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IRTRODUCTION



In recent years the wideapread uss of lasquers

ummwinWﬂmtdadwtorntmor
blue pigment which has met yet been produced. It must have
all of the properties of the printers’ blus exsept one~ 1l.e.
the reddish cast, A total elimimation of dronsiness from
printers' blie whils the other properties wsre refained wmuid
result in an ideal laeguer bdluey; for this hlue pigwent would
then have the following propertiem

1.
2.

3.
&
Se

brillicmey of solory

oase of dispersion and wetiing in the 0il or solvent
.

a high tinting strangth,
softness end ease of grinding,
blue top~tons and overe-toss without amy trace of

bronse or red cast by sither reflested or tremmmitted

With these things in view, this ressarch was under~

taken to investigate the wariables whieh might affect the brous-
ing tendensy of the pigeent,

x»



HISTORICAL



The diseowry of Prussisn Blue iz oredited
to Diesback, & German color maker, who in 1704 dise
sovored the blus aocidentally. He was making & lake
with capperas and an ispure petash oontaining some
bone distillsbe, His proosss was kept seeres, but
in 172 Voodmrd published & paper in the Philosophe
il Tremmeotions dewnstrating how & similer pigaent
sould be made by caleining dlood with esustie petash
and thebing the axtrast with sopperss, alum, and acid.
For many years this was the sole method whereby Prussian
Biwe ws produced.

Almost & handred years passed befors any
comprehengive inwstigations were carried on in the
shanistyy and struoture of these blue pigaents. Sehesle,
Berthellet, Gay lussss, and meny cthers were soxmectw
od with thid work, and the termious Ias not ns yot been
renched.

Camwredal exploitation of the pigment was
begm in Germaxy smd in 1770 started in England (56).
At that time the priee was § 11422 per pound { 2 Ouiness )
yot sevnty years iater the priece has heen gradually
lowered to § OoX) per pound, which is compareble to the
presnt day oost. The development of the process for



the resgvery of oysnides from gas producers and the direst
omrwersion of these oyunides to Prussian Blus erested the
prosant day prios lewml,

At the cutset of the Viorld War in 191k the
priee of potash iInoreased #o muoh that the pigent micers
began locking for a cheap mibstitute which ooculd replace
the potassiwm in the provessing of pigments, dyes, and lakes.
Sedium compomds were not auly cheaper, but resssbled those
maloer soon found thmb the prussia: bluv pigasrts made from
sodivm ferrouysnide alone were mach inferier to those nade
frem the potassimm salt (56)e It was found that & part of the
potassiua sould be replaced by sodiwn without affecting the
ae3ity of the product (18) and this substitution afforded
a2 mbabential savinge The desirebility of gas preduser wasbes
ag & yow mberial wRa treced to impurities of axmonls sand
mbsequently led te an semonia-soda blue pigment whioch evem
surpaased the origimal potash bluess At the present time omly
vory ssell quatities of potash blue are made, and these are
for special purposes rather ithen for general usee

As the investigation of the chemical and physiesl
properiies progressed, wﬁdthepm&xoﬁénwmﬁm
fram the originale. There soon was developed a type of blue



pigmesrt which was esposially desireble to the primting fne
dnsiries. It wma chsaeaterized by & high degree of covering
power and tinting strengih, delfcate shadings, low oil sb-
sorption, and a definite red oaste Thie ssriss was knowm as
Printers® Blus, Stesl Blus, Mileri Blue, and Bromse Blue.

The next dewlepmmt was Chinese BRlue, & pignwms
Ins & lower timking stragih, inoremsed hardnoss, and & green
ovrtons replading the reddish east, At the preswmt time ine
dustry demands both types of blue.



THEORY



Ascording to Baneroft (3) the solor of any
pigeent is influsnced by two conditioms, These we may
classify as pigmentary and structural. " Pigeent” colors
are thoss wvhich we see dy the light transmitted frum the
pigaent to the eys, shere the shsorptios of light is de-
pendent upon tive molesular structure of the material,

* Strustural® colors are those colors orparts of colors
whieh are camaed by, or mbdifisd by, the physiesl struchare
of the pigmeut. The latter classiffcation iwcludes eslors
of pigaents and dyes which have bewm termed dichrote, that
is, posseseing of more them ome churastoristiec color, Seme
pigmerts may be dlehroic becsuse of chenges im partiele
size (3)(20)(42)(60).

Pigaentary Effests:

The mﬁmmmtmm@z.mﬁ
shloride may be repressuted by the squation (56):
J/\/g/;/f/f/)""%‘;%"’ R () 7 + canbel

This has been substantiated by the decomposition of the prussism




blue with sodius hydrexids as follows:
RIREN)] + 12rloi/ — M BIeN) + 45 (o4

The reaction betwesn a ferrie salt and sodimm, potassium
or mmoniun ferresyanids may be considered as the removal
of the Na'y K'y of iy’ from the ferrosyanide, the group-
ing of six of thess molecules, and sombimatiom with the

trivalent iron as their mscleus, Justin-iiueller §34) re-
presonts this as follows:

I
AR /@'—N,/ &
\((”},}'V4 TenN)

_Ae - ,, /‘é”’;%\
E\(cn?,/} “ + 4‘ ’ Fe ~enNj— Te
er)s /@N),\

F‘<(¢”&"§ 4 fe ey 7

In the production of prussism blue ths ecomplete
reastion i not attained, Practically, all the original
Mpmumammwm
rartial products 1lie between the limits of F§';(Te(CH) )4
mwn(cn)p The substitution of sodimx Wy the replace~
mont of trivalent irom from the masleus of the triferrie
ferrouyanide produces a soluble blue, This replscement



mnay resalt in a structural formula ss:
RS
3N Mo

Justin-iaeller (24) produced the sorresponding acid by

trentment of the origimal with omlis scid. The formation

of this compoumd might acoount for the solubility or pep~

tization of prussian dlus in the presemse of axcess ferro=
The consideration of & structural formula for

prussian blue indicates thats

1. The (CN), groupings are not the clwomsphorie
mﬂht&mlmh.?mtmw“'wmw'
as the lerrosysnides of sodimm, potassium, smmonium, caloium,
and Mlithiun are only slightly colored, and the free acid is
white (36).

2. ‘Ths imternsl irem (Fe®) is not the color formimg
group since iis roplacement by platimus in the molesuls may
eysnides which are closely related to the ferrosysuides in
eolor and structure (44)(55)(56). The imtermedigts white
paste sontains merely the ferrous irom and besomes colored



only on oxidation,
3, Simce the Fe"' irom is the only other member
in the molecules it repaiune as the only materisl left to
be the dhromophore greup,
In the strueture of the blue pigwent, ascording
to Justin-¥ueller, there ocomr two fefinite Fe*' groupings,
nmaelys

ead—
)R~ )R ler)—

The ehromophors may be sither ome or both these groups.

It has boms foumd that the replecement of part
of the formal weight of Fe"' by Ma'y, K'y m". Ca*, Pb%,
and in" bas & marked effect upon the color of the result~
supzmwammm"mm«nuumm
ier of the color (18)(58). The introdustion of am ion such
as N" or N' may be ucocmplished by breaking the doudle bond~
od valence between the irom and the syamogen groupings tlms:

_ (e/g/—ﬁ; —'—‘ﬂ!/.i?/)—/‘ W > ) f_f%_
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fer1)~

since no part of the - £/ ~2—(2A)—  group is essily
replaseable. The introdustion of the monovalent iom inte
the prussian blue molecule tends to produce ithe maximum
amount of intensily becuuse of an inoreuse in the mmbder
of chramophoric groups present. Hence, for the production
of an intense blue a maximm amount of monovelemt iom
should be introduced into tho molecule. 7illimms points out
that ikose blue pigments which contain 1iitle Na'y K*, or
W' are not im dasend by the imdustry, for they are net
80 brillignt as those containing relatively larger ssounts
of these sqme ions,

Turnimlls' Blue is closely related to Prussiam
Biue. The former is a ferroferricynaide while the lgtter
iv a farriferrocyanide. The siructure of Turnbulls' Blue
ascordiag t4 Justin-ifueller (21} ias

/@% < < GwJ
s ey =l \[d/\/)/



and treatment with sodium hydroxide produses the sodium
sall of hydroferricyanie acid:
F/@v) g
\(w}’\p + GNoOH — 2 2= éNf\}/\/ r zlz’/a(//

T—en)F

ev) <
4 4(@,,,/&

This sodium compound is red, dut the irom salt is light blue.

Comparisen of the two structural formilas shows a
urycm.mmmmmmm
beem noted by Keggin and Miles (26) and Lavi {33) who iwdep~
onndently found no strustural differencs between sodlum, pot-
sssims, or iron ferri~ and ferrocyanides by X-ray sxmmimation
of emch, Bhattacharys (4) examined prussian blue and Turmbulls®
blue by using absorption spectra and found no difference in
their structures.

Briggs (10) reported the existemes of two isomeric
ferrosysnides of sodius and potassium, mssely, & comnon
form und &  form whish may be prepared from the 5 by
the addition of 1 £ of asetic or other mineral asid to a
saturated solutiom of the ferrosyanide, ™he addition of
alkali or syanids to the 3 will resomvert it to the « fors.
Locke and Edwards (34) have demoustrated the existemse of
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two isomeric forms of the ferrieyanides of potassium snd
sodium, The commomy or o form is red while the 2 iz a

desp green. The presente of a dilute mineral aeid will shange
the « to the /4 sonfiguration, Considering the conslusioms
of Keggin, Miles, lavi, and Bhattacharys there msy be a
relationship bitween thess four compounds although it is
otill open to question,

Struosturel Effects:

When light strikes an object, such as a pigment
partiole in a lasquer film, it is divided imto a wamber of
somponants. ( See Figure 1 ) ™we pencil reflected almost
unaltered from the surface B iz known as "reflectad” light.
That passing through the particls D is desigmated as " trame~
mitted * light, while ¢ 1s the portion which is projocted
from the interior of the pariiels, This is dssignaied as
* plgmentary “ light, The color of any piguent depends upom
the imsumeruble selective refleetions from, and tranesissions
through the marticles. If the pigment powder presents & smooth
surfase it does not appear so pure in eolor as whem rough,
Looss packing permits a greater proportiom of the incidemt
light to penstrats into the Dody snd glves oolor by selestive



reflsetions and trunemissions B’y C'y, D', Therefors
pariicles shape, size, and dispersion mediue will in-
fluence the affect of imcident Light,

H

L <

Figure 1. Path of Incident light through a Pigmented
Film.



EXPERTMENTAL
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For the laborateory production of the solors a
stant, The following steps are typisal of the lshoratery
prosedure:

Thirty-four thoussndths (0.034) of u mol of
smonive sulphate { (Mg 080,) was added te 0,025 mols
of ssdium ferrouyanide (Mn Pe(C)) 413 HyO) in 500 en of
waier with mechexionl sgitetion at 607G,

Fervous malphate (0,035 mols } in 200 eo of
water was added slowly over a period of ane half houwy
during which times the tempersture was maintained at 60°C
ate ( 7980,°7 Hy0 ) lmd been sdded the pH was detarmined
with sn entimony slestrods and digestion of tie white puste
somtineed at 60%C for smother helf hour. |

At the esmclusion of this paried 0,022 mols of
sulpburie asid (98 1) was added to the bateh, This was
followsd by 0.0062 wols of sodium eklernte { NaOl0g ) im
the form of & bolling comssxtrated solwtion. Agitation was



contimted and the temperature maimtaimed at 60°C durimg
& subsequent hMalf hour digestiom. At the close of this
period the pH was again takem and the pigment allowsd to
sotile,

The pigment was washed by decantation umtil
only trases of SO," remained in the wash water. The pig-
ment was filtered om a sustion faimel amd dried at 50°%C
in the oven., When dry the ecake was ground in an sguts
was dispersed inm blown sastor cil aseording to the method
of Garduner (16).

A visual camperison was made for bronze and top~
tone. The iiniing strength of the sswple was determined
by the method of Gardamer (16) aind supressed as the ratio
of the weights of sample {o the weight of sx arbiirary
standsrd sample required to produce the smme degree of
tint in a definite weight of sine white., The oil absorption
of the pigment was determined accordimg to the method of
Bartell and Hershberger (20). The relative hardness of the .
pigaent was judged by grindisg ihe samples in an agate morisr.



1.

3.

5.

6.

(N

8.
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The variables investigated were:

g8 of the formatiom of the white paste inter-
m,

bs of the oxidation of the resultant iwmtermed-
iats paste and subsequent digestiom.

Variation of the smmomium sulphate to sodium ferro-
syanide ratioe.

Effect of sabetitution for smmonivm sulphete
8« by organie nitrogsuous eowpounds such asy
:ﬁz:uﬁ.c and aromtic amines, and diszontus
¢ g
b mmniamlmtumaum.m.
g? 30‘1 S04, the sub~
stitutioa of 3 e

Method of Oxidation
a. addition of the common oxidant, sodium shlorste,
bs use of various oxidizing media,
¢s amount of oxidizing agent used per mol of sodium
feryoeyanide.

Method of forming the inmtermediate white paste
e, variation im the comoentration of solutioas
of constituentis,
bs order of reagent addition,
¢. formation inm neutral medium.

Varistion in hydrogen ion conesntsation
2s of the formation of the intermediate white pasts,
be of the oxidation of the intermediate paste.

Effest of addition agents to the ferroeyanide solutiom
fs sodium ferrioyanids,
b sodium eyanide,

Xe-ray investigation.



%
1o,

1.
12.

14,

Method of dryiug.

Effeet of the isomsric forms of the ferrocyanides
and ferricyanides on the bronzing of the pigment.

Particle size of warious dlue pigwents.
Effect of dispersion vehicle.

Addition sgents 4o ths finished pigment,
Pigmentation in lacquer films,



DATA AND RESULTS



Temperatures

A study of the effect of temperature upon the
bronzing tendsncles of the pignent waes made, The intor-
medinte white pastes were formed st 0%, 25°, 459, &0°,
and 100°C, =nd the subsswuent oxidations wers cmrried out
at 60°C in all cases, Very little varistion in the mmount
of bronze was noted between the pigments produced, which
would indicate 1ittle effect of this variable., When the
teaperature of oxidation was changed with the ssme paste
forming tempersture a wide variation in the red cast was
moted, The change in the bromse cast caused by the varia-
tion of the oxidation temperanture 14 m in Fiture 2.
All thess samples were dispersed in blowm cmetor oil.
Oxidation et the higher temperatures produced soft blue
pigments. These were very high in tinting strength, relat~
fvely high in bronze hue, and low in oil ekeorpiion. Those
oxidized at low temperanturss prodused herd, low tinting
strength, and less bronzy pigments which however had an in-
greassd vil absorption. An optimum temperature for t& oxw
idation was found to de around 25°-30°C. Oxidatiom at this
temparature produced a blus pigment which is almost free
from bromze, of medium hardness, end with a fair degree of

22



tinting strength. The results of thess runs are shown in
Tabls I.

At temperatures above 60°C the imtrofuction of
smnonium sulphate to the origimal sodium ferrosyanide
solution libersied smmmonium sysmide (NI ,CN) and presipit-
sted varying siounts of a &ull grees somplex, Williams (56)
umm:mamuﬁmmmumw
amontom-ferrocyanides

&, Fe "(WHy (F (er) Dy

A sample sontaining sppreciadble umounts of the greea
precipitate was divided squally inte two parts. The first was
f1ltered through a double layer of filier paper om a Bichner
funnel. The eslear filtrate from this half was given the same
troatment subsequently as the sesond portion whick contained
the complex in suspension. Samples of both fingl pigments were
found to show the seme amoumt of bronxze.

Larger mmounts sf ferrosaferrio~umsoniue-~ferrceyanidse
were preparsd in a zimilar mamer te that diserided previcusly,
The complex, after dryiag, was dispersed with a ssmple of non-
broase blue in varying smounts. The resulting mixed pigment
showed no inorsase in bronziness at any tims. Dull m'tom



TABLE I
Bffect of Temperuiure Yeriatiom.

ple  Temp, of Temp. of Brouse Tinting Oil Ab~ Harde

mmber  Paste °C mg;tzem Stwength sheption ness
164 0 60 Bronzy 0,98 16 soft
54 25 60 Bronsy 0.95 18 | soft
va 43 0 Bromsy 1,00 1B seft
58 60 60 Bromsy 1,00 18 soft
168 100 60 Bronsy 0,95 16 soft
15¢ 0 0 nom-bronze 0,80 2 m-y
50 ) 2 nomsbronze 090 19 3
1ve 50 4 slight 100 18 medium
5B 0 60  ‘bronsy 1,00 1 soft
48D 80 100 vy L M very
3 Yronsy - _soft

* Expressed us rutic of welght semple to welght stendurd to
- produce sams tint in 5.0 greme of sine white parts.

#* Drops of blown eastor oil to wet 0,5 grams of powdered pigmamt.



Figure 2.

Effect of Temperature of Oxidation on bBromze.
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wore noticed vhen the weight of the samplex was equivalent
o the weight of the blue pigment used. The sffect was mot
Iimited to the overtons tut was also apperent throughout.

Variation of Ammonium Sulpbate 4o Sodlum Ferrocysaids Ratios

The variation of the amaonium sulphste to sodium
ferrocyanide ratio resulied in 20 moticesble changs in the
degres of bronse when the intormadiate paste was oxidized at
the higher temperatures., However if the mol reiic of ramonium
sulphate to sodium ferrocyanide was below 1 to 2 a desresse
in the timting strength asd brilllsncy was noted. At the lower
temparatures sddition of snmonium sulphate affosted the timte
ing stremginh. Non=bromze blues preparsd at 25°=30°C showed a
maximus tinting strengih vhen the mol ratic of amsonium sulpbate
to sodium ferrocyanide was 3 to 2, If this ratio was exeesded
no additional effect was moted on the pigment. ( Tadle II )
Analysie of the fimished pigwenmts prepared with varying
sammonive sulphate additions to_ the sodium ferrosyanide th‘
that the smount of mmonium ion remaining in the pigaent was
a funstion of the original ratie. The gruphlesl pressutstion
of these data ip shown im Figure 3. The ssmonium conteut in
the pigment whem tintimg strength was highest was found at 2.25
to 2.5 %



Variation of Ammoxium Sulphate Cowtent

TABLE II

in Formlatiom.
Sempls  Mols Broaszs Timting Oil Ad> Harde
wmbsr (M) ;30,4 Strength sorpiion neas
1+ 1.2  bremzy 1.00 2 soft
4 1.3% s Dromxier then 0.95 20 soft
Yohr's salt 1
. 4 1,00 lean hrouse 0,9 - 3) woft
then 1 ‘
& 0.50 less bronze 0.85 20 soft
then 5
20 2,00 alight brouse 0,90 2 hard
17 1,00 same as 20 0,95 28 hard
23n. 1.3% ssme as 20 1.00 1] nodimm
24 300 same as 20 N,8%5 33 hard

* Taperuture Beld at 6090,
#% Temperatures held at 25°«30°C,
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Pigansats prepared from dodium ferroeyanide
without the pressass of samonium sulphmis lasked drilliancy
wnd tinting stremgth, and ground very poorly in oil., It ws
aocted that the addition of water te‘ the oil digpersed pigment
cansed migration of the blus in a manner termed ‘blesding'.

As @ substitute for ammwonlum sulphate and ferrous
sulphate an squivalent smount of Vohr's salt { Fe"(lig) (300 4)
was used, The result was somparable with the standard but
showed slightly more bronze. Amines and relsted sompounds,
both aliphatie and aromstic, were subastituted for tho mmmon-
jum ionm in an attempt to determine ihe effact of larger
groups in the ferrocyaunids molecule, In gseneral the aliphatie
graups presenied a mors bronzy appeuranss thau the a.rmttic
grouys, bui the bronze was in no case far differeat from
those when ammonium vas used, Ths cutsianding difference was
on apparsnt trend toward a green overtons, A blus pigment made
in the presencs 2f uree was exospiional in this respost.

{ Teble II ) ( Figure 4 ).

In one exporiment toluidine was dimaotiszed and the
diazonimm chloride was made to react with sodium ferroveyanide.
Ferrous sulphate was added and the paste oxidized in the uswmal
sanmsr, The pigeent was green-yellow in color and did not re~



TABLE XII
Effest of Additiom of Orgunie imines in Place of

Sample imine Mol ratio Bromze Tinting 04l Ad~
mmber Amine to Strength sorpilon
NagPe(CN) o

™ dimethyl 1,39 mediwm 0,90 15
aniling bronce

8 diphenyl 1.39 less then 0,90 15
amise 7

9 nrea 1.39 gonmbronze 0,80 18

greon top~tone

10 triethanel 1,39 more bronze 0,85 14
amine thex T

108 Kethyl- 1.39 bronzisst 0,95 14
sthyl
aming

106 diethamol 1.39 less brouze 0,95 15
amine them 10B

78 aniline 1.39 more bronze 0,95 15

then 7
10D pyridine 1,39 similar teo 100
1,00 15

3 ] pmethyl 1.39 grosn~ysllow = 10
phenylazsonium
chloride

* Temperature held comstant at 45°C throughout.
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Arznonium
sulphate

Figure 4.

dimethyl diphenyl ures triethonol
aniline amine smine

Replacement of Ammonium Sulphste by Orgenie Amines.
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saable the prussian dlue pignents. Extragtiom of this pigment
with various solvents did mot discharge the color; therdfers |
it was assumed that the toluidins was in sombination with the
ferrocyanide,

Then alumimen, oopper, zime, lead, and arsenic salts
| wers used in plase of the ammonium sulphate the pigments wers
dissolored, maddy, low in tinting strength, and wtill showed
ihe bromze onst. Whem lithium sulphate wes used e fine solor
was produced which reseubled that made feowm potassivm ferro~
eyanide. { Table IV) ( Figure 5).

Method of Oxidatioms

The oxidatiom of the white paste was suscomplished
under various conditioms.
i Usiug sodtum chlorate { NeClOj ), whieh is the commsomly
used oxidaxt, the method of addition was varied from the erye
talline solid to a dilube solutiom slowly added with vigorous
meshenieal agitation. The forwer showsd somsidersbly more
brosse ther the latter.(Table V )
2. mr.mzuumtermmmﬁammu
between the ratio of sodium chlorate to sodium ferrocysmide
el %0 1 and 1,25 to 1, but the useful range for the prod-
netion of prassisn dluss fell between 0,20 to 1 snd 1 to 1,
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TABLE IV

Effect of Substitutiom of Inorganie Salts for Ammonium
Sulphate -

Ssmple Compound Ilol raile Broase Tinting 0i1 Ab~

nmber per mol Streugth sorpiion
Na,Pe{CN) g

11» n?‘( 304) 3 1.39 bronze 0,70 25

iz CusOy 1,39 green 0.40 23

13 mSC‘ 1. 39 vary 0:85 a
bronze

14 Pb(cgliaﬂg) 2 1,39 Jot 0,60 0

L5%% Guiiﬂ‘ 1.39 hronze 0,50 23

12 wo‘ 0,25 hronzliest D90 0

43 Mn3Q, 1.3% brown 0,80 20

40 Li,504 1.3 vory 1.10 18
bronse

% NaghsO4 1,39 groen 0,80 22

¥ Tesperature neld gomstant at 6000 Lhroughowt.
** Unoxidized.



Cus0, Znsf)q‘ Pb( 023."302) 2

A(80, 5

Figure 5.

Effect of Replacement of Ammonium Sulphate by
Inorganic Salts.



TANLE V

Nethod of ABMALon of the Culdising Agent.

Mdition of

041 Ab-

ga*"n

1.00
1.00

I
g
s
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was solloidal wed osuld moi be filtered. A portiom of this
&% 1 il 1% chownd extroms Wrillinsey,; & very high tinte
sorporuied ix u laoquawy snd n sories of films of warylag
to e file. 4 glowelag pemsil of Light produsad s purple~
red asdes The ved eolarution Desams Rove sppavent s the



inteusity of the light soures was increesed, Under s
earbon are the bluze 1s almost lowt im the light reflected
from the pigment particles, and the color of the spesimen
under these comditions spprosches a deep red. { Table VI)
3, The oxidation wes investigsted witk the use of potsseium
diehromate ( K,0rg0, ), potassiws permanganate { KO, ),
nitric aeid, air, hydrogen peroxide, sodimas hypochlorite,

( NaOCl ), ferrie nitrate ( Fe(NO3); ), and perchlorie
aald ( HC1O, ). Im order to reduce the warious oxidants

to e common basis for comparison, 0,525 oxygen equivalemts
were taken for eaeh mol of sodium ferrceysnide. The results
are tebulated in Teble VII. Yhe repid zddition of potussium
dichromete omused a pgreem undsrtone to appesr, espeeially
if the oxidation were conductsd st temperatures above 60°C,
The bichromate produced the bronsiest blue vigments, The
use of permengannte produced blue Hizwsnte whioh were jeb
in top~tone, black im tho dry stste nnd were all charaet=
erized by u groen under-tome, The blues prepared by using
sodium hypochlorite wveried in the dsgree of Tronze evea
with duplicate formulations, Alr oxidetion wao slow and re~
quired 8 to 1C hours. The pigment wne wesk zndl did not hawe

sy lustre, The use of nitric acid produced greea top-tomes



TABLE VI
Effeot of Conecemtiration of Oxidising Agent.

Semple Mol ration Sronze Tinting C1l aAb-

Nuaaber NaClOg to Strength sorption
1‘&4?‘( {}H)é

25 0.976 bronziest 0495 17

26 0,732 less than 25 0,95 19

=% 0.24¢4  least bronze 1,00 20

28 0e122 Llight blue due to insufficient

oxidetion,

& Temperaiure held comstemt at 150G,



TABLE VIX

Effeck of Various Oxidizing Agents.

Semple Oxident Mols O Bronse Tinting 0il &b~

Fumbor aquiva%ant Strength sorption
per mol
Nug7o{CN) 4
Lalaw KzCra07 0,244 bronsieat 1.10 17
LB1B 8202 L2844 less then 0,95 P §
LB1Z
LB1C KinO, 0,244 bronse 1.00 0
Jat top-tone
LBLD HNOg 0.244 bronze green 0,95 4 8
top-tone
LB1E NaClOg O.244 bronze 1,00 20
LBYF ALr amnvan least bronze  ,85 22
LR1G Fop(50g) 3 0e2844  less then 3490 19
LE1E
LBAH HC10y  Oe24d brounze 1.00 20

* Tmmperature held ab 300C,



arount 309C eould be mnde to produse a green pigment dy
excens addition, Thé paste vhich was oxidized with per-
ochlorie acid made a blus somparable tc thest using sodiwm
ghlorate. Tho use of forric sulpheto resulted in = pig-
ment with a dbrown iop~tone, and vhem incorporated in tints
showed a grey discoloration, The results of oxidetion withk
hﬁrdrogan peroxide wers comparrble to those obtained with
sodium chlorate,.

Hlectrolytic oxidation was tried, but there wus
no epprecimble decrease in the bronze tone, Whem the oxide
ation was buffered with ursa, frustese, and tensaldshyde

very little verigtionm in bronge was noted,

Consentrytion of Solutions:
The cmecentratimns of +the sodbrwm forrogyanide
end the ferrous mulphate were varied, and the dilute sol~
utions prodused the brightest bluses, wut litile affect vwas
noted on {he bronse cast. in optimm concemtrutiom was found
at about 2,5 % modium ferrooyanide solution end 10 X ferrous
sulphate solution, Very emcemirated solutions of either
ferrous sulphate er [errvoyanidd produced hrown top~tones
and &:}1 shades of blue with & deerease in the bromsze. ( Table VIII)



TaBLL vIIX

affect of Voncemtration of Sofium Terrocyanide
and Ferrous Sulphate Solutions.

Sample Gonmcsabratiom Arosse  Tisting 0il &b~

Hamber NagPe(Cl)g FeS0, Strength sorption

A* 1046 e¢ 160 es  acm~ 0,95 20
bronze

8 50 co 53 g¢ browm D85 19
top=t-me

H 400 ec 400 ec slight 1.90 19
vronze

b 500 eo 200 s¢ bronsze 1,08 20

Reee 500 ee 500 ¢¢  dronze 1.30 17

e 500 oo 20 co  bronse 1,30 17

¥ Temperature held uf 25°«=309C.
e Strack in nsutral medium.
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A brightsr blue may be obtained at the higher
femperaitures when ammonium sulphate is added %o the ferrous
suipbate solution, [his additi-a also preveats tha formation
of the ferrosoferrie-ammonius-ferrosyanide complex previously
mentiomed. Less bronze ws produced when the sodium ferre~
cyaside was addsd to the ferrvus sulphste. lorsover, if the
pi wors around 5.5 after oxidatiion there appearsd s browm
asoloration is the finished piguwent. e resuils indicate ihat
& blue should be siruck in sentral medium with the ferrous
sulphate addition slightly shead of the ferrocyanide at all
times. A temperature of 25%-309C with the sbove procedurd
produced an almost nom~bromze blue of high tinting strength

wnd mediua softness, ( Table IX )

Hydrogen ion Comncentration:

The fommation of the iwtormediate whits paste
was oarried ut at variocus hydrogen ion concentratlions,
At very low pH values (ke paste was more gelmtinous and
and eolored, while formation at a pH of 5.5 produced a
gramlar pasto wnich seiiled repidly and was nesrly white.
Oxidations perf‘om& 8t & pH below 4.0 rosuited in right,

softy brilliant blues which were rether broasy. Yhem the



TABLE IX

Sequents of Addition of Reavtamis for the Formmtion

of the Intermediste Pante.

Semple  Nethod of Bronas Tinding Pl A>-
Rmber  Addition of Strength sorpltion
Resvtants
J* ferrocysnide alight 0.88 18
to smsonion tronse
sulphate and
ferrous sulplate
3 ferrous sulphate tronse 1,00 2
to ferrocyanide
and smmonins
sulphate
JII neuatral med- more broanse 1,15 17
ivm thas JI
JIIT neutrel medium bromse 1,05 20
smmeonium sulphats
to the ferrous
stiphate

% Temperature held st 45°C.



pH of oxidetion was 5 the pignent was found to be very
mach degressed in bronxe, sasily washed snd filtered. The
swtralization of the paste privicus to oxidation and a
subsequent oxidation at a pi of 7 remited in & produst
wileh oould not be filtered. { Tekle X )

Effest of Addition Agewts to the Ferrosysmides

The addition of ssall smounts of sodium oyanide
to ths ferrcoyenids resulted in a mors brousy pigeent in
overy case { Tuble XI ). This same trend mmmm
sodium ferrioyunide was added to the ferrecysnide, Pro~
gressive additions of the ferricyanide mads suspended pig~
nais which were harder <o filter ss well ss making an
inereasingly dronsy blue, { Tabls XII ) The wash water
a pronounced redness oven after as many as ten (10} sue-
sessive mashings. In no case 4id this colorstion wash out
completely. The addition of smell wmounts of ferricysnide
{ 0.025 molar ) showed only faint trases of this soloration
in the wash water, but the pigeeat was very finely divided,

Tbawﬁoﬁde.lﬁotmm*utb
ferroocyanids was found to ast as a color intemsifier and



TABLE X
Effect of pH on Oxidation and Paste Formation.

Semple pH of pH of Bromse  Timting Oi1 Ab~

Humber Paste Oxidation Strengih sorption
+ 13 8,0 4,45 Jot non- 0,90 2
‘ bronze

22 6,0 $,00 son~hronse 090 O
brown tone

23 §,0 2,10 bromnse 0.98% 2

24 6,0 1,% bronse 1.00 13

2a 4,0 2,30 very bronss 1.05 18

AS 21 110  bromalsst 110 17

R2A 6.0 §5,50%%  pomebronse 0:90 a1
brows tone

‘% Temperature held at 259=300C.
* NeOH added prier to digestion uwtil pi{ was 5.5



TABLE XX
Effest of Addition of Sodlum Cysmids to the Ferrovoystlds.

Hamber ¥aCH Strength sorption ness

ADSB#* 0,025 broazy 1,08 18 soft

ADSS 0,005 less than 1,00 19 soft
AD3S8

ADSIO D e nop~bronse 1,00 19 soft

* Tempersture beld st 30°C.

TABLE XII
Effect of Addition of Sodium Ferrisysmide to ths Ferrooyanids.

Semple lols lMols Bromse Tinting Oil Ab~

igub'r Nayie(Cll)g NagFe(Ch), Strength  sorption

ADZLw 0650 0,50 nore broagse 1,10 18
than ADS2

ADS2 0.25 0.75 least bronze 1,15 i3

ADG3 0,75 Q28 more bronse 1,10 17
than AD&

ADSA 1,00 1,00 bromziest 0,85 15
* Temperaturs neld at 609C, '




and totally removed the brewn top~tones whisch were usmlly
prodused at s pH over 5, imounts of potassiym alum sbove
0,1 £ of the ferroeysnide were found to producs wesker
solors whioh lacked brilliamay,

I~Bay Investigstions

in zray comparisom of a highly bromzed and &
non-bromxze blus failed to revenl any strustural &ifferences
betwosn the two, A spestruscopic snalysis showed ths presenss
of similar impurities in eaeh dlue, motadbly 0,001 - 0,01 %
Al, 0,001 = 0,01 £ Mn, and 0,001 = 0,1 £ Cr.*

Method of Drylng:

Pigments whiok wore dried im an oven above 70°C
all showed ugly red sasts. They were hard to grind and o
dispersion in an o1l was very diffienlt to produce becmise
of ths low wetability, However if these pigments were not
sufficiently dispersed {hey prssemted a jeot top~tone with
practisally mo timting powed. At lower dryimg temperatures
a sinilar offeet was noticed when a low humidity drying at-
mosphere wes employed, Pigments with the most desirsable
properties wers obtained when dried at 659C ia an atmosphere

* Private sommunisation from the Dow Chemisal Co., Midland,
Michigan.
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with » relative humidity of 50 L or sbove. The results
of varions drying temperstures are shows in Table XIYI,

Isamerie Forms:

The ismerio forms of the ferrveyanides were
prepared by the method of Briggs (10} amd the o amd S
forms separstsly mad ¢ ixto pigments under similar com
ditions, There was no mpprecinble wvariation in the degree
of brouss wvhen the draw-domms of the pigments were sompared,

Particle Sirze:

A dry dlue piguent which showed 2 fulr amoumt of
broase was shaken with ethyl asetats for thirty mimites in
a separatory funnel and then allowed to settls, Periodieally
the settled particles were remwoved amd drisd, snd subsequent~
1y rubbed up in blown castor -1l, The slower setiling frmete
ions showed decidedly greater amounis of bromie, Thres fraet~
ions are shown in Figure 6. The times of gettling wore in the
rakio of 1 to ]2 to 48. The tinting stremgth of the pignent
verdied directly with the broase.(Table XIV )

A aocm=bronse blue pigment suspension in waler was
refiuxed for varying leagihs of time. Eight (8) hours was
suffieient to produwce appreciable peptisation whish pro-



TABLR XIIX
Effect of Drying om the Bromzimg of the Blme,
Semple Drying FRelstive Bromss Tismting OL1 &>~
Rmber

To?. Humidity Stremgth sorption

LB 105 oven Jot 0,75 28
3 ) oo

LB 70 2 brouss 0,9 23

LB 100 50 . 0.80 26

1B 65 50 slight 1.00 20
bronuss

LB 50 16 brouse 1,05 19

TABLE XIV

Effect of Particle Size om Bromge and Tinting Stremglh.
»

fastest Q.95 brouzs 0 poft
sattling
madium 1.00 more than 19 soft
fast settl~ above
ing
slowest 1.00 more than 13 very soft
settling middle fracte

ion

residue o 0.80 bronziest 16 very soft




largest medium

smallest

Figure 6. Effect of Particle Size on Bronze in Blows Castor
0il.



grossod to sompletion and the bromss tint of the material
inoreased proporiiouately. At ths point of complets pep~
tization the saspended material in the liquid was o deep
purple color. Semples eveporated from the mixture st wary-
ing times showed & tinting strengih imereasing to a max-
imm shortly before somplete pepiisation was prodused.

( Table xv)

Dispersion Vehiecle:

It was found that various pigment wvehicles cansed
the ssmple pigment {0 ssmme varying degrees ef bronse., This
phaomenca 1s shown in Figere 7. Theu the test smsple had
dried, a thin cont of clear lacquer applisd to the surface
decreased the bromze. { Figure 8 ) |

Addition Agents to the Finished Pigmewd:

A smaple of the pigaent which showed exnesdingly
largs amounts of the bronse was mixed and dispersed with
various typss of blask pigmewts and ths resulis noted on
the mixed draw-downs, In some casss the bronze was deocrsased
until it was not perceptible, yet the color of the mixed
pignent still eppeared blue. Of all the additive blucks
whiek were tried, Ivory Bleok was found to be the most



TABLE XV
Effests of Thermongeing on the Brouse and Timting Stremgth
of u Pigunemt.

Tine of PFronse . Timting  Oil Ad~  Harduess

Reflux in Stremgth sorption

Hours

0.0 medizs bronze 1,00 20 nedivm
hard

D.8 medium bronze 1,05 20 mediun
hard

1.5 bronse 16 ] soft

4,0 insreasingly 1,10 2 sof%

8,0 ~ bronze 0.95% 19 vory soft

8.,0% most bromze C.80 16 very soft

* Pigmant recovered by mpmtim

52



blown alkali tang ithol lacquer
eastr oil rafined oil varnish
ligseed

Figure 7, Effect of Pigment Vehicle on the Bronze,



coated uncoatsd cogted uncoated
blownt castor oil. lithol varnish.

Figare 8. The Effect of Conting the Dry Fils with Lacquer.



suitable vhils Carbon Black resulted in red-bdrowm tints,

Piguetation in Lacquer Films:

The various dlues wers incerporatsd in lasquers
mving the same Dase formula. Later they wers drawm out iute
films sn a glass rlate and ramoved after a dryimg period of
od its pressnce when both thc top snd undersids of the film
wors illunineted by incident light. In some cases the broase
osvident on the underside was even mere pronoumced them that
of the top side, Normal irsmmmitted light showed a mearly
true blus color tut glancing transmitisd light yroduced s
near purpls shade,( Figure 9)

Similtaneous imsorporation of blasks in the blwe
pigusnt = lasqmer grind resulted in a deorsase in both hronss
snd total incident refleoted light. The 4ffect on transsitied



top side top side

bovtom side bottom side

Figure 9. FPligmented Lacquer ilms.



IXSCUSSION OF RESULTS



AM#*&W.IW‘&%&W
te the bremse in the prwasien Mlue pigweats were as followss

s Oxidation of the imtermadiate white pasie at
high tamperatures,

2 Oxidetion of the intermedints Jasts at low p=
valuos,

3, The addition of the oxidiziag agext in the form
anmquum

4, in sxuens of sodiwm shlarste,

6, Low somentratiam of ferrous sulphate and
sodium ferrveyanide sclutions,

Te The addition of the ferrous sulphate to the sodtwm

8, The addition of sodium ferrieyanide and sodtum
wynaide to the originel solutions,

W);

10, Peptisation of the pigmest through thermcegeing,
11, Lew refrective index of dispersiom vehiels,

The emmination of these fusters comtribuiing to

a wore bronsy blue pigeent indlsated the similarity of all

Bt one, in thet they result in a desrensed partiels sise,

The averege partiels xise ean be consids=sd as & fumsticn



of the particle size distridution and this nxy b affected
md sesondy by the formmiios of misresrysialline mele
viieh are iubiVited in grewih, The latter resulis in the forme
cAon of finely divided particles of syproximately waifom
uu‘mwmmmuan;mc Sstridution
of sizs, Finely divided pigaemts sbow & Wrilliamey of solor,
Righ tinting strength, sess of griniing, awd &lspersion ia
ail,

Phiysioo-dheaieal Llavs indisads tut @rystal form-
ation should tske plass more rapidly st high temperniures
Blgestion a8 Migh taperctare of a serdy blus riguert wiich
was fommed by oxideiion ef a gelatincus white paste emises the
formation &f small erystallins ssslel whose growth £s Lmdbited
by e proswmcs of varicis sy, A gesarel result similer to
this Jms bemn reporied Wy Wooller (58),

The addition of x somsewtrated exidising agesi re~
slts in & localised satursiion of the solution with the oxide
et il ay exert & peptising infloes on ihe resultawt Miwe
pigusik, Bavagh (123) reports that pruasiue bise pigeemts may




easily be peptised by the use of potassium dichramtis,

and we have 1o reasom to bolieve that this is the emly
oxident to affest pigments in this mammer. The offsct of
mmmmimmmmuaam“
has Lesn reportesd by Ghosh snd Dalwr (61), whose finmdings
are ia sceord with those sbove.

A loealized oomoentraiion of axidumt im tdw batoh
may also sarry the oxidstion of the puste to the secondary
stage, that is, oxidation of ths ferro~ to the ferrisyunide,
The formation of the ferrisyanide grestly elds ths hydroiysis
of the ferricferrcoyamide with the formation of the stabilizing
ferrooyanide iom, The ferricyamide itself may act as a stsbilise-
ing ion feor the prussism bluwe sol. This is in agremmemt with
e works of Ghosh and Dabr (61) amd Wooller (58), After the
formatien of forricyanides where ths oxidant has Leen most
mﬁr&tﬁ. mechanical agitation would sause the ferrieyanm
1des to come in contact with some of the umexidized paste
intermediate, The result would be an oxidation of the paste
to prussian blue snd the redustion of the ferricyanide to
more of the ferrocyanide, As the odidation-redection procesds
it wonld slowly reash sm equilibrum, and thers would still
e soms ferricyanids in the presemss of the ferrecyanids. The
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kineties of this elesiren movement from ferri~ to ferro~
syanide are such that crystalline growth of the blue pig~
meat would be imhibited amd the stabiliszing astiom on the
eolleid would remult im a finely divided pigment,

The identificatiom of fmm‘ in the fimal
blue is #lficult for a mmber of reasoms. mm
structure of both forro~ and ferriayunides are similar
and the x»ray hae besn unable tc produce a means of detest~
ion of oms im the presence of the other, Chemical methods
of identification are mot effective, sinmece durimg the mlyc}.l
the pigment is boiled with a potussium kydreoxtds solution
vhish would cause the redustion of ferrisyamids by either
the adsorded ferrous smmonium aulphate, the ferrosmsonium=-
fervocyanide, or doth, This makes the identificaution of very
msall smounis of ferrisyanide improbable usder thess comditions.

Tha presence of forricyanide snd cyamide wers studied
by the addiiion of known spounts of eash to the ferrocyanmids.
This added to the evidence for the comeept of peptization and
stabiliszation of the resultemt solloid,

The oresence of exeess sodium shlorate amd other
strong oxidizing agents afforded simiiar results, Mitrie




asid and sodium hyposhlorite prodused gresn top~tomes
and at first ssems to Do an exsepiion to this supposed
mechanism, but the imvestigations of Chosh and Dalw (62)
afford an explummtion, Their work reports that only ssall
quntition of potassium chloride and potassimm nitrate
are required to sosgulate prussian dlue when in the presemecs
of hydrochlorie or mitris aeid., He proposes a decreass ia
the hydrolysis of prussiun blue with the corresponding
deerease of the staMilizing fearrosysaide fon. Thls would
produce a larger particle sise. Astingtonm and Hameoek (2)
studied the offect of varicus oxidising media and found
that the yisld of pigeant was lowest for severe oxidations
with potassiua shlorate in acid solutios while that oxid~
ized with ferris sulphate in aeid solution was highest.
Yield may be taken as a msasure of relative fineness of a
pigaont provided thi sdsorption is mot exsessive, for the
finely divided pigwents the loas in washing is greatest,
The formation of the pigment in dilute solution
snables the gelatinmous dlus material, first formed by the
exidation of the intermediats paste, to rearrange iteelf
into finely divided microorystallins mucleil whioh produce
finely divided piguemts, Totel iomis comcemtratiom exerts
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a marked effeet on the growih of the prussian blue
particle after oxidation as well as on the prescipitation
of the resultant pigment. The work of Weiser and Kicholas
(54) infers the formation of finely divided pigments in
dilute solutions of ferrcus sulphate and ferrocyanide.

The work of Joshi snd Singh {23) indicates that
thermoageing of prussiam blue pigments will in most cases
produse an increass in the viseosity of the oil-pignent
mix as well as deocreass the itransparency. An ineresse in
viscosity indicates & fine dispersion of the pignent in
the oil while a docrense im transparemsy shows grester timt-
ing strength which in almost all cases 1s asseciated with
small partiele size,

The addition of the ferrocyanide to the ferrous
sulphste ;‘olatiou results in a white paste which produces
& coarse grained pigment, but if $he ferrous sulpints is
added to the ferrocysnide the unrescted ferrocysnide oxerts
a peptizing astion on the intermediate pasts. The first
produces a granular paste becasas of the ferrous iom present
during the entire formation period, but the latter results
only in coagulution after thsre is an sasoss of ferrous
mlphw.u. This cosgulation i not s complete as in the first
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ease, and a mmaller average particle size will result,

The average particls size of & prusesism blue
meakeos 1t impossible to use the microscope for a partisle
size determimation and the ssdimentatioa method of Kelly
{27) is also apem to questiom. Objectioma to the latter
sre due to the lemgtlh of time of settling of the pigment
snd the srror imtroduced by ewaporation over this period,
The wethod of setiling, however, affords a qualitative
relationshlp by which particle sizo snd bronsing charaster~
isties in the piguent may be correlsted. Pigments setiling
at different rates would comtaim & differemt aversge partiele
size and wers readily compared for bromnge and tinting strength,
It will be noted that thess results support the partiele
size~bronse relstiomship,

Drying of prussian hlue may be considered as a
process of removal of weter betweon the pignent partieles
and the resullant sgglomerstion or grouping of thess part~
ieles into lumps, Conditions of drying vhish tend to remult
in sase-hardeming praduce pigwewts diffisalt to grimd ia
oil and lack timting streugth. Thess case-hardensd pigments
shov & high imtensity of reflected light prior to and after
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grinding, emd a mmsll percemt of imsidewt light vhieh
xaunmummwmmm
ymmWMMMtbﬁMi.Mw
moved the pigment ske is porous wnd easily ground amd die-
persed in oil, The incidemt Light is able tc peneirate
daeply imto this type of sigmout surface and as a reslt
vory iitile light is reflectsd, This pigment appewrs e
riek blus,

The relatiomship beiwces partiels sise and brom-
siness of the blus may be deduced from apliesl comslderate
ions., Then u pigmenwt of this matures is diqomdinand?
ium it i» essentially a eolleidel system and will follow
most of the laws governing colloids (3)(20)(42), Radlest
onergy is rogalerly reflescted {rom the surfases of the
pigment purticles, Should the pigment surfases be prop~
arly oriented, this light will retwrn to the eys umchanged
in speciral character. The reflestion-facter of black pig-
ments varies froa 0,02 {0 0,1, This variation esuses the
sppearance of black pignents to vary Detween a dluish and
& red tome. (35)

The particle sise distributiom &n the prussism



blwe sovers a wide range between those slose to molesular
dimeuations to those visible by the naked aye. The particles
whose diemseter is ¢lose to or less than the wavelength of
light exert s marked influeuce townrd a bronze lme. The
weve fromt of light seatiersd by sm ohjeet which is mssller
than the wavelength of light itself will be sphericsl, re-
gardiess of the shape of the particle sines there can be
no isterfersnce botween waves ammited by the several poimis.
The intensity of the seattered light in this case would be
proporiional to the reeiprosal of the wavelength raised %o
the fourth power (22). i.e.
xiz ( Rayleigh Equstion )

whore 1 1s the intensity of the scatiered light,

is ths wavelength of the light,

is « proportiomlity constext.
 Comsider s pemoil of imsidowt light sonsisting
of oqunl intensities of red and violet of wavelengths 7200
and 4000 respectively, This beam oould be sssttered by u
partisle maller then the waveleungth of either. Thea the
ratio of the intensities of the scattered light would bes

. Kmé s A
2
* {4000

or the intensity of the red umscattered light would de ten

Pl *a



tines that of ths violet from a particle smaller than the
wavelength of sither, and the system will appear $o have
a red cast.

Luckiesh (35) rafers to the relationship between
pigaents and their vehiesles as follows:

' Most vehicles when dried have refraetive ind-
ices in the meighborhood of 1.5 and this indicates
thet the smount of light regularly reflacted from the
smooth surface of the wvehicle is about 4 pereent, A
substanse to be most effective as a pigaent should
have a high refrastive index for ths hue it most free-
ly transmits. The refrastive index varies consider-
ably in the neighborhood of an adsorption bamnd, being
greater on the long-wave side than on the short-wave
side. This is the rsason for the greater refractive
indiees usually exkibited by yellow, orange, and red
pigaents than by blue and violet., If the refractive
index of a pigment closely matches that of the vehicls,
the former will diffuse very little light. Sush a
pigment would ordinarily be mixed with ome of higher
refractive index which will diffuse the light, °*

This would indicate that for a purity of eolor the grains
should be umiform, and that there should de no selestive
seattering of ligt by the pigment or vehiele. The resulis
of this investigatiom beer cut this primsiple by lndieat~
ing a change ia the bronse toms of a pigment Mm
botk the average partisls sise and the vehicle employed.
Higher refractive indises produced lowest apparent broazse.
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In many cases the degres of bromse of s pigment
will inorease with the age of the film., This may bs caused
by the slow evaporation of the solvent which temds to earry
the sub-mleroscople partisles to the surfaes of the film
whers they bscams more effective in soattering the light,
Furthermore,; s the smooth film wears ssuy, more light is
original fila sarfoee. The result would hs a greater scatt-
oring offset heoause of the small partieles. Amalogous
phencmena have been noted by Bancroft (3) inm the study
of natursl pigmentations,

Exsmination of the fastors affecting the tinting
strength of the pigenent reveal a decreass in tinting strength
as follows:

1. Ammonium sulphate in excess to 1,5 mols per mol
of sodiws ferroayanide,

2. Presssce of adsorption products or admeixture of
decsomposition products in the peste,

3. Aswonium sulphate lower than 0.5 mol per mol of
sodium ferrocyanide,

4. Coarse particle size,
5., Colloldal particle size.
These factors may be grouped as bringing sbout the



S

decrease in tinting stremgth in three wayss

1. by ts adsorption or admixture of a material
which asis a8 a diluent in the pigment,

2. by a variastion in molesular comstitutiom pro-
duced by chemisal constituents,

3. by the lack of proper dispersion of the pigment
in the wehiels.

During the formation of thw intermediate white
pasts and thereafter the phemomena of adsorption and oe=
cluiion readily teke plase Beseuse of the gelatinous nat-
ure of the material. A quantity of all the materials pres-
ent in the surrounding liquors will thsrefore be presext
to same sxtewt in the fimished pigment. In & gemersl way
it can be stated that adecrption will be grectest for mat~
erisls of similar composition snd structure and that s less
soluble materisl will be sdsorbed to s larger extent than
& more soluble material, Faotors sueh es temperature of

pre¢ipitation, temperature of digestiom, smount of dilutiom,

rate of agltation, pH walue, method of washing the presip=
itats, rate of sddition of reagents, and the amount of re~
agente addod affest the degres sf sdsorption attaimed.
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Imcreassd smounts of smmonium sulphate per mol
of ferrosyanids above a ratic of 3 to 2 result in an iw~
oreased adsorpition and occlusion im the fimished pigaent.
The curves ( Figure 3 ) are indicative of adsorption sines
we would sxpect well defined steps if & definite ecompound
wag formed, The adsorptiom of sodium ferrooyanide in prumssisn
blue kas bosm demewxirated by Ihrwe (21). This phewomsns
is also true of sodium smmonium ferrocysmide (Nay(MH.)Pe(CH),)
which is readily formed wien the sumonium sulphate is added
to the sodiuw ferrocysnide, The soludility of this mixed
salt is desrscwsed im the presemce of other salts (56) and
adsorption is favored. This mevhaniam of adsorption ssemus
a wore logisal one then the mere osclusiom or adsorption
of sodium ferrooyanids whieh is readily soluble in water.
On oxtdntion these double salts fors the eorresponding ferri~
syanides {32)(44){58)., A list of the ecompoumdis which may
be present ia the liquors following oxidation is shown in
Tebls XVI,

Incressed Mtﬂu of sodium ferrisyanide mny
lead to 'bleeding’' eharasteristies im the pigment for it
is ws.qumut and more esasily wet by water than by oil.



TABLE XVI

Compounds Present During the Formation of Prussisn Blue.

Compound Color Crystalline
Structure
Nay Pe(CH) red deliquescent
(01, ) . Pe(CN) ¢ red orystalline
(x8,) JNars(CN) ¢ red erystalline
Fo(50,) 5 tan deliquescent
Pe(0H) (804) 5 browa . amorphous

Fe{0H) 3 red=-brom emorphous




The adsorption of compounds which are red would lead to
a &aoalomtiou ini&c pignent whiech would be primarily
evident by tmnlttcd 1ight. This diseocloration of the
pignent would temd to deéreans the tinting streagth.

The presemde of smmonium sulphate below the ratio
of ome mol per +we mols of ferrocyanide results in the form-
ation of a soarse gramlsay pignemt, low in tinting strewgth.
after a brief wmurvey of the chamistry of the potasaium,
samonine, mmnu;crmu.mm
or potassiwm ferrogyanide is precipitsted by an emscess of

73

ferric sali, & blus compound of the formula Fe*'M'Fe{CH) o X H,0

is obtaimed (56) where M* 1s either Hi{g' or K* amd X is
eight or tem. No compoumd corresponding to this formmla
| umn&mmummmm(ss).mmm
is more brilliamt smd eontaing less water of hydration
than axy of the double salts of ferricferrosysnids and sod-
" tum ferrosysside (Fo, (Pa(CN)g) 3" X Hop *X'HagFe{CH)g) s The
latter amially sonteims as many as ons hundred molocules of
watar of hydratiom (56), Added water e» well as the form~
ation of the double salt appesrs imstrumewtsl in lowering
the timting dtremgih and the eolor imtemsity of the ohro~
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mophoris groupe in the woleoule,

The lwtrodustion of bi= snd trivalemt ioms ia
the prussien blus moleculs similerly to the imtrodustion
of amonia or potassium eppears improbeble, and although
mized salts with bi~ nmd trivelewt ions are reported (56),
there iz still some question as to thelr possidble strweimre,

mm-@wm&%dmtha
vehiole tends to decrsess the surfaco volums of the blae
snd tlms tends towsrd u lowsred tisting stremgib. In svery
sase whers the dispersiom of the pigmest in cil is poor
the ratic of the mirfase volume of pigment to the surfase
volume of the sime white will ba decreased amd the blue
will not appeur as strong in eclor. The pigments made wsole~
1y from sodimm forrosysnide were all soarse im strusture
and attenpis st dispersion resulted in fairly lamm
partisles with low tinting sirength smd greem tone sharact-
orized by the absewes of bronge, Moreover pigmenis whiech
wors on the vergs of being peptized showed a low timting
strougth. Betwoen thess two oxtremes the tinmting stremgth
reached s meximes, but the browss iscressed sowtimsslly,



““huis phemcwencm s not wnsommon with pigeents asd has

bom chasrved by Wroller (58) end lackeich (35). The latter
attributes the MWuthmuaa
pigeent to the redustion im partiele siyzs, Particles smmll~
or in sige than the wavelength of light require a greater
cident beem before the sensation of color is produced,
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It vas foumd that an imerease in the temperaiure
of exidation of the intermsdiate paste rrodused higher brouse
in the pigments, hmmmmhnmawmm.
was foumd ad 2509-30%C,

The pressace of complex desompositiom products did
not affeet the Dronsinmg tendeneies of the Pigment but were

A variation of smeonims sulphate comtewt did not
apprecisbly affect the bromze, Mt betwees molal rutios of
Ged = 1.5 por nol of sodium Zorvesyanide produced piguenis
high in timting stromgth and imtemsity,

Complete absonse of mmonive salphats produced o
gramlar blus pigment, greea in top-toms, low in tinting
strength and brillianey, and prefersstially wet by wxter,

Replacement of ammonium sulphate by imorganie
salts resulted in a lowered tinting stromgth and brillianay,
while the organmie replacements prodused pigments somparedbls
to those made with m‘ salphate, The substitution of
Hthiwe sulplmte for smmonium sulphate produced intense
blues comparsble te thoss made from mixed potassium awd sod-
ium salts, Iaui:. substitutions drouse was sppareant.



Vigorons oxidation of the jintermediste pasnie
prodused Yronsy pigeents and reduded partiele sise. The
vigorous osidablon was obtained b

1. use of stromg oxidising agewts,
2, use of exsess of oxidising agent,
3, rapid sddition of the oxidamt,

The formetion of the paste from dilute sclutioms
of sodium ferrouvysnide and ferrvms mulpheie produced fimely
divided breusy pigeents.

The addition of the ferrosyanids to the ferrous
sulphste sud mmmontuas salphate resulted in a fimal pigeent
which is gremular in sbrusturs with dedrecsed Droise and
stnting vhrengh

The formation of the paste and its subsequemt ox~
idation at low pil valuss prodused fime graimed, dromzy dlues,
The optimm walus for nom-bronse blue wus found at u pH of
5,50, |

The presencse of sodiwm cysuide anmd sodium ferri~
oyanide in ihs sodium ferrosyasids resulied in bronsed blues
between samples of bromzs and non-Lrowss dlues.



Blue pimtsuéimmdwp eonfigurations
of sodium ferrvosyanide singly showed mo appreciable differense
in brouse.

Drying conditions of the pigment imflusnced the tint-
ing strengih, harduses, oil absorpitios, ssd dronse. Anm optimmm
drying eondition was foumd at 659C and s relative mmidity of
50 pereent,

Thermoageing of the pigment or other factors tead~
ing to produse peptisation resulted inm bromsy blues.

A low refrasiive index of the vehiele promoted
wonsing tendessies of a pigment.

The addition of bdlack pigmemts to the dlue tends
to decresse the intensity of reflected light end tenmds to
degrease vigible bromss.

Bromze was found to be a volume charasteristic
of the film as well as a surfase phencmenoa by imvestigation
of lasquwr filme.



CONGLIISIONS



An snalysis of the esmtire investigstion indicates
that ths dronsing chmrasteristies of a prussian blue pigment
are primarily dependent on purticle size and the velicle om-
ployed, The optimmm conditions for the making of a non-bronse
prussien blue pigment imvelves the produstion of a partiele
aot smaller tham 1 /4 in dismeter but fins smough to hold the
tinting strength.

For the formulation of the pignents investigated
in this thesis, oplimum conditions for the elimimetion of
wronze were:

1. concentrated solutioms of ferrvoysmide and fervens
milphate, the former belsg addsd to the latter,

2. an oxidatiom temperaturs of 25%20°¢,

3, mmmoplve sulphete somtents Setween 0,5 and 1,5 mols
per mol of sodium ferroeyamide,

4 &« pitof 5.5
5. drying ub $5°C, relstive Mamidity of 50 perosat,
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