral |
calculus”, “"democracy”, and “religion” were also supported. I

> See http://www.edge.org/documents/Invention.html

20004E B CERx R D FBA (Il H [BEAITAK]
Tar Jayovy (&),
heliocentric theory=1H#1E)z% Copernican system
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History of papermaking tech. — Machine

1670 |Hollander beater invented [Holland]

1719 |Reaumur submitted his invention - paper can be made
from wasp hives- to the Academy [France]

1798 | Louis-Nicolas Robert invented manufacture of continuous
paper [France]

1844 | Keller invented ground wood pulp [Germany]

1851 |Burgess [USA] and Watts [England]invented soda pulping
to make wood pulp.

1856 |Healey received a patent of corrugated [England]

1856 | Tilghman invented the sulfite pulping [USA]

1879 |Dahl invented Kraft pulping [Germany]

1950 |Hardwood pulping initiated[Japan]

1968 | Thermo-Mechanical Pulping (TMP) Developed[Sweden]
1977 | Quinone-added pulping invented [Japan]

1977 X/ FM/ NIV TREZFZDOFBA(B K]

1968 H—EAN=HIL/SILT (TMP)EREHE (R —T )
1950 ILEBM D /NIILTILIBEA(B K]

1879 B — L A5 TR\ LT EFKBAIKAY]

1856 TAILY VW EERES/ NIV T (Caik) ERBA(T A1) H)
1856 E—L A (X ¥ TERAR—IILDEFHFEIMB(AFUR]
1852 7 LA—REAR#EERE(F 1Y)

1851 D YRENILAH R IEKRMEREELI=Y—F NIV TEHKHA
1844 S—H R AR/NIILTEFHBAK (Y]

1798 LA -OR— LN KM IREEE RBA(TS5 X]
LAZS2—LIZRXANFDEER TR LA TES
ETEERICRE(TSUR]

1719

1670
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Mechanical pulping— Groundwood pulp
» GP or SGW ([Stone] Groundwood Pulp)

Keller invented ground wood pulp in 1844

19
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In 764, Emperor Koken
had holy texts (545 JLME
¥&FE#%) printed on paper
one million copies for
peace of Japan, contained
in one million wooden
miniatures of a three story
tower, and laid out in the
ten great temples like
Horyu-temple and Todai-
temple.

holy texts #%3X (#&1R% PR ER)

2 OCT 2013
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The world oldest printed material

In 1966, printed holy
texts was discovered in
the Buddha tower of
Bukkoku-temple ({AE) S
of Keishu, Shinra (Fr#E | SRR
M), currelty Korea(3&H). L. 1

This tower is known to [l =t
have been built in 751.

2 OCT 2013
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The world oldest printed material

Paper with holy texts (ZERkEE)
written in 755, Silla era (¥$8)
was analyzed.

22
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KEGON 190.08kV X40.0
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B Paper board

| ®mPaper

subprime mortgage (E—*%"v¥) crisis, August 2007

Financial crisis of 2007-2008
2008-2012 global recession
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Production , million ton
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1999 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

Production of paper and paperboard

~+USA
-=China

-+ Japan
~~Germany
-Canada
--Finland
—~—Sweden

—Korea

—Brazil

—-Indonesia
=|ndia
Thailand

2 OCT 2013
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How to make paper » From “wood”

Forest

Wood
thinned out)

TP

2 OCT 2013
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Wood tissue—cells of beech tree

Component of
hardwood tissue

Vessel 20%
Wood fiber 60%
Axial

parenchyma cell H0%a
Radial

10%

parenchyma cell

437 7 ph A B fillke

THRVILEHEB N LERD ?

ETH M ?
WAEDKSBENRAEILLTNDESAHIE?
B4t EBRAS

F T

Tissue = FH&E
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S, layer

(Secondary cell wall - 31 layer )

Cellulose microfibril ----
(indicated by parallel lines)

S, layer

Middle lamella

Wood tissue — structure of cell wall

S, layer

Primary wall

Structure of plant cell wall and axial direction of cellulose microfibrils

2 OCT 2013
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Kind of pulp

= Pulp

» Fibers mainly consisting of cellulose
extracted from plant such as wood by
mechanical or chemical treatment

e Mechanical pulp [MP]
v Fibers extracted from wood by crushing
o Chemical pulp [CP]
» Fibers extracted from wood by dissolving lignin

o Deinked pulp [DIP] (recycled pulp)
v Fibers extracted from waste paper by removing ink

48
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. W

- s “

»Copy paper &=

Chemical pulp —Fiber geometry

consists of

(B)

pulp fibers

» Observe pulps

2 OCT 2013
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Wood composition —Major 3 components

Chemical Approx. ratio (%)

component | Softwood | Hardwood
Cellulose 45 45
Hemicellulose 25 30
Lignin 25 20
Others

Terpenoid

Resin acid 2 -8

Fatty acid

etc.
I

‘Hardwood EJ:;CSSEID
Cellulosé |40 %
45 %
110 %
Hemi- P 2
cellulose ooy
30 %
Lignin
20 % / 05t|3/0ers

Change of Composition

~-by kraft pulping

2 OCT 2013
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Laboratory tour- what kind of apparatus

What apparatus do you explain to me?

» Choose one apparatus.
1. What is measured or treated?
2. How does it works?

3. How is this measurement or operation
important?

51
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Form of pulp
» Slush pulp
Pulp suspension with
concentrations of approx.
1-4%
» Lap pulp
Dry lap pulp Pulp Formed and folded by
— wet machine. Called "Dry
lap” when dried

» Bale pulp
A bunch of pulp sheets
compressed and bound
with a wire

» Transporting | (C) | pulp

52
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Disintegration - Separation into individual fibers

53
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Standard disintegrator (defibrator)

» Pulp is put in water in steel
container with ca. 3.4 L capacity

» Stirred with a propeller mixer at
3000 min-t (rpm)

» Latency of MP should be
removed at high temperature
(Latent=hidden)

Dry | Water | Revol-
mass |volume | utions
Chem[cal 30g 20L 30,000

.m 60g 27L 60,000

L—Foi1 ($R/NILTEHRDAHZHFER)

Bz (FEL IR AR LT-RGPE . Bl Z/SIL/S—HETRASYY ARIZELTH., TTDMS
(BIZILEE)ICIFRSEWL, BRETOUIZA=T (NE) . §218GE QM2 LY
LU T AN, oMY, 7 —RAODENMTEDERGELLT/LTHIC
BRELTWACE, BKERAWTERET L. BEIELTLWSE S (L—To i) EhVE
YSBFEIE TES,

Latent=hidden

30,000B1 85 (X fa] 7 I B AR T AL (X KLV 2

A. 30000/3000=10(%)
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» Post-disintegration process

» Process where shear stress is applied
to water-containing fibers resulting in
fibrillation (formation of small
filaments or fibers) on the surface
and concentrically loose structure

MEELIE, KESTHMMEICHEBMATMNZEZ ., ERL-EY. FDOMARD
EATGADEITKYMIMEERRICL, ZIRRFICAELHMHRES
#<IBHIE,

COMEBICKYRDIBRENET,

2 OCT 2013
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Beating (refining)

» Beating achieves large bonded area
between fibers and thus higher paper
strength.

Sl Q. Why can this breaking process increase paper strength? [

MEELIE, KESTHMMEICHEBMATMNZEZ ., ERL-EY. FDOMARD
EATGADEITKYMIMEERRICL, ZIRRFICAELHMHRES
#<IBHIE,

COMEBICKYRDIBRENET,
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» Disintegration is a process to
separate fibers bonded or
entangled, keeping fiber
characteristics

» Beating is a process to treat
mechanically individual fibers,
changing fiber characteristics

2 OCT 2013
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Beater — Refiner(refining)

Rotor -
TR -Blade
RSB0y plate
2/ Stator P

Pulp slurry flow Stator

Refining by disc refiner
Pulp concentration is 2-5%

FARD)ITAF NLVTIRE2-5%
)I7AF—Hs/ LT

2 OCT 2013
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Beater — PFI mill (beating)

7

‘g, = ia.__'* 3

59
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Refining —movie —refiner

Three kinds of force apply to fibers.
@D AMERALTLS
eCompression(E#E)

eShear stress (A A1)

eTension (38 77)

61
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Beating —change of fibers —external fibrillation

> softwood pulp fibers after beating

Fibrils are different from microfibrils that are crystal units of cellulose.
A fibril has a thickness of 0.5 to a few micrometers while a microfibril 3 to 20
nanometers.

NETATVIEDT4T) L =HEMERED EFLL

47 )L =fibrils=##E A RIEL-KERVZDH (ERN) T2HOT471)
ILNEFEST-3 D, KEITHFEEMEBE CTHEREAEE4E0.5um(500nm) ~ Fum
BE,

(E/)LO—X)2H0T7471) JL=(cellulose) microfibril=tJLO—RX 3 FDES
i{ﬁo mE[i3~20nm*§J§—G§é'i$Eo

RNERT4T)ILE=EDFRDEH (BIROFIEE)
VT Zo DB EROERGE
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Beating —change of fibers—internal fibrillation

{ External fibrillation
Internal fibrillation

= Concentric loosening | foae
(Lamellar separation) .

Connection of small
pores formed by lignin

removal S i
Lamellar separation of

fiber cell wall by beating

NERI4TVIEDT4T) L =HFHRED ENILSL
RNET4T)ILE=EDFRDEH (BIROFIEE)
VT ZoDBEELIINESREROERGE
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Beating — change of paper structure

MM DRTIL (MELLGTLHLIEE REIZED)
iR D EE
oZEfFim D ETEIEM.

2 OCT 2013
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Evaluation of fiber properties

- Freeness (Drainability)

» Specific surface area

- Fiber length distribution

» Distinguishment by staining
» Fiber coarseness

» Curl index

2 OCT 2013
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B mm

suspension at 0.3%

» Canadian standard | .
freeness (MLCSF) g P ey
» One L of pulp NS FJJBM

and 20 °C is pored and

the volume (mL) of
water drained from the
side pipe is measured.

SRR

d

C?

HE . /
Q. Does CSF increase or ;
Nl decrease by beating? ' %:

¥ 277

FMAETL

#3.05 £ 0.0/

RELAY 742

Canadian Standard Freeness (CSF)

2 OCT 2013
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» Reasons why freeness
beating are

Fibrillation

Evaluation of Freeness

» Canadian standard freeness
» Unbeaten pulp ca. 650 mL CSF
» Beaten pulp ca. 400 mL CSF

(E)

More fines (small pieces of fibers)

make water paths between fibers in a
pulp mat thin, winding, and long.

(E) decreases

2 OCT 2013
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Water Retention Value (WRV)

» M, : Mass of pulp after centrifugation
M, : Mass of the pulp after oven drying

WRV(%) =100X (M,,—M,)/M,

Pulp After cent.(g) Oven dried(g)
SBKP beaten 0.61 0.23
SBKP unbeaten 0.59 0.28
HBKP beaten 0.54 0.22
HBKP unbeaten  0.45 0.24

Q. Calculate WRVs to two significant figures in %.

little.)
A.
Pulp
SBKP beaten
SBKP unbeaten
HBKP beaten
HBKP unbeaten

Q. Calculate WRVs to two significant figures in %. (The expression modified a

After cent.(g) Oven dried(g) WRV(%)

0.61
0.59
0.54
0.45

0.23
0.28
0.22
0.24

170
110
150
88

2 OCT 2013
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Nitrogen adsorption method

» Langmuir model
» All the adsorption sites are
equivalent and the surface is
homogenous.
» Monolayer coverage
» No interactions between

adsorbate molecules on adjacent
sites

69
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Nitrogen adsorption method

» Langmuir model (cont'd)

» The fractional coverage of the surface @
changes at the adsorption rate
proportional to gas pressure p and the
number of empty sites N(1-6).

» The desorption rate proportional to N6.

Nitrogen \@ O Oli"}
mOIecuIe O e U S SR
Materlal surface

Adsorption
site

Adsorption rate is expressed as d( ,/dt =k,p N(1-6)

Desorption rate is expressed as d 9, /dt = ky N®

At equilibrium, the two rates are equal. Therefore, it is assumed that d (a/dt =d
(4 /dt

Then, k,p (1-\) - kdk =0

Adtep pemrayepevt K=k, / kg,

Kp (1-6) -6 =0,

Kp =0+KpHO

are obtained.

d (, /dt=k,p N(1-\)
d (4 /dt= kd N
I@%ﬁ: (TG DBEENE LD T, d(,/dt=d (,/dt ETBE,
kp (1-\ ) - kd\ 0
K=k,/ky& F< &, Kp (1-0) -6 =0, Kp =6+Kp6

70
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Nitrogen adsorption method

Nitrogen gas

ooy

-----

Paper
specimen

Liquid nitrogen
(Coolant)

2 OCT 2013
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Nitrogen adsorption method

» Langmuir theory
» Langmuir adsorption equation is obtained.

k
0 = Kp Kpg +6 = Kp Wherea K=-—"=
1+ Kp k,
» Given that the volume of adsorbing gas is
(volume of adsorbed state is slight, but as a gas
at 1 atm) and the volume at full absorption is

V. then g=V/V_ and rewritten as:
1 Plots of p/V vs. p give a linear

KV relationship with a slope of 1/V
© | and-an-intercept-of 1/ KV .

pP_p
V.V,

Kp =0+KpB1Z08=V/V_%ZEH AL.

Kp= V/V_. +Kp V/V_,

p/V=1/KV_+p/V_&E 725,

ERA LT —BIRE TCORIKD S EICKT DWW EEE~T

pEVIIERITE 5, V_23HD 72V MVHE,
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Nitrogen adsorption method

» Multilayer adsorption is possible.

» Desorption heat A, H of adsorbate molecule
on monomolecular layer and vaporization
heat A, H of liquid adsobate molecule on
the 2" or higher layers are different.

¢ =exp{AH — A, H)/RT|

Nitrogen molecule/€>‘~ S

Material surface

73
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Nitrogen adsorption method
fffff »-BET theory (contd)

» BET equation is obtained

V (z

= _ P
Vo (=2f1=(1=c)e} ™ =7 )

m

» Given p, is saturation gas pressure above the
layer of adsorbates like a bulk liquid with a
thickness of one or more molecules and V. is
the volume of monomolecular layer, then,

o _ | +(c—1)z
,,,,,,,,,,,,, -zy eV, <V,

v, AN FEMET, VE z XA,
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Nitrogen adsorption method
fffff »BET theory(contd)

b - plotted vs. z will give a linear

(1 — Z)V relationship with a slope of

M and a intercept of
CV CV

mon mon
V. .,and equation of state give the number of
nitrogen molecules n (= p, V, . /RT). n multiplied
by the adsorption area of one nitrogen molecule
A, (=0.162 nm?) gives surface area S, where

NA is Avogadro number B
that is 6,022 105, S, =nxNAx 4,
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Nitrogen adsorption method

0.0007

v US@'”B’ET'ECI uation. y = 0.00162x + 4.39E-06
0.0006 | R® = 0.9999

Q. In nitrogen adsorption
on given material at 75 K
(P,=570 Torr), nitrogen

partial pressure p in gas  [Sikads
phase and the volume J of v

0.0005 |

0.0004

((1-2)V)

adsorbing nitrogen (1atm 0.0001
at 273 K) is tabulated. 0

Calculate V,, , and c. 0 0.1 0.2 0.3
Z(=p/po)

p, Torr 12 14 458 875 1277 164.4 204.7

—Fepm3—235-550—649—F10—— 790860950

A.

From the graph you will know
1/(cVmon)  4.39E-06
(c-1)/(cVmon) 0.00162

Then, you can calculate and obtain
C 370

Vmon, cm3 615

In equation of state of ideal gas, PV=nRT, where, P(Pa), V(m?3), n(mol),
R(J/K/mol =Pa m3 K1 mol?)=8.314

n=PV/RT is a value you need and can be calculated as

n=101325 X 615 X (102)3/(8.314 X 273)=0.027454849 (mol)

The surface area of this piece of material is

0.027454849 (mol)x6.022x1023 x 0.162 nm2=2678 m?

1/(cVmon)  4.39E-06

(c-1)/(cVmon) 0.00162

c 370

Vmon, cm3 615

HESAEOKREFIERK(L. PV=nRTT. P(Pa), V(m3), n(mol), T(K) T.
R(U/K/mol =Pa m3 K1 mol1)=8.314& %55, n=PV/RTZ#E1E T &,

n=101325 X 615 X (102)3/(8.314 X 273)=0.027454849 (mol)

£oT. ZOEFDOREFEIL. 0.027454849 (mol)x6.022x1023 x 0.162 nm2=
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2678 m2&%i B,
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Nitrogen adsorption method

~» BET equation = more questions

Q. Usually, c>>0. Given c=2, then simplify
BET equation.

Q. If simplified, specific surface area can be

calculated from only one partial pressure p
measured for saving time. Usually one value
around z=0.3 are used. Apply this tequnique
to the previous question.

Substitute c=c< into BET equation: z/{(1-z)V}=1/cVmon+(c-1)z/cVmon
Then, you will obtain

Vmon=(1-z)xV

The data set 164.4(Torr) and 860(cm3) should be used because
z=p/p0=164.4/570=0.288 is nearest to 0.3.

Then,

Vmon =(1-0.288)x860= 612 (cm3)

This value is close to real BET value 615.
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Specific surface area (SSA)
Drying Sample BET SSA, m?/g
method
Unbleached Spruce KP 230
Bleached Spruce KP 185
Sl Spruce o-cellulose 185
exchange
Spruce GP 25
Birch KP 129
Evaporation |Unbonded pulp fibers 1.2
at 105 °C Paper 0.5-1.0
KP=kraft pulp, GP=ground wood pulp
>

2 OCT 2013
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Length and width of fibers

Hardwood fiber

Hardwood vessel
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Fiber length and width distribution
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Fiber length and width distribution
CCD camera
0.5 mm
= ﬁ> ( -%-___\-—' — ;u»
Water ( \ \ Water
N
_______________________________________ w
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Fiber length and width distribution

)
L J
— N e 2 )
i — .
\-»_
- / ) .
S/ k
~
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Fiber length and width distribution

- -~ -
-~

Projected area A

Width = |
Truelength | ~C0--"200= 7

Shipe fusior = Projected length €
(Linearity) Truelength |

e

83



Process Technolog
Toshiharu Enomae

y of Papermaking by

Mean fiber length

Copy paper

!

Shredder

i,

‘Unshredde

'Shredded |

I s s . ﬂ-}

» 5 mm wide each —

|

e A
S

___Dispersed

in water
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Mean fiber length

» Comparison in fiber length between shredded
and unshuredded copy papers

40
e _ Shredded

30 F 1.76 mm
~ ]
§ 20 Unshredded
o 2.06 mm
& 10

0

2 3 4 5 6 7
Fiber length (mm)

o
[y
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Effect of beating on paper properties
» Specific Surface Area on Light Scattering
Coefficient o 5 %

Né 33 o C% %
» LSC decreases as € = |- F el
fiber bonding area € = o
; R N .(\0)
increases by K= £
beating. g i . RF
» Interfiber bonding 2 ..l v
area can be 8 = Rofining
evaluated by SSA. & <+ S 20 mn
» Beating increased  §, °| i
interfiber bonding - | . . .
gréa. BET surface area, m¥/kg
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Effect of beating on paper properties

» Beating increased Wet Fiber FIeX|b|I|ty
(WFF) ’

» Bending strength
of single wet fibers
was measured for
determination of
WFF.

» SR = Schopper-

Riegler method for

T .\//—_'
n-’/a/as;yisld
determination of
dralnablllty R} T S W S T T

e —————— 0 10 20 30 40 50 6 70 80
Beating degree, SR-number

43% yield

2

Wet fiber flexibility, 1/Nm?
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Effect of beating on paper properties

» Beating increased Density and Modulus of

Elasticity (MOE)
» Linear relationship _ ']
between density & 8¢
and MOE @ 5|
regardless of kind % Nl
of fibrous material £
L 3l
F=kx &
w2l
k; spring ||
constant
=MOE L : : ; '
0 200 400 600 800 1000 1200
Density, kg/m?

2 OCT 2013
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Effect of beating on paper properties

» Beating increased Stretch at Break (SAB) to
6

certain degree
» However, 58 51
increase in SAB ¢
© 4]
levels off. @
o]
T~ E 3]'
: ¥
Q &
8 2 ¢
Low beating degree 773
14
=
0 200 400 600 800 1000 120

» High beating degree Den5ity, kglm?a
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Stock preparation— additives

» Paper quality control
» Size (sizing agent) - water repellency
» Filler - brightness and opacity
» Strength agent — dry or wet strength
» Dye — optical brightening agent (OBA)
» Paper manufacturing control

» Retention aid — ex. aluminum sulfate —
fines, fillers, and size retained more

» Aintiseptic (preservative)

2 OCT 2013
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Additives —size and filler

Acidic paper Non-acidic paper
Size (sizing | Rosin (Abietic acid) | Alkyl ketene dimer (AKD),
agent) Alkenyl succinic anhydride
(ASA)
Retention Aluminum sulfate |Cationic polymer such as
aid (alum), Polyamine-amide
deteriorates paper | epichlorohydrin (PAE)
Filler Clay, Titan dioxide, | Calcium carbonate, Titan
Talc dioxide
pH at 4.5~5.5 1.5~8.5
papermaking (7 or slightly greater)

Q. Why is calcium carbonate not used for acidic paper?

2 OCT 2013
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Additives —size and filler
Rosin (abietic acid)
AKD
CH—C//C
COOH //g;_(g
0O
L_k I —rclzl—tcmn—ﬁ—NH—<CH27Z—N—<CH2>2—NH1n—
O O
|
so-ch ASA
o=<f\ _C= i (131
L T s N | W
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Additives — deterioration of acidic paper

Aluminum sulfate deteriorates paper.

Al,(SO,); + 2H,0 — 2AI(OH)?** + 2H* + 350,%
|

+ H,0

Acid hydrolysis
|
Deterioration

B(1—4)-glycosidic bonds
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ffffff Additives —size and filler (2)
Acidic paper Non-acidic paper
Strength | Cationic polyacrylamide Cationic starch
resin (C-PAM)
CH,OH
€ CH,CH3;, CH,CH— "0
: : OH
C=0 C=0 0
! | CH
NH, 0 (|:H3 0 3
| +.
CH,-CH,-N*-CH, CHy-CH,-N*-CH;
(':H3 CH,
Cationic polyacrylamide Cationic starch
i iiti e

2 OCT 2013
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Papermaking — Additives - movie
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—>

=

Secondary cleaner

Centrifugal cleanerF
S

T

econdary screen

<—

Papermaking —approach section

Pressurized screen Head box
| —— Wire (Fourdrinier )

Fan
pump

Inlet

i

Beaten pulp 1
Broke [}, ..
Additives| | e

Paper
product

Markets

!

Broke

-

JIConsumers

Recycle

I
Waste
paper
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Papermaking - wire section

. : e JWIN=Wire-machine
Fourdrinier machine RSy <,

. L 5

These pictures are cited from
BARIz/LEHPOA LR ZESI A

http://www.umebara.co.jp/syoshibumon.html
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Papermaking — (wet) press section

» A wet web is pressed at high pressure
between large rolls to squeeze out excess
water.

» Water transfers to felts that sandwich the
wet web. '

» Pressing increases
density and wet web
strength.

» The common number
of nips is 3 or 4.

| 2 Kodak Hlstorlcol Collec'non #003 (1 986)

2 OCT 2013
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Papermaking — dryer section

» Steam-heated cylinders dry a paper web with
canvases.

» Free water evaporates, between fibers first ,
inside fibers second, and between fibrils last.

/
Paper

Canvas (felt)
B

AAAAAA
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Papermaking — calender section

» A number of rolls press the passing paper.

» They make the paper surface extra smooth and glossy
with friction, and provide a higher density and more
uniform thickness

=
Supercalender

Soft nip calender

Qo p o

ae
A

I 'i oo
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Papermaking — calendering effect

» Gloss improvement and compression of paper

Hinearvpressure*at-ni.p:
8or 270kg/cm . Basepaper

(%]
O

~l
(=]
T

18kg/cm

—
o
T

520
(=]
—
o
T

Paper gloss, %

Coat layer
e

o1
T

-
-

Thickness decrease ratio, %

40

: ; ; . o, . . .
® Number of passed nips Number of passed nips
» The number of nips is occasionally more than 10.

30

Q. Why is it as many as 10 although only 3 or 4 for wet press?
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Types of chemical bond

-»-Ionic-bond-=-a-chemical bond-in-which-two-ions-are joined
together because one has a positive charge and the other a
negative charge

» Covalent bond = a chemical bond in which two atoms share
one or more pairs of electrons that hold them together (ca.
500 kJ/mol)

Hydrogen bond = a weak connection that is formed between
an atom of hydrogen (= a gas) and an atom of another
substance such as oxygen or nitrogen (= a gas) (10~40
kJ/mol)

» Van der Waals forces = the relatively weak attractive forces
that act on neutral atoms and molecules and that arise
because of the electric polarization induced in each of the
particles by the presence of other particles

Dipolar bond (coordinate bond)
p Metallicbond

From Wikipedia

lonic bond: electrostatic interaction between atoms which have a large
electronegativity difference

Covalent bond: a common type of bonding, in which the electronegativity
difference between the bonded atoms is small or nonexistent

Hydrogen bond:An example of intermolecular hydrogen bonding in a self-
assembled dimer complex reported by Meijer and coworkers.[1] The hydrogen
bonds are the dotted lines.

Van der Waals interaction: the van der Waals force (or van der Waals interaction),
named after Dutch scientist Johannes Diderik van der Waals, is the sum of the
attractive or repulsive forces between molecules (or between parts of the same
molecule) other than those due to covalent bonds, the hydrogen bonds, or the
electrostatic interaction of ions with one another or with neutral molecules or
charged molecules

Intramolecular hydrogen bonding in acetylacetone helps stabilize the enol
tautomer.

A hydrogen bond is the electromagnetic attractive interaction between polar
molecules in which hydrogen (H) is bound to a highly electronegative atom, such
as nitrogen (N), oxygen (O) or fluorine (F).

I O—RADFHRDEES HLEHES
I O—XDFRIDEE KEHES
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Inter-fiber bond
» Effect of water on interfiber bond formation
Q. Suppose two

crossing flat fibers with ESNSEPE—>Zr 2

the square , length L on [z L pm
; : X

a side at the crossing

point. As they dry and Fiber

the interfiber distance d l

comes to 1 pm, How — —>—(

much contraction stress -— 1 L dpm

develops between the

two fibers?

= The attractive force is
~ called Campbell force.

The water between fibers is pulled by its surface tension horizontally.
Consider one side of the four sides (Calculated pressure is the same
however many sides are taken into account.)

ePulling forceF=2L(um)xy (mN/m)

ePressure P=F/area= 2Ly/(d (um) X L (um)) = 2y/d ( mN/(mxpum) )
(Coefficient 2 means that the water has two contact lines with the upper and
lower fibers respectively.)

*P is also a contraction stress. At d=1 pm, P=2 X 72.8/1 =

145.6 (10N~ (10%)m?) =145.6 X 103 (N/ m2?) =145.6 kPa

This is equal to 1.5kgf per 1em?. If these two fibers approach to d=1nm, it
becomes].5ton per 1cm?.

HEN-KIEREERADICKYKEIZFDESNATINS,
43BNH5>H11D%EZS GAEEEZTEHEEAIXEL) &

5|38 IF=2L([ pn) xy (MN/m)

oEAP=F/EHE= 2Ly (d ([p)x L([n) = 2y/d( mN/(m-(p))
PIINEEATEHD.d=1 [nETHE M=2%x728 /1 =
145.6(10"-3N.~ (10~-6)m~2) =145.6 x 10”3 (N/ m~2) =145.6 kPa

ZMIE1ecmA2TL.5kgf T B, HLA=1nmE TR L5 1cmA2TL.5tTH B,

2 OCT 2013
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Inter-fiber bond

~Interfiber-approach-and-hydrogen-bond------

format|on e to water evaporation
Cellulose surface
‘ . i 0

Cellulose su rfcce

Loose hydrogen bond mediated by water

TR

Firm hydrogen bond with a water monolayer Direct hydrogen bond
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Inter-fiber bond

4 Ewdenceof‘nydrogenbond

=\When paper mass was measured after allowing to
stand in deuterium water (D,0) vapor until
saturation, 0.5 to 2.0 % of hydrogen of all the
hydroxyl groups was not replaced with deuterium.
This ratio corresponds to the percentage of
hydrogen bonded hydroxyl groups.

=Energy required for tensile breakage was calculated.
19 kJ/mol (equivalent to hydrogen bond energy)

= Strength decreased with acetylation of carboxyl
groups  Cell-OH — Cell-O-(IZI:-CH:,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, o

4.5kcal/mol#EDIRBEMNSHELI-LDER LIS,
Casey - Corte, Schaschek and Broens, Tappi 40(6), 441(1957)
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Inter-fiber bond

» Effect of cell wall thickness on wet fiber flexibility

108

Wet fiber flexibility, 1/Nm?

-
Q
©
1

1 0~1D

3 4 5 6 7 8 9
Cell wall thickness, um

MRS DERIZIKORERNICEDENEMMHEDRIRIEIEKETHLE
B L
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Bonding ratio, %

70 -

60

50 A

40 +

30

20

10 +

0

Inter-fiber bond

» Effect of fiber flexibility on Relative Bonded Area

Cell wall thickness, um
4.7 um
8.8 Mm *
1 1 ] I I T T
0 50 100 150 200 250 300

Fiber flexibility, 1 /Nm?

350x 10710
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Forming (Wire section) — Moisture content

Headbox I

dwF4s0-=-l

1= (88)

ey 27y 7P

FxAl [HrvavK}sA )
g-=vyo-h

e Couch roll
Wire
section Press Dryer section Calender
Pulp section section
1% 20 % 40 % 95 %
Moiture
Q9% 80% 60% 5%
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Post-forming — Size press

» Sizing

» Internal sizing- addition to pulp slurry

» External (surface) sizing — application to surface
» What is surface sizing (size press)?

» The treatment for providing water-resistant property
to paper by application of starch solution etc.

» Other than starch, carboxymethyl cellulose, polyvinyl
alcohol, polyacrylamide etc. are applied. Strong
water-repellency is not required.

» Advantages over internal sizing
» 100% retained. No deposit on walls of former or froth

HAXTL RO BBEERITHHY T !
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Post-forming — Size press

» Purpose and
effect < v
» Picking prevention ., >
in offset printing
» Ink jet printability
to prevent Nt

bleeding B To\o
Q

Inclined

o

Horizontal

“FU T ETEOF Ty IR ORI L B R/ ) EHET 5, "

AMELV=LN?
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Pigment coating
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Coated paper surface -
Scanning Electron Micrograph

Basepaper @&
surface

Coating
surface

22006 20KV SeU

= To increase smoothness, brightness,
opacity, and gloss, and control liquid
penetration

2 OCT 2013
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Drying and processing — movie
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Paper properties —
Fundamental and applied properties

= Conditioning

= Structure

= Surface chemistry

= Liquid absorption

= Mechanical properties
= Optical properties
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Conditioning and test atmosphere

» 23 °C 50% RH (Relative Humidity)

» Paper properties depend on
humidity, but less on temperature

» although temperature difference
by more than 10 °C changes ex.
tensile strength significantly.
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Conditioning and test atmosphere

30 .

—~ | ., | » Hysteresis

> | / | » Dry paper to half

E 20 ; 7 ,:: the equilibrium

£ : / <1 moisture content

o : / / and back to 50%

5 10 L ,// RH for testing

é == = » Moisture content

il ml | is affected by

0L—=k = 0/' TR T crystallinity

Relative Homidity (%)

Bl 98 HBiFR-A 7 v — 1 OKDINELER
(Seborg, C.0O. et al, 1938)
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Paper structure — basic properties

» Grammage (g/m?)
» Mass (g) per square meter at 23 °C and 50%RH

» © Grammage (oven-dry basis) is based on the
constant mass attained when kept at 105 °C

» Thickness (mm) o

» Single sheet thickness, distance between two
parallel planes holding a sheet at 100 kPa

» Bulking thickness, thickness per sheet,
calculated from that of 10 superimposed sheets

» Includes surface roughness (dents)

JISTHIEE =Grammage (g/m?)IZo71=,
single sheet thickness
bulking thickness
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Paper structure — basic properties

Q. Which is higher, single sheet thickness or

bulking thickness?

» Density

» Mass per unit volume in g/cm? calculated from
grammage divided by thickness

JISTHIEE =Grammage (g/m?)IZo71=,
single sheet thickness
bulking thickness
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Paper structure — basic properties
» Density (grammage/thickness) affected by grammage!?
140
120 o8°
= &
% 100 (- @@é&
@
52
':é 80 |- <§o§g>
€ 60
)
S 40l M Sheets prepared from
< softwood bleached kraft
20
pulp beaten moderately
0 = | I SR \——
0 20 40 60 80 100
> Grammage, g/m2
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» Micrometer

» Mercury
buoyancy
method

Thickness by Hg buoyancy, ym

=
]
o

—_
—_
o

100

[(e]
o

(o]
o

70

Paper structure — thickness measurement

5 0.5 kgflem2-1 min

= 3.5 kgf/lcm2-5 min
= 7.0 kgf/cm2-20 min

Beaten hardwood kraft

70

80 80 100 110 120 130

Thickness by micrometer, ym

2 OCT 2013
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Paper structure — Why is the thickness
different between the two methods?

Filter paper side

Micrometer Metal plate side Mercury B
thickness thickness
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‘m Beating and filler loading

Paper structure — Factors affectlng den5|ty

0.8
0.7

Density g/cm?

0.6
os L.

W
Q\)

RS
Q

Beating rev. (PFI mill)  Calcium carbonate addition

2 OCT 2013
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Paper structure — Factors affecting density
'm Wet press and calendering

0.8
OOE 07 -
Lo
> 06
=
ENRRRR
[}
D 0.4 1 | | 1 |

\‘.Q\Q bé\‘(\ Q&\\Q be»‘@b \@\& & ¢
) o s\o‘q’ X R ng’
Q;f'z% (b\gfb &° S N v
13 ™
o &

e Wetpress Calendering- linear pressure
| 2
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Paper structure-Scanning electron microscope(1)

100 pm
Copy paper Newspaper
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Paper structure-Scanning electron microscope(2)
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Paper structure — Smoothness

m Air leak method
m Air flow rate through a gap between paper
surface and smooth metal plate
m Surface profile (Microscopy)
m Measurement method
= Stylus profilometry
= Scanning Probe Microscope
- Confocal Optical Microscope
= Interferometric Optical Microscope
= Multi-detector Scanning Electron Microscope
;._.....-._.Expressi.on..o.f.s.urface..r.ou.ghness .......................................
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Paper structure — Smoothness

m Air leak method
m Air flow rate through a gap between
paper surface and smooth metal plate

m Surface profile (Microscopy)

m Surface shape measured using
profilometry such as stylus profilometry,
confocal optical microscope.

m Several ways of expressing surface
roughness
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Paper structure — Smoothness

m Air leak method
» Print surf roughness (um)
» Bekk smoothness, Oken smoothness (s)

Parker Print-Surf (a slab)

Measuring head

2 OCT 2013
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» Theory of air leak method
» Hagen-Poiseuille flow

AP r*
Q_

Paper structure — Smoothness

_8,ul

Q: volumetric flow rate
AP: pressure difference
u: dynamic viscosity

r: radius of tube

: flow rate in
z direction

4

Bekk smoothness

50 kPa

10 mL

Viscosity of air; 1.8%10 Pa*s

Q=3.1416*50/(8*1.8*10°) *rr4/L

2 OCT 2013

135



Process Technology of Papermaking by
Toshiharu Enomae

(arithmetic average)

Paper structure — Smoothness

» Surface profile can be measured in 2D or 3D.
» Stylus, light beam, electron beam, or probe

= Centerline average roughness

1 e
ke, = ?-..0 Mdy

= Root mean squared roughness

L
RMS_\/ZLJ/ dy

2 OCT 2013
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Paper structure — Air permeance

» Method Air permeance
» Gurley tester P [mm/(Pa-s)]
V

Apir 4:642 mm? | p

T 1000x AAp1

Univ'ersal
air perineance

t: permeation = Air resistance
time (s) (Gurley)|

139



Process Technology of Papermaking by 2 OCT 2013
Toshiharu Enomae

Paper structure —Smoothness of coated paper
””””” 450

» 400

g’ 350 After calendering

2 300

% 299 Basepaper

S 200 et

2 150 / Before calendering

< 100 — r—

O 50

0
0 5 10 15 20

] Latex content, pph
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Air permeance, um/Pa-s

0.5

o
~

o
w

-
N

o
Y

After calendering

Before calendering

1 1

5

10 15 20
Latex content, pph

2 OCT 2013

141



Process Technology of Papermaking by 2 OCT 2013
Toshiharu Enomae

Paper structure - Formation

= Formation
m [Definition 1] Unevenness sensed visually when
white light is transmitted through paper — STD or
CV of optical density

Transmitted light

Mass

log{

m [Definition 2]
Distribution of
local mass|B,, |—
STD or CV of
local mass Paper

» STD=Standard deviation, CV= coefficient of variation

BENME. ALUF )T REDIMEBETOTHIFEAEEIENGEIRNOTVET
0D, BB ISR OB S ECEMBERE L THELDEREAEILTHNT. B
LS T 0RK-BBIZEYEIET DD THRLNKWNA, REMIZ—T 5,
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Paper structure - Formation

Time until dehydration (s) 10 120

= Transmitted light
images of softwood
pulp sheets

= Formation becomes
(F) by cationic

polymer addition

and increased time.

until dehydration

= Cationic polymers
increases fiber
retention.

mer

N:Nonadded

Cationic poly

P:Added

Q. In (F) better or worse?
A. worse
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Interaction- between paper and water (liquid)

» Wetting

» Contact angle

» Surface energy

» Sizing degree

» Liquid penetration
» Swelling
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Surface chemistry - Contact angle

= Contact angle (6)
= The angle made by the solid and liquid surfaces
when a liquid droplet is placed on a solid
surface.
= When 0°< ¢ < 90°, “wetted” and when >90°
“unwetted”.
= Young equation
m When the contact angle
is constant, horizontal
components of forces
are balanced.

1>y CHBE. COXSBERAREERST. RAIBEREEEERICH
AoTRRICES LTUES,
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Surface chemistry - Contact angle

= Contact angle on a rough solid surface

m Supposed that the area including
microscopic structure is r times larger
than the apparent one,

m Wenzel’s contact angle

cost =rcost

0=60"° &L.r=1.414(vV2) T BHE0WITAEMN ?
cosBw=v2 X cos60° =vV2X1/2=1/V2
&oT.6w=45°

B—DEET.0=120° DFEFXESIM?
cosBw=v2 X cos120° =v2x (-1/2) =-(1/v2)
&£oT.6w=135°
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s\Wenzel’s equation

m On a rough surface,
when 6, < fdat 6 <
90°, easily-wetted
surfaces become
more easily-wetted.
But, when g, > @ at
6 > 90°, hardly-
wetted surfaces
become more hardly-
wetted.

R T O A Ow

Surface chemistry - Contact angle

cos@, =rcosf

150

120

90

60

30

Easily-wetted

L | SO0000000000E00000000000
0 30 60 90 120 150 180
HOEMA
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Contact angle of paper - Beating effect

o
(o))
c
@
3
+ 100 -~5000 Rev beating
S g0 -=-10000[E AN

--20000[=] AN 7

80
0 200 400 600

Contact time, s
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Beating and smoothness
Hardwood kraft pulp sheet » Surfaces
smoothed by

20 beating

a became easily-
% 15 wetted.

g 10

g 5

o) 20000 Rev

0 /10000 Rev
5000 Rev
60 g/m2 0:35 TS 56 wpa
60 9/Mog glmzqg'gfmwf%.m MPa

»  Grammage and wet press pressure
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Surface chemistry - Contact angle

= On composite surfaces

m The effective contact angle 6. is dependent on
the areal ratio of each component.

m Cassie's law

mjs stated as |COS QC = (), cos ‘91 + 0, cos 92

, Where 6, is the contact
angle for component 1 with
areal fraction Q, and 6, is
the contact angle for
component 2 with areal

fraction 0, (O, + O, = 1).

-

\

Component 1

| Component 2

2 OCT 2013
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Surface chemistry - Contact angle

Q. What is the contact angle 0. of sized paper?

m Sizing agent need not cover the whole surface
of fibers for repelling water. If a sizing agent
covers 5% of the whole surface, what is the
contact angle 67?

m Assume that @is 0° for unsized fibers and 120°
for the covering size.

mcosd, = (G) |X cos0°® +

(H) | X cos120°

cosd,. = (1) = 0.925

Size
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Surface chemistry - Contact angle

Q2. What is the contact angle 8. of sized paper?

m Half the volume of paper is air. If 50% of
paper surface is air, what is the 6.7

m Assume that 4. of a true surface of sized
paper is 22.3° and @ of air is 180°.

mCosH,. = (K) Xcos22.3° + (K) X cos 180°
cosd,. = (K) X (L) |+ (K) [X[(M)
= (\) / 0.

6.=[ (0

____________________________________________________________________________________________________________________________________________
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Surface chemistry - Contact angle

m Comparison in Water absorption

”—F__—'ﬂ

Parchment Wood-containing paper

» “wood-containing” means “made from mechanical pulp”
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Liquid absorption theory - Capillary model

= Force developing around

a mer)lilscus of a liquid in N\ P=F/s-2pcosOr
a capillary (pipe) X Peost IR
= Steady flow in a pipe

E |~ 27r

& [ S=nr

Pr
Q:
&nl

. Capillary length
r: Capillary radius
n: Liquid viscosity
O:Volumetric flow rate o e

(Hagen-Poiseulle equation) ...
| 4

P=F/S=2cos6/r&Hagen-Poiseulled X [T AL T,

Q=(n X 2ycos@/rXr*) /8nl=mnr® yosl,/ anl

CCC. Q=dv/dt, dV=mr?dlZZMDT

Idl =(rycos@/an) dt&75D, BDRE\E D LT,

I=sqrt ((rycos@/2n) /t) 780D, Lucas-WashburnD™ E7% D,
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Q. Substitute the relation represented in the figure into

Liquid absorption theory - Capillary model

the H-P equation and develop the Lucas-Washburn equation.

= H-P equation

dVv

| Ldi i

(P)

P=F/S=2ycos /r%ZHagen-Poiseulle DX [T AL T,

Q=(nX 2ycosrXr*) /8nl=nr ycos8/ 4yl

CCC. Q=aV/dt, dV=nr? dIEDT

1dl =(rycos@dn) dtE13D, BREDUT,
I=sqrt(Cryeos@2n) /1) EISVD. Lucas-WashburnDT E 78D,

2 OCT 2013
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= Bristow’s apparatus

A liquid supply head filled with
a liquid of volume V' scans

Water absorption rate - How to measure

paper at various speeds v. —~ =1 mm (b)
Paper 1 I
moves 15 mm (W)
Ep L, |
» Contacttime 1=5b/v
Scan speed v
Slid width b
» Transfer Vol V=V/(wL)
Liquid volume  V
Slit width w
Trace length L

2 OCT 2013
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Water absorption rate — How to measure

»Contact time 7 = b/v
Scanspeed v
Slid width b

» Transfer Vol V=/V (wL)

Liquid volume V
Slit width W
Trace length L

V't = depth of penetration

2 OCT 2013
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Water absorption rate — water and oil

= For water,
V=V, +KT-T,

V. Roughness index

1]

7 Contact time
T, Wetting delay

s 8 =
K
\l\
\‘

Transferred liquid volume, ml/m?
=)
§ |
t
. \
*,

K, Absorption coeff. Water
=Foroil, T =0. ;
Then, (Ein---—_} a
V = Q) V,] T, Sqaure root scale
! L 1 1

0.01 0.10.2 0.5 1.0 1.5 2.0
........................................................................ Contact time,s ... T
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Water absorption rate - How to measure
» Automatic Scanning Absorptometer (> To meniscus

(Spiral-scan Bristow’s apparatus) getactor
» Scanning speed changes stepwise during Water supply

mfeasu.rement,’,//_’//— i head

“5mm~™>

Infrared sensor
Glass capillary

s |
—
Meniscus L& ] H

Step motor
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Water absorption rate of ink jet paper -ASA

40
mNo.1 A
NE ¢ No.2
=] ANo.3 A A
g A ‘AAA ﬁ.x‘... | ]
= A
0 £ g
& 20 4 Dny
1= ‘A‘Q
2 Fr
]
E 10
0 1 1
0 5 10 15
Square root of contact time, (ms)'2
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/— Limit of
elasticity

Load, N

Mechanical properties —Tensile strength

Load-elongation curve
= Method
= 15 mm in width
= 100 mm in span
= 10 mm/min elong speed
= Tensile index I
F
mf=—
wg

(w:width g:grammage)
= Strain at break &,

AL
.ST:T

Elongation, mm AL

= Modulus of elasticity E*

AF
E= — (T: thickness)

F=50N

AL=5mm

S ZEH10~34N, U IF1~2mm
TEtESES

2 OCT 2013
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e

Load, N

k

Mechanical properties —Tensile strength

Plastic region
= Extension of curl
m Extension of micro-
compression
= Breakage of inter-
fiber bonds
m Breakage of fibers

Elongation, mm

Elastic region
= Elastic elongation of fibers
= Elastic elongation of fiber
network

2 OCT 2013
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Anisotropy—Tensile strength

~—— Unbeaten kraft paper (89.4 g/m?2)
} MD
Copy paper (64.4 g/m2)
Y— /
o
X
= v Unbeaten kraft
g Copy paper
-l
__—-—'""—'_'/——‘—-"—_
|
2 8
Elongatlon %
B
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Anisotropy—Tensile strength

12

10 |
= 8 | Light-weight coat.ed paper(64.9 g/mj) } MD
> / Newsprint paper(46.4 g/m2)
o 6
®©
3 4 ight-weight coated paper} cD

Newsprint paper
0 A I 1 1 |

0 1 2 3 4 5 6 7 8
Elongation, %

Q. Why does light-weight coated paper elongate greatly?

174



Process Technology of Papermaking by
Toshiharu Enomae

Mechanical properties — Stiffness

» (Bending) stiffness S represents the degree to which

paper resists bending S=EI
S=Mr E is Young’s modulus
M is bending I'is area moment of
moment 7 (m) inertia
r is radius of
curvature
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Mechanical properties — Stiffness

» Taber Stiffness
» Bending moment
when a test piece
38mm wide is bent
to 15° and load
length 50 mm
» The unit is mN-m
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Mechanical properties — Folding endurance

» Folding endurance

» logarithm number of "1kgf
double folds at 120°
on both sides that
are required to
make a test piece
break

» Longer fibers
tend to show
higher values.
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Pabper absorbs water.

Paper substrate

» Capillary force due to porous structure

» Liquid transport
<5 designed channel

Lab-on-paper as a medical check-up sensor

Micro-fluidic circuits. Micro-fluidic channels’z & EREIE N B

PatterningldpalZ7 2tk
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Lab-on-paper as a medical check-up sensor

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Self-diaanocic at home

Doctors in HOSPITAL #h
‘. 3 Patlents at HOME

» decreases the number of patients
* shortens hospital stay
—Secure appropriate medical service in hospital

[ Affordable & easy-to-handle device is required ]

in thesedays, self-diagnosis is more and more attractive because of the increasing
demand of medical resources like doctors.

it requires inexpensive and easy-to-handle medical device.

In-patients AfRE &

Home patients EEBRH

184



Process Technology of Papermaking by
Toshiharu Enomae

Electrochemical Lab-on-Paper

1
raper !
1
i

* Liquid transportation

rapricarion

* Ink jet

[mmmmm e

Microchannel

* Multiple test = )
1 - . Electrochemical analysis
* Small amount of E 9

|iqUid 'r'é'q[,ir'e'd _'QUCII‘ITITGTIVGGI’IGIYSIS

it is the concept of our work.
by integrating paper, microchannel & electrochemistry, a low-cost smart multiple assay
can be obtained.
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Electrochemical Lab-on-Paper

it is the concept of our work.
by integrating paper, microchannel & electrochemistry, a low-cost smart multiple assay
can be obtained.
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Paper Preparation

Improve printability

* Decrease pore size— prevent ink bleeding
* Materials...cotton pulp—almost none of impurities

Beating Density of paper
(Revolution, PFI mill) (g/em3)
1 10000 0.568
2 20000 0.622
3 30000 0.641 |

Paper substrate was successfully designed

2 OCT 2013
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Electrochemical Lab-on-Paper

rapricdrion

* Ink jet

e e e

r

Microchannel

* Multiple test
* Small amount of
liquid Tequired ™ T TUTmTITATIVETGITG Ty STS T

it is the concept of our work.
by integrating paper, microchannel & electrochemistry, a low-cost smart multiple assay
can be obtained.
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mUV curable ink for hydrophobic barrie
7.7PojrymeﬁZEd"bY"Uvnghf’ifrqdiqﬁon —————————————————————

* Monomers, oligomers, initiators in ethanol — VOC-free

Ingredients of UV ink

)

0 0 &
HkO/C%HsT H\O/CszoOJH O
| | | .

Octadecyl acrylate| 1,10-decanediol acrylate Irgacure 819
59.5% 25.5% 15.0%

[ Solvent-free & Green Material ]

> Citterio, D. ef al., Proc. MicroTAS 2011, 2099-2101
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Microchannel Fabrication

1) prmtmg UV irradiation

Perspective

-

)

“=

M|crochunnel was successfully fubnculed

2 OCT 2013
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Electrochemical Lab-on-Paper

rapricdrion

* Ink jet

e e e

r

it is the concept of our work.
by integrating paper, microchannel & electrochemistry, a low-cost smart multiple assay
can be obtained.
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Fabrication Processes of electrodes

| I I I Electrodes printed with PEDOT:PSS

Prepared paper / .
Micro-channel printed with

| .
" BMP printed UV-curable ink

Enzyme (Glucose oxidase) printed

e e T —— - = = e = = = e =

= =

PEDOT:PSS (electrode)

[ Lab-on-Paper was successfully fabricated

2 OCT 2013
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Tested glucose solution |
« 1 MKCI : . :
« 1 M PBS buffer i Glucose oxidase e i
* Various amounts of glucose | I GlucosetO, 7' p:

e b N TR S s

Blood glucose level
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Current (LA)

Chronoamperometry for Glucose Test

Current valve at 0.5 V
o {vse

printed-pseudo-reference-electrede}-—— s
2.5 r
[ y =4.90x + 0.30
> [ R2 = 0.98
[ n=3
1.5 q)
1
0.5

Glucose concentration (mg/mL)

0 0.1 0.2 0.3

Glucose conc. was successfully measured

2 OCT 2013
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