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Sorption and Separation of Divalent Metals by a Macromolecular 
Resin Containing Organophosphorus Acids 

SMgendo Aklta’ 
Nagoya Municipal Industrial Research Institute, Rokuban, Atsuta-ku, Nagoya 456, Japan 

Hlroshl Takeuchl 
Department of Chemlcal Engineerlng, Nagoya Unhwstty, Chikusa-ku, Nagoya 464-0 1, Japan 

St& have been conducted on the equlllbrlum 
dktrlbutkn of dhraknt zinc Ion between aqueous solution 
and macromolecular rain hnpregnated wlth phosphoric 
acld bk(2athyIhexyl ester) (D2EHPA). The mechanism 
ol Zn( I I )  rorptlon on the Impregnated sorbent Is dMerent 
from that for the solvent extractlon, belng expressed by a 
sknpk lon-exchange reactlon, wlth the equlllbrlum 
constant of 0.036 kg of sorbent/dm’. The reparatloma of 
Zn( II)/Cu(II) urlng DPEHPA-Impregnated sorbent and of 
Co( I I)/NI( I I) by the rain Impregnated wlth 
(2athylhexyl)phosphonk acld mono( Pathylhexyl ester) 
(EHPNA) have ako been conducted In a batch operatlon. 
I t  was found that the soledlve sorptions of Zn( I I )  lo 
Cu( I I )  and of Co( I I )  to NI( I I) can be attalned 
CurtWactOrlly wlth the soparatlon factors of 55.2 and 6.73, 
rerpecthrdy. 

sorbent Is in the availability of an extractant fitted in with a metal 
separatbn system; fwthemxxe, the sorption characteristics can 
be evaluated from prevlous data on the solvent extraction. 

I n  a previous work (6), we studied the equilibrium sorption 
and separation of Zn( I I )  by a tri-nsctyiamine-impregnated 
sorbent. These showed that the stoichiometric relation of the 
sorption equilibrium follows that of the solvent extractlon, and 
Zn(I1) could be separated from Cu(I1) continuously in a column 
operation. 

The present study has been made on the sorption and sep- 
aratbn characteristics of divalent metals by sorbents impreg- 
nated wtth two organophosphorus acld reagents: DPEHPA and 
EHPNA as phosphoric and phosphonic acld type extractants, 
respectively. Solvent extraction uslng these extractants has 
been studied extensively for the separation of ianthanolds and 
transltion-metal ions. 

~ ~~~~ 

Introductlon 

The fields of application of ion exchange for separation are 
extremely widespread from the treatment of bwcost materials 
such as water to the purification of expensive pharmaceutical 
derhratlves. There is a need for speclfk bn-exchange materials 
having high afflnitles to the objective substances. 

Extractant-lmpregnated sorbents and Levextrei resins have 
had special attention because of their great potential for highly 
selective separatlon and concentration of metal ions from 
aqueous solutions ( 7-4): their features and applications are 
reviewed by Warshawsky (5). Compared with typical chelating 
resins, impregnated sorbents have some advantages such as 
simplicltly in preparation, high selectivlty, and complete de- 
sorptibillty. The most attractive feature of this type of the 

0021-9568/92/ 1737-0303$03.00/0 

Experlmental Sectlon 

Preparatlon of Impregnated Sorbent. Two types of orga- 
nophosphorus acM reagents, DPEHPA (Tokyo Kasei Co., Ltd.) 
and EHPNA (trade name PG88A Daihachi Chemicals Industry 
Co., Ltd.), were used as active components wlthout further 
puriflcatlon. Amberilte XAD-2 (Organ0 Co., Ltd.), washed wlth 
acetone and water, and fractionated in the particle slze range 
of 500-710 pm prior to the impregnation with an extractant, 
was used as a matrix resln. 

A sorbent impregnated with each extractant was prepared 
as follows. An appropriate volume of 0.1 M soiutlon of the 
extractant in nhxane was mixed with a glven weighed amount 
of XAD2, and the diiuent was then evaporated in a rotatory 
evaporator. Subsequently the impregnated sorbent was placed 
in a vacuum at 50 OC for 2 h to be sure of the complete 
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1 .o 2 .o 3.0 4.0 5.0 
P H  

Flgurr 1. Effect of equillbrlum pH on the SOrptlon ratb E of divalent 
metal lons wlth orgamphopow add-hnpregnated sorbents (S = 1.0 
X lo-* kg, V = 2.0 X 10- dm3, and co = 1.0 X lo-* md/dm3): 0, 
0, 0, 0, [D2EHPA],o = 0.75 mollkg of sorbent; ll, W, [EHPNA]s,o 
= 0.76 mol/kg of sorbent; 0, Zn; 0, Cu; (>, 0, Co; 0, ., Ni. 

evaporation of the diluent. The amount of extractant held within 
the sorbent was determined from a change in the weight of the 
resin before and after the impregnation. 

sovpmkn MdSqwadkn 0lM.trJlonr. All the experiments 
were carried out batchwise; the sorption equilibrium was at- 
tained by shaking 0.10 g of the sorbent and 20 cm3 of an 
aqueous metal solution in a 50 cm3 glass-stoppered flask for 
20 h using a mechanical shaker (Yamato, Bl-25) maintained 
at 25 f 2 OC. The aqueous solution of divalent metal was 
prepared by dlssoMng the metal CMOride in deionized water, Its 
pH value being adjusted by the addition of a small amount of 
HCI or NaOH. In some cases, buffer solution was used. The 
equilibrium value of the solution pH was measured with a pH 
meter: the initial and equilibrlum concentrations of metal in the 
aqueous phase were determined by atomic absorption spec- 
troscopy. The amount of metal ion retained In the sorbent was 
calculated on the basis of a mass balance. 

Rerultr and D k c d o n  

sorp#on EquiMWa. Figure 1 shows the sorption ratio E of 
divalent metal ions by the two impregnated sorbents as a 
function of the equilibrium pH for each solution. The sorption 
ratio was defined as 

(1) 

where c,  and c denote the inbl and equilibrium concentrations 
of the metal in the aqueous phase, respectively. 

The characteristic curves are analogous to each other, ex- 
hibltlng a strong pH dependence of the sorption. As the sorp 
tibllity of D2EHPA-lmpregnated sorbent, the following sequence 
is observed for these ions: 

Zn > Cu > Co, Ni 

I n  additlon, Fe(II1) ion was more strongly sorbed; thus, the 
curve located around pH 1.0, though the data are not given. I t  
Is well known that D2EHPA Is a preferential extractant for cobalt 
over nickel. However, no significant dlfference is observed 
between the sorptlon curves of Co(1I) and “11) in Figure 1. 
This limited separation may be due to the lack of the solvent 
effect compared with the case of solvent extraction. 

Further experirmnts were made of the sorptbn equilibria of 
WII) and “11) by the sorbent Impregnated with EHFWA. As 
Figure 1 shows, although the sorption cheracterkthx SMtted to 
a h W  pH region, a slgniticant difference Is observed between 
the two metal ions as is reported in the solvent extraction. 

Flgure 2 shows the relationship between the equillbrium pH 
and distribution ratio D defined as 

E = 1 - (c /c, )  

D =  m / c  (2) 

(3) m = (c ,  - c ) V / S  

1 . o t  I I I I I 4 

2.0 3.0 4.0 
P H  

Ftgurr 2. Effect of equilibrium pH on the distribution ratb of varbua 
divalent metal Ions. Symbols are the same a8 In Figure 1. 

-0.4 -0.2 0 
log t R H I s  Cmollkg-sorbent1 

3. bg D-  2pH VWWS D2EHPA content In the sorbent for WII) 
sorption (S = 1.0 X lo-* kg, V = 2.0 X lo-* dm3, and co = 1.0 X 
lo-* mol/dm3): 0, W, for 0.02 M buffer eolutlon of chkroacetlc 
acid/sodhrm chloroacetate; 0, pH 2.2; 0, pH 2.0; 0, pH 2.4; W, pH 
2.8. 

where mdenotes the metal content in the sorbent phase, Vthe 
volume of the aqueous phase, and S the mass of the sorbent. 
Equation 2 can be comblned with eq 1 to yield 

(4) 

The results for various divalent metal ions lie on each straight 
line of dope 2. If an Wxchange reactlon takes place in the 

a ~ Y n e h a v i n g a t a n g e n t  whlch correspondstothecharge 
of metel species In the aqueous phase. 

For the solvent extraction of Zn(I1) by D2EHPA in kerosene, 
Hueng and Juang (7) reported that the extraction chemlsby has 
the overall stoichiometry 

Zn2+ + 1.5((RH),)- = (ZnR,-RH), + 2H+ (5) 

where RH denotes DEHPA. 
In  the sorptlon on DPEHPA-impregnated sorbent, on the 

other hand, we assumed that the chemistry can be expressed 
by a simple ion-exchange reaction: 

(6) 

(7) 

E = D/(D + V / S )  

sorbent, then the pkt of log Dversus e q u i m  pH Should gha 

Zn2+ + 2(RH), = (ZnR,), + 2H+ 

K, = [Zfi,II, t H+I2/ [zn2+l([RHl 

log D - 2pH = 2 log [RH], f lOg KO, 

Combining eqs 2 and 7, one obtains 

(8) 

where [RH], denotes the D2EWA content in the sorbent, gken 
as [RH], = [RH],, - 2[Zn],, and [RH],,o the initial content. 

The results obtained for the sorption of Zn(I1) are shown in 
Figure 3 as a plot of log D - 2pH vs log [RH], accodhg to eq 
8. The data polnts are on a straight line with a slope of 2, 
regardless of aqueous sokrtlons with or without buffer action. 

From the above discussion, it can be concluded that the 
extractant In the sorbent exists as the monomer. Thls leads 
to the ion-exchange reaction, eq 6, for the eorptlon of Zn(I1); 
then the value of equilibrium constant KO, was found to be 
0.036 kg of sorbent/dm3. In Figures 2 and 3 the d i d  llnes for 
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Table 11. Extent of the Separation and Separation Factor 
for Zn(II)/Cu(II) and Co(II)/Ni(II) Systems” 

aqueous sorbent aqueous sorbent 
phase phase phase phase 
Gal+ mzn ccd+ 

czni+ + ccuz+ mzn + mcu c&+ + C N ~ +  mco + mNi 
Zn/Cu 1 Co/Ni 1 

0.020 0.543 0.096 0.436 
0.042 0.781 0.154 0.551 
0.059 0.833 0.208 0.660 
0.095 0.891 0.302 0.744 
0.130 0.911 0.393 0.807 
0.174 0.946 0.519 0.880 
0.266 0.982 0.637 0.935 
0.351 0.969 0.801 0.985 

mc.3 -- 

0.565 1.OOO Ct,O = 4.7 x 10-4 
ct,o = 4.9 x 10-4 

pH 2.52, a = 59.1 
pH 4.54, a = 7.17 

Zn/Cu 2 Co/Ni 2 
0.037 0.663 0.093 0.411 
0.050 0.785 0.145 0.542 
0.082 0.849 0.221 0.656 
0.100 0.869 0.301 0.756 
0.142 0.928 0.427 0.838 
0.201 0.958 0.565 0.868 
0.301 0.980 0.671 0.935 
0.499 0.989 0.789 0.988 
0.645 1.OOO c 0 = 1.1 x 10-4 

Ct,0 = 1.0 x 10-4 
pH 2.52, a 53.5 

p h  4.52, a = 6.83 

Zn/Cu 3 Co/Ni 3 
0.015 0.434 0.054 0.250 
0.022 0.575 0.106 0.460 
0.025 0.740 0.174 0.606 
0.038 0.797 0.254 0.637 
0.049 0.865 0.368 0.686 
0.074 0.927 0.471 0.761 
0.136 0.962 0.583 0.838 
0.283 0.988 0.718 0.897 
0.425 0.991 0.839 0.986 

c ~ O  = 4.8 X lo-’ cy0 5.6 X lo-‘ 
pH 3.04, a = 53.0 pH 4.22, a = 6.19 

“S = 1.0 X lo-‘ kg, V = 2.0 X dm3, [D2EHPA]8,0 = 0.75 
mol/kg of sorbent for Zn/Cu systems, and [EHPNA],,o = 0.77 
mollkg of sorbent for Co/Ni systems. 

K,, or D for single metal sorption as Kex,l/Kex,p (or Dl/D,): 
23.3 for Zn to Cu and 2.42 for Co to NI (see Table I). Thus, 
the selective separation of divalent metals is possible by using 
these impregnated sorbents. Especially, Zn( I I )  was satlsfac- 
torily separated from Cu(1 I )  by use of D2EHPA-impregnated 
sorbent In the batch operation. To realize a continuous oper- 
ation, the appllcability of organophosphorus acid-Impregnated 
sorbent to column separation Is now being undertaken. 

Conclwlon 

Studies were made of the sorption equlllbr~um and separation 
of divalent metal ions from aqueous solution by two types of 
orgamphoqhorus acid-lmpregnated sorbents, and the fobwing 
conciuslons were obtained. 

The mechanism of Zn(I1) sorption by DPEHPA-impregnated 
sorbent Is expressed In terms of a simple ion-exchange reactkn 
unlike the extraction. The equilibrium constant was found to 
be 0.036 kg of sorbent/dm3. 

The selective separation of Zn( I I)/Cu( I I )  and Co(I I)/NI( I I) 
was attained satisfactorily with the average separation factors 
of 55.2 for the former and of 6.73 for the latter In a batch 
operation. 

Glossary 
C 
D 

concentration In aqueous phase, mol/dm3 
distribution ratlo defined by eq 2, dm3/kg of sorbent 

Table I. Values of It,, for the Sorption of %(XI), Cu(II), 
Co(II), and Ni(I1) by Two Extractant-Impregnated 
Sorbents 

Zn(I1) c u m  CO(I1) Ni(I1) 
~ ~~~ 

D2EHPA-Impregnated Sorbent 
K,,, kg/dm3 3.64 X 1.56 x 10-3 2.48 X lo4 2.38 X lo-’ 

EHPNA-Impregnated Sorbent 
K,, W d m 3  1.11 x 10-5 4.59 x 10” 

0 
0 0.5 1.0 

c , / ( c ,  t C 2 )  c-I 

Figw 4. Relatkmshlp between fractional “hs of metal kns 
In aqueous phase and sorbent phase for both binary system of ZnlCu 
and ColNI: 0, A, 0, ZnlCu systems 1, 2, and 3, respectively; 0, A, ., Co/NI systems 1, 2, and 3, respectively. 

the Zn(I1) sorption represent the calculated ones In terms of 
the value of KeX. 

Furthermore, for Cu(II), Co(II), and NI(II), assuming the 
same ion-exchange reaction as eq 6, we can obtain the K,, 
value for each sorption equlilbrlum; these values are listed in 
Table I .  

-rat& ofZh(II)/Cu(II) and Co(II)/N/(II), The 
appHcatlon of the impregnated sorbent to the separation of 
metal ions was examined for two blnary systems of Zn(II)/ 
Cu(I1) using DPEHPA-lmpregnated sorbent and of Co(II)/NI(II) 
by EHPNA-impregnated sorbent in the batch operation. 

Flgure 4 shows the equiliklum relation between the fractional 
concentrations in both phases: a plot of ml/(ml + m,) against 
cl/(cl + c,), where subscripts 1 and 2 denote the respective 
metal spedes. The experhemi conditkns In the present study 
are listed In Table 11, where we used two 0.05 M buffer soiu- 
tions: chloroacetic acid/sodium chioroacetate for the Zn( I I)/ 
Cu(I1) system and acetic acid/sodium acetate for the Co(II)/ 
“11) system. For the two systems the equilibrium data locate 
on each convex curve, which will be described later; llttie sig- 
niflcant effect of the lnitiei concentration of the total metal ions 
and the equibkm pH on the SeleCtMty Is observed in the range 
“I. In the present experiments, the mbents used were 
in the H form of each extractant, and the metal loading during 
the sorptkn was no more than 0.088 W k g  of sorbent for the 
Zn/Cu system and 0.040 moi/kg of sorbent for the Co/Ni 
system. This Implies that D2EHPA-impregnated sorbent has a 
h m  selectivity for the separation of Zn(I1) from Cu(I1); Zn(I1) 
In aqueous solutlon is preferentlally sorbed and recovered by 
use of the present sorbent. Also, Co(I1) can be separated 
preferent&ily from “11) by using EHPNA-hpregnated sorbent. 
The data of the separatlon are tabulated In Table 11. 

We here defined the separation factor a! as 

a! = ( ~ l / C 1 ) / ~ ~ 2 / C , )  (9) 

fhe values of a are also given In Table 11, which were deter- 
mined from the reciprocal plots of m l / ( m ,  + m,) against 
c l/(c + CJ From Figure 4, It Is evldent that the experimental 
data for both systems can be represented with the solid lines 
calculated from the average separatkm factors of 55.2 for the 
Zn/Cu system and of 6.73 for the Co/Ni system. 

I t  should be noted that the separatkm factor a for cosorptktn 
given by eq 9 is higher than that calculated from the values of 
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E 
Kex 

m 
s 
V 

sorption ratio deflned by eq 1 
equilibrium constant defined by eq 7, kg of sor- 

content in the sorbent, moi/kg of sorbent 
mass of the sorbent, kg 
volume of aqueous phase, dm3 
concentration in aqueous phase or content in the 

separation factor defined by eq 9 

bent/dm3 

sorbent, mol/dm3 or moi/kg of sorbent 
[ I  
a 

Subscrlpts 
org organic phase 
S sorbent phase 
t total 

0 initial 
1, 2 metal species 
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Vapor-Liquid Equilibrium for Chlorodifiuoromethane + Dimethyl 
Ether from 283 to 395 K at Pressures to 5.0 MPa 

Joe R. Noled and John A. Zollweg' 
School of Chemical Englneerlng, Cornell Unhers@, Ithaca, New York 14853 

Vapor-liquid qulllbrlm conditions (p-T-x-y ) of the 
binary mlxture chkrodMuormethane (R22) + dimethyl 
ether (DME) have boon measured for the Hrst t h e  along 
SIX Isotherms (thrw wbcrltkal and three wpercrttkal). 
The mixture forma a negatlve (maximum bolllng) 
azootrop. which persists to the crltkal line. Direct 
obHrvatknr were made of pol& on the crltlcal line. The 
two kwer tomprature kotherma are fitted to a 
temperaturedependent Redlkh-Mer ~XCNI Qlbbr frw 
energy model. The qual  area mothod has boon used to 
tesl the thermodynamk conrkt.ncy of the two lower 
temperature kotherma. A brief doscrlptlon of the 
apparatut Ir glven. 

Introduction 

An understanding of the vapor-liquid equiiibrla ( V E )  of mix- 
tures whose components have strong spectfic interactions 
(association and solvatlon) is imporEant to applications such as 
the of synthetic fuels (l), supercritical fluid extradon 
(2), and development of aiternattve refrigerant mlxtwes (3, 4). 
A number of theorieg have been developed to allow calculation 
of the vapor-liquid equilibria of associating and solvating mix- 
tures at high pressure (>1 MPa), but they have mostly been 
applied to associating systems due to the scarclty of high- 
pressure VLE data for solvating mixtures (5-7). The few ex- 
perimental high-pressure VLE studies of solvating mixtures 
generally contain sparse and scattered data (8-10). This 
laboratory has undertaken a program to provide VLE data of 
solvating binary "s over a wide temperatwe and presswe 
range ( 11, 12) in order to test the abiilty of theories being 
developed to describe the thermodynamics of mlxtures with 
strong specific Interactions (5-7). 

The purpose of this work is to examine the pressure, p ,  
temperature, T ,  liquid composition, x ,  and vapor compositbn, 
y, dependence of the vapor-ilquid equilibria of the solvating 

mixture chiorodifiuoromethane (R22) + dimethyl ether (DME) 
from room temperature to the critical region. This mixture has 
been used commercially as an aerosol propellant. The ther- 
modynamic consistency of the results has been examined using 
a maximum likelihood method and an equal area method. 

Experhnental Sectkn 

A schematic diagram of the apparatus is shown in Figure 1. 
A detaDed description of the apparatus and procedures is glven 
elsewhere ( 11). I t  is a dual recirculating apparatus designed 
to operate isothermeily from 283 to 520 K and at pressures to 
40 MPa. The apparatus can be divided into three functional 
sectkns: (1) the pressve generation sectbn, (2) the equllbrium 
section, and (3) the sampling section. 

In the pressure generation section, the two components to 
be studied are distDled from indMduai supply CyHnderS into Ruska 
screw pumps. The screw pumps are then used to pressurize 
and pump the pure fluids into the equilibrium section. 

The equilbrlum section consists of a sapphire tube pressure 
cell, two magnetically driven reclprocatlng pumps, and two 
sample traps housed in an insulated thermostated oven. The 
equiiibrlum cell is made from a 3.18-cm-o.d., 1.27-cm-l.d., 
10.2cmlong sapphire tube (Union Carbide Corp.) sealed by a 
Brklgman unsupported area seal with a Tefkm gasket ( 13). To 
establish equllibrium, the two magnetically driven pumps are 
used to circulate the vapor and liquid phases. 

The oven is maintained at constant temperature using an 
electric ceramk heater coupled with a finned heat exchanger 
connected to a thermostated liquid bath (Brinkmann Model 
RM20). The temperature Is maintained within f0.02 K using 
a software implemented proportlonaCintegraMerlvatlve (PID) 
controller. A 12-111. fan is used to circulate air in the oven to 
minimize temperature gradients. The temperature of the 
equilibrium cell is measured with an accuracy of 0.002 K on 
IPTS-68 using a platinum resistance thermometer (Leeds and 
Northrup Model 8164) placed in a hole drilled concentrlcally In 
the top of one of the flange bolts of the equlilbrlum cell. 

Data acquisition and temperature control are implemented 
using a gmeracpvpose interface bus (GP-19) system consistlng 'Present address: Exxon Chemical Co., Baton R o w ,  LA 70821-0241. 
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