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Abstract In this work, biosorption was used as a method
to enrich biomass (soybean meal) with microelements
[such as Zn(II), Cu(Il), Mn(IT) and Fe(II)] that are essential
in livestock nutrition to produce dietary feed supplements.
The biosorption process was carried out in a specially
designed pilot plant system with two-column reactors
according to the principles of the eco-friendly effluent-free
technology. The applicative parts of products and innova-
tive biological feed supplements were produced for zoo-
technical tests on animals (hens, goats and fatteners).
Multielemental analysis showed a multiple increase in the
content of each microelement in the soybean meal after
biosorption [of Zn(II)—168 times, Cu(Il)—179 times,
Mn(II)—62 times and Fe(II)—50 times]. The process was
analyzed in terms of technological indicators and prelimi-
nary economic analysis, including the cost of materials,
labor costs and depreciation of the equipment used. It was
found that the cost of supplementation of 1 kg of feed for
laying hens and fattening pigs with the new preparation
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enriched with Cu(Il) and manufactured on a technical scale
was around $0.393.

Keywords Biomass - Cost analysis - Feed additives -
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Introduction

Biosorption is a natural property of non-living matter of
biological origin that is capable of binding cations and
anions at their surface (Chojnacka 2010; Doshi et al. 2007).
The application of biosorbents in the water and sewage
treatment process appears to be a viable alternative to the
application of the traditional sorbents (like activated car-
bon). The materials of biological origin are characterized by
a relatively high sorption capacity, and are at the same time
much cheaper because they constitute waste material from
various industries (e.g., foodstuffs industry or processing of
wood) or the easily available biomass derived from the
environment (Witek-Krowiak et al. 2013a, b; Podstawczyk
et al. 2014; Zhang et al. 2015; Mishra et al. 2015).

The main purpose in using biosorption is the treatment
of aqueous solutions and the removal of pollutants that are
dangerous for the environment by means of materials that
have a large sorption capacity. Agricultural wastes or
industrial wastes can be used as biosorbents. The
biosorption process can also be used for the purpose of
enriching the waste material of plant origin with essential
cations (micro- and macroelements) to make it a compo-
nent of a balanced diet, i.e., feed for animals or an enriched
fertilizer for plants (Chojnacka et al. 2009; Chojnacka
2013). This technique allows for producing safer and
greener feed additives as carriers of micronutrients in
livestock feeding.
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Table 1 Examples of biosorption process in semi-technical scale

Patent no. Process Reactor Biosorbent Cations  Cpjet (mg/dms) \% (ml/min)
US 7,326,344 B2 Removal of Cu®*, Fe®™, Column bed  Any immobilized cu*t co = 200300 694
Zn** ions from industrial microorganisms capable e < 1
effluents of binding metal ions Fett o= 132
<5
Zn** co = 6-80
<3
US 2008/0009054 Al  Removal of Cu®** jons from  Column bed A new strain of Cu** co=173 400
solutions immobilized bacteria <1
Bacillus sp.
US 4,732,681 Removal of Ni**, Cu®*, Stirred tank  Biomass of fungi NiZ* co =10 -
Zn2+, Pb>", Cd?*', crét Cladospor'iu.m =2
ions from solutions cladosporioides Cu?t co = 10
c = 0.7
Zn>t co =10
cx = 2.55
cd** co =20
=15
Pb>" co =10
cx = 0.1
ot co = 10
cx = 3.75

co: initial concentration of metal ions; cy: final concentration of metal ions; cye: concentration of cation; V: flow rate

Biosorption is a promising method that could be used in
many environmental processes (Hood et al. 2013; Aytar
et al. 2014; Mansuri et al. 2014), but it has been applied
extremely rarely on a large scale. Biosorption can be car-
ried out in a batch stirred tank reactor or in a dynamic
system such as columns and fluidized reactor columns
(Michalak et al. 2013). Literature reports the use of a
stirred tank only on a laboratory scale. On a semi-technical
and industrial scale, only columns are used (Jauberty et al.
2011). Biosorption columns for removal of heavy metals
from wastewater are reported as potentially an important
technology in rendering the production process cleaner
(Reverberi et al. 2009). If microorganisms are used as
biosorbents, they may be immobilized on a carrier (Verma
et al. 2014; Pan et al. 2005). The use of microorganisms
such as Bacillus pumilus is an exemplary clean technology
high exhaustion of chrome for leather tanning. Biosorption
of chromium with the use of varied biomass is a clean
option in which chromium is absorbed to an accept-
able limit (99.5 % reduction in chromium with use Bacillus
pumilus) (Kanagaraj et al. 2014).

Biomass might be regenerated for reuse by removing the
bound metal ions and maintaining the continuity of the
system by using two alternately working columns; while
biosorption proceeds in a single column, the second col-
umn undergoes the desorption process. If metal ions are
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valuable, they may be subsequently recovered from the
solution after desorption (Kratochvil and Volesky 1998).
In the available literature, there are descriptions of
research on biosorption mainly on a laboratory scale.
Several patents on the purification of aqueous solutions by
the biosorption process on a pilot plant scale have been
reported (Table 1). U.S. Patent No. 7,326,344 B2 uses the
system of two to three biosorbers with a capacity of
100 dm? , connected in a series. To reduce the initial con-
centration of metal ions in the solution process, a precipi-
tation reactor is used or the pH of the extractant is
increased before the solution is submitted to the first
reactor. This solution is directed to the biosorbers. The
reactors operate alternately. When the maximum biosorp-
tion capacity of the first reactor is reached, the solution is
passed to the next. It is during this time that the first reactor
regeneration of biomass occurs, which caused by an acidic
solution. The U.S. Patent 2008/0009054 A1l describes a
bioreactor with a capacity of 90 dm® for a culture of
microorganisms, which also serves as a biosorber. The
process is takes place in three steps: First, microorganisms
are grown on the carrier and then bioaccumulation—
biosorption of metal ions from the solution, and desorption
of metal ions with an acidic solution (regeneration of the
biomass) occur. Another U.S. Patent, 4,732,681, contains a
description of the installation for biosorption in a system
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with three mixers in a row, in which the sequential
purification of solutions in increasing metal ions concen-
trations was carried out. In each reactor, the residence time
was 120 min and the concentration of biomass was 10 g/
dm’. The biomass may then be regenerated for reuse after
the removal of bound metal ions, for example by means of
electrolysis or by extraction of the low pH.

Currently, on the market there are no industrial instal-
lations for biosorption. The only manufacturer of systems
for biosorption was BV Sorbex Inc. (Montreal, Canada).
The company primarily offered biosorbents as well as
biosorption systems (Biosorption Pilot Systems—BeePS).
The installations on offer were used for the purification of
aqueous solutions from dyes and heavy metal ions. As far
as we know, the installations for biomass enrichment with
desirable elements as a new concept of using biosorption
have not been constructed yet. A new concept of producing
feed additives with microelements introduced by biosorp-
tion was proposed in which biomass, which is a commonly
used ingredient in compound feed, was the carrier of
micronutrient ions (Witkowska et al. 2013). In the appli-
cations of biosorption described in the literature as a de
facto method of solutions purification, the product is water
purified from metal ions. In addition, the biomass is sup-
posed to have a very high biosorption capacity. If the
biosorption process is used for the production of feed
additives with microelements, the product will be a bio-
mass enriched in the desired elements. The application of
innovative green and clean technology in feed additives
production seems to be a point of interests in the devel-
opment of safer foodstuffs.

The aim of the present work was the development of a
new clean method for producing innovative biological feed
additives containing microelements, thus demonstrating
biosorption possibilities on a large scale—quarter-technical
scale. New eco-friendly feed additives of the required
composition, adapted to the nutritional needs of the dif-
ferent species of farm animals—hens, hogs and goats—
were produced in a pilot installation. This research was
carried out in the Department of Chemistry, Wroclaw
University of Technology (March—May 2013).

Materials and methods
Biosorbent: soybean meal

The biosorbent selected for the study, which was non-liv-
ing biomass of soybean meal, is a material traditionally
used as a part of animal feed: (Glycine max L. Merr.; Ceral,
Jawor, Poland). Soybean meal is an accepted biomass as a
feed for animals (Decree of the Minister of Agriculture and
Rural Development, 2007, OJ 2007, No. 2, pos. 24).

During the biosorption, biomass is enriched with
micronutrients in a process based mainly on the sorption
and ion exchange. Metal ions can be bound to different
functional groups (carboxyl, amine, hydroxyl, etc.) that
occur on cell walls. Before each experiment, the biomass
was evenly ground into approximately 1-mm grain-size
particles.

Pilot plant biosorption system

The installation consisted of water purification stations, a
demineralized water reservoir, a reservoir for a solution of
trace elements, two-column reactors for biosorption pro-
cess with a capacity of 200 dm® each, a filter press, a dryer
and a series of pumps and pipes (Fig. 1). Each of the
reactors was equipped with a spray that allowed for a
uniform application of microelements solution onto a bed
of biomass.

Soybean non-living biomass (soybean meal) was enri-
ched with Cu(ll), Zn(I), Fe(Il) and Mn(I) ions by
biosorption, using CuSO45H,0, ZnSO47H,0, FeCl,.
4H,0 and MnSO4-H,0 in the concentration of 500 mg/
dm?® for micronutrient ions.

Biosorption was performed in a single-component sys-
tem, the process solution consisted of demineralized water
and the inorganic salt of trace elements (Zn, Cu, Fe or Mn).
In the first step of the process, demineralization of tap
water in a water purification station was undertaken. Then
it was directed into the first tank, which was warmed to
ambient temperature. The water was then sent to a second
tank equipped with a pH-stat, where the solution of the
trace elements (zinc, copper, iron or manganese) was pre-
pared by adding an appropriate amount of demineralized
water and dissolving salts of microelements. The pH of the
solution was adjusted to 5.0 with 1 M NaOH/HCI and was
controlled by a pH-meter Mettler-Toledo InLab413 elec-
trode with temperature compensation, maintaining the pH
at a constant level during the process. At first, the sorption
column was packed with soybean meal and then the solu-
tion containing microelements was fed to the column. The
concentration of microelements in the feed was ca.
300 mg/dm®. The flow rate was 140 dm*/h. The process
solution, rich in potassium ions, was returned to the tank,
where after a pH adjustment it was redirected into the
column. The enriched biomass of non-living biomass (soy
meal) was directed to a filter press where it was dried to
mechanically remove the residual process solution and
reduce the cost of thermal drying. After the biomass had
been drained, the solution was directed to the tank. The
produced feed additive underwent drying in a sieve at
50 °C, for 24 h, to a moisture content not exceeding 12 %.
At the time when the first column was being discharged,
fresh biomass was placed in the second column, which was
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manner. During the process, samples of the solution were
taken at the moment of them being discharged from the
process were taken for analysis. The collected samples of
biomass were averaged and mineralized. The solutions
(Varian Vista MPX, Australia). All the analyses were
carried out according to PN EN ISO 17025 in the labora-
AB 696) and ILAC-MRA.
The obtained preparations were used as dietary feed
ies on fatteners and goats, with the biofortification effect
being brought, thus resulting in the biofortification effect
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feeding pump, 6—sorption
bottom, /0—biomass grinder,
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pump, /4—filter press, 15—
biomass, RB—enriched Cea D, 4 »
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followed by a process that was carried out in a similar
system. The biomass and the medium from the biosorption
were sampled and also underwent an ICP-OES analysis
tory accredited by the Polish Centre for Accreditation (nr
supplements with microelements in the zootechnical stud-
(Witkowska et al. 2015).

Results and discussion
Research strategy

Currently, inorganic salts are the most commonly used
microelement supplements of feed (Tuhy et al. 2013).
Their application is disadvantageous in that they have a
low bioavailability and in that the ions of microelements
derived from the inorganic salts that they are likely to form
insoluble complexes in the animal’s gastrointestinal tract
(microelement becomes unavailable for the organism)
(Blanusa et al. 2005).

Organic micronutrient combinations, such as metal ion
chelates, are more bioavailable than the inorganic salts
(Tuhy et al. 2014). Chelates have a very high stability,
which comes from stronger bonds connecting the metal ion
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to the ligand. Chelated micronutrients are used much less
often than inorganic salts, which is due to their very high
price, which is up to ten times higher than that of inorganic
salts (Tuhy et al. 2014). There are also reports on the
irritation of the gastrointestinal tract (Blanusa et al. 2005).

At present, the feed market does not offer an alternative
to inorganic salts and organic chelates. In recent years,
several papers have proposed/new formulations based on
the biosorption process as a method of production of
innovative feed additives with microelements (Fig. 2).
These studies dealt with enriched biomass of macroalgae
and microalgae (Michalak and Chojnacka 2009; Zielinska
and Chojnacka 2010).

The effect of new formulations was tested on laying
hens and fatteners. It has been shown that the new sup-
plements improved the technological value of the carcass
and the physical parameters of eggs, as well as the content
of micronutrients in the edible parts of animals (Witkowska
et al. 2013). Our previous feeding trials on goats have
shown that the use of new formulation resulted in the
enrichment of milk with trace elements. The use of bio-
logical additives causes the enrichment of milk with trace
elements such as copper (about 8.2 %), manganese
(29.2 %) and zinc (14.6 %) (Witkowska et al. 2015).

New formulations may provide an alternative to cur-
rently used supplements. It is because of the disadvantages
of conventionally used feed supplements and a small
amount of research on innovative formulations that basic
research should be focused on the development of a new
formulation. New feed additives based on the biosorption
process would be characterized by a low price, good
bioavailability, non-toxicity for animals and the environ-
ment (Witkowska et al. 2015). Additionally, this kind of
material would not cause difficulties in redistributing in the
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Fig. 2 Comparison of three concepts of feed enrichment in microelements

feed as well as would not go separation during the trans-
port. The advantage would also be a neutral taste for ani-
mal preparation.

It is possible to obtain microelements from industrial
wastewater streams. However, industrial wastewater con-
tains other, often dangerous, substances which could be
adsorbed simultaneously on the biomass. Hence, the use of
this type of streams may carry the risk of producing feed
additives of an uncontrolled composition. In the future, we
will intend to search for a safe source of waste microele-
ments. In the present work, we used model solutions
because these were the first production tests in the new
pilot plant biosorption system.

The previous comparison of the process in the stirred
tank reactor and the column indicated that the column
reactor was characterized by a significantly greater pro-
ductivity while allowing efficient enrichment of biomass
with microelements, the contents of which increased after
biosorption 70-1000 times. On this basis, we proposed a
pilot plant system for biosorption consisting of column
reactors and using feed material as a biosorbent.

Biosorption of microelement ions in the system
of two-column reactors with a total bed capacity
of 400 dm’

Figures 3 and 4 show the installation specially constructed
to conduct biosorption as well as stimulate the feed addi-
tives manufacturing process. The process of biosorption
carried out in the installation on a quarter-technical scale
produced formulations prepared with trace elements

[Cu(II), Mn(II), Zn(II) and Fe(II)] based on biomass of
soybean meal. Table 2 shows the results of the analysis of
the raw and enriched (preparation for animals) soybean
meal. The multielemental analysis showed an increase in
the content of each microelement ion in the biomass after
biosorption. The content of Cu(Il) increased 179 times
(from 0.065 to 11.7 mg/g), the content of Zn(Il) 168 times
(from 0.054 to 9.06 mg/g), the content of Fe(I) 50 times
(from 0.235 to 11.9 mg/g), and that of Mn(II) 62 times
(from 0.095 to 5.92 mg/g).

During the production of the preparation with zinc,
samples of the inlet and outlet solutions were taken. The
samples were subjected to an ICP-OES analysis in order to
monitor changes in the elemental composition of the pro-
cess solution. The results clearly show that the binding of
Zn(II) and Cu(Il) occurs partly in accordance with the
mechanism of ion exchange with Ca®", K and Mg>" ions
(Table 3). The observed release of ions from the surface of
the sorbent may indicate a counter current diffusion pro-
cess during biosorption. K(I) and Mg(Il) ions were released
in the largest amount, which represents approximately
75 % of the ions leaving the surface of the biomass.
Considering the amount of adsorbed ions Zn(II) and Cu(II)
(179.8 and 182.4 mmol/kg, respectively), the amount of
exchanged ions is approximately 76 and 60 % of the total
quantity of ions that was bound with the sorbent.

In contrast to the biosorption on a large-laboratory scale
in the fluid bed column, where the feed solution had a
constant concentration, in the case of a quarter-technical
scale biosorption, the solution discharged from the column
was recycled in order to reduce the quantity of spent water.

@ Springer
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C

Fig. 3 Installation for the biosorption process. a Reservoir solution of micronutrients, b sorption columns with the system pumps, c filter press,

d dryer

While micronutrients are binding to non-living biomass of
soybean meal, alkaline earth metal ions are released to
solution. Therefore, a liquid stream with potassium was
obtained during the process. The solution after the
biosorption may be used as a potassium liquid fertilizer.
The main mechanism of biosorption process is the ion
exchange, in particular with potassium and sodium ions
and, to a lesser extent, calcium and magnesium (Witek-
Krowiak et al. 2013a; Davis et al. 2003).

Figure 5 shows the change in the concentration of Zn(II)
during the process at the inlet and outlet. The initial con-
centration of Zn(Il) in the solution was 351 mg/dm>. The
mass of soybean meal placed in the column was 23.1 kg.
The ICP-OES analysis of the solution samples yielded a
progressive decrease in the concentration of Zn(Il) in the
feed solution. This was caused by dilution at the outlet that
was recycled to the system. Most of Zn(II) was sorbed in
the first hours of the operation. With the passage of time,
the concentration of Zn(II) in the process solution as it was
leaving the column increased, reflecting the gradual satu-
ration of the bed with zinc ions. Saturation of the bed
occurred when the concentration of cations at the inlet was
the same as at the outlet of the column. This occurred after
9 h of the biosorption process (that was carried out as
described).

* @ Springer

After the first and second hours of biosorption, the
degree of the soybean meal enrichment with Zn(Il) in the
column from the feed solution was, respectively, 81.5 and
61.4 %. After another hour of the process, the degree of the
removal of copper ions from the solution was smaller and
amounted to 53.7, 48.5 and 23.4 % after the third, fourth
and fifth hours. In subsequent hours, ion binding was less
than 10 %. This means that a bed of zinc ions binds very
effectively during the first hour of the process. Within the
next 3 h, the process was moderately effective, but after
some time, the ions were adsorbed to a smaller extent.

The multielemental analysis of the raw soybean meal
showed that the biomass was rich in potassium
(2446.5 mg/kg), whereas the sodium content was almost
thirty times lower (85.115 mg/kg). It is for this reason that
a large amount of potassium ions was released into the
solution after the biosorption process. Suppl. Figure 1
shows the change in the potassium ion concentration in the
solution leaving the column during the enrichment of
soybean meal in the Zn(Il) in the quarter-technical scale
installation. To describe the process, Haldane’s model was
used, as reported in the available literature. This model
describes the process of biosorption in a column reactor
with the solution being recycled. Model parameters were
chosen empirically (Suppl. Table 1).
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Fig. 4 Production of biological additives with copper as an example.
a Biosorption of microelement ions from the solution in a column,
b the column with enriched soybean meal after pumping out the

Table 2 Content of microelements in the formulations prepared by
biosorption in a quarter-technical scale plant (= SD, N = 3)

Microelement The content of microelement (mg/g)
Raw soy bean meal Enriched soybean meal
Cu(ID) 0.065 £ 0.004 11.7 £ 1.5
Fe(II) 0.235 £+ 0.015 119 £ 1.5
Zn(1D) 0.054 & 0.005 9.06 + 1.18
Mn(I) 0.096 + 0.014 592 +£ 0.77

The multielemental analysis showed that the concen-
tration of potassium ions in the solution after biosorption
was 519 mg/dm?® (0.623 %, expressed as K,0). According
to the Decree of the Minister of Agriculture and Rural

process solution, ¢ the formulation with copper after mechanical
drying in a filter press, d the preparation with copper dried on the
shelves of the oven

Development of 18 June 2008, the content of potassium in
a liquid mineral fertilizer should be greater than 1 % in
terms of K,O and greater than 0.5 % K,O in a liquid
mineral-organic fertilizer. The solution after biosorption
can therefore be used as a base for the preparation of a
liquid mineral-organic fertilizer, or used again in the next
biosorption process after salts of microelements have been
added to it in order to obtain a higher concentration of
potassium.

Preliminary economic analysis
Currently, the annual production of compound feed in

Poland is around 8 million tons, of which about
240,000 mg are all additives (trace elements, enzymes,

Table 3 Composition of raw and enriched in microelements soybean meal

Microelement content Zn(II) Cu(l) Cadl) Mgdl) Kd) Sorbed Sorbed Released Released Released
(mmol/kg) Zn(II) Cu(ID) Ca(II) Mg(ID) K(I)
Soybean meal 0.82 1.02 86.26 156.1 77.31

Soybean meal + Zn(II) 180.6 0.56 5339 100.7 28.00 179.8 32.87 55.46 49.31
Soybean meal + Cu(II) 142 1834 5744 121.87 30.00 182.4 28.82 34.27 47.30

* @ Springer
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Fig. 5 Change in the concentration of Zn(II) in the feed solution and
in the solution leaving the column

vitamins, etc.) (European Feed and Manufacturers’ Feder-
ation 2012). Calculations for developing a new formulation
based on soybean meal were performed on the example of
the production of a 10-mg dietary supplement with copper.

Estimation of the production cost of 10 mg of a new
formulation with copper

The estimated cost of producing 10 mg of a new formu-
lation with copper is presented in Table 4.

This means that the price of raw materials needed to
produce 10 mg of a feed additive with Cu(Il) is $8417,
which gives $0.84 per kg. To estimate the total cost of
producing the additive, labor costs and depreciation of
equipment should be taken into account in the calculation.

(a) Depreciation of equipment
The approximate value of the production system was
$98,360, including the equipment shown in Table 5A.
Assuming that the period of the complete depreciation
of the equipment is 5 years, the annual depreciation
was assessed at 20 %. The daily depreciation of these
devices was therefore estimated at $53.9.

(b) Labor costs
The production cycle was assumed to take 8 h (1
batch: 7 h production process + 1 h for additional
work and maintenance). This means that 3 batches/
day yield 50 kg of product. The installation is

automated but requires maintenance. One person
should supervise the process (24 h per day), and one
additional person should monitor the end/start of the
production of a batch of material (2 h per day). In
total, service installation requires 800 h of work a
month, which is performed by five people employed
full-time each. It was assumed that the total labor cost
of one person is $820 gross. The total monthly labor
cost of operating the system at 3 shifts is $4098 gross,
which yields $137 per day.

The production of a single batch of 50 kg of the
preparation lasts 8 h. Assuming 8 h a day to produce three
batches (150 kg), it is necessary to use 150 kg of soybean
meal and 3.42 kg copper(Il) sulfate(VI) pentahydrate.
Table 5B summarizes the estimated daily cost of the pro-
duction of a new biotechnological preparation based on
soybean meal on the pilot quarter-technical scale.

The technical cost of producing 150 kg of the new
formulation is $1003.42. Therefore, the technical cost of
producing 1 kg of preparation was assessed at $6.69. The
estimated market price should be approximately 150 % of
the technical cost, due to the expenditure of the enterprise
and the profit margin of the manufacturer. Finally, the price
of 1 kg of a new formulation of copper will be around
$3.28, which gives $3279 for a 10-mg preparation. This is
the price that is about 40 % higher than the price of inor-
ganic salts. The price of the biosorption product is about 6
times lower in comparison with the price of 1 kg chelate
(amino acid chelate Mintrex, offer by Novus, USA, and
amino acid chelate Glystar, according to the offer from
Arkop Ltd., Bukowno).

Estimation of the cost of supplementation of 1 mg feed
with the new supplement

The cost of the application of the new biological copper
preparation to be used as a 1-mg supplement of poultry
feed with this element was estimated at $1.67 (demand:
8 mg/kg of feed), while that of fatteners amounts to $4.18
(requirement: 20 mg/kg) and that of goats—3$2.09 (re-
quirement: 10 mg/kg). Taking into account the contents of
the trace elements in the preparation, approximately 0.5 kg
of soybean meal, which is deducted from the cost of
enriching the quantity of fodder for poultry by $0.31,
should be withdrawn from each 1 mg of feed for poultry.

Table 4 Estimated cost of
producing 10 mg of a new
formulation with copper

Factor Inorganic salts Water Soybean Electric consumption Total cost
consumption -
Process Drying
Amount 456 kg 200 m* 10 mg 2.2 MWh 15 MWh
Cost ($) 1053 316 6160 154 1050 8417
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Table 5 Estimation costs of

equipment (A) and estimated
technical cost of manufacture of

150 kg of the new preparation
with copper (B)
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B
Equipment Cost ($) Components of cost Daily cost ($)
Biosorbers (2) 26,229 Soybean meal 92
Water treatment plant 13,115 CuS0O4-5H,0 791
Dryer 8852 Water 4.75
Filter press 32,787 Electricity 332
Tanks (2) 1311 Depreciation 54
Membrane pump 5574 Labor costs 137
Centrifugal pumps (2) 2623
Biomass trays (2) 4590
Packing machine 3279
Total 98,360 Total 328.86

Similarly, the cost of the supplementation of feed for fat-
teners, taking into account the decrease in soybean meal, is
$0.77/per 1 mg feed. Given that the current purchase price
of 1 mg of fodder for laying hens and fattening pigs is
around $393, the gross value of the new feed additive of
the feed mix is less than 0.5-1 %.

The cost of the supplementation with the new copper
preparation is approximately 20 % lower than the cost of
the use of copper chelate. These costs have been estimated
for the production on a quarter-technical scale. On an
industrial scale, the costs are highly likely to be lower.

Importance of findings and barriers
to implementation

The application of micronutrient supplements that are not
natural components of the diet (inorganic salts, organic
chelates) significantly reduces the palatability of the feed.
Furthermore, commercial feeds do not cause the enrich-
ment of animal products with micronutrients (copper,
manganese or zinc). Developed micronutrient feed com-
ponents based on the biomass constitute the solution to the
supplement animal diet with these elements. Moreover, the
application of biological feed supplements enables biofor-
tification of animal products (Witkowska et al. 2015).

The scaling up of the process should be preceded by
some technological modifications of the installation, which
could boost the process productivity, reduce energy con-
sumption and hence lower the final costs. One of the ways
to improve the present situation on a larger scale is the
application of an alternative drier. The use of a fluidal drier
instead of a heating chamber could reduce energy con-
sumption by 40 % and significantly bring down production
costs.

A number of qualitative tests which have to be carried
out may bar the implementation. The commercialization of
the technology of the production of dietary feed supple-
ments must be preceded by the analysis of the

characterization and conditions of the application of the
new products. Also additional safety and efficacy tests are
obligatory.

The new eco-friendly approach to the production of
micronutrient feed additives is a non-waste technology
with a lower power consumption than that required by the
conventional production. The new product and technology
have a lower negative impact on the environment because
the final product is fully biodegradable and no effluent is
produced. Micronutrients in new preparations are supple-
mented in bioavailable form for animals, so there is no
need to provide them in larger doses.

Conclusion

The pilot plant for the process of biosorption on a quarter-
technical scale with two-column reactors was designed and
constructed according to the principles of the eco-friendly
effluent-free technology. The applicative parts of products
and innovative biological feed supplements were produced
for zoo-technical tests on animals (hens, goats and fatten-
ers). The multielemental analysis showed a multiple
increase in the content of each microelement in the bio-
mass after biosorption. Formulations with Zn(II), Cu(Il),
Mn(II) and Fe(II) were manufactured and tested in terms of
their utilitarian values on animals. The first trials on goats
showed that the new formulation is characterized by a
higher bioavailability to the animal, which results in a
higher content of microelements in the products for
humans (milk and cheese), thus becoming a new generation
of biofortified functional food.

In order for the products to be marketed in the EU as
feed additives, it is necessary to perform further studies on
the safety and effectiveness of the preparations. Also, a
complete analysis of physicochemical and biological
properties of new preparations should be performed. On the
basis of the preliminary cost analysis for the production on
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a quarter-technical scale, the estimated cost of the appli-
cation of the new formulation of copper was approximately
20 % lower as compared to the use of copper chelate in the
compound feed for laying hens or poultry. The cost of the
new feed additive constitutes 0.5-1 % of the cost of feed.
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