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LACTIC ACID apd ITS AIHYDRIDES.

{I) Introduction.

Lactic acid as 1V appears upon the market is unsually
prepared by fermenbing a solution of glucose made alkaline
with milk of lime. Although the Zermentstion does not take
place in a solution containing over two per-cent acld, a2
fifteen per-cent solution goes almost to completion in this
way, 88 the excess of acid is precipiteted as the calcium
sglt gnd separates. Then fermentation is complete the solution
is concentrated, the caleiunm lactate filtered off, arnd the
free acid obteined by decomposition with sulphuric scid. The
gacid thus obtained is pure enough for most commercisl purposes
and is sold usnally as 25 or 50% acid. Lactic acid of the
Te Se and British pharmacopoeis is prepared by concentrating
this ecid t0 & Sp. gre of 1.2 after certein purificstions. It
is supposed to have an acid content of 75% in sddition to 8%
of enhyirides. The scid is nsually sold on the basis of its
free acid content ss its chief uses are the rednction of
chronium compounds used as mordants in dyeing and chrome tan-
ning, and a3 o delimer in tamming where its value is due %o
its ability to keep cslcium salis in soluiion and thus prevent
hermful precipitation. lMost dealers hold that the anhydrides

are of no value for this purpose, however, Te A. Faust (vol. 10, |
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1915 Jour. imer. Iese ASs'n) shows that they are at least 1

partially in error.
Lactic eseid is a syrupy, simost éolorless, bitter

liguid miscible with water and elcokol in g1l proportionse.

On being heated in sir it loses weter end sccording to Thompson

end Suzuki {vol. 13, 1918 Jour. Amer. Lea. Ass'n) is csapable

of forming three enhyirides, the Pirst two only appesring in

comercial acide.

1. 2.
CHE, CH(OH) =0 CH, CH-G=0
3700 % é ; |
CEx CH COOE | 0=C- GH CHg |
{anhydride) (leetide)
Se

CHS gﬂ cocE
CHy CH COOH
{di-lactic aecid)

The litergture contains many conflicting statements
concerning these substances. Fislicenus (Ann. 164-181l) ssays
the anhydride is obtained by heating lsctic acid to 130 Ce in
a gurrent of dry air, and describes it sz a light yellow,
anmorphous body only slightly soluble in water but very soluble
in alcohol or ether. Xonin (Abse V 445) ssys the scid contains
n¢ anhydride which is only a lsboratory producte IHeither gives
the experimentel dats upon which his stetement is based. The
lactide is usually described as a white crystailine body almost
insoluble in water but fairly soluble in slcokel, etker, or

acetone, however, one investigstor refers to the brown, amorphouns
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body sbove a5 lactidee. Statements very concerning the cond-
itions under which these substances are formed from lactic

acide Pure {100%) lsctic scid has been shown t0 remsin un- |
chenged ani crystalline for months below 18 C. Partisl ;
conversion to arnhydrides tskes place when the acid is allowed i
to stend at a higher tempersture. The commercisl acid is said
4o form largely anhydride when heated at 130-140 C. which is
subsequently coaverted to the lasctide up to 200 C. where

decomposition to form cesrbon dioxide and lactone sets ine. Both

anhydride and lsctide are formed when commercial scid is allowed

to stand over sulphuric acid at room temperature. In all cases |
partial anhydride formstion occurs when lactic scid is concen- |
trated by evaporation, and Wislicemus points out that lsctide
is formed while free gcid is still present.

Hydrolysis of both enhyiride end lactide with forma-
tion of lactic scid occurs when either substance is hested
with water, or treated with alksll or acid. Besson ssys that
the anhydrides are hydrolyzed by =n oxcess of gikali in ten
ninutes, and thus sre veluable &s delimers.

£11 of the above statements seem to indicate that the
regsctions by which aphydride snd lsctide are formed are rever-
s8ible, and thst & condition of equilibrium exists betweern the

three subsitsnces in solution. Wislicenus states thst he believed

thig to be the case bub sttempted no experimental proof. The
following equabdons probably express the equilibris involved.

2 OHg CHOH COOH = CHg CEOH C-0
3 3 5

' + Hy0 (1)
CHz CE COOH
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CEz CHOE 30 CHz GE $=0
= 0 © + 320 {(2)
CHz CE COCH 0-¢ GE CEg

Preliminsry eWﬂs soon demonstrated the
exigtence of a condition of equilibrium, for upon heating
lectic acid of differont concentrations in smsll sealed tubes
at 140-160 C., the concentration of free scid {see below)
cams rapidly to a definite value which was mnsgliered by further
heating, snd the same value counld be cbtained 2rom mixtures
whose originel composition varied considersbly.

Attempts were then made to devise a method of ansalysis
by which the concentration of the four constituents counld be
determined. This proved & very different problem.

The accepted method of analysis of commercial lsctic
acid {Allen Cormercisl Organic Anslysis; Jour. Amer. le=. ASs'n
10, {1915)) consists in (1) titrsting s sample with 0.1 He.
HalOH, using phenolphthalein a8 indicator; (2) =sdding an excess
of standard alkeli, and heating on s steam bath for f£ifteen
minntes; (3) adding a2 slight excess of 0.1 HN. suiphuric scid,
and titrating the excess of scid. The first titration neutrs-
lizes the lactic acid present as such and slso the free acid
hydrogen of the anhydride (if present)e. The slkall used up
in the second titration corresponds to hydrolysis of the
anhydride salt snd of lactide {if present). From these two
titrations the amounts of gll three éonstitnents can not de
obtained. Ordinerily the alkali consumed in the first titra-
tion is ssid to measure the "free acid™, and lactic acid is
gold on this basis. It is obvious that if t;.e amounts of lactic
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acid, anhydride, and lactide in a given semple are represented

by I, I, and 2, respectively, and if {8) =md {b) reprecent
the 0.1 . HaCH consumed in the Pirst and second titrestionms

respectively, we have the following relstioms. {1.0 cc of

Oe1 He Do0Z is equivalent t0 009 grs. lsctic scid; 0162 grse.

enhydride; »0072 grse lastide (hydrolyzed)).

p-4 b4
8 B emem— oo (3)
«00% =0162
¥ Z
B = +  m——— (4}
»0162 0072

If we assume either Y or Z to be zero (as is usually done} or

determine either X, Y, or Z separately {see balow), these two

eguations suffice to permit the calculstion of each constituente.

(II) Experimental.

The expe-rimen‘!ss desceribed below represent efforts to
determine by a separate method some one o0f the three consti-
tuents. After searching the literature no previous work on
methods of ditingunishing between the anhydiride and lectide
was found to be availsblee.

{a) Hethod of enalysis.

(1) It wes thought that probably by the use of
- different indicators two different emd points might be deter-
nined corresponding to the freec acid and snhydride, respec-

tively, but it was found to be the seme in g11 cases.
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{2) Pitrations were mede st 25 C. meking use of
the electrical conduetivity method. Cunrves drswn by plotting
alkall concentrations egeinst cordustivity values showed only
one break, corresponding to the end point obteined in (1)

{3} THearly 211 selts of lsotic scid are supposedly
insoluble in ethere It was thought that probably the anmhydride
selt would be insoluble in certsin ether-glicohol mixtures.
Titrations were made with aleccholic sodinm hyiroxide irn sbsolute
alcohol solution and ether ranging Irom an equel amount to
four times the arount of alcokol a2ddede Although fairly con-
cordant resulis were obltained the method was sbandoned ss
impracticable, because instead of & crystaliine precipitate
& semi- so0lid mmss, which could not be £iltered o022 but had
to be rmm off thru & separstory fumnel, was found to separate
from the solution.

{4) Lectic acid was found io be precticaily in-
soluble in chloroform while lsetide was very solublee It wes
attempted to extract the lsctide from a water solution with-
ohloroforme Results were variable and not reliable, probably
dve to.the inflnence of the free asii present. This wes found
also to be the caese even though the acid wes neutralized firste.
Similar experiments with benzene and toluene proveé unsuccess-
ful for the same rezson.. _

{5) Seversl saits of lactic acid are recorded es
being insoluble in sbsolube slcohol 2t room temperature. Tke
megnesimm salt is one and it was sttempted fto precipitate

the zacidi with megnesium seetate. The reaction was slow snd
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incompletes After sxperimenting with the acetates and
carbonstes of seversl metels, it was found that sinc carbonste
reacted readily with lactié‘ acid in alcokolic solution, and
apparently with the anhydride, forming insoluble salts, and
leaving the lactide in soluntion. Evidence of the precence
of the amhydride salt was given by the faeti’gn exenination of
the presipitate showed the presence of meferisl neing uvp
alkall on hydrolysise. (The zinc present was first gotien rid
of by the method given belowe.) This reaction was adspted %o
the quantitative determinstion as follows.

The sample for enslysis was dissolved in absolute
alcohol and a portion corresponding to sbout one gram of =cid
wag at once titrated with 0.3 E. HaOH, using phenolphthelein
as indieator, {titrstion "a"). 4in excess of alkali was then
edded, the solution was heated on the steam bath for fifteen
minuntes,qand the evcess alkeli deternmined by titration with
étandard acid, (alksli used, titration "d"). It was found that
it was not necessery to include step (3) given in the procedure
above. A second portion of the alcoholic solution, egusl to
that sbove, was then treated with two grams of zinc carbonsate,
end was warmed, with stirring, until flocculent zinc.began to
separate. (ususlly sbont five minntes) The precipitste was
Piltered off under suction, and washed with absoclute alcohol.
The filtrate was evapopaled to about 10 cc and agein filtered
i? farther precipitation occurede. 20 cc of water was added,
end the solution washeated with an excess of standard slkali
{to hydrolyze the lactide). Anexcess of stendsrd scid was
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then added, bogether with & 1lititle potassium Zerrocyenide,
and the excess o2 scid determined by titration with standerd
aliali, {(%itrstion "¢"). The following notes explein %the
Proceiurse

(1) ZTreatment of the alecokolie solution with zine
carbonate as indicated above gives & filtrate which is neutrel
{after the sm2ll gmoumt of zinc in solution has been precipi-
tated as ferrocyanide}, showing tbhat both the free scid and
exnydride have been neutralized. Since the lzctide is quite
goluble in alcohol it mmust all be present in the filirete,
unless it hss been hydrolyzed by the zinc carboratee Such
hydrolysis can hardly have ocoured to0 any apprecisble extent,
since duplicate determinations which had veen hested for
varying lengths of time gave closely agreeing results, which
conld hardly be expected if partisl hydrolysis were occuringe
Deterningtions gliowed to stand at room tempersiure Zor 30
minutes also gave closely agreeing resulis, which wonld seen
t0 indicate that hydrolysis was not ocecuring.

{2) A smell emount of zine remains in solution
after the zine carbonate treatnent. Host of this separates
later on evaporstion of the solution. The zine is appareufly
presént as lactide, as it is found o be neutral and not 40
use up a8lksli on hesting with an excess of sodium hydroxide
and then titrating back with seid. It e2lso separates almost
completely on evsporation of the solution in the cold by &
strean of dry air, without causing the remaining solution to
become acid, a8 wounld be the cass if it were the anhydride

salte.
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(CH; cHCGE 8<0 | - |
= (CHj CHOH COC)g Zn ;

+-
2 (055 CHEOE COCH)

CE ¢ H CO0)s Zn

Thus, its presence does no%t introduce an error into the lactide
determination. It 1s necessary, however, to remove it from
goluntion,as 1t interferss with the end point, and the potassium
ferrocyanide effects this result. The presence o0f this zing
has been somewhat diffienlt to accommt for. Zinec lasctate is
only slightly soluble in alcohol, yet in the experiment a

2air smount of zinc lactate separates from the alcoholie

solution on evaporation. The amount present increases steadily ?

as the lactide content incresses. The presence of this zine !

at firet threw some doubt on the accuracy of the ezperiment,
as 1t was 2elt that it might perhaps be present as the salt
of the anhydride, and that it wes being hydrolyzed with the
formstion of zinc lectste, thms causing the precipitation
during evaporation. In view of the fact that the filirate
did not show scidity and the foldowing experiment, it seenms
certain that no sppreciesble smount of the anhydride salt is
present in the filtratee

" Vrey concentrated mixtuiés, prepared by heating
somercisl scid in s currenmt of dry air at 130 C., gave no
precipitate when trested with zine cerbonste but 8 very large

smonnt of zine lactate was obteined on eveporating the solution. |

Even on sdding relstively large amounts (0.5 gr. ecid to 1.0
gr. mixtore) of commercisl =cid to such solutions, the entire

amount of zinc lactate formed was found to go into solution.
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It seems possible that this is in colloidsl suspension, and
thet it is peptized by the lactide, thus sccounting for the
increasingly lsrge amounts held up as the percentage of lactide
increasesS. In any cs8Se there Seems every resson to believe
thet anslysis of the alcholic filtrste meassures the lactide
fairly accurstely, and thus combination of this velue with
the results of the fwo umsual titrations, as described above,
permits the calculstion of the concentrations of all three
congstitnentse.

In some experinmenic mixinres of glchohol eand chloro-
form {25%) were used es solvent instead of pure slcohol, but
while lecs zinc gppesred in the 2iltraste iz this cese, the
resulis were not ec easily dmplicoted gs in th;fgzthod, elthough
they geve spproximstely the same wvelues. These resunlts are
given in table 2{g).

(b} Equilibrinm Experiments.

A4 series of exzperirents were csrried out to determine
the composition of the eguilibrimm nixtures. To %this end
smell glass tubesAcontaining sbout five grams of ecid Wefe
nearly filled, sealed, and heated for a mumber (9 %o 23) of
nours at 155 . (Preliminsry experiments by Ee Re Bopkins
hed shown thaet tempoersture has very 1iut1e.effect upon the
equilibrinme.} These tubes were then cooles snd broken, and
their contents dissolved in gbsolute slicohol, the solution
being then diluted with zlcohol {0 a definite volume, &nd
aliquot portions belzer for anslysis as indicated sboves

Results gre given in Table I.
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The originel mixbures were mmde by nixing commercisl

acid, hizhly concentrated acid, pure lesctide, and weber in
- such proporiions s %0 give a2 veriety of concentrastions, and
to epproach the ecuilibrinm from both sidles.

Experiments were elso carried out iz which acids of
two concentrations were heated st 155 and 100 C. over a.period
of two weels, portions beings anelyzed at intervais of ore or
two dayse. o epprecishle charge occured eter the first day,
sc only a mean of the snglrses gre given. & slight decomposi-
tion took place in the %tubes hested ot 155 C. and some of them
burst after seversl 2eys heating. Tesvlie are given iﬁ

Table 2{8)e

v

{e) Diglysis Experiments.

For reasons Lo be discusses in the following seetidn,
the snhydrie is thought to probsbly be present in colloidel
suspension and experipents were atiempted ftc prove this point.
Parchment cups of materiels o 2ifferent porosity vere made,
partially Tilled with the mixtu&es, end placed iz & bath ol
rumning waters DPortions were pipetted off and anslyzed st
intervalse. :lixbures of seversl concentrations were used,
including a very concentrsted one prepzred by hesting comrmer-
eizl zeid to 13C Ce If enkydride is present ss & colloid,
a2ter sufficient time, disregarding Lydrolysis, it slone should
remain in the cup snd titretions {a) snd (b) should btecome
egusle I% was foumd thet titration (t] 2inelly beceme larger
than {8) slthough both decrecsed rgpidly. This will be dis-
cussed more fully belowe.
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Table I.
Experimentsl Datae
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{111} Treatnment of Zesulise

Although the experimentel dats in Table I indicate
clearly that g condition of equilibriun exists between lactic
acid, its anhydrides, and water, & methematical anslysis of
the conditions prevailing at eguilibrium presents certain
difficnltiess In the Pirst plece the ana lyitical resunlis are
not of the highest aceuracy, &b best, and in the second place
in s0 concentrated a system some diZficulty is to be expected
in representing the ectivity of the componments in terms of
the composition of the mixture.

As the post likely assumption the asctivity was taken
as proportionsl to the mol fraction, and equilibrium constants
were then celcunlated from the dsta of Taeble I, expressing the
relstion tetween the acid, anhydride, and water, and between
the acid, lactide, and water accoriing to the equations:

mols erhydride ¢ nols water

1 = - (5)
rnels« scid

mols lesctide T mols® water
Kz = S {6)
mole* scid = total mols

These results are giver in the second and third colurms of
Teble Ie

The velues Zor X; do not show any sppreach to con-
stancy, ond determinstions which should be nearly dupliczties
exhibit en extremcily wide variction. On the other hand the

velues for Xo show & fsir constancy and exhibit no delinite




«15-
trend. This suggests the possihiliﬁy thet the snhydride is
not present in true solution, but as a colloild, snd therefore
not ocecuring in any definite amount. The properties assigned
$0 the pure anhydride lend support to this ides. Thus, vwhereas
lactic aecid and the lactide are crystalline bodies of deifinite
properties, the anhydride is described as s "gummy™ amorphous
materizi. If the anhyiride is in colloidal suspension it
should not affect the equilibrinm between the components of
the homogenous phase, and thg%g§ Teble I were therefore re-
calculated on this besis. The mol frections of seid, lactide,
and wabter were calculated, neglecting the anhydride present,
and valunes for the egquilibrium constent were calculated from
theme The resulis, which sre given in Table 5 a8 Xz, Show 8
much grester constancy than those cglculgied on the assumptdon
that the anhydiride is present as & constiftuent of the equili-
brium mixture. In order to show how closely the data egree
with the eguilibrium expression, the following calculations
were made. Teking the mean velue for Xz as 0.0587 (the mean
of the X5 velues in 8ll the tables), we have

mol frace lzsctide x mol Prac? water
= (,0567 (7)

mol frace 2 acid
and

mol frace. lectide+ mol frace. acid+ mol Prec. water = 1.0 (8)

If we assume valoes for the mol fraction of water between C.l
and 0.9, we can, by combining equations (7} and (8), calculate
the mol frections of scid and lsctide, respectively. These

results are plotted in figure III. EIxperimental values ere
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0el22
0.114
0.083
00579
0.04986
00715
000219
0338
060570

Table 3.

Eguilibriuon Constants.

z2

060573
OeC515
Ce 0605
00573
0.0635
0.0656
0e 0477
04 041G
0.0588

ol Trections
neglecting anhyiride.

Acid iactide Tater

0.5265 001433 06594
024114 0002881 0.560
Ce3426 C.OlBlO 0«639
Ce3527 0401823 0.639
03347 0601708  0.5648
0«2060 0400418 0790
044598 0007452 (o426
005604 040001359 0.939
02757 0400877 06715

Ze

0«0585
C.0554
040613
00572
040642
040659
040559
040410
00589
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indicated by x's and their reletion to the theoretical velues
will be discussede

These results indicate gnite clearly thet gs far ss
the free acid, the lactide, and water asre comcerned, & definite
equilibriunm exists between them at 155 C., which is expressed
fairly éccurgtely by equstion (7) above. Data, given in Tsble

2(a), from later experiments on more concentreted mixztures

show on an aversge 8 lower anhydride vaire and give g slightly
lower ¥ value. As indicated sbove, the velueg of X can hardly |
be expected t0 be comstant over the whole range, end, although

tendeney
it shows a.to gradunally decrease as concentration inereases,

it does not vary enough to cause s very apprecisble difler- |
ence in the results by tasking as the true value a mean of all
the values. Thus, the velue 0,0567, as used in eguetion (7)
sbove, was taken as the most probable value of X, and is well
within the experimental error. - |

Data on experiments at 10C C. agree with those at
155 S+ within the range of accuragy of experiment, so, althoughé
indicated &S such in the tsble, they are plotted with the |
155 C. values, ' i

Table 4 gives dats on a8 series of mixtures listed in %
order of increasing smount of lactide. The X values are |
calculated on the basis of titration {b) being used in the
hydrolysis of lactide slone, assuming no anhyiride present. ‘
The fact that the X values show a definite trend is of inﬁeresté
and will be discussed. Precentaeges of acid and lactide gre %

plotted against total ce's (titrations (s) end (B3} of 0ol Ba |
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Titratton (o)

25470

45 061

6163

67«04
75615
78e41

7922

78490
79,19
77 « 04

’ Pitration (L)
é oo /10 HaOl por ar.

1.57
378
4484
9.56
16419
18.25
2085
24,05
5074
55492

Teble 4e

Experirental Datas

Mtrations (a)-(b)
total oo /10
HaOH per g1,

71.88
84481
94,50
O bl
99,73
105.22
107.78
118,98

Por cent
lactide

4D

1.14
2,72
5e40

6,74

1167

136153

15,01
17.32
22.15
40429

Yor coent
acld

(no anhydride)

<0807
0753
+0588
<0538
«0513
+0493
+0£09
« 0169

X
(neg%eoting anhydride)

L ]

©
Y
| g
(@]

»0639%
0564
-0642
<0654
0538
0509
20539
« 0429
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. Oa(E per gram of mizture. In preparing this tsble one or
. two miztnres that hed spparently not reached egquilibriumm

. were not included.

‘ For reference, the experimental results have been
plotted in Fignres I and II as percentages of free acid and
lactide present at equilidrivm with different wa‘!';ereoncen-

- brations,

{(IV} Discussion of Results.

As stebed above these results indicate gquite clearly

. that a definite eguilibriuvm exists betwseen free acid, lactide

ki
.-

 and water, and thet it is not epprecisbly affested by temper-
ature. On the whole the more concentrated mixfures give lsctide
- values corresponding to0 s somewhat lower aversge X value than

- the dilunte mixtures. The sssumption that X should be constant
over the whole range of concentrastions may probebly be in
~error, and X is actually lower at high concenmtrztions than at
low, as indicated by experimental resulis. Hydrolysis may be

- greater in the more concentrated mixfures and thus cause hish
acid values, however, this does not seenm to play much part,

. as analyses in chloroform at room tempersture show no great
deviation from those in slcohol, although it should certainly

!

be expected to be cul dovm if occnring. ZProbebly & mean curve, |
holding more closely at lower and higher concentrations to |
{theorstical curves plotted from means of the corresponding
¢ mlnes”:jéomes nearer expressing the ftrue values than the

theoretical curve ss drswn. This wornld certsinly more nearly
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conforn $0 experimontal results.

It 1s interesting to note that commercisl seid which
has been stending for several rmonths skows £ X value very
close to those aboves

The behavior 0f the anhydiride presents something of
a puzzle, and several interesting things are 40 be noted
from experiment.

(1) 1%t is spparent from the data in Teble I that
the amountdoes not increase regularly as the water content
decreases, and also that it msy vary considersbly with an
identical water content.

{2) The amount in concentrated mixbures does not
exceed and offen is less than that in commercisl scldie

(3) The amount at equilibrium mmst be largely
determined by the previous history of the saemle, however,
the extent of its fc;rmation seems to be limited.

(4) Concentrated mixtures, prepsred by hesting
commercizl acid at 130 C. in a current of dry 8ir, show only
a small amount of anhydride, seldom over 4 or 57 and more
often loss.

Thé fact, that the amount of anhydride present does
not follow any definite law but seems to be deternmined by the
previous hishory of the sample, supports the essumption that
it is present =s & colloide. The experimenis on concentreted
miztures were hested for s much longer period than the more
dilute ones, thus probably sccounting for the somewhat lower
aenhydride contents Iixtnores heated at 100 Ce. show & slightly
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lower aversge anhydride content than those hested gt 155 C.
High temperature may czuse such an increase, but, if so, it
is not pronounced enough t0 ssy that this is the cese. Above
certain concentrations the anhydiride seems ¥o be umstable,
for under no conditions was it possible to obisin s mixture
containing more than & few per cent. The physieal properties
of the most concentrated mixbtures studied geen %0 support
this view. The anhydride is described as s gummy, semi-solid
mess insoluble in waser, so that, if it were present in any
apprecisblc gquantity, we would expect such s ooncentrated
5 nixture %0 be alnost solid. On the contrary, it wes a fairly
mobile solution even at room temperasture and to 8 large extent
soluble ir cold water. This seems t0 indicate thstl the so
called snhydride, obtained by heating lactic seid at 150 ¢ 4
in & current of &ry sir, is rather sconcentrated solution of
lactide in scid, emd $hat increasing the temperature merely
continnes the same process of lsctide formstion instesd of
causing a conversion ol snhydride to lactide, or that the
anhyiride is en unstable intermediete produete Ais pointed
out zbove, 'Eonin believed the former %o be ’c&e cese.

In spite of the sbove indications, dislysis experi-
: ments, a‘b‘ben:;pting to prove the presence of & colloid, wers
‘ nnsuccessful. If a colloid wers present, the mixture beiz‘zlé‘:lfd
should besome ineressingly richer in colloid end the ratio
of titrstion (a) to titration {b) skonld become unitye. It
was found that this retio did decreese until it became unity,
but, on continned hydrolysis, it proceecded steadily to a
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- mmch smeller valme until the solution became newtral. This
. indicates that the lectide &¢iffuses mmch more slovwly than

2 the geid, & phenomenon to be expected, but it neither proves
~nor disproves the presence of a colloid. The procsss tehes
% several deys to go to completion, and it may be that hyirolysis
: o2 the enhydride occurs sufficiently rapidiy to sccount Zor
- its disappearance even 1f 1V were present as agolloid. The

- actuel concentrstion decresses fairly rspidly et first, and,

es hydrolysis is Pfound t0 be very slow in waber solution,

. the experimental dsta sgein would indicate that the amhydride
velue is comparabively low in all casese

t+ is a rather significant fact thet the velpe 0f X

{ decreases steadily as the lactide value {calculated on the
- basis of no anhyiride) incresses. Let us consider this in

~ light of some of the things discussed above.

(1) As has been pointed out, such concentrsted

. mirtures would herdly be expected o0 obey the mass law

strictly over so wide 2 range, and if such is the case, it

~ would be expected to0 canse 2 steady trend of the E wvelues

in one or znother direction.
{2) A small, feirly consient amount of enhydride
{and such seems $0 be the case) would have a ginilar effecte.

This is seen if we consider the mess lgw expression

mols lactide = mols? water

E =
mols? eeid x total mols

At low consentrations g smsll emount of anhydride would have
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very little e2fecct on the water or acid walues but wonld
increase the lactide value (being small), comparatively,
very considerebly, and thus cause an inorease in . &% high
concentretions an eguel amount of ankyiriie would have very
1ittle efiect on the values of the lasctide and acid, whereas,
it wonld cause a comparstively large decresse in the water
velue and accordingly a desrease in the velue of X.

(3} Suppose 1% is assumed, as was sugzested above,
that the anhyiride salt splits into = molecule of lactate
and g molecule of £Lree azcid which in furn pesses into lsctate
in the 2irst titration. This would not effect the lactide
and water values but cause g constsnt increase in the 2cid
value, which would, as the acid decresses, bescome compars-
tively larger. This means that the denominetor is larger
b7 a constant wvalue, which thus hes an increasingly greater
effect on X as the mixture becomes more dilute. Accordingly,
the dowmwerd trend 02 X should be in the opposite directione.

(4) I2 it is sscumed that two molecules cof the
anhydride salt hydirolyzes-to $wo molecules of lactate and a
molecule of lactide, the effect is opposite to that in (3)
and explsins the trend of X. IHowever, such & change Seems
very unlikelye.

orobebly the best explanstion of this gradnal de-
croase in the velue of X with the ineresse in concentratian
is that it is due to the combined effects of (1) and (2},
likely augmented by an increase in the hydrolysis as the

concentration of lactide incresses. At eny rate, the snhydride
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Teing small, acid and lactide values calculated on the besis
of no enhydiride being present are not grestely in error with
the experimental dats, and probedly sre within one or two

per cent of the zctusl values. For this reason the percentages

of lsgetide and free acid, on this basis, have been plotted
against total ce's Q.1 . XalH to neubralize one gram of
material (figure IV}« This should be usefnl in obteining

a close gpproximation to the equilibrium values by one titra-

- ‘tion. The data cover practically the whole range.

Surmerye

(1) A method of anslysis hes been Gevised for
determining all four constituents of mixtuores of lectic acid,

lactic anhydiride, lactide, and wabter.

{2) ©This method has been spyplied to the anslysis

of mixzxtures of these constiiunents hested for some time st

155 end 100 Ce

{3) The resnlie indicgte thet s definite and

. calculsble equilibriom condition exists between the lsctic

f acid, lactide, and water.

"{4) Temperstore has been shown 0 heve no

 apprecisble e2fect upon the equilibrinm.

{5) <The anhydride is slways present in relstively

é small amounts. There are indications thet 1t is present in
é the colloidsl state, however, attempis at experimental proof

. have been unsuccessfule
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{6) Regulerity in the variation of X, sssunming
no anhydride present, has been pointed ont =2nd possible

reggsons discusseda.
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{I) Introdunction.

In the concentration and dis$illistion of lactic scid
it has long been recognized that lsctide and aphydride forms-
tion represents a loss to the mannfacturer, and various methqu
of preventing this loss have been pstented from time to time,
however, none proving entirely sstisfactory. This failure hes
probably been largely due to0 & lack of knowledge of the exact
mechanism and conditioms o2 the formation of the anhydrides.
In light of the data presented sbove certain principles seenm
regsonsbly clear.

(1) ZLsctide is formed from lactic ascid by & rever-
sible reaction which proceeds, at elevated temperestures,
rather rgpidly to @& definite equilibrium represented by the
equation

mol frec. lactide x mol frac.? water
= X = (,0567

nol frac.2 seid

X being little affacted by temperature.

(2) If lsctic scid is concentrated at temperatures
sufficiently high for the rate o2 reactlon to be feirly repid,
leetide will be formed as the water is removed. The amount
of lactide in equilibrium increasses very rspidly when the
water content becomes low, but nothing is known as to the

rate st which such a chenge takes place at various temperatures,
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(3) The mechanism of the loss of lsctic acid by
enhydride formation is mmch less clear. In 21l cases the
amount of anhyiride present hss been found 4o be smell, never
being over 5> and mmch less then this in highly concentrated
solutions. Thus, in corcentration or distillation, where we
will be dealing with very concentrated solutions, the loss by
enhyiride formation can be neglected.

The purification of lactic aeid involves usually
two steps, concentration and distillation. It is impossible
$0 meke any intelligent suggestions as to avoiding loss of
free gcid in lactic acid purification by these processes,
unless some data are available on (1) the vapor-pressure-
composition curves, and (2) the rate of lactide formstion
at different temperstures. For this resson it was thought
t0 be worth while 10 carry out some experiments on the dis-

tillstion of lactic acid at low pressures and the rate of

lactide formation st tempersatures near those involved. Although

the dsts are by no meens complete, the time being too shori
for 8 very eggﬁggégé study, they show gqualitatively vhat the
changes are and permit certein Pfairly intelligent suggestions

as to methods by which lactic acid can be purified.

{II) Experimentel.

(s} Rates of reaction.
From one or two preliminary distillstion experiments

it was seen that, if purification was to be effected by dis-
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tillation at a pressure of half a centimeter or less, the
tempersture weuld be between 90 and 100 C. This being the
case, water waa nsturally chosen as the most suitsble bath
in which to carry oul experiments on the rate of lactide
formstion, arnd, for this reason, most of the dats is given
2% 100 C. One run was made in & bath of boiling toluene
(110 C.) to see how great the effect of a ten &egree inecrease
in tempersture would-on the rete. §The seme mixture wes also
run at 100 C.)

A 25 cc erlenmeyer flask was Pitted with a pressure
top and ebout two-thirds £illed with the ascid mixbure. This
was immersed in a flask of water heated umnder reflux, and one

gram semples pipetted off snd anslyzed at intervals es in-

'aicated, Analyses were mede for scid snd lsctide according

to the ususl method, essuming no anhy’ride present. The data

gre given in Table I, and certsir runs ere expressed graphically

a8 indicated in Figure I. In Figuore II the rate of change

of the perceniese of aseid of & concentrsted solution at room
temperature with time in dsys is shown. The solution was
kept in o sesled brown bottle at room temperatnre, samples
being drewn o02f and enalyzed at intervals as shown in the
table. A4S can be seen from Figure IV part I the nmixture is
84111 far above the equilibrium condition but piocee&ing
rather rapidly toward it. This experiment shows the useless-
ness of concentrating lactic scid sbove 72 or 80%, if it is
t0 be stored for any length of timee. IZ the acid is to be
kept in storage Zor six months or longer, the optimum concen-




aciad

Time

Zeeid

Time

Sasii

ime

%acia

Time

Zeeid

Days

s

oacid

Rate of Reaction Dstze.

160 C.
o 15mi  45mi 1hr 50mi  Shr 30mi
89«57  87.85 84459 80400 75430
4.20 (1lac)
110 C.
o 15mi  45mi 1hr 45mi  Bhr 45mi
90428  B7.10 82428 76446 71.74
593 {lae)
100 Ca
0 15mi  45mi lhr 56wi  Shr 45mi
82.32  B81e33 7981 7725 73493
372 (lac)
100 Gf
) 15mi  45mi 1kr 45mi  Bor 45mi
Thefl  73e60 T3.056 71.85 70,17
5256 (lae) '
100 Ce
0 15mi  45mi lhy 45mi  Shr 45mi
78455 77485 7647 74491 75412
5429 {lzc) |
100 C.
o 15mi  45mi 1hr 45mi  Bhr 45mi
92420 89463 85430 B80.83 74407
577 {lac}
100 C.
0 15mi  45mi 1hr 45mi Bhr 45mi
95475  91.57 S7.70 B2.13 75420
2.98 {1lsec)
qum Temperatures.
0 8 15 24 38 25
91479 87.59 B4.91 82,01 78420 75493

w50

Table I,

Shr 45mi
7251

Shr 45mi
7035

S5hr 45mi
72469

Snr 45mi

69.81

S5hy 4bmi
72417

Shr 50mi
6983

6hr 25mi

7018

66 85
T4408 72428
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tration to avoid loss by lactide formation is about 805, as
seen from Figure IV part I. At this concentration the mixture
contains 705 acid end 109 lactide. Above this concentration
the apid content begins to slowly decreasse and the lactide
t0 rapidly increase.

Theoreticelly very little can be drawn f£rom the
dete o2 Fignre I. The resction does not seenm o be one of
the f2irst order, ss thenlogarithms of the concentrations
plotted against time 4o not give a straight line. EHowever,
the ef2fect of the counter reaction was not taken into con-
sideration, so this is not certaine. Curves III snd IV show
that the rate is hardly doubled by & ten degree rise in
temperature, as is usually approximstely the case. 3But, the
increase is over ome half, so it is highly desirable %o hold
the temperature as low as possible in distilletions. ZFrom
curves I and II it does not seem that the rate of lactide
formation is incressed by & slightly grester initisl lactide
content, The curves are almost parsllel over the whole range.
Roughly spesking, for the approximate concentrations involved
in distillation (985}, 10% of the seid is converted to lactide
in two hours, so thet, as will be seen lster, this is about
the time limit for a distillatione.
{(b) Distillation of lactic =scid.

The rate of lactide formation is unsppreciable at
ordinary temperatures, bub, as is seen from experiment, becomes
quite apprecisble around 100 C. TFor this reason, it is

necessery that, if purification is to be effected by distillation,
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the distillation be carried ount at as low 2 tempersture as
is possible. Thus, the experiments were carried out at
pressures as low gs it seemed reasonsble t0 expect o main-
tain in practice.

Commercial scid was dilmted %o 257 with distilled
water end heated under reflux tntil the eguilibrium state
was gpproximsted {15 t020 hours), tims cuttirg the lectide
content to a minimume. The weegk acid solution was then dis-
tilled from = 500 cc flaesk of the Claisson type, the.neck
end side erm of vhich were insuleted with & thick coat ol
magnesis, thra g condenser jacketed with ice weter, and col-
lected in e 2lesk immersed in an ice bathe The digtillation
flask wes heated by being immersed in an oll bath up to the
magnesia coating. The vacuun was maintsined by e water pump
until the distillation tempersture reached 50 C., the water
pump then being replaced by a Cenco-Nelson vacuum pumpe A4
closed mercury menometer, connected t0 the systenm between the
receiver and pump by means of a T tube, was used to note the
pressures In experiment 4 the receiver was arranged so that
fractions could be drswn off without allowing the pressure to
rise, and & capillary tube was inserted in the distillation
flask, so that samples could be drawn off by suction aifer
allowing the pressueee to rise only a Zew certimeters., In
the other experiments the syshenm was brought to atmospheric
pressure to change receivers and pipette samples from the
residuee

The date of experiments £3 and #4 sre complete enough
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- 30 C.
40 C.

60 C,
90 C.

120 Ce

150 Ca

30 Ce

102 Ce

33
Digtillstion Datee.
1l

Tressure Geight of Dist.

— 40947 STSe
16 mm 2735
16 rm 843
16 m 25e5 Ve
16 m 1.6 Ve
15 m 47«9
16 mm 15,0
ile
— £154D Z¥Se
14 mn 26i.0
& mn 320
6 m 15.C
2 m 7440

sscid

lectide

wrater
Diste.

7.30
o
38456

water

Se acid

Se &eid

88487
2,81
836

75436
171
8.83

water

5l.92
=54
47 &74

G664
1.79
1.57

Residue

7256
- 158
25486

92466
375
3259

5132
47427
.41

27 « 34
70.81
l.84

2500
il
T4£ 458

7096
l.12
2752

9026
177
796

9374
4£e39
1.87

55419
42404
277




. Tempe

220,

Ce

- 38 Ce
50 Ce

‘ t0 110 Ce
- (rapldly)

to 118

40 160 C.

Tregsure

14 mm

14 mm

14 mm

s

Distiliation Datse.

4245

370

2E.8

267

1045

33«2

2445

Zeeid
Zlactide
welber
Dist. Residue
&7
7487
«99 acid 44,32
’ 073
54495
21 acid 55475
«93
43432
«27 seid 7490
l.22
25488
140G 2gid 9L 4,52
1.86
3«62
848 90455
«22 70392
%1.29 2.06
no anhydride
82.61 82.88
1.64 14.87
15.75 225
89476 60463
T2 813
Ge95 1.24
76677 23413
2001 7077
3‘22 010

no anhydride




35 Ce
90 C.

97 Ce
97 Ce

37 Co

104 C»

to 150 Ce

-35-

Distillation Datae.

Fho
Pregsure veight of Diste
-~ 41740 grse
7 @mm 1.0
3 m 22e5
3 mm 12.5
2 mm 2642
#5a
—— 415660
15 2844,%0
5 mm 92,0
5 mm 190

facid

;lactiae

“water
Diste.

£.83 geid

28 agid

ecid

42

-
o

«89 acid

©4.05
1.59
40356

94420
241

S22

91.73
3495

2430

Residue

25473
42
75485

85.16
2.06
12.78

89 .20
764
3elb

70«36
18.E8
2.06

66443
3l.24
1le63

4971
4924
1.05

\

.

1N
aN

acid

- e e o e e e S e e s et
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to pernit a2 feirly compleie grarhicsl presentstion of the
vapor-pressure~composition changes. For experiment £4 the
changes in composition for both distillaste and residue with
the temperature are plotted (figure III). The chenges in
the distillste of experiment 3 are similarly plotted in
Pigure IV. Altho the data on the residue are not complete,
it can be seen that the curves would be similer to those in
Tigare IIl. During the first part of the distillstion pure
water distills over, the temperature remaining comstant.
{The zcid in this part of the distillate is due to bumping.)
When the weter conbent has become very low, the temperature
rises rapidly to the Loiling point of lactic acid and slmost
pure gcid distills over, the temperature remsining constante.
“hen the ratio of aecid to lactide has reached a2 value corres-
ponding approximetely to that for eqnilibrimom condition (reed
from FPigure IV part I), the temperatnre beginc o rise and a
distillate considersbly richer in lactide distills over, the
tomperature gredvally rising to 150 to0 160 C. The percentage

recovery will be discussed in the following sectione.

Bearing of the Zesults on iethods
of Purification of Lactic Acid.

Prom the date sbove it can not be predicted what
effect impurities will have on lactide formatiocn in the dis-
tillation of crude laetic acid, as the ex?eriments were
cerried out on meterial conforming to U. Se Te specifications.
However, assuning that they will heve.and neglecting the

sinal] amount of anhydride formed, there is ressonsbly good
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grouni for certain speculetions concernirng possibie methods
o2 purificetion.

'If the experimental date are indicative of what
would ftake place on & commercial scale, the following shonld
be trre in a distillatione.

Assuning thetrnwe start with & solntion containing
755 weber, thet has been heated to bring the constituenis
{0 equnilibrium, there will be asbout 24> acid and only 0.2
t0 0.4% lactide present. If the prescsure is now kept at
124 mn, the water will distill over between 20 and 50 Ce
with practicelly no formation of lactides As seer fronm ex-
periments #1 and #2, the residune, when water ceases to distill
over, will contain sbout 93 o 9435 zcid and 4 to 57 lactidee.
If the pressure can now be lowered end held st 2 mm, 96% acid
will distill over until the ratio of acid to lactide in the
regidue corresponds to that of the equilibrium condition
(experiment #2). At this point sprroximately 807 of the scid
will have distilled over. Above this temperature no lactide
will be formed , but a mixture of lectide and secid will distill
over until lsctide elone remeins in the residre, which will
3isti1l between 140 and 160 C.

Experiments £2 and £5 were run somevhat more rapidly
than the others and more pearly indicate the possible recoverye.
In experiment #2 the recovery was 90% acid, the lsctide not
being distilled over. In experiment £8 the recovery was 855
seid and sbout 1295 lsotide, 2 smsll amount of lsctide being

lost due to condensstion teking place in the flask and receiver.
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IT these distillates were now diluted to the point where they
contain 707 of acid, that ¢f experiment #2 would contain
less than the amount of lactide required by the eguilibrium
and experiment £5 only very £lichtly more. ©Thus, i2 in practice
the pressure cen be maintaired at 2 to 3 mm, it shounld be
possible to purify lactic szcid by an intermittent distillation
process, obizining s good recovery and an ascid that has the
composition of the commercial acid now on the market.

If & nmore concentrated scid were desirec for irmediste
use, it might possibly bte prepared as follows. 3y the rrocess
above en 80 to 857 yield of 957 acid cen be obtained, leaving
‘2 residue of the composition correspording to the equiiibriunm
condition, namely, sbont 455 lactide. This residue is found
$0 be still fairly mobile when cold, so could very easily be
run o02f while hot. Thus, the distilistion covld be stepped
st this point end the residve run off, diluted, hydrolyzed,
and agein distilled. A number of residues counld be collected
and run together, thns‘making the totsl loss very small.

Processes in which lsetic scid is distilled with a
current of inert ges onder pressure havgfgatented. The use
of steam at low pressures was thought of as enother possi-
bility, serving the double purpose of carrying the acid over
and keeping the lectide content at 8 low va2lue. It is seen
fron the experiments that the water content drops to a very
low value before acid begins to distill over, and there is
no intermediste period where the vapor precsure of the scid

is apprecisble ss compared to that of the water, thus making




it impossible %o obizie a nmoderately concentrered =cid st

& lower tempersture. Though the ednmissior of & smell amount
of stean during the distillation might help the Field %o 2
slisht extent, it does not seen iikely that it wounld enter
into the reszciion and prevent the formation of lsctide.

It hes been suggested that purification of lectic
scid might best be accemplished by some meens of veporizixng
the acid rapidly, thes cutting down the time for lactide
formation. It seems that it should be possible fto distill
022 the weter, &s above, at 14 rm, and to then spray the acid
onto 2 series of plates or into an stmosphere kot enouzh %o
immediately volatilize both acid and lactide, thus obiaining
a8 distillste of approximately the seme composition. There is
one evident objection 40 this processe. Any residvpe 2Zormed
would be solid or more likely "gummy” and would be very

difficnlt to remove IZrom the still. For this reason & con-
tinuous distilletion process does not seen 40 be very well

adapted to the purification of lactic acid.

0f course, these are only speculstions from a practical

viewpoint end further experinents are necesszsry to determine
their value as = cormercisl process. However, they do not

scem t0 be tsken entirely from the sire
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