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A B S T R A C T

Stability of colorants is concerning for food coloring matrices, particularly for the only natural blue food col-
oring, phycocyanin. The Spirulina-based microalgal extract is mainly comprised of heat sensitive protein-chro-
mophore complexes, C-phycocyanin and allophycocyanin. Although frequently encountered in food processing,
the impact of short time heat treatments has not been studied systematically. Here, phosphate buffered phy-
cocyanin solution was heated in batch and emerging continuous processing systems, both characterized with
high surface-to-volume ratios allowing isothermal conditions with residence times down to 5 s. Absorption scans
revealed biphasic degradation of phycocyanin color activity to about 30% within 30 s at T≥ 70 °C. Kinetic
modelling of the color decay via an nth order approach contradicts previously assumed linear first order kinetics
with a best fitting empirical reaction order of n=6. It shows that decay in phycocyanin color activity is not a
single process but encompasses C-phycocyanin and allophycocyanin aggregate disintegration and denaturation.
Industrial relevance: Central to this study is the color stability of phycocyanin, which is a high value component,
derived from the emerging food source microalgae. It is also the only naturally obtained blue food coloring
available to the food industry. Insights could be gained on the color degradation kinetics by treating an industry
relevant formulation in batch and emerging scalable continuous systems via micro process engineering. This
data will directly support food research and development activities to optimize and minimize blue color losses
within multiple product categories.

1. Introduction

Spirulina Blue is the only naturally derived blue food coloring that is
available to the food industry so far. After a 2007 study in Great Britain
revealed that artificial colorants have an impact on hyperactivity in
children (McCann et al., 2007), as well as the focus on clean labelling,
non-artificial colorants have received increased attention. Phycocya-
nins are protein chromophore complexes in light harvesting complexes
of different organisms, prominently in Arthrospira platensis. The cya-
nobacterium A. platensis, commonly known as Spirulina, is categorized
as a microalga (Pulz & Gross, 2004; Vonshak, 1997). It is photo-
autotrophic and is used as a nutraceutical, food ingredient, or food
coloring. The main phycocyanin fractions are C-phycocyanin (cPC) and
allophycocyanin (aPC) with maximum absorbance at 620 nm and
650 nm, respectively. Both phycobiliproteins are composed of two
apoprotein chains as backbone to which three or two phycocyanobilins
are covalently bound via thioether bonds in case of cPC or aPC, re-
spectively (MacColl, 1998). Due to their fluorescence and distinct

visible absorption, phycobiliproteins have been subjected to multiple
analytical tools as model proteins for studying protein properties (Berns
& MacColl, 1989). Denaturation of the secondary, tertiary, or qua-
ternary structure of the apoprotein results in a rearrangement of the
linear chromophore into a cyclic form with a subsequent absorbance
increase at 360 nm (MacColl, 1998).

Stability of phycocyanin in food or food formulations and during
processing is of interest to the entire food industry as it is a limiting
factor in its application (Buchweitz, 2016). Besides its instability in
acidic conditions, color activity is also lost due to thermal processing
(Jespersen, Strømdahl, & Olsen, 2005; Martelli, Folli, Visai, Daglia, &
Ferrari, 2014). Researchers dealt with this topic and proposed en-
capsulation techniques or stabilizing effects through the addition of
sodium dodecyl sulfate (SDS) (Falkeborg, Roda-Serrat, Burnæs, &
Nielsen, 2018) or of sugars (Chaiklahan, Chirasuwan, & Bunnag, 2012;
Martelli et al., 2014). However, the kinetics of color degradation have
not been extensively studied. High temperature short time (HTST) ef-
fects, in particular, which are abundantly found in food processing,

https://doi.org/10.1016/j.ifset.2018.11.007
Received 22 June 2018; Received in revised form 15 November 2018; Accepted 15 November 2018

⁎ Corresponding author.
E-mail address: alexander.mathys@hest.ethz.ch (A. Mathys).

Innovative Food Science and Emerging Technologies 52 (2019) 116–121

Available online 16 November 2018
1466-8564/ © 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/BY/4.0/).

T

http://www.sciencedirect.com/science/journal/14668564
https://www.elsevier.com/locate/ifset
https://doi.org/10.1016/j.ifset.2018.11.007
https://doi.org/10.1016/j.ifset.2018.11.007
mailto:alexander.mathys@hest.ethz.ch
https://doi.org/10.1016/j.ifset.2018.11.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ifset.2018.11.007&domain=pdf


have not been fully explored. Focus of other studies was often on lower
temperatures and longer time scales (Antelo, Costa, & Kalil, 2008;
Chaiklahan et al., 2012; Jespersen et al., 2005; Patel, Pawar, Mishra,
Sonawane, & Ghosh, 2004). Yet, prominent examples for application of
Spirulina extracts imply a HTST process such as dairy products which
are commonly pasteurized at 72–75 °C for 15 to 30 s (IDFA -
International dairy foods association, 2018; Kessler, 2002). Innovative
treatments including pulsed electric fields (PEF) or high pressure (HP)
treatments could be considered to replace HTST pasteurization. Though
currently, these emerging technologies still face some limitations in
scalability and economic conditions, such as investments, in compar-
ison to widely used thermal processing. Moreover, depending on the
applied conditions, they also involve a short time temperature increase,
e.g. PEF based pasteurization due to ohmic heating and HP due to
adiabatic heating (Sevenich & Mathys, 2018; Toepfl, Mathys, Heinz, &
Knorr, 2006).

Controlled short heating trials require fast heating and cooling in
order to not affect the processing time. Heating and cooling are de-
termined by volumetric heat transfer capabilities as can be derived from
the description of residence time in continuous heat transfer processes
(Mathys, 2018). Thus, extremely short processing times can be achieved
with high surface-to-volume ratios. Consequently, this study applied
indirect heating with batch and continuous systems with high surface-
to-volume ratios to elucidate thermal color degradation kinetics of a
phycocyanin formulation at times below 1min, typical for continuous
food processing. After thermal processing, absorption scans of the
samples were taken with a spectrophotometer and the obtained data
were modelled with an nth order approach to determine the reaction
order for the degradation kinetics.

2. Materials & methods

The current investigation looked at short time thermal degradation
of the blue microalgae protein phycocyanin and modelled the de-
gradation kinetics to improve its application in food systems.

2.1. Phycocyanin solution

A spray dried blue powder formulation of the microalga Arthrospira
platensis was provided by GNT International B.V. (Mierlo, Netherlands).

Spray drying of the Spirulina extract was performed with 56 g mal-
todextrin as carrier material per 100 g final dried powder. The powder
with 15.7% (w/w) phycocyanin was dissolved at 1 g L−1 in phosphate
buffer (0.1M, pH 7.3) containing NaN3 (10−3M). cPC and aPC were
present in a ratio of 71 to 29 in the phycocyanin fraction. Phosphate
buffer was chosen due to its pKa and therefore pH stability independent
of temperature (Reineke, Mathys, & Knorr, 2011).

2.2. Thermal treatment in batch and continuous process

For the batch treatment, glass capillaries from Kleinfeld
Labortechnik GmbH (Gehrden, Germany) were used with 0.9 mm inner
diameter, 1.3 mm outer diameter, and 200mm length, described else-
where (Mathys, Heinz, Schwartz, & Knorr, 2007). Capillaries were
thermally sealed. Thus, they were only filled with 150 μl phycocyanin
solution and not fully to omit thermal treatment of the protein solution
during sealing. Once sealed, the capillaries were heated in an oil bath
(JULABO GmbH, Seelbach, Germany) at 70, 75 or 80 °C for 5 to 60 s
and consecutively transferred into an ice-bath after the specified
heating times. The surface-to-volume ratio was 4444m−1. Numerical
simulations showed isothermal conditions after ca. 3 s within the oil
bath (Mathys et al., 2007).

For continuous processing, phycocyanin solution was processed
through a modular micro reaction system (MMRS), described elsewhere
(Georget, Sauvageat, Burbidge, & Mathys, 2013; Mathys, 2018), fol-
lowing the configuration depicted in Fig. 1. The MMRS (Ehrfeld Mik-
rotechnik GmbH, Germany) was set up to transport samples by a gear
pump (HNP Mikrosysteme GmbH, Schwerin, Germany), heat the
sample by a first coaxial heat exchanger to 70, 75 or 80 °C, keep the
temperature constant in a tailor-made meander reactor of 1.5 ml inner
volume, and cool it down in a second coaxial heat exchanger (Ehrfeld
Mikrotechnik GmbH, Germany). For retention volume 2.215ml were
considered including temperature sensors (3) and parts of the coaxial
heat exchangers (4). The surface-to-volume ratio of the meander reactor
was 2610m−1 (Georget et al., 2013). Temperature was tracked online
with temperature sensors before and after both coaxial heat exchangers
by measuring the sample temperature in the center of the tube (Ehrfeld
Mikrotechnik GmbH, Germany). Solution's density was measured to
ρ=1.005 ± 0.005 g/ml with the Coriolis mass flow meter (Bronkhorst
AG, Reinach, Switzerland). Mass flow rates were set accordingly

Fig. 1. Scheme of the modular micro reaction system
(MMRS). Sample solution was fed into the system via the
inlet (1a). It was pumped via the Coriolis mass flow meter
(2) through a coaxial heat exchanger (4). Temperature
was kept in the meander reactor (5) before the sample
was cooled down in the second coaxial heat exchanger
(4) and left the system via the outlet module (1b)
(Graphics adapted from Ehrfeld Mikrotechnik GmbH,
Germany).
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between 2.22 and 26.58 g/min to control residence times from 5 to 60 s.
System control was done with TestMB (LabVision 2.9, HiTec Zang
GmbH, Germany) allowing isothermal treatment with controlled re-
sidence times. Cleaning in place (CIP) was conducted before every trial
with deionized water, acid (P3-horolith CIP, Ecolab GmbH, Reinach,
Switzerland) and base (Mip SC, Ecolab GmbH, Reinach, Switzerland)
solution.

2.3. Phycocyanin concentration

Absorption spectra of native and heat-treated phycocyanin solutions
were measured without any further dilution in triplicates from 800 to
300 nm with a UV Vis spectrophotometer (Cary 100, Agilent
Technology, US). Absorption values were corrected with the absorption
at 800 nm to account for the absorption of colloidal particles.
Alternatively, preliminary tests were run to eliminate colloidal particles
after processing by centrifugation. Pellets in these tests were blue, in-
dicating that relevant chromophores would have been discarded from
the spectrophotometric measurement. By applying the spectro-
photometric validated correlation from Yoshikawa and Belay (2008),
cPC and aPC concentrations could be derived for each temperature-time
trial:

=cPC A A0.162 0.098620 650 (1)

=aPC A A0.180 0.042650 620 (2)

herein, cPC is the concentration of C-phycocyanin (g L−1), aPC is the
concentration of allophycocyanin (g L−1), A620 is the absorption at
620 nm and A650 is the absorption at 650 nm. The sum of cPC and aPC is
the total color active phycocyanin (Ct).

2.4. Kinetic modelling

The degradation of color active phycocyanin was modelled via an
nth order approach (Eq. (3)) with TableCurve 2D (Versions 5.01, Systat
Software Inc., US).

= + =C
C

n k t with k k C[1 ( 1) ]t
n

n

0
0

1n
1

1
(3)

herein Ct is the color active phycocyanin concentration at time t (s), C0

is the color active phycocyanin concentration at t=0 s, n is the reaction
order, k is the reaction rate constant (s−1), kn is the specific reaction
rate constant and t is the processing time (s) during isothermal condi-
tions. Fitted values for the degradation were obtained by varying the
reaction order n and fitting the reaction rate constant k, also described
elsewhere (Mathys, 2008). Thereof, the best describing empirical re-
action order n was identified through the minimal cumulative standard
error of all fitted values.

2.5. Energy of activation

With the reaction rate constant k(T) for the best fitting reaction
order, the apparent energy of activation (Ea) was determined following
the Arrhenius (1889) equation (Eq. (4)),

=k k E
R T

ln ln 1a
0 (4)

herein k is the reaction rate constant, k0 is the reaction rate constant at
T→0 K, Ea is the energy of activation (J mol−1), R is the universal gas
constant with 8.314 Jmol−1 K−1 and T is the absolute temperature (K).
k as the effective reaction rate constant was taken for the energy of
activation calculations in Eq. (4) instead of the specific reaction rate
constant kn since ln k= ln kn+ (n− 1) ln C0 (Eq. (3)).

3. Results & discussion

The thermal degradation kinetics of phycocyanin in short time heat
processes were central to this study. Fig. 2 depicts by way of example
absorption spectra of untreated and thermally processed phycocyanin
solutions at 70 °C. The untreated phycocyanin solution had a main peak
with an absorbance maximum at 620 nm, with a shoulder at 650 nm
and a minor local maximum at 360 nm. These three wavelengths cor-
relate with the peak absorbance of cPC (620 nm), aPC (650 nm), and
denatured cPC (360 nm) (MacColl, Csatorday, Berns, & Traeger, 1981).
Upon increasing processing time up to 60 s, the absorption peaks at
620 nm and 650 nm decreased, while the 360 nm peak increased. By
applying Eqs. (1) and (2), the decay of color activity could be quanti-
fied. The experimentally established formulas translate the absorption
at 620 and 650 nm into concentrations of cPC and aPC based on a ca-
libration with purified cPC and aPC in phosphate buffer (0.1M) at
pH 6.0 (Yoshikawa & Belay, 2008). Hence, the reported values reflect
an equivalent amount of phycocyanin under these conditions and re-
semble a measure for overall color activity of the phycocyanin solution.
The concentrations are referred to as color active phycocyanin con-
centration since the actual phycocyanin concentration did not change
due to thermal processing. Loss in color activity was based on either
changes in aggregation state of the biliproteins and/or due to con-
formational changes of the phycocyanobilin chromophores (Berns &
MacColl, 1989), which is discussed in more detail in the modelling
Section (3.2).

3.1. Short time thermal degradation of phycocyanin

Relative concentrations of color active phycocyanin are displayed in
logarithmic values over processing time in Fig. 3. For both batch and
continuous processing, the data show a biphasic decay over treatment
time for temperatures T≥70 °C. Color activity dropped within 30 s to
about 30% of the initial value and tailed with increasing treatment
time. Both processing modes, batch and continuous, were investigated
in this study as they encompass distinctly different thermal processing
conditions. Heating in the applied batch operation is limited to mainly
conductive heat exchange whereas in the continuous system heating is
a combination of conduction and convection.

The findings are in agreement with results reported on the de-
gradation of purified cPC by Scheer and Kufer (1977). UV Vis mea-
surements of thermally processed cPC solution at 71 °C for 1min re-
vealed reductions to 30% of absorbance at 620 nm. However, other
authors found much longer decay kinetics, such as Chaiklahan et al.
(2012) with a half-life value of 6min for the degradation of phyco-
cyanin in a citrate phosphate buffer at pH 7.0 and 69 °C.

Discrepancies might be linked to different processing parameters
and differences in the phycocyanin sources. This study investigated a
food coloring formula containing 15.7% (w/w) phycocyanin with a cPC
to aPC ratio of 71 to 29. It is a formulation with a high concentration of
phycocyanin and relevant for applications in the food industry,

Fig. 2. Absorption spectra of phycocyanin solution 1 g L−1 in 0.1M phosphate
buffer at pH 7.3, thermally treated for 5–60 s at 70 °C in comparison to an
untreated control.
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compared to highly purified cPC solutions applied in other literature.
The applied Spirulina powder contained maltodextrin as carrier material
from the spray drying process. Carbohydrates such as maltodextrin or
trehalose are commonly applied carrier materials in spray drying
Spirulina extracts for coloring food applications (Anzai, Fukuda, Kubo,
& Sekiya, 2005; Heyde, Schiffelbein, & Christiansen, 2012; Iwao
Kojima, Koji Odan, & Masahiro Nishikawa, 2013). They do not influ-
ence the photometric measurements and the detection of phycocyanin
as shown by Yoshikawa and Belay (2008) from experiments with dif-
ferent Spirulina substances and phycocyanin spiked placebo matrices.
Yet, detailed stability studies of the exact influence of carbohydrates on
thermal phycocyanin stability in HTST processes should be considered
in further studies. Literature (Antelo et al., 2008; Chaiklahan et al.,
2012; Martelli et al., 2014) and industry practice (Anzai et al., 2005;
Heyde et al., 2012; Iwao Kojima et al., 2013) suggest a stabilizing ef-
fect; however at 200–1000 times higher concentrations than the ef-
fective solubilized maltodextrin concentration of 0.056% (w/v) in this
study.

Regarding the processing conditions, the presented measurements
were performed in a batch process as well as with a continuous MMRS.
As outlined previously, both processes rely on a high surface-to-volume
ratio with 4444m−1 in the batch process and 2610m−1 in continuous
operation, respectively, enabling fast heat transfers. This allowed con-
trolled isothermal short holding times and fast heating and cooling.
Differences to Chaiklahan et al. (2012) could originate in the distinctly
larger sample volume of 30ml as well as the not further specified
temperature gradient box. Presumably, longer heating times could only
be realized and inhomogeneities in temperature could have been an
issue impacting the thermal treatments.

3.2. Modelling empirical decay reaction order

For thermal degradation of phycocyanin, the literature assumed first
order linear log10 kinetics (Antelo et al., 2008; Chaiklahan et al., 2012;
Patel et al., 2004). Kinetics that comply with a first order linear log10
behavior are characterized by a linear decay in a semi-logarithmic plot
of decay variable over reaction time. This was not observed for the
degradation of phycocyanin color activity in this study. The linear fits
showed low coefficients of determination for batch processing at

processing temperatures of 70, 75, and 80 °C with R2= 0.58, 0.48, and
0.41 and root mean square error (RMSE)=0.150, 0.175, and 0.186,
respectively; similarly for the linear fits of continuous processing
R2=0.67, 0.50 and 0.47 and RMSE=0.159, 0.190, and 0.183, re-
spectively.

For T≥ 70 °C, the decay in phycocyanin color activity is better
described by a biphasic degradation behavior. It decreased within 30 s
of processing time to 30% of the initial blue color intensity and tailed
with increasing treatment time. As the observed kinetics diverge pro-
foundly from a linear first order log10 reduction, the degradation data
were modelled in an incremental approach to a non-linear decay with a
varying reaction order from 1 to 10. The minimal cumulative standard
fitted error was found for reaction order n=6 (see Fig. 4), which re-
sulted in the following Eq. (5) based on Eq. (3),

= + =C
C

k t with n[1 5· · ] 6t

0

1
5

(5)

Corresponding fitting curves are displayed in Fig. 3 with the loga-
rithmic color active phycocyanin concentrations. The RMSE as a coef-
ficient of determination and the fitted reaction rate constants are listed
in Table 1. The RMSE, which is below 0.017 for all except one pro-
cessing condition, stresses the goodness of fit with a reaction of the
order n=6. However, this high reaction order does not explain the
color degradation on a mechanistic level. It is a purely empirical re-
action order that describes the decay in color activity better than other

Fig. 4. Cumulative fitted standard errors of the modelled nth reaction order to
the short thermal degradation kinetics of color active phycocyanin.

Table 1
Fitting parameters k – reaction rate constant – and RMSE – Root Mean Square
Error – of fits with reaction order n=6 to relative color active phycocyanin
concentration for batch processing in capillaries and for continuous processing
in the modular micro reaction system (MMRS).

Parameter k(T) RMSE

Capillaries 70 °C 1.241 0.045
75 °C 2.043 0.014
80 °C 2.788 0.012

MMRS 70 °C 0.952 0.017
75 °C 1.494 0.012
80 °C 1.991 0.013

Fig. 3. Relative color active phycocyanin concentration plotted in logarithmic
values over processing time and fitting curves with reaction order n=6. A –
batch processing in glass capillaries. B – continuous processing in modular
micro reaction system (MMRS). RMSE of the fits for processing temperatures of
70, 75, and 80 °C were 0.045, 0.014, and 0.012 in batch processing and 0.017,
0.012, and 0.013 in continuous processing, respectively.
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tested reaction orders. A high reaction order indicates that parallel
reactions, consecutive reactions, or intermediate products are formed
influencing the course of the investigated reaction so that reaction
order n is better referred to as kinetic or apparent reaction order
(Kessler, 2002).

In the case at hand, the degradation of phycocyanin's color activity
upon thermal processing is likely an overall consequence of multiple
contributing reactions. Spectral absorption of cPC and aPC is dominated
by the conformation of the phycocyanobilin chromophores and how
these chromophores interact in oligomers of cPC and aPC monomers
due to spatial proximity (Berns & MacColl, 1989; Contreras-Martel
et al., 2007). When the phycocyanobilin is bound to apoproteins of
either cPC or aPC, the chromophore is in an extended conformation
(Schirmer, Bode, & Huber, 1987). In this state the absorption spectrum
depicts a characteristic main peak at 620 nm or 650 nm, respectively. If
the protein structure denatures, the phycocyanobilin, a linear tetra-
pyrrole chromophore, relaxes and assumes a more stable cyclic con-
formation, which is characterized by a main absorption peak at 360 nm
(Berns & MacColl, 1989). This shift in conformation can be explained by
quantum chemical calculations (Scheer & Kufer, 1977).

Moreover, in aqueous low-ionic-strength conditions, aPC assembles
in trimers, whereas cPC forms hexamers, trimers, or other oligomers
under these conditions (MacColl, 1998; MacColl et al., 1981; MacColl,
Berns, Traeger, & Csatorday, 1980). When disintegrated into mono-
mers, absorption at 620 nm is slightly reduced in the case of cPC,
whereas in the case of monomeric aPC the absorption spectra resembles
the one of monomeric cPC, resulting in a shift of the main absorption
peak from 650 nm to 615 nm (MacColl et al., 1980).

Described losses in proteins' quaternary structure could help to ex-
plain the observed characteristic alterations in absorption spectra with
increasing processing time (see Fig. 2). Yet, absorbance at 360 nm would

be unaffected by changes in the proteins quaternary structure alone.
There must have also been changes in the tertiary structure of the apo-
proteins that led to a change of the phycocyanobilin from its extended
state into its cyclic form with an absorption maximum at 360 nm (Scheer
& Kufer, 1977). Hence, it is speculated that the observed degradation in
color activity is a combined effect of the disintegration of cPC and aPC
into monomers and a denaturation of monomers yielding phycocyano-
bilins in cyclic conformation. For further insights on a mechanistic level,
studies must focus on purified phycocyanin fractions to omit side reac-
tions and to allow for conclusions that are more specific.

Multiple reactions contributing to the degradation in color activity
of phycocyanin solution would support the identified high empirical
reaction order of n= 6. With the modelled apparent reaction order, the
reaction rate constant k(T) could be derived for the different processing
temperatures. By plotting the logarithmized reaction rate constant
against the inverse of the absolute temperature (Fig. 5), the energies of
activation (Ea) could be calculated from the Arrhenius equation (Eq.
(4)). Thereby, an Ea of 74.4 ± 8.9 kJmol−1 was derived for the con-
tinuous measurements and Ea of 81.6 ± 10.3 kJmol−1 for the batch
processing experiments. As the Ea are not significantly different from
each other (p=0.41), transfer could be demonstrated from batch
processing in capillaries to continuous processing in the MMRS. This
allows upscaling of the process through numbering-up approaches as
parallelization of numerous micro-heating devices. Moreover, the pro-
vided knowledge of temperature-time interactions under isothermal
conditions could support further upscaling initiatives by combining this
with the respective heat and mass transfers, and flow conditions. Minor
discrepancies in Ea could originate from heat transfer differences be-
tween the two systems. The continuous system implies conductive and
convective heat transfer, whereas the batch heating in capillaries is
dominated by conductive heat transfer. Residence times and thus pro-
cessing times were similar in both systems due to high surface-to-vo-
lume ratios but also because of narrow residence time distributions
reported with low viscous liquids for the MMRS system and its utilized
modules (Georget et al., 2013). However, the experimental determi-
nation of the reaction order, which is the basis for calculation of the
reaction rate constant k, relies on the spectrophotometric analytics of
the processed phycocyanin solution. Color is the most important
techno-functional property of phycocyanin powders for applications in
the food industry, but its intensity degradation is an indirect description
of the underlying chemical reactions as previously discussed. Im-
provements in determining the experimentally derived order of reac-
tion require insights on a structural level and an understanding of the
mechanistic processes.

4. Conclusion

An Arthrospira platensis extract with a high content in cPC and aPC
was processed in thermal short time trials using a batch and a con-
tinuous heating system with very high surface-to-volume ratios;
4444m−1 and 2610m−1 for batch and continuous operation, respec-
tively. Controlled thermal processing with treatment times up to 60 s
showed a biphasic degradation of phycocyanin's color activity for
treatment temperatures of T≥70 °C. Revealed kinetics were faster than
most kinetics described in the literature on thermal degradation of
purified cPC and they were best described with a reaction order of
n=6. Supported with the high empirical reaction order, it is proposed
that the degradation in color activity was due to a combination of re-
actions. Purified fractions of the phycocyanins need to be investigated
to elucidate the structural and mechanistic changes of aPC and cPC in
HTST processing. This study focused on an impure phycocyanin for-
mulation that is applied in the food industry and could demonstrate the
transfer from batch to continuous processing on a micro-processing
scale. Consequently, the insights gained may help to improve multi
category applications of phycocyanin, which is the only natural blue
food coloring on the market to date.

Fig. 5. Logarithmic reaction rate constant k plotted against the inverse of the
absolute temperature for capillaries (batch processing) and modular micro re-
action system (MMRS) (continuous processing). Temperature in Celsius as or-
ientation. Reaction rate constant k was fitted to the thermal degradation data
using the best fitting reaction order n= 6. The linear fits are characterized by
R2= 0.98 and 0.99 for batch and continuous processing, respectively. The
linear fits' slope equals the energy of activation Ea divided by the absolute gas
constant R; Ea= 81.6 ± 10.3 kJmol−1 for batch processing and
Ea= 74.4 ± 8.9 kJmol−1 for continuous processing.
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