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Abstract: Adsorption of radon in the artificially enriched water was investigated on magnetite, Fe3O4, and charcoal activated powder (activated 
carbon). Linear models of Langmuir, Freundlich and Dubinin-Radushkevich isotherms showed that radon adsorption on both adsorbents is a 
favourable chemical process, with weaker interactions with magnetite, that takes place forming a multilayer of adsorbed radon. The efficiency 
of both adsorbents was at a similar level but, because of the larger density and magnetic properties, magnetite could be more suitable in 
practical applications when smaller volume of adsorbent is advisable. 
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INTRODUCTION 
ADON is a gas without colour, smell and taste from 
the noble gases group which means it is almost com-

pletely inert. Moreover, radon is the radioactive product 
of radium decay and, because they are both members of 
the uranium series, it easily diffuses into the environment 
around rocks rich with these two elements. In this way, it 
can enter through the foundations of the buildings into 
the rooms which people use for housing and work where 
in high concentrations it can be a danger to health. Radon 
can also be transferred by drinking water which can 
increase the incidence of lung and stomach cancers.[1] 
Higher levels of radon concentration have appeared in 
some groundwater supplies in North America and 
Europe.[2] Different granular activated carbon filtration 
methods and aeration systems were used and found to be 
very efficient in removing radon from individual and 
public water supplies, as well.[3,4] The disadvantage of 
appliance activated carbon for that purpose is the 
accumulation of radon in the filter and the growth of 
gamma-emitting radon products which produce the 
further problems in the disposal of used granular 
activated carbon. On the other hand, aeration does not 
have this problem, but it costs more. The aim of this work 

was to investigate the adsorption equilibrium of radon in 
artificially enriched water on magnetite as an alternative 
adsorbent, because of its magnetic property and large 
density, and parallel on charcoal activated powder in the 
same experimental conditions. 
 

EXPERIMENTAL 

Adsorbents 
As adsorbents were used magnetite was prepared in our 
laboratory and charcoal activated powder QP (PanReac, 
Spain) was received. Magnetite was synthesized in our la-
boratory according to Schwertmann and Cornell.[5] Figure 
1 is an X-ray diffractogram of so prepared magnetite 
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 5 to 70° was scanned at a 
speed of 0.02° s−1 at room temperature. Observed well-
resolved maxima at 2θ = 18°, 30°, 35°, 43°, 54°, 57° and 
63°, which correspond to planes (111), (220), (311), (400), 
(422), (511) and (440), reveal pure and crystalline Fe3O4 
particles.[6] The magnetic behaviour of Fe3O4 particles 
enables smooth solid-liquid separation at the end of the 
adsorption by a simple magnetic separation.[7]  
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Adsorption 
The samples for the adsorption of radon in water on syn-
thesized magnetite and charcoal activated powder were 
prepared using the radium solution method in a way that 
the final activities of the solutions were in the range from 
30 to 500 Bq dm−3. The certified radium standard, A(226Ra) 
= 3731 ± 26 Bq from Czech Metrology Institute was used. 
20 cm3 of the diluted standard was transferred into a  
20 cm3 scintillation vial (high performance, low potassium, 
glass vials from Perkin Elmer) waiting approximately 30 
days (more than 8 half-lives of radon) for reaching secular 
equilibrium between radium and radon. So prepared sam-
ples are acidic because of carrier solution of radium stand-
ard consists of 1 g dm−3 BaCl2 and 10 g dm−3 HCl in distilled 
water. pH of prepared samples was measured by HandyLab 
100 pH-meter manufactured by SI Analytics, GmbH, Ger-
many. The obtained results were in the pH-range from 1.6 
to 2.5 depending on the radium standard volume used in 
targeting radon concentrations. The adjustment of pH val-
ues between 6.52 and 7.45 in samples was performed with 
0.125 M NaOH immediately before adding adsorbent to vi-
als. After reaching the wanted pH, 0.03 g of magnetite or 
charcoal activated powder was added to each sample and 
shaken for 10 minutes at a constant temperature (298.15 K). 
The adsorption equilibrium was usually reached already 
after 5 minutes. The separation of magnetite at the end of 
the adsorption from solution was performed by an external 
magnet (Figure 2) while in the case of activated charcoal it 
was by filtration using Whatman No. 41 filter paper. 10 cm3 
of transparent radon sample was added to 10 cm3 of not-
miscible scintillation cocktail Ultima Gold F which was ear-
lier prepared in a new scintillation vial. The background 
samples were prepared by using 10 cm3 of distilled water 
transferred to 10 cm3 of scintillation cocktail. The radon 
concentrations in water samples were measured by the liq-
uid scintillation counter TriCarb 2900 and the obtained 

spectra were acquired and analysed by the SpectraView 
software (Perkin Elmer). The liquid scintillation instrument 
has its background reduction system around the detector 
which consists of a passive shield made of lead. Radon con-
centration in the water sample, c(Rn) / Bq dm−3 and 2σ un-
certainty (95 % CI) were obtained by using the following 
equations: 
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where G / cpm is the gross counting rate of the sample, B/ 
cpm is the background counting rate, D (e−λt) is the decay 
correction factor for radon between the time of preparing 
samples to the midpoint of the counting period, CF is 
calibration factor, V / dm3 is the volume of the water 
sample and TB and TG are time duration of the background 
and sample count / min, respectively. In our case, the 
measurement times for both, samples and background 
were 60 minutes, sample volumes were 10 cm3, and 
calibration factor CF = (275 ± 2) cpm Bq−1. The calibration 
was performed according to the ISO 13164-4:2015 
procedure and a linear calibration curve (R2 = 0.999) over 
different ranges of activity concentrations is obtained. 
 The measured radon concentrations, c(Rn) / Bq dm−3 
were converted to amount concentration, c = n V−1 / mol 
dm−3 in the following way. The amount of substance 
(radon), n is defined as 
 

 =
m

n
M

 (3) 

 

Figure 1. XRD pattern of magnetite used as the adsorbent 
for radon in water. 
 

 

Figure 2. Photographs of magnetic separation of Fe3O4 by an 
external magnet at the end of the adsorption. 
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where m is the mass of radon / g, and M is the molar mass 
of radon (M = 222 g mol−1). The mass of radon can be 
determined from 
 

 =
A

m
SA

 (4) 

 
where A is the activity of radon / Bq and SA is the specific 
activity / Bq g−1 which is equal to 5.7 · 1015 Bq g−1 according 
to the relation 
 

 ⋅
= AN λ

SA
M

 (5) 

 
where NA is Avogadro constant (NA = 6.022 · 1023 mol−1) and 
λ is decay constant of radon (λ = 2.1 · 10−6 s−1). The activity 
of radon in the water sample, A can be expressed as  
c(Rn) · V, where V is a volume of sample (10 cm3). 
Therefore, 
 

 =
⋅A

(Rn)c
c

N λ
 (6) 

RESULTS AND DISCUSSION 

Isotherm Models 
Isotherm models provide the information about sorts of 
bonding between adsorbates and adsorbents and theoret-
ical maximum adsorption capacity based on the final 
adsorbed quantity of adsorbate per unit of adsorbent mass 
concerning its remaining concentration at the end of 
adsorption.  
 The adsorbed amount of radon in the equilibrium, qe 
(mol g−1), is determined as:[7] 
 

 
− ⋅

= 0 e s
e

A

( )c c V
q
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where c0 / mol dm−3 is the initial concentration of radon in 
the water, ce / mol dm−3 is the concentration of radon in the 
water at equilibrium, VS / dm3 is the volume of the system 
and mA / g is the mass of adsorbent. 
 Figure 3 depicts experimental adsorption isotherms 
as the dependence of radon uptake at magnetite and 

 

 

Figure 3. Experimental adsorption isotherms as the dependence of radon uptake at magnetite and charcoal activated powder 
of equilibrium radon concentrations in water (a), Langmuir linear plots (b), Freundlich linear plots (c), Dubinin-Radushkevich 
linear plots (d). 
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charcoal activated powder of equilibrium radon concentra-
tions in water (a), and linear plots of those data according 
to Langmuir (b), Freundlich (c) and Dubinin-Radushkevich 
(d) linear models.  
 As can be seen, the adsorption isotherm for magnet-
ite has the shape of a more frequently L isotherm (“Lang-
muir type”), subclass 3, with a characteristic initial increase 
of the adsorbed radon with an increase of initial radon con-
centration in the water followed by saturation, caused by 
limited free sites, and forming an adsorbed monolayer. 
Then appears competition among particles in liquid phase 
for available sites. It is characteristic of systems with very 
polar adsorbent and adsorbate. In subclass 3, after the plat-
eau, are formed more adsorbed layers (multilayer) indicat-
ing some interparticle interaction between adsorbed 
adsorbent and adsorbent in solution.[8]  
 Isotherm for activated charcoal could be described, 
in the same manner, as the S curve because after an 
inclined slope appears a curvature followed by an uprising 
which could be explained by the change of particles orien-
tation during adsorption. The S type isotherms are charac-
teristic for adsorptions where adsorbent has a low affinity 
for adsorbate but at higher concentrations, other particles 
can easier adsorb themselves forming multilayer. More 
precisely, this S curve can be associated with subclasses 
Smx because the first inflexion was followed by the fall in 
slope which could be interpreted only with stronger 
adsorbate-adsorbate attraction in comparison to forces 
between adsorbent and adsorbate which occurs with an 
increase of concentration. A similar observation was 
reported during the adsorption of phenols on activated 
carbon[9] but with a total fall in the slope. Anyway, it is 
possible the curve rises again after the first fall[10] and even 
more times with successive maxima (mxmx). 

 Table 1 presents the parameters of linear Langmuir, 
Freundlich and Dubinin-Radushkevich adsorption isotherm 
models. 
 Langmuir model is theoretically an idealized form of 
adsorption because it is valid for the dynamic equilibrium 
of the adsorption-desorption process on a homogenous 
surface which means that all adsorption sites on the surface 
have the same affinity for adsorbate. As a result, the 
adsorption energy is the same for all sites and independent 
of surface coverage because there is no interaction 
between adjacent adsorbed particles. When the adsorbate 
particle occupies such a site there is no further adsorption 
at that same site. Adsorption ends with the formation of 
only one layer of adsorbate on the surface of the adsor-
bent: it is monolayer adsorption. 
 The linear form used for Langmuir isotherm model-
ling was:[11] 
 

 = ⋅ +
⋅e max L e max

1 1 1 1
q q K c q

 (8) 

 
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 because 
it is the actual constant for dynamic equilibrium of:[12] 
 
 + A(g) M(surface) AM(surface)   
 
with rate constants ka for adsorption and kd for desorption. 
Hence: 
 

 = a

d

k
K

k
 (9) 

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

 =
+ ⋅

L
L 0

1
1

R
K c

 (10) 

 
 Namely, RL values can very simply characterize 
adsorption as:[7]  

• 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 
activated charcoal, which indicates stronger interactions 
with radon[13] in comparison with magnetite. Also, higher RL 

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

Isotherm 
model Parameter Magnetite 

Charcoal 
activated powder 

Langmuir 

qmax / mol g−1 1.5152 · 10−16 1.0638 · 10−16 

KL / mol−1 dm3 1.4347 · 1016 1.0445 · 1017 

RL 0.6765 – 0.2274 0.2231 – 0.0466 

R2 0.9940 0.9766 

Freundlich 

1/nF 0.68 0.53 

KF / mol g−1 6.3096 · 10−6 5.3703 · 10−8 

R2 0.9703 0.9715 

Dubinin- 
Radushkevich 

qmax / mol g−1 1.6963 · 10−11 1.5873 · 10−12 

E / J mol−1 18257.419 22360.680 

R2 0.9715 0.9715 
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at lower concentrations in both cases implies that 
adsorption is favourable at lower concentrations,[14] espe-
cially on magnetite, considering the difference between the 
first and the last value. 
 Freundlich isotherm is quite the opposite to 
Langmuir model. It has an empirical approach to heteroge-
neous surfaces which means that not all adsorption sites 
have the same affinity for adsorbate, and adsorption itself 
is reversible. Consequently, the adsorption energy depends 
on the surface coverage because there are interactions 
among adsorbed particles. The binding intensity is inverse 
to the degree of coverage while the adsorption energy 
drops exponentially as it approaches equilibrium. This 
isotherm, which is suitable also for multilayer adsorption, 
looks in linear form:[7] 
 

 = + ⋅e F e
F

1
log log logq K c

n
 (11) 

 
where KF / mol g−1 presents the adsorption capacity of the 
system with the possibility of forming a multilayer. If nF−1 = 
1 it suggests that the adsorption process is linear; meaning 
that qe is proportional to the initial concentration. Other-
wise, nF−1 > 1 implies adsorption as a favourable physical 
process and nF−1 < 1 adsorption is a chemical process.  
 Values of KF in comparison with qmax values from 
Langmuir model assume forming of multilayer in both 
cases, with a greater capacity on magnetite. Looking at nF−1, 
one can conclude that adsorption is chemical over 
magnetite and also over activated charcoal, but that latter 
value is smaller implying stronger bonding which is in 
accordance with the results of RL. 
 Dubinin-Radushkevich model is also empirical but 
similar to Langmuir isotherm with the main difference in 
the assumption that adsorption can take place on hetero-
geneous as well as homogeneous surfaces. It is related to 
the heterogeneity of energies close to the surface of the 
adsorbent and a multilayer character is suggested. In this 
model, as an expression of the surface working function, is 
introduced the Polanyi potential, ε / J mol−1: 
 

  = + 
 e

1
ln 1ε RT

c
 (12) 

 
where R is the gas constant (8,314 J K−1 mol−1) and T / K is the 
temperature. In the Dubinin-Radushkevich linear model:[15,16] 
 

 = − ⋅ 2
e max DRln lnq q K ε  (13) 

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

 =
− DR

1
( 2 )

E
K

 (14) 

 
 The value of E may offer a conclusion about the ad-
sorption mechanism. When it 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. 
So, in both occasions, chemical adsorption occurs but is 
more intensively over charcoal activated carbon as it is con-
firmed also with RL values.  
 At this level, it is difficult to assume any kind of bond-
ing that radon forms with magnetite and charcoal activated 
powder in water.  
 On the other hand, magnetite has surface neutral 
hydroxyl groups (–OH), that may provide, especially after 
hydration, positive and/or negative charges as –OH2+ and  
–O– ions, in dependence of pH, which could be involved in 
chemisorption. Even more, at any pH it is always possible 
that neutral, positive and negative sites appear together.[17] 
Besides that, magnetite has Fe(II) and Fe(III) ions which 
could be involved in redox reactions like it is in the reduc-
tion of Cr(VI) in Cr(III) ion.[6]  
 Charcoal activated powder has also well-known 
functional groups, such as C – C, C– O, C – N, C – H, O – H[18] 
which enable chemisorption.  
 So, both investigated adsorbents can participate in 
chemisorption and examples are magnetite in the adsorp-
tion of H2 and CO2 during the reduction of CO2[19] and 
powdered activated carbon in covalently bounding of 
perfluorooctanoic acid aqueous solution where oxidized 
sites of the carbon were involved in the coupling 
process.[20] 
 

CONCLUSION 
Analysis of isotherm models confirms that radon 
adsorption on magnetite, Fe3O4, and charcoal activated 
powder is a favourable chemical process, with weaker 
interactions on magnetite, that takes place forming a 
multilayer of adsorbed radon.  
 Adsorption capacity is greater on the same mass of 
magnetite in comparison to charcoal activated powder.  
 Magnetite has great potential as a radon adsorbent 
in water because of its magnetic property and larger 
density considering charcoal activated powder. Because of 
that, in practical applications where the volume of 
adsorbent plays an important role in the adsorption 
process and the disposal of used adsorbent, magnetite 
could be more appropriate for radon adsorption in water 
than granular activated carbon. 
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