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a b s t r a c t

The Strong Electrostatic Adsorption (SEA) method was applied to the rational design of a promoted Co
catalyst for Fischer–Tropsch (FT) synthesis. A series of Mn/Co/TiO2 catalysts were prepared by selective
deposition of the [MnO4]� anion onto the supported Co3O4 phase. Qualitative ICP-OES and XPS measure-
ments of the prepared catalysts with increasing Mn loading displayed the preferential association of the
Mn species with Co3O4 and not the TiO2 support. The SEA preparation method seemed to minimize the
migration of Mn away from the Co to the TiO2 support during reduction procedures to ensure a more inti-
mate interaction between the Mn and the Co species during FT reactivity measurements. This led to an
increase in light olefins, C5+ selectivity and chain growth probability. It is anticipated that the SEA prep-
aration method is a viable synthesis strategy for other promoted and/or bimetallic catalyst systems
where intimate contact between the catalyst components is highly desired.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Promotion of heterogeneous catalysts is a ubiquitous, but
poorly understood phenomenon. The key in producing an effective
promoted metal catalyst lies in the intimate promoter–metal inter-
action, as catalyst promotion is a local effect. Current industrial
methods of catalyst preparation, such as sequential impregnation,
co-mulling or co-precipitation, are not capable of ensuring this
close contact between promoter and metal.

Schwarz proposed that one could utilize the electrostatic inter-
actions between a metal ion and a charged support to direct the
adsorption of a metal ion over surfaces containing two oxide frac-
tions [1–3]. The concept behind this technique has been refined by
Regalbuto et al., coined as the Strong Electrostatic Adsorption (SEA)
method, which has been successfully applied to prepare highly dis-
persed, monometallic catalysts on a wide variety of oxide and car-
bon supports [4–7]. The naturally occurring hydroxyl (–OH) groups
on the surface of an oxide become protonated or deprotonated
when the contacting solution pH is acidic or basic, respectively.
These charged hydroxyl groups are then able to attract metal com-
plex ions in solution of opposing charge. The density of the charged
hydroxyl groups on the oxide surface depends on its Point of Zero
ll rights reserved.
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Charge (PZC), i.e., the pH at which the surface is neutrally charged.
Demonstrated as a function of surface potential in Fig. 1, metal oxi-
des having a basic PZC will have a greater density of positively
charged sites in an acidic medium and will readily adsorb an anio-
nic complex and vice versa. This lays the groundwork to perform
selective adsorption over mixed metal oxide supports and even
after common calcination and reduction procedures are employed,
strong interaction between the promoter and metal often still
exists.

In the current work, we examine the potential of the SEA prep-
aration method for the synthesis of improved Mn-promoted Co-
based Fischer–Tropsch (FT) catalysts. Exploration toward new
transportation fuel alternatives, driven by the construction of
new FT plants by several major corporate players [8–10], has
brought resurgence in the research to improve FT catalyst selectiv-
ity. Supported Co catalysts have been shown to be superior for the
creation of long-chained hydrocarbons from syngas with minimal
water-gas shift activity [11]. As a promoter, Mn, in relatively high
Mn:Co ratios, has demonstrated an increase in the selectivity to-
ward longer chained hydrocarbons, particularly light olefins, by
suppression of methane formation when in close association with
the supported and unsupported Co phase [12–16]. In a similar sys-
tem as presented here, but with the addition of Mn to a Co/TiO2

catalyst (7 wt.% Co) by dry impregnation, Morales et al. described
additional promotion effects, electronic and structural, that Mn
adds to the Co/TiO2 FT system [16–20]. They observed a character-
istic increase in C5+ selectivity and light olefin production when
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Fig. 2. PZC determination (indicated by the plateau [24]) of support materials at the
high oxide surface loading of 10,000 m2/L.

Fig. 1. Schematic of the selective adsorption of a metal complex by SEA, depicted as
a function of surface potential.
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approaching a 3 wt.% MnO loading, but they also proposed that Mn
increased turnover frequency (TOF), stabilized larger Co particles
for an enhancement of activity and prevented negative effects
caused by metal–support interactions [16,17]. However, they also
noted migration of the Mn away from the Co to the TiO2 support
during reduction procedures minimizing promoter–metal contact
[18,19]. Our SEA preparation method looks to minimize this phe-
nomenon by creating an improved foundation to enhance Mn–Co
interactions.

By utilizing an electrostatic driving force, this paper will de-
scribe the systematic preparation of a supported promoted metal
catalyst, as the [MnO4]� anion will be selectively adsorbed onto
the Co3O4 (PZC = 8) fraction and not onto the TiO2 (PZC = 3.7) sup-
port. The nature of the adsorption will be analyzed by UV–Vis spec-
troscopy and ICP-OES, while XPS, TPR, H2 chemisorption and FT
reactivity measurements will provide a well-rounded analysis on
the effects of the catalyst preparation method used to enhance
the interaction between Mn and Co in Mn/Co/TiO2 FT catalysts.
2. Experimental

2.1. Adsorption experiments

Pure Co3O4 (BET surface area = 49 m2/g) was prepared by the
thermal decomposition of Co(CO)3�xH2O (Aldrich, 43–47%) at
350 �C for 24 h (5 �C/min ramp) [21]. The supported Co3O4 on
TiO2 (Aeroxide P25, BET surface area = 54 m2/g) was performed
via the homogeneous deposition precipitation [22] using Co(N-
O3)2�6H2O (Merck, p.a.) as the precursor and urea (Acros, p.a.) as
the precipitating agent as outlined by Morales et al. [16]. The fil-
tered and washed solid was dried at room temperature overnight
followed by calcination at 400 �C for 4 h (5 �C/min ramp). The for-
mation of Co3O4 was confirmed with powder X-Ray diffraction
(XRD) using a Bruker-AXS D8 diffractometer equipped with Co
Ka radiation source (k = 1.789 Å). The resulting material has a
BET surface area of 58 m2/g and a PZC of 6.3, which understandably
lies between the PZCs of its bulk counterparts (Fig. 2).

Prior to the adsorption experiments, UV–Visible (UV–Vis) spec-
troscopy experiments were performed using a Varian Cary 50 spec-
trophotometer equipped with a Hellma immersion probe to
monitor the behavior of KMnO4 (Fluka, p.a.) in an acidic medium.
The stability of the [MnO4]� anion was of concern in the presence
of HCl due to its known decomposition to tetra-, tri- and di-valent
Mn compounds [23]. UV–Vis spectra of 200 mg/L Mn, as KMnO4,
solutions were recorded as a function of pH, ranging from 0.25 to
neutral, after being shaken for 1 h. UV–Vis spectra on the stability
as a function of time at pH 1, the predetermined optimal uptake pH
of [MnO4]� on Co3O4, were also analyzed.

Equilibrium adsorption experiments were performed at a sur-
face loading, i.e., the total material surface area in solution, of
1000 m2/L in excess liquid to prevent large shifts in the solution
pH due to the oxide buffering effect [24]. The pH-adjusted solu-
tions of KMnO4 were contacted with Co3O4, TiO2 and Co3O4/TiO2

supports and shaken for 1 h, after which �5 mL of filtered solution
was analyzed for Mn concentration using a Perkin–Elmer Induc-
tively Coupled Plasma-Optical Emission Spectrometer (ICP-OES).
Mn uptake was determined as the difference in concentration be-
tween the pre- and post-contacted solutions. Additionally, ICP
measurements for Co dissolution in the acidic medium were also
performed, but proved negligible, concluding that the supported
and unsupported Co oxides were stable.
2.2. Catalyst preparation and characterization

After determination of the optimal uptake pH, the supported
Co3O4/TiO2 material was loaded with increasing amounts of Mn
as listed in Table 1 according to the adsorption experiments de-
scribed above using various solutions with KMnO4 as precursor.
Weight loadings in Table 1 reflect the assumed final reduced states,
Co0 and MnO. After filtration of the solid, which were performed
under the hood due to liberation of Cl2 gas, the samples were dried
at room temperature overnight and calcined at 350 �C for 4 h.

Powder XRD was again employed to evaluate Co3O4 morphol-
ogy and crystallite size as a function of Mn loading (Table 1) via
the line broadening analysis of the 70.5� and 77.8� 2h reflections
by application of the Scherrer equation.

X-ray Photoelectron Spectroscopy (XPS), used to analyze the
surface of the calcined catalysts, was performed in a Kratos AXIS-
165 Surface Analysis System. XPS analysis was carried out with a
monochromatic Al X-ray source fitted with a charge neutralization
coil. The binding energies (BE) were referenced to the C 1s peak at
285 eV. The survey and element scans for the O 1s, Ti 2p, Co 2p and
Mn 2p core-level spectra were recorded.

Temperature Programmed Reduction (TPR) experiments were
performed on a Micromeritics Autochem 2920 using a TCD detec-
tor. After stabilization of the baseline, the reduction was carried
out at a heating rate of 10 �C/min in a 10% H2/Ar flow.



Table 1
Compositions and properties of the FT catalysts studied.

Sample Co (wt.%) MnO (wt.%) Co3O4 sizea (nm) XPS Co/Ti ratio H2 uptake (mmol/g)b

0.00MnCo 10.0 0.00 16.1 1.10 0.12
0.03MnCo 10.0 0.03 13.2 0.80 0.10
0.30MnCo 10.0 0.32 14.1 0.42 0.12
0.96MnCo 10.0 0.96 12.5 0.34 0.04
3.43MnCo 10.0 3.43 13.0 0.36 0.03

a Calculated from XRD results using Scherrer’s equation.
b Based on H2 chemisorption results.
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H2 chemisorption measurements were obtained using a
Micromeritics ASAP 2020 following the method reported previ-
ously [14,16]. The samples were first dried at 120 �C in a He flow
for 30 min and subsequently reduced in a 50% H2/He flow at
350 �C for 2 h (ramp = 5�C/min). As suggested by Reuel and Bar-
tholomew, the H2 adsorption isotherms were measured at 150 �C,
and calculations for the percentage Co dispersions were performed
assuming a complete Co reduction with the stoichiometry of one
hydrogen atom adsorbed per Co surface atom [25].

2.3. Catalyst testing

Fischer–Tropsch reactions of the Co/TiO2 and Mn/Co/TiO2 cata-
lysts were investigated under isothermal plug-flow conditions
achieved by diluting 50 mg of pre-sieved catalyst particles (0.2–
0.5 mm) with 200 mg SiC (0.2 mm) in a glass reactor. Catalyst pre-
cursors were reduced prior to reaction for 2 h at 350 �C in H2 at a
heating rate of 5 �C/min. Reactions were performed at 1 bar,
220 �C and a syngas flow of 12 mL/min (H2/CO = 2). Hydrocarbon
products were analyzed using a Varian CP-3800 gas chromato-
graph equipped with a Flame Ionization Detector (FID). Catalytic
performances were measured every 1 h for 20 h with selectivities
compared at �2% CO conversions.

3. Results and discussion

3.1. Permanganate stability and adsorption survey

UV–Vis measurements of the speciation of KMnO4 in solution
are shown in Fig. 3. The absorption bands of the [MnO4]� anion
contain a multiplet centered around 525 nm, a doublet around
320 nm and a shoulder around 240 nm. Fig. 3a represents the
Fig. 3. UV–Vis spectra of KMnO4 solution as a function of (a) pH and (b) time at pH
1.
changes in the spectra as a function of increasing HCl concentra-
tion. As the pH becomes increasingly acidic, beyond a pH 2, distinct
changes in the spectra are observed. At a pH of 1, there is the for-
mation of two new absorption bands at 225 and 275 nm. Upon
increasing acidity, the band at 225 nm diminishes and a new band
at 250 nm forms. In addition, the 275 nm band disappears with the
appearance of a shoulder around 340 nm. The spectrum is partially
deteriorated at the extreme pH of 0.25 where solid MnO2 was ob-
served to form. We also see that the 250 and 340 nm features are
still present, but the 225 and 275 nm contours disappear. This
coincides with the analysis of the spectra as a function of time in
Fig. 3b held at a pH of 1, the optimal uptake pH for Mn anion
adsorption. The formation of the same absorption bands at 225
and 275 nm is seen in Fig. 3a, but they slowly diminish with
increasing time indicating a transition from one species to another.
The main observation is that the characteristic peaks for perman-
ganate, around 525 nm, are effectively stable at the desired pH
after 24 h, although, solutions were only held a maximum time
of 15 min to before contacting it with the support.

KMnO4 is known to speciate when placed in an acidic solution
via the following pathways:

MnO�4 þ 8Hþ þ 5Cl� ! Mn2þ þ 2:5Cl2 þ 4H2O ð1Þ
MnO�4 þ 4Hþ þ 3Cl� ! MnO2 þ 2H2Oþ 1:5Cl2 ð2Þ

We already noted the presence of a brown solid forming in the solu-
tion at pH 0.25 as the formation of MnO2 as justified in Eq. (2). The
absorption bands at 225 and 275 nm have been reported as the
presence of Mn3+ species [23,26] complexed either in the [MnO2]�

or [MnCl4]� state. Thus, the appearance and disappearance of the
bands at 225 and 275 nm as the pH changes from 1 to 0.5 implies
a transition from a Mn3+ species to a Mn2+ species. The shoulder
appearing at 340 nm has been previously attributed to molecular
Cl2 [27]. However, a O�2 ! Mn3þ charge transfer has also been used
to explain this feature [28]. The complexes of the Mn3+ species that
form should not affect the adsorption of Mn, since they are still in
anionic state, but the presence of a Mn2+ cation at extreme pH will
affect the adsorption concentration. The speciation of Mn as a func-
tion of pH with respect to the surface charge of the oxide support is
illustrated in Fig. 4. The surface charge of the oxide was calculated
based on the Revised Physical Adsorption (RPA) model [29,30]. It is
clear that the Co3O4 contains a significantly higher density of posi-
tively charged sites than the TiO2 in the range where anionic Mn
species are present.

The permanganate adsorption results are shown in Fig. 5. The
maximum uptake on TiO2 was only 0.66 lmol/L Mn (0.16 wt.%
Mn) when a possible 3.39 lmol/L Mn (0.99 wt.% Mn) was dissolved
in solution (200 mg/L Mn). In comparison, Mn uptake on Co3O4

seems unbounded as it completely adsorbed 33.6 lmol/L Mn
(9.09 wt.% Mn) of a 2000 mg/L Mn solution. Supported Co3O4 com-
pletely adsorbed 200 mg/L Mn solution, which is roughly the same
Mn:Co ratio as the 2000 mg/L solution on pure Co3O4. The narrow-
ness of the uptake volcano and its peak maximum differ from pre-
vious results seen with the adsorption of a Pt anionic complex with



Fig. 4. Mn species present in solution as a function of pH with respect to oxide
surface charge.

Fig. 5. [MnO4]� pH vs. uptake survey over Co3O4, TiO2 and supported Co3O4/TiO2 at
a surface loading of 1000 m2/L.

Fig. 6. XRD patterns of the unpromoted and promoted Co3O4/TiO2 calcined
materials with the strongest Co3O4 diffraction lines indicated by (�).
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SEA [31,32]. In the pH range from 1 to 3, the metal complex is in
competition with the excess amount of Cl� ions in solution for
available adsorption sites due to increase of ionic strength at high-
er acid concentrations and, thus, a decrease in surface potential for
complex adsorption. In this case, it is hypothesized that there is an
additional step in the deposition mechanism beyond anion adsorp-
tion in which the Cl� ions are actually enhancing the deposition of
MnO2 on the Co3O4 surface. The formation Mn2+ species below a
pH of 1, as noted in the UV–Vis results, are actually contributing
to the observed decrease in uptake.

As shown in Eqs. (1) and (2), the conversion of [MnO4]� to MnO2

requires both protons and chlorine anions, where, at a pH of 1, the
surface of the Co3O4 is highly protonated and positively charged as
noted by its surface charge in Fig. 4, attracting both Cl� and
[MnO4]� ions to its surface. This reaction mechanism is also sup-
ported by the liberation of the product, Cl2 gas, as mentioned pre-
viously, which only occurred in the presence of Co3O4.
Additionally, XPS results indicated no residual Cl present on the
catalyst surface, which, of course, is beneficial since Cl is known
to be a poison to catalysts [33]. Thus, the mechanism of adsorption
is also coupled with a reduction deposition step on the surface of
the Co3O4, which is catalyzing the reaction to proceed. In addition,
the natural redox properties that make Co3O4 useful in other par-
tial oxidation surface reactions are also likely to enhance this
reduction mechanism. The Co2+ and Co3+ oxidation states, which
make up the Co3O4 structure, are known to easily transfer oxygen
and readily interconvert under relatively mild conditions [34,35].
This permanganate reduction mechanism has also been reported
to occur on carbon samples at 70 �C [36,37]. In addition, UV–Vis
spectra, collected from the 200 ppm filtered solutions for all three
supports at pH 1 (not shown here), agreed with ICP-OES results,
supporting preferential [MnO4]� adsorption at low pH when
Co3O4 was present. The permanganate spectra remained stable
after being in contact with the pure TiO2 for 1 h, but completely
vanished within 30 min of being in contact with the Co3O4 support
materials. These unique adsorption measurements lead to the con-
clusion that Mn is being selectively adsorbed/deposited onto the
Co3O4 surface and not the TiO2 support. Based on these results,
the optimal final pH of 1.0 was used to load various amounts of
Mn onto the supported Co3O4 for further characterization
experiments.
3.2. Characterization of prepared Mn-promoted Co-based FT catalysts

From XRD results, the calculated Co3O4 particle sizes by the
Scherrer equation are given in Table 1. The particle size and mor-
phology (Fig. 6) of the Co3O4 remained relatively constant after cal-
cination as reflected in the peak broadening and positions. Any
formation of mixed Co–Mn oxide spinels by the incorporation of
Mn3+ into the Co3O4 lattice would be exhibited as a shift to lower
2h values [17,38]. This indicates that Mn loading did not affect the
structure of the bulk Co3O4. Therefore, although the Mn is in close
association with Co, this method of preparation seems to limit the
formation of Co3�xMnxO4 bulk solid solutions as seen previously
with MnO loadings close to 3 wt.% [16].

To investigate the electronic state of Mn as well as its location
with respect to the cobalt and titanium oxides, XPS spectra were
collected for the catalysts after calcination. Fig. 7 displays the Co
2p XPS spectra as a function of Mn loading with the Co 2p3/2 and
Co 2p1/2 binding energies at 780.1 eV and 795.1 eV, respectively,
typical of Co3O4. As anticipated, Fig. 7 clearly displays a significant
decrease in Co peak intensity with increasing Mn loading. How-
ever, if adsorption of permanganate was truly selective, the surface
exposure of the Co should decrease relative to TiO2 as the Mn load-
ing is increased. Therefore, Co/Ti atomic ratios, as tabulated in Ta-
ble 1, were collected from XPS spectra to determine extent of the
Mn adsorption selectivity. The loading of the Mn on the samples
resulted in a distinct lowering of the Co/Ti ratio from 1.10 to



Fig. 7. Co 2p XPS spectra of calcined Co/TiO2 and Mn/Co/TiO2 catalysts.
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0.36. This feature has been previously seen when Mn has been
added as a promoter to a Co catalyst supported on a carbon nanof-
ibers [14,39], where, the Mn was selectively partitioned on the Co
due to the formation of a more energetically favorable stable state
on the Co rather than the carbon support. Of course, migration of
Mn could occur during the calcination step itself so the observation
of the preferential association of Mn species with Co after calcina-
tion cannot be directly attributed to selective adsorption of per-
manganate. We see this possibility in the similar Co/Ti ratios for
the 0.96–3.43 wt.% sample, where it seems that the 3.43MnCo
has similar coverage than as the 0.96MnCo catalyst. This may be
due to the possibility that the outer layer Mn species may not be
as strongly bonded and thus we are seeing a migration to the
TiO2 surface caused by the calcination heat treatment.

With the addition of Mn to the catalyst, not only the intensity is
affected, but also a slight broadening in the Co 2p shape is noted.
As mentioned previously, characterization from XRD did not sug-
gest the formation of Mn–Co spinel oxides, but this broadening
may indicate the formation of some mixed oxide species on the
surface of the Co particle. This has been reported to occur with
Mn at low loadings [40], and it is evident that after calcination,
there is formation to a small degree of some new Co species at
the surface while the bulk Co3O4 remains stable.
Fig. 8. TPR profiles of calcined catalysts. The dotted lines represent the stepwise
reduction temperatures for bulk Co3O4.
When reduced, Co3O4 typically follows the two-step process:
Co3O4 ? CoO ? Co0. As seen from the TPR results in Fig. 8, these
reduction steps normally occur at 250 �C and 330 �C in bulk
Co3O4. Supporting the catalyst enhances the second step of the
reduction to the Co0 metal mainly due to the formation of smaller,
dispersed particles. The additional peak in the supported catalyst
at 460 �C has been reported as the partial reduction of TiO2 induced
by the presence of Co [41]. This can lead possible migration of TiOx

overlayers to block active Co sites. It has been speculated that Mn
helps prevent the encapsulation of Co by reduced TiO2 [16], but
lower reduction temperatures prior to reactivity measurements
are still employed to minimize this effect [42].

As Mn was added to the catalyst system, distinct changes oc-
curred in the TPR profiles. It is known that Mn hampers the reduc-
tion of Co3O4 [14,16,43,44], but the effects of differences in the
preparation procedure are seen to be significant. Interestingly, at
the lowest loading of Mn, each stage of the Co reduction occurs
10 �C lower than the unpromoted sample. Therefore, it seems an
enhancement of Co reducibility occurs with the addition of a small
amount of Mn. As will be seen later, this is possibly related to the
increase in activity in this sample by stabilizing the Co particles.

Previously, it has been reported that Mn mainly effects the Co2+

to Co0 reduction [14,16], but due to the encasement of the Co3O4 by
the Mn and the probable formation of Mn–Co spinels at the sur-
face, as suggested from the XPS results, we are seeing a significant
hindrance on both stages of the oxide reduction, especially in the
highest Mn loading. This shows the specificity we can achieve in
placement of the Mn over this catalyst.

The effects on the reducibility and coverage of Co3O4 are also re-
flected in the H2 chemisorption measurements. H2 chemisorption
yields the number of Co0 active sites available based on the uptake
of H2 as reported in Table 1. From the uptake results, the percent-
age dispersion and particle size of the Co0 can be evaluated (Ta-
ble 2). The adsorption measurements were performed after
reduction at 350 �C for comparison to the reduction temperature
used in FT reactivity measurements. As seen with the TPR results
at this temperature, the degree of reduced Co varies. For the unpro-
moted sample, Morales et al. saw greater than 95% of the Co re-
duced at this temperature using a similar preparation procedure
to support the Co [17]. From this and the TPR results, we can make
the assumption that most of the Co is reduced after a 2-h reduction
at 350 �C for the three lower Mn loadings and the 3.43MnCo is the
only sample that has a lower percentage of reduced Co.

In Table 2, the particle size of Co0 is estimated from the XRD
data by ratioing the molecular masses of the Co and Co3O4. It is
compared to the size estimated from the H2 dispersion from the
formula of Reuel and Bartholomew [25]. Particle size estimates
for the Mn free sample are within reasonable agreement. As Mn
loading increases, however, the XRD estimates remain largely the
same while the H2 chemisorption results decrease significantly.
Since the TPR (Fig. 8) shows that all samples except the highest
Mn loading should be fully reduced, the decrease in H2 uptake is
thought to be due to surface blockage. Beyond that, the 3.43MnCo
sample is incompletely reduced (Fig. 8) and this will also cause a
decrease in H2 uptake.
Table 2
Comparison of estimated Co particle size based on XRD and H2 chemisorption results.

Sample XRD Est. Co size
(nm)

H2 Chemi. Co
dispersion (%)

H2 Chemi. Est. Co
size (nm)

0.00MnCo 11.8 7.16 13.4
0.03MnCo 9.7 6.03 16.0
0.30MnCo 10.4 7.16 13.5
0.96MnCo 9.2 2.50 38.5
3.43MnCo 9.6 1.77 54.3



Fig. 9. Influence of manganese loading on selectivity and activity in the hydroge-
nation of CO at 220 �C and 1 bar.

Fig. 10. Influence of manganese loading on the olefin to paraffin ratio for the C2, C4

and C6 hydrocarbon products.
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However, as seen in Table 1, some H2 does adsorb on the
3.43MnCo catalyst, which signifies that a certain amount of Co is
exposed and reduced. As mentioned above, XPS results lead us to
believe some of the Mn is migrating off the surface of the Co during
the calcination procedure thus leaving some of the Co oxide (or
mixed Mn–Co oxide) exposed for reduction. Though we cannot
deny that Mn migration occurs, which leads to a loss of selective
interaction between the promoter and active metal, we can state
there is a significant influence of the preparation method on the
catalyst structure. Clearly, the Mn is initially in close association
with the Co, and this method of preparation suggests a stronger de-
gree of interaction after reduction procedures than previously pub-
lished methods.

3.3. Fischer–Tropsch reactivity studies

The steady-state FT performance of the Mn-promoted Co/TiO2

catalysts is compared in Table 3 and depicted in Fig. 9. The addition
of small amounts of Mn (0.03MnCo) seems to slightly enhance the
activity of the Co catalyst, but this feature disappears as loading is
increased. The characteristic influence of a Mn species on enhanc-
ing C5+ selectivity is noted with an increase to 61 wt.% for the high-
est Mn loading. This is, of course, at the expense of the activity,
which drops by 40%. Similar trends in activity and selectivities
were seen when the Mn-promoted Co was supported on carbon
nanofibers [14,39]. As mentioned previously, although catalysts
prepared by dry impregnation should possess a more random dis-
tribution of both the active component and the promoter, the Mn
stayed preferentially associated with the Co species due to an
intrinsic thermodynamic driving force [14].

With regard to the TPR results, the reduction temperature of
350 �C contributes to different effects to the surface species with
increasing Mn loading. We noted a slight improvement of reduc-
ibility of the Co upon addition of small amounts of Mn (0.03MnCo
catalyst). When applied to FT synthesis, this catalyst displayed an
enhanced activity. It has been speculated, when left unpromoted,
Co can ripen and spread into smaller Co particles over the TiO2 sur-
face, which have shown to be less active [17]. This can be especially
significant when on a TiO2 support where migration of a reduced
TiOx phase onto smaller Co particles is facile. Thus, with the addi-
tion of a small amount of Mn, the Co0 metal seems to be stabilized
in a completely reduced state when compared to the unpromoted
catalyst.

The opposite can be stated for the larger loadings of Mn. In this
case, the preparation results in the placement of the Mn preferen-
tially onto the Co3O4 contributing to the blockage active sites and
hindered reducibility as described in the H2 chemisorption discus-
sion. The significance of these results is displayed in the olefin, C5+

selectivity and TOF rather than the activity. This increased selectiv-
ity is due to the higher ratio of Mn and Co interactions. This
enhancement has been observed with supported and unsupported
Co–Mn catalysts and is especially prominent at increased Co:Mn
ratios [14–16,45–47]. Although there is a diminished activity,
these catalysts have displayed superior time-on-stream stability
Table 3
FT catalytic performances of the Co/TiO2 and Mn/Co/TiO2 catalysts at 220 �C and 1 bar.

Sample Activitya TOFb (10�3 s�1) CH

0.00MnCo 1.39 11.5 25
0.03MnCo 1.46 14.3 22
0.30MnCo 1.24 10.2 26
0.96MnCo 0.97 22.8 21
3.43MnCo 0.58 21.7 17

a Activity: 10�5 mol CO g Co�1 s�1.
b Calculated from H2 chemisorption results.
at this reaction temperature [45]. There has not been much re-
ported with regard to the Mn promotion effect on the TOF. Here,
we are seeing higher TOFs for the higher Mn loaded catalysts. Mor-
ales et al. [17], also saw an increase in TOF with addition of Mn
when compared to an unpromoted sample, but our findings are
slightly contradictory to the results reported by Bezemer et al.
[14] with respect to Mn loading, since these authors saw a decrease
in TOF that has been related to the coverage of the Co0 by MnO. It
also must be mentioned that these results are calculated based on
H2 adsorption experiments and does not account for any changes
in CO adsorption with respect to the state of Co or the presence
of Mn. In fact, Jiang et al. have previously found that the presence
4 (wt.%) C5+ (wt.%) Chain growth probability (a)

.5 37.4 0.62

.0 43.0 0.64

.0 36.1 0.61

.9 43.6 0.65

.6 61.3 0.81



Fig. 11. ASF plot illustrating the influence of manganese on the chain growth
probability and product distributions.
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of Mn enhances CO adsorption [48] and therefore, our TOF values
are based on an approximate number of active sites so caution
must be taken in their interpretation.

Another significant effect on product selectivity is apparent in
Fig. 10. As stated previously, Mn has been reported to enhance
the industrially valued light olefin production by suppressing H2

addition, the chain-growth terminating step [14–16]. Again, we
are seeing clear demonstration of this in the C2, C4 and C6 chains
with increasing Mn loading, which are similar to trends previously
reported [14,16]. For Fe–Mn catalysts, the high selectivity has been
correlated by the presence of Fe–Mn spinel oxides [49]. Generally,
it is reported that Mn be mainly present as MnO in its reduced
state for FT catalysts [19,20,50], but it is apparent from the reduc-
tion temperature used that there will be some mixed oxide species
present in the sample containing the highest Mn content. However,
whether they are the Co3O4 spinel or some form of a Mn–Co spinel
is inconclusive at this point.

Product distributions were calculated using the governing
equation based on Anderson–Schulz–Flory (ASF) kinetics from
the slope between C3 and C7 depicted in Fig. 11 [51,52]. This equa-
tion describes the product yield, which exponentially decreases
with increasing chain length. Deviations, such as we see with the
highest loadings of Mn, are described as a higher yield of longer
hydrocarbons [11]. The cause of this deviation is due to the occur-
rence of a secondary reaction from the re-adsorption of a-olefin
chains. Since re-adsorption reversed the termination, this is re-
flected in increase of the chain growth probability, a [11]. In con-
junction with selectivity, the calculated values of the probability
in Table 2 indicate the influence Mn has on chain growth and olefin
production.
4. Conclusions

It is generally acknowledged that the efficient design of a pro-
moted metal-based catalyst could effectively enhance the cata-
lyst’s performance. In this work, we have investigated the
fundamental surface charging properties of an oxide in solution
to achieve the selective adsorption of a Mn promoter onto the sup-
ported Co3O4 and not onto the TiO2 support for Fischer–Tropsch
synthesis. The current results indicate that the SEA preparation
method allows us to quantitatively place the Mn promoter in close
association with the Co with enhanced adsorption strength that is
not achievable by dry impregnation. Thus, even with very small Mn
additions, we presented a more active and stable Co catalyst, while
at high Mn loadings, the catalyst selectivity is enhanced by a great-
er degree of Co and Mn interactions. This is achieved even when
migration of the Mn promoter is known to take place during the
reduction process, since the use of this preparation technique ap-
pears to limit it. Finally, we suggest that the use of SEA in the prep-
aration of promoted catalysts is a viable strategy for the synthesis
of any other promoted and/or bimetallic catalyst systems where
intimate contact between the different catalyst components is
highly desired.
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