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In the second stage of the Raschig phenol process chlorobenzenc is hydrolyzed 
at 375450” to phenol over what has now been found to be a calcium hydroxyapatite 
catalyst : 

2CsHsC1 + CalD(OH)1(P04)6+ 2C,HjOH + Ca,&l,(POa)s. 
Steam, admitted simultaneously with the chlorobenzene, regenerates the 
hydroxyapatite : 

2Hy0 + CalOCl,(PO,), 4 2HCl + Ca10(OH)z(P04)6. 
The best catalytic performance is obtained from a high surface area (50-100 m’/g), 
partially amorphous calcium phosphate apatite prepared by an aqueous precipitation 
procedure. The calcium ions can be isomorphously replaced wit&h strontium, barium 
and the phosphate ions by arsenate ion, etc., to also yield active catalysts. Similar 
apatites prepared by high temperature techniques and the ot,her calrium phosphates 
are not catalytically active. Copper (II) is a highly effective cocatalyst., while other 
transition met,al ions are inactive. 

Thr mechanism of the chlorobrnzene hydrolysis reaction seems to be a nucleol)hilic 
displacement of the aryl-chloride by hydroxide with substantially complc+ rc,trntion 
of substituent position on the benzcnc ring. Any brnzync component of this rrxa&on 
is 1~:s than 5%. 

The Raschig phenol synthesis (1) in- 
volves two basic steps. In the first one, ex- 
cess benzene, air and hydrogen chloride 
are passed over a copper chloride-on- 
alumina catalyst at 225-275” (2) to yield 
chlorobenzene: 

&He + %O, + HCl i &H&l + H20. (1) 

The chlorobenzene is then hydrolyzed at 
375-450” over a “calcium phosphate” cata- 
lyst, often promoted by copper ion (3,4, 5) : 

C,H,Cl + Hz0 --* C,HsOH + HCl. (2) 

The hydrochloric acid is recycled into the 
first st,age. The net reaction is t.he indirect 
oxidation of benzene to phenol: 

CeHs + 302 -+ GHAOH. (3) 

Several hundred million pounds of phenol 
are made by this process annually. 

As will be shown later, the “calcium 
phosphate” employed as catalyst for the 
second step (Eq. 2), is a calcium hydroxy- 
apatite, Cal0 (OH), (P0,)6. This is one 
member of a widely distributed group of 
minerals (6, 7) which have in common the 
formula: 

&I+? is a cation whose radius is >0.9 .K (8). 
Am1 is OH, F, Cl, sometimes Br. 
B is P, As, or S, Si, Cr, V, Mn, etc., with 
charges suitably balanced (8, 9). 

These apatites are widely distributed in 
nature; many phosphate deposits are cal- 
cium fluoride phosphate apatite; bone, 
teeth mineral (10) and some shells are 
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apatitic in character. Numerous calcium, 
lead, arsenic, etc., minerals are basically 
apatites (6). 

The structure of the calcium hydroxy, 
fluoro, or chlorophosphate apatites has been 
examined in great detail (II). It has a 
hexagonal unit cell (P63/m) and a char- 
acteristic c/a of 0.70-0.74 (6). Most cal- 
cium ions occur as triangles stacked on a 
screw axis (c-axis, Fig. 1). Each triangle is 
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FIG. 1. Partial crystal structwe of calcium hy- 
droxy apatite (11). 

rotated 60” about this c-axis with respect 
to the triangles above or below it. Between 
these triangles and on the c-axis are lo- 
cated the hydroxide (or chloride, fluoride) 
ions. The remaining calcium ions form a 
column about this screw axis and the phos- 
phat,e tetrahedra are dispersed through the 
structure in a complex manner. The crystal 
allows no preferential cleavage. 

Synthetic apatit.es, prepared by an 
aqueous precipitation-hydrolysis technique, 
are frequently non-stoichiometric (Ca/P 
from about 1.40 to the theoretical 1.67) 
(1.2). There are a variety of theories which 
claim to account for this behavior (18’). 
The facts are, that the X-ray diffraction 
patterns of these non-stoichiometric ma- 
terials are apatitic (c/a about 0.73) and 
they can be indexed to fit an apatite lat- 
tice (14). The precipitation prepared cal- 

cium phosphate-apatites are initially amor- 
phous but then gradually crystallize into 
the apatite lattice. This process has been 
studied in detail (15). Such freshly pre- 
pared apatites have large surface areas 
(W-120 m”/g) (12, 16). It was found that 
calcium, in the apatite lattice, exchanges 
rapidly with aqueous cupric ion up to a 
limit of about 3 copper ions per unit cell 
(Ca,” (OH) 2 (PO,) 6) without changing the 
apat,ite lattice (8) _ Calcium chlorophos- 
phate-apatite can be hydrolyzed with steam 
(at 1300” for 2 weeks) to yield the hy- 
droxyapatite and hydrogen chloride (16). 

The present study concerns itself with a 
general examination of t.his Raschig second 
stage chlorobenzene hydrolysis catalyst, 
its nature, function, possible mechanism of 
the hydrolysis reaction, and the copper 
promotional effect. Non-stoichiometric apa- 
tites have recently been used to study 
butanol dehydrat,ion and similar reactions 
(13, 17). 

EXPERIMENTAL 

Chemicals 

All inorganic chemicals were reagent 
grade or of similarly high quality. The 
water used was distilled and sparged with 
nitrogen (to expel1 carbon dioxide) prior 
to use. The organic reference chemicals 
were from Eastman Kodak or Aldrich 
Chemical Company. The p-fluorochloro- 
benzene was purchased from Chemical Pro- 
curement Laboratories and used as received. 

Analytical Met.hods 

The X-ray powder patterns were run on 
a North American Philips X-ray Diffrac- 
tometer using Cu-Ka! radiation (Ni-fil- 
tered) and recorded on film or a strip chart 
counter arrangement. The electron para- 
magnetic resonance data were obtained 
with a Varian 4006 spectrometer using a 
6-in. magnet. The gross vapor phase chro- 
matographic (vpe) analyses were carried 
out on an F & M-506 instrument using a 
2 m - 10% OV-1 (on Gas Chrom-Q) col- 
umn. The fluorophenol isomers (as the 
o-trimethylsilyl derivatives) and the fluoro- 



HYDROLYSIS OF CHLOROBENZEKE 299 

chlorobenzenc isomer analyses were carried 
out, on a Perkin-Elmer capillary chromato- 
graph using a DC-550, 0.025 cm i.d. capil- 
lary tube, 1OOm in length (So’, 2 atm He, 
100: 1 splitter ratio, flame detector). The 
o- and m-F-GH,OSi (CH,) 3 isomers could 
not be resolved from each other, but the 
paraisomcr was well resolved from o-VI peak. 
No p-ClC,H,OSi (CH,) 3 was observed. The 
various ClC,H,F isomers were very well 
resolved. 

Rapid catalyst testing was carried out 
with a modified F & M-609 flame ioniza- 
tion gas chromatograph.’ In place of the 
usual column was a 6.3 mm (i.d.) X 45 cm 
stainless steel tube. The entrance side con- 
tained 1.0 g-20-50 mesh catalyst, the exit 
side 1.0 g kaolin.2 Water saturated nitrog,en 
(95”, 2 atm) was used as carrier gas (15 
ml/min) while pulses of chlorobenzene 
(0.5 pl) were injected through the instru- 
ment’s injection port. The exit gases passed 
through an oxygen-hydrogen flame detector 
(retention times: benzene-chlorobenzene 
2-5 set (sharp peaks) ; phenol 30-60 set 
as a broad peak with maximum at about 
45 sec.” This catalyst testing technique 
yields dynamic data (due to continuous 
separation of reagents and products) and 
not equilibrium data; e.g., an 857% conver- 
sion per pass does not’ mean that the 
equilibrium 

C,H,Cl + H20 ti CsHsOH + HCl (4‘1 

is far on the product side. Furthermore, 
this technique allows the examination of 
only the very initial activity of the cata- 
lyst; usually only an active or inactive 
reading can be obtained. Nevertheless, the 

1 Flame ionization detects carbon containing 
compounds, e.g.. chlorobenzme, phenol, etc., while 
t,he carrier gases (water, nitrogen) and other vol- 
at,iles (hydrochloric acid) are passed undet’ected. 

‘The kaolin is inactive under the experimental 
conditions (350-500”) but it serves to separate the 
chlorobenzenc-benzene from the phenol very 
ndrquxtrly. 

“TTsually it was found necessary to activate a 
catalyst with chlorobenzene or phenol (2-4 X 0.5 
,~l) before reproducible results could be obtained. 
Phenol is strongly adsorbed on both catalyst and 
kaolin. 

testing was very rapid, reproducible and 
qualitatively reliable. 

The p-FC,H,Cl hydrolysis and similar 
long term chlorobenxene hydrolyses were 
carried out in an electrically heated cata- 
lyst chamber (2.5 X 30 cm) into which 
both water and organics were continuously 
met,ered and the products withdrawn as 
condensate. 

Catalyst, Etc., Preparation 

The various calcium phosphates (Table 
3) were prepared by known procedures. 
The Ca-P analyses and d-spacings were 
comparable with authentic compounds: 
CaHPO, *2H,O (18) ; CaHP04 (1% ; 
Ca,P,Oi (19) ; Ca (H,PO,) e ,H,O (20) ; 
CaCl,.Ca(H,P0,)a.2H20 (21) ; Ca,H 
(PO,),?.xH,O (22) ; /3-Ca, (PO,), (23). The 
calcium, st’rontium, and barium hydroxy- 
apatites were prepared from metal nitrates 
and ammonium phosphate at. 25” in carbon 
dioxide-free water (24). The calcium hy- 
droxy arsenate-apatite was prepared simi- 
larly. The X-ray powder patterns of these 
substances were somewhat diffuse but they 
all contained the principal diffractions 
characteristic of the apatite lattice. 

Copper doping was carried out by adding 
a dilute aqueous cupric chloride solution 
slowly to a well stirred slurry of the 
apatites so that a 1% copper (by wt) solid 
resulted. The apatites immediately ex- 
changed calcium for copper, leaving a 
colorless liquid and a light blue solid. 
Doping with the other t,ransition metal 
salts was carried out similarly. 

RESULTS AND DISCIXSION 

The patent literature (3, 4, 5) does not 
appear to recognize the fact that the “cal- 
cium phosphates,” which are claimed as the 
chlorobenzene hydrolysis catalyst, arc in 
fact, calcium hydroxyapatite. The identi- 
ficat.ion of this particular calcium phoe- 
phate as the effective chlorobenzene hydrol- 
ysis catalyst rests on four pieces of 
evidence: clemental analyses, X-ray pow- 
der patterns, synthesis of an authentic cal- 
cium hydroxyapatite which proved to be a 
highly effective catalyst., and the inability 
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TABLE 1 

ELEMERTT.U, ANALYSES OF V.~~RIOUS CHLOROBENZENE HYDROLYSIS ~LT~LYSTS 

% Ca o/c p 

Ca/P 
(atomic 
ratio) % cu 

Surface 
Area 

h”/d 
(BET-N2) 

Unused commercial catalyst 35.3 18.4 1.48 0.1 0.73 
Used commercial catalyst 37.2 18.5 1.56 1.3 0.08 7 
Synthetic calcium hydroxy apatitea 38.7 18.7 1.61 - - 120 
Calcd. for Cala ,(PO,) B 39.9 18.5 1.67 - - 
Calcd. for Cal&iz(PO& 37.45 17.9 1.67 6.73 - 

Q Prepared by aqueous precipitation-hydrolysis procedure (see Experiment,al section). 

of a variety of similar calcium phosphates 
to act as catalysts. 

Table 1 gives the analyses of commercial 
fresh and used catalyst and laboratory syn- 
thetic hydroxyapatite. The important Ca/P 
ratio of the commercial catalyst (1.48-1.56) 
shows a divergence from the synthetic 
(1.61) and theoretical value (1.67). The 
possible reasons for these differences are 
discussed elsewhere (13). X-ray powder 
patterns of fresh, commercial catalysts 
have only diffuse lines which are not read- 
ily indexed; nevertheless, they are super- 
imposable on the most intense diffraction 
lines in the synthetic apatite or the used 
commercial catalyst. The latter, as well as 
the synthetic apatite, can be indexed read- 
ily and the diffraction patterns are identical 
with the ASTM apatite (14) (Table 2). 
The used commercial catalyst also exhibits 
weak /3-tricalcium phosphate diffraction 
lines. A number of other calcium phos- 
phat,es have been synthesized and all shown 
to be totally inactive (Table 3) in the 
chlorobenzene hydrolysis reaction under 
conditions where the synthetic apatite and 
fresh commercial material were both highly 
active. This evidence leaves little doubt 
that the effective catalyst in this reaction 
is the calcium hydroxyapatite. 

This hydrolysis reaction can be broken 
down into two consecutive steps: 

CGH,C1 + apatite-OH + C,H,OH + apatite-Cl (5) 

and 

apatite-Cl + H&j ---t apatit,e-OH + HCl. (6) 

First,, gaseous chlorobenzene reacts with the 

hydroxyapatite to yield phenol and chloro- 
apatite. The latter, under the same reaction 
conditions is hydrolyzed to hydroxyapatite 
by the steam which is fed simultaneously 

TABLE 2 
d-SPACINGS FOR CHLOROBENZENE 

HYDROLYSIS CATBLYSTS 

Synt.hetic 
Known ApaGte 

Calo(OH)z(PO&s (Heated 350”, 
(14) 60 hrj 

8.17 VW 8.1 mw 
5 26 vvwa 5.25 VW 
4.72 VW+ 4.70 VW 

4.07 YW 4.08 w 
3.88 VW 3.88 w 
3.51 vvw 
3.44 mc 3.42 ms 

3.17mwd 3.17 w 
3.08 mw 3.09 mw 

2.81 vs 2.81 vs 
2.78 mse 2.77 ms 
2.72 nrs 2.71 s 
2.63 mw 2.63 m 

- 

Used 
Commercial 

Catalyst 

8.4 w 
5.25 w 

4.45 w* 
4.13 VW* 

3.91 VW 

3.55 w 
3.40 ms 
3.31 m 
3.25 VW* 
3.15 VW 
3.09 ms 
3.04 ms 
2.91 ms* 
2.85 5 
2.77 vs 
2.68 w 
2.63 mw 

a vvw = ver.y, very weak. 
5 VW = very weak. 
cm = medium. 
d mw = medium weak. 
ems = medium strong, etc. 
* Diffraction lines in fl-Cas(P04)~. 
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TABLE 3 TABLE 4 
O.IT.ILYTI: EFFKTIVENESS OF VAR~CS 

C.ILU~M PHOSPHATES 

EFFIYT OF TR.~NSITION METAL I)OPINB ON 
C.\LN-M AP.~TIT[‘: C.\T.\LYTK 

EFFKTIVEKICSS 

3Iaterial 
Catalytic 

Effect ivenessti Saltll Catalyst? 

Fresh Plant Catalyst 
Synthetic Calo(OH)p(POr)sb 
CaHPOs.L?H# 
CaHPOJ 
Ca2n201 
Ca(H2?04’z.H& 
C:tCl~,Ca(H?POl’~.2HzO 
C’aaH(PO,‘:<.xH20 
(3-C’a30-04’, 

very active 
very active 

inactive 
“ 
.‘ 
“ 
‘L 
‘/ 
Cl 

Cl All CII+~ doped; cat,alytic testing tarried ortt 
in the nod&d F & M-609 unit. 

* Only apatite prepared via t,he aqueous precipita- 
tion procedure was active. Apatite prepared via 
high temperature sintering methods, etc., were 
totally inactive. Armottr and Co. Anorganic Bone- 
“OSSAR’‘-was also fonr,d to be inact,ive. (Ethpl- 
er.ediamir e estrarted borin fe :;t.r shaft.) 

-@NOa 
Ni(NO$2.6H20 
Co(N03’2.6HzO 
Mn&4H20 
NiC1~~3H& 
CoC123H& 
Cu(NOr‘?.6Hz0 
cucl~ 
FdCl, + O.lN H(‘1 
E’eCb 
PdClz + CuClr 
VOS01.2H&) 
KPtCI, 
AgCl Cont. NH,OH 
HfCl, 
Ag, 0, 

a Abo:tt lo/ by weight. 

with the chlorobenzene into the reactor. 
The analyses show that the used commer- 
cial catalyst (Table 1) is partially in the 
chloroapatite form (1.3% Cl found, 6.73% 
theory for Ca,&l, (PO,),). The surface 
area of the used catalyst is also quite low 
(7 mL/g vs. about 120 m”/g for synthetic 
mat.erial) . 

6 Catalytic testing carried oitt in modified F & 
M-609 rmit. 

The commercial catalyst contains OS- 
1% of copper (II) as promoter. The effect 
of this adjuvant is pronounced. Given a 
certain set. of experimental conditions, 1% 
copper promoted catalyst. will yield about 
the same conversion to phenol (per pass) 
as the copper-less catalyst will at a 8O-110” 
higher reaction temperature. Other transi- 
tion metals tested (in the 1% concentration 
range) did not show any significant effects 
beyond that of the unpromoted catalyst 
(Table 4). Both used and unused copper 
promot,cd catalysts have a clear Cu (II) 
electron paramagnetic resonance signal (Cu 
(I) is diamagnetic) ; the signal of the used 
catalyst. is about two and one-half times 
as strong as that of the fresh catalyst (at 
the same copper concent,ration). This im- 
plies that, there is no net reduction of cop- 
per (II) in the hydrolysis cycle, although 
it dots not exclude a transient reduction 

and reoxidation during the reaction cycle.4 
The precise role of the copper ion is not 
known. This metal is a specific catalyst for 
nucleophilic aromatic (not aliphatic) sub- 
stitution reactions (25, 26’, 27’) but gen- 
erally only in the cuprous oxidation state 
(25). Copper (I), but not copper (II) ion5 
is known to form aromatic n-complexes 
W3). 

These nucleophilic aromatic displace- 
ment reactions proceed by different reac- 
tion paths. One route is via a benzyne 
intermediate (29)) 

and 

‘In commercial practicr, a good deal of carbon 
and tars are formed in the chlorobcnzrnr hydrol- 
ysis This carbon could fun&on as a reductant for 
copper (II). Copper (II) is also known to be re- 
duced to copper (I) or even the metal by phenol 
or phenoxide ion at room temperature (25). 

’ At room temperature ; obviously the situation 
may be entirely different in the 356450” ranpc. 

no 
(‘ 
“ 
I( 
6‘ 
“ 

yes 
yes 
no 
.‘ 

slight 
no 
v. slight (‘?I 
“ L‘ 

110 
(‘ 
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TABLfi 5 
RESULTS OF THE HYDROLYSIS OF p-FLUOROCHLOROBENZENE OVER APATITE CATALYSTS 

Cl Cl OH 

Isomer 
F Product &F Product 6F 

P 89.1 88.9 95.4 
m 0.4 0.3 
0 10.5 10.8 

4.6 

a About 5-7y0 conversion per pass at 450” in the 2.5 X 30 cm reactor; 0.52 g mole ClC6H4F/1-cat/hr 
plus 20 mole steam/mole ClC$H$. About 1% benzene was formed. 

OH 
* *I * OH 

The strongly basic hydroxide ion ab- 
stracts a proton from the carbon adjacent 
to the chloride ion and, probably simulta- 
neously with loss of the chloride ion, a 
highly reactive transient makes its appear- 
ance (benzyne). This reacts at once with 
available proton donors, here water, to 
form phenol. If the original chloride bear- 
ing carbon had had a Cl” label, then t.he 
resulting phenol should be 50% phenol- 
l-Cl4 and 5070 phenol-2-W (neglecting a 
very small C I4 isotope effect and possible 
readdition of hydrogen chloride to the ben- 
zyne intermediate, etc.). Other investiga- 
tors who have carried out the aqueous 
sodium hydroxide hydrolysis of chloroben- 
zene-1-W at 340” and 395” (30, 31) (in 
the absence of copper), found that about 
half of the resulting phenol was phenol- 
l-Cl4 and the remainder mostly phenol- 
2-U4. This is clear evidence of a benzyne 
intermediate under those particular reac- 
tion conditions : 

(9) 

In this work it was found that when 
p-fluorochlorobenzene6 was hydrolyzed 
(Table 5) at 450” over a copper promoted 
calcium phosphate apatite, the resulting 
product contained 95.4% p-fluorophenol 
and 4.6% o + m-fluorophenol. The low per- 
centage of o + m isomers indicated that the 
benzyne component of this hydrolysis re- 
action must have been very low. It, may 
well be that’ the o + m fluorophenol was 
mostly the ortho isomer since the p-chloro- 
fluorobenzene feed contained 10.5% of the 
ortho isomer. Presumably, the o-fluoro- 
chlorobenzene hydrolyzes much more 
slowly than the para isomer, probably for 
steric reasons. 

There is anot.her reaction path by way of 
which such nucleophilic aromatic substitu- 
tion can proceed. This is straight-forward 
nucleophilic substitution on the chloride 
bearing carbon, 

o+OH--[@~+Cl- 

(10) 

In certain aryl halides (e.g., 2,4,&trinitro- 
chlorobenzene) the transition state appears 

‘It would have been theoretically sounder to 
use Cl1 labeled chlorobenzene but experimentally 
this is far more cumbersome. The results which 
were obtained serve to discriminate between the 
various reaction mechanisms quite adequately. 
Both the p-fluorochlorobenzene and t,he p-fluoro- 
phenol are stable under the reaction conditions. 
An att.empt to use p-chlorotolucne results in vary 
extensive decomposit.ion. 
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FIG. 2. Perspective of proposed transit.ion state of chlorobenzene-hydroxg apatite reaction. 

to become a stable, isolable intermediate. 
In such an intermediate (generally called 
Meisenheimer complex) the ring has lost 
its aromaticity and has become a cyclo- 
hexadiene derivative, 

?;a+. 

Nan?; such complexes have actually been 
isolated and variously characterized (32, 
33, 34). Experimentally it has also been 
found that in many of these activated 
molecules, fluoride is more readily displaced 
than chloride (F >> Cl) (32). 

In the case of the non-activated aromatic 
displacements (here chlorofluorobenzene) 
the reactivity of the halides is generally 
reversed (Cl >> F) (32) and there is no 
Meisenheimer intermediate of demonstrat- 
able stability (e.g., the intermediate be- 
comes a transition state). Experimentally, 
it was found t’hat the apatit’e catalyzed 
hydrolysis of p-fluorochlorobenzene lead 
exclusively to the p-fluorophenol. For this 
reason, it is most likely that the copper 
promoted, apatite hydrolysis of chloroben- 
zene proceeds via a synchronous reaction, 
ill&rated in Eq. (IO). 

It is of interest to speculate how this re- 
action could proceed on the apatite surface. 
For such a reaction to occur, the chloro- 
benzene molecule, the copper ion, and the 
hydroxide ion must simultaneously be in 
close geometric proximity. Such a situation 
is illustrated in Fig. 2. Here, one calcium 
ion, in the calcium column, is replaced by 
copper ion. Between the two Ca,Cu-Ca, 
triangles lies the activated complex com- 
posed of the hydroxide ion and the chloro- 
benzene molecule. This assembly fits well 
between these two triangles as long as the 
ring is parallel to the triangles; the ring is 
too large for a perpendicular entry (distance 
between triangles is 3.44 W (35)) .7 It can 
be seen that’ one of the carbon-carbon 
double bonds of the ring fits neatly im- 
mediately below the copper ion (1.72 b 
distance). This distance is about 0.4 A 
shorter than the copper-ring 

\ 
+CU 

+-cl / 

’ The ring dimensions were taken from a crystal 
structure of a similar complex (2,4,6-trinitro-1. 
1-dimethoxy-cyclohexadiene potassium salt (54) ) . 
The C-O (1.43 A) and C-Cl (1.76 A) distances are 
taken as covalent tetrahedral carbon-X bonds. 
The O-C-Cl angle had to be compressed from the 
normal 110” ($4) to 75” in order to avoid steric 
interference. The assumption is made that the 
activated complex is geometrically similar to that 
of the Meisenheimer salt. 
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distance fuund (2.13K) in the crystal struc- 
ture of C,H,Cu+ AlCl,- (2sj. 

The displacement of chloride by hydrox- 
ide ion would, therefore, appear to proceed 
as follows: a chlorobenzene molecule in- 
serts itself between the Ca,Cu-Ca, triangles 
in such a way that the chloride ion faces 
inward. The molecule is held in place and 
polarized (‘(activated”) by the nearby cop- 
per ion and this complex exchanges ligands. 
The phenol molecule then desorbs, leaving 
the chloroapatite behind. This in turn, 
steam-hydrolyzes to hydrogen chloride and 
hydroxyapatite. 

TABLE 6 
CAT.ILYTIC ACTIVITY OF VARIOUS AP.VI'ITES 

Relative Catalytic 
Eff ectivenessa 

&dOH-r)z@Od, - 

with without 
M = R= copper, 400” copper, 500” 

Ca (II) P very good 
Sr (II) P very good 
Ba (II) P poor 
Ca (II) As very good 

good 
poor 

very good 

a Catalyst testing carried ollt in modified F & 
M-609 unit. 

yielded catalysts of high activity. From 
this it may be concluded that apatites in 
general are catalysts for the hydrolysis of 
chlorobenzene to phenol. 
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