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Abstract 14 

Eucalyptus wood was used to produce activated carbon by chemical activation with H3PO4 as 15 

an adsorbent for adsorption of CO2.  It was subjected to thermal treatment with the ammonia 16 

solution at 400 and 800oC in order to improve CO2 capture. The textural and surface 17 

characteristics of the prepared activated carbons were determined from the analysis of N2 18 

adsorption isotherms, elemental analysis, Fourier Transform Infrared spectroscopy (FT-IR) 19 

and scanning electron microscopy (SEM), acid–base Boehm titration and X-ray 20 

photoelectron spectroscopy (XPS). The results show that the modification of activated carbon 21 

at high temperature enhanced BET surface area and micropore volume. The results indicate 22 

that the physical parameters such as surface area, lower pore diameter, and larger micropore 23 

volume of carbon samples show influence on the adsorbed amount of CO2. The adsorption 24 

behavior of CO2 onto carbon samples was experimentally evaluated by volumetric method at 25 

temperatures ranging from 288-348 K and pressure range of 0-16 bar. The CO2 adsorption 26 

capacity achieved by modified carbon was 3.22 mmol/g at 1 bar and 303 K which became 27 

more than the virgin carbon (2.9 mmol/g). The equilibrium CO2 adsorption data were fitted 28 

by Langmuir and Freundlich isotherms models. The thermodynamic parameters were 29 

investigated and indicated that the adsorption process was spontaneous and exothermic in 30 

nature and physisorption was the dominant mechanism for CO2 adsorption. 31 
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1. Introduction 5 

Carbon dioxide is an important greenhouse gas  released from power plants, gas processing 6 

industries, refineries, chemical and petrochemical industries, iron and steel industries, and 7 

cement industries [1, 2]. The removal of carbon dioxide from flue gases achieves potential 8 

benefits including reduction of air pollution and global warming [1, 3]. Currently, various 9 

CO2 capture technologies such as solvent absorption, adsorption, cryogenics, membranes, 10 

microbial, and etc. are utilized to reduce it [2]. Adsorption is considered one of the most 11 

appealing technologies that can be applied in industries due to the low energy requirement, 12 

cost advantage, and simplicity of applicability over a relatively wide range of temperatures 13 

and pressures [4, 5].  14 

Among the many well-known adsorbents, activated carbons are a promising adsorbent for 15 

CO2 adsorption due to large surface area and porosity, surface functionalization, easy to 16 

design pore structure, availability, low energy requirement for regeneration, hydrophobicity, 17 

and they are inexpensive [3, 6]. It has been documented that CO2 capture performance of 18 

activated carbon is depended on structural properties including surface area and pore size 19 

distribution, and the surface chemistry [6]. The modification of activated carbon surface by 20 

basic groups (amine groups) can enhance the adsorption capacity of acidic gases such as CO2 21 

[7]. Nitrogen can be incorporated into carbon structure by two techniques: (1) impregnation 22 

with nitrogen containing reagents (such as paraphenylenediamine, 4-aminobenzylanine,tri-23 

ethylenetetramine, etc ) which lead to blockage of the porous structure and cause decrease in 24 

adsorption capacity of activated carbon [8, 9]; (2) by preparing activated carbon from 25 
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nitrogen containing polymers or by heat treatment of activated carbon with gaseous ammonia 1 

[5, 7, 9]. 2 

Heat treatment of activated carbon with ammonia was studied by several researchers. Pevida 3 

et al [9] modified the surface of commercial activated carbon with ammonia at different 4 

temperatures, in the 200-800 °C range for CO2 capture. The results showed that ammonia 5 

heat treatment at high temperature enhanced CO2 adsorption capacity. Plaza et al [10] 6 

investigated two different methods for production of CO2 adsorbent from almond shells by 7 

ammonia treatment in pure ammonia (amination) and in a mixture of gases containing 8 

ammonia and oxygen (ammoxidation). They suggested that amination seem to be a suitable 9 

modification method for preparing effective CO2 adsorbent. Shafeeyan et al [5] investigated 10 

the effect of surface chemistry onto CO2 adsorption capacity of activated carbon by two 11 

procedures: ammonia treatment without preliminary oxidation and amination of oxidized 12 

carbon at 400°C and 800°C. It was found that oxidation followed by ammonia treatment at 13 

800°C was a promising modification method for the preparation of activated carbon for CO2 14 

adsorbent which significantly improved the CO2 uptake. 15 

The objective of this study was to develop activated carbon adsorbent based eucalyptus wood 16 

with high CO2 uptake capacity by heat treatment at 400°C and 800°C. The previous studies 17 

modified activated carbon with pure gaseous ammonia to incorporate amine groups into its 18 

structure lead to enhanced CO2 adsorption. However, in this study, ammonia solution was 19 

applied for heat treatment which is expected to improve the amount of nitrogen incorporated 20 

into carbon and also CO2 adsorption capacity. 21 
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2. Materials and Method 2 

2.1. Materials 3 

Eucalyptus camaldulensis wood residue was collected from Nour area in the north region of 4 

Iran, and was used as raw material for preparation of the activated carbon. This material was 5 

first crushed and then dried at 70 °C, ground, and sieved to obtain particle size in the range of 6 

0.4-0.8 mm. Their properties, including ash content, volatile matter content and moisture 7 

content were determined by ASTM standard test procedures which were 4.8 wt., 80.4 wt., 8 

and 5 wt. respectively. The chemical (ultimate) analysis of eucalyptus wood was shown in 9 

Table 1. Furthermore, the chemicals for production of activated carbon such as phosphoric 10 

acid (H3PO4), hydrochloric acid (HCl, 37%) and ammonia solution (25 %) used in this 11 

research were purchased from Merck Company (Germany). 12 

 13 

2.1. Preparation of activated carbon  14 

The activated carbon was produced from eucalyptus wood by chemical activation with H3PO4 15 

by impregnation ratio of 2 g/g. The carbonization temperature was 450°C. The detailed 16 

procedure of the preparation of activated carbon samples has been previously described [11].   17 

 18 

2.3. Activated Carbon Surface Modification 19 

Eucalyptus wood based activated carbons was functionalized with ammonia, according to the 20 

method reported by Shafeeyan et al [5] and Zhu et at [12], while the modifying agent phase 21 

changed. They functionalized the surface of activated carbon samples with pure gaseous 22 

ammonia but in this study, heat treatment was conducted by ammonia solution as follows: 23 

first, the nitrogen gas was blown on the ammonia solution and then was introduced into the 24 

reactor. 25 
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For modification, first, 4 g of activated carbon was placed in the center of a tubular quartz 1 

reactor and then held in electrical furnace under a flow of 200 l/min nitrogen. The 2 

temperature was increased with heating rate of 10°C/min to 400°C. When the temperature 3 

reached 400 °C, the nitrogen gas was changed to ammonia at the same flow rate as the 4 

above-mentioned procedure. After holding 2 h at this temperature, the sample cooled down 5 

to 100 °C under the flow of ammonia and then changed back to nitrogen and was cooled to 6 

room temperature. The prepared sample was denoted as AC-NH-400. This route was 7 

conducted for modification of another activated carbon sample at 800°C and the obtained 8 

matter named AC-NH-800. 9 

 10 

2.4. CO2 adsorption measurement  11 

The CO2 adsorption performance of activated carbon samples was evaluated using 12 

volumetric method. The schematic diagram of volumetric apparatus is shown in Fig 1. The 13 

apparatus consisted of two high-pressure stainless steel vessels including the gas and 14 

adsorption cells, the volume of which was 144 ml and 30 cm3, respectively. Both cells were 15 

placed into thermostatic water circulating bath (77960 Seelbach, Julabo Co, Germany) to 16 

keep the temperature constant during CO2 adsorption. Two high precision pressure 17 

transducers measured the changes in pressure in gas and adsorption cell in each CO2 18 

adsorption experiment. 19 

 Prior to CO2 adsorption experiments, activated carbon was degassed at 100°C for about 24 20 

h and the system was evacuated by vacuum pump. Helium gas was utilized as non-adsorbing 21 

gas to determine the dead volume. The CO2 adsorption experiments were conducted at 22 

pressures ranging from 0-16 bar at different temperatures (288-348 K). Using the SRK 23 

equation of state in MATLAB program the amount of CO2 adsorbed on activated carbon 24 

samples was calculated.  25 
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2.5. Characterization of activated carbon 2 

The textural characterization of activated carbon samples was determined by N2 adsorption 3 

isotherms at 77 K using ASAP (Micrometrics 2020, USA). Before starting the adsorption 4 

measurements, all the samples were degassed at 250°C under vacuum for 2 h. The BET 5 

surface areas were calculated using BET (Brunauer, Emmet and Teller) method from 6 

adsorption data in the relative pressure range of 0.001-0.3. Total pore volume was measured 7 

from the amount of nitrogen adsorbed at P/P0 0.99.  MP method was used to determine the 8 

micropore volume while the meso pore volume was calculated by subtracting micropore 9 

volumes from total pore volume.  The meso pore distribution was determined by applying 10 

the Barret-Joyner-Halenda (BJH) method. FT-IR spectra of the activated carbon samples 11 

were obtained by Fourier Transform Infrared spectroscopy (FT-IR - AVATAR 370, Thermo 12 

Nicolet). The spectra were recorded between 4000 and 400 cm-1 and the potassium bromide 13 

(KBr) pellet (Fluka, Co) was used as reference sample. The surface morphology of the 14 

samples was observed using scanning electron microscopy (KYKY EM 3200, China). The 15 

Chemical composition of activated carbon samples was determined using CHNS Elemental 16 

Analyzer (Costech ECS 4010, USA). Elemental analysis only measured the nitrogen, 17 

carbon, sulfur, and hydrogen content of the samples while the oxygen content was obtained 18 

from subtracting the sum of the above elements from 100. 19 

Boehm titration is an acid-base titration method which is used to determine the concentration 20 

of surface functional groups present on carbon surfaces. Prior to experiment, the activated 21 

carbon samples were dried in an oven at 100 °C for 6 h. Then a fixed weight of 0.2 g was 22 

transferred to a flask containing 25 ml of either 0.025 N NaOH, 0.025 N Na2CO3, 0.025 N 23 

NaHCO3 , 0.025 N HCl and 0.125N NaOH. The suspensions were stirred at 100 rpm for 48 h 24 

at temperature of 25 oC and then filtered through Whatman No. 2 filter paper. A given 25 
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amount supernatant (5 ml) was then withdrawn and titrated with HCl (0.1 N) or NaOH (0.1 1 

N) solutions. The number acidic sites were calculated under the assumption that lower 2 

concentration of NaOH neutralizes carboxylic, lactonic and hydroxylic (phenolic) groups, 3 

Na2CO3 neutralizes carboxylic and lactonic groups, and NaHCO3 neutralizes only carboxylic 4 

groups. Total acidic groups, including phenolic, lactonic, carboxylic and carbonyl groups, 5 

and total basic groups were determined by the higher concentration of NaOH (0.025N) and 6 

HCl (0.025N), respectively. 7 

X-ray photoelectron spectroscopy (XPS) is a highly surface-sensitive quantitative technique 8 

that was used for elemental analysis at the surface chemistry of carbon samples by examining 9 

the shift in binding energies and thus the local chemical state. A Physical Electronics 8025-10 

BesTec twin anode XR3E2 X-ray source system (Germany) was used for this analysis. XPS 11 

spectra were recorded with achromatic Mg Kα (1253.6 eV) and Al Kα (1486.6 eV) X-ray 12 

source which operated at 15 kV. Before starting the XPS analysis, the samples were dried at 13 

100 oC under vacuum for 2 h to remove adsorbed pollutants. For the purpose of calibration, 14 

the C 1s electron binding energy related to graphitic carbon was referenced to 284.6 eV. The 15 

hemispherical energy analyzer (Specs EA 10 Plus) was operated to a high vacuum of better 16 

than about 10-7 Pa. All of the peaks were deconvoluted using SDP software (version 4.1) 17 

using 90% Gaussian-Lorentzian peak fitting program. 18 

 19 

2.3. Adsorption isotherm simulation 20 

The Langmuir adsorption model was initially applied to a quantity of the amount of CO2 21 

adsorbed onto solid adsorbent and based on the assumptions that adsorption takes place in a 22 

monolayer and adsorption sites are identical and energetically equivalent, is defined by the 23 

following Equation [13]:  24 

� = �� � ��
����	         (1) 25 
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Where q is the amount of CO2 adsorbed per unit mass of adsorbent (mmol/g), qm is the 1 

maximum amount of CO2 adsorbed (mmol/g), b is the affinity constant or Langmuir constant. 2 

The Freundlich adsorption model is an empirical equation applied to determine the amount of   3 

adsorbed gas onto a heterogeneous surface [14]. This model is in the form of Equation [15]:  4 


 = ��          (2) 5 

Where, k is a Freundlich parameter and an indicator of adsorption capacity, and n is the 6 

heterogeneity factor. 7 

 8 

2.4. Thermodynamic of adsorption 9 

Thermodynamic study could provide valuable information for a better understanding of 10 

adsorption mechanism. The key thermodynamic parameters for adsorption were the standard 11 

free energy (∆G°), enthalpy (isosteric heat of adsorption under isothermal conditions), and 12 

entropy (∆S°) changes of adsorption. Isosteric heat of adsorption as a function of surface 13 

coverage was calculated from isotherm data at different temperatures using Clausius-14 

Clapeyron equation. This equation can be represented as follows [14, 16]:  15 

∆��� = −��� ���
����	

�


        (3) 16 

Where, ∆Hst is isosteric heat of absorption, p is pressure (bar), T is temperature (K) and R is 17 

the ideal gas constant (J/mol·k).  The values of ∆G° and ∆S° can be evaluated from the 18 

following equation [16]: 19 

∆� = ���� � 
�           (4) 20 

∆� = ∆! − �∆"         (5) 21 

where, P is the equilibrium pressure of the adsorbate, Pg is the equilibrium pressure of the 22 

adsorbate at standard pressure and ∆G, ∆H, and ∆S are the standard free  energy, enthalpy 23 
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(isosteric heat  of adsorption under  isothermal conditions), arid entropy changes in the 1 

adsorption process, respectively. 2 

 3 

3. Result and discussion  4 

3.1. Chemical characterization 5 

Table 1 shows the results of ultimate analysis of eucalyptus wood, the prepared activated 6 

carbon and the modified samples. As can be seen from Table 2, the eucalyptus wood shows 7 

low sulphur content and suitable carbon content, which after carbonization and activation 8 

steps, reached to above 70% and zero, respectively. In addition, this raw material has high 9 

volatile matter (80.48 wt%) and low ash content (4.8 wt%), so, as a consequence, it can be a 10 

good precursor for production of activated carbon. The oxygen content of activated carbon is 11 

related to the volatile matter of biomass (mainly created by cellulose and hemicellulose) 12 

while during carbonization step, its concentration substantially reduced. However, the carbon 13 

sample still has noticeable oxygen content. This oxygen has a great influence on the 14 

adsorption capability of the carbon and also surface reaction with ammonia [7, 17].   15 

Ammonia heat treatment of activated carbon introduced the basic nitrogen functionalities to 16 

the carbon surface and removed oxygen containing functionalities [7]. For example, nitrogen 17 

content improved from 0.52 wt. % for virgin activated carbon to 3.14 wt. % and 7.76 wt. % 18 

for AC-NH-400 and AC-NH-800 samples, respectively. The difference in nitrogen content 19 

between virgin and modified samples is related to nitrogen incorporation during ammonia 20 

treatment into carbon structure which is explained as follows: the ammonia heat treatment of 21 

carbon materials at high temperature caused (1) decomposition ammonia to free radicals such 22 

as NH2, NH, and atomic hydrogen and nitrogen, (2) attractions of these free radicals to 23 

carbon surface, and (3) formation of nitrogen containing functional groups. For instance, 24 
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amides and nitriles groups created by the reaction of ammonia with carboxylic acid sites exist 1 

in the carbon [5, 7]: 2 

−#$$%&!'�
%!($)**+ − #$− &!(

%!($)**+ −# ≡ &    (6) 3 

−OH+	NH2	 →	−NH4 +	H4O      (7)   4 

Amine functionality can also be created by the substitution of OH groups. Imine and pyridine 5 

can be formed by replacement of ether like oxygen surface groups by –NH–  at high 6 

temperatures the reaction of carbon with ammonia and  then dehydrogenation reaction [5, 7].  7 

The temperature of ammonia heat treatment plays an important role in the quantity of 8 

nitrogen introduced into activated carbon structure, as proved by the difference in nitrogen 9 

incorporation between the AC-NH-400  (3.14 wt. %) and AC-NH-800 (7.76 wt. %) samples. 10 

The reason for this phenomenon is the decomposition of oxygen functional groups such as 11 

CO2 and CO when it was treated with ammonia at high temperature and in nitrogen 12 

atmosphere.   13 

  14 

3.2. Porosity analysis 15 

The N 2 adsorption- desorption isotherms of the virgin activated carbon and the modified 16 

samples are shown in Fig. 2. It can be seen from this figure, the activated carbon samples 17 

present a type I isotherm according to the BDDT (Brunauer, Deming, Deming and Teller) 18 

Classification [18]. It indicates the characteristic of mainly microporous materials. The AC 19 

samples show hysteresis loop at P/P0 > 0.4 which indicates the presence of meso- and 20 

microporosity in their structure. Furthermore, heat treatment of the activated carbon with 21 

ammonia resulted in increase in the volume of nitrogen adsorbed by modified sample (AC-22 

NH-800). 23 

  Table 2 lists the textural parameters of the activated carbon samples calculated from N2 24 

adsorption isotherms, including BET surface area, meso, micro and total pore volume and 25 
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average pore diameter. From Table 2, it can be observed that the ammonia heat treatment of 1 

activated carbon sample at 800ºC developed the porous structure of the unmodified carbon, 2 

resulting in an increase in the BET surface area, total pore volume, meso and micropore 3 

volume. The BET surface area of AC-NH-800 sample was 2079 m2/g compared to virgin AC 4 

(1889 m2/g). 5 

The increase in BET surface area can be resulted from thermal decomposition of the oxygen 6 

surface groups that were either inside the micropores or blocking micropore entrances which 7 

lead to create vacant sites at the pores to react with free radicals after subsequent ammonia 8 

heat treatment at high temperature. Furthermore, the partial gasification of the carbon occurs 9 

at high temperature and caused its porosity improved [5, 19]. In fact, ammonia is 10 

decomposed at high temperature and produced free radicals (H, NH2 and NH) which react 11 

with carbon, causing release of gaseous H2, CH4, HCN and (CN)2 and gasified the adsorbent, 12 

finally resulting in the formation of new microporosity and increment in BET surface area 13 

and total pore volume [5, 17]. The researches of Shafeeyan et al [5] and Pevida et al [19]  14 

indicated high temperature ammonia treatment (800ºC) considerably enhanced the BET 15 

surface area. The AC-NH-400 sample has a relatively lower BET surface area (1637 m2/g) 16 

than other samples. The decrease in the BET surface area of AC-NH-400 sample can be 17 

attributed to the oxidation reaction which can lead to the collapse of some pore wall or 18 

partially blockage of the micropore entrances by decomposed products formed during heat 19 

treatment with ammonia [5, 19, 20]. This trend was observed on the work of Pereira et al [21] 20 

who reported the modification of the commercial activated carbon by liquid ammonia a low 21 

temperature. Their results showed that the BET surface of modified sample was decreased 22 

from 893 to 877 m2/g [20]. In addition, Shafeeyan et al [5], Plaza et al [22] and Pevida et al 23 

[19] also obtained similar results for ammonia modified AC at 400ºC. 24 
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 The pore size distributions of the activated carbon samples are determined with BJH model. 1 

The average pore diameter of the virgin activated carbon increased by heat treated at 400 ºC 2 

from 1.21 to 2.44 nm while its modification at 800°C does not change it. It should be noted 3 

that a similar trend was reported by Shafeeyan et al [5] for the ammonia heat treatment of 4 

commercial palm shell based activated carbon at 400 and 800°C. The textural properties 5 

(BET surface area and total pore volume) of OXA samples after functionalization showed 6 

that low temperature ammonia modification reduced them while high temperature treatment 7 

caused an increment in these factors. 8 

 9 

3.3. SEM analysis 10 

SEM photographs of the virgin activated carbon and modified samples are shown in Fig 3. It 11 

is observed from the figure that the external surface of all activated carbon samples have 12 

some pores. Although the carbon samples present similar structures but the ammonia heat 13 

treatment caused substantial changes to the surface morphology. This means that the thick 14 

wall gets opened and a wider porosity is created, as can be seen in Fig. 3 (b and c) that their 15 

images consist of more pores and channels than the virgin carbon. This phenomenon is 16 

attributed to carbon gasification by ammonia at high temperature, which produced char with 17 

high surface area as confirmed by N2 adsorption isotherms. It should be noted the exact pore 18 

characteristic of activated carbon samples including pore size distribution and pore volume 19 

was determined by analysis of N2 adsorption isotherm. 20 

 21 

3.4. FT-IR analysis 22 

Fig 4 depicts the FT-IR spectra of the unmodified carbon and the modified samples. All 23 

spectra of activated carbon samples present some similarities. For instance, in the spectrum of 24 

all samples, the broad peak in the region 3427, 3434 and 3444 cm-1 which was assigned to –25 
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O-H stretching vibration of phenol, alcohol, and carboxylic acid [5, 23-27]. Furthermore, the 1 

sharp peaks at 1577 cm-1 can be associated to C=O stretching in Ketones and carboxylic acids 2 

[7, 26]. In spectrum of the unmodified, AC-NH-400 and AC-NH-800 samples, the bands at 3 

1216, 1172 and 1164 cm-1 can be attributed to C–O-C stretching vibration, respectively [28]. 4 

The peaks at 1172 and 1164 cm-1 for modified samples (AC-NH-400 and AC-NH-800) are 5 

attributed to C-N stretching, which shows an overlapping with C–OH band of the virgin 6 

carbon and was caused by ammonia heat treatment [29]. In spectrum AC-NH-400 and AC-7 

NH-800 samples, the peak at 997 and 910 cm-1 is attributed to CH=CH bending vibrations 8 

which is the evidence of aromatic bonds. In the spectrum of all samples, the peaks at 1064, 9 

1056 and 1066 cm-1 can be associated to C-OH vibration in secondary cyclic alcohol. The 10 

peaks at 1435, 1420 and 1454 cm-1 for unmodified AC, AC-NH-400 and AC-NH-800 11 

sample, respectively, are also attributed to C=C stretching vibration in aromatics. 12 

Furthermore, the peaks at 1695, 1718 and 1701 cm-1 are C=O stretching in the carbonyl in 13 

esters.  14 

 15 

3.5. Boehm titration analysis 16 

The acidic and basic functional groups of activated carbon samples were determined by the 17 

classical Boehm titration method [30]. Table 3 presents the Boehm titration results of 18 

activated carbon samples before and after ammonia heat treatment. It can be observed from 19 

Table 3 that the total acidic groups content of the original activated carbon were 5.3 meq/g 20 

and had s no basic groups on the surface. These results indicated that the unmodified AC 21 

sample is acidic in nature and had acidic character. The amount of the basic functional groups 22 

of ammonia modified AC, which can be associated to the chemical adsorption site for CO2 23 

adsorption, onto the carbon surface was enhanced. The results indicated that pyrolysis 24 

followed by high temperature ammonia modification (800oC) considerably enhanced the CO2 25 
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uptake capacity. Higher content of basic groups (0.315 meq/g) was obtained for higher 1 

temperature modified sample (the AC-NH-800), due to the favorable surface chemistry, than 2 

the other one (AC-NH-400, 0.062 meq/g). This result showed that ammonia modified AC at 3 

the higher temperature (800oC) led to improve the CO2 capture of which has achieved high 4 

adsorption capacity. 5 

 6 

3.6. XPS analysis 7 

The activated carbon samples were subjected to the X-ray photoelectron spectroscopy study 8 

(XPS) to characterize its surface chemical composition [31]. The XPS results of carbon 9 

samples are shown in Figs. 5 and 6 and content of surface functional groups of activated 10 

carbon samples listed in Table 3. In XPS spectra of samples, two main peaks identified which 11 

is associated to carbon and nitrogen and marked as C 1s and N 1s. For all the carbon samples, 12 

C 1s spectra (Table 3 and Fig. 5) resolved into seven individual component peaks, including 13 

graphite (284.2-284.5 eV), phenols, ethers or alcohols (285.7–286.1 eV), carbonyls, quinones 14 

or bonded to nitrogen structures (290.1-290.2 eV), carboxylic groups (288.7–288.8 eV) and 15 

carbonates (290.1-290.2 eV). Ammonia heat treatment AC led to some remarkable 16 

differences between XPS spectra of unmodified and modified AC samples. It is interesting to 17 

mention that N 1s peaks were only observed at modified samples (AC-NH-400 and AC-NH-18 

800). As can be seen from Fig. 6, N 1s spectra were resolved into four peaks: pyridine (398.3 19 

and 398.7 eV), pyrol/pyridine (399.5 and 400 eV), quaternary nitrogen (400.7 and 401.7 eV), 20 

and N–F (404.1 and 403.3 eV). The difference in the concentration of each N component of 21 

AC-NH-400 and AC-NH-800 was observed. The amount of pyridine and pyrol/pyridone was 22 

higher in AC-NH-800 sample compared to AC-NH-400 sample, whereas quaternary nitrogen 23 

and N-F showed the highest concentration in AC-NH-400 sample. Moreover, the amount of 24 

amine loaded on the activated carbon surface was investigated by XPS. Table 4 shows the 25 
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percentage of C 1s, O l s and N 1s of the samples. It can be seen from the data in this table 1 

that the value of N ls for virgin activated carbon was zero whereas it reached to 13.9 and 2 

18.3% after ammonia treatment which also confirmed that amine groups introduced into 3 

carbon structure via surface heat treatment, where new species are chemically attached or 4 

grafted into the AC surface or pore structure.  5 

 6 

3.6. CO2 adsorption  7 

The influence of the ammonia modification of activated carbon onto CO2 adsorption 8 

performance was investigated at 303 K and in the range of pressures from vacuum to 16 bars.  9 

Fig 7 shows the amount of CO2 adsorbed by the virgin and modified activated carbon 10 

samples. From Fig 7, it can be seen that the AC-NH-800 sample presents high CO2 11 

adsorption capacity compared to the virgin activated carbon and AC-NH-400 sample. It can 12 

be linked to the nitrogen incorporated to this sample which increased the surface basicity and 13 

resulted in enhancement of the CO2 adsorption capacity (AC-NH-400 sample had the 14 

maximum nitrogen content compared to others). According to litterers, introduction of 15 

nitrogen functional groups into the carbon surface can increase the adsorption capacity of 16 

activated carbon for CO2 adsorption [7]. This result is in good agreement with previous 17 

studies reported by other researchers [4, 5, 9, 17].  18 

As was shown in Fig 7, AC-NH-400 sample has a lower CO2 adsorption capacity compared 19 

with the other samples. Previous researches on CO2 adsorption show that the pores 20 

characteristics, particularly the micropore volume and pore diameter, are the main parameters 21 

which influence CO2 adsorption capacity. High micropore volume and ultra-micropore (> 0.7 22 

nm) contributed to high CO2 uptake capacity [5, 32]. Since AC-NH-400 sample had the 23 

lowest micropore volume (80%) and higher pore diameter (2.44 nm) compared to other 24 

samples, the reduction of CO2 adsorption capacity may be related to the smaller contribution 25 
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of physisorption. Moreover, the lower CO2 uptake capacity of this sample than that for virgin 1 

carbon indicates that incorporation of nitrogen groups on the surface of activated carbon does 2 

not cause an increment in CO2 adsorption capacity. Some authors have reported that the 3 

amine introduced activated carbon surface decreased CO2 adsorption capacity. For instance, 4 

Plaza et al [15] reported that amine modified activated carbon reduced CO2 capture capacity 5 

at room temperature due to diminution of microporous volume. Also, Shafeeyan et al [5] 6 

demonstrated that although introduction of amine surface functional groups on the surface of 7 

activated carbon by ammonia heat treatment can improve the CO2 adsorption capacity, at low 8 

temperature, 400°C, lead to decrease in the micropore volume and as a consequence lowered 9 

the CO2 capacity. 10 

 11 

3.6.1. Adsorption isotherm simulation  12 

Adsorption equilibrium isotherms of the virgin carbon and the ammonia modified sample 13 

(AC-NH-800) at different temperatures were shown in Fig 6. As is clear from the Fig 8, the 14 

amount of CO2 adsorbed onto AC samples increased with a decrease in the temperature. The 15 

adsorption capacity of CO2 at different temperatures was as follows: 288 K > 303 K > 318 K 16 

> 348 K. Furthermore, the amount of CO2 uptake rose rapidly as the pressure increased, 17 

which can be related to the fact that adsorption phenomenon is an exothermic process. The 18 

decrease of adsorption capacity with rising temperature can be because  adsorbed gas obtains 19 

sufficient energy to overcome the van der Waals forces and move back to the gas phase [33].  20 

The CO2 adsorption data onto AC samples were fitted to standard isotherm models, 21 

Langmuier and Freundlich by linear regression, respectively. The comparison of 22 

experimental adsorption data of CO2 with predicted values by Langmuir and Freundlich 23 

model was shown in Fig.8. Their adsorption equation constants were given in Table 6. 24 

According to Table 6, concerning the regression coefficients, there was a small deviation of 25 
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the Langmuir and Freundlich model trends from the isotherm data for AC-unmodified 1 

sample. Both models were fitted very well (R2 > 0.98) with CO2 adsorption data of the AC-2 

NH-800 sample. However, for AC-NH-400, the Freundlich model seems to fit the data better 3 

than the Langmuir model. It shows that the surface of AC-NH-400 was mainly formed by 4 

heterogeneous adsorption. The maximum adsorption capacities estimated from Langmuir 5 

equation for AC-unmodified, AC-NH-400 and AC-NH-800 were 28.01 mmol/g, 6.93 6 

mmol/g, and 31.61mmol/g at 303 K, respectively. This indicates that introduction of basic 7 

nitrogen functionalities onto the activated carbon surface can enhance CO2 adsorption 8 

capacity.  It can be seen from Table 6 that the n values of Freundlich model are greater than 9 

1, indicating that adsorption is favorable. 10 

 11 

3.6.2. Thermodynamic of adsorption 12 

The isosteric heat of adsorption of a gas is the main thermodynamic parameter for design of 13 

practical gas separation processes. It determines the extent of enthalpy changes before and 14 

after adsorption [34].  The isosteric heat of adsorption of CO2 onto AC samples was derived 15 

from the slope of the plot of lnP versus 1/T at a constant adsorbed amount of 0.5, 1, 1.5, 2, 16 

and 2.5 mg/g and was shown in Fig.9. The negative slopes, which were presented in Fig.9, 17 

indicated that the adsorption process was exothermic in nature. The enthalpy value of 18 

physisorption is lower than 20 kJ/mol while for chemisorption it is in the range of 80-200 19 

kJ/mol [33]. The obtained amounts of isosteric heat of adsorption for both unmodified AC 20 

and NH2-AC-400 adsorbents were smaller than 80 kJ/mol, which showed that CO2 21 

adsorption was dominated by the physical adsorption.   22 

Generally, the heat of adsorption is specifically described as an indicator of the interaction 23 

strength between the gas molecules and the adsorbent. The heat of adsorption is associated 24 

with the interaction between the adsorbent surface and adsorptive molecular forces including 25 
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van der Waals, hydrophobicity, hydrogen bonds, ligand exchange, dipole-dipole interactions 1 

and chemical bands [33, 35]. At lower pressure, the activated carbon has high vacant pore 2 

and the CO2 molecules come into direct contact with adsorbent and cause a stronger force 3 

with activated carbon, so isosteric heat of adsorption increased. At higher CO2 pressure, the 4 

pores of activated carbon were occupied, causing weak interaction between adsorbent and 5 

adsorbate, as a consequence the heat of adsorption decreased. 6 

 The isosteric enthalpies of adsorption for the virgin carbon and the modified sample as 7 

different surface loading are represented in Fig 10. It can be seen from Fig 10 that the 8 

isosteric heat of adsorption changed with surface loading.  The value of adsorption heat on 9 

the virgin carbon decreased slightly from 11.1 to 9.01 kJ/mol when the amount of CO2 10 

adsorbed increased from 0.5 to 2.5 mmol/g. The isosteric heat of adsorption on the AC-NH-11 

800 sample improved from 16.7 to 14 kJ/mol with increment surface coverage from 0.5 to 2.5 12 

mmol/g. The variation in ∆Hst with surface loading can be attributed to heterogeneity of 13 

adsorption sites and also adsorbate-adsorbate interaction followed by adsorbate-adsorbent 14 

interaction [36, 37]. As mentioned above, the Boehm titration and XPS analysis were 15 

confirmed the presence of a variety of surface functional groups on the surface of AC-NH-16 

800 compared to AC sample which indicate that chemically modified activated carbon has 17 

energetically heterogeneous surfaces. It was found that the isosteric heat of CO2 adsorption or 18 

the energetic heterogeneity of adsorption sites for AC-N800 sample increased gradually with 19 

increasing in the adsorbed amount (surface loading). Furthermore, the dependence of ∆Hst on 20 

surface coverage can be due to adsorbate-adsorbate interaction followed by adsorbate-21 

adsorbent interaction. The adsorbent–adsorbate interaction occurs initially at lower qe values 22 

resulting in high heats of adsorption, while adsorbate–adsorbate interaction occurs with an 23 

increase in the surface coverage [37]. 24 
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The values of thermodynamic parameters for adsorption of CO2 onto activated carbon 1 

samples were shown in Table 7. The negative value of ∆G° indicate that CO2 adsorption 2 

takes place spontaneously, and decrease in the ∆G° value with rising temperature shows that 3 

the adsorption process in more favorable at lower temperature. Moreover, the positive values 4 

of ∆S° show a higher randomness tendency at the solid/ gas interface during the adsorption of 5 

CO2 on the activated carbon. 6 

 7 

3.1.7. Comparison with other modified activated carbon 8 

Table 8 shows the comparison of the CO2 adsorption capacity onto various modified 9 

activated carbon at pressure of 1 bar and room temperature. From this comparison, it can be 10 

seen that the activated carbon prepared from eucalyptus wood and modified with ammonia at 11 

800°C (AC-NH-800 sample) has relatively higher adsorption capacity (3.22 mmol/g) than 12 

other activated carbons. For instance, the activated carbons developed from olive stone and 13 

almond shell and modified with ammonia at 800°C exhibit CO2 adsorption capacity 0.77 and 14 

0.8 mmol/g, respectively. Also, two commercial activated carbons (wood and peat based 15 

carbon) which were heat-treated with ammonia at 800°C in order to introduce nitrogen-16 

functionalities into the carbon surface, thereby rising their basic character, have  CO2 capture 17 

capacities up to 1.9 and 2.1 mmol/g, respectively. 18 

 19 

3.1.8. CO2 adsorption mechanism 20 

The adsorption of CO2 onto activated carbon samples can be occurred by both physisorption  21 

and chemisorption. The relatively weak Van der Waals forces are responsible for the 22 

interaction between the adsorbent and adsorbate at physical adsorption. For the virgin 23 

activated carbon, physicsorption was the only mechanism available for CO2 capture that has 24 

no nitrogen content. Another important factor featuring adsorption is the heat of adsorption. 25 
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In this case, the value of isosteric heat of adsorption (9.01-11.1 kJ/mol) of virgin AC 1 

confirmed that CO2 uptake phenomenon is physisorption at the studies ranges. However, 2 

chemisorption formed by a stronger chemical bond between the acidic CO2 molecules and the 3 

modified basic active sites on the surface AC-NH-800 sample through the formation of 4 

covalent bonding. The proposed reaction for CO2 adsorption is as follows:  5 

2 R-NH2 + CO2 ➞ R-NH3 
+ + R-NH-COO-     (8) 6 

According to Eq. (8), there is good scientific evidence to believe that a chemical adsorption 7 

mechanism of gaseous CO2 onto AC-NH-800 sample can be validated by the trends observed 8 

for isosteric heat of adsorption and the introduction of ammonia into the carbon structure in 9 

order to modify the surface functionality of AC. Nevertheless, an increase in isosteric 10 

enthalpies of CO2 indicated that the interaction of CO2 with adsorbent became more 11 

significant. From the comparison of the heat of adsorption obtained for both adsorbents, it 12 

can be observed that the AC-NH-800 sample had higher heat of adsorption (14-16.7 kJ/mol) 13 

than the untreated carbon on the same surface coverage. This means that the higher heat of 14 

adsorption could be an indicator of stronger adsorption forces. Besides, the existence of 15 

amine groups on the surface of AC-NH-800 (Table 4 and Fig 6) caused the stronger 16 

interactions between the acidic CO2 and basic nitrogen groups, causing the formation of 17 

chemical bonds between the adsorbate and adsorbent. 18 

It is interesting to mention that in comparison with the AC-NH-400 sample, the virgin 19 

activated carbon and AC-NH-800 samples displayed enhanced ability to absorb CO2 at same 20 

temperatures. On the other hand, the AC-NH-400 sample presented the lowest micropore 21 

volume (80%) and highest average pore diameter (2.44 nm), and therefore, it might be 22 

expected to exhibit lower capture capacities. Overall, the evidence seems to indicate that the 23 

effect of porosity development becomes more important as the treatment temperature 24 
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increases and the surface chemistry, particularly the chemistry of nitrogen functionalities 1 

introduced on the surface of carbon, being more noticeable at higher temperatures. 2 

 3 

4. Conclusion 4 

Activated carbon was produced from chemical activation of eucalyptus wood by H3PO4 at 5 

450°C and used for CO2 capture. To enhance CO2 adsorption, the surface of prepared carbon 6 

sample was modified by ammonia heat treatment at 400°C and 800°C. The characteristics of 7 

prepared activated carbon samples were analyzed with N2 adsorption isotherms, FT-IR and 8 

SEM. Ammonia heat treatment improved the textural properties of activated carbon (BET 9 

surface area, total pore volume and micropore volume) at 800°C and also introduced basic 10 

group inside the pores. The performance of CO2 capture onto eucalyptus wood based 11 

activated carbons was evaluated at different temperatures. The amount of CO2 adsorbed onto 12 

adsorbents increased with a decrease in the temperature. The CO2 adsorption data onto 13 

activated carbon samples were fitted to Langmuier and Freundlich models.  The 14 

thermodynamic analysis indicated that the CO2 adsorption onto activated carbon samples 15 

were exothermic and physical adsorption. 16 

 17 
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Table 1. Chemical analysis of the raw material and the obtained activated carbon samples 
Sample Ultimate analysis (wt %) 

C H N S Oa 
Raw material 48.2 6.2 < 0.5 <0.1 44.1 
Unmodified AC 77.78 1.68 0.52 0 20.03 
AC-NH-400 70.35 1.32 3.14 0 25.19 
AC-NH-800 77.46 1.65 7.76 0 13.12 
a calculated by difference 
 
 
 Table 2. Textural properties of the unmodified and modified activated carbon samples 

Sample BET 
surface 
area, m2/g 

Total pore 
volume, 
cm3/g 

Micropore 
volume, 
cm3/g 

Mesopore 
volume, 
cm3/g 

Micropore 
volume, 
% 

Average pore 
diameter, nm 

Unmodified AC 1889 1.178 1.063 0.114 90 1.21 
AC-NH-400 1637 0.999 0.8 0.199 80 2.44 
AC-NH-800 2079 1.292 1.165 0.127 90 1.21 

 
 
 
 
Table 3. Surface groups obtained from Boehm titrations 
AC 
sample 

Carboxyl, 
meq/g 

Lactone, 
meq/g 

Hydroxyl, 
meq/g 

Carbonyl, 
meq/g 

Total acidity, 
meq/g 

Total basic, 
meq/g 

AC 1.093 0 1.125 3.093 5.312 0 
AC-N400 1.875 0.5 0.215 5.315 7.905 0.062 
AC-N800 0 0.22 2.53 6.315 9.065 0.315 
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Table 4. The content of surface functional groups of activated carbons obtained from the XPS method 
Component AC  AC-N400 AC-N800 

Peak position, 
eV 

Concentration, 
% 

Peak position, 
eV 

Concentration, 
% 

Peak position, 
eV 

Concentration, 
% 

C 1s C (1) C–C(sp2) 284.5 54.6 284.4 47.7 284.2 23.9 
C (2) C–C(sp3) 285.2 10.8 285.1 22 284.9 34.4 
C (3) C–N 285.8 4.3 285.7 0.3 285.8 0.2 
C (4) C–O 286.1 11.0 286 10.5 285.9 14.9 
C (5) C=O 287.2 10.1 287..1 10.9 287 16 
C (6) C–OOH 288.8 6.0 288.7 5.3 288.8 6.9 
C (7) C–F 290.2 3.2 290.1 3.3 290.2 3.8 

N 1s N (1) Pyridine - - 398.7 12 398.3 29.5 
N (2) Pyrol/pyridone - - 400 2.6 399.5 28.2 
N (3) Quaternary nitrogen - - 401.7 61.7 400.7 35.1 
N (4) N–F - - 404.1 23.6 403.3 7.3 

 

 



  

26 
 

Table 5. Surface elemental analysis obtained from the XPS spectra 
Sample O 1s, % N 1s, % C 1s, % 
AC 18 4.9 77.2 
AC-NH-400 11.5 13.9 74.6 
AC-NH-800 12.6 18.3 69 
 
 
Table 6. Equilibrium model constants for CO2 adsorption by unmodified and modified activated 
carbon samples 
Adsorbent Temperature (°C) Langmuir Freundlich 

b qm, mmol/g R2 K n R
2 

AC-unmodified 288 0.01 30.26 0.99 3.99 1.72 0.99 
303 0.08 28.01 0.99 2.75 1.57 0.99 
318 0.33 10.26 0.91 3.30 2.74 0.87 
348 0.35 7.70 0.99 2.60 2.85 0.97 

AC-NH-800 288 0.09 36.26 0.99 4.24 1.65 0.99 
303 0.01 31.61 0.99 4.17 1.72 0.99 
318 0.09 16.11 0.98 1.84 1.65 0.98 
348 0.1 12.91 0.99 1.59 1.68 0.99 

AC-NH-400 303 0.15 6.93 0.94 1.27 1.95 0.97 
Commercial AC 303 0.43 7.42 0.96 2.77 3.09 0.90 
 
 
Table 7. Thermodynamic parameters for CO2 adsorption onto the unmodified and modified activated 
carbon samples 
Sample qe, mmol/g ∆S, J/mol·K ∆G, kJ/mol 

288 (K) 303(K) 318 (K) 348 (K) 
AC-
unmodified 

0.5 23.81 -9.56 -7.22 -10.5 -11.54 
1 26.56 -8.84 -9.30 -9.76 -10.68 
1.5 26.36 -7.6 -7.99 -8.39 -9.18 
2 30.66 -7.65 -8.05 -8.45 -9.25 
2.5 33.15 -6.86 -7.22 -7.58 -8.29 

AC-NH-800 0.5 35.68 -10.29 -10.82 -11.36 -12.43 
1 40.39 -11.64 -12.25 -12.86 -14.07 
1.5 42.18 -12.16 -12.79 -13.42 -14.69 
2 46.8 -13.49 -14.19 -14.89 -16.3 
2.5 55.18 -16.73 -16.73 -17.56 -19.22 
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Table 8. Comparison of adsorption capacity of the modified activated carbon with ammonia  
Adsorbent Treatment Adsorption 

capacity, 
mmol/g 

Pressure, 
bar 

Temperature, 
K 

Ref. 

Olive stones based 
AC 

Ammonia, 800°C 0.77 1.3 303 [38] 

 Almond shells 
based AC  

Ammonia, 800°C 0.80 1.3 303 

Commercial  AC Ammonia, 400°C 1.72 1 299 [29] 
 Commercial  
granular AC 

Ammonia, 800°C 1.67 1 303 [5] 

Biomass residue 
based AC  

Ammonia, 400°C 2.20 1 298 [39] 

Wood-based 
granular AC 

Ammonia, 800°C 1.90 - 298 [19] 

Peat-based AC Ammonia, 800°C 2.10   
Eucalyptus wood 
based AC 

Unmodified 2.98 1 303 This study 

Eucalyptus wood 
based AC 

Ammonia, 400°C 1.10 1 303 

Eucalyptus wood 
based AC 

Ammonia, 800°C 3.22 1 303 
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Fig. 2. N2 adsorption- desorption isotherms of unmodified and modified Eucalyptus wood 

based activated carbon samples 
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(a) 

 
(b) 

 
(c) 

Fig. 3. SEM micrographs of (a) unmodified AC, (b) AC-NH-400 and (c) AC-NH-800 
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Fig. 4. FTIR spectra of (a) unmodified AC and the modified samples (b) AC-NH-400 and (c) 

AC-NH-800) 
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(a) 

 
(b) 



  

 
(c) 

Fig.5. Typical C1s XPS spectrum of activated carbon sample: (a) AC, (b) AC-NH-400, (c) 
AC-NH-800 
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(a) 

 
(b) 

Fig.6. Typical N1s XPS spectrum of activated carbon sample: (a) AC-NH-400, and (b) AC-
NH-800 
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Fig. 7. CO2 adsorption isotherms at 303 K for unmodified AC, the AC-NH-400 and AC-NH-

800) 
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(b) 

Fig. 8. CO2 Adsorption isotherm for (a) unmodified AC and (b) AC-NH-800 at different 
temperatures 
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(b) 
Fig. 9. Isosteric heat of adsorption of CO2 on the unmodified activated carbon and modified 

sample 
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Fig. 10. Variation of the isosteric heat of adsorption with the amount of CO2 adsorbed 
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Highlights 
• Activated carbon was prepared from Eucalyptus wood with H3PO4 and modified by 

NH3. 
• AC surface chemistry and micropore structure improved by ammonia modification. 
• AC modified by ammonia showed enhanced CO2 loading relative to the untreated 

AC. 
• Incorporation of nitrogen group in ACs increased their adsorption capacities. 
• Adsorption isotherm, kinetic and thermodynamics of ammonia-treated AC were 

studied. 
 


