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A B S T R A C T   

Deposition of carbonaceous species on a solid catalyst’s surface during a catalysed processes is quite usual. This causes fouling, or depletion of the textural features, 
with a performance decay. In this work, preliminary results for an ex situ thermal oxidative reactivation of a fouled MWCNT are presented. The coke is nearly 
completely removed and, as a side effect, some of the MWCNT is combusted. Remarkably, the textural features are improved; 23 % higher BET area and 29 % higher 
total pore volume, while maintaining the isotherm shape. These improvements are attributed to two factors. Firstly, the removal during reactivation of non-porous 
(or less-porous) carbon domains present in the starting MWCNT, that positively influences the porosity in various ways; a control experiment employing the fresh 
MWCNT strongly suggests this hypothesis. Secondly, the new microporosity also contributes to the better BET.   

1. Introduction 

A central concern these days is the availability of critical elements 
[1], and their impact on industrial technologies, e.g. catalytic technol-
ogies [2]. In this context, carbon-based materials can play a significant 
role due to the high element abundancy. Multiwalled carbon nanotubes 
(MWCNTs) is a group of materials that have attracted wide industrial 
and academic interest, e.g. as high-performance microwave absorbing 
materials [3,4]. MWCNTs have been claimed active in a chemical re-
action of industrial interest: the oxidative dehydrogenation of ethyl-
benzene into styrene (EB-ODH reaction) [5,6]. 

This reaction produces coke (ODH-coke), which is also active for the 
reaction [7,8]. Though the MWCNT is initially active and selective, the 
deposited coke dominates the performance [6,9]. This typically happens 
under industrially-relevant reaction conditions, as proven on various 
catalyst types [6,8–12]. The main deactivation here is the over-coking, i. 
e., the continued coke deposition which decreases the surface area and 
pore volume [6,8,9,12]. Eventually the catalyst bed would be plugged, 
leading to run-away/explosive conditions. Therefore, removal of the 
excessively-deposited ODH-coke needs to be done to continue the 
operation. This can be done thermally with an oxidant (e.g. O2/N2 
mixture or air) for thermally-stable inorganic-based catalysts [8,11,13]. 
It is however challenging for MWCNTs and generally for any carbon- 

based material. This is because the MWCNT would undergo combus-
tion/gasification during the oxidative thermal removal of the ODH-coke. 

In this work, we report preliminary results for the ODH-coke removal 
using an ex situ method that maximizes heat and O2-transfer across the 
material. 

2. Experimental methods 

2.1. Materials 

The MWCNT was provided by Hyperion (CS-02C-063-XD). A 
212–425 μm fraction was used for the catalytic test, reactivation and 
characterization. 

2.2. Reactivation 

The reactivation was carried out in a Nabertherm RT 50/250–11 
tubular oven. The sample was loaded in a quartz crucible and placed at 
the furnace’s isothermal heating zone. After purging, the temperature 
was raised from room temperature to 450 ◦C, at 3 ◦C/min and held for 2, 
5 or 24 h, in a 1 % vol. O2/Ar flow stream (150 mL/min STP). 
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2.3. Characterization 

The procedures for thermogravimetric analysis (TGA), TPO and N2 
physisorption can be found elsewhere [14–16]. 

3. Results and discussion 

The fouled MWCNT was obtained following the catalytic test re-
ported previously [6]. Thermogravimetric analysis (Fig. 1A) shows a 
shift towards lower temperatures of the MW-S (fouled material). This is 
due to new deposited species, the ODH-coke. The effect can be better 
seen in Fig. 1B (TPO) with two distinctive steps. The lower-temperature 
peak is due to the ODH-coke’s combustion whereas the higher- 
temperature one corresponds to the MWCNT’s combustion. For 
simplicity, we refer these as combustion processes but gasification can 
also take place simultaneously. The intensity of the ODH-coke’s TPO 
peak (Fig. 1B) is used to assess the coke removal. 

The porosity of the fouled material shows decreased BET area and 
pore volume (Table S1), in line with the deposition of ODH-coke 
observed by TGA/TPO. 

The reactivation procedure is sketched in Fig. 1C. Reactivation refers 
in this study to the process of ODH-coke removal rather than to the 
catalytic properties, which fall outside the scope of this work. The first 
step corresponds to the deposition of ODH-coke by the reaction (weight 
increase), whereas the second one is the coke’s combustion during 
reactivation (weight decrease). The choice of 450 ◦C is based on the TPO 
patterns (Fig. 1B) where the combustion rate of the ODH-coke is higher 
than that of the MWCNT (ca. four times higher). Some combustion of the 
MWCNT is however expected. Temperature may be further optimised to 
shorten the processing time. 

The TPOs of the reactivated materials upon various treatment times 
are shown in Fig. 2. Clearly, the ODH-coke is removed over time. The 
final case, treated for 24 h, does not show the ODH-coke peak. This 
outcome is positive because it shows that ODH-coke can be fully 
removed by an oxidative thermal treatment, while the MWCNT remains. 

The porosity was assessed by N2 physisorption, Fig. 3. The MW-Fr 
displays an isotherm type IV with H1 hysteresis [17] and a bimodal 
pore size distribution. Some type II character is also present as the 
isotherm does not level off at P/Po near 1 [17,18]. The isotherm for the 
fouled MW-S, with the same shape, displays much lowered adsorption 
values, associated to the deposition of ODH-coke. The reactivated 

materials, also displaying the same shape, gradually shift upwards 
regaining the adsorption capacity (Fig. 3A). This is also seen in the BJH 
pore size distribution (Fig. 3B); both the main and secondary pores in-
crease in intensity with the treatment time. Even, the 24 h-treated ma-
terial surpasses the fresh counterpart, both the isotherm and the pore 
size distribution. These interesting observations will be discussed later. 

The textural parameters are represented in Fig. 4. The new micro-
porosity in the reactivated materials is ascribed to micropores formed in 
the ODH-coke by gasification/combustion, during the reactivation. It is 
not expected that such microporosity occurs in the MWCNT in view of its 
higher oxidation stability as compared to more amorphous carbons (i.e., 
ODH-coke) [19]. The microporosity drops for the final material, MW-S- 
R24. The small microporosity in this material is attributed to residual 
porous ODH-coke, which is likely invisible in the TPO due to the broad 
shoulder (Fig. 2). 

Surprising findings are the enhanced BET area and total pore volume 
for MW-S-R24, higher than those of the starting MWCNT (MW-Fr), with 
23 % and 29 % increase respectively while preserving the isotherm 
shape. The increase in BET area cannot only be ascribed to the new 
micropores (Fig. 4A), since the difference between MW-S-R24 and MW- 
Fr (ΔSBET = 95 m2/g) is larger than the new microporosity in MW-S-R24 
(Smicro = 30 m2/g; ~1/3 of the difference). The same happens to the 
total pore volume, that cannot be explained by the microporosity. These 
effects can be tentatively explained by the removal, by combustion 
during reactivation, of non-porous domains present in the native MW-Fr. 
It is normal that different types of carbon allotropes, including non- 
porous amorphous domains, coexist in a commercial material 
[14,20,21] as the one employed here. The removal of such non-porous 
species can take place during the reactivation by selective combustion 
since its reactivity towards O2 is higher than the MWCNT. This is sup-
ported by evidence proving that amorphous carbon oxidizes faster than 
the carbon nanotube [19]. In other words, a high density of defects in 
amorphous carbon makes it relatively easy to eliminate by oxidation 
[20]. The higher total pore volume for MW-S-R24 than the fresh 
MWCNT (Fig. 4B) is due to larger mesopores being formed; see new peak 
centered at ca. 45 nm and the broad shoulder towards higher values 
(Fig. 3B). The internal pore remains unchanged (ca. 3 nm). The larger 
pore size is attributed to the removal by combustion/gasification of non- 
porous carbon domains/particles located between the tubes in the fresh 
MWCNT. The higher BET area can also be explained (partly) by the 
removal of non-porous carbon, where one gram of material would 
contain more porous material and hence a higher BET area is expected. 
This aspect also positively affects the total pore volume. This type of 

Fig. 1. A) Thermogravimetric analysis in air of the fresh (MW-Fr) and fouled 
MWCNT (MW-S). B) TPO patterns given as -DTGA (derivative of the TGA 
curve). C) Experimental plan for the reactivation. 

Fig. 2. TPO patterns of the MWCNT materials upon reactivation (MW-S-R2, 
-R5 and -R24), fresh (MW-Fr) and fouled (MW-S) materials. 
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carbon might also be less-porous than the MWCNT, rather than non- 
porous, and the same explanation holds. Moreover, the residual micro-
porosity contributes in ca. 1/3 of the BET’s improvement but not much 
in the total pore volume’s increase. 

A control experiment was carried out for additional evidence. The 
fresh MWCNT was treated following the same reactivation procedure as 
for MW-S-R24, denoted as MW-Fr-R24. The textural parameters were 
notably improved whilst maintaining the same isotherm shape (Fig. 3C, 

Fig. 4A, and Fig. 4B); 21 % for SBET and 67 % for VT. The BET area was 
comparable to the reactivated MW-S-R24, whereas the total pore vol-
ume increased even further. Such a high total pore volume is due to 
larger mesopores formed (60 nm and beyond, Fig. 3D). The internal pore 
remains unchanged (ca. 3 nm). No microporosity was detected, which 
supports the above discussion; the residual microporosity in the reac-
tivated materials should be located in the residual ODH-coke. Both im-
provements here, SBET and VT, are ascribed to the removal of non- 

Fig. 3. A) N2 physisorption isotherms for MWCNT materials after reactivation (MW-S-R2, -R5 and -R24), fresh (MW-Fr) and fouled (MW-S) materials. B) BJH pore 
size distributions derived from N2 physisorption data for materials described in A. C) N2 physisorption isotherm for MW-Fr-R24 (this material was obtained by 
treating the fresh MWCNT following the same reactivation procedure for 24 h); the graph also includes the fresh MW-Fr and reactivated MW-S-R24 for comparison. 
D) BJH pore size distributions derived from N2 physisorption data for the materials described in C. In B and D, the adsorption branch was employed for relative 
comparative purposes; the desorption data gave significant scattering. 

Fig. 4. Surface areas, SBET and Smicro (A) and pore volumes, VT and Vmicro (B). The microporosity columns are not stacked but overlaps the SBET and VT, to highlight 
the contribution of the microporosity to the total values. Raw data can be found in Table S1. 
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porous/less-porous domains present in the MWCNT by gasification/ 
combustion; this makes the mesopores larger (higher VT) and, moreover, 
there is more porous material per gram (higher SBET and VT). There is no 
microporosity contribution nor smaller mesopores, that often contribute 
to higher BET areas [13,15,22,23]; actually, it has larger mesopores. 
Therefore, the enhanced BET must only come from the removal of non- 
porous/less-porous domains resulting in more porous material per mass. 
These results strongly support the previous interpretation of the removal 
of non-porous/less-porous domains in the starting MWCNT during the 
reactivation of the fouled material, leading to enhanced textural 
parameters. 

A final aspect is the mass efficiency of the process, of the consecutive 
reactions taking place on the MWCNT: 

Fresh →
ΔW1 Spent

(fouled) →
ΔW2 Reactivated (1)  

where, 

ΔW1 =
WS − WF

WF
(2)  

ΔW2 =
WR − WS

WS
(3)  

W is weight, and the subscripts F, S, and R mean fresh, spent (fouled) and 
reactivated, respectively. The overall mass difference can be calculated 
as: 

ΔWT =
WR − WF

WF
(4)  

By obtaining WR from eqs. (2) and (3) as a function of WF, the following 
relation can be obtained: 

ΔWT = ΔW1 +ΔW2 +ΔW1ΔW2 (5)  

Under the applied conditions, the following values were obtained: 
ΔW1 = +0.80 and ΔW2 = -0.58 (value for MW-S-R24). 
This yields an overall mass difference of ΔWT = -0.24. Therefore, 24 

% of the starting MWCNT is combusted in the reactivation (24 h treat-
ment). This is not surprising since the TPO pattern showed that the 
MWCNT’s oxidation rate at 450 ◦C was not zero (Fig. 1B). 

Concluding, an oxidative thermal treatment of a coke-fouled 
MWCNT removes the coke almost entirely. The process also combusts/ 
gasifies some of the MWCNT. Remarkably, the reactivation notably 
improves the BET area and total pore volume. These improvements are 
interpreted by two factors. Firstly, the removal by combustion/gasifi-
cation of non-porous (or less-porous) carbon domains in the starting 
MWCNT, leading to larger pores (higher VT) and more porous material 
per mass (higher SBET and VT). A control experiment employing the fresh 
MWCNT strongly suggests this hypothesis. Secondly, the new micropo-
rosity also contributes to the improved BET (~1/3) but hardly in the 
pore volume. 
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[16] L.L. Pérez, et al., Chem. Mater. 25 (2013) 3971–3978. 
[17] M. Thommes, et al., Pure Appl. Chem. 87 (2015) 1051–1069. 
[18] I. Melián-Cabrera, V. Zarubina, Microporous Mesoporous Mater. 354 (2023) 

112549. 
[19] Y.S. Park, et al., Carbon 39 (2001) 655–661. 
[20] P.X. Hou, et al., Carbon 46 (2008) 2003–2025. 
[21] J.H. Lehman, et al., Carbon 49 (2011) 2581–2602. 
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