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A system combining nanocatalytic reaction with crossflow ultrafiltration (UF) was
used to prepare p-aminophenol from p-nitrophenol. In this system, nanosized nickel
catalysts in suspension were employed during reaction, and then separated from slurry
by an UF membrane filter. The adhesion of nickel particles to contact surfaces caused
a rapid decline in the hydrogenation rate and UF flux. In order to understand the
effect of materials properties, and operating parameters on adhesion of catalysts, the
nickel adhesion was investigated by measuring the mass of nickel remaining on solid
surfaces after contact. Surface materials with different roughness and hydrophilicity
have been tested, such as poly(tetrafluoroethylene) (PTFE), stainless steel (AISI 304)
and glass. The results show that rougher surfaces have more adhesion than smooth
ones. Hydrophilic glass has less adhesion than hydrophobic PTFE, while intermedi-
ately hydrophilic stainless steel has the most adhesion due to its surface magnetic
effect. During ultrafiltration, adhesion decreases with increasing crossflow velocity and
increases with increasing suspension concentration. With the addition of microsized
alumina particles in suspension, the adhesion of nanosized nickel can be inhibited
effectively. � 2007 American Institute of Chemical Engineers AIChE J, 53: 1204–1210, 2007
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Introduction

In recent decades, nanocatalysts have found considerable
applications in organic synthesis, environmental protection,
photocatalysis, waste removal, fiber and mechanical indus-
tries.1–2 Metal nanoparticles possess novel catalytic, optical
and chemical properties, which have been correlated to their
size and surface effect. It is reported that nanosized nickel
shows better catalytic properties in the catalytic hydrogena-
tion or dehydrogenation reaction.3–6 However, the separation
of ultrafine nickel particles from the reaction products creates
another problem to be solved in practical applications.7 A
feasible approach to overcome this problem is to attach cata-
lysts to a suitable substrate, but in that case, the effective

surface area of the catalysts particles will be decreased. In
fact, it is reported that catalysts in suspension have a better
efficiency than immobilized ones.8–10

Du et al.11 synthesized p-aminophenol from p-nitrophenol
over nanosized nickel catalysts in laboratory. They men-
tioned the separation of catalysts from reaction products
using a ceramic membrane, but they had no further descrip-
tion. In our research, a pilot-scale plant of nanocatalysis/UF
system was set up to prepare p-aminophenol. Nanosized
nickel was employed in its suspended form during reaction,
and then separated from slurry by a ceramic membrane filter.
We found that the hydrogenation rate decreased rapidly with
recycling of catalysts in comparison with that in laboratory.
The problem assumed to be due to adhesion of nickel par-
ticles to the surface of the pipeline, tanks and membrane
during recovery of catalysts, which caused the decrease of
catalysts concentration in reaction slurry, leading to a conse-
quent decline in the reaction rate and permeate flux of the
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membrane. Scarcely any reports address adhesion phenomena
of catalysts in industry. This may be attributed to the follow-
ing aspects: on the one hand, traditional industrial catalysts
are usually with large particle size, and occurrence of adhe-
sion is not easy due to perturbation of fluid flow; on the
other hand, nanosized catalysts applied in industry are mostly
still immobilized.

A particle in contact with a flat surface comprises two
processes: first, the adhesion of particle on the surface that is
kept by the physicochemical interactions; and second, the
detachment of particle from the surface that is controlled by
hydrodynamic interactions due to the flowing fluid.12–13 In
both processes, materials properties and operating parameters
play an important role. In this research, we first investigated
the effect of adhesion of nanosized nickel catalysts to contact
surfaces on the nanocatalysis/UF system, and then attempt to
find materials properties and operating parameters responsi-
ble for nickel adhesion. Our work was focused on: (1)
desired surface materials that have low catalysts adhesion,
and can be used as internal liner of pipeline, reactor and
tanks, and (2) feasible methods that can inhibit the adhesion
during ultrafiltration of nickel suspension. We try to make a
contribution to develop a nanocatalysis/UF system to apply
suspended nanosized catalysts in industrial production.

Experimental Section

Nanocatalysis/UF system

Figure 1 shows the pilot-scale plant, which consists of a
hydrogenation reactor, a crossflow UF module and pumps,
and so on. Hydrogenation reactor was a 100L continuous
stirred-tank reactor. The configuration of the UF unit was tu-
bular. It was fitted with one ZrO2 membrane with a pore size
of 50 nm (Jiusi, PR China), which has 19 channels with
4 mm inner dia. The effective membrane area was 0.24 m2.
The permeability of the new membrane was about 5,500
L�m�2�h�1�MPa�1, on the basis of pure water test at 258C.
The crossflow filtration was run at a temperature of 90 6

28C, crossflow velocity of 3m/s, and transmembrane pressure
of 0.25MPa. The preparation of p-aminophenol was carried
out in the same reaction conditions as that of the lab-scale
experiment: temperature, 1028C; hydrogen partial pressure,
1.65 MPa; stirring rate, 300 rpm; initial nickel concentration
5 g/L.

The main experimental procedures are as follows: First,
charging reactor with definite amounts of catalysts and p-
nitrophenol in ethanol solution. During the hydrogenation
reaction, catalysts were suspended in solution by violent stir-
ring; Second, pressurizing the slurry into the intermediate
tank after reaction, and adjusting the temperature and pres-
sure, and Third, initiating feeder pump and circulation pump
to start the membrane separation. The rejected catalysts were
recycled to the reactor continuously and reused in the next
batch of reaction, while the permeation entered the crystal-
lizer. Finally, obtaining crystal p-aminophenol via centrifugal
separation. Totally, one reaction cycle needed at least 3.5 h.

Adhesion Experiments about Materials
Properties

Surface materials

The materials were chosen for their use in industrial equip-
ments, and for their hydrophilic or hydrophobic properties.
They were: PTFE (poly(tetrafluoroethylene)), stainless steel
(AISI 304) and glass. Substrates of these materials were cut
into conveniently sized substrates (8 cm � 2.5 cm �
0.1 cm), and cleaned prior to surface adhesion by washing in
acetone and acid solution.

Roughness determination

Substrates employed were polished to different degrees
using a rotating disc device and abrasive papers. The rough-
ness was determined using an optical profilometer (AF-LI,
HUST, PR China) used in vertical scanning interferometry
mode (VSI) to map out the surface. The values of the rough-

Figure 1. A pilot-scale nanocatalysis/UF system.

1. Solvent tank; 2. hydrogenation reactor; 3. intermediate tank; 4. membrane module; 5. crystallizer; 6. feed pump; 7. circulation pump; 8.
centrifuge, 9.–11. pressure gauges, and 12.–14. rotameters.
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ness were provided in terms of Ra (arithmetical mean devia-
tion of the profile).14

Contact angle determination

Contact angles of liquids on solids were measured on the
contact angle goniometer (JC2000A, Powereach, PR China),
with a precision video camera coupled to image analysis.
Water contact angle (yW) of three substrates increases in the
order glass (208) < stainless steel (588) < PTFE (1058), as
reported in literature.15 Ethanol (95%) contact angle (yE) of
PTFE is 358, glass and stainless steel are entirely wetting.

Nanosized nickel catalysts

Nickel particles with diameter of 60 nm were applied in
experiments. They were prepared by a chemical reduction
method in a continuous reactor.11

Adhesion test

Adhesion test was carried out in the device as shown in
Figure 2. Several substrates were immersed in the suspension
of nanosized nickel with concentration of 5g/L. The suspen-
sion was stirred to prevent precipitation, and the temperature
was kept at about 258C by means of thermostatic water bath.
Nickel adhering on the substrate was dissolved by nitric acid
and measured with ICP (Optima2000 DV, PerkinElmer,
USA). Adhesion amount was defined as follows

Mad ¼ deposit weight=surface area ðg �m�2Þ (1)

This method is not aimed to measure the force acting
between the first layer of particles and the solid surface, but
to measure the global amount resulting from adhesion. This
global adhesion corresponds to catalysts remaining on inter-
nal surface of equipments (for example, pipeline), and failing
to recycle back to the reactor.

Adhesion experiments about operating parameters

We used UF equipment shown in Figure 3 to cycle the
suspension of nanosized nickel in water, so as to investigate
the effect of operating parameters on adhesion. The feed sus-
pension was maintained at constant volume by recycling the
permeation back into the feed tank. The effective membrane
area was 0.12m2. The capacity of the UF equipment was
0.165 m3 � h�1 initially. The crossflow filtration was run at a
temperature of 25 6 18C, operating pressure of 0.25 MPa,
and crossflow velocity of 3–5 m/s. Concentration of suspen-
sion was measured by adding nitric acid into samples to dis-
solve nickel, and then analyzing with ICP. For the area of
the material surface which suspension contact during filtra-
tion is difficult to determine, nickel adhesion during separa-
tion can be conveniently weighted by

Msep ¼ C0 � Ct (2)

Where C0 is initial concentration, and Ct is concentration
of time t.

Results and Discussion

Effect of adhesion on the nanocatalysis/UF system

The correlations between the relative decline degree of hydro-
genation rate, and the number of reaction cycles are shown in
Figure 4. Throughout 13 continuous reaction cycles, the hydro-
genation rate in lab-scale suffers 54% decline, while in pilot-
scale it suffers 48% decline only throughout four continuous
cycles. Maybe this is attributed to the scaleup effect, which
always makes a remarkable difference between lab tests and
pilot-scale.16 On the other hand, it may be caused by mass loss of
catalysts during membrane separation. Amount of catalyst recov-
ered in reactor after every cycle was measured as in Figure 5. Its
profile is similar to that of hydrogenation rate decline in pilot
plant. Therefore, we concluded that mass loss of catalysts is
mainly responsible for the decline of hydrogenation rate.

Previous experiments proved that nanosized nickel could
be completely rejected by membranes,7 so the mass loss of
catalysts must result from adhesion of nickel particles to the
internal surface of equipments. As shown in Figure 1, cata-
lysts attached on the surface of pipelines, tanks and mem-

Figure 2. Device for measuring amount of nickel
adhered.

Figure 3. UF equipment.

1. Feed tank; 2. centrifugal pump; 3. rotameter; 4. mem-
brane module; P1–P2. pressure gauges, and V1–V6. valves.
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branes in dash line scope, so that they cannot all recycle back
to the hydrogenation reactor. As shown in Figure 5, the adhe-
sion of catalysts to membrane surface also caused the fast
decrease of average membrane flux in every UF operation.

Effect of Materials Properties on Adhesion

Surface roughness

Surface roughness plays an important role in adhesion.
Large roughness results in large contact area between particles
and surfaces,17 and induces friction forces that resist particles
rolling, and restrain their detachment from the surface.18 On
the other hand, rough surface can induce unsteady flows that
are more effective than steady flows in re-entraining sus-
pended particles near the surface.19 As shown in Figure 6,
amount of nickel adhered on stainless steel increased with the

increase of average roughness. This was the combined result
of the earlier two effects. The linear profiles of three sub-
strates surfaces are taken with an optical profilometer along a
direction orthogonal to the polishing direction, and are shown
in Figure 7. Height variations and peak-to-peak distance
appear much bigger for the rougher surface than for the
smoother one. This enables more particles to position them-
selves in the valleys and makes their detachment difficult.

Surface hydrophilicity

Particle adhesion on solid surfaces from liquid suspensions
involves transport and attachment steps: first particles trans-
port from the bulk of a flowing suspension to the vicinity of
solid surfaces, and second particles break the layer of water
molecules adsorbed on the surface and contact directly the
surface.20–21 Adsorbed water layer is often called laminar
boundary layer, which is thin and weak on hydrophobic sur-
face, but thick and firm on hydrophilic surface for high-inter-
facial energy.13 Therefore, hydrophilicity is one of the impor-
tant surface properties governing the adhesion of particles to
different substrates.

Figure 4. Variation of hydrogenation rate with reaction
cycles.

Initial nickel concentration: 5 g/L.

Figure 5. Variations of catalysts amount and permeate
flux with cycles.

Initial nickel concentration: 5 g/L.

Figure 6. Effect of surface roughness on adhesion.

Figure 7. Typical 1-D profiles, orthogonal to the polish
direction, of stainless steel surfaces taken
with an optical profilometer (black, grey, light
grey represent Ra 5 0.1, 0.5, 1.2 lm, respec-
tively).
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Effect of hydrophilicity of substrates on approach of par-
ticles is shown in Figure 8. Particles need less free energy to
push away the water layer from the hydrophobic surface, thus,
they can easily approach the separation distance that van der
Walls force operates. Van der Walls force is a short-range
interaction, and requires intimate contact between the particle
and surface. The van der Waals interaction is taken to be �AR/
6h2, where R is the particle radius, h the minimum approach
distance, and A the Hamaker constant & 10�19 J.13 As shown
in this formula, van der Waals force is inversely proportional
to the square of h, so the value of Fad will depend on how far
particles can penetrate into the adsorbed layer. Based on these
analyses, the adhesion prediction should be in the order glass
< stainless steel < PTFE. However, Figure 9a demonstrated
that in water suspensions, adhesion amount of nickel on sub-
strates increased in the order glass < PTFE < stainless steel. It
had some discrepancy between the theoretical prediction and
experimental result. Therefore, in addition to Van der Walls
force, there must exit another interaction to enhance the adhe-
sion of nickel on stainless steel.

Austenitic stainless steels are susceptible to martensitic
transformation by plastic deformation. Metastable steels (for
example, 301, 302, 304, 304L, 316 and 316L) may form

martensites e (hcp, paramagnetic) and a0 (bcc, ferromag-
netic), while stable steels (for example, 310) may only form
martensite e induced by plastic deformation.22–23 304 stain-
less steel is initially nonmagnetic, but its martensitic transfor-
mation during cold machining makes it magnetic or weakly
magnetic. Moreover, larger deformation extent will result in
more martensitic transformation, and, accordingly, increases
the magnetization of stainless steel. The presence of martens-
ite a0 formed in an austenitic stainless steel can be measured
by X-ray diffraction. Figure 10 showed the X-ray diffracto-
gram of the stainless steel substrate in this study. Besides
two peaks of austenite phase (g), a peak of martensite phase
(a0) is observed, which came from machining (that is, cutting
and polishing) deformation of the substrate. Meanwhile,
nanosized nickel is known to be one of the most important
magnetic materials,24–25 so there exists an additional mag-
netic interaction between 304 stainless steel and nickel parti-
cle, which enhanced the attachment of nickel particles on
stainless steel.

Compared with Figure 9a, and b showed the same adhe-
sion order, but less adhesion amount on three substrates. This
was attributed to higher interaction strength between ethanol
and solid surfaces (contact angles of ethanol on substrates
are much smaller than that of water) and ethanol formed
stronger adsorbed layer than water, which was more difficult
for particle to break. When in reaction slurry, Figure 9c indi-
cated that addition of p-nitrophenol reduced the nickel adhe-
sion. For the high surface area and surface chemical nature
of nanosized nickel,11 p-nitrophenol can be adsorbed onto
the surface of nickel and form adsorbed layers. In most
cases, these adsorbed layers caused the decrease of van der
Walls force. The first reason was that adsorbed layers in-
creased the distance between nickel particles and substrate
surfaces; the second reason was that adsorbed layers had a
negative effect on the Hamaker constant.13,26–28

The austenitic stainless steel can be demagnetized by a
solution heat treatment, which makes a reverse transforma-
tion of martensite phase (a0) to austenite phase (g).22,29–30

The stainless steel substrate was heated at a rate of 0.38C � s�1

from room temperature in an inert atmosphere furnace, then
kept at the temperature of 10508C for 1 min, and rapidly
water cooled to the ambient temperature.30 The solution
heat treatment had no effect on the surface roughness and
hydrophilicity of the stainless steel. Its X-ray diffractogram
showed that peak of martensite phase (a0) disappeared, so

Figure 8. Effect of surface hydrophilicity on adhesion.

Figure 9. Adhesion of nanosized nickel in different sus-
pensions.

a. In water, b. in ethanol, c. in solution of p-nitrophenol in
ethanol. Figure 10. XRD pattern of stainless steel.
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the substrate was nonmagnetic. Compared with magnetic
stainless steel shown in Figure 9, nickel adhered on non-
magnetic stainless steel decreased to 2.10 g � m2 in water,
0.93 g � m2 in ethanol, and 0.74 g � m2 in reaction slurry,
respectively. So after demagnetization of stainless steel, the
adhesion amount increased in the order of glass < stainless
steel < PTFE.

From the discussion earlier, we can draw the conclusion
that industrial equipment (for example, pipeline and reac-
tor), should be internally lined with glass so as to reduce
nickel adhesion, and metastable steel (for example, 304)
equipment are not applicable in the treatment of nickel sus-
pension for their surface magnetic effect. Furthermore, the
surface of glass liner is always smooth enough to reduce
nickel adhesion.

Effect of Operating Parameters on Adhesion

Crossflow velocity

During UF membrane separation, the effect of crossflow ve-
locity on the nickel adhesion is shown in Figure 11. The initial
concentration of suspension is 1g/L. The adhesion of nanosized
nickel on internal surface of UF equipment (Figure 3), includ-
ing feed tank, pipeline, membrane, and so on, decreased with
increasing crossflow velocity. This was because deposition of
particles was disturbed by the turbulence caused by flow at
higher crossflow velocity. The shape of the curve in Figure 11
indicated that adhesion amount first increased sharply and then
slowly. This was because at the beginning, attachment rate is
much larger than detachment rate, and then the difference
between two transport mechanisms decreases slowly.

Particle concentration of the suspension

The effect of suspension concentration on nickel adhesion
and steady-state permeate flux of membrane was studied using
six different concentrations: 1, 2.5, 5, 7.5, 10 and 12.5 g/L.
The results are shown in Figure 12. Nickel adhesion first
increased quickly and then slowly with increasing concentra-

tion, and approached a quasi-equilibrium state. Even though
larger concentration enhanced the transport of particles to the
solid surfaces, but which was limited by hydrodynamics and
balanced by back-transport of particles from surfaces. After
contact surfaces have reached their quasi-equilibrium state,
they will adsorb little amount of nickel catalysts. The adhesion
of fine particles to the membrane surface increased the cake
resistance,31 consequently, steady-state permeate flux declined
in the trend opposite to the adhesion profile.

Addition of microsized particles

Brownian forces and hydrodynamic forces are thought to
be major detachment forces.12,31–34 Microsized particles in
suspension can provide another detachment mechanism.
They enhance the nanosized nickel back-transport by scour-
ing and thinning the adhesion layer. We investigated the
effect of the weight ratio of a�alumina (a�Al2O3, average
particle size 21 mm) to nanosized nickel on adhesion, and
the result was shown as Figure 13. When the ratio increased

Figure 11. Effect of crossflow velocity on adhesion.

Figure 12. Effect of nickel concentration on adhesion
and membrane flux.

Figure 13. Effect of the weight ratio of Al2O3/Ni on ad-
hesion.

Initial nickel concentration: 1 g/L.
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to 10:1, adhesion of nanosized nickel decreased to the mini-
mum. The result indicated that microsized particles could in-
hibit nanosized particles adhesion, but could not avoid the
adhesion thoroughly. This was due to some nickel particles
adhering to the pore of membrane and depositing in the val-
leys of rough surfaces (as shown in Figure 7). In addition,
our previous research proved that adding inert particles in
this reaction system has no evident effect on hydrogenation
rate.35

Conclusion

In the nanocatalysis/UF system, nanosized nickel catalysts
adhere to the internal surface of equipment, which leads to
the decline of hydrogenation rate and permeate flux of mem-
brane. Our research suggests that rougher surfaces have more
adhesion, so the surface of the pipeline should be machined
as smooth as possible. Glass has the least adhesion in nickel
suspensions, while stainless steel has the most adhesion due
to its surface magnetic effect. Therefore, it is applicable to
make a glass liner on the internal surface of stainless steel
pipeline and reactor when we apply nickel or other magnetic
catalysts. The adhesion can be inhibited by increasing cross-
flow velocity, and adding microsized particles in nanosized
nickel suspensions. Moreover, we can circulate nickel sus-
pension in the system to make contact surfaces reach their
adhesion quasi-equilibrium state previously, so that they will
adsorb little nickel when the system runs.
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