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Abstract
The relative performance of two biofilm-based airlift reactors using different kinds 
of packing materials and one fixed bed biofilm reactor with a homemade packing 
material of high specific area (~ 1000 m2/m3) was addressed. The bioreactors oper-
ated under ferrous iron loading rates in the range of 8–120 mol Fe(II)/m3 h. Acidith-
iobacillus ferrooxidans cells immobilized in the three bioreactors afforded the reac-
tions for an extended period of 120 days of continuous operation at the dilution rates 
of 0.2, 0.4, 0.7, 1 and 1.2 h−1. The maximum ferrous iron oxidation rates achieved in 
this study at a hydraulic residence time of 1.2 h were about 91, 68 and 51 mol Fe(II)/
m3 h for the fixed bed, airlift1, and airlft2 bioreactors. The performance data from 
the fixed-bed bioreactor offered a higher potential for ferrous iron oxidation because 
of fast biofilm development, the formation of a thick biofilm, and lower sensitivity 
to shear, which enhanced the startup time of the bioreactor and the higher reactor 
productivity. Proper kinetic models were also presented for both the startup period 
and the steady-state process.
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Introduction

Bioleaching is an established technology for the minerals engineering in which 
the activity of chemolithotrophic bacteria facilitates the extraction of metals from 
the corresponding (sulfide) ores into the solution [1–4]. Bioleaching is particu-
larly suited to the processing of low-grade refractory ores of, e.g., copper and 
nickel, and mineral concentrates that cannot be treated by conventional smelt-
ing, pressure oxidation, and roasting [5–12]. The underlying mechanism involves 
the chemical leaching of the mineral by ferric iron, resulting in the formation 
of ferrous iron, which is subsequently oxidized to ferric iron in the presence of 
microorganisms [13–15]. Hence, the bioleaching of sulfide minerals consists of 
two independent chemical and biological sub-processes [13, 16].

The dominance of the cyclic two-step bioleaching mechanism suggests that the 
biological and chemical sub-processes may be studied and optimized separately 
toward higher productivity. As two examples, one may note that the chemical oxi-
dation can be enhanced by thermal activation under the optimum surface poten-
tial, and the biological stage can be intensified with immobilizing of the ferrous 
iron-oxidizing bacteria [17, 18].

Process intensification schemes can always be pursued for higher performance 
of the established technologies throughout the chemical industry [19–27]. Although 
the bioleaching process is beneficial for climate change mitigation, the slow kinet-
ics of the reactions in this process has to be improved for successful implementa-
tion [17], which in turn requires the optimization of the process with respect to the 
influencing parameters [28]. A critical solution to this problem is the decoupling and 
optimization of the sub-processes independently [17]. Process decoupling is particu-
larly important in the present case: although high temperature and vigorous mixing 
favor the reaction kinetics at the chemical stage, they will be detrimental to the life-
time and operation of microorganisms at the biological stage. A third motivation 
for the decoupling is the fact that fine particles which enhance the leaching rate in a 
chemical process restrict the effectiveness of the biofilm holdup due to a carryover 
of the microorganisms. An illustrative diagram of such a decoupling for the case of 
chalcopyrite is shown in Supplementary Material, Fig. S1, in which the focus of the 
present study (the biological stage) has been highlighted.

The application of biofilm reactors in the vital biological step can offer sev-
eral advantages over bioreactors with suspended cells. The immobilization ena-
bles reactor operation at high biomass concentrations, leading to high volumet-
ric productivity, the principal factor that affects the cost-effectiveness of relevant 
industrial processes. Furthermore, in the integrated process for copper extraction 
from chalcopyrite, the regenerated  Fe3+ solution is recycled to the chemical oxi-
dation step, where the bacteria might be exposed to high temperature. It is there-
fore required to prevent the bacteria from entering the first stage. The controlled 
entrance can be achieved without an external separator in cases where a biofilm-
type reactor is employed in the second stage.

Several studies demonstrate the successful immobilization and high rates 
using the packed bed, fluidized bed, and airlift bioreactors. Various inert carrier 
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materials have been applied as the support matrix to the biofilm development, 
including activated carbon, ion-exchange resin [29], glass beads, low-grade ore 
[30], polystyrene, polyurethane, nickel alloy fiber [31], siliceous stone particles 
[32], polyurethane foam [33], and poly(vinyl alcohol) cryogel [17]. Among them, 
plastic media are the most frequently used materials as the biofilm support in the 
biofilm-based bioreactors.

The ability of bacterium Acidithiobacillus ferrooxidans to form biofilms on dif-
ferent carrier materials is quite promising for increasing the iron(II) biooxidation 
rate and the development of a high-performance compact bioreactor system for a 
full-scale implementation of metal leaching technologies as well as the purification 
of gases containing sulfur compounds and acid mine drainage treatment [34–37]. 
However, most of the investigations on the biofilm-based ferrous iron oxidation sys-
tems have been reported with different bioreactors at different scales. It is, therefore, 
difficult to compare the results of different studies, and they do not provide the quan-
titative data required for the design of a large-scale reactor for the bioleaching of 
the sulfide mineral; meanwhile, the disadvantages are not often recognized and are 
rarely made available to third parties.

In this work, the kinetics of the biological oxidation of ferrous iron was investi-
gated using Acidithiobacillus ferrooxidans bacteria in three continuously operated 
biofilm-based bioreactors. Two reactors were based on an internal loop airlift system 
using polystyrene (PS) granules and polyvinyl chloride (PVC) particles as the car-
rier materials, and the third one was a fixed bed reactor with a homemade, high spe-
cific area, polyethylene (PE) packing for the biofilm formation. As far as the authors 
are aware, the present report is the first in addressing the performance of such differ-
ent bioreactor systems at identical conditions. Moreover, the volume of the reactors 
was designed to be larger than most of the previous works to approach large-scale 
insights into the process at hand. Meanwhile, the oxidation kinetics is addressed for 
both the startup period and the steady-state operation.

Materials and methods

Reactor and operation conditions

Three laboratory-scale biofilm bioreactors were used for the experiments (two air-
lifts and one fixed bed systems). For the fixed-bed bioreactor, a column (reactor) 
with a liquid volume of 1.5  L with homemade PE packing with the specific area 
of ~ 1000 m2/m3 was used. For the airlift systems, two bioreactors with the sizes of 
1.5 L were employed, which contained small PS and PVC particles as the carrier 
materials. The vertical columns of the reactors were made of double-glazing glass 
with a pathway for the heating/cooling liquid to fix the temperature at 31 ± 1 °C. The 
pH and redox potential in the reactors were continuously monitored. The pH of the 
liquid in the reactors was measured, but not controlled. However, they were main-
tained at the required pH by controlling the pH of the feed influent to the reactor 
using a 2 M sulfuric acid solution. The pH in the feed solution was set to 1.4 ± 0.1. 
The resulting pH of the liquid in the reactor was in the range of 1.4–1.6. The airflow 
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rate was set to 6 ± 1 L/min utilizing a rotameter. Before entering the reactor, the air 
was led through a humidifier to minimize evaporation. The air was sparged with a 
silicon tube sparger.

PS and PVC particles with a density of 1.027  kg/L and the mean diameter of 
1 mm were used in the airlift reactors. For both cases, the concentrations of parti-
cles were 5% of the total volume. Under these conditions, the carrier materials have 
been suspended in the airlift reactors. Before running the systems, the particles were 
treated with 0.1 N  H2SO4 solution for 2 days and washed until neutral to remove the 
acid soluble salts. For the fixed bed system, a packing material with the specific sur-
face of 1000 m2/m3 and the density of 0.814 kg/L was used, and the treatment was 
the same as in the other reactors.

Microorganism and media

A defined pure culture of A. ferrooxidans (PTCC1646) was used as inoculums, 
obtained from Iranian Microbial Culture Collection in Tehran, Iran. Further details 
on the microbial identification and study of the competition between the two main 
iron-oxidizing microorganisms, Acidithiobacillus ferrooxidans and Leptospirillum 
ferrooxidans, using the fluorescence in situ hybridization (FISH) technique, can be 
found in our previous study [1]. The composition (in g/L) of the medium for an influ-
ent  Fe2+ concentration of 33.3 g/L with  FeSO4·7H2O was as follows:  (NH4)2SO4, 
0.3;  K2HPO4, 0.3;  MgSO4·7H2O, 0.3. The pH value was set with the 1 M  H2SO4 
(Merck) solution to the required levels. In the subsequent steps, the concentrations 
of the medium were doubled and tripled to check the effects of suspended and fixed 
biofilm configurations on the performance of the systems.

Analytical procedures

On-line redox-potential measurements were used to identify the oxidation perfor-
mance of the reactor. The dissolved oxygen (DO) was measured discontinuously as 
the continuous measurement of DO was not convenient due to the precipitation and 
low pH effects. Total iron and  Fe2+ concentrations were determined by the colori-
metric ortho-phenanthroline method, following the standard method D1068 from 
the American Society for Testing and Materials (ASTM). At low ferrous iron con-
centrations, the background color of the ferric iron in the sample caused an error in 
the colorimetric measurement; therefore, these measurements had to be corrected 
by measuring the absorbance of a blank sample into which no ortho-phenanthroline 
had been introduced.

Kinetic modeling

The logistic equation has been widely employed to model both batch and continuous 
cell growth kinetics in biooxidation and other biological systems [38–51]. Here, we 
used the extended Prout–Tompkins model [52–55] as a generalized logistic equation 
as follows for the startup kinetics.
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Here x is the time-dependent conversion [%], xm is the maximum conversion 
[%], t represents the time on stream [h], b is the negative of the conventional 
reaction rate constant  [h−1], c represents an arbitrary shift in time [h], and ω is a 
shape parameter [–]. When appropriately differentiated, this equation becomes:

For a mixed-flow (chemostat) bioreactor, Eq.  2 can be reformulated as 
follows:

For the steady-state conditions, we employed an equation similar to the 
Jones–Kelly model [56]:
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Fig. 1  Time-dependent evolution of the ferrous iron conversion in the three packed and airlift bioreactors 
during the startup period at 31 ± 1 °C with immobilized A. ferrooxidans; the Fe(II) feed concentration 
was constant at 0.04 M, the airflow rate was 6 ± 1 L/min, and the pH of the feedstock was set to 1.4 ± 0.1. 
The concentration data were estimated to remain accurate within ± 1.3%
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Here − rFe2+ is the overall ferrous iron oxidation rate [mol/(L h)],  [Fe2+] is the 
concentration of ferrous iron [mol/L], k is the maximum oxidation rate [mol/
(L  h)], Km is the substrate affinity constant [mol/L], and Ki denotes the ferric 
product inhibition constant [–]. It is noteworthy that Eq. 4 is written in terms of 
the reaction volume and, therefore, we have:

Here qFe2+ is the bacterial specific ferrous-iron utilization rate [mol/(mol 
X·h)], qmax is the maximum bacterial specific utilization rate [mol/(mol X h)], 
and [X] represents the cell concentration [mol X/L].

Equation  4 was applied to the reaction rate data from airlift and packed 
bed bioreactors with appropriate mass balance equations. Finally, the best set 
of kinetic parameters was obtained by the minimization of the sum of squared 
errors of the model predictions as the objective function (OF):

Here the superscripts exp and mod refer to the experimental and model values 
of time-dependent concentration.

Results and discussion

Bioreactors startup performance and biofilm formation

During the startup period, the reactors were filled with a 0.04 M ferrous solution and 
were inoculated with A. ferrooxidans at an initial dry weight (DW) concentration of 
10 mg DW/L. Initially, the bioreactors were operated in batch mode with a constant 
aeration rate of 5 L/min, corresponding to a superficial air velocity of 0.06 m/s, to 
keep high DO concentrations in the bulk liquid phase. Following the accomplish-
ment of 95% conversion of ferrous iron, continuous feeding was initiated with the 
ferrous iron concentration of 0.04 M. The residence time in all reactors was adjusted 
to 5 h, which is much shorter than the residence time corresponding to the critical 
(washout) dilution rate of A. ferrooxidans to stimulate the biofilm formation (16 h). 
The time courses of ferrous iron conversions during this period (over 40  days of 
operation) for all three reactors are illustrated in Fig. 1.

(5)− rFe2+ = qFe2+[X] and k = qmax[X]

(6)OF =
∑

(

[

Fe2+
]exp

−
[

Fe2+
] mod

)

Table 1  Kinetic constants of the 
startup period obtained from the 
fit of the reaction rate data to 
the extended Prout–Tompkins 
model

Units: b  (h−1), c (h), ω is dimensionless

Reactor ω b c R2

Packed 0.5786 − 0.0383 150.2088 0.9984
Airlift 1 − 0.6120 − 0.0047 – 0.9996
Airlift 2 − 0.7570 − 0.0016 – 0.9996
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During this transient period, the ferrous iron loading rate of all reactors was kept 
constant at 8 mol/m3 h. Fig. 1 shows that the ferrous iron conversion in all reactors 
increased as the biomass concentration started to increase because of the biofilm 
formation. The sharp increase in the ferrous iron conversion in the packed-bed reac-
tor can be postulated to be a consequence of low shear and the establishment of thin 
ferric iron precipitation on the surface of the carrier materials, which stimulate the 
biofilm development. The batch tests at the end of the startup period revealed that 
more than 95% of the biological activity in all reactors occurred in the immobilized 
biomass, which confirmed the active biofilm formation in all reactors.

The startup kinetic parameters are shown in Table 1. Ideal mixed-flow and plug-
flow reactor models were assumed for the airlift and fixed-bed bioreactor systems. 
As indicated by the coefficients of multiple determination and the fits to the experi-
mental data points (Fig. 1), the generalized logistic equation has given an excellent 
fit to both airlift and packed bed sets of data. Fig. 1 shows that the transient behavior 
of the microorganisms is highly dependent on the bioreactor system at hand.

Effect of loading rate in different bioreactors

Influence of the ferrous iron loading rate on the substrate uptake rate and conversion 
in different bioreactors was studied in detail by a stepwise augmenting of the feeding 

Fig. 2  Changes in the ferrous iron loading affected the ferrous iron conversion as a function of time in 
the packed-bed bioreactor at 31 ± 1 °C with immobilized A. ferrooxidans; the Fe(II) feed concentration 
was constant at 0.1 M after day 40, the airflow rate was 6 ± 1 L/min, and the pH of the feedstock was set 
to 1.4 ± 0.1. The concentration data were estimated to remain accurate within ± 1.3%
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rate. The inlet ferrous iron concentration was 0.04  M during the startup period, 
which was increased to 0.l M on day 40 and the entire operation period afterward 
was kept constant at 0.1 M. The operational feeding flow rate was increased step-
wise from 0.6 to 36 L/h, corresponding to the ferrous iron loadings of 8 to 120 mol/
m3·h or the dilution rates of 0.2, 0.4, 0.7, 1 and 1.2 h−1. The bioreactor was operated 
at each loading rate for at least five residence time intervals before the final steady-
state was assumed. Furthermore, the steady-state in the conversion was assumed 
only once the redox potential and the pH in the bioreactor became constant.

The results of the experiments for the packed reactor are shown in Fig.  2, in 
which the variation of the ferrous iron conversion with time due to the changes in 
the ferrous iron loading rate is presented. The steady-state conversion of ferrous iron 
was 99% at the loading rate of 8 mol/m3·h and was decreased to 97, 94, 85 and 76% 
as the loading rate was increased to 40, 70, 100 and 120 mol/m3 h.

Fig. 3 shows the corresponding steady-state ferrous iron oxidation rate and the 
residual ferrous iron concentration as a function of loading rate. At low loading 
rates of < 70 mol Fe(II)/m3 h, the ferrous iron oxidation rate increased linearly with 
the increase in the loading rate, while the conversion rate of  Fe2+ to  Fe3+ remained 
almost constant at a value above 95%. At high loading rates, the biomass concen-
tration limited the increase in the ferrous iron oxidation rate. As a result, the out-
let ferrous iron concentration increased. Notably, when the loading rate was further 

Fig. 3  Steady-state ferrous iron oxidation rate and the residual ferrous iron concentration as a function 
of ferrous iron loading rate in the fixed-bed biofilm bioreactor at 31 ± 1  °C with immobilized A. fer-
rooxidans; the Fe(II) feed concentration was constant at 0.1 M after day 40, the airflow rate was 6 ± 1 L/
min, and the pH of the feedstock was set to 1.4 ± 0.1. The concentration data were estimated to remain 
accurate within ± 1.3%
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increased to 100 and 120 mol  Fe2+/m3 h, the ferrous iron conversion efficiency was 
decreased significantly to 71 and 63%.

The results of the experiments with the airlift bioreactor 1 are shown in Fig. 4, in 
which the variation of the ferrous iron conversion with time due to the change in the 
ferrous iron loading rate is presented. The steady-state conversion of the ferrous iron 
was 98% at the loading rate of 8 mol/m3·h, and it was decreased to 91, 79, 66 and 
57% as the loading rate was increased to 40, 70, 100 and 120 mol/m3 h.

Fig. 5 shows the corresponding values of the obtained steady-state ferrous iron 
oxidation rate and the residual ferrous iron concentration as a function of loading 
rate. At low loading rates of < 40 mol  Fe2+/m3 h, the ferrous oxidation rate increased 
linearly with increasing of the loading rate, while the rate of conversion of  Fe2+ to 
 Fe3+ became almost constant at loading values above 40  mol  Fe2+/m3 h. At high 
loading rates, the biomass concentration limited further increase in the ferrous oxi-
dation rate; as a result, the conversion of ferrous iron was hampered. When the fer-
rous iron loading rate was increased from 70 to 100 and 120  mol  Fe2+/m3 h, the 
ferrous iron conversion efficiency was decreased remarkably from 66 to 54 and 47%.

The results of the experiments with the airlift bioreactor 2 are shown in Fig. 6, in 
which the variation of the ferrous iron conversion with time due to the change in the 
ferrous iron loading rate is presented. The steady-state conversion of the ferrous iron 
approached ca. 96% at the loading rate of 8 mol/m3·h, which was further decreased 
to 92, 71, 51 and 43% as the loading rate was increased stepwise to 40, 70, 100 and 
120 mol/m3 h.

Fig. 4  Changes in the ferrous iron loading led to corresponding changes in the ferrous iron conversion 
as a function of time in the airlift bioreactor1 at 31 ± 1 °C with immobilized A. ferrooxidans; the Fe(II) 
feed concentration was constant at 0.1 M after day 40, the airflow rate was 6 ± 1 L/min, and the pH of the 
feedstock was set to 1.4 ± 0.1. The concentration data were estimated to remain accurate within ± 1.3%
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Fig. 7 shows the corresponding values of the obtained steady-state ferrous iron 
oxidation rate and the residual ferrous iron concentration as a function of loading 
rate. From Fig.  7, two regimes could be distinguished. At low loading rates, par-
ticularly at < 40 mol  Fe2+/m3 h, the ferrous oxidation rate increased linearly with 
increasing loading rate, while the rate of conversion of  Fe2+ to  Fe3+ remained almost 
constant at a value around 90%. At high loading rates, the biomass concentration 
limited the increase in ferrous oxidation rate, and thus the conversion of ferrous iron 
was hampered. When the ferrous iron loading rate was increased from 70 to 100 and 
120 mol  Fe2+/m3 h, the ferrous iron conversion efficiency was decreased remarkably 
from 71 to 51 and 43%.

Kinetic modeling of bioreactors under steady‑state conditions

As mentioned previously, the Jones–Kelly model was applied to the packed-bed and 
moving-bed bioreactors, assuming that they operate as ideal plug-flow and mixed-
flow reactors. Fig. 8 shows the parity plot for the goodness-of-fit of the model equa-
tions to the experimental rate data. Fair correspondence has been obtained between 
the models and the experimental data. Table 2 further shows the obtained kinetic 
parameters. Although the inhibition constants have been mainly the same for all 

Fig. 5  Steady-state ferrous iron oxidation rate and the residual ferrous iron concentration as a function 
of ferrous iron loading rate in the airlift bioreactor1 at 31 ± 1  °C with immobilized A. ferrooxidans; 
the Fe(II) feed concentration was constant at 0.1 M after day 40, the airflow rate was 6 ± 1 L/min, and 
the pH of the feedstock was set to 1.4 ± 0.1. The concentration data were estimated to remain accurate 
within ± 1.3%
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three bioreactor systems, the relative magnitude of maximum ferrous iron utilization 
constant to substrate affinity varied in the order of airlift 1 ~ airlift 2 ≪ packed, which 
suggests the higher potential of the packed-bed bioreactor compared to the airlift 
counterparts investigated here. The faster drop in the  Fe2+ concentration with the 
former bioreactor, as shown in Fig. 9, is another presentation of this privilege.

Advancement and concluding remarks

Finally, we may compare the results with those published previously. Table  S1 
contains the optimum values obtained in the present study with those reported 
previously with different bioreactor systems. A reaction rate of 3.8  g/L h was 
accomplished using the airlift reactor with the PVC support matrix. An even 
higher maximum oxidation rate (5.5 g/L h) has been achieved using the packed-
bed bioreactor with the PE packing at the pH level of 1.4, which is obviously 
higher than the highest value (3.3  g/L  h) reported previously with an ion-
exchange resin within the same type of reactor at comparable pH values of 
1.3–1.5. This difference confirms that improvement has been made in the effi-
ciency of the biooxidation of the ferrous ion using a more suitable packing mate-
rial compared to ion-exchange resin or PVA, thus taking one step forward in 
the field from a practical point of view. Notably, the packing used in the present 
study for the fixed-bed operation is capable of being scaled-up over long-range 

Fig. 6  Changes in the ferrous iron loading affect the ferrous iron conversion as a function of time in 
the airlift bioreactor2 at 31 ± 1 °C with immobilized A. ferrooxidans; the Fe(II) feed concentration was 
constant at 0.1 M after day 40, the airflow rate was 6 ± 1 L/min, and the pH of the feedstock was set to 
1.4 ± 0.1. The concentration data were estimated to remain accurate within ± 1.3%
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implementations when compared to the earlier systems using, e.g., glass beads 
as the packing. It may be conceived that the employed microorganism has been 
effectively trapped in the small pores of the packing, thus forming an ideal bio-
film inside the fixed-bed bioreactor. The observed superior performance of the 
packed-bed bioreactor would be particularly impressive, taking into account that 
the oxygen transfer capacity of a packed bed reactor is expected to be lower than 
in an airlift reactor [1].

Conclusion

This article dealt with the relative performance of two biofilm-based airlift reac-
tors and one fixed bed biofilm reactor in the bioleaching of sulfide mineral for 
ferrous ion oxidation. Fe(II) loading rates in the range of 8–120 mol/m3·h were 
applied with Acidithiobacillus ferrooxidans cells immobilized on different pack-
ing materials in the three bioreactors. Successful continuous operation of the 
bioreactors was established over an extended period of 120 days. Two different 
(beginning and ending) regions concerning the loading rate were identified in 
most of the cases for the steady-state ferrous iron oxidation rate and ferrous iron 
concentration so that the operation reached almost a plateau after the conversion 

Fig. 7  Steady-state ferrous iron oxidation rate and the residual ferrous iron concentration as a function 
of ferrous iron loading rate in the airlift bioreactor2 at 31 ± 1  °C with immobilized A. ferrooxidans; 
the Fe(II) feed concentration was constant at 0.1 M after day 40, the airflow rate was 6 ± 1 L/min, and 
the pH of the feedstock was set to 1.4 ± 0.1. The concentration data were estimated to remain accurate 
within ± 1.3%
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rate of 95%. The maximum oxidation rates obtained in the present work at the 
hydraulic residence time of 1.2 h were 91, 68 and 51 mol/m3 h within the fixed 
bed, airlift1, and airlft2 bioreactors. On the other hand, the conversion of ferrous 
iron in the fixed bed bioreactor met 95% within 10  days in the startup period 
while the corresponding time in the airlift2 bioreactor exceeded 40 days. Hence, 
the fixed bed bioreactor was regarded superior to the airlift bioreactors at the 
same operating conditions owing mainly to fast biofilm development, the forma-
tion of a thick biofilm, and lower sensitivity to shear, which altogether extend 
the startup time and productivity of the bioreactor. Finally, the kinetics of the 
startup period was described satisfactorily using the generalized logistic equa-
tion. The steady-state kinetics of the three bioreactor systems was fairly described 
by the Jones–Kelly model with the assumptions of ideal mixed-flow and plug-
flow reactors.

Fig. 8  Parity plot for the quality of kinetic modeling of steady-state ferrous iron oxidation in the three 
bioreactors at 31 ± 1 °C with immobilized A. ferrooxidans; the Fe(II) feed concentration was constant at 
0.1 M, the airflow rate was 6 ± 1 L/min, and the pH of the feedstock was set to 1.4 ± 0.1. The concentra-
tion data were estimated to remain accurate within ± 1.3%

Table 2  Kinetic constants from 
the fit of the reaction rate data to 
the Jones–Kelly model

Units: k [mol/(L h)], Km (mol/L), Ki is dimensionless

Reactor k Km Ki R2

Packed 0.1151 0.0051 17.5836 0.9374
Airlift 1 0.4559 0.2227 17.5835 0.9580
Airlift 2 0.0762 0.0229 17.5837 0.9761
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