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CI&CEQ

MINE WATERS PURIFICATION BY
BIOSORPTION COUPLED WITH GREEN
ENERGY PRODUCTION FROM WOOD
AND STRAW BIOMASS

Article Highlights

e A new process for metal ions removal and recovery from mine waters has been pro-
posed

e The process encompasses heavy metal ions biosorption and green energy production

e The biosorption is performed as two-staged, with cross-flowing of the phases

e Energy production comprises a cogenerative way of burning the loaded biosorbent

e The costs and revenues analysis showed the process's economic sustainability

Abstract

A new process for mine water purification has been proposed, based on
biosorption followed by burning the loaded biosorbents. Wheat straw and
sawdust of trees are convenient as biosorbents in the proposed process.
Biosorption was performed in two stages. a cross-flow regime between the
mine water and the biosorbent. The achieved copper adsorption degree
was > 95%. Based on the mine water volume and its chemical composition,
the estimated amount of the biosorbent was 60.000 t/year. The cogenerative
mode of the loaded biosorbent combustion was considered for green energy
production. For the recovery of metals concentrated in the ash, they must
be processed separately. Several possibilities for ash processing were
proposed and discussed. For an annual volume of mine water and the
copper content in it, the mass and energy balances of the process were
estimated, giving some economic data on the process efficiency. The
analysis of the revenues and costs, based only on the energy value
produced by the combustion of the biosorbent, has shown that the process
can economically be viable regardless of the value of the recovered metal.

Keywords.: biosorption, biomass combustion, green energy, heavy metal
fons, mine water.

Metal or coal mines, active or closed, generate
larger or smaller amounts of mining water
contaminated with soluble organic or inorganic
compounds extracted from ore residues, seriously
endangering the local environment. In this sense, the
waters from heavy metal mines, known as acid mine
drainage (AMD), which contain numerous ionic
species, are particularly harmful to surface waters, soil,
and wildlife near mines [1-5], which is a great concern
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for mining owners, and communities near the mining
area. Therefore, it is imperative to purify AMDs, which
may be the cost for both parties.

The process of mine water generation is complex,
involving simultaneous chemical, biochemical, and
electrochemical reactions, occurring spontaneously in
the presence of sulfide minerals, oxygen, water, and
bacteria. The sulfide mineral oxidation processes are
well described in the relevant literature [1,6-9] and will
not be considered here.

Mine water treatment involves various ion
separation and concentration techniques existing on an
industrial level for a long time [5,6,8,10—13]. However,
each possesses a limited ability of metal ion removal
from solutions, as illustrated in Figure 1.
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Figure 1. The capability of some methods for metal ions
removal from solutions.

lon adsorption is much more efficient than the
other techniques since it can reduce the metal ion
concentration well below 1 ppm. On the other hand,
biosorption is an emerging version of adsorption that
uses natural adsorbents (biosorbents) - a technique
not developed on an industrial scale yet, which has
shown to be an efficient way of purifying wastewater
from metal ions [12,14—17 and literature cited therein].
Various combinations of biosorbents and metal ions
were tested through laboratory experiments to
determine the adsorption capacity and parameters
affecting it; adsorption kinetics and equilibrium. By-
products from agriculture and forestry, which show
moderate adsorption capacity, have been most
frequently tested as biosorbents. Also, their massive
production and easy availability make them a good
potential for biosorbents. Besides, some of these
products are already used as biomass in green energy
production [18—-22,26,27]. However, despite numerous
published papers on biosorption, there is no clear
answer to what to do with the loaded biosorbent.
Namely, biosorbents change their characteristics after
a few adsorption-desorption cycles due to deterioration
of their structure, resulting in a reduction of the
adsorption capacity, which is a serious drawback of
using them on an industrial scale [12,19,22].

Searching for ways to perform metal ions
biosorption by omitting desorption, which usually
comes after adsorption in conventional processes, led
to integrating the two processes - metal ion biosorption
from mine waters and green energy production by
burning biomass. In this way, three goals would be
achieved:

*  Mine waters will be purified through adsorption of
metal ions from it;

* The charged biosorbent will be burned for energy
production without excess CO2 emission - green
energy;

+ The adsorbed metals concentrated in the ash will
be further processed for metal recovery, thus
contributing to a better process economy.

256

The idea has already been proven on a laboratory
scale [12]. The obtained results were encouraging for
taking a step towards establishing a process on an
industrial scale. That would encompass the following:

+ Flowsheet of the copper adsorption process from
real mine water;

* Energy and mass balancing;
»  Definition of the basic technology units;

* Consideration of the main economic and
environmental parameters of the process
sustainability.

Mine waters from copper mines, as the aqueous
phase, and biomass (either wheat straw or forestry
felling), as biosorbent, should serve as a model system
in this study.

COPPER IONS BIOSORPTION FOLLOWED BY
COMBUSTION OF THE LOADED BIOSORBENT FOR
ENERGY PRODUCTION, AND COPPER RECOVERY

Technological aspects of the process

The flow diagram of the newly-proposed process
is schematically presented in Figure 2. The process
itself consists of four units: the AMDs capturing,
collecting, clarifying, and feeding mixture equalizing;
preliminary biomass treatment; biosorption and the
loaded biomass combustion, the energy production,
and the ash treatment; post-treatment of depleted mine
water before being discharged into the environment.

Capturing and collecting the AMDs

According to Figure 2, the first operation is to
capture all mine water springs and their collection in a
collecting pond for equalization. Collecting the AMDs is
an engineering issue, which should provide constant
initial parameters of the mine water mixture in the
collecting pond (chemical composition, flow rate, clarity,
and others) entering, as a feeding stream, into the
biosorption operation unit. It comprises the design,
equipment choice, and provisional costs estimation for
capturing the AMD sources, pumping stations, and
pipelines for mine water transport to the collecting pond.
Eq. (1) can estimate copper concentration in the
mixture:

15 1
c_ago,c, (1

where: C, Ci(g/m?) - metal ion concentration in the
mixture and each AMD, respectively, Q and Q) - total
flow rate and flow rate (m%h) of each AMD spring,
respectively.

Mine waters considered in this study originate from
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concentration of other metal ions is much lower and will
not affect the biosorption of copper ions. Since an
optimal pH value for copper biosorption is about 4.5 to
5 [14,16], adjusting the pH to the required value, if it is
necessary, can be done with a solution of lime or caustic
soda.

four AMDs of the two copper mines located close to
each other [1]. An approximative chemical
composition, annual volume V;, (m%/year), and copper
quantity of the mine waters mixture, Gey, (t/year), are
evaluated from the individual characteristics of the
AMDs, by using Eqg. (1) and presented in Table 1. The
main expected constituents in the feeding mixture are Due to the neutralization reaction, fine solid parti-
Cu?, Fe**/Fe* ions and H2SOs (pH = 3 to 5). The

STORED
BIOMASS

AMD AMD AMD

Haa

AMDs COLLECTION

BIOMASS SHREDDING

h RINSING WATER

WASHING

FEEDING MIXTURE

DRAINING

RINSATE OUT

LIMESTONE & LIME

ADSORPTION

POST-TREATMENT OF
DRAINAGE WATER

DRAINING

WATER FOR DISCHARGING
AND RECYCLING

ENERGY IN A NET,
COMBUSTION F———

ASH FOR FURTHER
TREATMENT

Figure 2. Flowsheet of the process for copper recovery from mine waters by biosorption.

Table 1. Mean values of ion concentration, volume, and copper quantity in the mine water

Ces,mgldm®  Cre, mg/dm®  Czs, mg/dm®  Cum, mg/dm® Vi, m¥year  Gcu, tlyear  pH
93 150 7 <10 2,460.000 222 3to5
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cles of Fe(OH)s and CaS0O4-2H20 will be formed in the
feeding mixture. Its efficient clarification in the collecting
pond is crucial to get a minimum concentration of
particles entering the biosorption unit in the mixture.
The clarified feeding mixture from the collecting pond
enters the biosorption column to contact the biosorbent.
Mean residence time between phases must be long
enough to achieve an outlet concentration of Cu?* close
to equilibrium. Water, depleted in metal ions, leaves the
adsorption unit and enters the post-treatment unit,
consisting of a pond and a reactive limestone barrier, to
neutralize the acid and the remaining metal ions
(passive treatment). The purified mine water must fulfill
a required quality for being discharged into the nearest
watercourse, while the pond size, settling surface, and
water hold-up must meet these requests.

Biomass movement through the process

Whether the biosorption will be performed either
in a batch stirring tank or a fixed bed adsorption column,
stored biomass must be shredded and sieved,
obtaining an optimal sieve fraction of 5to 10 mm. The
uniform size of biomass particles contributes to a better
carrying out of the biosorption process [12,22]. It was
proven that the particles size of straw or sawdust does
not affect the biosorption kinetics or the adsorption
capacity [14,16,24].

The preparation of the biosorbent comprises
washing to remove small particles of dirtiness and
leach partly out alkali and alkaline earth metals from it.
After drainage and drying, it enters the adsorption unit.
The leaching of alkalies refers mainly to straw
containing a significantly higher concentration of
alkalies than wood residues [22,23]. Besides, the
adsorption capacity will be increased by washing
approximately 25 to 30% [16,24,25].

The biosorbent, loaded with the adsorbed metal
ions, will be separated from the aqueous phase and
dried, reaching a natural humidity of 10 to 15% before
combustion. The off-gases pass through the heat
exchanger, through the gas dedusting unit, before
being discharged into the atmosphere. The combustion
unit may operate as a heat generation or as a
cogeneration unit, in which case the produced
electricity will be delivered to a net. Finally, the ash will
be disposed of for cooling, further processing, and
metal recovery.

MASS AND HEAT BALANCE OF THE PROCESS

Mass balance of metal ions to be adsorbed

Here, the mass balance will relate only to copper
ions as the most represented and most valuable ionic

258

specie, which is transferred from the aqueous to the
biosorbent phase. Since other ions, such as Zn?* and
Mn?*, have a much lower concentration in the feeding
mixture and a lower selectivity coefficient, they will be
co-adsorbed with copper in a negligible amount. The
latter especially relates to Mn?*, which has the smallest
selectivity coefficient. Therefore, the adsorption of
Fe?*/Fe®, having the smallest affinity to be adsorbed,
can also be considered negligible [12,14,16].

Assuming the process, presented schematically
in Figure 2, should work 330 days a year, the flow rate
Q, based on data from Table 1, will be:

Q = V,1330-24-60 m*/ min = 5.18 m*/ min @)

Q~ 52 m* I min

According to data from Table 1, the copper mass
flow Gis:

G = Q-C, = 0.483 kg /min 3)

Assuming that the adsorption efficiency in the
adsorption unit, defined as:

n%=(1-C

out

/C,)-100 > 95% 4)

the outlet copper concentration should be:

C

out

= C,(1-0.95)< 4.65g/m’ ®)

The outlet concentration of Cour < 4.65 g/m?® of
copper ion is low enough and can be treated with
limestone in the passive treatment unit. From the total
annual copper content Gi»= 222 t (See Table 1):

G,y =G,-n/100= 210.9~211¢/ year (6)

would be recovered, while an outlet amount, Gowr<11t,
will be treated in the post-treatment stage.

Mass of the required biosorbent for copper biosorption
from the mine water mixture

It was shown that the average adsorption capacity
of the washed beech sawdust is 7 to 9 mg/g [12,14 and
the references cited therein], and for the wheat straw,
6 to 8 mg/g [16 and the references cited therein].

The definition equation of the adsorption capacity
is:

g, =AC-Qlm (7)

where: AC = (Cin- Cou) - is the difference between inlet
and outlet concentration from the adsorption process
(g/m®), Q- flow rate of the mine water mixture passing
through the adsorption unit (m%h), and m - the mass of
the biosorbent (kg).

An annual amount of biosorbent m required to
remove 2 95% of copper ions from the feeding mixture
can be evaluated from Eq. (7). By solving Eq. (7), ac-
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cording to the unit mass of biosorbent m, and assuming
that an average adsorption capacity is g== 8 mg/g, the
annual amount of biosorbent needed for the yearly total
volume Vis obtained:

m=AC-V, Il q, = 27.060 t/ year (8)

The mass of biosorbent m, added in a surplus of 10%
and rounded, gives approximately m= 30.000 t/year.

Specific biomass consumption per unit of the
adsorbed copper will be:

m, = miG,, = 1422 tit,, 9)

sp

Cross-flow mode of biosorption

Adsorption can be performed in a single pass, or
with recirculation of the aqueous phase, in a stirred
reactor, but most often in a column with a fixed bed of
adsorbent - in one stage or as a multi-staged operation
with countercurrent or with cross-flow of the contacted
phases.

The published papers on the adsorption kinetics
in a batch mixing reactor have shown that biosorption
follows a pseudo-second-order kinetic model and
rapidly occurs in the first 10 min to 30 min of the contact
time. By exceeding this rapid initial period, adsorption
enters a period where the adsorption capacity changes
very slowly, reaching an adsorption degree of about
80% [12,14,16]. Furthermore, numerous researches
have shown that the equilibrium state between Cu?*-
ions and both here considered biosorbents can be
described quite well by the Langmuir adsorption model
[12—17,24 and the references cited therein].

The adsorption process should be carried out at
least in two steps, schematically presented in Fig. 3, to
achieve the adopted copper removal degree > 95%. By
performing the biosorption in a single pass of the
aqueous phase through the fixed bed column, the
biosorbent will be loaded only about 50% with metal
ions before the breakthrough point appearance on the
S-curve [12, 28-30]. Therefore, the estimated mass of
biosorbent should be doubled to 60,000 t/year,
regardless of whether a batch mixing reactor or
adsorption column is wused. For a deeper
understanding, it is necessary to optimize the process.
The outlet copper concentration can be even less than
the one estimated by Eq. (5): < 0.93 mg/dm?3,
performing the biosorption in two stages as a cross-flow
of the phases.

Heat balance of the burned biosorbents and the
energy to be generated

Some physical characteristics of different types of
trees and straws, which would serve as biosorbents,
are presented in Table 2. For comparison, the

corresponding characteristics of heavy oil are shown in
the last row.

Cow s 0.95C
STAGE2 ——————

C C;=0.2¢,

— ., STAGEI

q:=0.50e q2=0.50e

Figure 3. Cross-flow column biosorption of copper ions from
mine water mixture.

Table 2. Some physical characteristics of wood and straw
biomass

Moisture, Lower heating Ash, % Remarks

% value, MJ/kg

Beech 8—-22 14.4 0.37

Oak 13.1 141 2 With
bark

Poplar 5.5 14.5 <1

Felling 7-15 15.5 <1

residue

Chips 15 15 <1

Sawdust 5.5-13 17-18.4 <1

Wheat 8.3-14 14 4.5-9 [18, 20]

straw

Barley 15 14.2 5-7

straw

Triticale 8-12 15.2 4.6 [31]

straw

Heavy 1 min 40 0.2 S<3%

fuel oil

Apart from sawdust and triticale straw, the values
of lower thermal power (LHV) of other species do not
differ significantly and can be considered constant. Oak
differs in that it has more than twice the ash content of
other deciduous trees. By burning straw, almost 5 to 10
times more ash will be obtained than from the same
amount of wood biomass. In this sense, straw biomass
seems less suitable as a biosorbent. Based on Table 2,
an assumed LHV can be A = 14 to 15 MJ/kg.
Combusting the m t/year of the biosorbent, loaded with
the adsorbed copper, will generate the energy £:

E =hm-=

(10)
8.4-10°MJ | year or E ~23.33-10* MWh | year
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The amount of energy £ corresponds to an
amount of fuel oil of = 21,000 toe/year. According to the
average European price, the worth of energy £ will
exceed many times the value of copper to be
recovered, based on the current price at the London
Stock Exchange (LSE). Therefore, the cost-
effectiveness of the process is based on the cost of
energy produced and sold. Thus, the value of the
recovered copper will positively affect the economy of
the process.

The total input power N, assuming working time
of 7= 8000 h/year, is:

N, = Elr= 292 MW (11)
The output power is:

N = 5,,-N, = 251 MW (12)

in

where: nre = 0.86 - plant efficiency for cogeneration of
heat and electricity [32].

The output power is a sum of the thermal M, and
electricity Ne power, expressed as:

N=N,+ N, (13)

For cogeneration power plants, there is a ratio
between thermal and inlet power in a range of
Ni/Nin=10.55 to 0.7, allowing for the evaluation of the
thermal and then electric power [32]. Choosing the
ratio value Ny/N» = 0.62, it comes out that
N»=18.1 MW. Introducing this value and the value of
Nin Eqg. (13) leads to M. = 7 MW - the power enough
for a community of 5 to 8 thousand homes [33].
Therefore, thermal £, and electrical E. energy are as
follows:

E,=7-N, =1.45-10°MWh | year (14a)

E,=t-N, = 56-10'MWh/ year (14b)

Produced ash and its processing

Ash amount will depend very much on the burned
biomass. Burning 60.000 t/year of felling residue,
220 to 1200 t/year of ash will be produced in extreme
cases. By burning wheat straw (see Table 2), the ash
mass will be 2 to 24 times greater than that obtained
from wood residues. Using blended biomass from
wood residues, one can expect < 600 t/year of ash. An
amount of copper oxide should be added to this
amount, obtained by the oxidation of 211 t/year of the
adsorbed copper. It amounts to > 265 t/year or, taking
into account oxides of the other adsorbed metals, up to
280 t/year. In total, it amounts to 880—900 t/year of ash.
By burning an equal amount of straw, between 2700
and 5400 t/year of ash can be obtained. Adding up the
mass of metal oxides, estimated previously, it amounts

260

to about 3000-5700 t/year of ash. Besides the quantity,
a kind of biosorbent affects the produced ash quality. An
approximate copper concentration in the wood ash will
be about 24%, while in the straw ash, the corresponding
one is to be 4 to 7%. The smaller amount of ash implies
its cheaper storage, transport, and further processing.
One more thing, there are fewer technological problems
when burning wood than straw [19,22,23].

The ash processing scheme, shown in Figure 4,
suggests several ways to produce copper or
commercial products based on copper and other metals
less represented in it. Based on the mine water quality
and volume, it is possible to predict the ash composition
and choose an optimal way of its processing.

ASH

/ L[_\('IIIM-'\
\ LEACH RESIDUE

TO A COPPER SMELTER
LEACH LIQUOR

COPPER COMPOUNDS
SULPHIDIZATION

10N SEPARATION &
CONCENTRATION

EW - COPPER POWDER
OR DENSE METAL

OTHER METALS VALORIZATION

Figure 4. Variants of the ash treatment and metal valorization.

Blending the ash with copper concentrate for
charging a copper smelting furnace seems like the
shortest and cheapest way for copper recovery as a
metal and a way to lose all the other metals in the ash.
If there is no copper smelter nearby a copper mine and
AMD sources, or if the ash contains other valuable
metals in quantities challengeable for recovery, the
method of ash processing is leaching and leach liquor
processing, as indicated in Figure 4. Such an approach
involves a small but complex installation, which could
economically be questionable. Because of that, it would
be simpler and more cost-effective to sell the ash to a
third party that already has a plant for processing similar
secondary sources and the market for their products.

ECONOMIC ASPECTS OF THE PROCESS

Biosorbents potential assessment

According to the Ministry of Mining and Energy of
Serbia [26], Serbia is a significant producer of various
types of biomasses, with a potential of 3.1 Mtoe
(expressed as a fuel oil equivalent), having a growing
trend. About 1.5 Mtoe is a part of wood biomass from
this amount, while 1.6 Mtoe is from agriculture, where
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wheat straw and corn stalks make the largest amount.
In 2019, for example, wheat straw production was
2.5 Mt. Production of wheat straw in eastern and
southeastern Serbia in the same year amounted to
440,000 tons. The price of straw on the market ranges
from 30 to 45 €/t. The straw itself participates with less
than 30% in that price, while the costs of harvesting,
baling, and transport make more than 55%. The rest
makes handling and storage. Eastern Serbia has a
large forest area, mostly with indigenous deciduous
trees. Besides, there are also afforested areas, mainly
with acacia and poplar, of which the first one grows well
on pyritic substrates near copper mines. Three forest
estates from eastern Serbia produce timbers and
residues of approximately 124.000 t/year. An
approximate price of naturally dried cutting residues
(moisture 14%) is com = 40 €/t, including transport costs
within a radius of 50 km from the place of their
production.

To conclude, the annual biomass production from
forests and agricultural areas around the copper mines
in eastern Serbia is large enough to provide a stable
supply of wood or straw in the amount necessary for
mine water purification of characteristics as those
given in Table 1.

Provisional investment costs and expenditures of the
process

Investments in the process, presented in
Figure 2, could be provisionally estimated for each unit
separately, and the resulting items summed for the
whole process. Investments in an ash treatment plant
are difficult to estimate due to different possibilities
arising from Figure 4 and discussed in subtitle 2.4.

Investment costs

There are different approaches for estimating
investment costs for cogenerative power plants
burning biomass. The most commonly used method is
to apply the coefficient of specific investment costs 1/,
defined per installed power unit. According to the
literature, the /i vary in many values - from
0.31-105 €/MW to 3.5-108 €/MW [19,32-36]. It is worth
noting that investments largely depend on the plant
size. The larger the plants, the lower the /; is, and vice
versa. The /; will also vary from country to country,
depending on government benefits and credit terms,
but very much on the equipment supplier.

Some authors suggest estimating specific
investment costs according to a turnkey plant delivery
model, including all the preliminary (biomass market
research, feasibility studies, ground acquisition,
contracting, designing, and others) and post-delivery
expenses (training, licensing, etc.) [32].

The chosen /.= 1.0-10° €/MW will be in this study.
According to the output power, estimated from Eq. (12),
the approximate investment costs /; will be:

l.=N-i, =251.10% (15)

Investments for the two-staged adsorption unit
should be added to this value, including all the auxiliary
devices, estimated to be /;=7-10° € [37], including costs
for the energy and fluid supply. The biomass
preparation system, which includes transport, shredding
and dust removal, a rinsing bath, and a drying platform,
can be up to / =1,500.000 €, so that the total
investments will be:

l,=%l,=1,+1,+ /,=34.6-10° (16)

All the construction costs for two ponds and
facilities on the micro location should be added to this
sum. These costs will strongly depend on the size of the
construction area and the surrounding terrain
configuration, which cannot be estimated at this stage.
The sum in Eq. (16) does not include costs of the land
area, building construction works, or the infrastructure
construction - local roads, water supply, electricity,
taxes, etc.

Since the plant belongs to objects producing green
energy, construction of such kinds of plants is being
supported by bank credits, EU funds, “carbon credit,”
local government funds, and finally, the company's
investment fund, which usually participates up to 50% in
the whole financial construction. Supposing that bank
loans make approximately one-third of the total
investments, with a repayment period of 10 years and
interest of 2.5%, the loan repayment will be
1.18-10° €/year.

Maijor operating costs

Using either wood residue or wheat straw as
biomass, at their approximate unit price csm = 40 €11, it
amounts to:

M,

bm

= m-c,, = 2,400.000 €/ year (17)

The number of workers employed at a
cogeneration plant can be estimated based on the
following empirical equation:

n = 03N, ~ 9 workers (18)

The number of workers must be doubled for the
employees working at the pumping stations, collection
ponds, and in the adsorption unit so that the total
number of workers is 18. Including the executives, the
total number of employees will be 22. An average gross
salary in the European countries is set to be:
Sav= 2000 €/month. Therefore, the annual sum of the
labor costs will be:
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L,=12n-S,, = 528.000 €/ year (19)

The maintenance costs M. can be set from 4% to
10% of the investment costs. For this calculation, the
specific m:= 0.009 €/kWh will check whether the costs
are within the relevant range [36]. For the installed
power, the M. will be:

M,=m,-E =2,100.000 €/ year (20)

Checking gave a figure of 6%, which means the
chosen specific price was correct.

The specific depreciation rate d-depends on the
output power, and for such kinds of installations, it is
70.000 €/MW [36]. For an assumed service life of = 25
years, Drwill be:

D.= d.-N= 1380500 €/ year (21)

Incomes and expenditures of the proposed mine water
treatment process

Energy price varies depending on the country,
the type of energy (hydro- or thermal energy), the
subsidization by the government, or some other form
of support. Green energy production usually enjoys
various benefits and promotions over the energy
produced from conventional fuels. Based on the
published prices from the renewable energy market,
the heat energy supplied to local communities,
supported due to feed-in tariff, is Pn =43 €/MWh. In
contrast, the electricity price is Pe = 82.2 €/MWh [19].
Based on these unit prices, the heat and electricity
energy income will be:

IN, = P,-E, = 6,226.400 €/ year (22a)
IN,= P,-E, = 4,603.000 €/ year (22b)

If the current price of copper on the LME is
approximately Pc, = 9000 $/t (March 2021), the annual
income from copper that would be obtained from mine
waters, assuming that the ash is processed in a copper
smelter, will be:

IN,, = 0.95G,,-P,, /1.19= 1,515.990 £/ year (23)

where: 0.95 is an overall copper removal efficiency,
starting from copper concentrate to electrorefining;
1.19 is €/US$ exchange ratio.

The total income is:
IN =ZIN, = 12,345.390 €/ year (24)

The considered expenditures include VAT, tax for
industrial water discharging (WDT), and ash
processing costs (APC).

The APCuis estimated to be 2000 €/t of copper, or:

APC = 2000-G,, = 440.000 €/ year (25)
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VAT on the income is assumed to be 10%, so that
it will be: VAT = 1.23:10° €/year on an annual level.

The tax for discharging industrial waters into
surface waters, according to the local regulations for the
unit WDTu = 4.38 c€/m?3. For an annual volume V, itis:

WDT = 0.0438-V,, = 107.700 €/ year (26)

In Table 3, the estimated main income and
expenditure values of the loaded biosorbent combustion
plant are summarized. As expected, the revenue from
the delivered energy makes up almost 90% of the total
income. Also, the main costs are not so high, making the
whole cost analysis positive, with a profit P slightly
higher than 2.7-10° €/year. Therefore, an approximate
investment repayment period (IRP) can be estimated
as:

IRP=1.1P = 12.6 years (27)

This period will be extended, taking into account
taxes on the profit.

Indeed, the value of recovered copper is and
always will be much smaller than the produced energy.
Even if the copper value does not make a significant
contribution to the financial balance, the ecological
aspect of the process is much more effective,
contributing to a cleaner environment in two ways:

e because of metal ions removal from mine
water and their eventual reuse;

e because of a contribution to a greenhouse gas
reduction.

e Namely, CO2 from burned biomass has a
neutral impact on the environment.

CONCLUSION

A new approach to mine water purification from
copper and other metal ions has been proposed,
encompassing two processes: metal ions biosorption
and energy production by burning the loaded
biosorbent. The biosorption would be carried out in two
stages, continuously for the aqueous phase, in the
cross-flow mode according to the biosorbent. In this
way, 99% of copper ions could be adsorbed from the
mine waters mixture. Then, the loaded biosorbent would
be burnt - producing heat and electricity. Based on the
annual volume of mining water and its copper potential,
the required amount of biosorbent was determined. In
addition, the balance of mass and energy in the process
was estimated, enabling the estimate of the plant size
and the required investments. The main revenues and
costs have shown the process viability and contribution
of the recovered copper value to the overall process
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Table 3. Basic economic indicators of the cogeneration plant for combustion of the biosorbent loaded with copper

ltem Income-108 €/year  Item Cost-10° €/year
Heat 6.2264 Biomass 24
Electricity 4.603 Maintenance 2.1
Copper 1.516 Labour 0.528
ZIN; 12.3454 Ash processing costs 0.44
Vat (10 %) 1.23
Depreciation 1.38
Loan repayment 1.18
Financial insurance 0.236
Water discharge. Tax 0.108
XCOi 9.602
Total income: 12,345.400 Total costs: 9,602.000

“ Average annual profit: P=ZIN; - ZCO; = 2.7434:10° €/year.

economy. Therefore, the process will significantly
contribute to a cleaner environment in an economically
and ecologically sustainable way, producing purified
mine waters, which could be either reused or
discharged to the nearest water recipients. In addition,
due to the natural carbon cycle, combustion of the
loaded biosorbent will have almost zero CO2 emission,
giving an additional contribution to a cleaner
environment.
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NAUCNI RAD

BIOSORPCIJA JONA TESKIH METALA IZ
RUDNICKIH VODA NA SLAMI | TRINI | DOBIJANJE
ZELENE ENERGIJE SAGOREVANJEM TAKO
ZASICENE BIOMASE

PredloZen je novi proces za preciscavanje voda rudnika bakra, koji bazira na
objedinjavanju dva procesa - biosorpciji iza koje sledi proizvodnja energije sagorevanjem
zasicenog biosorbenta. Psenicna slama i trina dobifena mlevenjem secke drveca se vec
koriste kao biomasa u proizvodnji energife, a pokazali su i dobre adsorpcione osobine
prema jonima bakra. Proces obuhvata biosorpciju, koja se izvodi u dva stupnja, u
unakrsnom reZimu tokova faza, cime se postize stepen adsorpcije jona bakra > 95 %. Za
razmatranu kolicinu rudnicke vode i njen hemijski sastav, bilo bi potrebno oko
60.000 t/god biosorbenta. Analizirano je sagorevanje ove kolicine zasicenog biosorbenta
/ kogenerativna proizvodnja zelene energife, pri cemu bakar i ostali adsorbovani teski
metali bivaju koncentrisani u pepelu, koji treba da se posebno procesira. Nekoliko
mogucnosti prerade pepela, radi dobijanja bakra, su predloZene i razmatrane.
Procenjen je takode bilans mase i energije predloZenog procesa, za tretman odredene
godisnje zapremine rudnicke vode i dobijanja bakra koji ona nosi. Uz to, dati su neki
ekonomski pokazatelfi efikasnosti procesa, bazirani na procenjenim prihodima i
troskovima procesa. Ekonomska analiza je pokazala da bi proces bio odrZiv cak i samo
na bazi energije proizvedene sagorevanjem biosorbenta, te da dobijeni metal predstavija
dodatni prihod, pri cemu je emisija CO: gotovo jednaka nuli sto, pored preciscene vode,
dodatno doprinosi istijoj okolini.

Kljucne reci: biosorpcifa, sagorevanje biomase, zelena energija, joni teskih

metala, rudnicka voda.
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MODELING AND SIMULATION OF THE
BIOSURFACTANT PRODUCTION BY
ENZYMATIC ROUTE USING XYLOSE
AND OLEIC ACID AS REAGENTS

Article Highlights
e Simulation of sugar ester production by immobilized lipase using oleic acid and xylose
as reagents

¢ Product separation is performed using precipitations by adding ethanol, water, and
methyl ethyl ketone

¢ Simulation performed using EMSO software (Environment for Modeling, Simulation,
and Optimization)

¢ Development of mathematical models that successfully described the process

¢ Presentation of economic analysis for the biosurfactant production

Abstract

The biosynthesis of sugar esters, molecules with biosurfactant properties,
can occur through the esterification of sugars with fatty acids by enzymatic
catalysis. An alternative to reduce the impact of raw materials on the final
biosurfactant production cost and the reuse of industrial waste is fo use
residues from vegetable oil industries as a source of free fatty acids, such
as oleic acid, and lignocellulosic residues of 2G ethanol as a source of sugar
(xylose). In this scenario, the present work aimed at modeling the
biosurfactants production via heterogeneous biocatalysis using lipase, oleic
acid, and xylose. Product separation and purification were performed using
a sequence of precipitations (adding ethanol, water, and methyl ethy/
ketone). The simulation was performed using the equation-oriented
software EMSQO (Environment for Modeling, Simulation, and Optimization),
CAPE-OPEN compliant. The percentage of biosurfactants in the product
was around 86 %, with a recovery of 88% in the purification. Regarding the
study of energy expenditure, a value of -604.1 kW of heat associated with
cooling and a value of 137.6 kW associated with heating was observed.
Developed mathematical models successfully described the process. The
Initial economic analysis of the process indicates a minimum biosurfactant
selling price of US$ 72.37/kg.

Keywords: biosurfactants, esterification, modeling and simulation,
purification, precipitation.

molecules philic regions [1]. This duality generates interfaces with

obtained by enzymatic or microbiological routes. Like
surfactants, they have amphiphilic structures, which
means the molecules have hydrophobic and hydro-
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different degrees of polarity, bringing the substance
adsorption characteristic [2]. Emulsification capability,
reduction of viscosity and surface tension, stabilizing
effect, and solubilizing ionic strength are the main
characteristics of these molecules [3]. Based on these
characteristics, biosurfactants can be applied in the
pharmaceutical, oil, textile, food, and cosmetics
industries, among others [4]. However, despite low
toxicity, good degradability, thermal stability, specific
bioactivity, and other advantages, biosurfactants still
lose market share to synthetic surfactants due to their
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high production cost [5].

It is important to note that the cost-benefit ratio in
applying biosurfactants can be valued for processes
that require a lower degree of purity since the
separation and purification steps represent about 60%
of the final operational cost of production [6]. Another
important point that impacts production costs is the
choice of reagents, which can reach 50% [7].

The literature reports different studies on the
production of sugar esters (biosurfactants) by
microbiological route, involving steps of purification
using solvent extraction, acid precipitation,
centrifugation, filtration, gel filtration chromatography,
and lyophilization [8—11]. For enzymatic biosurfactants
production, several studies focus on the development
or immobilization of catalysts. The synthesis process
can occur through the esterification of sugars with fatty
acids, with lipase as the main enzyme that catalyzes
the reaction [12]. Lipases are part of a group of
hydrolytic enzymes found in animals or produced from
fermentation using some species of microorganisms.
They can catalyze interesterification,
transesterification, and esterification reactions [13]. In
particular, the immobilization of enzymes appears as a
solution for the structural conformation of lipases in
environments not conducive to them. In this way, they
become stable for catalysis with their active sites
exposed [14]. Another advantage of immobilization is
the insolubilization of the enzyme in the liquid phase.
Depending on the system, it facilitates their separation
and reuses for long periods, contributing to reducing
process costs. The work [15] achieved a good
conversion in the production of glucose esters under
specific enzymatic reaction conditions. Some other
studies also use enzymes to produce sugar esters, but
none focuses on the separation/purification process of
the product obtained [16—19].

Several possibilities of employing less costly
alternatives to the process exist regarding the used
reagents and the biosurfactants' integration within a
biorefinery concept. More specifically, within the
framework of a biodiesel-bioethanol biorefinery, using
by-products such as SODD (Soybean Oil
Deodorization Distillate), obtained in the refining stage
of soybean oil, and biomass residues, obtained in the
production of bioethanol [20—-23].

Brazil has geographic and climatic factors that
favor the cultivation of various oleaginous species that
can be used to produce oils. These species include
pine nuts, castor beans, palm kernels, babassu
coconuts, sunflower seeds, cotton, peanuts, linseeds,
canola seeds, soybeans, corn, etc. On the other hand,
residual vegetable oils result from domestic or
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industrial processes, citing examples of frying oils,
industrial wastewater, or by-products originating from
refining stages, such as SODD [24, 25]. Vegetable oils
and their residues are mainly composed of mono, di,
triglycerides, and fatty acids, justifying their use as raw
material in the production of esters [26].

Process residues involving biomass (such as
sugarcane bagasse), in turn, have a high potential for
conversion into renewable products with high
commercial value [27]. In particular, it is possible to
obtain xylose from these residues. Lignocellulosic
biomass needs pretreatment to disorganize the
lignocellulosic complex and increase its surface area
[20]. Following the pretreatment, hydrolysis occurs.
Cellulose and hemicellulose are hydrolyzed and
generate several products. Cellulose produces glucose,
while hemicellulose is broken down into hexoses,
pentoses (like xylose), glucuronic acid, and acetic acid
[28].

Thus, to contribute to the study of the production
of biosurfactants in the context of a biodiesel-bioethanol
biorefinery, the present paper aimed at modeling and
simulating biosurfactants production via heterogeneous
biocatalysis with immobilized lipases using oleic acid
and xylose as reagents. The work was modeled and
simulated in an EMSO environment (Environment for
Modeling, Simulation, and Optimization). The EMSO
simulator is an equation-oriented process simulator for
modeling steady-state and dynamic processes. It is the
CAPE-OPEN standard compliant. Pre-built models are
available in the EMSO Modeling Library (EML).
Besides, new models can be written in the EMSO
modeling language. The behavior of the variables for
the route under development was verified, and the
energy costs were assessed throughout the process.
Furthermore, the work aimed to simulate a
separation/purification process as an alternative to the
more complex and costly steps mentioned in the
literature. Such an alternative for the
separation/purification of the product is a sequence of
precipitation processes.

MATERIAL AND METHODS

The main equipment used for computational
simulations was a desktop with an Intel 7700K core 17
4.20 GHZ processor, 32 GB of RAM. In addition, a
notebook with an Intel 3210M core 15 2.5 GHZ, 4 GB of
RAM was also employed in the project. The software
used was EMSO academic beta version 0.10.9.

The route evaluated in this work encompasses the
process of producing biosurfactants via heterogeneous
biocatalysis using immobilized lipases. Oleic acid and
xylose were used directly as reagents. The process fol-
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lows the lipase recovery and reuse and the product
separation and purification by a sequence of
precipitations. This production route is presented in
detail in Figure 1.

Modeling

For the simulation of the process to be possible, it is

necessary to model each equipment unit and specify
the operating conditions and considerations used in
the models. The main equations on which the models
are based will be presented. Table 1 shows the
components used throughout the modeling and
simulation processes.

MIXER: The mixers used in this work were assumed

29 N
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Figure 1. Representation of the production process of biosurfactants by the enzymatic route.

Table 1. Components phase used in the simulation

Components in the liquid phase

Components in the solid phase

Xylose
Oleic Acid
Xylose Ester
Tert-butanol
Ethanol
Water
Ethyl Methyl Ketone

Immobilized Lipase
Xylose
Oleic Acid

Xylose Ester

to be static and adiabatic. This equipment has two
inputs and one output, and the solid and liquid phases
are considered. Thus, each balance is carried out for
both phases.

“Global molar balance”

Inlet1.F + Infet2.F = Outlet.F (1

where, /nlet1.F - the molar flow of the input 1 of the
equipment (kmol/h); /nlet2.F - the molar flow of the input
2 of the equipment (kmol/h); Outlet.F - the molar flow of
the equipment outlet (kmol/h).

“M

olar balance per component”

Inlet.F x Inlet1.z + Inlet2.F x Inlet2.z = Outlet.F xOutlet.z (2)
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where, /nlet1.z- molar composition of the input 1 of the
equipment (kmol of component/kmol total); /nlet2.z -
molar composition of the input 2 of the equipment (kmol
of component/kmol total); Outfet.z - molar composition
of the output of the equipment (kmol of component/kmol
total).

“Consideration for pressure”

Outlet.P = min[(/nfet1.P, Infet2.P))] 3)

where, Outlet.P - pressure of the outlet stream of the
equipment (kPa); /nlet1.P- pressure of the input stream
1 of the equipment (kPa); /n/et2.P- pressure of the input
stream 2 of the equipment (kPa).

"Energy balance"
Outlet.F x Outlet.h = Inlet1.F x Infet1.h + Infet2.F x Infet2.h (4)

where, Outlet.h - enthalpy of the output stream of the
equipment (kJ/kmol); /nleti.h - enthalpy of the input
stream 1 of the equipment (kJ/kmol); /nlet2.h - enthalpy
of the input stream 2 of the equipment (kJ/kmol).

ESTERIFICATION REACTOR: The reactor was
assumed to be stoichiometric and steady-state, with the
conversion specified based on the reaction limiting
reagent. This equipment has a single input and one
output. The solid and liquid phases are considered, so
each balance is carried out for both phases.

“Reaction rate”
r = stoic x conv x z(limit) (5)

where, r- reaction rate (dimensionless); stoic - matrix
of stoichiometric coefficients (dimensionless); conv -
reaction conversion (dimensionless); z(/imit) - molar
fraction of the limiting reagent for each reaction
(dimensionless).

“Molar balance per component”
Outlet.F x Outlet.z = Inlet.F x Inlet.z + F xr (6)

where, F - total molar flow of the equipment inlet
(kmol/h).

"Energy balance"

Outlet.F x Outlet.h = 7)
Inlet.F x Infet.h+ Q — F x sum(h, x conv x z(limit))

where, Q - heat removed from the reactor so that the
temperature is maintained (kW or kJ/h); A= - enthalpy of
reaction (kJ/kmol).

“Reactor pressure”
Inlet.P = Outlet.P (8)

FILTER: The filtration employed separates the solids
present from the liquid phase in steady-state and
adiabatic conditions. This equipment has a single inlet
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and two outlets, one with a higher concentration of
solids and the other of liquids. The solid and liquid
phases are considered, so each balance is carried out
for both phases.

“Global molar balance”
Infet.F = OutletS.F + OutletL.F 9)

where, OutletS.F - the molar flow of solids output from
the equipment (kmol/h); OutletL.F - the molar flow of
liquids output from the equipment (kmol/h).

"Efficiency of liquid separation"”
OutletL Fluid .Fw = Inlet.Fluid .Fw x frac _ lig (10)

where, Outletl.Fluid.Fw - mass flow of the fluid in the
liquid outlet stream (kg/h); /nlet. Fluid. Fw - mass flow of
the fluid in the equipment inlet stream (kg/h); frac_lig -
fraction of liquids from the inlet leaves the equipment in
the liquid stream (kg of liquids/kg total).

“Efficiency of solid separation”

OutletS.Solid .Fw = Inlet.Solid .Fw x frac _sol a1

where, OutletS.Solid.Fw - mass flow of solids in the
equipment solids outlet (kg/h); /nlet.Solid.Fw - mass
flow of solids in the equipment entrance (kg/h);
frac_sol - fraction of solids from the inlet leaves the
equipment in the solid stream (kg of solids/ kg total).

“Humidity in the solid stream”

OutletS.Fluid .Fw (1 2)

humidity = ——
OutletS.Total Fw

where, Aumidity - fraction of liquids in the equipment
solids outlet (kg of liquids/kg total).
“Impurities in the liquid stream”

Outletl.Solid .Fw = impurity x(OutletL Total Fw) (13)

where, Outletl.Solid.Fw - mass flow of solids in the
liquid outlet of the equipment (kg/h); /mpurity - fraction
of solids in the liquid outlet of the equipment (kg of
solids/kg total); OutletL. Total. Fw- total mass flow of the
equipment liquid outlet (kg/h).

"Thermal balance"

OutletS.T = Inlet.T (14)
OutletL.T = Inlet.T (15)
"Mechanical balance"

OutletS.P = Inlet.P (16)
OutletL.P = Inlet.P (17)
“Enthalpy of the streams”

OutletS.h = Infet.h (18)

Outletl.h = Inlet.h (19)
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COOLER: The cooler was used to cool the process
stream in a steady-state and with no heat loss to the
environment. This device has a single input and one
output without changing the stream mass. The solid
and liquid phases are considered, so each balance is
carried out for both phases.

“Molar balance”

Inlet.F = Outlet.F (20)
"Composition"
Cutlet.z = Inlet.z (21)

“Pressure Delta”
Outlet.P = Inlet.P — Pdrop (22)

where, Pdrop - head loss in the heat exchanger (kPa).
“Heat exchanged”
Q=UxAxImtd (23)
AT,-AT, (24)
57

In| —

AT,
where, @Q - heat exchanged in the equipment (kW); U-
global coefficient of thermal exchange (kW/m#K); A -

heat exchange area (m?); /mid - logarithmic mean
temperature difference (K).

Imtd =

SPLITTER: The separators used in this work were
assumed to be static and adiabatic. This equipment has
a single input and two outputs. The solid and liquid
phases are considered, so each balance is carried out
for both phases.

“Global molar balance”
Infet.F = Outlet1.F + Outlet2.F (25)
“Molar balance per component”

Inlet.F x Infet.z = (26)
Outlet1.F x Outlet1.z + Outlet2.F x Outlet2.z

“Consideration for pressure”

Outlet\.P = Inlet.P (27)
Outlet2.P = Inlet.P (28)
"Energy balance"

Outlet1.F x Outlet1.h + Outlet2.F x Outlet2.h = (29)
Inlet.F x Inlet.h

PUMP: The pump operates in a steady-state to correct
a particular pressure drop. The equipment has a single
entrance and a single exit. Therefore, there is no heat
exchange with the environment, and, again, all
balances occur for liquid and solid phases.

“Molar balance for the liquid phase”

Infet Fluid F = Outlet.Fluid F (30)
“Molar balance for the solid phase”
Infet Solid .F = Outlet Solid .F (31)
“Molar fraction for the liquid phase”
Outlet.Fluid .z = Infet.Fluid .z (32)

“Molar fraction for the solid phase”

Outlet.Solid .z = Inlet.Solid .z (33)
"Head loss"
Outlet.P = Inlet.P + Pln (34)

where, Pin- pressure delta.
"Energy balance"

Inlet _pW =
Inlet.Fluid .F x (Outlet.Fluid .h — Inlet.Fluid .h) + (35)
Inlet.Solid .F x (Outlet.Solid .h — Inlet Solid .h)

“Work”

Inlet _pW =
Pin (36)

(Infet.Fluid .Fw + Inlet.Solid .Fw)x ——
nxdensity

where, n - pump efficiency (dimensionless).

Simulation

According to Figure 1, the process starts by
mixing the reactants (oleic acid and xylose), the solvent
(tert-butanol), and the enzyme (lipase) to form stream
5, which is mixed to the system recycle and enters the
bioreactor. Next, the reactor outlet, stream 7, goes
downstream to filtration, where part of the immobilized
enzyme is recycled (a fraction is removed from the
process (stream 9) while another is reinserted (stream
10)). Afterward, the enzyme-free stream goes to the
purification process, where stream 11 is cooled and
mixed with ethanol in a separation tank. As a result, a
solid-liquid equilibrium is formed, and the solid phase is
removed from the process. In the sequence, stream 15
is cooled, and water is added to the stream to create a
new solid-liquid equilibrium in a tank where the solid
formed is removed. Soon after, ethyl methyl ketone is
inserted into the process in a way that the formed
precipitated contains the product of interest, xylose
ester (stream 25).

The process simulation occurs to approximate the
operating conditions of a given operational scheme and
verify the behavior of some variables. Thus, the EMSO
software was used to solve the equations describing
the process based on the previously presented
modeling. Tables 2 and 3 show the main specifications
for the process simulation. As the simulated process
has 2554 variables and 2419 equations, 135 specifica-
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tions are needed. Thus, the remaining specifications
are found in the supplementary material (Table A1).

It is worth mentioning that the value of 1 10
present throughout the tables refers to the value zero
and is used to avoid convergence problems. The
information present in [29] was used for the reaction
conditions, with the xylose to free fatty acids (FFA; here
represented by the Oleic Acid) molar ratio of 1:5, so for
every 2.16 mmoles of xylose-FFA, there is 6 mL of tert-
butanol (as organic solvent) and 0.6 g of lipase, the
temperature of 60 °C and conversion of 70%. As
detailed elsewhere [29], a suspension containing octyl-
silica and enzyme solution was used for the
immobilization. The reaction of esterification of xylose
with FFA follows the stoichiometry of Equation 37.

In the second stage of the process, there are
precipitation tanks to purify the biosurfactant (Figure 1).
Wagner et al. [30] presented a method for separating
and purifying sugar esters based on the precipitation of
compounds. That method consisted of adding ethanol,
water, and ethyl methyl ketone to purify the ester (a

sucrose ester, in the specific case addressed by the
authors [30]). The first tank aims to precipitate the
xylose (by adding ethanol), removed from the process,
following Eq. (38). The next two tanks (the second and
the third) are intended to precipitate/purify the xylose
ester. In the second tank, the ester precipitation occurs
with the presence of water, but part of the FFA is
precipitated together with the ester. The last
precipitation tank uses ethyl methyl ketone, which
solubilizes part of the FFA, leaving the xylose ester
more concentrated in the solid phase to achieve a
higher level of purification. The second process
separation tank has three equations to represent what
happens in precipitations and solubilizations. Equation
39 is the representation of the xylose ester
precipitation. Equation 40 represents the precipitation
of the FFA, and Equation 41 the solubilization of xylose
in water. The third and last separation tank aims to
solubilize the FFA and thus increase the concentration
of ester in the product. Equation 42 represents the
solubilization of FFA in ethyl methyl ketone.

Table 2. Variables specified in the process input streams

Stream Phase Variable Name Unit Value
Streams 1, 2,3 and 4 All T Temperature K 333.15
Streams 1, 2,3 and 4 All P Pressure atm 1
Streams 1,2 and 3 Solid F Molar flow kmol/h 110
Stream 1 Liquid F Molar flow kmol/h 50
Stream 2 Liquid F Molar flow kmol/h 10
Stream 3 Liquid F Molar flow kmol/h 175
Stream 4 Liquid F Molar flow kmol/h 1106
Source 4 Solid F Molar flow kmol/h 79.6
Stream 1 Solid z(1)* Composition dimensionless 1
Stream 1 Solid z(2—4)* Composition dimensionless 0
Stream 1 Liquid z(1)* Composition dimensionless 0
Stream 1 Liquid z(2)* Composition dimensionless 1
Stream 1 Liquid 2(3-7)* Composition dimensionless 0
Streams 2, 3 and 4 Solid z(1)* Composition dimensionless 1
Streams 2, 3 and 4 Solid z(2—4)* Composition dimensionless 0
Stream 2 and 4 Liquid z(1)* Composition dimensionless 1
Stream 2 and 4 Liquid z2(2-7)* Composition dimensionless 0
Stream 3 Liquid z(1-2)* Composition dimensionless 0
Stream 3 Liquid 2(3)* Composition dimensionless 0
Stream 3 Liquid z(4)* Composition dimensionless 1
Stream 3 Liquid z(5-7)* Composition dimensionless 0

* Component number: Liquids: 1-Xylose; 2-Oleic Acid; 3-Xylose Ester; 4-Tert-butanol, 5-Ethanol; 6-Water; 7-Ethyl Methyl Ketone. Solid: 1-lmmobilized
Lipase; 2-Xylose; 3-Oleic Acid; 4-Xylose Ester.
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Table 3. Variables specified for the equipment

Equipment Variable Name Unit Value
Reactor 101 conv Conversion dimensionless 0.7
Reactor 101 T Temperature K 333.15
Filter 101 frac_sol Fraction of solids in the liquid stream dimensionless 0.99
Filter 101 humidity Fraction of liquid in the solid stream dimensionless 0.10
Splitter between streams 8 and frac Fraction of the stream that will be removed from the dimensionless 0.10
9 process

Cooler 101 Pdrop Pressure loss atm 0
Cooler 101 Outlet.T Output temperature K 323.15
Cooler 101 U Global heat exchange coefficient kW/m2/K 0.6945

Cst,,05(1) + Ci5H3,0,(1) = CpatH ,06(1) + H,O(1)

(37)
(Xylose) (Oleic Acid) (Xylose ester) (Water)
CHOs(l) = Gt ,Os(s) (38)
( Ligquid Xy/ose) ( Solid xy/ose)
Cyst,,05(/) < Cyt,,05(5) (39)
(Liguid xylose ester) (Solid xylose ester)
C‘18H3402(/) = C|8H3402(s) (40)
(Liquid FFA) (Solid FFA)
Cit,Os(s) < CiH,,Os(/) 1)
(Solid xylose)  (Liquid xylose)
CigH3,0,(5) < Cyet,0,(/) (42)

(Solid FFA) (Liguid FFA)

RESULTS AND DISCUSSION

Simulation

Table A2 presented in the supplementary material
presents the data for stream 7, found immediately after
the reactor output. It is noticed that there is recovery
and recycling of enzymes in the process. The flow rate
of the lipase source (line 8 of Table 2) was adjusted so
that the flow of the enzyme into the esterification reactor
(line 15 of Table A2) was in accordance with the
literature since 10% of this current is removed from the
process. It is important to note that the lipase loses
activity during the reactions. Therefore, the splitter is
present in the simulation, representing a fraction of the
enzyme stream removed from the process. In the study
by Vescovi et al. [29], the immobilized enzyme loses its
total activity in about 100 h of reactions. The results for
the recycle stream (Stream 10) and the stream that

removes lipase from the process (Stream 9) are shown
in Table A2. In the simulation, it was necessary to add
a pump to correct the numerical errors inserted in the
pressures. As in some cases of mechanical equilibrium,
the pressure at the output of the equipment was given
by the minimum between the pressures of the inlet
streams, and the solution of the set of equations subtly
modified these pressures and, consequently, the
minimum pressure. This phenomenon led to the
numerical non-convergence of the simulation. After
countless tests and verifications to identify the problem,
a loss of pressure was noticed throughout the process,
resulting from the numerical solution. A pump was used
in the recycle to circumvent this problem. The pump is
located before the reactor, just after the separator
(Stream 10).

After the esterification reaction and the filtration
for reuse of the enzymes, the stream has the
composition shown in Table 4. Notice that FFA is in
greater quantity since it was placed in excess to get the
degree of conversion of 70%.

Mass balances are consistent with the results
presented by Vescovi et al [29], obtaining the
production described by the authors. However, as the
mass fraction of xylose ester in the stream is
approximately 10.3%, some purification steps are
necessary to achieve higher  biosurfactant
concentrations in the product. Therefore, the reaction
followed by the enzyme filtration step alone is
insufficient for this process.

The purification of the xylose ester consists of
consecutive steps of the precipitant addition followed
by precipitation. Figure 2 shows a graph of the
composition of the streams after each purification step.
The product enters this process at 10.3% (step 1:
reactor exit after enzyme removal) in mass composition
and reaches 10.4% in the first precipitation process
(step 2: first precipitation process with ethanol). In the
second precipitation, it reaches 37.6% (step 3: second
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Table 4. Results for stream 12

Phase Variable Name Unit Value
Liquid Fw Mass flow kg/h 28408.4
Solid Fw Mass flow kg/h 166.793
All T Temperature K 323.15
All P Pressure atm 1
Liquid zw(1)* Composition dimensionless 0.0154
Liquid zZw(2)* Composition dimensionless 0.4236
Liquid zw(3)* Composition dimensionless 0.1030
Liquid zw(4)* Composition dimensionless 0.4537
Liquid zw(5)* Composition dimensionless 0
Liquid zw(6)* Composition dimensionless 0.0045
Liquid zw(7)* Composition dimensionless 0
Solid zw(1)* Composition dimensionless 1
Solid zw(2-4)* Composition dimensionless 0

* Component number: Liquids: 1-Xylose; 2-Oleic Acid; 3-Xylose Ester; 4-Tert-butanol, 5-Ethanol; 6-Water; 7-Ethyl Methyl Ketone. Solid: 1-lmmobilized
Lipase; 2-Xylose; 3-Oleic Acid; 4-Xylose Ester.
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Figure 2. Mass composition of the streams after each stage (1, 2, 3, and 4) and streams identification (associated with each step, before
and after them).
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precipitation process with water), and in the third (last)
precipitation process, it reaches 85.7% (step 4: third
precipitation process with ethyl methyl ketone, Table 5).

Thus, the purification process indicates an overall
efficiency of 88% ((0.857-0.103)/0.857). The literature
does not report purification processes for obtaining
biosurfactants by enzymatic route, using oleic acid and
xylose as reagents. However, Mukherjee et al [8]
reported purification for biosurfactants obtained by the

microbiological route. The separation proceeds from
several complex steps (acidification, cooling, gel
filtration chromatography, and lyophilization) to reach a
lyophilized product with high purity. Regarding the
degree of complexity of the proposed steps, the present
work has reached a satisfactory purity using simpler
equipment.

Energy costs throughout the process are shown
in Table 6, separated by equipment.

Table 5. Results for stream 25

Phase Variable Name Unit Value
Liquid Fw Mass flow kg/h 367.413
Solid Fw Mass flow kg/h 3306.72
All T Temperature K 298.15
All P Pressure atm 1
Liquid zw(1)* Composition dimensionless 0.0004
Liquid zZw(2)* Composition dimensionless 0.8860
Liquid zw(3)* Composition dimensionless 0.0002
Liquid zw(4)* Composition dimensionless 0.1037
Liquid zw(5)* Composition dimensionless 0.0002
Liquid zw(6)* Composition dimensionless 0.0011
Liquid zw(7)* Composition dimensionless 0.0084
Solid zw(1)* Composition dimensionless 0.0005
Solid zZw(2)* Composition dimensionless 0
Solid zw(3)* Composition dimensionless 0.1424
Solid zw(4)* Composition dimensionless 0.8571

* Component number: Liquids: 1-Xylose; 2-Oleic Acid; 3-Xylose Ester; 4-Tert-butanol, 5-Ethanol; 6-Water; 7-Ethyl Methyl Ketone. Solid: 1-lmmobilized

Lipase; 2-Xylose; 3-Oleic Acid; 4-Xylose Ester.

Table 6. Energy costs of the simulated process

Equipment Heat (kW)
Esterification reactor 137.58
Cooler 101 -178.74
Cooler 102 -425.39

In general, greater heat is associated with cooling
(coolers 101 and 102, -604.14 kW) than heating
(esterification reactor, 137.58 kW), with total heat
of -466.56 kW. The energy expenditure figures
exposed do not consider an energy integration of the
process. If a possible energy integration is evaluated to
feedback heat into the process, expenses can
significantly reduce operating costs. However, when
assessing global energy costs, the used equipment
requires less heat than equipment used in producing
biosurfactants by microbiological routes [8].

Finally, to demonstrate the potential of the
developed tool, a simple sensitivity analysis was

carried out, showing the effect of the conversion of the
esterification reactor on the mass composition of the
final product.

0.9 1
0.8 1
0.7 1
0.6 1

0.5

Xylose ester
——FFA
0.4

0.3

Mass fraction in the product

0.2

0.1 1

T T T T T T T
0.0 02 0.4 0.6 0.8 1.0
Conversion of esterefication reaction

Figure 3. Ester/FFA fraction in the final stream of process
versus conversion of the reactor.

From Figure 3, the gain of purity of xylose ester in
the final product increases according to the conversion
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of reagents to ester in the reactor. Note that the
behavior of the final product concentration has an
exponential correlation with the conversion of the
esterification reaction. For values around 15%
conversion, the concentration of esters is greater than
FFA in the final stream. It is worth mentioning that the
final product concentration increases subtly at
conversion values close to 100%. Therefore, there is no
need for further research to increase the conversion
above 70% to impact the final purity of the product.

Economic analysis

The process simulated in this work was calculated

and analyzed for capital and operating costs. All the
details of the calculations for this analysis are in the
supplementary material (Appendix B). For equipment
costs, the methodology from [31] was used. Their
parameters are shown in Table 7. The capacity of the
equipment units and their calculated costs are shown in
Table 8.

For the operating costs evaluated in the economic
analysis of the process, the raw material, labor, utility,
operating supervision, and maintenance costs were
considered. These costs are presented in Table 9.
Table 10, in turn, shows the cash flow for the process.

Table 7. Equipment cost paramelers to be used in economic analysis

Equipment K1 Kz Ks FBMor(B1andB2) LFs  Amn Amax  Unit
Esterification reactor (Jacketed agited) 4.1052 -0.4680 -0.0005 4.00 1.14 041 35 m?
Filter (Gravity) 4.2756  -0.648 0.0714 1.65 114 05 80 m?
Heat exchanger (Fixed tube) 43247 -0.3030 0.1634 1.63 1.66 1.14 10 1000 m?
Process Vessel (Horizontal) 3.5565 0.3776 0.0905 1.49 1.52 1.14 0.1 628 m?
" Adapted from [31].
Table 8. Equipment capacity according to process simulation and associated costs obtained

Equipaments Capacity Cost
Esterification reactor (Jacketed agited) 1451.87 m* (Volume) MUS$ 0.7931

Filter (Gravity) 39.75 m? (Area) MUS$ 0.0086

Heat exchanger 1 (Fixed tube) 25.74 m? (Area) MUS$ 0.1077

Heat exchanger 2 (Fixed tube) 61.26 m? (Area) MUS$ 0.1303
Process Vessel 1 (Horizontal) 28.43 m® (Volume) MUS$ 0.1169
Process Vessel 2 (Horizontal) 27.99 m?® (Volume) MUS$ 0.1158
Process Vessel 3 (Horizontal) 0.89 m* (Volume) MUS$ 0.0204

Total - MUS$ 1.2927

Total plant installation - MUS$ 1.5254

" MUSS$ = Million US$.

Table 9. Operating costs

Raw material costs MUS$ 1.0240 10%year

Labor costs MUS$ 0.5119/year
Utility costs MUS$ 0.0197/year
Operating supervision costs MUS$ 0.0256/year
Maintenance costs MUS$ 0.0763/year

Total operating costs MUS$ 1.0243 10%/year

The cash flow presented in Table 10 refers to the
case of a null net present value, which represents the
minimum biosurfactant selling price (MBSP). The value
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obtained for a minimum attractive rate of return of 11%
per year and project life of 25 years was US$ 72.37/kg.
This price is coherent with some references presented
in the literature [32, 33].

Table 10. Process cash flow

Total operation cost MUS$ 1.0243 10%year
MUS$ 1.0338 10%year

MUS$ 9.5703/year

Total revenue

Cash flow

A sensitivity analysis was also performed
regarding the process scale (Figure 4).
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Figure 4. Product sales value depending on the degree of
reduction or increase of the original plant (100%,, with NPV = 0.

No gain in the MBSP is observed for scales
between 20% and 120% of the base case. Also, a rapid
increase in MBSP is seen for scales below 20% of the
base case.

CONCLUSION

For the proposed esterification process, by the
immobilized lipase of oleic acid with xylose, recovery
and reuse of enzymes, and separation/purification of
the product, it was possible to develop mathematical
models that successfully described the process. The
simulation of the purification steps indicated a product
with 86% in biosurfactants, which increased their
recovery by 88%. It was also possible to obtain
estimates of energy costs for the process. Compared to
the works reported in the literature, the proposal
presents itself as a more energy-efficient and less
complex alternative that uses cheaper equipment to
purify biosurfactants. In addition, it is a suggested use
for co-products from soy oil and 2G ethanol
productions. It is worth mentioning that energy
expenditure does not yet consider the integration of the
process. Therefore, energy integration analysis can still
significantly reduce these in future works. The initial
economic analysis of the process indicates a minimum
biosurfactant selling price of US$72.37/kg for a
minimum attractive rate of return of 11%.
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MODELOVANJE |  SIMULACIJA  ENZIMSKE
PROIZVODNJE BIOSURFAKTANTA KORISCENJEM
KSILOZE | OLEINSKE KISELINE

Biosinteza estara secera, molekula sa svofstvima biosurfakianata, moZe se izvesti
enzimski katalazovanom esterifikacljom secera sa masnim kiselinama. Alternativa za
smanjenje uticaja sirovina na konacnu cenu proizvodnje biosurfaktanata i ponovnu
upotrebu Iindustrijskog otpada je koriscenje ostataka iz industrije bilinih ulja kao izvora
slobodnih masnih kiselina, kao sto je oleinska kiselina, i lignoceluloznih ostataka iz
proizvodnje etanola kao izvor secera (ksiloza). U ovom scenariju, ovaj rad je imao za cilj
modelovanje proizvodnje biosurfaktanata putem heterogene biokatalize koriscenjem
lipaze, oleinske kiseline i ksiloze. Razdvajanje i preciscavanje proizvoda izvrseno je
koriscenjem niza taloZenja (dodavanje etanola, vode i metil etil ketona). Simulacija je
izvedena koriscenjem softvera EMSO (Environment for Modeling, Simulation, and
Optimization) orjjentisanog na jednacine, uskladenog sa CAPE-OPEN-om. Procenat
biosurfaktanata u proizvodu fe bio oko 86 %, sa prinosom od 88% posle preciscavanja.
Sto se tice studije utroska energije, uocene su vrednosti od -604,1 kWi 137,6 kW toplote
povezane sa hladenjem i grejanjem, redom. Razvijeni matematicki modeli uspesno su
opisali proces. Pocetna ekonomska analiza procesa ukazuje na minimalnu prodajnu
cenu biosurfaktanta od 72,37 USD/kg.

Kljucne reci: biosurfaktanti, esterifikacjja, modelovanje i simulacia,
preciscavanje, precipitacija.
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AN ARTIFICIAL NEURAL NETWORK AS A
TOOL FOR KOMBUCHA FERMENTATION
IMPROVEMENT

Article Highlights

* A novel process modeling approach in kombucha production is conducted

e Box-Behnken experimental design was conducted based on three operating factors

o The ANN model showed to be adequate for the prediction of output kombucha factors

Abstract

Kombucha as a tea-based fermented beverage has become progressively
widespread, mainly in the functional food market, because of health-
improving benefits. As part of a daily diet for adults and children, kombucha
was a valuable non-alcoholic drink containing beneficial mixtures of organic
acids, minerals, vitamins, proteins, polyphenols, etc. The influence of the
specific surface area of the vessel, the inoculum size, and the initial tea
concentration as operating factors and fermentation time as output variable
on the efficiency of kombucha fermentation was examined. The focus of this
study is optimization and standardization of kombucha fermentation
conditions using Box-Behnken experimental design and applying an
artificial neural network (ANN) predictive model for the fermentation
process. The Broyden-Fletcher-Goldfarb-Shanno iterative algorithm was
used to accelerate the calculation. The obtained ANN models for the pH
value and titratable acidity showed good prediction capabilities (the i values
during the training cycle for output variables were 0.990 and 0.994,
respectively). Predictive ANN modeling has been proven effective and
reliable in establishing the optimum kombucha fermentation process using
the selected operating factors.

Keywords: experimental design, fermentation improvement, kombucha
production, mathematical modeling.

High beverage consumption worldwide has
opened the opportunity to develop different traditional
drinks as part of the functional food concept. In recent
years, scientific and industrial focus on the extremely
valuable functional drink has further developed and
improved kombucha fermentation [1]. The worldwide
trends in kombucha production have focused on
developing health-improving beverages based on
different types of tea that contain an advantageous
number of promising bioactive compounds. Optimiza-
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tion of the kombucha production process became the
main topic of several researchers because of its large
importance from the definition of the chemical
composition of this functional beverage but also from an
industrial point of view [2-5].

Kombucha is typically prepared by fermenting
sweetened (with sucrose) black or green tea inoculated
with tea fungus pellicle or previously fermented broth at
100-200 mL/L. During kombucha fermentation, the
formation of a floating pellicle of microbial cellulose is
expected and very typical [3]. As a result, reduced
cholesterol levels and blood pressure, influenced weight
loss, improved liver and gastric functions, reduced
kidney calcification, and increased vitality can be some
health-improving benefits attributed to kombucha
consumption [4—6].

The tea fungus is a consortium of acetic acid bac-
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teria (AAB) (Gluconacetobacterxylinum, previously
known as Acefobacter xylinus and, more recently, as
Komagataeibacter xylinus, is the primary and best-
studied bacteria in kombucha) and yeasts (species of
the genera Saccharomyces, Torulopsis, Pichia,
Brettanomyces, Zygosaccharomyces, Candida, and
Saccharomycoides) [7-11]. It is well known that the
microbial community may vary between different
kombucha cultures across the globe depending upon
the source of the inoculum used. The role of yeasts in
kombucha fermentation is to hydrolyze sucrose from
the cultivation medium to glucose and fructose and
metabolize these monosaccharides to ethanol, which
is further oxidized to acetic acid by AAB. However,
AAB cannot uptake sucrose alone because of the lack
of enzymes for the extracellular hydrolysis of sucrose
or its transport into the cell. Also, AAB uses yeast-
derived glucose to synthesize gluconic acid and
bacterial cellulose in the form of a pellicle, commonly
described as the "fungus" [7,12].

Kombucha fermentation requires around seven
days statically under aerobic conditions at
temperatures between 25 °C and 30 °C [13]. The initial
phase of this fermentation process is reflected in high
sucrose levels but low acidity. On the other hand,
further steps include a gradual decrease in
oxygenation. This occurrence results from forming a
cellulose layer on top of the cultivation liquid, the
oxygen consummation, and the accumulation of
organic acids (acetic acid, gluconic acid, etc.)
produced by tea fungus [14-15]. At the end of
kombucha fermentation, the system can be described
with a well-structured cellulose layer on the top, high
concentration of yeasts and AAB (106—108 CFU/mL),
lower substrate concentration, and high acidity [16].
Creating a more controllable fermentation process and
optimizing the operating factors require examining the
diversity and role of each microbial group, the
dynamics of the microbial population, and all changes
in the system reflected through the quality of the final
product [3]. Microbial interactions during kombucha
fermentation strongly impact substrate consumption
and metabolic production (e.g., ethanol produced by
yeasts can harm the growth of some microorganisms,
organic acids production by AAB can induce acidic
stress of other microbiota, the pH changes from 5-7.0
to 2-4.0 after 7 days of fermentation, etc.) [15].

Although the type of tea is recognized as one of
the essential factors in kombucha production, the most
significant impact of the fermentation process is
operating factors. The key factor of kombucha
fermentation is assumed to be the oxygen amount in
the culture medium, which is necessary for AAB
proliferation. The dimensions of the fermentation

278

vessel and the specific interfacial area can influence the
oxygen level during fermentation which is a crucial
operating parameter [17]. Furthermore, under static
conditions, the amount of dissolved oxygen is inevitably
the function of the size of the interfacial surface [18]. In
the condition of a low oxygen concentration and the acid
production by AAB, the pH value is above 4, which can
induce lactic acid bacteria (LAB) growth and lactic acid
production [3]. De Filippis et al [18] reported that
incubation time and temperature also influence the
product's microbial activity and chemical
characteristics.

The effect of many operating factors and
conditions and the interaction between them on the
efficiency of the fermentation process can be analyzed
by different mathematical tools. For example, response
surface methodology (RSM) and other experimental
designs (e.g., Box-Behnken, Plackett-Burman, Taguchi
design, etc.) can be effective tools for optimizing the
targeted process and explaining the individual and
combined effect of the independent variables [19-20].
Using adequate mathematic analysis can determine
and simultaneously explain the optimization of
kombucha fermentation and set up further steps during
the scale-up of kombucha production [21]. Only a few
scientific studies and craft production deal with scale-up
and more controllable fermentation processes during
kombucha production. It is necessary to optimize
operating factors and create the next generation of
kombucha as part of the functional food field. In this
way, kombucha fermentation will be more predictable
and economical for industrial production [3].

The objective of this study was to investigate the
possibility of predicting pH value and titratable acidity
based on the specific surface area of the vessel (SSAV),
the inoculum size (Inn), and the initial concentration of
tea (ICT) using artificial neural network modeling. In
addition, Time was an additional output, as one of the
variables defined after achieving optimal pH value and
titratable acidity and used for further mathematical
modeling.

MATERIAL AND METHODS

Tea fungus

Fermentation was performed using the local
household tea fungus culture. Previous studies showed
that it contained at least five yeast strains
(Saccharomycodes ludwigii, S. cerevisiae, S. bisporus,
Torulopsis spp., and Zygosaccharomyces spp.) and two
bacteria of the Acefobactergenera [22—-23].

Fermentation conditions

The cultivation medium uses sweetened black tea
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(70 g sucrose/L of tap water). Briefly, 0.15%, 0.3%,
or 0.45% (w/v) of black tea ("Fructus,” Backa
Palanka, Republic of Serbia) was added to boiled tap
water and removed after 15 min by filtration. After
reaching room temperature, the tea base was
inoculated with 2.5%, 5%, or 10% (v/v) of the
fermentation broth from the previous fermentation
(five-day fermentation until optimal acid content of
4— 4.5 g/L is reached) obtained at 28 + 1 °C without
stirring. The cultivation medium was transferred into
cylindrical glass vessels whose geometric
characteristics are shown in Table 1. To get different
values of the specific surface area of the vessel, the
volume of the cultivation medium in the vessels was
varied. The specific surface area of the vessel
presents the ratio of the free area (cross-sectional
area of the vessel) and the volume of the substrate.
The sterile gauze was placed on a glass vessel to
prevent contamination during cultivation. The
medium was incubated at 28 £ 1 °C without stirring.
All experiments were performed in three independent
replicates, and all obtained values are represented
as the arithmetic values of individual measurements.

Table 1. Characteristics of cylindrical glass vessels and
specific surface area of the vessel (SSAV)

Vessel characteristics The volume SSAV
. of cultivation
Volume Diameter .
medium

L) (cm) L (cm™)
0.72 8 0.17 0.30
0.72 8 0.33 0.15
5 16 3.30 0.06

" The ratio of the free area (cross-sectional area of the vessel) and the
volume of the substrate.

Sampling

A sampling of the fermentation medium was
performed every day until the selected output (pH
value and TA) did not show the optimal acid content
until the end of fermentation. Sampling was done only
once in the specified time to avoid the potential
contamination during a further fermentation process.
During the fermentation process, pH value and TA
were determined.

Methods of Analysis

The pH values were measured using an
electronic pH meter (HI 99181, HANNA Instruments,
Woonsocket, USA) calibrated at pH 4.0 and 7.0. The
titratable acidity (TA) was determined according to
Jacobson [24]. After removing CO2 (during 30-second
treatment in an ultrasound bath, B-220, Branson
Company, Shelton, USA) from the fermentation broth,

an aliquot was taken and titrated with 0.1M NaOH.
The TA was expressed in grams of acetic acid per liter
of the sample.

Experimental design

The pH value and titratable acidity were
predicted based on three operation factors: the
SSAYV, the Inn, and the ICT. These three operating
factors (X1 - SSAV, X2 - Inn, and X3 - ICT) were
independent factors in the selected Box-Behnken
experimental design. The pH value and titratable
acidity were chosen as the dependent factors. The
experimental design is given as % in Table 2 with
three levels for each independent factor, coded as -1,
0, and +1, corresponding to the lower, middle, and
higher levels, respectively. The response surface
method was used to evaluate the influence of the
MATH operating factors on the kombucha
fermentation process. The impact of the examined
factors and their interaction was studied using
response surface plots to present the influence of
fermentation time and initial tea concentration on pH
value and TA of kombucha during fermentation. Time
was an additional output as one of the variables
defined after achieving optimal pH value and
titratable acidity and used for further mathematical
modeling.

ANN modeling

A multi-layer perceptron model (MLP), which
consisted of three layers (input, hidden, and output),
was used for modeling an artificial neural network
model (ANN) for the prediction of pH value and TA
based on three input variables: SSAV, Inn, ICT, as
well as on one output, i.e., Time which values defined
achieving optimal acidity for kombucha production. In
the known literature, the ANN model was proven as
quite capable of approximating nonlinear functions
[25—27]. Before the calculation, both input and output
data were normalized to improve the behavior of the
ANN. During this iterative process, input data were
repeatedly presented to the network [28-29].
Broyden -Fletcher-Goldfarb-Shanno (BFGS)
algorithm was used as an iterative method for solving
unconstrained nonlinear optimization during the ANN
modeling.

The experimental database for ANN was
randomly divided into training, cross-validation, and
testing data (with 70%, 15%, and 15% of
experimental data, respectively). The training data
set was used for the learning cycle of the ANN and
the evaluation of the optimal number of neurons in the
hidden layer and the weight coefficient of each
neuron in the network. A series of different topologies
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were used, in which the number of hidden neurons
varied from 5 to 20, and the training process of the
network was run 100,000 times with random initial
values of weights and biases. The optimization process
was performed based on validation error minimization.
It was assumed that successful training was achieved
when learning and cross-validation curves approached
zero.

Coefficients associated with the hidden layer
(weights and biases) were grouped in matrices W;and
B;. Similarly, coefficients related to the output layer
were grouped in matrices W2 and B:. It is possible to
represent the neural network by using matrix notation
(Yis the matrix of the output variables, f; and £ are
transfer functions in the hidden and output layers,
respectively, and Xis the matrix of input variables [30]:

Y = £(W,-£,W;- X +B)+B,) (1)

Weight coefficients (elements of matrices W7 and
W2) were determined during the ANN learning cycle,
which updated them using optimization procedures to
minimize the error between the network and
experimental outputs [28, 30—32], according to the sum
of squares (SOS) and BFGS algorithm, used to speed
up and stabilize convergence [33]. Finally, the
coefficients of determination were used as factors to
check the performance of the obtained ANN model.
Statistical analyses were done using Statistica software
v. 13.2 (Dell, Round Rock, Texas, USA).

Sensitivity analysis

Yoon'’s interpretation method was applied based
on the connection weights partitioning of the developed
ANN to determine the relative influence (R/) of the
SSAYV, Inn, ICT, and Time on pH value and titratable
acidity. The following equation developed by Yoon et
al. [34] was used:

i(”’fw 'Wk/') (2)

Rl,=—+% _  .100%

gi(ww wy)

k=0

where RJ; is the relative importance of the £th
input variable on the jfth output, wik is the weight
between the £th input and the A-th hidden neuron, and
wy is the weight between the 4-th hidden neuron and
the fth output.

The accuracy of the model

The numerical verification of the developed model
was tested using the coefficient of determination (),
reduced chi-square (x%), mean bias error (MBE), root
mean square error (RMSE) and mean percentage error
(MPE). These commonly used parameters can be
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calculated as follows [35]:

2
Z(Xexp,/ - Xpne,/ )
— =1

£ = N-n
1 N /2
RMSE = {N.;(XWE/ expﬂ 3)
1o
MBE = 103 (X = X
100 & [ Xprei ~ Xexp.i
MPE = W;(‘ " )

where Xexp,i stands for the experimental values and Xpre i
are the predicted values calculated by the model, Nand
n are the number of observations and constants,
respectively.

RESULTS AND DISCUSSION

Kombucha fermentation was studied to determine
the influence of the SSAV, the Inn, and ICT on the
efficiency of kombucha fermentation through pH value
and titratable acidity (TA). Additionally, an important
factor was also final Time, which was observed after
achieving optimal acidity in the system. Namely, to
obtain a pleasantly sour beverage, fermentation should
be terminated when TA of fermentation broth reaches
4-4.5 g/L, which is confirmed by kombucha consumers
[17]. The reason for the selection of incubation time is
that an optimum fermentation time is required for the
production of kombucha with pleasant flavor and taste,
as well as further scaling-up and potential
industrialization of kombucha production. Furthermore,
longer fermentation produces high levels of acids (like
mild vinegar) that may pose potential risks when
consumed [36]. For this purpose, Box Behnken design
was performed for all mentioned operating factors of
the fermentation process. Table 2 summarizes the used
experimental design and the obtained results.

Before further mathematical analysis, it can be
observed based on the obtained results that the specific
interfacial surface area of the vessel has a particular
influence on acetic acid synthesis during kombucha
fermentation. Furthermore, in the vessels with a
specific interfacial surface area is 0.3 cm™, an optimal
acidity of kombucha was achieved practically twice as
faster compared to vessels with a specific area of 0.06
cm™ under the same other experimental factors (by
comparing experiments 5 and 6, as well as 7 and 8 in
Table 2). Cvetkovi¢ et al. [37] previously established a
mathematical model to ensure the scaling-up process
of kombucha fermentation, which can be quite complex
and should consider the specific interfacial area as the
main variable. Similar conclusions are reported by
Junker [38] and Villarreal-Soto et al [39], which
demonstrated the same behavior during the variability
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of this operating parameter. Furthermore, without
agitation and aeration, the kombucha fermentation
process in cylinder vessels strongly depends on the
specific surface area, which is indicative of this study's
obtained results. Therefore, it can be concluded that an
effective process can ensure vessels with a specific
surface area greater than 0.15 cm™" provide a sufficient
oxygen supply by diffusion through the medium surface
area.

The influence of the inoculum size on the
fermentation process is primarily observed in the
slightly increased acidity of the medium after
inoculation. A higher concentration of total acids was
recorded in the cultivation medium with a larger
inoculum size by studying fermentation processes
through the Box-Behnken experimental design. As a
result, the time required to obtain the beverage of
optimal acidity was shorter. However, slightly higher
acidity in the fermentation broth has a beneficial effect
on the physiological activity of yeasts and AAB [3].
Acid’s presence stimulates yeasts to produce ethanol,
which is then used by acetic acid bacteria to grow and
produce more acetic acid [40]. LonCar et al. [41]
reported that fermentation rate was slightly affected by
inoculums concentrations ranging between 10 and 15%
(v/v). Therefore, although increasing inoculum size can
positively affect the productivity of kombucha
fermentation, it can be concluded that there is also a
negative impact on the economy of kombucha
production at the same time. According to the obtained
results, it can be summarized that the initial tea
concentration had a specific influence since the
fermentation will be finalized using any of the tested
concentrations of herbal. On the other hand, the
fermentation will be finalized at different points in time
using a different combination of tested inputs. Briefly,
the fermentation time can be shortened on 4 incubation
days by applying optimized values of SSAV, Inn, and
ICT.

ANN modeling

Based on experimental results obtained from the
experimental design, the final fermentation time to
reach optimal acidity was included as one of the data
for further statistical analysis. This step provided
another aspect of examination of operating factors of
kombucha fermentation. There have been no published
results on the application of ANNs for predictive
modeling of kombucha production based on the pH and
TA values. Despite the lack of results in this field, ANN
models are recognized in bioprocesses as a good
modeling tool. They offer an empirical explanation of
the problems from experimental data and can conduct
complex systems with nonlinearities and interactions

between decision variables [20]. The ANN model is
developed to accurately predict pH and TA values
based on the selected factors. The obtained number of
hidden neurons in the network was 8 (network MLP 4-
8-2). In this way, very high values of /2 (during the
training cycle, the r-values for the output variables
were: above 0.99) were gained, shown in Table 3. The
acquired optimal neural network model showed a good
generalization capability for the tested experimental
data. However, the obtained ANN model for the
prediction of output variables was complex (58 weights-
biases) because of the high nonlinearity of the
observed system [42].

The three-dimensional surface plots were created
(Figure 1) to present the influence of fermentation time
and initial tea concentration on pH value and TA of
kombucha fermentation. It can be observed that
minimal initial tea concentration (0.15%) provided
sufficient nitrogen compounds and mineral elements
necessary for kombucha fermentation under stationary
fermentation conditions. However, further tests should
confirm whether this concentration of tea is the final
minimal amount that ensures the efficiency of
kombucha fermentation. As the time and temperature
of fermentation are used in kombucha production, the
tea and sugar proportions can vary according to each
region or consumer preferences (2017).

According to Jayabalan ef al. [4], the standard
procedure for kombucha production implies the use of
50 g sucrose and 5 g tea leaves with 1 L boiled tap
water. The tea is removed by filtration after 5 min, and
after cooling to room temperature, the medium is
inoculated with 24 g of the tea fungus culture. Kallel et
al. [42] used even 12 g/L of green or black tea with
5 min of infusion to prepare the kombucha cultivation
medium. After 15 days of fermentation, the TA for green
tea kombucha was 5.4 g/L and 8.0 g/L for black tea
kombucha. Generally, the same differences in TA,
process duration, and cell counts in kombucha
beverages obtained in different studies are expected
because of inoculums (tea fungus culture) from other
locations. The variations could be due to geographic,
climatic, and cultural conditions and local species of
wild yeasts and bacteria or, possibly, cross-
contamination between cultures [8]. Based on the
unattainable adequate TA and pH values, it can also be
concluded that, despite the high contents of C and N
sources, the fermentation process with a high tea
concentration can be slower and, therefore,
economically less acceptable.

The fermentation time in kombucha production is
a variable parameter demonstrated in this study (Table
2, Figure 1). Based on the obtained results (Figure 1a),
it is evident that the adequate pH value was achieved

281



Chem. Ind. Chem. Eng. Q. 28 (4) 277-286 (2022)

CVETKOVIC et al: AN ARTIFICIAL NEURAL NETWORK AS ATOOL ...

- - - Z007G0€ €00%6 T S00%690 €00¥¥20 200%¥20 00¥000 VL
- - - 000F€L'E  LOOFS'E GO'0FL8'E LOOFSEY LOOFWCH P00FOLy HA €0 & S0 0 0 0 g
- - - 90°0%G0'€ €L'0¥68'L €00¥690 LOFHZO 90°0¥ZL'0 0°0F000 VL
- - - LO'0FEL'E 00°0¥8Y'€ LOFL8E 00FGEH 00FyH LOOFOLy Hd €0 S S0 0 0 0 4
- - - ZO'0¥S0'E  Z0'0¥68'L LL'0OF690 LOOFHZO Z0'0FZL0 0°0F000 VL
- - - 00FEL'E  €0'0F8Y'E 00FL8E 00FSEY SOOFWCH LLOFOLy HA €0 S S0 0 0 0 ¢
- - ZO¥60'LL 1207698 LOOFSL'S LOFE0Z LZ0FZ90 LOFEEO0 00F00 VL
- - S0'0¥09Z 000¥v.Z 60°0¥L8Z 90°0¥68C €0'0F9SE LO0FCEY €00F9y'y Hd S¥O 0L GLO L F 0 2z
- - 0V0FL6'9 OLOFYY'E LOOFVFO POOFYL'O COFH0'0 00¥2000 00F000 VL
- - 000798 L0'0F60C 90'0¥66'C 00FEH'y LO'OFBO'S 000¥20'9 L0'0FG09 Hd S¥0O §¢ G0 L b= 0y

€Z078L'G LOOFLLY 9L'0F69Z €0'0¥G9Z L0'0FOL'L ZO'0FLFO LO0FIL'0 60°0¥0L'0 00F000 VL

000462 000¥00€ 000FLL'E 000¥6Z€ VO0FSSE O00FLEY O00FL8Y 00FLES +00Fesgs Hd SHO 0L 61O - 0 o1
- - LO0FY6'6 LS0FY8'9 VZLFEST CO0FZLO  LLOFGL'O ZOFEO0  0'0F000 VL
- - €0°0¥2L'Z 000%¥8'Z 000F0L'E O0O0FYF'E 00FGEF O00FLL'S L00Fegs nd SO S¢S0 b 1= 0 g4
- - - - 18°0¥66'9 90°0¥G9Z LL'0F6K0 €L0F0L0 00F000 VL
- - - - 0L'0¥68'C 00°0¥8Z'€ [0'0¥88'C 00F/SH LLOFyL'G Hd SVO S €0 L 0 Lo
- - - L0'0¥66'C 22’0786l LE0F68'0 90°0F9Z0 ¥L'OFZL'O 0°0F000 VL
- - - 000%ZL'€ LO0FOY'E 000F6L€ 00F9CH LOOF60Y +00FOLy HA SPO & 900 L U
- - - - 18'0¥66'9 VYE0FGOZ LZOF6K0 POOFOL'0 00F000 VL
- - - - Z0'0¥68'C 000¥6Z€ 00¥88'C L00F9SH 900%GL's Hd SHO & €0 b 0 oo
- - - LO'0FY6'E 60°0FL6'L LOOFO0'L LEOFIZO ZOFPO0  0°0F000 VL
- - - 000FEL'E O0L'0F8EE ZO0FL9C LOOFOZY LOOFZY LOOFOLy HWd SO & 900 1= 0 b g
- - - - p0'0¥8G'8 LL'OFLY'E LO'OFEZL €00¥ZL0  00F000 VL
- - - - Z0'0¥8LZ 100¥66'C 00FCK'E 00Flgy 00%Gy nHa OF €0 0L 0 F oy
- - - €0°0¥95'9 00°0¥98F 000FESE POOFL6'L LOOFEYO 00F000 VL
- - - L0006 000¥66'C 90°0FVL'E O0O0FVEE +O0OFEE'E €00FL9y Hd €0 0L 900 0 F o
- - - €OFLLT YO'0F96'L €00FLS0 POOFYL'O ZOFPO0  0°0F000 VL
- - - L'OFOL'E  00FVEE 000FK6'E LOOFISY LOOFYE'S €0'0¥98G Hd €0 s €0 0 b b ¢
- - L0'0F90'G YO'0F8LY ZL'OFLZE LOOFES'L LO'OFSSO 00FGL0  00¥000 VL
- - 000F/0'€ 00FVL'E 000FLL'E LOOFOV'E 00F9CH 200¥80S L0O0FG09 Hd €0 S¢ 900 0 b= b= |
g 2 9 g v € 4 I 0 5L U0l vsS X X X

SAep “awl} uonejuswIs 4 w ..W.. 9N|BA 10]oe} paLeA |9A8] 101oB]) papo0)d

(/0 V1) fupioe ajqesn pue Hd 10) synsas pauieiqo ayj pue (//m) esj
UORBRUBIUO [BIIUY - | D] PUE “(A/A) 8ZIS WININIOUJ - Ul “(,LU3) [8SSEA 8l JO BaIe BIBLINS IYI8dS - NVSS) SI0108) Juapuadapul 881y} Yim ubiSsp usyuyag-xog Z 9/qe

282



CVETKOVIC et al: AN ARTIFICIAL NEURAL NETWORK AS A TOOL .. Chem. Ind. Chem. Eng. Q. 28 (4) 277-286 (2022)

Table 3. Artificial neural network model summary (performance and errors)

Network Performance” Error Training Error Hidden Output
name Train.  Test. Valid. Train. Test. Valid. algorithm function activation activation
MLP 4-8-2 0.992 0902 0.990 0.053 0.723 0.052 BFGS 56 SOS Tanh Logistic

" Performance term represents the coefficients of determination, while error terms indicate a lack of data for the ANN model.

Titratable
acidity (g/L)

pH value

M >6.0
<59
Bl <54 [ B
D <4.9 - <10
0.15C] <4.4 0.15 0 <8
B <39 <6
B <34 <4
B <29 " Initial <2
concentration {days) concentration NI <0
0.45 of tea (W/v) of tea (w/v)
a) b)

Figure 1. The influence of time (days) and initial concentration of tea on the pH value and titratable acidity (g/L) (3D surfaces - predicted
values, black dots - experimental values).

after 4 days of fermentation and at any value of initial
tea concentration. According to the results presented in
the three-dimensional plot (Figure 1b), it can be
concluded that the TA value is equally achieved at
medium values of fermentation time and any values of
tea concentration. The obtained result for pH and TA
correlated with the results of Cvetkovi¢ et al. [37], which
suggested that after three days of incubation, the pH
value of 3.21 and TA value of 4.32 g/L can be achieved.
The accuracy of the ANN model could be visually
assessed by the dispersion of points from the diagonal
line in the graphics presented in Figure 2. For the ANN
model, the predicted values were very close to the

measured values in most cases, in terms of /2 values.
Therefore, SOS obtained with the ANN model were of
the same order of magnitude as experimental errors for
the pH value and TA. Table 4 presents the elements of
matrix W7and vector B7 (shown in the bias column) and
the elements of matrix Wz and vector B (bias) for the
hidden layer used for Eq. (2). The goodness of fit
between experimental measurements and model-
calculated outputs, represented as ANN performance
(sum of 72 between measured and calculated output
variables), during training, testing, and validation steps,
are shown in Table 5.

8 12
2
§ 6 - © 8
E . g -
=] * E o *
@ 24 E
o
g 4 s B 4 . .
£ - 2
T d
[a 9} * '
2 . T 0 *
2 4 6 0 4 8 12

Target pH value

a)

Target titratable acidity

Figure 2. Comparison between experimental and calculated pH values and titratable acidity (g/L).

b)
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Table 4. Elements of matrix W; and vector B; (presented in the bias column)

Inputs 1 2 3 4 5 6 7 8

SSAV -0.912 2235 -0.674 0.279 1357 -5377 -0.295 0.545

Inn -0.538 -3.939 -1484 6.261 -3.636 1.385 1.628 0.344

ICT 1231 -0.655 -0.325 -1.273 0.818 2114 -1.333 0.690

Time 0.242 -3.318 0.025 4.048 -2.839 -1.876 0.176 -2.758

Bias -0.297 0.046 -0.272 0.786 3.328 3.201 -1.161 0.457

Outputs 1 2 3 4 5 6 7 8 Bias

pH value 0.381 1503 -1.098 -3.438 2105 1.092 3.240 0.808 2.962

Titratable acidity =~ 0.808 -3.533 0.334 1.703 -2.594 -2.677 -3.506 -1.880 -5.347

Table 5. The "goodness of fit" tests and residual analysis for the developed ANN mode/

Output variable X2 RMSE MBE MPE SSE AARD 7 Skew Kurt Mean StDev  Var
pH value 0.02 0.15 -0.004 273 1.96 13.05 097 0.06 1.08 -0.004 0.15  0.02
Titratable acidity — 0.29 0.53 0.007 3875 26.66 2551 0.96 -1.91 23.88 0.007 054  0.29

A high 7 is indicative that the variation was
accounted for and that the data fitted the proposed
model satisfactorily [43]. The residual analysis of the
developed model is presented in Table 5. The ANN
model reasonably predicted experimental variables for
a broad range of process variables. For the ANN model,
the predicted values were very close to the measured
values in most cases, in terms of /2 values. SOS values
obtained with the ANN model were of the same order of
magnitude as experimental errors for output variables
reported in the literature [28, 32]. The ANN model had
an insignificant lack of fit tests, which means the model
satisfactorily predicted output variables. A high

F20
ER 7.43
«
; 0 VA
n 123
5 | .
3
g 20
=
Q
[=9
E
2 40
ki -44.08 -47.26
o .
SSAV Inn ICT Time

ANN inlet variable

Relative importance for titritable

a)

acidity (%)

indicates that the variation was accounted for and that
the data adequately fitted the proposed model [44—45].

Global sensitivity analysis- Yoon'’s interpretation
method

This section studied the influence of SSAV, Inn,
ICT, and Time on the relative importance (RI) of pH
value and TA. According to Figure 3, Time and Inn were
the most influential factors with the relative importance
of -47.26% and -44.08%, respectively, for the pH value
calculation. In comparison, the relative influence of the
mentioned factors was 55.32% and 35.59%.

60
55,32

40- 35,59
20+

3.87 25,21
R i

%,
SSAV Inn ICT Time

ANN inlet variable b)

Figure 3. The relative importance of operating parameters on pH value and titratable acidity determined using the Yoon interpretation

method.
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CONCLUSION

An investigation of the kombucha fermentation
optimization was performed to determine the possibility
of predicting the pH value and TA based on three input
variables: SSAV, Inn, ICT, as well as one output, i.e.,
Time which was defined as achieving the optimal
acidity in the system, using the ANN model. The ANN
model was shown to be adequate for predicting output
variables (the /2 values during the training cycle for
these variables were: 0.990 and 0.994, respectively). In
summary, Box Benhken's experimental design was
applied, and predictive ANN modeling was developed
to establish the optimum kombucha fermentation
process to achieve the effective fermentation of the
kombucha beverage. Effective kombucha fermentation
can be performed using vessels with a specific surface
area greater than 0.15 cm™, which provides sufficient
oxygen supply by diffusion through the medium surface
area. The final product can be obtained after 4 days of
fermentation and at any tested value of initial tea
concentration. Furthermore, the scale-up process from
a laboratory scale to a commercial product is a
challenge because of the difficulty of optimizing the
factors which may influence the scaling process during
fermentation. Therefore, more scientific research in the
optimization of the operating factors should be done to
establish effective fermentation and production of a
functional beverage.

In the following steps of this investigation, other
essential factors for monitoring kombucha fermentation
have to be tested in the same way as reported in this
study. For example, the selection of additional factors
can be directed to a concentration of residual sugar and
alcohol and the evolution of carbon dioxide. In addition,
testing as many characteristics of the fermented
product and determining their correlation with operation
factors leads to obtaining functional beverages that
consumers  will quickly accept. Furthermore,
understanding the type and number of microbiota
present in the tea fungus culture can explain specific
influence on kombucha fermentation and tested factors
in this research.
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DRAGOLJUB CVETKOVIC! VESTACKA NEURONSKA MREZA KAO ALAT ZA
OLJA SOVLJANSKI' POBOLJSANJE KOMBUHA FERMENTACIJE
ALEKSANDRA RANITOVIC!
ANA TOMIG! Kombuha je fermentisani napitak na bazi Caja, koji postaje sve rasprostranjeniji uglavnom
] na tZistu funkcionalne hrane, zbog Koristi za poboljsavaju zdravlja. Kao deo
SINISA MARKOV svakodnevne ishrane odraslih i dece, kombuha se izdvojila kao bezalkoholno pice koje
DRAGISA SAVIC?2 sadri smesu korisnih sastojaka: organskifh kiselina, minerala, vitamina, proteina,
BOJANA DANILOVIG?2 polifenola i dr. U radu je ispitan uticaj specificne povrsine suda, velicine inokuluma i
LATO PEZO3 pocetne koncentracije caja kao radnih parametara, i trajanja fermentacije kao izlazne

promenljive na efikasnost kombuha fermentacije. Fokus ovog rada je optimizacija i
standardizacija  uslova  kombuha  fermentacije  koriscenjem  Box-Behnken
eksperimentalnog dizafna i primenom modela predvidanja vestacke neuronske mreZe
(ANN) za proces fermentacije. Za unapredenje proracuna koriscen je iterativni algoritam
Broiden-Fletcher-Goldfarb-Shanno. Dobijeni ANN modeli za pH vrednost i titrabilnu
kiselost pokazali su dobre mogucnosti predvidanja (vrednosti ° tokom ciklusa treninga
za izlazne varijable bile su 0,990 i 0,994, respektivno). Prediktivno ANN modelovanje
pokazalo se efikasnim | pouzdanim u uspostavijanju optimalnog procesa kombuha
fermentacije koristeci odabrane radne parametre.

Kljucne reci: eksperimentaini dizajn, poboljsanje fermentacije, proizvodnja
kombuhe, matematicko modelovanje.
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IDA BALCZAR FOAMED GEOPOLYMER WITH
ADRIENN BOROS CUSTOMIZED PORE STRUCTURE
ANDRAS KOVACS

Article Highlights

* By varying the concentration of H202 and surfactant, the porosity can be designed
optionally

¢ ltis possible to produce closed-pore thermal insulating materials or open-pore catalyst
supports

o Foams with thermal conductivity in the range of 0.130-0.054 W/mK were produced

TAMAS KORIM

Department of Materials using only H20>
Engineering, Faculty of ¢ The use of sodium oleate as a surfactant increased the chance of open-cell formation
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Abstract

Due to their favorable production conditions and promising properties (e.g.,

low shrinkage after foaming, mechanical and chemical stability, high-
temperature resistance), geopolymer foams are suitable for heat- and sound
insulating refractory building materials. Another promising field of
application may be their use as catalyst supports in water treatment.

Metakaolin-based foams were prepared by a direct foaming process with
high total porosity (> 75 vol %), low bulk density (< 500 kg/m?®), approximately
1 MPa compressive strength, and low thermal conductivity (0.095 W/mK).

By varying the concentration of foaming agent (H=0- solution) and stabilizing
agent (sodium oleate), it is possible to produce foams with designed porosity
and pore size distribution. Foams with mainly closed pores are suitable for
thermal insulation, while those with significantly open pores can use as
catalyst supports. The computed tomography images showed that the
concentration of stabilizing agent is a key parameter in forming a
homogeneous pore structure and open pores; up to 24 vol% open porosity
can be achieved without significantly affecting other properties. The physical
properties of the foams are equally influenced by the thickness of cell walls
and the size of the cells themselves.
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Cellular materials, especially foamed inorganic
solids, have rapidly growing importance in the field of
filters, thermal insulators, and catalyst supports.
Proper thermal insulation is crucial to avoid wasting
energy, whereas inorganic insulators have a great
advantage over organic ones: require less hazardous
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substances for production and have better recycling
potential. On the other hand, wastewater treatment is a
global environmental problem, where photocatalysis
can provide a clean solution, and durable catalyst
supports are required. Porosity plays an important role
in both cases, and the cell structure must be carefully
controlled to achieve the expected properties. Three
factors considerably define the cellular material: the
properties of the raw material, the topology and shape
of the cells, and their bulk density [1].

Foamed inorganic solids can be prepared easily
by mixing a cementitious binder with a foaming agent.
Although foams made of ordinary Portland cement
(OPC) have good thermal insulation properties, the en-
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vironmental effects of cement production (e.g., high
energy demand, CO: emissions, landscape
destruction, etc.) give serious cause for concern [2].

Binders with lower environmental impact, such as
alkali-activated types of cement (and geopolymers),
can be good alternatives, proven to have superior
physical properties in versatile applications [3,4].
Geopolymers are a significant section of alkali-
activated cements and are obtained by mixing a low-
calcium natural material (e.g., metakaolin or clay) or an
industrial by-product (e.g., fly ash) with a strongly
alkaline solution. The resulting cement paste sets at
room temperature and has excellent physical
properties even at an early age (high compressive
strength, good thermal resistance, low shrinkage, etc.)
[4].

Production of foams is one of the fastest-growing
research fields in recent years of geopolymer
applications [5]. Three main methods can achieve the
desired porosity (or by their combination):

method 1 mixing gas-releasing agents such
as hydrogen peroxide (H202) [6—12] or fine aluminum
powder [7,12—14] with the geopolymer paste/mortar,

method 2 mechanically introducing a
substantial volume fraction of air bubbles into the paste
[15,16], usually through the use of an organic
surfactant which plays a stabilizing agent role,

method 3 mixing a highly porous aggregate
with the matrix (for example perlite [16], EPS [17,18],
microspheres  [18], aggregate from recycled
lightweight blocks [19,20]).

In some cases, due to deteriorating mechanical
strength, fiber reinforcement is also applied in the
geopolymer foams [13,20].

H20:2 solution and aluminum powder are used in
the largest quantities as chemical foaming agents,
which decompose to O: and generate H: gas,
respectively, by the following equations [7,21]:

H,0,, —2H,0 +0, (1)
Al +3H,0 +OH_, —AI(OH), +3/2H, (2)

The foaming process can serve a dual purpose:
making thermally insulating materials [6—14,17—
19,21-25] or foamed inorganic solids for catalyst
support applications [15,16,26—28]. In recent studies,
the investigated parameters were the chemical
composition of the alkali activator solution (for example
sodium silicate/sodium hydroxide mass ratio) [6,9,14],
the activator/binder mass ratio [6,11,14,23], and the
foaming agent concentration [6,7,11,14,21,24,28]. In
some references, the foaming agent is also combined
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with a stabilizing component (surfactant) [21,24], but
only Korat and Ducman [21] have investigated the effect
of the surfactant concentration. In some cases,
surfactants were formed through in-situ saponification
of vegetable oils, resulting in a high volume of open
porosity [26—28].

Generally, foams derived from fly ash
[6,7,14,22,24,25] or metakaolin [9,10,15,26,27] have
good thermal insulation properties, with lower than
1000 kg/m® bulk density and < 0.1 W/mK heat
conductivity and a compressive strength between
1—4 MPa. By foaming, ground granulated blast furnace
slag also provides porous structures with slightly higher
bulk density and heat conductivity [11]. Still, these
foams are mainly made using highly porous materials
according to the third method described above [20].

According to the literature, the activator/binder
mass ratio needs to be around 0.8 and the sodium
silicate/sodium hydroxide mass ratio around 2.5 to
achieve the lowest thermal conductivity (< 0.1 W/mK)
[6,9,14]. Likewise, a high concentration of sodium
hydroxide in the activating solution leads to an unstable
H202 decomposition, while the presence of more
sodium silicate in the activating solution results in a
more controlled H202 decomposition rate during
foaming [9]. Using a low, 0.55 solid/liquid mass ratio
(high activating solution content) and Al powder results
in relatively low density (430 kg/m®) and low thermal
conductivity (0.079 W/mK) [23].

Researchers have also shown that the
concentration of the foaming agent has a strong effect
on bulk density, compressive strength, and heat
conductivity. Al powder was applied between 0.01 and
0.2 wt% [10,23,24], while the H202 content was varied
between 0.1 and 20 wt% [6,7,9,24,26,27], depending on
the concentration of the solution. Ducman and Korat [7]
have shown that using Al powder in the range of
0.07-0.2 wt% resulted in bulk densities between 0.64
and 0.74 g/cm® with compressive strengths within the
range of 3.3 and 4.3 MPa, while samples prepared from
0.2-2 wt% H20: had densities between 0.61 and
1.00 g/cm® and compressive strengths in the range of
2.9 and 9.3 MPa. Hajimohammadi et al. [9] have found
that producing foams with homogenously small pore
sizes leads to low bulk density and helps gain more
strength while providing better thermal insulation
capability. Korat and Ducman [21] have established that
the stabilizing agent performs best when its amount is
adjusted to the amount of the foaming agent. It is difficult
to compare the results because of the lack of a
consistent definition of foaming agent concentration in
the literature.

The current study presents the link between the
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composition of the foam (concentration of the foaming
agent and surfactant) and the cell structure of the
foamed specimens. In addition, the most important
physical properties such as bulk density, total and open
porosity, water absorption, compressive strength, and
thermal conductivity were also studied. By clarifying the
relationship between cell structure and physical
properties, the aim was to produce geopolymer foams
with controlled properties that could act as thermal
insulators or catalyst supports.

MATERIAL AND METHODS

Materials

Metakaolin, obtained from New-Zealand kaolin by
calcination at 750 °C for 8 h, was used for geopolymer
production. The original clay contained mainly kaolinite
and halloysite phases and quartz and cristobalite as
minor constituents (identified using a Philips PW 3710
X-Ray powder diffractometer - reported in a previous
article [29]). The chemical composition of the
metakaolin was determined by wet chemical analysis,
resulting in SiO2 56.3, Al203 38.0, TiO2 0.2, Fe203 0.9,
Ca0 0.5, MgO 0.5, Na20 0.4, K20 1.0, LOI 2.2 wt%.
The mean particle size was 15.8 um (determined by a
Fritsch Laser Particle Sizer).

The alkali activator solution was produced using
commercially available sodium silicate solution (SiO2
28.6, Na20 6.8, H20 64.5 wt%, ANDA) and laboratory-
grade sodium hydroxide pellet (Scharlab). In addition,
H20: solution with 30 wt% (Reanal) was applied as a
chemical foaming agent and sodium oleate powder
(Sigma) as a stabilizing agent.

Sample preparation

Metakaolin-based foamed geopolymers (FG)
were made. An alkali activator solution was first
prepared during the experiments by dissolving the
required amounts of sodium hydroxide pellets in
sodium silicate solution (and in distilled water as
needed). Then the specified amount of H202 solution
and sodium oleate powder was added to the activating
solution (Table 1). After this mixture cooled down to
room temperature, it was mixed with the metakaolin
powder for 1 min. Next, the slurry was cast into
cylindrical molds of dimensions @36 mm x 36 mm. One
hour after the final setting (195-240 min depending on
composition), the "cup"” (the excess amount of foamed
sample) was removed with a sharp knife to prevent
cracking, which may occur due to the shrinkage of the
sample. The specimens were demolded at 1 day of age
and stored at ambient conditions (21-23 °C and RH =
50 £ 10%) until 7 days. Large-size samples were
prepared in a wooden mold with 200 mm x 200 mm x
15 mm.

The composition of the geopolymer paste applied
in the experiments was as follows: SiO2/Al203 = 3.4,
Na20/Al203 = 1.0, the sodium silicate modulus of the
alkali activator solution = 1.4, the amount of Na20 in
relation to the dry metakaolin was 23.1 wt%, the mass
ratio of the sodium silicate and sodium hydroxide
pellets was 5.4, while that of the activator solution and
metakaolin powder was 1.3.

In stage |, the concentration of the chemical
foaming agent was varied as 0.0, 0.8, 1.6, 2.3, 3.1, 4.5,
6.0, 11.3 wt% H20:2 solution relative to the mass of
metakaolin. In stage IlI, compositions with the most
favorable physical properties were compared with the
mixtures supplemented with a fixed amount of sodium
oleate surfactant (1.4 wt% relative to the mass of
metakaolin). Finally, in stage lll, the surfactant
concentration was applied as 0.1, 0.3, 0.5, 1.0, 1.4, 2.1,
and 2.8 wt% relative to the mass of metakaolin with a
fixed amount of chemical foaming agent. The
investigated mixtures are presented in Table 1.

Table 1. Foaming agent contents of the specimens

Series Foaming agent concentration, wt%

H20- solution Sodium oleate

I 0.0,0.8,1.6,2.3, 0.0
3.1,45,6.0,11.3
Il 3.1,45,6.0 0.0
3.1,45,6.0 1.4
1] 4.5 0.1,0.3,0.5, 1.0,
14,2.1,2.8

According to the following system, Samples were
named FG (foamed geopolymer) H20:2 solution
concentration/sodium  oleate  concentration; "A"
indicates the varied parameter. For example, FG A/0.0
means a foamed geopolymer sample with various H202
solutions without sodium oleate content.

Characterization

A Controls 5 universal testing machine performed
compressive strength tests with a loading rate of
24001 N/s according to EN 196-1. However, the
sample sizes differed from the standard (2 36 x 36 mm
cylindrical samples were tested). Three samples of
each formulation were tested, and the average data
were reported at the age of 7 days. The sample
surfaces were polished flat and parallel before testing if
it was necessary.

The bulk density of geopolymer samples was
obtained by measuring the mass to volume ratios in
foamed samples (0.0 wt% < H202 content (o).
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The porosities and water absorption were
determined by Archimedes' method.

The samples were placed in distilled water for
2 hours and weighed on a hydrostatic balance. Water
absorption was calculated by the following equation
(Eq. (3)):

w,(Wt%) =100-(m, —m,)/ m, 3)

where my is the weight of the dry sample, m: is the
weight of the sample after 2 hours of water absorption.
The apparent porosity was obtained by the Eq. (4):

P(vol%) = pg-w, (4)

where p» is the bulk density. Total porosity was
calculated using the true density and bulk density of
samples with the following equation (Eq. (5)):

P.(vol%) =100-(1- p, / py ) (5)

where p» is the apparent density of the foamed
samples, while p:is the true density of the geopolymer
matrix (1961 kg/m?), determined by the pycnometer
method.

Heat conductivity (1) was measured using the
MTPS (Modified Transient Plane Source) method with
a C-Therm TCi equipment. Before characterization, the
bottom of the samples was polished and the powder
removed from the exposed pores; no contact agent was
used for measurement. The larger (200 mm x 200 mm
x 15 mm) samples were examined using the heat flow
meter method with NETZSCH HFM 436/3/1 Lambda
equipment. Before measurement, the surface of
samples was polished parallel.

The MTPS technique is a fast thermal conductivity
measuring method. It does not require large-sized
specimens, but the thermal conductivity value obtained
is lower than the one measured with a heat flow meter,
which is generally used to determine the thermal
resistance of insulators. For this reason, the MTPS
method was used to compare the thermal conductivity
values of the differently foamed specimens and
investigate the tendency in thermal conductivity during
the series of experiments. Based on the series Il and IlI
results, two compositions were chosen; a: using only
H202 (FG3.4/4.5/0.0) and b: combination of H202 and
surfactant (FG3.4/4.5/1.4). Large-sized samples
(200 x 200 x 15 mm) were prepared from these
compositions as described at the beginning of the
Sample preparation section. Their thermal conductivity
was measured by the heat flow meter method.

Samples were prepared separately for cell
structure investigation, where the top of the specimens
was not removed. The cell structure was characterized
by a NIKON XT H 225 ST X-ray tomography, which was
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also used to assess the distribution of different pores
(type, size) in the samples. It is important to notice that
this method is non-destructive, which is essential in the
case of such fine structures. The pore size distribution
and pore wall thickness values were measured by a
KEYENCE VHX 2000 digital microscope. Before the
examination, the cross-section of the samples was
polished flat and coated with gold/palladium films to a
thickness of 2-3 nm (using a BALZERS SCDO020 type
unit) for better contrast. Pore size distribution and pore
wall thickness values were obtained by taking the
average of 100 pore diameters and 50 pore wall
thicknesses.

RESULTS AND DISCUSSION

Effect of foaming agent concentration

One must note that the water content of the
chemical foaming agent, H20: solution, was not
compensated. Consequently, with the increase in H202,
the water content of the geopolymer paste also raised
from 28.9 wt% (0.0 wt% H202) to 31.1 wt% (11.3 wt%
H202).

The compressive strength and bulk density
results of the stage | tests can be seen in Figure 1a. The
values of the dense samples (0.0 wt% H202) were
outstandingly high (61.3 MPa and 1631 kg/m?3,
respectively) and therefore are not depicted in this
figure. Compressive strength rapidly falls from ~60 MPa
below 10 MPa by applying 1.6 wt% of H202, but further
addition of foaming agent causes a slower decline in
strength. A similar trend can be observed for bulk
density results. For instance, a higher foaming agent
concentration does not lead to a proportionately lower
bulk density, while the smallest attainable bulk density
was around 500 kg/m?. In addition, Ducman and Korat
[7] report similar results with 2.9 MPa and a bulk density
of 0.61 g/cm®. Their higher strength result can result
from a different loading rate, applying 5 N/s 480 times
lower than the loading rate used in the present study.

Porosity and water absorption results (Figure 1b)
indicate a change in structure when the foaming agent
concentration exceeded 3.1 wt%. Total porosity did not
change considerably even if the H202 concentration
was raised from 3.1 to 11.3 wt% (the highest total
porosity was ~75 vol%). In contrast, water absorption
rapidly rose from 6—10 wt% to 36 wt%, and a similar but
less remarkable tendency can be seen in the case of
open porosity (from ~10 vol% to 18 vol%). These two
properties are closely related: more water can enter the
sample due to the higher number of open pores.

The thermal conductivity of the dense sample was
1.280 W/mK, determined by the MTPS method.
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Figure 1. Compressive strength, bulk density (a), total porosity, open porosity, and water absorption (b) results in stage / testing at 7 days
of age.

On the other hand, thermal conductivity for surfactants.
foamed samples was 0.130-0.060 W/mK (Table 2). The
lowest result was achieved with 4.5 wt% of H20- and

got slightly higher (0.070 W/mK) with the increase of

Table 3. Cell diameters and cell-wall thicknesses of the foam
samples using H-0. as a foaming agent

foaming agent.

Table 2. Thermal conductivity results in stage | testing at 7 days

Sample name

Average cell
diameter (pm)

Average cell wall
thickness (pm)

of age FG 1.6/0.0 516 + 158 215+ 135
FG 4.5/0.0 703 * 661 709 £ 476
Sample name  Thermal conductivity (W/mK)
FG 6.0/0.0 1546 + 532 592 + 382
FG 0.0/0.0 1.280 + 0.009
FG3.1/1.4 140 + 31 47 £ 36
FG 0.8/0.0 0.130 £ 0.019
FG6.0/1.4 427 + 84 38+26
FG 1.6/0.0 0.090 £ 0.001
FG 4.5/0.5 392 £ 60 35+ 32
FG 2.3/0.0 0.066 + 0.003
FG3.1/0.0 0.080 +0.001 Increasing the amount of the H202 solution leads
FG4.5/0.0 0.067 + 0.002 to larger pore sizes (1.6 wt%, 4.5 wt%, and 6.0 wt% to
FG 6.0/0.0 0.070 + 0.001 around 520 pum, 700 pm, and 1550 pum, respectively). It
FG 11.3/0.0 0.070 + 0.006 can be explained by the release of a larger amount of

According to CT images (Figure 2) and pore
characteristics (Table 3), the concentration of H20:
solution has a subtle effect on cell size, cell wall
thickness, and pore size distribution. For example,
using only H202 as a foaming agent leads to a
heterogeneous pore structure, which, based on light
microscopic images (Figure 3), consists of macrocells
larger than 250-350 pm diameter, and the space
between them being populated with much smaller
ones, causing increased cell wall thicknesses (Table 3).
Bai et al. [27] experienced similar phenomena when
making foams using a mixture of H202 and oil as

O, as well as the larger water contents. A higher O:
concentration means that cell walls need to withstand
increased oxygen pressure. A higher water content
(due to the higher H202 concentration) and thus lower
viscosity of the geopolymer paste may also weaken the
cell walls. Increasing the foaming agent content causes
the cell size distribution to become heterogeneous in
any given volume and the cross-section of the sample,
meaning that the bottom of the sample is populated with
much smaller cells than the top. Due to their buoyancy,
the larger pores are likely to rise in the plastic sample
(before the setting). The most significant cells are found
directly under the sample cap, which may be trapped
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mm 10 mm

Figure 2. The pore structure of the foam samples in stage | testing using H-0O: as a foaming agent (selected samples were the following:
a=FG1.6/0.0 b=FG4.5/0.0, and c = 6.0/0.0).

Figure 3. The cell wall structure of foamed samples in stage | testing using H-O. (selected samples were the following. a = FG 4.5/0.0
and b = FG 6.0/0.0).

because geopolymer samples tend to have a thin,
rapidly setting layer on their top. It is due to the reaction
between CO: in the air and water glass in the activator
solution. The white particles on the CT images,
indicating a higher X-ray absorbance in the rendering
mode, are undissolved metakaolin particles. Their
amount also decreases with increasing H20:2 contents.

The microstructure development explains many
phenomena in changing physical properties (Figure 2).
Higher than 1.6 wt% H202 concentration leads to
heterogeneous cell size and thicker cell walls. The
paste cannot hold the higher concentration of released
oxygen, and the foaming gas "escapes" from it, which
causes the collapse of the foam. Therefore, a higher
concentration of H202 results in unpredictable
properties instead of the expected lower bulk density or
higher total porosity. The rupturing pores also cause
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more open cells, increasing water absorption
(Figure 1). The thicker cell walls explain the moderate
compressive strength and the slight increase in thermal
conductivity (Tables 2 and 3).

Effect of surfactant concentration

A foam stabilizer was used to avoid the pore
coalescence and collapse of the pore structure in
stages Il and lll. Figure 4a shows the compressive
strength and bulk density results of geopolymer foams
where sodium oleate was applied as a commonly used
surfactant (1.4 wt%), the results are compared to those
of samples prepared with H202 only. The surfactant
used has a strong effect on physical properties. A much
lower bulk density (with the minimum value of
~360 kg/m® can be achieved with considerable
strength loss. In addition, a surfactant concentration
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even as low as 0.1 wt% remarkably reduces bulk
density (from 724 kg/m? to 512 kg/m®), with a further
increase in sodium oleate level impairing compressive
strength, causing it to drop from ~2.0 MPa (0.1 wt%
sodium oleate) to ~1.2 MPa (= 1.0 wt% sodium oleate),
(Figure 4b).

It was already noticeable from the bulk density
results but even more apparent when considering
porosity and water absorption data that in the case of
3.1 wt% H20z, there is no significant difference between
the properties of samples made with or without
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surfactant (Figure 5a). However, with the rise of H202
concentration, bulk density, and compressive strength
drop remarkably, but there is also a sharp rise in
porosities and water absorption.

Varying the amount of surfactant showed that
(Figure 5b), similarly to bulk density results, 0.1 wt% is
sufficient for the highest achievable total porosity (~75
vol%). Further increase in the sodium oleate content
leads to a higher proportion of open porosity (from
~10 vol% to ~20 vol%), with greater water absorption.

The lower bulk density and greater porosity
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Figure 4. Compressive strength and bulk density results in stage Il (a) and stage Ill (b) testing at 7 days of age.
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Figure 5. Total, apparent porosity and water absorption results in stage Il (a) and stage Il (b) testing at 7 days of age.
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caused lower thermal conductivity when applied
surfactant (Figure 6a). Nevertheless, the MTPS method
is moderately accurate in such a small thermal
conductivity data range. It may be why there is no
significant difference between samples prepared with
varying amounts of H202. It can also be stated that a
surfactant content higher than 0.5 wt% does not affect
the insulating properties significantly (Figure 6b).

Large-size samples with the composition of
FG 4.5/0.0 and FG 4.5/1.4 were also prepared, and
their thermal conductivities were determined by the
heat flow meter method at 7 days of age:

+ FG3.4/4.5/0.0: A = 0.159 W/mK
+ FG3.4/4.5/1.4: A =0.095 W/mK

It can be established that the surfactant notably
influenced the thermal conductivity of the foams, and
samples can be prepared with lower than 0.1 W/mK
thermal conductivity.

The application of a surfactant makes significant
changes in the pore structure, even with the smallest
amount of surfactant (0.1 wt% sodium oleate). It
influences pore distribution, size, and thickness of pore
walls. Namely, pore sizes decrease from the range of
500-1500 pm to 150-450 pm, the pore structure
becomes more homogeneous (the standard deviation
of pore size is around 40—60 pm), and the thickness of
the pore walls also decreases to 25—40 um (Table 3).
The small voids and homogeneous pore structure
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explain the lower bulk density, higher porosity
(Figures 4a and 5a), and better insulating abilities
(lower thermal conductivity, Figure 6a). Still, the thin
pore walls weaken the structure, leading to lower
compressive strength (Figure 4a) than using a foaming
agent alone with the same concentration. Wide cracks
can also be seen because of the increased shrinkage
of the samples, but they can be avoided if the tops of
the samples are removed shortly after the final set as
described in the Sample preparation.

It is also an important observation that if the pore
structure is homogeneous, then compressive strength
and thermal conductivity are more dependent on the
thickness of pore walls than on the diameter of cells
(Figure 7).

Sodium oleate concentration has a limited impact
on physical properties (compressive strength, thermal
conductivity), which implies that the amount of foaming
agent has a greater influence on cell size and cell wall
thickness than has the surfactant content. Surfactant
affects only the water absorption and thus the open
porosity. Higher amounts of surfactant increase the
chance of the formation of open cells. Therefore, the
concentration of the surfactant needs to be carefully
selected, depending on the application. For insulation,
a sufficient quantity is required (in the case of this
research, ~0.5 wt%); for catalyst support applications,
however, an even higher surfactant concentration is
needed.
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Figure 6. Thermal conductivity results in stage Il (a) and stage Ill (b) testing at 7 days of age.
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Figure 7. The relationship between compressive strength and
average cell wall thickness for samples with a homogeneous
pore size distribution.

CONCLUSION

This paper aimed to investigate the effect of the
foaming agent (H202) and surfactant (sodium oleate)
concentrations on the physical properties of foamed
geopolymers. As a result, it can be concluded that
foams with a customized pore structure can be
produced.

Favorable insulating properties can be achieved
by combining H202 and sodium oleate: 75-80 vol%
total porosity, < 500 kg/m® bulk density, > 1 MPa
compressive  strength, 0.095 W/mK thermal
conductivity (heat flow meter method).

Homogeneous cell structure can be achieved by
using only H202 up to the amount of 3 wt%. Above this
threshold, the cell walls start to collapse due to the
increased pressure by O: formation, leading to a
heterogeneous cell structure with a higher proportion of
open cells.

A sodium oleate concentration of 0.5 wit% is
sufficient for forming fine, homogeneous pores. Higher
surfactant levels lead to a higher proportion of open
cells. The surfactant plays a key role in producing
satisfactory catalyst support with a high specific surface
area.

Based on the experiments performed, it can be
said that in the case of a homogeneous pore structure,
cell wall thickness has a greater impact on the physical
properties of geopolymers than the pore size itself.
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Nomenclature

(%] Sample diameter, mm

EN 196-1 Methods of testing cement - Part 1:

Determination of strength
mi Weight of the dry sample, g
mz Weight of the sample after 2 hours of water
absorption, g

min. Minute

Pa Apparent porosity, vol%

Pr Total porosity, vol%

vol% Volume %

wa Water absorption, wt%

wit% Weight %

Greek

A Varied parameter during the foaming process

A Thermal conductivity, W/mK

P Bulk density, kg/m®

P True density, kg/m®

Subscripts

aq. Aqueous solution

g Gas

| Liquid

s Solid

Abbreviations

CT Computed tomography

EPS Expanded polystyrene

FG Foamed geopolymer

LOI Loss on ignition

MTPS Modified Transient Plane Source
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NAUCNI RAD

PENASTI GEOPOLIMER SA PODESENOM
STRUKTUROM PORA

Zbog svojih povolinih uslova proizvodnje i svofstava (npr. nisko skupljanje nakon
formiranja pene, mehanicka i hemijska stabilnost, otpornost na visoke temperature),
geopolimerne pene su pogodne za toplotno i zvucno izolacione vatrostalne gradevinske
materijale. Jos jedno obecavajuce polje primene moZe biti njihova upotreba kao nosaca
katalizatora u obradi vode. Pene na bazi metakaolina pripremijene su postupkom
direktnog formiranja pene sa visokom ukupnom poroznoscu (> 75% v/v), malom
zapreminskom gustinom (< 500 kg/m?®), kompresivnom évrstocom od priblizno 1 MPa i
niskom toplotnom provodljivoscu (0,095 W/mK). Promenom koncentracije sredstva za
formiranje pene (rastvor H»0) i stabilizatora (natrijum oleat), moguce je proizvesti pene
sa projektovanom poroznoscu i distribucijom velicine pora. Pene sa uglavnom
zatvorenim porama su pogodne za toplotnu izolaciju, dok one sa znatno otvorenim
porama mogu koristiti kao nosaci katalizatora. Snimci kompjuterizovane tomografije su
pokazali da je koncentracjja stabilizacionog agensa kijucni parametar u formiranju
homogene strukture pora i otvorenih pora, do 24% v/v otvorene poroznosti moZe se
postici bez znacajnog uticaja na druga svojstva. Na fizicka svojstva pena podjednako
uticu i debljina celijskih zidova i velicina samih celjja.

Kljucne reci: nosac katalizatora, geopolimer, toplotni izolator, mehanicka

svojstva, porozni materifal, toplotna provodljivost.
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DRYING KINETICS AND ENERGY
EFFICIENCY OF MICROWAVE-DRIED
LEMON SLICES

Article Highlights

e Microwave lemon drying at various microwave powers fitted to Page model

e The drying rate increased, and drying time decreased with the increase of microwave
power

» Effective moisture diffusivity increased with the increase of microwave power

e The higher the cumulative energy efficiency, the lower the specific energy
consumption

Abstract

In the current study, lemon slices were dried at various microwave powers
(120, 350, 460, 600, and 700 W) to determine drying characteristics and
energy efficiency. Drying rate and time were significantly affected by the
increase in microwave power. The lowest and highest drying times were 8
and 54 minutes at 700 and 120 W, respectively. As microwave power
Increased, drying rate increased, and drying time decreased. Besides, the
most suitable model to describe microwave drying curves of the lemon slice
was obtained as the Page model. The values of Der of the dried lemon slices
were calculated between 3.6 1x10° and 3.41x10°% ns”’. The E. of the lemon
slices drying, calculated using Der, and the rate constant obtained from the
Page model were 4.39 Wy and 6.04 Wy, respectively. Additionally, the
higher the cumulative energy efficiency, the lower the specific energy
consumption. The lowest specific energy consumption and the highest
energy efficiency were calculated at 460 W. The 460 W drying power was
the best power with 11 min of drying time, the highest energy efficiency, and
the lowest specific energy consumption.

Keywords: lemon slices, drying characteristics, microwave drying,
effective diffusion, energy efficiency.

Lemon (Citrus limon L.) is a fruit that contains
high water content and is rich in nutritional compounds
such as flavonoids and ascorbic acid. On the other
hand, lemon is quite attractive due to its flavor and
color [1-3]. Therefore, lemon is generally consumed
as a beverage following fresh fruit consumption;
however, the drying process improves novel products
such as dried-lemon slices or flakes [2,4,5]. On the
other hand, Darvishi etal [1] have also stated high
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relative metabolic activity of lemon, resulting from
increased water content and proceed after harvest and
cause deterioration and economic loss.

Many factors associated with food spoilage result
from high water content since high water content is one
of the main requirements for microbiological activity,
chemical reactions, and physical alterations in a pre- or
post-harvest period of many plant-based foods [3, 5, 6].
The drying process, one of the most preferred
conservation methods, aims to prevent microbiological
activity, provide long shelf-life, and reduce undesirable
physical and chemical changes by removing water
content and activity [7-11]. In addition to benefits in
terms of food quality, drying provides lower packing,
transportation, and storage costs because of a
reduction in weight and volume [6].

The main drying mechanisms are surface diffusion
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or liquid diffusion on porous surfaces, liquid or vapor
diffusion due to moisture concentration differences in
granular and porous foods, and capillary movements
due to surface forces. The primary diffusion
mechanism, which determines the drying rate, is a
function of moisture content and the structure of the
foods [12]. Drying could generally be divided into
constant- and falling-rate periods [13]. A constant rate
period is associated with a saturated surface, which
means adequate moisture transfer from interior parts of
foods to the surface. On the contrary, insufficient
moisture transfer from the interior to the surface begins
to be observed in the falling rate period when a critical
moisture level is reached after the constant rate period.
Itindicates that the moisture transfer rate to the surface
is less than the evaporation rate, decreasing the drying
rate [12,13].

Convective or hot air drying is the most frequently
used method despite high energy consumption, long
drying time, and nutritional losses based on drying
temperature and time [10,14-16]. Due to these
disadvantages, improving novel applicable techniques,
which enable to shorten drying time, consume low
energy, and preserve nutritional composition, have
become a requirement. Microwave drying is of many
advantages in comparison to convective drying. In
microwave drying, a water vapor pressure gradient
occurs between the surface of the food and its interior
due to microwave-induced volumetric heating [17].
Thus, the drying rate increases with the increment in
evaporation rate. Additionally, higher microwave
powers enable more water vapor pressure gradient and
an evaporation rate because more energy is supplied
[18]. Furthermore, microwave application during the
drying process can be an alternative method to reduce
falling rate time [19]. Besides, it was stated that the
microwave heating process provided desirable
structural modifications, such as lower shrinkage [12].
On the other hand, recent developments in low-cost
microwave sources have made microwave drying more
attractive [15,20].

The drying kinetics of foods are generally
determined by using thin-layer drying models. Thin-
layer drying models are mathematical modeling that
predicts drying behavior and appropriate drying
conditions. Thus, the drying process can be designed
and optimized [21].

Although many papers on drying various foods
are current in the literature, the drying kinetics of
microwave-dried lemon slices are limited. On the other
hand, no data on the energy efficiency of microwave
drying of lemon slices was published to the best of our
knowledge. Therefore, it is hard to claim that microwave
energy efficiency shows similar behavior in foods.

298

Therefore, microwave energy efficiency must be
investigated in trend foods such as lemon in terms of
drying technology. Thus, processes may be efficient in
an energy-saving-food quality preserving combination.
Therefore, this study aims a) to determine the best
fitting equation for microwave drying of lemon slices, b)
to compare the impact of different microwave powers
on drying time, drying rate, and adequate moisture
diffusivity, and c) to calculate energy efficiency in terms
of cumulative energy efficiency and specific energy
consumption.

MATERIAL AND METHODS

Sample preparation

Fresh lemons were provided from a local market
in istanbul, a province in Turkey. Initially, fresh lemons
were washed to remove foreign materials and cut into
6+0.5 mm slice thickness. Then, the initial moisture
content of fresh lemons was determined at 105 °C in a
drying oven until the sample weight achieved a
constant value (%86.89+0.31).

Drying experiment

A microwave oven (Arcelik MD 574, Turkey), with
700 W output at 2450 GHz, was used for drying
experiments. Microwave drying was performed at 700,
600, 460, 350, and 120 W levels. For each drying
experiment, 70 g of samples were weighted on a glass
plate and placed in the microwave oven. The
intermittent on/off timing drying process was carried out
20 s on/10 s off [16,22,23]. Glass plate was weighted at
the end of each 30 s for determination of moisture loss
during drying. The weight measurement was carried
out with a digital weight measure with 0.01 g precision.
The drying experiments continued until the moisture
content of samples achieved 7% on a wet basis. All
drying experiments were performed in triplicate.

Mathematical modeling of drying data

Thin-layer drying modeling of drying is a
necessary procedure to design the best drying
conditions. Therefore, the thin-layer drying models, the
most used mathematical equations in the drying
process, are listed in Table 1. These equations provide
essential information about drying temperature and
time [16].

Eq. (1) was used for the calculation of the
moisture ratio (MR) of lemon slices;
MR =(M,-M,)(M,-M,) (1)

where MR  represents moisture ratio
(dimensionless), M, M, and Me are the initial moisture
content, moisture content at any time, and equilibrium
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moisture content of samples, respectively. Compared
to Mrand M, Me was ignored due to its very small value,
according to those reports by researchers [15,24]. All
moisture content was indicated on dry matter (g g™' dry
matter).

Eq. (2) was used for the determination of drying
rate (DR);

DR=(M

tat

M,)I At )

where M4 represents the moisture content at time
difference, At is the difference of time between two
measuring points.

Root mean square error (RMSE), determination
coefficient (A%), and reduced chi-square (x°) were the
statistical parameters that explain the relationship
between predicted and experimental data of lemon
slices dried at various microwave powers. It is required
to be the lower values of ¥° and RMSE together with a
high value of A? for the determination of the best
equation predicting experimental data. The RMSE (Eq.
3) and Chi-Square (¥°) (Eq. 4) values were calculated
as follows;

1 N ) 1/2

RMSE = h ;(MRW&,- ~MR,y,,) } ©)
N 2
Z(MR;J/EJ - MRexp,/')

/,{2 — =0 N_n (4)

MRpre,i is the predicted MR of mathematical models,
MRexp,iis the experimental MR, Nand nare the number
of observation data and constants of thin-layer drying
models [16,25]. All calculations of statistical
parameters were determined with SPSS (ver. 22), and
the lemon slices drying process modeling was
determined using MATLAB (ver. 8.6) curve fitting
toolbox.

Determination of the effective moisture diffusivity and
activation energy in microwave drying

Fick's second law was used to determine the
effective moisture diffusivity as suggested by papers on
drying foods [1, 8, 16]. Crank [26] proposed Fick's
second law for infinite slab objects with constant
moisture diffusivity as Eq. (5).

8¢ 1 D, t
MR =5 —(2n—1) 2 Zer (5)
ﬂ2;(2n_1)2exp( (=) 4L2j

The effective moisture diffusivity (Der) was
calculated with Eq. (5), as lemon slices were assumed
to be infinite slab material. In Eq. (5), Derrepresents the
effective moisture diffusivity (m? s™'), and L is the half-
thickness of the initial size of the sample before drying
(m). For simplicity, Eq. (5) can be further simplified to
only the first term of the series; thus, Eq. (5) is written

in a logarithmic form as given below Eq.(6) [1,16];
(B (7 6
In(MR) _|n[”2] (4E Defftj (6)

After the natural logarithm of MR versus drying
time (Eq. 6), the plot gives a straight line with a slope
as follows Eq. (7) [16,24];

2

2
Slope =->_D 7
ope ==z Dor (7)

Temperature cannot be precisely measured in the
microwave dryer, and the reason for this Arrhenius
equation was modified as suggested by Ozbek and
Dadali [27] as given below Eq. (8);

D, =D, exp[—E"TmJ (8)

where m is the initial sample weight, P represents
microwave output power, £, is the activation energy (W
g"), and Dy is the pre-exponential constant (m? s™)
[15,16]. After the transformation of Eq. (8), the new
equation is obtained:

InD,, =InD, - E;’" C)

Natural logarithm of Des versus the ratio of
microwave power to sample weight gives a straight line
with a slope representing the £Ea.

The second equation for calculation of the £z is
given in Eg. (10) as used by Darvishi et al [1] and
Demiray et al. [16]. Following the data evaluation, the
kinetic rate constant (k) dependence on the ratio of
microwave output power to sample weight was
represented with an exponential Eq. (10).

k =k, exp(—E"’Tm) (10)

If the natural logarithm of k versus the ratio of
microwave output power to sample weight gives a
straight line with a slope representing the E..

Ink:lnkofE;m (11)

Determination of energy efficiency of microwave drying

To calculate the drying efficiency of microwave
(n74), the required energy to evaporate water from the
lemon slices to the energy supplied by the microwave
dryer was used [22]. In this context, Eq. (12) was used
for calculation;

Myt 100 (12)
Pt

on

Mg =

where my is the amount of evaporated water from the
lemon samples in kg, P (W) is the power supplied by
the microwave dryer, Avis the latent heat for vaporiza-
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tion of water (2257 kJ kg™), and #n (s) is the time when
the microwave irradiation is on.

Soysal et al. [22] and Beaudry et al. [23] proposed
specific energy consumption as another equation to
calculate the energy efficiency of the microwave dryer.
Specific energy consumption was determined by using
Eq. (13)
_t,P10°

m,

w

Q 100 (13)

s

where Qs is the specific energy consumption required
to evaporate a unit mass of water from the product in
MJ kg'! water.

RESULTS AND DISCUSSION

Effect of the microwave power on drying rate and time

The variations of moisture content, MR, and DR of
lemon slices dried at various microwave power were
presented in Fig. 1.
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Figure 1. Variation of moisture content (a), MR (b), and DR (c)
of lemon slices at various microwave powers.

As seen in Fig. 1, the drying rate increased with

microwave power increment. It is a fact that microwave
300

output power has a crucial effect on drying time and
drying rate. It was determined that the moisture content
of lemon slices reached 7% moisture content (WB) at
the end of 8, 9, 11, 14, and 54 min at 700, 600, 460,
350, and 120 W, respectively. Likewise, Yogurtcu [28],
Demiray et al. [16], Zarein et al. [15], Polatci and
Tasova [29] have reported increment in the drying rate
of various foods based on increasing microwave power
which results in a reduction in drying time. In
conclusion, more drying rate and lower drying time can
be obtained at higher microwave powers due to more
heat generation in the sample leading higher
evaporation rate [12]. In the initial period of the drying
process, a higher drying rate was observed because of
high moisture content, which leads to higher microwave
absorption. However, despite a higher drying rate at the
beginning of the drying process, a falling drying rate
period was observed based on the decrement in the
moisture content oncoming period. This result was in
good accordance with those reported by Aghilinategh
et al. [30], Celen et al. [31], Azimi-Nejadian and Hoseini
[32], and Tepe and Tepe [12]. As presented in Fig. 1,
microwave drying consists of three stages. The first is
the warming-up stage at the beginning of the drying
process. After warming up, rapid drying and falling rate
stages follow the first one.

Fitting of microwave drying curves

The thin layer drying models (Table 1) fit the MR
data of lemon slices dried at various microwave
powers.

Table 1. Thin-Layer drying models for microwave drying of lemon

slices
Model name Model References
Logarithmic aexp(-kt) + ¢
Lewis exp(-kt)
Henderson and Pabis  aexp(-kt)
Page exp(-kt”) 12l
Parabolic a+ bt+ct?
Wang and Sing 1+at+ pt?

" a, k, n, b, and c are constants of mathematical models.

The statistical parameters and determination
coefficient are given in Table 2. To select the best
equation for microwave drying curves of lemon slices,
RMSE, x?, and R were compared. Among the thin layer
models, the highest values of /2 and the lowest values
of RMSE and x? were obtained from the Page model,
meaning the Page model gave the best fitting to
microwave dried lemon slices. This result showed
similarity with findings reported for microwave drying of
onion slices, lemon slices, apple slices, and okra
[16,28,33,34]. On the other hand, Darvishi et al [1]
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Table 2. The values of the thin-layer drying model's constants, RMSE, chi-square, and R? for microwave drying of lemon slices

Model Drying Method, W Model Constants X2 RMSE R?
Lewis 120 k=0.0303 0.003129  0.0969  0.9058
350 k=0.1372 0.009568 0.1220  0.8900
460 k= 0.1591 0.013300 0.1275 0.8808
600 k=0.2035 0.014208 0.1192  0.8978
700 k=0.2511 0.017325 0.1241  0.8980
Page 120 k= 0.0024 = 1.742 0.000517 0.0387  0.9856
350 k=0.0174 m=2.032 0.000099 0.0120  0.9990
460 k= 0.0221 = 2.087 0.000276  0.0175 0.9979
600 k=0.0428 m=1.978 0.000171  0.0124  0.9990
700 k= 0.0564 = 2.044 0.000294 0.0151  0.9987
Henderson and Pabis 120 k=0.0349 a=1.130 0.002459  0.0843  0.9313
350 k= 0.1607 a=1.172 0.007531  0.1043  0.9254
460 k=0.1855 a=1.160 0.011451 0.1128 0.9151
600 k=0.2323 a=1.141 0.013195 0.1083  0.9251
700 k=0.2823 a=1.132 0.017600 0.1170  0.9207
Logaritmic 120 k= 0.0357 a&=1.117 c=0.0143 0.002676  0.0862  0.9281
350 k=0.1658 a=1.155 c=0.0189 0.008731  0.1079  0.9201
460 k= 0.1890 a=1.149 c=0.0116 0.013174  0.1148 0.9120
600 k=0.2362 a=1.131 c=0.0103 0.015613  0.1102  0.9224
700 k=0.2876 a=1.121 c=0.0111 0.021348 0.1193 0.9175
Wang and Singh 120 a=-0.01748  bt=-0.000027 0.000069 0.0141  0.9981
350 a=-0.08424  t=0.000571 0.002529  0.0605 0.9749
460 a=-0.08865 £=-0.000719 0.002542  0.0532 0.9812
600 a=-0.12250 = 0.000722 0.003336 0.0545 0.9811
700 a=-0.15810 = 0.003239 0.005412  0.0649 0.9756
Parabolic 120 a=1.017 b=-0.01874 ¢=-0.000008 0.000059 0.0128 0.9985
350 a=1.093 £=-0.10990 ¢c=0.002044  0.001803 0.0490 0.9848
460 a=1.073 b=-0.11400 c=0.001121 0.002049  0.0453  0.9877
600 a=1.069 b=-0.15160 ¢=0.003272  0.002927 0.0477 0.9873
700 a=1.073 b= -0.19250 ¢c=0.006580  0.005358 0.0598 0.9823

have reported that the Midilli et a.. model was the best
model for describing MR of microwave drying of lemon
slices. Contrary to these studies, Mosa [35] has
recommended the Lewis model as the best describing
model of microwave drying of split lemons. Therefore,
a comparison of predicted (Page model) and
experimental MR of lemon slices at various microwave
powers were presented in Fig. 2. The predicted and
experimental MR values showed the straight line, D700W 5600W X460W X350W O 120W
meaning the suitability of the Page model in describing.

Predicted Moisture Ratio (Page

0 0,2 04 0,6 0,8 1

Experimental Moisture Ratio

Figure 2. Comparison of predicted MR and experimental MR of
lemon slices at different microwave powers.
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The effective moisture diffusivity and the activation
energy

The values of effective moisture diffusivity and £z
were presented in Table 3. Effective moisture
diffusivity of lemon slices ranged from 3.61 107 to
3.4110® m?s™. Increment in microwave power resulted
in an increment in effective diffusivity of moisture
content of lemon slices. The increment of supplied
energy could explain by the microwave dryer.
Absorption of higher energy by water molecules at
higher microwave powers increases the evaporation
rate of water. Similar to this study, Darvishi et a/. [1]
have reported an increment in effective moisture
diffusivity with the increasing microwave power during
microwave drying of lemon slices. It was also stated
that the Des values of lemon slices ranged from
1.87 10® to 3.95 10® m? s by Darvishi et al. [1].
Likewise, effective moisture diffusivity has also been
reported for drying apples and Eriobotrya japonica L.
with different microwave powers [15,29].

The £, of lemon slices was found in two different
equations. The natural logarithm of the values of Der
versus the ratio of microwave power to sample weight
(Eq. 9) gives a straight line with a slope, and the slope
represents the £z The £; of lemon slices calculated by
Eq. (9) was 4.39 W g™'. The Arrhenius relation between
the Der and the sample weight/microwave power is

given in Fig. 3.

Drying rate constants of the best fitting Page
model were used to calculate the E.. The £ of lemon
slices was estimated by using Eq. (11). The values of
Es were calculated at 6.04 W g'. The Arrhenius type
relation of kA versus sample weight/microwave power is
presented in Fig. 4.

Energy efficiency and specific energy consumption of
microwave drying

Cumulative energy efficiency and specific energy
consumption values for microwave drying of lemon
slices were given in Table 3. While the highest
cumulative energy efficiency value of 46.14% was
calculated at the 460 W microwave, the lowest value of
cumulative energy efficiency of 34.53% was obtained
at 120 W microwave power. No mean differences were
found between the cumulative energy efficiency values
of 700 and 600 W (p>0.05). This result shows that the
highest microwave power may not be selected as the
correct drying power when investigating energy
efficiency. As addressed above, drying time at 460 W
was nearly the same as those at 600 W and 700 W.

However, the energy efficiency at 460 W was
higher than those at 600 and 700 W. In that study, 460
W may be the best power option in light of this result.

Table 3. Effective moisture diffusivity, activation energy, pre-exponential constants, specific energy consumption and cumulative drying
efficiency of microwave dried-lemon slices

Microwave Power, W  Det (m?s™") Ea(Wg') E(Wg") Qs(MJkg") N (%)

120 3.61x10° 6.04! 439 653 (0.05) 34.53°(£0.02)
350 1.74x10°% 5.57° (+0.03)  40.48° (£0.02)
460 2.18x10°® 4.89°(£0.03)  46.14° (£0.02)
600 2.68x10°8 5.449 (£0.04)  41.46° (+0.04)
700 3.41x10% 5.45¢ (£0.04)  41.40° (£0.02)

" The same letters within the same row are not significantly different at a probability (p<0.05). Values in parenthesis
Indicate standard deviation. ! - the activation energy calculated using the equation k=ko exp(-Ea m P7), where k
values were obtained from Page model. ™ - the activation energy calculated by Dewr=Do exp(-Ea m P7).

4,00E-08
3,506-08 o
3,006-08
N
o 2,506-08 O\\ y = 5E-08e4392«
£ o R?=0,9888
E 200608 .
.
E 1,50€-08 ° \\u
‘ “
s
1,006-08 ~—
~
5,00€-09 —
—
0,00E+00
0 0,1 0,2 03 04 05 06 07
gw*

Figure 3. Arrhenius-type relation between Derand sample
welght/microwave power
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Figure 4. Arrhenius-type relation between the values of k (Page
model) versus sample weight/microwave power.
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Soysal et al. [22] have reported that the value of
cumulative energy efficiency of 75 g parsley sample
dried at 900 W microwave power was 46.48%. On the
other hand, the highest specific energy consumption
was determined at 120 W microwave power as 6.53 MJ
kg water. On the contrary, the lowest value of specific
energy consumption was obtained at 460 W microwave
power as 4.89 MJ kg™ water. Therefore, it can be seen
that energy efficiency increased as specific energy
consumption statistically decreased (p<0.05).

CONCLUSION

The effect of microwave powers on drying
characteristics, energy efficiency, and specific energy
consumption in microwave-dried lemon slices was
investigated. The lemon slices' drying time and drying
rate were significantly affected by the increment in
microwave power. Higher microwave power reduces
drying time and increment in drying rate. On the other
hand, effective moisture diffusivity increased with
microwave power. Effective moisture diffusivity of
lemon slices ranged from 3.61x10° to 3.41x10®% m? s,
The Ez of lemon slices was calculated with the
exponential Arrhenius equation with Der and rate
constant (k) obtained from the Page model as
4.39 W g and 6.04 W g, respectively. Page model
suitably describes the curve of microwave drying of
lemon slices. Additionally, energy efficiency is related
to specific energy consumption. Energy efficiency
increased as specific energy consumption decreased.
Nowadays, food processes requiring energy, such as
drying, should be designed by considering energy
efficiency. In this study, 460 W was the best power with
11 min of drying time, the highest energy efficiency, and
the lowest specific energy consumption. However, the
highest microwave power may not always be the best
option for the drying process.
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KINETIKA | ENERGETSKA EFIKASNOST
MIKROTALASNOG SUSENJA KRISKI LIMUNA

U ovoj studiji; kriske limuna su suSene u mikrotalasnoj pecnici pri razlicitim snagama
(120, 350, 460, 600 i 700 W) da bi se utvrdile karakteristike susenja i energetska
efikasnost. Na brzinu i vreme susenja znacajno je uticalo povecanje snage mikrotalasne
pecnice. Najnize i najvece vreme susenya bilo je 8 min i 54 min na 700 Wi 120 W, redom.
Brzina suSenja se povecava, a vreme susenja skracuje sa povecanjem snage
mikrotalasne pecnice. Najpogodniji model za opisivanje krivih mikrotalasnog susenja
kriski limuna je model PejdZa. Vrednosti Derza kriske limuna su izmedu 3,61x10° and
341x10% nPs’. E, susenja kriski limuna, izracunata koriséenjem Deyr, i konstanta brzine
iz modela PejdZa su4.39 Wy’ and 6.04 Wg'', redom. Pored toga, $to je veca kumulativna
energetska efikasnost, to je niZa specificna potrosnja energife. Najmanja specificna
potrosnja energije i najveca energetska efikasnost izracunate su za 460 W. Pri snazi od
460 W vreme susenja je 11 min, energetska efikasnost je najveca, a specificna potrosnja
energije najmarya.

Kljucne reci: kriske limuna, karakteristike susenja, mikrotalasno susenje,

efektivna difuzija, energetska efikasnost.
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CARBON DIOXIDE UTILIZATION:
PROCESS SIMULATION OF SYNTHETIC
FUEL PRODUCTION FROM FLUE GASES

Article Highlights

e Capacities were assumed regarding the emissions and number of industrial power
plants worldwide

e Asymmetric polyethersulfone hollow fiber membrane separates CO2 and N2 gases from
flue gas

o Sulfurization, reverse water-gas shift, and Fischer-Tropsch reactions separate the flue
gas

e The synthetic fuel produced is mainly composed of hydrocarbons such as methane,
ethane, and butane

o Each cost of equipment is calculated in the profitability analysis

Abstract

Environmental problems are on the rise and nowadays more climate-
related, caused primarily by greenhouse gas emissions. Also, worldwide
industrial emissions from power plants will cause 50% of the carbon dioxide
concentration in the atmosphere by 2035. The simulation study of the
synthetic fuel production from flue gas emitted by industrial power plants
uses the ChemCAD Software. The study aims to reproduce all flue gas
constituents into valuable products to reduce the effects of harmful gases
on the environment. The synthetic fuel produced consists of 94.75%
hydrocarbons with carbon numbers ranging from 1 to 4 with a 6.59% overall
conversion rate. 95% of the sulfur content in flue gas is collected by
desulfurizing the fuel mixture. The membrane process also recovers 90.3%
of the nitrogen gas in the flue gas. Sulfurization, Reverse Water Gas-Shift,
and Fischer-Tropsch syntheses have 95%, 79%, and 98.4% single-pass
conversions, respectively, with appropriate catalysts. Economic analysis is
also performed, and the payback period of the project is 6.1 years, while the
return-on-investment rate is 16.64%.

Keywords: carbon dioxide, Fischer-Tropsch synthesis, flue gas, process
simulation, synthetic fuel.

known greenhouse gas.

facing critical environmental problems, such as global
warming and depletion of the ozone layer, according to
the UN Environment Annual Report 2019 [1]. Besides,
acidification in oceans has increased and already
affects many ocean species [2]. These environmental
issues typically result from carbon dioxide, a well-

Correspondence: Y. Salt, Department of Chemical Engineering,
Faculty of Chemical and Metallurgical, Yildiz Technical
University, Davutpasa Campus, 34220 Esenler-Istanbul, Turkey.
E-mail: salt@yildiz.edu.tr

Paper received: 25 October, 2021

Paper revised: 13 March, 2022

Paper accepted: 21 April, 2022

https://doi.org/10.2298/CICEQ211025005B

Global warming is the continuous increments in
the average temperature of the Earth's climate system
due to anthropogenic impacts, for instance, the
emission of greenhouse gases such as COz2, CHs, NOy,
CF4, etc. [3,4]. Besides, the global temperature
continuously increased after the 1880s. The CO:
increase mainly caused this growth trend. The usage of
heavy-duty machines during the industrial revolution
was the key point of these rises. Nonetheless, CO2 has
no direct pay-off on the ozone layer, unlike CFCs
(Chlorofluorocarbons) and HFCs (Hydrofluorocarbons).
However, higher levels of CO2 have an indirect pay-off
on the ozone layer, as said by the Minnesota Pollution
Control Agency [5]. The objective of the ozone layer is
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the filtration of the sunlight. According to the
measurements, large holes in the ozone layer critically
affect living creatures and nature, glaciers, and oceans
by Gunduz [6]. Severe forest fires in the last decade,
such as the Australian wildfires in 2020, are also the
drawbacks of these anthropogenic applications.
Furthermore, oceans perform a vital role in transferring
CO:z into the atmosphere. Over the past 200 years, the
oceans have absorbed about half of the CO2 emitted by
anthropogenic applications, as reported by Kolieb and
Herr [7].

Emission growth and past solutions

According to Bereiter et al [8], CO:2
concentrations in the atmosphere did not exceed 300
ppm for the last 800,000 years. However, it is well over
400 ppm today and keeps increasing. Hence, today's
concentrations are the highest for at least 800,000
years. Since the beginning of the industrial revolution,
global CO: concentration in the atmosphere has
increased. The primary reason for the increment was
the growth of heavy-duty machines. These industrial
machines were notably beneficial during the industrial
revolution. However, they were discharging a high
amount of COz. The prediction of the CO2 concentration
of each region between 2000 and 2035, using the
statistical approach conducted for the input
assumption, is shown in Fig. 1. Asia region has had the
highest emission rate since the 2000s. The exponential
smoothing technique was used for all forecasts in this
study to predict possible CO2 concentrations in different
segments. The predictions show these emission rates
will consistently increase. Therefore, the CO:
increment must be solved globally since it threatens the
whole ecology. This trend is mainly caused by the
increasing energy demand and global fossil fuel
consumption. Natural gas, which meets one-third of
total energy demand, is the fastest-forming fossil fuel
and generates the highest carbon emissions
worldwide, as Ozturk and Dincer [9] said. As IEA
(International Energy Agency) Statistics [10] reported,
a major part of the CO:2 discharge comes from flue (or
stack) gases released excessively from industrial
power plants.

A few principal areas contribute to worldwide CO2
emission: agriculture, buildings, industrial power plants,
transportation, land use, and forestry. For example, the
emissions caused by only industrial power plants at the
beginning of the 2000s were 22% of all kinds of CO-
emissions.

However, this percentage will be approximately
41% by 2035. Besides, G20 countries were responsible
for around 80% of these emissions [11]. The highest
CO:z2 industrial emissions from power plants (excluding
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Figure 1. Prediction of CO, concentration by region
(MtCOse/year). (Reproduced from IEA Statistics [10]).

buildings, transportation, and other fugitive emissions)
of all G20 countries were recorded by China. It was
followed by the United States and the EU [12].

Flue gas (or exhaust gas) is the gas that emits
from power plants and includes the reaction outputs of
combustion air and residual substances such as
particulate matter (dust), sulfur oxides, nitrogen, and
carbon monoxide [13]. Facilities that operate with high
energy duties and emit excessive flue gas will be the
focal point of this study since the CO2 percentage in
typical flue gas is relatively high. Many studies have
treated flue gas as a waste of mist at high temperatures,
such as oxyfuel combustion and chemical looping,
namely carbon capture techniques. There are different
techniques to reduce CO:z emissions, such as boosting
renewable energies, applying regulations on CO:
emission, treating CO: as raw material, enhancing plant
efficiency to be more energy-saving, or applying carbon
capture and storage (CCS) technology. Renewable
energies still need to be developed to compete
economically with fossil fuels. Novel implementations
and usages of sustainable fossil fuels require an
integration of the CCS technologies regarding the
increasing global energy demand [14]. CCS involves
catching the CO: at its emission sources, such as coal,
petroleum, or natural gas, and transporting it to storage.
Oxyfuel combustion is one of those techniques. In this
technology, fuel is burned utilizing an oxidizer mixture
of pure oxygen and recycled flue gases, comprised
mainly of CO2 and H20. The process results in high
COqz-concentrated exhaust gas, which facilitates the
capture process of CO: after H2O condensation [15].
Therefore, flue gas can be used as the oxyfuel
propagator, as Liang et al [16] stated. The
distinguished CO2 and H20 gases from the recycled
flue gas were used as a diluent to control the
temperature in the oxyfuel system. In this regard, the
objective is to achieve high-efficiency power generation
with low-cost carbon capture. Another common
technique is chemical looping which has the same
working principle as the oxyfuel method. Chemical
looping or chemical looping combustion has no direct
contact with air or fuel. It is a method that provides the
CCS without vital efficiency or cost penalties. Oxygen
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is extracted from the air and then reacts with the
hydrocarbon fuel, producing exhaust gases mainly
composed of CO2 and H2O gases. The water vapor
condenses from the gas resulting in a near 100% CO:2
stream [17]. Osman et al [18] have reviewed three
aspects of the pressurized operation of chemical
looping processes, which create the basis for power
and chemical production with integrated CO2 capture.
Pressurized operation of the chemical looping process
is essential to maximize thermodynamic and economic
performance.

Besides these techniques, biochemical solutions
provide the world with a more sustainable future, such
as microalgae technology to capture CO: from flue
gases. Vuppaladadiyam et a/. [19] suggest that using
microalgae cultivation systems to fix CO2 from industrial
flue gases shows favorable results, owing to its
potential for producing value-added products, for
instance, biodiesel and bioethanol. Also, Kothari et al.
[20] focus on the algal biomass production techniques
and how to accomplish algal biofuel production in an
integrated system provided with CO2 from power plants
and wastewater treatment by suitable microalgal
species. However, practical applications of these
technologies at an industrial scale require significant
research and involve high capital costs, although the
long-term benefits cut down these prices.

Negligence and lack of use of byproducts (such
as flue gas) lead to the techno-economical failure of the
process and cause environmental problems [21].
Therefore, the objective of this study is not only to
reduce CO2 emissions but also to create a sustainable
fuel model. In other words, the focal point is to reduce
both environmental problems and fuel scarcity.

Flue gas emitted from power plant A (other power
plants near our process) is supplied to power plant B
(the process in this study) to produce synthetic fuel.
Flue gas is then cooled and condensed to distinguish
the excess water in power plant B. Most nitrogen
separated from the mixture after flowing through the
parallel-linked membrane system. The remained
mixture was treated with the sulfurization reaction to
eliminate sulfur content. Then, the COgz-rich mixture
flowed into the reverse water gas-shift (RWGS) and
Fischer-Tropsch (F-T) reactors with hydrogen feed.
End-products, such as synthetic fuel, nitrogen,
elemental sulfur, and excess water, were obtained at
the reactor outlet (preliminary economic analysis was
performed to emphasize the feasibility of the design).
The produced synthetic fuel is recycled back to power
plant A.

Consequently, power plant A does not emit CO2
to the atmosphere since all flue gases are absorbed by
power plant B (the process in this study). Furthermore,

power plant A will require fewer external fuels, such as
natural gas or coal, since there is a continuous flow of
synthetic fuel to power plant A.

METHODOLOGY AND SIMULATION DETAILS

Facility considerations

Site construction and operations should be
installed alongside other industrial power plants. The
requirement of being closer to those plants is to reduce
the transportation cost. There are two reasons: 1) The
flue gas of other industrial faciliies must be
continuously fed into the process. 2) The synthetic fuel
produced should be efficiently delivered to other power
plants. The continuous recirculation occurs in the zero-
emission, as shown in Fig. 2. In this regard, power
plants use an environmental-friendly fuel source with
sufficient calorific value. In the meantime, other value-
added products will be produced and marketed.

Flue Gas Industrial power Synthetic Fuel
Input I plants Output

Nitrogen Gas
Elemental Sulfur]
Excess Water
Output

Hydrogen d

Input _ ad
Facility designed in this

study

Figure 2. Representation of general perspective.

The inlet flue-gas-flow rater can be estimated by
several methods. The mathematical formula of the flow
rate by taking the parameters of chimney dimensions
was introduced by Ortega [22]. Eq. (1) assumes the flue
gas rate in natural ventilation by using a typical
chimney's differences in inlet and outlet temperatures.
Eqg. (1) gives the flue gas flow rate emitted by a
chimney, g, in which Cuis the discharge coefficient that
is ordinarily taken as 0.65, 7i and 7, are the inlet and
outlet temperatures. Ais the cross-sectional area of the
chimney, and H is the height of the chimney, which
were assumed through dimensions of moderate
chimney according to Simonovic et a/. [23].

g=C,A /2gH7;;7I’ (1)

However, the input assumption was achieved
using the statistical approach. Based on the CO:
emission rate of each country and the number of
factories in that country, the average amount of flue gas
emitted from a typical factory was calculated as

approximately 56.46 kilograms per second. According
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to the energy type used (gas, coal, renewables,
biomass, etc.) by power plants, the CO2 amount emitted
by those factories also changes, and this is also taken
into consideration. Since this study aims to encourage
environmental-friendly production and consumption,
only the gases emitted by coal- and gas-fired plants are
involved in the statistical approach. Besides, inlet
conditions of flue gases by post-combustion fossil fuel-
fired power plants are given in Table 1 [24].

Table 1. Inlet conditions of flue gases (Reproduced from
Arachchige and Melaaen [24], with permission from Elsevier)

Flue gas type Coal-Fired  Gas-Fired

Temperature (°C) 40 40
Pressure (kPa) 110 110
Flow rate (kg/s) 56.46
Composition wiw (%)

H20 5.08 5.09
N2 70.4 75.1
CO2 20.6 6.21
02 3.90 13.5
H.S 0.06 0

Process design

The overall process flow diagram is shown in
Fig. 3. The excess water in flue gas is first distinguished
by flash distillation to provide a non-aqueous mixture
for membrane separation. The hollow fiber membranes
separated about 95% of the nitrogen, and then the
mainstream, which mainly contains CO2, treated with
sulfurization reaction occurred in R-201. Desulfurized
COz2-rich stream combined with hydrogen gas before
the reverse water gas shift reactor (R-202). The syngas
containing CO and H: gases were separated from the
unreacted COz. The unreacted CO2 gas was recycled
back to combine with the R-202 inlet. Then, highly
reactive syngas with 600 °C was involved in the
Fischer-Tropsch synthesis in R-203 to produce the
synthetic fuel. Throughout the process, the excess
water was distinguished and directly bypassed. The
process simulated is constituted mainly by hydrocarbon
systems, and the pressure of the system is higher than
100 kPa. Thus, Soave-Redlich-Kwong (SRK)
equilibrium is used because it is an appropriate
thermodynamic equation of state (EOS) for this process
[25].
Membrane separation process

Aaron and Tsouris [26] indicate that around 7
gigatons of carbon spread every year. Therefore, the
CCS and reduction of CO2 emissions is an important

area of research. There are several methods for CCS:
Liquid absorption with a monoethanolamine (MEA)
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such as amine scrubbing process, cryogenic
distillation, membrane process, pressure- or
temperature swing adsorption using various solid
sorbents, algae-based uptake, etc. In liquid absorption,
CO2 is obtained and collected in the regeneration
column after a solvent is utilized that dissolves CO2, but
not nitrogen gas or any other components in the flue
gas. Aaron and Tsouris [26] also concluded that liquid
absorption using MEA is a promising technology
among these methods; however, the recent
developments of membrane technologies produce
significant efficiency in the separation of CO..

Regarding the complexity, energy consumption,
and high capital costs of these technologies,
membrane separation is an appropriate capture
process due to its high efficiency, easy scale-up, and
low energy consumption. Common membranes for CO2
capture can be summarized as polymeric, inorganic,
carbon, and mixed matrix membranes [27]. CO:2
separation using biopolymer-based membranes is one
of the new studies in sustainable membrane
technologies within the scope of green process
engineering [28]. Song et al [29] reported that the
polyethersulfone (PES) membranes have excellent
stability and high separation performance for CO:2
separation from a gas mixture. Therefore, the
membrane module formed by the asymmetric PES
hollow fibers is suitable for CO2 separation. The hollow
fiber membrane type was also preferred due to its high
membrane surface area and packing density. Due to
the COz2, N2, and O2 separation challenge, Song ef al.
[29] used a multiple membrane stage process with four
membrane modules linked in a parallel structure to
distinguish the components efficiently. However, two
membrane modules were combined in the same
manner, as shown in Fig. 4.

The general properties of each stream that flowed
through both membranes, M-101 and M-102, were
summarized in Table 2. In addition, CO2/Nz ratio by
weight compositions was also given to indicate the
performance of the membrane process.

Apart from the membranes, flash separators were
used for equilibrium separations. Equilibrium flash
separation is typical equipment used in industries,
especially in the petroleum industry. A feed stream is
separated into liquid and vapor streams in an
equilibrium flash vaporization or flash distillation.
According to Towler and Sinnott [30], the feed stream
to the flash vessel must be in neither liquid nor gas state
but in both states. The separation of feed liquid droplets
and mists from the gas component is feasible whenever
the temperature of the vapor is reduced below the dew
point. Thus, the necessary heat must be given to the
mainstream or removed from it to bring the stream to
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Air-2

Flue Gas

L/

—{ CO5-rich stream }—»

M-102

Figure 4. Diagram of the multjple-stage membrane system.

Table 2. Stream properties of the membrane process

Flue Gas Feed-1

Permeate-1 Air-1

COg-rich stream

Flow Rate (kg/s) 53.6 26.8
Temperature (°C) 27 27

Pressure (kPa) 2000 2000
CO2/N2 (w/w) 0.29 0.29

7.6 0.99 13.8
171 25 17.7
102.6 202.6 102.6
1.74 0 1.58

Residue-1 Feed-2

Permeate-2 Air-2

N2-rich stream

Flow Rate (kg/s) 20.2 47

Temperature (°C) 26.5 26.4
Pressure (kPa) 1800 1800
CO2/N2 (w/w) 0.06 0.18

6.2 0.99 41.8
18.4 25 25.9
102.6 202.6 1600
1.40 0 0.10

suitable "gas-liquid" separation conditions. The
composition of the final streams depends on the
quantity of the feed vaporized (flashed).

Equilibrium separations require low-temperature
levels, whereas the reaction conditions need to be
relatively high. As a result, there are increased energy
requirements and heat transactions throughout the
process. Therefore, heat exchanger selection is
essential. Shell and tube heat exchangers are widely
used in oil refineries and the petrochemical industry.
The fixed tube and type BEM heat exchanger is
relatively cost-effective in the petrochemical industry.
The operation mechanism of the fixed tube and BEM
type exchangers is simple. The setup and repair of
these exchangers are also easier [31]. Besides, liquid
nitrogen was preferred as a coolant component of
coolers, whose working principle is assumed to be a
cryogenic operation. Medium-pressure (MP) steam
was used as a heater fluid in E-102. Rhine and Truelove
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indicated the maximum heat duty allowance for heaters
should be between 3 MW and 100 MW. However, the
heaters used in the petroleum industry can be around
300 MW or more with 20 MPa maximal pressure [32].

On the other hand, there are three reactors in the
process. These reactors were used for sulfurization, the
reverse water gas shift, and Fischer-Tropsch synthesis.
Simulation and design parameters for each reactor,
such as type of reactors, volumes occupied, reaction
phase, thermal (or operation) mode and the catalysts
used in reactors, and equipment properties in the
simulation, are shown in Table 3.

Sulfurization reaction

Sulfur-containing components have destructive
impacts on the environment. Hence, the International
Organization for Standardization has limited the
maximum sulfur content from 3 mg/kg to 500 mg/kg in
typical fuels [33].
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Table 3. Equipment properties in the simulation

Exchangers Inlet Temp.°C  Pressure, kPa AT, °C Type Heat Duty, MW Calc. Area, m?
E-101 707 2000 -702 Fixed-Tube, BEM -52.32 366.2
E-102 5 2000 22 Fixed-Tube, BEM 1.23 4.3
E-103 276 1000 -406 Fixed-Tube, BEM -8.9 90
E-104 4 1000 -126 Fixed-Tube, BEM -7 279.6
E-105 -130 1000 -830 Fixed-Tube, BEM 14.80 103.58
E-201 690 1000 -540 Fixed-Tube, BEM -7 9.4
E-202 892 1000 -882 Fixed-Tube, BEM -889.5 1773
E-203 10 1000 -180 Fixed-Tube, BEM -171.5 1167.3
E-204 600 1000 -595 Fixed-Tube, BEM -584.7 1569.3
E-205 5 1000 -205 Fixed-Tube, BEM -190.7 2068
Reactors Temp. °C Pressure, kPa Reaction(s) Type Mode Calc. Volume, m®
R-201 691 1000 Sulfurization Equilibrium Adiabatic 1.5
R-202 892 1000 RWGS Shift Adiabatic 20.2
R-203 600 1000 Fischer-Tropsch Equilibrium Isothermal 389.4
Membranes Press, kPa Flow Pattern Fiber Length, m Type No. of Fibers Surface Area, m?
M-101 2000 Counter 1.5 Hollow Fiber 10000 21.99
Current
M-102 1800 Counter 1.5 Hollow Fiber 10000 21.99
Current
Compressors Temp,°C Efficiency, % AP, kPa Type Actual Power, MW
C-101 150 80 1890 Reciprocating 36.23
C-102 18 80 897 Reciprocating 3.52
C-103 26 80 600 Reciprocating -1.25
Furnaces Inlet Temp.°C  Pressure, kPa AT, °C Type Heat Duty, MW
H-101 -130 1000 830 Process Heater 14.81
H-201 -169 1000 1069 Process Heater 1066
H-202 -170 1000 770 Process Heater 741.4
Separators Temp,°C Pressure, kPa Product Type
Separated
V-101 5 2000 Excess H20 Flash Distillation
V-102 -130 1000 Liquid N2 Flash Distillation
V-103 -130 1000 Liquid N2 Flash Distillation
V-201 150 1000 Elemental Sz Flash Distillation
V-202 10 1000 Excess H20 Flash Distillation
V-203 -170 1000 Excess CO2 Flash Distillation
V-204 5 1000 Excess H20 Flash Distillation
V-205 -200 1000 Synthetic Fuel Flash Distillation
On the other hand, hydrogen sulfide content in in Eq. (2).
typical flue gas (Table 1) was substantial at 0.1%. Thus, 2H,S = 2H,, +5,, )

the elemental sulfur was produced in R-201 to
distinguish sulfur from the stream. The formation of
sulfur from hydrogen sulfide is an essential industrial
method to dispose of H2S. The reaction was shown

Eventually, a high amount of H2S was converted

into solid-state sulfur. However, Mashapa et al. [34]
indicate the selectivity of the H2S was highly consider-
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able in a mixture. On this basis, the reaction can occur
at about 95% single-pass conversion at 700 °C in the
presence of molybdenum disulfide (MoS2) and tungsten
disulfide (WS2) catalysts. Furthermore, the conversion
at higher temperatures was correlated with a reaction
rate equation, as shown in Eq. (3) [35].

2
ly, = kH25,1CH25 *kHQS,chz (3)

2

The equilibrium constant for H.S decomposition,
kHzs, was given in Table 4 and modeled in the
simulation reactor R-201.

Reverse water gas-shift reaction (RWGS)

The selection of the catalystin RWGS is important
because carbon monoxide is an active molecule. It may
directly react back to CO2 since RWGS is a typical
equilibrium reaction shown in Eq. (4).

CO,,, + Hy,y & CO,, +H,0,, (4)

Wolf et al. investigated that the reverse water gas
shift reaction (RWGS) occurred in the R-202 via a
commercial Ni-Al203 steam reforming catalyst which
was produced with 11% Ni (w/w) and a BET (Brunauer-
Emmett-Teller) surface area of 7 m?g™" [36]. Their work
shows the catalyst can catalyze the RWGS reaction
effectively, and the conversion of 79% at 900 °C is
achieved in a short residence time of less than 100 ms.
Experiments at varying temperatures and
concentrations of CO2 and H: indicate that the power-
law rate shown in Eq. (5) for the RWGS was derived.
cin which the f letter denotes the forward reaction. The
conversion of CO2 to CO with rate rcozr was shown in
Eq. (5), in which f indicates the forward reaction [36].

Teo,r = Krnes ¢ (7) 06026223 ©®)

The equilibrium constant for RWGS reaction,
Krwes, was given in Table 4 and modeled in the
simulation reactor R-202.

Fischer-Tropsch Synthesis

Syngas, namely carbon monoxide and hydrogen,
flowed out from the RWGS reaction and were treated in
the Fischer-Tropsch reactor, namely R-203. Fischer-
Tropsch synthesis is the fundamental operation in the
process where all carbon monoxide and hydrogen react
to form hydrocarbon molecules via FeCuK/Al2Os3
catalyst [37,38]. The Fischer-Tropsch synthesis that
involves the catalytic conversion of synthesis gas into a
mixture of hydrocarbons (i.e., paraffins, olefins) is
shown in Egs. (6), (7) [39].

Paraffins: nco+(2n+1)H, —» C,H,,.,+nH, (6)
Olefins: nco+2nH, — C,H,, +nH,0 (7)

The n value stated in Eq. (6) and (7) may be
312

between 1 and 12 (The hydrocarbons produced vary
from C1 to C12+) over FeCuK/Al:O3 catalyst during
F-T synthesis in the simulation. However, the cetane
number and the fuel quality decrease as the number of
carbon atoms in the hydrocarbon chain increases.
Therefore, the production of hydrocarbons with high
carbon numbers is undesired.

Kang et al. [37] pointed out that the number of
carbon atoms in hydrocarbon molecules can be limited
with C4 as long as the reactor temperature increases to
600 °C. Thus, the nvalue stated in Eq. (6) and (7) can
be altered between 1 and 4 in the simulation model.
Wang et al. [40] carried out a set of kinetic experiments
of Fischer-Tropsch synthesis over industrial Fe-Cu-K
catalysts. The simplified forms of reaction rates were
given in Eq. (8), (9), and (10), where a is the chain
growth factor for the carbon number of n, Pis the partial
pressure of a component, and S is the re-adsorption
factor of 1-olefin with a carbon number of 17[40].

KFTP/-/2 2 (8)

fon, =1 1 P 1 1 ﬁ‘, J
+ + a;
K/ir P: K/ET'PHQ Ker )i H !

CoHopy — -
n'12n+1 -1 P 1 1 N J
1+ + a;
[Kgr P: K/ET'P/-/2 KFT]IZ;(H /J
where n = 2

/-'7'1 B, Ha, (10)

Te.m =
2 1.P. 1 N J
1+ a0 a;
[K/ET P/f K/ET PH K T]/Z;[l/_[ /

where n = 2.

Eq. (8) is the reaction rate equation of CHs, in
which nis 1. In Egs. (9) and (10), reaction rates of
paraffins and olefins were given for n-values equal to or
greater than 2. The equilibrium constant for Fischer-
Tropsch synthesis, Krr, was shown in Table 4 and
modeled in the simulation reactor R-203.

RESULTS AND DISCUSSION

Simulation analysis

Capacity distributions of the process are given in
Table 5. Hence, 7.3 kg of synthetic fuel, 78 kg of
nitrogen gas, and 53 grams of solid-state sulfur were
produced, and 21 liters of excess water were separated
from every 100 kg of flue gas emitted. The nitrogen
stream has approximately 95% purity. The other 5% is
oxygen. Besides, the excess water stream had 99.98%
purity of H20, and the elemental sulfur was separated
with 99.9% purity.

The n value stated in Eq. (6) and (7) alters between
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Table 4. Equilibrium data of chemical reactions [35,36-38]

R201 K. :exp{5.677—0.072r+1.108-10**72 +M—0.144In(7')} 1)
1 i 1000
B K = , with ~ _
R-202 5 exp(-0.2942° +0.6352% +4.1782 +0.317) Tkl (2
R203  Kue = 2270000 5897 13.959.107 - 27.503.10°7 (13)

1 and 4 in the simulation model. Hence, the produced
fuel mixture at the end of R-203 includes methane,
ethane, propane, propylene, butane, and butene.
Conversion rates of hydrocarbons are shown in Table
6.

Table 5. Flow rates of mainstreams

Components Mass Flow Rate (kg/s)
Synthetic Fuel 4.05
Rich-Nitrogen 44.0

Excess Water 11.9
Elemental Sulfur 0.03

Inlet Flue Gas 56.46
Hydrogen Gas Feed 5.0

Table 6. Selectivity distribution over FeCuK/Al,Os catalyst

Catalyst FeCuK/Al203
Temperature (°C) 600
CO conversion (%) 98.4
Selectivity (C-mol %)

CO2 12.0
Hydrocarbons 88.0
Hydrocarbon selectivity (%)

C1 29.3
Cz 15.5
Cs 23.8
Cs- 0.10
Cs 16.9
Cs= 2.40

Natural gas has a great gross heating value
compared with other fossil fuels, and it is a widespread
fuel type regarding its great amount of light
hydrocarbon content [41]. Light hydrocarbons release
more energy because they contain more hydrogen
atoms than heavier hydrocarbons. Also, natural gas is
a non-toxic fuel type since it contains sulfur in small
quantities. Since the synthetic fuel produced during this
study is an alternative energy source to fossil fuels, the
compositional benchmark of synthetic fuel and natural

gas is shown in Table 7. Desulfurized energy utilization
is important for the environment. The produced
synthetic fuel does not contain any sulfur composition,
whereas a typical natural gas may contain hydrogen
sulfide. However, synthetic fuel contains relatively low
methane compounds, which lowers the calorific value
compared to natural gas.

Table 7. Compositional benchmark of synthetic fuel and natural

gas
Compositions (%)
Symbol Compound This Natural Gas
study [13]
CH4 Methane 32.9 70-98
CzHe Ethane 16.5 1-10
CsHs Propane 247 0-5
CsHs Propylene 0.99 -
CaH1o Butane 17.4 0-2
C4Hs Butene 2.37 -
CO2 Carbon 3.81 0-1
dioxide
02 Oxygen 1.07 0-0.2
N2 Nitrogen 0.36 0-15
H2S Hydrogen - Trace
sulfide occasionally
H20, H2, He  Rare gases 0.01 Trace
occasionally

Fuel quality is another key point to concentrate on.
The calorific value is an essential characteristic used to
evaluate fuel quality. The calorific value of a fuel can be
measured using the bomb calorimetry and the standard
methods such as ASTM-D201. In addition, some
estimation equations were suggested to determine the
heating value based on the elemental compositions of
hydrocarbons [43]. As a result of the evaluation, gross
and net calorific values of the produced synthetic fuel
and comparison with other common fuel types are
illustrated in Fig. 5 [13—42]. The gross calorific value of
a fuel is equal to the net calorific value with the addition
of the heat of vaporization of the water content in the
fuel. The synthetic fuel produced was found to be a fuel
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type, an immensely qualified fuel, compared with other
types of fossil fuels.

[l

Natural Gas

Gasoline
(Petrol) |

Diesel Fuel

Fuel Qil
(Light) |

Bituminous
coal |

I T T T
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W Net Calorific Value O Gross Calorific Value

Figure 5. Calorific values of varfous fuels (MJ/kg) [13, 42].

Economic analysis

A preliminary economic analysis was calculated
based on the engineering economic analysis of Turton

et al. [44]). The detailed equipment purchased and
production costs were calculated by assuming
Chemical Engineering Plant Cost Index (CEPCI) as
500. Land cost and working capital were assumed as
1% and 15% of the fixed capital investment,
respectively [45]. The cost of nitrogen gas was taken as
$0.08/kg [46], and the price of synthetic fuel was
assumed to be the same as the price of natural gas.
The capital cost of each piece of equipment was
calculated as $63,790,535, and it was used to
determine the fixed capital investment, FCI, of the
project. FCI refers to an entirely new facility in which the
construction was started on an essentially undeveloped
area, a grass field. Besides, working capital is required
to start up the plant and finance the first few months of
operation. The total operating cost of the process is
shown in Table 8. The cost of manufacturing is the sum
of costs of all resources consumed in making products,
and the result of COM is $95,980,622. There are four
categories to achieve theoretical manufacturing cost,
COM. These were shown in Eq. (14).

COM =0.18FCI+2.73C,, +1.23(Cy; +Cyyr +Cry) (14)

Table 8. Total operating cost

Expenses Percentage % Calculated Values ($M)
CT™M Equipment Costs 63.3
Coolers 2.09 of FCIL 1.64
Heaters 2.47 of FCIL 1.94
Compressors 48.1 of FCIL 37.7
Reactors 2.88 of FCIL 2.26
Furnaces 26.0 of FCIL 19.7
wcC Working Capital 15.0 of FCIL 11.8
L Land Cost 1.00 of FCIL 0.79
FCI Fixed Capital Investment 78.5
CoL Operating Labor 1.43 of COMy 1.42
Cur Utility Costs 18.1
Coolers 0.64 of COMy 0.61
Heaters 1.33 of COMy 1.27
Compressors 0.03 of COMy 0.03
Furnaces 16.8 of COMy 16.1
Cru Raw Materials 45.2
Flue Gas - -
Hydrogen 47.2 of COMy4 45.2
COM Total Manufacturing Cost 95.8
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The first category is the cost of operating labor,
CoL, calculated from the amount of equipment in the
plant. Hence, 15 operating laborers were determined,
and CoL is $1,134,137. Then, the second category is
the utility expenses, Cur. Those utilities are low-
pressure steam, nitrogen refrigerator, natural gas, and
electric power consumed throughout the process. The
third category is the cost of raw materials (Crm). Since
the purchase price of flue gas was assumed to be zero,
only hydrogen was included in raw material expenses.
Finally, Cwr stands for the cost of waste treatments.
However, there is no waste material in the stream. The
purge stream was composed of hydrogen-rich gases.
Therefore, it can be incinerated or used as process fuel.

There are three bases used for the profitability
analysis of plant design. These are time, cash, and
interest rate criteria. Considering Europe's average
corporate income tax rate (22.5 percent) [47], which is
slightly higher than the global average (21.4 percent)
and a discount rate (10 percent), the time and interest
rate criteria were only considered in this study. The
term used for the time criterion is the payback period
(PBP). It is the time required to recover the capital
investment. The project's PBP and discounted payback
period (DPBP) were calculated as 6.1 and 7.5 years,
respectively. The rate of return on investment (ROROI)
was also used as an interest rate criterion in this
economic estimation, and it was calculated as 16.64%.

Sustainable development goals

The Sustainable Development Goals (SDGs) or
Global Goals are a collection of 17 interlinked goals
designed to be a "blueprint for achieving a better and
more sustainable future for all" by the United Nations
Development Programme (UNDP) [48]. The excess
water can be sold to industrial production facilities to
avoid using natural water sources. Thus, clean water
and sanitation (goal 6) can be provided. Also, synthetic
fuel was produced, an affordable and clean energy
source (goal 7, aimed to be achieved by 2030 by
UNDP). Supporting sustainable industries and
investing in R&D are significant ways to provide
sustainable growth; thus, goal 9 (industry, innovation,
and infrastructure) was also fulfilled. The study's
objective is to protect natural resources related to goal
12 (responsible consumption and production). Since
CO:2 emission serves climate change, climate action
(goal 13) was provided. Finally, ocean acidification will
be reduced by reducing CO2 emissions. Hence, the
aquatic living beings will be protected.

CONCLUSION

Fossil energies (FE) will remain the mainstay of

global energy consumption for the future based on their
current superiority [49]. 41% of all anthropogenic CO:2
emissions will derive from industrial power plants by
2035. Environmental problems caused by GHG
emissions are directly associated with nonrenewable
energy production and utilization. Hence, studying
potential energy systems is fundamental for preventing
future climate change caused by humankind. For
instance, carbon pricing is one of the most effective
ways to reduce emissions, which manages GHG
emissions by placing a fee on emitting and offering an
incentive for emitting less by 2025. This action shifts in
consumption and investment patterns, making
economic development compatible with climate
protection [50].

Substituting FEs with renewable energy has an
essential role in developing a sustainable and carbon-
free economy. Thus, this study aims to develop an
alternative sustainable flue gas-to-fuel recycle system
to cut down the dependence on FEs. Fischer-Tropsch
synthesis is used to produce the hydrocarbon mixture
from syngas. Since CO:2 has a negative impact on the
Fischer-Tropsch process due to reducing the selectivity
of hydrocarbons with carbon numbers above 5 [51], the
excess COz gas is distinguished after the reverse water
gas shift reaction and before the Fischer-Tropsch
synthesis. FeCuK/Al2O3 catalyst is 600 °C for the
Fischer-Tropsch synthesis in R-203 to produce
hydrocarbons whose carbon number is up to 4.
FeCuK/ Al2O3 catalyst also provided a high CO
conversion rate (98.4%) and high hydrocarbon
selectivity (88%). The produced synthetic fuel has a
gross calorific value of 48 MJ/kg, which is effective
compared with other FEs. About 6.59% of the input
components are converted into synthetic fuel, while
other parts are distinguished as 90.3% pure nitrogen
gas (71.6%), excess industrial water (19.4%), and
elemental sulfur (0.05%). The remained part (about
2.4%) of the input streams is disposed of as the purge
stream (Fig. 3).

Equipment and utility costs are calculated
regarding the types and properties of equipment
operating in the simulation. The raw material H:
occupies a major part of the cost of manufacturing.
Thus, this process may be combined with Hz2 production
technologies. The electrochemical methods for H2
production, such as electrolysis or
photoelectrochemical, may be adapted to convert
excess water distinguished from the system to Ho.
Although these technologies may be the cleanest ones,
they cost around 80% of the operating cost and are
highly expensive. Besides, photosynthetic processes
(including algae) which use CO: and H2O for H2
production are also sustainable technologies [52].
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The payback period is calculated as 6.1 years,

while discounted payback period is about 7.5 years,
concerning the discount rate of 10%. Therefore, ROROI
is also measured as 16.64%, which can be considered
a good ROROI for an investment [53].
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NAUCNI RAD

KORISCENJE UGLJEN-DIOKSIDA: SIMULACIJA
PROCESA PROIZVODNJE SINTETICKOG GORIVA
1Z DIMNIH GASOVA

Problemi Zivotne sredine su u porastu i danas vise povezani sa klimom, prvenstveno
uzrokovani emisjjom gasova sa efektom staklene baste. Takode, industrijske emisije
sirom sveta iz elektrana ce prouzrokovati 50% koncentracije ugljen-dioksida u atmosferi
do 2035, godine. Za simulaciju proizvodnje sintetickog goriva iz dimnih gasova koje
emituju industrijske elektrane koriscen je softver ChemCAD. Ona je imala za cilj da sve
sastofke dimnih gasova konvertuje u vredne proizvode kako bi se smanjio uticaj stetnih
gasova na Zivotnu sredinu. Proizvedeno sinteticko gorivo sastoji se od 94,75%
ugljovodonika sa brojem ugljenika do Cetiri sa ukupnom stepenom konverzife od 6,59%.
Oko 95% sumpora u dimnom gasu se izdvaja odsumporavanjem smesSe goriva.
Membranski process, takode, izdvaja 90,3% azota iz dimnog gasa. Sumporizacijom,
povratnom reakcijom vod-gas i Fiser-Tropsovom sintezom u prisustvu sa odgovarajucih
katalizatora postiZu se stepeni konverzije od 95%, 79% i 98,4% u jednom prolazu, reodm.
Uradena je i ekonomska analiza, a period oiplate projekta je 6,1 godina, dok je zarada
na investirano 16,64 %.

Kljucne reci: ugljen-dioksid, Fiser-Tropsova sinteza, dimni gas, simulacija

procesa, sinteticko gorivo.
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EXERGY ANALYSIS OF THE BIOGAS
MULTISTAGE COMPRESSION PROCESS
BASED ON ASPEN PLUS SIMULATION

Article Highlights

e [t simulated and analyzed the exergy changes of the biogas multistage compression
process by Aspen Plus

e The interstage cooling temperature affects the energy consumption of the whole
compression process

* The exergy efficiency increased with the increase in the number of compression
stages

Abstract

In this study, by taking the compression separation process of a biogas
profect as a research subject, a multistage compression process was
simulated using Aspen Plus software. The exergy analysis of the biogas
project under multistage compression and adiabatic or isothermal
conditions was performed employing the thermodynamic principle. The
results showed that the biogas exergy increased with pressure during the
compression process and correspondently decreased in the interstage
cooling process. Further, the compression series increased with the
increase in efficiency, but the increase was gradual. The results of the
example study of the four-stage compression process are as follows. the
process exergy increased by ~83.07 kW, the process exergy efficiency was
~75.56%, and the recovery exergy potential was ~12.6 kW. In this study, the
allocation of compression ratios and the selection of compression stages
within the multistage compression process were analyzed by Aspen Plus
was used to analyze., This analysis can ultimately help others design
efficient multistage compression systems that reduce energy losses.

Keywords: Aspen Plus, biogas,
compression.

exergy analysis, multistage

government has significantly supported the biogas
industry [2]. By the end of 2018, 108,059 biogas
projects had been completed, more than 7,900 being
large-scale biogas projects [3]. Moreover, under carbon
neutrality, the supply of biomass gas energy has
significantly increased [4]. As a form of high-quality
renewable biomass energy, biogas is mainly composed
of CHs (60%-70%) and CO2 (28%-40%), and the
remaining components are H2S, N2, NHs, etc. [5,6].
Despite the efficiency of using biogas, the considerable
amount of COz in biogas decreases its calorific value
and energy density and leads to the corrosion of its
transportation pipelines. Therefore, biogas must be
purified to remove CO: and other impurities and
improve its use value [7]. Generally speaking, the sepa-
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ration methods of CO: are the absorption method [8],
membrane separation method [9,10], pressure swing
adsorption method [11], and cryogenic separation
method [12]. Cryogenic separation is a common
method for CO2 capture and separation. The principle
is to use the liquefaction characteristics of CO2 at 31 °C
and 7.39 MPa or -59-30 °C and 0.47-7.22 MPa. The
multistage compression and cooling of biogas make
CO: liquefied, thus realizing the separation of CO2 and
CH4. The technological process is as follows:
dedusting, desulphurization, drying, multistage
compression, CO: liquefaction separation, and storage.
Biogas is treated by dedusting, desulphurization, and
dehydration to prevent the impurities in the gas from
corroding and damaging the compression equipment,
pipes, and accessories [13]. The purified biogas enters
multistage compression equipment when the
temperature is lower than 31 °C. Then, the compressed
biogas is cooled and liquefied by a condenser, and the
CO:2 in the biogas is separated. The cryogenic
separation method produces high-purity biological
methane, and the separated high-purity liquid CO2 can
be used in other fields [14].

Xu et al. [15] proposed a new integrated method
for CO2 compression separation. Their research
showed that the higher the initial pressure and initial
CO2 concentration in the mixture, the better the
refrigeration cycle performance and the lower the
energy consumption of the new integrated method.
Using Aspen Hysys, Zhou et al. [16] simulated the low-
temperature liquefaction process separating CO2 gas
from biogas. By changing the volume fractions of CH4
and COz, the dew point and separation pressure ranges
of biogas were obtained. At the same time, through
experimental verification and simulation, a method for
the industrial separation of CO2 and purification of
biogas was obtained. Li ef al. [12] simulated a low-
temperature biogas purification process using the
Aspen Plus software. They analyzed the influences of
pressure and temperature on the effect of the low-
temperature purification process. Ahmed et al [17]
proposed an improved cryogenic separation for
CO2/CH4 gas mixtures, and it could significantly reduce
methane losses, energy consumption, and investment
costs while ensuring the purity of methane and COa.
These researches studied the whole process, but there
is still no research on the compression step in the
biogas purification process. Since the energy
consumption in the compression process accounts for
a large proportion of the total energy consumption,
effectively improving the efficiency of the compression
process is of great significance for reducing the energy
consumption of the compression device. The efficiency
of the isothermal and adiabatic compression process
can be estimated using thermodynamic principles. The
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efficiency of the actual compression process is usually
between isothermal and adiabatic compression. Aspen
Plus [18] is a process simulation software integrating
chemical engineering designs, dynamic simulations,
and other calculations. It comprises a physical property
database, a unit operation module, and a system
implementation strategy. Generally, it can simulate
various operation processes and single operation units.
This study is based on an Aspen Plus simulation. The
energy-saving potential of biogas' multistage
compression separation process was analyzed using
the exergy analysis method. A p-V/ diagram visually
demonstrated the difference between the ideal
isothermal and adiabatic compression. In addition, the
effect of the number of compression stages on energy
consumption was quantitatively revealed. Moreover,
based on simulation data, the exergy change of biogas
was analyzed, and its exergy recovery potential was
discussed.

Exergy analysis of the biogas compression process
Simulation model of the polytropic compression process

Regarding the polytropic centrifugal compression
process of biogas, Aspen Plus provides two
thermodynamic calculation methods: the GPSA and
ASME methods [19]. The ASME algorithm is aimed at
real gas, so the condition of the ASME algorithm is
more stringent than that of the GPSA algorithm. For a
real gas, the polytropic coefficient () value of the
polytropic compression process is uncertain, so a
correction factor is introduced into the isentropic
compression equation.

The calculation formula of the enthalpy change is
as follows:

AH:HEAD (1)
My
.
HEAD = PV “’5} —1] (2)
n-1 )
n-1) k-1
(%) ©
fn1 HH 4)
n pV,-pY,

n= In[%}/ln[%j (5)

where 4H is the molar enthalpy change, HEAD is the
polytropic energy head, rp is the polytropic efficiency, n
is the polytropic coefficient, k is the specific heat
capacity ratio of gas, fis the correction factor of the
polytropic energy head, H7and Hzare enthalpies of the
initial and final states of the compression process,
respectively, Pr and P- are the gas pressures in the
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initial and final states respectively, and V;and V- are
the molar volume flow rates of the initial and final states,
respectively.

Exergy analysis of the compression process

According to the first and second laws of
thermodynamics [20], energy is conserved during
energy conversion and transmission, and the energy
level decreases. Exergy (Ex) is the energy that can
theoretically be converted into work to the maximum
extent under certain conditions. When the system
changes from any state (P, 7) to the benchmark state
(Po, To) :

E,=H-H,-T;(5-S,) (6)

where Hand Sare the enthalpy and entropy of the fluid
in a specific state, respectively, Ao and Sp are the
enthalpy and entropy of the fluid in the reference state,
and Tpis the benchmark state temperature.

The enthalpy of the gas compression process is
changed into:

dHcpdr{vr(Z‘;j }dp (7)

The process entropy is changed into:

ds =cp$—(%‘;) dp (8)
P

It should be noted that:
§=C,InT-R,Inp+C (9)

When the initial state is isothermal in the final
state, the gas entropy is changed into:

AS:SZ—S1=ACFInT+RgIn[&J (10)
P,

where C is the integral constant, and A4C, is the
difference between the specific heat capacities of the
final and initial states at constant pressure. When the
gas is compressed and cooled, the initial and final
states are isothermal, where A4S<0 is the entropy
reduction, the compressed gas works to the
environment, and Ry is the gas constant.

According to the second law of thermodynamics,
the exergy difference between the compressed gas in
the initial and final states is taken as a target, and the
exergy efficiency (7x) is used to evaluate the
effectiveness of the energy process. That is,

. _AE, H,-H,-T,(S5,-S)) (11)
d w w

where Wis the compression power of the multistage
compressor.

Analysis of the biogas multistage compression process
Multistage compression process simulation

Taking the biogas project that the raw biogas is
passed already through the pre-conditioning step with
some non-major elements (traces) of nitrogen (N2),
water (H20), hydrogen sulfide (H2S), and volatile
organic gases (VOCs) have been removed. Therefore,
a typical composition of 60% (mol) CH4 and 40% (mol)
CO: for the raw biogas fed to the proposed process is
adopted in this work.

The four-stage compression separation process
of purified biogas was chosen as a research subject,
and the process diagram is shown in Fig. 1. First, the
biogas is compressed to 525 kPa by the first-stage
compressor and cooled to 25 °C by the first-stage
intercooler. Then, it enters the second-stage
compressor to be compressed to 1105 kPa, and the
compressed biogas enters the second-stage
intercooler to cool down to 25 °C. Then, the biogas is
compressed in the third-stage compressor to 2320 kPa,
and the compressed biogas is cooled to 25 °C by the
third-stage intercooler. Finally, the biogas is
compressed and pressurized to 4908 kPa by the fourth-
stage compressor. After the compression, the biogas
enters the fourth-stage intercooler and is cooled to
25 °C. The main characteristics of the principal streams
numbered in the process (from S1 to S12, as shown in
Fig. 1) are listed in Table 1 in terms of flow rate,
pressure, temperature, vapor fraction, and
composition.

The compression process was simulated and
analyzed using the Pressure Changers/Compr module
and the Heat Exchangers/Heater module in Aspen
Plus. The analysis of the simulation results of the actual
centrifugal multistage compression process shows that
the ASME polytropic model is more rigorous than the
GPSA polytropic model and can be closer to the actual
working conditions [18]. Therefore, the compressor
model should choose the ASME polytropic model in the
actual engineering simulation. After purification, biogas
mainly contains CHs and CO2, both of which are
composed of nonpolar molecules. For this case, the
PR-BM physical property method is usually selected,
suitable for nonpolar or weak polarity systems under all
temperatures and pressures, and its simulation results
are more accurate [21]. Table 2 shows the Aspen Plus
simulation parameters of the biogas compression
process.

RESULTS AND DISCUSSION

Table 3 shows the Aspen Plus simulation results
of the four-stage compression process. Also, Table 4
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Biogas

on —S1
25C
250kPa —S3 —S5 g7
1214.82kgh
S10
S2 S4 S6 S8
S9
El E2 E3 E4 E5
F-Flash; C-Compressor; E-Cooler; S-Stream
Figure 1. Four-stage compression process diagram.
Table 1. Streams characteristics of the compression process
Composition (% mole base)
Stream no. Vapor fraction ~ Temperature (K)  Pressure (MPa)  Molar flow (kmol/h)
CH4 CO:2

S1 60.00 40.00 1 298.15 0.25 44.615
S2 60.00 40.00 1 361.87 0.525 44.615
S3 60.00 40.00 1 298.15 0.525 44.615
S4 60.00 40.00 1 362.51 1.105 44.615
S5 60.00 40.00 1 298.15 1.105 44.615
S6 60.00 40.00 1 363.13 2.32 44.615
S7 60.00 40.00 1 298.15 2.32 44.615
S8 60.00 40.00 1 365.29 4.908 44.615
S9 60.00 40.00 1 298.15 4.908 44.615
S10 60.00 40.00 0.776 233.15 4.908 44.615
S11 5.51 94.49 0 190.86 3.750 26.795
S12 91.86 8.14 1 265.01 4.906 17.820

Table 2. Simulation parameters of the biogas compression

ltems Data
Polytropic 0.85
Compression efficiency

Quantity of flow/ kg-h™ 1214.82
Temperature / C 25
Pressure / kPa 250

compares the volume flow rates of the ideal isothermal
and polytropic compression of biogas under different
pressures. Fig. 2 shows the p-V relationship when
biogas is compressed to 4.908 MPa under different
compression conditions.

As shown in Fig. 2, the actual compression process of
322

biogas after the four-stage compression process is
close to ideal isothermal compression, and its efficiency
is higher than that of the one-stage compression.
According to the work calculation formula W= pV, the
area enclosed by the multistage compression curve
and first-stage compression curve in Fig. 2 is the work
saved by the multistage compression of the
compressor compared with the first-stage adiabatic
compression. Under the premise of choosing a
reasonable compression ratio, the more the stages of
the compressor, the larger the enclosed area. That is,
energy-saving increases with the increase in saved
work. However, in actual projects, investment
accordingly increases. Therefore, we need to make
comprehensive considerations need to be made before
making choices.
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Table 3. Simulation results of the four-stage compression

. . Outlet Inlet Outlet Interstage Interstage

Compression Quantity of Flow / . .

Stage kgh Pressure / Temperature / Temperature / Compression Cooling Load /

kPa °C °C Power / kW kW

1 1214.85 525 25 88.72 29.38 -30.25

2 1214.85 1105 25 89.36 29.23 -31.09

3 1214.85 2320 25 89.98 28.63 -32.62

4 1214.85 4908 25 92.14 27.93 -36.88

Table 4. Comparison of volume flow rates between ideal isothermal compression and polytropic compression of biogas under different
pressures

Pressure / kPa

Polytropic compression

Ideal isothermal compressed volume flow rate (25 °C) / (m%h)

Temperature / °C Volume flow rate / (m%/h)

250 438.93
525 209.01
1105 99.31
2320 47.30
4908 22.36

25 438.93
88.72 253.59
159.81 144.26
237.25 81.25
321.84 45.15

6000

1000

2000

Figure 2. Analysis of energy-saving potential in biogas four-
stage compression process.

Analysis of the main factors influencing the energy
consumption of the compressors

The compression ratio is one of the most
important parameters affecting energy consumption in
multistage compression processes [22]. Therefore, four
operating conditions were set up to discuss the
compression ratio influence. Operating condition 1: the
average distribution of the compression ratio in the
multistage compression process, i.e., € = 2.105.
Operating condition 2: the compression ratio of the
multistage compression process gradually decreases,
i.e., €21 =25, €2 = 2112, €23 = 2, €24 = 1.859.
Operating condition 3: the compression ratio gradually
increases in the multistage compression process, i.e.,

€3.1=1.859, €32 = 2, €33 = 2.112, €34 = 2.5. Working
condition 4: the compression ratios of the first and
fourth stages in the multistage compression process
are slightly lower than those of the middle stages, i.e.,
E4.1= 2, £4.2=2.216, €43=2.215, £44= 2. The Pressure
Changers/Compr and Heat Exchangers/Heater
modules in Aspen Plus were used to simulate the
compression process of biogas under four operating
conditions, respectively, and the simulation results are
shown in Table 5 and Fig. 3.

It can be seen from Table 5 and Fig. 3 that under
operating condition 1, the compressor power and heat
exchanger load in the multistage compression process
are the lowest: 115.170 kW and 130.842 kW,
respectively. The simulation results are also consistent
with the theoretical optimal compression ratio of
multistage compression [23].

The number of compression stages is also one of
the important parameters that affect the energy
consumption of the multistage compression process.
When gas is compressed to a certain pressure, the
more the compression stages, the smaller the
corresponding compression ratio, reducing the
multistage compressor energy consumption.

Based on the above simulation results, the
average distribution method of the multistage
compression ratio was considered, so the number of
compression stages (m) can be expressed as follows:

m:ln&/Ing (12)

P
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Table 5. Simulation results of biogas compression under four operating conditions

Interstage Compression Power / kW

Interstage Compression Power / kW

1 2 3 1 2 3 4
Condition 1 29.377 29.233 28.627 27.934 30.248 31.091 32.619 36.884
Condition 2 37.120 29.293 26.406 22.479 38.309 31.530 30.776 30.355
Condition 3 24.180 27.093 29.025 35.317 24.861 28.578 32.397 45.451
Condition 4 27.269 31.494 30.910 25.534 28.060 33.442 35.341 34.035

=Compressor

Heat Exchanger

151
15
11489

Condition 1 Condition 2 Condition 3 Conditien 4

Compressor Power/kW
Heat Exchanger Load/kW

=4
o

SExX

Operating Condition

Figure 3. Compressor power and heat exchanger load under
four operating condiitions.

where pr and p- are imported pressure and outlet
pressure MPa, respectively.

Based on the above conditions, the biogas
compression process with the mass flow rate of
1214.85 kg/h and final pressure of 4.908 MPa was
simulated. The one-stage to five-stage compression
conditions were set for analysis, respectively. The
Pressure Changers/Compr and Heat
Exchangers/Heater modules in Aspen Plus were used
to simulate the biogas compression process, and the
simulation results are shown in Table 6.

As shown in Table 6, the power of the one-stage
compressor is ~156.302 kW, and the power of the five-
stage compressor is ~112.560 kW, which was reduced
by ~44 kW. As aresult, the outlet temperature of the

Table 6. Simulation results of biogas compression under different compression stages

Number of Interstage Compressor Average outlet temperature Interstage cooling Heat exchanger
stages compression ratio power / kW between compressor stages / outlet temperature / °C load / kW
°C
1 19.632 156.302 321.84 25 -171.974
2 4.431 128.475 161.70 25 -144.147
3 2.698 119.550 113.25 25 -135.222
4 2.105 115.170 90.05 25 -130.842
5 1.814 112.560 76.47 25 -128.232

compressor stage decreased from 321.84 °C to
76.47 °C, and the heat exchanger load decreased from
171.974 kW to 128.232 kW. Therefore, in practical
engineering, the multistage compression method is
often used to reduce the outlet temperature of
compressors. In addition, the compressor power,
interstage cooling outlet temperature, and heat
exchanger load all decrease with the increase in the
number of compression stages, and the decreasing
trend gradually slows down, as shown in Fig. 4.

Besides the number of compression stages, the
outlet temperature of the interstage cooler is one of the
main factors affecting energy consumption in the
multistage compression process. In the simulation, the
outlet temperatures of the interstage coolers with three
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stages, four stages, and five stages of compression
were set to 15°C, 20°C, 25°C, 30°C, and 35°C,
respectively.

The simulation results show that the power of the
three-stage compressor is 116.648, 118.102, 119.550,
120.990, and 122.419 kW, respectively. Under the
same working conditions, the power of the four-stage
compressor is 111.948, 113.563, 115.170, 116.768,
and 118.354 kW, respectively. The power of the five-
stage compressor is 109.161, 110.865, 112.560,
114.245, and 115.920 kW, respectively. The power of
the compressors with different compression stages
varies with the outlet temperature of the interstage
cooler, as shown in Fig. 5. As seen in Fig. 5, the
compressor power increases with the increase in the
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190 —e— Compressor Power
Heat Exchanger Load

—+— Average Outlet Temporauure between 250
Compressor Stages

Power/k'W
Average Inter-Stage Outlet Temperature /°C

] 1 2 3 1 5 P

The Number of Compressor Stage

Figure 4. Variation of heat exchanger load, compressor power,
and average interstage outlet temperature with a compression
stage.

Compressar Powerkw

—i— 3-Stages Compression

—#— 4-Stages Compression

—&— 5 Stages Compression

15 20 25 30

Intermediate Outlet Temperature of Interstage Cooling“C

Figure 5. Variation of compression power with the outlet
temperature of the interstage cooler.

outlet temperature of the interstage cooler. The
simulation results show that in the biogas four-stage
compression process, when the interstage cooling
temperature decreases by 5 °C on average, the energy
consumption in the whole compression process is
reduced by ~1.5 kW.

Since equipment cost increases with increasing
the number of compression stages, and the outlet
temperature of the interstage cooler of compressed gas
is usually higher than that of the circulating cooling
water, it is necessary to comprehensively evaluate the
factors, such as the equipment and energy
consumption costs, in practical engineering
applications.

Exergy analysis of multistage compression process

When the benchmark state is fixed, meaning that
the pressure and temperature of the compressed gas
are determined, the energy and exergy of the gas are

determined [24]. The benchmark pressure was set to
101.3 kPa. The benchmark temperature was set to
298.15 K. The relevant thermodynamic parameters of
the beginning and end states of biogas were simulated
by Aspen Plus, as shown in Table 7.

Table 7. Thermodynamic parameters of the initial and final states

of the biogas
ltems Unit Initial state Final state
Pressure kPa 250 4908
Temperature K 298.15 298.15
Enthalpy kJ/mol -202.179 -203.444
Entropy kJ/mol-K -0.0482 -0.0771
Flow Rate kmol/hr 44.615 44.615

As seen in Table 7, under the isothermal
condition, when the gas is compressed, the enthalpy
when the final pressure of the gas is high is lower than
that when the initial pressure is low. It results from the
decrease of the gas enthalpy due to the exothermic
isothermal compression. In addition, the final gas
entropy is lower than the initial gas entropy because
with the increase in gas pressure, the molecular
arrangement tends to be ordered, and the entropy
decreases.

The Aspen Plus software was used to simulate
the thermodynamic parameters related to the four-
stage compression process of biogas, and the exergy
changes in the four-stage compression process were
calculated through the exergy definition formula. The
results are shown in Table 8.

Table 8. Exergy changes in four-stage compression process

Compression Interstage Exergy Exergy Interstage
stage exergy after loss after  exergy
kW interstage interstage efficiency
cooling cooling 1%
/KW KW
1 53.007 50.141 2.865 76.68
2 75.415 72.448 2.967 76.50
3 97.201 94.072 3.128 76.18
4 118.239 114.637 3.602 75.56

According to the exergy analysis of the
compression process in Table 8, the interstage cooling
loss of the four-stage compression process is 12.6 kW,
accounting for 10.9% of the total compression power. If
this thermal energy part can be recovered, the exergy
efficiency of the whole compression process can be
significantly improved. The exergy value of biogas
increased with the increase in pressure. Also, the
exergy value increased by ~87.03 kW after the fourth-
stage compression process was completed, and the
exergy of the biogas decreased after interstage cooling.
The cooling water took away the exergy of the
compressed biogas due to the increase in the gas
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temperature after the interstage cooling process. The
relationship between the compression exergy
efficiency and the number of compression stages is
shown in Fig. 6.

B80%

78%

76%

74%

n%

70%

68%

66%

Exergy Efficiency

The Number of Compression Stages

Figure 6. Exergy efficiency changes under different compression
stages.

As shown in Fig. 6, the exergy efficiency values of
the one-stage compression, two-stage compression,
three-stage compression, four-stage compression, and
five-stage compression processes are 55.68%,
67.74%, 72.79%, 75.56%, and 77.31%, respectively.
Also, the growth rates are 21.66%, 7.47%, 3.80%, and
2.32%, respectively. In the biogas compression
process, the exergy efficiency in the compression
process increased with the increase in the number of
compression stages, but this increase tended to be
gradual. Therefore, it is very important to choose
appropriate compression stages for application in
practical engineering. Based on determining factors,
such as the gas flow rate and final pressure conditions,
a comprehensive analysis of the exergy efficiency
increase, water-saving rate, and equipment costs of
different compression stages, a more reasonable
compression stage of biogas under the above-
mentioned working conditions can be determined.

In the biogas project of an agricultural livestock
and poultry breeding farm, it was measured that the
exergy increase of final biogas was about 80.60 kW,
exergy efficiency was 72.12%, and exergy recovery
potential was about 10.88 kW. These simulated results
are close to those measured in practical engineering.

CONCLUSION

In this study, a biogas multistage compression
process was simulated by the Aspen Plus software.
The simulation calculations found that the selection of
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the number of stages and the compression ratio
distribution significantly influenced the simulation
results. Overall, the four-stage compression process
simulation results and average distribution
compression ratio were the best without considering
equipment investments.

According to the simulation calculations, in the
four-stage biogas compression process, the exergy
increase of the final biogas was about 83.07 kW. lIts
exergy efficiency was 75.56%, and the recovery exergy
potential was ~12.6 kW. These results are close to
those measured in practical engineering.

The simulation results showed that in the
multistage biogas compression process, the total
energy consumption decreased by 1.5 kW for every
5 °C decrease in the interstage cooling temperature,
where the biogas exergy increases with the increase in
pressure. In addition, the exergy efficiency increased
with the increase in the number of compression stages,
but the increase tended to be slow.
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EKSERGIJSKA ANALIZA PROCESA VISESTEPENE
KOMPRESIJE BIOGASA SIMULACIJOM
KORISCENJEM SOFTVERA ASPEN PLUS

U ovoy studlfi, uzimajuci proces odvajanja kompresije u projektu biogasa kao predmet
[straZivanja, simuliran je proces visestepene kompresife koriscenjem softvera Aspen
Plus. Eksergijska analiza projekta biogasa u visestepenoj kompresiji i adjjabatskim ili
izotermnim uslovima izvrSena je primenom termodinamickog principa. Rezultati su
pokazali da se eksergijja biogasa povecava sa pritiskom tokom procesa kompresije i
shodno tome smanjuje u medustepenom procesu hladenja. Dalje, serija kompresija se
povecava sa povecanjem efikasnosti, ali je povecanje postepeno. Rezultati studije
procesa cetvorostepene kompresije su Sledeci: eksergjja procesa je porasla za
~83,07 kV, efikasnost eksergije procesa je ~75,56%, a eksergifski potencijal oporavka
~12,6 kV. U ovg studiji, softverom Aspen Plus je analizirana raspodela odnosa
kompresife i izbor stepena kompresife u okviru procesa visestepene kompresije. Ova
analiza na kraju moZe pomoci drugima da dizajniraju efikasne visestepene sisteme
kompresije koji smanjuju gubitke energije.

Kljucne reci: Aspen Plus, biogas, eksergijska analiza, visestepena kompresija.
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EFFECT OF DIFFERENT ELECTROLYTES ON
ELECTROCHEMICAL MICRO-MACHINING OF
SS 316L

Article Highlights

e This paper aims to fabricate the drilled micro-holes on SS 316L through the ECMM
process

e Tartaric acid, citric acid, and mixed electrolyte are used for conducting the experiments

* MRR and overcut are considered to measure the performance of the machining
process

o FESEM analysis is conducted to see the influence of the electrolyte on the machining
surface

e Mixed electrolyte outperforms MRR and overcut than the other electrolytes

Abstract

The use of stainless steel 316L (SS 316L) in the medical, marine,
aerospace, bio-medical, and automobile sectors increases rapidly.
Electrochemical micro-machining (ECMM) is the appropriate method for
machining SS 316L due to its burr-free machining surface, no residual
stress, and high precision. However, some limitations are found in using
strong electrolytes, such as HCI, H:SO4, KOH, NaNQOs, and NaCl, which
reportedly face difficulties in disposing to the environment and handling
/ssues. Hence, this paper addresses overcoming the disadvantages
encountered in the ECMM process when using strong electrolytes to
machine SS 316L. Therefore, different organic electrolytes such as tartaric
acid (CsHsOs), citric acid (CsHsO;), and a combination of tartaric and citric
acid (mixed electrolyte) are considered to select the best electrolyte.
Process parameters like machining voltage, duty cycle, and electrolyte
concentration are included in determining machining performance. The
performance of ECMM is evaluated using material removal rate (MRR) and
overcut. The overcut of tartaric acid electrolyte is 179% less than mixed
electrolyte for the parameter combination of 12 g/l, 11 V, and 85%. On the
other hand, the mixed electrolyte shows 114.2% higher MRR than the
tartaric acid electrolyte for the parameter solutions of 25%, 11V, and 20 g/l.
Furthermore, the citric acid electrolyte shows the second-lowest overcut and
higher MRR in all aspects of machining performance. Field emission
scanning electron microscope (FESEM) studies are carried out to realize
the effect of electrolytes on the machining surface.

Keywords: micro-machining, weak electrolytes, electrochemical, SS
376L, MRR, overcut.

machining techniques are available for machining SS
316L material, like ultrasonic machining, laser beam
machining, electron beam machining process, and
electro-discharge machining. Even though those
methods are expensive, they have a lower surface
quality due to the thermal application on the machining
zone [1]. The ECMM process is one of the most
prominent and most suitable techniques for machining
materials like SS [2]. Since the ECMM method encom-
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passes characteristics such as burr-free machining
surfaces, no heat is produced during the machining
process, tool and workpiece wear are less and high
accuracy [3,4]. However, because of technological
growth and demand for micro products, ECMM needs
to be updated in all aspects of machining. Also, every
material finds a unique character based on the particles
mixed up, demonstrated by its mechanical strength
[5,6]. In the same way, materials could be dissolute by
electrochemical reactions based on the type of
electrolyte used [7]. Therefore, many researchers have
carried out experiments with different electrolytes and
their modifications in the last decade. Moreover, strong
electrolytes contribute to a larger overcut and more
material removal from the previous literature. Still, at
the same time, it also causes hazards to the
environment and operator. Therefore, to compensate
for the drawbacks faced in using strong electrolytes,
this paper proposes to use weak electrolytes for the
machining of SS 316L.

In line with that, Thangamani ef al [8] used
different electrolytes such as sodium nitrate (NaNO:3),
plain sodium chloride (NaCl), and NaCl with citric acid
as a mixed electrolyte for the ECMM of titanium alloy.
They found that plain NaCl and NaNQOs electrolytes had
a higher MRR, while mixed NaCl and citric acid
electrolytes had a lower overcut and taper angle. Patel
et al. [9] adopted the novel setup with NaNOs electrolyte
to atomize its molecular mist in the ECMM of SS 304
work material. They mentioned that the atomized
flushing technique improves the 52% machining rate
and reduces the overcut by about 13% with 6 V
machining voltage. Also, the consumption of
electrolytes for the ECMM process is reduced
significantly. Kumarasamy ef al. [10] used various
electrolytes for the ECMM of haste alloy, including
NaCl, NaNOs, and a mixture of these two with citric acid
electrolyte. They optimized the process parameters
using the Taguchi method with the outcome of surface
roughness, MRR, taper angle of the micro-hole and
overcut. They also mentioned that the mixed electrolyte
shows a significant improvement in the results of the
ECMM.

In the ECM process, Zhan et al. [11] applied
pressurized gas to the surroundings of the tool
electrode with varying parameters. They noted that
pressurized gas prevents stray current effects on the
workpiece, which significantly improves the precision of
micro-holes. Also, this gas supply acts as tool insulation
and improves the electrolyte localization effect due to
the conductivity improvements. As a result, the surface
roughness of the micro-hole improved about 52 times
higher than the typical electrolyte. Soundarrajan et al.
[12] mixed the hot and dry air in the citric acid electrolyte
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for machining copper work material. They reported that
hot air energies the electrolyte more, which increases
the machining rate by 2 times better than the dry air
mixed electrolyte. The dissolution products of copper
work material act as an insulation layer for the tool
electrode and prevent the stray current effect on the
work surface. This phenomenon improves the taper
angle of the micro-hole significantly. Mouliprasanth et
al. [13] attempted to use the ECMM process with
passivating and non-passivating electrolytes for shape
memory alloys. They optimized the process parameters
through the Taguchi technique over the outcomes of
MRR, taper angle, and overcut. Subburam et a/. [14]
optimized the process parameters of ECMM with citric
acid electrolyte for SS 304 material. They applied the
grey relational analysis optimization technique to find
the optimal electrolyte solution and process parameters
for the ECMM method. It was also suggested that the
parameter combination of 20g/l  electrolyte
concentration, 12 V machining voltage, and 15 ms
pulse on-time produces the highest machining rate and
less overcut.

Soundarrajan et al. [15] mixed hydrochloric acid
with NaNOs electrolyte for machining the aluminum
metal matrix composite. First, they compared the
results of the acidified electrolyte with those of the non-
acidified electrolyte. They found that the acidified
electrolyte produces 3.5 times higher MRR than the
non-acidified electrolyte for the parameter combination
of 15V, 30 g/I, and 90%. Next, Guo et a/. [16] tried the
ethylene glycol-based NaNOs electrolyte for machining
the zirconium metallic glass in the ECM process. They
noted good stray current protection in the machining
zone compared to the water-based electrolyte, which
causes very little pitting correction on the machining
surface. Finally, Ao et al. [17] tried a 20% ethanol mixed
ethylene glycol-based NaCl electrolyte in the ECMM of
a shape memory alloy. They reported that 20% of
ethanol mixed with electrolyte reduces the oxide layer
formation that causes the smooth machining
roughness. At the same time, machining precision is
more affected when the ethanol percentage is
exceeded.

Vinod Kumaar et al. [18] adopted the magnets in
the citric acid electrolyte using the ECMM process to
machine SS 316L work material. A magnetic field
induces the molecules present in the electrolyte, which
causes a higher electrical conductance and a twice
better machining rate than the plain citric acid
electrolyte. Soundarrajan et al. [19] heated the NaNO3
electrolyte using ultraviolet rays in the ECMM of copper
material. They reported that the 2.56 times higher MRR
is achieved due to the heat of the electrolyte workpiece
getting softened and the UV rays of short wavelength,
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which causes the 2.56 higher MRR than the infrared
heated electrolyte. However, there was a significant
overcut on the micro-holes due to electrolyte energy.
Chen et al. [20] created the micro dimples on titanium
alloy with the ECMM process using NaNOj3 electrolyte.
They noted that continuous oxide layer formation
causes stray current pitting on the machining surface.
They also suggested process parameters for better
machining performance, such as 24 V, 100 Hz
frequency, and 10% duty cycle. Raj Keerthi ef al. [21]
used the NaNOs electrolyte for the Co-Ni-Cr-W
superalloy in the ECMM process using two different
tools: a fabricated hollow tool and a typical cylindrical
tool. They compared the results, such as circularity,
surface roughness, and MRR, of the hollow tool with
those of the usual tool using NaNOs electrolyte. The
results show that 2% MRR increased and 24% overcut
was reduced with the hollow tool compared to the
standard tool.

Vinod Kumaar et al. [22] studied the effects of
using the oxalic acid electrolyte for machining SS 316L
work material in the ECMM process. They reported that
oxalic acid enhances the MRR by 2.5 times and
reduces the overcut significantly. Wang et al. [23]
proposed the inner wall modified nozzle for electrolyte
supply in the machining zone. They noted stray current
was less in the machining zone due to the turbulated
electrolyte, which increases the machining accuracy on
the nickel work material. Kunar et a/. [24] tried various
electrolytes such as NaCl and NaNOs and the
combinations of these two electrolytes for SS 304
materials in the ECMM process. They discovered that
a combined electrolyte of NaCl and NaNOs outperforms
the plain electrolyte in terms of machining performance.
The above literature clarifies that researchers have
employed various electrolytes to enhance the
machining performance of ECMM. Although different
electrolytes are commercially available, the cost of
machining on a large scale is prohibitively expensive.
Strong electrolytes, such as acid-based and alkaline-
based electrolytes, continue to face significant
challenges in terms of environmental measures, cost,
and human safety [25]. Some research findings
explored the results of ECMM process parameters with
organic electrolytes, whereas there is no evidence for
SS 316L with an organic electrolyte. Hence, in this
work, commercially available, natural, weak, and less
expensive electrolytes such as citric acid, tartaric acid,
and mixed acid are used as electrolytes. The design of
experiments is planned, including the machining
parameters, such as machining voltage, duty cycle, and
electrolyte concentration. FESEM analyses are taken
to see the effect of the electrolyte on micro-holes and
the surface.

The proposed chemical reaction of the electrolyte

Citric acid is one of the organic acids obtained
from natural plants such as lemons and oranges.
Usually, citric acids are used in industries like metal
polishing, food, paint manufacturing, and chemicals
due to their affinity nature. Also, this is one of the best
chelating agents to clean the SS work materials [18].
Hence, in this experiment, citric acid is considered the
electrolyte. In the ECMM process, materials dissolve on
the workpiece by applying electric potentials between
the tool and work. Due to these potential changes in the
electrolyte, a reaction occurs in the machining process.
Citric acid is a triprotic or tricarboxylic acid group of
acids that can be subjected to equation (2) and
separated by distilled water (1). Hence, the citric acid
could be dissolved in distilled water and leave one
hydrogen present in the equation (3). This hydrogen
forms the hydronium ions when reacted with oxygen in
distilled water.

(H,0)—(H")+(0H") (1)
(CH,0,) > (C;H:0,) ™ +3H" (2)
(CoH:0,) +(H,0) — (CiH0,)" +(H,07) 3)

Tartaric acid is one of the diprotic or two
carboxylic groups of acids and weak organic acids
extracted from fruits such as grapes, bananas,
tamarinds, etc. The reactions of tartaric acid when
mixed with distilled water are present in the following
equations. Equations (4) and (3) exhibit the reaction of
tartaric acid and distilled water together. As per the
equation (5), hydrogen from the tartaric acid joins with
oxygen and forms the hydronium ion (HzO"):

(CHO,) > (CiH,Os ) +(2H") (4)
(CHO,) +(H,0) = (CH,0, ) +(H:07) (5)

Mixing citric acid and tartaric acid may undergo
the following reaction, represented in equation (6).
Citrate anions (CsHsOe)> and D-tartrate anions
(CsHs507)® are formed when both acids mix. Also, the
hydronium ion is created, which is defined in the
equation:

(Ce'l"lso7)Jr(CAHSOG)Jr (/'/20) - (CGH507 )37 + (C4H406 )27 (6)
+(H3O*)

Metal oxidation occurs on the SS 316L work
piece. In all three acids (citric, tartaric, and combination
of citric and tartaric acid), the following reaction may
occur, which is presented in equation (8).

(Fe)—> Fe* +2e (7)
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(CHO,) +(C,H,O,) +Fe* — Fe,(CH,0,),(C,H,0;) (8)

The ferrous metal ion reacts with hydrogen in the
electrolyte and forms ferrous citrate Fe3(CsHsO7) and
tartrate. This formation is termed ‘sludge’ in the
electrolyte and acts as a conductive bridge.

In the cathode, hydrogen bubbles are released
from the electrode while machining.

2H" +2e" > H, 1 9)

MATERIAL AND METHODS

The ECMM setup is represented in Figure 1,
which was developed indigenously for conducting the
experiments. The setup comprises various parts like an
electrolyte tank, tool feed control system, filter, and
pulse rectifier. The experiments were conducted with a
SS 316L workpiece with a 500 pm thickness and
employed as an anode. The pulse frequency is set at
100 Hz, and the total pulse width is 10 milliseconds.
The tool electrode of size @ 460 um is employed as a
cathode and insulated using epoxy resin, preventing
stray current in the machining zone. The constant tool
feed rate is applied while machining the material. The
performance of ECMM has been measured with an
assessment of MRR and overcut. Through-hole with
respect to the machining time is considered for MRR,
and differences in micro-hole diameter and tool
diameter are considered for the overcut. An optical
microscope is used to find out the diameter of the micro-
hole. The natural phenomenon, namely the triprotic
property of citric acid, prevents the formation of
unwanted sludge (insoluble) in the machining zone,
thereby maintaining the electrolyte character until the
end of the experiment [12]. Also, the effects of other
weak electrolytes such as citric acid, tartaric acid, and
the mixing of citric and tartaric acid were considered for
the experiments. The experiment plan is based on
varying one parameter at a time, keeping all other
factors constant. The experimental results are
presented in Table 1.

= Tool Feeding Arrangement
Filter

Electrolyte tank :

L /% Al

Micro Control Unit Ve

Figure 1. Experimental arrangement of ECMM.
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The research on mixed electrolytes for ECMM
provided the best solution due to the atom migrations
between the electrolytes. Therefore, to obtain the best
machining performance on ECMM, citric acid and
tartaric acids are mixed in equal proportion and
considered an electrolyte for the experiment. The
preparation of mixed acid electrolyte combinations is
presented in Table 2. In addition, other electrolytes
such as tartaric and citric acid are used as they are in
their regular form. The conductivity of ions in the
electrolyte is initially determined using the following
equation: = L/RWI, where L is the distance between the
electrodes, Ris the resistance of the electrolyte solution
offered between the two electrodes at a fixed distance,
tis the thickness of the coating, and Wis the width of
the substrate. While conducting the experiments, we
observed that the electrical conductivity in the mixed
electrolyte performs best rather than the citric acid
electrolyte and tartaric acid due to more inter-ionic
interactions taking place between the compounds, and
there is also an improvement in the dissociation of the
electrolyte.

RESULTS AND DISCUSSION

Influence of machining voltage on overcut and MRR

Figure 2 shows the effect of machining voltage on
overcut and MRR with various electrolytes such as citric
acid, tartaric acid, and mixed electrolyte. As per the
graph, an increase in the machining voltage shows the
increasing trend for overcutting and MRR for all
electrolytes. The tartaric acid electrolyte produces a
34 um overcut for 7 V, 85 %, and 20 g/l, and this value
is the least overcut among all electrolytes. At the same
time, the least material removal was obtained for the
same parameter combination. Furthermore, due to the
lower conductivity of the tartaric acid electrolyte, the
insulation of tool coating withstands for a longer period
in the tartaric acid electrolyte, reducing the stray cut in
the machining zone and producing 77.9% less overcut
than in the mixed electrolyte [26]. It is apparent from
Figure 3(a) that the SEM image of the micro-hole shows
a smooth machining surface. For the same parameter
combination, the citric acid electrolyte produces a
49 pm overcut, 44.1% less than the mixed electrolyte.
In the citric acid electrolyte, the cathode releases a
moderate amount of gas bubbles, which paves the way
for a homogeneous supply of current density in the
machining zone. This uniform current distribution of the
citric acid electrolyte leads to the second lesser overcut
among the electrolytes [27]. Moreover, tartaric acid and
citric acid produce a 47 um (76% improvement) and an
89 um (24.5% improvement) overcut, respectively, for
the parameter level of 8 V, 85%, and 20 g/l. It is
apparent from Figure 3(b) that the SEM image shows
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Table 1. Experimental results of weak electrolytes

Machining time (s)

Ex. Machining voltage Duty cycle Electrolyte
no V) (%) concentration (g/l) Mixed Citric acid Tartaric acid
electrolyte electrolyte electrolyte

1 7 85 20 1279.00 1715.56 2435.46
2 8 85 20 1009.01 1242.16 1658.93
3 9 85 20 907.49 992.00 1291.99
4 10 85 20 779.62 825.68 1212.12
5 11 85 20 629.52 795.67 975.04
6 11 25 20 1179.00 1578.00 2525.25
7 11 40 20 1092.53 1288.00 1678.70
8 11 55 20 1002.00 1172.00 1321.35
9 11 70 20 730.46 1023.00 1212.12
10 11 85 20 629.52 795.67 975.04
11 11 85 12 1554.00 1652.00 2304.15
12 11 85 14 1110.77 1379.99 1543.21
13 11 85 16 924.64 1273.03 1370.61
14 11 85 18 813.42 1106.00 1163.33
15 11 85 20 629.52 795.67 975.04

Table 2. Design of experiments for mixed electrolyte
Smiooth'metal surface

Electrolyte concentration (g/l)  Mixed electrolyte (g/l) ¢ ; s:deposition
12 6 g/l Tartaric + 6 g/l citric i I & =
14 7 g/l Tartaric + 7 g/l citric :
16 8 g/l Tartaric + 8 g/l citric
18 9 g/l Tartaric + 9 g/l citric
20 10 g/l Tartaric + 10 g/l citric
—o— Mixed - Overcut —#— Citric - Overcut —#— Tartaric - Overcut
Mixed - MRR ke Citrie - MRR «»¢ Tartaric - MRR
A3 0.82
0.75
200 -
0.68 §
0.61 \E-
g 150 T E
£ 0.54%
g =
5 100 0.47
<}
0.40
50 033
0.26
0 0.19

7 8 9 10 11
Machining voltage in V

Figure 2. Influence of machining voltage on Overcut and MRR.

the less defected micro-hole on the machined surface.
The mixed electrolyte produces the highest overcut,
and, as is evident from Figure 3(c), the SEM image of ©

the micro-hole shows over-etched surfaces. Figure 3. SEM image of the machined micro-hole at 7 V, 85 %
and 20 g/l(a) tartaric acid (b) citric acid (c) mixed electrolyte.
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The influence of machining voltage on MRR
through various electrolytes is presented in the graph.
The mixed electrolyte produces the highest MRR of all
the electrolytes. In the case of a mixed electrolyte, citric
acid and tartaric acid are mixed equally by weight,
which accelerates the movement of ions in the
electrolyte. It shows a 90.4% higher MRR than the plain
citric and tartaric acid electrolytes at the parameter
levels of 7 V, 85.0%, and 20 g/l. The graph indicates
that the machining voltage from 7 V to 9 V shows the
linear increment in MRR. While machining, the higher
displacement of ions occurs in the machining zone with
the help of hydronium ions. The reaction of citric and
tartaric acids liberates hydrogen bubbles, which react
with oxygen molecules to form hydronium ions [28]. In
a mixed electrolyte, the combination of both acids
doubles the formation of hydronium ions due to the
citrate and d-tartrate ions [29]. Also, hydronium ions
continuously migrate from one atom to another, which
causes higher conductivity. The higher conductivity of
the electrolyte produces the higher MRR with the mixed
electrolyte. Moreover, the MRR is 64.4% and 42.2% for
the mixed electrolyte, compared to the plain electrolyte
at 8 V and 9V, respectively. Also, at 11 V, it produces
a 54.9% higher MRR than the tartaric acid electrolyte.
The citric acid electrolyte shows the second-highest
MRR compared to the tartaric acid -electrolyte.
Commonly, hydronium formation in citric acid is slightly
higher than in tartaric acid, which causes higher
conductivity when increasing the machining voltage.
Citric acid produces a 41.9% higher MRR than tartaric
acid electrolyte for parameter solutions of 7 V, 85%,
and 20 g/l, respectively; similarly, MRR was found to be
33.5%, 30.2%, 46.8%, and 22.5% higher at machining
voltages of 8 V, 9V, 10V, and 11 V, respectively.

Influence of duty cycle on overcut and MRR

Figure 4 depicts the effects of the duty cycle on
overcut for the different electrolytes used in this
experiment. It presents that tartaric acid electrolyte
produces 46 pm overcut for the parameter solution of
25%, 11 V, and 20 g/l than the mixed electrolyte of
107 pm overcut for same parameter level combination
and provides the enhancement of 132.9%. The
production of hydrogen bubbles in the tartaric acid
electrolyte at the machining zone contributes to less
overcut [30]. Compared with other electrolytes, fewer
hydrogen bubbles are formed in tartaric acid. This
evolution of bubbles produces less distribution and
provides more stable machining [31,32]. Therefore,
lower overcut and good circumference were obtained in
the tartaric acid electrolyte, as evident from Figure 5 (a).

At40%, 11V, and 20 g/l, the tartaric acid and citric
acid electrolytes produce 74 pm and 98 um overcuts,
respectively. These overcut values are 94.6% and
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32.40% less than the mixed electrolyte overcut of
144 pm. Also, the duty cycle of 55%, 70%, and 85%
improves overcut, such as 46.9%, 56.9%, and 18.3%,
respectively, with tartaric acid electrolyte than with
mixed electrolyte. According to the graph, citric acid
electrolyte produces less overcut than the mixed
electrolyte. The citric acid electrolyte produces a 77 pm
overcut for the parameter level at 25%, 11V, and 20 g/,
and for the same parameter combination, the mixed
electrolyte shows an improvement of 67.4%. Moreover,
the duty cycle of 55%, 70%, and 85% improves overcut
by 32.1%, 31.2%, and 25.4% with citric acid electrolyte,
respectively, than the mixed electrolyte. It is evident
from Figure 5 (b) that the micro-hole with an almost
circular circumference and slight microcracks were
found on the machining surface, and Figure 5 (c) shows
the SEM image of the micro-hole with a wavier
circumference that was found for the mixed electrolyte.

According to the graph, mixed electrolyte
produces a higher MRR than tartaric acid electrolyte,
and increasing the duty cycle increases the MRR. In the
mixed electrolyte, heat generation at the machining
zone is induced due to the double hydrated anions such
as tartrate and citrate. Generally, a synergistic effect
was developed due to the heat propagation in the
electrolyte. The heating of the electrolyte increases the
electrolyte density, and this lower density electrolyte
conducts electricity faster than the normal
electrolyte [33]. This factor is comparatively smaller in
the other electrolytes. Hence, the mixed electrolyte
produces a 114.2% higher MRR than the tartaric acid
electrolyte for the parameter levels of 25%, 11V, and
20 g/I. As for the citric acid electrolyte, MRR was 60%
higher than tartaric acid electrolyte for the same
parameter combination. It is a common fact that citrate
anions are stronger than tartrate anions. Therefore,
stronger acid accelerates the ion movement faster than
less strong acid, which results in a higher MRR with
citric acid electrolyte. Furthermore, at 55%, 70%, and
85% duty cycles, they produce a 31.9%, 65.9%, and
66.2% higher MRR with the mixed electrolyte than
tartaric acid. For the same duty cycle values, citric acid
produces a 12.7%, 18.4%, and 2.38% improvement in
MRR than the tartaric acid electrolyte.

Influences of electrolyte concentration on overcut and
MRR

Figure 6 shows the electrolyte concentration and
its influences on overcut and MRR. The tartaric acid
electrolyte produces a lower overcut than the mixed
electrolyte. It is evident from figure 10 that the overcut
for the tartaric acid electrolyte of 53 um is attained,
which is less than the mixed electrolyte for the
parameter solution of 12 g/l, 11V, and 85%. This value
is around a 179% improvement and the least overcut
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Figure 6. Influence of electrolyte concentration on overcut and
MRR.

Therefore, less overcut is obtained for the tartaric
_ acid electrolyte. Figure 7 (a) shows the SEM image of
Good circumference ' 3 Fon s a machined micro-hole for tartaric acid with a neat
circular profile. The second lesser overcut is observed
for the citric acid electrolyte. It is apparent from the
graph that the citric acid electrolyte shows an 88 um
overcut, which is 66% less compared to the mixed acid
(a) electrolyte for the parameter level at 20 g/, 11 V, and
85%.

Circular circumfere:

Circular profile

Figure 5. SEM image of the machined micro-hole at 25%, 11 V,
and 20 g/l (a) tartaric acid (b) citric acid (c) mixed electrolyte.

value among the experiments. Also, the overcut is
106.2% lower at 14 g/l and 61.3% lower at 16 g/l
electrolyte concentration with the same electrolyte. The
causes of electrochemical reactions such as electrolyte
softening, heat production, and debris stuck in the
machining zone are comparatively very small in the
tartaric acid electrolyte. Figure 7. SEM image of machined micro-hole at 12 g/, 11V,

and 85% (a) tartaric acid (b) citric acid (c) mixed electrolyte.

()
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With the citric electrolyte, the continuous
production of gas bubbles eliminates the machined
products from the inter-electrode gap by its pulling
force. This factor prevents the stray current effect and
maintains a debris-free machining zone. Hence, the
citric acid electrolyte produces the least overcut
compared to the mixed acid electrolyte. Figure 7(b)
presents its micro-hole SEM image with a partially
dissociated surface. Again, a mixed electrolyte
produces the highest overcut of all electrolytes. It is
evident in SEM images, Figure 7(c), which presents the
uneven circumference of the micro-hole.

It is apparent from the graph that mixed acid
electrolyte gives a higher MRR compared with tartaric
acid electrolyte. In the mixed acid electrolyte, the
machined products play a major role in the higher MRR.
It is a general fact that an increase of ions in the
electrolyte solution increases the mobility of electrons.
The higher concentrated electrolyte obtained through
the mixed electrolyte, i.e., citrate and tartrate ions,
accelerates the electrons faster than the individual
electrolytes.

This phenomenon increases the conductivity of
the electrolyte, resulting in higher sludge formation. As
a result, for the parameter level of 12 g/, 11 V, and
85%, the mixed acid electrolyte produced a 48.3%
higher MRR than the tartaric acid electrolyte. Likewise,
citric acid shows the next highest, i.e., 39.3% improved
MRR than tartaric acid electrolyte for the same
parameter combination. Furthermore, at electrolyte
concentrations of 16 g/, 18 g/l, and 20 g/I, the mixed
acid electrolyte has a 48.2%, 49.0%, and 39.0% higher
MRR than the tartaric acid electrolyte, respectively. In
citric acid, for the same electrolyte concentration levels,
7.6%, 5.18%, and 18.9% higher MRR are obtained than
the citric acid electrolyte.

CONCLUSION

In this present work, micro-holes are fabricated on
SS 316L material using different electrolytes such as
tartaric acid, citric acid, and mixed electrolyte to identify
the best electrolyte for the ECMM process results
compared with each other. According to the
performance results, tartaric acid produces a 179%
less overcut at 12 g/l, 85%, and 11 V than the mixed
electrolyte. At the same time, the citric acid shows a
66% less overcut than the mixed electrolyte for the
same parameter solution. At 25%, 11V, and 20 g/l, the
MRR with the mixed and citric acid electrolytes is higher
by 114.2% and 60.2%, respectively, than with the
tartaric acid electrolyte. Therefore, the mixed
electrolyte can be used for better MRR where accuracy
is not a significant phenomenon. Compared to other
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electrolytes, tartaric acid is suitable for machining with
smaller overcut, and citric acid produces intermediate
results in all aspects. Hence, the citric acid electrolyte
can be proposed for better MRR and overcut. So,
further experiments can be conducted with an eco-
friendly citric acid electrolyte to improve the machining
performance.
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NAUCNI RAD

UTICAJ RAZLICITIH ELEKTROLITA NA
ELEKTROHEMIJSKU MIKRO MASINSKU OBRADU

Upotreba nerdajuceg celika 316L (SS 316L) u medicinskom, pomorskom,
vazduhoplovnom, biomedicinskom i automobilskom sektoru brzo raste. Elektrohemijska
mikro-masinska obrada (ECMM) je prikladna za obradu SS 3161 zbog njegove povrsine
za obradu bez ivica, bez zaostalog naprezanja i visoke preciznosti. Medutim, postoje
neka ogranicenja u koriscenju jakih elektrolita, kao sto su HCIl, H:SO,, KOH, NaNO; i
NaCl, koji se navodno suocavaju sa potesSkocama u odlaganju u okolinu i problemima
rukovanja. Stoga se ovaj rad bavi prevazilaZenjem nedostataka koji se srecu u ECMM
procesu kada se za obradu SS 316L koriste jaki elektroliti. Zbog toga se razliciti organski
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od elektrolita vinske kiseline za parametarske rastvore od 25%, 11 V i 20 g/l. Stavide,
limunska kiselina pokazuje drugi najmanji presek i veci MRR u svim aspektima
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