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Mass balances for chemical reactors 

• The following mass balance is always valid. If we consider a unit of 
volume or a small time interval, the balance for every compound is: 

• Accumulationi = moles enteringi- moles exitingi-(+)moles reactedi 

 

• In particular cases some terms could be equal to zero (for example in a batch 
reactor the second and the third term) 
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BATCH: All the reagents are charged at the beginning. 

There is NO addiction or sustraction of productsduring 

the reaction. It is assumed that inside the reactor no 

temperature and concentration gradients are present. 

PFR: tubular reactor. Reactants are continuously fed 

and the products continuously removed. The system 

is not stirred, and the flow profile is flat (PLUG) 

CSTR: similarly to PFR, because reactants are 

continuously fed and the products continuously 

removed. Due to the stirring Data l a͛gitazioŶe NO 

TEMPERATURE AND CONCENTRATION GRADIENTS ARE 

PRESENT (like batch reactor). 
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BATCH REACTORS 

• 1) Time dependent 

• 2) inside the reator the mixture is considered homogeneous (in every 
point same concentrations) 

• 3) Temperature constant in every part of the reactor 

• 4) Constant volume assumption (what can vary is the pressure) 
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Starting fro the general massbalance prviously reported, and being: 

•Na the moles of A in the volume unity V; 

•ra the reaction rate definied as: 

 

(A moles)/(time*Volume) 

 

And being: 

Moles accumulated = Na(t+dt)-Na(t) 

Moles reacted = ra*V*dt 

 

 

The mass balance  Accumulationi = moles enteringi- moles exitingi-(+)moles reactedi 

 

Becomes Na(t+dt)-Na(t) = 0+0 - ra*V*dt  

 

For t0 

 

 
Which is the design equation of the batch reactor 
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࡭� = −૚���࡭��  

THE TIME NEEDED FOR REACHING A CERTAIN CONVERSION can be calculated integrating 

this equation with the initial conditions t=0; NA=NA0 

ݐ݀  = − ͳ� 0�����ݎ��݀
�
଴  

The reaction proceedes until: 

a) The chemical equilibrium is reached 

b) One of the reagents is finished 

c) The mixture is discharged 

͚Equation design͛ for BATCH 

reactor 
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If conversion is equal to zero: NA= NA0 

If conversion is equal to 1: NA = 0 

And inserting this one in the previous  equation we obtain  ݀ݐ = − ͳ� 0�����ݎ��݀
�
଴  

ݐ݀  =  ��଴� ଴���ݎ��݀
�
଴  

THE CONVERSION  required in the reactor is usually expressed as xa  defined as: 

Deriving this expression, we obtain 
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Example1: first order irreversibile, AB, conducted in a batch reactor  with 

rate equation: rA= kCA. Given k= 0,01 s-1, calculate the time needed for reaching 

the 30% conversion. 

 

It is useful to express the reaction rate in terms of moles: rA= kCA= kNA/V 

 

 

ݐ = − ͳ� �ݎ��݀ = − ݀��݇�� = − ͳ݇ ݈݊ ����଴����0
����0  

�� = ��଴ − ����଴ = ͳ − ����଴ 

ݐ = − ͳ݇ ln ͳ − �� = ͵ͷ,7 ݀݊݋ܿ݁ݏ� 
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Plug Flow Reactors (PFR) REACTORS 

The tubular reactors are used for the production in large scale, especially if the 

reactants are gases:  

•Homogeneous reactions: eg O2+ 2 NO  2 NO2 (HNO3 production from NH3)  

•Heterogeneous reactions (the reactor is filled with catalyst): CO + 2 H2  CH3OH or 

N2 + 3 H2  2 NH3  

 

In these reactors, there is a constant flow of the reactants in a given direction and 

there is Ŷo type of 'iŶduced͚ agitatioŶ. IŶ order to siŵplify the fluido-dynamics in this 

type of reactors it is possible to introduce a simplification assuming a "piston" flow 

(plug flow). This simplification means:  

•The flow velocity and flow properties are uniform for each section normal to the 

direction in the reactor; 

•The axial mixing (due to diffusion or convection) is negligible.  

 

These assumptions meet the reality if:  

Re> 104, ie if there is a good radial mixing  

Length reactor / reactor diameter> 50, i.e., the axial mixing is negligible 
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In a PFR reactor the composition changes with the 

position but at a given position does not change 

with time. 

If you consider a differential element in 

the reactor, PFR can be assimilated to a 

micro batch reactor. 



Bilancio materiale sul PFR 
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Observing what happens in a differential element that is 

located in a certain position along the reactor.  

We can define the following symbols:  

l: length (m)  

L: total length of the reactor (m)  

V: volume of the reactor (m3)  

A: section of the reactor (m2)  

nA: total molar flux of component A (mol / s)  

nT: total molar flow (mol / s)  

vT: volumetric flow rate (m3 / s)  

0: conditions of entry  

e: output conditions 

The accumulation is always equal to zero because the reactor at steady state (not time 

dependent). The input and output of the elements are the molar flows of the various 

components and the reagent is given by the rate of reaction (which is a specific 

volume (moles / volume) multiplied by the volume of the element dz, then: 

Accumulationi = moles enteringi- moles exitingi-(+)moles reactedi 
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0 = nA(l) – nA(l+dl) - rAdV 

Dividing by the length element 

 

 Ͳ = −݀݊�݈݀ − �ݎ ݀�݈݀ 

Remember! Adl=dV �࡭ = ��࡭��−   PF‘ ͛equation design͛ 

Dividing by the section A Ͳ = −݀݊��݈݀ − �ݎ ݀��݈݀ −݀݊��݈݀ = �ݎ ݀��݈݀ 

The higher the rate of reaction, the lower the A flux is increasing the length of the 

reactor or its volume. 

 

In a BATCH reactor the composition is time dependent, while  in a PFR the output 

composition is dependent by the reactor volume. 

࡭� = −૚���࡭��  
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The PF‘ ͛equation desigŶ͛ can be expressed also considering the product B: 

࡮� = ��࡮��+  

 The volume dependance can be found by integrating the equation: 

 ݀� = � = ���ݎ�݊݀ −
��଴

�
଴ ࡭�  = ��࡭��−  

From the definition of conversion in erms of moler flows: �� = ݊�଴ − ݊�݊�଴  deriving: ݀�� = −݀݊�݊�଴  

And sobstituting: � = ૙࡭�࡭�࡭��૙࡭�   
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Example 2: an irreversible first order reaction, AB, is conducted in a PFR : rA= kCA. Given k= 

0,01 s-1  and the volumetric flow vT 10-3 m3 s-1. Calculate the reactor volume and the 

residence time needed to reach the 30% of conversion. 

From the integrated form of the PFR equation  ݀� = � = ���ݎ�݊݀ −
��଴

�
଴  

rA= k CA= k nA/vT 

molA/s 
m3/s � = − ���  ௗ��������0  = - 
���  ݈݊ ����0 = − ��� ln ͳ − �� = ͵,ͷ7 � ͳͲ−ଶ ݉ଷ 

Residence time: � = ��� = ͵ͷ,7 ݏ 

Comparing the example for the batch it could be observed that the residence time in 

the two reactors is the same. From this point of view the two reactors are equivalent: in 

the batch we have the actual time while in the PFR the residence time. The difference is 

that in the batch composition changes over time while in the PFR over space. 



How can we simulate BATCH and PFR reactors using PRO II? 

We should give to PRO II the kinetic parameters. 

 

In PRO II it is possible to simulate boh the reactors. 

 

To insert the kinetic parameter we use the botton here highlighted 



Refeering to the lesson in which we discussed the paper by Gmehling (Ind.Eng.Chem.Res. 

39(2000)2601-2611) 

In the window we have to write the 

forward and reverse reaction.  

For each of them, then we set the kinetic 

model and write the numeric parameters.  

 

We consider that these reactions are 

correctly represented with the pseudo-

homogeneous model. More complex 

models, such as the autocatalytic or 

adsorption based require programming 

PRO II using the FORTRAN language. 



PAY ATTENTION 

TO UOM!!! 



࡭� = −૚���࡭��  

Batch reactor 

The pre-exponential factor must be numerically multiplied by the grams of catalyst and divided by the 

volume of the reactor, in our case it corresponds to the amount of reactants. 



 PFR REACTOR 

The pre-exponential factor should be numerically multiplied by the grams of catalyst but not divided by 

the volume of the reactor, to be defined according to the residence time we want. 

࡭� = ��࡭��−  



From the article you can do exercises on all RUN conducted by the authors. 

USE THE SUPPORTING INFORMATIONS!!!! PER ESEMPIO LA RUN 7 



RUN #7 



We have to set the size of the reactor 

and the flow of reagents to determine 

consequently the residence time of the 

reactants within the reactor 

We have to input all the batch steps of the 

reactor:  

1. Charge  

2. Heating 

3. Reaction  

The volume of the reactor corresponds to 

the mass loaded. 
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Continuous stirred tank (CSTR) REACTORS 

The main feature of the CSTR is the perfect mixing 

within the reactor. This means that the properties of 

the mixture are uniform in all parts and identical to the 

properties of the mixture exiting the reactor. 

Furthermore, the mixing of the incoming flow with the 

mass reagent is instantaneous. 

Also we assume steady state conditions, i.e. the reaction rate is the same in 

each time and time independent. 
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Since the properties of the mixture are uniform 

throughout the reactor, we can set a material balance 

for the component A for the whole reaction volume V. 

Therefore: 

As in the case PFR, there is no accumulation being the reactor in stationary 

conditions. The input and output of the elements are the molar flows of the 

various components and the reagent is given by the rate of reaction (which is a 

specific volume (moles / volume) multiplied by the volume of the reactor. 

Ͳ =  ݊�଴ − ݊�௘ − �ݎ ��ݎ = ݊�଴ − ݊�௘�  

There is no distinction between nA and nAe, therefore: �࡭ = ૙࡭� − �࡭�  

This is the CST‘ ͛͛equation design͛ 

Accumulationi = moles enteringi- moles exitingi-(+)moles reactedi 
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࡭� = ૙࡭� − �࡭�  

the 'design equation' for the CSTR IS NOT A DIFFERENTIAL EQUATION as in the case of 

BATCH and PFR reactors. The need for a differential equation arises in the case of BATCH 

because the composition changes over time and in the case of PFR because the 

composition changes in length. In the case of the CSTR instead the composition does 

not change nor as a function of time or space. 

But then if there are no changes in the composition or function of time or space, 

how CSTR can be a reactor? What reacts if it 'changes nothing'? The answer is that 

there is a discontinuity between what goes in and what comes out of this reactor. 

We assume that at the time of entering into the reactor reagent composition 

change, instantly.  
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Example 3: an irreversible reaction of first order, AB, is conducted in a CSTR with 

first order kinetics: rA = KCA. If k = 0.01 s-1 and the flow rate vT is 10-3 m3 s-1. 

Calculate the volume of the reactor and the residence time it takes to reach 30% 

conversion. 

From the ͚equation desigŶ͛ of CSTR:  �࡭ = ૙࡭� − �࡭�  

� = ݊�଴ − �ݎ�݊  rA= k CA= k nA/vT 

� = ݊�଴ − ݊�݇ ்ݒ�݊ = ்݇ݒ ݊�଴݊� − ͳ  ma 
�� = ͳ − ݊�݊�଴ 

� = ்݇ݒ ͳͳ − �� − ͳ = ்݇ݒ  ��ͳ − �� = Ͷ,ʹ9 � ͳͲ−ଶ ݉ଷ 

Residence time: � = � = ்ݒ Ͷʹ,9 ݏ 
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Comparison between BATCH- PFR- CSTR (examples1, 2, 3) 

From the numerical exercises carried out in the previous slides it can be observed 

how, for the same reaction with the same kinetics, the volume or the residence time 

required for a conversion in the CSTR is equal than that required in the reactors 

BATCH or PFR. The motivation lies in the fact that when we introduce fresh supply in 

the CSTR we dilute immediately to the concentration output, and then the reaction 

rate (which depends on the concentration of the reactants) decreases. Unlike in the 

other two reactors, the dilution of the reagents is not instantaneous but progressive 

and therefore the reaction rate is generally higher.  

You may see this concept imagining color mixtures: if I inject red in a CSTR becomes 

immediately pink, in the PFR becomes progressively advancing in the tube becomes 

pink and in the BATCH turns pink gradually over time.  

 

However, not always the reaction rates are higher with higher concentrations of 

reagents. You sometimes have kinetic mechanisms for which a reaction rate is 

inversely proportional to the concentration of a certain reagent. In these cases 

therefore the CSTR requires time (or volumes) lower than a batch or a PFR to achieve 

the same conversion. 
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CHEMICAL REACTORS: PART 2 

 

͚equations design͛ of batch, PFR, CSTR, extensions 

1) BATCH reactors: generalizing the equations 

࡭� = −૚���࡭��  

Taking the two fundamental equations of the batch 

 �� = �૙࡭�  ૙࡭�࡭�࡭��
�
૙  

In a general irreversible reaction AB with a reaction rate r=k Ca
n, esprimibile anche 

come:  

�ݎ = ݇��� = ݇����� = ݇��଴� ͳ − �� ���  
That sobstiutute in the equation 

gives 

� = ૚��࡭૙�−૚ ��−૚ ૚࡭�� − ࡭� ૙࡭��  

In this eq. NA0 is constant and k is 

constant (we assume that the reactor 

T does not change when changing the 

conversion) 
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� = ૚��࡭૙�−૚ ��−૚ ૚࡭�� − ࡭� ૙࡭��  

If the number of moles of the product are different from the number of reagent 

(obviously depending on the stoichiometry of the reaction) there will be a change in the 

total number of moles of the system. For a gas phase reaction, this means that: 

Reactor at constant volume  change reactor pressure  

Reactor at constant pressure  changes the volume of the reactor  

In the first case I can consider constant (and thus carry out the integral) the volume; in 

the second case I will not be able to take it out and I'll have to look for a relationship 

between the volume of the reactor and the degree of conversion 

We see the first case, i.e. in the gas phase batch reactor with constant volume: 

ݐ = ��−ଵ݇��଴�−ଵ ݀��ͳ − �� � = ͳ݇��଴�−ଵ ݀��ͳ − �� ���଴
��଴  

for n1: 

ݐ = −ͳ݇��଴�−ଵ ͳ − ݊ ͳ − �� ଵ−� − ͳ  
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ݐ = ͳ݇ ݈݊ ͳͳ − �� con �� = ͳ − ݁−�� 
If othrwise n=1 I have: 

Or, alternatively, whether express the same equations in terms of moles of 

A present we will have: 

This means that for an irreversible reaction of the first order at infinite 

residence times the conversion of the reactor will tend to 1 (100%) with 

exponential trend. 

ݐ = ͳ݇ ݈݊ ��଴��  �� = ��଴݁−�� 
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2) PFR reactors: extensions to a more general cases 

Taking the two fundamental equations of the PFR 

࡭� = ��࡭��−   ݀� = � = ���ݎ�݊݀ −
��଴

�
଴  ݀݊� = −݊�଴݀�� 

being 

Substituting the kinetics of order n, as in the case of the batch reactor: 

�ݎ = ݇��� = ݇ ்�ݒ��݊ = ݇ ݊�଴� ͳ − �� ்�ݒ�  

I obtain: 

� = ૙�−૚࡭��࡭�����  ૚ − ࡭� ૙࡭��  

Similarly to the previous case the volumetric 

flow vT will be constant for a reaction in the 

liquid phase or in gas phase where the number 

of moles, and therefore the pressure, does not 

change. Again, if we are not in these conditions 

it is necessary to derive a relationship between 

flow rate and conversion. 
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As in the case of the batch reactor, considering the equations for volumetric flow 

constant and n = 1 (Reaction of the first order). In this case we get: 

� = ்݇ݒ ݈݊ ͳͳ − ��  Therefore: 
ͳͳ − �� = ݌�݁ ்ݒ�݇ = exp ሺ݇�ሻ 

Being  the residence time in the reactor (reactor volume / flow rate) 

You can isolate xA: �� = ͳ − ݁−�� That is, in a PFR the conversion will tend to 1 (100%) with 

increasing residence time in an exponential manner. 

The same equations can be derived in terms of molar flow of reactant A: 

� = ்݇ݒ ݈݊ ݊�଴݊�  ݊� = ݊�଴݁−�� 
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3) CSTR reactor: extensions to a more general cases 

Returning to the fundamental equation of the CSTR and the kinetics of order n �࡭ = ૙࡭� − �࡭�  

I obtain: 

� = ݊�଴ − �ݎ�݊ = ݊�଴��݇��� = ݊�଴��ݒ�்݇݊�� = ݊�଴��ݒ�்݇݊�଴� ͳ − �� � 

As in previous cases, if I have the gas phase and a change in the number of moles I 

need a correlation between flow rate and degree of conversion. 
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� = ݊�଴ − �ݎ�݊ = ݊�଴��݇��� = ݊�଴��ݒ�்݇݊�� = ݊�଴��ݒ�்݇݊�଴� ͳ − �� � 

In the case of reactions at constant volume and for n = 1 is obtained: 

� = ்ݒ� = ͳ݇ ��ͳ − �� 
Where, as in the PFR,  is the average residence time in 

the reactor 

therefore:  �� = ݇�ͳ + ݇� 
So in a CSTR the conversion approaches the value 1 (100%) in a dependent way from 

the reciprocal of the average residence time. 

Expressing the same equations in terms of the molar flow of the reagent A, is 

obtained: � = ͳ݇ ݊�଴ − ݊�݊�  ݊� = ݊�଴ͳ + ݇� 
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Comparison PFR-CSTR 

CSTR: �� = ݇�ͳ + ݇� PFR: �� = ͳ − ݁−�� 
For kinetics of the first order a PFR 

will always require residence times 

lower to achieve a certain conversion 

respect to a CSTR (or for a certain 

residence time will always ensure a 

greater conversion). 
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This figure shows the reaction rate as a function of concentration of reagent A. 

Obviously the exit has a concentration of A  lower than the entrance. A CSTR will 

operate with a concentration equal to that of output (operating POINT), while the 

PFR requires to be represented by a curve (operating LINE), because the 

concentration of A varies in its interior. 
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Similarly, it can be to plot the inverse of the reaction rate 

against conversion. Again the PFR is represented by a 

curve and a point from the CSTR.  

Being that the volumes of the two reactors depend on: 

���ோ = ݊�଴ ݀��ݎ����଴  ��ௌ்ோ = ݊�଴ ��௘ݎ�  

Area 1 

Area 2 

It is obtained that the volume of the PFR is proportional to the area under the 

"operating line" (Area 1), while the volume of the CSTR is proportional to the 

rectangular (Area 1 + Area2).  

So the volume of the PFR will always be less than the volume of a CSTR. 
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This discussion is valid for orders of reaction> 1, for the reasons discussed.  

HOWEVER, IF we treat reaction orders lower than one, and therefore the higher the 

concentration of reagents is less than the speed of the reaction, the speech is 

reversed and the reactor with less volume required becomes the CSTR. The figures 

seen before become: 
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REACTOR IN SERIES: CSTR OF EQUAL VOLUME 

2 CSTR in series will have a lower volume than a single CSTR to obtain the same 

conversion, but will always be greater than the volume required by a PFR. Increasing 

the number of CSTR in series tends to reach (for infinite CSTR) the same volume 

required by PFR. Then n CSTR in series tend to the behavior of the PFR. 
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REACTOR IN SERIES: CSTR OF DIFFERENT VOLUME 

How to maximize the total conversion of n CSTR operating on their single 

volume? It all depends on the order of the reaction kinetics.  

If n = 1 then the order of the reactors is irrelevant, if n> 1 should operate with 

small reactors at the beginning (to maintain the highest concentrations of the 

reactants is favorable), if n <1 should operate with larger reactors at the 

beginning (preferably as soon as possible to lower the concentrations of the 

reactants). 
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RECYCLE 

The fresh feed is mixed with a stream of recycle and then sent to the PFR. The output of 

the reactor is divided between output and recycling. It defines recycle ratio: � =  �݉݁ݐݏ�ݏ ݈�݀ �ݐ݊݁ܿݏݑ �݈݋݉�ݐ݊�ݎݐ݊݁�ݎ �݈݋݉

IF R tends to zero the reactor behaves like a PFR 

IF R tends to infinite the reactor behaves like a CSTR, because an infinite recycling is 

equivalent to a perfect mixing 
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RECYCLE 

For an irreversible reaction of the first order the conversion step (xA) and the 

total conversion (XA) can be expressed as a function of the fraction recycled, as 

indicated in the following chart: 
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Consecutive reactions: ARS 
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Temperature dependance 

IRREVERSIBILE reaction: you can replace the k with its temperature dependence, 

namely: 

�ݎ = ݇�� = ݌�݁′݇ −∆��� ��଴ ͳ − ��  

k͛=pre-esponenzial factor 

E= activation energy 

The reaction rate varies as a function of 

temperature and conversion:  

If T increases, increases reaction speed  

If the conversion goes down, the rate of 

reaction too the reactant concentration of the 

reagent is larger 

High conversions are therefore favoured by 

high T. 
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ENDOTHERMIC IRREVERSIBLE REACTION 

You have direct reaction (k1) and reverse 

reaction (k-1). The relationship between 

these two k is the equilibrium constant K.  

As the temperature increases the value of K 

increases for endothermic reactions and 

therefore salt also the value of the 

conversion of A. 

 

High conversions are therefore favored by 

high T. 



47 

REVERSIBILE EXOTHERMIC reaction 

If the reaction is instead EXOTHERMIC, the equilibrium constant decreases as the 

temperature increases, and then decreases the conversion of equilibrium. 

There is an optimum operating 

temperature, a compromise 

between thermodynamic 

(equilibrium constant which falls 

climb of T) and issues kinetics 

(rate constant that rises with 

increasing T). 


