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per second for gases and possibly not more than 2 feet per second 
for liquids. FTith K as large as 10, this would only amount to 
16.5 and 0.6 foot of fluid, if the fluid were a gas or a liquid, re- 
spectively. If the gas vere air a t  ordinary conditions, the above 
loss \\-oulcl correspond t o  only 0.25 inch of ivatcr. 

The value of K for a resistance, such as a perforated plate or 
grid work of baffle?, depends upou the ratio of tho conibincd area 
of the distributed openings t o  the total flow arca. If the open- 
ings are considered as submerged orifices of discharge coefficient 
C and combined area A b ,  the relationehip betmen K ant1 the area 
ratio ran be estimated far large K values by: 

and 

Tlii~. K = (2)' 
.i value of K = 10, if C is assumed to be 0.G) corresponds to 

- =  A 4 1 0  x G2 = 1.9 A Q  
In other xords, for K = 10, the combined area of the uniifotmily 
distributed openings should comprise approximately half the 
total cross-sectional area. I t  is assumed, of course, that the flow 
through the openings is in the turbulent rcgion. 

Obvioudy, in the choice of the kind of resistance i t  is c,sential 
t o  con.Gider thc possibility of fouling. The rear;on ia not yo much 
that the energy loss might become excessive, but rather that  un- 
even build-up or coating on the resistance might actually aggra- 
vat<$ rather than correct an already nialdistrihutioii. In some 
applications fouling &il occur eventually, regardless of the rc- 

lice dwign, but it is often feasible to  proviclt: iiieans of 
nee by brushing, rapping, or fluid jet lancing. 

I n  each of tlie two mc~tliods described, it must be realized thar 
the downstream station designated by hubscript 2 is immediately 
after the transition in method 1 and iinmediately following th(5 
resistance in method 2 .  T h w ,  station 2 is not bituated far 
enough clowirtream for wall friction to  have producetl any im- 
portant influenre on the velocity profilc. In  this rr.garti, however, 
a don-nstreani distance equal to several channel widths is usually 
required to establish the normal distribution due to  wall frict,ioti. 

In the pleceding dcrivationb i t  is tacitly assumed that the flow 
i.. rectilinear and parallel to  the clianncl axh .  Actually, for a 
w r y  irregular distribution and particularly for one that is ex- 
trcmely asymmetrical, there will be somc cross flox and mixing 
of the fluid before reaching and while passing through the transi- 
tion or resistance. This will cast some doubt on the acc-uracy of 
Equation 1 and can conceivably alter' the eflective value of K 
over portions of the otherwise uniform resistance. .ittcntion is 
also called to the fact tha t  the distrihution ahead of either tht. 
transition or the resistance will be influenced sonievhat by the 
prescnce of these structures themsclves. Hut  even iindcr drastir 
conditiolis the equations should, at least, s('rvo as fair approxi- 
mations. 

SOMENCLATURE 

p = static pressure in fluid, 11). jsq. i t .  
T' = velocity of flov-, ft.,/sec. 

10 = weight density of fluid, lb.,;cu. ft. 
I< = energy-loss coefficient due to  reiistance. dimeii>ionlws 
01 = kinetic energy coefficient (Equation 17), dimmsionless 

1, 2 = upst,rc:rm and don-nstream  condition^, rerpectivi~l> 
uc, mu = average and maximum values 
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S ('OSSECTIOS with the insect and rodent ecirit vi11 p:ugr:im I of the armed forces during the ~ m r ,  s 
acid, particularly benzyl benzoate, were found t o  be vn1u:ible i ~ n  

mitiridw. Consequently, an ambitious production schedule for 
benzyl benzonte was planned. This program n'3.s of such propo:- 
tion that production methods for starting m;itcrirrls such :I+ hen- 
zj-1 chloride and benzoic acid xhich did not dt~pcntl upon t~ilncne 
as the basic chemical had to  be investigated. 

In  this connection t,hc Chemical Warfare Service undertook an 
exploratory laboratory study of the  aluminum chloride-cata- 
lyzed reaction between benzene and phosgene with the viex of 
obtaining benzoic acid. A specific advantage of the process lies 
in the  fact tha t  chlorine-free benzoic acid is ncccssarily formed: 

1 Present address, Carbide and Carbon Chemirals Corporation, South 
Charleston, W. Ya. 

.iithougli there aril 
i~1ic~mir~;il literature on the liquid-ph 
gc~nr~ :md benzcTiic in thc prcscnrc of : 

ciic t inn 1x.t i t - c ~ ~ i i  j)hns- 

JVilson and Fuller (3) to poiii 
' for the production of beiiz 
vcrcd that,  \vhcii benzene i 3  added do\vly t i !  ;I c-old 

m i x t u i ~ ~  of  pho.,gt'ne, carbon disulfide, and aluminum c'lrloridc, 
the niajor reaction product formed is bimzoyl c . l i l i ) i ~ i t I c ~  along 
n i th  :i smaller amount of benzophcnone. Z'ntlei. t h(. mwtion 
conditions employed, the benzoyl chloride formed w:i.+ hyd1.ci- 
lyzed and subsequently isolated >is benzoic arid. 

The data of Wilson and Fuller indicate that carbon t i id f idr  is 
an essential diluent the reaction mixture. In thcx absence of 
carbon diwlfidc, the uthors leport a very low yic'ld of benzoic 
Acid, the major product being benzophenone. Thc process em- 
ploying carbon disulfide as reaction solvent was later patmted by 
Norris and Fuller ( I ) ,  who also claimed tha t  hydrocai,bons, f r w  
of olcsfinr, may t)c substituted for carbon disulfide. 
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T h e  preparation of benzoic arid through the aluminum 
chloride-catalj zed reaction betw een benzene and an exres3 
of liquid phosgene \t as found to be superior to the pre- 
\iousl> linown reaction bet\+ een these reagents in such 
inert reaction sollents as carbon dipulfide. The jields of 
benzoic acid, in the process here described, are dependent 
upon the reaction time and the niolar ratios of aluminum 
chloride to benzene and phosgene to benze'iie, respectipely. 
For a molar relation of phosgene to benzene to aluminum 
chloride equal t o  3 to 1 to 1, a maximum ?ield of benzoic 

acid of 3 3 4 8 %  of theor?, based on benzene, is obtained 
after a reaction period of 16-18 hours at 3-8" C. The bp- 
product of the reaction is benzophenone. in  increase of 
the aluminum chloride-benzene molar ratio above unity 
accelerates the reaction but does not increase the o\er-all 
>ield of benzoic acid. 4 decrease of the phosgene-benzene 
molar ratio beloTt 3 to 1 reduces the yield of benzoic acid 
and increases the >ield of benzophenone. The reaction 
between phosgene and benzene produces a grade of benzoic 
acid v hich is free of nuclear chlorine. 

That cm.hon cliiulfidt~, i,r siin ( x  otlicr inrrt clilucmt, h:id t o  be 
!rcw,nt i n  the rc:iction mixture \\-:I.< c~sp1:iincd hy II-ilsonj Fuller, 
:ind Xorri> in the follon-ing w:iy: .I *linv :?ddition of benzene to a 
~~i i l~ l  mixture i i f  r:ii,Iii,ti tiisulfi(l(.. iiluminum cliliiride, anti ph0.q- 
xt'tiv Eiirn?c,cl jiIi'~lomiiinntly t 111, ( ' 11;- ('-- (?l,AilC'la comp!ex 

0 
j\-liirli w~is  inwlublc in v:irlxi:i A-ulfitli~. Thus,  cni.bon disulfide 
wrvccl t o  rcxmovc the t l i ~ s i i d  conipl(,s !':,om the. rencrion medium 
:IS a n  inwluble solid, m tlxit tlica i~iimIilim. once formed, n-;is 
dcriicd ~ l i ( 1  ol)poi.tunity of rwict iiip r \ - i t h  mitre licnzrne t o  form 
the untlc-ired hciizoplienonr. 

The p w v n t  nLitlior; rlieclii~l t h ( x  w i i i , k  of \\-ilv,n and Fuller 
and found, in adtlition to  the uiidwii~:ibility ( i f  iiitrii(!uring c:irhn 
disulfide into the reaction niixturcb. tha t  thc- ~)resence of  this tlilu- 

tlicx benzoic ar id  product with n ?mall amount of 
Khen  

hexanc I\::': tried in plnce of i1:irhin tliwlfitle, 110 hnzoic  acid n-as 
o b tninetl . 

It TT':~S i'ouutl tha t  these difficultiei cmuld easily bc o1jvi:itod by 
conducting tlir reaction in an exccss of liquid phosgene and omit- 
ting carbon diculfide or any othcr foreign diluent from the rcac- 
tion mixture,. I n  general, the rc+ults obtnined by thiq method 
are more reproduciblr and, what is morc import:int, the elimina- 
tion of cnrbon diiulfide Irad. t o  purrr  products. Yields for both 
proredurc~s arc of thi, wmc. ordcr of magnitude. 

ng impurity of liidily obnoxious oilor. 

GEXERAL PROCEDURE 

A desired quantity of phosgene (ranging from 1.0 to 6.0 molesj 
was condensed in a tared 500-ml., three-tierk, round-bottom 
Bask by immersing the flask in ;in ic.c n-ater bath. .Ifter the 
propcr nmount of liqiiitl p h o s ~ t ~ n e  hntl bwn  n-cighed into the 

flask, the flaqk \vas equipped with a mercury-seal stirrer, n ther- 
momctrr, a dropping funnel, and n gas escape tube terminating 
in a ralcium chloride trap. After being mounted the reactor 

in a &pint Dewar f lmlc  n-hich was charpcd 
istiire. The temperature of the pho-gene \v:ts 

thus  mnintnined :It 3-8" C. L\ dc!4red quantity ( i f  :iluminum 
rhloricle, tlv1)cntling upcn the run mxde (T:rijlc. I) ,  IT' 
the liquid plio~sgvne with .<timing. After addition of all the nlu- 
niinum cliloritle, l i enz t~nr~  n - n  allon-cd t o  drop into the renetion 
medium :it a Ficin- rntr, indicated in more det:iil in Tnblc~ I. The 
entire reaction mixture n-ns th rn  stirred a t  3-8" C. for :i p ~ -  
piously dctermincd lcngth of time. 

At the end of the reaction period, t h e  contents of the rv:iction 
flask were poured onto about 1 to  1.5 liters of crackcd ice. 'l'liis 
step served to  hydrolyze the aluminiim chloride compl(~x ancl 
thus liberate benzoyl chloride. I n  tho.x runs n-hcre nn c x r w s  of 
aluminum cahloride wis used n-ith respect to bcnzcne (i.e., :i mole 
ratio of aluminum chloride t o  benzene grrater than I ) ,  i t  w i s  ob- 
servrd tha t  the liytlrnlysis n-ent dirertly t o  Ixnzoic :iricl :ind 
left but little unhydrolyzed benzol-1 chloride. 

After the hydrolyzed reaction product had r r a e h d  room tvm- 
perature nnd all of the rxcess phosgcne had either been clecompc,-;cd 
or evaporated off, the organic layer was sepamtrd ant1 thc 
aqueous layrr T W Y  extracted tnice using about 73-ml. of ilic.tliy1 
e thw in enrh cxtraction. 

7 ' h ~  comliincd organic product-extract li 

into 730 to 1000 ml. of approximately 7-8 ,  
hydroxide anti n-armed. The  ether ivns expelled, ant1 any rc- 
sidunl benzoyl chloride \\-as tranqformed into sodium benzc.:ite. 
-4ftc.r cooling, the solution was filtered free of benzophrnone. 
To the filtrate n quantity of conccntrnted hydrochloric acid suffi- 
cirnt t o  prceipit:ite all of the benzoic acid was added Tyith .stir- 

Reaction after 
.iiidition of= Adding CdHo Yield of Benzoic .4cid Benzophenone Benzene Accounted 

No. l loles  l loles  l l o l e s  mm. C. hr. C. Grams Mole theo ry  Grams Mole  Alole 7' of to t a l  
c Formed For in Products Expt. C O C L  AICIz, CoIls. Time, Temp., Time, Temp. ,  , C  of 

1 
2 
3 
4 
5 
G 
; 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

2 . 0  
2 . 0  
2 0  
2 . 0  
2 . 0  
2 . 0  
2 . 0  
2 . 0  
3 . 0  
2 . 0  
2 . 0  
2 . 0  
2 . 0  
2 . 0  
2 . 0  
2 . 0  
1 . 5  
1 0  
1 . 5  
1 . 5  
1 . 0  

0 . 5  
0 . 5  
0 . 5  
0 . 5  
0 . 5  
0 . 5  
0 . 5  
0 . 5  
0 . 5  
0 . 5  
0 . 7 5  
0 . 7 5  
0 . 7 5  
1 .o 
1 . 0  
1 . 0  
0 . 7 5  
0 75 
1 . 0  
1 . 5  
1 . 0  

0 . 5  
0 . 5  
0 . 5  
0 . 5  
0 . 5  
0 . 3  
0.5  
0 . 5  
0 . 5  
0 . 5  
0 . 5  
0 . 5  
0 . 5  
0 . 5  
0 2  
0 . 5  
0 . 5  
0 . 5  
1.0  
1 . 0  
1 . 0  

10 
10 
10 
15 
10 
1.5 
15 
20 
5 5  
15 
20 
32 
25 
32 
20 
30 

'20  
27 
47 
31 
28 

4-5 
4-5 
3-6 
4-9 
3-7 
4-8 
3-8 
4-5 
4-5 
3-4 
4-5 
4-5 
4-5 
4-5 
4-5 
4-6 
4-5 
4-5 
4-8 
5-6 
4-5 

2 
4 
8 

10 
12 5 
16 
20 
20 
2 0  
24 

2 
6 6  

18 
2 
6 . 2 5  

18 
6 
6 
6 
6 
6 

4-3 
4-6 
5-6 
4-6 
3-5 
3-5 
4-6 
5-6 
5-6 
4-6 
4-5 
4-5 
4-7 
4-5 
4-6 
4-8 
4-6 
4-6 
4-6 
5-7 
5-8 

9 5 
20 0 
2 5 , G  
2 2 . 4  
2 9 . 2  
2 6 . 5  
3 2 . 9  
3 0 . 4  
3 1 . 6  
3 4 . 8  
1 8 . 0  
3 2 . 3  
3 5 . 5  
2 5 . 6  
3 5 . 1  
3 5 . 3  
3 5 , l  
2 9 . 5  
5 1 . 3  
4 6 . 2  
4 1 . 8  

0 080 
0 164 
0 110 
0 183 
0 239 
0 217 
0 269 
0 249 
0 283 
0 283 
0 147 
0 264 
0 291 
0 210 
0 287 
0 289 
0 287 
0 242 
0 420 
0 378 
0 342 

1.5 6 
32 8 
4 1 . 9  
3H 7" 
4 7 . 8  
43 4 b  
5 3 . 9  
49 .8b 
5 6 . 7  
5 i .  0 
2 9 . 5  
5 2 . 9  
5 8 , l  
4 1 . 9  
5 7 . 5  
5 7 . 8  
5 7 . 5  
4 8 . 3  
4 2 . 0  
3 8 . 7  
3 4 . 2  

. .  
12,s  
1 6 . 4  

10:9 
1 3 .  6 
1 9 . 9  
1 2 . 3  
1 4 . 6  
2 1 . 3  
1 8 . 5  
23 9 
4 3 . 8  
49 3 

. . .  
0,069 
0 . 0 9 0  

0 060 
0 086 
0 109 
0 . 0 6 8  
0 , 0 8 0  
0 .117  
0 102 
0 . 1 3 1  
0 . 2 4 0  
0 . 2 7 1  
0 . 2 8 8  

0 838 
0 339 

0 207 
0 350 
0 . 4 0 0  
0 278 
0 RH7 
0 406 
0 389 
0 . 3 7 3  
0 660 
0,649 
0 . 6 3 0  

. .  

t i i .  (i 
G i  8 

41 1 
7 0 . 0  
8 0 . 0  
5 5 . 6  
7 3 . 4  
8 1 . 2  
7 7 . 8  
7 4 . 6  
6 6 . 0  
6 4 . 9  
6 3 . 0  

Slight loss due to  al ternate  method of separation. 
b Small mechanical losses during handling of product. 
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DEPENDENCE OF BENZOIC ACID YlELC 
ON 

THE REACTION TIME 

PHOSGENE - 2.0 MOLES 
LEGEND: BENZENE-0.5 MOLE 

e -0.5 MOLE ALUMINUM CHLORIU 
0 - 0.75 61 I1  I1  

OY I I I I 

0 5 10 15 20 
REACTION TIME ,HOURS 

ring. The precipitated acid-tirine n?istui,e KT':IS coijletl t o  about 
5-10' C., and subsequently the benzoic a r id  n-na filtei,cd ( i f f  Jvith 
suction and dried in air. When dry its weight XI. determined. 

n-as separated immediately from the aqueous layer [,(inl:iining 
dissolved aluminum chloride. h more troublesome pi,occdure 
for the isolation of benzoic acid, leading, however, to  slightly 
lower yields as compared with the procedure just described, took 
:idvantage of the amphoteric property of hydrated aluminurn 
aults. After the crude reaction mixture was poured onto ice nnd 
the hydrated reaction mixture had reached room tempemtuw, 
sufficient 40-507, aqueous sodium hydroxide solution n'as added 
to convert all the aluminum t o  the soluble aluminate, and suffi- 
Pient (an excess) to  convert benzoic acid and benzoyl chloride t o  
sodium benzoate. The solution n-as filtered free of benzophenone 
and the filtrate was acidified as before with concentrated hyd1.o- 
chloric acid. -4t this point sodium aluminate T ~ S  again trans- 
formed into gelatinous aluminum hydroxide together n-ith the 
precipitation of free benzoic acid from sodium benzoate. .in 
excess of hydrochloric acid again dissolved the aluminum liy- 
droxide as  its chloride, and left benzoic acid ready for suction 
filtration as before. The necessity of using many more times the 
quantities of sodium hydroxide and hydrochloric acid as  com- 
pared with the first procedure made this latter method 1 t . s  tle- 
sirable. Another disadvantage was the likelihood of obt:iining 
xi l id  sodium chloride, particularly if insufficient quaiitit ies or' 
Fate? \xi-(! employed, and thus necessitating purification of tlic 
crudc benzoic acid obtained. I n  the runs of Table I the first 
procediire for the isolation of benzoic acid was follon-cd tlirougli- 
out: escept in run 4 ivhere the latter metliod TKE emplo)-cd. 

Althougli no at tempts  n-ere made in  this investigation t t  ' 1 3 -  

cover unused excess phosgene, i t  is believed that  this cnri b 
complished with the aid of proper refrigeration equipment. 

tion conditions in  each, nre compiled in Table I. 

I n  the procedure described, tlie initial crude r 

The results of tn-enty-one runs, together x i t h  spcrific r w c -  

ANfiLYSIS OF DATA 

The data  i n  Table I reveal the fact that  the reaction bctn.eeii 
phosgene and benzene is dependent upon three main i':ictors: 
reaction time, molar ratio of aluminum chloride to binzc.nc,, and 
molar ratio of phosgene to  benzene. 

For a molar ratio of aluminum chloride to benzenc, oi 1 to 1, 
the reaction occurs at, a slow rate, reaching the 50c; conocrqion 
point only after 16 t o  18 hours: 

Kcaction l-leid of Reaction l i e l d  o! 
Expt .  Time, Berrzoii. 1:zpt. Time. Benzoic 
S o . "  l iour-  .%cui, ' S o , a  Hour> .%(.id, '2 

1 1 2 . 5  4 7 . 8  
20 5 3 . 9  

2 13 6 
4 3 2 . 8  

3 8 4 1 . 9  10 24 5 i . 0  
> ; 

Reagent> used: 0.5 mole benzenr ,  0 . j  mole aluminuiu r!liloricle, 2 ( 1  

moles pliosgene. 

If the mol:ii, rittio of duminum chloride to  benzc,ne is inc*rea.4 
to :I v i~lue grwter  thnn unit the rate of reaction is markedly 
enh:incrti (Figurc'l). Thew , no increase in over-all 
~-i<>Id. The  lollon-in:. rr-ults also shon- that  tlie yield of benzo- 
phenone increases ,qlightly :I.; tht -  :iliiminurn chloride-benzwe 
r: i t i i r  is r:ri,*cd: 

From the 5t:indpoint cf economics, as little phosgene as prac- 
tic,:ible should be used in this reaction. The effect of varying 
niolar ratios o f  benzene t o  phosgene on t h r  yield of benzoic acnid 
fnllon : 

Yield of 111.1d of 
1:spt. .%IClJ, COCI?, Benzoic A c i d  UrrAziipileriolli 
S o . "  Mole Moles Granis 70 (;r.inis 

21 0 . 5  0 . 5  2 0 . 9  34 .2  2 6 . 3  

20 0.13 0 . 7 5  2 3 . 1  3 8 . 7  '24 7 
18 0.i5 1 . 0  2 9 . 5  4 8 . 3  23 9 
17 0.75  1 . 5  35.1 5 7 . 5  i X . 3  
12 0 .76  2 . 0  3 2 . 3  62 .9  1.5.6 

19 0 . 5 -  0.75  25.i 42.0  '1 0 

Li 0.5 mole of henzene used in each experiment. The reaction period w:i* 
ti hours except in experiment 12, where i t  wa5 6.5 hours, 

The data  indicate tha t  the amount of benzophenone increases as 
t h c  m o h r  ratio of aluminum chloride to  benzene is increased. 
Esperiment 17 shows tha t  the molar ratio of phosgene to  benzene 
should not be less than 3 to  1. Esperiment 9 (Table I) shows 
tliat increasing the amount of phosgene from 2 t o  3 moles per 
0.5 mole of aluminum chloride and benzene each har but little 
effect on the total yield of benzoic acid produced; th:it is, the 
yield of acid is not increased above the 577 ,  value n-hicli appears 
to be easily ilttainable under more economic conditions (cxperi- 
merits 13 and 17, Table I). 

The combined effects of aluminum cliloridc :iricl phoekenv i'ori- 

centrntions as given in  the two preceding tables point to t h t ~  ( Y I I I -  

clui.ion.3 that  molar ratios of phosgene t o  aluminum ~ I i I i ~ i ~ i d ~ ~  t c  
1)eiizcnc of 3 to  1.5 to  1 are probably be-.t suited for thiq 11r(~( 
Tlicse ratios give the maximum obt:iinnble yield of benzoic : ~ c  
in n reasonably short time. 

ai benzoic acid which is highly pure and free nf c 
minimum effort in purification. 
report were entirely free CJf clilorine (less than  0.01 5)  :ii'tcr one 
recrystallization from ~ i t e r .  

-ittempts t o  use cntnly,.t.< otii(,r than aluminum clil(rrit1rc were 
without success. The reaction has not yet been studicd in  pilot 
plant equipment. 

The reaction between phosgene nnd benzene prirduces :I grade 

The products d 
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