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tes which have a similar structure but consist 
of two single molecule water layers enlarging 
the interlayer space around 10 Å [4,6,7]. Since 
water is loosely bound to the buserite structu-
re, it can be lost easily upon drying yielding 
back birnessites [4,6,7]. This inter-conversion 
is of great importance for various topics and 
especially for manganese distribution in the 
nature. The special structure of birnessite and 
buserite bears several unusual properties such 
as pronounced adsorptive properties and ion 
exchanging [8-13]. In spite of the industrial 
applications of the latter [14-16, 17-20] deri-
ving from this property, increasing interest is 
paid for their application as anticontamintats 
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1. Introduction
The history of the name birnessite derives 

from the region called Birness, from where Jo-
nes and Milne reported at first on this material 
[1]. It importance is related to the its manganese 
content which classify it as the main Mn-con-
taining phase in soil, marine and nodules [1, 
2]. Beyond this fact, what makes this mineral 
important is its characteristic two dimensional 
layered structure built of edge- and corner-sha-
ring MnO6 octahedral sheets separated by a 
single water molecule layer and random cations 
[4,5]. The latter cause a spacing varying from 
7-7.1 Å [5]. Upon further hydrating at certain 
conditions they convert reversibly to busseri-

Microporous Na-birnessite-type manganese oxides are synthesized by oxidation of Mn(OH)2 
with K2S2O8 in strong alkaline environment. Subsequent ion-exchange reactions in aqueous 
solutions containing Sr, Ba promote their incorporation into the layered structural frameworks, 
which upon further hydration lead to the respective layered Buserites. Chemical composition and 
surface structure are assessed by X-ray powder diffraction, nitrogen- and argon- sorptiometry. 
Na-birnessites and Sr-buserites display good crystallinity. Ba-buserites consist mainly of 
nanocrystals. Their N2 adsorption/desorption isotherms of resemble IV-type isotherms. Integral 
and differential pore distribution curves obtained by N2-sorptiometry exhibit out-of-layers pores 
of 4-5 nm and 10-20 nm. Na-birnessites, Sr- and Ba-buserites possess external B.E.T surfaces 
of 75.6, 49.2 and 93.6 m2/g respectively. Considerable adsorption volumes of 14, 17 cm3/g for 
P/P0 = 0.05 for Na-birnessites and Ba-buserites are assessed by Ar-sorptiometry. Differential 
pore distribution curves confirm inner-layer micropores of 5 to 7 Å with a B.E.T specific area of 
76.2 m²/g for Na-birnessites and 51.8 m²/g for Ba-buserites. Na-birnessites and Sr-, Ba-buserites 
possess enhanced ionic exchanging capacity, acting as a “sink” for heavy metal cations such 
as Fe2+, Fe3+, Co2+, Ni2+, As3+. The retention of U, Cs and Sr radioisotopes by them unfolds their 
salient anti-pollution potential for soil and subwater ecosystems.
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[10,12,21,22] in the environmental remedia-
tion. Numerous studies have unveiled their 
adsorbing/exchanging capacities of various 
alkaline metal cations [7,10,8,24], transition me-
tals cations [9,11,13,22,23] or even hazardous 
nuclear wastes containing uranium cations [5]. 
Due to the importance of these materials and 
their continuously reevaluation, this study aims 
to shed light on the structural and adsorptive 
properties of Na-birnessite and emphasise their 
cation sorptive/exchanging properties.

2. Results and Discussion

2.1 Structure of birnessites and buserites
Golden et al. were the first to report on the 

layered structure of birnessites. They found 
the chemical formula Na4Mn14O27*9H2O for 
the synthetic Na-birnessites classifying it to 
the orthorhombic crystal system. The structure 
of Na-birnessite consisted of two-dimensional 
sheets of edge-shared MnO6 octahedra, spaced 
at 7 Å and occupied by Mn3+/Mn4+ species. 

This distance between layers could accom-
modate a single layer water molecules and ex-
changeable Na ions [6]. Latter studies of Le 
Goff et al. on Na-birnessites and buserites ba-
sed on infrared and absorption spectroscopy 
investigations reported the chemical formula 
Na0.32MnO2*0.67H2O for the dried Na-birnes-
site. Although the oxidation state of manga-
nese is represented as 4, according to them 
it was merely 3.68 [4]. They could classify the 
Na-birnessite lamellar structure in the mono-
clinic space group of C2/m with Na ions and 
water molecules occupying the prismatic holes 
formed between the octahedral layers with a 
typical interlayer distance of 7.1. This interlayer 

distance reported by them was in full accordan-
ce to the previous investigations of Post and 
Veblen which determined the crystal structure 
of synthetic sodium, magnesium and potassi-
um, birnessite using TEM and the Rietveld 
method [25]. Upon drying, Na-birnesites lose 
their single water molecule layer which leads 
to a decrease of the interlayer spacing of 5.6 Å 
[7]. Buserites in comparison to birnessites have 
a greater interlayer spacing of 9.3-10 Å [7], and 
contain double-water molecule layers between 
the two-dimensional edge-shared MnO6 octa-
hedral layers. They easily lose one water layer 
transforming to the respective stable Na-birnes-
sites [4,7]. This transformation is interlaced with 
an interlayer shifting of approx. 0.3 Å. Due to 
the ability to maintain or lose the second water 
layer they are classified to unstable and stable 
buserites [7]. Buserites which lose reversibly 
one layer of water molecules upon drying and 
regain it upon stirring in water represent the 
unstable ones. Luo et al. showed that this pro-
cess is strongly dependent on the preparation 

method and proposed a double aging method 
for the synthesis of stable Na-buserites at ambi-
ent conditions for longer times [7]. A schematic 
which summarizes all is described above on 
the reversible transformation dry-birnessite-
-birnessite-buserite is exhibited in fig. 1.
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Figure 1: The reversible conversion of birnessite to dehydrated birnessite (left) and buserite 
(right). The top and bottom layers represent edge-sharing MnO6 octahedra. The given 
distances between octahedral layers are based on the literatures [4,5,7].



25

The measured diffraction pattern of Na-bir-
nessites (Fig. 2) shows a good match with the 
pattern published by Prieto & Rives [26], which 
indexed and refined it in the monoclinic system 
with the lattice constants a0 = 5.039 Å, b0 = 2.822 
Å, c0 = 7.366 Å, β = 103 º. Indeed, literature data 
unveils that in most cases Na-birnessites crysta-
llize in the monoclinic crystal system [4,27,28]. 
As reported by them, this is due to the high po-
larizing effect of the alkali cations (Li+, Na+, K+) 
toward the water molecules which constrain the 
layered structure to maintain the monoclinic 
symmetry. The measured sample of Sr-buserite 
revealed a good crystallinity as shown by the 
powder pattern of fig. 2. In opposite to it, the 
powder pattern of Ba-buserite resembled more 
to XRD pattern of a nano-crystalline sample. 
Both diffraction patterns of measured buserites 
(Fig. 2) matched well to the measured pattern 
of Na-birnessites, especially for the position 
of the main reflections. This similarity to the 
diffraction pattern of Na-birnessites is due to 
the instability of Sr- and Ba-buserites at ambient 
conditions for long times as reported by Luo [7]. 
He found that Ba-buserite change direcly to Ba-
-birnessite upon drying, meanwhile Sr-buserite 
can retain the buserite structure up to 1 h after 
drying. For the latter, this conversion occurs 
gradually and partially. This fact explains the 
presence of some buserite structure reflections 
with low relative intensities, in the measured 

powder pattern of Sr-buserites. 

2.2 Porosity and BET surface area
N2 sorptiometric measurements were taken 

to determine the porosity and BET surface 
area of Na-birnessite, Sr- and Ba-buserite. 
The adsorption isotherms and the respective 
differential pore distributions are plotted in 
fig. 3. At the first glance, the adsorption iso-
therms of Na-birnessite (Fig 3a) and Ba-buserite 
(Fig. 3e) are characterized by a similar initial 
and maximal N2  adsorption volume. Anyway, 
a close observation of the adsorption data un-
veils a light advantage of the initial and final 
adsorption volumes of Ba-buserite (13.32 cm3/g 
vs. 15.91 cm3/g) and (135.27 cm3/g vs. 157.71 
cm3/g) making a difference in the adsorption 
volumes of approx. 20 cm3/g.   

Sr-buserites showed a poorer adsorption be-
havior in comparison to Na-birnessites and 
Ba-buserites. Its initial and final adsorption 
volumes consisted merely of 8.73 cm3/g and 
94.67 cm3/g. The differential pore distributions 
of the measured samples (Fig. 3b,d,f) display-
ed the presence of the microporosity in all of 
them and an overall external porosity increa-
sing in the order Sr-buserite < Na-birnessite 
< Ba-buserite. Since the N2 kinetic molecule 
diameter is 3.64 Å [29] the N2 molecule steri-
city impedes its entrance and accommodati-
on in the free space between the interlayers, 
which in the case of Na-buserite in dried form 
is reported 1.94 Å. The BET specific surface 
area for these three samples was measured 
by this adsorbate and is shown in fig. 4. As 
expected and in full accordance to the adsorp-
tion isotherms and differential pore distribu-
tions, Ba-buserite shows the highest specific 
area 93.64 m2/g followed by Na-birnessite with 
75.57 m2/g and Sr-buserite 49.16 m2/g. Indeed, 
the determined BET specific surface area of 
Na-birnessites was slightly above the maximal 
border value of 72 m2/g reported by Wong and 
Cheng [21] and much higher than the literature 
values [26,30]. To overcome the difficulty of the 
proper determination of the sample porosity 
due to the inaccessibility of N2 entering the 
inlayer space of these materials, complementary 

Figure 2: Measured XRD powder patterns of 
Na-birnessites, Sr- and Ba- busserites.

Xhaxhiu  et al.
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Figure 3: Adsorption desorption hysteresis of: (a) Na-birnessite, (c) Sr-buserite and (e) Ba-buserite; dif-
ferential pore distribution of: (b) Na-birnessite, (d) Sr-buserite and (f) Ba-buserite.
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Ar-sorptiometric measurements were taken 
for the samples of Na-birnessite and Ba-buse-
rite. Ar atoms have a smaller kinetic diame-
ter 3.4 [21] and hence can better access the 
pores. The Ar-adsorption isotherms of both 
samples were recorded for a relative pressure 
of 0.05 (Fig. 5a). The recorded Ar-adsorption 
isotherms exhibit slightly lower initial adsorp-
tion volumes compared to the N2 adsorption 
data. Again Ba-buserite shows the highest 
adsorption volume of 17 cm3/g, compared to 
14 cm3/g for Na-birnessite.

The differential pore distribution calculated 
according to the Horvath-Kawazoe equation 
(Fig. 5b) for both samples reveals the main pore 
distribution with mean diameters varying from 
0.3 to 1.2 nm, and the maximum value at 7 Å. 
This is the most reported value of the interlay-
er distance in birnessites. This fact reinforces 
the conclusion regarding the instability of the 
Sr- and Ba-buserites at ambient conditions and 
emphasizes their partial or total conversion 
into the respective birnessites. These measure-
ments also endorse the fact that the exchange 

of Na+ with Ba2+ increases the porosity in the 
birnessite structure. 

Complementary BET specific area determi-
nation based on Ar-sorptiometric measure-
ments of Na-birnessite and Ba-buserite samples 
(Fig. 6) exhibited a larger BET specific area of 
the latter (60 vs. 64 m2/g). Anyway these values 
are lower in comparison to the BET values repor-
ted above for the N2-sorptric data and slightly 
above the value 55 m2/g reported for Na-birnes-
site by Wong and Cheng [21]. The discrepancy 
between the BET surface area determined by 
N2-sorptiometry and Ar-sorptiometry occurs 
due to the difference between the shapes of N2 
molecule and Ar atom, their polarisabilities and 
their surface packing behavior. Na-birnessite 
showed reveals a larger BET specific surface 
area compared to its external surface (60 m2/g 
vs 57 m2/g). The opposite was observed for 
Ba-buserites which showed a larger external 
surface area instead (64 m2/g vs. 69 m2/g).

Xhaxhiu  et al.

Figure 4: BET surface area of Na-birnessites, Sr- and Ba-buserites determined by N2 sorptiometry.
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The BET surface area determined for Ba-bu-
serites is inferior in comparison to the appro-
ximate value 200 m2/g reported by Jeffries and 
Stumm [8]. This indicates that the product ob-
tained and reported in this study, claimed as 
Ba-buserite was probably an intermediate of 
Na-birnessite and Ba-buserite. This conclusion 
is fully endorsed by the finding of Luo et al. who 
reported the same while exchanging of Na with 
Ba in instable Na-buserite [7]. 

2.3 Cation exchanging and 
environmental protection

2.3.1 The role of birnessites
The physical properties of the nonstoichio-

metric manganese oxides, i.e. birnessites and 
buserites have a considerable effect on their 
adsorption properties. Although we didn’t per-
formed yet cationic adsorption studies with 
the synthesized materials, there is plenty of 
information in the literature reporting on the 
cationic adsorption/exchanging properties 
of birnessites and buserites. At one hand the 
cation adsorption in such layered materials 
occurs in the space between the octahedral 
layers. At the other hand, the cation exchanging 
process in them with the environmental cations 
occurs in two levels, namely a) exchanging with 
the cations situated between the octahedral 
layers, which is the quite frequent for most of 
them, b) exchanging with the manganese ca-

tions, occupying octahedral holes. The cation 
exchanging in birnessites and buserites has a 
considerable contribution in the environmental 
remedy. Rives, Arco and Prieto [10] reported 
on a partial cation exchange of Na- and K- con-
taining birnessites when they were introduced 
to solutions containing Li+, Mg2+ and Cu2+. The 
reported exchanging order was L+ > Mg2+ > Cu2+. 
Since the cation exchange occurred between 
the interlayers ones and those introduced by 
the environment, it wasn’t associated with the 
change of the interlayers spacing in them. Feng 
et al [11] found L-type adsorption isotherms of 
heavy metals from the aqueous environment. 
The adsorption was concentration dependent 
and increased sharply when the equilibrium 
concentration of the heavy metals was inc-
reased. From all the tested manganese oxides 
type structures, they reported on the enhanced 
adsorbing properties of birnessites toward Pb2+, 
Cu2+  Zn2+, Co2+ and Cd2+. Lead was adsorbed the 
most followed by the others according to the 
given sequence. They also proposed that the 
cation adsorption process occurred in their 
hydroxylation form where the adsorbed amount 
was proportional to the respective hydrolysis 
constants. Table 1 exhibits the reported maxi-
mal adsorbed values for the mentioned cations.

Figure 5: (a) Ar-adsorption isotherms of Na-birnessite and Ba-Buserite, (b) differential pore distribu-
tion of the samples of Na-birnessite and Ba-Buserite determined by Ar-sorptiometry.
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The radius of the hydrated ion was calculated 
rion + 2rH2O, rion was reported by Shannon [31]

Similar studies performed by McKenzie and 
Tebo et al. [9,23] in this field, revealed increased 
adsorption/exchanging capacities of birnesites 
toward the cationic species as follows Pb2+ > Cu2+ 
> Co2+ > Ni2+ > Zn2+ > Mn2+ > Ca2+ > Mg2+. Manga-
nese oxidation state plays the most important 
role in this sequence followed by the distribu-
tions of the cations in the layers and interlayers 
respectively [13,22]. Meanwhile, Villalobos et 
al. [32] found that the adsorption/exchanging 

capacity for Pb2+ among others was dependent 
on the birnessite specific area. According to 
Wong et al. [21] the great sorption capacity of 
Pb2+ in comparison to the other heavy metals 
is interlaced with its ability to occupy interla-
yer space in birnessite and their surface edge 
sites. All the adsorption/exchanging processes 
involving greater ions than the present ones are 
associated by the enlargement of the interlayer 
distance and birnessite cell distortion. Al-Attar 
and Dyer [5] reported increases of b-dimension 
in birnessite cell due to high uranium sorption 

Figure 6: BET and external surface area of Na-birnessites, Sr- and Ba-buserites determined by 
Ar sorptiometry.

Xhaxhiu  et al.
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on Li-, Cs- and Ba-birnessites. Since the process 
is pH dependent, the best distribution coeffici-
ents values reported for Li- and Ca-birnessites in 
deionised water 2.71 x 106 and 1.67 x 106 ml/g 
respectively were achieve at pH = 6. In contrast 
to them, transition metal birnessites showed low 
adsorption/exchange values ranging between 
34–184 ml/g.

Despite of the above distinctive exchanging 
properties between interlayer situated cations 
and the environmental ones, as mentioned pre-
viously, birnessites take part also to the cation 
exchanging between Mn3+/4+ occupying the 
octahedral holes and the environmental ones. In 
such process Mn plays the role of the oxidation 
agent. Feng et al. reported on the considerable 
amounts of Cr3+ adsorbed on birnessite reaching 
up to (1330.0 mmol/kg). The adsorption of 
Cr3+ occurring of at the interface induced new 
equilibria between it and Mn, leading to its 
further oxidation to Cr6+. Due to the surface 
characteristics, once Cr6+ was formed it desor-
bed back from the birnessite surface into the 
solution. This process attributes to birnesites 
environmental remediation properties since 
Cr6+ is less toxic than Cr3+ [11]. Dias et al. [12] 
proved a similar behavior of synthetic birnes-
sites toward As3+. The contact of As3+ with the 
birnessite surface caused its direct oxidation 
to As5+ and the consequent reduction of Mn4+ 
to Mn3+ and Mn2+. The maximal As3+ adsorption 
level reported by them was approx. 20 mg As/g.

2.3.2 The role of buserites
Similar to birnessites, busserites as their de-

rivatives or precursors possess ion adsorption/
exchange properties. Murray et al. [24] were the 
first to report on the adsorption/exchange of 
Ni2+, Cu2+, Co2+ Ca2+ at high concentrations from 
buserites.  Jeffries and Stumm [8] reported later 
on the adsorption of two valent ions of Ca2+, 
Zn2+ and Cu2+ from their aqueous solutions. 
At a pH values varying from 2-7 they found 
the following buserite adsorption sequence:
Ca2+ < Zn2+ < Cu2+. At normal pH values ranging 
from 6-8 buserites show enhanced adsorption 
capacities, decreasing considerably their con-
centrations in see waters. They also stressed 
the fact of the complicity of the heavy metal 

adsorption process regarding the released hyd-
rogen ions from the surface. Later studies of 
Luo et al. [7] unveil the feasibility of obtaining 
stable buserites of Mg2+, Ca2+, and Sr2+ from 
Na-buserite. They demonstrated also the for-
mation of stable buserites from the treatment 
of unstable Na-buserite with some transition 
metal cations, such as Mg2+, Cu2+, Zn2+, Ni2+, Co2+, 
and Mn2+.All these latter buserites formed, alt-
hough considered stable at ambient conditions, 
upon heating they displayed higher instability 
in comparison to Mg-busserites. The latter were 
obtained very quick due to ion exchange from 
the unstable buserite. Different from all of these, 
the exchange of Na with Ba led to the formation 
of an intermediate product between birnessite 
and busserite. All of this cationic adsorption 
exchanges similar to birnessites were related 
with significantly increased interlayer spacing.

3. Experimental Section 
We reported in this study the synthesis of Na-

-birnessite and the attempt of the synthesis of 
Sr- and Ba-buserites. The synthesized samples 
revealed significant differences in their XRD 
powder patterns. The XRD pattern of the Na-
-birnessites matched well with the literature 
reported pattern, assigning it hence to the mo-
noclinic system. The claimed Sr- and Ba-buserite 
patterns displayed also close similarities with 
reported ones. The N2 adsorption measure-
ments unveiled the presence of micropores 
in all samples. The overall external porosity 
of them increased in the order Sr-buserite < 
Na-birnessite < Ba-buserite. Ba-buserite shows 
the highest specific area 93.64 m2/g followed by 
Na-birnessite with 75.57 m2/g and Sr-buserite 
49.16 m2/g. The complementary Ar-sorptio-
metric measurements for Na-birnessite and 
Ba-buserite recorded for a relative pressure of 
0.05 exhibited slightly lower initial adsorption 
volumes compared to the N2 adsorption data. 
Ba-buserite showed the highest adsorption 
volume of 17 cm3/g, compared to 14 cm3/g for 
Na-birnessite. A mean diameter of 7 Å obtained 
by the differential pore distribution calculated 
according to the Horvath-Kawazoe equation 
reinforced the conclusion regarding the insta-
bility of the Sr- and Ba-buserites at ambient 
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conditions and emphasized their partial or 
total conversion into the respective birnessites. 
Complementary BET specific area determina-
tion based on Ar-sorptiometric measurements 
showed a higher specific area in the case of 
Ba-birnessite compared to Na-birnessite. The 
latter, show a higher specific aree compared to 
the external surface, meanwhile the opposite 
was observed for Ba-buserite. The BET surface 
area determined for Ba-buserites was inferior in 
comparison to the one indicated in the literatu-
re concluding that the claimed as Ba-buserite 
was probably an intermediate of Na-birnessite 
and Ba-buserite. The adsorptive/exchanging 
properties of birnessites and buserites toward 
alkali- and transition heavy metal cations, for 
the remedy of the environment from their con-
tamination are emphasized. 

4. Conclusions 
We reported in this study the synthesis of Na-

-birnessite and the attempt of the synthesis of 
Sr- and Ba-buserites. The synthesized samples 
revealed significant differences in their XRD 
powder patterns. The XRD pattern of the Na-
-birnessites matched well with the literature 
reported pattern, assigning it hence to the mo-
noclinic system. The claimed Sr- and Ba-buserite 
patterns displayed also close similarities with 
reported ones. The N2 adsorption measure-
ments unveiled the presence of micropores 
in all samples. The overall external porosity 
of them increased in the order Sr-buserite < 
Na-birnessite < Ba-buserite. Ba-buserite shows 
the highest specific area 93.64 m2/g followed by 
Na-birnessite with 75.57 m2/g and Sr-buserite 
49.16 m2/g. The complementary Ar-sorptio-
metric measurements for Na-birnessite and 
Ba-buserite recorded for a relative pressure of 
0.05 exhibited slightly lower initial adsorption 
volumes compared to the N2 adsorption data. 
Ba-buserite showed the highest adsorption 
volume of 17 cm3/g, compared to 14 cm3/g for 
Na-birnessite. A mean diameter of 7 Å obtained 
by the differential pore distribution calculated 
according to the Horvath-Kawazoe equation 
reinforced the conclusion regarding the insta-
bility of the Sr- and Ba-buserites at ambient 
conditions and emphasized their partial or 

total conversion into the respective birnessites. 
Complementary BET specific area determina-
tion based on Ar-sorptiometric measurements 
showed a higher specific area in the case of 
Ba-birnessite compared to Na-birnessite. The 
latter show a higher specific surface compared 
to the external one, meanwhile the opposite 
was observed for Ba-buserite. The BET surface 
area determined for Ba-buserites was inferior in 
comparison to the one indicated in the literatu-
re concluding that the claimed as Ba-buserite 
was probably an intermediate of Na-birnessite 
and Ba-buserite. The adsorptive/exchanging 
properties of birnessites and buserites toward 
alkali- and transition heavy metal cations, for 
the remedy of the environment from their con-
tamination are emphasized.
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