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Ferrihydrite, an iron oxide hydroxide, is a much widespread material [1–

9]. It enters, as a constituent, in various bands of environments, such as 

clays and soils, soluble fraction of weathered rocks, ground and 

hydrothermal spring waters, etc. Of all the types of iron oxides, ferrihydrite 

has a largest distribution in living organisms, where it is found in the form of 

ferritin, an iron storage protein. Moreover, ferrihydrite is found to be present 

in some microbial communities, where it is produced by bacteria as a result 

of their metabolism [1–4]. In addition to this, ferrihydrite has been found in 

several extraterrestrial materials, as meteorites and interplanetary dust 

particles [1]. 

Ferrihydrite, being an antiferromagnetic oxyhydroxide in the bulk, in 

nanophase state yields the particles which possess permanent magnetic 

moments. The latter originate from the loss of compensation in a finite spin 

assembly of a particle where the number of surface spins is by no means 

negligible in comparison with that in the bulk. The two most known forms of 

these magnetic ferrihydrite particles are distinguished with respect to the 

number of lines in their respective X-ray diffraction patterns [5–7]. 

Accordingly varies the nanocrystal size: from 2– 4 nm in 2-line modification 

to 5–6 nm in 6-line modification. The 6-line ferrihydrite was identified as a 

mineral by International Mineralogical Association (IMA) in 1973 [8,9]. The 

less crystalline 2-line ferrihydrite, on the other hand, is not believed to be a 

mineral. In comparison with most minerals, both 2-line and 6-line 

ferrihydrites show very broad diffraction lines that makes it difficult to extract 

accurate structural information. With its high specific surface area [10], 

ferrihydrite is a very reactive substance. It can interact, either by surface 

adsorption or by co-precipitation, with a number of environmentally important 

chemical species, including arsenic, heavy metals e.g. lead or mercury, with 

phosphates and many organic molecules.[1] 
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Many microorganisms are known to produce inorganic nanostructures 

and nanoparticles with properties similar to chemically synthesized 

materials, while exercising strict control over size, shape and composition of 

the particles. Examples include the formation of magnetic nanoparticles by 

magnetostatic bacteria, the production of silver particles by Pseudomonas 

stutzeri, synthesis of nanoscale, semiconducting CdS crystals in the yeast 

Schizosaccharomyces pombe, and the formation of palladium nanoparticles 

using sulphate reducing bacteria in the presence of an exogenous electron 

donor [1-7]. The ability of bacteria, fungi, actinomycetes, yeast, algae and 

plants to accumulate gold ions from solution has been reported and the 

synthesis of gold nanoparticles has been successfully demonstrated in a 

range of organisms including Bacillus sp., fungal species such as Verticillium 

and Fusarium, actinomycete such as Rhodococcus and Thermomonospora 

and lactic acid bacteria [1-11].The interest also extends to the synthesis of 

nanostructures such as nanowires and the assembly of nanoparticles using 

biological templates such as S-layers and viruses [12, 13], DNA, proteins 

[14, 15] 

In the present work samples containing biogenic ferrihydrite 

nanoparticles produced by bacteria Klebsiella oxytoca are investigated. We 

note that biogenic minerals often turn out to be in fact composites where 

nano- or micro-scale amorphous or crystalline materials are densely mixed 

with organic molecules. Due to that, complex hierarchical structures from 

nanometer to the macroscopic scale are formed. The mechanisms of 

biomineral formation are not fully understood, and while they are of interest 

in their own right yielding new insights into the genetic control of biological 

structure [15], they may also provide new concepts for artificial structures 

and inspire solutions in design and engineering of nanoscale materials. 
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To study the structure of the colloidal systems, scattering techniques 

are certainly the more appropriate tool. The microscopic observation is 

normally difficult and, moreover, experiments performed in reciprocal space 

average over very large volumes and ignore defects and irrelevant details 

which can dominate in the real space image.[16] 

Because of characteristic sizes in colloidal systems, light, X rays and 

neutrons are more using probes in it. In the case of light and X rays, the 

interaction is between electric fields of the radiation and the electronic 

charges. The main difference between these two technologies is their 

wavelength. Neutrons because they have no electric charge, interact in all 

situations with the nuclei exclusively. Comparing with the size present in 

colloidal systems, one can deduce that neutrons are very often the more 

appropriate way for the study of the structure, most of the time at small 

scattering angles, close to the beam transmitters through the sample without 

interaction. This constitutes the technique of small angle neutron scattering 

or SANS.[17] 

The investigations were carried out in Frank Laboratory of Neutron 

Physics (FLNP), JINR, Dubna, at the IBR-2 reactor on the YuMO instrument. 

The layout of the YuMO instrument is presented in Fig.1 and the main its 

parameters are in the Table 1. 
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Fig.1 YuMO instrument 

Information could be obtained by SANS includes sizes, spatial 

correlations and shapes of particles, agglomerates, pores and fractals in 

crystalline and in amorphous states as well as in solution on a length scale 

ranging from 1 nm up to several hundred nanometers. Also: phase 

transitions, degree of polydispersity, aggregation numbers, molecular weight 

and geometric peculiarities. 

Special methods are subdivided into two groups: contrast variation 

method and label method. The contrast variation method includes 

determination of object density and investigation of system homogeneity. 

The label method includes analysis of density distribution in studied object. 
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Main parameters of YuMO instrument                                              Table 1 

Parameters Value 

Flux on the sample (thermal 
neutrons) 

107– 4x107 n/(s cm2)  

Used wavelength 0.5 Å to 8 Å  

Q-range 7x10-3 – 0.5 Å-1 

Dynamic Q-range qmax/qmin up to 100 

Specific features Two detectors system, central hole detectors 

Size range of object * 500 – 10 Å 

Intensity (absolute units -minimal 
levels) 

0.01 cm-1 

Calibration standard Vanadium during the experiment 

Size of beam on the sample 8 – 22 mm2  

Collimation system Axial 

Detectors 
He3 -fulfiled, home made preparation, 8 
independent wires 

Detector (direct beam) 6Li-convertor (home made preparation) 

Condition of sample In special box in air 

Q-resolution low, 5-20% 

Temperature range -50oC -+130oC  (Lauda) 

Temperature range 700 C  (Evrotherm) 

Number of computer controlled 
samples 

14 

Background level 0.03 – 0.2 cm-1 

Mean time of measurements for 
one sample 

1 h + 

Frequency of pulse repetition 5 Hz 
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Electronic system VME 

The instrument control software 
complex 

SONIX 

Controlling parameters 
Starts (time of experiments), power, vandium 
standard position , samples position, samples 
box temperature, vacuum in detectors tube. 

Data treatment SAS, Fitter 

 

Improvement of the YuMO instrument was going in accordance with the 

developed and submitted for the consideration project and plan. Main goals 

of this work are increasing of q-range, shortening of data acquisition time 

and optimisation of the instrument to new conditions. The changes are 

concerned almost all basic elements of the YuMO: detector, data 

acquisition, collimation systems as well as sample environment conditions. 

The main inconvenient of neutron scattering is the weak intensity of the 

available neutron sources and their rarity. In spite of complex techniques, 

that allow the detection of magnitude of the minimum of scattered intensity 

that can be detected in a reasonable time. Other inconvenient of neutron 

scattering, when used for the study of structures, come from their low energy 

and from the different ways they can couple with a nucleus.[18-20] 

The principle of all coherent scattering process is the interference of the 

waves scattered by individual centers: the nuclei in the case of neutrons, the 

electrons in the case of electromagnetic waves (light, X rays). 

Neutrons are scattered by nuclei. The scattering due to an isolated 

nucleus is isotropic. 

The total scattered intensity by an ensemble of N nuclei occupying a 

volume V0 includes all the possible N2 interferences and can be written: 
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𝐼(𝑄) =
1

𝑉0
< | ∑ 𝑏𝑖 𝑒𝑥𝑝(𝑖𝑄. 𝑟) |2 >=

1

𝑉0

𝑁

𝑖=1

< ∑ 𝑏𝑖𝑏𝑗 𝑒𝑥𝑝|𝑖𝑄. (𝑟𝑖 − 𝑟𝑗)| >

𝑖,𝑗

 

where bi is the coherent scattering length of nucleus I and wave vector Q is 

with the magnitude Q = 4πsin(θ/2)/λ. 

In a SANS experiment, the conditions are generally chosen in such a 

way that Q-1 is larger than the interatomic distances in condensed matter. As 

a consequence, the detailed description of the structure at the atomic level is 

not possible. SANS are used in situations where the important physical 

aspects (size, range, etc.) occur at distances extending typically from 10 to 

1000 A. 

Small-angle diffusion scattering is the representative method of 

structure analysis with low resolution. Expression for one macromolecule in 

solution (differential scattering section) can be received by averaging on 

orientations. For isotropic solutions averaging leads to result which is named 

as Debye’s formula: 

〈
𝑑𝜎

𝑑Ω
〉 = ∫ ∫ 𝜌(𝑟)𝜌(𝑟′)

𝑠𝑖𝑛𝑥|𝑟−𝑟′|

𝑥|𝑟−𝑟′|
𝑑𝑉𝑑𝑉′

𝑉′𝑉
    (1) 

Intensity of scattered neutrons is even function of length of scattered 

vector κ that is natural to the isotropic diffuser.  

Each macromolecule has the characteristic size L, from expression (1) 

at once some main properties of the law of dispersion follow. At - xL≤1 about 

multiplier of sinxlx=1, scattered intensity ~ρ2V2 and not depends neither on 

internal structure, nor on macromolecule form. At xL≈1 intensity generally 

depends on the sizes and form of macromolecule. At xL≥1 in principle there 

is sensitivity to parts internal structure of macromolecule, but oscillating 

character integrand leads to fast attenuation of intensity with growth x 

(generally ~l/(xL)4). The main part of scattered intensity falls on the xL≲1 

that at the typical sizes macromolecules to 50 A and wave length of neutron 
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5 A there corresponds sin(θ/2)≤λ/4πL=8×10-3 or ≤1°. The last circumstance 

explains origin of the term «small-angle scattering».[21, 23] 

In 1939 Guinier has taken important step on the way of transformation 

of formula (1) in the working tool, having used decomposition of sinxlx ==1 

—x2\3!+ x4/5! —... and having held in it the first two members, formula (1) is 

possible to simplify further: 

  (2) 

where the 𝑅𝑔
2 is about matches definition of square of gyration radius of body 

with density equal to scattered density. Guinier has assumed that the good 

approximation of expression in the last bracket (2) is function 𝐹2(𝑥) =

exp (−
𝑥2𝑅𝑔

2

3
)         (3), 

the 𝑅𝑔
2 parameter in which is the gyration radius (Guinier's approximation). 

The last expression is basis for definition «observed» gyration radius from 

experimental data by creation of so-called Guinier-graph lnI(x2) and slope 

fixing of its line section: 

     (3) 

For homogeneous bodies of simple form R it is easy to calculate: 

𝑅𝑔0
2 =

3𝑅0
2

5
 - sphere with radius R0 

𝑅𝑔0
2 = (𝑎2 + 𝑏2 + 𝑐2)/5 - three-axis ellipsoid with half shafts a, b, c 

Rgo=L2/12 - infinitely thin rod of length of L 

Rgo =ℎ2
̅̅ ̅̅ /6 -  Gaussian ball with the mean square in distance between 

the ends of ℎ2
̅̅ ̅̅ [2-4] 
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Guinier's approximation is exact at x2→0 and is usually suitable in 

practice in area 𝑥2𝑅𝑔
2 < 1. Deviations I(x) from approximation Guinier 

outside the Guinier's zone are served as the instruction on character of 

anisotropy (non- sphericity measure) of particle. 

To find the full scattering length and gyration radius, first of all it is 

required to consider behavior of I(Q) in the field of the smallest scattering 

angles. Using sinQr/Qr function decomposition in a row of Macloren it is 

easy to show that Guinier's formula for initial part of scattered curve looks as 

follows I(Q)=I(0)exp(-Q2𝑅𝑔
2/3). To determine gyration radius by Guinier's 

method it’s enough to take only beginning of the scattered curve.[22, 23] 

The size of the most known small-angle parameter, particle gyration 

radius Rg, can be determined from slope of line section of dependence 

lnI(Q) from Q2 (Guinier's approximation) that is easily proved by formula: 

𝑙𝑛 𝐼(𝑄) ≈ 𝑙𝑛𝐼(0) − 𝑄2𝑅𝑔
2/3    (4) 

If the shape and dimensions of the particle are known, the evaluation of 

I(Q) is simple.  

Normally, for a given shape, one evaluates the preceding integral for 

some arbitrary orientation of the particle relative to the Q vector, and then 

averages over all the possible orientations.[21] 

The asymptotic behavior of I(Q) is general and independent of the 

shape of the particle. This is because at small Q, the spatial resolution is not 

sufficient to determine the shape, and only information about the size can be 

obtained. Under these conditions, I(Q) is given by the Guinier relation: 

𝐼(𝑄) = 𝐾2𝑉2exp (−
𝑄2𝑅𝑔

2

3
)    (5) 
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 for QRg<1 where Rg is the radius of gyration of the particle and V its 

volume. Data analysis in this regime is particularly reliable because the 

evaluation of Rg can be done with I(Q) in arbitrary units. 

At the other extreme, i.e. for values of Q much larger than the inverse 

of the smallest dimensions of the particle, the spatial resolution is too good 

and one observes only the interface between the particle and the solvent. 

However, in this regime, the Q dependence of I(Q) may be a function of the 

scale at which the surface is observed. Bale and Schmidt showed that, for a 

fractal surface of dimension Ds (2≤ Ds<3), I(Q)=AQ-(6-Ds), with A given by 

A=πN0K
2Г(5-Ds)sin[π(Ds-1)/2] where N0 is measure of the surface area. 

In the ideal case where the interfacial region is sharp, one obtains the 

equation of Porod: 

I(Q)=2πK2(S/V)Q-4 where S/V is the total area of the interface per unit 

of volume of the particle.[24] 

Experimental SANS curves in the linear scale from studied sample is 

presented at Fig.2. The measured SANS spectra demonstrate quite smooth 

patterns over the whole available Q-range which points to high 

polydispersion of the studied system. 
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Fig.2 Experimental SANS curve in the linear scale 

The experimental SANS curve in logarithmic coordinates are presented 

in Fig.3. 

 

Fig.3 Experimental SANS curve in the logarithmic scale 

Usually SANS curves are characterized by two main features: the 

Guinier region and the Porod region. Standard linear functions are applied 

within these regions to fit SANS data. The Guinier linear plot gives a value of 

a gyration radius that characterizes the size of the scattering particles. 

Therefore, from estimated fractal dimension the particle shape can be 

determined.  

Further (Fig.4) in the field of very small angles to which it is possible to 

apply decomposition in Taylor expansion, it is possible to see that 

dependence has linear character. It is easy to show it from the formula 

𝑙𝑛 𝐼(𝑄) ≈ 𝑙𝑛𝐼(0) − 𝑄2𝑅𝑔
2/3, which turns out by logarithming of a formula 

I(Q)=I(0)exp(-Q2𝑅𝑔
2/3).[23] 
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Fig.4 Experimental SANS curve in the region of the very small angles 

The result of Guinier’s approximation is presented in the Fig.5. 

 

Fig.5 Guinier’s approximation for SANS curve 
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Because b=─1498±152 and because of b=─
𝑅𝑔

2

3
, the gyration radius is 

equal Rg=67A. The coefficient of determination is equal R2=0,94. This 

confirms the high quality of the linear fit. 

It should be noted that ferrohydrite particles often have different shapes 

that shows the SЕM (scanning electron microscopy). The results of SEM are 

demonstrated in Fig.6.[2] 
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Fig.6 The SEM results for two samples containing ferrihydrite nanoparticles obtained by 
means of two different methods 
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The final conclusions: the SANS method has been studied, and also 

the investigation of biogenic ferrihydrite samples are carried out by SANS at 

the YuMO instrument. The gyration radius of scattered particles is 

determined in the field of very small angles by means of Guinier's 

approximation. It should be noted that as possible development of research 

can be the determination of the geometric characteristics of the scattered 

particles in the presence of SЕM data. 
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