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The exchange of surface protons on silica gel with cupric ions was investigated under two 
different conditions. The equilibrium constant was determined and the mechanism of the 
exchange was suggested. In ammonia water, two protons exchange with one tetrammine 
cupric ion and formed two ammonium ions. In acidic solution, where one proton exchanges 
with one cupric ion, the apparent equilibrium constant increases with an increase in the amount 
of copper loading. The structure of surface species on silica gel was suggested from the mecha- 
nism of the exchange and from ESR study. The surface species prepared in acidic solution is 
changed into the one prepared in ammonia water by exposure to ammonia. The change in the 
struct,ure of surface species by the adsorption of foreign molecules was also studied. 

INTRODUCTION 

Surface protons of silica gel can be re- 
placed by metal cations or complex ions 
(1-B). In view of the catalyst preparation, 
cation exchange provides a useful method 
for preparing the catalyst with finely dis- 
persed metals or metal cations (6-8). In 
order to obtain well-defined catalysts, it 
seems of importance to establish the me- 
chanisms of the cation exchange and to 
characterize the nature of metal cations 
introduced by this method. 

Here, we have studied the cation ex- 
change of surface protons on silica gel with 
cupric ions. The equilibrium constant of 
the exchange is determined and the me- 
chanism of the exchange is suggested. The 
cation exchange was carried out under two 
different conditions : (a) cation exchange 
with tetrammine cupric ions, Cu (NHz)d2+, 
in ammonia water (pH = 10.0-11.0); and 
(b) cation exchange with cupric ions, Cu2+, 
in acidic solution (pH = 566.4). 

Moreover, ESR studies were made to 
characterize the cupric ions introduced by 
the second method and the results are com- 
pared with those for the cupric ions intro- 
duced by the first method, which has been 
reported previously (9). 

EXPERIMENTAL METHOD 

Silica gel. Silica gel was obtained from 
Mizusawa Chemicals and has a BET area 
of 460 m2/g. The amount of surface hy- 
droxyl groups was determined as 3.5 
mmole/g by gravimetric analysis. 

Cation exchange in ammonia water. A l-g 
sample was mixed with 30 ml of ammonia 
water solution containing cupric nitrate 
(O.OOZ-O.OS M). The pH of the solution was 
adjusted by ammonium nitrate and am- 
monia water to 10.0-11.0. The mixture was 
allowed to stand at 30°C with occasional 
stirring until establishment of the equilib- 
rium, which took about 24 hr. The sup- 
ported amount of cupric ions was calcu- 
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lat,ed from the decrease of cupric ion con- 
centration determined by EDT-1 titration. 

C’utioll exchutrge itl acidic nolutiott. il l-g 
sample was mixed with 30 ml of cupric 
nitrate aqueous solution (0.03-0.08 M). 
The ionic strength and the pH of the solu- 
tion were varied by sodium acetate and 
acetic acid with the ranges of 0.5-1.5 and 
5.6-6.4 M, respectively. 

ESR measlcrement. The ESR spectra were 
measured by .Japan Electron Optics JES- 
I’E-1X in X-band at liquid nitrogen tem- 
perature. The evacuation of the sample and 
the adsorption of water or ammonia were 
performed by a conventional vacuum sys- 
tem. The experimental errors of the ESR 
parameters were as follows ; y values = 
&to.005 and hype&e splitting constants 
= 31.5 X lop4 cm-l. 

RESULTS AND DISCUSSION 

Cation Exchange with Cu (NH,) 42f 

and Q is the concentrat’ion of t,he groups 
exchanged with metal cations. 

According t.o t,he second mechanism, the 
equilibrium constant should be expressed as 

[(21cNH4”” Ii’ - 
’ 

_____ (4) 
[/I - Q]“[Cu(NH,),“+] * 

The cation exchange was carried out at 
various concentrations of cupric ions and 
at various ammonia concentrations. Then, 
the values of K, and K, were calcula~ted 
according to Eqs. (3) and (4) with n values 
of 1 and 2. 

Mechanism (1) can be refuted since the 
calculated values of K1 with n = 1 or 2 
did not give the constant value. Mecha- 
nism (2) with n = 1 was also refuted by the 
same reason. Only Mechanism (2) with 
n = 2 gave a constant value for the equilib- 
rium constant independent of cupric ion 
concentrations and ammonia concentra- 
t’ions. Thus, rearrangement of Eq. (4) with 

Two mechanisms are proposed for the n = 2 yields Fq. (5). 
cation exchange. 

(i) Surface protons are exchanged with 
Cu ( NHB) h2+ ions, 

CQI K [Cu(NW2+1 

CA -&I" 
___ (5) 

’ [NH,‘]” * 

CU(NH~)~~+ + nSiOH $ CU(NH~)~- 
In Fig. 1, [&]/[A - &I2 was plotted 
against [CU(NH,),~+]/[NH~+~. A good 

(OSi).(z-n)+ + nH+, (1) straight line through the origin was ob- 
I  . I  

where n is the number of hydroxyl 
involved. 

(ii) Surface protons react with 
ammonia molecules to form NH4+, 

KZ 

tained and the equilibrium constant K2 was 
groups calculated as (2.3 f 0.4) X 1OW a.t 30°C. 

Thus, the mechanism of the cation ex- 
ligand change of surface protons with tetrammine 

cupric ions in ammonia water is expressed 
as Eq. (2) with n = 2. The supported state 

Cu (NH3)d2+ + nSiOH @ Cu (NH3)4-,- of cupric ions probably has the following 
(OSi),c2-n)+ + nNH4+. (2) structure. 

According to the first mechanism, the 
equilibrium constant should be given by 
the following equation, 

Si -0 \ c”/ NH3 

Si -0 ’ ’ NH 
(6) 

3 

K1 = 
CQICH'I" 

(3) 
This is exactly what we expected from the 

[A - Q]“[CU(NHS)~~+] ’ spectroscopic study of the cupric ions in- 
troduced on silica gel by this method (9). 

where A is the initial concentration of sur- Roth ESR and electronic spectra suggested 
face hydroxyl groups (3.5 mmole/30 ml), that the surface species is CI~(NH~),~+ 
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0.0 0.4 0.6 1.0 1.2 

[CU(NH&) I (NH; ) * ~10~~ ( M-') 

mntic change wit.1~ the clhange in ionic 
strength of the solution. Thus, it is con- 
c~l~ltlrtl t.h:lt. mechanism (i) with 0 = 2 is 
not opcratjivct for t,hr &ion clsc.li:mgc~ in 
acidic solution. 

Equation (8) with n = 1 can be re- 
arranged to yield the following expression: 

Q = AKp/'(l + Kp), (W 
where p = [Cu”+]/[H+]. 

When the supported amount of cupric 
ions Q was plotted against p, the Q/p curve 
showed a clear dependence on the ionic 
strength of the solution (Fig. 2). At a con- 
stant ionic strength, a clear dependence of 
Q on p is observed irrespective of pH or 
cupric ion concentration. Therefore, one 
may assume that the exchange mechanism 

FIG. 1. The plot of [&]/[A - Q]* against with n = 1 is operative for the cation ex- 
[Cu(NH&*+]/[NHr+]* for the exchange in am- change in acidic solution. However, the 
monia water at 30°C. calculated equilibrium constant KJ (n = 1) 

increases with increasing copper loading on 
(n = l-3) and not Cu2+ nor Cu(NH3).?+. silica gel, Q, as shown in Fig. 3. The increase 
Burwell also predicted the same surface of the “equilibrium constant” with in- 
species of the supported cupric ions (8). 

Cation Exchange in Acidic Solution / 
04 - 0 

It takes about 8 days until the exchange 
equilibrium is established in acidic solution / 
(pH = 5.6-6.4). This was much longer 
than the cation exchange in the basic ol 0.3 - 

solution. 2 
The exchange reaction between surface E 

protons and cupric ions in the acidic solu- - 
tion could be predict,ed as follows: 

K 

Cut+ + nSiOH d Cu-(OSi) n(2--n)+ 

+dI+. (7) 

Thus, the equilibrium constant K, could 
be expressed as 

KS = KQICH+Ifl>/([A - QlfCu"],. (8) 
When the value of KS was calculated from 

I 
.O 2 i 6 10 12 

[C"*+)/ [H') xl:' 

experimental results by assuming that 
n = 2, they were so scattered that no 

FIG. 2. The dependence of the supported mount of 

trends were found ; for example, the KS 
cupric ions on p ([Cu*+]/[H+]) for the exchange in 
acidic solution at 30°C with ionic strengt,h 0.5 

value (n = 2) does not show any syste- (O), 1.0 (O), and 1.5 M (0). 



CATION EXCHAN(;E OF SILICA WITH Cu(II) IONS 403 

creasing extent of cation exchange has also 
been observed in the case of the exchange 
of surface protons of silica gel with UO.?+ 
and Th4+ ions (2). 

The increase in KS with increasing degree 
of cat’ion exchange suggests that the cation 
eschange reaction is facilitated by the pres- 
ence of t’he preloaded cupric ions. Suppose 
that the free energy change accompanied 
by the cation exchange (AG) varies with 
the extent of the cation exchange. 

AG = AG” + u%. (10) 

Here, AG” is the free energy change in t,he 
initial stage of the cation exchange, % is de- 
fined as [Q-J/CA] and expresses the extent 
of the cation exchange, and ZL is the in- 
crcasc of the free energy change with the 
extent of the cation exchange. Thus, the 
dependence of apparent equilibrium con- 
stant K on 9 is given by 

K = K,exp(uB/RT), (11) 

where K. is the equilibrium constant at the 
initial stage of the cation exchange. Taking 
the logarithm of Eq. (ll), one obtains 

log K = log K, + u%,!KT. (12) 

The relation found in Eq. (12) is exactly 
the observation in Fig. 3; the logarithm 

-5.6 

0.1 02 0.3 0.4 

cu2’ loaded ( mmolelg ) 

FIG. 3. The dependence of the apparent equilib- 
rium constsnt on the amount of copper loading on 
silka gel for the exchange in widic ?colution with 
ionic strength 0.5 (0), 1.0 ( l ), and 1.6 JZ (0). 

TABLE 1 

The ZiO values and the Attraction Energy u 

Ionic strength Ko IL 
cw (kcal/111ole) 

0.5 5.6 x IO-7 ! I  

1.0 4.5 x 10-7 9 
1.5 2.6 x 10-7 9 

--__ 

of the equilibrium constant increases lin- 
early with the amount of loaded cupric ions. 
So, the K. values and the attraction energy 
u were calculated and listed in Table 1. 
It should be noted that the K. value de- 
creases with ionic strength of the solution, 
while u is independent on the ionic strength. 
The dependence of the K. value on -the 

ionic strength may be due to the change 
in the activit’y coefficients of cations wit,11 
ionic strength. The independence of the 
attraction energy, u, on the ionic strength 
give a definite evidence that the change in 
the equilibrium constant with copper load- 
ing is entirely caused by the surface phe- 
nomenon, not by the solid-liquid inter- 
action, though the origin of the attractive 
force is not clear at this moment. 

1OOG 

Flc:. 1. EYlj sperlra of copper-siliw gel prepared 
ill acidic* sollllicbn ; (a) moisl saniplc :il~tl (I)) :~flcl 
cvacr~alioll at :K)O”C for 3 hr. 
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FIG. 5. ESR spectra of copper-silica gel prepared 
in acidic solution; (a) after adsorption of ammonia, 
(b) after the subsequent evacuation at 300°C for 
3 hr, and (c) after the readsorption of water vapor. 

In conclusion, the cation exchange in 
acidic solution is expressed by the following 
equation. 

Cuzf + SiOH @ Cu-(0Si)f + H+. (13) 

The surface cupric ions should bear anions 
to maintain the neutrality of the solid. 
Thus, the surface species may be drawn as 

SiO-Cu (H,O) nNO;. 

EXR Study 

The ESR spectrum of the cupric ions 
introduced onto silica gel by cation ex- 
change with tetrammine cupric ions and 
their change by interaction with adsorbed 
molecules have been reported previously 
(9). Here, we report the same kind of in- 
vestigation on the cupric ions introduced 
by cation exchange with cupric ions in 
acidic solution. 

The moist sample gives the ESR spec- 
trum with parameters g,, = 2.345, gL = 
2.060, and A,, = 133 X 10e4 cm-‘, as 
shown in Fig. 4a. These parameters are 
close to those of cupric ions on hydrated 
ion-exchange resins (10) or hydrated layer 
silicates (11), on which cupric ions have 
six aqua ligands with tetragonal configura- 
tion. Thus, the surface species may be 
in the form of SiO-Cu(HzO)4N03 with 
tetragonal structure. The spin density cal- 
culated from the intensity of the ESR 
spectrum agreed with the number of cupric 
ions loaded by ion exchange within experi- 
mental error. 

The evacuation of the moist sample at 
300°C for 3 hr changed the spectrum to an 
asymmetric single peak as shown in Fig. 
4b. It is difficult. to tell the surface struc- 
ture of this species. But, it should be noted 
that the spectrum is quite different from 
the one observed when silica gel exchanged 
with Cu (NHB)42f is evacuated at the same 
temperature (9), indicating that the struc- 
ture of the surface species depends on the 
method of cation exchange. The readsorp- 
tion of water vapor onto the evacuated 
sample restored the spectrum to the one of 
the original moist sample, indicating that 
the process is reversible. 

When a moist or evacuated sample was 
exposed to ammonia at room temperature, 
the spectrum with g,, = 2.273, gL = 2.038, 
and A,, = 175 X 1O-4 cm-’ was observed 
(Fig. 5a). The large A value clearly shows 
the coordination of ammonia to cupric ion. 
Evacuation of the sample at 300°C did not 
restore the spectrum to the one observed be- 
fore ammonia adsorption, but changed to a 
new spectrum with g values of g1 = 2.453, 
gz = 2.165, and g3 = 2.050 (Fig. 5b). The 
disappearance of the hyperfine structure 
suggests that the coordination environment 
of the cupric ions is close to tetrahedral, 
for the cupric ions in the tetrahedral crystal 
field are known to have a small hyperfine 
splitting constant (Id-fc). It is also sup- 
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ported by the fact that cupric ions in exposed to water vapor; two different sur- 
tetrahedral environment have a relatively face species were observed: One has 
large g value, though this is not an exact parameters of glI = 2.336 and A,, = 145 
criterion (13). The sample was then exposed X1O-4 cm-l, and the other has g,, = 2.376 
to water vapor. The color of the sample and A ,, = 114 X 1O-4 cm-‘, with un- 
changed from colorless to yellow. The ESR resolved gl = 2.050. The assignment of the 
spectrum observed was shown in Fig. 5c, both species was given in the previous 
which again is the almost same as the spec- paper (9). 
trum of the silica gel exchanged with The whole change is expressed by the 
Cu (N&l 2+, evacuated at 3OO”C, and then following scheme. 

CU (~ti,),~+ Si -0 \ , NH, 
2 SIOH * CU 

exchange in ammonia Si -0’ ’ NH, 

+NH3 

I 

evacuate 

at 300°C 

Si -0 \ ) Si-0 \ 
Cu(H20), . CU 

SI -0’ SI -0’ 
+H20 

t 
evacuate 

at 300-c 

cu z+ 

SI -O-Cu (NH3jn NO3 e 

Si -O-CuNO, 

4 

‘Hz0 evacuate 

(It 3OOOC 

v 

1 

SiOH - Si-O-Cu(H,0)4N03 - 
exchange in acidic pH 

tNH3 
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