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I, Introduction

The purpose of this research project may be outlined

as follows:

A. To study the effect of starting material, temperao
ture and time of heating on the molecular weight
or chain length of sodium phosphate glasses having
an Na203P205 ratio of about 1:1. |

B. To show by direct measurements the polyphosphate
nature of the sodium phosphate glasses having an
Na0:Pp05 ratior.of about 1:1.

C. To study the behavior of the crystalline and glass
sodium phosphates'on ion exchange resins with the
object of separating some of the species.

D. To obtain titration curves with the high frequency

titrimeter for the less condensed phosphoric-acids.,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



II. Background and Theory
A. The Crystalline Phosphates
| Historically, phosphate chemistry might consider
as 1ts starting point the preparation of pure disodium
orthophosphate by J. Berzelius‘(u) in 1816, Although
in his analysis of the product he héated it to red heat
- to dehydrate it and proved 1its composition to be
2Naz0.P05, it remained for Clark (7) in 1827 t§ show
that the substance obtained by strong heating is chem-
ically differént {rom orthophosphate., In 1833, Graham

{14) showed the relationship between ortho-, pyro- and
metaphosphatésq He also showed that the metaphosphate

existed in three forms, a soluble crystalline variety,
an insoluble. variety, and a soluble glassy variety.
In the period since Graham's work the field of
phosphate chemistry has become confused at times,
Muoch of this confusion arose from contradictory systems
of nomanclature ahd inadequacy of analytical methods to
establish the degree of polymerization of the phosphateso
"In recent years a number of reviews (19,3153h,hk945) of
the early WOrk have been made which aid in straighteniné'
out the confusior;0 |
X-ray studies have shown that the types of compounds
described in this;paper are composed of POA tetrahedra
- and, for all compounds more condensed'than orthophosphate,
the phosphorus atoms are linked together by oxygen atoms,
1.e., by a P-0-P arrangement.

-
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The compounds to be discussed may be divided into
two classes, polyphosphates and metaphosphates. The normal
polyphosphates have the general formula Napy,PpO3ps). The
only crystalline varieties known are orthophosphate |
Na3P0, (nal), pyrophosphate Na;P,07 (n=2) and triphosphate
NasP3030 (nz3). Although other higher polyphosphates have
been reportedo‘it is felt (45) that no chemical individuals
have been iéolated, The metaphosphates have the general
roimula (NaPO3)p. Only two soluble; crystalline metaphos-
phates have been prepﬁred, trimetaphosphate, Na3P309 (n=3)
Hand tetrametaphosphate, NahPholz (n=4). Tépley {(45) points
out that both of these appear to have cycllic Structhreso the
first a six membered ring of alternating phosphorus and
oxygen atoms, and the second a similar eight wembered ring.

Sodium trimetaphosphate may be prepared by dehydrat-
ing NéﬂzPoh below its fusion teﬁperature (628°C). Liddell
{54) has shown by X-ray analysis that sodium trimetaphosphate
exists in three different orystalline forms. The prepara-
tion of these forms is shown in Figure l; All three forms
or‘sodium trimetephosphate, NaPO3I, I', and I”, are soluble
in water and may be recrystsallized from water as the mono-
or hexahydrateo NaPOBII and III are crystaslline, insoluble
metaphosphates whose insolubility indicates a very high de-
gree of polymerization. ‘ .

v« Tetrametaphosphdte cannot be prepared bykheating a
ngium"orthophosphéto (2). It has been prepared (11,6) from
-3~
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Figure 1. Crystalline Fofms of NaPOj.
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copper.tetrametaphoéphate obtained by heating Cu0 and H3P0b
between 350 and 400° in a platinum vessel. The insoluble
metal phosphate was treated with Na,38 solution and the
sodium salt recrysﬁallizeda‘ More recently (45) it has been
prepared by hydrating P,0jo with NapC03.10Hp0or a-cold
suspension of Na‘HCOB°

Phosphate glasses prgpared by fusing phosphates snd
cooling the melt rapidly enough to prevent érystallization
are usually designeted by‘their Na20 to Pa0gratio. When
the ratio is 1:1 fhe 30 celled "metaphosphate gldss" is
obtained (also called "hexametaphosphatem), As will be
shown later, even this glass scews to have a polyphesphate

- L~
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composition,

A number of analytical methods (3,12,13,18) have

been proposed for the analysis of mixtures of the above men-
tioned ions., For the anglysis of mixtures of ortho- and
pyrophosphates Farrer and Muir (10) have developed the mo-
lybdenum blue method to the point where it can be used to
determine small amounts of orthophosph&;e in large amounts
of the 6ther phosphates. Cohn and Kolthoff (8) have de-
veloped a polarographic method for determining small amounts
of pyrophosphate in 4 to 16 times the amount of orthOphosf
phate, A method which will determine smaller proportions

ls reported in this paper.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



B, Preparation snd Properties of Metaphosphate Glasses
- The preparation bf metaphosphate glﬁés wWas fifst

report@d by Graham (14) in 1834. He heated NaH,PO, to
melting and cooled the melt rapidly so thatrcfystalliza-
tion did not take place. He called the clear, hygroscopic

- glass obtained, "sodium metaphosphate”. It is very soluble
and dissolves in water to give a weakly acid solution. The
glass has since often been called Graham's salt. Fleitmann
(11) in 1849 through the preparation of metallic salts of
Graham's "metaphosphate" and analysis of thése compounds
concluded that the formula'6M2006P205 was the most pfobablee
Fleitmann added that it remained for later investigatois to
establish this formule definitely., Partridge (31) has point-
ed out that these later definitive investigations aré still

lacking.
The fact that this formula has not been established

~ is not due to any lack of investigations. DPascal has studied
the preparation (32) and structure (33) of Graham's salt and
from cryoscopic and ionization data concluded ité structure
was Nag[Nah(P03)6J. More recently Mehrota and Dhar (28)
have reported the preparation of many soluble complexes by
the mechanism: |
Nap([Na,(Po3)¢] + Baglp — Nap[NazBa(P03)g] + 2NaCl
Titraetion curves have ilso been used in an attempt
to show the structure of Graham's salt. Salih (36,37) pré-“
pared the free acid by treating the lead salt with hydrogen
b
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sulfide, &and titrated it oconductometrically. His results
indicated that four of the hydrogens were easily dissociated
while two were only weakly dissociated., It should be noted
that he reportqd the pH of a 0.1 N solution of the‘godium
salt to be 9026 Recént values, and those found by this
author, are around 6.2, This indicates that Salih's sample
was no doubt contaminated with leés highly condensed phos-
phates, Treadwell and Leutwyler (4L6) made pH titration

- ourves and concluded that omly two of the hydrogens ionize
strongly while the other four are weak., More recently Rudy
and Schloesser (35) and Van Wazer (47) have made potentio-
metric4studies which indicate that there is one strong acid
group associated with each phosphorus atoﬁ in the molecule.
This allows the phosphate glasses to come under the general
rule that in all phosphoric acids there 1s one strong acild
group associatéd with each bhosphorué atom., Rudy and
Schloesser, following the proposal of Wilson ($2), presented
a structure based on a chain of six PO3 units linked through
phosphorus oxygen bonds,

| In a series of studies beginning in 1940 Lamm and

Malméren (24,25,26,27) through the use of viscosity, ultra-
centrifuge and dialysls measurements discovered that samples
of Graham's salt had molecular weights of 12,600 and 13,000,
They staped that the high molecular weights might be due to
micelle formation and not necessarily due to a single mol-

~ecule, Davies and Monk (9) determined conductivities of

-7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



godium metaphoéphate gleasses down to concentrations of

5 x :LO"6 molar. A rapid decrease in equivalent conductance
is found between 5 x lO'6 and 5 x 1073 molar which is at-

tributed to the anion having colloidal dimensioné? These
authors point out that there is no evidence of micelle dis-
sociation as is found in typical micellar electrolytes,

A 1% solution of a sodium metaphosphate glass is
slightly acidic having a pH of about 6.2, An electrometric
titration of a solution containing 1 gm. of.the glass re-
quires approximately 1.5 ml. of 0,1N NaOH solution between
the strong acid end point at pH 4.3 and the weak acid end point
at pH 9. Samuelson (38,39) has shown that this weak acid
titratidn is not due to Na282P207 as suggested by Yost and
Russel (53). Samuelson passed a solution of the metaphos-
phate glass through a cation exchange column to convert it
to the acid and then passed the acid through a weak anion
exchange column which would absorb ortho- and pyrophosphates
but not the glass. The glass came through the column with
its weak acid content unchanged and he therefore concluded
that the weak acid groups were on the ends of long poly-

phosphate chains having the structure:

0 0 0 0 0 0
L T o
HO-P-0-P-0-P~ - - =0-P-0-P-0=-P-OH

S S S

OH OH OH OH OH OH

He therefore proposed that the average molecular weight or
average chain‘length of the glass couid be calculated by
.comparing the equivalents of weak acid with the eguivalents

-8~
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of strong acid present in the molecule, assuming there is
one weak acid gfoup oh each end of the chain. Chain length
means the npumber of‘HPOB or NaP03 groups present In a mole-
cule., He applied this method to two metaphosphate glasses
prepared at 650 and 950°C, and obtained the molecular
weights 10,800 and 17,200 respectively.

M. Sibert (uO) has compared the titration method of de-
termining molecular weights with the cryoscopic method using
the.transition point of Nazsoh.lOH2O and found the valiues
‘shown in Table 1. He was using glasses having an N32$:P205
ratio greater than one and consequently did not get the high
values found by Samuelson.

Table 1. Comparison of Transition Poiut and Titration
Molecular Weight Determinations.

Transition Point Titration
439.2 T R19
530,0 - 501
730,6 715
1073.1 1000
1386.5 d 1327
2082 .8 1888

The recent investigations of Van Wazer (49) indicate
that the molecular weight found by these determinations is
an average of the molecular weights of polymers having greater

and lesser molecular weights. A fractional salting out process

=g
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was used to make & general sepsraetion of the pdymers in the

glass, The glesses were dissolved in water and acetone added

until the solution became cloudy., The cloudy mixture was

centrifuged sand a small amount of viscous oil separated., The
average molecular weight of the oll was determined by Samuel-~

gson's titration method., Starting with a glass of average
chain length 193, he obtained fractions having average chain
length values from 550 to 30, When the starting material had
& lower average molecular weight, a simiiar, though not quite
as broad, spread of average chain length values were found,
Van Wajer, and Holst (47) have shown that there is
one strong acid group for each phosphate atom in a glass chain
and state therefore, that since published X-ray analyses of
crystalline phosphates have shown that only POL tetrahedri

are present, the conclusion may be reached that only un-
branched chains and rings composed of interlinked POA tetra-
hedra exist in solution., They point out that the resonance
which stabilizes less condensed forms 1s appreciably absent
in Poh groups in which three oxygen atoms are shared, Ia
‘another paper Van Wazer (48) theorizes that when the Na20:P205
ratio is equal to or greater than one only straight chain
polyphosphate anions are to be found in solution., He also
states that when the glasses are free of water of composition
no ortho_phosphate should be present, But Topley (45) poimts
out that\ste&l is;evolyed when metaphosphate glasses are

orystallized to trimetaphosphate. He suggests that the amount
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of steam evolved should be measured and compared with the
end-group titration and the pH of the original glass, As
pointed out above, the pH of a glass solution is about 6.2,

| and the presence of acid polyphosphates would account for
this slightly scid pH, Teichert and co-workers {(43) have
tried to show thet the metaphosphate glasses are merely eon-

densetions of trimetsphosphate rings (Figure 2). They base

Figure 2, Telchert Propbsed Glass Structure

0. ,LOO O, 0 0, 0
D SN SRS X
0 0 0 ? 0 0
| I 01| 0 ! f
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NN AR AN ENETR

this structure on the need for a meta composition since their
titration curve showed no weak acid groups. Their lack of
detection of weak acid groups is easily explained by the fact
that they tried to titrate 20 ml, of 0.1 N glass solution
with 1 N base, This procedure would have little chance of
showing the 0,03 milliequivalent or‘weak 80id usually present
in this amount of gless, Their structure seems very unlikely
from the point of view of the doublse éxygen bonds between the
trimetaphosphate rings.

The metaphosphate glasses may be prepared from a

number of starting materials, such as NaH,P0, , NaNH HPO,,
-1ll-
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Na3P309, Na,P,012, and others, the only requirement being

that the final material has a Na 0:P205 ratio of one. The
meterial is fused above the melting point (628°C.) for a

specified length of time. The final average molecular weight
obtained seems to depend upon both the temperature of prep-
aration and the length of time of fusion, Some investiga-
tions have been made of the effeot of thess variables., Karbe
and Jander'(l9) investigated the effect on molecular weight
of varying thevtenporature of preperation. They heated
NeH,PO, at 200°C for two hours and followed this by heating
at various temperatures for one half hour., The melt was then
poured into partially frozen ocarbon tetrachloride to cool
rapldly. The anion weights were caloculated from dialysis
measurements., Their results are shown in Figure 3, It seems

- possible that the decrease in anion weight may be due to loss
of Pholo‘t the higher temperatures,

Figure 3. Variation of Ionic Weight with Preparatiom

Temperature
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Semuelson (38) has prepared the glasses at various
temperatures by fusing freshly prepared trimetaphosphate for
three hours, He determined molecular weight by titration of

the wesk acid end groups. He found the values shown in Table 2,

Table 2, Effect of Preparation Temperature on Moleoular Weight

Temperature of Molecular

Prepsration . Weight
650° 10,800
750° 12,700
850° 14,300
950° 17,200

Samuelson corrected the dialysis values of Karbe and Jander
and conoluded that his values were in good agreement with
theirs,

Weinberg (50) has prepared the glasses from NaH PO,
and Na3P309 by rusibn at temperatures from 760 to 9089C
and at times ranging from 10 minutes to two hours, His
values are in general lower than Samuelson's probably due
to the shorter time of heating, In fusing trimetaphosphate
at the lower temperatures the molecular welght deorsased with
ktino probaﬁly due to the presence of a large amount of tri-
metaphosphate being present in the melt heated for only one

hour,
" -13-
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A summary of the evidenoe presented above indicates
that the struoture of the metaphosphate glasses 1s that of
long chain polymers having a polyphosphate compbsttiono The
molecular weight can be controlled to some extent by the tem-
perature and time of preparation., The glasses consist of a
mixture of polymers, the averags value of which is measured

in determining their molecular welghts., The possibility of
rings being present in the polymers is not ruled out by the

evidence now on hand but it seems very likely that Teichert's
structure is ndt correct,

The effect of time as well as temperature of heating
on the molecular weight of sodium metaphosphate glasses is
reported in this paper., The effect of using different start-
ing materials hes been investigated, A method of measuring
the combined water énd also polyphosphaté Nay,0 in a sodium

metaphosphate glass?is presented,

14~

o
S

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



C. Use of Ion Exchange Resins

The use of ion exchange resins has increased very
rapidly in recent years, Two books (29,23) have been pub-
l1ished which present a very good review of the theory and

application of ion exchange resins, JIon exchange resins have
been applied to the separation of chnemical species which
heretofore either could not be separated or yielded only to
very long and tedious procedures. w~pedding and his co-work-
érs (41,42) and Earris and Tomkins (15) have separated macro
quantities of the rare earths from each other in a highly
pure form. These resins have also been applied to the
'separation of amino acids.

The early work in ion exchange resins was carried
out using natural and synthetic zeolites but now organic
resins, known as organolytes, are becoming very popular.

Two types of resins are manufactured, cation and snion ex-
chenge resins. The cation resins are generally phenol- |
formaldehyde polymers containing sulronic acid or carboxylic

acid groups. The cation resin is considered to be a strong
or weak resin depending on whether it contains sulfonic or

carboxylic acid groups respectively. The weak anion resins
contain amino groups and are only effeétive up to about pH 7.
The strong resins contain quaternary ammonium salts and can
be used up to pH 10. These resins therefore are insoluble
polymers containing lonizable electrolytic reacting groups.

The reaction mechanism in cation resins has been

-15-
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established as an exchange reaction while in the case of
anion resins there is still some controversy as to whether
the reaction is a true exchange or merely moleeular adsorpé
tion of the acid molecule, More and more evidence for the
trué exchange theory 1s accumulating. Kunin and Myers (21;
22) have shown that the rate determining step in the exchange
resction is the diffusion of the anions into the gel parti-

cles, They have shown that as partiole size is decreased

the rate of reaoction increases and -further that the rate of
stirring hes no effect indicating that the reaotion 1s not
Just et the surface, but inside the resin particle also.
The tendency of an ion to be absorbed by a resin is
known as its exchange potential. Kunin and Mygrs have in-

- vestigated the effect of valence on exchange potentials and-
found that the exchange potentials of the anions apparently
inorease with inorease in valence. For a weak anion exchanger,
they have found the order for decresaing exchange potential
to be: hydroxide ) sulfate ) ohromate ) citrate ) tartrate )

‘ nitrate ) arsenate ) phosphate ) molybdate ) acetate= M
iodide = bromide ) chloride } flouride. For a strong anion
exchanger the series is the‘sane except that the hydroxyl
ion is at the end instead of the beginning, indicating that
‘hydroxyl is the weskest replacing ion,

Ion exchange resins have at present only a few ap-
plications in phosphate chemistry. Helrich and Rieman (16)
have used cation resins in the determination of phosphate

-16_
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minerals to remove calcium ions. Samuelson, as noted before,
has u;ed an anion resin to demonstrate the absence of ortho-
and pyrophosphates in metaghosphabe glasses. In this case
any ortho or pyro ions would be absorbed by the resin, while
the glass ions are too large to diffuse into the pores of
the resin and are theréfore not absorbed,

Since the metaphosphate glasses are apparently made

up of polymers of different sizes and since these polymers

will have different valences and ionic sizes it should be
possible to separate them, under the proper conditions, us-
ing anlon exchange resins. A separation of ortho- and pyro-
phosphates is reported in a later section and also the be-
havior of the less condensed phosphates and metsphosphate

glasses on these resins,

-17-
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D, Use of High Frequency Titrimeter

In 1946 Jensen and Parrack (17) published a descrip-
tion of a high frequency oscillator which could be used as
an indicator in analytical work. These authors presented
curves of titrations wade which were very similar to con-
ductance curves and in some cases showed sharper endpoints,
One of the most interesting curves was for orthophosphorie
scid vs sodium hydroxide. The third endpoint which cannot
be found by potentiometric measurements does show up when
this instrument 1s used,

The instrument used by Jensen and Parrack consisted
of & tuned-grid, tuned-plate osciilator and & metering cir-
ocuit. The sample to be titrated is placed in a glass vessel
which sits inside the coil of the oscillator. As the content
of the solution is changed the inductance of the coil will

- change and consequently the current through the etering
cirocuit will also chenge. A full theoreticsl explanation of
what occurs in the high freqguency field i1s not known but 1t
is believed that the effect observed is dependent upon the
conductance and dielectric propérties of the solution.

The instrument of Jensen and rarrack has been mod-
ified by Kremen, Matthews and Borders (20) with a view to
increasing its stability. The instrument described by Kremen,
Matthews and Borders is very similar to the one used in the

- present work. Other improved instruments have been described
by Anderson, Bettis and Revinson (1), West, Burkhalter and

-18-
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Broussard (51), and Blsedel, and Malmstadt (5). An inter-

esting developement appears in the paper of Anderson, Bettis

and Revinson in the titration of sulfuriec acid with sodium
hydroxide. Two bresks are found in the curvo'presented, one
after each of the acid groups has been neutralized, Here
again the high frequency titrimeter appears to offer ad-
vantages over conventional methods in that it can differen-
tiafe between the strong acid groups on an acid molecule,

Rudy and Schloesser (35) héve presented pH ocurves
for the orystalline phosphates, ortho-, pyro-, tri~, and

triﬁetaphosphateso These curves are shown in Figure 4,

Figure L. pH Titration Curves for the Crystalline Phosphates
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Trimetaphosphate shows8 a strong acid curve with no weak
acid groups. Pyro- and triphosrhate each have two weak acid
groups which differ only slightly in the titration curve.
Orthophosphate shows only one weak acid break, and no break
can be found for the third acid group. A metaphosphate glass
has alsc been run, and the curve is very similar to the tri-
metaphosphate curve except for & small amount of weak acid
content.

Curves are presented in a later section for the
crystalline phosphates titrated with base using the high
frequency analyzer. These curves are compared with those

obtained during conductance titrations.

-20-
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III., Preparstion of Materials

The NapHFO, anvaaHQPOh used were twice recrystall-
ized ¢c.p. materials which were partially effloresced in air
and then dried in an oven at llOOC. The NaNHLHPOh,AHZO was
reagent grade material and was used without further treatment.
The pyrophosphate was reagent grade NahP207.lOH20 wnich was
carefully preserved inva well-stoppered bottle. The tri-
phosphate, Na5P301006H20, was comﬁercial material furnished
by the Victor Chemical Works and twice recrystllized as the
hexahydrate,

Trimetaphosphate and tetrametaphosphate were also
provided by the Vicﬁor Chemical Works. The procedures devel-
oped for their purification as N53P309°H20 and NaaPa°12~4H2°
are described below in detail.

Purification of Na3P309°H20

Sixty grams of commercial trimetaphosphate are dis-
golved in 250 ml. of water and the insoluble material is sep-
arated by filtration. The filtrate is heated to 50°C on &
water bath and 250 ml. of 95% ethyl alcohol are added slowly
while the solution is well stirred. Precipitation starts
when about half of the alcohol has been added. After all of
the alcohol has been added the temperature is ailowed to fall
to L5°C, and the precipitate is separated on a sintered glass
funnel. After most of the water has been sucked off the ma-
terial is air dried. An 85 to 90% yield of the monohydrate
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1s obtained iIn the form of a fine, crystelline powder,

Purification of NahPholzethzo::

Sixty grams of commercial sodium tetrametaphosphate
t"oyclophos") are dissolved in 450 ml, of water and the insol-
uble material is separated by filtration., The filtrate is
heated to 35°C on a water bath and the solution is well
stirred. Alcohol 1s added rapidly until the solution beoone;
turbid; then the remainder is added dropwise from a dropping
funnel until a totel of 40O ml. of 95% alcohol has been added;
The needle-like orystals are separated and washed with 100
ml, of 50% alcohol, After air drying, an 85 to 90% yield of
the tetrahydrate is obtained,

Purity of Materials and Methods of Analysis

The above mentioned materials have been analyzed for
total P205 and volatile material., The results of these anal-
yses are recorded in Table 3,

The volatile matter analysis was carried out by heat=-
ing samples of the various ceompounds for two hours at a tem-
perature of AOOOC in a mufflé furnace, This loss therefore
represents not only hydrate water but also water and ammonla
of composition,

As was pointed out in a previous section, Rudy and
Schloesser (35) have shown that when orthophosphate is ti-
trated potentiometrically)between its strong ecid end point

at about pH 4.3 and its weak acid end point at about pH 9
o v
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one equivalent of acid is titrated for each phosphorus atom,
Therefore if any phosphate ion is hydrolyzed to orthophosphate
by boiling with HCl, and then titrated between these two end
‘points,‘the amount of P04 in the original sample can be cal-
culated. This method is known as the two end point titration
method for total P205 and has been used in determihing the
percentages of quslisted in Table 3. Parallel titrations,

using this method, were found to agree within 0.3%.

Table 3. Purity of Materials

Compound % P205 % Volatile

- Found Theoretical Found Theoretical
NaHP0,, 59 0k 59.2 15.03  15.02
NazHPO, 9.9 50.0 6,42 6.34
NaNHLHPO . 4H20 35.9 34.0 L48.9 51.2
Na,F30;.10H,0 32.3 31.8 40,2 4O, L
Na5P5010.6H20 4545 blyo7 - 23.0 22,7
Na3P40g.Hp0 66.2 65.7 5.61 5,56

Na, P, 012.4H20 59.1 59.2 15.03 15.02

The trimeta- and tetrametaphosphates contain only
strong acid groups and whem titrated potentiometrically give
curves having only one break. Since ortho-, pyro- and tri-
phosphates all have weak aclid groups titratable between pH L.3
and pd 9, thelr presence in a trimetaphosphate sample would
give a curve with two breaks. The titration curve of & tri-

-23~
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metaphosphate sample will therefore give a measure of its
freedom from polyphosphate impurities., Titration of 0.6 gm,
, samples of twice recrystallized trimeta- and tetrametaphos-
phates with 0,1N NaOH detected no weak acid groups. This in-
dicates that the sample is at least 99.8% metaphosphate., It
might be pointed out that commercial tetremetaphosphate con-
tains 0.27 equivalents of weak acid per gram and after one
recrystallization this is reduced to 0.037 equivalents per
gram,

The reagent grade NaNH,HPO,.4Hz0 had obviously ef-
floresced, but since this was only used in glass prepara-
tions, where the amount of hydrate water was not important,
and since the NaZO:P205 ratio was 1:1 as will be shown later,

the material was used as received.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



IV. Preparation and Composition of Metaphosphate Glasses
Although the glasses described in this section were
prepared from materials having a Na20:P205 ratio of
l:1, the presence of weak acid groups in the titration
curve shows that the glass itself does not have a true
meta composition, but has some polyphosphate nature,
'The titration of these weak acid groups will be the main
tool'used in characterizing the glasses,
A. Apparatus
All of the preparations at high temperature reported
in this section were carried out in a Hoskins nuffle
furnace equipped with a Leeds and Northrup Micromax
Controller and Recorder. The controller cycled contin-
uously within plus or minus four degrees centigrade of
the desired temperature. The furnace was equipped with
a rheostat which could be adjusted to regulate the range
of cycling.

- All fusions and high temperature crystallizations
were carried out in platimum ware. Preliminary experi-
ments showed that the melts would attack porcelain cru-
cilbles very vbadly, and this contamination caused lower-
ing of the average chain length of the glass. Average
chain length wvalues of from 30 to 15 were obtained and
these values_décreaséd as the length of the time of
heating increased. Nickel crucibles weré also tried )
but an amber colored glass containing nickel was obtained.

-25-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



B, Average Chain Length Analysis

1.
8,
b,
" Qo

d,

Reagents

Standard 0.1N NaOH.

Methyl orange or brom cresol green indicaetor solution,
Approximately 0,5N HCl.

Approximately 18N NaOH. (Prepared by mixing 200 gm.
NaOH pellets with 200 ml. H20° .The insoluble material
is separated on a sintered glass rilter, It 1is sug-

gested that this solution be stored in a wash bottle

like that shown in Figure 5.)

Figure 5, Strong Alkalil The NaOH solution can be
Dispenser

dispensed by forocing air
through the rubber tube
into the wash bottle as is
done with an ordinary wash
bottle. A rubber stopper,
bored only three-fourths of
the way through, . should
be placed over the tip of

the nozzle so that €O, will

2
not be absorbed by any of

the solution remeining in the delivery tube,

2o

Procedure

An accuretely weighed 1 gm. sample of the glass is

dissolved in 100 ml. of water in a 100 ml. volumetrio
-26-
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flask. A 20 ml. sample is removed, using a pipette, and is
hydrolyzed to orthophosphate by boiling for one hour with
5 ml. conc. HCl.

At the sume time and using the same pipette a 60 ml.
sample is removed. Its pH is adjusted to 3.5 with 0.5 N HCl.
The sample 1s then titrated potentiometrically with O.1N
NaOH. (A Leeds and Northrup Glass Electrode pH Indicator,
Model 7662, was used in all of the titrations.) One-tenth
milliliter additions are made and the pH read after each
addition.

The hydrolyzed sample is made alkmline by addition

of saturated NaOH soliution using methyl orange or bromecresol

green as an indicator. The pH is then brought back to the
indicator end point by adding O.5N HCl dropwise. After

cooling, this solution is titrated potentiometrically.
In meking the first titration, two weak acid groups
are neutralized on each chain while in the second titration

one equivalent of base is used for each phosphorus atom.

The following eguation may therefore be used to calculate the

average chain length, ii:

A = Ml. base for 20 ml. allguot after hydrolysis x2x 3
Ml. base for 60 ml. aliquot before hydrolysis

The total P05 may be calculated from the milliliters of
base required to titrate the hydrolyzed sample, using:
Ml., base x N x 7.1

%P205 = Wt. of Sample
>

-27-
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Data for a typical detérmination are recorded in
Table 4.

The method of treating the data to determine the
end point was suggested to the author by Dr. 0. T. Quimby
of the Frocter and Gawble Company. The place where the sign
changes 1n the fourth column indicates a pointvof inflec-~
tion and thus the general location ( within .1 or .2 ml.)
of the end point. The more exact value is found by inter-

polation, i.e., for the first end point shown in Table 4:

End Point = 0.4 ml. + 33 X 0,1 = O.44 ml.
33 L2 b

lh this example the difference between the end points before
hydrolysis is 0.85 ml, and after hydrolysis, 19.22 ml. The

éverage chain length is therefore:
5 = 19.22 -
n: =

58T x_2 x 3 136

It should be emphasized at this point that this average
chain length, hereafter known as the Samuelson chain
length, assumes that the glass molecules are straight

chaln polyphosphates contalning no orthophosphate nor rings

nor branches. Any of these would obscure the meaning of

the titration method.

28~
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Table l#o

Before Hydrolysis

ml, PH AapH change
ZgI. of
opH
onl,
0,0 4o17
lﬂl
0.1 bhoR8" 0.5
1.6
0.2 Loleh 0.9
_ 203
0.3  ko69 2.5
5.0 :
Oolb . 5019 303
8.3
005 6002 "‘koz
o 4ol ‘
0.6 6.43 ~loky
2.7 ,
007 6070 "'008
, 1.9
008 6989 000
1.9
0.9 7.08 0.2
2.1
1.0 7029 0.5
, 2,6
1.1 7:55 1.3
3.9
1.2 To94 5.3
. 902
103 8o86 -008
8ol
lo‘b 9070 "ho?
3.7
1.5 10,07 -loh
2:3
106 10930 "007
106 N
1.7 10.46

After Hydrolysis

pH Data for Chain Length Determinetionm.

ml, PH o change
a of
apH
aml,
0.0 3.53
2.8
002 3,67 Ooly
3.2
Ock 3.83 1.8
5.0
006 hoos lol&
— 6ok
008 lookO "’008
5.6
100 ho68 “'108
3.8
192 1&087 “‘008
. 300
loh 5002 ‘008
2.2
1.6 5.13
19,0 7.66
2ol
1902 ) 7978 002
: 2.6
19.4 7.91 - 0.8
Jok
19,6 8,08 1,6
5.0
19,8 8,33 1.6
. 6.6
20,0 8.66 =0.6
6.0
20,2 8,96 -1.2
Lo8
20.4 9,20 wlo2
3.6
2006 9038 "'loo
2.6
20.8 9.51
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C. Effeot of Time and Temperature of Glass Preparation.

In all of these préparations the muffle furnace was
preheated to the desired temperature before any samples were
placed in it. Fifteen gram samples of NaHpP0, were weighed
and placed in six platinum crucibles, All of the orucibles
were placed in the furnace at the same time. At the interw
vals noted in Table 5 a orucible was removed and tne melt
cooled rapidly by pouring 1t on & cold, stainless steel
plate. The glass beads obtained were placed in tightly
stoppered bottleé° A chain length dsetermination was run on

the glasses and the values found are shown in Table 5.

Table 5. Variation of Average Chain Length with Temperature

and Time of Heating.

Temperature Time (hours)
(°c) b g 21 32 48 96
650° 105 108 131 - 133 138 134
750° 106 122 132 == 153 168

‘9509 112 150 169 176 169 173

These data are plotted in Figures 6a and 6b°’ The data follow
the general rule that as the temperature and length of time
of heating are increased, the average chain length of the
glass inoreases, Figure 6a shows thet the average chain

length does increase with the time of hesting, and, in two
. "'30— |
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of the cases, the molsoular size reaches a steady vélueo
The attainment of the steady state takes place more rapidly
at 950°C than at 650°C, |
In Figure 6b it can be seen that as the length of time
of heating is increased the average chain lengths obtained at
the higher temperatures tend to become wore alike, The aver-
age chain length velues for the 650° tenperature probably
tend to remain low because of the high viscoslity of the melt
and consequently the glow diffusion of water through the
melt, This preparation temperature is only 22°C° above the
fusion temperature and in pouring the melts it is easily
observed that the viseosity is greater than for melts formed
at the higher temperatures, The fusions were not carried to
longer periods of time because in several experiments carried
out at 144 hours the average chain lengths dropped and the
glasses were yellow, probably indicating that some platinum

had been dissolved from the crueible,

-33-
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D, Use of Different Starting Materials.

In Figure 6a it can be seen that although a fairly
smooth curve can Ee drawn through the points, there do seem
to be some poin?s which appear erratic, It was therefore de-

cided to see whether a procedure could be set up which would

produce the same average chaln length even when different
starting materials were used,

. Four different starting materials were chosen:
NaHpPO, , NaNH, HPO, .4H20, Na3P30g.H30 and Na,F,0;72.4H0.
These four differ considerably in thelr structure, i.e.:
single PO, tetrahedra with cowbined wéter and hydrate water,
three membered rings and four membered rings, but all have a
1:1 ratio of P205 to Na20.

( The 1:1 ratio of P205 to Naz0 has been demonstrated
by converting these four materials to anhydrous trimetaphos-
phate (form I). This was accomplished by placing 15 gum.
samples of each of the materials in platinum crucibles and
rirst of all fusing them by heating them for one hour at 6500,
The furnace tgmperature was then lowered to 5259C and the
melts allowed to crystallize for 17 hours, The crystalline
material waé removed from the furnace and allowed to cool in
a dessicator. After cooling, the material was crushed and

placed in well stoppered bottles, An average chain length

analysis was run on these trimetas and no weak acid groups

were detectable. This indicates that the Nap0:P205 ratio in

these materials is 1:1 and also that no Pp0g5 is lost in this
| -3~
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preparation. Any loss of PpUg would leave an excess of Naz0

which would appear as weak acid groups in the analysis of the

final materials,
The glasses were prepared in two different ways using
the four starting materials. In both cases 15 gm. samples

were placed in platinum crucibles and all of the corucibles

were placed in the furnace at the same time. All of the melts
were poured on a cold stainless steel plate and the time re-
quired fqr cooling and bottling all four was not over twenty
minutes., The first two sets of data l1isted in Table 6 are

for samples heated at 650°C for 48 hours. The second set of

samples were first converted to trimetaphosphate by the

Table 6. Effect on Average Chain Length of Passing Through

Trimeta State in Glass Preparation.

Conditions of NaHoPO,, NaNH HPO, . Na3P309 Ne, P;032

Preparation . LHL0 -1H,0 - 4H20
l6s0°C 48 nx. 112 130 115 128
]

|Same 107 102 117 117
6508 1 hr.

5250 17 hr, 129 139 134 123
650 L8 hr.

Same 124 131 137 139

procedure noted and then heated at 650°C for 48 hours.

» The date in Table 6 indicate that there is a definite

shift in the range of chain length values coveredfi ¥
_35_
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by the dupiicate set of samples when the first procedure is
used. It seems gossible that a change in atmospheric humid-
ity between the days of preparation may have caused this
shift. Had the relative humidity increased between the pre-
paratidns, the water might not have been liberated as rapid-
ly, thus causihg more water to be combined with the final
glass and lowering the average chain length.

Both of the runs through the trimeta state give high-
er average chain length ﬁalues, and both sets cover the same
range. Thus taking any of the starting materials through
the trimeta state improves the uniformity of the product
and gives broducts of higher average chain length.

In all of the runs made the spread of average chain
length values in 15 or 16 units. Since this is constént it
seems very likely that it is due to some condition in the
process and the most likely one seems to be position in the
furnace. Although the furnace chamber is 14 inches deep and
heated for over half of this distance, and the crucibles were
placed as close together as possible without touching, it
seems likely that at this high temperature scme slight differ-
ences In temperature are present which would account for the
spread of average chain length values, Therefore, to get the
greatest reproducibility the melt must be placed at the same

spot in the furnace.

-36-
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E. Composition of Metaphesphate Glasses
In this section an attempt is made to obtain infor-
mation about the composition and structure of the sodium
phosphate glasses through titration data, These titra-
tions, similar to those used to determine average chain
length, are run on the glass itself and then repeated
after the same glass has been crystallized as trimeta-

phosphate,

1. Materlals
The preparative procedures used to obtain the tri-
metaphosphate and metaphosphate glasses used in this

section are outlined in Table 7,

Table 7. Previous History of Analyzed Material.

Starﬁing Preparative Analyzed
Material Procedure Material
NaqP;0q.H0 650°C 1 hr, Trimeta
273 5259C 17 br.
Na3P30g.Hz0 650°C 1 hr.
’ 525°C 17 hr. Glass A
650°C 48 hr.
Na,P,012.4H20 650°C 1 nhr.
525°C 17 hr. Glass B
650°C 48 nr.
NaHPO,, 650°C 48 hr. Glass C
NaH PO, 750°C 48 nhr. Glass D
NaHpP0, 950°C 48 nr. Glass E
-37 =
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2. Procedufe

Five gram samples of a trimetapnosphate and several
metaphosphate glasses were carefully weighed in flat bottom
platinunm dishéso The samples were then piaced in the .fur-=
nace at 650°C. for one hour to melt the glass and form a thin
uniform layer. The temperature of the furnace was lowered
to 525°C. for 17 hours, during which time sodium trimetaphos-
bhate crystallized and the water in the glass was liberated.
The samples were then removed from the furnace and cooled
in a dessicator over anhydrous calcium chloride for one
hour., The dishes and crystals were reweighed. The samples
were then reheated at 525°C. for two hour periods until the
loss in weight in each period was only & few tents of a
milligram. The percentage of water in the glass was cal-
culated,

The crystalline sodium trimétaphosphate samples
obtained were titrated using the same procedure as described
on page 26 for the average chain length determination, i.e.,
0.6 gm, was titrated for weak acid content and 0.2 gm. was
hydrolyzed and titrated for strong acid content. One change
in the procedure was made and that was the use of 0.02N NaOH
in the weak acid titration instead of 0.1N NaOH. This
change increased the sensitivity of the titration consider-
ably.

3. Data and Calculations
In meking the weak acid titration of either the
-38-
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glass or the crystallized material the following type of

COPG 2

curve is obtained:

PHT , 3 /
€. 1~ qut-TQ—-
) M2

—
ml, base

E. po 1 is the strong acid end point and occurs around pH
Lo3, E. p. 2 1s the weak acid end point and occurs about
pH 9. The number of m@lliliters of base consumed between
the end points is represented by Mz and is equivalent to
the number of weak acid groups present in the soiution.
When a glass or crystallized glass is dissclved in water,
the pH of the resulting solution is usualiy between 6 and

7 and thus falls between the two end points., On the graph
above, the pH of such a solution is represented by point 3.
The spread betweed point 3 and e.p., 1, designated as T,, is

a measure of the weak acid groups already neutralized by
sodium ions while the spread between point 3-and the end

point 2 is a measure of the weak acid groups present as

hydrogen ions. If one assumes the linear chain structure
of Samuelson for the glass molecule, T; 1s a measure of the

-39~

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Na 0 present above the 1l:1 ratio of NaQO:onse Quimby (34)
has pointed out that the T2 spread on the snalyzed material
will give a measure of the combined water in the molecule.
The values found for the various quantities are listed in
Table 8 and will be commented upon further a little later.
Ir it is assumed that all the water lost from the
glass during crystallization was present in the glass as
| weak acid groups, and that all such water was lost, then
the number of milliliters of base required to titrate these
weak acid groups may be calculated, Under the above assump-
tions the milliliters of base, Tp(calc.), is given by the

following equation:

. (% Hp0) (Semple Wt.)
T,(calc.) = T C009) . (160 (1)

In this equation N is the normality of base used and .009
i3 the milliequivalent weight of water. Since the sample
weight used was 0,6000 gm. and the normality of the base

was 0.1031, equation (1) may be simplified to give:
Tolcalc.) = 6.53 x %Hp0 (2)

In column II of Table 8 are listed the average chailn
length vslues found for the glassés by the Samuelson titra-
tion method.

v It Table 8 the % Hp0 found by weight loss on crys-
tallization is listed in column III, By use of equation (2)
the %H20 is converted to milliliters of base and these values

-1,0~-
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Table 8. Data on Composition of Metaphosphate Glasses
(Values given in ml. of 0.1N NaOH unless otherwise noted)

S & III Iv v VI VII
Analyzed o $H,0  Tp(calc.) CT, IV + V FAT2
Material
Trimeta - - 0.13 0.032 0,16 0.054

Glass A 134 0.094 0.61 0.034 0.6l 0.75
Glass B 123 0,090 0.59 0,018  0.61 0.74
Glass C 117 0.126 0,82 0.052  0.87 0.85
Glass D 153  0.052 0.34 0,036  0.38
Glass E 169 0,036 0.24 0.004  0.24 0.48
VIII IX X XI XII
cTy AT T1 T1 g0 PH oOf 1% Solution

b mxeviin g
Analyzed (Re)cryst.
Material Product

Trimeta 0,052 0,052  0.00 0.0% 6.38  6.57
Gless A 0,070 0,10 0,03 3,5 6,22 6.70
Glass B 0.052 0,10 0,048 5.7 6.22  6.86
Glass C 0.062  0.13 0,068 6.9 6.16 6,35
Glass D 0.142 6.92
Glass E 0,210  0.28 0,07 9,2 6.92  7.28

ATy, AT, and AMp refer to the analyzed material.
CT, and CTp refer to the crystallized material.

~L1-
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are listed in column IV. In titrating the crystallized
product & T2 spread is found 1ndicating that some water is
still present as combined water and was not removed in the
crystallization process. This risidual water is listed in
column V. The best value for the gmount of water present
in the analyzed material 1s found by adding these two val-
ues (columns IV and V). This sum is tabulated in column VI,
The values of T, for the analyzed material are listed
in coldﬁn VII of Table 8. In all cases except two the titra-
tion value‘for combined water (column VII) is greater than
the crystallization value (column VI). It appears therefore
that somé of the combined water is being occluded by the

trimetsphosphate crystals during crystallization and are

therefore not measufed as weight 1ossab A comparison of
the data for Trimeta in columns VI and VII indicates that
trimetaphosphate formed in a deep crucible does contain
some occluded water; since more water was liberated on
crystallization than was present in the Trimeta as weak
acid groups,

The data in column VI show that Trimeta does contain
& small amount of water., Glasses A and B were both férmed
by passing through the trimeta state so that they should
have contained about the same amount of water before thqy
were fused to form glasses. The resulting glasses contain
four times as much water as was present when they were 1in
the trimeta state during their preparation., This indicates

4R~
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that water must have been absorbed frowm the surrounding
atmosphere (air at 650°C.) It appears therefore, that the
water content of the glass and therefore the Samuelson av-
Qrage chain length of the glass will depend upon the water
ﬁddﬁtent of the air., Glasses C, D, and E were formed at
Fhreefdifferent temperatures, 650°, 750° and 950°C. res-
'§§§ﬁively. The amount of water present in the glass de-
'éféases a8 the temperature of preparation is increased in-
fdicating 8 more complete dehydratlon at the higher tempera-
Jlture°

In column VIII of Table 8 are recorded the T, titra-
3tion gspreads for the crystallized products, These values
 measure the asmount of Nap0 above the 1:1 ratio of NayO0: P205
thich should be present in a true metaphosphste glass,
lprovided the crystallized product contains only trimetaphos-
?phate and a small proportion of linear molecules, The
1ya;ues in this column for the Glasses C, D, and £, formed
“éﬁ;different temperatures, show an increase in neutralized
“weék acld gfoups as the temperature of preparation is in=-
i@;éasedo This indjcates that a loss of P, 0;; has taken
jﬁiéée and as the temperature of preparation 1is increased
i£ﬁ§;loss of P,019 increases. |
 These two facts indicate that the deviation of the
Ecomposition of a glass from the 1:1 ratio of Naj0:P205 is

7due to at least two factors, water content and excess

 -0. These results present a possible explanation of the
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kmaximum found by Karbe and Jander (19) (Figure 3) in their
7plot of anion weight against preparation temperature., At
ftﬁe‘lower temperatures the anion weight appears to be de~-
 §eﬁdant on the amount of water lost, but as the temperature
 isfincreased the loss of P,0;, tends to counteract the
; effect of losing water until, above 1200°C., the loss of
v EL6io becomes the determining factor and the anion weight
i&ééféases.
kf  In column IX of Table 8 are listed the T; titration
:f&hlﬁes for the analyzed materials, This is a measure of
}£h§ excess Naz0 above the meta composition if only linear
tiéﬁains are present in the glass, The fact that the values
i fbgnd for Trimeta in both columns (VIII and IX) are the
, éame indicates that no loss of P,0jp takes place during this
‘ £§¢rystallization process and therefore very likely does not
fféké place in the crystallization of the glasses, It is
-fiﬁferesting to note that all of the remaining values in
:icolumn IX are larger than the corresponding values in col-
 umn VIII. Does this mean that Najy0 is belng lost in the
 crystallization process? This does not seem to be a valid
j §bnclusion. The other possibility is that some of the
7sodium ions which neutralized weak acid groups in the glass
are neutralizing strong acid groups in the crystallized
 producto The presence of rings or branches in the glass

fmclecule would explain this apparent loss of Nay0. Two

ﬁstructures might explain this change., First a ring with a
- - lily=
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side chain of the type shown in Structure I.

0, ,ONa

P
0" o
0/ | ,O 0 0 Q Structure I
P /R\ 't
Na 0 O—P—O-f—O-f-ONa
| |
ONa ONa ONa

 it.can be seen that at the place where the chain is attach-
féa;to'the ring, a sodium ion has been replaced and this
E:”srx,'c,‘:)idi.um ion will neutralize the wesk acid group at the end of
;ihe chaino A chain length (Samuelson) determination on this
:§§mpound will give n = 12 since there is one weak acid group

,fér 8ix strong aclid groups.
iz-8-x2z12
1

 When this material is crystallized it yields two molecules
i§£ Sodium trimetaphosphate which contain no weak acid groups
Solwe have apparently lost Na20e |

: Another possibility is s branchéd structure like

fStructure II,

?Na
va-ONa
0 0 0 ONa
to b
HO-?—O-P-O~$-O-P-OH Structure II
| i
ONa O 0 0
|
O«Ir-ONa

ONa 45~
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In Structure II sodium ions which were originally neutral-
1zing strong acid groups are found neutralizing weak acid
groups., A Samuelson chain length determination gives a value
of il = 3 since there are four weak acid groups to six phos-
phorus atoms, Crystallization of this materisl yields two
molecules of sodium trimetaphosphate and one molecule of
water. Again a loss of Nazo is indicated.

Samuelson based his titration method for determining
average chain lengths on a structure of type III. |

?Na ?Na ONa ONa ONa ONa
HO"-P’-O-P-O-I|’=»0-l’_-0-1|°-0-£-OH ' Structure III
RN A N

The phosphate glasses certainly contain a large amount
of Structure III since the apparent loss of Nap0 amounts to
only 3.5 to 9% of the total amount of weak acid groups pre-
sent, The true structure might therefore be a mixture of
structures of types I and III, II and III, or I, II and III.
It can be seen that each of these combinations will have
different effects on the deviation of the Samuelson chain
length determination from the actual number of phosphorus
atoms in the molecule. The presence of rings at the end of
chains will give average chain lengths higher than the true
value while the presence of the branching will give lower
results than the true value. It will therefore be hecessary
to run molecular weights by an independant method and then

-hé-
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note in.which direction the Samuelson method deviates.

The only evidence on hand for making this deecision
is that given by Sibert (40) and presented on page 9 of
this thesis. All of the Samuelson titration values are
lower than the values found by depression of the transition
point. This would indicate that branching is the predomi-
nant type of deviation from a truly linear structure in the
glass.

Column XII of Table 8 presents a comparison of the pH
of 1% solutions of the analyzed material and the crystallize
ed product., In ell caées crystallization has increased the
pH of the solution indicating that the wéter removed from
the glass_by crystallization is present in the original

material as weak aclid groups.
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F, Conclusions
The following concluéions may be drawn from the data
presented in this section: |
| l. The average Samuelson chain length of the wetaphos-
phate glasses increases as the temperature of prepara-
tion and the time of heating are increased.
2, A reasonably reproducible average Samuelson chain
length may be produced from any one of a number df start-
ing materials if that material 1s first converted to tri-
kmetéphosph&te.
3. The so called metaphosphate glasses appear to be
polyphosphates of the general fromula (NaP03)n(H20)x
(Nag0)y.x. The relative amounts of water and sodium
oxide present depend upon the conditions of preparation,
i.e., as the preparation temperature is increased the
amount of water decreases and the amount of sodiunm
oxide increases due to a loss of P,010:-
4. The metaphosphate glasses are not exclusively
linear polymers, as assumed by S8amuelson, but appear to
contain either rings or branches. Present evidence in-
dicates that branching occurs.
s+ Most of the combined water in a glass giwabsorbed
from the atmosphere and it seems likely therefore that the

water content of the air may have some controlling effect

on fhe molecular size obtained.

-8

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



V. Separation of Phosphate Ions Using Ion Exchange Resins.

A. Resins
All of the resins used were purchased from the

Resinous Products Division of the Rohm and Haas
Company. The following were used: Amberlite IR-120,
@ nuclear sulfonic acid cation exchange resin;
Amberlite IT-4B, a weakly basic anion exchange resing;
and Amberlite IRA-400, & strongly basiq anion exchange

resin.

B. Apparatus

The ion exchange columns used in this work were
50 ml, volumetric burettes. A plug of glass wool one-
quarter to one-half inch in depth was placed in the
bottom of the column to support the resin and to pre-
vent the resin particles from plugging the burette tip.
A diagram of a typical column us presented in Figure 7a,

All of thé colunns used contained 30 ml. of resin,

4G~
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Flgure 7a Setup for
Resin Regeneration

‘F,,_Dropper Stopper

50 Ml, Burette
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C. General Procedures.
l, Filling Columns with Resin.

},The resins were always sosked in water for a day to
fully hydrate them before .they were placed in the columns,
After the glass wool plug was placed in the ocolumn, the

- column was filled with water and a funnel was placed at
the top of the column., In attaching this funnel, and in
all cases whére apparatus or gless tubing was a@tached
to the top of a column, medicine dropper bulbs with the
4tips cut off were used as stoppers, The conical variety

(Figure 8) works best for
Figure &. Medicine Dropper this job, The tips should
- Stopper
- c be cut off so they fit the
tubing which passes through
them closely. The resin in
the form of & slurry with |
water is poured into the
funnel while water is

allowod to flow out at the

bottom of the column,
2, Regenemtion of the Resin,

The minimum emounts of reagents necessary to quanti-
tatively,regenerate @ 30 ml, column of the various resins
used are listed in Table 9. The asmounts used in the ex~-
perimental work were always equal to or somewhat in excess
of these required amounts. The apparatus was arranged as

-51-
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Table 9. Regeneration Requirements.

Resin Regenerant Ml. Required
IR-120 10% HCl 285
IR-4B - 5% NaOH ‘ 180

5% HC1 165
IRA-400 10% NaOH 260
10% NaCl 230

shown in Figure 78 during regeneration. The regenerant was

placed in the reservoir (A) (& 500 ml. florence flask) which
is connected by a siphon with the top of the column, The

conneoction at the top of the column must be air tight so that
liqﬁid will only oﬁter the oolumn as some 1s being drawn off
at the bottom. The siphon type of arrangement at the bottom
of the column (B) prevents the column from going dry by stop-
ping the flow when the liquid in the c¢olumn reachés level C,
This type Qf arrangement canvbe made with a minimum amount
of glass-blowing ability. |

After the regenerant solution hnd been run through
the column, the resin was rinsed with 500 ml. of water. The
columns were then backwashed using the set-up pictured in |
Figure 7b., The amount of vacuum, and consequently the flow
rate is controlled by adjusting stopcock A, The rate of flow

is adjusted so that the resin fills the column up to the 5
to 7 ml, makkings on the burette, Backwashing is ocontinued
©52-
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for 5 to 10 minutes or until the very fine particles have been

removed from the resin. The vacuum is then removed and the
resin allowed to settle with gentle tapping of the column to
ald in uniform peocking. This procedure prevents further set-
tling during the final rinsing. The volume of the resin is
checked, after the resin has settle, and resin is added or
removed to mske the volume 30 ml, The column is then rinsed
with another‘soo ml, of water,

In using these columns to absorb phosphate ions from
solution a cylindrical dropping funnel is pléced at the top
of the column and the effluent is collected in a graduated
oylinier, The set-up is shown in Figure 9a., When elutriating
the column, the elutrient wes fed from a reservoir as shown
in Figure 9b. Genersally a graduated cylinder is used to re-
ceive the effluent, but when NaOH solution is being used a
cylindrical dropping funnel is used as a receiver (Figure 9b).
It is graduated and equipped with a soda-~lime tube,

The flow rate is most readily found by timing the
drops falling from the burette tip. It”has been found that
the flow rate im ml./min. is numerically equal to half the
number of drops falling in 6 to 7 seconds, the exact number
depending on the individual burette tip, The exact value
can readily be found for any particular tip by measuring the
volume of & counted number of drops and the time required for
them to fall, The value varies only slightly with the content
of the solution.

-53-
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It should be noted that since the strong anion ex-
change resin absorbs carbon dioxide, it was necessary to re-
move carbon dioxide from the water used in rinsing or making

solutions for this resin., This was readily accomplished by

passing the water through a pair of eolumns, the first cone~
taining IR-120 in the scid form and the second IRA-~-4L00 in

the hydroxyl form. This arrangement completely deionizes

the water and ln fact furnishes a very good grade of conduc-
tivity water. The reservoir A in Figure 7a waé equipped with
& soda-lime tubé when this water was in the reservoir,

At a number of times throughout the work the resins
IR=120 snd IR-4B were regenerated in a batchwise manner,

The apparatus shown in Figure 10 was devised to aooomplish
this regeneration. The resin was slurried into the sintered
glass filter and the water was sucked away from the reéin by
closing clamp B and opening stopcock A to the vacuum reser-
voilr. The vacuum was then released by opening stopocock A to
the atmosphere, and the suction flask was drained by opening
clamp B. The sintered glass funnel was then filled with re-
generant and the slurry was mechanically stirred for ten min-
utes, after which the spent regenerant was removed by repesate
ing the process,

This offers several advantages over conventional
methods of batch regeneration. Usually the process is car-
ried out in a beaker and the spent regenerant is decanted
away from the resin. By use of this apparatus a much better

-55-
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removal of spent regenérant is obtained and thus dilution of
the fresh regenerant 1s avoided, The drainage tube at the
bottom of the suction flask allows removel of the filtrate
without having to dismantle the apparatus. The set-up c¢an
therefore be made semi-permenent if a large number of batch

regnerations are to be made,

~57-
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D, Use of Cation Exchanger (IR-120) to Convert Sodium Salts
to Aclds,

Since the anion exchange resins have a greater capac-
ity for the phosphate ions when they are absorbed from an
acid solution, thus causing them to be absorbed in a smaller
band at the top of the resin column, it was desired to

convert the available sodium salts to their respective

phosphoric acids. The strong mineral acids, (HC1, HNO3,
etc,) oould not be used because they would introduce
another anion which might interfere with or slow down the
phosphate absorption or removal from the anion exchange
resin. A strong cation exchanger is well adapted for
this task because it will absorb sodium lons and replace
them with hydrogen ions without adding an interfering
anion, |

Two methods of exchange were used, columwise and
batchwise, In the column operations, 30 ml. of resim
were used and after the phosphate soiution had been run
through the column, 50 ml. of water were run through the
column to rinse out all of the phosphate. The exchange
was 98% complete, and better than 99% of the phosphate
was always recovered,

In carrying out the exchange in a batchwise manner,
the resin was measured by volume (30 ml.) in a graduated

cylinder containing enough water to cover the resin,
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The water was removed by filtration through a sintered
glass funnel, and the moist resin was added to the solu-
tion of the sodium phosphate, After stirring well for
3 to 5 minutes the resin was removed from the phosphoric
acid solution by filtration through sintered gless. The
resin was washed twice with just enough water to cover

the resin, The washings were combined with the phosphorie
aoid solution., Exchange by this method is about 95% com-

plete and again better than 99% of the phosphate is

recovered,

E:. Analyses
All snalyses were carried out using potentiometrio
titretions, The phosphate solutions iere hydrolyzed by
a§ding conc.HC1l and boiling. Total P205Aanalyses were

then made by the two end polint titration method,

=50 =
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F. Experimental, Data and Results,
l. The Use of the Weak Anion Exchange Resin (IR-4B) in
the Hydroxyl Form.

In order to get a general picture of the behavior of

the phosphate ions on the weak anion resin, runs were
made with ortho-, pyro- and trimetaphosphates. The ortho-~

and pyro- ions were obtained from their respective acids
while trimeta ion was obtained in the acid form by batoh-
| wise treatment with IR-120, In each case .01l equivalents

of the scid were diluted to 100 ml., and run through the
column at 5 ml./min., After rinsing with 50 ml, of water

at the same flow rate, 5% NaOH solution was passed through
the column at 1.7 ml./min. Twenty milliliter portions of
the NaOH solution were collected and analyzed for P205°

An equal volume of stsrting solution had been analyzed for
P205 so by comparing this latter value with the amount
found in each fraction, the percentage recovery 1in eaoh
fraction ocould be calculated. The values found are re-
corded in Table 10, The data show that ortho-~ and pyro-
phosphates are completely absorbed by the resin, but tri-
metaphosphete is not. Secondly,‘in the elution of the

ions with 5% NaOH all three ions are removed at nearly

the same rate, 1ndioating that the elutrient solution is
too strong. When the elutrient concentration is lowered
té 0.5% NaOH the same general pattern is followed though

the elution is slower., A run was made with orthophosphate

w60
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Table 10, Recovery of Phosphates from IR-4B-OH Using 5% NaOH.

Fraction % Recovery
Ortho Pyro Trimeta
1 100 ml. Phos. Soln.
50 ml. Hp0 0.00 0,00 29.6
2 20 ml. 5% NeOH 7.23 7.06 7.0l
3 20 ml. 5% NaOH 79.6 75.9 52,0
A 20 ml. 5% NaOH 9.04 10.42 3.38
5 20 ml. 5% NaOH 2.89 2.55 0.99
6 20 ml. 5% NaOH 0,36 - 0.52

using 0.05% NaOH and each of the fractions contained 10 to 11%

of the phosphate., Calculations show that the NaOH'OOntained
in one fraction is just sufficient to neutralize 9% of the

- phosphate on the column. This indicates that orthophosphate
does not have to be completely neutralized to be removed from

the column and that an equivalent exchange is taking place.
This gives some support to those who propose that anlons are
exchanged on these resins and not just molecularly absorbed.
An investigation of the incomplete absorption of tri-
metaphosphate was nmade to determine whether the resin had be-
come saturated or ﬁhether the exchange had a slow rate, This
fiwas done by collecting fractions of the spent phosphate solu-
tion as they came off the column. The results areArecorded

in Teble 11. The rate of flow for the absorption part of the
-61-
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Table 11. Absorption and Desorption of Trimetaphosphate
from IR-4B=-0H.

Fraotion Content % Recovery
1 40 ml. Column Water 3047
Phos, Soln,
2 20 ml, Phos. Soln, 436
3 20 ml, Phos. Soln. Lol2
N 20 ml, Phos, Solne hok3
5 40 ml. Phos, Soln.
Rinse H»0 L.05
6 20 ml. Rinse Hp0 : 0,00
7 20 ml. 5% NaOH o 58
8 20 ml. 5% NaOH 6605
9 20 ml. 5% NaCH k.98
10 | 20 M1, 5% NaOH . 1,78
11 20 ml. 5% NaCH : 1,06

cycle was decreased to 3 ml./min. and the amount of phosphate
retained by the resin &noreased from 70% to 80%., The amount

of phosphate coming through in each of the fraotions is nearly
the same, indicating that the phosphate break-through is not
due to seturation of the resin., The data indicate that the
aﬁsorption ié a slow process, probably because thé large

cross section of the anion cuts down the speéd with which the

ion diffuses into the resin particlea. The sixth fraotion

indicates that the resin-phosphate bond is not readily hy-
-62-
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drolyzed by water, The NaOH fractions show the usual elution

pattern.
When an attempt was made to absordb a short chain
length (10.9) glass on this column, only 7.25% of the glass

was absorbed. This probably was trimetaphosphate. The exper-
iment does indicate that Samuelson was correct in assuming

that glasses would not be absorbed.
Due to the lack of ability to elute the various ions

from this resin at different rates and the difficulty inmn
absorbing trimetaphosphate, the weak anion resin (IR-4B) in
the hydroxyl form cannot be used for fractionation of the

ions,
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2, The Use of the Strong Anion Exchange Resin in the
Hydroxyl Form;
~ Runs were made under similar conditions to those in

- the preceding section,ie. 0,011 equivalents of ortho-,
pyro-, tri- and trimetaphosphoric acids were run through
30 ml. of the strong anion exchange resin (IRA-400) in
the hydroxyl form. Elution was made with 5% NaOH. The
phosphates were absorbed at a flow rate of 5 ml./min.
and eluted at 17 ml./min. The results of these experi-

ments are recorded in Table 12, The results are préaented

Table 12, Reocovery of Phosphate Ions from IRA-~400 Using

5% NaOH.
Freetion Content % Recovered
Ortho. Pyro Tri Trimeta

1 100 ml. Phos, Solne |

50 ml. H,0 0,00 0,00 0,00 0,00
2 20 ml, 5% NaOH 1.36 0.60 0,00 0,00
3 20 ml. 5% NaOH 67.0  37.3 13.18 2,08
N 20 m}, 5% NaOH 27.1 . 3408 30.88 2.4l
5 20 mi;vg% NaCH Lo75 13.8 19,35 2,04
6 20 ml, 5% NaOH 1.28 6.47 11.63 1.93
7 NaOH on column :-

50 ml, Hp0 0,00 1,68 7,27 1.k7

graphically in Figure 1ll,

The graph shows that there is a tendency for the three
-6l
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Figure 11 Elution of Phogphate Ions from IRA-400
Using 5% NaOH Solution
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ions to be removed.at different rates. The ortho comes off
rapidly, the pyro s little more slowly and the triphosphate
slower than the pyro. The separations are not good in this
cese because the samples were large, initially occupying one-
fifth to one-half of the column,

It is guite clear that, as in the case of the weak
resin, trimetaphosphate dces not behave similarly to the
polyphosphates, It is completely absorbed but it is removed
only ?ery slowly. This experiment ﬁas repeated and the aver~
age chaih length of each fraotion was determined by titrating
the fractions before and after hydrolysis. The results of

this run are recorded in Table 13,

Table 13. Percentage Recovery and Average Chain Lengths of
Trimetaphosphate Fractions £luted from IRA-400-~0H,

Fraction Content % Recovered Av. Chain Length

1 100 ml1. Phos. Soln,

50 ml. Hy0 0,00 ~ 0,00
2 50 ml, 5% NaOH Lot5 2,02
3 50 ml. 5% NaOH 5,14 3,92
4 50 ml. 5% NaOH 2,25 2084
5 50 ml. 5% NaCH 3.56 5.13
6 50 ml., 5% NaOH 1.48 3.11
7 50 ml., 5% NaOH 1.65 2,47
8 50 ml. 5% NaOH 2.18 2,58
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It has been previously pointed out that trimetaphos-

phate has no weak acid groups, and therefore its average chain
length wéuld apparently be infinite. Orthophosphate has an
apparent‘average chain length of 2, and for pyrophosphate

n =2, and for triphosphate m= 3, A mixture of trimetaphos-
phate with the polyphosphates will give an average chain
length higher than in the absence of the trimetaphosphate.

For eiample, if the average chain length of an equi-molar mix-
ture of triphosphste and trimetaphosphate is determined, there
will be six strong acid groups to each pair of weak acid end
groups,; resulting in an apparent average chain length of six.
Since the longest polyphosphate which can be obtained from

the hydration of trimetaphosphate has B =3, an average chain
length value greater than 3 for any fraction indicates the
presence of trimetaphosphate ih that fréction°

The data in Taeble 13 indicate that some trimetaphos=
phate is being reuoved, but most of the msterial is coming off
in the form of the polyphosphate decomposition produocts,

#hen a glass of average chain length 10.9 is run in
the same manner (Table 1l4) only 7% of the phosphate can be
eluted by 5% NaOH in the same volume as ;805% of the tri-
metaphosphate and 1ts decomposition products are removed,

Again average chain length determinations show that only de-

composition products are being eluted, Thias indicates that

the glasses are held even more tenaciously than trimetaphos-

phate,
-67-
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Table 14. Elution of Glass (Ave, Chain Length 10.9) from
IRA-400-0H with 5% NaOH.,

Fraction Content % Récovered Ave, Chain Length
1 100 ml. Phos, Soln,
| 50 ml. Ha0 0,00 _

2 50 ml, 5% NaOH 0.71 _—

3 50 ml, 5% NaOH 1,69 1.96

L\ 50 ml. 5% NaOH 1.69 2,56

5 50 ml, 5% NaOH 1.61 3,04

6

50 ml. 5% NaOH 1.28 2,62

IRA-400 is & light yellow color and by mlixing it

with 0.1% phenolphthalein solution before plscing it on the
oolumn, & resin is obtained which will change color to show
the zone in which an anion is abosorbed., The dyed resin is
light pink in color after it has been regenerated and rinsed.
When a phosphoric acld solution is run through the column

the indicator is decolorized where the escid anion is absorbed,
This color change is caused by the removal of the hydroxyl
ions. The amount of resin reguired to absorb a certain a-
mount of an anion c¢an thus be readily measured, When NaOH 1s
passed through the column the decolorized band becomes crim-
son while the remainder of the resin retains its pink color,
The orimson colbr gradually disappears as more NaOH solution

is run through the column.
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Although this resin does show promise of separating
ortho-, byro- and triphosphate ions, the presence of trimeta-
rhosphate or a phosphate glass will interfere with the sepape~
tion because of their decomposition’productso Trimetaphosphate
end the phosphate glasses are retained so tenaciously by the

re3in that extensive regeneratioh procedures are required’to
remove them. This resin therefores does not appear useful for

a practical separation.
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3. Batchwise Investigations of Weak Anion Exchange Resin,
Since hydroxyl ion is such a strong elutrient on the

weak resin, an investigation was made to determine in what

other rorms the resin ﬁight be useful, In looking over the

series; three ions appear to be suitable from the point of
view of causing no interference in the two end point titra-

tion method for Pp05. The ions whioh seem useful are ohloride,
nitrate and sulfate,

In the first series of experiments the resin was con-
verted to the sulfate form by two regenerations with 10%
Nay80,. Various elutrients (NaCl, NaNO3 and NapSO,) were
used to remove the phosphate, Since sulfate is the hardest
ion to displace from the resin, the chloride and nitrate ions
should tend to remove phosphate lons before removing the sule
fate ions., The following procedure was used in making the
runs:

0.2 gm., samples of the anhydrous sodium sélts of the
various phosphates were weighed and dissolved in 50 ml. Hy0,
The pH of the solution was adjusted to 5.0 by batchwise cation
exchange of some of the sodium ions for hydrogen ions, fol=-
lbwei by removal of the resin by filtration, dilution to 100
ml,, and'pﬁ ed justment with NaOH soclution,

Thirty milliliters of the resin were measured in a
gradugted oylinder containing enough water to cover the resin.
The water was removed bj filtration and the moist resin was

added to the phosphate golutiono The mixture was well stirred
=70~
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for 15 minutes, The solution was then separated from the

resin by filtration. The filtrate was hydrolyzed and titrated

for P205° The_resin; now contalning phosphate, was stirred
with'loo ml, of the reagent noted in Table 15 for 15 minutes,
After separation of the solution and resin by filtretion, the
‘filtrate was again enalyzed, The elution process was repeated
on the same resin with a fresh portion of elutrient,

Knowing the amount of P05 in the original solution
and heving anelyzed the filtrates for P205, the distribﬁtion
of phosphate between the solution and resin may be calculated,
These values are recorded in Table 15 as the ratio of P05 inm
solution to Pp05 in the resin., The first column in the table
is for the absorption of the phosphate and indicates the com-
pleteness of absorption. The smaller this number is, the more
complete, is the absorption. If the ratios in the elutiom
columns are greater than one the ion tends to come off the
resin reather than stay on, while if the ratio is lessfthan
one, the phosphate prefers to remain on the resin,

The data show that nitrate ilon is a stronger elutrient

fhan chloride ion but that both of these are stronger tham
~sulfate, The sulfate concentration must be increassd to 5%
1h4order to get a removal strength equal to 2% NaNO3. In all
~of these runs the same order of remdval of the phoéphate ions
is indicated, i.e. ortho first, trimeta second, pyro third
and triphosphate last. The lafter two are not very widely
\SQparatedg and their separation will no doubt be diffiocult,
71~

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 15. Mass Distribution of Phosphate lons between

Solution and Resin.

Ion Absorption Elutrient Elution 1 Elution 2
Ortho 0.154 2% NaCl 1,051 0,729
Pyro 0,018 2% NaCl 0,193 0,091
PYI'O 00020 2% NaNOB 00‘093 0«:28[&
Tri 0,00 2% NaNOj 0,433 ==
Trimeta ’ 00022 2% NaNOB 1020 0963
Ortho 0,215 2% Nap30, 0,848 0,646
Pyro 0.011 2% NapS0,, 0,093 0,076
Tri 0,00 2% NapS0,, 0,063 0,027
Ortho 0.193 5% NapS0,  Llo45 1.30
Pyro 0,01 5% NapS0, 0,428 -
Pyro 0,019 10% NagS0,, 0.986 0,536
Tri 0.012 10% Napso,  0.833  0o5Lk
Trimeta 0,010 1G6 Na 250, 0.739 0,370

In order to eliminate the elution of a column in the
sulfate form with chloride ion, a series of experiments were'
carried out on the chloride form of the weak anion exchange
resin using sodium chloride solutions as the elutrients,

These experiments were ocarried out using the same procedure
previously described and the results are recorded in Table 16,
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Table 16. AMass Distribution of Phosphate Ions Between
IR-4B-Cl and NaCl 3olutlons.

Ion Absorption Elutrient’ Fraction 1 ~Fraotion 2
Ortho ©0.39 2% NaCl 2,66 1.30
Trimeta 0.014 2% NaCl 0,697 0,332
Pyro 0,36 2% NaCl 0,401 0,158
Tri 0,010 2% NaCl 0,374 0.118
Trimeta 0,020 5% NaCl 1,50 0.521
Pyro 0.25 5% NaCl 1,08 0,376
Tri 0,015 5% NaCl 1.07 0,305

The date in Table 16 show the same order of elution

as previously found. The relative values found indicate that
orthophosphate should be easily separable from the other tﬁree
and that trimetsphosphate mey be separable from tri~ and pyro-=
phosphates., The letter two ions are probably very difficult

to separate by lon exchange methods,
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L., Separation of Ortho- and Pyrophosphates Using IR-4B-Cl,
8, Investigation of Individuesl Ions,

In order to investigate the column behavior»bf orﬁho«
and pyrophosphates a number of runs were made with the
individuél ions using various concentrations of NaCl so-
lutions as elutrients, In these experiments 0.2000 gm.
samples of NagHPQ, or Ne,P207 (hydrate actually weighed
out) were dissolved in water and treated batchwise with
30 ml. of the cation exchanger to oonvert them to the
respective acids. Kfter removing the exchanger, the
phosphoric acid solution was run through the column at
5 ml./min, Fifty milliliters of water were passed |
through the column at the same rate. The elutrient solu-
tion was then passed through the column at 2 ml./min,

The results of the runs with orthophosphoric acid are

recorded in Table 17 and graphed in Figure 13,

It can readily be seen that one must use 7% NaCl so-
lution to remeve the orthophosphate quantitatively in
500 ml, of elutrient. When pyrophosphate is placed on
the column and the columm is eluted with the above con-
centrations of NaCl sclutions, no phosphate is detectable
in the first 600 ml. of elutrient., This indicates.that
if a mixture of the two lons is absorbed on the column,
the orthophosphate can be removed and the pyrophosphate
will remain on the_columno The pyrophosphate may be
quantitatively removed from the column by eluting with

-Th=
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Figure 13 Elution of Orthophosphate from IR-4E with
NaCl Solutions of Different Concentrations
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Table 17. Recovery of Orthophosphate from IR-4B~Cl Using

NaCl Solutions,

Fraction

50
100
100
100
100
100
100
100

AR S B e AV I T B V]

100

400 ml, of 5% HCl at 2 ml./min,.

content

Fhos.,
H0
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
NaCl

Total

Soln,.

Soln.
Soln,.
Soln,
Soln,

S0ln, -

Soln.
Soln.
Soln,

3%

0,00
3.13
20,79
33.79
25.19
12,32
L.82
1.65

ow

L

0.00
18,85
36,70
2L.70
12.26

L.78

2,03

1.16

0.00

101,67 100,48

Concentration of NaCl Solution

7%

0,00
13,72
51,30
25,54,

7.18

2,29

0,00

9000

100,03

Hydration of the pyrophos-

phate will take plsce in this strongly acid solution but this

is not important if 6ne only wishes to know how much pyro-

phosphate was present in the original mixture. On the basis

of the information presented above, the following procedure

has been set up for the determination of ortho- and pyro=

phosphates in & mixture of the ilons.
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b. Determination of Ortho- Pyrophosphate Mixtures.
Apparatus:

The apparatus used in the absorption portion of these
determinations consisted of two lon exchange ocolumns
placed one above the other as shown in Figure l4a., The
upper column contains IR-120 in the acid forﬁ and the
lower one contains IR-4B in the chlorids forh. To keep
drops from falling from the tip of the upper buretie into
the lower one and disturbing the upper layers of resin,

a two inch piece of platinum wire is slipped under the
bottom edge of the eye~dropper stopper and then formed
‘into an elongated loop at the tip of the burette (Figure
14b). The lower end of the loop touches the side of the
burette and the liquid from the upper burotte is conveyed
to the side of the lower burette and runs down the wall
in a continuous stream. By the use of this arrangement

orf tandem burettes, the phosphate ions are in a strongly

8cid solution for less than five minutes and there is
iittle danger of hydration.
Procedure:

A 0,2000 gram sample of the mixed phosphates is
welghed énd dissolved in 50 ml. of water. This water 8O-
lution is run through the column at 4 ml./min. This is
followed by three 25 ml. portions of water at the same
rate. The wéter insures removal of all of the phosphate
from the cation column,

=77~
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Figure 14 Apparatus for Cationic-Anionie Treatment
of Phosphate Solutions
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The cation column is removed and 500 ml. of 7% NaCl
run through the anion column at 2 ml,/min, This is titrated

by the two end point method for orthophosphate content using
0,1N NaOH., The column is now eluted with 400 ml. of 5% HCl

solution at 2 ml,/min, The HCl fraction is boiled to hydrolyze
the pyrophosphate. It is then neutralized to bromcresyl green
using 18N NaOH., After being brought back to the acid color
" of the indicator with O.5N HC1 it is boiled for 15 minutes to
remove any COp which may have been present in the NaOH solu-
tion., After cooling, the solution is titrated with O0.1N NaOH,
When one of the ions is present in an emount less than
5%, the titration of the fraction contéining this ion should
be carried out using 0,02N NaOH to inorease the sensitivity
and accuracy of the method,
This procedure has been used on a number of synthetic
mixtures of ortho- and pyrophosphates and the results are‘
recorded in Table 18.

Table 18, Analyses of Ortho~ Pyro Mixtures,
% Given as % of Total P05 in Samphk)

4 4 Ortho Pyro
Mixture Taken . Found Taken Found
A 18.2% 18.8% 81.8% 8l.2%
18,7 | 813
B 98.9 98.2 1.1 1.8
977 203
C 0.93 1.5 99,07 98,5
1.5 . 98,5
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The percentage values reported in the table are
readily found by hydrolyzing a sample of equal weight and
titrating it for P205. The number of milliliters of base re-
quired in this total P04 titration is divided into the number
of milliliters of base reguired to titrate the ortho frgction
and the pyro fraction respectively,

The method appears to have an absolute accuracy of
1%. The only run having a greater deviation than 1% was the
second run for the B mixture. The larger deviation here
probably océurred in trying\to welgh out 0.0035 gm., of
NabP207olOH20o This was ov;roome in the ¢ mixture by making
up a solution and taking an aliquot., The results show a
precision of about 0.,5%.

| Since the question of the effect of high concentra-
tions of NaCl on the titration of orthnophosphate arose, a
series of experiments to discover the effect, if any, were
carried out. 0.2000 gm. samples of NeH,PO), were dissolved

in salt solutions having the concentrations noted in Table 19

and titrated by the two end point method. The date obtained

are recorded in Table 19,
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Table 19. Effect of NaCl on the Titration of Orthophosphoric
Acid by the Two End Polnt Method.

Cone. NaCl pH End PH End Ml. NaCH Used between
Point 1 Point 2 the two end points
0 Lo 64 9.16 16.23
2 Lolb 8.85 16.23
bo75 427 8.61 16,25
7v’ 4o 09 8.42 16.20
10 3.9k 8.29 16,23
15 | 3.68 8.06 16.25

It 18 seen that the NaCl has no effect on the dis-
tance between the end pointa. The pH of the end point de-
creases as the concentration of NaCl is increased. These
results are pictured graphically in Figures 15 and 16,
Although the increased salt concentretions have no effect on
the analytiocal results, the opecrator must be prepared to find
his end point at a lower pH.

This method of analysis i1s designed to operate where
only ortho~- and pyrophosphates are present since the other
phosphate ions will interfere. Experiments with trimetaphos-
phate show that it will appear in the ortho fraoction while
triphosphate is almost quantitatively retained by the resin
and comes off with the pyro fraction. Phosphate glasses will

for the most part not be absorbed and can be found in the
spent phosphate solution. It does seem possible that condi-
-81-~
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Figure 15 Effect of NaCl on HgPO, Titration Curve
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Figure 16 Effect of NaCl on End Point pH
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tions might be found to remove the trimeta with the ortho

and triphosphate with the pyro,
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5. Conclusions,
After careful consideration of the data presented,

the following conclusions may be drawn:
a. Orthophosphate can be quantitatively‘separated from
pyrophosphate andbthe smounts of each present in a mixture
can be determined\with a 1% socuracy., This is accomplish-
ed by using the weak anion exchange resin in the chloride
form with NaCl and HCl1l elutrient solutions,
b, Hydroxyl ion is such a strong elutrient on the wesak

; resin that the various phosphates are all removed at the
same rete.
¢, Trimetaphosphete and the metaphosphate glasses are
poorly absorbed on IR-4B in the hydroxyl probably indi-
cating a similarity in their reacting groups.
d. The strong anion exchange resin (IRA-400) in the
hydroxyl fo:m is not useful for separation of the phos-
phates beocause it abgorbs trimetaphosphate and the phos~
phate glassqsyS§ Stfg:gly that they are removed only in-
completely,ané»in decompséed form.
e, A tendency to separate is shown by ortho-, pyro~ and
triphosphate ions when absorbed and eluted with NaOH

" solution,
f. If a mixture of the ions: ortho-, pyro-, tri-, and
trimetaphosphate were absorbed on IR-4B they would be
removed in the order: (1) ortho, (2) trimeta, (3) pyro,
and (4) tri, |
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go The reaction on a weak anion exchange resin appears
to be a true exchange because a dilute NaOH solution will

remove an equivalent amount of phosphate from the resin,
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VI Titration with the High Frequeney Analyzer,
A, Apparatus,
A simplified diagram of the apparatus is shown in

Figure 17, It 1s essentially a Wheatstone Bridge type of

circuit in which the lower left arm contains a radio fre-
quenoy oscillator. This arm contains radio frequency
ohokes (L=-2 and L-3) which confine the high frequency our=
rents to this arm of the bridge and allow only direot ocur-
rent to flow out into the remainder of the cirocuit,

The oscillator coil (L-l) hes a diameter of 60 mm. and
a glass vessel ocan be placed inside this coil. The cir-
ouit ig then tuned for manimum deflection, to the right of
the microammeter (M-~l). The bridge circuit is then bal-
snced by adjusting the potentiometer (R-1l) until the mi-
eroammeter gives a zero reading. As sodium hydroxide or

some other titrating solution is added, the coil will Dbe
loaded to & different degree and the current through the

lower left arm will ochange. This of course causes a
change in the reading of the microsmmeter. When these
meter readings are plotted against milliters of reagent

added, straight line plots are obtained, The interseotions

of the straight lines give the end points of the titrgtionso
The conductivity titrations were made using a dip

type conductivity cell with a cell constant of about one,

A Oonductivity Bridge, Model RC-1B, manufactured by

Industrial Instruments Inocorporated, waé used to determine
-87-
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Figure 17 Simplified Analyzer Circuilt
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the resistance of the solution. The reciprocal of the resist-

ance, 1. e, conductance, was calculated and this value was
plotted against milliliters of base added,

Since no provision could be made to thermostat the

solution in the high frequency anslyzer cell, all titrations,

analyzer and conductance, were carried out at room temperature,

-89~
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B. Procedure
0.2 gm., samples (anhydrous basis) of the various sodie

um phosphates were dissolved in water and stirred‘with

30 ml, of the cation exchange resin, IR-120, in the acid
form. The solution of the phosphoric acid was separated
by filtretion, and the resin was washed until a total
volume of 200 ml, was obtained. This solution was placed
in the coil of the high frequency analyzer and titrated
with O.1N NaOH. Samples for conductometric titration

were prepared in the same manner,
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C. Data and Discussion,

The microammeter readings were plotted against milli-
liters of base added, and lines were drawn through the
points, These plots are shown in Figures 18 to 21, The
conductance oﬁrves are drawn on the same graph as the &an-

alyzer curves in order that a comparison of the sharpness

of the breaks can readily be made, The curves are also

plotted in such & way that the conductance and analyzer
curves have about the same overall height. This pro-
cedure makes possible a significant comparison of the
breaks. |

'The orthophosphoric sacid curves are éhown in Figure
18, Both of these curves have no breaks in the strong
scid portion but & very sharp one ié present when the
strong acid group is completely neutralized. Both ocurves
show a break when the second acid group is neutralized
and the breaks seem to be of about the same magnitude.
The conductance curve shows no evidence of the neutrali- |
zation of the third acid group, but the analyzer curve
shows & definite break. This third break is at the point
where the third acid group is neutralized,

In Figure 19 the curves for pyrophosphoric acid are
presented., The weak acid portions of these curves are
nearly the same, and the breaks are roughly of the same
magnitude, The strong acid portions of the curve on ihe
other bhand differ considerably. The strong acid portion

-9]-
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Plgure 18 Titration Curves,

HaPO, vs NaOH
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Figure 19 Titration Curves, H¢Pa0y va NaOH
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of the conductance curve is nearly stréight and exhibits only

slight ourvature., The enalyzer curve shows two rather distinect
breaks. The number of milliliters of base used between the

successive breaks 1s about the same,

The curves for triphosphoric acid are reproduced in
Figure 20, It is readily seen that a situation similar to
that found for pyrophosphorie acid exists. The weak acid
portions of thé curve are nearly the same, though the analyzer
may give slignﬁly sharper breasks. The strong acid portion of
the conductance curve is again nearly a straight line. The
strong acid portion of the analyzer curve now has four straight
sections all nearly equal in length. Again there is one more
straight section in the stroné acid portion than there are
strong acid groups in the molecule,

" The tfimetaphosphoric acid plots are presented in

Figure 21. The conductance curve again shows the slight

tendency to break in the strong acid portion of the curve, but

with this exception the curves are strictly those obtained for

e strong acid like HCl and a strong base such as NaOH. The
analyzer shows no indication at all of differentiating between

the strong aocld groups of the molecule,
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Figure 20 Titration Curves, HgPsOyps vs NaOH
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.. Pigure 21 Titration Curves, HgPa0p vs NaOH
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D. Conclusions,

The high frequency analyzer data avallable are not com~
plete because the instrument used tended to be unstable
and in some ocases curved lines instead of straight ones
were obtainéd° The curves presented have been duplicated
with only minor variations in slope., Due to the insta-
bility of the instrument it was often necessary to run a
considerable number of curves in order to get several
which would check., In spits of meéhanical difficulties
it seems reasonable to state the following conclusions:
l. The completion of the neutralization of the third
acidic hydrogen on H3P0, can be detected with this

instrument,

2, All tliree hydrogens on H4P309 are strong and of equal
acidity. Added support is given to the proposed cyclie

structure:

0‘ ,0H
o’P‘o
O\l I)O
/P\ 70N
HO 0 OH

3. The weak acid portions of the analyzer ocurves appear
essentially to be conductance curves (except in the case
of HBPOA) since they parallel the conductance curves sc
closely.
Lo The breaks in the strong acid portion of the pyro- and
triphosphoric acid analyzer curves indicate that the

-G7-
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process taking place 1s not merely a replacement of ionized

hydrogen ions with ionized sodium ions. The aclid molecule
itself must be undergoing some change. The most likely change
is complexing of the sodium ions to change the dipole moment

of the molecule and hence the effect on the analyzer,
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VII. Summary

The Samuelson average chain length of a "metaphos-
phate” glass increases as the length of time of heating
and the temperature of preparation aré increased. A
method has been deviged for the messurement of ﬁhe a-
mount of combined water in a glass end the excess Na,0.
Use of this method shows that as the temperature of
preparation is increased, the amount of excess Na,0 in-
oreases, indicating a loss of PLOlO and at the same
time the amount of comblined water decreases giving,
under thé experimental conditions used, a net increase
in Semuelson average chain length. The so-called

"netaphosphate"” glasses are best represented by a
polyphosphate formula having the empirical form:
(NaPOB)ﬁ(HZO)x(Nazo)l-xv where I is the Samuelson
average chain length., "Metaphosphate" glasses can
"absorb most of their combined.ﬁater from the atmoéphereo

The "metaphosphate™ glasses are not exclusively
linear polymers, as assumed by Samuelson, but appear
to contain either rings or branches. Present evidence
indicates that branching occurs.

An analytica procedure has been devised for the de-
terminationbof ortho- and pyrophosphates in mixtures of
the ions. This method depends on the absorption’of the
ions on the weak anion exchange resin IR-4B in the
chloride form. Orthophosphate is then removed by elut-

...99-
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ing with 7% NaCl solution and the pyrophosphate with 5%

HCl solution. The amount of the ions present is determined
by  the two end point titration method. A precision of 0.5%
and an accuracy of 1% are obtained., The other phosphates
will interfere with this determination. Trimetaphosphate
appears in the ortho fraction and triphosphate in the pyro
fraction. |

Batchwise operations with the weak anion exchange
resin indicate that if ortho-, pyro-, tri- and trimetaphos-
phoric acids are sbsorbed on the resins, the proper conditions
should cause their elution in the following order: ortho-,
triﬁeta-g pyro- and triphosphoric acids. The latter two behave
so much alike that tneir separation will be very difficult.

Ortho-, pyro- and trimetaphosphates are removed at
the same rate when absorbed on IR=-4B in the‘hydroxyl form
and the column eluted with NaOH solution.  Trimetaphosphate
and the "metaphosphate" glasses are incomplétely absorbed
by this resin. |

The strong anion exchenge resin in the hydroxyl fornm
absorbs all the phosphate ions quantitatively. Ortho, pyro-
and triphosphates show some tendency to fractionate on this
resin when eluted with NaOH solution. Trimetaphosphate and
the "metaphosphate" glasses are removed for the most part only
after being hydrated.

Experimental titration curves for ortho-, pyro, tri-
and trimetaphosphoric acids with NaQH, have been prepared
using the high frequency analyzer and:élsp a conductance
bridge. The weak acid portions of the curves are very

-100-~
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similer for both types of measurements except in the case

of orthophosphoric acid. The high frequency analyzer

curve has a break where the third hydrogen of HaPO,, is
neutralized. This break is not present in the conductive
ity curve andvdoes not show up in pH titrations. The sim-
,ilarity of the analyzer and conductance weak acid titra-
tion curves indicates that the high frequency analyzer

may be measuring conductances in this regian. The lack of
breaks in the strong acid portion of the trimetapﬁosphoric
acid curve with the high frequency analyzer gives support to
the previously proposed cyclic frormula. The strong acid por-
tions of the =znalyzer curves for pyro- and triphosphoric
acids show an extra break which cannot be explained by the '5
evidence on hand., Since these two ions are complex formers,
the extra break may be due to this conmplexing ability. The
conductance curves are smooth in the strong acid portion for

all 1ons.
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VIII Suggestions for Future Work,

The field of phosphate chemistry is ripe for a great
variety of investigations, but the one portion of the
field which seems to be in the greatest need; and the
one which must be eonquered before all others, is that
of analytical methods, A number of methods have been
proposed but they all have short comings when applied
to complex mixtures of the lons, A truly reliable
method would be a great advance,

There are several extensions which-could be made on
the work described in this paper. "Metaphosphate"
glasses should be prepared at temperatures above 950°¢
end anelyzed by the crystellization method to show that
Karbe and Jander's decrease in anionic weights is due
to the loss of P 010 from the melt,

Titrations should be carried out on pyro- and triphOSw
phoric acids with the high frequency analyzer to show

whether the strange bresk in the strong acid portion of
the ourve is dependant on concentration. Mixtures of
the ions might be titrated to determine whether individ-
ual ions may be detected in the strong acid portion o}
the ourve,

Investigations should be extended on the use of ion

exchange resins to separate the phosphate ions. This

might especially be applied to the quantitative non~
absorption of glesses and the separation of ortho-~ and
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trimetaphosphates from pyro- and triphosphates, The amounts

of the individual ions in the two mixtures could then be de-~
termined by titrating each fraotion before and after

hydrolysis,
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