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ABSTRACT

ChemAgis, Ltd. is a manufacturing company dedicated to the production of generic Active Pharmaceuticals Ingredients (API). The Company was started in 1989 with the introduction of several API, and research and development for new ones. Until 2000 the use of simulation and large-scale computer aided tools in the industry was not established and haphazard. In 2001 we started to incorporate Computer Aided Process Engineering (CAPE) programs to new API projects. This was an ambitious step for our research and pilot development program: In 2003 as part of the ChemAgis Development Strategy, the Development Program for the Pilot Department (DPPD) was established.

Part of the DPPD is dedicated to the use of CAPE as an integral part of the API development process. In this context it was established to develop all new API projects using our CAPE program. For this reason the position of Process Simulation Engineer (PSE) was established, together with its related functions. There are five main functions (Simulation Stages) devised for the PSE; all of them will be explained in this paper. At the time, two different CAPE soft wares were acquired: DynoChem and VISIMIX.
One of ChemAgis R&D - Pilot Department scopes is that all professional staff be familiar with how to operate the above mentioned CAPE tools. Consequently, since 2003 an intensive customized plan of preparation and training (now in the form of continuous professional education) is in place. As a result of our program, our engineers are now proficient in at least the use of the simulation models in order to analyze the results as a function of the process operational parameters. This article explains how we achieved this level of proficiency.

The aim of this paper is to describe to CAPE users the process, experiences and results in relation with the training of our R&D – Pilot Department professional staff in the use of PDF-CAPE software such as DynoChem and VISIMIX as useful tools and exemplify the results and practical advantages obtained in our development projects.

As a professional staff we want to achieve the DynoChem proposed watchword: "WORK SMARTER, NOT HARDER"

Keywords: Simulation, Optimization, Scale-Up, Process fluid dynamics.

1. INTRODUCTION
Active Pharmaceutical Ingredients (API) is typically produced by organic synthesis reactions. Normally the synthesis development process starts in the R&D laboratory, continue on in the Pilot Department at different levels and lastly finish in the Production Plant. 

At ChemAgis we produce more than 30 generic API and initiate R&D for another 4-6 new ones each year. It is clear that our personnel have to constantly strive to develop and incorporate new technologies and processes in order to meet the rigorous scientific demands and regulatory challenges of today's global markets. One of the more advanced tools actually used to support our work is the use of computer modeling technology.
In accordance with the characteristics of ChemAgis production activities, our interest focuses mainly on computer software related with Batch and Semi-Batch processes. 

After investigating and testing several software packages, it was decided in 2003 to use two of them: 
DynoChem (Chemical Dynamic Simulation Software) - VisiMix (Mixing Simulation and Calculation Software).
Even though these tools are relatively straight-forward to learn and apply, it is clear that the personnel have to be trained and instructed in their use; however this consumes time, and this is time the R&D/Production department doesn’t have. In order to start working with these programs relatively rapidly, as part of the ChemAgis Development Strategy it was decided to establish the Development Program for the Pilot Department (DPPD).

This was the first step, but not the only one. We developed a larger plan based on the introduction of CAPE tools and their derivative results going hand-in-hand with the formation of a professionally qualified staff as the methodology of the R&D-Pilot Department.
In this context:
The aim of this paper is to depict the process, experiences and results in relation with the professional development of our R&D – Pilot Department staff to use PDF-CAPE software such as DynoChem and VisiMix as useful tools and illustrate with an example the practical advantages obtained in our project development.
2. Methodology to implement and develop the use of computer aided proCESS engineering as a STANDARD tool in chemagis pilot DEPARTMENT
In 2003 as part of the ChemAgis Development Strategy, the DPPD was established. Part of the DPPD is dedicated to the use of CAPE as an integral part of the API project development. In this context the position of Process Simulation Engineer (PSE) was established and its functions were defined. The PSE has to manage the API projects experimental data, perform all the necessary calculations using the CAPE programs at his disposition to achieve optimal results for simulations, optimization and scale-up of the processing. At the same time the PSE has to make recommendations for operations support and/or suggest solutions to problems related with the mixing system, feeding and others trouble-shooting of the reactor and processes.
This process, which we call SIMULATION, has five stages from beginning to end of the API project. The project development is managed by a Project Manager Engineer (PME). Simulation is performed by the PSE under close contact with the PME and other personnel, if necessary. At the end of the project the PSE makes a complete report of the simulation results, which are discussed with the PME, the Engineering Development Group Leader (EDGL) and the Pilot Department Director (PDD), and incorporated into the PME final report.

It is easy to understand that if the Pilot Department engineers team have to manage and understand the simulation progress and results, they have to be trained in the CAPE use and also be familiar with processes related with the chemical reactions, chemical engineering, reactors’ performance and operation; all of which are also related with the Process Simulation and scale-up. This particular element of the DPPD which we call "Preparation and Continuous Professional Formation of our Professional Staff" will not be treated in this paper.

2.1 Process Simulation Stages
As previously said, five simulation stages were established for each new API project in ChemAgis. All new projects have to undergo the approved simulation process up to final production stage scale-up. All of these stages are carried out by the PSE, however under the close communication with the PME.

2.1.1.  First Simulation. Stage Laboratory R&D
This is the most important stage in the simulation process. This starts with the R&D laboratory announcing a new API project development trial ready to start development in the Pilot Department. What steps do we take?

· The PEM, PSE and EDGL make a control visit to the R&D Laboratory to investigate how the researcher plans and carry out the API chemical reaction process.

· During this time the visitors observe and take notes, then meet with the researcher to clarify questions about the used ingredients, properties and physical-chemical characteristics, reaction characteristics, process and possible reaction scheme, mixing performance, etc.

· A final summary report of the visit is made (following an established model). It is important to record here what could be the main show-stopper in the process to achieve the best possible results.

At this time we have a first cut at the Process Scheme. If we already have experimental kinetic data from the chemical reaction in the R&D lab, we can run our first simulation – Scale-up approach in order to use the RC-1 reactor (AP01 Mettler Toledo 2 litres Reactor Calorimeter) to achieve similar or better results as were obtained in the laboratory. With all these data, we then schedule a technical meeting to issue a plan of action for the Experimental Procedure and Experimental Data needed to get in the next Stage in Reactor 2 litres RC-1.

In this technical meeting normally present are the Pilot Department Director, Process Development Director, EDGL, PME, PSE, and QA Laboratory Manager. During the meeting we update the Process Scheme (DynoChem).
After the meeting the PEM is ready to prepare the experimental plan and all the required information to begin the Development Project phase in the mini pilot, reactor RC – 1. PSE is ready to carry out, according to the process scheme, the experimental data to be obtained from RC – 1.
2.1.2. Second Simulation. Stage Mini Pilot, RC - 1
At this stage, experimental data (kinetics and thermo-chemical if necessary) from the reactions performed in reactor 2 litres, RC – 1, have to be ready. These data are processed using DynoChem according to the Process Scheme until the curves are correctly fitted to the experimental points, indicating we achieved an accurate simulation model for the API project. The Fitted results must give us the following parameter values:

· Reaction rate kinetic constants. For each particular reaction of the scheme, k (1/s, L/mol.s, L2/mol2.s, etc.)

· Activation Energy for each reaction of the scheme, Ea (kJ/mol)

· Mass Transfer Coefficients (liquid-liquid, liquid-solid, liquid-gas, etc) for the process.

· Others characteristic parameters of the process in case of crystallization, distillation, filtration, etc.

The simulation model is analyzed with the PEM and if necessary with the EDGL and Pilot Department Director. If necessary, the model can be restructured partially or completely. The simulation model will be used for process simulation, optimization and scale-up, as described in the following stages.

2.1.3. Third Simulation. Mini Pilot Stage  Design Of Experiments (DOE)
With the simulation model ready, we study the influence of each process operational parameter over the chemical reaction behaviour. We must simulate the process at different values of reactor temperature, stirrer velocities, rate of feeding of each component, etc. And have accurate information about changes in the process result.

This simulation study can replace experimental work for DOE; in any event, the simulated results are a very good starting point to schedule the necessary experiments in the DOE process, and always contribute to reduce the number of experiments.

This study gives us the key to the process optimization. We always strive to find the optimal operational parameters and obtain maximum product yield and/or minimum impurity concentration at the end of the reaction.

2.1.4. Fourth and Fifth Simulations. Stage Scale-up  
In ChemAgis Pilot Department we have numerous reactors of different construction materials, different shapes, capacities and mixing systems. Our process development takes into account the different quantities of API production for BIO (Limited production for clients to test), GMP (Good Manufacturing Process tests) and other possible sample necessities, and of course the final production stage. For these reasons and others inherent to project development, we start to scale-up the process at the very beginning of the project. 

In fact, we scale down the API process in order to ensure that the process takes place with similar results in smaller reactors as in the bigger ones. 

In Summary, we use this stage to make a complete analysis and adjustment (if necessary) of the simulation model and its results.

Finally we make a summary report of API project simulation results with comments and recommendations about the operational parameters for different reactors in order to achieve better or best process results; you will see an example of this report in this paper. This report is integrated with the final API project report written by the Project Manager Engineer.
3. RESULTS AND DISCUSSION

Using DynoChem and Visimix programs since 2003 until now we have completed simulation and scale-up processes from 10 new generic API projects and other particular problems related with distillation, mixing, crystallization, etc. of former projects, some of which are in production.

For each project we write-up a simulation report with the main results of interest and comments, this report is integrated into a single document by the PME. 

3.1 Simulation Report
Here is an example of a simulation report; understand that confidentiality prevents us from showing the true names of the components. This report summarizes all the simulation, optimization and scale-up work made together with the active participation of PME. For this reason, report contains only the relevant results, analysis and recommendations to achieve similar results in all the reactors scales among others particularities.

February 19, 2006

PROJECT: Generic API LTRZ
REPORT CORRESPONDING TO: LTRZ Reaction, Simulation and Scale-Up Results
A) FIRST SIMULATION

As per our plan, we turned to the R&D lab in order to investigate the preparation and performance of the LTRZ reaction. The reaction took place in a 1L Reactor with stirrer paddle blade, speed of 250 – 500 rpm. The reaction is carried out in two steps: The first is a mixing process to obtain TA solution at 60º C and 250 rpm (45 min), and the second for the LTRZ reaction at 80º C and 500 rpm. 

POCA (solid) participates in the reaction, according to its characteristics (media particle size 735 µm, maximum 1400 µm and density 2400 kg/m3), small solubility (3.62E-04 mol/L) in the used solvent. Despite this, in the laboratory reactor the POCA seems to be "suspended" in solution. We know that (by experience) in pilot and production reactors it does not take place in that way. Without a doubt we must anticipate that it seems to be very difficult, if not impossible to achieve "solid suspended" POCA in RC-1 and other pilot and production reactors. In this case a large end of reaction (EOR) time will be needed to achieve acceptable results. From previous projects in which POCA were used, we know that working with "stirrer pumping up" (not always possible) instead of "pumping down", the "general flow patterns" change and favour contact between the POCA particles and the solution. Experiments with the LTRZ reaction show that good results can be achieved at EOR= 8 0- 13 hours (pumping down) and EOR= 2.25 – 4 hours (pumping up).

At the same time, while researching together with the R&D lab, we were looking to reduce the amount of impurity ILTRZ at end of reaction (EOR). Good results were achieved by feeding air to the reactor. The Oxygen (Ox) from the air reacts with ILTRZ and LTRZ to form impurity BzPh. In the crystallization step BzPh is easier eliminated than ILTRZ. 

After these results, together with the transfer technical documents study and HPLC results, we propose the following considerations as a starting point for the simulation and scale-up work:

1. We have a complex process reaction: Heterogeneous feed batch reaction in three phases; Liquid (solvent + BBCM + TA↔TB) – Solid (POCA) – Gas (Ox from Air).

2. Process Scheme (DynoChem) is as shows in Fig. 1 
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3. Reaction Scheme Mechanism:
1) Equilibrium Reaction:                              TA ↔ TB
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2) Main Reaction:           BBCM + TA + POCA → LTRZ

3) Secondary Reaction:  BBCM + TB + POCA → ILTRZ

4) Impurity Reaction 1: LTRZ + POCA + Ox → BzPh

5) Impurity Reaction 2: ILTRZ + POCA + Ox → BzPh
Oxygen may enter with air into the reactor in two ways: The first is as air remaining in the empty upper volume of the chamber and the second is as feeding with a deep pipe at a specific moment of the reaction. 
Figure 1.  Process Scheme Liquid – Solid - Gas Reaction
4. Operational parameters for experimental stage in Reactor 2 L RC – 1 working with 4 baffles:

· Reactor Temperature: 70º and 80º C

· Stirrer Velocities: 700 and 800 rpm. 
According to the reaction recipe and other necessary input data in the corresponding DynoChem and Visimix CAPE software, the results shown in Table 1 represent the best achievable liquid – solid mixing performance in the reactor with a well-behaved mass transfer process during the reaction time. POCA particle size properties and concentration of 46.4 kg/m3 are responsible for the lower suspension quality characteristics.
Table1 RC- 1 Stirrer velocity – Solid liquid mixing performance
	Stirrer Velocity

rpm
	Solid suspension

Characteristic
	Max Non Uniformity

Axial solid
Distribution %
	Max Non Uniformity
Radial solid

Distribution %

	700
	Complete Suspension is Questionable
	110
	10.7

	800
	Complete Suspension is Questionable
	91.6
	10.7


B) Second Simulation
The main task here is to obtain the best possible fitted model for the LTRZ reaction, Figure1. Fitted model was obtained using RC – 1 operation parameters, the recipe and the kinetic results for the following experiments in the lab:

· MH033, 70° C, 700 rpm, EOR = 240 min

· MH035, 80° C, 800 rpm, EOR = 225 min

· MH037, 70° C, 800 rpm, EOR = 210 min

As a result of fitting (DynoChem), the following reaction constants and activation energies were obtained. As described in Table2; the mass transfer coefficients (solid and gas) for each experiment obtained using the corresponding DynoChem utility and adjusted for the kinetic fitting process are for MH033 at 700 rpm, KLa = 119.891/s and KLc = 1.48 1/s, solid and gas respectively.

For MH035 and MH037, at 800 rpm, KLa = 256.85 1/s and KLc = 2.16 1/s, solid and gas respectively.
Table2 Reaction Rate Kinetic Constants and Activation 
             Energy Fitted Values
	Reaction
	Reaction Rate Kinetic Constant (K)
	Units
	Activation Energy (Ea) kJ/mol

	1) Equilibrium Reaction
	Keq = 9.87E+5

K = 5320.32
	L/mol

1/s
	264.58

	2) Main Reaction
	13400
	L2/mol2.s
	324.50

	3) Secondary Reaction
	2.63
	L2/mol2.s
	82.50

	4) Impurity Reaction 1
	3.68
	L2/mol2.s
	15.90

	5) Impurity Reaction 2
	3.62
	L2/mol2.s
	240.60


The gas Henry value and POCA solubility were also estimated and fitted:
At 70° C: Henry = 3995 Pa. m3/mol; POCA solubility = 2.611E-04 mol/L

At 80° C: Henry = 5000 Pa. m3/mol; POCA solubility = 4.715E-04 mol/L
In Fig. 3(a) and (b) we can appreciate the excellent fit of the Model obtained for the LTRZ Liquid – Solid – Gas feed batch reaction.
Our main operational parameters are stirrer velocity (700 - 800 rpm); reactor temperature (70 – 80 °C) and Air (Ox) Feeding (1 – 60 min).
After exhausting all possible combinations of these parameters using the fitted model, we saw that variations of the results are specially influenced by reactor temperature. Air (Ox) feeding times do not show any remarkable influence over the results. 
  (a)                                                                           (b) 
Figure 3. LTRZ Fitting result (a) and (b)
C) Third simulation
Using the simulation model herewith, we study the influence of the main operational parameters over the reaction performance and results. In this case, stirrer velocity and reactor temperature influence the results, as shown in Table3, for EOR and Air Feeding constants.
Table 3 Stirrer velocity and reactor temperature influences over the results

End of reaction Time (EOR) = 225 min
	RPM
	LTRZ mol

80 C
	LTRZ mol

70 C
	ILTRZ mol

80 C
	ILTRZ mol

70 C
	BzPh mol

80 C
	BzPh mol

70 C

	800
	0.49
	0.51
	0.098
	0.08
	0.012
	0.01

	700
	0.49
	0.51
	0.098
	0.08
	0.012
	0.01


As expected, between 

700 – 800 rpm there is not appreciable influence over the final value of LTRZ in the reaction. At a constant stirrer velocity, as temperature rises, LTRZ decreases while impurities increase it.
Optimization of LTRZ reaction process
According to the final amounts established for each component at EOR time, our optimization targets were:

ILTRZ < 0.062 mol; BzPh < 0.072 mol and BBCM < 0.009 mol

The operational parameters fixed for optimization are: 

Reactor temperature = 60 – 80 °C; reaction time: 110 – 450 min; stirrer velocity: 800 rpm and air feeding: as in MH037. Optimum results were obtained using DynoChem, as shown in Table 4.
Table4 Simulated Optimization Results
	Temp. °C
	EOR min
	Yield,

%
	LTRZ 
mol
	ILTRZ

 mol
	BzPh

mol
	BBCM,

mol

	62
	231
	75
	0.455
	0.068
	0.07
	0.008


Comparison with MH037. Optimized results show very close match with experimental results.

C) FOURTH - FIFTH SIMULATION – SCALE UP
Here we present the scale – up results for the LTRZ experiments, BIO, GMP and production stages. For all project participants and facility users, we present the scale – up as a summary table of the best-achieved results with all possible reactors of Mini Pilot Plant 76 and Pilot Plant 75.

During the experimental – simulation work we demonstrate two important principles required to achieve good reaction result:

1. To work with mini pilot or pilot reactors (stirrers pumping down, not viable to change to pumping up) original solid POCA could not be suspended in mixing solution. The only way we have to achieve solid suspended condition with good quality solid distribution in the reactor is working with milled POCA. Milled POCA particle size: 300 – 430 µm; media particle size = 360 µm.

2. Feeding air constant, equivalent quantity is 43 L Oxygen/mol BzPh, 60 min of feeding should be sufficient if gas inlet subsurface under impeller and a satisfactory gas distribution is achieved.

With these things in mind, we calculate the main Liquid – Solid – Gas operational characteristics of all possible reactors in plants 75 and 76. From plant 75 only reactor 7501 is adequate to perform the reaction. From plant 76 only in reactor 7610 the expected mixing process behaviour is satisfactory and was experimentally corroborated with the LTRZ reaction results. Table 5 shows the main operational characteristics expected in each of these reactors (VISIMIX). As can be seen, we can confirm that in reactor 7501 hydrodynamics, turbulence and gassing characterization are better than the similar one from R 7610. 
Table 5 Simulation-Scale up Result
	OPERATIONAL PARAMETER
	R 7610
	R 7501 

	Operation Initial Conditions
	
	

	Reactor Volume, L
	8
	100

	Reactor Temperature, C
	70
	70

	Stirrer Velocity, rpm
	450
	300

	Hydrodynamics
	
	

	Mixing Power, W
	17
	335

	Reynolds for Flow
	73200
	249000

	Turbulence Main Characteristics
	
	

	Energy dissipation – Average value, W/kg
	2.29
	3.61

	Energy Dissipation – Maximum Value, W/kg
	103
	122

	Liquid-Solid Mixing Main Characteristics
	
	

	Solid Suspended Condition is Expected
	OK
	OK

	Maximum Degree of non Uniformity – Axial, %
	14
	15

	Maximum Degree of non Uniformity – Radial, %
	5
	4

	Average Concentration of Solid Phase in Continuous Flow, kg/m3
	39
	39

	Gassing Characterization
	
	

	Gas Hold – Up*
	0.00024
	0.16

	Specific mass transfer coefficient gas – liquid, 1/s
	0.0015
	0.655

	Gas Mass Transfer Rate*, kg/h
	0.0011
	6.84

	Gas Distribution: Satisfactory, Flooding Not  Expected
	OK
	OK


Liquid-Solid characterization is similar and acceptable in both reactors. Similar LTRZ reaction results should be expected in both reactors.
*Gas hold-up: Represents the average value of volume fraction of gas in the gas-liquid mixture.
*Gas Mass Transfer Rate: Rate of gas dissolution corresponding to specific mass transfer coefficient.

Made by: Process Simulation Engineer
Copy to: Pilot Department Director; Engineer Development Group Leader and Project Manager Engineer
4. CONCLUSIONS
As we said in the introduction of this paper, our objective was to show and share our experience with the development and application of the use of particular CAPE software as a regular tool in generic API development projects in ChemAgis. The beginning was hard; introducing new concepts and changing the daily work routine was a challenge. Information sharing, training and teamwork are an excellent way to eliminate the barriers and lower the normal initial resistance of the staff. Although three years of experience is not yet enough to achieve "final conclusions", we could summarize our knowledge and experiences up to this point:

1. To implement the use of CAPE programs everybody has to be aware what the possibilities of the programs are, how they will be used and what could be expected with their use.

2. Specific training and in parallel general technical education of the potential users from the staff will be of the utmost importance to assure the best utilization and quality results of the CAPE programs.

3. Good planning and deployment in stages taking into account how to use and what tasks to tackle with the CAPE programs is an excellent way to guarantee enhanced chemical projects engineering development.

4.  CAPE's programs utilization as reported in this paper contributed to the improvement of the teamwork style and professionalism. Net results were observed throughout the implementation of the new solution in better project development: EOR time reductions, projects development time and cost reduction, and also increasing the expertise and qualification level of the professional staff, amongst others.
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