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A b s t r a c t. In recent years, there has been growing interest 
in the elimination of undesirable phenomena in the processing 
of bulk materials. In this study, the relationship between the 
mechanical properties of caking, as analysed with FTIR structural 
measurements, and the phenomena connected with fungal growth 
were investigated in wheat flour and potato starch. The materials 
were stored in high humidity conditions at room temperature 
(20 ± 2oC) in order to rapidly cause caking. The results showed 
changes in cake strength, for which the maximum force recorded 
by the sensor during storage was assumed. For the potato starch, 
the maximum strength occurred on the 8th day of storage and 
amounted to 29.4 N. From that day, the level of strength in this 
powder started to decrease, however, an increase in fungal con-
tamination was also observed. Day 8 also marked the beginning 
of structural changes in the potato starch, which were observed in 
the FTIR spectra. The results obtained suggest that the strength 
of the agglomerates correlates with structural changes and fungal 
contamination.

K e y w o r d s: caking, food powders, mechanical properties, 
fungal spoilage, powder quality

INTRODUCTION

Powdered ingredients play a very important role in 
many branches of the food industry. Powdered materials 
are easier to transport, store, weigh and process (Bröckel et 
al., 2006; Cuq et al., 2011; Freeman et al., 2015). However, 
at each of the production stages, problems may occur that 
hinder the correct production process, which may in turn 
cause changes in the physical parameters of the material, 
and can lead to changes in its structure and chemical com-

position. Any change to the material properties of powders 
during processing may be associated with the risk of unde-
sirable features that lower the quality of the raw materials.

One of the unfavourable characteristics that develop 
during the processing of bulk powder is caking (Bröckel 
et al., 2006; Freeman et al., 2015). The phenomenon of 
caking occurs when a free-flowing powder begins to form 
larger agglomerates (Zafar et al., 2017). The presence of 
agglomerates in the final product is associated with a dete- 
rioration in its favourable sensory properties. It is also pos-
sible that a reduction may occur in the solubility of the 
material along with an increase in the enzymatic activity 
and lipid oxidation (Chung et al., 2003). For the consumer, 
clumped powder is a sign of poor product quality and may 
be associated with an increased risk of microbiological 
contamination. The presence of agglomerates (Chung et al., 
2003) and increased air humidity promote the development 
of pathogenic bacteria and fungi in bulk food materials 
(Pereira and Sant’Ana, 2018). 

The occurrence of caking is influenced by the internal 
characteristics of the bulk material such as particle size, 
cohesion and the content of amorphous structures, as well 
as external factors. External factors include temperature, 
ambient humidity, and external load (Zafar et al., 2017). 
Due to their physicochemical nature, food powders are 
sensitive to changes in temperature and water content. 
Therefore, at constant temperatures, humidity plays a ma- 
jor role in caking (Wang et al., 2017). Agglomeration is 
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developed via the formation of intramolecular and inter-
molecular bonds facilitated by absorbed water, making the 
powder grains viscous and leading to larger agglomerations 
(Chung et al., 2000).

For food powders, the most frequently described para- 
meters are particle size, density and flow (Cuq et al., 2011), 
which may be determined using a Powder Characteristics 
Tester (PT-S, Hosokawa) (Carr, 1965). Investigations of 
food powders should be extended to include a parameter 
related to the identification and estimation of the powder 
caking level. The currently proposed agglomeration index-
es are based on the mechanical properties of the powder 
(e.g., force displacement test, penetration test, shear test), 
particle morphology based on microscopic image analy-
sis (e.g., aspect ratio, sphericity, bluntness), and statistical 
analysis (Carpin et al., 2016; Chen et al., 2018; Zafar et 
al., 2017). A significant part of the research conducted to 
describe caking in the literature was designed to determine 
parameters related to the flowability and strength of the 
powder. There are many methods used to test the strength 
of powders. Fitzpatrick et al. (2017) used an indenter to 
describe the phenomenon of caking, by means of which the 
strength of the agglomerates was determined. In a study 
by Descamps et al. (2013), a ring shear test was used to 
describe the strength of agglomerates. Research experience 
with agglomerates is generating new methods of measure-
ment, such as the study of flow changes during the formation 
of agglomerates (Freeman et al., 2015) or the modification 
of the existing methods of measurement of other param-
eters. Investigations related to structural changes and the 
process of creating crystalline bridges are important ele-
ments in the process of learning about the mechanisms of 
agglomerate formation. For this purpose, it is worth using 
modern techniques to determine changes in the structure, 
such as Fourier transform infrared spectroscopy (FTIR), 
nuclear magnetic resonance (NMR), and Raman spectros-
copy, which may contribute to a deeper understanding of 
the phenomenon of caking (Chen et al., 2018).

The purpose of this work was to search for the relation-
ships between the mechanical properties of agglomerates 
during their formation and the structural changes occurring 
in the particles of the material during storage. The work 
focuses on the caking process for two different materials. 
The current literature abounds with publications regarding 
agglomerates and their formation in various humidity con-
ditions. This study aimed to generate the agglomerate as 
rapidly as possible with the aid of a high level of humidity. 
In addition, high humidity conditions are very favourable 
for the growth of microorganisms. These research con-
ditions make it possible to assess the period of time in 
which the bulk material can still be used in the event of 
a breakdown in the normal transport and warehousing sys-
tem. This study aims to observe the correlation between 
the occurrence of microorganisms and the phenomenon 
of caking. An attempt was made to characterize the role 

of microorganisms in the process of creating agglome- 
rates. It was also designed to determine whether there is 
a real causal relationship between caking and the number 
of emerging microorganisms. Strength measurements and 
spectrophotometric measurements of changes in the char-
acteristics of powder during storage were carried out, these 
constitute a novel approach to assessing the phenomenon of 
caking. From the literature review, it was determined that 
no other studies have described changes in the formation 
of agglomerates during wheat flour and potato starch stor-
age, and there are no literature data linking mechanical tests 
with microbial activity and FTIR measurements. 

MATERIALS AND METHODS

Potato starch (PPZ Trzemeszno, Poland) and wheat 
flour type 500 (Młyn Szczepanki, Łasin, Poland) were used 
as the research materials. The powders were dried in a SUP-
30 laboratory dryer (Wamed, Warsaw, Poland) until their 
moisture content was 3% ± 0.5. The process of drying the 
powders to achieve the aforementioned humidity level was 
aimed at unifying the water content of the samples, so that 
in each sample the initial water content was at the same low 
level. A batch of each of the materials was passed through 
a sieve to create a more homogeneous system. Measuring 
vessels (perforated cylinders) were completely filled with 
the sieved material – 100 vessels were filled with powder, 
each vessel constituted a separate sample. The net weight 
of each sample filled with powder was 6 g.

Prepared samples were placed in a desiccator with 
increased air humidity, which was provided by distilled 
water at the bottom of the desiccator. Storing powder samples 
under such humidity conditions aimed to induce a ra- 
pid caking process. The material was stored under high air 
humidity conditions and room temperature (20 ± 2°C) until 
mould hyphae growth on the surface of the powder was 
observed. The potato starch was tested on days 2, 4, 8, 10, 
17, and 24, while measurements of wheat flour were taken 
on days 2, 4, and 8 due to the rapid appearance of mould 
on the material. In order to maintain natural storage condi-
tions, sterilization was not performed. The control sample 
for each analysis consisted of three powder samples that 
were dried but not stored. The results were averaged and 
the control sample was recorded on the charts as day 0. The 
storage time periods for potato starch and wheat flour were 
terminated when mould began to appear, this occurred on 
day 24 and day 8, respectively.

A Mettler Toledo HG63 automatic moisture analyser 
(Laboratory and Weighing Technologies, Greifensee, 
Switzerland) was used to measure the moisture content. 
The instrument carries out measurements based on the 
thermogravimetric principle. The moisture content is deter-
mined on the basis of the weight loss which occurs due to 
the drying (by heating) of the sample. The measurements 
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were carried out in triplicate for each test at 105oC until 
the measuring device stopped, which meant that no further 
weight loss had occurred.

In the next stage, an experiment was carried out to deter-
mine the strength of the agglomerates being formed in the 
ensuing days of storage at high humidity. Penetration force 
measurements were carried out in cylindrical perforated 
vessels with a diameter of 24 mm, a height of 30 mm and 
a mesh diameter of 1.5 mm in order to maximally increase 
the surface area of the material open to moisture access. 
An indenter was applied in the study, which was similar to 
that used by Fitzpatrick et al. (2017). A universal testing 
machine (Instron, Norwood, USA) was used to measure the 
force required for penetration. A cylindrical penetrometer 
(5 mm diameter, 14 mm long) was used, which moved at 
a constant speed of 30 mm min-1 until it reached a depth of 
14 mm (Fig. 1). The largest force registered by the sensor 
was adopted as the cake strength (Fitzpatrick et al., 2010). 
For each storage day selected for the analysis, a strength 
measurement was carried out for the three samples, the 
average of which produced the final result. 

A Nicolet 6700 FTIR spectrometer (Thermo Scientific, 
USA) was used for spectrophotometric measurements. 
Spectra were recorded in the range of 400-4 000 cm-1 with 
128 combined scans. Each measurement was performed in 
five repetitions, and the spectra were averaged. Baseline 
correction and further analysis were performed using 
OMNIC software. 

In order to determine the structural changes in the pow-
ders studied, difference spectra in the spectral regions of 
900-1 800 and 2 400-3 800 cm-1 were calculated according 
to Nawrocka et al. (2018). Briefly, all spectra were band 
area-normalized, and then the spectrum of the control 
sample was subtracted from the spectra of the moisturized 
samples.

On the basis of the FTIR spectra, a crystallinity index 
analysis of the examined materials was also performed. The 
crystallinity index (CI) was defined as the intensity ratio 
of the bands at 1022 and 1000 cm-1 (CI = I(1022)/I(1000)) 
(Warren et al., 2016).

The assessment of mould growth within the material 
after a certain number of days of storage (2, 4, 8, 10, 17, 
24) at 25°C was performed according to the protocol of 
ISO 21527:2009. In this method the stored powder sam-
ples were homogenised (Biocorp, Warsaw, Poland), diluted 
10-fold in sterile distilled water, and mixed thoroughly. 
Serial dilutions were prepared, and dilutions of 10-2 and 10-3 
were selected for the analyses. Sterile Potato Dextrose Agar 
– PDA (BioMaxima, Lublin, Poland) on a Petri dish was 
inoculated with a 100 µl suspension of the diluted material. 
The spread-plate technique was used, and the inoculum 
was spread with a sterile plastic L-shaped spreader onto 
a solid PDA medium that supports fungal growth. The 
plates were then incubated according to the recommenda-
tions of the standard method at 25°C for 7 days. Colonies 
were counted after 2, 5 and 7 days of incubation and then 
converted to colony forming units (CFU) per gram of dry 
matter (CFU g-1). The analysis for each selected day were 
made in triplicate.

RESULTS AND DISCUSSION

In the first step, the caking force of the samples was 
measured. The potato starch and wheat flour were placed in 
perforated vessels (Fig. 2), which made it possible to evenly 
moisten the powder and thus to obtain model agglomerates.

The aim of the measurements was to determine the chan- 
ges in agglomerate strength depending on the storage time 
in high humidity. On the basis of the obtained results, the 
average maximum cake strength was determined over the 
course of the storage period, which is presented in Fig. 3.  

The potato starch and wheat flour samples from day 
0, which was a control sample are characterized by a very 
low cake strength value of 0.22 and 0.05 N, respectively. 
Additionally, for both of these materials, a rapid increase 
in agglomerate strength was found. In the case of the wheat 
flour, the cake strength values for days 2, 4, and 8 were 0.61, 

Fig. 1. Diagram of the measurement of cake strength.
Fig. 2. Perforated potato starch containers: a – control sample, 
b – after 8 days of storage.

a b
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1.31, and 2.36 N, respectively, which were significantly 
lower than those of potato starch on the same days (5.27, 
13.78, and 29.40 N, respectively). On day 8, the strength of 
the agglomerates was at its highest. After this time, no fur-
ther increase in strength was observed. On day 10, the value 
of the cake strength started to decrease. Additionally, at the 
same time, the maximum absorption of ambient water took 
place. In the ensuing days of measurements, the moisture 
content of the material did not change, which may mean 
that all chemical groups that could bind water via hydro-
gen bonds were saturated. The absorbed water caused the 
powder material to swell and escape through the holes in 
the pot. Fitzpatrick et al. (2017) carried out similar strength 
tests for whey and maltodextrin permeate and “non-sticky” 
powders exposed to 76% moisture. In the case of this work, 
an increase in the strength of the agglomerates during stor-
age in an environment with increased humidity was also 
observed. The authors suggest that the caking of the per-
meate is associated with the absorption of moisture by 
amorphous lactose, and a slight decrease in humidity may 
indicate its crystallization. Amorphous powder particles 
possess viscous properties, which contribute to changes 
in the structure, e.g., through the formation of intermo-
lecular bridges (Descamps et al., 2013). Additionally, in 
a study of skimmed milk powder (Fitzpatrick et al., 2008), 
the strength of the powder increased in high humidity air. 
This means that agglomerates resulting from water absorp-
tion were also formed in this material. In addition, these 
agglomerates formed much faster at higher temperatures, 
suggesting that temperature also plays an important role in 
the formation of agglomerates.

In the case of wheat flour, due to the presence of mould, 
the maximum strength of the agglomerates could not be 
determined. On the other hand, as in the case of potato 
starch, the moisture content of the wheat flour increased 
rapidly during the first days of measurement. However, 
the moisture content of wheat flour stabilized much faster 

than that of potato starch, as early as day 4 and to a much 
lower maximum moisture level. Such a difference may 
result from the smaller number and lower availability of all 
these groups that can bind water through hydrogen bonds. 
In a study by Fitzpatrick et al. (2017), wheat flour was sub-
jected to storage in ambient humidity (76%). In this study, 
wheat flour reached a very low cake strength of 0.17 N and 
12.8% moisture content on the 6th day of storage. In the 
presented experiment, both the cake strength and moisture 
content of the material were already higher on the 2nd day, 
which means that the ambient conditions affect the powder 
characteristics such as caking.

By analysing moisture dependence, one can observe that 
the powder material strength increases as the moisture con-
tent increases up to a point. This result was found for both 
potato starch and wheat flour in the present experiment. 
The relationship between moisture content and strength 
only existed up to day 8 (Fig. 3a) and day 4 (Fig. 3b). In the 
experiment of Fitzpatrick et al. (2010), maltodextrin and 
skimmed milk powder placed in 100% moisture behaved 
similarly, however, the crystalline salt showed a different 
tendency. The increasing moisture content of the material 
only slightly increased the strength of the crystalline salt 
agglomerate (about 1 to 2N), and in addition, this increase 
only occurred in the first days of the measurements, because 
the strength decreased in the following days.

FTIR spectra were analysed in order to observe structur-
al changes occurring during the process of potato starch and 
wheat flour agglomeration. The obtained difference spectra 
were divided into three ranges: 900-1 200, 1 200-1 800, and 
2 400-3 800 cm-1. As in the case of the measurement of the 
strength of caking, fungal contamination was observed on 
the 8th day for wheat flour and on the 24th day for potato 
starch.

In the range of 900-1 200 cm-1, significant changes were 
observed in both wheat flour and potato starch (Fig. 4a, b). 
Differences in this range may indicate changes in structure, 

Fig. 3. Changes in the maximum cake strength and material moisture content over the storage period for: a – potato starch and b – wheat 
flour. Error bars represent the standard deviation.

a b
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Fig. 4. Difference spectra of: a) 900-1 200 cm-1 for wheat flour, b) 900-1 200 cm-1 for potato starch, c) 1 200-1 800 cm-1 for wheat flour, 
d) 1 200-1 800 cm-1 for potato starch, e) 2 400-3 800 cm-1 for wheat flour, f) 2 400-3 800 cm-1 for potato starch.

a

c

e

b

d

f

Wavenumbers (1/cm) Wavenumbers (1/cm)

Wavenumbers (1/cm) Wavenumbers (1/cm)

Wavenumbers (1/cm) Wavenumbers (1/cm)



J. WAJS et al.208

as the region of 400-1 500 cm-1 is the fingerprint region of 
starch (Dankar et al., 2018). A significant change in the 
spectra of both powders was the reduction in band inten-
sity at 980 cm-1. In potato starch, this decrease was gradual, 
while in wheat flour the band intensity was at a similar 
level on days 2 and 4, and on day 8 there was a sharp drop 
in intensity. In addition, this band shifted after subsequent 
days of storage. The shift of this band to 975 cm-1 in potato 
starch was observed only until the 8th day. No further peak 
changes were observed over the subsequent days of meas-
urement. In wheat flour, there is also a shift in this band to 
975 cm-1; however, due to the completion of measurements 
on day 8, it is not clear whether this band undergoes further 
transformations. This band is characteristic for starch and 
is associated with the vibration of the COH groups, and the 
changes occurring in it may be the result of a reduction in 
the numbers of hydrogen bonds. A similar change in this 
same peak was observed in a study by Siemion et al. (2004). 
As a result of heating, the peak shifted to 1 022 cm-1, which 
indicates that both heating and humidity affect the changes 
associated with the reorganization of the starch structure. 
A characteristic modification in the range of 900-1 200 cm-1 
is also an increase in peak intensity at 1 047 cm-1 in wheat 
flour and potato starch. This peak can be related to the crys-
talline phase in starch grains; therefore, this value, together 
with the intensities of the peaks at 1 000 and 1 022 cm-1, 
is used to characterize amorphous and crystalline starch 
(Warren et al., 2016; Dankar et al., 2018). Important 
changes in the range of 900-1 200 cm-1 are also the diffe- 
rences in the peak intensity of the peaks at 1 000 and 
1 022 cm-1. These bands are most susceptible to changes 
in starch structure and show significant sensitivity to 
water (Warren et al., 2016). The peak at 1022 cm-1 in the 
spectra of wheat flour undergoes a shift and an additional 
increase in intensity. Potato starch is also characterized 
by an increase in the intensity of this band, but without 
a significant change in the wavelength. Warren et al. (2016) 
and Dankar et al. (2018) suggested that the 1 022 cm-1 
band is related to amorphous structural changes in starch. 
The exposure of native starch to changes in temperature, 
humidity or radiation may contribute to amorphous modi-
fications in the form of changes in intensity in the spectral 
range of 1 000-1 022 cm-1. On the basis of the absorbance 
values of the bands at 1 000, 1 022 and 1 047 cm-1, it is 
possible to determine the orderly molecular structure of 
starch. Two indicators, the intensity ratios of the bands at 
1 022 to 1000 and 1047 to 1022 cm-1, were used for this 
purpose. For hydrated starches, the former ratio is more 
accurate and more frequently used, which, together with 
other techniques, may be a predictor of an ordered struc-
ture. The 1 047 to 1 022 cm-1 intensity ratio does not show 
a correlation with hydrated starches, but it is relevant to 
non-hydrated starches (Warren et al., 2016). The crystallin-
ity index values were calculated for each powder material, 
and the results are presented in Fig. 5.

The crystallinity index values were higher for wheat 
flour. The crystallinity index of wheat flour reached its max-
imum value on the second day, and after the next two days, it 
decreased. On day 8, the value of the ratio of the intensities 
of the 1 022 to the 1 000 cm-1 bands increased marginally. 
Slight changes in the calculated ratio for wheat flour are 
probably due to a lower content of crystalline structures 
and the presence of additional ingredients such as proteins, 
vitamins and other components (Guo et al., 2018). Potato 
starch is characterized by a lower value of the crystallinity 
index. Until day 8, this value remains relatively constant, 
while it decreased in subsequent days. The reason for this 
decrease may be the gradual hydration and destruction of 
the crystalline phase of starch, which results in the reduc-
tion of its orderly structure. Structural changes occurring in 
the starch during these days were observed in the form of 
a clear delamination of the material, as well as the occurrence 
of the highest strength of the agglomerates. After 10 days of 
storage in high humidity, the crystallinity index continued 
to decrease. With the decrease in crystallinity after 10 days, 
a decrease in cake strength was also observed. Additionally, 
on day 10, the material reached its maximum water satura-
tion, which did not change in the ensuing days. On the basis 
of the obtained results, it was shown that caking and the 
moisture content also affects the crystalline fractions of the 
materials. Due to the short storage time of the experiment, 
it is not possible to accurately predict changes in the crys-
tallinity index for wheat flour. The crystallinity index for 
potato starch decreased during the process of agglomerate 
formation. This decrease may indicate that the crystalline 
fraction of amylopectin, which represents a higher propor-
tion than amylose in potato starch, was destabilized. The 
destruction of this structure may be caused by the swelling 
of amorphous structures, for which the water absorbed from 
the environment is responsible. The absorption of water by 

Fig. 5. Changes in the starch crystallinity index during storage in 
high humidity conditions. Error bars represent the standard devia-
tion. PS1022/1000 - coefficient for potato starch; WF1022/1000 
– coefficient for wheat flour.
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the material favours the swelling of the amorphous frac-
tion, which causes disturbances and destabilization in the 
crystalline structure. These changes, in turn, may affect the 
agglomeration of the material (Zhu, 2018; Fitzpatrick et al., 
2017; Warren et al., 2016).  

In the spectral range of 1 200-1 800 cm-1, the most 
important changes were observed in the bands at 1 340, 
1 400, 1 550 and 1 640 cm-1. These changes mainly concern 
the differences in the intensity of the marked peaks. During 
storage, the intensity of the 1 400 cm-1 band decreased, 
which may be associated with the vibrations of the –CH2 
and –COO groups. According to Dankar et al. (2018), 
the vibrations of these groups have been attributed to the 
1 412 cm-1 band, which, in addition to the bands at 1 047 and 
1 022 cm-1, is also a characteristic starch band. The highest 
increase in absorbance values in wheat flour was observed 
for the peak at 1 600 cm-1. Additionally, the maximum of 
this peak shifted from 1 608 to 1 635 cm-1over 10 days. This 
shift was also present in the spectra of potato starch, but it 
was not as pronounced as was the case of wheat flour. These 
changes may be related to the hydration of gluten proteins 
observed in the amide II band (Nawrocka et al., 2017) or 
they may be related to the vibrations of the C=O groups 
belonging to the starch. Dankar et al. (2018) and Dar et al. 
(2018) also observed changes in the 1640 cm-1 band in their 
studies. The reason for the changes in these groups is the 
presence of water, which is absorbed by amorphous regions 
(Dankar et al., 2018) and becomes attached to starch struc-
tures by hydrogen bonds (Dar et al., 2018). Wheat flour 
consists of approximately 75% starch (Guo et al., 2018), 
and shifts were observed for both wheat flour and potato 
starch, suggesting that the changes in the 1 640 cm-1 band 
correspond to the hydrogen-linked carbonyl groups of the 
starch. It should be noted that these shifts are unlikely to be 
the result of the hydration of gluten proteins because potato 
starch contains only 0.33% protein (Alvani et al., 2011). 

In the spectral range of 2 400-3 800 cm-1, a 2 920 cm-1 
band was observed in wheat starch, the intensity of which 
decreased with storage time, and it also shifted to 2 900 cm-1. 
In potato starch, this band also appeared at 2 900 cm-1 and 
its intensity also decreased, but without an obvious shift. 
The intensity of this band decreased until day 8, while in 
subsequent days, it remained relatively constant. Another 
significant change was the increase in the intensity of the 
3 200 cm-1 band for both potato and wheat starch. Dar et 
al. (2018) described similar changes at 3 267 cm-1 in their 
experiment. Bashir and Aggarwal (2017) observed a very 
wide band at 3 235 cm-1. They attributed this band to the 
stretching vibrations of – OH groups. An increase in the 
intensity of the band at 3 550 cm-1 was also observed in 
the spectrum. This peak was also attributed to the vibra-
tions of the – OH groups (Dankar et al. 2018). Warren et 
al. (2016) noted in their experiment that all irrigated starch 
samples were characterized by an increase in intensity and 

more pronounced peak values in the whole range of 3 000-
3 700 cm-1, which may suggest that changes in this area are 
significantly influenced by water content.

The last stage of the experiment was an analysis of fun-
gal contaminants, which grew over the subsequent storage 
days. An increase in mould counts was observed in both 
materials. It was also observed that one type of fungus 
dominated in wheat flour and potato starch, and in potato 
starch after day 17, it may be that one genus inhibits the 
growth of other microorganisms. A similar observation was 
made by Berghofer et al. (2003) who studied wheat micro-
flora and its grinding processes. The results presented in 
that study indicate the dominance of Aspergillus sp. and 
Penicillium sp. in flour.

The development of fungal contamination in the fol-
lowing days was shown in Fig. 6. No fungal growth was 
observed in the control samples as well as in the first 
days of storage of the samples of both materials. After 
the 8th day, the number of colonies increased rapidly 
in both materials. An increase in the amount of mould 
was observed much earlier in wheat flour, where colo-
nies began to appear on the 4th day. The rapid growth 
of microorganisms on wheat flour was also observed by 
Abdullah et al. (2000). As was the case of the research pre- 
sented, during periods of high relative humidity, they ob- 
served the appearance of fungi after approximately 8 days. 
The more rapid  growth on this material is probably due 
to better conditions for development because in addition 
to wheat starch, wheat flour also contains proteins, vita-
mins and other components that microorganisms are able 
to assimilate more easily (Guo et al., 2018). An additional 
factor affecting the development of microbiological con-
tamination may be the different amylose contents of the 
tested materials. Previous literature data showed that the 
amylose content was much lower in potato starch than in 
wheat starch (Buléon et al., 1998; Themeier et al.; 2005, 
Moorthy et al., 2006; Piecyk et al., 2009), which is one of 
the components of wheat flour. Arifin et al. (2014) showed 
that differentiation in the amount of amylose fractions 
may affect the growth rate of microorganisms. The presen- 
ce of microorganisms depends primarily on the quality of 
the grain delivered for production. An important role is 
also played by the activities employed in its transportation 
and processing to form a final product, such as grinding. 
Sediments may accumulate in equipment during grinding, 
which leads to the presence of microorganisms in the final 
product (Berghofer et al., 2003). In addition to these fac-
tors, the growth of microorganisms in the stored material is 
affected by water activity, temperature, and the concentra-
tions of oxygen and carbon dioxide. The development of 
microorganisms depends on the water activity in a given 
product (Sautour et al., 2002), especially in bulk products. 
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Under storage conditions, the water activity is already at 
the critical level of 0.85 where it contributes to the growth 
of storage fungi (Mannaa and Kim, 2017).

In comparing the graphs of the caking force with the 
graph of fungal contamination in potato starch, it may be 
observed that when the growth of fungi starts, the caking 
force begins to decrease. This negative relationship sug-
gests that the growth of mould can also affect the strength 
of the powdered material. Additionally, on day 8, the starch 
crystallinity index drops. This decrease may be related 
to the breakdown of the crystal structure by the absorbed 
water, but the increasing number of fungi may also suggest 
that the microorganisms began to breakdown the starch as 
a nutrient medium. Another factor in the decrease in crys-
tallinity may be the breakup of starch structures by the 
growing mycelium. The relationship between the strength 
of the powder and the increase in the number of fungi was 
difficult to determine in wheat flour. This strength may 
originate from the starch contained in the flour, whereas the 
initial growth of mould may be mainly due to other com-
ponents that are contained in wheat flour. In the case of 
crystallinity, the situation was similar. There were no dif-
ferences in the crystallinity measurements for wheat flour. 
These observations may mean that the starch that is con-
tained in the wheat flour had not yet been used by fungi.

CONCLUSIONS

A study concerning agglomerate formation in wheat 
flour and potato starch during storage at elevated humidity 
levels is presented. 

1. In the material agglomerated under the influence of 
moisture, changes in strength, and in structure take place, 
and the powder becomes a habitat for fungi. 

2. As the moisture content of the samples increases up 
to a point of 25 and 20% respectively, the degree of caking 
increases. The absorption of ambient water also contributes 
to the strength of the agglomerates. 

3. The analysis of FTIR spectra confirmed the sensi-
tivity of the 900-1200 cm-1 region to the water content of 
the material, which was observed in the form of numer-
ous shifts and changes in the intensity of the peaks. It was 
shown that caking also affects the crystalline fractions of 
potato starch and wheat flour. 

4. The growth of fungi can have an influence over the 
loss of starch strength, as well as decreasing its degree of 
crystallinity. 

This work draws attention to the influence of moulds in 
the caking process and to changes in the behaviour of potato 
starch and wheat flour during the formation of agglomerates. 
Another issue worth pursuing in future research should be 
a better understanding of the mechanisms responsible for 
caking and its assessment under controlled conditions simi-
lar to those prevailing in warehouses and an investigation 
of the conditions that prevent the development of microbes. 
It is suggested that the study should take place over a longer 
time period in order to more thoroughly evaluate caking 
phenomena.
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