
Magnetic Filtration of Small Heterogeneous Catalyst Particles. Preparation of
Ferrimagnetic Catalyst Supports

H,igh-gradient magnetic separation (HGMS) provides a very effective method of removing small (1-100 p) parti-
cles of certain heterogeneous catalysts from reaction mixtures. The preparations of magnetically responsive
carbon-, silica-, and alumina-magnetite supports are described, and the behavior of these supports in mag-
netic filtration is summarized.

Large-scale processes involving heterogeneous catalysis
often require that the recovery of catalyst from product be
very efficient, both to minimize loss of expensive catalyst
components and to avoid contamination of products with
catalyst. Large catalyst pellets can normally be retained in
reactors or separated from products by conventional filtra-
tion or centrifugation techniques. The recovery of small
catalyst particles-either used intentionally or formed by
attrition from larger particles-is presently inefficient and
expensive. Here we wish to report a general technique for
the preparation of magnetical ly responsive, ferr imagnetic,
supported heterogeneous catalysts, and to illustrate the
usefulness of high-gradient magnetic separation (HGMS)
techniques for separating these as well as ferromagnetic
and certain paramagnetic catalyst particles from suspen-
sion.

Ferro-, ferr i- ,  and paramagnetic sol ids suspended in a
diamagnetic l iquid move in a magnetic f ield gradient
toward regions of high magnetic field. The magnetic force
acting on a part icle is proport ional, inter al ia, to the magni-
tude of the gradient. HGMS depends on techniques, devel-
oped at the M.I.T. National Magnet Laboratory, which
permit the generation of very high magnetic f ield gradients
us ing very  s imple apparatus (Kolm et  a l . ,  1971;  Kolm,  lg72:
Oberteuffer, 1973, I974; Kel land, 1973; delatour, 1973;
Trindade and Kolm,1973; Warren et al. ,  196g; Kaiser et al. ,
1971). Typical ly, in the small-scale experiments carr ied out
in this work, separations were carr ied out using a 50-ml
buret containing a loosely packed plug (ca. 0.0b g) of 00 or
0000 steel wool, positioned between the poles of a magnet
having 2.5-10-kG f ield strength. Large magnetic f ield gra-
dients are generated close to the steel wool strands by their
magnetization, and these high gradient regions act as eff i-
cient "col lectors" for magnetic part icles suspended in a l iq-
uid that is passed through the plug.

Magnetic filtration of ferromagnetic and ferrimagnetic
sol ids (e.g., Raney nickel and magneti te, vide infra) is easi-
ly accomplished at f ield strengths less than 5 kG. Magnetic
f i l t rat ion of paramagnetic sol ids is more dif f icult :  very in-
tense magnetic f ield gradients, moderately large paramag-
netic susceptabi l i t ies, and a matching of the diameters of
the part icles and the steel wool strands is required (Ober-
teufer, 197 4). Using field strengths sufficient to saturate
steel (212 kG), gradients as great as 1 kG/p may be gener-
ated in a HGMS fi l ter, i f  the strands of the steel wool are
sufficiently fine: these gradients will trap many paramag-
netic particles. Magnetic particles collected during a mag-
netic filtration are easily released at its conclusion bv low-
er ing the f ie ld .

HGMS is pecul iar among f i l t rat ion techniques in being
more effective for small particles than for large ones: quali-
tatively, the most efficient separations occur for particles
whose size matches the dimensions of the regions of high
magnetic f ield gradient in the f i l ter. For such part icles,
HGMS is probably the most eff icient f i l t rat ion technique
known. For example, magnit i te part icles having diameters

between (1 p and 60 p can be completely separated from
an aqueous suspension flowing at 100 ml/min through a
0.95 cm2 X 2 cm 0000 steel wool col lector in a 2.65-kG f ield.

A representative magnetically responsive heterogeneous
catalyst was prepared by precipitating fine particles of
magnetite (Fe;rO+) into the pores of activated charcoal and
using this modified charcoal as the support for a palladium
hydrogenation catalyst. A suspension of 4.6 g of charcoal
(Eastman Nuchar C 190-N) in 300 ml of water containing
2.0 g (O.Ot mol) of FeClz.4HzO and 5.4 e (0.02 mol) of FeCl3.
6H2O at 70o was treated with 5 g of NaOH in 50 ml of
water (Craik and Grif f i ths, 1958). The result ing f inely di-
vided black sol id was separated, resuspended in ethanol (80
ml), and f i l tered twice magnetical ly using the apparatus
described previously at a f ield strength of 2.65 kG. The ma-
terial passing through the f i l ter was discarded, and the ma-
terial retained in the second f i l t rat ion was col lected and
dried. Analysis of this material indicated that i t  contained
approximately 47o/" by weight Fe3Oa, and had an average
part icle size of 40 s (measured quali tat ively using optical
microscopy). Carbon, si l ica gel,  or alumina supports with
low magneti te loadings were prepared by deposit ion of pre-
formed suspension of magnetite onto the supports. For ex-
ample, 0.5 mmol of FejOa prepared by treating 0.5 mmol of
FeCl2.4H2O and 1.0 mmol of FeCl:r.6H2O in 20 ml of water
at 70o with 0.25 g of NaOH in 5 ml of water was added to
11.5 g of carbon, and the water was removed by evapora-
tion. The resulting 4oln Fe:tO,r-carbon was ground to a fine
powder (average particle size ca. 3 ri), washed with saturat-
ed aqueous NHaCI solut ion and water, and dried. Our ex-
perience in magnetic f i l t rat ion of these supports is summa-
rized in Table I.  In this table, supports that separate com-
pletely ()95oun) using 00 or 0000 steel wool, high flow rates,
and low f ields are indicated by **; those for which com-
plete separations are possible, but which require high f ields
and low f low rates, by *; those for which only part ial  sepa-
rat ion was achieved, even with the best condit ions used, by
-; and those for which no f i l t rat ion took place by - -.

Thus, for example, the C/FerO+/Pd catalyst was quanti ta-
t ively retained at f low rates of <5 ml min-1, )97o/o retained
at 60 ml min-r, and 78ouo retained at 300 ml min-r using
0000 steel wool in a 2.65-kG f ield. Under the same condi-
tions the 4o/o Fe3Oa-carbon support was 92o/o rctained at
f low ra tes o f  (5  ml  min- t ,70o/o re ta ined at  60 ml  min- l ,
and 34o/" retained at ll00 ml min-r.

An aqueous suspension of 0.5 g of the C/Fe:O+ (4Gv")
support in 20 ml of water was treated with a solution of
PdCl2 (0 .05 g,  0 .03 mmol)  and HCI  (0 .12 ml)  in  2  ml  o f
water, reduced (H:, 50 psi,  3 hr),  col lected, washed with
water, and dried. The activi ty of this C/FesOtlPd catalyst
system in hydrogenation of cyclohexene was init ial ly ap-
proximately 80ozn that of a control sample of Pd/C, pre-
pared using similar procedures. After one cycle of hydroge-
naticrn and magnetic filtration, the activity dropped to 85o/o
of the original activity, and stayed essentially constant over
four cycles of hydrogenation and magnetic filtration. An
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Table I. Efficiency of HGMS for Filtration of
Representative Catalysts and Catalyst Supports

susceptability of the catalyst. Copper chromite separated

q,rurriitutiueiy, ho* be it ai low fl-ow rates, at 10 kG exter-

nal field; manganese dioxide could not be completely re-

tained in the filter under any conditions we explored'

High gradient magnetic separation has the potential to

provide a useful filtration method for a wide range of cata-

lyst types: naturally ferromagnetic, ferrimagnetic, and

moderately or strongly paramagnetic materials, and nor-

mally diamagnetic catalysts modified to be ferro-, ferri, or

paramagnetic. Its unique aptitude for separations involving

small (<100 t) particles suggests utility for a range of cata-

lyst recovery problems to which no other filtration tech-

nique is easily applicable. The utility of those catalyst sys-

tems that require incorporation of magnetite or other ferri-

rr ferromagnetic components to be separable is clearly de-

termined in part by the influence of these components on

the activity of the catalYst.
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Description

Catalyst  or
support  Wt 7o Fe.O.

Separat ion
characteristics
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70

Re-  F ie ld ,
Ease b ta inedc kcd

S ize ,

lr

Raney Ni  e
C / F e . O o l P d  4 6
C / F e . O o / P d  4 6
C / F e , O o  4
S i O r F e . O o  4
A l r O . / F e . O o  4
Copper

chromite f
Llanganese

dioxide f

1 5  + +  1 0 0  2 . 5
4 0  + +  1 0 0  2 . 5

2  + +  1 0 0  2 . 5
4 0  + +  > 9 7  1 0

3  + +  > 9 7  1 0
3  + +  : r 9 7  1 0

6  +  > 9 7  1 0

C
sio,
A l .o .

Diamagnet ic
Diamagnet ic
Diamagnet ic

a Estimated average part icle size.6 D A quali tat ive estimate
of the eff iciency of the f i l t rat ion: see the text for a discus-
sion. c "7o Retained" is the weight Vo of the catalyst retained
in the f i l ter. d External magnetic f ield strength. e Raney
nickel is ferromagnetic with permeabil i ty est imated to be
tha t  o f  n i cke l  me ta l :  p  =  250 -300  (Ke rs ten ,  1931 ,  1951 ) .
/ 'Copper chromite and manganese dioxide are paramagnetic.
The paramagnetic susceptibi l i ty, { ,  of the latter is approx-
imate ly  2280 x  106 cgs (F6ex,  1957) .

additional 20 cycles of magnetic filtration alone resulted in
(10o/o loss of activity. The Pd/C control catalyst is not re-

tained in the magnetic f i l ter under these condit ions.
To demonstrate the utility of HGMS in recovering small

particles produced by attrition from larger ones, this C/

Fe:O+/Pd catalyst was reduced to an average particle size

of 2 p by grinding. Magnetic recovery of these particles was

quantitative under the same conditions used to recover the

larger ones.
The applicabi l i ty of HGMS in recovering other types of

magnetically responsive catalysts was explored briefly. A

ferromagnetic catalyst (Raney nickel) separated, as expect-

ed, very easily. The effectiveness of filtration of paramag-

netic catalyst was lower, and depended on the magnetic

2
2
2
2

> 3 0  1 0
0 1 0
0  1 0
0  1 0
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