Ha ocnosi enepeemununoezo i exoJ02iunozo
ayoumy npogéeoeHo axaNi3 MAMEPIATLHUX NO-
moxis, KoHeepcii enepeii, 6uxuoie 6 ammocepy
il iimocpepy npu eupoOHUYMET POZUUHHOT KABU.

Jlna nideuwenns enepeoedexmuenocmi, 3nu-
JCEHHSL €eKO0JI02IMH020 HAGAHMANCEHHS PO3PO-
Oneni iHHOBAUTIHI MeXHOoI02iuHI cCXemu U ycmam-
KY6anns no nepepodui 6i0xodie i eupodnuumey
HOBUX KABOBUX NPOOYKMIE.

IIposedeno excnepumenmanvne mooeno-
8aHHA: KIHEMUKU MIKPOXGUNbOBOZO eKcmpazy-
8aHHs 6000POIMUHHUX PEHOBGUH | MACTA 3 KABO-
6020 wnamy; 2i0paeniku nAuHY IKCmpazeHma
uepe3 Kacemu MiKpOXGUIb06020 eKCMPAKMOpaA.
Excnepumenmanvni dani yzazanvieni y euennoi
Kpumepuanstozo pieHsiHHsL.

Y pesyavmami excnepumenmanvnozo mode-
JII08AHHS KIHEMUKU eKCMpazy6éanis 6CmanHosie-
HO, W0 MPUBAIICIb NPOUECY 8 MIKPOXEUILOBOMY
nosi npubausno 6 20 pazie menwe, Hivc y mep-
mocmami. /lis MIKPOX6UNbOBO20 NOJISL GNIUBAE
Ha weudxicmes excmpazyeanns Giavuioro miporo,
wum memnepamypa npovecy. Ilidsuwenns
nomyscHocmi  MiKpPOX6UNIb060i enepeii nideu-
WY€E BUXI0 eKCMPAKMUBHUX PEUOBUH 3 KABOBOZO
wnamy 6ivw Hisxe y 0éa pasu.

Busnaueno mexniuni xapaxmepucmuxu
MIKPOX6GUNLOB020 excmpaxmopa macaa. Bunpo-
Oyeanns 3paska excmpaxmopa npoeoounu-
cs npu numomiti nomyxcrnocmi 180...240 Bm/xe
Y pedicumi Kuninus excmpazenmy. Y axocmi
excmpazenmy GUKOPUCMOBYBABC emanon (Koh-
uenmpayisn 93..96 %). Y pesynvmami eunpo-
Oyeanv ompumane AKicHe KABOGE MACJO, WO
Xapaxmepusyemocs GUPANCEHUM APOMAMOM i
CMAKOM KABU U THMEHCUBHUM MEMHO-KOpUUHe-
eum papoyeannam.

Pospobneno mexnonoziuny cxemy nepe-
dexcmpazyeanns xasu 3i wnamy. /Jodamxosuii
eumsiz 3i WAAMY KAGU 6000POZUUHHUX eKCMPAK-
MUBHUX Per0BUH, nidsumYE 6UXi0 excmpaxmy Ha
10...12 %. Icmommno 3nusicerno memnepamypnuii
Ppedcum excmpazyeans, IMeHueHi mpueaiicmo
i enepeoemnicms npouecy.

Po3spobaeno innosauitiny mexmnonoziuny cxe-
MY 8uUpOGHUYMEA PidKo20 KOHUEeHmpamy Kagu —
0CHO6U 0151 Hanoie na 6asi xasu, 20mosux 0o 6e3-
nocepeonvozo eéxcusanns. Konuyenmpauin cyxux
peuvosun cmanosums 50...65 %

Kantouosi cnosa: xapuosi xonuenmpamu,
MAacno xasu, Kasoeuil waam, MiKpoX6uiboge
excmpazyeanns, eHepzemuuHull MOHimopumnz
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1. Introduction

increasingly turning to products of the food concentrate

Food concentrates (FC) are characterized by speed
of preparation, long shelf life and high quality. It is these
qualities of FC that attract the interest of a wide range of
consumers. Currently, most of the world’s inhabitants are

industry [1]. Range of FCs and their markets expand rapidly.
These are first and second courses, desserts, and drinks [2].
The instant coffee powder has become the most popular FC
product in the world. The number of workers employed in the
world coffee industry has reached 25 million.




In recent years, sales of instant coffee have been growing
rapidly in the world [3]. Coffee is the second largest com-
modity after oil and the second most popular drink after wa-
ter. Most manufacturers of coffee products face high prices
for imported raw materials and energy. The key production
operations, extraction and drying, are characterized by ener-
gy intensity and environmental problems [4, 5]. Since man-
ufacturers of coffee products cannot exert influence upon
the cost of raw materials, there are two competitive lines of
action. The first implies innovative technologies aimed at the
improvement of drying and extraction processes. The second
means the use of innovative technologies of integrated pro-
cessing of raw materials and switching production to green
industry principles.

An urgent problem that the manufacturers of coffee
products are facing currently is not just how to dispose of pro-
duction waste but also the elaboration of new technological
solutions that would cut down power consumption, reduce
the burden on the environment and raise the product range.

Volumetric, gradient-free principles of power input to the
elements of vegetable raw materials are considered to be new
effective technologies of extraction and processing of raw
materials. Transfer processes in such systems were inten-
sified several times and sometimes by orders of magnitude.

It is the principles of targeted energy delivery in the
processing of food raw materials that make it possible to
develop innovative power-efficient equipment. The use of
such equipment will enable the creation of fundamentally
new manufacturing lines for processing waste and making
coffee products.

2. Literature review and problem statement

The coffee industry produces a huge amount of waste
in the form of spent coffee slurry which is one of the main
by-products. Recycling such waste into fuel and value-add-
ed products is a promising way to solve problems of many
countries that face daily difficulties and high waste dispos-
al costs.

Various possibilities for using coffee slurry are discussed,
namely, production of biofuel [6], biodiesel [7], biogas [8],
bioethanol, fuel pellets [9, 10] and bio-oil [11]. It is proposed
to produce value-added products from coffee slurry, such as
bioactive compounds, adsorbents, polymers, nanocompos-
ites [12] and compost [13].

However, issues related to system analysis of heat tech-
nologies for the production of instant coffee and food con-
centrates remained unresolved in [6—13]. It may be caused
by the fact that researchers pay more attention to the
problems of waste disposal though the technology of instant
coffee production has immense reserves of improvement of
energy efficiency and reduction of burden on the environ-
ment. It is advisable to conduct energy and environmental
audit of heat technologies used in coffee production, identify
reserves, develop and substantiate new flow diagrams.

Various equipment and technologies for extracting valu-
able substances from coffee and coffee slurry are offered.
Mainly, equipment based on microwave (MW) extractors is
being developed. It is proposed to use microwave extraction
to extract polysaccharides from waste coffee slurry [14],
green coffee oil [15], natural antioxidants from coffee slurry
using ethanol as a solvent [16] or valuable polyphenol com-
pounds from coffee slurry [17].

Results of studies of MW extraction of oil from green
coffee beans are presented in [15]. It was shown that the use
of MW extraction allowed the process to be carried out for
10 minutes at 45 °C compared with four-hour extraction in
a Soxhlet apparatus. The obtained extracts show high anti-
oxidant activity. However, issues related to the extraction
of oil from coffee slurry remained unresolved. Perhaps
this is because of the fact that oil content in ground cof-
fee is greater than in waste. But studies show that slurry
contains 7..12 % coffee oil. Residual substances in coffee
slurry have a full chemical composition and are not inferior
in quality to those contained in coffee. Slurry is a valuable
additional source of coffee oil. Obtaining coffee oil from
slurry and not from ground coffee will significantly reduce
the cost of the product. It is advisable to conduct a study of
the kinetics of extraction of water-soluble substances and
oils from coffee slurry.

Results of studies of MW extraction of used filtered
coffee which is waste in restaurants, cafes and households
are presented in [16, 17]. Ethanol of 20 % concentration
was used as an extractant. The result is an extract of
polyphenols with high antioxidant activity. However, the
issues related to the use of industrial line waste remain
unresolved. The design of an industrial installation was not
considered. It is advisable to conduct studies for conditions
at the industrial scale.

Options of liquid extraction under pressure are consid-
ered [18] for obtaining oil from green coffee beans at low
temperature (50 °C); and MW extraction of oil from waste
coffee slurry using a solvent of COy and ethanol [19]. It is
shown that the use of these methods provides a high yield
of extractive substances. The duration of the process is re-
duced and a less organic solvent is used. Results of studies
of MW extraction of polysaccharides from waste coffee
slurry are presented in [14]. Experiments were carried out
in conditions of elevated temperature (140..200 °C) and
pressure (4 MPa) but the use of high pressures, especially
supercritical COq extraction results in additional energy
consumption. Complicated hardware implementation of the
process is inherent in these technologies. It is advisable to
design a universal power-efficient MW extractor that will
provide operating modes at temperatures up to 100 °C and
atmospheric pressure.

Recently, studies of drying food raw materials in in-
frared, MW field are intensively carried out [20-22]. It
was shown that the application of these methods provides
intensification of transfer processes several times and
sometimes by orders of magnitude. However, the issues
related to the use of such technologies in the production
of instant coffee and food concentrates remained unre-
solved. Perhaps this is because of the fact that the above-
mentioned equipment is difficult to scale up for industrial
facilities.

3. The aim and objectives of the study

The study objective is to develop power-efficient and
environmentally friendly technologies for the manufacture
of coffee products.

To achieve this objective, the following tasks were set:

— to conduct energy and environmental audit of material
flows, energy conversion, emissions into atmosphere and
lithosphere taking place in the production of instant coffee;



— to conduct experimental modeling of the process of mi-
crowave extraction of water-soluble substances and oil from
coffee slurry, hydraulics of extractant flow through the MW
extractor cassettes, summarize the obtained data in a form
of a criterion equation;

— to elaborate a flow diagram of pre-extraction of coffee
from slurry, determine characteristics of the semi-industrial
installation, that is an MW extractor;

— to develop a flow diagram for processing coffee slurry,
determine technical characteristics of a microwave oil ex-
tractor;

— to develop an innovative flow diagram for the produc-
tion of liquid coffee concentrate.

5. Results of energy and environmental audit and
the studies of the microwave extraction process

5. 1. Results of energy and environmental audits in
the production of instant coffee

Let us consider in more detail thermal engineering as-
pects of the instant coffee technology (Fig. 1). Heat Qo and
Qe is lost from the roasting oven (RO) and extractors, re-
spectively. The extract (E) is dehydrated with emission into
the atmosphere of spent heat carrier (SHC) containing dust
of instant coffee (IC). Loss of heat with a flow of finished
product (IC) takes place. Slurry (S) in a volume of about
70 % of the charge stock is discharged from the extractor.

Atmosphere |
4. Methods used in conducting yy A yy
energy and environmental audits and Qo Qe SHC c
studies of the microwave extraction Grain Roasting E
process coffee F—>1  oven P Extractors 2y Dryer >

An energy audit of the instant coffee pro- S
duction line was performed according to the - v
developed experiment-calculation procedure Lithosphere |

of determining heat losses [23] and using
methods of heat balances. The environmental
audit was based on the study of material flows
of raw materials, semi-finished and finished
products.

The bulk of experimental studies was devoted to ex-
traction processes. The experiments were carried out at
4 experimental benches. A detailed description of the
benches is given in [4, 5]. Bench 1 consisted of a dry-air
thermostat and a container with ground coffee beans and
extractant. Extraction modes of conventional technologies
were simulated there. It is the results obtained at this bench
that the data of benches 2—5 were compared with. An MW
chamber was the main element of the bench 2. Radiation
power was controlled and measured, temperature and con-
centration were determined. Experiments were carried out
at benches 2 and 3 to extract water-soluble substances from
coffee slurry.

The experimental program at bench 2 provided sequen-
tial operations of draining the extract and adding fresh
extractant (water) to the slurry. Eleven fillings of coffee
slurry with water at 80 °C and hydro modulus of 1:4 were
made. Mass transfer of 0.5..2 mm particle fraction ob-
tained after sieving from coffee slurry was studied under
the action of electrophysical effect on the total amount of
extractable substances. Extractability was determined by
solution saturation [4, 5].

The influence of main parameters on the process of MW
extraction from coffee slurry was studied at bench 3. Specific
power was set equal to 270, 450, 630, 900 W/kg. The slur-
ry layer height was 8, 14, 20 and 27 mm. The volumetric
flow rate of the extractant was varied: 1:10°6, 2:10-6 and
3-10° m?/s. Hydro modulus was 1:3 and 1:10. The tempera-
ture was controlled by a radiation pyrometer and a DAN-
1000 electronic thermometer.

Experiments on the kinetics of coffee oil extraction
under conditions of MW field were conducted at bench 4.
Experiments on the extraction of oils from coffee slurry
were carried out in a wide range of temperatures, volumes
and extractants differing in their chemical nature and in-
teraction with the microwave field.

Fig. 1. Flows of raw materials, energy, and waste in the production of instant
coffee where Qo is the heat loss from the roasting ovens; Qe is the heat loss
from extractors; IC is the heat loss from the finished product flow; E is the
extract; SHC is the spent heat carrier; S is the slurry

Analysis of material costs for resources in instant coffee
technologies shows that the main costs are associated with
payments for natural gas (66...70 %). The cost of electricity
is 23...24 % and water cost is 7...10 %.

Main problems in the production of instant coffee: sig-
nificant power intensity of the equipment, the process dura-
tion (7...8 hours) and the use of high pressure in extractors
(0.3..1.5 MPa).

There are losses of valuable volatile flavoring and aro-
matic substances in the production process at the stages of
grinding, storage, extraction and drying. These losses make
up more than 80 % of their initial amount in roasted grains.
With emissions of heat carriers, 8,200 GJ of thermal energy
and 4,560 kg of the finished product (coffee powder) are lost
per year from one dryer.

Ecological monitoring of the production of instant coffee
has shown that the enterprise caused a serious environmen-
tal burden. Components of the flow of spent heat carrier such
as moisture and coffee dust as well as heat are atmosphere
pollutants. Coffee slurry is the source of lithosphere pol-
lution. Despite the seriousness of environmental problems
associated with specifics of coffee slurry loss of valuable
substances with it (Table 1), there are no practical examples
of its complete processing.

Table 1
Coffee slurry structure
No. Component Content, % | Ways of recycling
1 | Water solvable substances 4 Compl_cte
extraction
2 Coffee oil 7..12 Extraction
3 Flavoring and aromatizing 3.5 Distillation
substances
4 Proteins 5.7 Activation
5 Cellulose and lignin 60...75 Briquetting




Environment protection systems are proposed for col- Table 2

lecting heat, moisture and dust of food products from aerosol Structure of the process and energy flows
emissions of dryers and deep processing of coffee slurry.
When recycling slurry by extraction, coffee oil is obtained. . Flow structure

o . . . No. Device Process
Activation of defatted slurry makes it possible to get a binder entry exit
component and produce building materials on its basis. Se- Rousti Dehydra- | Raw grain coffee: | Grain coffee:
quential processing of slurry in dryers and press granulators 1 ngss(éng) tionand | Cs=20..33 %; Cs=20...33 %;
and briquetting will enable the production of agro pellets. roasting | Ws=10..15 % Ws=5..7 %

It is advisable to install systems of comprehensive recy- Grain coffee Grain coffee
cling of heat and dust (HMU) of food products on coffee 9 | Mixer (M1)| Mixing Cs=20...33 %; Cs=20...33 %;
spraying dryers (SD). It is proposed to use electromagnetic EXtr‘dthl“Eﬁ EXtTaCta"tia
generators of targeted energy delivery in extractors of liquid water, =20 °C__| water, t=160 °C
coffee concentrates (E2) and coffee oil (Eo). It is possible to Extract . Grain coffee ;:X:ECE
solve the energy delivery problems at an enterprise of spent 3 X ]12:310 or . )t('_ Cs=20...33 %; eS ce
coffee grounds (SCG) conversion into agro pellets (Dp) (ED FACtON | ptractant: water Cseg4 50
which can completely replace natural gas in heating system Evanoration | Concen- Extra"c.t
and SD. Infrared generators (IRG) are of interest as they can 4 umf (EU1) | tration Extract, Xe=19 % Xe-28 %
be used in belt dryers (BD) as additional or independent heat- —— —

. ; . . Extract, Xe=28 %;| Dust, Cd=95 %;
ing elements. Microwave (MW) generators are effective. A 5 | Dryer (SD) Spraying | L rier heat carrier
system of such heat technologies of targeted delivery of energy drying =930 °C =140 °C

to the elements of food raw materials will make it possible to Air

switch production to the eco-industrial tracks (Fig. 2). Heat and | heating, | Gas, t=140 °C; Solution,

The characteristics of the process flows are given in 6 |mass utilizer |condensa-|0.055 g per 1 m3 of Xe=8 %
Table 2. (HMU) | tion, dust coffee dust air, =60 °C

The developed design of the heat and mass utilizer (TMU) solving
was introduced into the line for drying instant coffee at a Extractor | Addi- SCG, SCG, Cc=0,5 %
factory of food concentrates (Odesa, Ukraine) [23]. The recy- 7 (E2) tional Ce=4...5%; extract,o
cling system reduces heat loss by up to 75 % and extracts up extraction water Xe=4..5%
to 99 % O.f the foqd prodgct dust, that is, coffee powder, from g | Beltdryer | SCG SCG, 'C~(t):r12 %; SCG, Co=12 %:
gas emissions during drying. (BD) drying Zénos 1; 261/ moistare, w—9 %

Serious reserves of reduction of energy consumption at “ — 00 —
the instant coffee production line consist of organizational 9 | Mixer (Ms) | Mixing SCG, Co=12%; | SCG, Co=12%;

. . . extractant extractant
measures. Only compliance with standard operating modes . -
of equipment will reduce energy consumption from 18 % (in a 1o [0 Exotgl)aor e(i(tJrae;ci(())ln SCG, Co=12 % Oil extract
boiler room) to 40 % (in the spraying dryer). Projects of recy-
. S . . . . Solvent
cling heat emissions of power-intensive equipment, the arrange- Evaporating| 5. . . Extractant,

. . . 11 . distilla- Oil extract .
ment of thermal insulation are considered as the second stage of unit (EU2) tion coffee oil
1rPProvem§nt of heat cofnsummg;j,1 technolagifes. Imp]zmeptatlog 1y | Press granu-| Briquet- | Defatted dry el
() 1nnoyatlve prOJect§ o .targete 'energy elivery 1n. ry'mg and lator (PG) ting slurry
extraction technologies is the third stage of modernization.

5.2.Results of studies of the micro-
Gp, Xp Gpr, Xpr SHC wave extraction process
k T 1 p
Values of ultimate concentration of ex-
'\ - Ge Gk A wd /zl Grd, tractive substances, the process hydraulics,
M1 —5— —  URaRirT ™ > effect of mode parameters and extractant
/ Xe EU11 Xk SD Cd HMU p ‘
Ws fGs.C Xrd flow rate on the intensity of mass transfer
T 5, L8 il 4 in extraction processes were studied succes-
- ROT Gscg, Mscg, Mscg\‘ Gk, | OE v N . . sively.
N | Wscg > Xk o EU2 Go, Xo The maximum concentration of ex-
1 tractives in the coffee slurry was found at
Gs, Cs,Ws '\ Gse — l Dpl bench 2. Fig.3 shows the distribution of
E2 ~>K_BD PG L —— the amount of extracted soluble substances
Cscg |\ Cpl s
Glep Wseg 3 among fillings.
chp’ ( l Wscg A total of 0.8 g of extractive substances
v

were extracted from 100 g of coffee slurry un-
Fig. 2. Schematic diagram of a system of innovative heating technologies of  der electromagnetic exposure. At the first fill-
coffee production: RO — roasting oven; M1, Ms — mixers; E1, E2 — extractors; ing, 0.16 % of the total amount of extractive
EU1, EU2 — evaporation units; SD — spraying dryer, HMU — heat and mass substances were extracted from the samples

utilizer; BD — belt dryer; OE — oil extractor; PG — press granulator; exposed to electromagnetic effect, 0.12 % on

SHC — spent heat carrier; C, X — concentrations in a solid phase and in the second filling, 0.08 % on the third filling.

a solution, respectively; W — moisture content; t — temperature; indices: Values of 0.08%, 0.08 %, 0.08 %, 0.06 %,

s — raw material; e — extract; o — oil; d — dust, scg — spent coffee grounds;  0.04 %, 0.04 %; 0.036 % and 0.028 % were

p — solvent; pr — product (instant coffee); k — concentrate; Icp — liquid obtained on subsequent fillings 4 through 11,
concentrated product; rd — recycled dust; pl — pellets respectively (Fig. 3).
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Fig. 4. Hydraulics of cassettes. Height of the product layer in
the cassette: 1 —5=2.7-102m; 2 — §=2-102 m;
3—-5=1.4102m

Experiments were carried out on bench 3 to study hy-
draulics of extractant flow through cassettes (Fig.4). It
was established that in order to ensure thin-layer flows in
the product and increase interphase surface, it is advisable
to operate in flow ranges of 1.4:107...4.2:10° m3/s and with
the values of the layer thickness of coffee raw materials of
1102..3102 m.

The effect of applied microwave power, the height of slur-
ry and the volumetric flow rate of extractant on the kinetics
of extraction of substances from slurry were determined at
bench 3 (Fig. 5).

Observations (Fig. 5, a) have shown that an increase in
power of MW energy increased yield of extracts from coffee
slurry by more than two times and significantly reduced the
process duration and, therefore, reduced power intensity of
the process of production of coffee extracts from coffee raw
materials.

It was found that with an increase in the volumetric flow
rate of extractant by a factor of 3, yield of extractives from
slurry increased by 35 % and extraction time decreased by a
factor of 2 (Fig. 5, ¢). This is a factor of a significant decrease
in external diffusion resistance. With an increase in flow
rate by 2.5..3.5 times, effective mass transfer coefficient
increased by 2.7...5 times, respectively.

As aresult of processing the array of experimental data, a
relationship was obtained that takes into account the influ-
ence of the Reynolds and Schmidt numbers and the number
of energy action (Bu). It was recommended to be used when
calculating mass transfer intensity during the extraction of
coffee products from coffee slurry under the effect of micro-
wave field:

Stn=0,004 (Re) 5 (S¢)*43(11)*6(Bu)®33, (1)

where St,, is the Stanton mass transfer number; Re is the
Reynolds number; Sc is the Schmidt number; IT is the dimen-
sionless parametric permeability; Bu is the Burdo number.

45
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a\i 25
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Fig. 5. Mass transfer kinetics of water-soluble substances in
a MW field: @ — applied microwave power: 1 — 270 W /kg;
2—630W/kg; 3 — 450 W /kg; 4 — 900 W /kg; b — slurry

layer height: 1 — 6=0.008 m; 2 — 6=0.014 m; 3 — 6=0.020 m;

4 — 5=0.027 m; ¢ — volumetric flow rate of the extract:
1— V=110%m3/s; 2 — V=2-10 m3/s;
3— V=3.10%m3/s

According to relation (1), the maximum relative calcula-
tion error was 17.6 % and it was observed at small values of
the Stanton number.

In order to establish the effect of a microwave field on
the intensity of the extraction process, experiments were
performed both under conditions of conventional thermal
supply of energy and in a microwave field.

A comparison of extraction intensity in a microwave
extractor (bench 4) and in a thermostat (bench 1) without
extractant boiling is shown in Fig. 6, 7.
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terflow mode. The problem solution is based on
the use of microwave extraction technologies.
It seems appropriate to supply not pure water
(as it is provided by the conventional technol-
ogy) to the extraction batteries but an extract
pre-saturated with coffee components extract-
ed from the slurry. The process of such extract-
ant preparation was called “pre-extraction” and
the production complex for this problem was
respectively called the line of “pre-extraction”
from coffee slurry (LPES). According to the
proposed scheme (Fig.8), an extract with a
concentration of up to 2...4 % is loaded to diffu-
sion batteries. The depleted solid portion of the
slurry is fed for further processing. The LPES
processes proceed in the following sequence.
Slurry from hopper 1 is fed by screw 2 to the
point of slurry loading into cassettes 3. Next,
the cassettes with raw material enter the MW
extractor 4 where slurry is subjected to ex-
traction with water at 80...95 °C. The separated
solid portion is fed from the extractor to the
dryer and the liquid portion is sent through the
filter 6 to the intermediate tank 7 from where
the extract having a concentration of up to
2..4 % is sent to the extraction batteries.

X 25 The microwave extractor is the key element
< 2 in the LPES (Fig. 8). A prototype installation
s | with parameters given in Table 3 was designed.
1 / Table 3
05 Characteristics of a semi-industrial installation,
' the MW extractor
0
0 50 100 150 200 250 300 350 400 Parameters MW extractor
7, min Power consumed by MW <73 kW
. . radiators, kW
Fig. 7. Influence of energy supply nature on ethanol extraction: " N 0 180
1 — thermostat, 40 °C; 2 — thermostat, 50 °C; 3 — thermostat, 60 °C; \gfor lﬁngO umbc’ .
4 —in a MW field, 40 °C; 5 — in a MW field, 50 °C; 6 — in a MW field, 60 °C verall dimensions of the
installation (L/W/H), m 0.52/0.68/2.05
Output (by raw material), kg/h <24
With the growth of temperature, the rate of extraction ®
from slurry increases in a microwave field (Fig. 6, 7) and in g S
a case of solvent boiling, the processing speed and amount of 3 2
extracted substances are much higher. This is explained by % 4 S
the turbulization of the near-boundary layer. 2 Solid phase 1o drvi ‘§ .
Processing of the array of experimental data has given | pond prgse fo drymg N
equations of ethyl alcohol (2) and hexane (3) for calculating 8 6 /f N
the process of mass transfer of oil from coffee slurry under F 3 E 8
influence of a microwave field. / 5 ﬁ
L, —F
Sh=0.0137(Sc)"** ()" (Bu)"", 2) ’ 8
5
Sh=0.01(Sc)O'33(F)O'Os(Bu)O’SQ, (3)  Fig. 8. Schematic diagram of the line of pre-extraction from

coffee slurry: 1 — hopper; 2 — screw conveyer;

where Sh is the Sherwood number; Sc is the Schmidt num-
ber; T is hydro modulus; Bu is the Burdo number.

Unlike hexane, ethanol promotes the transition of addi-
tional aromatic components to the extract.

3 — station of loading slurry into cassettes;
4—

MW extractor; 5, 8 — pump; 6 — filter;
7 — intermediate tank

5. 3 Innovative technological line for pre-extraction
of coffee from slurry

The problem consisted of an additional extraction of
water-soluble substances from slurry in a continuous coun-

An experimental industrial sample of the MW extract-
or [4] is a continuous apparatus designed for the “solid-lig-
uid” system. Its housing is built from a cascade of resonator
chambers of stainless steel with magnetrons. The bottom
of the upper chambers is connected with the surface of the



lower chambers by lock channels. Cassette blocks with raw
material loaded in them move through these channels. Cas-
settes have a hole in their lids into which a connecting pipe
is inserted from the upper cassette. The connecting pipe is
located at the bottom of the cassette in the area opposite to
the hole. The inlet to the openings in the uppermost cassette
is connected with the input container with extractant and
the connecting pipe of the lowest cassette is located in the
area of the extractant storage tank whose outlet is connected
with the container of the finished product. Each of the cham-
bers is equipped with a control panel with a digital display
showing power level and a timer. A possibility is provided for
controlling the extractant flow rate in a required range and
speed of the solid phase movement.

Distribution of energy depending on loading of the
chamber cassettes which varied from 0.15 to 0.75 kg was
studied by the methods of thermal balances at an applied
microwave power of N=900 W and water flow.

The study results have shown that with a five-fold
increase in cassette loading, the net power of heat flux
increased by 86 %. It was established that the net power
of heat flux was £Q=1,186 W during the operation of two
installation chambers (2 and 4). When three chambers
(1, 3 and 5) were in operation, net power of heat flux was
20Q=1,954 W. Observations have shown that distribution of
heat flux power is affected by location of the cassette relative
to the microwave radiator: the farther is the cassette from
the radiator, the lower the net heat flux power.

3. 4. Flow diagram for processing coffee slurry

The line includes a dryer in which slurry with an initial
moisture content of 80...82 % is dried to moisture content of
8...10 %, an extractor-concentrator in which oil is extracted
and concentrated. The dry defatted slurry can be used as
fuel, filler for mixed fodder, etc.

Microwave extractor is the key element in the scheme.
A prototype microwave extractor was built. In fact, this is a
multifunctional unit performing the main operation, which
is the extraction of oil from slurry and additional operation
of distilling the extractant from the spent solid fraction [4].

Specifications of the device are given in Table 4.

Table 4
Specifications of the microwave oil extractor
No. Parameter Value
1 Magnetron power 3kW
2 Reaction volume 0.02 m®
3 Slurry weight 1.6...6.0 kg
4 Oil yield 13..20 %
5 Extraction time 30...90 min

Oil yield is related to the dry slurry weight. The device
with parameters given in Table 4 has passed bench tests.
The extractor sample was tested at a specific power of
180...240 W/kg of the mixture in the mode of boiling ex-
tractant. Ethanol (concentration of 93...96 %) was used as
an extractant.

As a result of the tests, coffee oil was obtained. It was
characterized by a pronounced aroma and a coffee taste with
an intense dark brown color.

The studies performed were used in the coffee slurry pro-
cessing line. “Pre-extraction” is made at the first stage. Cof-
fee oil and pellets are produced in the second stage (Fig. 9).

Pellets
Depleted -

slur

Coffee oil

Coffee extract

Fig. 9. The diagram of the distribution of raw material flows:
CPL — coffee production line; COL — coffee oil production
line; MWE — microwave extractor; CO — coffee oil;

CE — coffee extract

From the coffee production line (CPL), wet coffee slur-
ry goes to the MW extractor which also receives the water
as an extractant. After extraction, two flows of substances
are formed: a coffee extract and a solid phase (slurry de-
pleted by water-soluble components). Next, slurry goes to
the coffee oil production line (COL). The defatted slurry is
fed to the pellet production line (PL). Pellets can be used
as fuel at the enterprise, in particular, in the slurry dryer
of the pellet production line. Excess pellets can be sold to
make a profit [4].

5. 5. Flow diagram of production of liquid coffee con-
centrate

The basic flow diagram of such a line is fully consis-
tent with that given in Fig. 8. The only difference is that
the cassettes are loaded with ground coffee grains. The
process temperature levels do not exceed 100 °C, pressure
in the apparatus is ambient. The most attractive is the
exclusion of the convective drying from the technology.
It is in the dryer that the greatest loss of aromatic com-
ponents occurs and namely, drying is associated with
the main energy consumption. Therefore, according to
the scheme (Fig. 8), two positive effects are expected: a
significant increase in the quality of the finished product
and a sharp decrease in specific energy consumption for
the manufacture of the finished product. Naturally, a
transition to the proposed technology is associated with
certain difficulties but the expected effect justifies their
overcoming.

In the present study, experimental samples of liquid
coffee concentrate were obtained on an MW extractor and
their tasting studies were carried out. The samples were
distinguished by a high content of aromatic components and
original shades of taste.

6. Discussion of the results obtained in energy and
environmental audits and studies of the microwave
extraction process

For all slurry layer heights, i. e. 27 mm, 20 mm and 14 mm
(lines 1, 2, and 3, respectively, Fig.4), dependences were
obtained: they are convex curves while the classical depen-
dence is concave. This “paradox” is explained by the fact that
horizontal flows supply particles of the coffee raw material
with energy. The thickness of the layer and its porosity in-
crease. As a result, a decrease in hydraulic resistance of the
layer is observed. This indicates a phenomenon favorable for



the extraction processes, namely, a hydrodynamic situation
with such fluidization of the bed will definitely contribute to
the intensification of the transfer processes.

Nonpolar extractant, hexane, has quite close extraction
rates at boiling point and at 60 °C (Fig. 6). This can be ex-
plained by the fact that MW energy is absorbed mainly by
moisture contained in the slurry capillaries and hexane is then
heated by the slurry. That is, the vapor phase in capillaries,
and, accordingly, baro-diffusion flow are formed in the raw
material even at low extractant temperatures. In addition,
hexane isomers boil at temperatures of 49.7; 58 and 60.3 °C
which can also cause partial turbulization of the near-bound-
ary layer at temperatures below the boiling point.

In extraction using the MW field, the extractant type
plays an important role. While hexane, nefras, etc. solvents
are considered more effective in conventional technologies,
ethanol is preferable in conditions of the MW field. Polar
ethanol molecules strengthen the baro-diffusion effect and
promote intense mass transfer.

Unlike hexane, ethanol contributes to additional tran-
sition of aromatic components to the extract which is more
attractive in some technologies.

Thanks to a systems analysis of the heating technologies
used in the production of instant coffee, the main disadvan-
tages were identified:

— the significant energy content of the equipment and
the process duration (7...8 hours);

— use of high pressure in extractors (0.3...1.5 MPa);

— loss of valuable volatile flavoring and aromatic sub-
stances (more than 80 % of the initial content in fried
grains);

— low yield of the target component (20...33 % by weight
of raw grains);

— production waste (coffee slurry) creates an environ-
mentally dangerous situation polluting the environment.

Based on an analysis of “bottlenecks”, methods for
their elimination were proposed. Namely, a system of
innovative heat technologies for coffee production, new
technological lines including a line for pre-extraction of
coffee slurry (Fig. 8), flow diagrams of processing coffee
slurry and production of liquid coffee concentrate were
developed (Fig. 2).

Studies of the kinetics of extraction of water-soluble sub-
stances and oil from coffee slurry have made it possible to de-
velop a design of a universal energy-efficient MW extractor
that provides operating modes at temperatures up to 100 °C
and ambient air pressure. Tests of the design on an industrial
scale have shown its high efficiency (Table 3).

The developed model (1) works only in the range of
variation of the determining similarity numbers (5<Re<50;
3.82:108<Bu<15.2-10°8; 2.07-10°<Sc<2.89-10%; 93.3-10°<I1<
<346.9-10"?) which imposes restriction on application of the
obtained results.

Models (2), (3) work only in the range of variation of the
determining similarity numbers (0.07<I'<0.42; 0.06<Bu<
<2.94; 183.6 £5¢<303.9).

A search for a common solution of the obtained models in
similarity numbers (1)—(3) and models of the heat and mass
transfer processes in capillary structures in targeted energy
delivery can be recommended as a further study.

In the future, it is necessary to carry out structural and
parametric optimization of technological systems for the
most efficient consumption of energy and resources.

7. Conclusions

1. As a result of the energy and environmental audit, it
has been shown that a company can have tangible profits
from environmentally problematic waste. Commercial at-
tractiveness of the projects is due to the following:

— additional extraction of water-soluble extractive sub-
stances from coffee slurry which increases the yield of the
extract by 10...12 %;

— production of expensive and high-quality coffee oil
(refined and common) having an ever-growing demand in
the market;

— production of fuel material, namely, pellets. Character-
istics of the pellets obtained from coffee slurry were exper-
imentally established. Their burning temperature is 515 °C
and calorific value is 17 MJ/kg.

2. As a result of experimental modeling of extraction
kinetics, it was found that the duration of the process in a
microwave field is approximately 20 times less than that of
the processes carried out in a thermostat (Fig. 6, 7). The
microwave field affects the extraction rate to a greater
extent than the process temperature. The growth of micro-
wave energy increases the yield of extractives from coffee
slurry by more than two times (Fig. 5, @) and reduces the
duration and energy intensity of the process of production
of coffee extracts from coffee raw materials. It was found
that with an increase in the volumetric flow rate of the
extractant by a factor of 3, yield of extractives from coffee
slurry increased by 35 % and extraction time decreased by
a factor of 2 (Fig. 5, ¢).

Hexane and nefras are recognized as more effective
extractants in conventional technologies. However, a signif-
icant intensification of the process of extraction with ethanol
in the MW field is observed. Moreover, the yield of oil and
other extractives in the microwave field with the use of alco-
hol is greater than with hexane and nephras.

When calculating extraction processes in MW extractors,
it is recommended to use the criterion form of the equation
of dependence of the mass transfer Stanton number on the
Schmidt and Bourdo numbers and parametric complex, that
is, hydro modulus, for ethyl alcohol (2) and hexane (3).

3. The developed technology of extraction in a micro-
wave field is aimed at eliminating some of the drawbacks
of conventional approaches while preserving all advantages
of conventional extraction principles and acquiring a se-
ries of new advantages. Technological advantages include
yield of target components from raw materials increased by
10...15 % with a significant decrease in temperature regime
of extraction which helps to improve quality of the finished
product; a significant (almost an order of magnitude) re-
duction of the process duration with virtually no product
loss. Economic advantages include compact equipment,
affordable cost of its manufacture and operation associated
with simplicity and reliability of the design, moderate energy
consumptions for the process (Table 3).

4. Attractive qualities of the microwave oil extractor
are as follows: relatively low manufacturing and operating
costs associated with the design simplicity; low power
consumption; use of industrial waste as a raw material. The
device with parameters given in Table 4 has passed bench
tests. The extractor sample was tested at a specific power of
180...240 W/kg in the mode of boiling extractant. Ethanol
(a concentration of 93...96 %) was used as an extractant.



As a result of the tests, coffee oil was obtained. It is  drinks ready for immediate use. The concentration of solids
characterized by a pronounced aroma, coffee taste, and an  is 50...65 %. An innovative assortment of coffee: with sugar,
intense dark brown color. without sugar, with cognac, with milk, etc. It can be suc-

5. The designed production line enables obtaining of  cessfully used as a separate product or as an ingredient in
concentrated coffee extract, the basis for preparing coffee  confectionery and dairy products.
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