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Abstract: Adsorption of radon in the air was investigated on hematite, α-Fe2O3, and charcoal activated powder. Hematite had almost doubled 
efficiency in comparison to charcoal activated powder in the same experimental conditions but over a significantly longer period. Adsorption 
isotherms revealed a typical Langmuir shape on hematite and almost linear on activated charcoal. Linear models of Langmuir, Freundlich and 
Dubinin-Radushkevich isotherms showed that radon adsorption on both adsorbents is a favourable chemical process, with stronger interactions 
on hematite, that takes place forming a monolayer of adsorbed radon. The kinetic analysis confirmed forming of a monolayer on both 
adsorbents and two rate-controlling steps during radon adsorption on hematite, instead of one on activated charcoal, which could be 
considered as a reason of slower rate of process on hematite. 
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INTRODUCTION 
ADON is a radioactive, colourless, tasteless and 
odourless gas from the noble gases group which 

makes it chemically almost inert. Because it is a product of 
the radioactive decay of radium, and both are members of 
the uranium series, as gas it can diffuse into the 
environment from rocks containing these two elements but 
also through the soil and foundations into buildings. If such 
buildings are not sufficiently ventilated, then the 
concentration of radon can increase significantly and 
exposure of people over a long period of time to such 
elevated radon levels can cause lung cancer. Charcoal 
activated powder (activated carbon) and silica gel are often 
used as a possible protection against increased radon 
concentration due to diffusion, that is for its removal from 
the premises where people reside.[1,2] In recent years, new 
radon replacement adsorbents have also been tested, such 
as zeolites, i.e., zeolitic imidazole frameworks.[3,4] In 
addition, activated carbon is also used in one of the 
methods for the determining the average activity 
concentration of radon in the air which is in accordance 
with the International Standard for the Measurement of  

radioactivity in the environment - Air: radon-222.[5] The 
intention of this work was to investigate the potential of 
hematite, α-Fe2O3, as radon adsorbent from air enriched 
with radon and compare it to adsorption on charcoal 
activated powder in the same conditions. Namely, it is well 
known that iron oxides, because of their particular 
properties, serve as supports in synthesis of different 
efficient catalysts, model systems in adsorptions and 
functional materials for radioactive waste management. 
 

EXPERIMENTAL 
Adsorbents 

As adsorbents were used hematite was prepared in our 
laboratory and charcoal activated powder QP (PanReac, 
Spain) as received. Hematite was prepared by heating, 
previously synthesized,[6] magnetite for 2 h at 873.15 K in 
the airstream. Figure 1 is an X-ray diffractogram of so 
prepared hematite which was taken on a Philips 3710 
diffractometer operated at 40 kV and 40 mA using 
monochromatic Cu Kα radiation. The range in 2θ from 10 
to 70° was scanned by a speed of 0.02° s–1 at room 
temperature. 
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Adsorption 
Radon adsorption was investigated using the experimental 
setup shown in Figure 2. The source of radon was crushed 
uranium ore (Rn) placed in a Petri dish and covered with 
filter paper. The amount and activity of uranium ore enable 
the formation and accumulation of radon in the desiccator 
(D), with a volume of 11.4 dm3, in a concentration range 
from 5 to 45 kBq m–3. So accumulated radon was trans-
ported through open valves V3 and V4 to the AlphaGUARD 
ionization chamber (Genitron Instruments, Germany) or 
back to the desiccator. To stabilize the concentration of 
radon throughout the setup, with the use of a flow rate of 
Q = 0.3 dm3 min–1, takes a time of one day. The 
AlphaGUARD measuring cycle is 10 min in FLOW mode, 
whereby during one measuring cycle, in addition to the 
flow used, almost 5 detection volumes of air are 
exchanged. After stabilizing the radon concentration in the 
system, valves V3 and V4 were closed and V1 and V2 were 
opened, which passes radon-enriched air through the 
adsorbent (hematite and activated charcoal) located in 
glass tubes (Figure 3) at a constant temperature of 298.15 
K. The mass of both adsorbents was 0.3 g. 
 The measured radon concentrations, cRn (expressed 
in Bq m–3), are converted to molar concentrations, 
c n V= (expressed in mol m–3), as follows. The amount of 

radon, n / mol, is defined as: 

 
m

n
M

=  (1) 

where m / g is the radon mass and M is the molar mass of 
radon (222 g mol–1). The mass of radon can also be 
determined from: 

 RnA
m

SA
=  (2) 

where ARn / Bq is radon activity and SA / Bq g–1 is specific 
activity equal to 5.7 · 1015 Bq g–1 according to the expression: 

 AN λ
SA

M
⋅

=  (3) 

where NA is Avogadro constant (6.022 · 1023 mol–1) and  
λ is the decay constant (2.1 · 10–6 s–1). Radon activity,  
ARn, can be expressed as cRn · V, where V is the volume  
of the AlphaGUARD ionization chamber (0.56 · 10–3 m3). 
 Therefore: 

 Rn

A

c
C

N λ
=

⋅
 (4) 

 These molar concentrations are used as input para-
meters c0 (before adsorption), ce (at the end of adsorption) 
and ct (at time t corresponding to the duration of adsorption) 
for analysis of isotherm and kinetic models of adsorption. 
 

RESULTS AND DISCUSSION 
Isotherm Models 

Isotherm models give the information about interaction of 
adsorbates with adsorbents and theoretical maximum 
adsorption capacity on the basis of the final adsorbed 
quantity of adsorbate per unit of adsorbent mass on the 
dependence of its remaining concentration in equilibrium. 
 The adsorbed amount of radon at the end of 
adsorption, qe / mol g–1, is determined as:[7] 

 0 e S
e

A

( )c c V
q

m
− ⋅

=  (5) 

where c0 / mol dm–3 is the initial concentration of radon in 
the air, ce / mol dm–3 is the concentration of radon in air at 

 

Figure 1. XRD pattern of hematite used as the adsorbent for 
radon in air. 

 
Figure 2. Experimental setup for radon adsorption (Rn: 
crushed uranium ore, S: sample of adsorbent, V: valves, D: 
desiccator). 

 

Figure 3. Samples of hematite (above) and charcoal 
activated powder were used as the adsorbents for radon in 
the air (m = 0.3 g). 
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equilibrium, i.e., at the end of adsorption, VS / dm3 is the 
volume of the system and mA / g is the mass of adsorbent. 
 Figure 4 depicts the dependence of radon uptake at 
hematite and charcoal activated powder of equilibrium 
radon concentrations. As can be seen, the adsorption 
isotherm for hematite has a shape of Langmuir type with a 
characteristic initial increase of the adsorbed radon with an 
increase of initial radon concentration in the air followed 
by saturation, caused by limited free sites, and forming an 
adsorbed monolayer. On the other hand, isotherm for 
charcoal activated powder has an almost linear shape (R2 = 
0.9954) meaning that qe is proportional to the initial 
concentration. 
 Table 1 presents the parameters of linear Langmuir, 
Freundlich and Dubinin-Radushkevich adsorption isotherm 
models. 
 Linear form used for Langmuir isotherm modelling 
was:[8] 

 
e max L e max

1 1 1 1
q q K c q

= ⋅ +  (6) 

where qmax / mol g–1 is the maximum adsorption capacity of 
the monolayer and KL / mol–1 dm3 is Langmuir constant 
which could be assumed as equilibrium constant K 
considering the fact that it is the actual constant for 
dynamic equilibrium of:[9] 

 A (g) + M (surface) ⇄ AM (surface) 

with rate constants ka for adsorption and kd for desorption. 
 Hence: 

 a

d

k
K

k
=  (7) 

 As can be seen, values of qmax are almost identical 
and KL suggest rather favourable adsorption on both 
adsorbents. 
 This is also confirmed with an important feature of 
the Langmuir isotherm known as the separation factor, RL: 

 L
L 0

1
1

R
K c

=
+ ⋅

 (8) 

 Namely, RL values can very simply characterize 
adsorption as:[10] 

 
 Favourable adsorption: 0 < RL < 1, 
 Unfavourable adsorption: RL > 1, 
 Irreversible adsorption: RL = 0, 
 Linear adsorption: RL = 1. 
 
 Values are significantly closer to zero in the case of 
hematite, which is nearly irreversible, indicating stronger 
interactions[11] with radon in comparison with charcoal 
activated powder (Figure 5). Also, higher RL at lower 
concentrations in both cases implies that adsorption is 
favourable at lower concentrations[12] and especially on 

 

Figure 4. Adsorption isotherms for radon adsorption on 
hematite and charcoal activated powder (c0 = 45 kBq m–3). 

Table 1. Parameters of Langmuir, Freundlich and Dubinin-Radushkevich adsorption isotherm models. 

Isotherm model Parameter Hematite Charcoal activated powder 

Langmuir qmax / mol g–1 1.2346 · 10–16 1.6667 · 10–16 

 KL / mol–1 dm3 2.9136 · 1018 2.6086 · 1016 

 RL 0.0822 – 9.8151 · 10–3 0.9023 – 0.5370 

 R2 0.9977 0.9930 

Freundlich 1 / nF 0.6300 0.9500 

 KF / mol g–1 1.9953 · 10–5 0.5012 

 R2 0.9936 0.9909 

Dubinin-Radushkevich qmax / mol g–1 2.7967 · 10–11 3.0749 · 10–9 

 E / J mol–1 20498.002 16054.032 

 R2 0.9949 0.9893 
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activated charcoal considering the final difference between 
the first and the last value. Linear plot of Freundlich 
isotherm is obtained by:[12] 

 e F
F

1
log log log eq K c

n
= + ⋅  (9) 

where KF / mol g–1 presents the adsorption capacity of the 
system with the possibility of forming a multilayer. If  
1/nF = 1 it suggests that the adsorption process is linear. If 
not, then 1/nF is a measure of non-linearity between the 
concentration and adsorption in such a way that 1/nF > 1 
implies adsorption as a favourable physical process and if 
1/nF < 1 adsorption is a chemical process. Values of KF 
assume forming of multilayer in both cases, especially on 
charcoal, but it is not unusual because Freundlich isotherm 
does not have a defined maximum saturation and, in other 
words, the adsorbed amount increases infinitely with 
concentration.[13] Looking at 1/nF, one can conclude that 
adsorption is chemical over hematite and also over 
charcoal, but that latter value is very close to 1 which is in 
accordance with Figure 4. 
 Also, when 1/nF is closer to 0 surface is more 
heterogeneous like it is on examined hematite. Very high R2 
values in Langmuir and Freundlich models, which are 
originally quite opposite in approach considering 
homogeneity of adsorbent surface and layering of 
adsorbate on that surface, can appear together if 
heterogeneous surface conditions and monolayer 
adsorption coexist in applied experimental conditions.[14] 
Anyway, looking at R2 values, linear methods of these two 
models could be used to predict the adsorption process of 
radon on both adsorbents including also Dubinin-
Radushkevich model (Table 1). 

 In the Dubinin-Radushkevich linear model:[15] 

 2
e max DRln lnq q K ε= − ⋅  (10) 

 KDR / J–2 mol2 is the Dubinin-Radushkevich constant 
related to mean free energy of adsorption per mole of the 
adsorbate E / J mol–1 as: 

 
DR

1
( 2 )

E
K

=
−

 (11) 

and ε / J mol–1 is the Polanyi potential: 

 
e

1
ln 1E RT

c
 = + 
 

 (12) 

where R is the gas constant (8.314 J K–1 mol–1) and T / K is 
the temperature. The value of E may offer a conclusion 
about the adsorption mechanism. When its value is in the 
range of 1–8 kJ mol–1, it supposes physical adsorption. The 
value of E between 8 and 16 kJ mol–1 is attributed to the 
adsorption process that takes place by the chemical ion-
exchange mechanism, while E greater than 16 kJ mol–1 
indicates chemisorption.[16] So, in both occasions, chemical 
adsorption occurs but is more intensively over hematite as 
it is confirmed also with RL values. 

Kinetic Models 
Kinetic models of adsorption describe the uptake rate that 
in turn controls residence time and process mechanisms of 
the full-scale adsorption. Kinetic data were gained by the 
variation of concentration of removed radon against time 
with changing initial concentrations of radon. 
 The efficiency of adsorbents in removing radon from 
the air in dependence on time was calculated using the 
following equation:[17] 

 0

0
/ % 100tc c

R
c
−

= ⋅  (13) 

where R / % is the radon removal efficiency, c0 / mol dm–3 
is the initial concentration of radon in air and ct / mol dm–3 
is the concentration of radon in air at time t / min 
corresponding to the duration of adsorption. 
 Figure 6 shows the efficiency of adsorbents in 
removing radon from the air with its highest concentration 
of 45 kBq m–3 and it is obvious that hematite is a much better 
adsorbent with an efficiency to 95 % while activated charcoal 
reached a bit over 55 % but in a much shorter period. 
 The adsorbed amount of radon), qt / mol g–1, at time 
t / min is determined as:[18] 

 0 S

A

( )t
t

c c V
q

m
− ⋅

=  (14) 

where c0 / mol dm–3 is the initial concentration of radon in  

 

Figure 5. Separation factors for adsorption of radon on 
hematite and charcoal activated powder (c0 = 45 kBq m–3). 
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air, ct / mol dm–3 is the concentration of radon in air at time 
t / min, VS / dm3 is the volume of the system and mA / g is 
the mass of adsorbent. Calculations were presented for 
measurements with an initial concentration of 45 kBq m–3. 
 Table 2 presents parameters of linear Elovich, intra-
particle, first-order and pseudo-first-order adsorption 
kinetic models. 
 Elovich equation, commonly used to determine the 
kinetics of the chemisorption of gases onto heterogeneous 
solids at the initial state of adsorption, is:[19] 

 1 1
ln( ) ln( )tq t= ⋅ + ⋅ αβ

β β
 (15) 

with  
 α: initial adsorption rate (expressed in mol g–1 min–1), 
 ϐ: desorption constant (expressed in g mol–1) which 
 could be related to the extent of surface coverage and  
 activation energy for chemisorption.[20] 
 
 It does not propose any kind of mechanism for 
adsorption but results revealed a bigger initial adsorption 
rate over charcoal and almost identical desorption constants 
which is in accordance with the observed efficiency of these 
adsorbents against time. 
 Intra-particle model in linear form is useful for 
estimation of mechanism as:[21] 

 1
2idtq k t C= ⋅ +  (16) 

where are  
 kid: intra-particle diffusion rate constant (expressed  
 in mol g–1 min–0.5), 
 C: intercept (expressed in mol g–1) and its value  
 stands for the thickness of the boundary layer.  
 Namely, the mechanism of adsorption is generally 
considered to involve three steps, one or any combination 
of which can be the rate-controlling mechanism:[11]  
 1. External diffusion to the surface of the adsorbent. 
 2. Adsorption at sites on the surface (external or  
 internal in pores) which energy depends on the  
 binding process (physical or chemical). This step is  
 often assumed to be extremely rapid so it is not  
 considered as rate-determining. 
 3. Intra-particle diffusion of the adsorbate molecules  
 to an adsorption site either by a diffusion through  
 the pores or by solid surface diffusion in pores. 

Table 2. Parameters of Elovich, intra-particle, first-order and pseudo-first-order adsorption kinetic models. 

Kinetic model Parameters Hematite Charcoal activated powder 

Elovich  α / mol g–1 min–1 7.4980 · 10–19 1.7083 · 10–18 

 β / mol–1 g 2.8490 · 1016 2.9940 · 1016 

 R2 0.9918 0.9680 

Intra-particle kid / mol g–1 min–1/2 5.0300 · 10–18 1.0000 · 10–17 

  1.8100 · 10–18  

 C / mol g–1 –2.4400 · 10–17 –4.1000 · 10–17 

  4.9500 · 10–17  

 R2 0.9869 0.9800 

  0.9730  

First-order k1 / min–1 0.00235 0.00894 

 R2 0.9939 0.9800 

Pseudo-first-order k1 / min–1 0.00312 0.0304 

 qe / mol g–1 1.2654 · 10–16 1.1634 · 10–16 

 R2 0.9955 0.9767 

 

 

Figure 6. Removal efficiencies for adsorption of radon on 
hematite and charcoal activated powder (c0 = 45 kBq m–3). 
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 If the regression of qt versus t1/2 is linear and passes 
through the origin, then intra-particle diffusion was the sole 
rate-limiting step and that is almost the case in all three linear 
trends presented in Table 2 and Figure 7. Namely, in the case 
of hematite, one cannot ignore the presence of two slightly 
separated trends where the initial slope could be due to 
external surface adsorption (instantaneous) while the 
second one is the gradual adsorption stage where the 
intraparticle diffusion occurs simultaneously in the adsorp-
tion mechanism as the second ratecontrolling step.[21] 
 So, kid value is a bit larger for charcoal, but hematite 
has two rate-determining steps instead one. 
 A kinetic equation based on the influence of 
concentration of radon in time t (expressed in min) on the 
rate of the process was used as a linear first-order model:[22] 

 0
1

t
ln

c
k t

c
  = ⋅ 
 

 (17) 

 k1: first-order rate constant (expressed in min–1) 
 
 To distinguish kinetic equation based on concentrat-
ions from adsorption capacities of adsorbents, Lagergren’s 
first-order rate,[23] called pseudo-first-order was employed: 

 e e 1ln( ) lntq q q k t− = − ⋅  (18) 

with 
 
 qe: adsorption capacity of Rn at equilibrium (expressed  
 in mol g–1), 
 qt: adsorption capacity of Rn at time t (expressed in  
 mol g–1), 
 k1: pseudo-first-order rate constant (expressed in  
 min–1). 
 
 Despite small differences in correlation coefficients, 
all previous observations were confirmed: 

 qe are between themselves approximately equal and 
in accordance with Langmuir qmax implying monolayer in 
both cases while k1 values approve faster process on 
activated charcoal (Figures 8 and 9). 
 

CONCLUSION 
Hematite, α-Fe2O3, has great potential as a radon 
adsorbent in the air with almost doubled efficiency in 
comparison to charcoal activated powder in the same 
experimental conditions but in a significantly longer period. 
In practical applications where volume of used adsorbent 
plays an important role, hematite would be superior in 
radon adsorption compared to activated charcoal. 
 Analysis of isotherm models confirms that radon 
adsorption on both adsorbents is a favourable chemical 
process, with stronger interactions on hematite, that takes 
place forming a monolayer of adsorbed radon. 

 

Figure 7. Plots of intra-particle diffusion model for 
adsorption of radon on hematite and charcoal activated 
powder (c0 = 45 kBq m–3). 

 

Figure 8. Plots of first-order model for adsorption of radon on 
hematite and charcoal activated powder (c0 = 45 kBq m–3). 

 

Figure 9. Plots of pseudo-first-order model for adsorption of 
radon on hematite and charcoal activated powder (c0 = 45 
kBq m–3). 
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 Forming of monolayer approved also kinetic models, 
as well as of the larger rate of process over charcoal 
activated powder because of bigger initial adsorption rate 
and it has only intraparticle diffusion as rate-determining 
step instead of two rate-determining steps in radon 
adsorption on hematite. 
 Rates of the process were also larger for charcoal 
considering first-order and pseudo-first-order models 
bearing in mind that this investigation was not typical 
adsorption of pure gas and presence of oxygen should not 
be neglected, especially in the case of hematite. 
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