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Abstract 

The objective of the current study was to investigate the feasibility of the inline optical fiber 
Raman spectroscopy as a tool for the process monitoring of the continuous flow organic 
syntheses. The synthesis of 2-bromo-3,4,5-trimethoxytoluene (product) was studied as a model 
reaction under a set of different conditions. The reaction was carried out under the batch as well 
as in the multi jet oscillating disc (MJOD) milli reactor. The reaction was varied by doubling the 
concentration of the substrate; 3,4,5-trimethoxytoluene (0.15M, 0.3M and 0.6M) whereas the 
concentration of the solvent (acetic anhydride) was kept constant. The Raman instrument was 
adjusted to record five spectra per minute. The recorded spectral data was then preprocessed 
employing the second order differentiation to minimize the band overlapping in the spectra. 
Multivariate data analysis namely, Principal Component Analysis (PCA), was used to evaluate 
the spectra due to the presence of overlapping bands for the purpose of process monitoring. The 
measurement system was tested against the possible process disturbances, the oscillator and the 
feeding pumps. PCA showed that these disturbances had no impact on the measurement system. 
The Raman instrument successfully monitored the different organic reactions and discriminated 
them on the basis of the type of variation occurred. The Raman frequencies; 675, 1050 and 550 
cm-1 were assigned to the solvent, substrate and the product. The various reactions undergoing 
any disagreement were differentiated from the normal reactions mainly due to the temperature 
effect, malfunctioning of the pump, lower conversion of the substrate, lower yield of the product, 
formation of the intermediates etc. The offline results obtained from the NMR spectroscopy 
verified the outcomes of Raman measurements. Thus, it was concluded that the optical fiber 
Raman spectroscopy proved to be a reliable, rapid and sensitive inline analytical method for the 
monitoring of the organic processes. Raman spectroscopy along with an appropriate 
chemometric tool could be employed as a Process Analytical Technology (PAT) in the 
pharmaceutical and fine chemical industry.  
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L ist of Abbreviations 

MJOD   Multi Jet Oscillation Disc  

PCA   Principal Component Analysis 

PAT   Process Analytical Technology 

FDA   US Food and Drug Administration 

LC   Liquid Chromatography 

GC   Gas Chromatography 

NIR   Near Infrared 

FT   Fourier Transformed 

QbD   Quality by Design 

MSC   Multiple Scatter Correction 

SNV   Standard Normal Vitiate 

DT   De-trending 

SG   Savitzky Golay 

MLR   Multilinear Regression 

PCR   Principal Component Regression 

PLS   Partial Least Square 

PCs   Principal Components 

MSPC   Multivariate Statistical Process Control 

CUSUM  Cumulative Sum 

EWMA  Multivariate Exponentially Weighted Moving Average 

SMART  Simultaneous Scores Monitoring and Residual Tracking 

NMR   Nuclear Magnetic Resonance 

RTR   Real Time Release 
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1. Introduction 

Traditionally organic syntheses and organic processes have been conducted by using batch 
protocols due to their flexibility and versatility for cost-effective manufacture of small quantities 
of chemicals with short product lifetime. Batch reactions are carried out in the laboratory, by 
means of small glass flasks (mL L), while on the industrial scale in glass-lined stirred tank 
reactors (some few gallons up to several m3). The batch production of pharmaceutical chemicals 
involves several intermediate reactions. This inherent character of the pharmaceutical syntheses 
leads to time-consuming and costly production processes. Moreover, offline analytical 
techniques like chromatography and spectroscopy are employed for the reaction monitoring and 
quality control of such processes which prove another bottleneck for timely production of quality 
product. Therefore, Process Analytical Technology (PAT) initiative of the US Food and Drug 
Administration (FDA) cannot be implemented in the traditional batch production processes1.  

The pharmaceutical and fine chemical industry is continuously emphasizing on the research and 
development of more efficient and economical in order to maintain their competitive edge in the 
growing global health care market2. A continuous production process shares several intrinsic 
advantages over the batch processes which include higher productivity, improved safety, reduced 
manufacturing costs, and reduction or elimination of inventories than batch production. 
Furthermore, continuous production can produce a pre specified quality product employing an 
appropriate process control strategy against the process disturbances like variations in the quality 
of the raw materials, process variables etc1. These advantages along with the recent 
developments in the micro-reactor technology have motivated the pharmaceutical industry to 
investigate continuous processing as an innovative alternative. 

During the recent years flow chemistry has been adopted for the use in organic synthesis and 
organic processes. Thus, continuous flow reactors have turned to be an important approach for 
performing organic synthesis, being both in the academic laboratory as well as in the organic 
process environment for the production of various fine and pharmaceutical chemicals. Micro-
reactor technology has induced a revolution in the pharmaceutical industry as it can get benefits 
of continuous processing with some flexibility3. Additionally, it can result in the potential 
savings associated with the R&D costs and time. Micro-reactors typically posses the dimensions 
in the sub-millimeter range and hold-up volumes in the micro liters. Improved heat and mass 
transfer and appropriate process control can be obtained using high surface area to volume ratio2. 
However, the wall effect becomes more pronounced when high surface area to volume ratio is 
employed in the micro-reactors. Moreover, chemicals adsorbed on the channel walls result in the 
loss of the product and decreased capacity of the reactor. The smaller production capacity proves 
another challenge to the microreactor technology4.  

Multi-Jet Oscillating Disc (MJOD) milli-reactor is an innovative alternative technology to the 
micro reactor technology. It addresses all of the problems associated with the micro reactors. It is   
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novel applied technology which accelerates the flow organic synthesis in the continuous macro 
(35-50 mL) experimental scale (on milli-scale rather than micro-scale). The MJOD milli-reactor 
system ensures higher throughput due to the scale difference as compared to the micro-reactor 
systems. However, it still sustains the major advantages associated with the micro-reactor 
technology. The mjod milli-reactor system is very flexible and can handle heterogeneous 
reactions without the clogging of small perforated discs inside the reactor. Thus,   it can be 
employed for several types of reactions5. Even though many advantages of such reactor system 
have been noticed, still it requires a rapid and reliable analytical system which can ensure a 
better process understanding and hence, a better process control and the quality of the product. 
PAT integrated with the MJOD milli-reactor technology can provide a better process 
understanding which can be used for the process development, optimization, scale-up, 
technology transfer and efficient process control. Moreover, it will ensure continuous real time 
information about the predefined product quality6. 

This project will investigate the feasibility of the fiber optical Raman spectroscopy coupled with 
multivariate mathematical and statistical methods for the purpose of the monitoring a set of 
selected organic syntheses. The organic reactions will be carried out under the batch conditions 
to develop the reaction profiles as well as in the MJOD mill reactor to monitor the process. The 
recorded data will then be subjected to the subsequent multivariate analysis; Principal 
Component Analysis (PCA) to identify any patterns among the spectra. The potential process 
disturbances; oscillator and pump system, will be studied to note their effect on the measurement 
system. Subsequent with the spectroscopic monitoring, samples will also be withdrawn for off-
line analyses using NMR spectroscopy. 
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2. Theory 

Continuous micro-reaction technology has proved to be a promising technology due to its salient 
features. It involves intensification of chemical processes and continuous than the conventional 
batch system.  This technology if applied to produce fine chemicals can increase the production 
manifolds than the batch processes. Besides a higher chemical throughput, a reliable and rapid 
analytical system is mandatory to ensure the quality of the produced chemicals for their intended 
use. This integrated approach can force a revolution in the fine chemical industry. The inline 
analytical techniques can be one option for such challenge. These techniques are directly 
employed on the process streams i.e. reactor, feed line or product line etc. using fiber optical 
probes. Hence, these techniques can endorse an even faster monitoring of the process7 than the 
time consuming offline techniques. Reaction monitoring is an important area for chemical 
process development. The synthesis of pharmaceuticals is comprised of many intermediate 
reaction steps which are carried out in a series8. Inline analytical techniques, on the one hand, 
provide much faster qualitative information than usual about the state of the continuous process 
and on the other hand, they can identify and locate existing process fluctuations that may help to 
control the process and ultimately ensure the quality of the product7-10.  
 
The interest in developing rapid, reliable and relevant analytical methods for fine chemicals has 
been increased to ensure their pre specified quality. Offline analysis like liquid chromatography 
(LC) or gas chromatography (GC) is a real bottleneck during the continuous production. Inline 
analysis can overcome many inherent problems of these offline techniques. Process optimization, 
product quality and process control measures can easily be ensured using these techniques with 
multivariate data analysis11.  
 
The pharmaceutical industry has shown keen interest in the development and adaptation of inline 
spectroscopic techniques for process monitoring following the FDA guidelines on PAT12. PAT 
can improve the productivity through better process understanding. Thus, PAT can enhance the 
quality of pharmaceutical products with reduced production cost and will ensure a new product 
release approach; real-time release (RTR), than conventional quality assurance methods. RTR 
ensures the intended quality of the product by removing traditional end-product testing step. 
Ultimately, PAT can play a leading role in the improvement of the health care management 
around the globe13. 

2.1 Optical fiber spectroscopy 

Spectroscopy is an important tool for the monitoring of various chemical processes due to its fast 
response time and ability to perform multi-component measurements. It permits the detection of 
side products if produced during the reaction. Spectroscopic techniques coupled with fiber optics 
make an ideal combination for the real time remote monitoring of chemical processes.  The fiber 
optical system isolates the instrument from the processing setup and minimizes any kind of risks 
associated with vibrational and electrical disturbance. These advantages make the optical fiber 
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spectroscopy an ultimate choice for process monitoring than the offline analytical techniques. 
Vibrational spectroscopic techniques either near-infrared (NIR) or Raman spectroscopy are 
mostly used for this purpose. Perhaps, inline fiber optical spectroscopy will be developed as the 
standard equipment for the process industry in future8-9. 

2.2 Raman spectroscopy 
 
The modern Raman instrument carries many salient features which make them an ultimate 
choice for the process monitoring.  These features include fiber optical probes, compact design, 
efficient detectors, and computers with fast data acquisition and analysis software.  The laser 
induced Raman spectroscopy is a powerful tool preferred for in-situ monitoring of the organic 
reactions14-16.  
 
When a monochromatic light falls on a substance, some the radiations are absorbed by the 
substance while remaining radiations get scattered with the same frequency of the incident light. 
This kind of scattering is known as Rayleigh scattering. A small fraction of the incident photons 
experience some shift in their frequency. These photons lose their energy when they interact with 
the centre of the molecule. This interaction is called Stokes scattering. There is another group of 
photons which contain more energy than the exciting radiation and are known as anti-Stokes 
photons (Fig. 2.1). The increase or decrease in the energy of the scattered photons depends on 
the molecular vibrations in its ground state. Only Stokes scattering is measured in the Raman 
spectroscopy17. A standard Raman spectrum ranges between 0-3500cm-1 wave numbers (Fig. 
2)18. The molecular motion and types of atoms present in the chemical bond are responsible for 
the position and intensity of a vibration in the spectrum19.  
 
Two main techniques are used to collect the Raman spectra: dispersive and Fourier transformed 
Raman (FT-Raman). The two techniques differ in the use of laser and, the detection and analysis 
of Raman scattering. The selection of the technique entirely depends on the nature of the 
sample20.  Raman-spectroscopy was reported as the most robust method for the one-phase 
reaction system. The precision was found to be the highest within the calibration space7.  Lee et 
al21., successfully monitored the imine formation employing the Raman spectroscopy. It was 
found that the measurement system was not only capable of reaction monitoring but it also 
provided information related to the substitution effect of aromatic ring. Intermolecular 
interactions and the reactivites of the reactants were understood on the basis of recorded Raman 
spectra.    
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F igure 2.1: Various scattering processes (Rayleigh and Raman scattering). The lowest energy 
vibrational state m is shown at the foot with states of increasing energy above it. Both the low 
energy (upward arrows) and the scattered energy (downward arrows) have much larger energies 
than the energy of a vibration17. 
 

  

F igure.2.2: The Raman spectrum18 of PCl4VOCl4  
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Calibration models are often used to correlate spectral measurement with the desired properties 
in process monitoring however, the process variability (temperature, pressure, heterogeneity etc.) 
poses a major challenge. According to Reis et al 9., emulsion polymerization is a heterogeneous 
process that undergoes significant changes over the period of time. Thus, the model must account 
for the same behavior that is shown by the Raman spectra during the polymerization process. 
These spectra can be obtained either from the samples taken during the reaction or by using 
synthetic samples. The first option usually produces good results for representative process 
monitoring. Normalization should be applied during quantitative analysis to compensate for 
process variability due to the fluctuations. It increases stability of the calibration model19. 
 
2.3 Model development 

Data analysis has become more crucial in the pharmaceutical industry due to the adaptation of 
PAT in the recent years. Industrial processes and their products exhibit multivariate character.  
Thus, multivariate models are applied to monitor the process and product quality. Multivariate 
analysis is responsible for model creation, validation, and its implementation. Such model can be 
applied successfully if it is robust and the input data is consistent with the data that has been used 
for the model development.  

Quality-by-Design (QbD) approach is used to add quality control elements into a new product 
or process. For a QbD model, it is usually applied to small scale process in order to check 
behavior of the process under selected variables. Typically, the development phase involves 
experimentation and statistical analysis which correlate process variables with some quality 
parameters of interest. The model can predict a given quality attribute of the process/product. 
This approach also identifies the critical control points in the process and results in the 
development of a robust process with proper control22. 

2.4 Pretreatment of spectral data 
 
Preprocessing is an important part of the spectroscopic data analysis. Appropriate preprocessing 
technique reduces the variability of measurements due to the instrumental drift, sample 
heterogeneity etc23. Blanco and Villarroya24 noticed that the spectra of solid samples were 
affected by the physical properties of sample. This posed some problems in the evaluation of the 
properties which were independent of physical attributes (raw materials and determination of 
composition). In this case, spectral pretreatment minimized irrelevant information in the spectra. 
Therefore, model accuracy and robustness depends on the application of an appropriate 
pretreatment teachnique25.  Several data preprocessing techniques have been successfully applied 
to spectroscopic applications which include normalization26, baseline/scatter correction27-28, 
differentiation (usually first or second order derivatives)29, multiplicative scatter correction 
(MSC)30, standard normal variate (SNV), de-trending (DT)31 or their combination. 
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Differentiation is used to increase the resolution and minimize the background absorption in the 
spectroscopic techniques when many overlapping peaks are observed. The first derivative assists 
in locating the position of a broad peak and eliminates the effect of additive constant 
background. The second derivative pinpoints two different peaks and their positions as well. It 
removes any effect related to the baseline slope variation as well as any additive effects. 
Differentiation requires intense computation and tends to increase the noise. Therefore low 
signal to noise ratio is usually preferred. These problems can be handled using the Savitzky
Golay (SG) coefficients. The SG algorithm is widely used for differentiation. The spectral data is 
fitted with polynomial of specified degree to generate a desired degree differential. In order to 
ensure that the calculated derivative stands for the actual behavior of the spectrum, the width of 
the moving window should be defined correctly29,32. Laasonen et al33., applied an SG second 
derivative on the absorbance spectra of caffeine in order to increase the resolution by baseline 
correction and the removal of overlapping peaks. Mean centering and SNV correction were 
applied to eliminate any offset and the major effects related with the light scattering. The noisy 
regions in the data were removed by applying the wave number selection. The effect of 
preprocessing is explained in Fig. 2.3-2.434.  
 

 

 

F igure 2.3: Raw Raman spectra before any spectral preprocessing34  
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F igure 2.4: Raman spectra after spectral preprocessing34  
 
2.5 Multivariate analysis methods 
 
Multivariate methods are used to build models which can predict the attributes of unknown 
samples using similar set of conditions. These methods can be classified according to their 
application. The selection of an appropriate method depends on the requirements, properties of 
the samples and the system. The models are verified for their prediction using the samples 
obtained under the same conditions (acquisition and pretreatment) used to build the model24.  
 
Raman spectra contain chemical and physical information that can be used for the process 
monitoring and prediction of product quality. Differences among the samples cannot be 
identified with the naked eye. However, the modern instruments provide enormous data that can 
be processed to give valuable chemical information. Chemometric tools are often used to extract 
such information from the spectral data. Chemometrics and spectroscopy have proven 
complementary to each other24,35. Chemometrics is often used for exploratory data analysis and 
multivariate statistical process control36-37. These techniques are based on finding the latent 
variable (principal component analysis) as discussed in the literature. Other techniques involving 
multilinear regression (MLR), principal component regression (PCR), and partial least-squares 
(PLS)27-28, 38-40 are also employed for the process and product quality monitoring using prediction 
models24. 
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2.6 Principle component analysis (PC A) 
 
PCA searches for some pattern among the samples and reduces the dimensions of original data 
set to a few uncorrelated variables containing only relevant information from the samples41. PCA 
describes relationship among the samples (score values) and among the variables (loadings) and 
between samples and variables (biplot).  PCA searches for directions of maximum variability in 
the data matrix and extracts the latent variables known as principal components (PCs). These 
PCs are new variables which explain almost similar information as the original data24.  PCs are 
linear combination of the original variables and orthogonal to each other. The first PC explains 
the maximum variability in the data whereas subsequent PCs explain decreasing levels of 
variability. Final PCs are ignored owing to the assumption that they represent only noise in the 
data.  
 
The first principal component is defined as 
 
  X = t1 1 +t2p2+. . . . . . . .tApA + E  
 

  
represents residual matrix and X is the original data matrix. The scores are mathematically 
orthogonal to each other and explain relationship among the samples. The loadings explain 
relationship among the variables of data. The number of PCs can be found using cross validation 
approach. A few numbers of PCs are used in process monitoring of organic synthesis than 
number of spectra and frequencies42-43.  
 
PCA and PLS are commonly used in NIR spectroscopy due to the features of spectral data like 
dimensionality, collinearity and noise44-45. However, these multivariate methods are not 
applicable to Raman data as in the case of NIR because the Raman bands are sharp and selective 
than the NIR spectra. Therefore, univariate methods are preferred in the case of Raman data 
analysis. Svensson et al42., showed that when Raman spectra with selective peaks were analyzed, 
PCA and PLS presented similar results like the univariate techniques. However, when complex 
reaction mixture with several large and similar molecules was studied, a more complex Raman 
spectra comprising of overlapped bands were obtained. Such complex data was treated with 
multivariate methods to extract the chemical information. Multivariate methods in the Raman 
spectroscopy were also used for quantitative calibration purposes46. 
 
2.7 Process control 

The production of quality product is the desired objective of any manufacturing system. 
Therefore, inline process monitoring techniques are preferred so as to minimize the risk of off 
specified production by identifying crucial process disturbances and proposing early warning of 
process faults. The desired product quality can be achieved by early detection followed by the 
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location of the disturbance. Most industrial processes and their products demonstrate multivariate 
character. Thus, the application of univariate analysis can cause erroneous process control43. 
 
The multivariate methods build the model that correlates product quality with process attributes. 
One of the possible ways of representing such analysis is the combined control charts where the 
scores are plotted along with the residuals. This approach ensures multivariate quality control 
limits than univariate alarm limits. The multivariate quality control charts will ensure the quality 
product based on multivariate attributes of the manufacturing process47. 
 
PCA and PLS can be used for the development of process control based on continuous process 
monitoring. The scores describe multivariate characteristics of the samples and contain less noise 
than the original variables, so they are an ideal option to build the multivariate control charts for 
the process. Thus, it provides a more efficient way of the process monitoring and defines normal 
or inconsistent process points over the period of time. Multivariate control charts have been 
discussed in detail in the literature44. These techniques have been successfully implemented for 
process monitoring, understanding, and troubleshooting. They have provided a basis for 
multivariate statistical process control (MSPC). MSPC monitors and ensures the quality of the 
process and the product in real time48-49.  
 
MSPC schemes using PCA are based on the assumptions that the process variables are normally 
distributed and linearly correlated. MSPC is usually performed under steady-state conditions due 
to the aforementioned assumptions. The nonlinearity of the process, autocorrelation, process 
dynamics, and changes in operating conditions pose some problems for MSPC. Alternatively, the 
dynamic, nonlinear, or adaptive MSPC approaches can be applied to avoid any limitation50. 
 
Since the PC scores contain multivariate information so they produce information about the 
status of a running process. They follow normal distribution as long the process is working as 
desired.  Therefore, any change in the normal behavior of the process can be identified by 
finding normality of the scores using the test statistics T 2. It provides information 
about the observation/samples which follow multivariate normality. It is based on the 
multivariate generalization t-test. A graphical representation of the T 2 in 
a two PCs model is given in Fig. 2.5. The Hotelling T 2 for observation i, based on A components 
is: 
         A  

Ti
2 tia

2 
             a=1      sia

2 
 
 
where sia

2 represents variance of score vector given by PC model.  
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  Ti
2 x N(N-A)/A(N2-1) gives F distributed with respect to A and N-A degrees of freedom.  Thus 

if :  
 
Ti

2 > A(N2-1)/ N(N-A)/*Fcritical(A, N-A,  

 

level of the PC model. The tolerance space for a 
two dimensional score plot (say for t1and t2) will be an ellipse given as 
 
sta

2 x F2, N-2, x 2(N2-1)/(N(N-2))1/2 

 

Thus Hotelling T 2 can be used to define a control region for scores in a two dimensional PC 
model space. This approach can help in the identification of samples which behave different than 
normal. Resultantly, the process can be continuously monitored for any potential change in the 
system. Besides this approach, there are several MSPC methods like multivariate Shewhart chart, 
multivariate Cumulative Sum (CUSUM) chart, multivariate exponentially weighted moving 
average (EWMA) and simultaneous scores monitoring and residual tracking (SMART) charts47.

 
 

F igure 2.5: Two PCs score plot with the Hotelling T2 ellipse       
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3. Materials and Methods 

3.1 Chemicals 

The chemicals used in the current study include: 3,4,5-trimethoxytoluene (

Zwijndrecht), acetic anhydride ( -deHa -Aldrich, 

Germany) and nitric acid (65%, Merck, Germany). All these chemicals were purchased 

commercially and used without further purification.  

3.2 Synthesis of 2-bromo-3,4,5-trimethoxytoluene 

The protocol followed for the synthesis of  2-bromo-3,4,5-trimethoxytoluene (2a) was developed 

in our laboratory and is given in Fig. 1.  The detailed procedure can be found in the literature51. 

Briefly, the substrate; 3,4,5-trimethoxytoluene (1a), and KBr were mixed with acetic anhydride. 

Nitric acid was added drop wise in acetic anhydride to achieve better Br2 production and 

selectivity. The oxidant was added at 20 oC, and the temperature was kept constant throughout 

the bromination reaction. The reaction mixture was stirred for 45 minutes at 20°C.  

 

  

         1a      2a 

Figure 1: Scheme of synthesis of 2-bromo-3,4,5-trimethoxytoluene 

 

The reaction mixture was then quenched with water and stirred for 30-40 minutes at room 
temperature. The quenched reaction mixture was then extracted with ethyl ether (3 × 10 mL). 
The organics were combined and washed with saturated brine solution, dried over sodium 
sulphate, filtered, and the solvent was then removed under reduced pressure to achieve 2-bromo-
3,4,5-trimethoxytoluene 2a 1HNMR spectra were recorded on NMR 
spectrometer operating at 400 MHz.  
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3.3 Experimental 

3.3.1 Batch reaction  

An ordinary round-bottom flask with three bottlenecks was fitted with a temperature probe and 

Raman probe while third opening was used for reagent addition to the vessel. The bottleneck 

holding the optical probe was properly wrapped with Parafilm to avoid any contamination.  The 

reagents were added quickly (<10 sec) according to the scheme given in Table 3.1 and the vessel 

was resealed afterwards to avoid any contamination.  Contrary to the protocol51, the 

concentration of the substrate was doubled in the experiments than the stoichiometric 

requirements, while volume of acetic anhydride was kept constant. This initiative was taken in 

order to investigate the progress of the reaction with a lower volume of the solvent because the 

substrate handling was always easier than the solvent in an industrial environment. 

The reaction vessel was then placed in a thermostat bath provided with a stirring arrangement 

using a Teflon coated stirring bar. The laser beam from the Raman instrument was focused on 

the reaction mixture. The Raman probe and the reaction vessel were kept in fixed positions 

during the experiments. The distance between probe tip and reaction mixture was adjusted using 

laser focusing to minimize baseline noise. The reaction monitoring was done in the dark to avoid 

any fluorescence interference from ordinary light.  

Table 3.1: Scheme of experiments carried out in batch conditions 

Reaction Substrate 
Conc. 

(M) 

3,4,5-
trimethoxytoluene 

(mg) 

KBr 

(mg) 

Acetic 
Anhydride 

(mL) 

HNO3 

(mL) 

1 0.15 0.5467 0.357 20 0.22 

2 0.3 1.0933 0.714 20 0.44 

3 0.6 2.2322 1.4285 20 0.88 

 

3.3.2 Multi jet oscillating disk (MJO D) milli reactor 

The MJOD Milli Reactor used in the current study was developed in our laboratory. The detailed 

description can be found in the literature52. The reactor was a tubular reactor; made of stainless 
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steel, 150 cm in length with 13 cm outer diameter. The effective volume of the reactor was found 

to be 79 ± 2 mL. The reactor was comprised of one chamber fitted with an oscillator in the 

longitudinal direction. The oscillator was fitted with a large number of perforated discs and was 

powered with a motor which sustained its pulsating to and fro movement in the chamber to 

maintain good mixing conditions. An annular reaction space was created between the outer 

surface of the oscillator and the inner surface of the chamber.  

 

     Raman Probe           Data Acquisition 

      

        Raman Spectrophotometer 

  

         

 

 

Figure 2: A schematic layout of MJOD Reactor system integrated with Raman system 

The reactants were injected into the reaction chamber (scheme given in Table 3.2) by means of 

pumps through the inlets at the bottom of reactor. Acetic anhydride and nitric acid solution was 

pumped using lab scale Q Pump (Model QG20-2, Fluid Metering Inc, USA) at a flow rate of 

0.44 mL min-1 whereas mixture of substrate, KBr, acetic anhydride and air was pumped using an 

FMI lab pump (Model QBG, Fluid Metering Inc, USA) at a flow rate of 1.58 mL min-1.  The air 

was introduced to carry over solids (substrate and KBr) in the mixture using a syringe pump 

(Model KDS-100-CE, Kd Scientific, USA) at a flow rate of 0.26 mL min-1. The oscillator 

pulsation was kept constant at 106 rpm. The temperature was kept constant to room temperature 

by means of a water circulation assembly (HAAKE F3 FISONS). The Raman probe was 

positioned through a tailored made hole in the production line coming from the reactor for 
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spectral recording. The product was withdrawn from an outlet of the reactor into a cylinder and 

quenched with water under continuous stirring conditions. The higher concentration as compared 

to the batch reactions was employed due to the volume of the reactor. However, the ration 

between the substrate and the solvent was kept constant.   

Table 3.2: Scheme of brmoination of 3,4,5-trimethoxytoluene in MJOD Milli Reactor 

Reaction Substrate 
Conc. 

(M) 

3,4,5-
trimethoxytoluene 

(mg) 

KBr 

(mg) 

Acetic 
Anhydride 

(mL) 

HNO3 

(mL) 

1 0.15 1.096 0.952 40 0.6 
2 0.3 2.1919 1.904 40 1.2 
3 0.6 4.3838 3.808 40 2.4 

 

3.4 Raman Spectroscopy 

Raman spectra were recorded using Raman Rxn1 instrument from Kaiser Optical Systems, Inc. 

USA. It was equipped with a charge-coupled device detector for the batch and continuous 

reaction monitoring. The spectrometer was fitted with an 18 inch immersion probe (0.5 inch 

diameter) on a Kaiser MR probe head connected to the base unit via a fiber-optic cable. The 

Raman excitation source was an Invictus 785 nm diode laser (Kaiser Optical Systems, Inc. USA) 

with a power of 400 mW. The laser power at the sample used was over 100 mW. Reaction 

monitoring was carried out at following acquisition settings: 100ms exposure time, 6 

accumulations, intensity calibration on, dark subtract on, and an acquisition interval of 0 sec with 

1 count. Five spectra per minute were recorded using these settings.  

 

The effect of system disturbances (pump and oscillator) on the Raman signal was studied using 

acetic anhydride in the reactor. Acetic anhydride was pumped at different flow rates (2, 3 and 10 

mL min-1) and at different oscillator settings (50, 78 and 106 rpm). The spectra were recorded on 

afore mentioned Raman instrumental setting.  

 

3.5 Data acquisition and analysis 

HoloGRAMS (version 4.0, Kaiser Optical Systems) was used to control the spectrophotometer. 

The recorded spectra were exported using HoloReact (version 2, Kaiser Optical Systems) to 
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Matlab 7.4 (Mathworks, Natick, MA). The Raman spectra for each reaction (Batch + Reactor) 

were combined into one data matrix; Am x n 

frequencies (columns) ranging from -92 to 3453 cm-1. The Sirius (version 8.0, PRS-Norway) was 

used for statistical analysis. The raw spectral data was subjected to the second order 

differentiation for preprocessing before any analysis.   
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Results and Discussion 

4.1 Disturbance diagnosis for MJO D reactor 

The MJOD reactor system used in this study had two settings that could be manipulated and 
hence, two possible process disturbances; the oscillator and two feeding pumps. The oscillator 
was responsible for the vigorous mixing of the reactants inside the reactor while the pumps were 
responsible for the smooth injection of reactants into the reactor. Any possible fluctuation in any 
of these process variables could lead to process malfunctioning in terms of lower product quality 
or system breakdown.  Thus, it was of prime interest to investigate their potential to be 
considered as process disturbances. Both the disturbances were evaluated using different 
instrumental settings to determine their impact on the system. A one component system, pure 
acetic anhydride was used for this study in order to avoid any contribution from chemical change 
during the process.  

4.1.1 Oscillator effect 

The oscillator was operated at three different settings (50, 78 and 106 rpm) in order to monitor its 
effect on the process whereas pump speed was kept constant to avoid any contribution. The PC 
model of the second order differentiated spectral data showed that first two PCs explained 30% 
variance.  The Hotelling test statistics T2 was applied to define a 95% tolerance region in order to 
ensure control for the recorder spectra. The score plot (Fig. 4.1) showed that there was no 
systematic relationship among the spectra of three oscillator settings implying that the system 
was independent of oscillation speed. This fact was also confirmed by the plot showing the raw 
spectra for this experiment (Appendix.1, Fig. A1). The score values for these settings were 
randomly distributed whereas some of the score values were found near or outside the T2 ellipse. 
These values belonged to the spectra which were recorded either at the start or at the end of any 
experiment. This situation arose due to the adjustment of measurement system. The oscillator 
was operated at the maximum oscillation speed (106rpm) throughout the following experiments 
in order to maintain good mixing conditions inside the reactor.    

4.1.2 Pump effect 

The pump was operated at three different settings (2, 3 and 10 mL/min) while the oscillator was 
operated at constant speed 106rpm. The score plot (Fig. 4.2) for first two PCs showed that the 
spectra belonging to different pump settings were randomly distributed. Only a few scores for 
the spectra recorded at the start or at the end of the experiment were present outside the ellipse 
due to the initial adjustment of the measurement system. However, the raw Raman data for this 
plot revealed that there was some noisy overlapping among different bands in the raw spectra 
(Appendix.1, Fig. A2). This could be attributed due to the presence of cosmic rays34.   
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F igure 4.1:  

 

F igure 2:  
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4.2 Raman Spectra  

The synthesis of 2-bromo-3,4,5-trimethoxytoluene was carried out under the batch conditions 
and in the MJOD reactor according to the schemes as given (Table 3.1 and 3.2). The spectra of 
the solvent (acetic anhydride), substrate (3,4,5-trimethoxytoluene) and product (2-bromo-3,4,5-
trimethoxytoluene) are given in Fig. 4.3. It is evident that the spectra experienced some band 
overlapping throughout most of the spectral region. The spectrum of acetic anhydride was 
characteristic at 675 cm-1 which was assigned to C=O bond vibration53. This intense peak was 
absent in all the other spectra, making it the distinguished spectral region for acetic anhydride. 
The spectra for substrate and product were similar, but differed in terms of intensity. The bands 
in the spectra of product were slightly shifted to higher wave numbers compared to the substrate 
spectra. The substrate was characterized by two spectral regions; 990-1020 cm-1 which was 
assigned to trisubstituted benzene ring and 1025-1060 cm-1 which was assigned to the ring 
vibration for ortho-disubstituted benzene. These regions were noticed to be very vibrant during 
several runs both in the batch and in the MJOD reactor. Both these spectral regions were also 

The product was characterized due to the presence of CBr stretching54 at 550 cm-1.     

        C=O bond at 675 cm-1   
   

 

 

             
   Ring vibration for ortho- disubstituted benzene at 1020-1060 cm-1   

    

 

 

      CBr stretch (Primary Bromo alkane) at 550 cm-1 

        

 

 

F igure 4.3: Pure spectra of the solvent, substrate and the product (From top to bottom)  
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4.3 Monitoring the Synthesis of 2-Bromo-3,4,5-T rimethoxytoluene  

4.3.1 Reaction 1 

4.3.1.1 Batch reaction 

The raw Raman data set for Reaction 1 under batch conditions is presented in Fig.4.4. The 
important spectral regions were identified as 550 and 1050 cm-1. The frequency 550 cm-1 was 
assigned to CBr stretching and 1050 cm-1 was responsible for ortho substitution of the substrate. 
The intensity plot for both these frequencies showed some kind of repeated reactions at regular 
time intervals during the reaction (Fig. 4.5).  It was clear that the substitution of Br increased 
during the first 15 minutes of the reaction and then suddenly decreased. Apparently, the product 
formation continued to increase besides the decrease in the intensity at 1050 cm-1.  However, 
normal behavior was again witnessed during the last part of the reaction.   

             
             
             
             
             
             
     Br (550 cm-1)    

                    Ortho substitution (1050 cm-1) 

 

               

    

 

 

 

 

 

F igure 4.4: The raw Raman data for Reaction 1 under batch conditions    
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F igure 4.5: Intensity plot for two Raman frequencies (550 and 1050 cm-1) for Reaction 1 under 
the batch conditions 

This shift in the intensity at 1050 cm-1 could be justified with the slight increase in temperature 
of the reaction mixture. It was noticed that temperature of the reaction mixture initially increased 
by 5°C which was then counteracted to room temperature. The synthesis protocol of the product 
suggested that bromination of the substrate should be carried out at 20°C52.  Thus, a slight shift 
in the temperature could be responsible for the repeated pattern in the intensity plot as reported10.     

The score plot of first two PCs also exhibited similar information (Fig. 4.6). The reaction profile 
seemed to be evolutionary as a function of time however some overlapping among the spectra 
was also observed. The respective reaction profile using score values against the reaction time 
clearly validated aforementioned facts (Fig. 4.7). The respective biplot explained the distribution 
of spectra on the basis of Raman frequencies (Appendix 1, Fig. A3). This plot showed Raman 
band around 650-680 cm-1 which was characteristic for the solvent. The start and end of the 
reaction was distinguished on the basis of Raman frequencies 1050 and 550 cm-1 which 
represented the formation of the product and ortho-substitution in the substrate respectively. The 
respective loading plot was also given to explain the contribution of the relevant Raman 
frequencies (Appendix 1, Fig. A4). 
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F igure 4.6: Score plot for spectra based on first two PCs for Reaction 1 under batch conditions 
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F igure 4.7:  Reaction profile based on score values of first two PCs for Reaction1 under batch 
conditions 
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4.3.1.2 MJO D reaction 

The raw Raman data set for two runs of Reaction 1 in the reactor is presented in Fig. 4.8. It was 
evident that the spectra observed a diverse behavior during the two runs for Reaction 1 in the 
reactor. In order to investigate this pattern, the score plot based on the first two PCs was obtained 
from the preprocessed spectral data (Fig. 4.9). The score plot demonstrated that one part of the 
spectra from 
grouped apart. This discrimination was observed due to the breakage of one of the feed pumps 
during the first run. The measurement system detected this disturbance and grouped the affected 
spectra separately. For this run, overall conversion of the substrate was found to be 89% whereas 
yield of the product was only 49% (Appendix 1, Table A.5). The second run (+) observed an 
86% conversion and 60% yield of the product. The respective biplot discriminated first part of 
the spectra for first run from other spectra on the basis of Raman frequencies ranging from 650-
680 cm-1 (Fig. 4.10). Thus, only acetic anhydride was fed into the reactor during the first part of 
the first run because the feeding pump was broken due to the clogging caused by the solids 
(substrate and KBr).  

 

F igure 4.8: The raw Raman data for two runs in the reactor for Reaction 1      
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F igure 4.10: Biplot for the two runs in the reactor for Reaction 1 
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The feeding of only acetic anhydride to the reactor before the breakage of the pump was also 
verified by the respective intensity plot of spectra at 894 cm-1 (Fig. 4.11). It showed that the 
intensity at 894 cm-1 increased initially and then started decreasing until the pump stopped 
working. It disclosed that initially only acetic anhydride was pumped into the reactor meanwhile 
the solids started building up around the piston in the pump until the pump.

 

F igure 4.11: Intensity plot for the spectra of first run in the reactor for Reaction 1 at 894cm-1 

 4.3.2 Reaction 2 

4.3.2.1 Batch reaction 

The raw Raman data for this reaction is presented in Fig. 4.12. The profile of batch reaction 
followed an evolutionary behavior over the course of reaction as given by the relevant score plot 
(Fig. 4.13).   At the start of the reaction, the measurement system took some time to adjust and 
then reaction proceeded in the forward direction. The two component PC model explained 
almost 63% of the variance in the spectral data.  
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F igure 4.12: Raw Raman data for Reaction 2 under batch conditions 
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F igure 4.13: Score plot based on the first two PCs for Reaction 2 under batch condition 
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The proceeding of the reaction was also profiled by plotting score values against the reaction 
time (Fig. 4.14). The score trace for the first PC demonstrated the path of the reaction whereas 
the second PC showed the changes in the reaction mixture in the vessel as a function of time. 
The first PC score trace initially observed some decreasing trend during the first 8 minutes of the 
reaction and it increased gradually thereafter. The score trace for the second PC decreased up to 
21 minutes and then again started to increase. This might be due to the presence of some 
unreacted mixture in the vessel.   

-­‐30

-­‐20

-­‐10

0

10

20

30

40

0.
2

1.
8

3.
4 5

6.
6

8.
2

9.
8

11
.4 13

14
.6

16
.2

17
.8

19
.4 21

22
.6

24
.2

25
.8

27
.4 29

30
.6

32
.2

33
.8

35
.4 37

38
.6

40
.2

41
.8

43
.4 45

PC
  S
co
re

Time  (min)

Comp.  1 Comp.  2

F igure 4.14: Reaction profile based on score values of Reaction 2 under batch conditions 

The respective biplot explained the distribution of score values in the model (Fig. 4.15). It 
disclosed that the start of the reaction and the last part of the reaction could be clearly 
distinguished on the basis of CBr stretching along 520-555 cm-1 which implied that the product 
was being formed during this period of reaction. The frequencies from 1040-1060 cm-1 
encompassed all the spectra in the plot confirming the bromination of the substrate. This fact was 
further verified when the spectra for batch reaction were plotted against Raman intensity for the 
wave numbers; 550 and 1050 cm-1. It was noticed that the intensity of both these frequencies was 
continuously increased during the reaction (Figure 4.16).  The characteristic frequency range for 
acetic anhydride (650-680 cm-1) was obvious in the biplot due its presence in the system 
throughout the reaction. The dynamics of these characteristic frequencies could be seen in the 
loading plot as well (Appendix 1, Fig. A6). 
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F igure 4.15: Biplot for Reaction 2 under batch conditions  
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F igure 4.16: Intensity plot for Raman frequencies; Red (550 cm-1) and Blue (1050 cm-1) for 
Reaction 1 under batch conditions 
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4.3.2.2 MJO D reaction 

In order to investigate Reaction 2 in the MJOD reactor, three runs under same conditions were 
performed. Raw Raman data for these runs is presented in Fig. 4.17. The PC model of the 
preprocessed recorder spectra revealed that the 
each other while one of the run (+) was entirely different (Fig. 4.18). The offline analysis 
disclosed that the two closely related runs observed a substrate conversion of approximately 95 

Isolated yield for the product was 58, 64 and 34% respectively for these three runs. This 
information could be a possible explanation for the variation among three runs. 

 The individual spectral monitoring of third run confirmed that no intense peak was found around 
550cm-1 which was the ultimate peak position for the product. Therefore, it was proved that 
Raman system could discriminate the third run as a chemically different entity from the other 
two runs and this finding was also confirmed by offline analysis. Thus, the third run was 
removed from the PC model and a new model was built to analyze the first two similar runs. 

    F igure 4.17: Raw Raman spectral data of Reaction 2 for three runs in the reactor  
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F igure 4.18: 
reactor 

 

The PC model of the two similar runs showed that both the runs were grouped close to each 
other but were not exactly the same. They were grouped separately in the respective score plot 
(Fig. 4.19). The possible reason for this grouping was the conversion of the substrate and 
ultimate yield of the product. The score plot demonstrated some kind of systematic continuity 
among the spectra. This trend was evident due to the possible back mixing of reaction mixture 
inside the reactor with the incoming reactants. The biplot described the distribution pattern of the 
spectra along Raman frequencies (Appendix 1, Fig. A7). The distribution of spectra along first 
PC was due the presence of acetic anhydride (650-680 cm-1) while acetic acid (890-895 cm-1) 
contributed to the variation along the second PC. This can be further verified by respective 
loading plot (Appendix 1, Fig. A8).  
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F igure 4.19:  Score plot for first two or Reaction 2 in the   
reactor 

 

4.3.3 Reaction 3 

4.3.3.1 Batch reaction 

The raw Raman data set for Reaction 3 in batch is presented in Fig. 4.20. It is obvious that two 
regions (1050 and 550 cm-1) were visible. The band around 1050 cm-1 was more prominent than 
for the batch runs of the previous reactions. This fact proposed that most of the substrate was 
substituted with Br and hence more product was obtained. This fact was verified by offline NMR 
analysis which showed that 98% of the substrate was converted to yield product (80%). The 
intensity pattern of two characteristic Raman frequencies (550 and 1050 cm-1) showed that Br 
substitution increased as the reaction proceeded and started decreasing near the end of the 
reaction whereas intensity for 550cm-1 increased linearly throughout the reaction (Fig. 4.21). 
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F igure 4.20: Raw Raman spectral data for Reaction 3 under batch conditions 
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F igure 4.21: Intensity plot for Raman frequencies, 1050 cm-1 and 550 cm-1, for Reaction 3 under 
the batch conditions 
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The respective two PCs score plot for this reaction also showed a similar evolutionary profile of 
the reaction (Fig. 4.22). Some of the spectra during the start of the reaction were found outside 
the Hotelling T2 ellipse implying the initial adjustment of the Raman system. The respective 
reaction profile based on score values for first two PCs is given in Fig. 4.23.  The score trace for 
the first PC showed the progress of the reaction in terms of product formation whereas the 
second PC explained the behavior of reactants over time. The second PC implied the formation 
of the intermediate which was then consumed by the end of reaction. This phase lasted from 8 to 
24 minutes. It was also note worthy that the intensity plot for Raman frequency (894 cm-1) also 
shared similar findings (Appendix 1, Fig. A9). 
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 F igure 4.22: Score plot for Reaction 3 under the batch conditions 

The distribution of the score values of the spectra could be explained on the basis of biplot 
(Appendix 1, Fig. A10).  This plot differentiated the start and end of reaction on the basis of 
Raman frequencies around 550 and 1050 cm-1. These frequencies were responsible for the 
formation of the product. The loop of frequencies around 650-680cm-1 showed the presence of 
acetic anhydride in the reaction mixture. However, a peak close to 894 cm-1 after the start of the 
reaction was observed which could be due to the hydrolysis of acetic anhydride to acetic acid in 
the reaction mixture55. This fact was further explained by the intensity plot (Appendix 1, Fig. 
A9) which revealed that Raman intensity at 894 cm-1 decreased during the first eight minutes and 
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then it started increasing for the next eight minutes and remained constant thereafter. It could be 
argued that the solvent in the reaction mixture experienced some chemical change which was 
then disappeared.   The respective loading plot was given in Appendix 1, Fig. A11. 
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F igure 4.23: Reaction profile based on score values of the first two PCs for Reaction 3 under 
batch conditions 

 

4.3.3.2 MJO D reaction 

The combined raw Raman data set for two runs of Reaction 3 in the reactor is presented in Fig. 
4.24. The behavior of the spectra was found to be similar to the batch reaction. The Raman band 
at 1050cm-1 was more prominent than for the previous reactions in the reactor. Similarly, the 
band at 894 cm-1 was also found to be much intense than in the previous reactions.  
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F igure 4.24: The combined raw Raman data set for two runs of Reaction 3 in the reactor 

 

The score plot based on the first two PCs (Fig. 4.25) depicted the abnormal intensity in some of 
the Raman bands like 1050cm-1

the first run (   ). The first run was grouped as one group than the second run where some kind of 
sub-grouping could be seen. Even some of the spectra from the second run were moving away 
from the sub-grouping. This fact showed that second run observed some drastic change in its 
spectra after certain period of time. 

The respective biplot (Fig. 4.26) revealed that two runs could be distinguished on the basis of 
Raman bands around 1040-1055 cm-1. These bands were found characteristic for ortho 
substitution in the substrate to form the product. Thus, Raman spectra of two runs in the reactor 
were plotted separately to investigate respective peak positions (Fig 4.27-28).  
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F igure 4.25: Score plot of two runs in the reactor for Reaction 3; the first run (    ) and the 
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F igure 4.26: Bilpot of two runs in the reactor for Reaction 3 
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It was noticed that in case of the first run, only peak at 894 cm-1 was found prominent than the 
previous experiments. The intensity plot for this frequency showed that intensity at 894cm-1 
linearly decreased during the run (Appendix 1, Fig. A12). The signal for acetic acid could be 
found due to the presence of water inside the reactor which was used for washing in order to 
remove unreacted KBr after the reaction. This water could hydrolyze acetic anhydride to acetic 
acid at the start of the run and could be carried over by the solvent later on. That could be the 
reason for linear decrease in the intensity at 894 cm-1 as a function of time. The first run yielded 
69% of the product with 100% conversion of the substrate.  
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F igure 4.27: Raw Raman data for the first run in the reactor for Reaction 3 

 

The inspection of raw Raman data set plot for the second run in the reactor revealed that Raman 
band characteristic for ortho substitution (1050 cm-1) was more intense than for the previous 
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experiments (Fig. 4.28). The behavior of this band was quite similar to the reaction carried out 
under the batch conditions.  
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F igure 4.28: Raw Raman data for the second run in reactor for Reaction 3 

 

The intensity plot for 550 and 1050 cm-1 showed that the intensity at 1050 cm-1 suddenly 
oscillated for only two minutes during the monitoring (Fig. 4.29). Meanwhile, no increase could 
be observed at 550 cm-1. It could be argued that it could happen due to the presence of unreacted 
substrate in the stream for a limited time. Another reason for this behavior could be due to the 
formation of a byproduct (2,6-dibromo-3,4,5-trimethoxytoluen) which was observed during 
some other lab studies. The offline result supported this argument because a 98% conversion of 
the substrate could yield only 63% of the product.   
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F igure 4.29: The intensity plot for Raman bands at 550 cm-1 and 1050 cm-1 for the second run in 
the reactor for Reaction 3 
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5. Conclusions and Future Perspective 

An inline analytical method based on the optical fiber Raman spectroscopy has been successfully 
demonstrated for the monitoring of organic syntheses under the batch as well as continuous flow 
conditions. The laser-induced Raman spectroscopy has been proved a powerful tool for the real 
time monitoring of the organic reactions. Raman spectroscopy does not interrupt the process 
whereas its signal can detect any malfunctioning of the process immediately. This technique has 
been successful for monitoring the synthesis of 2-bromo-3,4,5-trimethoxytoluene under the 
different set of conditions,  however it could be explored for several organic reactions. It is 
attributed to the highly sensitive measurements and easy to handle for the both type of 
assignments (batch and continuous processes). The Raman spectroscopy also presents the 
information about the chemical and structural properties of a sample. 
 
In the present study, the synthesis of 2-bromo-3,4,5-trimethoxytoluene has been investigated 
under the batch and continuous conditions employing an optical fiber Raman spectroscopy as an 
inline analytical technique. The NMR has been used as an offline analytical technique to verify 
the results obtained by the Raman spectroscopy.  Raman spectroscopy has experienced no effect 
on its measurements from the potential process disturbances; the oscillator and the feeding 
pumps.  Three different synthesis reactions with three different concentrations of the substrate 
were used for this investigation. All the variations occurred during the process were successfully 
monitored and properly reported by the measurement system employing the two components 
PCA. These variations include, the temperature effect, pump breakage, back mixing in the 
reactor, lower conversion of the substrate and lower yield of the product etc. The results obtained 
by the spectroscopy have been verified by the NMR. Thus, the optical fiber Raman spectroscopy 
using an appropriate chemometric tool can be used as a reliable, sensitive and rapid process 
monitoring technique under the batch and continuous flow conditions.   
 
As a part of the suggestions for future investigation, the spectroscopic measurements should be 
recorded for an organic reaction in the reactor over a longer period of time (>24h). This 
investigation will reveal the information about the stability of both the constituents of the system; 
the reactor and the measurement system. Secondly, a calibration model should be employed for 
the direct estimation of the product from the reactor in order to get a quick inference about the 

T2 should be used in 
order to investigate the normal functioning of the process and to identify and locate the potential 
disturbances (if exist) continuously.    
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Appendix 1 

 

       Spectra 

F igure A .1: Raw Raman spectra data for three different oscillator settings at a constant pump 
flow rate (2mL/min)  
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      Spectra 

 

F igure A .2: Raw Raman data for various pump settings at constant oscillator setting (106 rpm) 
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F igure A 4.3: Biplot for Reaction 1 under the batch conditions 
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 F igure A .4: Loading plot for Reaction 1 under the batch conditions 
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Table A .5 

Chemical data produced from offline analysis (1H NMR) 

Reaction Condition Conversion (%) Isolated Y ield (%) 
1 Batch 89 59 

Reactor (R1) 85 49 

Reactor (R2) 86 60 
2 Batch 97 79 

Reactor (R1) 95 58 

Reactor (R2) 98 64 

Reactor (R3) 72 34 
3 Batch 98 80 

Reactor (R1) 100 69 

Reactor (R2) 98 63 
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 F igure A6: Loading plot for Reaction 2 under the batch conditions 
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F igure A7: Biplot for two similar runs in the MJOD reactor for Reaction 2 
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F igure A8: Loading plot of two similar runs for Reaction 2 in the reactor 
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F igure A9: Intensity plot for Raman frequency at 894 cm-1 for Reaction 3 under the batch 
conditions 

 

 

 

  

Spectra

 I
n

te
n

s
it

y

1

1
2

2
3

3
4

4
5

5
6

6
7

7
8

8
9

1
0

0

1
1

1

1
2

2

1
3

3

1
4

4

1
5

5

1
6

6

1
7

7

1
8

8

1
9

9

2
1

0

2
2

1

750.0

800.0

850.0

900.0

950.0



53  
  

Comp. 1 (76.4%)

Co
mp

. 2
 (5

.5%
)

-44.9 -23.3 -1.6 20.1 41.7
-36.2

-14.6

7.1

28.8

50.4

26
28

29 30
31

32
33

3435
36 37

38

39

40

41

42
434445

46

47

48

4950

51
52

5354

55

5657
58
5960

61

6263
646566

6768

697071

72

7374

75

76

777879
8081

82

83
84

85

86
87

88

8990

9192

93

94

95

96

97

98
99

100

101102103
104

105 106107108

109

110

111

112

113

114 115116
117 118119

120121

122

123
124

125

126

127

128

129130131
132

133
134

135
136

137138
139

140141

142

143 144

145
146

147
148149

150

151152

153
154155

156

157
158

159160

161
162

163

164
165166

167168169

170

171172173

174

175176

177
178

179

180

181
182183184

185
186

187

188
189190

191
192

193194
195

196

197

198

199
200

201
202203

204
205

206207 208

209
210

211
212
213 214215 216

217

218219
220

221222

223

224
225

-92-91-90-89-88-87-86-85-84-83-82-81-80-79-78-77-76-75-74-73-72-71-70-69-68-67-66-65-64-63-62-61-60-59-58-57-56-55-54-53-52-51-50-49-48-47-46-45-44-43-42-41-40-39-38-37-36-35-34-33-32-31-30-29-28-27-26-25-24-23-22-21-20-19-18-17-16-15-14-13-12-11-10-9-8-7-6-5-4-3-2-10123456789101112131415161718192021222324252627282930313233343536373839404142434445464748495051525354555657585960616263646566676869707172737475767778798081828384858687888990919293949596979899100101102103104105106107108109110111112113114115116117118119120121122123124125126127128129130131132133134135136137138139140141142143144145146147148149150151152153154155156157158159160161162163164165166167168169170171172173174175176177178179180181182183184185186187188189190191192193194195196197198199200201202203204205206207208209210211212213214215216217218219220221222223224225226227228229230231232233234235236237238239240241242243244245246247248249250 251 252253254255256257258259260261262263264265266267268269270271272273274275276277278279280281282283284285286287288289290291292293294295296297298299300301302
303

304
305306307

308
309

310
311312313314315316317318319320321322323324325326327328329330331332333 334 335 336 337

338 339340341342
343

344
345

346347348
349

350
351352353

354

355

356
357358359

360
361

362
363

364
365

366367368369
370

371
372

373
374375376377378379380381382383384385386387388389390391392393394395396397398399400401402403404405406407408409

410411
412

413

414

415
416417
418

419

420

421
422423424425426427428429430431432433434435436437438439440441442443444445446447448

449
450
451452453454455456457458459460461462463464465466467468469470471472473474475476477478479480481482483484485486487488489490491492493494495496497498499500501502503504505506507508509510511512513514515516517518519520521522523524

525
526

527528529530531
532

533534535536
537

538
539

540
541542
543

544

545

546

547

548

549

550551
552

553

554

555

556

557

558
559560

561
562

563
564

565
566

567
568

569
570571572573574

575
576

577 578 579
580

581
582583584

585
586

587

588
589

590591592
593

594
595

596597598599600601602603604605606607608609610611612613614615616617
618

619
620

621
622623

624
625

626
627
628629630631632633634635636637638639640641642

643
644

645646647648649650651652653654655656657
658

659
660661662

663

664

665

666

667

668
669

670

671

672

673

674

675
676

677

678

679

680

681

682
683684685686687688689690691692693694695696697698699700701702703704705706707708709 710711712713

714
715

716717718
719

720
721 722 723724725726727728729730731732733734735736737738739740

741
742

743
744

745
746747748

749
750

751
752

753
754755756757758759760761762763764765766767

768
769770771772

773
774

775

776

777

778
779780

781

782

783

784

785
786787788789790791792793 794 795

796 797 798 799800801802803804805806807808809810811812813
814

815816817818819820821822
823
824
825826827828829830831832833834835836837838839840841842843844845846847848849850851852853854855856857858859860861862863

864
865
866867868869870

871
872
873
874
875
876877878879880881882883884885886887

888

889

890

891

892

893
894895

896

897

898

899

900
901902
903
904
905
906907908909910911912913914915916917918919920921922923924925926927928

92993093193293393493593693793893994094194294394494594694794894995095195295395495595695795895996096196296396496596696796896997097197297397497597697797897998098198298398498598698798898999099199299399499599699799899910001001100210031004100510061007100810091010101110121013101410151016101710181019102010211022102310241025102610271028102910301031103210331034103510361037
1038

1039

1040

1041

1042
1043

1050
1062106310641065106610671068106910701071107210731074107510761077107810791080108110821083108410851086108710881089109010911092109310941095109610971098109911001101110211031104110511061107110811091110111111121113111411151116111711181119112011211122112311241125112611271128112911301131113211331134113511361137113811391140114111421143114411451146114711481149115011511152115311541155115611571158115911601161116211631164116511661167116811691170117111721173117411751176117711781179118011811182118311841185118611871188118911901191119211931194119511961197119811991200120112021203120412051206120712081209121012111212121312141215121612171218121912201221122212231224122512261227122812291230123112321233123412351236123712381239124012411242124312441245124612471248124912501251125212531254125512561257125812591260126112621263126412651266126712681269127012711272127312741275127612771278127912801281128212831284128512861287128812891290129112921293129412951296129712981299130013011302130313041305130613071308130913101311131213131314131513161317131813191320132113221323132413251326

1327
1328

1329

1330

1331
13321333

1334

1335

1336

1337

1338

13391340
1341

1342

1343

1344

1345
1346134713481349

1350135113521353135413551356135713581359136013611362136313641365136613671368136913701371137213731374137513761377137813791380138113821383138413851386138713881389139013911392139313941395139613971398139914001401140214031404140514061407140814091410141114121413141414151416141714181419142014211422142314241425142614271428142914301431143214331434143514361437143814391440144114421443144414451446144714481449145014511452145314541455145614571458145914601461146214631464146514661467146814691470147114721473147414751476
1477
1478147914801481

1482
1483
148414851486
14871488148914901491149214931494149514961497149814991500150115021503150415051506150715081509151015111512151315141515151615171518151915201521152215231524152515261527152815291530153115321533153415351536153715381539154015411542154315441545154615471548154915501551155215531554155515561557155815591560156115621563156415651566156715681569157015711572157315741575157615771578157915801581158215831584158515861587158815891590159115921593159415951596159715981599160016011602160316041605160616071608160916101611161216131614161516161617161816191620162116221623162416251626162716281629163016311632163316341635163616371638163916401641164216431644164516461647164816491650165116521653165416551656165716581659166016611662166316641665166616671668166916701671167216731674167516761677167816791680168116821683168416851686168716881689169016911692169316941695169616971698169917001701170217031704170517061707170817091710171117121713171417151716171717181719172017211722172317241725172617271728172917301731173217331734173517361737173817391740174117421743174417451746174717481749175017511752175317541755175617571758175917601761176217631764176517661767176817691770177117721773177417751776177717781779178017811782178317841785178617871788178917901791179217931794179517961797179817991800180118021803180418051806180718081809181018111812181318141815181618171818181918201821182218231824182518261827182818291830183118321833183418351836183718381839184018411842184318441845184618471848184918501851185218531854185518561857185818591860186118621863186418651866186718681869187018711872187318741875187618771878187918801881188218831884188518861887188818891890189118921893189418951896189718981899190019011902190319041905190619071908190919101911191219131914191519161917191819191920192119221923192419251926192719281929193019311932193319341935193619371938193919401941194219431944194519461947194819491950195119521953195419551956195719581959196019611962196319641965196619671968196919701971197219731974197519761977197819791980198119821983198419851986198719881989199019911992199319941995199619971998199920002001200220032004200520062007200820092010201120122013201420152016201720182019202020212022202320242025202620272028202920302031203220332034203520362037203820392040204120422043204420452046204720482049205020512052205320542055205620572058205920602061206220632064206520662067206820692070207120722073207420752076207720782079208020812082208320842085208620872088208920902091209220932094209520962097209820992100210121022103210421052106210721082109211021112112211321142115211621172118211921202121212221232124212521262127212821292130213121322133213421352136213721382139214021412142214321442145214621472148214921502151215221532154215521562157215821592160216121622163216421652166216721682169217021712172217321742175217621772178217921802181218221832184218521862187218821892190219121922193219421952196219721982199220022012202220322042205220622072208220922102211221222132214221522162217221822192220222122222223222422252226222722282229223022312232223322342235223622372238223922402241224222432244224522462247224822492250225122522253225422552256225722582259226022612262226322642265226622672268226922702271227222732274227522762277227822792280228122822283228422852286228722882289229022912292229322942295229622972298229923002301230223032304230523062307230823092310231123122313231423152316231723182319232023212322232323242325232623272328232923302331233223332334233523362337233823392340234123422343234423452346234723482349235023512352235323542355235623572358235923602361236223632364236523662367236823692370237123722373237423752376237723782379238023812382238323842385238623872388238923902391239223932394239523962397239823992400240124022403240424052406240724082409241024112412241324142415241624172418241924202421242224232424242524262427242824292430243124322433243424352436243724382439244024412442244324442445244624472448244924502451245224532454245524562457245824592460246124622463246424652466246724682469247024712472247324742475247624772478247924802481248224832484248524862487248824892490249124922493249424952496249724982499250025012502250325042505250625072508250925102511251225132514251525162517251825192520252125222523252425252526252725282529253025312532253325342535253625372538253925402541254225432544254525462547254825492550255125522553255425552556255725582559256025612562256325642565256625672568256925702571257225732574257525762577257825792580258125822583258425852586258725882589259025912592259325942595259625972598259926002601260226032604260526062607260826092610261126122613261426152616261726182619262026212622262326242625262626272628262926302631263226332634263526362637263826392640264126422643264426452646264726482649265026512652265326542655265626572658265926602661266226632664266526662667266826692670267126722673267426752676267726782679268026812682268326842685268626872688268926902691269226932694269526962697269826992700270127022703270427052706270727082709271027112712271327142715271627172718271927202721272227232724272527262727272827292730273127322733273427352736273727382739274027412742274327442745274627472748274927502751275227532754275527562757275827592760276127622763276427652766276727682769277027712772277327742775277627772778277927802781278227832784278527862787278827892790279127922793279427952796279727982799280028012802280328042805280628072808280928102811281228132814281528162817281828192820282128222823282428252826282728282829283028312832283328342835283628372838283928402841284228432844284528462847284828492850285128522853285428552856285728582859286028612862286328642865286628672868286928702871287228732874287528762877287828792880288128822883288428852886288728882889289028912892289328942895289628972898289929002901290229032904290529062907290829092910291129122913291429152916291729182919292029212922292329242925292629272928292929302931293229332934293529362937293829392940294129422943294429452946294729482949295029512952295329542955295629572958295929602961296229632964296529662967296829692970297129722973297429752976297729782979298029812982298329842985298629872988298929902991299229932994299529962997299829993000300130023003300430053006300730083009301030113012301330143015301630173018301930203021302230233024302530263027302830293030303130323033303430353036303730383039304030413042304330443045304630473048304930503051305230533054305530563057305830593060306130623063306430653066306730683069307030713072307330743075307630773078307930803081308230833084308530863087308830893090309130923093309430953096309730983099310031013102310331043105310631073108310931103111311231133114311531163117311831193120312131223123312431253126312731283129313031313132313331343135313631373138313931403141314231433144314531463147314831493150315131523153315431553156315731583159316031613162316331643165316631673168316931703171317231733174317531763177317831793180318131823183318431853186318731883189319031913192319331943195319631973198319932003201320232033204320532063207320832093210321132123213321432153216321732183219322032213222322332243225322632273228322932303231323232333234323532363237323832393240324132423243324432453246324732483249325032513252325332543255325632573258325932603261326232633264326532663267326832693270327132723273327432753276327732783279328032813282328332843285328632873288328932903291329232933294329532963297329832993300330133023303330433053306330733083309331033113312331333143315331633173318331933203321332233233324332533263327332833293330333133323333333433353336333733383339334033413342334333443345334633473348334933503351335233533354335533563357335833593360336133623363336433653366336733683369337033713372337333743375337633773378337933803381338233833384338533863387338833893390339133923393339433953396339733983399340034013402340334043405340634073408340934103411341234133414341534163417341834193420342134223423342434253426342734283429343034313432343334343435343634373438343934403441344234433444344534463447344834493450345134523453

 

F igure A10: Biplot for Reaction 3 under the batch conditions 
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F igure A11: Loading plot for Reaction 3 under the batch conditions  
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F igure A12: Intensity plot for Raman band at 894 cm-1 for the first run in reactor for Reaction 3 

 

 

 

 


