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ABSTRACT 

Particle Induced X-ray Emission (PIXE) technique was employed in the study of submerged fermentation 

of ethanol from jiggery using Saccharomyces cerevisiae as the organism. Effect of FeSO4.7H2O as a 

mineral source was studied and the uptake of the supplement was monitored. A proton beam of 3MeV 

from the 3MV Tandom type pelletron accelerator was used for the multi-elemental analysis. Apart from 

Fe, other elements like K, Ca, Cr, Co, Ni, Cu and Zn were identified. The rate of uptake of Fe was found 

to be highest at 14 mg/L substitution, which has contributed to the final ethanol concentration of 86 g/L. 

A maximum uptake rate of 0.152 mg/L/h was noticed for the FeSO4.7H2O at 14mg/L supplementation. 

This paper describes the usage of PIXE with proton beam as a powerful tool for study of iron uptake in 

fermentation process. 
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INTRODUCTION 

The element iron is essential nutrient for almost every organism because the cofactors of iron such as 

heme and iron-sulfur clusters are required for the activity of numerous cellular enzymes involved in a 

wide range of cellular processes. Iron is also an essential element for the growth of yeast. Yeast cells take 

up many divalent cations such as Mg
2+

, Zn
2+

, Co
2+

, Ni
2+

, Ca
2+

, Cd
2+

 and Sr
2+

. Kovalev, et al., showed that 

the intracellular iron content in Saccharomyces cerevisiae was determined by the concentration of iron 

(II) in the medium (Kovalev et al., 1985). Glucose is the best energy source for the transport of iron into 

the cells since fermentation of glucose to ethanol by pyruvate grown cells produced the highest rates of 

iron uptake (Lesuisse et al., 1987). The accumulation and release of metal ions during ethanolic 

fermentation is a dynamic process and the intensity depends on the content of sugar and alcohol in the 

fermentation medium (Mizoguchi and Hara, 1988; Mochaba et al., 1966). The fermentation medium 

should contain minerals and growth factors apart from the sources of carbon, nitrogen and phosphorus 

(Poreda et al., 2009). Yeast uses two different high affinity mechanisms to take up iron from the extra 

cellular medium, a reductive (Dancis et al., 1990) and non-reductive mechanisms which are used for 

describe ferrioxamine B uptake by Saccharomyces cerevisiae (Lesuisse and Labbe, 1989).  

The quantification and the analysis of trace elements in biological, clinical, food and beverage samples 

established a route to suggest diagnosis, to take protective measures, to assure quality control and to 

protect environment (Andrew et al., 1999). Reviews are available on the various analytical techniques 

available (Cornelis et al., 1998, Sanz Medel, 1998) and also on techniques available for analysis of 

biological samples (Gomes et al., 2002; Aucelio et al., 1997; Kovala et al., 1997; Rosen, 1997; Preoteasa 

et al., 2004). Most of these methods are destructive have separate sample preparation methods (Cabrera-

Vique et al., 1997; El-Brashy and Al-C\Ghannam, 1997; Batchelor et al., 1998; Batel et al., 1998; Nowak 

and Seubert, 1998). PIXE is a highly sensitive, non-destructive method which is simple, quick, high speed 
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multi elemental technique that allows analysis of even valuable and fragile specimens and requiring little 

or no sample preparation. It has been proved outstanding in the determination of the concentrations of 

various elements at ppm levels (Uden et al., 1998; Olabanji et al., 2007). This technique has been 

successfully used for the analysis of samples in various fields such as Atmospheric aerosols, Earth 

sciences, Art and Archeology, Environmental studies, Biology, Biomedicine, Fermentation, Archeometry, 

Geology and in the field of Nanotechnology (Ryan et al., 1985; Goodall et al., 2005; Rodriguez – Lego et 

al., 1995; Cambria et al., 1993; Lin et al., 1994; Hijivaliei et al., 1999; Uda et al., 1993; Neelmeijier et 

al., 200; Bhuloka Reddy et al., 2010; Rautray et al., 2000 and 2009; Stuart and Charles, 1986; Chandana 

et al., 2007; Maenhaut et al.,; 1987; Ghorabanzadeh and Tajer, 2009; Anil et al., 2008; Naga Raju et al., 

2005 and 2005; Srinivasa rao et al., 2010a and 2010b). 

This paper describes the usage of PIXE with proton beam as a powerful tool for the study of iron uptake 

in fermentation process. Protons, focused into a beam spot on the sample in a nuclear microprobe, ionize 

atomic electrons producing inner-shell vacancies. De excitation of these vacancies causes the emission of 

characteristic X-rays for that element. A spectrum of characteristic X-rays is then developed, with each 

event labeled with the coordinates of the scanning beam, to permit images of the elemental composition 

of the fermented sample. Depending on the proton energy and sample preparation, detection limits may 

be as low as μg/L, with common figures in the mg/L range. However, there are no or few reports related 

to analyses of the fermented samples by PIXE. 

   

MATERIALS AND METHODS 

Sample Procurement and Preparation  

A. Substrate: 

Jaggery procured from the native makers of Anakapalli, a famous commercial jaggery production centre, 

Andhra Pradesh, India, was obtained and used as carbon source for the yeast. Its total sugars content was 

estimated to be 80g/100g of jaggery. 

B. Organism: 

Saccharomyces cerevisiae NCIM 3288 obtained from National Collection of Industrial Microorganisms, 

National Chemical Laboratory, Pune, India. The culture was used throughout the study. 

C. Growth Conditions:  

The selected Yeast strain was maintained in MGYP slants having a composition (g/L): Malt extract – 3, 

glucose – 10, yeast extract – 3, peptone – 5 and agar-agar 20. pH is maintained at 7.0, and the slants were 

incubated at 30
o
C for 24h. Sub culturing was carried out once in a month and culture was stored at 4

o
C 

(Venkateswara Rao et al., 2010, Mary Anupama, 2001).  

To prepare inoculum, a loopful of the organism was inoculated into 25mL medium taken in a 250 mL 

Erlenmeyer flask containing same components as in the maintenance medium except that agar was not 

added to it. The flask was kept in an incubated orbital shaker at 30
o
C and 200rpm for 24hours. 5mL of the 

medium was then taken, centrifuged and inoculated into production medium. 

D. Fermentation Conditions: 

The ethanol production medium composition is as follows (g/L): Jaggery- 200 and (NH4)2SO4- 2.0. 

100mL of medium was prepared in 250mL Erlenmeyer flask and FeSO4.7H2O was supplemented to get a 

concentration from 12mg/L to 20 mg/L. pH was then set to 5 ± 0.5 and sterilized. The physical conditions 

of the aerobic fermentation were temperature 30 ± 1.0
o
C and agitation 150 rpm. An initial inoculums 

level of 6 x 10
6
 (cfu)/mL was used. 

E. Analytical Methods: 

Ethanol was estimated dichromate method and also by using GLC equipped with a flame ionization 

detector and a stainless steel column packed with Poropack-Q (50-80 mesh, Manufactured by Nucon 
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Engineers, India) was used. The oven is maintained at 150
o
C and detector and injection ports were 

maintained at 170
o
C. The carrier gas (nitrogen) flow rate is kept at 30cm

3
/minute and the combustion gas 

is a mixture of hydrogen and air (Ratnam et al., 2003). Total sugar content is measured by Anthrone 

method (Jose et al., 1981). 

 

Preparation of Pellets 

Sample preparation for PIXE was done by centrifuging 50mL of fermentation medium at 8000 rpm for 10 

minutes and the obtained substrate was then dried at 80
o
C for 48 hour. The small amounts (~150 mg) of 

dried sample were crushed, finely powdered and thoroughly mixed with high pure graphite powder 

(99.9997%) in the ratio of 1:1 by weight. A hydraulic press was used to compress the resulting mixture 

into a pellet size of 13mm diameter and about 1.5mm thickness. The pellets were then used as targets. 

Now the collimated beam was made to fall on the samples and the emitted characteristic X-rays were 

collected using Si (Li) detector which is maintained at liquid nitrogen temperature.  

Sample Irradiation 

This is performed using a 3 MV Tandem Pelletron Accelerator (model: 9SDH-2, make: National 

Electrostatic Corporation, USA), at Institute of Physics, Bhubaneswar, India (Sekhar et al., 1993; Vijayan 

et al., 1995; Dev, 1999; Rabiprasad et al., 2000; Rout et al., 2001). The proton beam is collimated to a 

diameter of 3 mm on the target under a vacuum condition (10
-6

 Torr) inside a PIXE chamber. The proton 

beam of 3 MeV with the beam current 10-15 nA range was employed to excite the samples. A 30 mm
2 
Si 

(Li) detector with beryllium window of thickness 8-µm was placed at ±90° with respect to the beam 

direction to record the characteristic X-rays. The energy resolution of the detector was 170 eV full widths 

at half maximum at 5.9 KeV. Each sample was irradiated for sufficiently long time to get the good 

statistics. The spectra were recorded by using a PC based multi channel analyzer. The system was 

calibrated using 
241

Am radioisotope standard X-ray sources, for the identification of the X-ray peaks.  

Data Analysis 

Experimental data were analyzed using the latest version of GUPIX code which employs the least-square 

fitting procedure according to Marquardt (Maxwel et al., 1989 and 1995; Campbell et al., 2000; 

Jagannadha Rao et al., 2007) which considers input parameters such as solid angle, charge collected, etc., 

by utilizing the fundamental parameter method (FPM),  for quantitative analysis (Rautray et al., 2009). To 

ensure the reliability of this technique in reproducing concentrations of low Z elements, the 

standardization procedure was carried out using bovine liver standard from NIST (certified reference 

material No. 1577b) for the fermented samples and the obtained results are furnished in Table 1 along 

with the certified values. The quantitative PIXE analysis of a sample in a thick target approximation 

(pellets) requires the knowledge of its matrix composition. For that, a standard statistical procedure was 

adopted in order to obtain the final values of the elemental concentrations. An independent irradiation was 

carried out for each individual sample. The average concentrations of different elements obtained for 

submerged fermentation of ethanol from jaggery are shown in Table 2. The corresponding standard 

deviations for each element are also given in Table 2. The concentrations of different elements estimated 

in PIXE spectrum of fermentation sample are shown in Figure 1.  

The relationship between characteristic X-ray yield Y (Z) for an element of atomic number Z and its 

concentration Cz in a given target matrix is Y (Z) = HY1 (Z) CzQЄz tz, 

Where Y1 (Z) is the computed Yield from the database per steradian per unit concentration and per unit 

integrated beam charge; Q the beam charge; Єz the intrinsic efficiency of the Si (Li) X-ray detector; and 

tz the transmission of the X-rays through any absorber placed between the detector and the specimen. The 

instrumental constant H is the product of the geometric solid angle of the X-ray detector and any 

systematic normalization factor present in the charge integration system. 
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Table 1: Concentrations (in µg/g) of elements present in NIST bovine liver (1577b) 
 

Elements Certified values Measured value 

K 9940±20 9912±465 

Ca 116±4 113±11 

Mn 10.5±1.7 10.8±1.3 

Fe 184±15 193±16 

Cu 160±8 156±9.6 

Zn 127±16 134±10 

Se 0.73±0.06 0.72±0.05 

Br 9.7 10.3±1.1 

Pb 0.129±0.004 0.127±0.003 

 

Table 2: Elemental concentrations in organism pellets obtained by PIXE at the end of 48 hours 
 

Element 
Concentration of Elements (mg/L) at the End of 48Hrs 

12 14 16 18 20 

K 90.35±5.42 88.98±6.22 89.9±4.94 92.4±5.82 95.04±5.98 

Ca 75.4±4.52 73.61±5.15 74.4±4.09 76.2±4.8 77.84±4.90 

Cr 10.3±0.61 8.9±0.62 9.4±5.17 12.7±0.80 11.6±0.73 

Fe 56.5±3.39 57.5±4.02 62.1±3.41 66.0±4.15 67.42±4.24 

Co 23.8±1.42 19.4±1.35 26.5±1.45 21.9±1.37 24.7±1.55 

Ni 14.7±0.88 18. 4±1.28 10.6±0.58 17.9±1.12 19.8±1.24 

Cu 9.1±0.54 6.3±0.44 11. 2±0.61 8.7±0.54 10. 5±0.66 

Zn 13.4±0.80 16.8±1.17 12.4±0.68 15. 7±0.98 11.4±0.71 
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Figure 1:  The PIXE spectrum of yeast pellet obtained at the end of 48

th
 hours of fermentation with 

Iron supplemented at 14mg/L. 
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RESULTS AND DISCUSSION 

Biomass Growth and Fermentation 

Production of ethanol using Jaggery as substrate by submerged fermentation employing Saccharomyces 

cerevisiae has resulted in a final product concentration of 86 g/L at the end of 36hours. The values 

reported by PIXE technique reveals that supplementation of 14mg/L of FeSO4.7H2O has significantly 

contributed to the increase in biomass and product concentration. Supplementation of 12mg/L and 

14mg/L of FeSO4.7H2O has shown a positive impact on biomass growth as compared to control (Table 

3.). The percentage increase in biomass, as compared to control was 15.38%, 53.84% and 12.08% for 

12mg/L, 14mg/L and 16mg/L of FeSO4.7H2O respectively. Further increase in FeSO4 had a deleterious 

effect on the biomass concentration and therefore results in low ethanol production as compared to 

control. Specific ethanol productivity when calculated, it is found to maximum of 2.388g/L/h at 14mg/L   

FeSO4.7H2O concentration. 

 

Table 3: Biomass and ethanol concentration for FeSO4 supplemented samples 
 

FeSO4(mg/L) Biomass Cell no./mL Ethanol (g/L) 
Specific Ethanol 

Productivity g/L/h 

0 26 X 10
7
 70 1.944 

12 30 X 10
7
 74 2.055 

14 40 X 10
7
 86 2.388 

16 31 X 10
7
 72 2.222 

18 23 X 10
7
 65 1.916 

20 19 X 10
7
 58 1.611 

 

Elements Uptake from Broth 

The uptake of iron by yeast cells was monitored by taking samples every 12hour using PIXE technique. 

The concentration of three major ions, obtained from PIXE analysis, in the yeast cells towards the end of 

48 hour for all the concentrations of FeSO4 are mentioned in Figure 2. The results are represented include 

the concentrations of the elements present in jaggery also. According to Jagannadha Rao et al., Calcium, 

Potassium and Iron are the major nutrient elements in Jaggery, and the growing yeast have utilized the 

elements from the production medium (Jagannadha Rao et al., 2007). 

At 12mg/L supplementation of iron, it may be noticed that the amount of Fe
2+

 taken by the cells is 56.5 

for 14mg/L it was 57.5 and for 20mg/L supplementation it was 67.42mg/L. From the values reported by 

PIXE analysis it may be noticed that the element uptake has steadily increased with an initial increase in 

Fe
2+

 ions content in the medium, and beyond certain value it remained almost same indicating that the 

yeast cells concentration has become the limiting factor due to limitation in the carbon source. In the case 

of Potassium and Calcium ions, an initial high values may be observed at 12mg/L which then dropped to 

the values 73.61 and 88.98ppm respectively, and again a steady increase in the elemental uptake was 

observed. This indicates that the rapidly dividing yeast (due to supplementation of Fe
2+

 ions) have also 

taken up the critical elements K
+
 and Ca

2+
 ions to meet their metabolic activities. 
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Figure 2:  Major elemental concentrations in ppm in the pellets when supplemented in the range of 

12 to 20 mg/L at the end of 48 hours 

Iron Uptake 
The rate of uptake of iron ions was calculated for all the concentrations (Figure 3). Maximum rate of 

uptake of 0.152mg/L/h was noticed for 14g/L FeSO4.7H2O towards the end of 24h, while maximum 

biomass and ethanol concentration are obtained at the end of 36hour. The rapidly dividing yeast cells in 

the presence of an ideal concentration of substrate have taken up the Iron ions. The rate of uptake beyond 
the 24hour was low and for FeSO4.7H2O concentration above and below the optimal value (14mg/L) the 

rate of uptake was comparatively less.  
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Figure 3: The rate of uptake of iron by Saccharomyces cerevisiae at all concentrations in different 

intervals of time 
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K and Ca Ion Uptake 
The other major elements present in fermentation medium are K and Ca. The PIXE technique usage 

resulted in simultaneous monitoring of the other ions present in the broth. The rate of uptake of K and Ca 
ions for the 14mg/L FeSO4 supplemented values were calculated and plotted (Figure 4). It may be noticed 

that optimal rate of uptake for both the ion was at 48hour and the values are 0.108 mg/L/h and 0.091 

mg/L/h respectively. Apart from these (K, Ca and Fe) major nutrient elements, the other elements such as 
Cr, Co, Ni, Cu and Zn are also detected in minor and trace levels. Cu has the lowest concentration among 

all the identified elements was also detected using this technique.  
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Figure 4: The rate of uptake of Potassium and calcium elements from the fermentation broth for 

two days 
 

CONCLUSION 

PIXE technique was employed in the study of submerged fermentation of ethanol from jaggery using 

Saccharomyces cerevisiae as the organism. In the present work the uptake of Fe ions by the growing yeast 
was estimated by PIXE technique. As it allows multi-elemental analysis, the rest of the elements 

composition present in the medium and their monitoring could be done simultaneously by using Si (Li) 

detector. The rate of uptake of Fe was found to be highest at 14 mg/L substitution, which has contributed 
to the final ethanol concentration of 86 g/L. A maximum uptake rate of 0.152 mg/L/h was noticed for the 

FeSO4.7H2O at 14mg/L supplementation. Apart from major nutrient elements Fe, K and Ca the other 

elements Cr, Co, Ni, Cu and Zn were also estimated. Cu has the lowest concentration among all the 
identified elements was also detected using this technique.  

Thus PIXE technique proved to be a valuable tool in the determination of the elemental composition of all 

the samples in the present work due to its high sensibility, multi elemental capabilities, minimal sample 

preparation and non destructiveness, which allowed the measurements to be repeated  to confirm the 
results even after long periods of time. However, one of the drawbacks of PIXE technique is that it does 

not allow any chemical speciation of the elements, hindering information about the specific forms of the 

elements such as oxidation state and molecular structure. Therefore, a more comprehensive study requires 
the combination of PIXE with other techniques. 
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