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ABSTRACT

Lactose is typically produced via cooling crystalli-
zation either from whey(-permeate) (edible-grade) or
from aqueous solution (pharmaceutical-grade). While
in solution, lactose is present in 2 anomeric forms,
a- and f-lactose. During cooling crystallization under
standard process conditions, only «-lactose crystal-
lizes, depleting the solution of a-anomer. In practice,
mutarotation kinetics are often assumed to be much
faster than crystallization. However, some literature
reports limitation of crystallization by mutarotation.
In the present research, we investigate the influence of
operating conditions on mutarotation in lactose crys-
tallization and explore the existence of an operation
regimen where mutarotation can be disregarded in the
crystallization process. Therefore, we study crystalliza-
tion from aqueous lactose solutions by inline monitor-
ing of concentrations of a- and f-lactose via attenuated
total reflection Fourier-transform spectroscopy (ATR-
FTIR). By implementing a linear cooling profile of 9
K/h to a minimum temperature of 10°C, we measured a
remarkable increase in (3/a-ratio, reaching a maximum
of 2.19. This ratio exceeds the equilibrium level by 36%.
However, when the same cooling profile was applied
to a minimum temperature of 25°C, the deviation was
significantly lower, with a maximum (3/«a-ratio of 1.72,
representing only an 8% deviation from equilibrium. We
also performed a theoretical assessment of the influ-
ence of process parameters on crystallization kinetics.
We conclude that mutarotation needs to be taken into
consideration for efficient crystallization control if the
crystal surface area and supersaturation are sufficiently
high.
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INTRODUCTION

Lactose is an industrially important disaccharide,
serving as a constituent in infant formulae, pharmaceu-
tical tablets, inhalers and processed foods (McSweeney
and Fox, 2009). It is produced in the dairy industry by
crystallization from whey or whey permeate, both of
which are byproducts derived from cheese production.
Lactose is composed of galactose and glucose linked
by a 31—4 glycosidic bond. Like other sugars, lactose
forms a hemi-acetal ring structure in 2 anomeric forms:
a-lactose and (-lactose. In solution, the 2 anomers can
interconvert via their open-chain form. This equilib-
rium reaction is called mutarotation (McSweeney and
Fox, 2009). The 2 anomers have very distinct proper-
ties, e.g., specific optical rotation (Roetman and Buma,
1974; McSweeney and Fox, 2009; Buma and van der
Keen, 1974) or solubility (Topel, 2016; McSweeney
and Fox, 2009). Given that the solubility of (3-lactose
is higher (55 g/100g H20 for (3-lactose compared with
8 g/100g H20 for a-lactose hydrate at 20°C) and less
temperature-dependent, only a-lactose crystallizes from
aqueous solution below 93.5°C in the form of a-lactose
monohydrate (Topel, 2016). The latter is the com-
mercially most available form. a-lactose monohydrate
is usually produced from whey or whey permeate via
evaporative concentration, batch cooling crystalliza-
tion, centrifugation, and drying. Edible-grade lactose is
produced using a single crystallization step. For phar-
maceutical purposes, a second recrystallization step is
needed to achieve the required crystal purity (Wong
and Hartel, 2014; Paterson, 2016; Wong et al., 2012).
For recrystallization, lactose crystals (edible grade) are
redissolved in water and impurities are removed via ad-
sorption using activated carbon and batch cooling crys-
tallization. In addition to purity, a narrow monomodal
size distribution is also desired. Many dairy manufac-
turers provide both edible grade and pharmaceutical
grade lactose providing lactose products of different
specifications. Crystallization is the slowest process
involved in production. In many industrial plants,
crystallizers are cooled from 65 to 70°C to 15-25°C
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within approximately 12-48 h (Paterson, 2009). In the
beginning of the crystallization step, a large number
of crystals nucleate during fast cooling. In the case of
crystallization from whey or whey permeate, it is as-
sumed that impurities cause heterogeneous nucleation
(Wong and Hartel, 2014). In the case of recrystalliza-
tion, in which only a small quantity of impurities is
still present, the addition of seed crystals is necessary
to induce secondary nucleation. Relying on primary
nucleation would require excessively long induction
times (Simone et al., 2019; Raghavan et al., 2001). The
goal of effective process control is that, after an initial
nucleation event, nuclei and seed crystals should grow.
Further secondary nucleation should be minimized to
achieve a narrow monomodal crystal size distribution.
During crystallization, growth depletes supersaturation
of a-lactose, so B-lactose mutarotates to a-lactose to
restore mutarotation equilibrium. If the growth kinetics
are faster than the mutarotation kinetics, the ratio of
B/a-lactose will increase and crystallization will slow
because the level of supersaturation is decreasing. How-
ever, the literature does not agree on whether or not
mutarotation affects lactose crystallization. Haase and
Nickerson (1966b) and Herrington (1934a) both con-
cluded that the influence of mutarotation should not
be a governing factor in lactose crystallization. Haase
and Nickerson (1966b) measured rate constants of both
crystallization and mutarotation at different tempera-
tures and compared them to each other. Given that the
rate constants of mutarotation were higher than the
crystallization rates, they assumed growth to be rate
determining. However, mutarotation and growth were
measured separately, and rate constants are not really
suitable for comparison because the rate of change also
depends on the current 3/« ratio, supersaturation and
crystalline surface area. In an even earlier study, Her-
rington (1934a) observed very slow growth rates in his
studies on primary nucleation of lactose and concluded
that mutarotation should not be a limiting factor in
crystallization. Other researchers often take on this
conclusion (Raghavan et al., 2001; Simone et al., 2019).
In their own experiments, Simone et al. (2019) found
no significant influence in terms of yield or final crystal
size distribution when changing the cooling rate from 9
K/h to 15 K/h. They deduced that, since mutarotation
should be affected by changes in cooling rate, growth
and secondary nucleation must be even slower than
both the cooling rate and mutarotation kinetics. How-
ever, Twieg and Nickerson (1968) measured the 3/«
ratio during crystallizations at constant temperature
and varying seed amounts via offline polarimetry and
demonstrated an offset of 3/ ratio in their experiments
with increasing amount of seed crystals. They conclud-
ed that mutarotation limits crystal growth, depending
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on the available growing crystal area. However, only a
relatively small range of concentration and temperature
was tested. Troy and Sharp (1930) and Mimouni et
al. (2009) assumed that mutarotation is also a limit-
ing factor, because they measured faster crystallization
rates at a pH level differing from neutral. This was
attributed to faster mutarotation rates at pH levels
below 2 and above 7 (Troy and Sharp, 1930). However,
the pH level can also affect surface integration during
growth, so this observation was not entirely conclusive.
Rachah and Noll (2015) conducted simulations on the
fed-batch crystallization of lactose, which resulted in a
shift to 3/« ratios of up to 9 at a constant temperature
and feed rate. There was no experimental validation
of their results. In comparison to experimental results
from batch crystallization by Twieg and Nickerson
(1968) B/c ratios of up to 9 are extremely high and the
results depend on the kinetic parameters of nucleation,
growth, and mutarotation that are plugged into the
model. Therefore, no clear consensus (derived neither
from earlier nor recent research) yet exists on whether
or not mutarotation should be considered. The lack of
unambiguous research on mutarotation limitation on
crystallization has 2 reasons:

A) The influence of mutarotation on crystallization
appears to be highly dependent on process condi-
tions. We hypothesize that the choice of process
conditions can impact whether or not mutarota-
tion limitation is observed. Table 1 summarizes
experimental conditions for the batch cooling
crystallization of lactose in previous studies.
Isothermal, linear, or piecewise linear cooling
profiles have most commonly been applied, with
the seed load varying from 0 to 25 wt/wt-%. In
the case of piecewise linear cooling a fast cooling
step is initially applied to generate a sufficient
quantity of nuclei which should subsequently
grow during the second slower cooling period.
Cooling rates between 1.9 and 25.8 K/h are ap-
plied during the slower cooling period. The table
illustrates the high variety of process conditions
tested.

B) Until now, monitoring 3/« ratio inline during
crystallization has been challenging. Convention-
ally, mutarotation is measured via polarimetry
(Haase and Nickerson, 1966a; Roetman and
Buma, 1974; Buma and van der Keen, 1974;
Jawad et al., 2014; Séanchez-Garcia et al., 2021;
Troy and Sharp, 1930; Herrington, 1934b; Patel
and Nickerson, 1970). The drawback of polar-
imetry is that it is difficult to measure in turbid
solutions, thus, rendering it infeasible for inline
monitoring. To measure specific rotation during
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crystallization, a representative sample needs to
be taken, solids need to be removed via filtra-
tion or centrifugation, and the sample must be
brought to measurement temperature. Of course,
mutarotation continues during sample prepara-
tion making measurement by means of offline po-
larimetry less reliable. Attenuated total reflection
Fourier-transform infrared spectroscopy (ATR-
FTIR) is a popular tool for inline concentration
measurement in crystallization experiments and
it is able to measure in turbid solutions (Frawley
et al., 2012; Nagy and Braatz, 2012; Woo et al.,
2009; Cornel et al., 2008; Nagy et al., 2008; Zhou
et al., 2006; Fujiwara et al., 2002; Lewiner et al.,
2001). We have in recent research demonstrated
that ATR-FTIR spectroscopy is capable of inline
measuring the mutarotation state (Schiele et al.,
2020). However, the method was only applied to
clear lactose/water mixtures and dissolution at
low concentrations. It has not yet been applied
to crystallization process monitoring,.

Based on statement A), we infer that the impact of
mutarotation on the crystallization depends on the
process conditions applied. We assume that there is
no general answer as to whether mutarotation should
be considered during crystallization, and hence, our
focus is to ascertain the process conditions under
which mutarotation should be considered. The pres-
ent research article aims to exploit the capability of
inline anomer concentration measurement to elucidate
the influence of mutarotation on crystallization. This
study contributes to developing a better understanding
of the mechanistic interactions involved in the crystal-
lization process. This improved process understanding
is crucial for optimizing production efficiency in the
dairy industry. Experiments and theoretical analysis
were conducted regarding lactose in water. Therefore,
the results are transferable to the recrystallization step
during the production of pharmaceutical-grade lactose.
The kinetics are different in the case of crystallization
from whey or whey permeate, so a general assessment
is not possible as it would also depend on the solu-
tion composition. Nevertheless, if the composition and
kinetics of the incoming process stream (sweet/ acid
whey or whey permeate) are known, the rate analysis
can be applied in a similar manner. The present article
is organized as follows:

I) Commonly applied crystallization process param-
eters were experimentally tested, and mutarota-
tion state was monitored inline. IT) The influence
of process parameters was assessed theoretically
and compared with the experimental results.
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MATERIALS AND METHODS

Lactose solution composition is reported as loadings,
i.e., as mass of anhydrous lactose per mass of water,
if not explicitly stated otherwise. Demineralized water
was used for all experiments.

MATERIALS

Pharmaceutical-grade a-lactose monohydrate (purity
> 99%, > 96% o-lactose) from Sigma Aldrich Inc.,
U.S.A., and (-lactose from Acros Organics B.V.B.A.
(>80% B-lactose) were used for all calibration experi-
ments. For crystallization experiments coarse pharma-
ceutical-grade a-lactose monohydrate (purity >99.9%)
was supplied by Meggle GmbH & Co. KG (Wasserburg,
Germany) with the tradename SpheroLac 100. The
anomer content in the lactose was determined using
polarimetry. A detailed description of the method can
be found in the appendix.”

The experiments were conducted in a Mettler To-
ledo OptiMax 1001 reactor with 500 mL reactor vessel
volume controlled by iControl 6.1. A pitched-blade up
impeller (45 ° angle, 4 blades) was used to stir the reac-
tor contents at 500 rpm (Re =~ 104, tip velocity u =
1.18 m/s). A Mettler Toledo, Inc. U.S.A, ReactIR 15
spectrometer with a liquid nitrogen MCT detector and
a DST AgX DiComp 9.5 mm probe was used for ATR-
FTIR measurements. The spectrometer is controlled
via iC IR 7.1 software. Spectra were collected at a reso-
lution of one measurement per 4 wavenumbers in the
range of 800-2000 cm ' and averaged over 122 scans
within 45 s. Before each experiment a new background
was collected while the probe was already positioned in
the reactor and the reactor was still empty and dry. A
ParticleTrack G400, focused beam reflectance measure-
ment (FBRM) probe with iC FBRM software (version
4.4) from Mettler Toledo was used for tracking crystal
population evolution. Software settings for FBRM data
were macro, no weight. Measurement interval was set
to 10 s. The total particle counts and chord length dis-
tributions were obtained inline, based on FBRM mea-
surements. Total particle counts were used to detect
changes in particle numbers due to, e.g., nucleation or
agglomeration.

ATR-FTIR — CALIBRATION MEASUREMENTS

Samples were taken at least every hour during the
ATR-FTIR calibration experiments, and the concen-
tration was measured using refractometry. Calibration
spectra were obtained in the range of 0.07-1.3 g/g
and 10-90°C. The calibration measurements and the
model built are described in detail in the appendix.



Selective anomer crystallization...

Bier et al.:

D.82/61/5°0 = L
JURISUOD = T,

1 0¢—F uotyeanp 107,
D.G8/TL/Y =
JUIRISUO0D =

D.07/0

JURISUO0D =
D.02/07/16 =
JURISUOD =

U Gg uonenp [ej0J,
‘sorjoad SuI[o0d JULISNI(]
DOT-0L = L

Il
HEHEBHEHBEHEH

0.08/6%

JURISUOD

L
L

U/ 6°1/€°€/8°6T Ve D.06/58 — ML
0.8°9L =%

&=

D.0€
JURISTUOD

D.0¢ / 0G

jueisuod = T,

D.GT 7% Jysiuieso jdoyf

/3 8F 18 DT« D08
Aprder Hpg— "I,

0.86 = "L,

/5 8F%/9°¢/%C ¥ D0z — D09
/308 ¥ D09 — ML

0,08 =ML,

U g UORIp [R)0],

0.9 ¥ PIOH

/3 GT/6 9% D9« ML
0.8°06/6°¢F = "L

D.GT ¥e JyBruiono 1doyy

U/ G Y8 D.GT — D0

\ D08 1® g

/31 06T ¥e D¢ — ML
ASES@QEB :OESESV 0,66 = M1,

i
HEH

) D.0C ¥ 4 ¢
/3 GT 4% D0T — ML
(omyerodwey woryenyes) N, 9L = P71,

poye)s joN

G¢62°0
(woryesonu Arewurid)

(uoryesponu Lrewrtad)

6'€-9C

¥

(uaatd

J0U JUNOUTE 9SOJIR] [RIIUT
JoRX0 [JIM SPaos Jo Sur ¢7)

70°0-¢0°0 Mmoqy

(moryeaonu Areturrd)

(moryeeonu Areturd)

(woryesponu Aretntd)

(moryeeonu Areturid)

¢ T0

(wotryesonu Arewiig)

v

(suorynjos asojoe] and) g 0-GF'0

9°0 -L2°0
¢'1/1/¢L°0 /670

80110

€9°0
syuomLIodxo Papods I0J L°()
syuowrIodxa

Ppapoeasun 105 08°0/69°0/5S5°0

860

L0

9T T

98°0-0L°0

(e9eouLtad Iut) OT°T
(Ao pazruejoxdap) g0'T

G¢'0-¢¥°0

28039 aand 10 .
1 J) 16°0

80

AoUm PaYRIIDIUO))
I9jeM — 9S0)0R]

Iojem — 9S030R]
Iojem — 9S030R]

Iojem — 9S030R]

Ioyem - 9s0j0e[

JIojem - 9s030e]

I99eM - 9S0joR]
urejoxd

‘9s0jor[RS ‘s)res OIuR3IO SNOLIRA
JO uonIppe im suonnios [Ppoj
Io9eM — 9S010%]

Ioyem - 9S030R]

9S030%[ 0} WNRD §9:T ‘CF:T
I0 9S0%0%[ 0} PIde O190%[ GZ:T
‘GCG ‘GTE ‘G UM UOIN[OS [OPOIN

9yeourrod
Aoym pozrurejordop pue ayeaurtod NI

JI9jeM- 9S00R]

9s030%] 0
orjer poe suoydsoyd 10 LI O190€]
G pue G ‘00T:T YIA UOTINIOS [9POIN
I9yeM — 9S0)ORT

PIOR D1100R 10 plov JI10R]

o110 )M pojsnlpe ¢ Hd ye urejord
AoT[M 04-9M /1M T JO TOTIN[OS [9POIN
IojeMm - 9S0j0R]

(q9961) UOSINPIN pue oserf]

(896T) UOSIANIIN Pu® So1MT,
(000g) "T& 30 Suey,

(1002) T8 10 wesrySey

(900g) Te %0 nA

(600z) ‘e %0 Tumowty

(Z102) ‘T8 %o Suop

(€102) 'Te %0 uoSIuIdY)
(9T0z) ereypuRury
puE rwoueEpuR g

(9102) 1@ 90 erederpuey)

(8102) e[rerpureury
pue ruaueRpURJ

(6102) "Te %0 ououg

(020g) Te 30 eySuseseltpy

(120g) e 90 ewre(

oryoxd amjyeradurag,

[0s090%] paAjossIp
[RIHTT JO %4 /4]
prol podg

[O%H 8 /9] (opupAyue)

TOT)RIFTIIUOD 9S0IORT

uoryisoduro))

90UIJOY

9s090®[ JO UOIjRZI[[R)SAID SUI[00D YdJeq J0J dINjela)l] Ul SUOIJIPUO0D [ejusuwiliadxs Jo Arewrung :T a[qe],

Journal of Dairy Science Vol. TBC No. TBC, TBC



Bier et al.: Selective anomer crystallization...

In short, a partial least-squares multivariate regression
(PLS) using the calibration spectra was performed
using the iCQuant software package (Mettler Toledo
Inc., U.S.A.). 75% of the calibration data were taken
as a training set, and 25% as a test set. A 5-fold cross
validation was performed by leaving out 20% of the
training set. The regression was performed on the spec-
tral region of 1200-950 cm . The respective correlation
coefficients obtained were: R* of 0.998 for a-lactose and
0.998 for B-lactose and a RMSEP of 0.008 mol/L and
0.010 mol/L. The molar concentrations were calculated
to loads as described in the appendix.

CRYSTALLIZATION EXPERIMENTS

Solutions for crystallization were prepared by dissolv-
ing a-lactose monohydrate at 80°C and cooling them to
the starting temperature T, 50-90 pm sieve fraction
of SpheroLac 100 crystals were used as seed crystals.
For crystallization, the suspension was cooled accord-
ing to the chosen temperature profile. Crystallization
was carried out for 24 h in each run. Two commonly
applied strategies for crystallization experiments were
tested: A) a fast cooling step for generation of second-
ary nuclei was coupled with a subsequent slow linear
cooling profile. A small quantity of seeds is used at
0.63 g/g starting load, and a quick first cooling step
for the generation of nuclei was applied followed by
slow cooling to final temperature. The temperature
profile chosen was similar to those of Chandrapala et
al. (2016), Wijayasinghe et al. (2020), and Pandalaneni
and Amamcharla (2016) (see Table 1). B) A cooling
profile at a constant cooling rate was used. For the
fast cooling profile, the solutions were seeded with 3
wt.% and a 9 K/h linear cooling profile starting from
0.45 g/g load was adapted based on experiments by
Simone et al. (2019). However, the final temperature
was chosen differently. For strategy B), 10°C and 25°C
were tested as the final temperature. Each run was
performed in triplicate. The experimental conditions
are shown in Table 2. During preliminary experiments,
it was observed that lactose crystals tend to deposit
and grow on the ATR-FTIR window regardless of stir-

rer speed or probe positioning. Heating the probe tip
was found to be efficient in preventing excessive probe
fouling. A heating wire electrically insulated with a
microfluidic tube was wrapped around the probe tip,
further thermally insulated from the surrounding me-
dia and powered by a Philips N.V. PE 1512 laboratory
power supply. Fifteen W were found to be sufficient
for heating the probe tip. Nevertheless, slight particle
depositing could not be prevented at high solid con-
centrations which occurred at the end of experiments.
Periodic cleaning in place (CIP) was performed via
reduction of stirrer speed to 100 rpm for up to 5 min.
This resulted in a steep increase in temperature at the
probe tip and quick dissolution of deposited solids. Ef-
fect of CIP procedure on crystallization is discussed
in the appendix. In summary, no significant influence
of CIP on crystallization could be detected. However,
ATR-FTIR and FBRM-measurements are not reliable
during CIP. Consequently, measurement data during
CIP or probe fouling were excluded from the results.
This results in a non-uniform distribution of data in
addition to noise-contaminated data values. Therefore,
Tikhonov regularization, as described in Knowles and
Renka (2014), was performed on concentration data,
a-lactose mass fraction and FBRM counts with regu-
larization parameter 10" and a subinterval length of 44
s. The regularized data were then averaged over all 3
repetitions.

THEORETICAL RATE ANALYSIS

Throughout our experiments, we sought to evaluate
mutarotation under common process conditions. How-
ever, unless extensive experimental effort is undertaken,
a general prediction of mutarotation limitation is dif-
ficult using experiments alone. A mechanistic approach
was performed to analyze the impact of process condi-
tions and enable prediction of the mutarotation effect
under various parameter combinations. This theoretical
assessment enabled us to evaluate mutarotation limita-
tion at fixed time points and system states. We derive
our theoretical assessment as follows: The governing
kinetics influencing the (3/a ratio are mutarotation

Table 2: Experimental conditions given with standard deviations of 3 repetitions

Initial lactose concentration

Seed load

Experiment No. [g/g H20] [wt/wt-% of initial dissolved lactose] Temperature profile
1 — 2-step cooling 0.63 + 0.01 0.065 £+ 0.003 Tyeeq = 60°C
60°C — 40°C in 20 min
40°C —10°C at 2 K/h
2 — fast linear 0.45 + 0.01 3.22 + 0.02 Tieeq = 45.5°C
45.5°C —10°C at 9 K/h
3 — fast linear to 25°C 0.45 + 0.01 3.20 + 0.01 Tyeeq = 45.5°C

45.5°C —25°C at 9 K/h

Journal of Dairy Science Vol. TBC No. TBC, TBC
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and growth rate because they both affect a-lactose
concentration. The change in a-lactose concentration is
described by the following differential equation:

d d d
&:[&] +{&] , 1)
dt \dt), |adt),

The first term represents the depletion of dissolved
a-lactose by crystal growth, and the second part rep-
resents the change in a-lactose load by mutarotation
kinetics. We do not solve this differential equation for a
given time line as doing so would involve setting up and
parametrizing a full population balance model, includ-
ing nucleation and agglomeration. Instead, we calcu-
lated the rate under fixed system states to perform our
rate analysis. The 2 terms are calculated as follows:
Mutarotation drives the lactose anomers toward their
thermodynamic equilibrium via a first-order reversible
reaction:

ky
az=f (2)
ky

with k; and k, being the rate constants (Haase and Nick-
erson, 1966b). The rate of mutarotation highly depends
on temperature, pH and the salts present in solution
(Troy and Sharp, 1930; Herrington, 1934b; Patel and
Nickerson, 1970; Schiele et al., 2020). The mutarotation
rate can be calculated according to Equation (3).

dc
[d—;JM =—kic, + kycs. (3)

For constant total lactose load, mutarotation kinetics
can be written as:

dz
dta = 7klxa +k2 (171’,&)7 (4)

with z, being the mass fraction of a-lactose based on
total lactose dissolved. This equation can be easily in-
tegrated to

t

Lo (t) = (xa,() - xnt,eq>67X + xa,eq (5)

following the proposed nomenclature of Schiele et al.
(2020) Ky + ky = % and z, , being the initial a-lactose

fraction and z, ., the fraction of a-lactose in equilibri-
um. McLeod (2007) provides an empirical correlation
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for the temperature T dependency of 3/ « ratio for
pure lactose-water solutions.

K(T) =20 _ kﬁ =1.6353 — o.oomﬁ (T —273.15°C)
z 2
(6)

a,eq
Furthermore, McLeod (2007) fitted an Arrhenius ap-
proach to the data of Haase and Nickerson (1966a),
Haase and Nickerson (1966b), van Krevald (1969) and
Kendrew and Moelwyn-Hughes (1940) to obtain a cor-
relation for the mutarotation coefficient ;.

—68.46 5L

mol (7)

1
=225-10=-¢
h s CP\ TRy

Using Equation (6) k, can also be easily evaluated.

Depletion rate by growth can be calculated accord-
ing to the following equation including change of water
mass due to hydrate formation:

~1
dmyo

[dca ] 1 dmg,
T = Tt mLac :
dt o, mpy - dt dt

This rate describes the overall depletion of lactose by
crystal growth which we consider equivalent to the con-
sumption of a-lactose. This is a common assumption,
because, during cooling crystallization below 93.5°C,
a-lactose monohydrate is the predominant form (Topel,
2016). In a recent study by Simone et al. (2019), the
a- and P-lactose percentages were determined in lac-
tose crystals after cooling crystallization experiments
using H-NMR. They observed a maximum percentage
of 3% for B-lactose. In the study by Altamimi et al.
(2019), the anomer content of commercially available
a-lactose hydrate was analyzed. The findings revealed
an average [3-lactose content of 2.6% in the a-lactose
monohydrate produced by Meggle GmbH using crystal-
lization, followed by sieving or milling. Therefore, the
incorporation of 3-lactose was deemed negligible in the
rate analysis. The change in lactose and water mass can
be calculated as deduced from the standard method of
moments (Gernigon et al., 2013):

: (8)

dmLac

m =-3G - Ho * kv : pCryst -0.95 (9>
dmyyo
T :73G . :LLQ . kv . pCryst . 005, (10>



Bier et al.: Selective anomer crystallization...

where G is the mean crystal face growth rate, p, rep-
resents the second order moment of the crystal popula-
tion representing a measure for the total surface area
available for growth. &y and p¢,, are the volume shape
factor and the crystal density, respectively. The fac-
tors 0.95 and 0.05 account for the fact that a-lactose
monohydrate is crystallized, with 95 wt/wt% being
lactose and 5 wt/wt% being water. The growth rate
of the (010) surface of an a-lactose crystal as a func-
tion of a-lactose concentration and temperature was
determined as described in the appendix and was used
as the mean crystal face growth rate.

g7 K
mol . gl8

=T (11)

G = 6.80 10" % - exp

Supersaturation S is defined as follows:

§=La g

Cas

(12)

with c,g being the saturation concentration of a-lactose
according to Visser (1982).

Cas = caS,eq - F [03 o KcaS,eq] (13>
Cc
CaS,eq :K—il (14>

0.0236(T —273.15)

F =0.0187-
0.0187 - exp [OC]

] (15)

F is thereby a factor for the depression of solubility
of a-lactose in the presence of (B-lactose. Solubility is
calculated based on the equation provided by McLeod
(2007):

S _10.9109-exp 0.02804-% (16)
g
lKOOg]

By using these equations, we can establish a ratio of
rates that indicates whether the process moves closer
to or further away from the mutarotation equilibrium.
This ratio describes how the a-lactose changes rela-
tive to a hypothetical rate of change that maintains a
constant 3/« ratio:
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de,

dt
K’f‘ = =
dey,
¥

dt g \dt)y 1 Ldt)y

[dca ]
I’a . PR
dt ),

In other words, the denominator is the maximum pos-
sible depletion of a-lactose without changing the 3/«

] T =const.

d
ratio. Note that Y
G

is in general negative while

dt
correlation between mutarotation, growth and 3/« ra-
tio for different k, is also demonstrated graphically in
Figure 1. A k, smaller than 0 indicates a higher muta-
rotation rate than growth rate. In that case, a-lactose
load will actually increase while 3-lactose load will de-
crease, and the 3/« ratio decreases. In the second sce-
nario of Figure 1, the kinetic ratio is 0, and the a-lactose
load remains constant, which can only occur (at a
nonzero growth rate) if the mutarotation rate equals
the growth rate. The 3-lactose load will then decrease
and the B/« ratio decreases. A k, larger than 0 needs to
be evaluated for separate cases. Two cases represent a
higher growth rate than mutarotation rate. However,
the extent of mutarotation rate in comparison to the
growth rate determines whether 3/« ratio is increasing,
decreasing or remains constant. The latter is the case if

d
[i} is mostly positive during crystallization. The
M

K, equals 1. A k, larger than 1 but smaller than 1
T,

means that mutarotation rate is very small relative to
growth depletion rate, and the 3/« ratio is increasing.
While at x, smaller than 1 mutarotation rate is only
slightly smaller than the growth rate, resulting in a

large drop in f-lactose concentration, so 3/a ratio de-

. 1 .
creases. In the last case, k, is even larger than —, which
«
can only be the case if the mutarotation rate is moving

d
toward (3-lactose, so {%] is negative. In summary, if

M
the kinetic ratio is larger than 1, then the 3/« ratio is

increasing. While at ratios smaller than 1, the 3 /o ratio
decreases. From the equations above, the governing
process variables can be derived: z,, S, T, ps. A param-
eter variation was performed to quantitatively evaluate
their influence on the kinetic ratio. For simplicity, a
mono-sized cube-shaped crystal population of 50 pm is
assumed. In this scenario, enlarging the surface area of
the crystals is equivalent to increasing the quantity of
crystals within the system. Therefore, crystal surface
area can be easily calculated from specific surface area
and scales linearly with crystal mass. We will use the
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Figure 1. Scheme showing the correlation of mutarotation, growth and 3/« ratio in dependence of the kinetic ratio «,. Length of arrows rep-
resent extent and orientation the mathematical sign (+/—) of mutarotation (M) and growth (G) in each scenario as well as overall rate in blue.

mass of crystals per mass of water (crystal load) instead
of surface area in our evaluation. Of course, during
crystallization specific surface area changes in general
as crystals grow and nucleation occurs. However, for
the evaluation of the kinetic ratio and development of
B/« ratio at different system states this simplified con-
sideration was deemed sufficient.

RESULTS AND DISCUSSION
Crystallization results

Inline measurements. The results from the 3
process parameter settings described in Table 2 are
shown in Figure 2Figure 4. In addition, the degree
of supersaturation was computed and plotted assum-
ing equilibrium and using the measured fraction of
a-lactose. When comparing the measured a-lactose
fraction to its equilibrium value, differences up to 0.07
(%a,eq = 0.38) were observed in 2 step-cooling and fast
cooling to 10°C and 0.02 (z, ., = 0.39) in fast cooling
to 25°C. This deviation from equilibrium demonstrated
that the mutarotation kinetics were slower than growth
and nucleation. Ideally, a-lactose is depleted via growth
during crystallization, and -lactose mutarotates to the
a-form and maintains mutarotation equilibrium. How-
ever, since a-lactose fraction was measured as having
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decreased, the mutarotation rate was obviously slower
during part of the experiment under all of the tested
process conditions. The 3/« ratio increased and super-
saturation decreased as less a-lactose was available. We
calculated a maximum deviation in actual supersatu-
ration compared with the supersaturation calculated
from equilibrium of 0.33 (58%) in 2 step-cooling, 0.47
(44%) in fast cooling to 10°C and 0.09 (13%) in fast
cooling to 25°C. The trajectories of the a-lactose frac-
tion were distinctly different in all of the experiments,
thus demonstrating the influence of process conditions
on kinetics and their interplay. In 2 step-cooling, the
first cooling step resulted in a quick rise in supersatura-
tion, and FBRM total counts started to rise. After 4
h, the secondary nucleation rate increased as indicated
by total counts. Subsequently, a large crystal surface
area was available for growth which led to a decrease in
both the lactose load and the fraction of a-lactose. A
minimum in a-lactose fraction was reached at around
16 h. Afterward, a-lactose fraction started to increase
gradually, which can be attributed to slow growth re-
sulting from the low degree of supersaturation. If equi-
librium were maintained throughout the experiment,
then supersaturation should actually increase again
between 8 and 16 h. Regarding fast cooling to 10°C, the
results showed a qualitatively similar behavior to the
first scenario, but the minimum of a-lactose mass frac-
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Figure 2. From top to bottom: 1) Temperature profile and focused
beam reflectance measurement (FBRM) total counts, 2) Lactose load
¢ and a-lactose mass fraction z, and 3) supersaturation S with mea-
sured a-lactose fraction and calculated with equilibrium assumption
for experiment 1. Averaged profiles over 3 repetitions are shown with

standard deviations indicated as dashed lines.
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Figure 3. From top to bottom: 1) Temperature profile and focused
beam reflectance measurement (FBRM) total counts, 2) Lactose load
¢ and a-lactose mass fraction z, and 3) supersaturation S with mea-
sured a-lactose fraction and calculated with equilibrium assumption
for experiment 2. Averaged profiles over 3 repetitions are shown with
standard deviations indicated as dashed lines.
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Table 3: Final yield with standard deviations from 3
repetitions

Experiment no. Y (%]

1 — 2-step cooling 64.9 £ 1.4

2 — fast cooling to 10°C 44.3 +£ 0.6

3 — fast cooling to 25°C 38.7+£1.1

tion was reached even more quickly. This observation
is consistent with the higher degree of supersaturation
observed during the first half of the experiment, which
can be attributed to faster cooling, as the absolute
lactose load was lower in scenario 2. In the third test
scenario, final temperature was set to 25°C, with the
seed quantity and temperature ramp being identical
to the fast cooling profile. It can be seen that FBRM
counts ultimately appeared to be slightly lower than at
10°C final temperature and close to the first scenario.
However, the a-lactose fraction only deviated from
equilibrium by up to 0.02 (z,,, = 0.39), as opposed to
0.07 (#,,,, = 0.38) for the other temperature. Therefore,
the mutarotation limitation only slightly affected crys-
tallization in comparison to the first 2 scenarios. There
are 2 possible explanations for this outcome: either
the higher temperature resulted in faster mutarota-
tion kinetics or the lower degree of supersaturation led
to a lower growth rate. The latter explanation seems
plausible given that mutarotation limitation was actu-
ally observed quite early at high temperatures during
the 2 step-cooling scenario. In summary, a complex
interplay was observed among mutarotation, growth,
and secondary nucleation. Supersaturation is the driv-
ing force behind crystallization and will be greatly
overestimated by an equilibrium assumption. However,
as hypothesized earlier, the influence of mutarotation
greatly depends on process conditions. A low degree
of supersaturation (e.g., due to higher temperatures
or slow cooling) results in slow growth, whereas the
mutarotation rate remains unaffected by the degree of
supersaturation. Consequently, the a-lactose fraction
remains in proximity to equilibrium. Simultaneously,
crystal surface area links the face-specific growth rate
to concentration depletion rate. At the beginning of
crystallization high face-specific growth rates do not
result in a substantial rise in 3/« ratio, because little
crystal surface area is available. A significant increase
in the 3/a ratio is not observed until secondary nucle-
ation increase crystal surface area. In measurements,
therefore, an alignment between a steep rise in FBRM
total counts and a decrease in a-lactose fraction was
detected.

Yield. To compare the experiments further, final
yield was calculated as:
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Figure 4. From top to bottom: 1) Temperature profile and focused
beam reflectance measurement (FBRM) total counts, 2) Lactose load
¢ and a-lactose mass fraction z, and 3) supersaturation S with mea-
sured a-lactose fraction and calculated with equilibrium assumption
for experiment 3. Averaged profiles over 3 repetitions are shown with
standard deviations indicated as dashed lines.
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Figure 5. Kinetic ratio s, as a function of distance from mutarotation equilibrium Ax,, crystal load ¢y, temperature T'and supersaturation
S for a mono-sized cube-shaped crystal population of 50 pm. The position of the bubbles in the 3D plots determines system parameters Ax,,
S, T. Moving from the center outwards of each bubble, the crystal load increases. The color of the bubble at the different radii gives the kinetic

ratio. Bottom: 2D surface plots for left: constant supersaturation S = 0.5 and right: constant temperature 7' = 10°C at Az, = 0.01. The black
line marks a kinetic ratio of 1.

_ mass of lactose crystallized (18) The first experiment achieved the highest yield with
B total mass of lactose 64.9%.

The detailed calculation is given in the appendix. The Rate analysis

results are summarized in Table 3 for all experiments.

The yield was lowest in fast cooling to 25°C at 38.7%. Parameter §tudy. We have th}m f:ar delfnon.strated

Although mutarotation limits crystallization at fast that mu‘Farotat1on slows .crystalhzamon kinetics. T,O

cooling to 10°C a higher yield of 44.3% was achieved. systematlcally assess t.he 1nﬂuer.10e .Of process condi-
tions on mutarotation in crystallization, we performed
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a case study using the approach described in section
2.4. The results are plotted in Figure 5. A bubble chart
with a colormap is used to illustrate the 4 dimensional
dependency (7, S, Ax,, c.ys). The size of the bubble
scales linearly with crystal load, while the kinetic ratio
scales with the colorbar. Two-dimensional plots with
2 constant properties are given as well. When the ki-
netic ratio exceeds 1, there is an increase in the 3/«
ratio. It is evident from Figure 5 that the kinetic ratio
was considerably affected by the crystal load (size of
the bubbles) and degree of supersaturation (x-axis).
Temperature (y-axis) as a factor for enhancing the rate
constants was less significant. As shown in Figure 5,
little influence of temperature (z-axis) on kinetic ratio
was observed at constant supersaturation between 10
and 40°C, which was in apparent contrast to the experi-
ments. Experiment 3 (rapid cooling to 25°C) showed
minimal mutarotation limitation. However, the degree
of supersaturation was simultaneously decreased owing
to the increased saturation solubility. The alteration
in the kinetic ratio was not due to temperature but
rather resulted from a lower degree of supersatura-
tion compared with the other 2 experiments. The low
impact of temperature can be explained by compar-
ing the 2 activation energies for mutarotation (7) and
growth kinetics (11) because both values fall within a
very similar range, and the influence of temperature
on equilibrium constant K is small. Therefore, the rate
changes in both kinetics are very similar as a function
of temperature. Moreover, the secondary nucleation
rates were lower when cooling to 25°C, which led to
less available crystal surface area. Twieg and Nickerson
(1968) already concluded that the impact of mutarota-
tion on crystallization depends on crystal surface area.
They even stated that a large enough surface area will
result in mutarotation being the rate limiting step.
Mutarotation being the rate limiting step would mean
that overall lactose depletion rate would be governed
by mutarotation kinetics alone and «-lactose fraction
would be approximately constant as well as very low.
However, in the beginning mutarotation limits growth
before that through a decreased supersaturation since
less a-lactose is available for crystallization. Our find-
ings support that the crystal surface area largely influ-
ences whether mutarotation has an impact on crystalli-
zation. Therefore, not only growth, but also nucleation,
abrasion, and agglomeration will influence whether
mutarotation equilibrium is maintained throughout the
process since these phenomena all affect crystal surface
area. However, the degree of supersaturation is equally
important. At low supersaturation, growth rate is very
low whereas mutarotation does not depend on super-
saturation. During our experiments, mutarotation did
not become the rate limiting step because the a-lactose
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fraction was constantly changing throughout the exper-
iment. Based on Figure 5, mutarotation is unlikely to
become rate limiting unless very high supersaturations
are maintained throughout the whole experiment. Of
course, a corresponding analysis for the initial crystal-
lization step in dairy manufacturing is of interest, as
well. Patel and Nickerson (1970) observed a significant
increase in mutarotation rate in model whey solutions
prepared following Jenness and Koops (1962) method.
The mutarotation velocity increased 1.8-1.9 times in
comparison to its velocity in water. However, Jenness
and Koops’' model solution replicates the composition
of whey permeate obtained after cheese production.
Before crystallization, this solution undergoes concen-
tration through evaporation, leading to a substantial
increase in salt concentration. Therefore, the results of
Patel and Nickerson (1970) are not directly applicable.
Haase and Nickerson (1966b) used the same method
for solution preparation but concentrated their solution
to study mutarotation and crystallization in concen-
trated model whey solutions. They found a significant
increase of mutarotation rate in concentrated whey as
well. Consequently, one might hypothesize that muta-
rotation limitation is less prominent in whey crystal-
lization. However, it is anticipated that the growth rate
will differ between whey permeate and pure lactose-
water solutions. If the growth rate is higher in whey
permeate, it could potentially counterbalance the ac-
celerated mutarotation rate. Therefore, it is necessary
to determine the kinetics of growth and mutarotation
in concentrated whey and whey permeate to evaluate
mutarotation limitation.

Experimental rates. The kinetic ratios through-
out the experiments were also calculated, as plotted
in Figure 6. Note that the relevant process parameter
is the crystal surface area instead of the crystal load.
However, the latter is hard to measure during the ex-
periments. To assess the crystal population accurately,
particle size and shape measurements must be conduct-
ed during the crystallization. In-line (Huo et al., 2020;
Schiele et al., 2023), online (Borchert and Sundmacher,
2012; Binel et al., 2023; Lins et al., 2022), and off-line
(Neoptolemou et al., 2022; Schiele et al., 2021; Héving
et al., 2023) shape and size measurement techniques
exist, but are mostly applied to exemplary material
systems. Reliable shape measurements of crystals re-
main a challenge. Nevertheless, the crystal habit and
size have an impact on the trajectories in the bubble
plots, and because crystal load is used instead of sur-
face area, the theoretical analysis and experiments can
only be compared qualitatively. The depiction of the
experiments in the bubble plots mirrors our theoretical
assessment. A high level of supersaturation was encoun-
tered before a significant increase in nuclei. The 3/«
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Figure 6. Regarding our 3 different experimental conditions: left: kinetic ratio #,,,, in dependence of distance from mutarotation equilibrium
Az, crystal load ¢y, temperature, and supersaturation, middle: experimentally determined kinetic ratio &, ., in dependence of time, right:
kinetic ratio &, ., in dependence of time calculated with total lactose load data and mutarotation kinetics from the literature (McLeod, 2007).
Standard deviation from 3 experimental repetitions are shown with dotted lines. Integrals from Table 4 are marked in gray.

ratio moved away from equilibrium during the course
of high supersaturation and increasing available surface
area. The supersaturation gradually declined, leading
to a decrease in growth rate, while the mutarotation
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rate was unaffected. Therefore, a minimum in o-lactose
fraction was evidenced in the experiments, showing as
a maximum in Az,  Comparing the 2-step cooling and
fast cooling to 10°C in Figure 6, the maximum super-
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saturation was higher during the fast cooling experi-
ment, but the maximum Az, was the same. In contrast,
the crystal load (and consequently the crystal surface
area) was much larger during 2-step cooling. This result
further demonstrates that both supersaturation and
crystal surface area influence mutarotation limitation.
In comparison, both the degree of supersaturation and
crystal load were lower during fast cooling to 25°C.
Prediction of mutarotation limitation. Of
course, calibration for «- and (3-lactose is quite chal-
lenging and elaborate. Therefore, we wanted to assess
whether it would be possible to estimate mutarotation
limitation based on total lactose concentration data
alone. The kinetic ratio as a function of time is also
plotted in Figure 6 for this purpose, calculated once
based on lactose load and measured a-lactose fraction
(Kremps experimentally determined kinetic ratio) and
once based on total lactose load only (., ., calculated
kinetic ratio with mutarotation kinetics). The change
in a-lactose fraction was calculated using theoretical
mutarotation kinetics (Equations (3) - (7)) by solving
the set of ordinary differential equations given by Equa-

tions (1) and (3) with % calculated from experimental

data. Mutarotation equilibrium is initially assumed.
Despite the obvious differences, a high degree of simi-
larity is evident when comparing both graphs for the
different experiments. Regarding 2-step cooling, 3 local
maxima were observed in both plots corresponding to
the points of inflection in the x,-graph in Figure 2. The
same applies to our experiments on fast cooling to 25°C
with 2 local maxima. To quantitatively compare the
extent of mutarotation limitation between the experi-
ments, the region between the kinetic ratio and the
limit x, = 1 was calculated by integrating over the pe-
riod when &, exceeds 1 (gray area in Figure 6). The size
of this region can be used as a measure for the duration
and intensity of the mutarotation limitation on the
crystallization process. A large area indicates a strong
mutarotation limitation either due to a high kinetic
ratio or a kinetic ratio only slightly larger than 1 but
over a prolonged period of time, whereas a smaller area
suggests that mutarotation has had less of an impact.
Therefore, we anticipated that 2-step cooling and rapid
cooling to 10°C would result in larger areas, while fast
cooling to 25°C would result in a smaller area. This
assessment can help determine whether mutarotation
should be taken into account during experimental
analysis. The results of the integration are presented in
Table 4. At the start of the experiment, mutarotation
might trend toward (-lactose as the equilibrium 3/«
ratio increases with decreasing temperature. Due to a
low growth depletion rate caused by low available sur-
face area at the start, this leads to high kinetic ratios
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without actual mutarotation limitation. As a result, the
lower integration limit was selected based on the crite-

. S . 1
rion that the kinetic ratio should not exceed — (see
T

Figure 1 for details). The integrated areas, including
the measured a-lactose data, were in good alignment
with the previous results. Similar areas for 2-step cool-
ing and fast cooling to 10°C were calculated, and fast
cooling to 25°C resulted in a calculated area, which was
significantly lower than in the other 2 experiments.
However, the integrated areas based on concentration
data alone were less conclusive. In fast cooling, both
methods yielded similar integrated areas, but the inte-
grated area for 2-step cooling was significantly lower
using concentration data alone. This is due to the fact
that the lower integration bound was shifted to the
right based on the results for x, ., to comply with the

criterion that the kinetic ratio should not exceed i
T

o

This discrepancy between both methods can be either
attributed to measurement inaccuracies or inaccuracies
in mutarotation kinetics. A possible improvement could
be achieved by determining mutarotation kinetics our-
selves and applying these for the rate analysis. Cur-
rently, an accurate comparison of mutarotation limita-
tion using concentration data at our measurement ac-
curacy and without determining mutarotation kinetics
ourselves is not possible. However, the calculated areas
all still confirmed mutarotation limitation during the
experiments.

CONCLUSION

Previous research has controversially discussed the
impact of mutarotation on the crystallization process,
whereby the assumption of mutarotation equilibrium
has often been made. Our hypothesis was that there is
no universal answer to the question of whether muta-
rotation should be taken into account. Instead, the key
question is determining when mutarotation becomes a
relevant factor. We monitored the complex interaction
among various phenomena (nucleation, growth, muta-
rotation) occurring during lactose crystallization from
aqueous solution via ATR-FTIR and FBRM inline
measurements. We demonstrated that mutarotation
limits the crystallization process for certain experi-
mental conditions. The resulting change in 3/a ratio
greatly affected supersaturation. To systematically ad-
dress our research question we performed a theoretical
analysis, as well. In conclusion, mutarotation limitation
depends mainly on the level of supersaturation and
crystal surface available in the crystallizer. Interest-
ingly, the effect of temperature seems less prominent,
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Table 4: Calculated area between k, and 1 for k, > 1 as an indicator for mutarotation limitation.
Calculated using experimental data, including o-lactose fraction &, ., and with total lactose load and
mutarotation kinetics from the literature (McLeod, 2007) ... Initial time interval where mutarotation trends
toward (-lactose due to temperature-dependent equilibrium is excluded (¢ = 0-t,,,)

Experiment no.

by,

L 5y —1) dt

Umax
(K’r.cal - 1) dt [h]

Ui

1 - 2-step cooling
2 - Fast cooling to 10°C
3 - Fast cooling to 25°C

5.70
6.03
2.19

3.26
6.31
2.98

which can be explained by the similar activation ener-
gies found for mutarotation and growth, thus leading
to similar temperature dependencies. The assumption
of mutarotation equilibrium throughout the crystalliza-
tion process for pure lactose-water systems is only valid
under a very limited set of process conditions, e.g., at
low supersaturations due to very slow cooling.
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APPENDIX

Anomer content determination via polarimetry

Polarimetry was used to determine the 3/a ratio in
the original lactose powders which were used for cali-
bration. Additionally, the 3/« ratio was also analyzed
in solution samples obtained from the crystallization
experiments for validation purposes (see section 6.5). A
P800-PT polarimeter with temperature control and 589
nm wavelength from Kriiss Optronic GmbH, Germany
was used. The optical rotation values provided by the
polarimeter need to be converted to specific rotation
values via division of concentration in g lactose anhy-
dride per 100 mL of solution and multiplication with
optical path length. The exact lactose concentration c
in the powder is unknown beforehand, as the amount
of a-lactose monohydrate and, therefore, hydrate in
the powder is not known. Therefore, the concentration
value needs to be calculated from polarimetry measure-
ment as well. In this case, the specific optical rotation
at equilibrium (Topel, 2016) can be used:

C

T
lal.y,.  =55.23—-0.01688- 7 100mL

.[T —273.15 25]'
°C

~0.07283
(19)
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Given that the concentration was far below saturation,
the dissolution of lactose in water was fast (<40 s). The
initial time ¢, was defined as the point at which the
solution became visibly clear. In case of solution sam-
ples, time was started after the first measurement. The
change in a-lactose fraction z, at constant concentra-
tion can be described using Equation (5). The specific

optical rotation [a]QO ¢

589 nm
the sum of both a- and f-lactose optical rotation (To-

pel, 2016; Haase and Nickerson, 1966a).

1, (1)

Combining the 3 equations, the mass fraction of
a-lactose at initial time and concentration can be re-
gressed from the data curve. For dry powder analysis,
0.45 g of powder was dissolved in 100 g water at 20°C.
The analysis of pharmaceutical-grade lactose from
Sigma Aldrich yielded z, = 1. The result was in good
agreement with results by Altamimi et al. (2019), who
measured z, = 0.984 for Sigma Aldrich lactose via H-
NMR.

determined via polarimetry is

[ ]20°C

589 nm

=88°-x, (t) + 32.6°-

(20)

Density measurements

The density of lactose solution is used to convert
lactose load into molar concentration. Density was
measured with a DM40 density meter from Mettler
Toledo Inc., U.S.A. Density was measured for different
lactose loads ¢ (g lactose anhydride per g of water) and
temperatures T to generate an empirical correlation
for density py;, of pure lactose —water (Eq. (22), R’ =
0.998).

e 0123 403476 - —— — 0.1038 -| ——
% A (4
cm? g g
—0.5068 107" - —.
°C]
(21)
Refractometry

Lactose concentration during calibration and valida-
tion was measured via refractometry. A DR600-T and
a DR6200-T refractometer (Kriiss Optronic GmbH,
Germany) was used to measure refractive indices. A
linear calibration curve for lactose hydrate mass frac-
tion w was obtained at 25°C with R® = 0.999, root
mean square error = 0.003:
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w = 5.6915 - RI - 7.5515. (22)

ATR-FTIR calibration

Calibration spectra were obtained in the range of
0.07-1.3 g lactose anhydride/g water and 10-90°C as
shown in Figure 7. a-lactose monohydrate and demin-
eralized water were mixed in the reactor to achieve
the desired concentration and heated above solubility
temperature for the lactose to completely dissolve.
Afterward, the solution was cooled to the desired tem-
perature and held until mutarotation equilibrium was
reached, as calculated by Equation (5) or nucleation
occurred. Nucleation was detected visually and via a
drop in the characteristic peak height at 1037 cm *,
which is independent of 3/« ratio (Schiele et al., 2020),
see Figure 8). Data points where nucleation occurred
were excluded from the calibration set. In addition,
calibration experiments were conducted by heating a
mixture of 0.3, 0.5, and 0.7 g/g lactose load from 10°C
to 80°C as rapidly as possible (using our reactor setup
approximately 40 min) and cooled again to 10°C. Due
to fast cooling/heating, mutarotation equilibrium can-
not be achieved at every temperature during the course
of the temperature ramp, and mutarotation states
were calculated according to Equation (5). Calibration
spectra at different 3/« ratios were obtained directly
after addition of a- or 3-lactose in an undersaturated
solution at 0.05-0.12 g/g and 10-50°C since the crystals
dissolved within one measuring period. Spectra were
then continuously acquired until mutarotation equilib-
rium was achieved. The 2 anomers were incorporated
as 2 separate components in the PLS model. According
to Lambert Beer’s Law, molar concentration is propor-
tional to absorption. It is hence reasonable to convert
loads to molar concentration for linearization before
training. The molar concentration was calculated from
the load ¢ with the density from Equation (21) and the
molar mass of lactose anhydrite M;,. = 342.3 g/mol.

¢ Piq
Crnol = : :
c+1 MLac

(23)

The region of 1200-950 cm ' of the FTIR spectra was
used for model building. Characteristic peaks cor-
responding to stretching and bending modes of CH-,
CO- and OH- bonds of different oligosaccharides can
be assigned to this region (Kacurdkovd and Mathlouthi,
1996). Lactose also exhibits distinct bands in this
region. The stretching and vibrational modes of the
C-0O-C glycosidic bond of lactose in particular can be
assigned to this region (Lépez-Pablos et al., 2018). The
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ATR-FTIR data in Figure 8 show 2 exemplary lactose
spectra at high and low 3/« ratios. Figure 8 illustrates
that distinct peaks at 1096 and 1033 cm ™' can be at-
tributed to o-lactose, while at 1078 and 1043 cm ™'
characteristic bands of (-lactose were observed. The
spectra were in good agreement with measurements
by (Jawad et al., 2014), with the respective peaks at
1099 and 1031 cm ™" for lactose with low 3/« ratio and
1076 and 1043 cm™' for lactose at a high 8/a ratio.
For multivariate regression, 191 spectra were used as
training set, and 68 were used as a test set for the PLS
model. Several data preprocessing steps were tested,
e.g., baseline correction, smoothing, and derivatives.
Using the spectral region of 1200-950 cm ™' and apply-
ing the first derivative, and neither smoothing nor base
line correction yielded the best results regarding root
mean square error of calibration data (RMSEC), cross
validation (RMSECYV), and prediction (RMSEP).
Mean centering and variance scaling were also applied
as further standard preprocessing steps. The number of
latent variables (LV) considered in the PLS model is
a crucial factor for prediction performance. Too many
LVs will result in overfitting the model. If too few LVs
are chosen, the model will not be able to distinguish
a- and (3-lactose. The RMSECYV is often used as a tool
for determining the number of latent variables. The
optimal number is considered to be the minimum of
RMSECYV in dependence of the number of latent vari-
ables (Cornel et al., 2008; Miloudi et al., 2018). In our
case 6 LV were chosen.

PLS Model validation

For validation purposes, samples were taken through-
out the experiments and analyzed via refractometer
and polarimetry, which was in addition to the statisti-
cal validation via cross validation and test set described
in the previous section. Samples were taken from the
center of the reactor with a pipette and quickly filtered
with a funnel and Macherey-Nagel MNG16 filter paper.
In the case of polarimetry, the samples were immediately
transferred to sample tubes, which were placed in an ice
bath to cool the sample and decelerate further mutaro-
tation. Polarimetry measurements were started within
5 min after sampling. External polarimetry measure-
ment was performed for 45 min at a 30 s measurement
interval. Measurements are shown for parameter set-
tings 1 and 2 from Table 1 for one repetition each. 95%
confidence intervals were calculated from the RMSEP
of ATR-FTIR and refractometry and from regression
analysis for polarimetry. Good agreement was evident
for concentration and polarimetry measurement from
Figure 9. With 90 measurement points over 45 min for
the regression, accuracy of polarimetry was within the
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Figure 7. Calibration points for the PLS model: Training data (o),
test data (x). The solubility curve is indicated as solid line and the
metastable boundary indicated as a dashed line, accordig to McLeod
(2007).

same range as with ATR-FTIR. This result did not
take measurement error into consideration due to the
sample preparation time. In addition, at least 15 mL
of sample were needed for each measurement, making
it infeasible to take continuous samples throughout the
experiment.

Effect of CIP procedure

Lactose crystals tend to deposit or nucleate within the
probe window of the ATR-FTIR spectroscope. Crystal-
line a-lactose monohydrate has absorption bands in the
same wavelength range as dissolved lactose (see Figure
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—_— 1F 1078 cm;e x*
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Figure 8. ATR-FTIR spectra of lactose at 20°C and 0.07 g/g with
X, = 1 (solid black) and x, = 0.19 (dashed blue). A baseline correction
at 1189 cm ™! and normalization at 1037 cm ™' were performed.
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10). CIP procedure included temporal reduction of stir-
rer speed and, thus, a steep increase in temperature at
the ATR-FTIR probe tip leading to a quick dissolution
of deposited solids. This affected the measurement via
temporal higher concentration and temperature in the
measurement area. Reactor temperature deviated by
maximum + 0.5°C during the course of CIP. A tempo-
ral decrease in particle counts was visible in the FBRM
data, indicating partial sedimentation (see Figure 11).
However, partial sedimentation does not seem to induce
agglomeration at the bottom of the vessel, as indicated
by a chord length distribution comparison before and
after CIP cycles. No CIP procedure influence was ob-
served regarding concentration trends during repetitive
experimental runs, although the number and timing of
CIP cycles did vary.

Yield calculation

The yield is calculated as mass of lactose crystallized
in relation to total mass of lactose, which can be writ-
ten as:

m Ch— M - C
H20,0 *0 H20,end d
Y — | en en ] (24>

M0, " Co

With mass of water mg,o and lactose load ¢. The index
0 marks the values at initial time ¢ = 0 and end marks
the values at final time ¢t = 24 h. As water is incor-
porated into the crystal lattice, the amount of liquid
water is not constant and can be calculated according
to:

0.05
Moo — 0.95 "My20,0 " Co
mH?O,end = O 05 (25)
1———- Cend
0.95

This yield is a temperature-independent measure to
quantify how much of total lactose present is recovered
by crystallization.

Growth kinetics

To determine the equation for the growth rate of the
(010) facet as a function of a-lactose concentration and
temperature, experiments were carried out with lactose
monohydrate crystals in aqueous solution using the ex-
perimental set-up and the temperature profile described
in Eder et al. (2015). To cover a significant concentra-
tion range during the 24-h temperature rests, 2 crystals
were mounted in the growth chamber. Furthermore,
2 experiments with different starting concentrations
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Figure 9. Left: Lactose load and right: a-lactose fraction measured via ATR-FTIR regularized (line) and via offline refractometry and po-
larimetry (o) during one experimental run under process conditions 1 (top) and 2 (bottom). 95% confidence intervals are indicated in gray for

continuous measurement and as error bars for offline analysis.

of 0.54 and 0.47 g lactose anhydride/g H,O were per-
formed. The determination of the position of the (010)
facet as well as the current total lactose concentration
at the phase boundary was carried out as described in
Eder et al. (2015). The contrast factor dn/dc = 0.0863
was used to convert the displacement of interference
fringes into the spatially and time-resolved lactose con-
centration. Beginning with the starting concentration
¢y, the concentration ¢, is calculated using the equation
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(26)

with the index i indicating the number of the image.
Figure 12 shows the results for the experiment with
the higher starting concentration. Although the 2 crys-
tals grew close together in the same cell and the con-
centration at the phase boundary was almost identical,
the growth rates differed significantly. In Eder et al.
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Figure 10. ATR-FTIR spectra of crystalline lactose, partial foul-
ing and dissolved lactose. A baseline correction at 1189 ¢cm ™ was per-
formed.

(2015), lactose growth was studied in an aqueous solu-
tion containing 0.3 mol KCl/kg H,O. The salt content
accelerates the mutarotation, so mutarotation equilib-
rium could be assumed for the further evaluation. Mu-
tarotation is slower in salt-free solution. Equilibrium
cannot be assumed, especially after the temperature
ramps. Therefore, the a-lactose supersaturation must
be used to calculate the growth rate. Since only the
total lactose content can be read from the interferomet-
ric measurement, the a-lactose content had to be deter-
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mined based on the total lactose concentration, consid-
ering mutarotation and crystal growth kinetics. Begin-
ning with mutarotation equilibrium, that was estab-
lished after the 60°C phase of the temperature profile,
the changes in o~ and (3-lactose concentrationswere
calculated based on Equations (1) and (3). The reduc-
tion of a-lactose due to crystal growth corresponds to
the measured decrease in the total lactose concentra-
tion and was, therefore, obtained from experimental
data. The set of ordinary differential equations consti-
tuting Equations (1) and (3) was solved with finite
differences applying the mutarotations kinetics from
Equations (6) and (7). The a-lactose concentration is
then converted to supersaturation according to Equa-
tions (12) - ((16). Figure 13 illustrates the calculated
B/a ratio and the a-lactose-supersaturation during the
experiment that was shown in Figure 12. Especially
during the low temperature rest, the a-lactose content
was clearly lower than in mutarotation equilibrium. For
each of the 3 temperature rests, the growth rate G as a
function of the supersaturation was determined in a
fitting procedure that included all 4 of the crystals in-
vestigated. The position of the crystal surface L was
fitted by:

Li= Ly + Gi(t; — tiy). (27)
with the index 7 indicating the number of the image
and the model equation
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Figure 11. Left: Temperature profile and focused beam reflectance measurement (FBRM) total counts of one repetition of experimental
run 2. Right: Chord length distribution (CLD) before and after first CIP procedure (time points of CLDs are marked in red in the left graph)
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Figure 12. Typical experiment according to Eder et al. (2015). Growth of the (010) facet of 2 lactose crystals in aqueous lactose solution
(starting concentration: 0.54 g/g). Left: total lactose load at crystal surface, right: face displacement.

Gi - ]fT'SZ‘g, (28)
with parameters k; and g describing the growth rate at
constant temperature. By combining the data from the
experiment with 0.54 g/g starting concentration (shown
in Figure 12 and Figure 13) with the data from the
experiment starting at 0.47 g/g, the supersaturation
and growth rates measured during the temperature rest
at 40°C covered a sufficiently large range for a signifi-
cant determination of ¢g. This was not the case during
the rests at the lower temperatures. The value g = 1.8
found at 40°C was, therefore, used as a fixed parameter
for determining k; at 20 and 30°C. The ky values (2.006
(20°C), 6.436 (30°C) and 19.707 pm/h (40°C)) were re-
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gressed in a further step using an Arrhenius approach.
The supersaturation and temperature dependency of
the growth rate of the (010) facet can thus be described
with the following equation:

_g7 X
mol | ¢1.8

G =6.80-10" M2 exp
h RT

(29)

Figure 14 left shows the parity plots for the 4 inves-
tigated crystals. The predicted growth is in the right
range. Given to the deviation between the individual
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Figure 13. a-lactose content at crystal surface during the experiment presented in Figure 12. Left: 3/a-ratio in comparison with the 3/a-

ratio in mutarotation equilibrium, right: a-lactose-supersaturation
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Figure 14. Growth rate of the (010) facet calculated using Equation (29): Left: comparison of measured and calculated face displacements,
right: growth rate at the investigated temperatures and supersaturations.

crystals, no exact prediction was possible. Figure 14
right illustrates the temperatures and supersaturations
at which the measured values were recorded and the
resulting growth rates according to eq. (31). In the lit-
erature, an exponent of 2—3 is reported for growth rate
(Shi et al., 1990; Arellano et al., 2004; Dincer et al.,
2009) which is in alignment with our results. The ac-
tivation energy is 87 kJ/mol, which matches the range
of 92.5-95 kJ/mol provided by Shi et al. (1990) and
Arellano et al. (2004). Dincer et al. (2009) performed
measurements on the face-specific growth rate as well
as mean growth rate. In their study, the mean growth
rate was approximately 50-60% of (010) growth rate.
However, they observed a significantly lower activation
energy for (010) growth of 39.8 kJ/mol. They also com-
pared their mean growth rate to the results of different
authors (van Kreveld and Michaels, 1965; Visser, 1982;
Arellano et al., 2004; Jelen and Coulter, 1973; Shi et
al., 1989). Their results aligned well with the results of
Shi et al. (1989) and Arellano et al. (2004) . Our growth
rate of the (010) also aligns well with their mean growth
rates, which is why we deem our growth rate suitable
for our study. The reported growth rates of Jelen and
Coulter (1973), van Kreveld and Michaels (1965) and
Visser (1982) are even higher, so applying these growth
rates to our theoretical analysis would lead to an even
higher mutarotation limitation.
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