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ABSTRACT: Kinetic data concerning nickel oxide acid leaching from 
spent steam reforming catalysts are presented. Based on this data, a sigmoid 
model that describes nickel dissolution is presented. The model reveals that 
two steps are involved in Ni leaching: a first one with a time increasing 
reaction rate, corresponding to free NiO dissolution, and a second one with 
a time decreasing reaction rate, attributed to the dissolution of the nickel 
oxide entrapped in the alumina crystalline structure. 
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INTRODUCTION 
 
Recycling, reuse or capitalization of spent catalyst from different areas (chemical 
industry, oil refining, etc.) is necessary at least from an environmental view point, 
unless economical benefits could not be achieved. While literature abounds in “recipes” 
for nickel reclaiming from the rich nickel spent catalysts [1 - 6], there is a lack of kinetic 
data, needed for designing rational recovery technologies. It is also known that, till now, 
there is no available technology able to process economically spent catalyst with low 
content (below 10% mass) of nickel and cobalt, these catalysts being piled in abandoned 
oil refineries, waiting for further processing [7 - 13]. 
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The aim of the paper is to bring several kinetic data regarding to the acid leaching of 
low nickel content spent steam reforming catalysts, and to suggest a nickel dissolution 
mechanism. 
 
 
EXPERIMENTAL 
 
The tested spent catalyst is a steam reforming catalyst consisting in NiO on a a-Al2O3 
support. The catalyst has been sampled from an industrial ammonia plant after about 
20,000 hours in operation. The main characteristics of the catalyst are shown in Table 1. 
 

Table 1. Characteristics of the spent steam reforming catalyst 
Characteristic Value 

Apparent density, kg.m-3 1881.67 
Bulk density, kg.m-3 780.70 
Axial compression strength,  MPa 10.06 - 19.80 
Nickel (NiO) content, mass percent 5.87 (7.47)* 
Aluminum (Al2O3) content, mass percent 36.42 (68.82)* 
Insoluble in aqua Regis, mass percent 3.21 

* - for the fraction with 0.04 mm < dp < 0.10 mm 
 

The catalyst average sample was grounded, milled and sorted, the granules having the 
diameter 0.04 mm < dp < 0.10 mm being used for the kinetic study.  A laboratory 
installation containing a thermostated batch stirred tank reactor was used for leaching 
the catalyst with sulfuric acid solutions. The installation is described in [14] and the 
working technique in [15]. Parameters kept constant during tests are shown in Table 2, 
their values being previously established [16, 17]. 
 

Table 2. Constant parameters in the acid leaching process 
Parameter Value 

Sulfuric acid initial concentration, mass percent 60 
Catalyst particles average diameter, mm 0.07 
Liquid : Solid ratio (LSR), mL/g 50 
Mixing revolution, rpm 600 

 
The influence of temperature (293 - 368 K) upon the nickel dissolution degree (?NiO) 
has been studied. The nickel dissolution degree has been defined as [15]: 
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RESULTS AND DISCUSSIONS  
 
Based on the experimental measured nickel ions concentration from the liquid phase 
[18], the ?NiO values have been calculated and the time - dissolution degree curves for 
different temperatures have been drawn (Figure 1).  
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Fig. 1. Primary kinetic curves ?NiO - t  
 
Apparently, the nickel oxide dissolution occurs fast, without being influenced by the 
dissolution of the alumina from the catalyst’s support [18, 19]. Nevertheless, the 
particular shape of the kinetic curves allows us to analyze in-depth the catalyst acid 
leaching mechanism. The kinetic curves that describe nickel dissolution have a sigmoid 
shape, shape that accentuates with the temperature. It is obvious that the higher the 
temperature and the longer the reaction time, the greater the nickel dissolution degree. 
At long enough reaction times, regardless the temperature, ?NiO trends to a constant 
value. It seems that the equilibrium of the reaction: 

     NiO + H2SO4 →←  NiSO4 + H2O         (2) 

is going to be reached. As it can be seen from graph, the equilibrium is reached before 
all the NiO from the spent catalyst is dissolved in the acid environment. About 20 to 50 
percent of the nickel from the catalyst is bonded in more stable and less reactive 
structures than NiO. 
The sigmoid shape of the ? - t curves indicates that nickel dissolution occurs in two 
steps: 

- in the first step, the reaction rate increases to a maximal value (corresponding 
with the inflexion point of the kinetic curve); 

- in the second step, the reaction rate decreases to zero (corresponding to the 
horizontal part of the curve, where ?NiO = constant ). 

Using the CurveExpert® computer simulation program [20], a sigmoid equation with 
four parameters was chosen as the best fit for the experimental ? - t data. The equation, 
known as the “MMF Model” could be written as: 
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where a, b, c and d are constants specific to each kinetic curve (Table 3). 
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Table 3. Parameters a – d from equation (3) 
Temp. 

[K] a x 103 b x 10-6 c d R2 

293 10.964766 0.3940978 0.34307442 2.8073622 0.9978 
313 17.017204 24.606017 0.51452975 3.9373804 0.9987 
333 9.865436 0.12969573 0.70756738 2.8985886 0.9998 
353 11.713538 0.05443033 0.79034072 2.8932601 0.9987 
368 17.062014 0.13631437 0.81134274 3.3871209 0.9997 

 
Figure 2 presents the ? - t data plotted according to the MMF sigmoid model (lines) 
compared with experimental data (points). As expected (due R2 values greater than 
0.995) a very good theoretical - experimental correlation can be observed. 
 

 
Using the MMF model, the time variation of ?NiO was determined, by the derivation 
upon time of the equation (3): 
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Because b >> a, we may admit that (b - a) ~ b, and equation (4) becomes: 
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Fig. 2. Comparison between experimental data and MMF model 
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Based on equation (5), rNiO = f(t) curves at different temperatures have been plotted 
(Figure 3). 

 
As shown in fig. 3, the following observations can be mentioned: 

- between 293 - 368 K, the 1st order derivates of the kinetic curves reach a 
maximum value; 

- the higher the temperature, the higher the maximum value of the kinetic curves’ 
1st order derivate; 

- the higher the temperature, the shorter the time for reaching the maximum value 
of the kinetic curves’ 1st order derivate. 

An exponential correlation between the reaction rate of NiO, rNiO (the 1st order derivate 
of the kinetic curve) and temperature can be obtained (Figure 4): 
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Also, a linear dependence between the reaction temperature and the time to reach the 
maximum value of rNiO (tmax) may be written as (Figure 5): 

  45.2766851.0max +⋅−= Tτ          (7) 

Based on the previous observations, we may assume that nickel dissolution from the 
catalytic structure is a complex process, formed by at least two steps: 

- a first step, when reaction rate rNiO increases from zero to a maximal value; 
- a second step, when reaction rate rNiO decreases from the maximal value to zero. 
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Figure 3. Derivated kinetic curves 
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As for pure NiO dissolution in sulfuric acid solutions there is no such behavior [21], we 
may charge this particular behavior to the form in which nickel is bonded in the 
catalyst’s structure. 
Literature data show a different reduction behavior of pure nickel oxide and Al2O3 
supported nickel oxide respectively [22 - 28]. Spectra of various NiO - Al2O3 systems 
indicated that at least four different types of bonded nickel exist [32, 33]: 
 

I Ni2+ ions in NiO network, fully reducible up to 673 K; 
II Ni2+ ions in NiO network, partially reducible up to 673 K, fully reducible up to 

1073 K; 
III Ni2+ ions in the Al2O3 network, irreducible up to 673 K, reducible up to 1073 K; 
IV Ni2+ ions in the Al2O3 network, hardly reducible (about 10%) up to 1073 K; 

 
With respect to this classification, we can assume that the first step of the nickel 
dissolution, with increasing rate, is due to the nickel ions from the NiO network (I and 
II), and the second step of the nickel dissolution, with decreasing rate, is due to the 
nickel ions from the Al2O3 network (III). 
The first step of the nickel dissolution occurs fast and is independent of Al2O3 
dissolution. This step is evolving parallel with the dissolution of the reactive Al2O3 
forms, such as gamma-alumina. 
The second nickel dissolution step is conditioned by the breaking of the alumina 
crystalline network. The dissolution rate of NiO decreases, ?NiO increases slowly, 
tending to a constant value. New quantities of nickel are dissolved as the reaction 
between Al2O3 and H2SO4 advances.  
Even at high temperatures (353 - 368 K), and for a long reaction time (120 - 150 
minutes), the dissolution degree of nickel remains steady, despite the fact that the solid 
structure still contains about 20% from the initial nickel quantity. This type of nickel 
(IV) is bond in extremely stable and hardly reactive spinnelic combinations (i.e. 
NiAl2O4). To destroy them and to dissolute the spinnelic nickel, high pressures and 
temperatures have to be applied to the catalyst - acid system [34 - 38]. 
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CONCLUSIONS 
 
The kinetics of spent nickel based steam reforming catalysts acid leaching has been 
studied. The study allowed the elaboration of an empirical sigmoid model with four 
parameters that correlates best experimental data. 
According to the proposed model, the nickel dissolution from NiO/a-Al2O3 spent 
catalysts takes place in two steps: the fast dissolution of free Ni and NiO species - 
independent of Al2O3 dissolution and the slow dissolution of NiO entrapped in the 
alumina network, strongly dependent of Al2O3 dissolution. 
For the second step of the leaching process, higher temperatures and longer reaction 
times are needed; despite this, spinnelic nickel can be dissolved only at extreme 
temperatures and pressures. 
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