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Abstract – This paper presents the determination of adiabatic temperature rise during the oxidation of glycerol to glyceraldehyde with hydrogen peroxide in order to estimate its potential hazardous behavior. The estimation of the enthalpy of reaction was carried out by using thermodynamic tables and the bond energy method. The Non-isothermal reaction system for glycerol oxidation was described on the basis of a dynamic modeling proposal, considering the energy balance in the reactor to describe the final stage in the process of glycerol oxidation. The determination of the physical mathematical model for glycerol oxidation, performance of the linearization of the proposed model and determination of transfer function for control purposes was achieved. 
Keywords: Bond energy, enthalpy of reaction, adiabatic temperature rise, non-isothermal reactor 





INTRODUCTION
The task of optimizing glycerol utilization results from the need for efficient processing of surplus glycerol generated by the biodiesel industry. Glycerol oxidation is one of the alternatives of glycerol processing because it leads to the formation of a diversity of fine chemicals [1]. Given the considerable quantizes of glycerol produced in biodiesel manufacture technologies that avoid the formation of by-products that would contaminate the final reaction mixture are promising, such as the use of electrodes (Pt, Au) or oxidation agents (N2O, O2, H2O2). 
In order to understand the glycerol oxidation reaction, is important to proceed with the estimation of thermodynamic and kinetic parameters. Moreover, the knowledge and control of the heat released from a chemical reaction is essential and extremely important for the safety of the process at laboratory level and further scale-up of chemical processes [2]. In order to determine the engineering design parameters, as such as the required jacket temperature, the adiabatic temperature variation of the process and the total condenser design heat load, it is required the determination of the process heats. 
The implementation of an automated system for the control of technological processes consists of several steps. The step of exploration of the production system is absolutely irreplaceable, thus it cannot be omitted should the implementation of automated control lead to the desired effect. It mainly concerns generation of products with the required utility value while keeping acceptable economics of the process, compliance with safety conditions of industrial production in order to protect health of employees and last but not least compliance with environmental protection regulations. In the case of partial oxidation of glycerin it is necessary to carry out a chemical-engineering analysis for the particular reaction, formulate a quantitative reaction kinetics model based on the estimation of the reaction mechanism and determine whether the system in question is a lumped parameter model, i.e. the state values are only a function of time and thus the system is described by a system of total differential equations, or a distributed parameter model in which the state values are not only a function of time, but also position. In the latter case the system is described by a system of partial differential equations [3]. Taking into account the practical aspect, it is necessary to determine the inputs, outputs and state values.
The understanding of the effect of these parameters on the reaction system and the physical and chemical phenomena taking place in the oxidation reaction is important to be able to design a simple and effective control scheme of the process and to maximize the output.
This paper analyzes the oxidation of glycerol with hydrogen peroxide to yield glyceraldehyde in order to calculate the adiabatic temperature rise and enthalpy of reaction by two different methods in order to determine its potential hazardous behavior. The modeling of the dynamic system describing the glycerol oxidation reaction in non-isothermal conditions was performed by considering an energy balance in the reactor. Moreover, a physical mathematical model representing the oxidation of glycerol and determination of transfer function for control purposes was achieved.
RESULTS
 Thermodynamics parameters calculation.
The estimation of the enthalpy of reaction by thermodynamic tables using equation (44) (see experimental section) is presented in equations (1) and (2)
										(1)
[bookmark: _Ref385428250]							(2)
Similarly, considering the bond energy method with the values obtained from Tables 1 and 2, the enthalpy change of reaction is presented in equations (3) and (4)
										(3) 
[bookmark: _Ref385428213]								(4)
It is evident that the values for  obtained using thermodynamic tables and bond energy method correspond accordingly. Considering an specific heat capacity value for glyceraldehyde similar to glycerol (0.219 kJ∙mol-1) [4] and H2O equal to 0.0752 kJ∙mol-1 K [5], the value of  can be calculated from equation (43) from the experimental section:
[bookmark: _Ref385495934]		(5)
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Therefore, in order to calculate the adiabatic temperature difference, the corresponding values calculated of , and ,  and   are substituted in equation (42) as shown in (7) and (8):
								(7)
										(8)
The estimation of the adiabatic temperature rise during the glycerol oxidation reaction demonstrates the highly exothermic behavior and as a result, the risk aspect and dangerous situation of explosion while the reaction is proceeding. For this reason, it is necessary that in the specific case, the above value should be estimated and the results of mass, energy balance together with economic evaluation should be used in the design of a pilot plant including its control. 

Non-isothermal modeling of glycerol oxidation.
In order to approach the solution of equation (49) from the experimental section, it is assumed no variation of density, (). The solution is presented though equations (9) to (22) for determination of variation of reaction temperature over oxidation time. 
 									(9)
 									(10)
 									(11)
 								(12)
 					(13)
 						(14)
For calculation of constant C, it is considered that at zero time, the input and output temperature of cooling water is equal (t=0, T=T1).
 					(15)
 									(16)
Substituting the value of constant C in (14), it follows that:
				(17)
 			(18)
 								(19)
 									(20)
 									(21)
And solving for T:
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The profile of temperature in function of time for glycerol oxidation to glyceraldehyde is represented by the previous equation (22) and in Figure (1). The influence of two parameters (aG - time and aG – mass flow input of dilute glycerol) on temperature respectively is presented respectively in Figure (2) and (3). 
This system, as a real system, fulfils the strong physical condition of the feasibility (the outputs are functions only of the state variables). Considering the input variables as T1, G, , and, and the output variable as T, the system becomes:
	, 						(23)
Where A is the state matrix of dimension 1×1 and B is the control matrix of dimension 1×4. The elements of both matrices A and B correspond to the systems presented in (24) and (25) respectively and are expressed in equation (26):
  										(24)
;;;		(25)
 			 	(26)
The multiplication step leads to expression (27)
  			(27)
For control purpose is necessary to introduce the following dimensionless dependences, represented with [*]: 
	; ; ; ; 				(28)
The implementation of the above dimensionless relations in (27), followed by the multiplication of both sides of the equation by    gives:
 										(29)
  	(30)
Which can be also expressed in matrix form as in (31)
 				(31)
With elements A and B:
 											(32)
 						(33)
In order to determine the Transfer Function to represent the dynamic system, it is required to obtain the Laplace Transform of expression (23) as presented in equations (34) to (38):
 									(34)
 									(35)
 											(36)
 									(37)
 										(38)
The term , which represents the relationship between the output and the input of the process is also known as the Transfer function. The substitution of (32) and (33) into (38) leads to expressions (39) and (40):
 				(39)
 					(40)
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 Discussion
The estimation of adiabatic temperature rise during the highly exothermic reactions is the most common method used for the determination of hazardous behavior. As can be seen from the value obtained from equation (4), (∆H)r= -319.81 kJ·mol-1 the partial oxidation of glycerol is highly exothermic reaction. In exothermic reactions, the energy evolved may appear in many forms, but for practical purposes it is usually obtained in the form of heat. In view of the increasingly several legal and economic implications of disastrous explosion and catastrophic effects, it is essential to cool the reaction to eliminate runaway conditions. As a result, intensive research has been performed aiming to avoid the danger from an explosion by reducing the heat caused by the reaction and keeping the control costs at an acceptable level. For example, the use of supercritical carbon dioxide (scCO2) as a reaction medium for oxidations has reported to be successful in achieving a reduction in the reaction temperature rise for H2 combustion with O2 from 209 to 42 K due to the pressure tunable heat capacity of scCO2 (from 100-9000 kPa) by which the heat generated throughout the reaction was adsorbed [6]. Another possibility is related to the design of non-isothermal reactors, considering the inclusion of a heat exchanger and cooling water into the system, selection of the type of reactor (continuously stirred-tank reactor or tubular reactor), the use of cooling coil, the addition of a glyceraldehyde solution blend to the feeding stream or the optimization of the inlet temperature of the feed. In cases where it is not possible to include a heat exchanger to the reactor, the use of multistage operations with interstage cooling between adiabatic sections can be also helpful for heat removal. The temperature distribution will affect the yield of the glyceraldehyde production, which has to be maximized. Therefore, an efficient reactor heat removal system has to be used to prevent the degradation of the resulting compound or prevent overoxidation to glyceric acid. Moreover, if the heat released by the reaction is not removed fast enough, a severe non-uniform temperature distribution can occur within the reactor, which in turn will cause different rates of reaction. The effect of heat and mass transfer becomes even more important for faster reaction rates, when they can become rate controlling in heterogeneous reactions.  In addition, it might be possible to control the temperature distribution by varying the tube diameter, residence time and the cooling rate. 
The transfer of experimental data to real industrial operation, even in case of qualified small-scale production, is very demanding; it involves other experimental steps to minimize the “distance” from the experimental conditions to the real operations. The disadvantage of large number of additional experiments is to large extent eliminated by modern approach using theoretical tools of modeling of a dynamic system, which not only allows transferring experimental data to industrial conditions, but also represents a crucial part of the exploitation of the production system which is an indispensable step in implementation of automated control systems of technological processes for a particular manufacturing procedure. The achievement of acceptable yield is conditioned by maintaining the reaction within optimal conditions of both the concentrations of the reaction components and particularly the reaction temperature, which necessarily requires an optimal control system.
The estimation of the transfer function is particularly important in the control of the chemical reactor, calculated particularly for a non-isothermal reaction system. Such system implies a higher oxidation and conversion of glycerine. Another important indicator of the technology is the adiabatic temperature difference of the reaction mixture, and it is necessary to know also for the standard formed enthalpy of reaction. The values were estimated from published thermodynamic tables and also from the bond energy using bond enthalpies, achieving a very good agreement in the case of the calculated values ​​of the heat of reaction for both procedures. 

eXPERIMENTAL.
Estimation of thermodynamics parameters.
[bookmark: _Toc391986063]In order to analyze the variation of adiabatic temperature during glycerol oxidation, a reaction model using hydrogen peroxide (H2O2) is presented and discussed. The estimation of thermodynamics parameters of the oxidation of glycerin to glycerol derivatives (i.e. glyceraldehyde) with H2O2 follows the reaction as presented in (41)
							(41)
Using the reaction from equation (41) as a model of study, the calculation of adiabatic temperature difference is performed using equation (42):
[bookmark: _Ref385427752][bookmark: _Ref385495988]									(42)
The term nr corresponds to the number of mols in the reaction blend,   represents the specific heat of the reaction blend and can be calculated using equation (43). The numerator represents the enthalpy of the reaction and enthalpy of vaporization of water (40.74 kJ∙mol-1) 
						(43)
In order to evaluate the enthalpy change of the reaction (∆H)r, two different methods are discussed. The first one involves the use of values obtained from thermodynamic tables and the second method was using the bond energy. Based on thermodynamic tables [7], the values for the energy of formation (∆H)f of glycerol (-668.43 kJ∙mol-1), glyceraldehyde (598.312 kJ∙mol-1), H2O2 (-187.8 kJ∙mol-1) and H2O (-285.83 kJ∙mol-1) were substituted on equation (44) to calculate the enthalpy of reaction. In this equation, n and m stands for the number of reactants and products respectively. 
					(44)
A second procedure to calculate the enthalpy of the reaction is based on bond energy as expressed in equation (45).
				(45)
The bond energy is considered as the energy that is necessary to break a chemical bond of a mol of molecule into their individual atoms in the gas phase at zero Kelvin. In order to estimate the heat of reaction is necessary to sum the values of the bond energies (from thermodynamic tables) required to break the bonds and subtract the sum of bond energies needed to form the bonds. The bond enthalpies required to break a mole of each molecules involved in the chemical reaction into gaseous C, H or O atoms are presented in Table 1.
Since bond enthalpies are only used in the gas state it is required to add an extra energy to account for the conversion from the liquid to gas state. Table 2 shows the values for enthalpy change due to the vaporization stage ∆Hvap (kJ∙mol-1).
[bookmark: _Ref385585249]

Non-isothermal modeling of glycerol oxidation.
Since the oxidation reaction is exothermic, the control the temperature is essential to guarantee the safety of the process, particularly at industrial level. For this purpose, a transfer function can be obtained as a tool to model the relationship between the input parameters and the output. The particular assumptions for the modeling were that the solution was perfectly mixed in a constant volume, that the thermal capacities of the wall were neglected in relationship to the thermal capacities of the liquid, no loss of heat occurred, that the physical constants remain constant (they did not depend on temperature), no mass accumulation existed, and finally that the liquid-phase density was not a function of concentration, therefore the density of the input stream was equal to the output stream. 
A linear state mathematical model including input, output and inner-state variables for the oxidation of glycerol into an oxidation product is proposed to describe the final stage in the process of glycerol oxidation. In this model, the heat transfer between the coolant and the reactor can be determined using the enthalpy values of the oxidation reaction, the mass flow input of glycerol, the volume flow rate as well as the mass fraction of pure glycerin in the mass flow and the input temperature of coolant as input parameters. The diagram of the system is presented on Figure 4. The analog nonlinear system is described in equations (46) and (47)
 										(46)
 										(47)
In the previous equations, X represents the state vector, U the input vector, Y the output vector, F and G are vectors functions and  is the time derivative of state variables as showed in (48)
 											(48)
The scheme of the reactor configuration is presented in Figure 5. Considering a non-isothermal system, in order to approach the modeling of the glycerol oxidation reaction, it is necessary to perform an energy balance as presented in equation (49)    
 						(49)
where G is the mass flow input of dilute glycerin (kg·s-1),  is the enthalpy of the oxidation reaction of glycerol to glyceraldehyde (J·kg-1),  the mass fraction of pure glycerin in the mass flow, ρ is the density (kg·m-3),  the volume flow rate (m3·s-1), T1 and T the input and output temperature of the cooling water (°C) respectively, Cp is the specific heat (J·[°C ·kg]-1), V the volume of reactor (m3) and t the time (s). Solution of previous equation leads to the estimation of a temperature profile, which can be applied also to evaluate the influence that any input parameter has on the temperature response at different intervals of time. 

Conclusion
In the present research the adiabatic temperature change during the oxidation of glycerol was studied. Since the reaction demonstrated to be exothermic, the control of the temperature is essential to guarantee the safety of the process, particularly at industrial level. For this purpose, a mathematical model was proposed and the transfer function was determined to describe the system and represent the relation between the input parameters and the response (variation of temperature) during the exothermic reaction. 
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TABLES

[bookmark: _Ref385585188]Table 1. Bond enthalpies for glycerol, H2O2, glyceraldehyde and H2O from references [8], [9], [10], [11]
	
Compound

	Bond
	Number of bonds
	Bond enthalpy per bond (kJ∙mol-1)
	Sum of bond enthalpies (kJ∙mol-1)
	Net change (kJ∙mol-1)

	glycerol
	C-H
	5
	414
	2070
	5197

	
	C-O
	3
	351
	1053
	

	
	O-H
	3
	460
	1380
	

	
	C-C
	2
	347
	694
	

	H2O2
	H-O
	2
	460
	920
	1062

	
	O-O
	1
	142
	142
	

	glyceraldehyde
	C-H
	4
	414
	1656
	4712

	
	C-O
	2
	351
	702
	

	
	O-H
	2
	460
	920
	

	
	C-C
	2
	347
	694
	

	
	C=O
	1
	740
	740
	

	H2O
	H-O
	2
	460
	920
	920



















Table 2. Enthalpy change due to the vaporization stage for glycerol, H2O2, glyceraldehyde and H2O. Values were obtained from reference [12]

	Compound
	∆Hvap (kJ∙mol-1)

	glycerol
	91.7

	H2O2
	51.6

	glyceraldehyde
	88.11

	H2O
	41


























FIGURES
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[bookmark: _Ref384291498][bookmark: _Toc391984481]Figure 1: Profile of temperature in function of time for glycerol oxidation to glyceraldehyde.
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[bookmark: _Ref385000594][bookmark: _Toc391984482]Figure 2: Determination of reaction temperature during the oxidation reaction of glycerol to glyceraldehyde at different values of mass flow input of dilute glycerol.
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[bookmark: _Ref385000609][bookmark: _Toc391984483]Figure 3: Profile of reaction temperature in function of aG and mass flow input of glycerol for glycerol oxidation to glyceraldehyde.
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Figure  4: Scheme of the system describing the input, state variable and output.
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Figure 5: Scheme of chemical reactor for oxidation of glycerol considering glyceraldehyde as the main product.
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