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Abstract 

CO2 adsorption on solid sorbents under dynamic conditions is driven by a number 

of factors, among them textural features (pore volumes, pore size distribution, 

surface area…), the surface chemistry (polarity, active site, unsaturated 

coordinative sites…) and the overall active sites accessibility. Depending on the 

strength of the interaction with CO2 (chemisorption or physisorption), solid 

sorbents are broadly divided in two groups, although of course a sharp distinction 

between the two phenomena (in many cases concurrent) is not possible. Starting 

from CO2 adsorption data acquired in dynamic conditions in a lab-scale fixed-bed 

reactor or in a fluidized-bed reactor on commercial and ad-hoc synthetized 

sorbents, a first attempt to correlate adsorption capacities and materials textural 

properties or relevant adsorption parameters (breakthrough times, ) was here 

reported. Typical conditions of post-combustion CO2 capture were selected. 

Literature data available on CO2 uptake acquired on solid sorbent under 

experimental conditions comparable to those considered in this work were also 

included. 

 

Introduction 

Adsorption on a solid matrix is a well-assessed approach for the capture and 

separation of CO2 from gas exhausts [1]. An ideal adsorbent for CO2 capture: i) 

should exhibit high selectivity toward CO2 over N2 and other exhaust components 

(CO, NH3 and light hydrocarbons (i.e. CH4)), ii) should exhibit low heat of 

adsorption for an easy regeneration, iii) should exhibit hydrophobic character in 

order to be less sensitive to moisture conditions iv) should be produced via 

inexpensive and low-energy consumption methods and by using renewable 

resources as precursors, v) should exhibit flexible morphologies, pore structures 

and functionalities, and vi) should exhibit good mechanical properties to undergo 

repeated adsorption-desorption cycles [1]. 

It has been proven that adsorption capacity and selectivity toward CO2 are strongly 

dependent on the porous structure and chemical surface of the adsorbent. Solid 

sorbents are conventionally classified on the basis of the kind of interaction that 

takes place between CO2 and the material: physical interaction (physisorption) and 

chemical interaction (chemisorption). Typical materials acting as physisorbent are 

porous carbonaceous materials, zeolites, alumina, silica gels, and some metal 
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organic frameworks (MOFs). Chemisorbents are usually porous materials 

incorporating basic sites (alkaline carbonates and amino groups) capable of 

strongly interacting with acidic CO2. Solid sorbents whose mechanism of CO2 

adsorption lies between chemisorption and physisorption are highly desirable for 

post-combustion capture purposes since they accomplish both easy regeneration 

and sufficient selectivity toward CO2.  

With reference to the reactor configurations, adsorption/desorption operations can 

be performed in either fixed-bed or fluidized bed reactors. However, before the 

design of an adsorption equipment, the investigation of both equilibrium and 

kinetics is necessary. The use of fixed bed set-up is a reliable way to perform a 

rapid screening of the solid sorbents performances in small amounts (about 

hundreds of mg), achieving more realistic fluid-dynamic conditions compared to 

thermogravimetric analysis. 

With the aim to discriminate between the variety of factors that govern CO2 uptake 

on solid sorbents under dynamic conditions, in this work, CO2 adsorption data 

acquired in a lab-scale fixed-bed reactor on commercial and ad-hoc synthesized 

materials were used to correlate adsorption capacities and materials textural 

properties and relevant adsorption parameters (breakthrough times, ). 

 

Experimental section 

Materials. The sorbents reported in this work are listed in Table 1. With the 

exception of commercial materials (AC, zeolites, tuff), most of them were the 

object of previous papers where the detailed synthesis are reported [2-5].  

Rice husk (RH) derived materials were produced as follows: carbonized rice husk 

(cRH) was obtained by carbonization of RH in an auger furnace in the 500° - 

800°C temperature range for 3 hours; cRH-NH4OH was obtained by treating cRH 

suspended in de-ionized water with 10 mL 28% ammonia solution for 1 h at 90° C 

under stirring; cRH-NaOH was obtained with the same procedure used for cRH-

NH4OH but using a 5M solution of NaOH instead of ammonia solution. cRH-

NH4OH and cRH-NaOH were recovered by centrifugation and washed more times 

with distilled water. At the end of the purification procedure, the samples were 

dried at 100 °C. cRH-nFM was synthetized adapting the procedure proposed by [6] 

for magnetite nanoparticle synthesis: 2.6 g of FeCl3•6H2O and 2.7 g FeSO4•7H2O 

were dissolved in 60 mL of distilled water, mixed with a water suspension 

containing 10 g of cRH and then the resulting suspension mixed with 60 ml of 

NaOH 5M for 2 h at 80 °C under stirring. After that time, 5 ml 25% (w/w) 

etramethylammonium hydroxide was added to stabilize magnetite nanoparticles. 

The suspension was then cooled to room temperature and the dark brown solid was 

recovered by filtration and washed with water to remove all traces of unreacted 

salts and sodium hydroxide. The sample was dried at 100 °C. 

Textural properties characterization. The BET specific surface areas (SA) of the 

samples were measured by Ar adsorption at 87 K using a Quantachrome Autosorb 

1 apparatus. The samples were outgassed under vacuum at 120 °C before the 
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analysis. Adsorption/desorption data were processed in accordance with the BJH 

model to evaluate the pore size distribution and the pore volume.  

CO2 adsorption tests. The CO2 uptakes of the materials have been evaluated in a 

lab-scale fixed bed or fluidized bed reactor described elsewhere [2-5,7,8]. The 

breakthrough curves (i.e. C/C0 versus time, where C and C0 are the CO2 

concentration in the effluent and feed stream, respectively) have been worked out 

to evaluate: 

i) the CO2 adsorbed per unit mass of adsorbent, mads, calculated by integrating the 

breakthrough curves; 

ii) the breakthrough time, tb, or breakpoint, which is the time it takes for CO2 to 

reach the 5% of the inlet concentration at the adsorption column outlet; 

iii) the time parameter  = t70-t10, t70 (with t10 and t70 being the time for which CO2 

reach 70% and 10% of the inlet concentration at the adsorption column outlet) 

which is related to the slope of the linear part of the sigmoid (the smaller this 

parameter is, the steeper the breakthrough curve and consequently the faster the 

adsorption kinetics will be); 

iv) the fraction of bed utilized at breakpoint, W, namely the ratio between the CO2 

adsorbed until the breakpoint and that adsorbed until saturation. 
 

Results 

The materials listed in Table 1 belong to different categories: carbon-based 

materials derived from thermochemical conversion processes (carbon black, 

carbonized rice husk…) used as obtained and/or post-processed (thermally or 

chemically activated, covered and/or embedded in active layers or functionalized 

with amine groups…), MOF, zeolites, and activated carbons. Such great variability 

in the nature and the properties of the materials allowed to obtain a very rich array 

of data and offered the possibility to take into account the different types of CO2-

material interactions, namely almost pure physisorption, 

physisorption+chemisorption and almost pure chemisorption.  

The most of the adsorption data reported in Table 1 refers to measurements 

performed by the authors in lab-scale reactors (fixed-bed or fluidized bed) with a 

CO2 inlet concentration between 3-10%, typical of post-combustion. In the Table 

literature data acquired in similar experimental conditions (fixed-bed, CO2 

concentration 4-10%) were also reported to enlarge and validate the correlations 

outputs reported in the following. 

As first and more immediate correlation between adsorption capacities and 

materials textural properties, we reported mads vs surface area estimated through 

BET equation (Figure 1). This representation allows the comparison of data from 

different sorbents without constraints related to experimental conditions (reactor 

configuration, sorbent amount). Sorbents are gathered into three groups 

corresponding to the three main CO2-material interactions: pure physisorption, 

physisorption+chemisorption, chemisorption. The materials falling in the 
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physisorption regime were of different types: pure carbon-based materials 

(activated carbon, carbon black), zeolite and MOF. 
 

 
Table 1. CO2 uptake and textural properties 

 

 
Figure 1. Plots of mads vs surface area 

 

All of them were characterized by low mads (< 15 mg/g) even if some of them 

exhibited high surface areas as zeolite and MIL-100 Fe (up to 1100 m
2
/g).The 

Sample mads

mgCO2 g
−1

tb, s  , s W, % SA

m
2
 g

−1

Total pore 

volume

cm
3
 g

−1

Micropore

s volume

cm
3
 g

−1

Mesopores 

volume

cm
3
 g

−1
pCO2 Reactor Ref

HKUST-1 (Zn) 13,86 10,00 13,00 29,22 20 0,0068 0,0000 0,0068 3 * [5]

MIL-96 (Al) 21,66 15,00 27,00 36,41 51 0,0047 0,0180 0,0029 3 * [5]

MIL-100 (Fe) 7,71 2,00 10,00 13,58 1105 0,7400 0,6000 0,1400 3 * [5]

CBox–NH2 12,80 1,00 16,00 n.a. 30 0,0044 0,0005 0,0039 3 * [3]

CB–IL 27,30 18,00 22,00 n.a. 36 0,0055 0,0019 0,0036 3 * [3]

CBox–IL 9,90 6,00 16,00 n.a. 40 0,0127 0,0057 0,0070 3 * [3]

HKUST-1 (Cu) 22,88 n.a. n.a. n.a. 680 0,6600 n.a. n.a. 5 ** [7]

FM 10,87 4,00 11,00 16,13 154 0,0472 0,0089 0,0383 3 * [2]

CB–FM-1 11,10 15,00 15,00 n.a. 160 0,0534 0,0179 0,0355 3 * [2]

CB–FM-2 16,10 25,00 19,00 n.a. 148 0,0405 0,0159 0,0246 3 * [2]

CB–FM-3 16,50 24,00 16,00 n.a. 157 0,0359 0,0098 0,0261 3 * [2]

CB–FM-4 14,90 27,00 18,00 n.a. 157 0,0338 0,0088 0,0250 3 * [2]

CB–FM-5 7,20 3,00 19,00 n.a. 145 0,0312 0,0105 0,0207 3 * [2]

CBox–FM 8,00 1,00 19,00 n.a. 248 0,0531 0,0181 0,0350 3 * [3]

RH-nFM 15,55 12,00 n.a. n.a. 271 n.a. n.a. n.a. 3 * this work

C-700 19,34 n.a. n.a. n.a. 463 0,4800 n.a. n.a. 10 * [11]

SBA-APTSgrafted 13,55 n.a. n.a. n.a. 230 n.a. n.a. n.a. 4 * [10]

CB 6,50 2,00 n.a. n.a. 143 0,1750 0,0050 0,1700 3 * [2]

Cbox 8,81 8,00 11,00 38,80 277 0,5700 0,3600 0,2100 3 * [3] 

CNT 16 n.a. n.a. n.a. 394 0,63 n.a. n.a. 5 * [12]

GAC Filtrasorb 400 14 n.a. n.a. n.a. 954 0,48 n.a. n.a. 5 * [12]

RH 11,26 8,00 15,00 30,76 105 0,0640 0,0410 0,0230 3 * this work

RH_NaOH 15,28 14,00 20,00 38,78 431 0,3750 0,1700 0,2050 3 * this work

RH_NH4OH 12,04 10,00 14,00 n.a. 180 0,0640 0,0410 0,0230 3 * this work

Cbox_annealed 11,12 14,00 8,00 58,19 464 0,9000 0,5800 0,3200 3 * this work

AC Norit 10,56 n.a. n.a. n.a. 1060 1,3400 n.a. n.a. 3 ** [7]

Zeolite 13X 10,12 4,00 n.a. n.a. 960 0,4100 n.a. n.a. 3 * [3]

Zeolite Na-Y/NH4-Y 8,36 n.a. n.a. n.a. 756 0,4000 n.a. n.a. 10 ** [7]

TUFF 1,54 12,00 11,00 n.a. 141 n.a. n.a. n.a. 5 * [9]

Zeolite CBV100 13 n.a. n.a. n.a. 788 0,35 n.a. n.a. 5 * [12]

SIFSIX-3-Zn 104,4 n.a. n.a. n.a. 250 n.a. n.a. n.a. 10 * [13]

SIFSIX-2-Cu-i 55 n.a. n.a. n.a. 735 0,26 n.a. n.a. 10 * [13]

* fixed bed ** fluidized bed
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materials falling in combined physisorption+chemisorption regime containing 

basic functional groups and/or active coating (magnetite coated carbon-based 

materials, activated carbon containing N, …) as well as a not negligible surface 

area and total pore volumes. All of them were characterized by higher CO2 uptake 

(between 5 and 20 mg/g). The sorbents active for physisorption+chemisorption 

partially overlap, in the plot at lower SA, with sorbents exhibiting almost pure 

physisorption interaction with CO2. The materials falling in the chemisorption 

regime were those containing basic groups able to interact with the acidic CO2 

molecules: these materials exhibited high mads (up to 28 mg/g) and quite low 

surface areas (< 50 m
2
/g). Similar graphical representations have been obtained by 

reporting the adsorption capacities as a function of pore volumes (total pore 

volume, micropore volume and mesopore volume) not reported here for lack of 

room. 

Another attempt of correlation was performed by reporting the mads as a function of 

the breakthrough time. For this correlation only data acquired under the same 

experimental conditions (fixed-bed, CO2 inlet pressure 3 %) were considered.  

 
Figure 2. Plot of mads as a function of the breakthrough time. 

 

tb together with the mads, could be considered an useful single metric for ranking 

adsorbents, since, for practical purposes, a high value of tb is highly desirable 

because it reduces the frequency of sorbent regeneration. On the basis on the 

available data and as a very preliminary outcome, Figure 2 indicates that materials 

acting in the chemisorption+physisorption regime exhibit higher breakthrough 

times for a quite limited CO2 uptake. The materials falling in the almost pure 

physisorption regime overall exhibited the lowest tb while an intermediate trend is 

discernible for chemisorbents. A focused experimental campaign is planned to shed 

light into possible tb and mads correlations.  
 

Conclusions 

CO2 adsorption data acquired in dynamic conditions in a lab-scale fixed-bed 

reactor or in a fluidized-bed reactor on commercial and ad-hoc synthetized sorbents 

were used to tentatively correlate adsorption capacities and materials textural 
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properties or relevant adsorption parameters. The correlation of mads vs surface area 

gathered the sorbents into three groups corresponding to the three main CO2-

material interactions: pure physisorption, physisorption+chemisorption, and 

chemisorption. The correlation of mads vs tb indicates that higher tb values are 

exhibited by sorbents falling in the chemisorption+physisorption regime, the lower 

tb value for materials falling in the almost pure physisorption regime while an 

intermediate trend is discernible in the case of chemisorbents. 
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