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A B S T R A C T   

A series of activated carbon materials have been prepared from petroleum residue using KOH as activating agent. 
The gravimetric adsorption capacity for methane of the synthesized samples increases with the activation degree, 
albeit at a lower packing density of the carbon material. These results anticipate an optimum pitch/KOH ratio 
(1:3) to achieve an upper limit in the volumetric storage capacity. Activated carbon powders have been con
formed into monoliths using a small amount of a binder (5 wt%), either carboxymethyl cellulose or polyvinyl 
alcohol, with proper mechanical properties. Incorporation of graphite or graphene in the initial formulation does 
not alter and/or modify significantly the textural properties of the original activated carbon. However, once 
conformed into monoliths, the presence of graphite or graphene allows to improve i) the packing density of the 
monoliths (up to 0.52 g/cm3), ii) their mechanical properties (compressive strength ≈ 12.3 MPa) and iii) their 
thermal conductivity (up to 0.49 W/mK) without compromising the methane storage capacity (ca. 100 V/V).   

1. Introduction 

Porous materials (activated carbons and metal–organic frameworks, 
among others) have been widely applied in the literature for a number of 
cutting edge processes, from gas adsorption/separation, [1–5] sensors, 
[6,7] drug delivery, [8–11] etc. The excellent performance of these 
materials is based on the presence of a widely developed porous struc
ture and, in some cases, a perfectly tailored surface chemistry. However, 
bridging the gap from fundamental studies to a potential industrial 
application of these materials is not straightforward and, indeed, some 
limitations are still on the ground and require further investigation. One 
of these limitations concern the densification of these powder samples 
into pellets, monoliths or any other shape. The conformation of these 
porous networks is mandatory i) to minimize pressure drops in gas and 
liquid-phase adsorption processes, ii) to facilitate the manipulation of 
the material (charging and discharging), iii) to densify the samples (to 
reduce the interparticle space and the macroporosity) and iv) to mini
mize environmental and health issues due to particulates [12,13]. For 
instance, the conforming step is extremely important for gas adsorption/ 
storage applications due to the necessity to trap a large amount of a 
target molecule (e.g., CH4, CO2 or H2 storage in porous solids) in a 
minimum volume (for instance, in automotive applications). 

The conforming step is traditionally performed through the incor
poration of a binding agent in the final formulation and application of a 
mechanical stress [14,15]. However, novel approaches based on soft, 
hard, dual or non-templated methods have been widely reported in the 
literature [16–22]. As expected, these approaches are highly sensitive to 
the type of material to be conformed, the precursor used (specifically in 
the case of carbon materials) and the requested final properties. 
Although densification is a crucial step to bridge the gap towards in
dustrial application of porous solids, in some cases, additional properties 
are required. For instance, electrical conductivity is required when these 
materials have to be applied in supercapacitors or batteries [23,24]. In a 
similar fashion, thermal conductivity is needed for high-pressure storage 
devices [25,26]. In fact, heat generated during adsorption (exothermic 
process) has to be immediately released from the reactor bed to avoid 
thermal spikes during the adsorption step that will limit the adsorption 
performance of the adsorbent. Contrariwise, heat has to be supplied to 
the adsorbent to favor the desorption of the retained molecules. Un
fortunately, traditional adsorbents such as activated carbons, zeolites or 
metal–organic frameworks exhibit poor thermal properties, with the 
subsequent limitations for gas storage processes [27,28]. Thermal 
management can be performed either through the incorporation of heat 
exchanging devices into the storage vessel (e.g., honeycomb heat 
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exchanging system) or through the modification of the adsorbent to 
enhance the heat conductivity [29–35]. Among the different alterna
tives to improve thermal properties, the incorporation of carbon-based 
additives with an enhanced electrical and/or thermal performance, 
such as graphene or graphite derivatives constitutes a promising 
approach. Zhang et al. synthesized graphene/carbon aerogels from 
polyimide with improved electrical properties for supercapacitors [31]. 
Menard et al. made an activated carbon in situ elaborated within a 
consolidated expanded natural graphite with improved thermal prop
erties [32]. A significant improvement in the thermal conductivity of 
anthracite-based activated carbons was described by Kuwagati et al. 
after incorporation of graphite in the final formulation of the monolith 
[33]. Despite these improvements, the synthesized monoliths require 
additionally proper mechanical properties to avoid particulates due to 
attrition processes. 

Despite the relevance of these topics for a real application, the 
number of studies reported in the literature concerning the conforma
tion of porous materials (mainly carbon materials) into monoliths with 
enhanced mechanical and thermal properties is rather limited. Based on 
these premises, the main goal of the present manuscript is the synthesis 
and modification of petroleum-based pitches, characterized by a good 
adsorption performance, through the incorporation of high thermal 
conductivity additives (e.g., graphene or graphite) and their subsequent 
application in methane storage at medium pressures (4 MPa). The syn
thesized carbon-based monoliths have been evaluated in terms of 
adsorption capacity (gravimetric vs volumetric), mechanical and ther
mal properties. The final objective is to incorporate a minimum amount 
of additive to improve mechanical and thermal properties without 
compromising the excellent adsorption performance of the original 
petroleum-pitch activated carbons. 

2. Materials and methods 

2.1. Preparation of the petroleum-pitch activated carbons 

Activated carbon materials have been prepared from petroleum pitch 
as carbon precursors. In an initial step, the original petroleum pitch (PP) 
was pyrolyzed at 733 K under a nitrogen atmosphere (1 MPa) for 90 min 
(pyrolysis yield 52 %). The pyrolyzed PP sample was grounded in a ball 
mill until a fine powder was achieved (500 μm particle size). In a sub
sequent step, the mesophase pitch was mixed with KOH as a chemical 
activating agent in a ball mill until a homogenous mixture is obtained. 
Five different pitch/KOH ratios were evaluated, from 1:1 up to 1:5. The 
carbon samples were activated at 973 K for 2 h using a nitrogen flow of 
100 ml/min. Last but not least, the synthesized carbons were washed 
with HCl (37 %) and distilled water until neutral pH, and finally dried at 
348 K overnight. The activation yield range from 61 % for the PPAC1:1 
sample down to 49 % for the PPAC1:5 sample. Samples were labeled 
PPAC1:x (x = 1–5). 

2.2. Preparation of graphite/graphene-modified activated carbons 

Once the proper activation conditions were identified (pitch/KOH 
ratio 1:3), three additional samples were prepared using either graphite 
or graphene as additives. Synthetic graphite powder (1–2 μm) was ob
tained from Sigma-Aldrich and graphene was purchased from Avanzare 
ltd. (Spain). Either graphite or graphene were mixed with the original 
petroleum pitch (after pyrolysis) and grounded in the ball mill for 30 
min at 300 rpm. The mixture was stabilized through a thermal treatment 
in a horizontal oven at 673 K for 1 h under a nitrogen atmosphere (100 
ml/min). Afterwards, the fine powder was mixed with KOH (pitch +
graphite/graphene:KOH ratio of 1:3) in a ball mill for 30 min and acti
vated in a horizontal oven using the same conditions described above. 
Samples were labeled PPAC1:x_yGI, for graphite or _yGE, for graphene 
(y = amount of additive incorporated). 

2.3. Preparation of the monoliths 

For the preparation of the monoliths, two different binders were 
evaluated: carboxymethyl cellulose (CMC) and polyvinyl alcohol (PVA). 
In the specific case of CMC, the corresponding amount of binder was 
dissolved in water to make a gel. The activated carbon powder 
(300–500 mg) was added to the gel to make a slurry. The mixture was 
conformed into disk-shaped monoliths under different loads, i.e. 1, 3 and 
5 tons (corresponding pressures 74, 222 and 370 MPa, respectively, after 
considering the cross-sectional area of the monolith (ca. 1.32 cm2)). The 
synthesized monoliths were heat treated in an oven at 348 K to evapo
rate the remaining water. In the specific case of PVA, the corresponding 
amount of binder was slowly mixed with cold water under stirring. The 
mixture was subsequently heated at 363 K for 30 min until complete 
dissolution. The cooled solution was admixed to the carbon powder to 
form a slurry. The wet mixture was conformed into a disk-shaped 
monolith at 1 ton. A stain-steel mold with i.d. 1.3 cm was used for all 
samples. To end up, the monoliths were heat treated in an oven at 348 K 
to remove all the remaining water. 

2.4. Sample characterization 

The textural properties of the synthesized samples were evaluated 
using gas adsorption measurements at cryogenic temperatures (N2 at 77 
K). Before the adsorption measurements, samples were outgassed under 
ultra-high vacuum (UHV) conditions at 523 K for 4 h. Nitrogen 
adsorption measurements were performed in a home-built manometric 
system. Thermal conductivity of the synthesized monoliths was evalu
ated using a thermal analyzer C-Therm TCi from Mathis Instruments ltd. 
based on the modified transient plane source (MTPS) principle. The 
compressive strength measurements were performed in a 5 KN Instron 
Universal testing machine model 4411, using parallel plates. The tests 
were performed at a 0.1 mm/min deformation rate using cylindrical 
samples of 1.3 cm diameter and 0.5 cm height. Compressive modulus 
was calculated form the slope of the stress/strain curve in the linear 
region. Compressive strength was determined as the maximum value of 
stress in the stress/strain curve before the failure of the sample. 

2.5. High-pressure methane adsorption measurements 

High-pressure excess methane adsorption measurements were per
formed at 298 K in a home-built manometric equipment [36]. Before the 
adsorption measurement, the samples were outgassed in-situ at 523 K 
for 4 h. In the specific case of the monoliths, a specially designed sample 
cell was used to allow measuring the adsorption performance of the 
complete monoliths. 

3. Results and discussion 

3.1. Activated carbon-based materials in powder form 

3.1.1. Effect of the amount of activating agent 
One of the main parameters defining the development of the porosity 

in carbon materials, and indirectly, their adsorption performance is the 
nature and the amount of activating agent used. It has been widely 
accepted in the literature that KOH as activating agent gives rise to 
carbon materials with a widely developed porous structure, preferen
tially in the narrow microporous range [37–40]. Fig. 1a shows the ni
trogen adsorption/desorption isotherms for PPAC samples prepared 
with a pitch/KOH ratio ranging from 1:1 to 1:5. As it can be appreciated, 
all synthesized samples are microporous in nature, the amount of ni
trogen adsorbed increasing with the activation degree. While samples 
with a low pitch/KOH ratio (e.g., 1:1) exhibits a narrow pore size dis
tribution (a narrow knee can be appreciated in the nitrogen isotherm), 
samples with 1:5 ratio exhibit a broad knee due to the presence of 
narrow and wide micropores. The apparent BET surface area ranges 
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from ca. 1400 m2/g for sample 1:1, up to 3300 m2/g for highly activated 
pitches (see Table S1). 

The preferential presence of narrow microporosity in the different 
KOH activated samples is confirmed in Figure S1. The pore size distri
bution (PSD) obtained after application of the QSDFT model reflects the 
presence of a majority of pores below 1 nm, with some contribution in 
the 1–2 nm range for highly activated samples, and even some meso
porosity, although scarce, above 3 nm for sample PPAC1:5. 

Activated carbon materials with a highly developed porous structure 
are promising platforms for gas adsorption/storage processes [39,40]. In 
this sense, Fig. 1b shows the methane adsorption performance (excess 
amount adsorbed) for the synthesized samples up to 4.0 MPa. As ex
pected, the amount of methane adsorbed increases with the activation 
degree, the effect of the activation being more significant in the low 
activation range. The excess gravimetric storage capacity obtained 
ranges from 11.5 wt%, for sample PPAC1:1, up to 20.6 wt%, for sample 
PPAC1:5, in both cases at 4.0 MPa and 298 K (Table 1). These values in 
gravimetric basis are among the best described in the literature for 
carbon materials [41]. Despite the excellent adsorption values obtained 
in gravimetric basis, it is important to highlight that volumetric storage 
capacity is more relevant for a subsequent technological application of 
porous materials due to necessity to adsorb a maximum amount of the 
target molecule in a minimum volume (or restricted space). However, 
the conversion from gravimetric to volumetric is not straightforward 
since the knowledge of the real density of the sample is needed. A closer 
look to the literature shows that this is a controversial issue since cal
culations can be performed using either i) packing density of the powder 
material (with or without binder) under pressure, or ii) packing density 
of the conformed material after releasing the pressure (sometimes a 
fragile monolith is obtained when a binder is not used, with the asso
ciated uncertainty in measuring the monolith dimensions) or iii) even 
the crystallographic density of a theoretical single crystal (very typical 
in the specific case of crystalline materials such as MOFs) [42]. Among 

these possibilities, the most realistic approach, and the one used in this 
manuscript, is the second one. This approach implies a direct evaluation 
of the volume occupied by the compacted powder in a monolithic shape 
after releasing the pressure, provided that the mechanical properties of 
the synthesized monolith are appropriate. Table 1 shows the evaluation 
of the packing density for the different samples evaluated. 

As it can be appreciated, the packing density decreases with the 
development of porosity from 0.47 g/cm3 down to 0.33 g/cm3 (to avoid 
uncertainty with the fragile monoliths (compacted powder), several 
repetitions have been performed to get an accurate average value; un
certainty is around 4–5 %). Taking into account these values, the 
calculated volumetric capacity for the synthesized carbons increases 
from 76 V/V for sample PPAC1:1 up to a plateau around 95 V/V, for 
samples PPAC1:3 and above. Apparently, although the activation degree 
improves the adsorption performance in gravimetric basis, the associ
ated decrease in density minimizes this improvement, thus giving rise to 
an upper limit in the excess volumetric capacity. 

3.1.2. Incorporation of high thermal conductivity additives 
Taking into account the results describe above, sample PPAC1:3 was 

selected for the subsequent studies. This sample combines a proper 
development of porosity, a proper density and, consequently, an opti
mum in the excess volumetric adsorption capacity. One of the main 
limitations of activated carbons for gas storage applications is their low 
thermal conductivity. Overall, the limited conductivity is a severe lim
itation for the majority of inorganic porous solids with potential appli
cation in gas adsorption/storage processes, such as zeolites, activated 
carbons and metal–organic frameworks (thermal conductivity lower 
than 0.2–0.3 W/mK) [43–45]. A promising approach to improve the 
thermal conductivity in carbon materials is based on the preparation of 
composite materials via the incorporation of a small percentage of a 
second component with a high thermal conductivity, for instance gra
phene or graphite. To this end, a series of samples have been prepared 
using petroleum pitch blended with graphite or graphene, followed by a 
subsequent chemical activation using KOH (see Experimental Section for 
further details). 

Fig. 2a shows the N2 adsorption/desorption isotherms for the orig
inal PPAC1:3 sample and the same pitch modified with 5–10 wt% 
graphite or 2.5 wt% graphene. At this point it is important to highlight 
that the differences in the amount of graphite and graphene incorpo
rated are based on their extremely different tap densities (0.35 g/cm3 vs 
0.022 g/cm3, respectively). 

Nitrogen isotherms clearly reflect that the incorporation of a small 
amount of additive before the activation step does not modify signifi
cantly the porous structure of the final composite, although a 
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Fig. 1. (a) Nitrogen adsorption/desorption isotherms at 77 K for the PPAC samples prepared using KOH as activating agent (pitch/KOH ratio from 1:1 up to 1:5); (b) 
Excess methane adsorbed at 298 K and up to 4.0 MPa for the synthesized samples. 

Table 1 
Gravimetric and volumetric excess methane adsorption capacity for the different 
PPAC samples. Packing density (g/cm3) of the powder samples without binder 
after a conforming step at 74 MPa and activation yield are also included.  

Sample CH4adsorbed  
(wt.%) 
4.0 MPa 

Packing 
density 
(g/cm3) 

Activation 
Yield 
(%) 

CH4 

Adsorbed 
(V/V) 

PPAC1:1  11.5  0.47 63 76 
PPAC1:2  15.7  0.42 60 92 
PPAC1:3  17.9  0.38 54 95 
PPAC1:4  19.0  0.35 46 93 
PPAC1:5  20.6  0.33 41 95  
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progressive decrease in the BET surface area can be appreciated. The 
absence of important changes in the porous network is also reflected in 
the textural parameters deduced after application of the BET and 
Dubinin-Radushkevich equations (see Table S2). The presence of a 
rather similar porous texture is also reflected in the excess methane 
adsorption performance for the 4 samples evaluated, with a gravimetric 
uptake values around 17–17.5 wt% (Table 2). 

The main difference between the original and the composite samples 
concerns the packing density. As expected, the incorporation of a second 
component gives rise to a slight increase in the density from 0.38 g/cm3 

up to 0.43 g/cm3, after incorporation of 10 wt% graphite, and 0.39 g/ 
cm3, after incorporation of graphene (2.5 wt%). These changes in the 
density of the final composite have an effect in the volumetric adsorp
tion capacity, with a slight increase from 95 V/V in the unmodified 
carbon up to a maximum of 102 V/V for the sample PPAC1:3_10GI. 
These results reflect that the incorporation of graphene and/or graphite 
before the activation step give rise to composite materials with a rather 
similar porosity and adsorption performance but with an improved 
density due to the higher density of the second component. 

3.2. Activated carbon-based materials in monolithic shape 

3.2.1. Effect of the conforming conditions (binder amount and nature, 
conforming pressure, etc.) 

As described above in the introduction, one of the main limitations 
for powder samples is their limited technological applicability due to the 
associated pressure drops in large reactors. To avoid these drawbacks, 
powder samples have to be conformed into pellets or monoliths. How
ever, the conforming step is not straightforward due to the necessity to 
apply high pressures, with the associated structural damage for some 
kind of materials, and the necessity to incorporate a binder, with the 
associated partial blocking of the porosity [46]. Although novel routes 

have been proposed in the literature to synthesize monoliths (for 
instance the gelation of MOF crystals into monoliths avoiding pressure 
and the use of a binder), the conventional route using high pressures and 
binding agents is still the most widely applied [14,15,19,20]. In the 
specific case of carbon PPAC1:3 we have investigated the role of the 
binder used (5 wt%), either polyvinyl alcohol - PA or carboxymethyl 
cellulose - CMC. 

Figure S2 and Tables S3&S4 clearly anticipates that both monoliths 
possess a similar porous structure, with an apparent surface area around 
2230–2250 m2/g, a similar density for the monolith (0.41 g/cm3), and a 
similar performance for methane storage at 4.0 MPa both gravimetric 
and volumetric (although slightly larger capacity for the CMC-based 
monoliths). Compared to the parent powder carbon, PPAC1:3, textural 
details show that the conforming step does not produce any deteriora
tion of the 3D porous network, in close agreement with the intrinsic 
strength of carbon materials, except some minimal pore blocking due to 
the incorporation of the binder. Representative photographs of the 
monoliths (Fig. 3) confirm that both samples are robust and must possess 
proper intrinsic mechanical properties (no defects or external deterio
ration can be appreciated). To further confirm this aspect, the me
chanical properties of the synthesized monoliths have been evaluated 
using conventional compressive stress–strain tests. These analyses are 
very useful to identify the maximum stress that a monolith can sustain 
before rupture. Figure S3 shows the stress–strain profiles for the two 
monoliths evaluated. The compressive modulus obtained from the slope 
is 57 MPa, for MPPAC_CMC, and 44 MPa, for MPPAC_PVA samples 
(Table S4). The improved mechanical performance of CMC-based 
monoliths is also reflected in the compressive strength at the failure 
point, i.e. 6 MPa for CMC and 4 MPa for PVA-based monoliths. These 
values are rather similar to those described in the literature for phenolic 
resin, sucrose and pitch-derived carbon foams [47–49]. With these 
premises, CMC was selected for the next steps due to the easiness in the 
preparation of the monoliths (no heat needed compared to PA) and the 
improved mechanical properties of the monoliths. 

Another critical parameter in the preparation of monoliths concerns 
the total pressure applied during the conforming step since high pres
sures can be detrimental for the 3D porous network [46]. Figure S4 and 
Tables S5&S6 compare the adsorption performance of PPAC monoliths 
prepared with CMC as a binder and using different conforming pressures 
by application of loads ranging from 1 ton up to 5 tons in the press, 
which corresponds to pressures ranging from 74 up to 370 MPa. The 
obtained results show that 1 and 3 tons are appropriate to synthesize a 
proper monolith without any structural damage, either internally or 
externally (after visual inspection). Despite the structural strength of 
carbon network, loads around 3 tons constitute an upper limit. 
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Fig. 2. (a) Nitrogen adsorption/desorption isotherms at 77 K for the PPAC1:3 sample before and after the modification with graphite or graphene; (b) Excess 
methane adsorbed at 298 K and up to 4.0 MPa. 

Table 2 
Gravimetric and volumetric excess methane adsorption capacity for the different 
PPAC1:3 samples modified with graphite or graphene. Packing density (g/cm3) 
of the powder sample without binder after a conforming step at 74 MPa and 
activation yield are also included.  

Sample CH4adsorbed  
(wt.%) 
4.0 MPa 

Packing 
density 
(g/cm3) 

Activation 
Yield 
(%) 

CH4 

Adsorbed 
(V/V) 

PPAC1:3  17.9  0.38 54 95 
PPAC1:3_5GI  17.1  0.40 54 96 
PPAC1:3_10GI  17.0  0.43 54 102 
PPAC1:3_2.5GE  17.4  0.39 54 95  
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Conforming loads above this threshold value (e.g., 5 tons) become 
detrimental with a significant decrease in the BET surface area and 
methane adsorption capacity. 

Last but not least, the amount of binder incorporated was evaluated 
in terms of porous structure and mechanical properties of the final 
monolith and, in terms of adsorption performance for methane at 4.0 
MPa and 298 K. At this point it is important to highlight that methane 
adsorption measurements were performed using the complete monoliths 
in a specially designed high-pressure cell, thus avoiding uncertainties 
when breaking the monoliths into small pieces. Nitrogen adsorption/ 
desorption measurements at 77 K (Fig. 4) show that the incorporation of 
the binder becomes detrimental for the adsorption performance due to 
the partial blocking of the porosity. The BET surface area decreases from 
2300 m2/g in the original carbon down to 2000 m2/g for the samples 
with 12 wt% CMC (Table S7). A similar scenario takes place for methane 
adsorption at 4.0 MPa, with a progressive decrease in the excess gravi
metric storage capacity from 17.9 wt% down to 15 wt% (Table S8). 
Interestingly, the incorporation of the binder gives rise to a significant 
effect in the density of the final monolith with an upper limit of 0.47 g/ 
cm3 for monoliths with 12 wt% CMC. Despite the detrimental effect of 
the binder in the adsorption performance, the associated increase in the 
density allows to compensate, the volumetric adsorption capacity 
reaching an upper value of 104 V/V for the sample with 10 wt% CMC. 
The volumetric storage capacity achieved with the full monoliths (ca. 
100–105 V/V) is lower than the best values reported in the literature for 
activated carbon-based monoliths (ca. 140–190 V/V) [14,37,50,51]. 
However, it is important to highlight that, contrary to some papers in the 
literature, i) the reported values in this study are excess adsorption ca
pacities and not total storage capacities, ii) monoliths were not opti
mized (e.g., blending bimodal carbon powders), iii) considered densities 

are real volumetric mass densities and not estimated packing densities 
measured under pressure and iv) the methane capacity was measured 
using the complete monolith after the conforming step. 

To end up, the mechanical properties of the synthesized monoliths 
with a different proportion of CMC have been tested using the 
compressive tests. Figure S5 and Table S8 show that the mechanical 
properties are rather similar for all monoliths evaluated, independently 
of the amount of binder incorporated. However, the compressive 
modulus and compressive strength at failure anticipate a certain 
improvement for sample MPPAC_8CMC, although small. In any case, 
Figure S5 suggest that 10 wt% can be anticipated as an upper limit for a 
proper mechanical performance, higher contents in CMC having a 
detrimental effect in the resistance of the monoliths to failure. 

Overall, these results show that CMC in a percentage of 10 wt% and 
with a conforming pressure of 222 MPa (or a load of 3 tons) are proper 
experimental conditions to prepare carbon monoliths with an optimum 
porous structure and packing density to achieve an upper value in the 
methane volumetric adsorption capacity. 

3.2.2. Effect of the additives in the conformed monoliths 
In a final step, the best conditions identified in previous sections 

were applied to synthesized composite monoliths containing either 
graphene or graphite in their formulation, as described in section 3.1.2. 
Fig. 5 shows the nitrogen adsorption/desorption isotherms for the 
different monoliths conformed using CMC (10 wt%) and either pure 
carbon or carbon-based composites. As expected, the incorporation of 
the binder and the graphite/graphene in the composition gives rise to a 
progressive decrease in the textural parameters, preferentially a partial 
blocking of the narrow microporosity, and a decrease in the total 
adsorption capacity at p/p0 = 1. This is clearly reflected in the nitrogen 
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Fig. 3. Photographs of a typical carbon monolith synthesized using 5 wt% of carboxymethyl cellulose (CMC) or polyvinyl alcohol (PVA) as a binder (i.d. 1.3 cm; 
height ≈ 0.7–0.8 cm) and 74 MPa of conforming pressure. 
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Fig. 4. (a) Nitrogen adsorption/desorption isotherms at 77 K for the PPAC1:3 samples after a conforming step using different concentrations of CMC (5–12 wt%); (b) 
Excess methane adsorbed at 298 K and up to 4.0 MPa. 
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isotherms with a broadening of the knee at low relative pressures in the 
final monolith. BET surface area decreases from 2300 m2/g in the 
original carbon PPAC1:3 down to ca. 2000–2100 m2/g, after the 
incorporation of the binder, the corresponding additive and the appli
cation of a conforming step. The reduction in the textural characteristics 
of the final composite is understandable due to the non-porous nature of 
the binder and the additives incorporated (although some contribution 
from the additives after the KOH activation treatment cannot be ruled 
out). Consequently, binder and additives contribute to the weight but 
not to the porous structure of the final monolith, thus explaining the 
much lower surface area for sample MPPAC_10CMC_10GI (i.e. 10 wt% 
binder and 10 wt% graphite). 

A similar scenario takes place for the methane adsorption measure
ments at 298 K and 4.0 MPa. Incorporation of binder and additives gives 
rise to a decrease in the methane storage capacity, the decrease being 
proportional to the amount of additive incorporated, i.e. 
MPPAC_10CMC > MPPAC_10CMC_2.5GE > MPPAC_10CMC_5GI >
MPPAC_10CMC_10GI. The excess methane adsorbed (gravimetrically) 
decreases from 17.9 wt% in the original powder sample to 16.1 wt% 
after a conforming step with CMC and down to 13–15 wt% after the 

incorporation of graphite or graphene additives (Table S10). These re
sults clearly show that the incorporation of additives becomes detri
mental to the adsorption performance of the monoliths. However, the 
partial clogging of the 3D porous network is accompanied by a signifi
cant increase in the density of the final monolith, from 0.38 g/cm3 in the 
original compacted powder up to 0.52 g/cm3 in the monolith with 10 wt 
% graphite. Interestingly, the increase in the final density of the 
monolith is sufficient to compensate the decrease in the excess gravi
metric capacity so that the volumetric capacity of the monoliths for 
methane storage (V/V) is always above 100 V/V, independently of the 
additive incorporated. As described in the introduction, the main role of 
the additives is to incorporate new properties in the monolith without 
compromising the adsorption properties. To this end, the thermal and 
mechanical properties of the monoliths have been tested and compared 
to the MPPAC_10CMC sample without additives. 

Fig. 6 and Table S10 show that the incorporation of graphite in the 
formulation of the MPPAC_10CMC monolith gives rise to a tremendous 
increase in the mechanical properties, with close to a twofold increase in 
the compressive modulus and compressive strength at failure for the 
monolith with 10 wt% graphite. Concerning the thermal properties, 
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Fig. 5. (a) Nitrogen adsorption/desorption isotherms at 77 K for the PPAC1:3 samples after a conforming step using 10 wt% CMC and after incorporation of either 
graphite or graphene as additives; (b) Excess methane adsorbed at 298 K and up to 4.0 MPa for these samples. 
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Table S10 shows that the incorporation of graphite is able to increase 19 
% and 50 % the thermal conductivity of the original unmodified 
monolith, for samples with 5 wt% and 10 wt% graphite, respectively. 
These results are highly encouraging since incorporation of only 10 wt% 
of graphite allows to infer a 105 % increase in the compressive strength 
and 50 % increase in the thermal conductivity. 

At this point it is important to highlight the effect of graphene. 
Incorporation of a small amount of graphene (2.5 wt%) in the final 
formulation is sufficient to increase the mechanical and thermal prop
erties of the monoliths highly above the values achieved with the 
monolith with 5 wt% graphite, i.e. the graphene-based monolith ex
hibits a surprisingly large stability towards failure, and a thermal con
ductivity comparable to the one of the monolith with 10 wt% graphite. 
Overall, these results demonstrate the beneficial effect of these additives 
to increase the mechanical and thermal properties of activated carbon 
monoliths, preferentially when using graphene as an additive without 
compromising their adsorption properties at high pressures. 

4. Conclusions 

A series of activated carbon materials have been prepared from pe
troleum pitch residues using KOH as activating agent. Nitrogen 
adsorption measurements show that the synthesized samples exhibit a 
highly developed porous structure (up to 3300 m2/g), and a high 
methane adsorption capacity (up to 20 wt% at 4 MPa and 298 K). These 
carbon materials have been modified through the incorporation of 
carbon-based additives with high thermal conductivity (graphite or 
graphene). The incorporation of the additives in the initial stages of the 
synthesis process allows to design composites with improved packing 
density without compromising the adsorption performance of the parent 
carbon. These powder samples can be easily conformed into monoliths 
after the incorporation of a proper amount of binder. Experimental re
sults show that carboxymethyl cellulose in a proportion of 10 wt% al
lows to obtain carbon monoliths with very promising mechanical 
properties (compressive strength at failure up to 6 MPa). Incorporation 
of graphite or graphene in the formulation of these monoliths allows to 
increase up to twofold the compressive strength and up to 50 % the 
thermal properties, without compromising the volumetric adsorption 
capacity. 

CRediT authorship contribution statement 

S. Reljic: Investigation, Data curation, Formal analysis. C. Cua
drado-Collados: Investigation, Data curation, Formal analysis. J. Far
rando-Perez: Investigation, Data curation, Formal analysis. E.O. 
Jardim: Conceptualization, Methodology. M. Martinez-Escandell: 
Conceptualization. J. Silvestre-Albero: Writing – review & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interest or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgement 

Authors would like to acknowledge financial support from the 
Ministerio de Ciencia e Innovación (Project PID2019-108453GB-C21), 
MCIN/AEI/10.13039/501100011033 and EU “NextGeneration/PRTR 
(Project PCI2020-111968 /3D-Photocat) and NATO SPS program 
(Project G5683). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.fuel.2022.124753. 

References 

[1] Li H, Wang K, Sun Y, Lollar CT, Li J, Zhou H-C. Recent advances in gas storage and 
separation using metal-organic frameworks. Mater Today 2018;21:108–21. 

[2] Hiraide S, Sakanaka Y, Kajiro H, Kawaguchi S, Miyahara MT, Tanaka H. High- 
throughput gas separation by flexible metal-organic frameworks with fast gating 
and thermal management capabilities. Nature Commun 2020;11:3867. 

[3] Morris JR, Contescu CI, Chisholm MF, Cooper VR, Guo J, He L, et al. Modern 
approaches to studying gas adsorption in nanoporous carbons. J Mater Chem A 
2013;1:9341–50. 

[4] Choi P-S, Jeong J-M, Choi Y-K, Kim M-S, Shin G-J, Park S-J. A review: methane 
capture by nanoporous carbon materials for automobiles. Carbon Letters 2016;17: 
18–28. 

[5] Policicchio A, Filosa R, Abate S, Desiderio G, Colavita E. Activated carbon and 
metal-organic framework as adsorbent for low-pressure methane storage 
applications: an overview. J Porous Mater 2017;24:905–22. 

[6] Travlou NA, Seredych M, Rodríguez-Castellón E, Bandosz TJ. Activated carbon- 
based gas sensors: effects of surface features on the sensing mechanism. J Mater 
Chem A 2015;3:3821–31. 

[7] Small LJ, Schindelholz ME, Nenoff TM. Hold on tight: MOF-based irreversible gas 
sensors. Ind Eng Chem Res 2021;60:7998–8006. 

[8] He S, Wu L, Li X, Sun H, Xiong T, Liu J, et al. Metal-organic frameworks for 
advanced drug delivery. Acta Pharm Sinica B 2021;11:2362–95. 

[9] Sun Y, Zheng L, Yang Y, Qian X, Fu T, Li X, et al. Metal-organic framework 
nanocarriers for drug delivery in biomedical applications. Nano-micro Lett 2020; 
12:103. 

[10] Wang L, Zheng M, Xie Z. Nanoscale metal-organic frameworks for drug delivery: a 
conventional platform with new promise. J Mater Chem B 2018;6:707–17. 

[11] Gandara-Loe J, Ortuño-Lizarán I, Fernández-Sanchez L, Alió JL, Cuenca N, Vega- 
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