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HIGHLIGHTS

« Boehmite is precipitated either in double-jet stirred tank reactor or micro-mixer.
« Supersaturation would be the major parameter which controls aggregation.
« Multiple light scattering brings out differences during precipitation.
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ABSTRACT

Alumina, which is a catalyst support, is obtained by boehmite calcination. This work aims to study boeh-
mite precipitation and the impact of this step on alumina quality. Precipitation of boehmite is studied in a
double-jet stirred tank and with a micro-mixer. These devices induce different mixing of the reagents and
different evolution of the supersaturation. Precipitation is followed on-line with an optical apparatus
based on multiple light scattering. Alumina obtained with micro-mixer presents significantly lower
specific surface area, pore volume and mean pore diameter than the one obtained with the double jet
reactor, showing a totally different crystallite aggregation. Using different types of micromixers at isosu-
persaturation, the results show that Reynolds number in the micro-mixer, stirring power in the receiving
vessel and micro-mixer type have no effect on porosity and thus on aggregation, which could be
explained by a supersaturation that is sufficiently high to prevent other parameters from having effects.
Using double jet reactor, feeding time directly affects initial supersaturation, which level is lower than the
one created in micro-mixer. For double jet precipitation, the textural properties are directly correlated to
the initial supersaturation. Alumina obtained with the highest value of supersaturation with double-jet
stirred tank has similar porosity value than the one obtained in micro-mixer. This supersaturation level
would thus be a threshold beyond which other operating parameters have no effect. Aggregation would
be directly controlled by initial supersaturation. Furthermore, it was shown that differences of alumina
textures are correlated with different behaviors of backscattering levels. This technique allows the
in situ characterization of aggregation differences, during precipitation, before the impact of filtration-
washing-drying steps on aggregation.

1. Introduction

AIOOH. Transformation of boehmite to y-alumina is topotactic
[1,2], with the morphological properties of boehmite being largely

v-Alumina is a catalyst support Al,0s, used in many refinery preserved during the phase change. The control of alumina proper-
processes. This material is obtained from calcination of boehmite ties, and therefore of boehmite, is essential to optimize the
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catalysts.
Various synthesis routes are possible for boehmite. It can be
prepared by the sol gel process using aluminum alkoxides [3,4].
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ripening in hydrothermal conditions [5-7].



Several aluminum salts can be used to obtain boehmite, such as
aluminum nitrate, AI(NOs); [8-10], aluminum chloride, AlCls [8],
or aluminum sulfate, Aly(SO4); [8,11]. The latter reagent was used
in this work. Sulfate ions have huge importance since they direct
aggregation. Sulfate ions are bound by hydrogen bonds, in acidic
conditions [11], since they have high affinity for aluminum [8].
This adsorption would be selective, on [010] and [001] faces
[11]. Thus, the growth of boehmite would occur preferentially on
[100] faces, resulting in the formation of fibrillar boehmite [7].

The effects of physicochemical conditions on boehmite precipi-
tation are relatively well known. Temperature and pH are the most
influential parameters [9,10,12], and to a lesser extent, the
reagents [7,8].

Nevertheless, little work concerns the mechanisms managing
crystallites formation and their aggregation, which is the source
of the porosity of the material. Rousseaux et al. [13] studied the
effect of different precipitators on boehmite particle properties,
and, in particular, the effect of operating parameters. These authors
show that increasing the intensity of vessel mixing decreases the
crystallite size. They also show that using two different technolo-
gies of reactors (vortex reactor and sliding surface reactor) and
varying the profiles of the suspension circulation inside the reactor,
i.e. the way the existing particles go through the reaction zone
where fresh reagents are introduced, the porous volume and mean
pore diameter change. Another work has shown that using sliding
surface mixing device, whose mixing is more efficient than in vor-
tex reactor, gives higher specific surface area, porous volume and
mean pore diameter [ 14]. Effect of mixing on gibbsite precipitation
has been studied. Ilievski et al. [15] showed that gibbsite agglom-
eration is affected by shear rate, which is expected to have an effect
on particle capture efficiency. Mixing, which is expected to control
collision rates, has not a significant effect on precipitation, in the
case of gibbsite.

Another aspect of boehmite precipitation is to obtained in situ
data without disturbing the suspension structure by sampling.
Recently, direct techniques were developed to characterise
on-line and in-line properties of concentrated dispersions in a
non-intrusive and non-denaturing way.

Raman spectroscopy [16], which allowed quantifying the
impact of mixing rate or seeding parameters [17], chemical imag-
ing [18], FTIR [19] which is a supersaturation sensor, X-ray diffrac-
tion [20], FBRM [21] which has given information about the
influence of process conditions on the formed material, ultrasonic
attenuation spectroscopy [22]. Ultrasonic spectrometry techniques
for example, provide advantages for on-line particle size analyses,
particularly the ability to operate on undiluted and optically opa-
que media. The technique consists in propagating ultrasonic waves
of variable frequency through the particulate system and measur-
ing the frequency dependence of the attenuation to derive particle
size [23-26]. The ultrasonic velocity method and the electroacous-
tic technique can also be used for particle size characterization in
concentrated systems. The ultrasonic velocity method consists in
measuring the transit time of pulsed multiple frequency ultrasonic
waves propagating through a medium [27]. In the electroacoustic
method, an alternating electric field causes the electrically charged
particles to move back and forth generating sound waves. Zeta
potential and particle size are derived from the analysis of sound
waves in relation with particle motions [28].

Multiple light scattering methods represent an alternative to
acoustic spectrometry techniques for the characterization of parti-
cles flows. In the multiple scattering regime, the transport mean
free path representative of particle size indeed can be derived from
the analysis of the light flux distribution in the incoherent
backscattered spot light [29-31]. In a previous works, the multiple
light scattered was analysed from a concentrated dispersion
(Turbiscan On Line instrument) during calcium carbonate batch

precipitation. Size and mean refractive index of particles or nuclei
agglomerates are derived from measurements of the backscattered
light flux on the basis of a multiple light scattering model [31,32].

Our study focuses on understanding the impact of precipitation
processes and process parameters on the aggregation of boehmite
crystallites, and the effect on material quality, by following precip-
itation with the on-line optical device Turbiscan On Line. In this
study, precipitation experiments in double-jet stirred tank reactor
and with a pre-mixing device were compared. The effect of the
addition time of the whole reactants and of the mixing, on material
properties were analyzed.

2. Materials and methods
2.1. Precipitation-reaction

Boehmite is synthesized by mixing an aluminum sulfate solu-
tion with a sodium aluminate solution through the heterogeneous
reaction:

Aly(SO4),, +6NaAl(OH),  — BAIOOH +3Na,S0s,, +8H,0

(1)

All chemicals involved in this synthesis were reagent grade and
used as received without further purification. pH was controlled at
9 and temperature was 60 °C.

After synthesis, the suspension was filtered and washed five
times with water (T=60 °C) in order to minimize the content of
impurities (Na* and SOZ ). The cake was dried at 120 °C overnight
and then ground. Dry boehmite was finally calcined during 4 h at
540 °C in order to obtain y-alumina (y-Al;03).

4(aq)

2.2. Precipitation set-up

In this study, experiments were carried out in a 2 L stirred tank
reactor with two types of mixing systems: double-jet of the
reagents in the stirred tank or pre-mixing of the reagents before
introduction in the stirred tank.

2.2.1. Double-jet stirred tank reactor

Aluminum sulfate solution (Aly(SO4)3) (C=0.35mol/],
V=175 ml) was introduced simultaneously with a sodium alumi-
nate solution (NaAl(OH);) (C=0.99 mol/L, V=262 ml), over
30 min, in a stirred vessel containing water (660 ml) at constant
conditions of temperature and pH (60 °C and pH =9). Water was
also added during precipitation (V=903 ml). The molar ratio
R = naaiiony, /Nan,so,), Was equal to 4.2. All these conditions were
fixed in order to obtain predominantly boehmite (and no gibbsite
or other polymorphs). A pH regulation maintained the pH at 9 by
controlling a sodium aluminate solution pump (Fig. 1).
Suspension was analyzed throughout the precipitation with an
on-line optical device (Turbiscan On Line instrument) (see
Section 2.3) using a peristaltic pump.

The reactor was a standard cylindrical stirred tank equipped
with an 8 cm 4-blade Teflon-coated impeller. Four baffles pre-
vented vortex formation. Mixing parameters are shown in Table 1.

In the stirred tank reactor mixing inhomogeneity due high
reagent feed rates and volume variation, results in inhomogeneity
of supersaturation, due to gradients of solution [33] and particle
concentration [34] and having an effect on primary nucleation
[35].

In fact, the variation of supersaturation is due to the progressive
addition of the reagents over 30 min, inside the vessel containing a
suspension changing spatially because the concentration is not
homogeneous in the tank, and temporally, since, according to the
progress of the reaction, the particles are formed in an already
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Fig. 1. Double-jet stirred tank device used for boehmite precipitation and Turbiscan On Line apparatus.

Table 1
Mixing characteristics of the double-jet stirred tank and reagents flow rates.

Vessel stirring power (W/m?) Vessel Reynolds number

Feeding flow (ml/min)

Reagents addition time (s)

NaAl(OH)4

Alx(S04)3 Water

250 52 x 10° 8.7

5.8 30.1 1800

more or less concentrated medium. Moreover, in this semi-batch
process, particles appeared in a medium already containing parti-
cles. Nucleation was therefore of secondary type.

2.2.2. Micro-mixing device

In that configuration, precipitation was performed by using a
micro-mixer. Two geometries of micro-mixers, Hartridge-
Roughton [36] (HR) and Y, were used in this study.

They both have 2 mm inlet tubes and 4 mm outlet tubes. An
angle of 60° separates the Y inlet tubes. Micro-mixing time, t,
has been determined in the literature for these types of
micro-mixers: f, (HR)=1.2ms and ¢, (Y)=3.8ms (1 mm inlet
tubes, 2 mm outlet, 90° angle for Y, fluid velocity of 15ms™' in
the central tube) [37]. The HR micro-mixer is therefore the more
efficient and was used in the first part of the work.

Using micro-mixers implies some constraints. First, it is neces-
sary to proceed with high enough flow rates in order to prevent the
mixer from clogging. In this study, it has been chosen to operate
the micro-mixer with equal reagents flow rates because it results
in a better micro-mixing efficiency as shown by CFD simulation
[38,39]. Another important aspect in our study is that the pH can-
not be controlled inside the mixer. The reagent concentrations
were adjusted to obtain a pH of 9 in the micro-mixer outlet tube.
In addition, to have comparable systems in terms of reagents molar
ratio and because the micro-mixers have two inlets, the amount of
water added in double-jet stirred tank reactor during precipitation
is shared between both reagents. Consequently, the reagents con-
centrations were 0.92 mol/l for NaAl(OH), and 0.24 mol/l for
Alx(504)s.

Precipitation is performed by injecting both reagents heated at
60 °C during 90 s to reach the same boehmite concentration as in
the case of double-jet precipitation. The product formed at the out-
let of the micro-mixer is then poured in a crystallizer initially filled
with 666 ml of water heated at 60 °C.

The total precipitation time was 30 min, including the reagent
addition phase and suspension ripening phase at a controlled tem-
perature. During the ripening phase, controlled addition of sodium
hydroxide allows to kept the constant value of pH at 9. The down-
stream processes were the same as in Section 2.2.1.

Mixing parameters are presented in Table 2. The micro-mixer
Reynolds number is calculated considering the outlet tube dimen-
sion and the viscosity of water at 50°C (5.56 x 107/ m?s™1).
Micro-mixer residence time is the time that the one taken for the
suspension to move through the outlet tube.

The micro-mixing step is the major difference when using the
double-jet stirred tank or the micro-mixing device and this affects
supersaturation level. Considering reagents with equivalent con-
centrations in both experiments, the level of supersaturation is
much higher in the micro-mixing device, where reagents meet
directly, than in a double-jet stirred tank where reagents meet in
water and are then diluted.

Otherwise, particles appear in a medium with constant super-
saturation in micro-mixers, whereas supersaturation is not spa-
tially and temporally constant in double-jet stirred tank
precipitation. Moreover, in micro-mixers, spontaneous precipita-
tion occurs since the medium does not contain particles before-
hand. In double-jet stirred tank precipitation, particles appear in
a medium already containing particles. Accordingly, residence time
in the vessel is almost the same for all particles using a
micro-mixer, whereas it is different in double-jet stirred tank
devices (from 0 to 30 min).

2.3. On-line characterization: multiple light scattering

The Turbiscan On Line device, based on multiple light scattering
[32], is used to follow precipitation with the two devices. This tech-
nique used for precipitation and crystallization processes enable to
determine a characteristic size from low concentration suspension



Table 2
Mixing characteristics of micro-mixer device and reagent flow rates.

Vessel stirring power
(W/m?)

Vessel Reynolds
number

Feeding flow (ml/min)

NaAl(OH), Aly(SO4)3

Micro-mixer Reynolds
number (s) (s)

Reagents addition time Micro-mixer residence time

250 52 x 10° 430 430

8 x 10° 92

2.6 x 1072

to highly concentrated disperse media. Using the theoretical devel-
opment performed in previous works [31], measurement of the
transmission level TR (A) and of the backscattering level) BS (A™)
of the suspension by Turbiscan on line device, allow determination
of the photon mean path A and transport mean path A* Using the
Mie theory, Sauter diameter of particles | can be estimated by
knowing the particle volume fraction ¢. Alternatively, ¢ can be cal-
culated by knowing L.

The backscattering value obtain with this technique is the ratio
between the intensity measured and a reference intensity. Fig. 2
shows the theoretical evolution of backscattering level as a func-
tion of the diameter making the assumption that particles are hard
spheres, in the multiple diffusion regime, calculated with Mie the-
ory, for different particle volume fractions (0.1%, 1% and 10%). In
this figure, the scattering curve at ¢ =1% corresponds the one
obtained at the end of the process and at the end of reagent addi-
tion for precipitations performed in double-jet stirred tank and
using micromixer, respectively.

We observe an increase, a plateau and a decrease of backscat-
tering values, and that, especially for high volume fraction.

For a given backscattering level, there are at least 2 solutions.
For example, considering ¢ = 1% curve, and for BS = 30% (close to
backscattering level observed during boehmite precipitation),
there are 3 solutions: [=0.06 um, [=0.08 um, [=12.41 pum.
However, only one solution is physically right.

In order to find this solution, another technique based on laser
diffraction measurements was applied to suspension (Mastersizer
2000, MALVERN INSTRUMENTS). For boehmite suspension
obtained in the double-jet stirred tank (reagents addition time:
30 min) the results are shown in Fig. 3. The Sauter diameter
obtained was 11.37 um and is in good agreement with the calcu-
lated Sauter diameter from the experimental backscattering level
(12.41 pm). Thus, the right part of the curves of Fig. 2 has to be
considered in this study.

140

Mie theory allows the calculation of an equivalent mean size
which is in agglomerate scale. Indeed, the model is an interpreta-
tion of measured signals and considers monodispersed hard
spheres with no interaction between them. These hypotheses are
rather strong compared to the actual studied system. For this rea-
son, in the following sections, the raw backscattered signals are
given. These signals are a signature of all scattering objects in sus-
pension, regardless of their size. Thus, measuring transmitted and
backscattered levels during precipitation allows the evolution of
the overall objects to be followed, considering all size scales.

2.4. Powder characterization techniques

2.4.1. Powder X-ray diffraction

The crystal phase identification was achieved by powder X-ray
diffraction. Data were collected on a PANalytical X'Pert Pro 6-0
diffractometer in Bragg-Brentano geometry, using filtered Cu Ko
radiation (A =1.5418A) and a graphite secondary-beam
monochromator. Diffraction intensities were measured at room
temperature by scanning from 2° to 72° with a step size of 0.05°
(20). Crystallite sizes were determined by Scherrer’s equation:

K2

Enkl = ﬁ
cos0y/A; — Aj

where ¢y is the length of the crystallite along the direction defined
by, (hkl), K the Scherrer constant (K= 0.9) [40]. This value is an
approximation which suits with orthorhombic systems. A; is a
diffraction peak width of the sample, and Aq is the width of the
same peak due to the instrument, determined with LaBg. The
repeatability error was estimated to be 0.5 nm. The most represen-
tative particle morphology of boehmite has been determined using
Debye formula [41]. Scherrer’s formula cannot completely deter-
mine complex morphologies such as boehmite crystallites

2)

—10 %
-——1% A =850 nm
o] —-010%
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Fig. 2. Theoretical backscattering level BS versus particle surface mean diameter for particle volume fractions ¢ =0.1%, ¢ = 1%, ¢ = 10% (A = 850 nm, refractive index if

dispersant ng = 1.33, refractive index of boehmite n, = 1.655).



0 ' o
0,01 0,1 1

10 100

1000 10000

Particle size (um)

Fig. 3. Particle size distribution obtained with laser diffraction measurements for boehmite suspension synthesized with double-jet stirred tank device (reagents addition

time: 30 min).

(hexagonal, diamond, truncated cube crystallite). Scherrer’s equa-
tion was only used to calculate [020] and [120] directions, and
thereby evaluate the thickness and a diagonal of boehmite
crystallite.

2.4.2. N, adsorption—desorption

Nitrogen adsorption-desorption determine specific surface
area, pore volume and porous diameter, which means space
between primary crystallites/aggregates, in a range of micropores
(<2 nm) to macropores (>50 nm). Differences in terms of iso-
therms, specific surface area, porous volume and porous diameter
reveal differences in particle aggregation.

The nitrogen adsorption-desorption isotherms were collected
at 77 K using an adsorption analyzer Micromeritics ASAP 2420.
Analyzed samples were y-alumina obtained after calcination of
boehmite samples. Samples were previously dried under vacuum
for 6 h at 110 °C. From the N, isotherm, the specific surface area
(Sger) was determined by the BET method in 0.10 < P/Py < 0.35
domain, and pore size distributions were calculated with the BJH
method (Barrett-Joyner-Halenda). The mean pore diameter dpger
corresponds to the maximum pore size distribution (adsorption
branch). Pore volume V), was calculated from the adsorbed volume
of gas V,qs at the higher relative pressure (P/Py — 1) by:

V _ pNZLg)
=

Viags = 0.00155 x Vg 3)

Ny

The errors associated with adsorption-desorption analyses
were estimated to be 5% for the specific surface area (Sggr),
0.02 cm?/g for pore volume Vp and 0.5 nm for pore diameter dpger-

2.4.3. Mercury porosimetry

Mesoporous volume V,4g and mean pore diameter dpyg Were
determined by mercury porosimetry, in the range of 3.75-
7500 nm. The measures were acquired with a Micromeritics
Autopore [V 9500.

The mean pore radius 1’ was obtained with the following equa-
tion [42], with 7y the surface tension of mercury and 6 the angle of
contact:

2ycos0
D
r Ap @)

2.4.4. Transmission electron microscopy

Transmission electron microscopy (TEM) observation were per-
formed on a JEOL JEM1400 (120 kV) apparatus.

A small amount of boehmite powder was dispersed in ethanol.
Then, a droplet was deposited on a carbon-coated grid and allowed
to dry under a halogen lamp.

2.5. Supersaturation calculation

Supersaturation is the driving force for precipitation. It defines
the state of a binary solute/solvent mixture when the solute con-
centration exceeds equilibrium.

For boehmite precipitation, following the reaction:

4 4

Al(OH), + %AP* — 3 AlOOH +2H,0 (5)

which can also be written as:

AP* 4+ 2H,0 — AIOOH + 3H" (6)

Supersaturation S can be calculated with the equation:

o - 3+ ) ° + 3
s—C“>Q“>)—<%)Q%’) )

where a. and a_ are respectively the activity of cations and anions.
v* and v~ re respectively the number of cations and anions in the
equation of reaction. K; is the solubility product.

The Pitzer equations [43], implemented in PHREEQC [45], were
used to determine activity coefficients. In this model, the influence
of specific ion interactions on the Gibbs free energy of the solution
is expressed through a virial expansion of the activity coefficients:

Iy, =InyP" 4> ga(m; + > Comymy + .. (8)
j ik

where m is the molality, yP" is a modified Debye-Hiickel activity
coefficient. (I) is like and unlike ion interactions coefficient that
depends on the ionic strength I. Gy, is the third virial coefficient
taken independent of the ionic strength. A detailed description of
the exact form of Eq. (8) is given in [44].

All interaction coefficients of the model used in this study were
taken from the literature [46-49].



3. Results and discussion
3.1. Double-jet stirred tank precipitation

Backscattering relative intensity (BS) and transmission relative
intensity (TR) were recorded during precipitation experiments.
Representative curves of the measured backscattering and trans-
mission levels are given in Fig. 4. With this device, reagent addition
took 30 min. Before addition, BS and TR levels were those in water
(BS ~ 69% and TR ~ 73%), considering glass cell reflections. When
starting the addition, both levels dropped. The transmission inten-
sity decreased until it reached 0%: particles appeared in the system
and reached a concentration such that light cannot be transmitted
anymore. The backscattering intensity (BS) decreased with the
apparition of particles, and then increased while particles were still
appearing in the environment. The first part of the BS curve, shown
as a dotted line in Fig. 4, cannot be considered as a correct BS value
since the transmission phenomenon was still occurring. When TR
reaches zero, light does not cross the tube and reflections of the
glass tube become negligible. BS can be considered for further cal-
culations (full line).

The backscattering intensity depends on both particles volume
fraction ¢ and particle diameter I Since reagents are added
throughout the precipitation, ¢ is not constant, and increases lin-
early because of constant reagent flows; BS variations can be
explained by an increase of the particle volume fraction but also
by a change in the characteristic length [ of the aggregate in the
medium. At the end of the experiment, the particle volume fraction
¢ =1% and BS = 32.4%.

A TEM micrograph of dried boehmite obtained by double-jet
stirred tank precipitation is shown in Fig. 5. Boehmite particles
present a fibrous morphology, which is correlated with previous
works: when using aluminum sulfate Al,(SO,4)3 as reagent, sulfate
ions would bind to boehmite by hydrogen bonds [11] because of
their high affinity with aluminum. A probable mechanism of aggre-
gation of boehmite crystallites in the presence of sulfate ions is
presented in Fig. 6. The formation of fibers is the result of a first
directed aggregation of crystallites due to the presence of sulfate
ions. Then these fibers stick together to form a disordered
fiber-bundle network. The analyzed material is dried, thus the
micrograph does not represent the aggregate state of fibers in
the suspension. However, fiber length should be the same in sus-
pension. Fibers have a length between 30 and 60 nm.

80

. —— Backscattering level
= = Transmission level
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Fig. 4. Temporal evolution of the backscattering and transmission levels during
boehmite precipitation performed in double-jet stirred tank device.

Fig. 5. Transmission electron microscopy micrograph of dried boehmite prepared
in double-jet stirred tank device (reagents feeding time of 30 min).

3.2. Micro-mixer precipitation

For following aggregation of boehmite during the precipitation
process performed using micro-mixer, the suspension was with-
drawn from the vessel and analyzed with the Turbiscan On Line,
once the particles had precipitated in the micro-mixer and fell in
the stirred tank (total time of 30 min). The time of reagent addition
tea Was 1 min 32 s. Because of the higher supersaturation level in
the mixer, particles appear in the vessel faster than with the previ-
ous experimental setup. Consequently, the transmission level
reaches a null level instantaneously while the backscattering level
decreases suddenly and increases until the end of addition (see
Fig. 7). The increase of the back scattering level is mainly due to
the increase of the volume fraction of solids. At the end of the
reagent addition, when >t.,, ¢ is constant in the vessel (¢ = 1%).
BS variations are thus only due to the variation of the characteristic
size of the aggregates. The decrease of the backscattering level,
when >t.,, can be attributed to a change in the structure of the
aggregates in the medium.

At the end of the process, the backscattering level reaches a
constant value corresponding to BS =23.9%. This value is lower
than the one obtained for the suspension precipitated in the
double-jet stirred tank (BS = 32.4%), which supports that different
types of aggregates are formed in suspension during these two
types of precipitation.

In the following sections, only BS level will be considered for
precipitations performed with micro-mixer devices since the T
level immediately reached zero in all cases. Thus, BS variation
has a physical meaning related to aggregate structuration.

3.3. Comparison of the two types of precipitation

Boehmite powders (XRD) and y-alumina (N, adsorption-des-
orption) obtained at the end of synthesis with the two types of pre-
cipitation are characterized to compare the product properties
(Table 3).

For the two samples, the only detected phase on XRD patterns
(Fig. 8) was boehmite. Peaks have similar width and taking all
the caution linked to the errors of estimation, similar crystallite
dimensions are obtained, as presented in Table 3.

The specific surface area (Sger) was about 290 + 15 m?/g for
double-jet stirred tank alumina and lower for precipitation per-
formed with micromixer (228 +11m?/g). Differences were
observed for V, and, dger which were significantly lower for
micromixer obtained alumina (V,=0.37 cm®/g, dpger=6.4 nm)
than for double-jet stirred tank alumina (V,=1.06cm’/g,
dpger = 12 nm). N, adsorption/desorption isotherms (Fig. 9) show
porosity differences. The double-jet stirred tank product isotherm
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Fig. 6. Representation of the probable aggregation of boehmite nanoparticles in presence of sulfate ions.
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Fig. 7. Temporal evolution of backscattering and transmission measured levels
during precipitation performed in Hartridge-Roughton micro-mixer.

was of type Il with a H3 hysteresis loop, which is characteristic of
slit-shaped pores, and micromixer precipitate isotherm is of type
IV with a H, hysteresis loop. This type of loop is observed for tubu-
lar or bottle-shaped pores. BJH pore size distribution (PSD) was lar-
ger for the double-jet stirred tank product than for the micromixer
alumina which presents narrower PSD and lower pore sizes
(Fig. 9B).

Initial supersaturation was calculated for both precipitation
routes, with PHREEQGC, using the Pitzer model. For the double-jet
stirred tank, in order to be able to calculate initial supersaturation
considering water in the vessel, a quantity of introduced reagents
perfectly mixed corresponding arbitrarily to an increment of

Table 3
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Fig. 8. Diagrams obtained by XRD technique of boehmite synthesized with double-
jet stirred tank and Hartridge-Roughton micro-mixer.

feeding time (5 s) is taken. In that case, the initial supersaturation
S; was 288. For the micro-mixer, initial supersaturation was con-
stant during the feeding since the environment in which the
reagents meet was the same: S; = 19,953. The difference in the ini-
tial supersaturation means that particles are formed in a different
environment. Considering a double-jet stirred tank, particles were
formed in a less concentrated medium in ions than in the
micro-mixer. This can have an effect of interaction between parti-
cles, and thus on their aggregation.

This reasoning was confirmed by porosity differences between
boehmites obtained from the two devices, which are explained
by a different aggregates structure, considering the same

Initial supersaturation during precipitation and characteristics of synthesized boehmites (boehmite crystallite dimension and corresponding alumina textural properties) for

precipitation performed in double-jet stirred tank and Hartridge-Roughton micromixer.

Si #o20 (NM) £120 (Nm) Sger (m?[g) V, (cm’/g) Vpug (cm?[g) dpger (nm) dpng (NM)
Double-jet stirred tank 288 2.2 2.9 291 1.06 0.63 12 11
Hartridge-Roughton micromixer 19,953 2.8 29 228 0.37 0.31 6.4 6.8

£020 and &120 (£0.5 nm): boehmite crystallite size in the direction respectively (020) and (120) estimated by the Scherrer’s formula.
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and Hartridge-Roughton devices.

crystallites sizes. This could be due to fiber aggregation or to differ-
ent fiber lengths (aggregation of primary particles). Thus, the
micro-mixing step has a huge influence on material porosity since
it affects aggregation via higher initial supersaturation.

3.4. Precipitation in micro-mixer: effect of mixing parameters

Effect of feeding flowrate in the micro-mixer, vessel stirring rate
after reagents addition and micro-mixer type are studied at isosu-
persaturation in the vessel (S;=19,953).

3.4.1. Influence of feeding flow

Changing feeding flowrate changes the mixing intensity, which
is described by the Reynolds number and the residence time in
micro-mixer. Hartridge-Roughton micromixer was tested with
three Reynolds numbers (Re): 8 x 103, 15 x 10> and 20 x 10°.
The corresponding mixing and alumina porosity characteristics
are presented in Table 4.

Backscattering levels are presented in Fig. 10 from the time t.,,
¢ is constant. For every Re, BS decreases until reaching a constant
level. The higher Re, the more important the decrease in the slope
is and the faster the constant level is reached; that is to say, aggre-
gates are formed quickly for higher Re. Constant levels are slightly
lower with high Re (25.1% for F1, 20.0% for F2, 19.7% for F3).

These close results are reflected in corresponding alumina
porosity. Sger is slightly higher with high Re (228 m?/g for F1,
255 m?/g for F3), but Vg and dpyg are similar for each Re, consid-
ering instrument errors.

In previous works of the literature, the effect of feeding rate was
studied for a Hartridge-Roughton micro-mixer (1 mm inlet tubes,

Table 4
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Fig. 10. Temporal evolution of backscattering levels during precipitation performed
in Hartridge-Roughton for three Reynolds number (Re=8 x 10%, Re=15 x 10°,
Re=20 x 10%))

2 mm outlet tube), with a rate similar to the one used in this study
[50]. The authors found that average agglomerate size was smaller
(laser diffraction measurement) for a feed rate of 1000 ml/min,
compared to lower feed rates. In the lower range of feed rates, ran-
dom variation was observed. Globally, agglomerate sizes are close.

Mixing level in a micro-mixer does not seem to have a huge
effect on BS constant levels and therefore on aggregate size [ and
material porosity. This is probably due to the fact that mixing is
so efficient, even for low feed rates, that it does not affect any

Mixing and boehmite/alumina characteristics for syntheses with three reagents feed rates in Hartridge-Roughton micro-mixer.

Feed rate (ml/min) HR Reynolds number Reagents addition time t., () HR residence time (ms) Sger (m?[g) Vog (cm®[g) dprg (nm)
F1 437 8 x 10° 92 26 228+ 11 0.31 6.7
F2 804 15 x 10° 50 14 244 +12 0.32 6.4
F3 1058 20 x 10° 38 10 255+13 0.31 6.1

" Porosity characteristics for y-alumina.



precipitation stages (nucleation/growth, aggregation) and there-
fore material properties.

3.4.2. Influence of the stirring rate in the vessel after micro-mixing step

Influence of vessel stirring during “standard” precipitation has
been extensively studied in the literature [33,50,51], but its effect
on the ripening phase after the reagents addition, especially when
a micro-mixer device is used, has been much less well investigated.

Three different stirring rates were studied here, corresponding
to the characteristic vessel Reynolds numbers: Re, =19 x 10°,
52 x 10% and 76 x 10°. Mixing characteristics and corresponding
boehmite/alumina properties are presented in Table 5. For each
stirring rate, Kolmogorov scales Ly were calculated with the follow-
ing equation, with v the kinematic viscosity of the continuous
phase (water at 50 °C: v=55.6 x 10’ m?s~!) and ¢ the dissipated
power per mass unit:

L= (V—j)m (9)

Backscattering levels are shown in Fig. 11, after time t.,.

For each experiment, BS decreased and reached a constant level.
For S1 and S2 experiments, the corresponding curves were very
similar. For the highest stirring rate (S3), the decreasing slope
was steeper and the curve reached a constant level slightly earlier
than for S1 and S2. For each experiment, constant levels were
really close (26.0% for S1, 25.1% for S2, 25.0% for S3).

Specific surface area was higher for the lowest stirring rate
(Sger =268 + 13 m?/g for S1), but Vpue and 1 were the same for
the different materials, which is in correlation with the close BS
values.

The stirring rate parameter followed by Turbiscan On Line does
not seem to have an effect on precipitation. This result is not intu-
itive, however, because we could expect that high stirring rate
could break aggregates and results in higher BS. In a
micro-mixer, crystallites precipitate and then form aggregates
and maybe agglomerates.

A first hypothesis could be that agglomerates, constituted of
aggregates (fibers), are dispersed when they fall in the stirred ves-
sel, until only isolated aggregates or indivisible aggregates of fibers
are in suspension, which would explain the constant level.
However, considering this hypothesis, agglomerate breakage
would be significantly faster with high stirring speed (S3) since
they are not structured with strong interactions, but this was not
observed. Moreover, if breakage was responsible for object size
decreases, the aggregates obtained would have a size close to
Kolmogorov scales Lg. This is not the case though, because sizes
obtained by Turbiscan On Line are in the ten micrometer scale,
and calculated Lk are at least double. The objects in suspension
were smaller than Kolmogorov scale.

The other hypothesis is that aggregates (fibers) fall in vessel and
structure of aggregates varies until reaching a certain dimension
(constant level) (due to the number of fibers in the ball or the
entanglement of fibers). This structuration would not be influenced
by stirring rate because it concerns strong interactions. Thus, a
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Fig. 11. Temporal evolution of backscattering levels during precipitation performed
in Hartridge-Roughton micro-mixer for three Reynolds number (Re, =19 x 10°,
Re, =52 x 10° Re, =76 x 10°.)

decrease in the phase of BS would be due to time, as a short ripen-
ing phase.

3.4.3. Influence of micro-mixer type

Two types of micromixers were tested: Hartridge-Roughton
(HR) and Y shape. HR and Y micro-mixing times t, have been
determined in the literature: t, (HR)=1.2ms and t, (Y)=3.8 ms
(1 mm inlet tubes, 2 mm outlet, 90° angle for Y, fluid velocity of
15ms~! in the central tube) [37]. Y mixer presents worse
micro-mixing than HR. In this part, the precipitation in Y mixer
was studied for the same operating conditions than for HR precip-
itation (Section 3.2).

Backscattering levels for both micro-mixers were shown in
Fig. 12(A). Obviously, BS curves were similar for HR and Y precipi-
tations in the same conditions. At the end of precipitation (30 min),
the values of BS were close: 23.6% for Y and 25.1% for HR.

The specific surface area was slightly higher for Y1
(Sger = 245 + 12 m?/g) than for HR (Sger =228 + 11 m?/g), but Vg
and d,ug are very close.

Even if Y produces less efficient mixing than HR, the mixing
seems to be efficient enough to not have an effect on aggregation
and therefore on material porosity.

Feed rate influence using Y mixer was studied for two values of
Re number (Table 6). The end addition times t., for each case are
represented in Fig. 12B. The backscattering intensity curves
(Fig. 12B) have the same evolutions, and reach similar value at
the end of the experiments (BS = 23.5%).

Porosity was the same for both materials. These elements jus-
tify the hypothesis that the mixing is efficient enough in the case
of micro-mixers to not affect aggregation and thus material prop-
erties. Lower flow rates, at the same reagent concentrations, could
not be studied because of micro-mixer clogging.

Table 5
Mixing and boehmite/alumina characteristics for synthesis with three vessel stirring rate performed in Hartridge-Roughton micro-mixer.
Stirring rate (rpm) Vessel Reynolds number Re, Vessel stirring power (W/m?) Ly (nm) Sger (m?/g) Vphg (cm?/g) dprg (nm)
S1 100 19 x 10° 12 69 268 +13 0.33 6.3
S2 270 52 x 10° 250 29 228 +11 0.31 6.7
S3 400 76 x 10° 800 22 244+ 12 0.35 6.3

" Porosity characteristics for y-alumina.
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Fig. 12. Temporal evolution of the backscattering relative intensity for precipitation experiments performed in Hartridge-Roughton and Y micro-mixers geometries (A) and

for two Reynolds number in Y micro-mixer (Re =9 x 103, Re =21 x 10%) (B).

Table 6
Mixing and boehmite/alumina characteristics for precipitation performed in Y micro-mixer, for two reagents feed rate.
Feed rate (ml/min) Micro-mixer Reynolds number Reagents addition time (s) Y residence time (ms) Sger (m?[g) Vorg (cm®/g) dpyg (nm)
Y1 503 9 x10° 93 23 245+ 12 0.32 6.4
Y2 1116 21 x 10° 50 10 242+12 0.30 6.4
* Porosity characteristics for y-alumina.
Table 7
Characteristics of synthesized boehmites/aluminas and initial supersaturation.
Reagents addition time (min) Si £020 (NM) £120 (Nm) Sger (m?[g) Vong (cm?[g) dprg (nm)
6 1175 1.9 24 280+ 14 0.27 55
10 741 2.0 2.5 295+ 15 0.34 5.7
20 407 2.2 2.6 280+ 14 0.47 9.5
30 288 2.2 2.9 29115 0.63 111
240 51 2.7 4.1 292+15 0.73 7.8

£020 and &120 (+0.5 nm): boehmite crystallite size in the direction respectively (020) and (120) estimated by the Scherrer’s formula.

* Porosity characteristics for y-alumina.

3.5. Effect of feed time in double-jet stirred-tank precipitation

Main differences between double-jet stirred tank precipitation
and using micro-mixing device are the pre-mixing stage on the
one hand, and the reagent feed time on the other hand. This last
parameter has been studied here for reagent feed times from 6
to 240 min, for double-jet stirred tank precipitation.

In this device, feed time has an effect on supersaturation. The
local supersaturation near the zones where reagents arrive in the
vessel is not the same for different addition times. For a long addi-
tion time, droplets added in the vessel are more dispersed in the
vessel before the following droplets fall. Therefore, local supersat-
uration is lower in the feeding points than in the case of short addi-
tion time. Initial supersaturation S; after 5s of addition was
calculated for different addition times, considering a perfectly
mixed system (pH=9 at the end of simulation). The results are
presented in Table 7. Supersaturation decreased with an increased
feeding time. Considering constant vessel stirring, the faster the

addition, the slower the reagents are locally dispersed in water
and the higher supersaturation is. It is important to note that, in
reality, mixing is not homogeneous and supersaturation is differ-
ent in the vessel [33]. A perfectly mixed system is considered for
thermodynamic calculations, whereas in reality, supersaturation
is locally higher than calculated. In that case, initial supersatura-
tion for 6 min was higher than calculated and became closer to
micro-mixer supersaturation (S;=19,953).

Backscattering levels throughout precipitation are presented in
Fig. 13. Curves are plotted from the time when the transmission
level was equal to zero. The volume fraction ¢ was not the same
at time t between experiments and increased during precipitation.
For additional time from 6 to 30 min, BS increased. The slope is
higher for smaller addition times. For an addition time of
240 min, BS increased and then slowly decreased.

Boehmite crystallites sizes were obtained by XRD measure-
ments for each experiment (Table 7). Considering uncertainty of
Scherrer’s equation results, we see a trend: both &y and eja9
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Fig. 13. Temporal evolution of the backscattering relative intensity for different reagents addition time in a double-jet stirred tank device.

would increase with addition time. Two factors can explain these
results. The first could be ripening. In each case, all of the particles
did not have the same residence time in the vessel. The first parti-
cles formed in the vessel undergo a ripening phase compared to
the last particles precipitated, which can explain why particles
are bigger following the longest addition times. Another factor is
supersaturation. Initial supersaturation decreased with feeding
time. However, in accordance with the classical theory of nucle-
ation, higher supersaturation leads to higher number of formed
crystallites, to the detriment of growth.

Specific surface areas are equivalent for all experiments, consid-
ering instrument errors. However, mesoporous volume Vpyg signif-
icantly increased when increasing addition time. Mean pore
diameter dpy, increased and doubled for addition times from 6 to
30 min. For an addition time of 240 min, dyug is slightly lower
(dpHg = 7.8 nm).

Similar crystallite sizes are correlated with similar specific sur-
face areas. The differences met for Vpyg and d,pg are thus explained
by a different structuration of crystallites. For shorter addition
times, mesoporous volume was lower, showing a more compact
material. For an addition time of 240 min, dpyg did not follow the
same trend and was lower. This could be due to the ripening effect,
which is more important than in the other experiments.
Aggregates are smaller because they are more compact, explaining
the smaller mean pore diameter. Considering equivalent specific
surface areas between experiments, the pore number was much
higher for an addition time of 240 min since dpyg was smaller
but Ve was higher.

It is interesting to note that for a lower feeding time (6 min),
Vphe and dppg were closer to those of micro-mixers. This operating
condition corresponds to the highest initial supersaturation for
double-jet stirred tank experiments. Even though the true experi-
mental initial supersaturation for 6 min was not the one calculated
because of the not perfectly mixed medium, and is supposed to be
higher than calculated, it was still lower than micro-mixer super-
saturation. Moreover, we have seen in previous experiments that
mixing has no effect on aggregation for micro-mixer experiments,
possibly because of a sufficiently high supersaturation. The similar
porosity in terms of porous volume and mean pore diameter for
these both experiments confirmed that S;=1175 is a threshold
beyond which aggregation is the same, regardless of the operating
conditions.

Feed time, via supersaturation, has an effect on material poros-
ity. In the range of 6-30 min feeding, mesoporous volume and
mean pore diameter increased with addition time, due to the dif-
ferent aggregation of crystallites. For an addition time of
240 min, the trend was different and the mean pore diameter
was lower than expected, probably due to the ripening phase.

4. Conclusion

Precipitation of boehmite was studied in two devices,
double-jet stirred tank and micro-mixing (HR and Y), and the influ-
ence on operating conditions on the product quality was analyzed.
Precipitation kinetics were followed by multiple light scattering,
by considering backscattering levels.

The main differences of precipitation conditions performed in
the two devices are mixing and supersaturation level. Boehmite
obtained by micro-mixing, at high supersaturation, presents lower
specific surface area, mesoporous volume and mean pore diameter
than materials produces using the double-jet stirred tank, while
the crystallite size was similar for both boehmites. Aggregation
dynamics or mechanisms are then different, maybe at different
scales (primary crystallite, fibers), which could be directly due to
supersaturation.

Mixing in micro-mixer at isosupersaturation (feeding flow in
micro-mixer, stirring power, micro-mixer type) has no effect on
boehmite quality in the studied range.

Reagents feed effect was studied for double-jet stirred tank pre-
cipitation, where supersaturation levels are much lower than using
a micromixer. Supersaturation, via feeding rate, had an effect on
boehmite properties by increasing porosity at low supersaturation.

The similarities in quality between boehmite obtained at the
highest supersaturation in double-jet stirred tank and the one
obtained with micromixer would suggest that there is a supersat-
uration threshold value beyond which aggregation is blocked and
process operating parameters do not affect porosity anymore.

Turbiscan On Line allowed characterizing the differences
between objects in suspension during precipitation operation,
and constitutes a powerful sensor to follow precipitation process.
It presents the advantage of giving a signature of the aggregation
state of the particles before the filtration-washing-drying steps
which can change this aggregation.
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