
Vol.:(0123456789)1 3

International Nano Letters (2018) 8:189–199 
https://doi.org/10.1007/s40089-018-0244-4

ORIGINAL ARTICLE

Toward enhancement of rotating packed bed (RPB) reactor for  CaCO3 
nanoparticle synthesis

Majid Emami‑Meibodi1 · Mojtaba Soleimani2 · Soheil Bani‑Najarian2

Received: 30 August 2017 / Accepted: 31 July 2018 / Published online: 11 August 2018 
© The Author(s) 2018

Abstract
Intensification of  CaCO3 nanoparticle production process through RPB is investigated in this work. More controllability 
attainment for a process is one of the objectives in the process intensification. Therefore, the study of the affecting factors on 
quality and quantity of the produced nanoparticles is very important. The suitable device was designed and manufactured for 
 CO2 and Ca(OH)2 reaction and crystallization in the nanoparticle form. The effect of packing type, rotating speed, gas and 
liquid flowrates was studied on the reaction time, the precipitation amount and the particle size in the liquid phase, accord-
ing to the analysis of experiments designed based on the standard method. The results showed that the obtained particles in 
the system equipped with the Saddle type packing have smaller size compared to the system equipped with Pall type one. 
A theoretical model has been proposed to estimate the intermediate species, supersaturation, induction time and theoretical 
precipitation amount. The model implies that pH 11.4 is the best condition to have higher product rate. In addition, a new 
residence time distribution model for the recycled systems is proposed and experimentally evaluated for the setup.

Keywords Calcium carbonate · Nanoparticle · RPB · RTD · Higee · pH

Introduction

The term of “process intensification” is referred to special 
improvements of different processes regarding the process 
flexibility, product quality, speed to market and inherent 
safety in order to reach smaller equipment, higher efficiency 
or less environmental problems. Higee, in which gravity is 
replaced by a centrifugal force, is categorized as a process 
intensification that has been used in various processes such 
as distillation, chemical reactions and nanoparticle produc-
tion. The height of transfer unit of the RPB is low and the 
efficiency of mass transfer and micromixing can be up to 
1–3 orders of magnitude larger than that in a conventional 
packed bed, exhibiting prominent process intensification 
characteristics [1, 2]. Different geometry and improve-
ments on rotating reactor have been reported [3]. Nano-fib-
ers of aluminum hydroxide,  TiO2, silver, CuO, magnesium 

carbonate, ZnO,  Fe3O4 and drug nanoparticles are some of 
the nanoparticles produced by Higee [4–13]. Uniform, small 
particles were produced in the RPB due to the presence of 
a sharp supersaturation interface accompanied by the very 
short liquid residence time in the device [14]. Also, it is 
expected to have more control over the product quality and 
quantity through various adjustable factors of RPB as will 
be discussed in this work.

Calcium carbonate is used in the bioinspired compos-
ites, thermoplastics and rubbers to improve the modulus 
and heat stability, as a filler in the paper, etc. [15–18]. Cal-
cium carbonate nanoparticles have been observed to be bio-
compatible for use in medicine, pharmaceutical industries, 
and drug delivery systems [19]. Various reactions can be 
applied for  CaCO3 production including  Na2CO3 + CaCl2, 
 (NH2)2CO + CaCl2 with the assistance of  MgCl2 or 
Ca(OH)2 + CO2 [14, 20, 21]. Synthesis of  CaCO3 nanopar-
ticles through the last reaction using RPB reactor has been 
investigated by some authors, especially Chen et al. [11, 13, 
14, 22].

The effects of the radial thickness of packing, liquid 
flow rate and rotating speed on the product particle size 
were investigated for  BaSO4 precipitation in RPB. The 
results indicated that the mean particle size of precipitates 
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decreases with the increase of rotating speed and liquid flow 
rate [23]. Experiments using an RPB with blade packings 
and static baffles show that pressure drop increased as the 
gas flow rate and rotational speed increased and was not 
significantly affected by liquid flow rate. The mass transfer 
coefficient increased as gas flow rate, liquid flow rate, and 
rotational speed increased [24]. Calculation of RTD of RPB 
showed that it is equivalent to two mixed tanks in series 
and the related RTD varies with liquid flow rate and rotat-
ing speed nevertheless gas flow has no influence on liquid 
flow distribution [25]. The RTD analysis showed that the 
flow pattern became closer to plug flow with an increase of 
spinning speed and flow rate for an innovative enzymatic 
reaction intensification technology called the spinning cloth 
disc reactor (SCDR) [26]. Yang et al. studied mixing at the 
molecular scale (micromixing) using the diazo-coupling 
test reactions in a horizontal-axis RPB and iodide–iodate 
test reactions in a vertical-axis RPB. They defined segre-
gation index (0 < XS < 1) where XS = 0 and XS = 1 indicate 
maximum micromixing and total segregation, respectively. 
They concluded that Xs decreases distinctly with increasing 
rotational speed but decreases slightly as the augment of 
flow rates and RPB has a distinct advantage in improving 
micromixing efficiency [27].

The study of reaction crystallization is more difficult than 
that of classical crystallization because the crystal genera-
tion depends on the chemical reaction, crystallization, and 
mixing, which all have their kinetics [28]. For example, the 
kinetics of crystallization of calcium carbonate was stud-
ied by following the changes in pH of solutions of  CaCI2, 
 NaHCO3 and NaOH in the presence of calcite seed crystals 
and 24 variables were determined using an iterative calcula-
tion procedure on the independent equations [29]. Recently, 
the kinetics of calcium carbonate crystallization have been 
studied in various fields [30–33].

Calcium carbonate is found naturally as the following 
polymorphs: aragonite (orthorhombic form), calcite (hex-
agonal crystal) and vaterite that the structure of calcite is the 
most common mineral. Aragonite is formed if precipitation 
is carried out at a temperature approaching the boiling point 
of water (higher than 85 ℃), whereas when precipitation 
is carried out at room temperature, only calcite is resulted. 
Vaterite is formed by precipitation at 60  ℃ [34]. Usually, 
high supersaturation favors the formation of vaterite and 
dendritic aragonite which is easily agglomerated to form 
a rosette particle morphology. On the other hand, calcite 
nucleates at mild supersaturation and moderate temperature 
as rhombohedron. However, the crystal forms of sparingly 
soluble salts produced by the primary mechanism are diffi-
cult to control. Operating conditions, such as solution com-
position, pH, temperature, additives and agitation speed, 
are important factors [35]. Among the various polymorphs, 
calcite is thermodynamically stable and can be synthesized 

with various morphologies: rhombohedral or cubic, scale-
nohedral or rosette and colloidal. The polymorph aragonite 
is metastable and has a needle-like or whisker shape mor-
phology [36]. Throughout the whole temperature range of 
the diagram, calcite is stable, both aragonite and vaterite are 
metastable, and aragonite is more stable than vaterite [37].

In this work, an RPB for production of  CaCO3 nanoparti-
cles was manufactured based on the reaction of Ca(OH)2 and 
 CO2 and the effect of various factors including packing type, 
rotating speed, gas and liquid flowrates was studied on vari-
ous responses including reaction time, precipitation amount 
and particle size in the liquid phase. In addition, a simple 
kinetic model and also a suitable RTD model are proposed.

Experiments

An experimental setup as depicted in Fig. 1 is used for the 
production of  CaCO3 nanoparticles. The RPB reactor (Stain-
less steel 307) as shown in Fig. 2 consists of three sections 
including a (1) stationary part that is an SS-307 cover (length 
100 mm and diameter 200 mm) with inlet and outlet of gas 
and liquid (each one is 1/8 in. pipe with length 100 mm); 
(2) a rotating part that rotates with a motor in the range 
of 3000–4000 rpm and consists of a grating form vessel 
(inner diameter 50 mm, outer diameter 150 mm) containing 
packings and (3) a distributer that is a pipe (length = 48 mm, 
width = 1 mm) with fine holes for spraying the feed. The 
extent of the reaction progress is measured by the pH (via 
a digital pH meter, AZ instrument, China, with the preci-
sion equal to 0.1) of the output solution from RPB. Every 
experiment was terminated at neutralization condition (pH 
about 7). The reaction time is measured by a chronometer 
with the precision of 0.01 s. The electrical conductivity 

Fig. 1  A schematic diagram of the experimental setup including gas 
cylinder, feed tank, RPB reactor, pump, gas and liquid flowmeter
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(EC) to determinate RTD is measured using a conductivity 
pen (AZ instrument, China). The size of the particles in the 
final product was measured by the analysis of FESEM (Field 
Emission Scanning Electron Microscopy) figures as reported 
by the Nano Electronic laboratory of School of Electrical 
and Computer Engineering of the University of Tehran. The 
precipitation amount was weighted by a balance with the 
precision of 0.01 g. The applied packings were polypropyl-
ene Pall type and ceramic Saddle type.

The carbon dioxide gas was supplied with the 40 kg  CO2 
cylinder from Orsa Gas Co. with the purity of 98% and the 
applied Ca(OH)2 feed (4.5 L) was produced via mixing of 
lime (7.155 g CaO for 4.5 L feed from a local mine) and 
water in the continuously stirred feed tank (a polyethylene 
vessel with the dimensions of 40 × 40 × 15 cm) during the 
experiments. The required KCl (Potassium chloride) for 
RTD experiments is supplied from Dr. Mojallali industrial 
chemical complex, Iran.

Here with the assumption of the existence of curvature 
in the response surface, Box-Behnken Design (BBD) was 
selected to study the effect of three factors as: (1) rotating 
speed in the range of 3000–4000 rpm, (2) gas flow rate in 
the range of 3–5.5 L/min and (3) liquid flow rate in the range 
of 3–9 L/min on three responses including (1) reaction time 
(the time to reach pH 7), (2) precipitation amount and (3) 
particle size in the liquid phase. All experiments were done 
for Pall and Saddle type packings.

In a typical experiment, the affecting factors (motor 
speed, gas and liquid flowrates) were adjusted at prescribed 
values. The specified flow rate (measured by KSK—All-
Plastic Low-Flow Flowmeter, KOBOLD, Germany) of the 
feed was pumped to the RPB via a pump (CS-0720B-CSE, 
Gear pump, Korea) through the distributer beside the injec-
tion of  CO2 and recycled to the feed tank. During the reac-
tion with the  CO2, the suspension pH was reduced from 
about 13–7. The suspension pH values against time were 
read online and when the neutralization condition was 
reached, the precipitation amount was weighted and 250 mL 

of the liquid product was taken for FESEM analysis. The 
laboratory expert evaporates the water of 1 mL of the sample 
for FESEM analysis and gives us the range of nanoparticle 
size as reported in Tables 1 and 2.

The proposed model

Based on the inspiration from the work of Wiecher et al. 
[29], it is proposed that the following nine equations can 
be used to estimate the concentration of nine species that 
are probably the intermediates of the reaction Ca(OH)2 
with  CO2. The calculations are explicit unless in the case 
of activity factor for monovalent and divalent ions (fM and 
fD, respectively). The estimated concentrations are used 
to evaluate theoretical solid formation amount, induction 
time and supersaturation as will be explained in this sec-
tion. The input data are pH at the specified time (measured 
by pH meter) and total calcium in the system (TCa equal 
to the moles of initial used CaO). The values of fM and fD 
depend on the species concentration; therefore, the guessed 
value at the beginning of the calculations is unity and opti-
mized to converge at a fixed value with an accepted error. 
The sequence of calculations for nine species is as follows:

1. Calculate the concentration of  H+

2. Calculate the concentration of  HO−

3. Calculate the concentration of  HCO3
− and

4. Ca2+ from a set of two equations derived using the con-
servation of total calcium and neutrality conditions as

(1)
[
H+

]
=

10 - pH

fM

(2)[HO−] =
Kw[

H+
]
f 2
M

Fig. 2  The inside and outside 
view of the RPB as main sec-
tion of the experimental setup
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Table 1  The experimental data 
for Saddle type packing

The experimental error is described in the main text

Test No. Rotating 
speed [rpm]

Gas flow rate 
[L/min]

Liquid Flow 
rate [L/min]

Reaction 
time [s]

Precipitation 
amount [g]

Particle size in the 
liquid phase [nm]

1 3000 3 6 260 0.04 46–60
2 3000 5.5 6 303 — —
3 4000 3 6 270 0.03 37–70
4 4000 5.5 6 300 0.24 60–135
5 3000 4.25 3 290 0.04 65–109
6 3000 4.25 9 275 0.1 104–1500
7 4000 4.25 3 450 0.14 24–125
8 4000 4.25 9 389 0.06 64
9 3500 3 3 212 0.11 53–149
10 3500 3 9 391 0.11 28–72
11 3500 5.5 3 439 0.07 94–97
12 3500 5.5 9 421 0.05 36–146
13 3500 4.25 6 481 0.08 46–137

Table 2  The experimental data 
for Pall type packing

The experimental error is described in the main text

Test No. Rotating 
speed [rpm]

Gas flow rate 
[L/min]

Liquid Flow 
rate [L/min]

Reaction 
time [s]

Precipitation 
amount [g]

Particle size in the 
liquid phase [nm]

14 3000 3 6 430 0.07 78
15 3000 5.5 6 421 0.09 78–193
16 4000 3 6 320 0.24 1000–5000
17 4000 5.5 6 254 0.08 73–144
18 3000 4.25 3 431 0.06 40–97
19 3000 4.25 9 361 0.07 600
20 4000 4.25 3 500 0.08 1000–3000
21 4000 4.25 9 380 0.06 36–138
22 3500 3 3 366 0.11 1000–5000
23 3500 3 9 330 0.07 78–154
24 3500 5.5 3 481 0.05 79–142
25 3500 5.5 9 437 0.09 48–115
26 3500 4.25 6 367 0.04 1000–5000

5. Calculate the concentration of  CaOH+

6. Calculate the concentration of  H2CO3

(5)
[
CaOH+

]
=

fD

KCaOH

[HO−]
[
Ca2+

]
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8. Calculate the concentration of  CaHCO3
+

9. Calculate the concentration of  CO3
2−

where the K values are taken as thermodynamic equilibrium 
constants as follows:

and T is the absolute temperature in Kelvin. The ionic 
strength of solution is defined as:

and activity factor for monovalent and divalent ions derived 
through

(7)
[
CaCO3

]
=

K2fD

KCaCO3

[
Ca2+

][
HCO−

3

]
[
H+

]
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K
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3
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3
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][
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K
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3
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][
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(9)
[
CO2−

3

]
=

K2

fD

[
HCO−

3

]
[
H+

]

(10)
H+ + HO−

→ H2O − log(Kw)

= 4787.3∕T + 7.1321 log(T) + 0.01037T − 22.801

(11)
H2CO3 → H+ + HCO−

3
− log(K1)

= 17052∕T + 215.21 log(T) − 0.12675T − 545.56

(12)
HCO−

3
→ H+ + CO2−

3

− log(K2) = 2902.39∕T − 0.02379T − 6.498

(13)
Ca2+ + CO2−

3
→ CaCO0

3
− log(KCaCO3

)

= −3.2 − 684.886(1∕T − 1∕298.15)

(14)
Ca2+ + HCO−

3
→ CaHCO+

3
− log(KCaHCO3

)

= −1.26 − 1385.309(1∕T − 1∕298.15)

(15)
Ca2+ + HO−

→ CaOH+ − log(KCaOH)

= −1.299 − 260.388 (1T − 1∕298.15)

(16)
I = 0.5

∑
i

Z2
i
Ci = 0.5

([
H+

]
+ [HO−] + 4

[
Ca2+

]

+4
[
CO2−

3

]
+
[
HCO−

3

]
+
[
CaHCO+

3

])

(17)− log
(
fM
)
= 0.51F(I)

(18)− log
(
fD
)
= 2.04F(I)

where F(I) = I
� √

I

1+
√
I
− 0.3I

�
 . The corrected fM and fD are 

used to recalculate the concentration of nine species and this 
work is repeated to have stationary values. Here, the follow-
ing relation is checked to have stationary values

The solubility of calcite, aragonite and vaterite in  CO2–H2O 
solutions between 0 and 90 °C has been correlated [38]. 
Here, the solubility product proposed by Langmuir is used 
[29].

where − log
(
Ksp

)
= 0.01183T + 8.03 and T in this equation 

is temperature in Celsius. Similarly, the concentration prod-
uct at equilibrium can be written as Kc =

Ksp

f 2
D

 and the equi-

librium concentration as C ∗=
√
Kc . In addition, supersatu-

ration is defined as S =
[Ca2+][CO2−

3 ]
Kc

 [28].

Saturation index (SI) indicates  CaCO3 precipitation or 
dissolution tendencies and determines whether the solution 
is oversaturated, saturated, or undersaturated concerning 
 CaCO3. A positive SI connotes a water oversaturated concern-
ing  CaCO3; a negative SI signifies undersaturated water and 
SI of zero represents water in equilibrium with  CaCO3. It is 
defined as:

where  pHs is pH of the water if it were in equilibrium with 
 CaCO3 at the existing calcium ion  [Ca2+] and bicarbonate 
ion  [HCO3

−] and according to Eq. (21) is calculated as:

where p preceding a variable designates − log of that vari-
able [39]. It should be mentioned that for the derivation of 
Eq. (22) from Eq. (21), the relation of pfD = 4pfM is used 
according to Eqs. (17, 18). It is assumed that only  CaCO3 is 
precipitated during this process and precipitation of  CaCO3 
results in a reduction of  [Ca2+] and other species except  H+ 
and  HO− (because the calculations are performed at the 
specified pH values) in the solution. Therefore, in this work 
for precipitation amount calculations, at first the calculated 
 [Ca2+] is denoted as Ca2+

0
 , then if pH—pHs > 0.1 (the preci-

sion of pH meter), the new compositions are estimated as:

(19)
|||||
f new
M

fM
− 1

|||||
+
|||||
f new
D

fD
− 1

|||||
< 10−2

(20)
[
Ca2+

][
CO2−

3

]
f 2
D
= Ksp

(21)SI =

[
Ca2+

][
CO2−

3

]
f 2
D

Ksp

= pH − pHs

(22)pHs = pK2 − pKsp + p
[
Ca2+

]
+ p

[
HCO−

3

]
+ 5pfM

(23)
[
Ca2+

]
=
[
Ca2+

]
(1 − �)
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where infinitesimal conversion of dissolved  [Ca2+] to precip-
itated  [CaCO3] is assumed as � = 10−4 . It is noteworthy that 
during the calculation the condition of 

[
CO2−

3

]
−
[
Ca2+

]
� ≥ 0 

should be satisfied. The theoretical precipitation amount at 
each pH in mol/L will be

The calculation of precipitated amount is started at initial 
high pH and continued for next lower pH values by replac-
ing TCa,i = TCa,i−1 − Preci; where i is related to descending 
pH values and the final theoretical precipitation amount is

where V is the volume of suspension and Mw∙CaCO3 is the 
molecular weight of calcium carbonate. In this work, the 
related MATLAB program is written to perform the above-
mentioned algorithms.

RTD model for the recycled batch system

A schematic setup to establish the model for RTD of the 
recycled batch system is presented in Fig. 3. Without loss 
of generality, it is assumed that the volume of pipes is 
negligible and a vessel with the capacity of V [L] repre-
sents the lumped volume of the system and v [L/min] of 
pure water is recycled to the system. At t = 0, M [mol] of 
a tracer like KCl is introduced at the entrance of the ves-
sel. The vessel is not perfectly mixed and the solution has 
a concentration gradient. However, the mean concentra-
tion of the tracer in the vessel (a time-dependent value) is 
denoted by C(t). Since the volume of pipes is negligible, 
all the output tracer at time t will be instantly added to 

(24)
[
CO2−

3

]
=
[
CO2−

3

]
−
[
Ca2+

]
�

(25)
[
CaOH+

]
=

[HO−]

KCaOH

[
Ca2+

]
fD

(26)
[
HCO−

3

]
=
[
CO2−

3

]
fD

[
H+

]
K2

(27)
[
H2CO3

]
=
[
H+

][
HCO−

3

] f 2
M

K1

(28)
[
CaCO0

3

]
= K2fD

[
Ca2+

][
HCO−

3

]

KCaCO3

[
H+

]

(29)Prec = Ca2+
0

− Ca2+

(30)mprec = VMw⋅CaCO3

∑
i

Preci

input flow (not to vessel, the tracer will enter the ves-
sel during � ) and the mass balance on the vessel can be 
expressed as:

By defining � =
V

v
 and C0 =

M

V
 and integration on time for 0 

to t that matches to concentration 0 to C, the relation of C(t) 
can be obtained as:

The relation for RTD can be expressed as:

Results and discussion

It is assumed that at the end of the process the liquid and 
precipitated phases mainly consist of smaller and bigger 
particles, respectively. Therefore, because the main goal 
of this work is the investigation on the nanoparticles, the 
particle size in the liquid phase was only studied (the par-
ticle size in the precipitated phase was not considered) and 
it can be noted that lower amount of precipitation is more 
favorable. Table 1 represents the experimental data of dif-
ferent responses at the design conditions for the Saddle type 
packing and Table 2 shows the same data for the Pall type 
packing. The last columns of these tables show the range of 
particle size according to the analysis of FESEM figures. For 
example, Fig. 4 shows the FESEM figures of two samples. 
Since except packing type, other experimental conditions of 

(31)V
dC

dt
=

vM

V

(32)F(t) =
C(t)

C0

=
t

�

(33)E =
dF

dt
=

1

�

Fig. 3  Schematic setup for RTD model
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Table 1 are repeated in Table 2, the effect of the packing type 
on each response (reaction time, precipitation amount or par-
ticle size in the liquid phase) can be evaluated through the 
paired comparison of the data in the corresponding columns. 
The calculated p value in the case of reaction time is 0.08 
and in the case of precipitated amount is 0.87. Therefore, at 
reasonable level of significance (0.05 as the default of the 
function t test() in MATLAB), the type of packing cannot be 
considered to be effective on the reaction time and does not 
disturb the precipitation amount in this process. As a result, 
it can be reasonable to consider the column of reaction time 
in Table 2 as the repeated experiments of the corresponding 
column in the Table 1 and this conclusion will be consistent 
in the case of precipitation amount as well. However, accord-
ing to this statistical model particle size relates (mean parti-
cle size is considered) to packing type. The mean size of the 
particles produced through RPB equipped with Saddle type 
packing is significantly smaller compared to the setup with 
Pall type packing. Table 3 shows the p values of different 
factors on the reaction time as well as precipitation amount 
regardless of the packing type effect. According to this table, 
neither factors -in the studied ranges- have significant effect 
on the considered responses. However, it can be said that 
omitting the liquid flow effect is more reasonable compared 
to the other factors. This conclusion is acceptable since the 
system is semi-batch type and the liquid flow will only have 
the mixing effect that is compensable with the high rotating 
speed. In addition, according to a similar statistical analysis, 
the effect of all the studied factors on particle size can be 
ignored for saddle as well as pall packing. Nevertheless, the 
mentioned conclusions are limited to the range of the factors 
of the experimental setup and the results will be probably 
changed if a pilot scale with wider range of factors is used. 
This assumption verified by fitting a second-order response 
surface to the reaction time of saddle type packing loaded 
RPB versus two main factors (rotating speed and gas flow 
rate). Although the adjusted R2 statistic of this model is as 
low as 0.57, its p value of the test for significance of regres-
sion is 0.006 and implies that at least one factor contributes 
significantly to the model.

The proposed model is used to evaluate total carbonate 
species according to

As Fig.  5 shows the total concentration of carbonates 
increases by decreasing of pH in accordance with the injec-
tion of  CO2 during the reaction, although in the model only 
the values of TCa and pH are used to estimate other spe-
cies. According to this figure, the solution of  CO2 is higher 
at some ranges of pH values (pH > 12, 9.5 < pH < 11 and 
7 < pH < 7.5). Figure 6 shows equilibrium concentration and 
supersaturation against pH. The maximum value of C* and S 
is related to pH 11.4 and theoretically implies that a process 
with pH control around 11.4 will result in higher product 
amount. The relation of C* to pH at constant temperature 
and Ksp is due to relation of fD to pH. The calculations of 
Figs. 5 and 6 were accomplished for initial 7.155 g of CaO. 
The pH of maximum supersaturation has a week relation to 
initial amount of CaO, e.g., for CaO initial amount in the 
range of 6–9 g, the pH of maximum S varies between 11.33 
and 11.42. However, the values of maximum S for CaO 
initial amount of 6 and 9 g are, respectively 9.1 × 104 and 
1.8 × 105(the figure does not show here). The induction time 
that is the time in which supersaturation start to decrease and 
the crystallization starts on an observable level [28] may be 
matched to pH of 11.4 according to the theoretical modeling 
in this work. Although it varies for different experiments of 
Tables 1 and 2, a typical value is about 20 s according to the 
data of pH against time (do not presented here). Figure 7 
shows the final theoretical precipitation amount of  CaCO3 

(34)
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3
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2
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3

]
+
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3
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3
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]
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3
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Fig. 4  FESEM figures of the 
produced nanoparticle related 
to a Test No. 1 of Table 1 for 
Saddle type packing and b Test 
No. 26 of Table 2 for Pall type 
packing

Table 3  The p value of different factors on different responses

Factors Responses

Reaction time [s] Precipita-
tion amount 
[g]

Rotating speed [rpm] 0.3585 0.1887
Gas flow rate [L/min] 0.1359 0.5548
Liquid flow rate [L/min] 0.789 0.9528
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according to Eq. (30) for Test No. 1 of Table 1 and Test No. 
26 of Table 2. It can be concluded that after about 100 s the 
chemical reaction is nearly completed and then the crys-
tallization process without chemical reaction prevails the 
amount and size of the precipitated  CaCO3. In addition, low 
values of experimental precipitation amount compared to 
theoretical ones imply that the most of the produced solid 
particles remain in the liquid phase having nano-size scale.

In this work, KCl is used as a tracer for RTD study and 
its concentration is estimated using its relation with EC. 
The relation is obtained by a separate experiment and since 
the EC of pure water is 340 �S

cm
 , it should be subtracted from 

the measured EC of prepared solutions in the range of 
CKCl = 0.05–0.15 mol/L. The fitted line obeys the following 
relation:

(35)EC ∗= 110597CKCl; R
2 = 0.93

where EC* is the measured electrical conductivity in �S∕cm 
minus 340. The RTD experiments were done without gas 
flow and under 3000 rpm and 3.5 L/min of liquid flow. The 
initial KCl was added thoroughly in order to run a pulse 
experiment and to have the following relation:

Figure 8 compares the experimental RTD of the system 
equipped with pall and saddle packings and theoretical RTD 
proposed in this work for recycled batch system in addition 
to RTD of plug and mixed flow. According to this figure, 
the proposed model is the best one for RPB, unless the first 
point of the experimental data. The deviation of model at 
the beginning of the test can be attributed to experimental 
measurement procedure. According to the derivation of the-
oretical RTD, the mean concentration of tracer in the vessel 

(36)Ei = E
�
ti
�
=

Ci∑
i CiΔti

=
ECi∗∑

i ECi ∗ Δti

Fig. 5  The total concentration 
of carbonates against pH

Fig. 6  The equilibrium concen-
tration (C*) and supersaturation 
(S) against pH
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should be obtain in order to calculate RTD. However, in this 
work the EC of output flow from vessel was measured. The 
associated error will be maximum at the beginning and will 
tend to zero at the end of the experiment. The analysis of the 
experimental data shows that although � = 77s , for pall type 
packing the mean residence time of the system is t̄ ≈ 75s and 
for saddle type t̄ ≈ 89s . The difference between two packing 
type can be related to the actual free volume and overpre-
diction of the model may be attributed to the experimental 
errors and numerical integration in the Eq. (36).

Conclusion

According to the experimental data of  CaCO3 nanoparticle 
production via RPB in this work, packing type has the sig-
nificant effect on particle size but gas flow rate and rotating 

speed should be investigated in the wider ranges. A simpler 
and more explicit model for determination of intermediates 
is proposed for the reaction of  CO2 with Ca(OH)2 compared 
to previous ones. According to this theoretical model, pH 
11.4 is proposed to obtain more products. An RTD model is 
proposed and test for RPB reactors.
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posed in this work for recycled 
batch system in addition to RTD 
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