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Recently developed nanofiltration (NF) membranes have 
attracted a great deal of attention since they have molecular 
weight cutoffs (MWCO) in the range of 200 to 1,000, which is 
intermediate belween conventional reverse osmosis and ul- 
trafiltration membranes. An important and useful feature of 
nanofiltration membranes is that many NFs are positively or 
negatively charged, thus allowing the separation of ions ac- 
cording to valence type, based on the electrical interaction 
between the membrane surface charge and ions (Tsuru et  al., 
1991a,b; Wang et  al., 1995a,b, 1997; Rios et al., 1996). Figure 
1 shows the proposed strategy for separating metal ions and 
acid from mixtures using a positively charged nanofiltration 
membrane. It should be noted that the driving force for the 
separation is pressure difference across the membrane. Mul- 
tivalent coions such as metal ions are more strongly repelled 
by the membrane charge than are monovalent ones such as 
hydrogen ions. As a result, metal ions are rejected to a greater 
extent than hydrogen ions, and consequently, the simultane- 
ous concentration of metal ions in the feed and the recovery 
of acid in a permeate would be feasible. Although dialysis 
has been comentionally employed to recover hydrogen ions, 
it cannot be expected to simultaneously concentrate metal 
ion in the feed and acid in the permeate because the driving 
force for the scparation is the concentration difference of ions 
across a membrane. 

At present, commercially available NF membranes are typ- 
ically composed of polymeric materials such as poly(amide) 
(Petersen, 1993). Their chemical stability is not sufficient for 
use in acidic or caustic solutions, and as a result, they can 
only be used over a limited p H  (typically p H  3-10). The de- 
velopment of NFs made of inorganic materials, which have 
excellent resistance to high temperature, pH, and organic sol- 
vents, is anticipated, however, few studies have focused on 
the development of inorganic nanofiltration membranes 
(Tsuru et al., 1996; Larbot e t  al., 1994). Moreover, most poly- 
meric NF membranes are negatively charged (Petersen, 1993; 
Tsuru ct al.. 1094). It should be noted that inorganic materi- 
als such as ceramics can exist in either a positively or nega- 
tively charged state in an aqueous solution, depending on the 
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pH, often referred to as the “zeta potcntial.” Thercfore. ce- 
ramic N F  membranes would be expected to separate ions in 
much the same manner as charged membranes (Alami- 
Younssi et al., 1994; Rios et al., 1996). 

In the present study, porous silica-zirconia NF membranes 
were fabricated and used for permeation experiments of sin- 
gle electrolyte solutions, and in addition, were studied in 
terms of their potential for use in the separation o f  mixtures 
of metal and hydrogen ions. 

Experimental Studies 
Preparation of colloidal sols and NF membranes 

Silica-zirconia colloidal sols were prepared using a two-step 
procedure, involving hydrolysis and condensation, as de- 
scribed previously (Tsuru et  al., 1996). Colloidal diameters, 
which were measured by laser light scattering (ELS-800, Ot- 
suka Electric Co., Japan), were controlled from several nm to 
50 nm by adjustment of the sol concentration during the sec- 
ond step of the procedure. N F  membranes were prepared by 
coating sols on cylindrical porous a-alumina microfiltration 
membranes (outer diameter 1 cm; 9 cm long) and firing the 
coated membranes at 570°C. 

Figure 1. Concept of ion separation by a positively 
charged membrane. 
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Nanoj2tration experiments 
The following solutions were prepared and used as model 

electrolytes: sodium chloride as a mono-valent (1-1) elec- 
trolyte, sodium sulfate as a mono-divalent (1-2) one, and 
nickel nitrate as a mono-divalent (2-1) one. All were individu- 
ally nanofiltrated, and their concentrations were adjusted 
from 1 to 1,000 mol.m-3. The pressure applied ranged from 
0.25 to 1.0 MPa. Electrolyte concentrations of single solu- 
tions were determined using an electric conductivity meter. 
For experiments involving the separation of mixed solutions 
of metal ions and hydrogen ions, nickel nitrate for which the 
feed concentration was adjusted from 10-100 mol-m-3 was 
separated from the acidic solutions (pH 1.0-6.0) at an ap- 
plied pressure of 1.0 MPa. Nickel ion was determined with 
an inductively coupled plasma mass spectrometer, and the 
acid concentration was measured by titration. 

l o  

Measurement of zeta potential 
Zeta potentials of silica-zirconia sols at various pH values 

were determined by electrophoresis (ELS 800, Otsuka Elcc- 
tric Co., Japan). After fabrication of a membrane, the 
streaming potential was measured as a function of applied 
pressure and the Helmholtz-Smoluchowski equation was used 
to calculate the uncorrected zeta potential as described by 
Nystrom et al. (1994). The pH was adjusted using potassium 
hydroxide and hydrochloric acid. 
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Results and Disussion 
Zeta potentials of' silica-zirconia composites are shown in 

Figure 2. The iso-electric point (PI) was estimated to be ap- 
proximately p H  4 by streaming potential measuremcnts as 
well as by electrophoresis measurements. The pl of  silica- 
zirconia is intermediate between that of silica and zirconia 
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Figure 2. Zeta potential of silica-zirconia colloids and 

the NF membranes as a function of pH. 
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Figure 3. Rejection of sodium chloride and permeate 
volume flux at pH 5.0 as a function of applied 
pressure. 

which have been reported to be approximately pH 2 and 7, 
respectively. 

Figures 3 and 4 show rejection and volume flux as a func- 
tion of applied pressure for, respectively, sodium chloride and 
sodium sulfate at pH 5 at which conditions the silica-zirconia 
membrane is negatively charged. Rejection increased with 
applied pressure and appears to reach a constant level, which 
is similar to polymeric N F  membranes. In addition, rejection 
was strongly dependent upon feed concentration with a higher 
rejection observed at lower feed concentrations. This is char- 
acteristic of charged membranes (Tsuru et al., 1991a,b). The 
permeate volume flux was nearly linear with respect to the 
applied pressure at low feed concentration. but decreased 
with feed concentration, especially for sodium sulfate, which 
is probably due to osmotic pressure. 

Figure 5 shows the rejection of sodium chloride, sodium 
sulfate, nickel nitrate and nitric acid as a function of feed 
concentration. The pH of the NaCl and the Na,SO, solution 
was maintained at p H  5.0. The pH for the Ni(NO,), solu- 
tions having feed concentrations of 1 and 10 mol .m-~3 was 
also kept at pH 5. For the case of the feed concentration at 
100 and 1,000 mol.m-',  the pH of the feed solutions were 
pH 4.1 and pH 2.7, respectively. With respect to rejection at 
pH 5.0, the rejection of sodium sulfate is higher than that for 
sodium chloride and nickel nitrate. The order of rejection is 
Na,SO, (1-2 type) > NaCl (1-1) > Ni(NO,), (2-11, which is 
characteristic of negatively charged N F  membranes. This is 
due to the fact that divalent anions are more strongly re- 
pelled by the negatively charged membranes. while divalent 
cations are more strongly attracted than are monovalent 
cations. Rejection of all the electrolytes tested decreased to  
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nickel nitrate was rejected in the feed and consequently con- 
centrated, while nitric acid was concentrated in the perme- 
ate. These data clearly show that the simultaneous concen- 
tration of metal ion and the recovery of acid is possible using 
positively charged nanofiltration membranes. Our previous 
theoretically study predicted these phenomena (Tsuru et al., 
1991b). In addition, at pH values higher than the PI where 
silica-zirconia is negatively charged, the rejection of nickel 
nitrate decreased. 
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Figure 4. Rejection of sodium sulfate and permeate vol- 

ume flux at pH 5.0 as a function of applied 
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nearly zero at a feed concentration of 1,000 m ~ l a m - ~ ,  sug- 
gesting that size effects (molecular sieving) do not signifi- 
cantly contribute to rejection. This is also confirmed by the 
fact that the molecular weight cutoff determined at  90% re- 
jection using various neutral organic solutes (Tsuru et  al., 
1996) was approximately 200; the pore diameter seems to be 
regarded as large enough for ion permeation. It should be 
noted that nitric acid showed an extremely low rejection, 
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Figure 6. Rejection of nickel nitrate and nitric acid as a 
function of pH of feed solution. 
Feed concentration of nickcl nltrate wa5 kept at 10. 30 and 
100 rnoI.m-' .  

which is probably due to the higher mobility of hydrogen ion 
in aqueous solution. 

Figure 6 shows the rejection of nickel nitrate and nitric 
acid from the mixture over a p H  range of 1.0 to 6.0. At pH 
values lower than the PI, where silica-zirconia is positively 
charged, nickel ion, which is more strongly repelled than hy- 
drogen ion, shows a high rejection; at a Ni(NO,), feed con- 
centration of 10 mol.mp3, nickel ion was almost completely 
rejected between p H  1 and p H  3. It should be noted that very 
few polymeric NF membranes commercially available are 
positively charged and most polymeric NFs cannot be used at 
a p H  lower than 3 (Tsuru et al., 1994). In addition, hydrogen 
ion shows a negative rejection, that is, nitric acid was concen- 
trated in the permeate. This is due to the fact that the per- 
meation of hydrogen ion is enhanced so as to maintain elec- 
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I Correction 
In the article titled “In-Situ CIR-FTIR Study of the Diffusion of Supercritical Hydrocarbons in Zeolite 
L,” by M. G .  Suer, Z.  Dardas, Y. Lu, W. R. Moser, and Y. H. Ma (Vol. 43, p. 17171, Eqs. 2 and 5 should 
read: 

C=O O s r ~ a  t = O  ( 2 )  
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