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Abstract: Sorption is often carried out in stirred batch reactors without any consideration of how
much mixing is sufficient to avoid the effect of diffusion without compromising yield and cost
due to overmixing. Therefore, the focus of this work was to study how the maximum sorption
capacity, removal efficiency, kinetics and power consumption (P) of the studied process are affected
by different mixing speeds, i.e., impeller speed /minimum impeller speed for complete suspension
(N/Njs) ratio values and zeolite suspension mass concentrations. Experiments were conducted in a
baffled reactor with the propeller at a standard off-bottom clearance. In addition to the experimental
studies, numerical modelling approaches were carried out to investigate the sorption process using a
transient multiphase computational fluid dynamics model and fitting selected kinetic models. The
results show that an increase in zeolite mass leads to a slight increase in the Njs and consequently Pjs,
The impeller speed affects the velocities, power consumption, kinetics, final amount and removal
efficiency of copper sorbed. The experimentally determined kinetic data fit Ritchie’s kinetic model
well. However, for two experiments, performed at N/Njs ratios of 0.8 and 0.6, Mixed kinetic model
fits better, suggesting that the second-order reaction is suppressed by diffusion. Due to the influence
of diffusion, the experimentally determined sorption efficiency decreased from 59.377% to 54.486%
and 46.372% for N/ Njs ratios of 0.8 and 0.6, respectively.

Keywords: zeolite; sorption kinetics; propeller; computational fluid dynamics

1. Introduction

Pollution of the environment by heavy metal ions, such as copper, cobalt or nickel,
is a severe problem since metals do not degrade into harmless end products but tend to
accumulate in the environment [1]. Contamination of water and wastewater with heavy
metals is the result of various activities such as metal plating, mining and agriculture [2].
Standard techniques for the heavy metal ions removal from aqueous effluents include
precipitation, electroplating, evaporation, membrane separation and sorption [3,4]. Number
of research studies have been conducted to study the removal of metals, including copper,
from the environment. Often these studies are based on the metal sorption on various
sorbents such as clays, composite carbon-silica, magnetic materials, fly ash and synthetic or
natural zeolites [1,2,5,6].

Zeolites are a very diverse group of aluminosilicate materials. According to Interna-
tional Zeolite Association (IZA), there are 228 different zeolite frameworks but only a few
have the industrial application [7]. Synthetic zeolites are not only used as sorbents, but also
to produce environmentally friendly catalysts. The advantage of zeolites as catalysts is that
their properties can be modified during or after synthesis [8]. One of the post-synthesis
zeolite treatments is sorption.
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When a reaction system consists of more than one phase, the reaction and mass transfer
processes interact. These interactions are governed by the relative rates of the reaction
and mass transfer. In some cases, the overall reaction is mass transfer rate controlled,
and in some reactions is kinetics controlled [9]. Previous investigations of the sorption
process kinetic, in a batch reactor, show that its kinetics, as in all heterogeneous processes,
can be controlled by film diffusion, intraparticle diffusion or sorption [10,11]. As in most
solid-liquid processes the main goal of phase contact is to maximize the available surface
area of particles for mass transfer or reaction. This can be accomplished by optimizing
hydrodynamic conditions, i.e., it is important to provide enough agitation to suspend all
particles and prevent their accumulation at the bottom of the reactor. Under these condi-
tions, the system state can be classified as “just off-bottom suspension or just-suspended”,
Njs [12]. Many researchers have been dedicated to the task of determining the parameters
that affect the minimum rotational speed required to achieve Njs. It has been found that
Njs depends on several variables such as solid concentration, particle density, and mean
particle diameter, but also on the hydrodynamic conditions in the reactor, which depend on
the geometric configuration of the vessel and the impeller used [13-15]. In general, it is op-
timal to work under just suspended conditions, but some processes, such as crystallization
require a high degree of suspension and for others a partial suspension is sufficient [12].

According to the literature, despite the importance of hydrodynamic conditions for
sorption in batch reactors this effect has received insufficient attention. Apart from a few
articles, the effect of mixing parameters on sorption kinetics is studied only in terms of
mixing speed, neglecting all other variables related to hydrodynamics in a batch reac-
tor [2,16-19]. To avoid film diffusion as a rate-determining step in sorption processes, the
boundary layer surrounding the particles needs to be greatly reduced [20]. It is obvious
that at higher impeller speeds, the degree of suspension and mass transfer increases, but
the higher speed also results in higher power consumption. In the literature, some authors
suggested using sufficient or “almost complete” instead of “complete” suspension because
the impeller speed needs to be much higher to lift a statistically insignificant number
of particles (the last 2%) from the vessel bottom. The impeller speed between “almost
complete” and “complete” off-bottom suspension can increase from 20-50% which greatly
increases power consumption [21]. To avoid problems with product yield and cost, it is
necessary to find the optimum settings for mixing and maintaining the sorption process
under these settings [12].

Various impellers that can be used to suspend solid particles can create axial, mixed or
radial fluid flow. Axial flow impellers, such as propeller, create a flow pattern throughout
the entire reactor volume in a single stage. These impellers used in reactors with baffles
have been found to have higher performance in suspending solids [22,23]. However, the
expected type of flow may differ due to the rotational speed and/or geometric configuration
of a reactor and the impeller used [24].

To achieve complete solid suspension at lower impeller speeds, axial impellers are
usually a better choice. Thus, the aim of this work was to find out how a propeller,
placed at a standard position at different N/Njs ratios and sorbent masses affects the
efficiency of copper (I) ions sorption. Since the flow may differ for the reasons mentioned
above, a transient multiphase computational fluid dynamics (CFD) model was used to
gain valuable insight into developed flow and velocities. Additionally, the effects of
mixing on process kinetics and cost cannot be ignored. For these reasons, in addition
to experimental investigation of the efficiency of copper (II) ion sorption, this research
includes numerical modelling concepts for the kinetics and the cost-effectiveness efficiency
of various hydrodynamic conditions.

2. Materials and Methods
2.1. Material and Chemicals

Synthetic zeolite NaX (Alfa Aesar, Thermo Fisher Scientific, Karlsruhe, Germany) with
Si:Al ratio 1.2:1 was sieved and crushed to produce particles ranging in size from 0.063
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to 0.090 mm. Solutions containing copper (II) ions were prepared with Cu(NO3),-3H,0
(Kemika, Zagreb, Croatia) and ultrapure water. The initial concentration of the solutions,
and the solution samples concentrations taken from the reactor during the experiments,
were determined by Perkin Elmer Lambda 25 UV/V is spectrophotometer (Perkin Elmer,
Waltham, MA, USA).

2.2. Batch Reactor

All experiments were performed in an uncovered glass batch reactor (Figure 1a) with
four baffles arranged at a 90° angle around the reactor periphery [2,16,17]. The batch reactor
geometry parameters are listed in Table 1. The ratio between the diameter of the propeller
and the diameter of the batch reactor, D/dt, was 0.46
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Figure 1. Design details of batch reactor (a) and propeller (b) (dr—internal batch reactor diameter
(m), H—suspension height (m), C—bottom clearance (m), Ry—baffles width (m), x—angle (°), D—
impeller diameter (m), D,—outer impeller hub diameter (m), Di—inner impeller hub diameter (m),
a—impeller hub height (m), w—Dblade height (m)).

Table 1. Batch reactor and impeller geometry characteristics.

Batch Reactor Propeller Agitator

Impeller pumping, downwards
4 blades
Propeller diameter, D = 0.065 m
Outer impeller hub diameter, D, = 0.14 dt
Inner impeller hub diameter, D; = 0.07 dt
Hub height, a = 0.21 dt
Blade height, w = 0.11 dt
Nominal pitch = 0.085 m
Expanded blade area ratio = 0.518
Skew angle = 12.3°

Internal batch reactor diameter: dy = 0.14 m

Suspension height, H = dt
Off-bottom clearance, C/H = 0.33
Baffles width, Ry = 0.1 dt
Angle, oc = 45°

The impeller design (Figure 1b) is based on the standard B-series propeller geometry
with four blades, i.e., the Wageningen B 4.51 series. The propeller geometry parameters are
listed in Table 1, according to the procedure described in [25]. After the propeller geometry
was created, the thickness of the suction side of the blades was increased to 1.2 mm, while
the pressure side of the blades was deleted. The thickness of the blades had to be fixed at
1.2 mm to enhance structural rigidity since the geometry had to be 3D printed (Creality



Processes 2023, 11, 264

40f13

CR-3040 Pro, Shenzhen Creality 3D Technology Co., Ltd., Shenzhen, China) with PLA
(polylactic acid) filament, and to minimize the deformation of the blades during operation.
The 3D printed geometry was realized using a 0.4 mm 3D printing brass nozzle, with the
layer thickness set to 0.2 mm, 100% infill and a printing speed of 0.15 m/s. The temperature
of the nozzle was set to 483 K and the retraction speed to 3 mm/s, to minimize stringing
and improve the quality of the 3D printed prototype for the specified PLA filament. The
temperature of the print bed was set to 333 K.

The impeller speed ensuring the state of complete suspension, Njs, was determined
using Zwietering’s visual method [13] and in detail explained elsewhere [2]. The calculated
average value of ten measurements was taken as the speed ensuring the state of complete
suspension. The experiments were performed as a function of zeolite mass. Three different
zeolite masses were used: m; = 10.50 g, my = 15.75 g and m3 = 21.00 g with corresponding
mass concentrations of zeolite suspension of 71 = 5.00 g/dm?, 7, = 7.50 g/dm? and
v3 = 10.00 g/dm?, respectively.

2.3. Computational Fluid Dynamics and Power Consumption

The transient multiphase computational fluid dynamics simulations of the suspension
flow in the baffled reactor and the system torques (7) at determined Njs and corresponding
impeller speeds (N/Njs equal to 0.6, 0.8 and 1.2, respectively) were performed using the
commercial software ANSYS Fluent v17.2 (ANSYS, Canonsburg, PA, USA) as described in
detail elsewhere [2].

For all impeller speeds and zeolite masses used in the experiments, the mixing power
consumption per suspension unit mass, P/m (W/kg), was calculated using the following

equation:
P 2mTN
— =T M

m m

where T represents torque (N m) and N impeller speed (rps), and m is mass of the suspen-
sion (kg).

2.4. Kinetic Experiments and Models Used

Experiments were performed in a batch reactor, and the initial solution concentration
(12.020 £ 0.099 mmol/dm?), volume (2.10 dm?) and temperature of the suspension (298 K)
were the same in all experiments. Two sets of kinetic experiments were performed. In
one, the effect of zeolite mass and in the other the effect of impeller speed on sorption
kinetics was studied. The first set of experiments was performed at found Njs for selected
zeolite masses (m1, mp and m3). The second series of experiments was performed with the
lowest selected zeolite mass (10.50 g), while the impeller speed varied from 0.6 to 1.2 N/Njs.
The suspension samples were always taken at the same point in the reactor during the
kinetic experiments and the solution was separated from zeolite by centrifugation and
filtration. The concentration of copper in these solutions was determined by UV /Vis
spectrophotometer. The amount of copper sorbed on the zeolite, g (mmol/g) and sorption
efficiency, R (%) were calculated as follows:

g = oV @

mz

R = (C0=0) 44 3)
co

where ¢ is the initial concentration of copper (II) solution (mmol/ dm?) att =0, c; is the
solution concentration (mmol/dm?) at time ¢, c3g is the solution concentration at the end of
the experiment (mmol/dm?), V is the initial volume of solution (dm?), and my is the initial

zeolite mass (g).
To test the experimental kinetic data, three types of kinetic models were used: diffusion-
based model (Weber-Morris), reaction-based model (Ritchie) and model combining dif-
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fusion and reaction (Mixed surface reaction and diffusion-controlled adsorption kinetic
model—Mixed model).

In general, a process is diffusion controlled if its rate depends on the rate at which
the sorbate diffuses through the film or particle. This possibility was investigated by
Weber—Morris model, which is expressed as follows:

g =kg 2+ 1 4)

where k; is the intraparticle diffusion rate constant (mmol/g min?/2), t is time (min), and I
is the intercept of the vertical axis (mmol/g) [26]. This intercept is used to study the effects
of diffusion mechanismes, i.e., film and intraparticle diffusion. When the Weber-Morris
plot of g; versus 1% gives a straight line through the origin, I = 0, intraparticle diffusion is
considered a rate-limiting step.

The reaction-based model used in this paper is Ritchie second-order kinetic model.
It is based on the assumptions that sorbate is sorbed at two reaction sites, and that the
sorption rate depends only on the fraction of unoccupied sites at time ¢ [27].

1
qt _qe<1_1+kyf) ®)

k; is the rate constant of the Ritchie model.
According to Mixed model, both diffusion and surface reaction play a crucial role on
rate-controlling step. The Mixed model is presented as:
(at+bt/2) 4
e
= Ae U elat+b 172y _ 1 (6)

where 1, = 1 — g—g, a=kco(u—1), b =2kcotp'?(u — 1), c, is the solution concen-
tration at equilibrium (mmol/dm3), ¢ is a parameter that defines the contribution of a
diffusion process on the rate of the adsorption (min) [2,16,17,28].

To evaluate the acceptability of the tested models, the root mean square error (RMSE)

was used [2]:

1 n
RMSE = \/n Y (i — qt_model,-)z @
i=1

where g is the experimental value of g¢, and g; 040 is the calculated value of g; at sam-
pling time.

3. Results and Discussion

To avoid slowing down sorption by film diffusion, maximum contact between particles
and solution and a minimum boundary layer around the particles is required. Thus, the
main objective of this work was to optimize the hydrodynamic conditions for the most
effective sorption process in the batch reactor by avoiding the appearance of dead zones,
allowing free movement of zeolite particles throughout the solution volume, and at the
same time to control costs. The most widely accepted compromise between these competing
demands is to operate the stirred tank at the lowest impeller speed possible for complete
off-bottom suspension, i.e., for just-suspended conditions (Njs) [21]. As a result, such a
parameter was considered crucial for the design and optimization of batch reactor and
was therefore determined for three different mass concentrations of the zeolite suspension.
The experimentally determined values of the just suspended impeller speed for three mass
concentrations of zeolite suspension are shown in Figure 2. As can be seen, the Njs increases
with increasing zeolite mass concentration.

The increase in Njs with increasing zeolite mass concentration is expected since an
increase in solid loading requires more power to suspend the larger amount of solid [12]. The
Njs increase with increasing zeolite mass concentration was also observed for this process
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in the baffled reactor with the radial straight blade turbine (SBT) impeller at D/dt = 0.46
and C/H = 0.33 although with SBT it was more pronounced. The increase in Njs with the
propeller was similar to the magnitude of the increase obtained for the SBT impeller in a
reactor without baffles [17]. The values of Njs compared to those obtained for SBT were
unexpected. According to the literature in most cases, the radial impellers require higher
impeller speeds than axial impellers for solid suspension [12]. The results obtained in this
work may be a consequence of the specific propeller design, i.e., the trust and impeller
pumping rate combination [22].

£ 350
o
o35
= 300 .
275 l— e
250
22 5.00 g/dm?
Y1 =9o.0U g/dm
200 Y, =7.50 g/dm3
175 75 =10.00 g/dm?
150
v1 Y2 Y3
7 (g/dm?)

Figure 2. Dependence of Njs on the mass concentration of the zeolite suspension.

Since the previous study with the pitch blade turbine (PBT) showed that diffusion
doesn’t affect the kinetics for all N/Njs < 1[16], and since finding “almost complete” instead
“complete” suspension can save a large amount of energy [28], the following simulations
and experiments were performed not only for Njs but also for the selected N/Njs ratios.

Due to the fact that the optimal hydrodynamic conditions for the process could not be
defined without knowing the effects on the process cost and kinetics, the next step was to
calculate power consumption. Power consumption calculation requires the torque value,
which was determined in this study using CFD. The results of torque evolution over time
are shown in Figure 3. It can be seen that after approximately 5000 time steps the result
show repetitive behavior, thus the averaged torque is extracted only after this is achieved.

The relationships between the power consumption per unit mass at Njs for different
zeolite suspension mass concentrations or different N /Njg ratios, respectively, are presented
in Figure 4.

Higher value of just suspended impeller speed resulted in higher power consumption
per unit mass. The power consumption increases with the mass concentration of the zeolite
suspension, but this influence is considerably lower than the influence of impeller speed.

According to the literature, when a propeller is used in the baffled reactor, it develops
an axial fluid flow [29]. In Figures 5 and 6 vector plots and velocities in stationary frame
contours show the suspension flow pattern and velocity in the baffled reactor for different
mass concentrations and N/Njs ratios. Although a propeller with four blades was used
instead of usually used propeller with three blades, the obtained flow pattern can be
considered as a typical axial flow. Suspension leaving the propeller is directed towards the
reactor bottom from where is deflected towards the reactor walls and then the suspension
surface before being dragged back to the impeller. The impeller generates the maximum
velocities at and below the impeller blades. However, even though the simulations in
Figure 5 were performed for Njs, velocities in the upper part of the suspension are low. This
is a consequence of the fluid flow returning to the impeller after the suspension reaches a
certain height.
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Figure 3. Torque and time-step dependency for three mass concentrations of zeolite suspension (a)
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Figure 4. Power consumption per suspension unit mass—mass concentration of the zeolite suspen-
sion at Njs (a) and power consumption—N/Njs ratio relationship (b).

At N/Njs ratios above and below 1.0 the axial fluid flow pattern also formed. Velocities
are, as expected, the lowest for N/Njs = 0.6 and the highest for N/Njs = 1.2 (Figures 6 and 7).
Consequently, at lower N/Njs ratios, zeolite particles are concentrated in the lower part
of the reactor. An increase in the N/Njs ratio leads to an increase in the suspension
height, i.e., the concentration gradient in the reaction mixture decreases. At N/Njs = 1, the
maximum contact surface between the solution and zeolite particles is achieved, but there
is still a difference in the distribution of zeolite concentration in the reactor. This difference
decreases with an additional increase in the N/Njs ratio [30]. The fluid velocities near
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the bottom of the vessel are important for suspending settling particles. To suspend the
particles from the bottom, the velocities and turbulence levels near the bottom of the vessel
must be high enough to incorporate the particles into the fluid mass [31]. At N/Njs = 0.6
(Figure 7a) these velocities are low and therefore a larger amount of zeolite particles are
retained at the bottom while for N/Njs = 0.8 the velocities are higher, but still a small
amount of zeolite remains at the bottom.

POO00O00000000K
CODDDDRI LN

(b)

O=2WNNOON RO
ORDA=ONNW=ON

L

¥1=>5.00 g/dm3 y2=7.50 g/dm3 y3=10.00 g/dm3

Figure 5. Vector plots and velocities in stationary frame contours in the reactor (top view at 0.12 sus-
pension height (a) and side view (b)) for three different mass concentrations of zeolite suspension.

(b)

LOOOO00OODDOOD0

QOOOODO0AS33 3NN

N/Njs=0.6 N/Nis=0.8 . N/Nis=1.2

Figure 6. Vector plots and velocities in stationary frame contours in the reactor (top view at 0.12 sus-
pension height (a) and side view (b)) for four different N /Njs ratios.
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Figure 7. Velocities in stationary frame contours in the reactor top view at 0.139, 0.056 and 0.001
suspension height.

To complete the puzzle, it was necessary to find out how the propeller at different
N/Njs ratios and mass concentrations of the sorbent affects the efficiency and kinetics of
sorption of the copper (II) ions. The experimental sorption data of conducted experiments
are shown in Figure 8, and the calculated parameters for the models used are listed in
Tables 2 and 3.

1.600
| ]
° ° ® 1.4 ] e o
e ¢ o " 00 " * 8 o N
o A
. * * * 1.200 ' A A
A . .
1000 4 4 & ¢
*
0800 1°
L
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3
*r= ;28 g; 3“‘3 0.400 N/Njs
A),=750g/dm €06 A0S8
_ 3 0.200 ‘ '
«75=10.00 g/dm 10 ml12
0.000 m
0 15 20 25 30 0 5 10 15 20 25 30
t (min) t (min)
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Figure 8. Amount of copper (II) ions retained on the zeolite as a function of time (a) comparison of
experimental data for three mass concentration of zeolite suspension (b) comparison of experimental
data for four N/Njs ratios and zeolite mass of 10.50 g. Note: standard deviation for measured
concentrations of copper in samples were in the range from 0.001 to 0.185 and for calculated g, from
0.000 to 0.038; number of repetitions is three.

The effect of zeolite mass on the sorption kinetics of copper was studied using
three different sorbent dosages. The sorption capacity decreased from 1.417 mmol/g
to 1.144 mmol/g as the sorbent dose increased from 5 g/dm?3 to 10 g/dm? as shown in
Figure 8a. Moreover, for the sorbent mass increase investigated, the removal of copper on
the zeolite increases from 59.377 to 95.797% (Table 2). The sorption process is significantly
influenced by the sorbent dosage since it influences the quantity of active sites accessible
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for the sorption of contaminants [6]. In Figure 8a the shape of the curves consists of two
parts; sorption is initially rapid and then almost imperceptible as it approaches the final
equilibrium stage. This observation could be explained by the fact that the number of
available sites for copper sorption and the copper concentration gradient (the concentration
difference between solution and zeolite surface) were initially high [10,32].

Table 2. Estimated kinetic model parameters and statistical indicators of agreement of all the models
used with the experimental data for various mass of zeolite.

Zeolite Mass (g) 10.50 15.75 21.00
Njs (rpm) 272 280 290
Experimental data Je,exp (mmol/g) 1.417 1.321 1.144
R (%) 59.377 82.931 95.797
Ue,exp 0.594 0.829 0.958
ge (mmol/g) 1.423 1.334 1.161
Ritchie model k (g/mmol min) 2.098 2.104 2.693
RMSE 0.009 0.005 0.005
ge (mmol/g) 1.399 1.310 1.148
k (L/mmol min) 0.028 0.070 0.220
Mixed model ¢ (min) 3.501 0.359 14 x 1074
Ue 0.609 0.800 0.970
RMSE 0.015 0.007 0.005
kq (mmol/g min'/2) 0.196 0.183 0.153
Weber-Morris model I (mmol/g) 0.599 0.565 0.528
RMSE 0.269 0.254 0.235

Table 3. Estimated kinetic model parameters and statistical indicators of agreement of all the models
used with the experimental data for various impeller speed and zeolite mass of 10.50 g.

N/Njs 0.6 0.8 1.2
Njs (rpm) 163 218 326
Experimental data e,exp (mmol/g) 1.125 1.327 1.479
R (%) 46.372 54.486 61.256
Ue,exp 0.464 0.545 0.613
ge (mmol/g) 1.078 1.293 1.489
Ritchie model k (g/mmol min) 2.067 2.140 2.073
RMSE 0.031 0.035 0.006
de (mmol/g) 1.091 1.308 1.458
k (L/mmol min) 0.001 0.003 0.032
Mixed model ¥ (min) 5819.870 489.943 2.183
Ue 0.491 0.560 0.600
RMSE 0.023 0.024 0.014
kgq (mmol/g min/2) 0.154 0.184 0.205
Weber—Morris model I (mmol/g) 0.437 0.532 0.626
RMSE 0.192 0.234 0.282

Data for N/Njs = 1 are presented in Table 2; best fit in bold.

Figure 8b shows the kinetics data obtained for N/Njs ranging from 0.6 to 1.2. The shape
of the curves shown in Figure 8b is the same as in Figure 8a for the two higher impeller
speeds, but for the two lower ones, the approach to equilibrium is evident. Sorption
capacity and removal decrease with decreasing impeller speed, in particular a decrease
in zeolite capacity and removal is observed at lower impeller speeds (Figure 8b; Table 3).
This is the result of the accumulation of zeolite particles at the bottom of the reactor and,
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consequently, the unavailability of the entire zeolite surface for reaction. Furthermore,
as impeller speed decreases, turbulence in the reactor decreases and the boundary layer
around the particles increases [11]. It can be concluded that if the maximum particle—
solution contact is not achieved under the given experimental conditions, the maximum
sorption cannot be achieved in 30 min under these experimental conditions.

The analysis of the experimental data with the selected kinetic models was performed
using Mathcad 15 software (PTC, Boston, MA, USA). The objective of this phase of the
study was to find the parameters for the models, select the best fitting kinetic model and
consequently determine the slowest step of the process for the operating conditions used.
Since the agreement between the experimental data and the Weber-Morris model is low,
the RMSE being significantly higher than the value for the other models, this model could
initially be excluded from the discussion. For the other two models, the comparison begins
with g,, or more precisely, with the agreement between the parameter g, and g, experimental.
As presented in Tables 2 and 3 the agreement between the experimental and the calculated
value is acceptable for both models and all experiments. In addition to g., ¥ values of
the Mixed kinetic model should also be mentioned. According to ¥ the effect of diffusion
on sorption kinetics is inconsequential only for one of the experiments conducted, 3.
However, for the correct determination of the slowest step and the possibility to eliminate
the influence of one of the steps, the RMSE value is also important. To further evaluate
the agreement of the selected models with the experimental data the RMSE values were
compared. This comparison revealed a particular variation among the chosen models
(Tables 2 and 3). The RMSE values show the best agreement of the experimentally obtained
data with Ritchies” model for impeller speed equal to Njs for all three zeolite suspension
mass concentrations and N/Njs = 1.2. In addition, for 3, Mixed kinetic model has the same
RMSE as the Ritchie model but the ¥ value also indicates that the reaction is the slowest step.
For N/Njs equal to 0.6 and 0.8 the Mixed kinetic model fits the experimental data better.
Although according to the RMSE values calculated for the Weber-Morris model, diffusion
is not the slowest step, it affects the kinetics for these N/Njg ratios. When the process was
carried out in the reactor with a PBT impeller at D/dt = 0.57 and C/H = 0.33 diffusion starts
to affect the overall kinetics at N/Njs = 0.7 [15]. However, further experiments should be
performed to determine if this difference is due to the type of impeller or its size.

4. Conclusions

The objective of this study was to analyze how the zeolite mass and the hydrodynamics
conditions created by the propeller agitator at different N/Njs ratios in the batch reactor
affect the maximum amount of copper sorbed, sorption kinetics and power consumption.

The results show that the increase in zeolite mass leads to an increase in Njs and
consequently in Pjs. However, the increase in power consumption due to the increase in
zeolite suspension mass concentration is considerably lower than the increase due to the
N/N Js ratio.

The obtained experimental kinetic data agree very well with Ritchie’s kinetic model
and/or Mixed kinetic model, leading to the conclusion that the sorption of copper (II) ions
onto zeolite NaX is a second-order reaction influenced by diffusion at certain impeller
speeds. When selecting the preferred impeller speed, the slowest process, the value of the
rate constant for the Ritchie model, and the power consumption are considered. Due to
the influence of diffusion, the experimentally determined g and R for N/Njs equal to 0.6
and 0.8 are significantly lower than for Njs. Instead of 1.417 mmol/g, the amount of copper
retained in 30 min is 1.125 and 1.327 mmol/ g, respectively, if the experiments are conducted
at 163 (N/Njs = 0.6) and 218 rpm (N/Njs = 0.8). When N/Njs = 1.2, i.e., at the propeller
speed of 326 rpm, the amount of copper retained is higher than 1.417 mmol/g. The reaction
is the slowest step at N/Njs = 1.2, but the rate constant is a bit lower (2.098 g/mmol min
vs. 2.073 g/mmol min), and the power consumption per unit mass is higher compared to
the value gained than for Njs (0.023 W/kg vs. 0.037 W /kg). So, copper sorption on NaX
should preferably be performed at the just suspended impeller speed when the propeller is
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in the standard position i.e., C/H = 0.33 in the batch reactor with baffles and D/dt = 0.46.
Although the experiments were not performed at N/Njs = 0.9, the data obtained for N/Njs
0.8 and 1.0 indicate that the process could be performed at this speed too. The values for k,
ge, and R are expected to be close to those obtained for Njs with lower power consumption.
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