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Abstract

Extraction of starch from potato leads to formation of potato fruit juice (PFJ),
which consists of proteins, fibers, starch and water. PFJ contains 1% - 3%
[w/w] of proteins, including protease inhibitors that are potentially valuable
for various applications, and could thus bring added value to the potato in-
dustry. The use of proteins of PF] in bioactive form is limited by lack of be-
nign and cost-efficient concentration technologies. The present approach
combines a previously introduced low-temperature mechanical vapor com-
pression evaporation technology with option to enzymatic viscosity manage-
ment in case of high-viscosity fluids. In pilot-scale evaporation, an increase of
solid content from 10% to 40% was achieved without major technical chal-
lenges. The proposed method offers a low-energy means for the concentra-
tion potato industry wastewater and reclamation of valuable proteins in active
form.
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1. Introduction

Starch industry in EU processes approximately 80 million tons of potatoes every
year [1]. Approximately 10%, accounting to 8 million tons, ends up to potato
pulp, and over 60 million liters of potato fruit juice (PFJ) are produced. PFJ con-
sists of 1% - 3% proteins from which half are valuable protease inhibitors (PIs)
[2]. They are used for instance in weight loss promoting products and also me-
dicinal applications have been suggested [3] [4]. Despite high quantities of pro-
teins, fibers, starch and minerals [5], the valorization of PFJ has been rarely con-
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sidered as a truly profitable option. This situation has, however, been changing
within the European Union due to novel regulations regarding both end-of
waste criteria when processed as biodegradable waste and regulations for nitro-
gen content when spread to fields. Thus, potato industry is looking for new op-
portunities that allow less cost intensive use of the side streams.

Conventional protein recovery in starch industry involves phases such as steam
pressure coagulation and acid and salt precipitation that lead to denaturation of
proteins. After denaturation, these proteins are only of animal feed grade of low
value. Via more recent approaches, proteins of PFJ can be concentrated by using
chromatographic techniques [6] [7] or solvent extraction [8]. Also micro- and ul-
trafiltration have been investigated for the purpose [9] [10]. The pre-concentration
of PFJ is advantageous in case of any protein recovery technology.

The selected concentration technique is based on evaporation, a thermal se-
paration method dividing a flow of fluid into condensate and concentrate phas-
es. As compared to traditional evaporation techniques, the present mechanical
vapor recompression (MVR) falling film technology employs compressor or fan
to compress the vapor after which it may be used as energy source instead of
boiler steam. This allows a reasonable energy consumption, practically 10 - 25
kWh-m™ [8]. The condensate will be of potable quality as such or after minor
processing. In our previous work, the use of MVR evaporation allowed nearly
6-fold concentration of potato proteins with a minor decrease in the activity of
PIs [8], which is a promising indication for the efficiency of technology. Howev-
er, despite the high efficiency in water removal, the employed falling film eva-
poration has limitations especially related to the increasing viscosity of the con-
centrate. Materials with high viscosity, such as starchy solutions or pulp produc-
tion liquors, are difficult to concentrate using standard evaporators due to limi-
tations of pumps, wetting and fouling [11] [12]. Management of viscosity may
thus advance efficient evaporation and pumping of PFJ.

The viscosity reduction of vegetable or fruit solutions is achievable via a selec-
tion of techniques. Ultrasound (sonication) treatment reduced the viscosity of
5% - 10% starch solution by about two orders of magnitude to 100 cp [13]. Me-
chanical homogenizer was used to treat evaporated starch concentrate. The vis-
cosity reduction was 13%, leading to lower energy consumption and a concen-
trate with a higher sugar concentration. In similar way, the evaporation of citrus
pulp-wash liquid was enhanced by pre-treatment with enzymes during the pulp
washing phase [14]. Enzymes have also been employed to reduce the viscosity
prior to fermentation of very high gravity vegetable mashes [11] [15] [16]. In
this investigation glucoamylase enzyme was employed to reduce the viscosity of
industrial PFJ during MRV evaporation. The feasibility of MVR evaporation was
further investigated in pilot-scale at starch industry.

2. Material and Methods

2.1. Potato Fruit Juice

Potato fruit juice samples were received from Finnish starch industry. Samples
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were initially at pH 4.8. Sulfuric acid was used for the adjustment of pH to 4.2 or
4.5. The samples were exposed to maximum temperature of 57°C at the plant
after which they were stored at 4°C. Native sample contained approximately
14.5% dry solids from which 14% were inorganic compounds. During the pilot
evaporation, the chemical oxygen demand (COD) values were measured using
Hach Lange COD cuvette tests LCK 014 (measuring range 1 - 10 g-L™') or LCK
914 (measuring range 5 - 60 g-L™'"). Test cuvettes contain all needed reagents:
sulphuric acid, potassium dichromate, silver sulphate and mercury sulphate.
Sample digestions were carried out with Hach Lange HT 200 S and spectropho-
tometric analyses with UV/Vis Spectrophotometer Hach Lange DR 2800.

2.2. Design of Experiments and Response Surface Modeling

Response surface methodology (RSM) using MODDE software for Design of
Experiments and Optimization (Version 8.0.0.0, UMETRICS AB, Umea, Swe-
den) was employed to investigate the effects of growth conditions on protein and
amino acid yields. The RSM was prepared using quadratic face centered central
composite design (CCF). The performances of the models were evaluated by as-
sessing analysis of variance (ANOVA) as described in [17]. Briefly, with good
models, the standard deviation of the model should be much larger than the
standard deviation of the noise with its upper confidence level. The effect of a
factor can be considered statistically significant if the confidence interval is not
larger than the effect itself. Factors under investigation were pH and the use of
glucoamylase enzyme at concentrations of 4.2 - 4.8 and 0 - 600 U-L™, respec-

tively. The experiment matrix is presented in Table 1.

2.3. Bench-Scale Evaporation

The schematic of a typical MVR evaporation process is presented in Figure 1.
The process PF] samples were used for (1) evaporation or (2) enzyme treatment

followed by evaporation. In the case of option (2), the enzyme (Amylase AG 300

Table 1. Experiment matrix for RSM.

Experiment number pH (rpm) Amylase (U-L™)

N1 4.2 0

N2 4.8 0

N3 4.2 600
N4 4.8 600
N5 4.2 300
N6 4.8 300
N7 4.5 0

N8 4.5 600
N9 4.5 300
N10 4.5 300
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Condensate .
(water) Higher temperature
steam
«—
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—— Low temperature steam
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(DS 50%)

Figure 1. Schematic of the MVR evaporation process. DS—Dry solids. Vacuum is used to
allow low temperature evaporation.

L, Novozymes) were added into the samples at levels shown in Table 1, and the
solutions were incubated at 50°C for 1 h. All samples were centrifuged in 15 mL
reaction tubes at 20°C and 15,000 rpm for 5 min for removal of solids. Evapora-
tion was conducted using BiichiRotavapor R-114 (Biichi, Switzerland) linked to
Vacuumbrand PC 3001 VARIO pro vacuum system (Vacuumbrand, Germany)
at maximum temperature of 50°C. Viscosity curves were prepared by measuring
the viscosity from the concentrate after adding known amount of water until

reaching the theoretic initial viscosity (Brookfield DV-II+ viscometer).

2.4. Bench-Scale Evaporation

The flowsheet and items of the 2-stage falling film MVR evaporator used in the
pilot-scale evaporation is presented in Figure 2 and Table 2. Technical calcula-
tions in this report are based on the material flow of 2.880 kg-h™'. Total liquid
volume was ca. 50 L. The evaporator consists of 19 tubes with length of 4 m and
3.8 cm in diameter. Total evaporation surface area was 9 m’. The viscosity of the
concentrate was monitored during the evaporation in duplicates by means of
DIN 4 viscosity cup (SATA, Germany).

2.5. Simulation

Evaporation simulations were carried out using the Simulation Software Fall-
strom 9.5.b6. (Epcon Evaporation Technology AS, Norway). To carry out a
simulation, a flow sheet representing the process was created and the flow rates,
compositions and temperatures systematically were varied to achieve a steady
mass and energy balance consistent with the block and inlet stream specifica-
tions. Some unit operations were simulated with general blocks in which the pa-
rameters were set based on experimental and estimated performance. The first

step in the MVR evaporator simulations was to develop a mass balance, shown
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Figure 2. Process flowchart of the MVR evaporation pilot process with items listed in the
Table 2.

Table 2. Items of the evaporation system.

Item Description and specifications

FFE 001  Heat exchanger

Centrifugal pump (4.9 kW) for the recycling of feed with constant flowrate of 3000 -

PMP 001
3500 kg-h!

FAN 050 Compressor (17.3 kW) for steam generation at speed of in maximum 1500 rpm

PMP 003  Vacuum pump (3 kW) for the generation of vacuum

AHE 001  Preheater of feed, operated using the heat recovered from the condensate

PMP 002 Centrifugal condensate pump (1 kW) for the removal of condensate from the
compressor

TNK 001 Integrated steam generator to decrease the heating time during start-up process

in Figure 1. Capital costs were determined first by the following procedure: 1)
establish the inlet and outlet conditions; 2) establish the heat transfer coefficients
and temperature limits of potato fruit juice; 3) determine the required solid con-
tent in the final concentrate; 4) calculate the heat input through an energy bal-
ance; 5) calculate the heat exchanger and evaporator areas and the compressor

power; 6) size miscellaneous equipment.

2.6. Analysis of Protein Quality

Soluble proteins were isolated by adding 100 mM sodium phosphate buffer (pH
7.0) and incubation at 20°C and 400 rpm for 1 h. Insoluble fraction was removed
by centrifugation. Sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE) was used for the control of produced protein fractions. PageRuler™
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Plus Prestained Protein Ladder (Thermo Scientific) was used as marker in SDS-
PAGE.

3. Results and Discussion
3.1. Behavior of PFJ during Evaporation

The behavior of PFJ during the evaporation was initially investigated using
bench scale equipment. As can be seen in Figure 3, the viscosity of each fluid
increased sharply during the evaporation which is due to the starch in the PFJ.
In the pilot evaporation, the solid content of the PF] could be increased from
below 10 up to 40% without major technical challenges (Table 3). The quality of
the condensate was investigated in terms of COD. Notably, the COD of the con-
densate was clearly above the threshold of 150 mg:L™' for reuse (in-house refer-
ence value). Therefore, the reuse of the condensate requires further treatment.
The pH of the condensate ranged at 3.5 - 4.6. The solid content remained low

during the evaporation.

3.2. Reduction of Viscosity by Enzymes during Evaporation

To assess the effect of enzymes on the rheology of solutions during evaporation,
the curve data presented in Figure 3 were fit to exponential function and the
solid concentrations at viscosity of 50 cp were calculated (Table 4). The values
were used in statistical analysis to detect the effects of enzymes and pH on the
rheology of the PFJ (Figure 4). The use of glucoamylase allowed evaporation to
higher TS before reaching the critical viscosity of 50 cp (Figure 3, p < 0.05)
which result is in line with the previous reports [11] [14] [16]. Although the op-
timal pH of the used glucoamylase is around 3.8, the change of pH from 4.2 to
4.8 did not affect fluid viscosity at statistically significant level.

The use of enzymes was further investigated in the pilot-scale evaporation.
The evaporation was prepared at 50°C either without glucoamylase or with ad-
dition of 200 mL glucoamylase into the PFJ. Based on viscosity vs. density curves

(Figure 5), the use of enzymes did not affect the rheology of the concentrate.

1000 N1

100

10

Viscosity [cp]

1

40% 50%. 60% 70%
Total solids [w/w]

Figure 3. Viscosity vs. total solids in evaporation concentrates. The plots are printed in
half logarithmic scale to allow better visual quality of the figure. N1 ... N10 refer to ex-
periment numbers as presented in Table 1.
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Table 3. The characteristics of concentrate and condensate produced during the pilot
evaporation of PF] measured for 4 hours.

Time t=0h t=1h t=4h
Concentrate
Brix (%) >30 >30 44
Viscosity (cp) 28 25 n/a
Total solids (%) 27 29 40
Condensate
Flow (L-h™) 40.9 40.8 63.5
Brix (%) 0 0 n/a
pH 4.6 43 35
COD (mgL™) 544 528 570

Table 4. Analysis of the rheological behaviour of each suspension during evaporation.
The values for pH, enzyme concentration (Amy), total solid content at the beginning of
evaporation (TSSTART, w/w), calculated solid concentration at viscosity of 50 cp (TSu =
50) based on exponential fit, fit equation and respective R-squared value are presented for
each experiment. (95% confidence)

Experiment pH  Amylase TSgarr (%) TS, (%) Exponential fit equation R?

1 4.2 0 51.9 58.2 y=1078 x eI 0.75
2 4.8 0 71.9 74.4 y=2x107x 1% 0.96
3 4.2 600 49.6 59.3 y=4x 1075 x €26 0.90
4 4.8 600 74.8 77.1 y=6x 1077 x 57 0.96
5 4.2 300 63.2 66.6 y=3x 1072 x ef034x 0.86
6 4.8 300 74.9 78.1 y=2x 10715 x el834x 0.96
7 4.5 0 75.5 59.4 y=4x 1075 x €26 0.90
8 4.5 600 77.9 81.0 y = 10720 x e8686x 0.98
9 4.5 300 78.0 80.2 y=2x 1072 x e84 0.98
10 4.5 300 76.4 79.6 y=2x 1071 x &4 0.92

Two additional experiments were conducted in which an additional 200 mL of
the enzyme was dosed at density of around 1200 kg-m™ (corresponding to ca.
40% solid content). Some re-shape of the viscosity curve may be observed after
the second enzyme dosing. The dosage of enzyme may be of interest in the fur-
ther research. Moreover, the seasonal variation in the PFJ causes some changes
in the starch content [18] which in turn would influence on the feasibility of the
glucoamylase in the viscosity management during evaporation. Thus, it would
be advantageous to investigate the effect and dosage of the enzymes for larger

variety of PFJ samples.

3.3. The Quality of the Proteins in Concentrate

The quality of the concentrate was assessed in terms of quality of the proteins
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Effects
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Figure 4. The scaled effects of pH and glucoamylase on the total solid concentration at
viscosity of 50 cp in bench-scale evaporation. The scaled effects of the model terms are
presented at 95% confidence level. Amy—glucoamylase, pH*Amy—interaction term of
pH and glucoamylase.

==g==No amylase

Amylase 200 mL
180 -

160 - w=de=Amylase 200+200
140 A
120 - === A mylase 200 mL + 200 mL
100 - !
80 1 .;./v
60 A 9%4
40 1 o pi”
20 4 =T .
0 | 1 1 I ] 1 1
1150 1160 1170 1180 1190 1200 1210 1220
Density [kg/m’]

Viscosity [cp]

Figure 5. Viscosity vs. density of PF] during the pilot evaporation. The viscosity curves
without amylase and with 200 mL are shown. Two experiments were included in which
an additional 200 mL of amylase was added later into the PFJ.

after evaporation. Based on the protein bands observed on SDS-PAGE (Figure
6), soluble PIs were recovered from all concentrates. The intensity of bands sug-
gests that significant portion of the PIs were precipitated during the concentra-
tion phases (Figure 6(a)), but were resoluble to the sodium phosphate buffer
(Figure 6(b)). Patatin bands respective to pH 4.2 were minor or inexistent in the
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Figure 6. SDS-PAGE gels of soluble (a) and precipitated but resoluble (b) proteins in PFJ
concentrates after evaporation. 1 ... 10—Experiments 1 ... 10, 11—original sample at pH
4.2, 12—original sample at pH 4.8.

gel. The result is well in line with findings of other scientists [19], suggesting that
decrease of pH to 4.2 allowed more selective removal of patatin from PF] and
thus contributed to isolation of PIs. The employed enzyme assisted evaporation
enabled the concentration of resoluble PIs for further processing as was pro-

posed in our previous report [8].

4. Conclusion

The present results suggest that the use of enzymes during the evaporation of
PF] leads to lower viscosity and allows more efficient water removal from the
concentrate. The starch-rich potato fruit juice was concentrated in pilot scale up
to 40% solid content without major challenges. Furthermore, the proposed low-
temperature evaporation method was proven as a useful means for the concen-
tration of proteins without major activity loss. The produced evaporation con-
densate water phase may be re-used after reduction of COD to an appropriate

level.
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