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a b s t r a c t 

A series of activated carbon materials have been successfully prepared from a non-essential amino acid, 

such as L-cysteine. The synthesized carbons combine a widely developed porous structure (BET surface 

area up to 10 0 0 m 

2 /g) and a rich surface chemistry (mainly oxygen, nitrogen and sulphur functionalities). 

These surface functional groups are relatively stable even after a high temperature thermal treatment 

( O > N ∼S). Experimental results show that these samples with a rich surface chemistry exhibit a signifi- 

cant improvement in their hydrophilic character. Although the role of the surface functional groups is less 

pronounced for the adsorption of non-polar molecules such as CO 2 , CH 4 and C 2 H 4 , their adsorption at 

atmospheric pressure is to some extend conditioned by the characteristics of the adsorbent-adsorbate in- 

teractions. The synthesized carbons exhibit an excellent adsorption performance for CO 2 (up to 3 mmol/g 

at 0 °C). Furthermore, samples with a low activation degree exhibit molecular sieving properties with 

very promising CO 2 /CH 4 (up to 4.5) and C 2 H 4 /CH 4 (up to 6) selectivity ratios. These results anticipate 

that non-essential amino acids are a versatile platform to obtain carbon materials combining a tailored 

porous structure and rich multifunctional surface chemistry and with potential application for gas ad- 

sorption/separation processes. 

© 2022 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

The activated carbon global market is continuously growing (up 

o 3.31 million metric tons worldwide by 2021) due to the versa- 

ility of these materials in industry and municipalities for cleaning 

urposes. Their main application involves the removal of contam- 

nants in water and air environments [1] . However, activated car- 

ons are also important in the medical and pharmaceutical indus- 

ry to remove contaminants in the production of drugs. Worldwide 

arket is expected to continue growing due to the excellent per- 

ormance of activated carbon materials in novel applications such 

s electrodes for electrochemical double layer capacitors (EDLC) 

nd lithium ion batteries (LIBs), sensors, amongst others [2–4] . 

The attractiveness of activated carbon as a universal adsorbent 

s due to its low cost, the versatility in its production (e.g., a wide
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ange of precursors can be used), and the possibility to design the 

orous structure and surface chemistry upon request. Although the 

orous structure has a profound impact on the performance of 

he activated carbons (e.g., microporous activated carbons exhibit 

n optimum performance for gas and energy storage [ 5 , 6 ]), the

resence of surface functionalities, although being also important, 

as been less explored [ 7 , 8 ]. Heteroatoms such as oxygen, nitro- 

en, hydrogen and, to a lower extent, sulphur have been tradition- 

lly observed in carbon materials, leading to stable surface com- 

ounds. A priori, the nature and amount of these groups can mod- 

fy the physicochemical characteristics of the synthesized carbons 

nd their subsequent performance in a given application. However, 

he understanding of real role of these surface functionalities is 

ot always straightforward due to the difficulty to isolate specific 

roups and the variety in their local environment depending on 

he carbon precursor, the pretreatment applied, etc [9] . 

Oxygen-containing surface groups are the most common func- 

ionalities present on the carbon surface and the most widely 

valuated. The presence of oxygen surface groups has a promot- 
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a  
ng effect in a range of applications, such as adsorption of po- 

ar molecules (e.g., H 2 O) [10–13] , catalytic methane decomposi- 

ion [14] , hydrogen storage [15] , etc. Contrary to oxygen, nitrogen 

unctionalities are not formed spontaneously on carbons during 

heir synthesis. These functionalities have to be incorporated either 

hrough post-synthesis methods (e.g., treatment with ammonia at 

igh temperature) [16] , or using nitrogen containing carbon pre- 

ursors (e.g., polypyrrole) [17] . The presence of nitrogen functional- 

ties has shown to be beneficial for processes such as CO 2 adsorp- 

ion [ 17 , 18 ], electric double layer capacitance [19] , metal-free oxy- 

en reduction [20] , etc. Although sulphur has been less explored in 

he literature, there are studies that confirm a promoting effect of 

ulphur for CO 2 adsorption [21] , as cathode in Li-S batteries [22] , 

s metal-free catalysts for hydrochlorination reactions [23] , and in 

he removal of Hg in aqueous phase [24] . 

Despite these findings, the situation is more complex when dif- 

erent functional groups are present simultaneously in a given ac- 

ivated carbon. This is due to the difficulty to isolate the effect 

f each of these groups individually and to identify the presence 

f potential synergetic effects amongst them. Sanchez-Sanchez and 

oworkers managed to identify the concomitant role of nitrogen, 

xygen and phosphorus functionalities in the adsorption of CO 2 at 

tmospheric pressure [25] . Through a careful XPS investigation, the 

uthors managed to identify the specific role of each functional- 

ty, including the nature of the surface groups having a preferen- 

ial role in the aforementioned process. Unfortunately, the evalua- 

ion of multi-functionalized activated carbons and potential syner- 

etic effects is limited due to the difficulty to incorporate different 

unctional groups on the carbon surface, either during the synthe- 

is or through post-synthesis methods. A promising approach to 

each these multi-functionalized carbons is the use of raw mate- 

ials with a rich surface chemistry as carbon precursors, e.g. cova- 

ent organic condensates. For instance, Kossmann and workers syn- 

hesized C 1 N 1 condensates from guanine with promising results 

or CO 2 /N 2 separation [26] . A potential platform never evaluated 

n the literature is the use of non-essential amino acids (amino 

cids not used as food supplements). Amino acids are organic com- 

ounds that contain amino (-NH 2 ) and carboxyl (-COOH) func- 

ional groups, together with side chains that could contain other 

unctional groups such as sulphur (e.g., cysteine & methionine). 

aking into account that amino acids are the main component of 

roteins and, at the same time, proteins are the main responsible 

or CO 2 fixation in plants (through Rubisco enzyme), the evalua- 

ion of these platforms to synthesize carbon materials is a priori 

n appealing approach. In principle, amino acids are susceptible 

o condensate into complex structures ready to be converted into 

ctivated carbons after a proper activation step. However, to our 

nowledge there are no studies in the literature about the use of 

mino acids as precursors for the preparation of carbon materials 

ith a rich multicomponent surface chemistry. 

With these premises, the main goal of this manuscript is the 

reparation of activated carbon materials combining oxygen, nitro- 

en and sulphur functionalities starting from l -cysteine as a raw 

aterial. l - cysteine is a non-essential aminoacid produced indus- 

rially by hydrolysis of animal wastes (keratin), such as poultry 

eathers and hog hair, although it can also be obtained from fruits 

nd vegetables [27] . Experimental results show that l -cysteine 

an be successfully converted into high-surface area activated car- 

ons. These carbons are purely micropores in nature and exhibit 

arbon molecular sieving properties (at least for samples with a 

ow activation degree), while preserving a rich surface chemistry. 

hese samples exhibit a very good performance for CO 2 and C 2 H 4 

dsorption at atmospheric pressure, associated with a promising 

O 2 /CH 4 and C 2 H 4 /CH 4 selectivity ratio, in the case of the carbon

olecular sieves. 
t

2

. Experimental section 

.1. Preparation of the activated carbon 

L-cysteine is a sulfur-containing non-essential amino acid. The 

olecule (L-Cysteine, 97%) was purchased from SIGMA-ALDRICH. 

n a first step, l -Cysteine was spread in the alumina boat and 

hermally treated in a horizontal furnace at 700 °C for 2 h un- 

er a N 2 flow rate of 100 ml/min (heating ramp of 3 °C/min). 

he reaction process is a simple condensation of l -cysteine, fol- 

owed by carbonization under nitrogen atmosphere. After conden- 

ation/carbonization the yield was 5.4 wt.%. In the second step, 

he carbonized material was activated with CO 2 (100 ml/min) at 

 temperature of 800 °C with the heating ramp of 3 °C/min and 

he activation time of 1 h, 3 h, 6 h. An additional sample was pre-

ared using 900 °C as activation temperature for 1 h. Four different 

ysteine-based activated carbons (CAC) were prepared and labelled 

ACxy00, where x = activation time and y = activation temperature. 

he yield achieved after the activation treatment is shown in the 

able 1 . 

.2. Physico-chemical characterization 

The porous structure of the synthesized samples was character- 

zed using gas adsorption at cryogenic temperatures. Before the ad- 

orption measurements, samples were submitted to an outgassing 

reatment at 200 °C for 4 h. N 2 adsorption measurements were per- 

ormed at −196 °C in a home-built manometric system. 

Field emission scanning electron microscopy (FESEM) images 

ere obtained in a ZEISS equipment (Merlin VP compact model) 

quipped with an EDX microanalyzer Quantax 400 from Bruker. 

his equipment has a resolution of 0.8 nm at 15 kV and 1.6 nm at

 kV. The XPS spectra were recorded in a XPS K-ALPHA Thermo 

cientific. All spectra were collected using an Al-K radiation 

1486.6 eV), monochromatized by a twin crystal monochromator, 

ielding focused X-ray spot elliptical shaped with a major axis 

ength of 400 mm at 3 mA x 12 kV. The alpha hemispherical anal- 

ser was operated at the constant energy mode with survey scan 

ass energies of 200 eV to measure the whole energy band and 

0 eV in a narrow scan to selectively measure the desired ele- 

ents. Charge compensation was achieved with the system flood 

un that provides low energy electrons and low energy argon ions 

rom a single source. The CH x in carbon 1 s score level was used 

s reference binding energy (284.6 eV). The powder samples were 

ressed and mounted on the sample holder and placed in the vac- 

um chamber. Before the spectrum recording, the samples were 

aintained in the analysis chamber until a residual pressure of 

a. 5 × 10 −7 Nm 

−2 . The peaks deconvolution was performed by a 

uantitative analysis calculating the integral of each peak, after 

ubtracting the S-shaped background, and by fitting the experi- 

ental curve to a combination of Lorentzian (30%) and Gaussian 

70%) model. Due to the chemical heterogeneity of the synthesized 

amples, XPS analysis have been performed in three different po- 

itions. 

.3. Atmospheric pressure H 2 O, CO 2 , CH 4 and C 2 H 4 isotherms 

Gas/vapour adsorption measurements at atmospheric pressure 

ere performed in a manometric system designed and constructed 

y the LMA (Advanced Materials Laboratory) group, now commer- 

ialized by Quantachrome Instruments as VSTAR. Before the ad- 

orption measurements, samples were outgassed under ultra-high 

acuum conditions at 200 °C for 4 h. Isotherms were performed 

t 25 °C for all probes, except for CO 2 where 25 °C and 0 °C were

ested. 
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Table 1 

The yield of the samples. 

SAMPLE Activation time 

(h) 

Activation temperature 

( °C) 

Yield 

(%) 

CAC1800 1 800 80 

CAC3800 3 800 38 

CAC6800 6 800 25 

CAC1900 1 900 68 

Fig 1. (a) N 2 adsorption/desorption isotherms at −196 °C, (b) CO 2 isotherms at 0 °C for the different samples evaluated and (c) pore size distribution after application of the 

QSDFT method to the nitrogen adsorption data (slit-shaped pore model). 
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. Results and discussion 

.1. Evaluation of the porous structure 

The porous structure of the synthesized carbon materials has 

een evaluated using gas adsorption measurements. N 2 adsorption 

t cryogenic temperatures ( −196 °C) has been applied to evalu- 

te the micro-/mesoporous network, while CO 2 adsorption at 0 °C 

as been used to evaluate the narrow microporous structure. Fig 1 

ompares the adsorption of these two probes, N 2 and CO 2 , up to 

tmospheric pressure, while textural characteristics are reported in 

able 2 . 

Condensed cysteine (not shown) exhibits a flat isotherm due to 

he absence of accessible porosity after the thermal treatment at 

00 °C (S = 2 m 

2 /g). Contrary to previous results obtained with 
BET 

3 
uanine condensates (200 m 

2 /g were reached at 700 °C) [26] , our 

esults reflects the necessity to incorporate an additional activation 

tep to develop porosity in the obtained cysteine-based solid con- 

ensates. The results described in Fig 1 show that, for a given ac- 

ivation temperature (e.g., 800 °C), the porous structure of the syn- 

hesized samples scales-up with the extend of the activation treat- 

ent, i.e. activation time from 1 h to 6 h. Sample activated for 1 h

t 800 °C, i.e. CAC1800, exhibits a poorly developed porous struc- 

ure, with a BET surface area ca. 140 m 

2 /g (see Table 2 ). The pres-

nce of a scarcely developed porous structure can be clearly ap- 

reciated in the N 2 adsorption isotherm (Type I according to the 

UPAC classification), with a narrow knee at low relative pressures 

ssociated with a purely microporous material and a limited ad- 

orption capacity. An extension in the activation process to 3 h and 

 h at 800 °C gives rise to a significant development of the poros- 
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Table 2 

Textural parameters deduced from the nitrogen and CO 2 adsorption measurements. 

Sample S BET 

(m 

2 /g) 

V 0 
(cm 

3 /g) 

V meso 

(cm 

3 /g) 

V total 

(cm 

3 /g) 

V n CO 2 

(cm 

3 /g) 

CAC1800 141 0.06 0.01 0.07 0.18 

CAC3800 600 0.25 0.01 0.26 0.24 

CAC6800 1013 0.42 0.01 0.43 0.26 

CAC1900 378 0.17 0.01 0.18 0.11 
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ty with a BET surface area of 600 m 

2 /g and 1013 m 

2 /g, respec-

ively. Interestingly, the N 2 adsorption isotherms confirm that the 

ctivation treatment with CO 2 provides purely microporous sam- 

les, independently of the activation degree. The exclusive pres- 

nce of microporosity is also reflected in Table 2 (V meso ∼ 0 cm 

3 /g 

or all samples) and in the pore size distribution estimated af- 

er application of the QSDFT method ( Fig 1 c). Despite these large 

ifferences in the nitrogen adsorption performance for the three 

amples synthesized at 800 °C, their CO 2 uptake ( Fig 1 b) at 0 °C
nd 1 bar is rather similar. This observation anticipates the pres- 

nce of diffusional restrictions for N 2 to access the inner porous 

tructure in samples with a low activation degree (e.g., CAC1800). 

he restricted accessibility for nitrogen at −196 °C is confirmed 

fter comparing the micropore volume (V 0 ) and the narrow mi- 

ropore volume (V n ) deduced after application of the Dubinin- 

adushkevich equation to the N 2 and CO 2 isotherms, respectively. 

or this specific sample V n >> V 0 , thus confirming the presence 

f diffusional restrictions for nitrogen to access the inner porous 

tructure at cryogenic temperatures [28] . The presence of narrow 

icropores is also reflected in the more concave shape of the CO 2 

sotherm at 0 °C. In the specific case of sample CAC3800, V n ∼V 0 ,

hus reflecting the presence of a narrow micropore size distribu- 

ion. Only sample CAC6800 possess wider micropores (V 0 >> V n ), 

lthough without mesoporosity. This sample exhibits a BET surface 

rea as high as 1013 m 

2 /g. At this point it is important to highlight

hat although the CO 2 adsorption isotherms could be slightly af- 

ected by surface functional groups, their presence does not allow 

o explain the observed differences between N 2 and CO 2 . Overall, 

hese results show that l -cysteine is an excellent platform to syn- 

hesize purely microporous activated carbons with, a priori , molec- 

lar sieving properties. 

An additional carbon sample was prepared through an activa- 

ion treatment at 900 °C for 1 h. Sample CAC1900 exhibits a moder- 

te BET surface area (ca. 378 m 

2 /g). Compared to sample CAC1800, 

he increase in the activation temperature allows to widen the 

orosity, thus avoiding, a priori , the aforementioned restrictions for 

itrogen to access the inner porous structure. However, the sample 

ctivated at 900 °C for 1 h exhibits a surprisingly small volume of 

arrow micropores (although BET is much higher), thus reflecting 

ome potential limitations for CO 2 to access the narrow porosity, 

s will be discussed later on. 

.2. Evaluation of the morphology of the synthesized carbons 

Once the porous structure is well-stablished, the next open 

uestion concerns the morphology of the synthesized carbon par- 

icles. To gain insights about the morphology, we have performed 

eld emission scanning electron microscopy (FE-SEM) in the syn- 

hesized samples. Fig 2 shows some representative pictures of 

amples CACx800 ( x = 1–6). As it can be appreciated in the mi- 

roscopy images, the morphology of the synthesized activated car- 

ons is quite unique and complex. Samples with a low activation 

egree (e.g., CAC1800) show a quite regular morphology with a 

erfectly smooth surface ( Fig 2 a). However, after a higher activa- 

ion degree (3 h and 6 h at 800 °C) the morphology of the samples
4

ecomes irregular and new structures can be appreciated. FE-SEM 

mages allow to discern sections with the formation of needles ( Fig 

 b), sections with holes in the macroporous range ( Figs 2 b-d), and

ections with globular-based structures ( Fig 2 e). Similar morpholo- 

ies have been reported in the literature by Cosmidis and cowork- 

rs after organomineralization of dissolved sulfide and dissolved 

rganics (sugars and amino acids) in the presence of oxygen [29] . 

ccording to these authors, the needles and globular structures 

orrespond to S(0) phases, preferentially β-, α- or γ -S 8 , associated 

ith the organics and obtained after a self-assembly mechanism. 

pparently, the dissolved organic molecules (e.g., amino acids) are 

ble to polymerize into solid, macromolecular, polymeric organics 

tabilizing S(0) particles in their core. Considering that cysteine is 

n amino acid containing sulphur functionalities, one can specu- 

ate that the decomposition of these functional groups during the 

ctivation treatment with CO 2 at high temperature can help the 

emaining organics to polymerize into similar needle-shape and 

lobular structures containing most probably S 8 in close associa- 

ion with the organic phase. 

.3. Evaluation of the surface chemistry 

As described in the introduction, l -cysteine is a potential plat- 

orm to synthesize multifunctional activated carbons. The nature 

f the surface functionalities has been evaluated using X-ray pho- 

oelectron spectroscopy. XPS is a very useful tool to obtain infor- 

ation about the chemical and electronic characteristics of the ac- 

ivated carbon surface. Table 3 shows the oxygen, nitrogen and sul- 

hur content in the different samples evaluated determined from 

he XPS spectra. Due to the heterogeneity of the synthesized car- 

on materials, the chemical analysis has been performed in three 

ifferent regions of the sample. As expected, the activated carbons 

roduced from L-cysteine contain carbon, oxygen, nitrogen and 

ulphur in their composition. The original cysteine (not shown) 

ontains 21 at. % of oxygen, 8 at. % of nitrogen and 11 at. % of

ulphur. After the condensation/carbonization and activation treat- 

ent all samples preserve the three functionalities although with 

 different percentage. In general, the thermal treatments applied 

n the synthesis of the carbon materials (e.g., CAC1800) give rise 

o a significant decrease in the concentration of all the aforemen- 

ioned functional groups. Overall, sulphur is more unstable with a 

ecrease of 66% compared to the original amino acid, followed by 

itrogen (48% decrease) and oxygen functionalities (49% decrease). 

n any case, the results described in Table 3 confirm that activated 

arbons prepared from L-cysteine preserve a rich surface chemistry 

ombining the three groups, although with a certain heterogene- 

ty (see differences in the three points analysed). A subsequent in- 

rease in the activation time to 3 h, sample CAC3800, modifies sig- 

ificantly the percentage of these groups, i.e. there is a significant 

ecrease in the content of nitrogen and sulphur, while the amount 

f oxygen is highly increased. Last but not least, the sample pre- 

ared at 800 °C during 6 h exhibits a similar trend. There is an in-

rease in the amount of oxygen surface groups (up to 25 at.%), to- 

ether with a decrease in the percentage of nitrogen and sulphur 

roups. A comparison of samples CAC1 ×00 shows that the surface 
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Fig 2. FE-SEM images of samples (a) CAC1800, (b) CAC3800 and (c-e) CAC6800. 

Table 3 

Oxygen, nitrogen and sulphur content (at.%) for the different samples evaluated obtained from the XPS spectra. Analysis have 

been performed in three different positions of the sample to identify the presence of heterogeneities. Average values are in- 

cluded in hyphens. 

Sample C (at.%) O (at.%) N (at.%) S (at.%) 

CAC1800 82.7/83.4/77.9 

– 81.3 –

10.0/9.0/13.2 

– 10.7 –

4.1/4.4/4.1 

– 4.2 –

3.2/3.2/4.8 

– 3.7 –

CAC3800 78.0/69.6/72.9 

– 73.5 –

16.1/25.9/21.6 

– 21.2 –

3.9/2.6/3.5 

– 3.3 –

2.0/1.9/2.0 

– 2.0 –

CAC6800 71.5/73.2/67.1 

– 70.4 –

24.2/22.5/28.7 

– 25.1 –

2.6/2.5/2.4 

– 2.5 –

1.7/1.7/1.7 

– 1.7 –

CAC1900 77.3/76.3/75.8 

– 76.5 –

17.5/18.9/18.6 

– 18.4 –

3.3/2.5/3.2 

– 3.0 –

1.9/2.2/2.4 

– 2.2 –

c

u
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a  

h

s

p

3

i

p

i

t

p

p

hemistry is slightly different at 800 °C and 900 °C, i.e. the more 

nstable nitrogen and sulphur groups decrease significantly, while 

 significant increase in the amount of oxygen functional groups is 

bserved. 

A careful evaluation of the XPS core levels for C1s, O1s, N1s 

nd S2p is reported in Fig 3 . At this point it is important to

ighlight that due to the similarity in the XPS spectra of the 

ynthesized samples, only the spectra for sample CAC6800 is re- 
5 
orted. The N1s signal shows two well-defined contributions at 

98.5 eV and 400.8 eV. These contributions are typically observed 

n N-doped activated carbons and correspond to pyridinic-N and 

yrrolic/pyridonic-N functional groups, respectively, thus confirm- 

ng the successful incorporation of the nitrogen functionalities in 

he graphene microdomains [ 30 , 31 ]. The ratio of pyridinic-N to 

yrrolic/pyridonic-N groups is around 0.73–0.87 for the three sam- 

les evaluated. The XPS spectra of sulphur is characterized in all 
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Fig 3. XPS spectra in the (a) C1s, (b) O1s, (c) N1s and (d) S2p region for sample CAC6800. 
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amples by a doublet due to S 2p 3/2 and S 2p 1/2 with an energy of

63.9–164.0 eV and 165.2–165.4 eV, respectively. The intensity ratio 

etween the two signals is ca. 2:1. The binding energy observed for 

he S 2p 3/2 contribution is rather similar to that described in the 

iterature for elemental sulphur (S 8 ) at 164.0 eV. This observation 

ould be in agreement with the needles and globular structures 

bserved above in the FE-SEM images. However, the broad nature 

f the peak at 163.9 eV does not exclude the additional presence 

f sulphur incorporated in the graphene planes as C 

–S species at a 

inding energy of 163.8 eV. In all cases, a minor contribution (27%) 

ppears at 168.6 eV attributed to sulphate species (C-SO x -C) in the 

arbon structure [32] . The XPS spectra of O1s has been decon- 

oluted in two main contributions at 531.3 eV and 532.8 eV [33] . 

revious studies described in the literature have assigned these 

roups to carbonyl oxygen of quinones (C = O at 531.0–531.9 eV), 

nd carbonyl oxygen atoms in esters, anhydrides and oxygen atoms 

n hydroxyl groups (C 

–O at 532.3–532.8 eV) [ 30 , 33 ]. Last but not

east, the XPS spectra of the C1s gives rise to a broad contribution 

n the 283–291 eV range, for all samples. The C1s signal can be 

econvoluted in four contributions, the main one at 284.7 eV and 

hree decreasing shoulders at 285.8 eV, 287.2 eV, and 289.4 eV. Ac- 

ording to the literature, the main contribution corresponds to C 

–C 

nd C = C bonds, while the shoulders must be attributed to C 

–N or

 

–S at 285.8 eV, C = O at 287.2 eV and O 

–C = O at 289.4 eV. 

In summary, XPS data confirm the presence of a rich sur- 

ace chemistry in the synthesized samples, with the concomitant 

resence of oxygen, nitrogen and sulfur functional groups. These 

roups are incorporated in the carbon network in different mor- 

hologies (e.g., carbonyl, carboxyl, etc.), their nature being rather 

ndependent of the preparation conditions. Amongst these groups 

ulphur is the most unstable followed by nitrogen whereas the 

xygen content increases with the activation treatment applied. 
6

.4. Adsorption of target molecules 

As described in the introduction, L-cysteine is an amino acid 

hat contains oxygen, nitrogen and sulphur functional groups in its 

tructure. The presence of three different functionalities in a sin- 

le molecule makes it an attractive platform to produce carbon 

aterials with a rich multicomponent surface chemistry, avoiding 

nconvenient and expensive post-synthesis treatments. It is well- 

nown in the literature that the presence of oxygen functionalities 

n carbon materials modifies the adsorption of polar molecules, 

.g., carbon-water interactions, through a cluster-mediated pore- 

lling mechanism [10–13] . The adsorption mechanism is based 

n the formation of hydrogen-bonds between the adsorbed water 

olecules and the oxygen surface groups, acting a primary adsorp- 

ion sites. While non-functionalized activated carbons are mainly 

ydrophobic in nature (water adsorption isotherms are of Type V), 

he presence of oxygen functionalities changes the isotherms grad- 

ally to a Type IV, while the inflection point defining the microp- 

re filling is shifted to lower relative pressures. Although it is far 

ess explored, the incorporation of nitrogen functional groups to 

he carbon surface increases the affinity for water molecules at 

 low relative humidity [34–37] . In the specific case of sulphur, 

here are no studies in the literature dealing with the effect of 

hese functionalities in the water adsorption performance. How- 

ver, Seredych et al. reported an improved polarity for carbon ma- 

erials modified with H 2 S with enhanced adsorption potential for 

enzothiophenic molecules [38] . With these premises, it is obvious 

hat activated carbons rich in oxygen, nitrogen and sulphur must 

ave a priori enhanced adsorbent-adsorbate interactions for po- 

ar molecules, such as water. H 2 O adsorption isotherms described 

n Fig 4 confirm this assumption with Type VI isotherms for all 

ysteine-based samples. Three distinct regions can be clearly ap- 
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Fig 4. Water adsorption/desorption isotherms at 25 °C for the different cysteine-based samples: (a) samples CACx800 and (b) samples CAC1 × 00. 

p

e

i

t

p

f

t

l

t

m

r

o

(

p

(

a

p

a

t

t

p

p

n

f  

i

a

i

h

a

i

s

8  

p

t

p

w

n

i

t

s

w

b

C

a

t

p

f

C

s

p

i

t

o

s

3

A

v

a

m

a

t

t

e

t

i

s

i  

p  

a

t

t  

A

t  

e

c

i

s

p

e

p

s

f

m

s

(  

c

o

0  

(

m

t

s

reciated. At low relative pressures, water isotherms exhibit a lin- 

ar performance up to p/p 0 ≈ 0.3 (see Fig 4 a). Interestingly, the 

nitial linear section is steeper for samples with a lower activa- 

ion degree, with a significant shift in the onset to lower relative 

ressures. This result clearly reflects the crucial role of the sur- 

ace chemistry in water adsorption at low relative pressures. In 

he sample with the lowest activation degree, i.e. CAC1800, this 

inear region reaches a plateau above p/p 0 ≈ 0.3, thus reflecting 

he completion in the filling of the narrow micropores. Narrow 

icropores with an enhanced adsorption potential are easily satu- 

ated with water at low relative pressures, in agreement with the- 

retical predictions [11] . Samples with a higher activation degree 

CAC3800 & CAC6800) exhibit an additional inflection point above 

/p 0 ≈ 0.3 attributed to water condensation in wider micropores 

cooperative adsorption mechanism in surface water clusters) until 

 plateau is reached. As expected, the total amount adsorbed at the 

lateau scales-up with the activation degree, i.e. more micropores 

re available to adsorb water molecules. However, differences in 

he uptake at the plateau (p/p 0 ≈0.6) amongst samples are smaller 

han those observed above for N 2 adsorption at cryogenic tem- 

eratures (sample CAC1800 does not differ significantly from sam- 

le CAC3800). This is another evidence about the presence of ki- 

etic restrictions for N 2 , with a larger kinetic diameter (0.36 nm 

or N 2 vs 0.28 nm for H 2 O), to access some of the inner cavities

n sample CAC1800. Above p/p 0 ≈ 0.8 all samples exhibits a final 

dsorption step most probably associated with the condensation 

n the interparticle space. In all cases, the desorption branch ex- 

ibits two hysteresis loops, one at mid-relative pressures and one 

t low-relative pressures. This observation reflects the metastabil- 

ty of water adsorption in activated carbon materials. A compari- 

on of samples activated for 1 h using two different temperatures, 

0 0 °C and 90 0 °C, confirms these findings. The presence of wider

ores in sample CAC1900 and a poorer surface chemistry gives rise 

o a shift in the water affinity to higher pressures and less market 

lateau. However, contrary to nitrogen at cryogenic temperatures, 

here kinetic restrictions are evident, water molecules with a ki- 

etic diameter around 0.28 nm are able to access the inner porosity 

n sample CAC1800 in a similar fashion to sample CAC1900. Even 

he differences observed in Fig 1 for CO 2 adsorption at a higher ad- 

orption temperature (0 °C), CAC1800 >> CAC1900, are washed out 

hen using water as a probe molecule. This observation could 

e an indication of the presence of kinetic restrictions in sample 

AC1900 due to the presence of extremely narrow micropores not 

ccessible to CO 2 at 0 °C. 

Once the porous structure and the nature of the surface func- 

ional groups has been carefully analysed, the open question at this 

oint is how these activated carbons prepared from l -cysteine per- 
7 
orm in the adsorption of two important target molecules, CH 4 and 

O 2 adsorption. Previous studies described in the literature have 

hown that the porous structure of the carbon materials, i.e. the 

resence of narrow pores able to reach a high packing density, 

s the main factor defining the adsorption performance for these 

wo probes [39–41] . In the specific case of CO 2 , narrow microp- 

res (below 0.6 nm) exhibit an optimum performance for gas ad- 

orption at atmospheric pressure whereas larger pores (below 2–

 nm) govern the adsorption performance at high pressures [41] . 

 similar scenario is predicted for methane adsorption in acti- 

ated carbon materials. Grand Canonical Monte-Carlo simulations 

nticipate an optimum performance in pores around 0.8 nm for 

ethane adsorption at atmospheric pressure, i.e. cavities able to 

ccommodate two adsorbed layers of methane [ 42 , 43 ]. Concerning 

he role of the surface functionalities in the adsorption of these 

wo molecules the situation is more controversial. The most widely 

valuated molecule has been CO 2 . Previous studies described in 

he literature have shown that, in principle, all surface functional- 

ties exhibit a certain effect in CO 2 adsorption, although relatively 

mall compared to the effect of the porous network. These studies 

nclude the evaluation of oxygen [25] , nitrogen [ 17 , 18 , 25 , 44 ], sul-

hur [ 21 , 45 ] and phosphorus groups [25] . In general, it is widely

ccepted that the presence of nitrogen functionalities, preferen- 

ially N basic sites (e.g., pyridonic and pyrrolic groups), enhance 

he adsorption capacity of carbon materials towards CO 2 [ 17 , 18 , 25 ].

 similar situation takes place after incorporation of sulphur func- 

ional groups [ 21 , 45 ]. The presence of sulphur in the graphene lay-

rs modifies the surface charge (it can bring a slightly positive 

harge to neighbouring carbon atoms) and provides some basic- 

ty, thus promoting the CO 2 -surface interactions. Overall, the re- 

ults published in the literature anticipate an important role of the 

orous structure in the adsorption performance for CO 2 , while the 

ffect of the surface chemistry, although appreciable, it is less im- 

ortant and differs depending of the amount and nature of the 

urface functional groups. Contrary to CO 2 , the effect of the sur- 

ace chemistry in the adsorption of methane has not been docu- 

ented in the literature, thus anticipating a residual role of the 

urface chemistry, if any, in the adsorption of methane. 

Fig 5 shows the adsorption/desorption isotherms for (a) CO 2 , 

b) CH 4 and (c) C 2 H 4 at 25 °C and up to 1 bar for the different

arbon materials evaluated. As it can be appreciated, the amount 

f CO 2 adsorbed at 25 °C is smaller than that reported before at 

 °C (see Fig 1 a), except for sample CAC1900 with a slight increase

8%). The decrease in the amount adsorbed is supported by ther- 

odynamic considerations, while in the case of sample CAC1900 

he increase uptake at 25 °C confirms the presence of narrow con- 

trictions not accessible for CO 2 at 0 °C. As expected, the knee of 
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Fig 5. Adsorption/desorption isotherms for (a) CO 2 , (b) CH 4 and (c) C 2 H 4 at 25 °C in the different carbon materials evaluated. 
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he isotherm widens with the activation degree, with a final up- 

ake slightly larger for sample CAC6800 (up to 2.3 mmol/g). These 

esults confirm the widening of the porosity with the activation 

ime, together with the presence of kinetic restrictions, even at 

5 °C, for sample CAC1900 (also reflected by the presence of a sig- 

ificant hysteresis loop). The uptake obtained with cysteine-based 

amples (ca. 2.0–2.3 mmol/g) constitutes a significant improvement 

ompared to guanine condensates prepared at 700 °C without acti- 

ation step [26] . Adsorption of methane under similar pressure and 

emperature conditions gives rise to a similar performance. Sam- 

les CACx800 exhibit a type I shape isotherm due to the presence 

f narrow micropores able to accommodate methane. However, the 

arger kinetic diameter of methane vs. CO 2 (0.39 nm vs. 0.33 nm) is 

eflected by a significant hysteresis loop in sample CAC1800, thus 

uggesting some accessibility issues. A similar scenario takes place 

or sample CAC1900 with a rather linear profile. Apparently, activa- 

ion for 1 h gives rise to cavities with narrow constrictions similar 

n size to the methane molecule, thus inferring severe restrictions 

o methane to access the inner porous structure (molecular sieving 

roperties, mainly in CAC1900 sample). 

The differences in the porous structure amongst samples are 

lso reflected in the gas adsorption isotherms for larger hydro- 

arbons (e.g., C 2 H 4 ). Overall the total adsorption uptake is much 

arger for C 2 H 4 compared to CH 4 , i.e. adsorption of larger hydro- 

arbons in supercritical conditions is enhanced due to the stronger 

dsorption potential in the porous network. Samples CAC3800 and 

AC6800 with a widely developed porous structure are able to ad- 

orb up to 2.1 and 2.4 mmol/g, respectively. However, the amount 

dsorbed drastically decreases for sample CAC1800 (ca . 1.5 mmol/g) 

ue to the presence of inaccessible narrow micropores. A similar 

ituation takes place for sample CAC1900, with a poor adsorption 

erformance (total uptake close to 1.2 mmol/g). These observations 
8 
nticipate that samples CAC1800 and CAC1900 are carbon molecu- 

ar sieves with narrow pore size windows. 

In order to better understand the adsorption performance of 

he cysteine-based carbons, the total uptake at 1 bar for CO 2 , CH 4 

nd C 2 H 4 has been plotted versus the narrow micropore volume 

V n ), obtained from the CO 2 adsorption data at 0 °C after applica- 

ion of the Dubinin-Radushkevich equation. Fig 6 A clearly shows 

hat the performance for each of these probes differs depending 

n its chemical characteristics. Overall carbon dioxide adsorption 

xhibits a progressive increase, mainly linear, with an increase in 

he narrow micropore volume. A similar situation takes place for 

ethane. However, there are two important differences between 

hese two probes: i) the slope is much larger for CO 2 , i.e. the devel-

pment of wider micropores has a higher beneficial effect for sub- 

ritical CO 2 adsorption versus supercritical CH 4 adsorption at 25 °C 

nd ii) the amount adsorbed at V n → 0 is much higher for CO 2 (ca.

.3 mmol/g) versus CH 4 (ca. 0.4 mmol/g). This observation could be 

n indication of the role of the surface chemistry for both probes, 

.e. the presence of a rich surface chemistry containing O, N and S 

ill have a beneficial effect in the amount of CO 2 adsorbed while 

he effect of these groups in the adsorption of CH 4 will be rather 

mall. Although the role of the porosity is similar for larger hydro- 

arbons (uptake increases with V n ), the slope is much larger for 

 2 H 4 , thus anticipating the important role of wide micropores for 

n optimum adsorption of ethylene. Fig 6 anticipates that sample 

AC1900 (dashed points) does not follow any tendency most prob- 

bly due to the restricted accessibility for the three probes at 25 °C, 

s described above. The variations in the adsorption performance 

ith the activation degree are also reflected in the selectivity ra- 

io, i.e. S CO2/CH4 and S C2H4/CH4 . The selectivity ratio is very similar 

or CACx800 samples with a value around 3.2 for S CO2/CH4 . In the 

ase of C 2 H 4 /CH 4 , the selectivity ratio increases with the activation 
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Fig 6. Correlation between (A) the amount adsorbed for the three probe molecules evaluated and (B) selectivity ratio S CO2/CH4 and S C2H4/CH4 as a function of the narrow 

micropore volume (V n ). 

Fig 7. Correlation between the amount of adsorbed for the three probes at 1 bar and 25 °C, normalized with the narrow micropore volume, and the atomic% of functional 

groups obtained from the XPS data. 
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egree (up to 3.3) due to the dominant role of wide micropores in 

he adsorption of larger hydrocarbons. Interestingly, these values 

rastically increase for a carbon molecular sieve with narrow con- 

trictions, such as sample CAC1900, with values up to S CO2/CH4 = 6 

nd S C2H4/CH4 = 4.5. A CO 2 /CH 4 selectivity value at equilibrium of 
9 
, with a total uptake for CO 2 of 1.5 mmol/g is a very good value

ompared to other carbon materials reported in the literature [46] . 

Last but not least, the amount of CO 2 , CH 4 and C 2 H 4 adsorbed

t 1 bar and 25 °C has been compared with the evolution of the 

urface functional groups, obtained from the XPS data. In order to 
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[

[

inimize the effect of the porous structure (both surface chemistry 

nd porous structure varies with the activation degree) and em- 

hasize the effect of the surface chemistry, the amount adsorbed 

or the three probes has been normalized using the narrow mi- 

ropore volume (V n ). As it can be observed in Fig 7 , the role of

he surface chemistry in the adsorption of the three probes evalu- 

ted (mmol/cm 

3 ) is quite small. In all three cases sample CAC1900 

dashed box) deviates from the "normal" behaviour due to the 

resence of kinetic restrictions. Excluding this sample from the 

iscussion, some hints can be appreciated about the role of the 

urface functional groups. In general, the results described in Fig 

 show that neither oxygen, nitrogen nor sulphur functional groups 

ave a significant effect in the amount of methane adsorbed. This 

bservation will be in agreement with the "inert" character of the 

ethane molecule (i.e., spherical non-polar molecule). A similar 

cenario takes place for a larger hydrocarbon such as C 2 H 4 . In gen-

ral, the effect of the functional groups is small, although a cer- 

ain detrimental effect can be appreciated for nitrogen and sul- 

hur functionalities, while oxygen slightly improves the amount 

dsorbed. The situation is different for a more "reactive" molecule 

uch as CO 2 with a soft acidic character. In this case, nitrogen and 

ulphur groups have a clear promoting effect, in close agreement 

ith previous results in the literature [ 17 , 21 , 25 ]. This observation

an be explained due to the basic character of the N (pyridinic- 

 and pyrrolic/pyridonic-N) and sulphur groups incorporated in 

he carbon network and the promoting acid-base interactions. Con- 

rariwise, oxygen surface groups have a negative effect in the up- 

ake of CO 2 due to their acidic nature [25] . However, care must to

e taken with these assumptions due to the large heterogeneity of 

hese carbon materials and the uncertainty in the amount of oxy- 

en, nitrogen and sulphur groups. 

. Conclusions 

In summary, we have demonstrated that amino acids such as 

 -cysteine are potential platforms to synthesize activated carbon 

aterials combining a highly developed porous structure and rich 

urface chemistry. Through a physical activation with CO 2 , carbon 

aterials can be designed from carbon molecular sieves (for low 

ctivated samples) to samples combining narrow and wide mi- 

ropores. XPS analysis confirm that the synthesized carbons ex- 

ibit a rich surface chemistry containing oxygen, nitrogen and sul- 

hur functional groups. The presence of these functionalities mod- 

fies the physicochemical characteristics of the carbon materials, 

hus promoting the adsorbate-adsorbent interactions with polar 

olecules (e.g., H 2 O). Although the effect of the surface chemistry 

s less clear for non-polar probes (e.g., CH 4 , C 2 H 4 and CO 2 ), a care-

ul analysis anticipates that nitrogen and sulphur groups have a 

lightly positive effect for CO 2 adsorption, while oxygen function- 

lities become detrimental. As expected, the effect of the surface 

hemistry is rather insignificant for the evaluated hydrocarbons, 

ainly for CH 4 . The synthesized carbons exhibit a proper CO 2 up- 

ake (up to 3 mmol/g at 0 °C). Furthermore, samples with a low 

ctivation degree exhibit molecular sieving properties with very 

romising CO 2 /CH 4 (up to 4.5) and C 2 H 4 /CH 4 (up to 6) selectivity. 
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