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AB3STRACT : .

The study of fhe calcium hydroxide catalyzed conden-
safinn of formaldehyde was extended to n'hdtcﬂ reactor
syétem._ pll decreases, often into the acid regime, were
observed vhen using this basic catalyst. This observation
wits shown to be similar to results obtained by others who
used iess basic catalysts in the batch mode. Since the.
Cannizzaro and Formose reactions are both competitive and
intcrdopeudcnt, tiro relative rates of these reactibns are
different in a bateh reactor than in a continuous stirred
tunlk reactor. This difference in relative rates is due to
therfact.that at any degree of advancement in the batch
system the products have a ”historg" of previous products,
pli, and disénlvcd cutalyst; The CsSTi, on the other hand,
does not have this same history at any of its steady state
operating points, The relative rate differences cun be

expected to yield a different nature of uroduct sugars for

the two types of reactors.
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I. INTROLDLCTION

The formose reactlon is a genoral'ﬁcrm yhich refers to
the self-condensation of formaldehyde in the presence of a
catalyst to produce a complex mixture of supars. The forma-
tiou.of monosdcchurides from formal&ehyde wvas First described
by Butlerow? in71861. Since his time, there has been inter-
mittent study of thc'reuction,.primarily to identify and
characterize the various components of the product mix-
ture.2’3’4_’5 |

‘Receufiy, the reuction has arocused the iﬁternst of both
American aqd Russian rescarchers in the space program bécause

, . : ' . 6,7,8
of its potential as a route to food regeneration. '’

It
is possible that carbon dioxide and whtor, an astrenaut's
waste proaducts, could be éonverted to usable food during
Acxtended spuce missions. The carbon dioxide can bhe hydro-

genated to methane, then partially oxidized to formaldehyde,

and finally converted to formose sugars:

24 U0 —y 24 H, + 12 0,

6 COpr 2 I, —> &6 CH, +12 1,0

—

G Cit, + 6 0y —> 6 1CHO + 6 11,0

o
6 HCHO —» 1L, 40, + 0O
overall: 6 002 + G'HQO ~*f C6H1206 + 6 02

The final product of the formaldehyde condensation is

@ complex mixture of aldose and Ketose supgars which range



from the 2-carbon glycoaldehyde through 6, 7, 8, and even
higher carbon number species.g Both straight chain nand

branched chain carbohydrates are formed, many of which are

not found in nature. This formose "syrup", however, has

1911 the tox-

beern shown to be toxic when fed to animals,
icity appeared due to some of the sugar constituents, ratier
than to free or bound formaldehyde which might have been
present in the syrup. llesearchers have attempted to char-
acterize the reaction mechanisms and to control bhoth the

. . L . 5,12,13
diversity and concentration of the reaction products.
Such control could lead to a more desirable reaction and
higher yield of usable carbohydrates for the space program.

The reaction chemistry and sugar characterization of
the formose reactien are detailed in a recent comprehensive
. § Ao e 14 - . .

review by Mizuno and weiss' = and a brief summary is presented

here,

The formose rezction is basically an aldol candensation:

HCHO liCH0o O oo VR
HCHO —> HOCH,CHO = HOCIC-CHHO —— 11OCH,~C-CII0
i - CIt, 011

The first initiating step, that nf formuldchydc with itself,
is.-not a tfuo a1d01~cnndensutinn since there is no O-hydropgen
presént, and 1is therefore difficulﬁ to rationalize, llowever,
once this "inductien pofiod" s passed and a small quantity
of'glycndldohydo has been foromed by the first cnndensati%n,

the reaction proceeds autocatalytically to produce the higher



formose sugars.

Study of thc‘formose reaction is complicated by the
prcsencé-of the interdepéndcnt Cannizzaro rvnbtion‘which
proceeds in situ with the formose re;ction. In the Canni-
zzaro reaction, two aldeliyde groups areltrunsformed into
the corresponding hydroxyl and cafboxyl functions by
(generally) aqueous or alcoholic allali. The simplest ex-
ample of this type of reaction involves two formﬁldehyde
molecules yiélding methyl alcohol and formic acid, and in .
general the reaction can be written:

o

4 RCHO + Ca{0il), —> 2 RCH,0H + c;a(oocn)2

Lismututions of the same type but involving two un-
like aldehyde molecules are classed as "Crossed" Cannizzaro
reactions:

: Naoll
S ReUo + H,C0 —— ECH,O0I + HCOZNa

The ratio of the Cannizzaro reaction to the formose reac-

tion is n function of the reaction conditions and of the

=

s The hydroxides ol alkaline carth metals

catalyst used,
such uslhﬁﬂ% Ca(UH)Z,Iﬂﬁﬂg,fhﬁn% certaln qlkuli—mntnl
hydroxidcé, and some heavy metal-hydrdxidnh cutuifze thﬁ
aldnl,(Fofmoso)'renctjnn. Tri- and tetra-valent rare—ﬁﬁrth

. 106 . 17
metal hydroxides and some organic bases - were also shown

to be effective. The Cannizzare reaction is suppressed by



s 1

addition of low molecular wcight.ulcnhnis but 1s activated

by the_hydroﬁidcs of alkaline cearth and uihnli metals,

except_fnr'thnllium hydrbxidcs, in the order TIUU'<Ca(0H)2
¢Ba (i), <Naot ¢Lion, 12 ‘

L:A series of rocent studics which involved the use of a
continuous stirred tanlk reactor (C3TR) and Ca(Ol{)2 as a
catalyst have cnumerated more observations and pocgliarities
of the formoén reaction, By using a CSTi, rates could be
determined directly, and cdonversion cﬁuld be held at any
desired level, thus showing the'dgpendencc of the rate on
cntnlyst'nnd pii.  From these studices, it Was sugépstod that
the decomplexing of products was the rate~limiting step for
the formose regction, and a kinetiq expression similar to

18,19 potn

Lanemuir-llinshelwvood equations was developed,
the formose und the Cannizzare reactions were shown to exhibit
. : s 20 ' .
remarkable Ca(Oll), and pll sensitivities. Iin an article by
L

o : 21 e s . . :
Welss and John a unifying mechanism 1s developed to explain
the peculiarities of the formose reactien. The mechanism

. . + . .
involves the usc of CaOll produced by the dissociation of

Ca(Oll)

Cn{UH)q —_— CnUH+ + O

it . —
caollt — ¢a’™ o+ o0y

Generalized to any base, the first dissociation can be

written:



BOH ——a B4 OH”

The andonic form of any aldose can be formed by addition

‘ _aa
of the Q. °° C -

0
_ A
WCHO + .01 = lli—Ull
' OH
Combining these two reactions, one obtains the con-
'plexedjfnrm{13
0~ - oB- Formose Reaction

PO 1
B+ R-Cll —=> R-CH

éu_ - UH Cannizzaro Reaction.

This complexed form 1s suggested as the common inter-
mediate fpr bath the formose und the Caﬁnizzaro reactions.
Deponding on the catalyst and the reaction conditions; the
complex may undergo o metathesis {formose reaction) or a ﬁro—
ton trausfer (Cannizzare reaction).

Specifically, for the case of the first self-condensa-

tion of formaldehyde, the mechanism would be as follows:

CB 1
| 1
H-C-H + C-=H
i I
OH 0
Al
OB 1
I, _
In-c + (IJ-[[
I
Ol Ol .
A 3
H OB ] 0 11
: It - i I
H-C-C-H : H=-C + UH=-C-II
N [ { .
1O Ol G Ol

FORMUSE PATHWAY CANNIZZANU PATHWAY
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This mechuuism allows for the initiation of the.reub-
tion, thé pHrscnsitivity, dnd the catalyst solectifity as
discussed in the article bf Weiss and John. Coupled with
the Ldbry_de Hnuyﬁ—van Béknnstoin_kotose—uldose shift, the
mechanism leads to the building ﬁf both branched and stfnight
chain carbehydrates of n-carbon numbers (sée échemé on . nage 8).

The pH sensitivities of the formose rdacpion are not .
limited fo the Ca(oﬁ)j syétem, and reaction conditions need
not be highly basic for the éondensation to proceced. -Qairns~L

23, - . ‘ . .

Smith tosted common minerals for their ability to catalyze
Cthe formese reaction and found thut, under his experimental
conditions (Gg of the mineral refluxed,fur 5 hours with 150ml
of 0.13 M_HCﬂU), those mincrals which jpave a solution pli in
the range 6.5 - 8.0 wefe'gennrally thc most effective catalysts.
Some lussian 5utch reactor studices which used rare carth metal

16,19

hydroxides as catalysts [or the formose reaction were

reported to have initial pH values in the acid regime (4.5 -
6.5). The pll wvas then observed to drop lower as the reaction
‘progressed. UGreater conversion of formaldehyde through the

Cannizzaro reaction pathway by the totravalont'Ce(OH)4 and

ATh(UH)1 catalysts was proposcd as the reason for the greater
decrrase in the pll during the course of their reaction (final

pll = 2.7). Sm(Ull).i, '110(015)3, o 1-11‘(0[1)3 vere deemed as more

selective in catwlyzing the formose reaction; their final pll

was in the range 3.8 - 4.5.

24

1In a bateh study utilizing Pb0°" with 1/100 mole of

benzoyl carbinol as a co-catalyst to reduce the induction
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period, an interestinge pll eflect WS nhserfed. The solution
pH; initially in. the rungé 7.3 - 8.0, increased, then de-

creased to pll T.O_aﬁd lowar.- The decfease was more dramatic
as the amount of initial PbO was reduced, uﬁd af O;Sg of PbLO
{with 100m1 of 20 LCHO, TSOC),‘the pll dropped from an ini-
tial value of 7.1 to 5.5 at 807% conversion of HCHO. A later

. o)
batch study of PLO’

also Showed initially acid pil values
(4{5) which rose to the neutral range'(G.S ~ 7.5) after one
hour.of reaction, then Jdropped béck into the acid range

(5.0 - 6.0) at camplete éunvcrsinn, The nu£hor§ cansider the
Cnnnizéuro renction to be insiénificunt in this woaﬁly acid
medium. In this same study, the authors claim that addiﬁibn

of CHBUH was shown not to greatly.bffect'either the conver—
sion rate or the pil of the corresponding solutions.,
In their studies of calcium hydroxide inla stirred

' .20 *
tank reactor, Tambawala and welss .'have shown that the pﬂ
of the system decrcased from 12 to 10 as the concentration
ol Cu(OH)q'was increased.. However, a minimum was reached,
and the pll of the solution then increased as the calcium
hydroxide concentration was further increased. This behav-
ior mirrors the Cannizzaro rdte and reflects the Tormation
ol acid producls by that renction. These anthors have shown
that thﬁ Cunnizzurn riate incroasns to a maximum.nt near 5076
formaldehyde conversion, then decreases through a minimﬁm.
Near complete conversion, tho reaction again qscriﬁes to.a

maximum due to the Cross Cannizzaro reactlion.

. . 21 .
In further studies on this same system the reaction

REPRODUCIBILITY OF THE
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pll was fofcihly varied by addition of ecither NaCH or formic

acid to the reactors kExcessive amounts of either the acid

or the base effectively quenched the total conversion reac-

- tion, clearly showing the sensitivity of hoth the Cannizzaro
: ’ g y

and formose reaction to pil. The article also slhiows the
behavior of Lhe pn_pussingithruugh a minimum as ﬁ'function
of increasing Ca(Oil), concentrntiop;. This minimum vas
shovn to relate to the total rate-maximum; again demonstrat-
ing the pl sonsiﬂivity and showing that the Cﬁnnizzaro
rate 1s directly'rclutcd,to the total fnrmaldﬁhydé ¢con-
version rate.

The present study cexamines fhe'relationship of reaction
pll to tetal formaldehyde cnﬁversion under varyinpg formalde-

hyde and calcium hydroxide concentrations,
N, N,

'i'i}QJPRODUCIBILITY OF THE

ORIGINAL

PAGE 18 POOH
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11,  ENPERIMENTAL

A. Description of leactor

The batch reuétur used throughout this study consisted
of a.300ml Berzelius pyrcx glass beaker (high rise} with
a teflon cdp which was gas tight. ‘The beaker was immerséd
to the level ofrthe,éaé in a Fisher Isotemp constant tem-
perature bath. The temperature of the bath was held con-
stant at 50°C. A two—blnded stirring impeller and baffle,

26,27 .
s an iron-

a Sargent combination plass pll electrode

cdnstantnn thermocouple and o Swagolok'fitting with a

rubbe£ Scptum penetrated the Teflon cap and were immersed

in the reaction mixture. The apparatus ié shown in Figure 1.
The hH of the'mixture vas monitored by a Coleman Metrion

marl IV pll meter which was coupled to a Sarpent chart record-—

er. The temperature difference between the water bath and

the bateh reactor cnnfents Wil § meisured-hy the thermocouple.

Liquid samples wore withdrawn through the Swagelolk septum

with a syringe,

. Quantitative Techniques

1. e Sodium Suifite Test

The sodiwm sullite test was used prior ta cach exXper—
imenﬂ to estublish'the initial formaldechyde concentration
and‘to verily the accuracy of the gus chromatograph. This

test makes use of the reactions

HCIW # Na,S0, = NaOH + Cli,(NaS0,)0H .

3 3



The NaOHd thus formed is on a one—-to-one ratio with the N
Tormaldehyde initially present. This product is then back
titrated to ncutral to phenolphthlein by the addition of
standardized (CI.,
The sodium sulfite test is not specific for formaldehyde
. | , N
since any bhigher aldose or ketose can interfere with the
. . . . . 28 o
results and give a reading which 1s falsely high. There-
fore, this mothod is more suitable for determination of
formaldehbyde concentration prior to reaction and is less
suitable for [Iollowing the concentration of formaldchyde
as a functlon of time throughout the reaction.
2., Gas Chromatograph
A dual column gas chromatograph (Perkin-Elmer, model
900) which was equipped with a thermal condunctivity detector
and linear oven programing was used 1o follew the formaldehyde
concentration throughout the course of the reaction. A single
copper column {1/8 inch by 3 feet) filled with Carbosieve B |
(60 to B0 mesh) was .used to separate the water, formaldehyde,
" : : 29 . .
and methanol components of the recactinn mixture.™ kLxperi-
. - - . . &
mentual conditions were: Injector, 200 C; Hanifold, 210 C;
i nein® ' = -0 ° .
detector, 2007 C @ 175 ma.; oven, 143°C to 185 C at 10°C/min;
‘-‘ : I3 o O‘ . .
He flow, 20 co/min & 150 C,
The choice of temperature was made to nrovide optimum
peak separation and sharpness and 1o reduce analysis time.
. o . '
The upper "temperature of 185 C also prevented the polym-—

. ¢

. ' - L :
erization of lfermaldehyde. Samples were withdrawn from

the reactor at approximately 10 minute intervals with an
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“automatic, adjustable syringe (Hamilton Co.). The injcctioﬁ :§
port septum was replaced after every run to avoid inuccgf-

acles due to septum ieakage. A chart recorder {Leeds and

Northrup) which was equipped with a Disc integrator was

used to_recdrd the defector response.  Chart speed was

3 inches/minute,

Relative response factors and.retention times were de-
termined by injection of 1) Formaldehyde and water; 2) Form-
alﬂehyde,‘wntor, and meﬁhanol; and 3) methanol and water of
known céncqntrutinns which covered the expgriﬁontd}-range.
Formaldehyde concentrations were measured by the sodium
sulfite test (sce section B.1). Calculations were made as
‘suggnstcd in the Basic Chromatngruphy Handbook.?o A typical
chromatogrian is shown in figure‘ig with retention times and
DISC arca values.,

3. Computer Programs

To aid in campilation and analysis of ﬂaté, several
computer programs were developed. The ﬁain projram used in
this study 1s given in Appendix 1. For each experiment, the
tine of cackh sumﬁle injection and the peak arcas for the.
wntur,lformuldchydo,'anﬂ me thanol peals, which were obtained
[rom thnHUISC iﬁtnprntnr, were entered into the disc memory
ol the WACCC. PRP-10 computer (.]).i;:i't,ti'l Bguilpnent Corp.}., |
The main program retrieved the data of the desired exXper—
imental run and caleulated the weight percents of water;
formaldehyde, and methanol for cach sample injection. A

second section of the program calculated and printed the
LiPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR,

U i e
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percent formaldehyde (Ct/ct _ O) for cach injection time.

A sumple ouﬁput is given in.Appendix 2A. In the third

section of the program, the computer plotter (Cal.Comp., Inc.)
was used tn'plot the percent formaldehyde vs. sample time.

The Cal Comp. plotter conncected each data point by a series

of straight linGSf.as shown in Appendix 2B, A smooth curve

was subsecquently drawn through the plotted pointé.

'C; Gperating Prncedufg
Frior ﬂn cach EXperiment, the column of the GC was
buked out and the water bath was brouﬁhﬂ toltemperature.
'Tho bhrohatugruph waé alluweﬂ‘to equilibfato for several hours
and the septum was changed. A known quﬁntity of paraformal-
dehyde (Buker‘ChcmicﬁllCo., All grade) was dissplved.in dig-
tilled, dﬁinnizcﬂ-wuter‘by heating and vigorous stirring,
After filtratihn, the concentration of the formnldehydé
solution was deternined byrsoﬁium sulfite titratinn
{section B 1). More water was added to achieve fhe desired
concentration of fermaldehyde, Appreximately 200ml of this
formuldehyde solution wﬁs_trunsfer;ed to the bateh reactor
wvhich was subscquently Lowarod into the'wutor batﬁ. The
pil meter was calibrated with pH': 7.0 and 10.0 buffer solu=
tioné, thu;glnss electrode was set Into the tellon cap, ﬁnd'
pll monitoring wds‘hogun.
When the  thermocouple showed the t.empel'u'turos of th«\_:_-
beth and of the reactor Cluid to be equal, the calecium hy-
droxide (Mallincrkrodt, AR grade) was added to the solution

REPRODUCIBILITY OF THE -
ORIGINAL PAGE IS PCOR,



.z:,'nd Lhé timer v as started. K'l‘h-c First sample was then in-
jébtnd into the GO oand the time was noted.  Samples were in-
jected into the GC approximately cevery ,1Q_tr1i¥11:tlis_-throug.h—
out the course of the runction%'until no riecasurable formalde-
hyde was oﬁservcd at the highest sensitivity of tlie GC.
A‘totalrnf 12 experinments Qere run. The formaldehyde
concentration was varied from 0.327 M to 0.825 M, and the
.Cdlcium_hydroxide was variﬁd from 0.028 M +to 0.21-N.A ALl ‘ '

. : L]
experinents were conducted at 50 C.
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ITI. RESULTS AND DISCUSSION

The datn obtained from the exberiments ié presented
in-Tﬁble I. The most striking result of this study has beeﬁ
the demonstration of batch pl values in the acid regime
using Ca(OII)2 as the éqle catalyst. JFigure 3 is a drawving
of the recorder tracings for thrée.experimentnl runs, MAY16,
JUNO6, and JUN1O. 1In all three cases, as the calcium hydrox-
ide was a&déd, t = 0, the pl énn be seen to jump dramatically
upwards towards a value of 12, the-valuc of a‘satqratcd cal-
cium hydroxide solution. .The pil then immediately drops
down to acid values. Although gll three curves stabilize
at considerably different pll valués, the initial behavior
of the threc is similar. The general relationships be-
tween pll-vs. time énd formaldcehivde conversion vs. tiﬁe for
211 the experimental runs are shown in figures 1 thrdugh 12
of Appendix 3. In thesé_piots, the common occurrence of acid
‘pH values that vary with conversion can be clearlylsecn.

‘Thé fepnrtc& lack of reproducibilit§1in batéh

- studies was not o major problem here, although occasional
discrepancies did eccur. For example,‘cnmpnre the results
for MAYOG and MAYO8, fipgures 7 and 8 of Appvndix'B. The
initin{ cnndithqs for HAYOS wéru: HCHO, O.386 N;-Cn(UH)z,
0.0343 M. For MAYO6, the initial values were: HCHO, 0,363 M;
Ca(UH)E, 0.0388 M. fThese values are in reasonably closé
aggfcmcnt, yet the MAYOS experiment reaclied 1007 conversion

of HCUV in(110 minutes, while the MAYOO6 e*perimont achieved

only 25% conversion in that same time.
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It is difficult to speculate on the possible reasons
for the lack of reproducibility. Howevér} iﬁ o system as
.complcx as this one with so many parameters nffecting the
reaction, .slight discrépnncies in ostensibly identical runs
.muy cause witely diffhtnnt results.  PYerhaps the initjul
cdﬁditioné drp not enough alike, or these énnéentrutioné
corréspond to a more thdn usﬁally gehsitive fegime on the -
rate response surface.

Since any'chuhge~~0bvious or.otherwisef—in a.pnrameter
tuat affects the rate of reaction (hence conversion) will
directly affect the.pH of the solution, it js more useful to
plot the pl values against formaldehyde éonversion, thus
giving a plet which 1is more feproducibln than plotting either
of these parameters versus time. These plots are given in
ﬁppendix 4, fipures 1 through 12,‘nnd are more internhllyi“
consistent than the corresponding ploﬁs where time is the
variable. Comparing figures 7 and 8 of Apnendix 4, the plots
for MAY06 and MAYOS discussed previously, it is obvious that
the curves are indeed in much ﬁetter acreement than in
lAppcndix 3.

To analyze the dependence“of.pﬂ on initial conditions,
the plots of Apﬁendix 4 were grouped iﬁlo sets of constant
formaldehyde conéentrution, with vnryinﬁ pdrumeters of
cilcium hydroxide. These setsrﬂre presented in figuresi4,
5,6, and 7. In these‘plots, the dashed line at pH =.12,5
represents the pli of o saturated (0.018 Molar at 30°C) |

calcium hydroxide solution. This would be the line expected
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with an infinite amount of Ca(OM)q added to the reaction

 mixture such that the mixture was always saturated despite

losses by Cannizzaro reaction and complexing by product
sugars. Notice that as the Ca{UH), concentration is de-

creased, the corresponding plH~conversion curve of all the

plots 1s also depressed; however, the curves apparently

pass. through a minimum,‘and then incrnaée at sﬁill lower
Ca(0l), concentrations. At 0,00 M Ca(0il),, the pH would
rise t0 £hat of a forﬁaldehyde-solution at SOQC, for ex-
ample a pll of 9.0 forlthe case qf'O.BSG M formaldehyde.

" Despite the dunger in drawing conclusions from only

three graphs of three curves each, it is interesting to

~speculate on the chemistry involved. OUne explanation is

that a pil minimum is reached since, initially, the Canni-

zzaro rate is greater than the rete of dissolution of Ca(OH)2‘

As the reaction progressés, the rate of formose reaction be-

~comes apprecilable and a polnt will be reached at a lowered

Ca(OH)q concentration at which the. Cannizzaro rate is small
compared to that of the formose rate. At this point, the

dissolution of Cu(UH)Z'and.the buffering action of calcium

 ermate ténd to return the pil of the mixture toward a value

of 10.0, the pit of the Ca(UH)E—formose Compléx.

A cross plpt uf_pH at constmlt\Ca(OH)2 amdd variable
parqmeters'qf'HCHO is preéented i figure 8. Again, the
indication of a minimum éurve oceuring as forméldehYde con-

centration is increcased from zero (dashed line} cannct be

overlooked; however, other explanations such as irreproduc-
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ibilitj und analogies to similarly shaped curves of Canni-
ZZaro raﬁe versus total éonversinﬁ rate cannot bLe ruled out
elther. More éxperimehtatinn'in this arca istseen;to be
-necessary hefore solid conclusions cén_be drawn.

It is‘impdrtaﬁt to note that no CH3UH, the primary
product of the‘Cannizzaro reaction (along with formic acid)
was detecfed at any time. The minimum limit of methanol
which was measurahble by the gas chromatograph in this experi-
 mentnl #unfigurdtinu was approximately 0.02 wifb CH3OH’ The
Cannizzaro rcuction-must therefore have been less than 10
of the total reaction to bexunobéervable'. Yet the pll's were
indeed acid, presumably due to the production of formic acid !
and the slightly.ncid sugars themselves. It follows that S
the rate of Cnnniéznrn reactiﬁn, although Vnry small, is still
greater than fhn rate ol neutralization bj dissolution of
Ca(0Il}),. Mizuno und-heiss14 indicate that batcﬂ studies of
the formose reaction using various catalysts initially
showed a drop in pH, exhibiting an induction period during
which Cunnizzuro reaction was the mujof reaction, Again,
additional studies are indicated to verify and explain this
conclusion.

1t has been c!émunsbrutcdhl’24'3? that the addition of an
'brgunic co-catulyst at Lhe =start of the fnfmnso reaction
shortens the induction time without uffccfinu elther the .
reac£ion rate or the catalyst selectivity. We should there-

fore be able to compare other published studies using other

catalysts and orpanic co-catalysts to the present worlk,
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Figure 9 is a plot talken from pl vs. time and conver-

‘ sion vs. time graphs by Langenheck24 in which lead oxide was
used as a cafalyét. This plot shows the variation of pil

_ with conversion for four concentrations-of Pbo catalyst at
constant formuldehyde‘conCentrntiun. Thé pll curves arc seéen
to becone progrnsﬁively lower as the cnncentrution‘of Pro 1s
‘decreused, a reéult which is in apgreement with the presénﬁ
-Cu‘(()l_[_)‘0 studies. No exﬁnrimental minimum is reached; however,
we can draw two additional theoretical curves on this praph,
one at infinito PbO concentratieon and oﬁe at 0.00 Molar Pho
as was done for ihe Ca(OH)z system. A Safurated PhO solution
has a pll of approximately 9;0, and decreasing the PbO con;
centration towards zero wbuld-imply that a minimum.pﬁ must .
at some point be reached, since at exactly zero 'h0 concen-
tration the pil must revurn to the pH of the Formaldéhydel
solution alone. The Pb0 studies would theﬂ be consistent

with the Ca(Ull}, studics reported here.

2
The results of a later llussian study25 of PBO are shown

in figure 10. In this article, pli-=conversion values vere

not given, and although plots 6f pil vs. time data are not

always desirable, these data do show that a lowering of the

. PHO (accompanted this time by a roduétinn in U0 as well)

did depress the pH.curvc. This can be compared. Lo the ﬁforc—

mentioﬁed German study, in which plots of.pH VS, timé showed

a similar ﬁhapo.. Of additional interest in the Hussian article

ié the fuct -that ihcrwntsing the CH3UH concentration from 10%

to .40% raises the sil=time curve about 0.5 pil unit. Addition
1 1
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of methunol, as previously noted, hinders the Cannizzaro
reaction., It would appear that this rate decrease is res-

- ponsible for the increase in pll observed.

In figufé 11, the effect of rare earth ﬂydroxides having

19

approximately equal ton radii darc shown. It is claimed that

the tetravaient_Ce+4'and Th+4 allow more annizzaro reaction
to proceed than-do-the'more-formose#selectivé Sm+3, Ho+3, and
‘Er+3; and therefore have lower pl Values.l |

Since the éuturuﬁed solutions of these rare carth hy-
droxides and of I’!bU are basic, it is assumed that’fhe reported
pil at ﬂime zero 1s not the pre-reaction pll but rather shows
the sudden drop in the pll of the solution ihmediately after .
the initiation of the reabtiun, a résult similar to the
Cﬁlcium hydroxide data shown in figure 3 and Appendix 4,

Although the confersinn versus pll curves for the PLO,
rare earth hydroxides, and many of the calcium hydroxide ex-
periments have very similar shapes, they cannot unfortunately
be superimposed due to the differences in formaldehyde concen-
‘bra.trionrs (6.67 M, 3.9 - 4.3}1, and 0.3 - 0.8 M, respectivly).
As figufe 8 shows, interpolation over-efen azsmall concen-
tration range may lead to entirely Prrnnnnug rnsults, ﬁnd
no real conclusions should be drawvn from LHnsn similurly
shaped curves Qithout further experimental verification.

The differences in pif behavior_betweén batch and stirred
tank reactors may be explained as follows:

In the CSTR, the rate of the Cannizzaro reaction is less

thian the rate of the ta(UH)2 dissolution, due in part to the
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steady-sinte cunfjuurution'bf the reactor. Uf course, in
a CSTH there is no "induction period” per se, and eperation
is always at final conditions. In the stirred tank, the
formaldchyde being added Seos renction prnducﬂs, both com-
plexed and decomplexed, as well as the catulyét aml more
formaldehyde. These prﬁduct Sﬁgurs readily complex with thé
calcium hydroxide cdtulyst which 1s being fed tn the reactor
and provide a strong driving force for dissolution of the
caﬁulyst.- The batch reactor experiences a differknt'history.
"In the batch mode, the formaldehyde sees initiul}y onlf it-
self gnd undissolved Ca(UH)g,upLus the dissolved Ca(UH)z at
its (low) saturation level. The éalcium‘hydrdxide would then
have less of an initiul‘driving'fnrce into solution in a batch
configuratioﬁ than in a stirred tank reactor held-at apﬁréci—
able conférsinn levels. It is possible then that the rate of
Ca(UH)é dissolutier, rather than ‘the rate of product decom-
plexing, is the slowest step in the initiation of the batch
formose reaction., Thus, By changing thc.type of rcﬂctar, we
have nlso changed the rate limiting step of the renction. It
follows thut, there will be a fﬁf diffefeﬁt selectivity in a
hateh reactor thanlin a C5TR, sihce the.fnlative rates can
vary with time in a batch reactor and are fixed in a stirred
tank configuration. |

This same argument can be used to explain in detail the
pil bchuviér of the Ca(UH)2-CSTR.experiments. Figure 12 is
obtained‘fiom the article by Weiss and Tambawula?o The

lower curve shows the relationship between Cannizzaro rate
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and total formaldehyde conversion rate. At point a, both
the Cannizzaro rate and the total rate are lug.' At this low
converginn, the Cannizzaro is the major'feaction; and there
are effectively no formose sugars present to complex the
 Ca(UH)ﬁ:rapidly. The pll is low in a CSTR operated at low
conversion since.acids are bping_produced by Cannizzgro reac-
tion that cannot be neutfnlized by undissoived Ca(OH}z. Under
certain coudit&ons,of low‘conversion and 1owACa(0H)2, Tam-
bawala and Weissrob?ained pH values as lowv as é.S:

Progrcssing along the curve towards point b, the Canni-
zzaro rate and the‘totai rate both increase. The increase
in the absolute rate of the Cannizzaro reaction neutralizes
the Ca(UH)2 and the pll of the sqluﬁion is seen to decrease
(upper curve}. |

At point b of figure 12, the Cannizzaro rate is at its
maximum required by its stoichiometfy. However, the total
rate has‘also greatly increased, and HCHO disabpearancé by
Cannizzaro reaction is ~5% of the formose rate at the same
poiﬁt. Large quantities of formoée sugars are beginning to
be produced which will ﬁid in the dissplutinn of Ca(OH)z.
As can be scen, this voint also corresponds to the minimum
value of pll. At pqint ¢ of (igure 12, the Cannizzaro rate
has ngnin‘fullnn to a loQ value un&_thu rnqctinn-is ulmqst
entirely formose coﬁdensutioh. Lue to the excess of Ca(OH)z
and £he Lack ﬁr HCHO as complete conversion. is approached,
the Cannizzaro ruté is now low in_cémparison to the rute‘of

Cu(OH)Z dissolution. The pH curve then tends back towards

1. .PRODUCIBILITY ¢
PRISRING PAGE 19 F&SE?
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higher vu1ﬁ05, and approaches the pl of the saturated solution
and the formate complex.
Thus the ékpianution is consistent, and the stirred tank .

reactor 1is seen-tn demonstrate the same trends as the batch.
-reactor. If'does notAshow these trends to the same degree,
howe#er; for the recuasons previoﬁsly mentioned. For such a

Acomplei reactidn; each ‘step depends on the products‘ﬁresent

at thatAtime. Thefefofe, the final result is déﬁendent on the
history of the rouction,.its pli, and the products ?f the
Cannizzaro and fofmose reactions. A stirred tank reactar

will never cxﬁerience this history, and the final.results

must be differgnt.

It is often assumed33 thaﬁ, when there are no inter-

active effects (e.g. simple, parallel, orlconse;utive) in a
‘set of réactions, a stirred tank rcactor reprcseﬂts the éondin
tions within. the bateh reactor at'a given instant.of time.

A series of'experimént;, cach at a miven T, will.givé a
corrésponding value for the rate of reaction direcfly. This
ease of interpretation has made CSTR data of greaf-value in
reaction studies. 'Hoﬁever, the rate law Obtniﬁed thraugh CSTR
data will not ﬁecessarily hold true for very complex systems.
As this study hﬁs shown,-if product comPORitiﬁns for the two
reactors diffor, iubnfprétution of data must be conflined to
tlie reactor from which that data was ohtuinéd{ The_batch
reaction reéponds on the‘cumulutivé history of all the pﬁru—
meters, while ithe CSTR is‘devoid of a history and 1s only én

environment.
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In this sensé, one must consider complex reactions not
as an immediate candidate for ihterpretution by CSTR sfudies;
but-@s'n set of either independent or interactive recactions.
For inﬂepunaent processes, e.gp the simple, puf&llel, or
consccutive reactions, the overall effécts will be mathe~ -
matically tractable, and the system canlbe'anulyzed in
priﬁciple by studies in any reactor. Forhfhé interactive
processes, howaver, the system must be studied in toto,
since any artificial control of any of the parameters will
affect all parameters. [For this type of situation, results
obtained in one reactor undef varied conditions cannot be
generalized for all reactors under ahy conditions. This
suggésts much more wnrklis needed to develope ruleé of
generality for sets of reuctions;

An interesting future CSTR study would be to generate'
thé catalyst in situ, using oquivaleht feed streams of cal-
cium acetate and sodium hydroxide. The product diversity,
monitored by TMS derivitization, as well as reaction rate
could be-étudiod under autonomic pll and forced pll conditions.
In addition, monitoring of the effluent streams throughout
startup and before Rtbady'state is reached could show un-~
expcctod.dopqndbncies and interactions otherviso hidden by
the stondy‘stuteluperatiun. This informatinn could then be
compared to bateh reactor studies in which the time-varying

product distribution as well as pH had been determined.
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TABLE I
xperimental data Tenperature = 50°C,
Date HCHO Ca(01l), Time - lHCHO - pli
- Initial anwri; {min.) Conversion
Molarity ‘ Y ‘

APRO4 L3227 0.116 0.5 .03 9.6
' 3.5 W18 6.3
17.0 .08 5.8

28.5 .24 4.5
39.0 .28 4.5.

49.0° .Ab 5.0

61.0 . G4 6.0

71.0 1.00 10.5

APRR1O .33 0.138 1.0 0.00 8.2
: 12.0 0.00 3.5

14.0 0.00 5.2

24.0 01 6.0

32,5 .08 5.5

43.5 15 7.0

52.0 .15 5.2

1.5 AT 3.4

71.0 .01 1.8

31.0 1.00 9.6

APR18 N 0.0960 1.0 .02 9.6
' 11.0 .0 8.2
19,0 en! 8.4

28.5 .04 &.1

40,0 . 7.2

48.5 .28 7.8

58.0 .56 8.4

67.0 L85 9.2

5.0 - 1.00 -

APLR22 . 369 0.151 1.0 0.00 9.6
‘ ‘ 9.5 0.00 9.3

19.0 0.00 10.0

28.5 12 10,2

38.5 LA 10.2

43.0 1.00 11.0
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Appendix 1

- Computer Program
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LT RGN TA
FALL PLUTS(L)
CALL PIDTEL.0, 0,70 D)

CALL SYoen (1. 7edeted

caLL PLOT(L, 0,000
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Figures 1 through 12
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Figure 2 APR10 [ICH0,0.33 M; Ca(OH),,0.138 M
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Figure 3 AURTB HCHO,0.373 M; Cal0ll),,0.006 M
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Figure 4 APR22  HICHO,0.369 M; Ca(ON),,0.151 M
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Figpure S APR23 HCHO,0.443 M; cn(us{)2,0.<564 M
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Figpure 8 MAYOH HCHU,O.386-H;‘Ca(UH)q,0.0343 M
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Fipure 10 MAY16 HCHU,0.158 M; Cﬁ(UH)q,U.US‘N
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Figure 11 JUNOG HCHO,0.,422 'M; Ca(QI[)z,0.0S? M
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Figure 12 JUNTO © HCHO,0.825 M; CalOll),,0.121 M
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Figure 1 APRO4  UCHO = 0.327 M, Ca{0H),
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Figure 2 APRRTO HCHO = 0,330 M, Ca{Oll),= 0,138 M
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Figure 4 CAPR22 L NCHO = 0.369 M, Ca (OH),= 0.151 M
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Figure 5 APR2D HCHO = 0.443 M', Ca(0Il) ,= 0.064 M

14 <

O
O

10

8 -
pH

6 -

4 -

2 S

..
of

-*
o
L]
N
Ch
*
e
—
L]
<

CONVERSTON



Pigure 6 MAYO2 HCHO = 0.34 M, Ca(OH),= 0,0284 M
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Pigure 7 MAYQ6 HENO = 0.363 M, Ca(OH).,= 0,0388 M
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Figure 8 MAYOR HCHO = 0,386 M, CEL(U“)2: 0.034 M
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Figure 9 MAYOO HCHO = 0.386 M, Ca(0i) 0.21 M
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Figure 10 MAY16 HCHO = 0.458 M, Ca(0ll),= 0.05 M

14

O ——ee — — S —
12
10 . -
g8
6—
4
2 -

T T L L J

L2 ' A .6 | .8 1.0

" CUNVERS TON



Figure 11 JUNOG HCO= 0.422 M, Ca(0l),= 0.087

14
12 - '
10 _
8 L=
pH
6
4
2 -

rJd
_—

-() h . -‘8 . T.O
CONVERSION '



r

Iigure 12 JUNTO HCHO = 0.825 M, Ca(OH),= 0.12 M
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