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Abstract 
Zeolites are conventionally synthesized in batch-wise hydrothermal processes that usually take several hours or days to complete. In current research work, continuous flow process is developed on pilot scale for the hydrothermal synthesis of zeolite LTA. The pilot reactor was able to produce highly crystalline zeolite nanoparticles without any clogging, which often encounters for particle flow in tubular reactors. Steady-state zeolite production rates of 55-80 gh-1 (dry basis) were achieved with a residence time below 10 minutes, with corresponding space time yields (STY) between ca. 700 and 1100 gL-1h-1. A couple CFD model with a population balance model was developed to investigate the continuous flow hydrothermal process. The average particle size obtained from the model was in good agreement with the experimental data. The model was further applied to study the effects of critical parameters, such as temperature and flow rate, to highlight potential process optimization directions.
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Introduction
Process intensification (PI) is among the most progressing area in chemical engineering research due to its high demand for the sustainable future of chemical process industry [1]. PI is termed as any development in chemical engineering that results in compact, environmental friendly, safer and energy efficient technology [1-2]. One major aspect of PI is the development of continuous flow technologies (CF) both at micro/milli-scale [3], and larger scale [4] to replace conventional batch  processes. One such application is hydrothermal synthesis of inorganic materials which usually carried out in batch type reactors. During this process, the materials (precursors) precipitate from aqueous alkaline solutions at high temperature and pressure [5]. Following heating, nucleation, crystal growth, breakage and agglomeration occur simultaneously, resulting in fine microstructure crystals  [5]. However, batch reactors depict several drawbacks for application in hydrothermal synthesis such as long operation, maintenance times and non-uniform heat and mass transfer that can lead to uncontrolled crystallinity and particle size distribution [6]. In contrast, continuous flow reactors have shown several advantages such as enhanced heat and mass transfers, precise control of process parameters and consistent product quality [7]. Aside from these advantages, continuous flow processes can straightforwardly be scaled up and thus fulfil many of the ideals of green chemistry [8].
Although many zeolites occur naturally as minerals, a great variety of synthetic zeolites have been reported and have found applications in catalysts [9], detections [10], membrane separations [12] etc. 
Significant efforts have recently been made to develop continuous flow processes for zeolite synthesis. For example, Cundy et al. [13] reported a semi-continuous system for the synthesis of zeolites ZSM-5 crystals. However they observed slow crystallization kinetics and hence long residence time. Similarly in another study [14], Liu and co. developed a fast heating tubular reactor and achieved the synthesis of microporous silicates crystals in 1 minute. Similarly, Liu et al. [15] successfully synthesized high-silica zeolites in 10 minutes in a continuous flow tubular reactor using an hot oil bath as the heating media. Later, Liu et al. [16] also synthesized ZSM-5 zeolites in a continuous flow reactor with a residence time on the order of seconds. 
Despite recent interest and progress, efforts to develop efficient, safe, sustainable, reliable, and scalable continuous processes for hydrothermal synthesis are still necessary. More often, the development of such processes that imply the manipulation of solids in micro/meso-fluidic reactors is hampered by the fouling and clogging of the reactor channels [13]. 
In crystallization, product quality and hence properties are closed linked to average particle size and particle size distribution (PSD). While most research has focused on improving experimental methods or reactor types, there are few research studies on mathematical modelling of zeolite synthesis mainly in batch processes. For example, Thompson and Dyer [17] applied population balance model (PBM) for the hydrothermal synthesis of zeolite particles in batch process. In other studies, mathematical models were developed based on the experimental data to predict the nucleation and growth rates of zeolite synthesis in batch processes [14-15]. However, in order to model the synthesis of zeolite in continuous flow reactors, it is important to simultaneously study reaction kinetics and heat and mass transfer. To this end, coupled CFD models with population balance have successfully been implemented for the investigation of multiphase flow both at lab scale and industrial scale [19-23]. 
We report here the development of a pilot scale continuous flow reactor for the efficient hydrothermal synthesis of zeolite A (also known as zeolite LTA). A CFD model coupled with a population balance model, fed with experimental data, was also developed in order to better understand the interconnected transport phenomena occurring simultaneously within the reactor, for process optimization and design based scale up of the process.

 Materials and methods
Continuous flow synthesis of zeolite LTA 
The flow reactor (Fig. 1) consists of a flexible stainless-steel double tube heat exchanger (L= 6 m; OD = 3/8”) wherein a PFA tubing (OD = 6 mm, ID = 4 mm) was inserted (inner tube) to limit fouling and clogging. A progressing cavity pump was used to feed the zeolite precursor solution into the PFA tube. A dosing pump allowed the injection of water for cooling and diluting the reaction mixture at the outlet of the reactor. The outer tube of the exchanger (thermoregulation tube) was connected to a circulation thermostat. The pressure in the reactor tube was controlled by an electropneumatic back-pressure regulator. Different temperature and pressure sensors were installed to continuously monitor temperature and pressure of the process, as indicated in Fig. 1.
The zeolite LTA precursor solution is the mixture of aluminate and silicate solutions prepared in caustic solution. For this purpose, caustic solution was prepared by adding 26.4 g of sodium hydroxide (Acros Organics, 98%) in 650 mL deionized water. Then the caustic solution was transferred to two polypropylene bottles (equal volume). Then aluminate and the silicate solutions were prepared by adding 54.04 g of sodium aluminate (Sigma-Aldrich, technical grade, anhydrous)54.04 g) and 65.86 g  of sodium metasilicate (Sigma-Aldrich, 49.5-52.5% Na2O)65.86 g) to each half of the caustic solution at room temperature, respectively. Afterwards, the silicate and the aluminate solution were mixed together and stirred at 900 rpm for 1 hour. The prepared mixture (continuously stirred at 400 rpm), referred as the zeolite precursor solution, was pumped (8-12 mLmin-1) at ambient temperature into the inner tube of the reactor and heated by flowing thermal fluid (130°C, 20 Lmin-1) into the outer tube in counter current. Water was injected at the reactor exit to rapidly cool the reaction mixture. 
Samples were periodically taken for each 10 minutes for analysis. The samples were washed with deionized water and centrifuged (4000 rpm, 5 min) (5 times) and finally dried (70°C, overnight) before analysis.
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[bookmark: _Ref107581448]Fig. 1. Illustration of the intensified reactor designed for the continuous flow synthesis of zeolite LTA.

 Characterization
Viscosity measurements of the zeolite precursor solution were performed on ARES equipment from Rheometrics Scientific in a parallel-plate geometry, with an upper disc diameter of 40 mm. To avoid the flowing of the suspension, the lower plate was a cup with a diameter of 42 mm. The dynamic test was done at a frequency of 10 rads-1 at 30°C.
The crystallinity of the zeolite particles were measured by X-ray diffraction (XRD) with a D2 phaser diffractometer from Bruker. The lattice constant “a” (= b = c) of the cubic structure of LTA zeolites was calculated from the interplanar spacing (dhkl calculated from the Bragg’s equation) and from the value of Miller indices of the crystal planes of LTA zeolite (h, k and l) [20] using Eq (1):

The Size-Strain Plot (SSP) method was used for the determination of the average crystallite diameters (dSSP) of LTA zeolite [21]. 
Similarly, Beckman Coulter LS 13 320 laser diffraction analyzer was used to experimental measured the Particle size distribution (PSD) of the zeolite particles. 
[bookmark: _Hlk98741830]SEM images were obtained on MAIA3 instrument from TESCAN. The sample were observed by low-vacuum scanning electron microscopy (LV-SEM). Imaging was performed in secondary electron mode, with topographic contrast. A specific electron detector, adapted to LV mode, was used. In this mode, sample charging is compensated by a nitrogen partial pressure in the SEM chamber, and sample coating prior to observation is not required.
Modelling and Simulation 
Hydrothermal zeolite synthesis is a multiphase crystallization process which involves two phases, i-e; liquid phase (gel solution) as well as solid phase (amorphous and crystalline). Modelling of such a complex system implies the coupling of different processes simultaneously such as heat transfer, mass transfer from one phase to another, reaction kinetics (nucleation and crystal growth) and fluid dynamics. Here in, two distinct phases (continuous liquid phase (gel) and the dispersed solid phase (zeolite) were separately studied using modelling equations for each phase. The mass transfer within the phases is interlinked by the crystals nucleation, growth and dissolution, etc. The modelling strategy, further summarized in Fig. 2, was performed assuming the following assumptions: 
· Crystallization rate of zeolite particles was only liquid phase concentration and temperature dependent.
· Only nucleation and growth rates were considered without any agglomeration and breakage of the particles. 
· particles are assumed to be flowing with the gel solution (homogenous slurry is considered)
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[bookmark: _Ref107581512]Fig. 2. Main strategies used for modeling the continuous flow hydrothermal synthesis of zeolites. 

1.1.1 Fluid flow and heat transfer modelling
The simulation of the flow field in a continuous flow reactor is governed by continuity and Navier-Stokes equations (Eq (2) and (3)). 


Where i represents the zeolite precursor solution or the heat transfer fluid, u denotes linear velocity (ms-1),   is the dynamic viscosity of the solution (kgm-1s-1),  is the density (kgm-3), P is the operating pressure (Pa). 
Stokes number (St), which expresses the ratio between particle and flow characteristic time, is useful to determine the particle behavior within the flowing fluid. 

Stokes number calculated for the particle range 0.1-5 µm was on the order of 10-6-10-5, which confirmed that the particles followed the flow and that no sedimentation occurred within the reactor, unless agglomeration of particles is to be considered. From the experimental data plot of shear stress and strain rate, it was observed that zeolite precursor (gel) solution showed pseudo plastic behavior, obeying power law for viscosity with an n value of -1.  In order to compute velocity profiles within both tubes, Eq (2) and (3) were numerically solved in COMSOL Multiphysics. Heat balance equation was applied for the tube-in-tube heat exchanger: hot oil (T: 403 K) flew in the outer tube (ID: 10 mm) while the zeolite precursor solution (feed) (T=300 K) flew in the inner tube (ID: 4 mm) 
Transient heat balance shown in Eq (5) was solved for the temperature gradients in axial and radial directions. For this purpose, 2D axisymmetric geometry was considered. 

  
1.1.2 Zeolite synthesis and reaction kinetics 
To understand the mechanism dissolution of zeolite precursors to produce zeolite particles. It is important to understand the reaction kinetics which includes nucleation, crystal growth agglomeration and breakage. Due to complex transport phenomena occurring simultaneously in different domains and therefore it becomes challenging to study all the parameters together. Perhaps this is one of the reason that although the understanding of the nucleation mechanisms in microporous systems are of primary importance for the engineering and production of valuable industrial materials, several fundamental issues are still a matter of debate. 
One dimensional PBM applied to this system is shown in equation (6) that accounts only for particle nucleation and growth and does not consider aggregation and breakage of the particles. 

This equation describes the change in the population density of particles, n, based on particle size (L), a given reactor length x, at time t. The first term is related to the change of population density over time, the second term is the advective term, the third term accounts for the growth rate and the term on the right describes the nucleation of new particles. Q and B are respectively the particle growth and nucleation rates, these are explained in detail below. To simplify the resolution of this partial differential equation, a discretization technique was applied. Equation (6) is transformed into a set of ordinary differential equations moments (Equation 8-11); moments of distribution is defined according to equation (7).





Where (i = 0, 1, 2 and 3) are the moments of particle size distribution at the crystallization time t, defined according to Eq. (7).  is the linear velocity (ms-1) computed from Navier-Stokes equations (Eq. 2 and 3).
The practical meaning of moments is that zeroth, first, second and third moments correspond to number, length, surface area and volume of the particle, respectively. These first four moments are important to construct particle size distribution curves and to study the behavior of different factors affecting the zeolite synthesis. 
Nucleation and crystal growth rates were estimated from the correlations obtained from experimental particle size distribution and linear crystal growth using the methods described by Zhdanov and Samulevich [22]–[25].

Where  is the specific number of nuclei released from the mass of gel needed for the crystallization of a unit mass of zeolite,   is the total mass of the crystals formed, fi, ki, ni are the parameters obtained by non-linear regression of experimental plots of nucleation rates, and  is the crystallization time. 
 (kg-1) was calculated from the experimental particle size distributions as: 

Crystal growth rate was calculated from the following relation [22]–[25]:


Where Q is the crystal growth rate (ms-1);  is the temperature-dependent linear crystal growth rate (ms-1) obtained from experimental data;  is the crystal growth rate constant (mL2s-1mol2); (molL-1) is the aluminum concentration inside the reactor at any time t;  (molL-1) is the silicon concentration inside the reactor at any time t;  (molL-1) are the silicon and aluminum saturation concentration obtained from the experimental data[26]. 
The mass of formed crystals was computed from Eq. (16):

Where,  is the mass of the crystals (kg) and G is the shape factor; for this study, spherical particles were considered ( G= 1).  is the density of silica (kgm-3), L is the particle size (m), N is the number of particles,  is 3rd moment (related to  the volume of particles). 
Changes in aluminum and silicon concentrations during crystallization process are simulated by Eq. (17) by applying the mass balance for aluminum and silicon in the zeolite precursor solution.


Where Ci corresponds to Si or Al concentration (molm-3),  represents the length of the reactor, Ri is the rate of zeolite formation (molm-3s-1),  (ms-1) is the linear velocity in axial direction of the gel, mz and  are the mass of the of crystalline zeolite and amorphous aluminosilicate (kg) respectively,  and  are constants for amorphous and crystalline aluminosilicates, respectively; their values are given in Table 1. Ri is the reaction rate (molm-3s-1).
Due to the rapid dissolution of amorphous aluminosilicates at initial time, the first term on the left side of Eq. (18) can be ignored.  is the effective diffusion of aluminium/silicon in water: 

Where KB is the Boltzmann’s constant (JK-1), T is the absolute temperature (K) and r is the radius of the silica aluminate particle (m). The radius is obtained from the spherical volume equivalent of the molecular cell. Inserting B and Q, the set of moments were coupled with transport equations and solved numerically using COMSOL Multiphysics® 5.6 with MATLAB® 19. 

Table 1. Modelling and Simulation parameters
	Symbols
	Value 
	Unit 
	Description 

	di
	4 x 10-3
	[m]
	Pipe inner diameter 

	dext
	6 x 10-3
	[m]
	Pipe outer diameter

	Ltube
	6 
	[m]
	Reactor length 

	Qoil
	3.75 x 10-4 
	[m3s-1]
	Oil flow rate 

	cpoil
	2.567 x 103
	[Jkg-1K-1]
	Oil heat capacity (Mobiltherm® 605)

	     
	8.74 x 102
	[kgm-3]
	Oil density (Mobiltherm® 605)

	µoil
	4.3 x 10-3 
	[Pas]
	Oil viscosity (Mobiltherm® 605)

	Kg
	4.47 x 10-9 
	[ms-1]
	Linear crystal growth (experimentally determined)

	 
	7.85 x 1015 
	[kg-1]
	Crystal Specific number (experimentally determined)

	ki
	8.6 x 10-6
	[-]
	Kinetic parameters of nucleation rate [23]

	fi
	3 x 10-1
	[-]
	

	ni
	1 x 10-1
	[-]
	

	KPFA
	2.09 x 10-1
	[Wm-1K-1]
	PFA thermal conductivity 

	Ksteel
	17 
	[Wm-1K-1]
	Steel thermal conductivity

	Mz
	3.65 x 10-1 
	[kgmol-1]
	Zeolite molecular weight [23]

	Pi
	3 x 105 
	[Pa]
	Operating pressure 

	ax, bx
	5.48 
	[molkg-1]
	Constant (2/Mz)

	Koil
	1.19 x 10-1
	[Wm-1K-1]
	Oil thermal conductivity (Mobiltherm® 605)

	ρzeolite 
	2.2 x 103
	[kgm-3]
	Density of the zeolite

	EA
	68
	[kJmol-1]
	Activation energy of zeolite LTA


Results and discussion 
Continuous flow synthesis of zeolite LTA 
The description of the pilot flow reactor used for the hydrothermal synthesis of zeolite LTA is given in section 2.1 (Fig. 1). Different experimental conditions were tested (Table 2); for each test, samples were periodically taken, washed, dried and analyzed. 

[bookmark: _Ref107583606]Table 2. Experimental conditions used for the continuous flow synthesis of zeolite LTA. 
	Entry/zeolite sample
	Precursor solution
mLmin-1
	Water
mLmin-1
	Residence time
min
	SSPR(a)
gh-1 
	STY(b)
gL-1h-1
	Yield of zeolite (%)(c)

	1 / LTA1
	8
	0
	9.4
	0
	0
	0

	2 / LTA2
	8
	16
	9.4
	54
	722
	61

	3 / LTA3
	8
	8
	9.4
	56
	750
	63

	4 / LTA4
	8
	4
	9.4
	58
	777
	62

	5 / LTA5
	12
	0
	6.3
	0
	0
	0

	6 / LTA6
	12
	12
	6.3
	86
	1146
	61

	(a) Steady-state production rate; (b) space-time yield; (c) at steady state. 

	



It was observed that the water injected at the outlet of the tube-in-tube reactor to cool and dilute the reaction mixture (Fig. 1) was essential to avoid the hydrodynamic failure of the process due to zeolite precipitation. Without this additional input (Table 2, Entries 1,5), the process was rapidly stopped due to clogging and overpressure in the reactor. While this downstream dilution and cooling was indispensable, the water flow rate (4-16 mLmin-1) had little influence on the efficiency of the process, and steady-state production rates (SSPR) of ca. 50-60 gh-1 of dry zeolite could be recorded (Table 2, Entries 2-4). Yields of zeolite – calculated as the ratio of the weight flow of isolated dry zeolite to the weight flow of Na2Al2O4 and Na2SiO3 in the initial gel at steady state – were about 60%, regardless of the residence time in the reactor and the precursor gel/dilution water ratio.
 

Fig. 3 shows a typical monitoring (temperatures T1-3 and pressure P, see Fig. 1) of the flow process, depicting the stability of the system under operation.
[image: ]

Fig. 3. Typical monitoring of the flow hydrothermal synthesis of zeolite LTA. Gel flow rate: 8 mL/min, Gel/water= 0.5.
Increasing the flow rate of the precursor solution up to 12 mLmin-1 allowed to reach an SSPR of 86 gh-1 of dry zeolite LTA (Table 2, Entry 6). Given a reactor volume of ca. 75 mL, space-time yields (STY) of up to 1146 gL-1h-1 (dry zeolite) could be attained (Table 2). This production rate is significantly higher than values typically obtained in a batch reactor (100-200 gzLr-1h-1) since in batch reactor, operating times for heating and cooling severely impact the production rate and yield. In comparison, Liu et al.  [16] previously synthesized ZSM-5 zeolite crystals in continuous flow reactor with a STY of 690 gL-1h-1 with a productivity of only ca. 11 gh-1,  with a reactor operated at much higher temperature (260°C) and pressure (240 bar) [16].  

Continuous production of zeolite LTA as a function of time is presented in Fig. 4. Although the water flow rate at the output of the reactor had little influence on the SSPR (vide supra), it was observed that decreasing the dilution (i..e., decreasing the water/gel flow rate ratio) allowed to reach the steady state more rapidly. When the gel flow rate was kept at 8 mLmin-1, the steady-state production rate of 55 gh-1 was achieved in ca. 30 minutes for gel/H2O ratio of 1-2; as the gel/H2O ratio decreased to 0.5, the SSPR is achieved in ca. 60 minutes. 

[image: ]
[bookmark: _Ref107581652]Fig. 4. Continuous production of zeolite LTA for different residence times and gel/H2O ratios. Black triangle: res. time 9.4 min, Gel/H2O = 0.5; Green square: res. time 9.4 min, Gel/H2O = 1; Blue dot: res. time 9.4 min, Gel/H2O = 2; Red diamond: res. time 6.3 min, Gel/H2O = 1. 

Characterization of synthesized zeolites
Fig. 5 displays images obtained by electronic microscopy (SEM) of zeolite samples synthesized in the flow reactor, transitioning from amorphous to regular crystals as the reactor reaches equilibrium. At steady-state, population of cubic-shaped crystallites (typical for zeolite LTA) and a quasi-absence of irregular particles are observed. Particles size vary from ca. 0.5 to 2 µm, with a majority of particle having a quasi-homogeneous size below 1 µm. This apparent homogenous particle range is typical of a continuous process where crystallization occurs more homogeneously compared to a batch process. 

[image: ]
[bookmark: _Ref107581751]Fig. 5. SEM images of zeolite LTA synthesized in flow (residence time 9.4 min, gel/H2O= 1).
Fig. 6 (a) and (b) display the XRD and the PSD (obtained by DLS) of a sample produced in the continuous flow reactor at the steady-state conditions, respectively. The diffractogram shows the high purity and crystallinity of the synthesized zeolite LTA. Surface intensity of each peak was used to calculate the relative crystallinity. Bragg angles, were used to calculate i) the inter-planar distance (dhkl) by using the Bragg’s equation, and ii) the average size of the crystallites by using the Size-Strain Plot (SSP) method [27]. The lattice constant “a” was determined as previously described.
[image: ]
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[bookmark: _Ref107581770]Fig. 6. (a) XRD and (b) DLS of zeolite LTA synthesized in the continuous flow reactor. 
Table 4 presents, for each sample, the relative crystallinity and calculated unit cell parameters, and compares crystal diameters obtained by the SSP method (dSSP) with the average diameters measured by laser diffraction (dLASER).

Table 4. Relative crystallinity, unit cell parameters and crystal sizes obtained by the Size-Strain Plot (SSP) approach and laser diffraction measurements. 
	Zeolite sample
	Relative
crystallinity %
	Lattice
constant « a »
nm
	Mean cristal size,
 dSSP
±0.05 µm
	Mean particle size, dLASER
±0.05 µm

	LTA2
	97
	2.462 ± 0.013
	0.77
	0.84

	LTA3
	100
	2.449 ± 0.005
	0.40
	0.85

	LTA4
	91
	2.451 ± 0.004
	0.84
	0.84

	LTA6
	98
	2.451 ± 0.004
	0.70
	0.80



Calculated lattice parameter « a » are close to reference LTA zeolites (2.455 nm for dehydrated LTA and 2.461 nm for hydrated LTA). These values, combined with the low XRD background (Fig. 6a), confirms the quasi absence of amorphous materials as observed by SEM at steady-state (Fig. 5).
Average crystal sizes determined via SEM observations (< 1 µm, Fig. 5) agree with the values obtained by laser diffraction and with the ones determined indirectly by using the SSP method (Table 4). Indeed, these results confirmed that zeolite LTA particles of high purity and crystallinity were obtained.

Modelling and simulation results 
The PSD obtained from modelling matches relatively well with the experimental results (Fig. 7); the wider experimental PSD towards higher diameters could be explained by agglomeration of smaller particles – a phenomenon not taken into consideration in the models. Nevertheless, the model replicated the PSD with relatively well match of the average particle diameter, enabling thus its preliminary application for the study and optimization of the continuous hydrothermal process..
[image: ]
[bookmark: _Ref107582149]Fig. 7. Experimental and modelled particle size distribution. 
Velocity and temperature distribution along the reactor length 
Fig. 8 shows the steady-state axisymmetric 2D velocity profiles for the gel solution and heating oil. As can be seen from the color difference, the feed velocity is very low (1.6 × 10-3 ms-1) in comparison to the oil velocity (2.3 ms-1). It can also be observed that velocity is zero near the boundaries due to non-slip conditions. 
[image: ]
[bookmark: _Ref107582190]Fig. 8. Axisymmetric 2D velocity profiles of feed and heating oil. Profiles are extracted at the reactor length of 1-10 mm. (Feed: 8 mLmin-1, Oil: 2000 mLmin-1).
Radial and axial temperature profiles at different reactor lengths were obtained by solving Eq. (3) (Fig. 9). It can be observed that the temperature of the gel solution is increased from 298 K (Fig. 9a) to 403 K (Fig. 9d) and reached steady state at a reactor length of ca. 3 m (Fig. 9). 
[image: ]
[bookmark: _Ref107582202]Fig. 9. Axial and radial temperature profiles at different reactor lengths; (a) at start of the reactor; (b) at 1 m length; (c) at 1.5 m length and (d) at 3 m length. Flow rate: 8 mLmin-1, gel solution inlet temperature: 298 K, oil inlet temperature: 403 K.
Detailed heat transfer analysis was performed to investigate the radial heat transfer from oil to feed solution (Fig. 10). Temperature profiles are very steep in the PFA region, which is due to its lower thermal conductivity compared to steel.
[image: ]
[bookmark: _Ref107582222]    Fig. 10. Radial temperature profiles obtained at different reactor lengths. Gel: 8 mLmin-1; Oil: 2000 mLmin-1; Feed inlet temperature: 298 K; Oil inlet temperature: 403 K.
Furthermore, the effect of the gel flow rate was also studied (Fig. 11). When the gel flow rate was kept at 8 mLmin-1, the steady-state temperature was reached at a reactor length of ca. 2 m; doubling this flow rate also resulted in a two-fold increase in the reactor length needed to reach the steady-state temperature. 

[image: C:\Users\user 1\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Temp.png]
Fig 11: Effect of flow rate on the gel temperature profiles along the length of the reactor. Flow rate of oil: 2000 mL min-1; Feed inlet temperature: 298 K; Oil inlet temperature: 403 K.

Evaluation of Al and Si concentration along the length of the reactor
Concentration profile for aluminum and silicon species along the length of the reactor was studied by numerically solving transport equations (Eq. 16, Fig. 12).  The concentration of the species remained unchanged at initial reactor length however, as the reaction temperature is reached (Fig. 9), the concentration in the continuous phase changes rapidly due to formation of crystals. At a flow rate of 8 mLmin-1, complete conversion was observed for aluminum at a reactor length of 1.5 m. For higher flow rates, i.e., 12 and 16 mLmin-1, complete conversion of aluminum species occurred at reactor length of 2 and 3 m, respectively. These results are essentially linked with the gel temperature profiles reached in the reactor for the different flow rates. From this, optimization of reactor length and/or feed flow rate can be foreseen to achieve even higher STY and productivity. 
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[bookmark: _Ref107582237]Fig. 12. Silicon and aluminum concentrations (gel) evaluation along the length of the reactor for different gel flow rates. Initial concentration: aluminum: 2 molL-1, silicon: 0.9 mol L-1. Initial gel temperature: 298 K. Oil flow rate: 2000 mLmin-1.
Effects of temperature on particle size distribution and crystal growth 
The PSD was simulated for temperatures ranging from 373 to 403 K (Fig. 13). For the same residence time (9.4 min), wider PSD are obtained with increasing temperature since both nucleation and growth rates increase competitively. Furthermore, nucleation reaches saturation value more rapidly at higher operating temperature. This shows that, with the increase in temperature, and thus nucleation/growth rate constants, the residence time could further be reduced to achieve narrower PSD. 
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[bookmark: _Ref107582258]Fig. 13. PSD obtained from simulation at different operating temperatures. Feed flow rate = 8 mLmin-1 Oil: 2000 mLmin-1; Initial concentration; aluminum: 2 molL-1, silicon: 0.9 molL-1.
Fig. 14 shows indeed the effect of operating temperature on particle growth rate. At 403 K, the average particle size reached is ca. 1.25 µm while at 373 K, the maximum crystal size is 0.6 µm. From this, it can be foreseen that under optimal temperature and flow rate conditions, the length of the reactor could further be optimized to match with the optimal residence time needed for reaching steady state – this again allowing to further improve the overall efficiency of the process.
[image: ]
Fig. 14. Evaluation of zeolite crystal diameter at different temperatures. Gel flow rate:  8 mLmin-1. Initial concentration; aluminum: 2 molL-1, silicon: 0.9 molL-1
The effect of temperature on the zeolite concentration profile is shown in Fig. 15. At 403 K, the steady-state production rate of 55 gL-1 is reached at a reactor length of 2 m while at 373 K a length of 3.5 m is necessary. This confirms again that, by increasing the operating temperature, the steady-state production rate can be achieved at the initial length of the reactor.  
[image: ]
[bookmark: _Ref107582362]Fig. 15. Zeolite concentration along the length of the reactor for different operating temperatures. Gel flow rate of 8 mLmin-1. Oil flow rate: 2000 mLmin-1. Initial concentration; aluminum: 2 molL-1, silicon: 0.9 molL-1.
Conclusion 
A pilot-scale process was developed for the continuous flow hydrothermal synthesis of zeolite LTA. Different experimental conditions were studied and allowed to achieve production rates of up to ca. 90 gh-1 of dry zeolite at steady state, corresponding to a STY of ca. 1100 gL-1h-1. High quality zeolite LTA was obtained within residence time of less than 10 min, this without any clogging. A CFD model coupled with population balance equations was developed and solved to closely simulate the hydrothermal flow process. The data obtained from this hybrid model matched well with the particle size distributions obtained experimentally. The simulations provided useful insights to further optimize the design, operation and scale-up of the continuous flow reactor while reducing experimental load. Developments are ongoing to refine the models by integrating for instance particle aggregation and breakage phenomena.
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