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Physical Characteristics of “Hiromi” Square in Kanazawa

—Study for Community Building —
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“Hiromi” is a small open space located in middle of roads in Kanazawa. There are many open

spaces look like “Hiromi

”_in center district of Kanazawa, that are planned and constructed during

Edo period. This paper shows that there are many “Hiromi”s surrounded by housing units and can

be used as community open space. We can classify into 6 types by shape of “Hriromi”. Three road

junction of Y shape is particularly located in housing district. Odd-shaped crossroads can provide

space for flower pots or street furniture. Long shaped Hiromi may be used effectively by shop

tenants and neighbor residents.
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The task of this paper is to discuss the succession of style in Viollet-le-Duc’s concept of “style”

which is related to four elements such as craving, inspiration, ideal, and principle.

Therefore, in

this paper, after the comprehension and classification of “style”, the analysis of the Abbey of

Saint-Denis gave us a sign of the infancy of the styles of Gothic transmitted from the styles of

Romanesque.
style is valuable in his architectural thought.

In conclusion, it is made clear that Viollet-le-Duc’s indication of the succession of

Keywords: Viollet-le-Duc, Succession of Style, Style, Characters, Principle, Ideal

1. Introduction

Both ancient and modem civilization left us are those
enormous intellectual products in the fields of Art which
defined by Viollet-le-Duc as Music, Architecture,
in his Entretiens sur

Sculpture and Painting

Darchitecture'. Similar to other 3 sisters, Architecture,
in no matter which period, can arouse persons’ feeling at
their first sight, or rather, its unique style and amazing
beauty can make a lasting impression on persons.

Before 1750, architecture was a straight forward
matter of building in accordance with established
principles, whereby an architect’s imagination and
artistic sense could be fully exercised whilst keeping
within the limits of certain acknowlédged rules 2.
Afterward style had been defined in various scales by
different people, including in the area of architecture.
As mentioned above, the importance of style is its
uniqueness. In the long history of human being, the
style ceased, while the particular type of civilization it
expressed had come to an end; however the name
remained. As soon as a new epoch coming, some

available ornes chosen from the evoked memories would

*Systems Design Engineering Course, Graduate
School of Engineering
** Architecture and  Civil

Graduate School of Engineering

Engineering Course,

be defined more exactly for conveying the more
expressive idea. Therefore, how ordinary people see
style and how architects use the perspective of style into
their work is the key point for letting their work to be
immortal. i
About style writing in architecture, there were three
leading architectural theorists of the mid-nineteenth
century, John Ruskin, Gottfried Semper and Eugéne
Emmanuel Viollet-le-Duc, who were absorbed in
searching for a style that could represent their age. In
The Seven Lamps, for the rejection of styles and the
pursuit of style, Ruskin argued that “we want no new

But we want some style”>.

style in architecture.
According to Ruskin, as soon as a single style had
become universally accepted, its adaptation would
eventually produce a new style suitable to a new world.
Semper regarded style as the result of an interaction
His doctrine

of style is to deal with the exigencies of the work, itself

between internal and external conditions.

and which are based upon certain laws of nature and of
necessity, which are the same at all times and under
every circumstance, moreover, the local and personal
influences, such as the climate and physical constitution
of a country, the political and religious institutions of a
nation, the person or the corporation by whom a work is
ordered, the place for which it is destined, and the
Occasion on which it was produced, finally also the
individual personality of the Artist’. Viollet-le-Duc, the

last great theorist in the world of architecture, wrote his
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famous theoretical system in a book named Dictionnaire
raisonné de ['architecture francaise du Xle au XVle
In the
entry “Style”, Viollet-le-Duc offers the statement that

siécle, 10 vols., with an alphabetical order.

style is the manifestation of an ideal based on a principle
and considers that style belongs to men and is
of objects. The
consideration is that style resides in the act of design that

independent most  important

precedes execution. Therefore, style can be developed
and renewed from generation to generation under the
rationality and people’s intelligence. Although Ruskin
denied  Viollet-le-Duc’s

interpretation of ancient architecture, their description of

and  Semper practical
style were similar with Viollet-le-Duc’s at some point.
Actually, Viollet-le-Duc could not create a timeless
architectural style by himself, but he showed to others
the philosophical foundation and method that they could
use to develop even radically new form languages. In
order to understand the explicated definition of style, we
can start our study from the entry “style” in his

Dictionnaire.
2. The general meaning of style

In the literacy, the word “style” came from Latin word
as “Stilus” in the beginning of the 14™ century. In Latin,
“Stilus” means “a pike or pale”, also “a stylus for
writing”. Therefore, the original meaning of “style” is
On the basis of this, “style” has

been given various extended meanings. For instance, in

“a style of writing”.

the context of literature and music, it refers to “genre”; in
the arts and architecture, it refers to “design”; in the
context of media, it refers to “format”; in the area of the
personal expression, it refers to “fashion”. From these
synonyms, we can learn that the word “style” is referred
to the features which belong to the form and expression
rather than to the substance of the thought or matter
expressed. On the other hand, Furetiére, in his
dictionary of 1690, defined style by explaining that the
lofty of sublime style should be used for public
utterances, and the medium or familiar style should be
employed in conversation, whilst the low or popular style
was to be reserved for comedies and burlesque”.
Except these literal interpretations, in order to learn,
grasp and apply the perceptual style concepts perfectly,
the definition of “style” and its profound meaning should

be learnt more detailed from Viollet-le-Duc’s thorough

exposition.
3. The conceptual meaning of style by Viollet-le-Duc

Eugéne Emmanuel Viollet-le-Duc (1814-79), vartist,
architect and master of historic preservation, was one of
the architectural giants of the 19™ century. Throughout
his life, there were three important persons who decided
and supported his career. Under the instruction from his
bachelor uncle Eugene Délécluze who was an artist and
well known critic, Viollet-le-Duc cul‘;ivated the observing
and understanding faculties by his skill in drawing, the
harmoniousness of colour and the sharp eye of object.
Then, receiving the invitation from Prosper Mérimée who
was the head of the Monuments Historiques as well as the
author of the most famous novel Carmen, Viollet-le-Duc
gained a rich knowledge on medieval architecture through
a series of restoration jobs. Moreover, along with
Jean-Baptiste-Antoine Lassus (1807-1857), the collaborator,
Viollet-le-Duc carried out the restoration of Notre-Dame
de Paris which were lasting 23 years. Being a restorer,
Viollet-le-Duc  insisted to follow the archeological
Therefore, this

restoration project, the one that ordered outstanding

evidence of the monument he restores.

i(nowledge and talent, gave him a chance to practice his
thought and theory, moreover, to prompt him to write
down the logical system based on materialism and
rationalism through the practices. i

In the area of architeéture, Viollet-le-Duc has been
named as a theorist master, because he not only protected
and revived the medieval architectures, but also found out
the philosophy behind them and made a definition to a
coherent system in Gothic®. His remarkable achievement
has been represented in his Dictionnaire raisonné de
Uarchitecture francaise du Xle au XVle siécle, 10 vols.
and its companion Entretiens sur I'architecture. In spite
of Viollet-le-Duc’s own words as “our deficiencies have
perhaps constrained us to give this work the form of a
dictionary””’, Dictionnaire and Entretiens still have had a
great influence upon people’s ideology.

Viollet-le-Duc defined “style” in his Dictionnaire and
Entretiens explicitly. Under the term of STYLE in the
Dictionnaire, there is “le style’”
styles” (the styles) within “stvle” (Style)®, an abstract noun,

which is the appropriation of a form of art to the object’.

(the style) as well as “/es

Every age of architecture can be characterized

elementarily by a series of constant features. Les styles



(the styles) are just the characters used to make distinguish
among the different schools, different epochs. Therefore,
using the phrase as “the styles of Greek or Roman or
Byzantine or Romanesque or Gothic architecture”, we can

classify the monuments of various arts.

For example, in France, both L’église Saint-Trophime'

d’Arles and la Cathédrale Notre-Dame de Paris have a
long history as they are built in the Middle Ages. Strictly
speaking, under the general subdivision caused by the
works of Henri Pirenne'® and Johan Huizinga'', they are
the monuments of High Middle Ages (AD1000-1300).
The Middle Ages is a period when tremendous changes
took place in Europe.
consolidation of the State decided the future territory of
each country in modern Europe. In the development of
language and culture, simultaneously with the translation
of ancient works from Greek or Arabic into Latin, lyric
and epic, especially the heroic chanson de geste, were
tending to mature. In the industry and commerce, the
revival of industry brought about a prosperous trade,
furthered communications inter-town, inter-region and
inter-state. Moreover, ideologically, religions, especially
Christianity, began to exercise their dominion. Christ is
derived from the Greek word “Christos” which means “the
Anointed”.
Christ.
people believed that Jesus was bom to save them from
Without a

As a result,

Most of people considered Christ as Jesus
At that time, under the brutal Roman govemrors,

untold miseries against the Roman Empire.
doubt, Emperors banned the organization.
Pontius Pilate, the governor of the Roman Judaea
Province, presided over the trial of Jesus. Things will
develop in the opposite direction when they become
extreme. Along with the fact that the elite and the rich
became the member of the Christ, the Edict of Toleration
was passed by Emperor Constantine in 313. In pace with
the spread of the Christian faith, after moving to
Constantinople, Emperor Constantine began to set up a
large church building for the needs of large meeting. His
behaviour symbolized that the architectures in the Middle
Ages would take the church buildings as the principal.
Therefore, in the sight of the ordinary people, no matter
the edifice is L’église (the church) or la Cathédrale (the
cathedral), commonly it is a church for prayer and worship,
except a bishop’s seat for la Cathédrale. In fact, even the
non-professional can understand the styles of something,
so long as he or she finds out the characters of architecture

and classifies them. In this case, as the 'styles of

Politically, the expansion and’
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Romanesque architecture are the round arch, the barrel
vault, piers, the supporting vault and the cruciform layout,
the L’église Saint-Trophime d’Arles built in 12" century is
considered as the major work of the Romanesque
architectures; then, the Cathédrale Notre-Dame de Paris
built from 1163 to 1345, which has the pointed arch, the
ribbed vault and the flying buttress that represent the
styles of Gothic architecture, is considered as one of the
finest examples of Gothic in France.

In Viollet-le-Duc’s statement about “les styles” (the
styles), there is one thing deserved to be studied more.
He acquainted the term as Greek style, Roman style,
Byzantine style, Romanesque style or Gothic style which
was used popularly, but these terms should be rectified as
Greek form, Roman form, Byzantine form, Romanesque
form and Gothic form, because the word style does not
Although

the term of “la forme” (form) can not be found from his

apply to those specific characteristics of art'?,

Dictionnaire, something similar to this term can be learnt
from its etymons. In Latin, “forma” means shape and
beauty. The oldest ancestor in Greek is “£100¢”. In
the modern English, the general sense of “g1dog ™ is the
look of a thing by means of which person recognizes it,
viz. the nature characteristic of the thing. According to
Viollet-le-Duc’s statement, since /es styles (the styles) are
used to refer to the characters of architecture, the general
meaning of “la forme” (form) should be the same with
“les styles” (the styles).

On the other hand, Viollet-le-Duc gave clear definitions
to “le style” (the style). He stated that “/e style” (the
style) belongs to the art taken as concept of the spirit so
that in the works of art it is the demonstration of an ideal
established on a principle?. Owing to the vague
knowledge of what kind of style can express the spirit and
idea, he stated that there were two factors in “le style”
(the style), “le stvle absolu” (the absolute style) and “le
style relatif” (the relative style) further'®. Follow the
literal meaning, relative is used to explain one thing that
has a particular content or function only when compared
with something else. Hence, among edifices restored by
Viollet-le-Duc, there are the Chédteau de Roquetaillade
built in the 14™ century by Cardianl de la Mothe, nephew
of Pope Clement VI and the Cathédrale Notre-Dame de
Obviously, the style in such as the fenced-off

forecourt, enceinte walls, cylindrical flanking towers, a

Paris.

gatehouse and an enclosed park is appropriate for chiteau

or castle in English, but not for Cathédrale. This style is
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the one called as the relative style. In Art which consists
of Music, Architecture, Sculpture and Painting, “le style
relatif ”(the relative style) can be modified according to
Besides, “le
style absolu” (the absolute style) dominates the concept.

the usage or the destination of the object.

If an architecture, for example, a church or a dwelling can
leave the vestige of an expression of art with its principle,
rather than the object itself; it has the style. We consider
itas “le style absolu” (the absolute style) definitely.

4. The transition of style from Romanesque to Gothic

Obviously, the reason why a work is acknowledged as a
work of art depends upon its style.

Since Viollet-le-Duc likened the works of art to the
human body as well as the style to the human blood"’, the
style has a great vitality. The key for human being
passing on from generation to generation is DNA. Then,
style has his own particular DNA to hand down from
generation to generation through infancy, youth, the robust
and the senile. The constituent elements of this
particular DNA are ideal, inspiration and principles.
Studying . the
architecture to Gothic architecture can find out the process

stylistic transition from Romanesque
of their eternal.

As mentioned above, the Middle Ages is also called the
civilizations of Christian. Therefore, the expression of
the theory of God had been the focus on the architectures.
Although Romanesque churches satisfied the requirement
for holding large crowds with its Latin cross shape nave,
the stone ribs with intersected barrel or groin vaults
caused heavy pressure outward. In order to reduce the
pressure, thick walls and small windows were used.
However, the revealed weak points such as low and dim
did not solved until Abbot Suger’s the Abbey of
Saint-Denis.

Abbot Suger, reputed as the creator, the inventor or the
originator of Gothic church, rebuilt the Abbey of
Saint-Denis from 1140 to 1144 which dated the first
His fruitful and

long relationship with Saint-Denis was established not

Gothic edifice under the rich finance.

only on being a student, the Secretary and the Abbot of
this Abbey, but also on his craving when he was a pupil in
school.

From Suger’s two books De administratione and De
consecratione, despite the meaning of his used form was
not explicated clearly, his ideal of God as the supematural

into
Meanwhile, benefited
from the spread traditional knowledge of building by the

light and mortal

immateriality could be learnt'®.

transforming  materiality

builders moved from one town to another during the 11"
and 12" century, and inspired by God first, Suger was
successful in gathering the various emerging features of
Gothic into Saint-Denis.

The appearance of Saint-Denis gave us the features to
be considered as Gothic elements, despite several
The first feature is the rose
The

rose window in the west front is the earliest known

Romanesque elements.

window which has the origin of Roman oculus.

example of the west portal, although Suger’s original

rose window is no longer remained. From
Viollet-le-Duc’s drawing, except the vague impression of
circular window which is a feature of Romanesque
churches, at the center there is a very large ocular space.
Moreover, the glasses supported by an iron hoop are
surrounded by semi-circular cusped lobes. The second
feature is the pointed arch and the ribbed vault. Suger
borrowed these features from the Romanesque edifices,
Abbey aux Dames in Caen where the vault spaces are
curved both from the transverse arch as well as the
intermediate arch, and the ambulatory of Morienval with
its recorded earliest structural pointed arch'’, due to their
cffectiveness in light and shade and line composition.
Particularly, Suger showed the great virtues of pointed
arch such as its small thrust, as compared with the round
Afterward, the ribbed
vault crowned in a pointed arch influenced on other
The third feature is the flying buttress.
Structurally, the development of vaulting met the
Therefore, the

largest clerestory windows were permitted to be inserted

arch and its variation in height.
buildings.
concentrated thrusts by flying buttresses.
for the purpose of space, light and beauty. The forth
feature is the ambulatory with radiating chapéls derived

In fact, the
chancel and ambulatory with its famous stained glass

from the Carolingian basilican church.

windows represented the Gothic elements vividly. At
east end of the Abbey, there are two big windows which
The
last feature is the stained glass window. Although it

are thin and transparent for allowing more light in.

had been presented in Romanesque churches, Suger is
the first person using them widely in an extraordinary
manner.

All of these marked features can also be learnt from

Viollet-le-Duc’s writings. He stated that the ribbed vault,



the pointed arch and the flying buttress were the most
important particular characters in the analysis of Gothic
architecture. The most important is Suger’s Saint-Denis,
a work of art harmonized the new with the old, declared
itself being a bridge between the styles of Romanesque
and the styles of Gothic.

Suger stated in his De administratione, as well as the

Meanwhile, just like what

verses on the door, that Bright is the noble work; but,
being nobly bright, the work should brighten the minds, so
that they my travel, through the true lights, to the True
Light where Christ is the true door. ... The dull mind rises
in truth through that which is material and, in seeing this
These

sentences claimed Suger’s principle, the classical one, as

light, is resurrected from its former submersion.

“Lux Continue” which means the church shines with
bright pervaded by the new light. From that on, light
became an important element of religious symbolism of

Gothic cathedrals.
5. Conclusion

On the basis of the analysis, the crux of Suger’s work
has been discovered. The craving of rebuilding the
Abbey of Saint-Denis from his youngest days as a monk
made him not to be thwarted in his desire to express his
ideal of God as the

supematural light was established on the principle of

architectural - vision. His
“Lux Continue”.  Saint-Denis, a place that would
celebrate the Holy Light which emphasized the totality
of the concept of the Heavenly Jerusalem'®, is just the
perfect demonstration which means that it has “/e style”
(the style) as well as “le style absc;lu” (the absolute style).
On the other hand, just as Viollet-le-Duc indicated,
Saint-Denis has characters which mean that it has “les
styles” (the styles), so that we can distinguish it from
Basilica and Romanesque to the infancy of Gothic.

The
Viollet-le-Duc’s qualitative distinction of style.

following figure shows the studying of
The analysis of these characters shows that Saint-Denis
was nurtured by Suger’s ideal and principle, in which
is the

demonstration of the vitality possessed by style, rather

structure, space and light were fused. It

than by an edifice which imitated Romanesque. The
succession of style named by Viollet-le-Duc is witnessed
by the rebirth of ruining Saint-Denis. Furthermore, it
will continue by coming of newly definite and developed

one which man produced by its internal essence.
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ces caracteres particuliers
these particular characters

|

la forme
the form

appropriate

style
style
|
le styles le style
the styles the style

la manifestation d’un idéal
éstabli sur un principe

the demonstration of an ideal
established on a principle .

les caractéres
the characters

le stvle absolu
the absolute style

le style relatife
the relative style

suivant la destination
follow the destination

concepltion
conception

Family Tree of Style

There are three basic components: that is to say, first, an
ideal of lightweight construction appliéd to the handling of
vaulted structures; second, a yeaming for increased
spaciousness with the feeling of freedom and power; last,
a sense of architectural rhythm, a proper way of dividing
and accenting forms in space, which decided the unique
combination of tendencies in the early Gothic. The terms
of “the beauty of length and width” used by Abbot Suger
conducted Gothic architecture to start afresh with a
renewed sense of its original vitality from time to time
during its development and innovation.

In Gustave Flaubert’s novel Bowvard et Pécuchet
published in 1881, a character exclaims “but, the style of a
monument does not always coincide with the date one
supposes. The rounded arch is still prevalent in Provence
in the 13" century. The pointed arch is perhaps of an
earlier origin, and yet scholars debate the antiquity of the
»19

Romanesque over the Gothic style In the entry Style,
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Viollet-le-Duc developed the existing ideas that a building
should consist of only one style into the world of art.
Accordingly, the Gothic style for Viollet-le-Duc is also a
one of rib vault, flying buttress and pointed arch. Thus it
can be seen as very important that the basic decisive
reason why the past and present could be integrated in
architectural forms in a way almost incomprehensible to
the Middle Ages is the succession of style.  This is the
presupposition to be studied in the future.
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The aim of this paper is to discuss the nature of Viollet-le-Duc’s theory of goiit.

It is tried

through the analysis of his thought under the entry “go#it ” in Vol. 6 of Dictionnaire raisonnée
de I'architecture francaise du XI° au XVI° siécle, as well as some related discussions in the

first volume of Entretiens sur l'architecture about philosophy, aesthetics and architecture.

Moreover, this paper aims at showing that an understanding of Viollet-le-Duc’s view of goit
is essential to explore the possibility of his influence on the creation of style in the architecture

of our era.
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Synthesis and Gas Permeability of Poly(diphenylacetylene)s

Having Ethylene Amine Moieties
Koji KAMEOKA*, Toshikazu SAKAGUCHI", and Tamotsu HASHIMOTO"
(Received January 8, 2009)

The polymerizations of 1-(3-methylphenyl)-2-(4-trimethylsilyl)phenylacetylene (1a), 1-(4-
methylphenyl)-2-(4-trimethylsilyl)phenylacetylene (1b), and 1-(3-bromophenyl)-2-(4-trimethyl-
silyl)phenylacetylene (1¢) were with TaCls—#-BusSn
high-molecular-weight polymers (2a, 2b, and 2¢, respectively) (M, > 1.6X106j. The obtained
polymers (2a and 2b) were brominated by using BPO and NBS first, followed by substitution of

carried out to give relatively

ethylene diamine. Substitution reaction for 2a did not proceed, while 2b was partially substituted

by ethylene diamine. The degree of substitution was estimated to be 0.30 by the comparison of IR
spectra of the polymers before and after substitution. Substitution reaction for 2¢ was performed
by using ethylene diamine and tetraethylene pentamine with Pd catalyst, however both degrees of
substitution seemed to be very low. The CO,/N, separation factor of the ethylene
diamine-substituted 2b was 8.13, which is slightly larger than that of 2b (6.32).
that substitution of amino groups with low content hardly effects on CO, permselectivity. On the
other hand, the CO, permeability coefficient (PC0,) of ethylene diamine-substituted 2b was small

(248 barrers) compared to the PCO, of 2b.  The reason for decrease of permeability was likely due

This indicates

to the increase of the polymer chain packing induced by the increase of polymer polarity.

Key Words : ethylene diamine, diphenylacetylene, gas permeability, gas permselectivity, membrane,

carbon dioxide
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Table 1. Molecular weights of the polymers
Mx10° MM,
poly(m-CHs) 1.79 231
poly(m-CH,Br) 2.65 1.72
poly(m-CH,-2N) insoluble
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poly(m-CHZ2Br) \-.!
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wavenumbers (cm-1)

4000

Fig.1 IR spectra of poly(m-CHj;), poly(m-CH,Br),

and poly(m-CH;-2N).

DR TE, 7B bRIENDEITL TS Z E2b
Dol T I MERIEHBDOAR Y =—D IR A7 kL
HBREREEBR OGNtz 72 B0
B2 o -8E03 3400 cm™ 38 L 101450 em™ 12 BRUN A
RohBEFHETELN, TnNOORNAR LN
WIEMND, TIJETEEAEBEHRL TRV
EREBZOND. TOZEDLLERETO
poly(m-CH,Br)®D 7 3 /MEEM#%Lw&%z%
na.

3.2 Poly(p-CH,Br)®7 X /1L

BB TOSFEDEN % Table 2 12779 RHI
DR Y <=—=TH %5 poly(p-CH3) DEFEHI5y T-B(M)IZ
L63x10° L B TETH Y, LB (M,/M)E 2.18
Tholz. RRLED M, & MJM, ITFNEh
1.56x10% & 2.56 ThoTz. T I LRI = —i3iF &
A EDBPEICRETH B0 GPC #HAWTHTF
EERETAHZENTE 2hoT.

WIZAN T BHARD IR A kL% Figure 2 127”7,
FOSRTIOR Y =—IZiZR 53720 800ecm™ Hir D%
IWARRFHEORY) v—THRLND Z L bEEL
RIS OHEITHRHRTERZ., 7I/RY =—12i1
3400 cm” £HIT I N-H #E AT A3k 2 IR UY, K TX 1450

—

poly(p-CHa)

b= N P

poly(p-CHBr) j\r

poly(p- CHZHZN\)-\\

1000

2000
wavenumbers (cm-1)

4000 3000

Fig. 2 IR spectra of poly(p-CHs), poly(p-CH,Br),
and poly(p-CH,-2N).

em fFHEICH BN D CNAERICHET 2 RINA RS
7. 72 800 cm! {13 D C-Br fEAIC B3 5 WU
DD LTWBEZ E0b b RISOETHHER TE 2.
1200 em™ (SiC-H)D WU % FEHEIZ 1450 cm™ DWRILGE
E»rbla=y MY OEBREZRDS L8503 T
HBZ ERbhot.

3.3 Polym-Br)®>7 X /1t

KRS, D5y + 8% Table 3 (Z7RF. Poly(m-Br)?®
M, 1% 1.98x10° & 3EFITE <, My/M, 13 1.90 & Ebidy
Wb, mFLPT7 IUN)EANTT
2 JAELT2854E, M, 1X 1.74x10° TH Y M,/M, 1% 2.08
EIFEAEERIL Lol TR F LN H
IVNHERAWTT 2 /L LTEBEA, M, 1% 2.45x10°
ERIGHTIOR Y = — L~ MTEmL, MJ/M,
X187 EIZEAEERL LD oTo. ZOREENS
TV MR E S 72T 2 ARSI BN T, R
V= —O R OEBIIE S > TWRWT & 2bh
o7,
RISEIORY) =—flE =F Lo PT7I v 2ERL
TR v —EORERD ZHE L, £ OFER% Table
4R T. USRETDR Y ~— O A 23 84.1° T
Hol-DITH L TZF LT IveBR LR

Table 2. Molecular weights of the polymers Table 3. Molecular weights of the polymers
Mx10 M,/M, Mx10° M,/ M,
poly(p-CH;) 1.63 2.18 poly(m-Br) 1.98 1.90
poly(p-CH;Br) 1.56 2.56 poly(m-2N) 1.74 2.08
poly(p-CH,-2N) insoluble poly(im-5N) 2.45 1.87




Table 4. Contact angles of water droplet located on
filmsurface of poly(m-Br) and poly(m-2N)

0 [deg] ¢ [deg]
poly(m-Br) poly(m-2N)
runl 88.0 75.5
run2 86.3 81.1
run3 82.2 82.3
run4 88.1 71.5
run5 80.4 80.2
average 84.1 79.3

v —XEH 79.3° TH Y, =F L DT I UOBERIC
L0 EMANDTNED Lz, 27 < 2 &R
BHLI-Z LICE DR v —RKOBEREE I KE
DHEFMENE LD ThdEE2bND. LML
RWRE, FOEINELT I/ EOBBREIHED T
BWEEZHND.

3.4 B —OFMME

EHCLIVELNERY v —ROBES FRIGED
RV~ —DOFRfEME % Table 5 127”7,

Poly(m-CHy)IX RV, Zmuaiih, YxFib
T —F )b, THF ICRIETH Y, EORWTE ko,
DMSO (CIIRIETH 7=, BR(LRIGHE, BEHIC
KEDEBEWVNIRONER2T=0NT I /10E1T5 &H
W BEEICREIZR 572 IR AT RGBT L
JEMNMTEALETERTE DTN, R <w—071R
BIZRol-Z e b7 2 /LD, R <—#HBT
R VEENLTEBLEZDOTIIRVWIAEEZOND.

RT BEIKDOVSIEMEIT A # BRIEOBE L FEEIC
LLITE Y poly(p-CHs) & poly(p-CH;Br)id kL2,
sunakRVbhi P OFBEREIZAIE TH o R

Table 5. Solubility of the polymers

poly(p-CH,-2N) 143 & @ DI IC RE TH o -
TORY=—IZBVWTH—HZEBLTNDZ LN
Exz6Nh5. -

Poly(m-Br) & = D SEIIVWTny bz,
sauafih, YrF/x—7 ), THF IZFEET
bolz. MEETHELIZF LT IVERIETT
N F LNy IURBREINESES, R
~—DERMEICHIBEDEBANRALND EEZ
BB M, poly(m-Br) D IGH DIEREMENIZE A E
B Lo Z b b T 2 EOBHRE I
HTHENEEBZBNS. '

35 RV ~w—EOKEERNME
FNFNORY = —EORETEEEZRTL, £
DfER % Table 6 IZR L7z,
Poly(m-CH;) ® —ER{V ik FE Z 1B FR B (Pco)id 5750
barrer T ¥, BF & OBIRME(PCO,/PN)IL 741 Th
7. BFENEITH Z & T Pco, i 4630 barrer 1272
D, PCOs/PN»1X7.06 & 727, BRILRIGETHRONR
) = — D —BiE RN L RIREIC KX RBVIER
Lot TIEEIT-7ZARY ~—D Pco,
1T 4250 barrer 12720, PCOo/PN, 1L 627 £720 2 H 5
HEIGATIDOR Y +—, RFCEORY v—& LT
KEBRBWVIRON o, 7TI/EOEAIZE
D LR EFBIRMENH T 2 ENFRIN,
BonizRY w—0DT I J EOBBRE NI TZHIC
BIRMEIIEM Loz B 3.
Poly(p-CH3)? Pco, Id 6450 barrer T ¥ , PCOy/PN,
i% 632 ThHotz. BEMEITHIZ LT PO, BLW
PCO,/PN; 1XE U231 3110 barrer, 9.01 & 72 ¥ KIGATO
R Y =L FEEMER T Y B M L.
7 2 /MbEAT 7oA ) = —D Pco, i3 248 barrer IZ72
h, RIGAIB LORFMEDOR Y v — L TR

hexane toluene CHCL Et,O THF acetone DMSO
poly(m-CH;) AN o . O O O X X
poly(m-CH,Br) AN O O O ©] X X
poly(m-CH,-2N) X X X X X X X
poly(p-CHs;) A O @) O @) X X
poly(p-CH;Br) A O @) O ©) X X
poly(p-CH,-2N) X X X X X X X
poly(m-Br) A o o O o X X
poly(m-2N) VAN @] O O 0] X X
poly(m-5N) A O O O O X X

Polymer concentration 0.10 wt%.
O: soluble, /A\: partly soluble, X: insoluble.
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Table 6. Gas permeability coefficients (P)" of the polymer membranes

PCO, PN, PO, PCO,/PN, PO,/PN,

poly(m-CH) 5750 776 1160 7.41 1.50
poly(n-CH,Br) 4630 656 1240 7.06 1.89
poly(m-CHy-2N) 4250 678 1290 6.27 1.90
poly(p-CHs) 6450 1020 1760 6.32 1.72
poly(p-CH,Br) 3110 345 690 9.01 2.00
poly(p-CHy-2N) 248 30.5 62.1 8.13 2.03
poly(m-Br) 6270 1200 1920 5.22 1.60
poly(m-2N) 8540 1360 2260 6.28 1.66
poly(m-5N) 9940 1920 2880 5.18 1.50

*In the units of 110" cm® (STP) cm cm™ s™ cmHg"l (=1 barrer).

RBARR OGN, BREOBDIIESEETHET

REERTAEODR) v —EHR LDy F L I
MRY, R v—[ERBIIRE-HDTHELER
bid. LU, Pco,/PN: X813 ThHY B
BEF oY v —LH_RTRA L. D7 & h
HIEWEBREDT I /bTIXT I 2 £ ¥ ZEB{LRE
& DBRFEDOBREPHT, T)v—ﬁmﬂ/#/ﬁ
EORBIERBIINBEZ X5,

Poly(m-Br)® Pco, IZ 6270 barrer T ¥, PCo./PN,
12523 Thot. TFLUIT7IVERNTT I/
TEEN) L7258 Y ~—0 Pco, I 8540 barrer 12721,
PCOy/PN2 1% 6.28 & 72 o TIRISRID R Y = — & L%
WS ERDBIRELmELE. TR FL
YEIVERANTT I LGN &I TR Y = —D
Pcoy B LT PCo,/PNy 1ZE L1 9940 barrer, 5.18 &
ol KISAIDOR Y ~=— & E_TEBMEIEEIn L,
BIPEIKIZE A B LR oz, LA LENRD,
TN DRV v —[ED ZE{LRFF M & IR M
REEFRLS, 2oL 7 I EOBBRERGRD T
IBNEWNS T LIRS B,

4. & W

AFRVAERIIVELNERY v —iF, WP
NHEEWASTFEZALTEY v R MNEZHWTE
SR v —EERETEETH -T2, ERICLVE
bR v — 2 JmOFRIETZF LU ITI Y
LT b FLoRUAIVERBREIETTS
JMbEITol. IRAXRY pAZRIETEZLETT I
JERISDEITEHERT AN TER., Ly

BNHT I /%@%ﬁﬁiwfn%ﬁw%wfbot.

T IR Y = =g ZER LR FRINEICK

ERBIMTZA N no Tz, BIREN 0.3 F2E LK
WAL, ZEMbRE L oFEfatE: B, SBIRME
EFRLESERHRITTEALENT, R ~—84/H
D8y F 2 TPER LERERREAT 5 Z L3
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Excess Reversing Heat Capacity during Quasi-isothermal Crystallization in
Poly(L-lactide) Melt
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Excess reversing heat capacity Cex of poly(L-lactide) (PLLA) during isothermal crystallization
from the melt has been investigated by quasi-isothermal temperature modulated differential scanning
calorimetry. Temporal evolution Cex(?) was evaluated on the basis of the two-phase model (crystalline
and amorphous phases). At temperatures above 120°C, Cex(f) exhibits a maximum, and the onset of
increase in Cex coincides with that of crystaliization. On the other hand, at temperatures below 115°C,
Cex decreases monotonously from the beginning. These results suggest that the reversible crystalli-
zation and melting process is facilitated by the formation of the o phase of PLLA crystal rather than
that of the less ordered o phase. In addition, non-zero excess reversing heat capacity was observed
even before the onset of crystallization, indicating the occurrence of reversible crystallization and
melting process that is not associated with the crystal growth. On the basis of the three-phase model
in which rigid amorphous phase is taken into account, Cex has been revealed to reach a greater value
than the initial non-zero value far after the completion of the non-reversible crystallization. Long-
term increase in the rigid amorphous fraction was observed after the completion of the crystalliza-

tion, which suggests formation of secondary crystals.

Key Words : PLLA, crystallization, excess reversing heat capacity, quasi-isothermal TMDSC

1. Introduction

Temperature modulated differential scanning calo-
rimetry (TMDSC) can provide detailed information of
thermal events in polymers and has revealed precise
behaviors of melting, crystallization, and dynamic glass
transition for various polymer systems“H“. It has been
demonstrated by TMDSC that reversible crystalliza-
tion and melting (RCM) process exists in addition to
non-reversible crystallization governed by the nucle-
ation and growth mechanism for various semicrystal-
line polymers such as polyethylene[4]'[7], poly(ethylene
oxide) b poly(ethylene terephthalate)!-°L10])
poly(s—caprolactone)[4], ethylene-octene copolymers[6],
ethylene-styrene copolymers[“], isotactic and syndiotac-
tic polypropylenes[4]’[6], etc. In these cases, apparent re-
versing heat capacity is greater than the thermodynamic
(equilibrium) heat capacity of the material even after the
crystallization has ceased. The RCM process essentially
occurs with no entropy production, and this is not incor-
porated in the crystal growth associated with the irrevers-

*Materials Science and Engineering Course, Graduate
School of Engineering

ible nucleation process. There must be some regions
where the RCM process occurs in a local equilibrium
between crystalline and amorphous states. However,
the location of the RCM region is not clear. They might
be in the interfacial region between the crystalline and
amorphous phases, either on the fold surface or on the
lateral surface of lamella crystallites**®). Alternatively,
they might be separated from the primary lamellae, be-
ing independent of their growth. The RCM mechanism
seems to depend on various factors especially‘ on the ma-
terial and thermal history.

Poly(L-lactide) (PLLA) is one of the most popular
polymers that can be used as a biodegradable material,
and various thermal properties of this polymer have been
extensively studied so far. TMDSC has been utilized to
investigate the heat capacity and dynamics around the
glass transition for PLLA'M!4] " Crystallization mecha-
nism of PLLA is also an important subject, because
crystallinity affects its mechanical and thermal properties
significantly. However, the crystallization behaviors of
PLLA have been revealed to be rather complicated''>!.
For example, a discontinuous change in crystallization
behaviors has been reported to occur at 113°C'¢1. Also,
PLLA freeze-dried from a very dilute solution exhibits
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a cold crystallization signal at a temperature 20 K lower
than the usual bulk PLLA!7MI8) [ addition, an issue
conceming different crystal structures of PLLA has been
raised recently. Three different crystalline modifica-
tions are known for PLLA, i.e., the a, B, and vy struc-
tures“gl'm], but a less ordered structure than the a modi-
fication (referred to as the o structure) has been found to
occur at low crystallization temperatures!>"?4, The o
phase can be converted to the o phase on heating.

The existence of excess reversing heat capacity in
PLLA has been demonstrated'®], but more precise data,
especially temporal change of the excess reversing heat
capacity during crystallization has not been reported so
far. The RCM process probably plays an important role
in crystallization of PLLA, and therefore, it is intriguing
to elucidate its origin and mechanism in detail.

In this work, we investigate the excess reversing heat
capacity for PLLA during melt crystallization by the
quasi-isothermal TMDSC,. and attempt to interpret the
results in terms of crystallinity, crystal structure, and the
heterogeneous rigid amorphous phase. The excess re-
versing heat capacity Cex can be obtained from the quasi-
isothermal TMDSC measurements as Cex = Cap — Co,
where Cyp is the apparent reversing heat capacity, and Co
is the thermodynamic heat capacity due to vibrational
degree of freedom and to additional degree of freedom
of the liquid phase. Ca, must be reversing heat capacity
in the sense that it is reversible within the experimental
amplitude and frequency of modulation. The excess
heat capacity thus obtained has been assumed to reflect
the RCM process. In this study, we have measured time
evolutions of both Cex and crystallinity simultaneously
from a quasi-isothermal TMDSC scan. Our method pro-
vides reliable information about the RCM p‘rocess, which
allows us to discuss precise mechanism for the melt crys-
tallization of PLLA.

2. Experimental

PLLA was supplied by Mitsui Chemicals Co. (My =
210 kg mol ™", 98% L units). Non-crystallizable polylac-
tide copolymer of D and L units (PDLLA) was purchased
from Aldrich, which was used to determine the thermo-
dynamic heat capacity in the liquid state. To remove
volatile impurities the polymers were freeze-dried from a
7.0wt% 1,4-dioxane solution, and was further dried under
vacuum at 46°C for 24 h. For the calorimetry measure-
ments we used a DSC calorimeter Perkin Elmer Pyris

Diamond. As a cooling system, either an ice-water bath
or an ethylene glycol-propylene glycol bath (kept at —30
°C) was used. The temperature and heat flow were cali-
brated by an indium standard. All measurements were
performed in a nitrogen atmosphere. Typical sample size
ranged from 6 to 10 mg.

Time evolution of the excess reversing heat capacity
during melt crystallization was obtained by the quasi-
isothermal TMDSC. Measurement was repeated several
times for different specimens to check the reproducibil-
ity. PLLA sample was first heated at 185°C or 210°C for
2 min, and then, it was quenched to 7. (crystallization
temperature), and then, a modulation with a saw-tooth
profile was applied®®, of which the period and amplitude
were 60 s and 0.5 K, respectively. T; ranged from 90 to
130°C. We confirmed that the Lissajous figures (heat
flow vs. temperature) showed no apparent distortion
throughout the scafnning period, thus the present condi-
tion of temperature modulation satisfied the 'reversing
condition' that the thermal response is recovered in one
period of the modulation.

The present quasi-isothermal condition with the small
amplitude of modulation is assumed to allow PLLA to
undergo isothermal crystallization from the-melt. From
the observed heat flow data, the apparent reversing heat
capacity (at constant pressure) was evaluated as

Cop(f) = Aur- K / (A1 o) i ¢))
where Aur and At are the first harmonic components of
the Fourier transformation of the observed heat flow and
sample temperature, respectively, and w is the modula-
tion frequency. K is a correction constant, which in-

cludes a time constant of heat conduction z, and modula-
[111,26]

K <1+ @2 )

We evaluated K by extrapolation of a reference sample

tion frequency w as

data to zero frequency, and the absolute value of Cyp was
further cotrected using a sapphire standard.
The excess reversing heat capacity was evaluated by
Cox(t) = Caplt) = Cil) 3
where Co(7) is the thermodynamic heat capacity for the
semi-crystalline PLLA, which includes no contributions
from reversible latent heat effects. During the quasi-
isothermal crystallization, Co(¢) changes with time as the
crystallinity increases. We evaluated Co(?) based on the
two-phase (amorphous liquid and crystal) model as

Co(H) = Xe(t) Cs + (1 - X () C 4)



where C; and C are the heat capacities of the solid (crys-
talline and/or glassy) and liquid states, respectively, and
Xc(2) is the temporal evolution of crystallinity (degree of
crystallizétion).

To evaluate the heat capacities Cs and C), we per-
formed measurements of the step-scan heating mode
of DSC[_”]. The repeating unit of the step-scan profile
consisted of a heating step of 2 K at a rate of 5K min!
followed by an isotherm step which ended after 10 con-
secutive points of heat flow fell within £0.01 mW. Cs
was obtained from the heat capacity data for PLLA in a
temperature range of 0 — 45°C, and extrapolation to high-
er temperatures was executed. As for €, we used the
step-scan data for PDLLA to avoid the effect of crystal-

Heat flow
<«——— exothermic

Time

Fig. 1 Typical heat flow curve observed during quasi-
isothermal TMDSC scan. The dotted curve indicates
baseline trace of the heat flow. The heat of crystal-
lization was evaluated as the indicated area.

lization during the scan. The obtained heat capacity data
were further corrected by using a calibration with respect
to a sapphire standard. The step-scan measurements for
Cs and Ci were repeated more than 10 times for different
specimens and their averaged traces were analyzed.

Time evolution of crystallinity X.(f) was evaluated
from the baseline drift of the modulated heat flow as de-
picted in Fig. 1. In addition, to confirm the value of ulti-
mate crystallinity Xc(co), a conventional DSC scan from
Te to 185°C was performed at 10 K min™' immediately
after the quasi-isothermal TMDSC measurement. From
the observed endotherm, calorimetric crystallinity was
evaluated. In the evaluation of the crystallinity, we used
a literature value of the enthalpy of fusion for PLLA as
90.9J g ' K127,

During the crystallization of PLLA, rigid amorphous
phase that has lower mobilities due to the constraint im-
posed by the crystalline lamellae may be formed!28412],
Such rigid amorphous phase may play an important role
in the melt crystallization, thus we also evaluated its
amount and tried to correct the Cex data with respect to
this contribution. After the completion of the melt crys-
tallization the sample was quenched to 28°C, and then a
heating step-scan was executed to evaluate the heat ca-
pacity change AC, at the glass transition temperature Tg.
The step-scan conditions were the same as mentioned
above. The ultimate rigid amorphous fraction Xra(c)
was obtained by

4 -

Heat capacity (J g1 K1)
N
|

50 100

! |
150 200

Temperature (°C)

Fig. 2 Thermodynamic heat capacities for PLLA and PDLLA obtained by the step-scan mode of DSC. The thick solid
curve indicates the heat capacity for PLLA quenched from the melt, and the gray thick line indicates that for PDLLA

(presented only for the data above T;). The open circles indicate the literature values of Ref. [27]. The thin lines
represent fitted lines for Cs(7) and Cy(T) obtained by the linear regression analysis; the expressions are given in the

text.
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Xra(0) = 1 = Xe(w0) —AC, / ACY (5)
where AC,” is the heat capacity change at T, for a com-
plete amorphous material. AC,® was evaluated as a
difference between C) and C; at the observed T,. The
experimental relations for C) and C; are presented in the
following section. Time evolution of the rigid amor-
phous fraction Xga(f) was also measured by interrupting
the quasi-isothermal crystallization at several different
times by quenching the sample to 28°C, followed by a
heating step-scan.

FT-IR measurements in the attenuated total reflection
mode were performed for the crystallized PLLA to in-
vestigate their crystal structure by using a Nicolet Nexus

870 infrared Raman spectrometer.
3. Results

Figure 2 shows the thermodynamic heat capacities
Cs and C) which were obtained by the step-scan heat-
ing measurements. Linear regression analysis exhibited
good fits to the data which yielded C«(T) / J g”' K™) =
1.1202 + 0.0042354 (T / °C), and C(T) / J g ' K ) =
1.8493 + 0.0014012 (T / °C), where T is the sample tem-
perature. The thin solid lines in Fig. 2 show the above
fitted relations. We used these relations to calculate Co(z)
according to Eq (4). The open circles indicate reported
heat capacities obtained by Pyda et all?”). Slight devia-
tions are seen from the reported data, which may be due
to the difference in material (molecular weight, purity,
etc.), or to the differences in experimental conditions.

We chose two different temperatures for the melt-
ing prior to the quasi-isothermal crystallization, i.e., 185
and 210°C. The latter temperature may be preferable to
achieve more homogeneous melt state than the former.
However, thermal degradation of the polymer may be
serious: we found a significant reduction in molecular
weight for a PLLA annealed at 210°C for 2 min. By
even such a severe annealing, completely homogeneous
state can not be achieved, and certain memory effects ex-
ist. This is even the case for crystallization in polymer
solutions as we have demonstrated for poly(ethylene

Bl In practice, no significant difference in Cex

oxide)
between the above two melting conditions was observed.
Thus, we present below the results with the former an-
nealing (at 185°C for 2 min) for which less degradation
of PLLA is expected. )

Figure 3 shows time-dependent excess reversing

heat capacity Cex(f) obtained at different crystallization

temperatures. Time evolutions of the crystallinity ob-
tained simultaneously are also plotted. We see that at
temperatures lower than 115°C, Cex(f) decreases monoto-
nously from the beginning, while at higher temperatures
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Fig. 3 Typical profiles for the excess reversing heat
capacities Cex(f) (solid curves) and crystallinity Xc(¢)
(dotted curves) obtained by the quasi-isothermal
TMDSC measurements. Here, Cex(f) was evaluated
according to the two-phase model. The vertical
lines indicate the time when the non-reversible
crystallization has almost ceased.
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above 120°C Cex exhibits a maximum. The maximum
position (time) shifts to later times as the crystallization
temperature is raised. It is noted that the decrease in Cex
continues even affer the completion of the non-reversible
crystallization as shown in Fig. 3 (the vertical lines show
the endpoint of crystallization). This is the case for all
the temperatures investigated (90 — 130°C). The ultimate
crystallinity Xc(oc) obtained at sufficiently long time (>
3 h) increases with increasing temperature as shown in
Table 1. This means that the crystallizable fraction in the
material increases with increasing T, due to increase in
segmental'mobility. ‘

The overall crystallization rate R was esti‘mated with
a reciprocal of the half-time for reaching the final crystal-
linity, i.e., R = 1/fp5s. The results are shown in Table 1. A
maximum is seen at around 100 — 110°C. However, the
discontinuity that has been reported to occur at 110 — 120
o633 is not obviously seen. The reason for this is not
clear, but if the discontinuity arises from the regime II -

11 transition[**

, it would be reflected more clearly in the
linear growth rate rather than the overall crystallization
rate.

The data of C;x in Fig. 3 is probably affected by the
rigid amorphous fraction Xra, because they were ob-
tained on the basis of the two-phase model in which the
contribution from the rigid amorphous phase was not
taken into account. Table 1 shows ultimate values of
XRra(o0) obtained at sufficiently long time (> 3 h). We see
that Xra(oo) decreases with increasing temperature. The
rigid amorphous phase may be rather heterogeneous hav-
ing wide variety of mobilities, and the amorphous phase
in semicrystalline PLLA has a distribution of relaxation
times broader than that of the amorphous phase in non-
crystalline PLLA. At elevated temperatures, only the
amorphous portions with lower mobilities remain glassy

Table 1 Ultimate crystallinity, overall crystallization
rate, and ultimate rigid amorphous fraction

T, (°C) Xo(c0) R1073s7h Xra(o0)
90 0.29+0.01 0.89=0.05  0.35+0.01
95 031002 132+0.18  0.32+0.01

100 034+0.02 1.69+046  029+0.02
105  037+0.01 156+0.04  027+0.01
110 040+0.01 1.67+029  027+0.01
115  043+001 135£0.09  0.26+0.02
120 046+0.03 1.11£0.07  022+0.02
125  0.50+£0.04 0.66+0.09  0.17+0.02
130 0.52+0.04 0.51+0.09  0.18+0.03

105
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on the time scale of the DSC measurement. This results
in smaller Xra's at higher temperatures. Amoult et al.
obtained a value of Xgra(cc) smaller than the present re-

2] The reason for this discrepancy is not clear, but

sults!
may be partially due to the difference in crystallization
condition.

Figure 4 shows time evolutions of the rigid amor-
phous fraction Xra(f) at Tc = 90°C and 130°C in the time
period after the completion of crystallization. Slightly
increasing profiles with respect to time are observed.
This suggests that certain structural change occurs even
after the crystallization has ceased, and this may be con-
nected with the apparent log-term decrease in Cex shown
in Fig. 3.

We found that the ultimate excess heat capacity
Cex(o0) based on the two-phase model tends to increase

with increasing 7. This tendency has been generally
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Fig. 4 Rigid amorphous fraction Xra(#) vs. time in the

i
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period after the completion of the crystallization.
The solid lines indicate results of linear regression

analysis.

~ N 1 1 | 1 1 .
v,
bo 0.37 R
)
2 A -
g
8§ 0.2+ -
§ é i
=
&
[}
5
& L
3
% 0.0 -
m T T T T T

90 100 110 120 130

T: (°C)

Fig. 5 Excess reversing heat capacities with respect
to the crystallization temperature .. Filled circles
indicate Cex(0) values corrected for the rigid

amorphous fraction according to Eq (6), and open
squares indicate the initial values Cex(0).

reported for other polymers[4], suggesting that the RCM
process is promoted as temperature approaches to the
melting point. However, if we take the contribution of
rigid amorphous phase into account, a different tendency
is obtained. We re-evaluated Cex(c0) according to

Cax(e0) = Cap(e0) — Xa(0) Cs—(1 - Xe(@)) G (6)
where

X(o0) = Xe(o0) + Xra(e0)

Equation (6) is based on the assumption that the material
consists of the crystalline, mobile amorphous, and rigid
amorphous phases (three-phase model). The corrected
Cex(0) shows a minimum at around 105°C as shown in
Fig. 5 (filled circles). In addition, we note that the initial

value of the excess reversing heat capacity Cex(0) exhib-
its a similar profile (open squares) to that of Cex(0).

4, Discussion

4.1 Initial and ultimate values of Cex ‘

In Fig. 3, non-zero excess heat capacity is observed
before the onset of crystallization at all the temperatures
investigated. This initial non-zero excess heat capacity
might be due to reversible formation and melting pro-
cess of unstable nuclei (with dimensions smaller than
the critical nucleus), which is not governed by activation
processes. The initial value Ccx(0) exhibits a minimum
at Tc = 105°C (Fig. 5). At elevated temperatures, seg-
mental mobility increases and the number of segments
that can undergo the RCM process is enhanced. This
results in the rise at the higher temperature end. On the
other hand, the origin of the rise at the lower temperature
end might be partially due to higher nucleation density

1331 The nuclei thus

during the quenching to lower T¢'s
formed might make the amorphous phase more heteroge-
neous, which facilitates the RCM process.

The profile of Cex(o0) against T¢ is very similar to that
of Cex(0) (Fig. 5). This suégests that the former profile
is governed by the latter, that is, the RCM region respon-
sible for the non-zero Cex(0) persists long after the non-
reversible crystallization has ceased. Figure 5 also shows
that Cex(o0) is slightly greater than Cex(0). The values of
Cex(o0) in this figure were evaluated on the basis of the
three-phase model, while Cex(0) values were based on
the two-phase model.. However, Cex(0) does not depend
on the model, because it is reasonable to assume that
Xra(0) = 0. Therefore, on the assumption of the three-
phase model, the above result indicates that the excess
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reversing heat capacity increases after the non-reversible
crystallization. This means that the RCM region is great-
er in semi-crystalline PLLA than in complete amorphous
PLLA, and that the RCM process still remains after the

non-reversible crystallization has ceased.

4.2 Contribution of the rigid amorphous phase
It is reasonably assumed that Xra(f) increases in ac-

cord with the increase in Xc(7) during crystallization. In
addition, Xra(¢f) slightly increases even after the comple-
tion of the crystallization as shown in Fig. 4. Unfortu-
nately, we could not obtain detailed time evolution data
of Xra because of experimental difficulty, and therefore,
we could not obtain profiles of Cex(f) based on the three-
phase model according to Eq (6): (It would be more
difficult to obtain precise Xra(f) data during the crystal-
lization than in the period of constant crystallinity.) Here
we present rough evaluation of Cex(#) on the basis of the
three-phase model using the data in Fig. 4 only in the lat-
er period after the completion of the crystallization. The
results are shown in Fig. 6, showing that Cex of the three-
phase model is nearly independent of time. In Fig. 3, Cex
decreases even after the completion of the crystallization,
but this is now corrected by the three-phase model. The
constancy of Cex in-spite of Xra indicates that the RCM
region is not reduced by the increased portion of rigid
amorphous phase. This suggests that the location of
the rigid amorphous region is separated from the RCM
region.

However, one could hardly conceive that the rigid
amorphous region develops slightly even after the
completion of the crystallization, because it is generally
considered that the formation of rigid amorphous phase
is associated with crystal growth. This log-term increase
in Xra might be related to the secondary crystalliza-
tion. Some semi-crystalline polymers that contain non-
crystallizable segments such as copolymers generally
exhibit multiple melting behaviors. This has often been

BABT] o

attributed to the secondary crystallization!!'"
to subsidiary crystallization that is associated with for-
mation of unstable bundle-like crystallites with fewer
chain foldings than in the primary lamellar crystallites.
Isothermally crystallized PLLA exhibits a double-melt-
ing behavior when crystallized at lower temperatures!®®),
but this has been attributed to melting-recrystallization
process or to the transition from the o' to o phase. Aside
from this, the secondary crystallization associated with
the formation of very unstable crystallites or bundle-
like nuclei in the liquid phase might occur even after the
completion of the lamellar growth, which leads to slight
decrease of the thermodynamic heat capacity Cop, result-

ing in the increase of apparent Xra.

4.3 Time evolution profile of Cex
From the above discussion based on the three-phase
model, we infer that the profile of corrected Cex(f) could
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Cex(9)

Time
Fig. 7. Schematic representation of the assumed profile
of Cex(f) based on the three-phase model. The onset

and endpoint of the non-reversible crystallization is
indicated as ¢ and fe, respectively.

be depicted as in Fig. 7. The maximum shown in Fig. 3
is retained if v;/e employ the three-phase model”. The
origin of the maximum may be explained as follows.
In the early stage of crystallization, the RCM region’
inclreases as the interfacial region grows with cwstalliéa—
tion, which gives rise to the additional increase from the
non-zero Cex(0). In the late stage, the surface-to-volume
ratio of crystallites decreases as the crystals grow, and
impingements of crystallites (spherulites) further con-
sume the mobile interfacial region, therefore, Cex de-
creases. The onset of the increase in Cex coincides with
that in Xc. Cex becomes constant after the completion of
the crystallization as evidenced by Fig. 6.

For isothermal crystallization of PLLA, it has been
reported that at low temperatures below 120°C, the less

ordered o' phase occurs!??!

. This loose structure may be
hexagonal packing, and can be characterized by wide-
angle X-ray diffraction and FT-IR spectroscopy®M24. 1t
has also been reported that the o and o modifications are
exclusively obtained when T < 90°C and 7T, > 120°C,

[24] N

respectively'“™. In the intermediate temperature range,

‘an intermediate crystalline structure between the o' and

a phases is formed which may be either a mixture of the
two phases, or an intermediately ordered phasel®!. For
our PLLA samples, we confirmed that qualitatively the
same temperature dependence of the crystalline structure
as the above reported results by FT-IR spectroscopy:
absorption bands at 1749 and 1382 cm™ which are char-
acteristic to the a modification'?® were reduced as T de-
creases from 120°C to 90°C, and at 90°C, they were not
discemible.

Formation of the a structure may lead to fold surface

1) The rising profile in Cex(?) is expected to be empha-

sized by the three-phase model provided that Xgra in-
creases with time.

of primary lamellae where short loops and sharp foldings
(adjacent reentry foldings) with fewer entanglements are
dominant. Reversible melting and thickening process
preferably occurs at such fold surface, giving rise to
increase of RCM region near the fold surface. On the
contrary, the formation of the less ordered o' phase leads
to a disordered structure near the fold surface, with long
loops and cilia, and such rough fold surface is not favor-
able for the reversible melting and thickening process
compared with that of the o crystal. Thus, for T, 120°
C where the o crystals are exclusively formed, the RCM
process is enhanced as manifested by the observed maxi-
mum in Ce(£). As it is considered that the formation of
the a! form occurs kinetically, reversible transition be-
tween the o' and o phases is not possible, and therefore,
such transition can not contribute to the excess reversing

heat capacity.

4.4 Where is the RCM region?

It has been argued about the location of the RCM re-
gion so far. Okazaki et al. have proposed that the RCM
occurs on the lateral surface of la'mellae[g], while other
researchers have advocated the fold surface mechanism
(reversible thickening model)[4]’[11]’[39]. Fischer has pro-
posed a model in which reversible melting is assumed to

occur on the fold surface*”

, and Hu et al. have shown
that the reversible process on the fold surface through
sliding diffusion in the crystal is possibly responsible
for the observed Cex for various polymers™. The pres-
ent results for PLLA suggest that the ordered o phase
favors the RCM process. In the o structure, the direction
of the PLLA chain in the crystal has to be regulated!'”),
and such directional order is favorably associated with
tight loops and sharp foldings on ‘the fold surface. A
recent NMR study has revealed that diffusion between
the lamellar crystal and amorphous region is facilitated
by preferential chain diffusion along the chain backbone
rather than by isotropic diffusion*!). The short loops and
sharp foldings associated with the a structure are effec-
tive for such preferential diffusion that is connected with
the sliding diffusion in the crystal. We thus conclude
that the RCM region that is responsible for the maximum
in Cex(?) at the higher T¢'s is likely located at the fold sur-
face. Another type of RCM region exists as evidenced
by the non-zero excess heat capacity observed before the
onset of the non-reversible crystallization as we men-
tioned in the previous section. This type of RCM may
be located in the amorphous phase separated from the



primary lamellae.
5. Conclusions

The present study has revealed that on the basis of
the two-phase model the excess reversing heat capac-
ity Cex in PLLA during quasi-isothermal crystallization
from the melt exhibits different evolutions depending on
Tc. Cex has been revealed to exhibit a maximum at tem-
peratures above 120°C, and this may be attributed to the
formation of the ordered o phases. The a structure may
lead to tight 16ops on the fold surface of lamellae, which
promotes the RCM process in the interfacial region, and
therefore, Cex tends to increase as the a structure devel-
ops for T > 120°C. Based on the above consideration,
we infer that the RCM region that is responsible for the
additionally increased Ccx manifested by the maximum is
mainly located on the fold surface.

The non-zero excess heat capacity observed in the
early time period suggests that the RCM process also oc-
curs in the amorphous phase independent of the primary
lamellae. Long-term increase in Xra was observed,
which might be attributed to the formation of unstable
secondary crystals. Based on the three-phase model in
which the rigid amorphous phase is taken into account,
Cex is revealed to reach an ultimate value slightly greater
than Cex(0) at all the temperatures investigated, indicat-
ing that the RCM region is extended by crystal growth.
Cex(?) profile exhibits a maximum at temperatures above
120°C, which is expected to become prominent if we em-
ploy the three-phase model. Such additional increase in
Cex is characteristic to the o structure of PLLA. Precise
evaluation of Xra(?) during the period of crystal growth
is needed to elucidate the entire profile of Cex(#) on the

basis of the three-phase model.
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The liquid-liquid extraction equilibrium of Cu(Il), Cd(Il), Pb(Il) and Zn(Il) from 0.10 M
perchlorate medium by di-2-methylnonylphosphoric acid (DMNPA) as an extractant dissolved

in heptane has been investigated. By using a slope analysis of method and the theory of charge
balance, the extracted species were found to be CuA;3HA, CdA;3HA, PbA,3HA and
ZnA, HA. The metal extractability decreased in the order of Zn(II)>Pb(II)>Cd(I1)>Cu(II). The

distribution coefficient of Cu(Il) was also found to decrease with increasing concentrations of

tartrate at a fixed DMNPA concentration. When tartrate was added to perchlorate media, the

extracted Cu(Il) species was suggested to form a less-extractable one containing dissociated

tartrate molecule.

Key Words: Liquid-liquid Extraction, Di-2-methylnonylphosphoric Acid, Heavy Metal Ions,

Perchlorate, Tartrate

1. Introduction

Such heavy metal ions as Cu(Il), Cd(II), Pb(1I) and
Zn(1l) are biologically important, because a variety of
living organisms accumulate them in bodies from the
polluted environment and may take any damage and
disorders. Being highly toxic, these metal ions in water
and soil must be restricted at concentrations as low as
possile, although some of them are known as the vital
elements to maintain the biological functions M- [,

Serious problems arising from aqueous effluents
containing these heavy metal ions have still been
encountered in the fields of mining industry, waste water
treatment, incineration of wasters and spent batteries
recycling. A great deal of attention has been paid to
advances in the engineering and increasing demands for
the process control of such kinds of hazardous metals.
The environmental pollution of industrial wastes has
greatly been improved except some of developed nations.
Although a range of treatment methods have been used
for the separation of these heavy metal ions in various

matrices *» ¥, the two phases partitions-based separation

* Materials Science and Engineering Course, Graduate

School of Engineering

has still been interested in the fields of inorganic

chemistry, separation science and technology,

purification and recovery of metal compournds. Being a
simple and efficient process, high performance
centrifugal partition chromatograph (HPCPC) has been
used as one of the separation techniques for desired metal
ions from aqueous solutions by using highly selective
extractants ),

We have reported the extraction behavior of transition
earth

bis-2-ethylhexylphosphoric

and rare metal ions

acid, and
di-2-methylnonylphosphoric ~ acid  (abbreviated as
DMNPA) 1 Although DMNPA has been found to
extract metal ions from highly acidic solution due to high
molecular weight and long hydrophobic chains, it is
interesting that the separation efficiencies on the
extraction of heavy metal ions are expected to be
relatively large. |

In this paper, we describe the solvent extraction of
Cu(ll), Cd(11), Pb(ll) and Zn(Ill) from
perchlorate media by DMNPA in heptane. The metal
species extracted into the organic solution and their

aqueous

corresponding extraction constants have been discussed
by the slope analysis of method. The effect of tartrate
concentration on the Cu(Il) extraction, further, has been

using.
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studied as a representative among the metal ions.
2. Exparimental

2.1 Reagents

DMNPA (purity>96%) was kindly supplied by
Daihachi Chemical Industries (Osaka, Japan) and used
without further purification. Heptane of reagent grade
(Wako Pure Chemical Industries, Tokyo, Japan) was used
as the organic solvent. Standard solutions of heavy metal
ion were prepared by dissolving the corresponding metal
perchlorates in perchlorate or tartrate media before
extraction.

All other chemicals were of analytical reagent grade
and used without further purification. All standard

solutions and buffers were prepared with distilled water.

2.2 Apparatus

An Iwaki Model V-S KM shaker was used to
equilibrate the aqueous and organic phase. A TOA-DKK
Model IM-55G Ion Meter equipped with a Model
GST-5721C glass electrode (TOA-DKK Electronics Co.
Ltd., Tokyo, Japan) was used to measure pH of the
aqueous phase. An APEL spectrophotometer (Model
PD-303) was used for determination of metal ions in the
aqueous phase after complexation with 4-(2-pyridylazo)
resorcinol (PAR).

2.3 Procedures
Extraction experiments were carried out at 298+1 K by
shaking both aliquots of 10.0 cm’ of the aqueous and

organic phases in a 50-cm’

separation funnel using a
mechanical - shaker. The initial concentration of metal
ions was 5.0x10* M, and' the ionic strength of the
aqueous phase was maintained at 0.10 with sodium
perchlorate or with tatarate. The concentration of
DMNPA in the heptane phase was varied in the range of
0.012~0.24 M. The distribution coefficient (D) was
obtained as a function of pH. The pH of aqueous phase
was adjusted by addition of NaOH or HC1O,. A shaking
time of 30 minutes was enough to get the exiraction
equilibrium. After the two phases were allowed to
separate completely, the equilibrium pH was measured
with the pH meter. The concentration of metal ions in the
aqueous phase was determined by the following two
methods: one was the titration using 5.0x10* M EDTA
standard solution with 1-(2-pyridylazo)-2-naphthol (PAN)

as the indicator for Cu and Cu-PAN for other metal ions,
and another was the spectrophotometric determination of
the metal ions using PAR. The concentration of the metal
ion in the organic phase was calculated as the difference
between the initial and equilibrium concentrations of the
aqueous phase. By the slope analysis and the non-linear
least square analysis of methods, the composition of the
extracted species and the extraction equilibrium constant

were estimated.

3. Results and discussion

3.1 Extraction of Cu(II), Cd(II), Pb(II) and Zn(II)

complexes with DMINPA from perchlorate medium

Fig.1 shows the relationship between logD and pH for
the four metal ions with DMNPA in heptane as the
organic phase. The D values all increased with increasing
pH of the aqueous phase. All the slopes of the lines
shown in Fig.l were about 2, suggesting that the
extracted metal species were neutral and inner complexes.
The extractability decreased in the of
Zn(IT)>Pb(ID)>Cd(II)>Cu(1l).

If a x-merized divalent metal complex with DMNPA,
M,A,, (HA),, is extracted in heptane, the extraction

equilibrium between the metal ion (M**) and extractant

order

(HA) can be written as:
2x+n

XM i(; + T (HZAZ)org —> MXAZX'(HA)n,org-i_ZXH :q (1)

where the subscripts “aq” and “org” refer to the aqueous
and organic phase, respectively. The n value denotes the
number of DMNPA molecule involved in the extracted
metal species. Assuming that all chemical species are
present at very low concentrations in both phases, the
extraction equilibrium constant (K.) of the metal
complex may be expressed as:

% :[Mx AZ.\' (HA).'r]org [‘H ' ]:21;

@

(2x+m) /2

2+
[M & 2.org

ag

[HA]

The total concentration of the metal complex in the
organic phase is written as follow:

[MXAZx(HA)n,org]z

(2x+n)/2 +

22K, [M* *[H,4,] [H*]

X n

108[M, Ao (HA) yore = (2pH + log[M ** Jq +

2x (3)

10g[HzAslor )+ + 10g[HoAs s + 10gKee (4)
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Fig. 1 Effect of pH on the distribution ratio ‘of metal

ions by DMNPA in heptane
Concentration of metal ion in aqueous phase: 5.0x10* M;
organic phase: 0.048 M DMNPA/heptane;
aqueous phase: 0.10 M perchlorate.

According to Eq.(4), the degree of polymerization of
the extracted species (x) can be found from the plot of
10g[M A, (HA) ,]oe against (2pH + log[M ** L, +
log[HA]or) at constant [HyA;]o in heptane. The plot
should, be a straight line with a slope of x. The slope
analysis of method has been used to ensure the degree of
polymerization of the extracted species in the organic
phase. Table 1 summarizes the results obtained for the
extraction of Cu(Il), Cd(II), Pb(Il) and Zn(II) by using
linear regression analyses. The straight lines with slopes
close to unity 'were obtained for the four heavy metal
ions (Table 1), indicating that only monomeric species
were extracted in heptane when 5.0x10* M each metal
ion was initially taken.

The following equation can be derived from Eq.(4):
logD ~2xpH == sz ®)
The number (#) of DMNPA molecule involved in the

monomeric species can be determined from the slope

log[HZAZ]_org + logKEX

n+2x . v .

> ) of the plots of (logD — 2xpH) against
log[H,A]or: As shown in Fig.2, the slopes of the straight
lines obtained for Cu(Il), Cd(fI), Pb(IT) and Zn(IT) were
found to be 2.50, 2.52, 2.53 and 1.5, respectively. The

intercepts of the lines correspond to logKe, values. Table

(

2 summarizes the results obtained for the extracted

species, extraction equilibria and their constants.

Table 1 Results of linear regression analyses for the

determination of x-values in the extraction of heavy

metal ions by DMNPA
0.012M 0.024 M
Ions
a b " a b I
Cul) 1.00 -497 0994 099 -4.59 0.995
Cddn 096 -4.51 0.998 1.02 -4.01 0.987
Pb(Il) 1.04 -342 0.990 1.04 -3.06 0.998
Zn(Il) 094 -2.40 0.996 1.00 -2.26 0.996
. 0.036 M 0.048 M
ons
a b I a b I
Cu(Il) 0.97 4.32 0977 098 -3.88 0.983
Cd(ry 096 -3.85 0.998 1.00 -3.50 0.981
Pb(Il) 1.06 -2.81 0.998 1.04 -2.60 0.998
Zn(I) 1.04 -220 1.000 1.04 -2.11 0.999
! 0.12M 0.24 M
ons
a b ¥ a b v
Cu(dl) 097 -356 0978 093 -3.02 0.992
Cddrny 102  -291 0.998 1.00 -2.59 0.994
Pb(Il) 1.01 -195 0999 097 -1.51 0.995
Zn(Il) 1.00 -1.90 1.000 1.00 -1.74 0.986

a = intercept, b = slope and * = correlation coefficient for the

regression equations.

3.2 Extraction of Cu(ll), Cd(II), Pb(II) and Zn(II)
complexes with DMINPA from tartrate medium

The half-extraction pH values of the metal extraction
from both perchlorate and tartrate media were
determined using (.12 M DMNPA in heptane. The results
shown in Table 3 indicate that the Cu(II) extraction had a
serious influence by the presence of tartrate, being apart
from the other three metals. Therefore, the extraction
equilibrium of Cu(ll) from tartrate medium was
investigated. The relationships between log D and pH
were investigated at different concentrations of DMNPA
in heptane while the tartarate (H,L) concentration was
kept at 0.05 M. The linear plots were obtained at all
DMNPA concentrations investigated, as shown in Fig.3.
The slopes of the lines shown in Fig.3 were about 1.0 and
1.5 at relatively high concentrations of DMNPA (0.12 M
and 0.06 M) and at lower concentrations of 0.036 M and
0.024 M, respectively. This suggests that two kinds of the
Cu(Il) species were extracted into the heptane phase in
the region of slope 1.5. In the region where the hydrogen
ion dependency is unity, on the other hand, the

dissociated tartrate ion seems to take part in the
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extraction followed by formation of less-extractable
metal species; tartaric acid has the two pKa values 3.04
and 4.37. We presume that judging from the slope
analysis and the charge balance theory, the following two
equations can be expressed in the tartrate extraction
system:

2+
Cu

5 —
o+ S (HaAddey == CuA;3(HA) +2H), (6)

Cu’y + 2AHAtHHL = CuA(HL)3(HA)oret H, (7)

-200 r Pb
Zn
-3.00
Cd
-400 | Cu
I ]
[=%
o
L-500
[T
E .
-600 <
-100
-8.00 L !
-2.50 -2.00 -150 -1.00 -050
log(HA),
Fig. 2 Determination of the number of DMNPA

molecule involved in the monomeric species in heptane
Concentration of metal ion in aqueous phase: 5.0x10™ M;
organic phase: 0.012~0.24 M DMNPA /heptane;

aqueous phase: 0.1 M perchlorate.

Table 2 Extraction species and conditional extraction
constants of Cu(II), Cd(II), Pb(II) and Zn(II) with

DMNPA in heptane at 298 K
Extracted , S
) logKex Extraction equilibrium
species

CuA,3HA -1.63  Cu*'+5/2(HA,)=CuA,-3HA+2H*
CdA,3HA -1.11  Cd*+5/2(H,A,)=CdA,-3HA+2H*
PbA;3HA -0.12  Pb*+5/2(H,A,)=PbA, 3HA+2H"
ZnAyHA  -138  Zn®*+3/2(H,A,)=ZnA, HA+2H*

Table 3 Half-extraction pH values of heavy metal ions in
different aqueous media with 0.12 M DMNPA in heptane

at 298K
Cu(ll) Cd(I) Pb(l) Zn(Il)
0.10 M tartrate 354 203 ' 163 1.56
0.10 M perchlorate ~ 2.39 2.07 1.60 1.53

0.80
1
060 f 392
5 4
040 | ¥
[=)
2020
000 |
-020
-040 = ’ = = -
2.50 3.00 3.50 4,00 450 5.00 550

pH

Fig. 3 Effect of pH on the distribution ratio of metal
ions by DMNPA in heptane
Concentration of metal ion in aqueous phase: 5.0x10™ M;
organic phase: 1: 0.12 M DMNPA/heptane;

2: 0.060 M DMNPA /heptane;

3: 0.048 M DMNPA/heptane;

4: 0.036 M DMNPA /heptane;

5:0.024 M DMNPA /heptane;
aqueous phase: 0.05 M perchlorate+0.05 M tartrate.

Effect of the tartrate concentration in the aqueous
;;hase on distribution coefficient was investigated at
different DMNPA concentrations. Fig.4 shows plots of
logD against logarithm of tartrate concentration at pH 4.0.
It was found that the distribution coefficient of Cu(II)
decreased with increasing tartrate concentration when the
initial Cu(I), DMNPA and H' concentrations were kept
at certain values. The curves shown in Fig.4 also indicate
that the slopes of 0 and —2 were obtained for the
relationships between distribution coefficient and tartrate
concentration when a non-linear square method was
adopted. The following empirical equations can be

expressed mathematically:

logD = logKe, [HoAP[H'T' - log(1 + Kj , [L*]) (8)

In Eqs.(8), Ky, is a proportionality constant and the
value was determined to be 9.1 by the curve-fitting
method under the experimental conditions. The empirical
equations were obtained for 0.024, 0.036, 0.048, 0.060,
0.12 M DMNPA, respectively.

logD = 0.25-log(1+9.1[H,L] 9)
logD = 0.45-log(1+9.1[H,L]) (10)
logD = 0.8-log(1+9.1[H,L]) (11)
logD = 1.25-log(1+9.1[H,L]) (12)
logD = 1.8-log(1+9.1[H,L]) (13)



Using the equations described above, the log D values
were calculated from any tartaric acid concentration in
the aqueous phase and were then drawn as the solid lines
shown in Fig.4. Obviously, the distribution coefficient of

Cu(Il) decreased with increasing tartaric ion
concentration. The results suggest that at higher tartaric
ion concentrations, the Cu(Ill) species forms a

non-extractable CuL or Cu(HL), in aqueous solution at
pH between pKa, and pKa,, and then less-extractable
species [Cu(HL‘)A-3HA] with release of one hydrogen
ion. At higher pH values than pKa, and low tartrate in
[CuA,3HA]

prevails. The extracted metal species, thus, is assumed to

concentrations, an extractable species

vary with the ratio of Hy,L and HA concentration.

-2 -1.8 -1.6 -4 1.2

log([HL])

Fig. 4 Dependence of distribution ratio on tartaric
acid concentration in aqueous phase
Cu(II) concentration in aqueous phase: 5.0x1 0 M;
Organic phase: 1: 0.12 M DMNPA/heptane;
2: 0.060 M DMNPA/heptane;
3:0.048 M DMNPA/heptane;
4: 0.036 M DMNPA/heptane;
5:0.024 M DMNPA/heptane;
ion strength of aqueous phase: 0.10;
tartrate concentration in aqueous phase: 0.01~0.09 M.

4. Conclusions

The results obtained in this work suggest that DMNPA
can be used as an effective ligand for the extractant of
heavy metal ions from perchlorate medium. The
extracted metal species are all monomer when the
concentration of metal ions is relatively low. The metal

extractability is in the order of

115

Zn(ID)>Pb(I1)>Cd(II)>Cu(ll). The extracted species are
CuA,3HA, CdA;3HA, PbA,3HA and ZnA, HA. In the
tartrate system, the extracted species is assumed to form
a mixed-ligand metal complex with DMNPA and tartrate.
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Liquid-liquid Extraction of Lanthanide Ions with bis-2-Ethylhexylphosphinic Acid into

Heptane
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Bis-2-Ethylhexylphosphinic acid (BEHPA) has been studied as a useful extractant for some
lanthanide ions (La(III), Ce(III), Pr (I11), Nd(I1I), Sm(I1I), Eu(IIl), Gd(III), Tb(III), Dy(III), Y(III),
Ho(111), Ex(I)), Tm(IIT), Yb(IIT) and Lu(Ill)) from their aqueous solutions in the presence of

sodium perchlorate. The extraction behavior of the metal ions were investigated and discussed in

terms of pH dependency and extractability. The results indicated that the pH of the aqueous phase

and BEHPA concentration of-the organic solvent were the major parameters that affect the

extraction efficiency of the metal ions. The half extraction pH (pH,,») was found to be 2.85~1.72
for La(IIl)~Nd(1II), 1.75~0.61 for Sm(III)~Y(I1l) and 1.76~0.73 for Ho(III)~Lu(IIl) at different

concentrations of BEHPA. The metal complexes extracted were proved to be all monomeric

species using a slope analysis method. The curve fitting method was also applied to analyze the

types of metal complexes extracted: MA;HA (M means all the fifteen kind lanthanide metal ions).

Furthermore, the extraction constants for the extracted metal complexes were estimated.

Key Words: Bis-2-ethylhexylphosphinic acid, Lanthanides, Extraction

1. Introduction

Liquid-liquid extraction is one of the most effective
and versatile methods for the analytical separation and
enrichment of target metal ions from aqueous medium.
The multistage solvent extraction has given us an
interesting field of inorganic chemistry and separation
science because of the increased importance in industry
(B3] Among many kinds of extractants that were used
for the separation of metal ions, extensive attention has
been paid to alkyl derivatives of organophosphorus acids
such as dialkylphosphoric, -phosphonic and -phosphinic
acids because of their selectivity and efficiency for some
metal ions “» Bl In previous studies, we reported the
extraction behavior of heavy and transition metal ions
using di-2-methylnonylphosphoric acid (DMNPA) and
bis-2-ethy1heXylphosphinic (BEHPA) as extractants ],
Similarly to the other dialkylphosphinic acids already
reported, BEHPA greatly attracted our interest for the

liquid-liquid extraction and separation of lanthanide ions,

* Materials Science and Engineering Course, Graduate
School of Engineering

due to its longer and hydrophobic alkyl chains ", It is
expected that the P=O and P=OH groups in BEHPA can
easily react with some metal ions in aqueous phase,
considerably enhancing the selectivity in extraction. The
extraction of transition metal ions using BEHPA as
extractant has been also studied .

In the last decades the
lanthanides has increased and the necessity for the high

industrial demand of

purity of these elements prompted us to develop the
separation of the rare earths which is thus still of a great
interest and importance. In the present work, the
extraction behavior of some lanthanides with BEHPA in
heptane was investigated and the extracted species and
the extraction constants of these lanthanides were
evaluated using both slope analysis and curve fitting
methods.

2. Experimental

2.1 Reagents

BEHPA, above 96.6 wt.% in purity, was kindly
supplied by Daihachi Chemical Industry Co. Ltd (Osaka,
Japan) without further purification. Heptane of analytical
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reagent grade (Wako Pure Chemical Industry Co. Ltd,
Tokyo, Japan) was used as the organic diluent. The
standard nitrate ’solution (1000 ppm) of lahthanide ions
of La(Ill), Ce(IIl), Pr(IlI), Nd(II), Sm(III), Eu(III),
Gd(III), Th(II), Dy(III), Y(III), Ho(III), Er(IIT), Tm(III),
Yb(III) and Lu(Ill) were obtained from Wako Pure
Chemical Industry Co. Ltd and diluted in a small excess
of perchloric acid to make lower concentrations. Xylenol
(XO) 2,7-bis
(2-arsonophenylazo)-1,8-dihydroxy-3,6-naphthalene-disu

Orange and -
Ifonic acid (Arsenazo-III) from Dojion Industry Co. Ltd
(Kumamoto, Japan) were used as the indicators in the
titration and spectrophotometry.
Ethyenediaminetetraacetic acid disodium salt (EDTA)
from Dojion Industry Co. Ltd.(Kumamoto, Japan) was
used as the chelating reagent for the titration. All other
chemicals were of analytical reagent grade and used

without further purification.

2.2 Apparatus
An Iwaki Model V-S KM shaker was used to shake the
aqueous and organic phases for the extraction

experiments. A TOA-DKK Model IM-55G Ion Meter
fitted with a Model GST-5721C glass electrode
(TOA-DKK Electronics Co. Ltd, Tokyo, Japan) was used
to measure the pH of aqueous phase after equilibration.
An Apel PD-303 spectrophotometer (Apel Co., Ltd.
Japan) was used for the spectrophotometry.

2.3 Procedures

Extraction experiments were carried out at 298+0.4 K

3

by shaking 10.0 cm” each of the aqueous and organic

phases in a 50-cm® separation funnel using a mechanical

shaker. The initial concentration of metal ion was varied

from 1.0x10™* to 5.0x10™ M, and the ionic strength of the
aqueous phase was kept at 0.10 with sodium perchlorate.
The concentration of BEHPA in heptane was varied in
the range from 0.16 to 0.64 M for La(lll)~Y(III) and
from 0.08 to 0.54 M for Ho(II)~Lu(lll). After shaking
for 30 minutes, the two phases were allowed to stand for
12 hours. The pH was then measured and the metal ion
concentration of aqueous phase was determined after
phase separation. The concentration of metal ion in the
aqueous phase after extraction was finally determined by
EDTA titration and spectrophotometry at 655 nm. The
concentration of metal ion in the organic phase after
extraction was estimated from the difference between the
initial and equilibrium concentration of the metal ion in

the aqueous phase.

3. Results and discussion

3.1 Extractability of trivalent lanthanide ions using
BEHPA in heptane
3.1.1 Effect of pH and BEHPA concentration on
extraction

The molecular structure of BEHPA is illustrated as

CH,CH,CH,CH,CHCH, o)
3 CHz(i?Hz N b 7
gy

CH3C|H2
CH,CH,CH,CH,CHCH
BEHPA
Because of its comparatively longer alkyl chains, BEHPA
is fairly soluble and usually exists as a dimer in
non-polar organic solvents. Previous studies [+ [%
indicated that the solubility (S), the acidic dissociation
constant (K,), the dimerization constant (K,) and the
distribution constant (Kp) for BEHPA were 3.46x107

mol dm? 3.31x10° 1.78x10> and 2.04x10°,
respectively.
Fig.1 shows the extraction curves for trivalent

lanthanide ions with BEHPA in heptane as the organic
diluent. The extractability (E) for the lanthanides, which
increased with increasing pH and in the order of atomic
number except for Y(IIT).

For comparison, the extraction was carried out at
different concentrations of BEHPA. Table 1 summarizes
the half extraction pH (pH;,) values for the métal
complexes with BEHPA in heptane. Obviously, the pH;,,
values that obtained for the metal complexes with higher
concentrations of BEHPA were lower than those with

lower concentrations.

3.1.2 Effect of lanthanide ion concentration on
extraction

The influence of lanthanide ion concentration was
studied at different concentrations of BEHPA. Table 2
gives the pHy, values for 1.0x10% 1.0x10%, 5.0x10° M
La(IlI) at different concentrations of BEHPA. The results
shown in Table 2 indicated that the pH,» values were
almost the same at different concentrations of metal ion
when BEHPA concentration was fixed, and decreased



with increasing concentrations of BEHPA.
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Fig.1 Effect of pH on the extraction of lanthanides by
BEHPA in heptane.

Organic phase: 0.16 M BEHPA in heptane  for
La(1II)~Y(III) (A) and 0.08 M for Ho(11I)~Lu(I1I) (B);
aqueous phase: 1.0x10° M lanthanide ion in 0.10 M

sodium perchlorate solution.

3.2 Extraction equilibrium of trivalent lanthanide
complexes with BEHPA

If a j-merized trivalent metal complex with BEHPA,
M;A;{(HA), ., is extracted in heptane, the extraction

equilibrium between the metal ion (M*") and extractant

(HA) can be expressed as
o 34 3_] +a ch(j,a)
.]M + - ) (HA)Z, org —’MAJj(HA)a.arg + 3jI—I+
(M
The extraction constant {(Kexga) is then
IMA;;(HA) 0 JHT T o
ex(j,a) ¥ f iy 2
Y M HA), IS

where the subscript org refers to the organic phase and a

Table 1 pH,; values of lanthanide ions extraction using
BEHPA in heptane
\B%
0.16 M 032M 048M 0.64M
ITons
La(IIT) 2.86 2.65 2.51 242
Ce(1ID) 2.50 2.28 2.17 2.08
Pr(111) 2.24 2.03 1.90 1.84
Nd(III) 2.11 1.92 1.79 1.72
Sm(IlI) 1.75 1.56 141 1.33
Eu(IlI) 1.59 1.41 1.28 1.18
Gd(III) 1.53 1.33 1.21 1.11
Tb(II) 1.33 1.12 1.00 0.91
Dy(IIT) 1.20 0.99 0.86 0.76
Y(IID) 1.07 0.87 0.74 0.61
0.08M 030M 046M 0.54M

Ho(IIT) 1.76 1.37 1.24 1.19
Ex(IIT) 1.62 1.23 1.10 1.05
Tm(III) 1.50 1.10 0.98 0.93
Yb(IIT) 1.35 0.96 0.83 0.78
Lu(III) 1.30 091 . 0.78 0.73

Table 2 pHj;, values of La(Ill) extraction using BEHPA

in heptane
EHPA
La 0.16M 032M 048M 0.64M
M)
5.0x10° 282 2.61 2.49 2.40
1.0x10° 286 2.65 2.51 2.42
1.0x10* 283 2.62 251 2.41

denotes the number of BEHPA involved in the dimeric
species [(HA)z]org.
The total concentration of trivalent lanthanides in the

organic phase, Cy,org, is Written as follows:

Chtons = 2 2K ey M VI(HA), 15 2 (HT] >

org
j a
(3)
. F3+ + 3jta
logCu,org = j(log[M™] — 3log[H']) + 2 log[(HA)2] org
+ logj + 10gKex(j ) 4)

According to formula(4), the degree of polymerization of
the extracted species (j) can be found from the plot of
logChyorg against (log[M**1 + 3pH) at constant [(HA),] T
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If only a monomeric species MA;(HA), or a dimeric
species M3A¢(HA), was extracted, the plot must be a
straight line with a slope of 1 or 2, respectively. If both
are extracted, the plot should be a curve. By using slope
analysis, the degree of polymerization of the extracted
species can be checked.

It was found that all the slopes were about 1 at four
different concentrations of BEHPA. These results suggest
that only monomeric species exist for the lanthanide ions.
It is generally accepted that the reaction coefficient (a) of
a metal ion with the chelate anion of extractant in
aqueous phase is unity ((M™] = Cy,,) when an extractant
having a considerably large distribution coefficient, Dy,
= Chpor/Cha,w, 18 used. Since the distribution coefficient
of BEHPA is 2.04x10° and the total concentration of
BEHPA is ‘in large excess over the concentration of
the
conditions, the effect of the reaction coefficient of

lanthanide ions under present experimental
lanthanide metal ions with BEHPA anion in the aqueous
phase can be neglected (Fig.2).

As monomeric species are responsible for the
extraction of all the ten kinds of lanthanide metal ions
and since [M>*] = Cwm.w, the following expression can be
derived from formula(3) for the lanthanide ions in the
region where the monomeric species prevails:
10gCm o = log[M**] — 3log[H"]

+log ZKex(l,a) [(HA), 15" %

According to formula(5), the number of BEHPA
molecules involved in the monomeric species can be
determined from the slope of the plots of (IogCyors — log
Cwiw — 3pH) against log[(HA); o As illustrated in Fig.3,
all slopes of the straight lines obtained for the ten
lanthanide metal ions were found to be about 2 and
therefore a = 1, indicating that the monomeric species
were LaA;HA, CeA3HA, PrA;HA, NdA;HA, SmAHA,
EuA;HA, GdA;HA, TbA;HA, DyA;HA, YA;HA,
HoA;HA, ErA;HA, TmA3;HA, YbA;HA, LuA;HA. The
respective extraction constants were obtained using the
curve fitting method, as listed in Table 3. The extraction
equilibrium for the ten lanthanide metal ions can be
expressed as

M> + 2(HA), org Ke

—=Llp MASHA +3H"
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Fig.2 Determination of the polymerization degree of
lanthanide species extracted with BEHPA in heptane.
Organic phase: 0.16 M BEHPA in heptane for
La(Ill)~Y(I1I) (A) and 0.08 M for Ho(III)~Lu(III) (B);
aqueous phase: 1.0x10° M lanthanide ion in 0.1 M

sodium perchlorate solution.

Table 3 Extraction constants of lanthanides by BEHPA
La(lll) Ce(lll) Pr(Ill) Nd(IlI) Sm(Ill)
520 -447 -414 -295

lons
logKex(l,l) -6.20

Eu(Ill) Gd(II) Tb(Ill) Dy(Il) Y(II)
255 234 -1.70 -123  -0.90

Ho(IIT) Er(Ill) Tm(II) Yb(II) Lu(Iil)
244 203 -1.65 -122- 1.07




BLa @®Ce APr @Nd OSm Ok AGI O1p XDy XY
-1.0
L]
|
E_ .
g Mﬁ
o}
1 .—’/
: ///:‘,///
o
Yl //
9.0 = a =
-1.2 -19 -0.8 0.6 0.4
Iogl(HA)llnrg
A
20 DHo OB ATm o Yh Xlu
=)
]
=]
=3
3 a
5
k.
T
I 3
=
#]
ED A
Slope =2
6.0 A
=15 -13 -1.1 £.9 £0.7 2.5
log[(HA): |,
B
Fig3  Determindtion of the number of BEHPA

molecules involved in monomeric lanthanide complexes.
Organic phase: 0.16 M BEHPA in heptane for
La(lID)~Y(IIT) (A) and 0.08 M for Ho(III)~Lu(III) (B);

aqueous phase: 1.0x10” M lanthanide ion in 0.10 M

sodium perchlorate solution.

4. Conclusions

The research in this work revealed that BEHPA was a
very effective organic extractant for the extraction of
fifteen kinds of lanthanide ions from perchlorate media.
The extracted species for lanthanides investigated are
monometric species M;A3(HA), in heptane, with the j
and a values of extracted species determined by slope
analysis and curve fitting methods: j = 1 and @ = 1. The
extractability of the lanthanide ions by BEHPA decreased
in the order
Y (IID>Dy(IID)>Tb(III)>Gd(IID)>Eu(III)>Sm(III)>Nd(I1I)

>Pr(Il1)>Ce(11)>La(Ill) and Lu(II)>Yb(III)>Tm(II)>
Er(II)>Ho(III). Based on above results, it seems that
high performance centrifugal partition chromatography
enables the mutual separation of all lanthanide ions.
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