Chapter 2 W

Theory

2.1 The precipitation pra

ess(20,29)

ér until a solution

..\”nﬁL;‘ The first step of

Precipit®
reaches and

precipitation™s QT

cluster formation,

also called nucl ion between ions and

between molec luster formation and

eventually to has been linkened

to a chemical rea emical reaction the acti-

vation energy is a bz must be overcome before

products can/bDef formed. Simil arlyysthe energy barrier to

nucleation mist f"'rystallization can

occur. One result of this energy barrier is the necessary

creation ﬂaum ﬂ%ﬂoﬁ wgqtﬂ‘ﬁmn before spon-

taneous cgustall1zat1on‘w1ll occ

RAGIR FUHBIINVAN L worecor
or 1ons of solute are in constant motion and consequently
are often within the sphere of influence of another
molecule or ion. Hence, groups of molecules or ions are
always present. There is, though, at the outset,a distinct

difference between the clustering of ions and the



2 -

clustering of molecules. Because of their ionic charge,
ions tend to associate with neutral or oppositely charged
groups, whereas uncharged molecules do not suffer from

this restriction.

Prior to nucleation there is continuous formation

and dissolution of io

brium with all

;é‘_lf the concentration of
#

Qigh enough, the clusters

become sufficig QQEQF\\ je consolidated into

colloidal par upposedly irrever-

sible crystal _ _ ’\'\E\

solute ions or

2Towth can occur in

two way. First not supersated, the

colloidal parti e in the solution and

may form aggregateés. when the solution is

supersaturated i ¢

es themselves will

grow to becon ;*_‘ 5 "Hhe same way, fine

crystalline agﬁgegates 0
e QAN L
"“‘"‘#E‘Tﬁ%‘ﬂ“‘im nm“mm 1

the solution drop below supersaturation when

Il
ngle coarse crystals may be

the colloidal particles occurd. So the precipitates become

colloidal aggregates.

ecular clusters in equili-

—_r
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Fig.2.1 Flow chart of precipitation process
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From above, there are two hypothesis to explain
precipitation, coagulation hypothesis(22) and super-
saturation hypothesis(14), and generally postulating that
the nucleation of particles 1is discontinuous. Recent
theories postulate that colloid formation and crystal
growth of the reacting system when coupled with diffusion
,// he former hypothesis
& treatment of nucleation

gs do no longer exist.

leads to periodic

mainly suffered

and crystal grg
Therefore, give perference to the

super-saturatfon b ‘__i"“ t.will be shown that the

main implicafio on hypothesis are
no longer nég >d ,;r; ¢ R uration approach is
a comprehensive theoras rr;ay . mathematical analytic so-
lutions of Fick’s 1;5;--_‘ - Strength is easy and quan-

titative r

. T ameters; its short-

G P

coming is and semi-infinite

systenms, whiEl significantly differs from realistic expe-

e TP TR IR g v eserorn

shapes oﬂuconcentratlon proflles for d1ffu31on1n finite
anﬂlwﬁ"tﬁ ﬁﬁeﬁtﬁeﬂ%ﬂ%ﬂtﬂqﬁ%}h is suited
to eXplain the mechanisms involved, but not to model the
actual reaction progress over extended periods of time.

In the following sections, an outline of the dif-

ferent aspects is given which work together to bring about
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the phenomenon of periodic precipitation.

Thermodynamic aspects(28)

2.1-38 Stability limits

ilibrium determines the

stability phases. It thus puts

forward a nec the formation of a new

phase. The precipitate from an

aqueous solutios solid is stable, i.e.,

that its soldbi This can be accom-

plished in 4dif ent: 3, I example
by temperature c is driven beyond

of

stable solubility.

ally a lower tempera-
. id, and less commonly

J
an upper one

"retrograde solubi- .

ﬂuEI’J ‘VIEJM‘W El’]ﬂ‘i
byaqu;mn ‘jm ﬁﬂ.ﬂ '}‘3 W%}'}a Fdf dissolved

components are driven beyond their
limits of stable solubility by
partial extraction of the solvent

from the solution.
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by diffusion. Solubility limits are lowered lo-
| cally by a solvent/solvent inter-

diffusion process <(e.g.water vs.

ethanol). Alternatively, a 1local

solubility product of a specific

compound is increased locally as

of solute/solute inter-
Either way, the system

driven beyond a sta-

only the latter case,

and more spe terdiffusion process

is of interesti

2.1-b Solub fﬁ--::; ‘aqueous electrolytes
A T

i = <y

od .f"' the example of a
J

valent aqueous electro:

reciprocal un te system with com-

pounds ﬂuﬁﬁ%ﬂﬁw mﬂcﬁ are AY and BX.

Let the 9ldissolved compounds be complet.ely dissociated,

Qﬁ?ﬂﬁﬂ’ﬁmﬂﬁﬂﬁ’ﬁlﬂﬁ-?z} hens ok

K be the local solubility products of

BX

compounds AX, BY, AY and BX:;
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BX (oraa, == A" __, +X ., so K, = CA*1.[X 3
BY casn 1d) —— B+(...,, + Y—(.q, 50 K.. = [B*J.[Y-J_
AY (orrar, == A", *+Y ., so K., = [A*1.[Y"3
B moisay = B ., * X ..., 80 K, = [B“1.CX3

: is established when all
K are smaller th rspéiolubility limits K,(s),

J = AX, BY, A L the system is super-

saturated. s) describes the posi-

tion of the sys thermodynamic equili-
o

brium.

\\ set-up considered shall
be a gel columg %ﬁé%?i:;i owder and agar gel open to
either one or pg§£3~T;£ reservoirs filled with dis-
solved AX o;_f___,-____"___,:T"““_HW‘LS The gel may con-
tain AX or : i ;;21 case. Examples of

W H-'
the specific -oundary cond1t1ons are given in Fig.2.2.

ﬂ‘lJEl’EI‘VIEWIﬁWEI’]ﬂ‘i
ammn‘imumawmaa

btk alle
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Flg 2.2 Sketch of the experimental set- -up for diffusion

and precipitation experiments.
(a) two source reservoirs,

(b) one source reservoir.
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Let us now restrict the following initial system configu-
ration like this : The gel column is open at one end only
and contains dissolved BY at an initial concentration
Cocsy,s connected to a reservoir containing dissolved AX

at an initial concentration-C___, .. It is obvious that the

K,, = CA*1.CX"1] and K _ =

AX BY

local solubility prod

B 31.CY"1 cannot beyond their respective

and K,  _, by interdif-

Y and K, = TB 1.CX

initial reservoi
fusion. By co
might reach Let us now select
a combination in such a way that the
solubility 1imi & =) > Kivcun> Theh

only AY can for ?;;;Li' ' P . The molar Gibbs

We.e hax./ “Gﬂ éﬁ%ﬁﬂ%ﬂ P B} fguing 10cal condi-
PINNIUNNINGINY

librium with the solution 3
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Koy = Kay(s) @ Ggiss = 0 5 solid AY is in equi-=

librium with the solution s

Koy > Kay(s) * Ggjss > 0 ; local super-saturation

with respect to AY ; solid AY al-

ent grows ; prerequisite
mation of previously

ol1d AY ¢ If Kuy »

A i}\. not established, then
\\\ 1 not form.

#dd
2.1-c B ALQ 0K \<:::\‘upersaturatlon

-" a
-

From the expe Ostwald, the relation be-

tween solubi;__ i éa
Y )

figure 2.3 1s 1%
' : u-'

concentration a d temperature The saturation limit 1s AA? %

v o AN WG s e

ion as shown 1in

effects of both

metastable upersaturateg solut1on t10n in this
o R AEAFUANAINGARE e i
when heterogeneous nucleation (seeding) occurs. In this

case, it will be precipitate until the concentration of
the solution decrease to the saturation limit (AA" Y- If
the solution reaches beyond the critical supersaturation,
Then spontaneous precipitation will occur. (Via homogeneous

nucleation)
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concentration of solute

A ML AL el

precipitaton will not ﬂfcut Tl the system stays belows
 QRYE N T URPIRHNRY e,
the ¢ ncentrat1on is increased until point Q, the solution
starts to give spontaneous nucleation without need the
help of seeding and precipitation will occur. Likewise,
when the temperature is decreased to point Q at curve LL’,
then spontaneous precipitation will occur. The ratios of

the concentration of solutes at points Q and S in the



saturation limit curves is called degree of supersaturation.
This is in agreement with the cencepts of thermodynamic
stability in section 2.1 and phase formation in the section

253

Diffusion

portant factor for

periodic preci “Jions of the electro-

lyte in reservoi ‘the gel and to build

up local supersa riodic precipitation

process is largel diffusion. Theoretical

treatment has been ~based - ication of Fick’s

A\

diffusion la;;;

.FI
o

ﬂu&”iwmwﬁ%ﬁ
ama%imummﬁ%a
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where C = concentraion,
X = the distance from the gel-solution in-
terface with the positive direction

in the direction of the diffusion,

D = diffusion coefficient,

Venz1(30) studi

sion, dissoluti \\saturatlon by using
mathematical anal '1 ¥“ 1,u ¢ he location of the
next band.
considered in this
thesis work is recal s . This is a finite
gel column, open at efi ;l ne rtwo ends to reservoirs
. 20lumn may contain

dissolved AX ° then nothing else

(=
but counter-di u51on occurs, which 1is govened by the

hemicel “Ff‘iilﬁfl’}%‘lfﬁiﬂ% WEI " v ene o

Taking 1nto ccount the rgstr1ct1o due to
AMIAINTUNRIINEI B
- the zero effective current condition,
then three independent diffusion coefficients are opera-
tive, e.q., D(H,O), D(A+), D(B*). When the reservoirs are

infinitely large and well stirred, then we have the case
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of fdiffusion into or out of a slab", which is a standard
problem of diffusion mathematics. Respective solutions
are given in classic monographs 1ike(31-32). The solution
for the case of infinitely large reservoirs with complete
absence of convection is known. It is a simple superimpo-

sition of two error functi

In the | » the case of close-to-

infinitely large : ir-vw85===;— ealized by the expe-
d

rimental set-up{‘ 1t1es, it would have

lead to an copst ‘RH\\\Q

chemicals. On the

other hand, fini Voi , \\*\Feplet1on during in-
terdiffusion 1S difficulties on the
theoretical treat ',?T- »_:771 point of view, a numeric

approach(1) is Host— : v able way to check for the
effect of certain ions on the temporal de-
velopment of,;»wel_,_q,_"_;",",_,ﬁ,

2.2-b Inﬂ}uence of an 1nert gel

ﬂ‘lJEJ’J'VIEJﬂﬁWEJ’]ﬂ‘E

he effecty of the on interdiffusion is
ofteaiaq:r]ajﬂ ﬂ ‘;)mnulwxrlq Wﬂ’]ﬁﬂxcept for
suppress1ng convection. If this is true, then the effec-
tive diffusion coefficient D(eff) in such an inert porous

system is given by the product
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D(eff) = D.P

with D = diffusion coefficient in the aqueous solution,
P = gel porosity equivalent to the water content of the
gel. 1In carbohydrate gels with P > 0.99 , the gel has in-

deed no such geometric influence on the diffusion process.

Even in silica gels ranging from 0.5 to

0.9, this influencew: is, however, pro-
nounced in dense="g 2 ‘ bout a retardation
of the diffusion urn, significantly
smaller spacing o#f . To conclude, for
the systems invesgtigate "y the p \kent study, the above

influence can be

2. 2=C Influen '=?':;§ l.with ion exchange capacit?

T = ]

QL s1tuat10n changes completely when a gel

exhibits ﬂuﬁj ’}%Wﬁawaqlf}iay be neglected

for some c bohydrate ge}s but 1s deflnltel ot negligi-
ne RRIHER T 1893 NGIRY soenin
glass surfaces. The =Si-OH groups have a certain affinity
towards cations, thus partially immobilizing them. For

univalent cations, this reads
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=800 ¢ R® {ecs=uns > =8si-0-R" + H

This may lead to the consequence that for low concentra-
tions of R, anionic diffusion may become rate-controlling.
Besides this, the pH value will certainly shift the above

equilibrium and thus uence the course of diffusion.

The maximum ion exc-;'“AR \pae | of a silica gel may be

The 0+¢0 distanc 10,2 trahedron in a_x 0.26 nnm.
Let us roughly a ¥ presence 9‘\£ne hydroxyl site per

surface area a_ f S esponds to a surface concen-

or, expressed A
|
¥

AUBINBARINEANS
AR IR BN Do

mass-related concentration of surface hydroxyl groups of

h, =n, B, n, in mol/g .
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An agar gel with a silica wt. fraction y assumes an overall

density

Y
[}
-

Y/r, o+ (1-y)/p,

with », = 2.2 g/cms, P 1.0 g/cm”. Thus, the volume

concentration of surface

Anticipating t./ '.,-f

(i.e., y =

groups is given by
in mols/cem” .

for silica gels
to 300 malg), the

value for n to 0.008 mol/cm®

b4

In fact, a maj his high ion exchange

capacity will not since it is involved in

the gel form1 ridges among the

colloidal part Ef___________v 1‘

111 2
A ‘IJEf’ﬂIﬁ NIWR AR ne

= QAN BT U AL o 1

cation For steric reasons. Yet, when allowing for the fact
that 1 cmn® of a gel filled with a 1 molar univalent elec-
trolyte does not contain more than 0.001 mol of cations,
then an influence of thé silica gel on the diffusion pro-

cess is certain. Unfortunately, none of the existing
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theories or approaches make proper allowance for this

effect.

Phase formation

be presented in

two formulati nature of nucleus.

e

Either the ini bles a minute piece of
bulk crystal an "3, d 4b: ‘{i "embryo in cavity"
model, or, at the 71;@..' e nucleus is diffuse

with the solvated ions be i virtually unchanged from

their individi

T ,—_— . »

ions correspond to
tight binding”?‘ weak binding for

‘ - i
strong solvation, and are deplcted in Fig.2.4 and Fig.2.5.

e o gaad SO FIEARG o o

situations %ill be quite ‘dlfferent. The f1r case may be
reprea W{]laﬁarﬁ}im uaﬁq? ﬂi&l:qaoﬂresembl ing
- that proposed by Volmer and others(33);the second requires
a nonclassical analysis which might be treated by kinetic

or thermodynamic reasoning.
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Fig. 2.4 Natd Jnucle 3 x::'c formulation

Fig.2.4 h4's - z e formation of an

ionic embryo i 'S ﬂ'1 ' ong interaction between

ions so that_ vation is overcome

T LY
and the confi .ir."i a small piece of
i :
crystal in a *olvent cav1ty. he 1ons are in fact

s o 901 | W s .

apart from the usual ther%odynamlc d1ff1cu1t1 in deallng
with q Wll-] a&gﬂrg mbu mrllg m&l;r]aalg "volume"

cannot str1ct1y be identified with that of the bulk
crystalline phase. Integration of all these details in a
concise model is not possible Instead, the classical
theory of homogeneous nucleation will be presented in the

following section.
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Fig. 2.5 Nat ‘ QUS onclassSical analysis
o7
. { @ '. L
: el )
Fig.2.5 os ect diagram of a weakly
i { - ;.»::J; ’
interacting diffuse io ie—eclus . Ionic interactions are

£y e o !
e -"L'»’-' 'f‘:-‘ |

sufficient at +thi of ilc , development to

S

e T <
overcome solvati’ﬁ "!
I
u

ST I NYIN
AR TRIRTR URAINYY Frbertonces

solid phége AY in an electrolyte solution AX + BY of the

described type is governed by the molar Gibbs free energy

of dissolution

G(diss) = R:T-1n K, /K

AY (=)
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as already described in section 2.1-a The formation of
previously non-existing AY is not yet contained in this
picture. It involves an interfacial energy term, too. Thus,
G(diss) > 0 is not a sufficient condition for AY formation

yet. The Gibbs free energy of formation of a AY nucleus

with radius r reads

AY (=)

G(r) = -(4/3) /M) RP~da K. /K + 4w-r*g6

with » = densi \ﬁ\ \: nterfacial tension

between precipi ion in the respec-

i$\\\ lys the well-known

¥

nucleation curve ",ﬁ,5

tive gel. For

energy threshold

AY AY (=)

E = (ipa/aili a0 '°;5f LR

-dius

ﬂ'lJEl’J‘iQEWIﬁWEI’]ﬂ‘i

/Ty RT ln K 1
T

QW']Mﬂ‘iﬂJllW]'JﬂEl']ﬂEl

at the critical

X
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Gy

s

r 1
.". Si
oy’

Fn
al e _

s »
1 »
L .
g2 B~ cleation curve

Fig. 2.6 Showus t S .f’.ge F X ¥ s the

» g N ., .
cluster gains St!@lllty Dy decay (subgritical nucleus or

MR 12k ) v 01
AN TEAMINY TG

respect § to its environment already and may be called a
crystallite.
AY formation requires the accidental formation of an AY

nucleus with r > r_ first. Nucleation probability W thus

takes the form
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W = exp -E,/RT = f(T)eexp -1/C1n> K _/K ]

AY AY (=) »

where f(T) summarizes all influences other than solubility.

If we adopt, for reasons of demonstration, a set of

realistic values,

then the relatio

saturation K,

K /K

AT ey Daviay = c—nm/r- for . = 0.5 na ,
e = 0.7 BR 5
> r. = 1 nm ,
J
for r_ =5 nm ,

ﬂumwﬂmwmm ----- -
o 0 QU GRGRISIUA ) B -

tion of 95 to 10 may be required before (homogeneous) nu-
cleation and hence spontaneous precipitation will occur
(see graphs in figure 2.7). This is a quantification to
Ostwald’s concept of supersaturation as explained in sec-

tion 2.1-c before.



oneé=component nucleation probability W
Kc/Ks = 5.6 and 11

1.1
1
“ J
0.8 x-\‘r&
0.7 N
; 0.5 z.fl- h
i Nz P\
: 05 NGV
g i
TR AL)
0.4 e et
e
03 *"'-?i .._.—.
a2 {2757, P
I') — 4 S v»,‘)‘ 1
a1 L —
) ' i

Ausdmminens
L LA

saturation K/K._., and critical super-saturation

K /K

(c) (=)
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2.3-C Heterogeneous nucleation in gels

A real aqueous systen always contains a
certain amount of alien solid phases (such as dust parti-
cles) which may serve as heterogeneous nuclei. And even in

perfect absence of such p hia » there are always the con-
tainer walls which majy x.nlgg’ ormation of a precipi-

tate. In the case gels a-innrlng dispersed glass

grains, it is ay u‘- o study such effects.

egarded ‘as precipi-
‘@lume precipitation.
The Gibbs free en ¥on | naintains its general
ional terms(20) :

Glry = g,uge_v_g:__h__i SR LT B

= )

+. A{g==EEEE&:::::f—--‘Egz?iifbdge H

E = elasticity modudus of the mmcleus; a = lattice or in-

ﬂuEJ SUENINE A2 o0 o e
Z:Ztiﬁf‘i‘ﬁﬁiﬁ%ﬁl& AN

cial energy; index 1 denotes the aqueous phase. The ternm

containing E allows for a lattice mismatch between pre-
cipitate and substrate, and the tern fedge allows for edge

energies (not yet included in the interfacial quantities).

T1649 6202
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In almost every case, the influence of the substrate is to
lower the energy barrier to nucleation and hence to
catalyze the nucleation process. The question whether or
not heterogeneous nucleation becomes the predominant fac-

tor, largely depends on the wetting angle between

aqueous phase and subs f the system can be managed

in such a way that s, then the substrate

cannot initiate '@1 become a major part
of the experimigﬁai"”f ll be demonstrated how
hydrophobat ion glass 3ﬂjt§\\‘ ppresses the mecha-
nism of heterog 3 \\\\

! d of the substrate
plays a significa 1:.i- very small d, the local
effect of the subs : inor (probably due to the
strongly convex i bst, gte and solution).
On the other }iTZZ:TTTfEQQf%ng!_s;_‘:‘ not offer enough

e ov@%all effect remains

e 1) AT i'ﬂfﬂ [LLF
wegtas Ty, o

strate ect can be neglected The highly disperse si-

overall interfgﬂe

licas A200 and A300 have mean diameters smaller than 20 nm
and a very narrow particle size distribution. Thus sub-
strate effects will be small. By contrast,the product 0Xx50

with a considerable amount of particles assuming sizes >
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100 um, a strong substrate effect occurs. For glass grains
significantly larger than 1000 nm, the effect is expected
to be small. However, the edges and corners of the parti-
cles may reach critical dimensions. That is why a step is

taken into consideration to remove surface roughness by

etching in hydrofluori

2.3-d Co p precipitation

\\ diffusion process in a

system of lengtHi £ l' tic time scale =
357)\
(L/2)%/D alreadyd T ab; 1abt

N -
AN

on nucleation pro-

#

: i alent scale for AY for-
P L .

iscussing simultaneous

mation yet. The .

diffusion and nucleation; .a ion .for nucleus growth
velocity is :5_—}@ iodic phenomenon

cannot be under rood. — cisel@ this point which
reconciles he su satu 15 tion hypotheses.
Nuclei for yﬁtﬁ‘[%o ﬂajﬁﬁrgo significant
furth nilumfjr?]m a?’eﬁnt.erpreted
and aentjlg Ee metastable colloids put forward by
the coagulation hypothesis.

The term periodic precipitation may be mis-

leading anyway.Precipitation from an initially homogeneous

or continuous system will always result in spatially
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distributed inhomogeneities,1.e.,wi11 always be "periodic".
As concluded from (14), we may however distinguish between
apparently homogeneous and periodic precipitation. The
former case is established when the nucleus density is

constant or varies steadily within the systen. The

latter case is establi

- the n ucdeus distan d within the ranges
of hi ch smaller than X:

d £¢ X4

Kahlweit (14) poinf “?4=¢:agh' ndition d: X< X |18 ‘&

e ————
matter of the diffus? Stallite growth ve-

lecities. TIf Iﬂysta e growth itlﬂlf is a diffusion-

controlles L{qgﬁlﬂ ﬂ?‘])ﬁﬁ gjj ﬂ same order
of nagnitugi is never reached.

" IR TITINga Y - >

contragt, crystallite growth is a surface-controlled step,
then it will occur rapidly in a norrow range where <(under
somewhat simplified conditions) the stoichiometric condi-
tion [A%1 = [Y 1 is satisfied. Intermediate space with

EAT LY S very different from unity remains void even if
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Bl Bogens 2 Kiveer)’Kayco,+ When diffusion proceéds, the
equality condition rAY 1= LY 1 will soon be satisfied again
some place downwards the column, and & new ring of precipi-
tation is formed. It is worth mentioning that the ratio

LAY 1/0Y73 plays a key role in the coagulation hypothesis,

t.oo:.

- and when

:;‘::"::}mzi mﬁ%’ma e
ﬁ"iﬂ“’] awﬂwwmma d

B* = exp =I(CA JIEY 9 ~ %™ .

The parameter € is nothing but a mathematical tool to con-

trol the "fatness" of the probability curve for W*.



Figure 2.8 illustrates the result.

"’{é&oﬁon of AY
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Fig.2.8 Probability of formation of AY as a function

of the local stoichiometry
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The probability W’ thas a more or less sharp maximum'for
LA™Y = % 4. The argument of the exponential contains the
ratio [A®1/[Y71 and, rearranging [A*1/0Y" 7 - 1 = (ra*3
= LY 1I/LY 1y the difference [A*T = C¥ 1. Tt 48 workth

mentioning that now both key parameters of the coagulation

hypothesis, i.e., fference, are incorporated

in the super—satur:%ilf v v No interpretation ofg¢

AULINENINeINg
ARIANTAUNNIING 1A Y
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