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The aim of the present study was to investigate feedback control of a reactive crys-
tallization process. The present study built up a control structure needed to control the
driving force of reactive crystallization using the feed rate of added acid. The concen-
tration of the crystallizing compound and pH was used to compute feedback in the
closed-loop control of semi-batch precipitation. The concentration of L-glutamic acid
was determined from measured MID-IR ATR-FTIR spectra based on a multivariate
model. Dynamic change of set value was based on the mass of added sulfuric acid and
pH. The studied properties of the product crystals were polymorphism and crystal size.
The polymorphic composition was analyzed with a Raman spectrometer and was
expressed by mass fraction of the a-polymorph. The obtained results showed that the
developed feedback process control system allows effective control of forming of poly-
morphs. VVC 2009 American Institute of Chemical Engineers AIChE J, 56: 2063–2076, 2010
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Introduction

The desired qualities of a crystalline product are a result
of optimization of the chemical composition and process
conditions. Results of crystallization studies are needed to
improve production economics and to satisfy customers’
quality requirements regarding polymorph, crystal size distri-
bution, filterability, crystal habit, and purity.

The development of process analytical technology (PAT)
has been intensive during recent years. In the area of crystal-
lization processes, for instance, several studies have been
published about spectroscopy-based monitoring and closed
loop control of batch cooling crystallization.1–4 Examples
include Nagy et al.3 who use a set point trajectory of con-
centration inside the metastable range in cooling crystalliza-
tion. In their study, dynamic change in set value to produce
a constant driving force for kinetic crystallization phenom-
ena is based on temperature-dependent set point trajectory.
Kee et al.5 and Khan et al.4 base their closed loop control on

ATR-FTIR measurements. Kee et al. use supersaturation as a

feedback signal to control seeded cooling crystallization in

production of a-form L-glutamic acid and Khan et al. use rel-

ative supersaturation, c/c*, to control cooling crystallization

of L-glutamic acid to produce a needle-shaped stable b-poly-
morph. Schöll et al.6 use pH shift precipitation when study-

ing the nucleation kinetics of L-glutamic acid. Their study of

the kinetic nucleation rate is based on ATR-FTIR spectros-

copy with pH shift precipitation of glutamic acid from a

mono sodium glutamate solution using a HCl reagent.
Abebe et al.7 have shown that NIR spectra from a trans-

flectance probe (12 mm optical path length) give information
about crystal size, crystal concentration, and crystal poly-
morph at a wave number range of 12,000–5000 cm�1. For
supersaturation control purposes, concentration measurement
at the MID-IR range, where solids have minor effect on the
analysis, is practical despite the risks of mechanical and
chemical damage and encrustation of the infrared element
(IRE). The geometry of the IRE and the difference in the re-
fractive index between the solution and the IRE affect the
penetration depth of the incoming radiation.8(p. 562) The IRE
material of the ATR probe has to be selected so that the
depth of penetration of the infrared energy field into the
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solution is smaller than the liquid phase barrier between the
probe and the solid crystal particles.2(p. 89)

The present study focused on the feasibility of using
ATR-FTIR based closed loop control to control crystal qual-
ity in a reactive semi-batch crystallization process. L-Glu-
tamic acid was selected as the model compound because
process control affects the polymorphic content of the prod-
uct crystals.9 L-Glutamic acid is reported to have two poly-
morphs: a metastable a form and a stable b form.10 The
used concentrations of reagents were in the range where pre-
liminary experiments found that a mixture of polymorphs
exists.

Closed-loop process control systems have mostly been
developed for batchwise cooling crystallization. To improve
reproducibility and uniformity between different batches or
campaigns of precipitation processes, it is essential that the
process controllability be improved. The present study shows
that precipitation processes can be controlled in a sophisti-
cated way with the aid of spectroscopic methods.

Glutamic Acid: Solution and Crystals

L-Glutamic acid (Glu, C5H9NO4) and its anion (glutamate,
Glu�, C5H8NO

�
4 ), like amino acids in general, are of great

importance in biological systems. Examples of L-glutamic
acid and glutamate ion reactions are: transamination of L-glu-
tamic acid in amino acid formation of plants,11(p. 66)

L-gluta-
mine synthesis from L-glutamic acid in nitrogen fixing root
nodules of trees,11(p. 64), 12(p. 288) the release of the energy of
proteins [25% of the body’s energy reserve13(p. 217)] with
transamination and oxidative deamination in the human body
(metabolism),12(p. 295) about 75% of excitatory neurotransmis-
sion in brains,12(p. 743),14 and as a flavor enhancer (E620 and
E621). L-Glutamic acid can be used for example as an admix-
ture in crystallization to improve the separation efficiency of
chiral isomers of asparagines.15 The nucleation rate and
growth of glutamic acid can be modified with 1-aspartic acid,
1-valine, 1-leucine, and 1-phenylalanine.16(p. 250)

In the present study, glutamic acid is precipitated from a
mono sodium glutamate solution by the addition of sulfuric
acid in a reactive semi-batch crystallization process. Boris-
sova et al.17 and Schöll et al.6 have studied acidification of

monosodium glutamate with HCl in semi-batch crystallizers.

Borissova et al. have developed a kinetic simulation model

for reactive crystallization and have detected the beginning

of nucleation with turbidity measurement and the extent of

the reaction with pH measurement. The choice of sulfuric

acid as a reagent in this study instead of the strong acid,

HCl, means that the second equilibrium constant of the dis-

sociation reaction of sulfuric acid has to be taken into

account in computation of the reaction equilibrium. The

chemical properties of the studied solution are a result of:

the acid–base reactions of glutamic acid (Eqs. 1 and 2); the

solid–liquid equilibrium (Eq. 3); the acid–base reactions of

sulfuric acid (Eqs. 4 and 5); and autoprotolysis of water (Eq.

6). The reaction equilibrium can be solved with electroneu-

trality (Eq. 7) and mass balance (Eq. 8) equations.
Reactions of glutamic acid18:

C5H10NO4
þðaqÞ $ C5H9NO4ðaqÞ þ HþðaqÞ

Ka ¼ 6:2� 10�3 ð1Þ

C5H9NO4 ðaqÞ $ C5H8NO
�
4 ðaqÞ þ HþðaqÞ

Ka ¼ 4:57� 10�5 ð2Þ
Solid–liquid equilibrium6:

C5H9NO4 ðsÞ $ C5H9NO4ðaqÞ c�ðbÞ ¼ 5:6� 10�2mol=L

c�ðaÞ ¼ 7:4� 10�2mol=L ð3Þ
Reactions of sulfuric acid19:

H2SO4 ðaqÞ ! HSO4� ðaqÞ þ Hþ ðaqÞ (4)

HSO�
4 ðaqÞ $ SO2�

4 ðaqÞ þ HþðaqÞ Ka ¼ 0:0105 (5)

Autoprotolysis of water

H2O $ Hþ þ OH� Kw ¼ 1� 10�14 (6)

Electroneutrality

½Gluþ� þ ½Naþ� þ ½Hþ�
¼ ½Glu�� þ ½HSO�

4 � þ 2 � ½SO2�
4 � þ ½OH�� ð7Þ

Mass balance

½Glutot� ¼ ½Gluþ� þ ½Glu� þ ½Glu�� (8)

The equilibrium was solved from the equations (Eqs. 1–8)
in a neutral and acidic pH range where Glu2� (C5H7N0

2�
4 )

does not exist, as shown in Figure 1. The equilibrium
concentration of dissolved Glu�(C5H8N0

�
4 ), Glu(C5H9N04),

and Gluþ(C5H10N0
þ
4 ) are included in the overall solubility of

glutamic acid and glutamate ions. The calculated equilibrium
concentrations were compared to gravimetrically measured
data and to the measured values of semi-batch experiments,
shown in Figure 2.

Figure 1. Equilibrium concentrations and pH of 1.5 M
mono sodium glutamate with 1.5 M sulfuric
acid additions at 25�C.
Initial volume of MSG was 13.4 dm.3
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The sum of the dissociation reaction of Glu2 and the
solid–liquid equilibrium3 is given in equation.9 The equilib-
rium constant or solubility product, Ksp, for reaction equa-
tion9 is given in equation.10 The value for the solubility
product was solved from the equilibrium constant of the
reaction2 when a[Glu (aq)] ¼ c*[Glu (aq, a)].

Glu ðsÞ $ Glu�ðaqÞ þ Hþ ðaqÞ (9)

Ka ¼ aðGlu�ÞaðHþÞ
aðGluðsÞÞ ¼ aðGlu�ÞaðHþÞ ¼ KSP ¼ 3:38� 10�6

(10)

One expression for the driving force is the relation of ion
product and solubility product (Eq. 11). The activity
coefficient c� for the glutamate ion and hydrogen ion can be
solved from a modified Bates Guggenheim1 equation. In this

study, the relative supersaturation was solved offline to study
its sensitivity as a feedback signal.

S ¼ aðGlu�ÞaðHþÞ
KSP

¼ c2�1

cðGlu�ÞcðHþÞ
mol
1

8
:

9
;

2

KSP

(11)

The applicability of the relative supersaturation concept as a
feedback variable in the closed-loop control was studied and
the results are shown in Figure 18.

Solid properties

L-Glutamic acid is known to have two polymorphs (the a-
form and b-form) and both forms have two basic shapes.
The metastable a-form has prismatic and granular habits and
the habits of the stable b-from are needles and flakes.20 The
molecular conformations in the crystal lattice of the a- and
the b-form are significantly different through a torsion angle
in the main carbon chain,21,22 and therefore, the polymorphs
of L-Glu can be discriminated by Raman spectroscopy.23

Grant24(p. 7) has listed 27 different physical properties gener-
ally affected by polymorphs. They are classified to six prop-
erty categories: packing properties, thermodynamic proper-
ties, spectroscopic properties, kinetic properties, surface
properties, and mechanical properties.

Kitamura and Ishizu25 presents the morphological crystal
surface structure of the a-form as having a hexagonal surface
in directions (001) and (00-1), a rectangular parallelogram in
directions (011), (0-11), (0-1-1), and (01-1) and eight trape-
zoidal surfaces crossing all axes. The shape of the a-L-glu-
tamic acid crystal in Figure 3 is computed with WinXMorph
with a distance 1 for each surface, with symmetry assump-
tions, and with the crystal lattice described in Table 1.

Analysis Methods for Solution and Product
Qualities

Spectral analysis of the solution concentration was done
using a Bomen MB155 FTIR-spectrometer with a modified
Axiom DPR-210 ATR-probe (vertical length 600 mm). The
IRE material was AMTIR and it was of conical shape. Spec-
tral variations with a concentration range of dissolved gluta-
mate ion 0.056–1.5 M and with a pH range from 7 to 3 are

Figure 3. Morphological surface structure of an a-L-glutamic acid crystal and SEM image of an experimental
crystal.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 2. Overall solubility of a-form glutamic acid,
cGA*(pH).

Gravimetrically measured values are compared to values
solved from thermodynamic equilibrium. An example of
measured concentration in a semi-batch experiment is pre-
sented.
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shown in Figure 4. Modeling of the multivariate model was
done with solved thermodynamic equilibrium of equations
(Eqs. 1–8) and experimentally measured spectra of solutions
in equilibrium with different sulfuric acid additions. Predic-
tive accuracies for the models for glutamic ion and the sum
presented with Q2 values were 99.7% and 99.8%, respec-
tively. The modeling procedure is presented in more detail
in Ref. 1. The principles used in the spectral modeling of
the ATR-FTIR data are presented by Alatalo et al.1 The sec-
ond measured solution property was pH. However, in con-
trast to experiments in Ref. 1, the crystallization was now
done in a 50 L crystallizer. Thus, it was necessary to transfer
the calibration for each experiment. For this purpose, 50
samples of stable conditions were utilized.

The qualities of the studied end product were analyzed
with three different methods: Raman spectroscopy (Horiba
Jobin Yvon LabRam 300), laser diffraction analysis (Beck-
man Coulter LS13320 with a Tornado dry powder system),
and scanning electron microscopy (SEM).

Characteristic peaks of Raman spectra for the a-form of L-
glutamic acid are 623, 665, 1003, and 1179 cm�1, and for
the b-form 575, 705, 800, 1145, and 1214 cm�1.23,26 The
fraction of the a-form changes the height and the area of the
characteristic peaks. The location of the wave number used
is shown, together with the Raman spectrum, in Figure 5.

Ono et al.23 and Qu et al.9 have used peak height ratio to
compute the mass fraction of the a-form. Fitting of the 2nd
degree polynomial (Eq. 13) of the peak height ratio of Eq.
12 was done with mixtures of pure a-form and b-form crys-
tals, see Figure 6. The mass fractions of the a-form in the
mixtures used in the calibrations were 0.00, 0.25, 0.50, 0.75,
and 1.0.

x ¼ Peakð622Þ � Peakð647Þ
½Peakð622Þ ¼ Peakð647Þ� þ ½Peakð801Þ � Peakð789Þ�

(12)

aðmass fractionÞ ¼ ax2 þ bxþ c a ¼ �40; b ¼ 140; c ¼ 0:43

(13)

Table 1. Crystal Lattice of Glutamic Acid

a-form21 (Å) b-form10 (Å)

a 7.068 5.159
b 10.277 17.30
c 8.775 6.948

Crystal lattice of glutamic acid is orthorhombic. Molar mass is 147.13 g/mol.
Crystal density is 1.533 g/cm3.21

Figure 4. Original ATR-FTIR spectra and two wave
number range used in the model.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 5. Raman spectrum and locations of used
peaks of a-form and b-form of glutamic acid
crystals.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 6. Polynomial fitting of a-form mass fraction and
Raman peak ratio, R2 5 0.9996.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Pure a-form crystals were produced by adding 6.85 mL 1.65 M
H2SO4 to a 100 mL 1.5 M MSG solution. The crystals were
filtered after 5 min mixing with a magnetic stirrer and washed
three times with ethanol (99.5 wt %) to prevent polymorph
transformation.

Description of Process and Crystallizer

The crystallization process used in this study included all
necessary equipment to execute proper feed to the crystal-
lizer, crystallization, and sending forward product crystals as
a suspension. The decision to use a semi-batch process
means the study has concentrated on unsteady state unit
operations whose characteristic behavior is that solution and
suspension properties like volume, concentration, viscosity,
etc., are in dynamic change. Population density n(L) changes
because of nucleation, growth, breakage, and agglomeration.
Dynamic changes in suspension and solution properties are
produced by kinetic phenomena present inside the crystal-
lizer. In the order in which they occur in the crystallization
process, these phenomena are: kinetics of mixing, kinetics of

reactions, kinetics of crystallization, and kinetics of poly-
morph transformation. The kinetics occurs simultaneously
with unsteady state heat transfer operation.

Construction of a crystallizer has to meet three aims: mixing
of the reagents after feed, mixing of the suspension to homoge-
nize suspension density, and temperature control of the suspen-
sion. The mixing arrangements are a combination of impeller
type, stirring rate, crystallizer geometry, and feed conditions.
Feed of the reagent consists of location (different locations at
different process stages), direction of feed flow, nozzle geome-
try, and flow rate of the reagent. Flow directions together with
micromixing and macromixing rates are a consequence of geo-
metrical details (nozzle, shape of the vessel, mixer type, and
baffles), suspension properties (viscosity of the mother liquor,
density and size of the solids, and suspension density), and ki-
netic energy (mixing power and kinetic energy of feed flow).

Keeping the temperature at a constant level is difficult
because of dilution enthalpy, reaction enthalpy, and phase
change. In this study, temperature control was based on heat
transfer through the glassy wall of the jacket. The cooling
rate needed can be decreased by precooling of the feed with
a separate temperature control unit, see Figure 7.

Figure 7. Experimental setup and principles of the information flow of the control system of the 50 L crystallizer
setup.

FTSW100 is used to collect spectrum.
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Control System

Process control of crystallization requires sensors, ana-
lyzers, data processing programs, controllers, and actuators.
Despite automatized operations, some user controlled actions
still remain. The driving force of reactive crystallization,
supersaturation, is produced by the addition of a reagent
(H2SO4). The level of supersaturation can be controlled with
the feed rate. Mixing phenomena and the mechanisms of
heterogeneous nucleation mean the feed nozzle location
must be controlled to prevent uncontrolled nucleation at the
liquid surface or inside the nozzle. In the present study, feed
rate control was automatic, as explained below, and feed
location control was manual.

Many measurements have been used in situ to study the
behavior of crystallizers, for example: pH, temperature, con-
ductivity, turbidity, ion selectivity, particle size, ATR-FTIR
spectra, and Raman spectra. Hþ-ion concentration and con-
ductivity is connected to too many reactions or compounds
to permit its use to describe concentration alone. Tempera-
ture measurement can be used to follow a time dependent

set point trajectory or to keep constant temperature with a

thermostating unit. Ion selective electrodes exist for some

inorganic compounds. Turbidity can be used to detect nucle-

ation or solid concentration with low suspension densities.27

Li et al.28 have analyzed the size and fraction of the a-form
of glutamic acid crystals based on shape factors computed

with an in situ image analyzer. This method could possibly

be used to analyze end product quality when the product

consists mostly of the needles-type b-form and prismatic a-
form of glutamic acid. The ability of Raman spectroscopy to

produce concentration information for control purposes is

probably under investigation in many research laboratories at

this moment. For glutamic acid, a FTIR spectrometer with

an ATR—probe seems a promising tool to measure concen-

tration online and in situ for control purposes.1–4,8,29–31 This

study is based on using ATR-FTIR to measure concentration

in situ. Khan et al.4 and Grön et al.31 have used similar

ATR-FTIR measurements in a feedback connection of a con-

trol structure when they studied closed loop cooling crystalli-

zation of L-glutamic acid and monosodium glutamate

(MSG).

Process stages

Recognition and classification of different process stages,
which should be based on different control principles, play a
key-role in the control structure, see Figure 8. Some prelimi-
nary preparations and post processing, like measurement of
the background spectrum from pure solvent, in this case
water, were manually controlled procedures.

In a reactive semi-batch crystallization process, the time
from beginning of feed to beginning of nucleation has three
different periods; first, the time during which the solution is
unsaturated, second, the time during which the supersatu-
rated solution undergoes increasing supersaturation (to set
value) and third, the waiting time before nucleation without
reagent addition at the desired supersaturation level.

The nucleation moment is in practice followed by a wait-
ing period before the control system recognizes the nuclea-
tion using pH criteria. This study only considers spontaneous

primary nucleation. The primary nucleation is followed by a
PID controlled feed period of growth and secondary nuclea-
tion. The optimal endpoint of the reagent feed is based on
the mass of the added reagent or measured solution proper-
ties like pH.

When considering feed flow rates and feed locations at
different process stages, attention must be paid to the follow-
ing details. First, flow is not allowed to stop when the nozzle
is below the surface. This is important to prevent back diffu-
sion to the feed pipe and plugging of the nozzle because of
the nucleation and growth of crystals. The small characteris-
tic diameter of the flow channel produces a high flow veloc-
ity at the nozzle. Together with conical shape of the nozzle,
the high flow velocity prevents unwanted flow behavior and
nucleation. A second important detail is that flow has to be
stopped when the nozzle is above the liquid surface to pre-
vent heterogeneous nucleation at the surface because of liq-
uid- and gas-steel interface connections and poor mixing at
the liquid surface.

Control structure

The studied control principle was closed loop control with
a PID-controller. A feedback connection was built from the
measured solution properties to the analogical control signal
of the peristaltic pump.

The programmed control structure, see Figure 7, was built
up using the following software tools: FTSW100, MatLab,
LabView and an OPC-server. The structure includes four in-
dependent task groups, namely, spectrum collection, the con-
trol module, the process module, and the data module.
FTSW100 software and the OPC-server were installed in a
computer with a spectrometer connection. Matlab and Lab-
view were installed in a computer with a connection to a pH
analyzer, balance, and peristaltic pump. The computers were
connected with a safe LAN connection for OPC-connections
and spectral data transfer.

Spectrum collection was done with FTSW100 software.
Measurement of a new spectrum was synchronized with the
process loop based on digital I/O variables of the data mod-
ule. The OPC-server was used to deliver and update the val-
ues of dataset variables, gray color in Figure 7. The control
module, programmed in LabView, directed the analytical
control signal of the feed pump based on the PID. The time
step of discrete control was chosen so that input values of
the PID controller were updated for every time step.

The task of the process module, Figure 7, which operated
with MatLab, was to collect data values from the analyzers
and compute valid process stage values, set values and feed-
back values and to write those values to the data module.
The process stage decision (see Figure 8 and list below Ta-
ble 2) based on pH, reagent addition, set value, and feedback
signals was used to compute the set value in the process
module. Multivariate model analysis of the ATR-FTIR spec-
tra was used to compute the concentrations needed in com-
putation of the feedback value.

Control in the set point trajectory experiments was based
on glutamate concentration and pH measurement. The vol-
ume of added acid was integrated from the feed rate value
of the peristaltic pump. The accuracy and stability of the
concentration data used to compute supersaturation is
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important for the control system. Concentrations measured
with FTIR-ATR had a specific level of instability. Random
variation of the measured supersaturation was too high at a
level in the case where the driving force was based on the
solid–liquid equilibrium reaction (Eq. 3). For this reason,

control of the experiments in a 50 L crystallizer was based
on measured overall concentration of the dissolved glu-
tamic acid group, pH, and mass of added acid. The feed-
back signal of the closed loop control system was the dif-
ference between the overall concentration measured with
ATR-FTIR and the overall concentration at equilibrium at
measured pH computed from polynomial fitting shown in
Figure 2.

Dc ¼ cðGul ðaqÞÞ þ cðGlu� ðaqÞÞ � c�ðGlu ðaqÞÞ
� c�ðGlu� ðaqÞÞ ð14Þ

Experimental Procedures

Experiments were carried out on two scales, a 1 L and 50
L crystallizer, with the same crystallizer geometry and the
same type of impeller. Chemical and geometrical details of
the experimental study are given in Table 2 and in Table 3.

Table 2. Details of Nozzle Diameter and Flow in the
Experimental Work

Set point trajectory experiments
in 1 L crystallizer

Dc-controlled experiments
in 50 L crystallizer

Nozzle diameter 0.4 mm Nozzle diameter 2.0 mm
Max flow rate 0.8 g/s, 5.8 m/s Flow before nucleation

a. 2.8 g/s, 0.8 m/s
b. 5.0 g/s, 1.45 m/s
c. 8.6 g/s, 2.5 m/s

Flow after nucleation
Max 18 g/s, 5.22 m/s

Figure 8. Flow chart of process stage decisions of control structure.

See also Figure 7 and list at next page.
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Initialization of a spectrometer requires measurement
of the background with a thermostated solvent and mea-
surement with a thermostated initial batch of the required
level correction for the calibration model. Background
and level correction were measured for each experiment
in the crystallizer. As a fundamental starting point, there
are two aspects to the importance of crystallizer purity.
To be sure about the mechanism of nucleation, the crys-
tallizer has to be free from solid contaminations. Second,
measurement of the ATR-FTIR background spectrum of
the pure water requires that dissolved impurities do not
exist. Preliminary preparations included preparing ther-
mostated solutions for the initial batch (T ¼ 25�C) and
feed reagent (T � 8�C). The feed acid was cooled to
about 17�C below the temperature of the crystallized so-
lution to minimize temperature increase caused by dilu-
tion enthalpy and reaction enthalpies.

Macro mixing in the experiments was produced with an
up-pumping pitched six-blade turbine (mixer and tank di-
ameter relation d/D ¼ 0.5) and four baffles. The constant
tip speed of the impeller was 1.31 m/s. The feed nozzle
was located near the impeller, at the point of highest micro-
mixing in the crystallizer. Feed flow was stopped and the
nozzle lifted when the set value was reached. When the
control system had recognized that nucleation had started,
the nozzle was relocated near the impeller.

1. Level correction of the multivariate model.
2. H2SO4 (1.5 M) addition with a constant flow rate (Ta-

ble 2) until the set value for DC is reached (1–3 min). Noz-
zle near impeller.

3. Waiting for spontaneous nucleation (15 s–5 min). Noz-
zle above liquid level.

4. Period of controlled feed of reagents (10–50 min).
Nozzle near impeller.

5. End of feed. Nozzle above liquid level.
6. Degradation of supersaturation and possible polymorph

transformation immediately following reagent addition is stopped.
7. Samples are taken 1 min after nucleation and at the

end of reagent feed. For some of the experiments, additional
samples are taken with a 10 min time step.

Set value principles

The start of nucleation in a solution is followed by a
decrease in the concentration of the crystallized compound in
the mother liquor. Simultaneously, the maximum supersatura-
tion level decreases. In the case where the set value was con-
stant, the supersaturation level remained below the set value
during the end period of the crystallization. This causes rea-
gent feed with maximum flow rate. The crystallization kinetics
of glutamic acid is relatively slow which produces a long time
period with minimum feed rate if the set value is decreased to
a low value soon after nucleation, gray line in Figure 9. In the
present study, control with a linearly decreasing set value (as a
function of the added reagent mass) was compared to a con-
stant set value and a constant set value with step change. In
practice, the new set value of the linearly decreasing case was
computed only when measured Dc was below the set value.

Results

Dynamic changes of solution and suspension properties

The dynamic nature of a semi-batch crystallizer can be
understood with Figures 10 and 11, where experimental

Figure 9. Control strategies for period of growth and
secondary nucleation.

mAdd is mass of added 1.5 M sulfuric acid.

Table 3. Chemical and Geometrical Details of the Experimental Work

Calibration
Set Point Trajectory of

c(Glu�) Controlled Experiments
Dc-Controlled
Experiments

Volume and
diameter of
crystallizer

1 L 1 L 50 L
100 mm 100 mm 300 mm

Volume, mass, and
concentration of
initial batch

0.650 L 0.650 L 13.05 L
713 g 713 g 14.665 kg

1.5 mol (MSG)/L 1.5 mol (MSG)/L 1.5 mol (MSG)/L
Total volume of

added 1.5 M acid
Different additions 0.350 L 5.9–6.3 L

384 g 6.5–6.9 kg
Quality of MSG L-Glutamic acid, Monosodium salt,

Monohydrate, 98% (Aldrich)
L-Glutamic acid, Monosodium salt,

Monohydrate, 98% (Aldrich)
Monosodium, Glutamate,

99% (Sonochen Ningbo LTD)
Quality of H2SO4 95–97% pro analysi (Merck) 95–97% pro analysi (Merck) 95–97% pro analysi (Merck)
Water Millipore (0.054 lS/cm) Millipore (0.054 lS/cm) Deionized (1 lS/cm)
Mixer Pitched up pumping six-blade

turbine (d ¼ 50 mm)
Pitched up pumping six-blade

turbine (d ¼ 50 mm)
Pitched up pumping six-blade

turbine (d ¼ 150 mm)
Mixing rate 500 rpm 500 rpm 167 rpm

Re ¼ 5500–10,600 Re ¼ 5500–10,600 Re ¼ 15,000–39,000
Tip speed ¼ 1.31 m/s Tip speed ¼ 1.31 m/s Tip speed ¼ 1.31 m/s

In the set point trajectory experiments, the feed flow rate was controlled with PID from the beginning of the experiment. The flow rate of feed before the set
value reached in Dc-controlled experiments was used as a variable in the experiments. Temperature in all experiments was 25�C.
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values are compared to equilibrium values of the semi-batch
experiment, see Dc controlled experiments of Table 2 for
details. The difference in the mass fraction of the crystals in
the suspension between the equilibrium and semi-batch crys-
tallization experiment can be seen in Figure 10. The concen-
tration of the crystallized compound decreases simultane-
ously with increasing suspension density.

The mass fraction of dissolved (wdis) glutamic acid includ-
ing Glu(aq) and Glu�(aq), follows the equilibrium computed
without the solid–liquid equilibrium before nucleation, the
thicker black line in Figure 11. Thinner line is computed
with the solid–liquid equilibrium (Eq. 3). After nucleation,
the overall concentration goes slowly toward equilibrium
with the solid–liquid equilibrium. The concentration of those
dissolved species which do not crystallize increases because
of sulfates in the feed (Figure 11).

The present study does not focus on modeling the kinetics,
but the following aspects of kinetics were considered. Tem-
perature was kept constant to minimize variation because of
temperature dependent kinetics of nucleation, growth, and
polymorph transformation. Acid base reactions are fast com-
pared to crystallization kinetics, which means that phase
change, nucleation, and growth control the reaction and there
is no reason to focus on reaction kinetics of acid base reac-

tions. After the induction time, when nucleation starts, deg-
radation of the driving force begins. It is possible to find
two time moments which connect nucleation and growth to
feed rate, and local minimum and maximum of pH just after
nucleation. This is valid especially with a constant feed rate
(see Figures 12, 13, and 17). At those time moments, the
feed produces the same amount of Hþ �ions as the crystalli-
zation consumes.

The dynamic behavior of pH in Figures 12 and 13 are
from four different types of experiments. Experiments with
constant feed flow are shown in Figure 12, and experiments
based on set point trajectory of c(Glu�) and Dc-controlled
experiments are given in Figure 13. In the set point trajec-
tory experiments, the flow rate was controlled with PID
from the beginning of the experiment. In the Dc-controlled
experiments, the flow rate was 8.3 g/s before the set value
was reached.

Figure 12. pH behavior in semi-batch crystallization
with constant feed flow (8 mL/min).

Volume of crystallizer was 1 dm3 and volume of initial
batch was 0.650 dm.3 Mixing rate 500 rpm with propeller.

Figure 11. Fraction of dissolved compounds in mother
liquor.

The black line is for glu(aq)þ glu�(aq) and the gray line
is for the sum of dissolved Naþ- and SO4

2�-ions in the
equilibrium. Thicker lines do not take account the solid–
liquid equilibrium. Dots are experimentally measured val-
ues for glu(aq)þ glu�(aq).

Figure 10. Solid mass fraction in suspension.

Figure 13. pH behavior in semi-batch crystallization
with set point trajectory of c(Glu2) con-
trolled feed and with supersaturation
Dc(c(Glu)1c(Glu2)) controlled feed.

Solutions were 1.5 M. See Table 2 and Figure 15 for
details.
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Set point trajectories

Indirect control of the driving force of crystallization is
based on a measurable quantity like temperature or concen-
tration. Concentration itself is not the driving force, but time
dependent change of concentration is connected to the for-
mation rate of the driving force. When the concentration set
point trajectory is connected as a function of another mea-
sured quantity like temperature4 or pH to the metastable area
concentration, the control systems produce controlled super-
saturation.

In the present study, the time dependent set point trajec-
tory was studied as a preliminary step toward control of
supersaturation. Controllability of c(Glu�) was rather good,
see Figure 14. When the concentrations are shown as a func-
tion of pH, Figure 15, the effect of the set point trajectory
type on nucleation pH can be analyzed.

Control of supersaturation

Control based on the difference in the overall concentra-
tion of glutamic acid and the equilibrium value of overall
concentration, Eq. 15, was successful, see Figure 16. Con-
trollability of the supersaturation level can be considered

separately for different process stages; the period of primary
nucleation, and the period of growth and secondary nuclea-
tion (see Figures 16 and 17).

Random variation in the measured supersaturation level
imposes limitations on the accuracy of the measurement
method. The period of secondary nucleation and growth
shows two interesting behaviors of pH as a consequence of
the slow crystallization compared to the reaction. The
increase of pH in Figure 17 indicates a decrease of supersa-
turation (Eqs. 2 and 3). The decrease of pH is connected to
the progress of the semi-batch process with equations of
equilibrium (Eqs. 1–8) and to the formation of supersatura-
tion (see Figure 2).

The concentration and supersaturation behavior during the
experiments can be compared in Figures 18–23, where mea-
sured concentration, supersaturation, and pH data are pre-
sented together with the set value, equilibrium concentration,
and relative supersaturation. The relative supersaturation was
computed from Eq. 11 with a value 0.79 for the activity

Figure 16. Controllability of Dc levels for primary nucle-
ation.

Set value levels 0.7, 0.9, and 1.0 were used with the flow
rate 8.6 g/s and set value levels 0.3 and 0.5 with the flow
rate 0.8 g/s before the supersaturation level reached the set
value. See Table 2.

Figure 15. Concentration behavior in set point trajec-
tory controlled experiments.

See Table 2.

Figure 14. Controllability of concentration with time
dependent set point trajectory of c(Glu2).

See Table 3.

Figure 17. Controllability of super-saturation at the pe-
riod of secondary nucleation and growth.

See Table 2.
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coefficient for the glutamate and hydrogen ions. All values
in Figures 18–23 were computed for one experiment. Time
and mass of added sulfuric acid are independent variables
but pH is a function of the added mass of sulfuric acid and
time used for the addition.

Set value behavior in Figures 18–21 shows that a constant
set value for Dc means an increasing set value for concentra-
tion when pH is increasing because of the low feed rate of
sulfuric acid. Relative supersaturation (Eq. 11) has a linear
response to the added mass of reagent before nucleation. Af-

ter nucleation, the up to 5000 g addition response seems to
be logical. At the end of addition, the response differs
strongly from the Dc response to the control of reagent addi-
tion.

Effect of Process Control on Crystal Quality

The studied properties of the product crystals were poly-
morph and size. The habit of the a-form and b-form product

Figure 20. Set value, concentration, pH and supersatu-
ration as a function time in the experiment
where the set value for primary nucleation
was 1 mol/L and linearly decreasing for the
growth period.

The feed rate was 8.6 g/s before the set value was
reached. For further details of the experiment, see Dc-con-
trolled experiments in Table 2. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 19. Set value and supersaturation together with
relative supersaturation as a function of pH
in the experiment where the set value for
primary nucleation was 1 mol/L and linearly
decreasing for the growth period.

The feed rate was 8.6 g/s before the set value was
reached. For further details of the experiment, see Dc-con-
trolled experiments in Table 2. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 18. Set value, concentration and equilibrium
concentration as a function of pH in the
experiment where the set value for primary
nucleation was 1 mol/L and linearly
decreasing for the growth period.

The feed rate was 8.6 g/s before the set value was
reached. For further details of the experiment, see Dc-con-
trolled experiments in Table 2. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 21. Set value and supersaturation together with
relative supersaturation as a function of
time in the experiment where the set value
for primary nucleation was 1 mol/L and line-
arly decreasing for the growth period.

The feed rate was 8.6 g/s before the set value was
reached. For further details of the experiment, see Dc-con-
trolled experiments in Table 2. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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crystals are shown in SEM-images, Figure 24. The quality
for the polymorph content was described with the mass frac-
tion of the a-polymorph (Table 4 and Figure 28). Size was
analyzed by comparing mean size, Table 4, and crystal size
distributions (CSD), Figure 25.

A number of sedimentation experiments were done to
compare the settling velocities of the a and b forms and
the fraction of clear liquid after settling as a function of
the mass fraction of the a-polymorph (see Figure 26).
When the crystals are pure b-form there is no settling at
all.

The shape of the CSD, Figure 26, changes from unimodal
to bimodal when the product crystal polymorph changes
from a to b. Mean size of the particles increases when the
set value of Dc for the primary nucleation and feed rate
before nucleation increases (Table 3). The range of maxi-
mum diameter of a-form L-glutamic acid crystals in Figure
27 is 20–100 lm. Reference values for crystal size in the
case of cooling crystallization are taken from literature. The
range of maximum diameter of the crystals in images of Kee
et al.5 was 260–460 lm. Li et al.28(p. 843) published a mean
length of crystals of about 110 lm. The maximum diameter
of pH-shift precipitated crystals in the SEM—image of
Schöll et al.6 was 60–325 lm.

The measured polymorph contents with different set val-
ues are presented in Figure 28. In the figure, experiments
with a low set value (below 0.8) used a low feed rate before
nucleation. Experiments with a high set value used both low
and high feed rates. High supersaturation levels could not be
attained with low feed rates because of the short induction
time.

The stability of the product crystals in mixed product sus-
pension after crystallization was analyzed. Results show that
in many experiments, a sample taken at the end moment of
reagent addition and sample taken 20 min after the end of
reagent addition has the same fraction of a-form crystals.
Two experiments were tracked up to 80 min after the end of

Table 4. Fraction of a-Polymorph and Mean Size of Product
Crystals

Set Value of Dc
for Primary
Nucleation
(mol/L)

Feed Rate
Before

Nucleation
(g/s)

Time to Set
Value (min)

a-Fraction
(w-%)

Mean Size
(lm)

0.3 0.8 8.5 0 37.08
0.5 0.8 4.6 0 34.03
0.7 0.8 14.7 0 37.14
0.9 8.3 2.5 17 35.47
1.0 0.8 26.7 1 34.52
1.0 2.8 11.3 16 67.73
1.0 5.2 4.6, 4.4 37 51.42
1.1 8.3 5.0 61 74.88

For experimental details, refer Table 2, column Dc-controlled experiments.

Figure 23. Set value and supersaturation together with
relative supersaturation as a function of
added sulphuric acid in the experiment
where the set value for primary nucleation
was 1 mol/L and linearly decreasing for the
growth period.

The feed rate was 8.6 g/s before the set value was
reached. For further details of the experiment, see Dc-con-
trolled experiments in Table 2. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 22. Set value, concentration, pH and equilibrium
concentration as a function of mass of
added sulphuric acid in the experiment
where the set value for primary nucleation
was 1 mol/L and linearly decreasing for the
growth period.

The feed rate was 8.6 g/s before the set value was
reached. For further details of the experiment, see Dc-con-
trolled experiments in Table 2. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 24. SEM images of the a-form and b-form glu-
tamic acid crystals.
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the feed stage and no clear decrease in the a-fraction was
found.

Conclusions and Discussion

Semi-batch reactive crystallization of L-glutamic acid by
adding sulfuric acid produces a flake-shaped crystal habit
for the b-polymorph and a prismatic habit for the a-poly-
morph. The initial aqueous solution contained monosodium
glutamate. The shape of the CSD obtained by laser diffrac-
tion particle size analysis indicates the polymorph. The dif-
ferences between these two polymorphs were clear in the
crystal shape obtained with SEM and the sedimentation na-
ture. Crystal polymorphs were analyzed with a Raman
spectrometer.

The mean size of the product increases when the mass
fraction of the a-form increases. A higher supersaturation
level has to be used to produce a-form crystals. A high feed
flow rate of acid reagent before nucleation was needed to
reach such high supersaturation.

The developed closed-loop process control system allowed
the glutamate ion concentration to be adjusted according to

time dependent pre-defined set point trajectories. This was
shown experimentally in a 1 L crystallizer. In a 50 L crystal-
lizer, the supersaturation level of the overall concentration of
glutamic acid (Glu þ Glu�) at the initiation moment of pri-
mary nucleation was successfully controlled. Further, the
supersaturation level at the growth stage could be controlled
to some extent.

The supersaturation level after primary nucleation affects
the a–b phase transformation and crystal growth. In the case
where the supersaturation level was decreased to a low level,
0.15 mol/L, after nucleation at a high supersaturation level,
1 mol/L, the mass fraction of the a-form in the product crys-
tals decreased to zero.

The obtained results showed that the feedback process
control approach developed for semi-batch precipitation
allows control of both the form of the polymorphs and the
crystal size distribution. On the basis of the results obtained,

Figure 25. Crystal size distribution of product crystals
of Dc-controlled semi-batches.

Crystal size was analyzed by Beckman Coulter LS13320
with a Tornado dry powder system.

Figure 26. Settling behavior of product suspension in a
100 mL measuring glass.

Figure 27. SEM image of product crystals from the
experiment with a set value 1.1 for primary
nucleation and a linearly decreasing set
value at the period of growth and secondary
nucleation.

Figure 28. Effect of process control on the mass frac-
tion of a-form glutamic acid in the product.

Flow rates before the set value was reached are shown.
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the supersaturation level at the nucleation moment affects
almost linearly the polymorphic composition. It was noticed
that the relative supersaturation computed from the measured
results gives promising results from the viewpoint of feed-
back control. For the studied compound system, fixing the
relative concentration, [Glu�][Hþ]/KSP, seems to be favor-
able for process control.
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