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A moving coil permeameter has been used to confirm that sulfided nickel catalyst 
beds obey the Bohart-Adams poisoning wave equation. Poisoning by HS at low 

veIocities (<20 cm/set) is reaction limited at low temperatures (<15O”C), mass 
transfer limited at intermediate temperatures (150-300°C) and controlled by solid 
phase diffusion at higher temperatures (>3OO”C); C& and (GHM are mass trans- 
fer controlled up to 300°C. Thiophene is adsorption limited. 

Sulfided catalysts are regenera.ble for guard chamber performance (except in the 
case of thiophene) but retain a layer of surface sulfide which effectively poisons 
catalytic activity. Regeneration above 690°C deactivates the catalyst for sulfur re- 
moval as well as hydrogenation. 

Process streams for hydrogenation re- 
actions over nickel catalysts often contain 
traces of sulfur compounds which poison 
the catalyst. The nickel at the front of the 
bed is sulfided in a mass transfer zone 
which moves down the reactor with in- 
creasing process time. Process designers 
sometimes take advantage of this zone sul- 
fiding by incorporating nickel guard cham- 
bers ahead of the main reactor. 

Both the prediction of reactor perform- 
ance and the design of guard chambers is 
greatly facilit’ated if the mechanism and 
kinetics for sulfur removal are known and 
may be extrapolated to process conditions. 
Several authors have reviewed t,he theories 
of adsorption and ion-exchange columns 
(I-3). The usual practice is to substant’iate 
the theories and characterize the parameters 
through examination of the breakthrough 
curves. Determinations of concentration 
profiles in the bed itself have not been re- 
ported with sufficient accuracy to yield 
meaningful information. 

This paper describes a moving coil 
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permeameter designed to measure nickel 
concentration profiles in catalyst beds. The 
application of this technique to mecha- 
nistic and kinetic measurements in adsorp- 
tion beds is also demonstrated. 

EXPERIMENTAL METHODS 

1. Moving Coil Permeameter 

The principle of the permeameter is 
identical to that described by Selwood (4) 
except that high temperature measurements 
are possible and the secondary coil is 
movable over the catalyst bed. Figure 1 
shows the essential features of the design. 

The primary coil is made from 10,000 
turns of Alfa No. HF24 magnet wire, 
wound in 14 layers on a brass form 12 in. 
long. Copper cooling coils allow sufficient 
cooling when the primary voltage is 120 
volts ac. The working area is a 2-in. di- 
ameter tube 12 in. in length. The glass 
heating unit fits into this volume. The inner 
tube of this unit is made from a section of 
19-mm o.d. Pyrex E-C coated conducting- 
tubing. This tubing is connected to a vari- 
able ac voltage through a Variac and is 
the heating element for the unit. The outer 
5-cm o.d. tube provides either an evacu- 
ated insulating space to protect the primary 
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FIG. 1. DetaiIs of the moving coil permeameter for measuring nickel concentration profiles. 

coil or a cooling channel to remove heat 
of reaction during room temperature exo- 
thermic reactions. The glass bellows allow 
for thermal expansion due to temperature 
differences between the inner and outer 
tubes. This device is operable up to 400°C. 

The secondary unit has two coils con- 
nected in a differential mode, i.e., the net 
secondary output depends only on the dif- 
ference in permeability between the ma- 
terials surrounded by the coils. Each coil 
is 5 cm in length and is made from 0.01 
in. oxygen-free silver wire with Type “D” 
MgO insulation. This wire is manufactured 
by the Secon Metals Corporation and toler- 
ates temperatures up to 500°C when prop- 
erly cured. Each secondary coil has two 
layers (325 turns) on 14-mm o.d. quartz 
tubing. 

The reactor is a lo-mm i.d. quartz tube, 
packed with approximately 3 g of Harshaw 
0104 nickel-kieselguhr catalyst in a 5-cm 
bed and connected to a gas flow system. 

In practice the reactor, the heating unit, 
and the primary coil remain stationary with 

the bed in the center of the solenoid. The 
secondary is mounted on a vernier drive 
and is moved down the length of the bed 
to include from 0 to 100% of the catalyst 
volume in one of secondary coils. The 
secondary signal measures the amount of 
reduced nickel in the coil. This signal is 
amplified, rectified, and read from a meter 
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FIG. 2. Output signal as a function of primary 
voltage. 
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FIG. 3. Output signal as a function of temperat,ure. 

or displayed on an X-Y recorder. Figure 2 
gives the output signal for a reduced bed 
as a function of the primary voltage. 
Figure 3 shows a plot of output voltage 
versus temperat.ure, with the disappearance 
of the signal at 36O”C, the Curie point of 
nickel. Both these observations are con- 
sistent with permeameter performance 
demonstrated earlier by Selwood (4). 

The use of the moving coil permeam- 
eter in concentration profile analysis is 
shown in Fig. 4. It is assumed that the sul- 
fur is adsorbed and converted to a nickel 
sulfide NiS,, which is not ferromagnetic 
and therefore undetectable with the coil. 
The concentration profile is given by 

fi = f(x), (1) 

where [Nil is the concentration (g/cm3) 
of nickel in the element dx at a position x; 
[Nils is the maximum value of [Nil and 
is constant over the bed length. The out- 
put’ voltage is zero when the end of coil is 
at the beginning of the bed (x = 0). An 
increasing amount of nickel enters the coil 
as it moves along the bed and the signal 
increases. At the position shown in Fig. 
4(b) the end of the coil is at z and the 
voltage is given by 

V = A . [Nil*. [f(x)dx, (2) 

where A is the coil geometric factor. When 
the coil has moved to position x = L, it 
has encompassed the complete bed and 
traced the curve V(x) shown in Fig. 4(c). 
The broken line is the equivalent line for 
a freshly reduced, nonsulfided bed. 
Normalizing, 

V(x) - / oz f(x)dx 
V’(L) I oL 7 (x)&r’ 

(3) 

where V’(L) is the voltage output for the 
fully reduced bed and f’(x) is its concen- 
tration profile. Neglecting end effects, 

f’(x) = 1, (4) 

and 
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FIG. 4. Typical use of the moving coil permeameter: (a) x = 0; (b) integrated output at -c, (c) z = L. 
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Differentiating, 

(6) 

(7) 

The voltage versus bed depth curve 
shown in Fig. 4(c) is differentiated graph- 
ically, numerically, or instrumentally to 
yield the relationship [Ni]/[Nils. From 
this 

where W/W, is the poisoning equation for 
the sulfur uptake. 

6. Magnetization Measurements 

Magnetization, IS, of the reduced nickel 
catalyst was measured with a Faraday- 
type apparatus described earlier (5). The 
sample was reduced in situ for the required 
time and temperature, cooled in hydrogen 
to room temperature and the magnetization 
was measured as a function of magnetic 
field strength up to 4500 Oe. The nickel 
particles in these systems are usually 
superparamagnetic (4). The saturation 
magnetization, ‘T,, was found from the em- 
pirical relationship (4, 6’) : 

1 -= 
CT $+ l u&a)“~g’ 

3. Catalysts 

The catalyst was Harshaw Ni 0104T, a 
59% nickel on kieselguhr. Magnetization 
measurements indicated the nickel was 
59% reduced when received from the manu- 
facturer. Activation in hydrogen for 16 hr 
at 375°C resulted in a further reduction to 
73% reduced nickel. This was the standard 
pretreatment in most of the experiments 
described below. 

4. &&ding 

The catalyst was crushed to a 20-40 
mesh sample and 3 g were charged to the 
reactor to form a 5-cm bed. The catalyst 
was pretreated and the voltage-bed depth 
relationship determined as described above. 
All measurements were made at 25°C. 

The nickel was sulfided with a mixture 
of hydrogen and the particular sulfur com- 
pound. This blend was passed over the 
catalyst at a flow rate, F, and temperature, 
T, for a given process time, t, following 
which the bed was quickly cooled to room 
temperature in flowing hydrogen. The 
voltage-bed distance curve was recorded, 
the temperature was raised to T, and the 
procedure was repeated. In this way, a 
series of curves was obtained for several 
values of t until the bed was completely 
sulfided. 

The sulfur compounds were H,S, CS,, 
C,H,S, and (C&H,) 8, with concentrations 
from 0.5 to 2.6 mole % in Ha. 

and the percentage of nickel reduced, w, 
from 5. Catalytic Activity 

looa, 
In some cases the activity for benzene 

w=55.5’ 
(IO) hydrogenation was determined at room 

temperature after the voltage-bed distance 

For low magnetic fields, the theory of measurement was made. Hydrogen was 

superparamagnetism gives bubbled through a benzene saturator at 
0°C and the conversion was determined 

,$ _ lskT dH) , 
I I 

(11) 
from the benzene concentration in the feed 

rIfI do) and tail gas. 

where d is the average particle diameter, 
and I is the spontaneous magnetization of 

RESULTS AND DISCUSSION 

bulk nickel. This procedure has been shown Typical results and analysis are shown 
to yield results in agreement with chemi- in Fig. 5. The experimental points from 
cal analysis (7). the voltage-bed depth measurement are 
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FIG. 5. Typical results from the moving coil 

permeameter: (lower) integrated output signals; 
(upper) calculated profiles. 

shown in the lower part of Fig. 5. These 
points were fitted to a linear polynomial of 
the form, 

V = A + Kx + Cx2 + . . . GS, (12) 

using a regression analysis on an IBM 360 
computer. The analytical curves were dif- 
ferentiated according to Eqs. (7) and (8) 
and calculated points are plotted in the 
upper part of Fig. 5. Each of these sets of 
points was adjusted to the wave equation, 

W 1 - exp(-NNt/t,) 
W, = 1 + exp(-NNt/t,) [exp(Nr/L) - 11’ 

(13) 
where t, is the time for complete sulfiding 
of the bed. This was determined by plotting 
the values of V(L,t) and extrapolating to 
t, as shown in Fig. 6. 

Equation (13) fits the computed points 
with a deviation of kO.015. Figure 5 shows 
the wave moving down the bed as process 
time increases. This is an example of a 
“constant pattern” zone for favorable 
equilibrium (6). 

Equation (13) is the BohartrAdams (8) 
wave equation, which may be used as a 
first approximation to account for the 
mechanism of the sulfiding reaction. In its 
original form the equation describes a sur- 
face reaction, 

- d[Ni] 
___ = kR[S][Ni], 

dt 

FIG. 6. Determination of t,. 

but may be applied approximately to cases 
where either mass transfer, pore diffusion, 
solid phase diffusion or adsorption are 
limiting. In each case, the parameter, N, 
assumes a different interpretation since 

_N=K 
V’ (15) 

where & is an overall rate eonst.ant and V 
the linear superficial velocity of the feed. 
For different resistances in series 

where Vdl = k,a/E--mass transfer; VP = 
k&E---pore diffusion ; k’s = ksaWsp/ [ S] - 
solid phase diffusion; k’, = kaW,p-ad- 
sorption; a = surface of catalyst per unit 
volume of reactor, l = void space; and 
p = adsorbate density. 

This is a model similar to the one dis- 
cussed by Levenspiel for a noncatalytic 
reaction between a fluid and a spherical 
solid (9). Different mechanisms or combi- 
nations of mechanisms will predominate 
under different process conditions. In 
theory, it is possible to analyze the de- 
pendence of 5 on gas velocity, particle size, 
sulfur concentration, and temperature in 
order to establish the controlling mecha- 
nism and to evaluate the parameters. With 
this information exkapolation to other con- 
ditions is possible, thus facilitating the de- 
sign of guard chambers and reactor beds. 
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FIG. 7. Dependence of overall rate constant, k, on velocity, V. 

Figure 7 shows that f increases with V, 
suggesting film or bulk mass transfer ef- 
fects. However, the power of the dependence 
is approximately unity rather than the one 
half power predicted by simplified empirical 
correlations (9). In addition, the experi- 
mental value of the mass transfer coefficient 
at a velocity of 1 cm/see is 0.0105 cm/see, 
whereas the calculated value is 4.20 cm/see. 

These discrepancies suggest that other 
factors such as axial dispersion and/or 
intraparticle diffusion are affecting the rate 
controlling process. Further measurements 
over a wider veIocity range and with a 
variety of particle sizes are necessary to 
resolve this point. 

Some insight into the prevailing mecha- 
nism is evident in the temperature depend- 
ence shown in Fig. 8. The increase of the 
rate constant for H,S and C,H,S is greater 
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FIG. 8. Dependence of overall rate constants, L, on 
temperature; for H&3, CL%, (GHEJ~S and thiophene. 

than expected for film diffusion, indicating 
some reaction resistance at lower temper- 
atures. However, & for CS2 is almost tem- 
perature independent up to 300°C and de- 
creases with temperature above this point. 
It is possible that CS, follows mass trans- 
fer resistance with some effects from solid 
phase diffusion. The curves for H,S, CS,, 
and (C&H,),S coincide above 25O”C, sug- 
gesting a common mechanism related to 
this solid phase diffusion. 

Bourne et al. (10) have postulated that 
thiophene adsorbs and decomposes above 
150°C to H&L The controlling mechanism 
may be the adsorption of the thiophene with 
diffusion of the H,S through the sulfided 
outer layers. 

Figure 9 shows a linear dependence of 
benzene hydrogenation activity on the 
amount of unsulfided nickel remaining in 
the bed after H,S sulfiding at 200°C. This 
linear poisoning curve is consistent wit’h 
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FIG. 9. Benzene hydrogenation on the sulfided bed. 
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FIG. 10. Magnetic measurements on sulfided and 
regeneratedrnickel catalyst. 

the prediction of Anderson and White- 
house (11) for a strongly and rapidly ad- 
sorbed poison. Furthermore, since benzene 
hydrogenation is a good measure of a clean 
nickel surface, this result confirms that the 
nickel in the bed ahead of the mass trans- 
fer zone is unpoisoned by any adsorbed 
sulfur. 

A series of regeneration studies are illus- 
trated in Fig. 10. These measurements were 
made with the Faraday balance as de- 
scribed above. The catalyst was sulfided 
at 375°C following the usual pretreatment. 
Regeneration was very slow at 375°C but 
increased rapidly at 485°C. Figure 11 
shows the results of a further series of re- 

generations at higher temperatures. Both 
the Faraday balance and the permeameter 
were used under identical conditions of 
particle size, gas velocity, and temperature. 
The two techniques yielded data which 
follow the same time dependence, sug- 
gesting that identical mechanisms prevailed 
during the experiments. 

Figure 12 is an Arrhenius plot of initial 
rate versus reciprocal temperature. The 
characteristic transition from reaction to 
diffusional limitations is apparent by the 
change in the slope. 

It is significant that all of the regener- 
ated catalysts were inactive for benzene 
hydrogenation yet still contained from 0.5 
to 5 wt % sulfur after reduction had 
ceased. It is well known that sulfur-poi- 
soned nickel catalysts cannot bc regener- 
ated and that a nonreducible, inactive 
layer of nickel sulfide persists. Some in- 
sight into this effect has been given by 
Leftin and Stern (12) who demonstrated 
the existence of a nonreducible square 
planar sulfur compound on the surface of 
the sulfur-poisoned nickel catalyst. 

However, the regenerated sulfur com- 
pounds may be resulfided by H,S to give 
the same mass transfer zone characteristics 
as the fresh catalysts. Presumably, nickel 
guard chambers are regenerable and will 
continue to perform as guard chambers 
even though catalytic activity is destroyed. 

Thiophene sulfided beds do not give the 
same results. Preliminary experiments have 

o A q PERMEAMETER METHOD 

l A. FARADAY BALANCE METHOD 

0 
TIM:,"HO"RS 

103 

FIG. 11. Regeneration of sulfided nickel catalyst. 
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FIG. 12. Arrhenius plot of reduction rates. 

shown that regenerated thiophene-poisoned 
beds do not retain their ability to absorb 
thiophene. This is, perhaps, to be expected 
in view of the proposed mechanism (10) 
whereby the thiophene must first be ad- 
sorbed by the nickel and decomposed be- 
fore sulfiding occurs. The nickel sulfide 
does not have the same ability to promote 
this step. This aspect and other facets will 
be explored in a comprehensive investiga- 
tion of thiophene adsorption to be reported 
later. 

The results on the H,S sulfided catalysts 
show that the higher temperatures result 
in the fastest regeneration. However, 
Schuit and Van Reijen (6) found adverse 
effects for too high a temperature of reduc- 
tion. This feature was confirmed for the 
catalyst used in this study as shown in 
Fig. 13. The surface areas are based on 
magnetic particle size measurement as- 
suming spherical shapes. The nickel de- 
clines in surface area for reduction tem- 
peratures from 400 to 7OO”C, but not with 
the drastic sintering so often assumed for 
nickel catalysts. The intrinsic benzene con- 
version remains constant until 600°C but 
decreases rapidly to zero at 7OO”C, in spite 
of the large amount of nickel surface still 
existing. Schuit and Van Reijen (6) con- 
cluded that a “skin” of some nickel-support 
compound covers the surface of the nickel 

OLrnO 
REDUCTION TEMPERATURE t"C1 

FIG. 13. Benzene hydrogenation and nickel sur- 
face for catalyst reduced at different temperatures. 

particle, rendering it unaccessible to the 
reactants. This mechanism is consistent 
with the data in Fig. 13 which represent 
essentially a measurement of the real nickel 
surface area (magnetic particle size) versus 
accessible nickel surface area (benzene 
conversion). 

The data in Fig. 13 show that 600°C is 
the maximum temperature at which the 
sulfided catalyst should be regenerated. 

CONCLUSIONS 

The measurement of nickel sulfide con- 
centration profiles in sulfided nickel beds 
has been demonstrated with a moving coil 
permeameter. The shape of the profile in 
the mass transfer zone has been shown to 
fit the Bohart-Adams poisoning wave equa- 
tion. The parameters of this equation when 
interpreted in terms of rate constants in- 
dicate chemical reaction limitations at 
lower temperatures (< 150°C) ) intrapar- 
title diffusion with some axial dispersion 
at intermediate temperatures (150-300”) 
and solid phase diffusion at high temper- 
atures ( >300°C). The behavior of thio- 
phene is consistent with a mechanism of 
adsorption, decomposition, and sulfiding. 

Regeneration is possible for HzS-poi- 
soned catalysts but only for guard chamber 
applications. A layer of sulfide remains at 
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the surface thus effectively poisoning cata- 
lytic activity. Thiophene-poisoned beds 
are not regenerable. Reduction of the bulk 
sulfide is reaction controlled below and 
diffusion controlled above 550°C. Reduc- 
tion above 600°C is also harmful since the 
support forms a “skin” over the nickel 
surf ace. 
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