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ABSTRACT

Highly toxic gases such as hydrogen sulfide (H2S), carbon dioxide (CO2), and ammonia (NH3) are generated by both nature and

human activities and affect human health. In this research, activated carbon combined with Ca(OH)2 and CaCO3 (AC-CO and

AC-CC, respectively) were fabricated and applied in absorbing toxic gases from air pollutants. Activated charcoal powder was

compressed in the form of pellets and used in the designated conditions. The optimum operating conditions and material proper-

ties, such as adsorption capacity, effect of weight ratio of the mixture, and hardness, have been investigated after combining with

the calcium derivative. The good performance exhibited in this study suggests that this material is expected to be an effective

and economically viable adsorbent for NH3, CO2, and H2S removal from the air system.
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1. Introduction

he release of anthropogenic toxic pollutants into the

atmosphere caused by chemical reactions, the leakage of

hazardous industrial gases, as well as the products from

combustion reactions, are global risks that are of increasing

concern. Common hazardous compounds such as NOx, SOx,

CO2, H2S, and NH3, have an adverse impact on human

health, and can even cause death. Therefore, it is highly

urgent to find an effective way to dispose toxic substances.

In this research, we selected three common toxic gases,

hydrogen sulfide (H2S), carbon dioxide (CO2), and ammonia

(NH3). H2S is a corrosive, poisonous, and odorous gas. NH3

is another contaminant that is widely used in chemical and

pharmaceutical industries for various applications, such as

a fermentation agent, cleaner, and fertilizer. CO2 is involved

in the formation of photochemical smog and acid rain, which

are major threats to the environment and human health.

Among the many sources of air pollution, particulate matter

(PM) is the one most generally noticed by the public. Parti-

cles with diameter < 2.5 μm (PM2.5) have the ability to bind

toxic compounds. Highly porous materials are a class that

have received a lot of attention owing to their special struc-

tures, and may play an important role in the disposal of

toxic substances. Moreover, there are various types of puri-

fication techniques used for the removal of gas compounds

in the air-treatment industry. These treatment techniques

include air stripping,1,2) adsorption to activated carbon

(AC),3) and ozonation.4)

Activated carbon is a term used to refer to carbon-rich

materials that contain well-built internal pore structures.

They can be used as absorbent materials because of their

higher porosities. Moreover, a wide range of chemical func-

tional groups present on the surface of AC makes it a versa-

tile material that has numerous applications involving

activation agents such as Na2SO4, H3PO4, ZnCl2, KOH,

CaCO3, and Ca(OH)2.
5−7)

 Activated carbons have been globally recognized as the

oldest, widely used, and most popular adsorbent in water

and air purification industries. 

Calcium carbonate (CaCO3), which is abundant in nature

and exhibits good biodegradability and biocompatibility, is

considered to be one of the most promising candidates for

application in air treatment.8) One of the widely applied

strategies is to introduce organic additives and templates

with functionalized patterns. Owing to the higher solubility

of CaCO3 and precipitation transformation properties, bond-

ing was observed between CaCO3 and some heavy metal

carbonates. This can effectively adsorb gases and toxic ele-

ments from atmospheric and aqueous environments. Yu

reported high removal capacities of 1028.21 mg g−1 for Pb2+

and 514.62 mg/g for Cd2+ within 2 h by using polyacrylic

acid stabilized amorphous CaCO3 nanoparticles.9) Moreover,

the removal of toxic gas by using AC with CaCO3 has been

limited to a few studies. 

The alkaline earth metal hydroxide Ca(OH)2 represents a

T
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fine example of multifunctional compounds having the wid-

est range of technological and industrial applications. The

elements comprising Ca(OH)2 are widely available, low cost,

and non-toxic. Hydrogen and oxygen are the most abundant

elements in the universe. Because of the possibility of syn-

thesis by inexpensive and green methods, these materials

can be chemically tuned with predesigned functional prop-

erties and, therefore, offer very high promise for future

applications, e.g., biomedicine, electronic devices, solar

energy, gas sensing, etc.10)

The objective of this study was to elucidate the adsorption

properties of NH3, CO2, and H2S on AC surfaces modified

with Ca(OH)2 and CaCO3 by adsorption. The most import-

ant adsorption conditions that affect the adsorption process

were also investigated. The adsorption behavior of toxic

gases on modified AC can be considered to be mainly mono-

layer adsorption, and is related to the chemical functional

groups on the surface of carbon, which have been identified

by iodine absorption, BET, etc.

2. Experimental Procedure

2.1. Synthesis of AC modified with Ca(OH)2 or CaCO3

(AC-CO and AC-CC) pellets

Activated carbon (YP50F, high surface area, Japan) was

dissolved in DI water at room temperature to yield a solu-

tion to which was added differing amounts of Ca(OH)2 or

CaCO3. After that, the mixed solution was magnetically

stirred for 5 h. The mixed samples were first dried in an air

convection oven at 100°C for 6 h.

About 1.5 g of the raw material were placed between the

pistons in a dice and a mechanical pressure P was applied

on them for 1 min by using an oil hydraulic machine. The

pressure ranged from 0 to 98.1 MPa. After compression, the

raw material ejected from the dice was in the form of a

columnar pellet.11)

2.2. Characterization

2.2.1. Sample characterization

The specific surface areas of the AC samples were deter-

mined by N2 adsorption (at −196.15°C), using a surface ana-

lyzer (Quantachrome Inst., Nova 2200e). The total pore

volume (Vt) was calculated from the amount of N2 vapor

adsorbed at the relative pressure of 0.95. The total surface

area (St) was calculated using the BET equation in the rela-

tive pressure range 0.05–0.35. The limits between micro

and mesopores and meso and macropores were taken fol-

lowing the IUPAC nomenclature. The Barrett-Joyner-Hal-

enda method was used to calculate the mesopore size

distribution.

The mechanical strength characteristics of the ACs pre-

pared were determined according to ASTM D4179 and

D6175, compliant for extruded pellet crushing strength, and

according to ASTM 7084-04 for bulk crushing strength by

using the Crush-BK instrument. The density was deter-

mined according to ASTM D2854-09.

2.2.2. Removal efficiencies of NH3, CO2, and H2S

The concentrations of NH3, CO2, and H2S determined by

the bypass line were used as the respective inlet concentra-

tions. The NH3, CO2, and H2S concentrations determined by

the flue gas outlet (c) were used as the respective outlet con-

centrations (each experimental cycle was 30 min, and the

average concentrations within this period were used as the

outlet concentrations). The removal efficiencies of NH3, CO2,

and H2S can be calculated by Eq. (1):

Gas removal efficiency = (Cin − Cout)/Cin)) × 100 (%),  (1)

where Cin represents the inlet concentrations of NH3, CO2,

and H2S in the gas; and Cout represents the outlet concentra-

tions of NH3, CO2, and H2S in the gas.12)

NH3 gas removal efficiency: (1) In the experiment for mea-

suring the fixed bed adsorption capacity, standard harmful

gas of a certain concentration was passed through a column

packed with an adsorbent for its adsorption, and was peri-

odically manufactured and sold at the gas outlet by GAS-

TEC (Japan). The standard gas detection tube of measuring

range dependent on the gas type (e.g., 1 to 240 ppm of H2S

and 3 to 10 ppm of NH3 can be measured) was used, and the

breakthrough point was determined.

H2S gas removal efficiency: In a fixed bed adsorption test,

the standard obnoxious gas passing through the column

filled with the adsorbent was adsorbed, periodically mea-

sured at the gas outlet depending on the gas type manufac-

tured and sold by GASTEC (e.g., 1 to 240 ppm of H2S and 3

to 10 ppm of NH3 can be measured in 4 L), and the break-

through point was determined.

2.2.3. CO2 adsorption

The adsorption capacity of the produced AC was deter-

mined using a Setaram Setsys evolution thermogravimetric

analyzer. In the adsorption experiment, 150 mg of the AC

sample were placed in the analyzer, heated to 100°C in

nitrogen atmosphere at the flow rate of 60 mL/s, and held at

that temperature for 20 min. The temperature was then set

at the desired adsorption temperature and dried CO2 (99.85

vol.%) was introduced at the flow rate of 60 mL/s for CO2

adsorption. After the adsorption stage, the gas was switched

to pure N2 flowing at the rate of 60 mL/s and desorption was

performed (Fig. 1). Adsorption capacity, measured in mL

CO2/g AC, was used to evaluate the adsorbent.13)

Removal efficiency by TPD: The column containing the

sample was saturated with CO2, and all the gas physically

adsorbed on the surface was removed by He, before the tem-

perature was raised to 800°C to detect the amount of

desorbed gas by using a thermal conductivity detector

(TCD) that measured the converted signal.

Low-temperature adsorption method: For saturation

adsorption, adsorption (3–4 h) of CO2 at low temperature

(−5–7°C) and measurement (2–5°C) at room temperature

were performed to remove the supersaturated CO2 (m1);

measurement (m2) at 700°C (removal) was carried out to

determine the amount of physically and chemically adsorbed
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CO2 after the measurement. The amount of CO2 adsorbed =

m1 − m2.

2.2.4. Pressure drop

Pressure loss: P1: Initial operating pressure, P2: Pressure

after passing through one tube after filling the pellet, P3:

Pressure after filling two pellets, P1 - P2: Pressure loss (2):

P1 - P3, Pressure gauge (digital type): LUTRON ELEC-

TRONIC ENTERPRISE CO., LTD (Model: PS-9302), and

Pressure sensor model: PS-100-2BAR.

Fig. 1. Carbon dioxide adsorption procedure.

Fig. 2. XRD patterns of activated carbons modified with
Ca(OH)2 and CaCO3 (AC-CO and AC-CC).

Fig. 3. EDX and SEM images of activated carbons modified with Ca(OH)2 and CaCO3 (AC-CO and AC-CC).
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3. Results and Discussion

3.1. Characterization 

Preliminarily, the ACs modified with Ca(OH)2 and CaCO3

were characterized. Fig. 2 shows the XRD patterns of AC-

CO and AC-CC samples, wherein an almost amorphous

structure can be detected, with the main peak at around 25°

that indicates the presence of some graphite.14) The corre-

sponding XRD patterns of AC-CC are also shown in Fig. 2.

No matter what the morphologies of CaCO3 were, all the

peaks can be indexed to calcite (JCPDS no. 05-0586). The

sharp narrow diffraction peaks indicated that the as-pre-

pared CaCO3 samples had good crystallinity for all CaCO3

morphologies. However, the crystalline form of calcite had

changed slightly and revealed a slight difference, as

reported previously. Moreover, the XRD pattern of the as-

synthesized sample in Fig. 2 illustrates characteristic peaks

of Ca(OH)2, indicating that Ca(OH)2 with high crystallinity

was successfully obtained. All the detected peaks with

Miller indices (001), (100), (101), (102), (110), and (111) at 2θ

values of 18.0, 28.6, 34.0, 47.1, 50.7, and 54.3°, respectively,

can be indexed to the hexagonal structure of Ca(OH)2

(JCPDS file 87-0315), with preferred orientation along the

(101) plane. 

The SEM images of the AC-CO and AC-CC samples are

shown in Fig. 3. The surfaces of the samples have fairly sim-

ilar morphologies, with cracks and voids present. The sur-

faces are heavily pitted, indicating that the samples are

very porous. In addition, some nanoparticles (less than 500

nm in size) could be found on the surface of AC. The SEM

images of the CaCO3 particles are also shown in Fig. 3. The

results reveal spherical particles of sizes ~ 300 nm. To make

it more persuasive, energy spectroscopy analysis was also

performed to prove the existence of AC-CO and AC-CC (Fig.

4). Elemental carbon existed in relatively high amounts.

3.2. Mechanical strength characteristics of ACs

During operation and loading in the adsorption columns,

the mechanical strength of the composite material is very

significant for its packaging and manufacturing.

The measurements of crush strength are intended to pro-

vide an indication on the ability of AC to maintain its physi-

cal integrity during handling and use. Failure of the AC in a

fixed bed causes maldistribution of fluid flow (liquid or gas)

and a large pressure drop through the bed, which result in

low efficiencies of the sorption processes. Activated carbons

are porous and full of defects, dislocations, and discontinu-

ities in their bulk phase. Activated carbons are also typi-

cally brittle materials and, therefore, their failure is due to

brittle fracture. The data obtained in this work (Table 1) are

in agreement with those reported in the literature.15) The

results show that mechanical strength for crushing the AC

pellets increased with increasing pyrolysis temperature,

from 4 MPa at 400°C to 9.25 MPa at 750°C. This is due to

the carbonization process, which increases in intensity with

increasing temperature and leads to the uniformity of the

structure into the resulting carbon that increases the

strength.

3.3. BET surface area and iodine absorption

The BET surface areas and pore volumes of the ACs are

summarized in Table 1. The surface area of the sample pre-

pared from AC-CO or AC-CC is noticeably higher than the

raw material AC (AC-Raw). The AC-CO or AC-CC sample

produced AC with the highest surface area. The micropore

volumes of the ACs produced from Ca(OH)2 and CaCO3 are

also higher than that of AC-Raw. This shows that Ca(OH)2

or CaCO3 modification improves the microporosity of the AC

produced. Moreover, AC-CO and AC-CC have demonstrated

improved iodine sorption capacities (> 100% mass gain)

compared to AC powders with high specific areas (Fig. 4).

The increased iodine sorption capacity observed in 20% AC-

CO and 15% AC-CC despite a relatively lower specific sur-

Table 1. BET Surface Areas and Pore Size Distribution

Sample
Mechanical strength 

(MPa)
BET surface area 

(m2/g)
Pore volume

(ml/g)
Average pore diameter 

(nm)

15% AC-CO 9 ± 2 1426 0.464 1.90

20% AC-CO 9 ± 2 1306 0.553 1.87

30% AC-CO 9.25 ± 2 1257 0.534 1.93

15% AC-CC 7 ± 2 1321 0.541 1.98

20% AC-CC 8 ± 2 1257 0.557 1.86

30% AC-CC 4 ± 2 1165 0.489 1.94

Fig. 4. Iodine absorption of AC-CO and AC-CC with differ-
ent molar ratios.
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face area, compared to pristine AC, is indicative of a struc-

tural factor attributed to the pore shape and size of the

highly porous AC.

3.4. Removal efficiency of H2S 

The experiments focusing on the effect of mole ratio of AC-

CO or AC-CC on H2S removal efficiency and selectivity were

carried out. As shown in Fig. 5, the results indicate that

irrespective of the mole ratio of AC-CO or AC-CC (15, 20, or

30%), the H2S removal efficiencies of 30% AC-CO and 30%

AC-CC are always higher than those of 15% AC-CO and

15% AC-CC. Surface area played a significant role in simul-

taneous absorption of H2S. Moreover, 30% AC-CO showed

the best absorption performance and maintained nearly

100% H2S removal efficiency within 30 min. Both the removal

efficiency and selectivity increased with the increase in the

ratio. 

3.5. Ammonia gas removal efficiency 

The adsorption capacities of NH3 onto AC-CO or AC-CC

(15, 20, and 30%) were calculated by using the Langmuir

and Freundlich adsorption equations. The Langmuir iso-

therm has the following form: 

qe = qmax (KLCe)/(1 + KLCe), (2)

where qmax is the adsorption capacity of the adsorbent

toward a specific solute and KL is the adsorption affinity, a

parameter that measures how strongly the adsorbate

attaches to the adsorbent. One of the advantages of using

the Langmuir equation for representing adsorption equilib-

ria data is that it reduces to Henry's law at very low concen-

trations and corresponds to limit saturation capacity. 

Langmuir model is one of the most widely used isotherm

models for liquid phase adsorption data. In Fig. 6, the

parameter qmax of the Langmuir equation represents the

adsorption capacity of the adsorbent. The adsorption capaci-

ties of the adsorbents used in this study follow the order

30% AC-CO > 30% AC-CC > 20% AC-CO > 20% AC-CC >

15% AC-CO > 15% AC-CC (Table 2). The mechanism of

ammonium adsorption on 30% AC-CO is mainly physical

adsorption (Van der Waals interaction), since the surface

area of AC-CO is lower compared to those of 15% and 20%

AC-CO or AC-CC, therefore, the uptake amount of ammo-

nium on 30% AC-CO or AC-CC is lower than that of the

other adsorbents. Moreover, AC-CO has the highest adsorp-

tion capacity possibly due to its highest BET surface area

and a more developed porous structure. During the thermal

process of the preparation of the composite, CO2 gas has the

role of an activating agent for AC-CO; at high temperatures,

CO2 becomes a reactive gas, and oxidizes a fraction of AC-

CO in the composite structure, leading to opening of the

existing pores and forming new micropores in the structure.

With the increase in surface area and pore volume, the

capability of the composite to attach more ammonium ions

from the solution through Van der Waals forces also

increased.

3.6. CO2 adsorption capacity of ACs

The CO2 adsorption capacities for different molar ratios

(15% and 20%) of AC-calcium derivative are shown in Fig. 7.

Fig. 7 and Table 3 present the CO2 adsorption capacities

measured at different temperatures (300–700°C) for the

carbon activated for 3 h at 750°C. The results from Fig. 7

show that the adsorption capacity increases rapidly with

Fig. 5. Removal efficiencies of H2S for 15, 20, and 30% AC-
CO and AC-CC.

Fig. 6. Ammonium adsorption capacities of 15, 20, and 30%,
AC-CO and AC-CC.

Table 2. Langmuir Parameters for the Adsorption of Ammonium on 15, 20, and 30% AC-CO and AC-CO

Parameter
15% 20% 30%

AC-CO AC-CC AC-CO AC-CC AC-CO AC-CC

qmax (mg/g) 9.56 7.23 12.37 10.11 23.67 15.42

KL (L/mg) 0.0232 0.0212 0.0501 0.0462 0.0738 0.0691

R2 0.9834 0.9321 0.9832 0.9976 0.9913 0.9941
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increasing adsorption temperature. This is attributed to the

typical process of physical adsorption, where both the sur-

face adsorption energy and molecular diffusion rate increase

with increasing temperature and, as a consequence, the

adsorbed gas on the AC surface becomes unstable, resulting

in the desorption of the adsorbed CO2 molecules (Fig. 8 and

Table 4). However, the flue gas temperatures are typically

up to 150°C and, therefore, it is necessary to develop sor-

bents that can be used at higher temperatures.7) Accord-

Fig. 7. CO2 adsorption capacities of 15–30% (a) AC-CO and (b) AC-CC.

Table 3. Carbon Dioxide Adsorption Capacity 

No. Sample
Temperature 

(ºC)

CO2 adsorption 
capacity
(mg/g)

CO2 adsorption 
capacity
(mmol/g)

1
15% 

Ca(OH)2

300 246.517 5.603

400 311.104 7.070

500 396.440 9.010

600 514.322 11.689

700 584.979 13.295

2
20% 

Ca(OH)2

300 46.839 1.065

400 131.725 2.994

500 292.422 6.646

600 420.693 9.561

700 513.968 11.681

3
30% 

Ca(OH)2

300 30.980 0.704

400 86.816 1.973

500 201.729 4.585

600 373.199 8.482

700 484.510 11.012

4
15% 

CaCO3

300 30.784 0.670

400 65.133 1.480

500 116.656 2.651

600 207.064 4.706

700 309.462 7.033

5
20% 

CaCO3

300 23.551 0.535

400 51.087 1.161

500 90.217 2.050

600 200.725 4.561

700 346.377 7.872

6
30% 

CaCO3

300 7.536 7.536

400 27.195 27.195

500 56.029 56.029

600 161.533 161.533

700 288.663 288.663

Fig. 8. Desorption amounts measured with TPD (TCD con-
centration vs. time).

Table 4. TCD Concentration vs. Time of Activated Carbon
Samples

Peak 
no.

Temperature of 
maximum

Quantity 
(mmol/g)

Peak concentration 
(%)

1 334.2544 0.98547 1.42456

2 366.4523 1.13321 1.84250

3 421.4523 6.55156 3.22451

4 653.5786 3.91023 2.55057

Total physisorbed and chemisorbed amount: 553.54 mg CO2/g
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ingly, in this study, the surface of AC was treated with

Ca(OH)2 and CaCO3 at high temperatures in an attempt to

improve its CO2 adsorption capacity mainly at higher tem-

peratures.

4. Conclusions

Activated carbon pellets were synthesized with Ca(OH)2

and CaCO3, which were used in the adsorption of NH3, CO2,

and H2S from polluted air. These pellets show high BET

surface areas and mesoporous volumes. The AC pellets

combined with Ca(OH)2 and CaCO3 showed increased sur-

face area and large volume with micropores and mesopores

compared with the carbon pellets synthesized without

Ca(OH)2 or CaCO3. The weight ratios of the mixtures and

the heat-treatment temperature have obvious effects on the

formation and pore structures of the resulting carbon pel-

lets. The effect of different treatment conditions such as

adsorbent dosage on toxic gas removal efficiency was stud-

ied by experimental design. This study suggests that AC

pellets combined with Ca(OH)2 and CaCO3 can be consid-

ered as ideal adsorbents for NH3, CO2, and H2S removal

from polluted air owing to their low cost, high safety, and

good adsorption efficiency.
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