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A B S T R A C T

A range of novel nitrogen enriched porous carbons were obtained by varying carbonization temperature
from 500 to 800 �C using nanocasting technique. Hexamethoxymethylmelamine (HMMM) and
mesoporous silica were used as carbon precursor and template respectively. Prepared porous carbons
were evaluated for their textural and chemical properties followed by CO2 adsorption–desorption
performance by conducting breakthrough experiments. Evolution of nitrogen functionalities in carbon
materials during the carbonization process was investigated by X-ray photoelectron spectroscopy. Porous
carbons obtained at 700 �C showed the best textural properties among the prepared carbons. It exhibited
the specific surface area of 463 m2/g and total pore volume of 0.48 cm3/g and showed equilibrium
adsorption capacity of 0.676 mmol/g at 30 �C and 12.5% CO2 concentration. The adsorption capacity of C-
700 was found to decrease with increase in adsorption temperature while it increased with increase in
inlet CO2 concentration. CO2 adsorption kinetics on the prepared carbons was explained by pseudo-first
order adsorption model. Three isotherm models were used to investigate the CO2 adsorption equilibrium
data and among the studied models Temkin isotherm model was found to explain the equilibrium data
suggesting the heterogeneous nature of carbon surface.

ã 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Anthropogenic carbon dioxide emissions, due to burning of
fossil fuels, are deemed to be the major contributors of global
climate change. Their amount is expected to rise further as fossil
fuels continue to remain the major energy source. Significant
research efforts have been carried out in the direction of carbon
dioxide capture and sequestration (CCS) [1,2]. Cost of CO2 capture
process in CCS represents around 80% of the total cost and hence
there is a need to capture CO2 with substantial reduction in the
operating cost [3]. Various conventional techniques like amine
absorption, cryogenic distillation, membrane separation and
adsorption have been employed to capture CO2 from power plant
flue gases. Absorption by using amine solutions like monoethanol
amine, diethanol amine etc. suffers from disadvantages like
solvent degradation, high regeneration energy and corrosion [4].

Capture of CO2 by adsorption has emerged as a potential
technology due to low energy requirement and easy application

[5]. Industrially available adsorbents include zeolites, activated
carbons, silica and alumina. In the recent times, metal–organic
frameworks and amine modified adsorbents have also been
studied for separation of CO2 [6–10]. Amine modification on the
existing adsorbents is carried out to improve their adsorption
capacity and CO2 selectivity but this leads to blocking of adsorbent
pores which is sometimes undesirable and also involves use of
toxic amine solutions. Also, amine modified adsorbents lack in
stability of cyclic capacity due to amine degradation [11–13].
Alternatively, carbon based adsorbents have numerous advantages
over the other adsorbents such as high specific surface area,
adsorption capacity, selectivity, high mechanical and thermal
stability and hydrophobicity. Moreover, they can be prepared by
using large variety of low cost raw materials by various techniques.
Nanocasting is one such technique that has been used for the
development of mesoporous carbons with controlled pore
structure. It is a three step process involving the infiltration of
polymeric precursor into the template pores followed by thermal
treatment under controlled atmosphere and finally template
removal [14,15]. Affinity of these carbon materials for CO2 can
be improved by incorporating heteroatoms like nitrogen which
enhance the interaction between carbon surface and CO2 [16] and
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this can be achieved by using nitrogen containing polymer
materials like melamine, acetonitrile, aniline etc. [17]. Carbons
from nanocasting technique have been fabricated by various
research groups such as from sucrose as precursor with nano-
CaCO3 as template [18], melamine–formaldehyde as carbon
precursor and CaCl2 as template etc. [19] but very limited have
been evaluated for their application to CO2 capture. Nitrogen
enriched carbons, obtained from melamine–formaldehyde resin
and silica by nanocasting technique, exhibited gravimetric CO2

uptake of 2.25 and 0.86 mmol/g at 25 �C and 75 �C respectively
under 100% CO2 flow [20]. Majorly, carbons for CO2 capture
application have been synthesized by direct carbonization and/or
activation of synthetic polymers like Hao et al. [21] produced
nitrogen-doped porous carbon monoliths from direct pyrolysis of
the copolymer of resorcinol, formaldehyde, and lysine. These
materials exhibited static CO2 uptake of 3.13 mmol/g at 25 �C under
pure CO2 atmosphere. In another study, carbons were obtained
from chemical activation of melamine–formaldehyde (MF) and
urea-formaldehyde (UF) resins. MF and UF derived carbons
demonstrated CO2 uptake of 1.03 and 1.8 mmol/g at 25 �C
respectively under pure CO2 flow [22]. But these materials have
not been evaluated for CO2 capture at high temperatures under
dynamic conditions. Also, adsorption capacities obtained from
static methods are always much higher than dynamic adsorption
capacities. For CO2 capture from flue gases, it is important to
evaluate these adsorbents under dynamic flow conditions which
can present the real picture as per the application.

In this work, we synthesized a series of novel nitrogen enriched
porous carbons, from hexamethoxymethylmelamine (HMMM) resin
asthe nitrogencontaining carbonprecursorand mesoporoussilicaas
hardtemplatebynanocastingtechnique,byvaryingthecarbonization
temperaturefrom500to800 �CandinvestigatedtheirCO2adsorption
capacities under dynamic conditions pertaining to flue gas applica-
tion.HMMMwasselectedaspolymericprecursorbecauseitcontained
high nitrogen content with nitrogen mainly present in the aromatic
ringstructure.Thiswill leadtothepresenceofnitrogenheteroatomin
the matrixof obtained carbons thereby exhibiting Lewis basicity and
enhancing affinity of prepared carbons towards acidic CO2. The
textural and chemical properties of the prepared carbons were
evaluated by X-ray diffraction (XRD), scanning electron microscopy
(SEM), N2 sorption, and X-ray photoelectron spectroscopy (XPS).
Kinetic and isothermal studies for CO2 adsorption were also carried
out. To the best of our knowledge, this is the first study of carbon
materials obtained from HMMM resin and their application in
separation of CO2.

2. Experimental

2.1. Materials

Nitrogen enriched polymeric precursor hexamethoxymethyl-
melamine (HMMM), a methylated melamine–formaldehyde resin,
was purchased from M/s Techno Waxchem Pvt. Ltd., India.
Nitrogen content in HMMM resin is in the range of 21.5–24.0%.
Sodium hydroxide pellets (analytical grade) and ethanol (100%
pure) were procured from M/s S. D. Fine Chemicals India Ltd. MCM-
41 type mesoporous silica (surface area = 450 m2/g and average
pore diameter = 3.5 nm) was purchased from M/s Tianjin Chemist
Scientific Ltd., Tianjin, China. Grade-I (99.999%) purity helium,
nitrogen and carbon dioxide gases were provided by M/s Sigma
Gases and Services, India.

2.2. Synthesis of adsorbent

Nitrogen enriched carbons were synthesized through carboni-
zation and CO2 activation of HMMM polymeric precursor with

MCM-41 type mesoporous silica as template. HMMM resin (80 g)
was dissolved in ethanol and silica template (40 g) was added with
continuous stirring. Templated resin was obtained by evaporating
the excessive solvent at 120 �C and was subjected to carbonization
followed by activation in a quartz tubular furnace. Carbonization
was carried out in pure N2 atmosphere by heating from room
temperature at a heating rate of 10 �C/min up to desired
carbonization temperature i.e. 500 �C, 600 �C, 700 �C and 800 �C
followed by maintaining the isothermal conditions for 1 h and
activation at the resultant temperature in CO2 atmosphere for next
1 h. The gas was switched back to N2 from CO2 during the cooling
process to avoid excessive gasification. Activation in CO2 leads to
the gasification of the carbon materials and is carried out to
enhance their textural properties [23,24]. Silica was removed by
dissolution of samples in sodium hydroxide solution for at least
24 h followed by washing with water. Obtained materials were
oven dried and labeled as C-T, where T represents the carbonization
temperature in �C.

2.3. Characterization of adsorbent

Powder X-ray diffraction (XRD) patterns of the nitrogen
enriched porous carbons were recorded on a PANalytical X’Pert
Pro diffractometer using Cu-Ka radiation at 45 kV and 40 mA. The
low angle XRD patterns were collected in 2u range of 0.5–10� while
the wide angle patterns were collected in 2u range of 10–80�.
Scanning electron microscopy (SEM) of the prepared carbons was
carried out on JEOL JSM 6510 LV scanning electron microscope
equipped with electron dispersive spectroscopy (EDS) facility,
operating at an accelerating voltage of 20 kV. Nitrogen adsorption–
desorption isotherms were measured on a Micrometrics ASAP
2020 sorption analyzer at 77 K. Before any experiments, the
samples were degassed under vacuum at 200 �C for 6 h. Surface
area was obtained by using the Brunauer–Emmet–Teller (BET)
equation. Total pore volume was calculated from amount of N2

adsorbed at relative pressure of P/Po = 0.99 and micropore volume
was calculated by t-plot method. Mesopore volume was calculated
from the difference of total pore volume and micropore volume.
Pore size distribution was derived from the adsorption branch of
the Barrett–Joyner–Halenda (BJH) method.

X-ray photoelectron spectroscopy (XPS) was carried out to
identify different nitrogen moieties present on nitrogen enriched
porous carbons. XPS spectra were measured on a SPECS system
equipped with a hemispherical electron analyzer using Mg Ka X-
ray source (energy 1253.6 eV). The pressure in the analysis
chamber was maintained below 2 �10�9 Torr. Pass energies of
50 and 20 eV were used for low and high resolution scans
respectively. The data processing was carried out by using XPS
peak 4.1 software. Shirley background was subtracted and the core
level spectra were peak fitted to a mixed Gaussian–Lorentzian
convoluted function (80/20).

2.4. Dynamic CO2 adsorption–desorption measurements

Dynamic CO2 adsorption–desorption measurements of the
prepared nitrogen enriched porous carbons were carried out in a
purpose built fixed-bed adsorption system and is meant to operate
under atmospheric pressure i.e. 1 atm (Fig. 1). The fixed-bed
adsorber was made up of stainless steel having an internal
diameter of 9.39 mm and length of 300 mm and was enclosed in a
temperature controlled oven. The bed temperature was monitored
by a K-type thermocouple located in the center of the bed. The flow
rates of CO2 and N2 gases were controlled by means of two mass
flow controllers (Bronkhorst, Netherlands) and these were mixed
in a gas mixing chamber before the adsorption bed. The gas
concentration at the exit of the bed was continuously monitored by
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