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Chemical Engineering principles— First Year/ Chapter Seven

(c) From four material balances, three of which are independent?

If you want to solve a set of independent equations that contain fewer unknown variables
than equations (the over specified problem), how should you proceed with the solution?
What is the major category of implicit constraints (equations) you encounter in material
balance problems?

If you want to solve a set of independent equations that contain more unknown variable than

equations (the underspecified problem), what must you do to proceed with the solution?
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Answers:
1. A solution means a (possibly unique) set of values for the unknowns in a problem that

satisfies the equations formulated in the problem.

2. (a) one; (b) three; (c) three.

3. Delete nonpertinent equations, or find additional variables not included in the analysis.

4. The sum of the mass or mole fraction in a stream or inside a system is unity.

5. Obtain more equations or specifications, or delete variables of negligible importance.
Problems

1. A water solution containing 10% acetic acid is added to a water solution containing 30%
acetic acid flowing at the rate of 20 kg/min. The product P of the combination leaves the rate
of 100 kg/min. What is the composition of P? For this process,

a. Determine how many independent balances can be written.
b. List the names of the balances.

c. Determine how many unknown variables can be solved for.
d. List their names and symbols.

e. Determine the composition of P.

2. Can you solve these three material balances for F, D, and P? Explain why not.

0.1F + 0.3D = 0.2P

09F + 0.7D = 0.8P

F + D= P

3. How many values of the concentrations and flow rates in the process shown in Figure

SAT7.2P3 are unknown? List them. The streams contain two components, 1 and 2.

ER— —i
Wy = 0.2 Wpy= 0.95
Weo= 0.8

P
mlpzz 01
Figure SAT7.2P3

4. How many material balances are needed to solve problem 3? Is the number the same as the
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number of unknown variables? Explain.
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Answers:

1. (a) Two; (b) two of these three: acetic acid, water, total; (c) two; (d) feed of the 10%
solution (say F) and mass fraction @ of the acetic acid in P; (e) 14% acetic acid and 86%
water

2. Not for a unique solution because only two of the equations are independent.

3. F,D,P, op2, wpi

4. Three unknowns exist. Because only two independent material balances can be written for
the problem, one value of F, D, or P must be specified to obtain a solution. Note that

specifying values of wp2 or wpi will nothelp.

Supplementary Problems (Chapter Seven):

Problem 1
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Problem 2

Chapter 8

Solving Material Balance Problems for Single Units without Reaction
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The use of material balances in a process allows you (a) to calculate the values of
the total flows and flows of species in the streams that enter and leave the plant equipment,

and (b) to calculate the change of conditions inside the equipment.

Example 8.1

Determine the mass fraction of Streptomycin in the exit organic solvent assuming

that no water exits with the solvent and no solvent exits with the aqueous solution. Assume
that the density of the aqueous solution is 1 g/cm® and the density of the organic solvent is
0.6 g/cm’. Figure E8. 1 shows the overall process.

Solution

This is an open (flow), steady-state process without reaction. Assume because of the low

concentration of Strep. in the aqueous and organic fluids that the flow rates of the entering fluids

equal the flow rates of the exit fluids.

Organic solvent S

10L/min p=06 gjcmi!
No

Strep
Aqueous solution Aqueous solution
A ] Extraction
200 L/min Process 0.2 g Strep /L
10 g Strep /L
p=1g/cm3

Organic | solvent

Extracted Strep

Figure E8.1

Basis: 1 min
Basis: Feed = 200 L (flow of aqueous entering aqueous solution)
e Flow of exiting aqueous solution (same as existing flow)
e Flow of exiting organic solution (same as existing flow)
The material balances are in = out in grams. Let x be the g of Strep per L of solvent S
Strep. balance:

200Lof A(10gStrep  10LofS|OgStrep  200Lof A|02gStrep  10L of S|x g Strep
[ ILof A 1LofS 1 Lof A 1LofS

x =196 g Strep/L of solvent
To get the g Strep/g solvent, use the density of the solvent:
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196g Strep| 1L ofS l cm®of S
—— = 0.3267 g Strep/g of S
ILofS 10000m30t‘s‘0.6g0f5 i
0.3267
 fracti =——"—— =02
The mass fraction Strep T+ 03267 0.246

Example 8.2
Membranes represent a relatively new technology for the separation of gases. One use
that has attracted attention is the separation of nitrogen and oxygen from air. Figure
E8.2a illustrates a nanoporous membrane that is made by coating a very thin layer of
polymer on a porous graphite supporting layer. What is the composition of the waste

stream if the waste stream amounts to 80% of the input stream?

High-pressure | Membrane | Low-pressure
side - ; side

21% 0, [ s 0, 25%

I (Input) T&- .
79% N, — ow 1 N,75%

Product (Output)

O, Nz
waste stream

Figure E8.2a

Solution

This is an open, steady-state process without chemical reaction.

F (g mol
O | eromne, e
mol fr g mol mol fr g mol
02 0.21 nsz 02 0.25 nB,‘,
N, 079 nf, N, 075 nf,
1.00 W (g mol) 1.00
mol fr g mol
02 YOz n‘g;
N2 YN'_) HWZ
100 W

Basis: 100 g mol = F
Basis: F =100
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Specifications: n(‘_-p,z = 0.21(100) = 21
nk, = 0.79(100) = 79
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Y6, = nbJP =025  nb =025p
nG/P =075  nf, =075P
0.80(100) = 80

P
YN,

=
I

Material balances: Oz and N>

Implicit equations: =n}" = W or Sy = 1

In Out In Out
0y: 021(100) = 0.25P + y8,(80) or 0.21(100) = 0.25P + nf,
N;: 0.79 (100) = 0.75P + yhz (80) or 0.79(100) = 0.75P + nY,
1.00 =8, + ¥, or 80 = ng, + ny,

The solution of these equations is
nd, = 16 and n\, = 64, or y§, = 0.20 and }{{ =080,and P=20 g mol.

Check: total balance 100 =20+ 80 OK

< Another method for solution
The overall balance is easy to solve because
F=P+W or 100=P+80
Gives P = 20 straight off. Then, the oxygen balance would be

0.21(100) = 0.25(20) + nf,

ng: = 16 g mol, and ng_, = 80 — 16 = 64 g mol.

Note (Example 8.2)

“52 + nf, = F 1s aredundant equation because it repeats some of the specifications.
Also, nf, + nf, = P is redundant. Divide the equation by P to get o, + ¥k, = 1, arelation that is
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equivalent to the sum of two of the specifications.

Example 8.3
A novice manufacturer of ethyl alcohol (denoted as EtOH) for gasohol is having a bit of difficulty

with a distillation column. The process is shown in Figure E8.3. It appears that too much alcohol is
lost in the bottoms (waste). Calculate the composition of the bottoms and the mass of the alcohol
lost in the bottoms based on the data shown in Figure E8.3 that was collected during 1 hour of

operation.
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Solution

The process is an open system, and we assume it is in the steady state. No reaction occurs.

System -~ ot
Boundary Vapor Heat \
Jf Exchanger |
| /
I _j
i Refl
: Sl /," Distillate (Product) P = kg
Fi # 60% E10H
i eed: Distillation - 0%
F 10% EtOH =t==={ Column P 40% H,0
90% HO | P P=1/10 feed
i //
]
\ 5%
\ + Bottoms (Waste) & = kg
\ w4 E1OH ?
~ v
Seeeem N H,0 ?
Figure E8.3

Basis: 1 hour so that F = 1000 kg of feed
We are given that P is (1/10) of F, so that P = 0.1(1000) = 100 kg

Basis: F= 1000 kg Specifications: mf,oy = 1000(0.10) = 100
mi,o = 1000(0.90) = 900

mon = 0.60P

miy,0 = 0.40P
P=(0.1) (F) =100 kg
Material balances: EtOH and
H>O Implicit equations:
Smf = Bor Sof =1
The total mass balance: F=P+B

B =1000-100 =900 kg

The solution for the composition of the bottoms can then be computed directly from the

material balances:

kg feed in kg distillate out kg bottoms out Mass fraction
EtOH balance: 0.10(1000) — 0.60(100) = 40 0.044
H,0 balance:  0.90(1000) - 0.40(100) = 860 0.956
900 1.000

As a check let’s use the redundant equation
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B B _ B . T
meon + mp,o = B or wgon + wh,o = |

40 + 860 =900=B
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Example 8.4
You are asked to prepare a batch of 18.63% battery acid as follows. A tank of old weak
battery acid (H2SO4) solution contains 12.43% H>SO4 (the remainder is pure water). If 200
kg of 77.7% H2SO41s added to the tank, and the final solution is to be 18.63% H2SO4, how

many kilograms of battery acid have been made? See Figure E8.4.

Added Solution 200 kg = 4

H,S0, 77.7%
H,0  22.3%
/Sysfem \

H,S0, 12.43% — H,50, 18.63%
H,0 87.57% - H,0 81.37%
Original Solution F kg Final Solution Pkg

Figure E8.4

Solution
1. An unsteady-state process (the tank initially contains sulfuric acid solution).

Accumulation = In — Out
2. Steady-state process (the tank as initially being empty)

In = Out (Because no accumulation occurs in the tank)

1) Solve the problem with the mixing treated as an unsteady-state process.

Basis = 200 kg of A

Material balances: H2SO4 and
H>0O The balances will be in

kilograms.
Tvpe of Balance Accumulation in Tank In Out
Final Initial
H,SO, P(0.1863) - F(0.1243) = 20000.777) - 0
H,0 P(0.8137) - F(0.8757) = - 200(0.223) - 0
Total P - F = 200 - 90

Note that any pair of the three equations is independent.

P=2110kgacid & F=1910 kg acid
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2) The problem could also be solved by considering the mixing to be a steady- state process.

Ain Fin P out
H,S0, 20000.777) + F(0.1243) = P(0.1863)
H,0 200(0.223) + F(0.8757) = P(0.8137)
Total A + F = P
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Note: You can see by inspection that these equations are no different than the first set of

mass balances except for the arrangement and labels.

Example 8.5
In a given batch of fish cake that contains 80% water (the remainder is dry cake), 100 kg of
water is removed, and it is found that the fish cake is then 40% water. Calculate the weight

of the fish cake originally put into the dryer. Figure E8.5 is a diagram of the process.

W =100 kg Hz0
/Sysfem Boundary
!
! 0 kg H0
Wet A [
Fish Cake = ? kg \I Burner
Ay
0.80 Hgo h
0.20 80C* =———— ' & oy
: 1 Sy ' Fish Cake = 7 kg
I e - o 0.40 H,0
| Tie Component .
L—— e - 0.60 BDC

*Bone Dry Coke

Figure E8.5

Solution
This is a steady-state process without reaction.

Basis: 100 kg of water evaporated =W

In Out
Total balance: A =B+ W=B+ 100
mass balances
BDC balance: 0.20A = 0.60B

A =150 kg initial cake and B = (150)(0.20/0.60)

= 50kg Check via the water balance: 0.80 A =

0.40 B + 100

0.80(150) = 0.40(50) + 100
120 =120
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Note

In Example 8.5 the BDC in the wet and dry fish cake is known as a tie component because the
BDC goes from a single stream in the process to another single stream without loss, addition, or

splitting.
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Example 8.6
A tank holds 10,000 kg of a saturated solution of NaxCOs3 at 30°C. You want to crystallize

from this solution 3000 kg of Na;CO;.10 H2O without any accompanying water. To what
temperature must the solution be cooled?

You definitely need solubility data for Na,COs as a function of the temperature:

Solubility
Temp.(°C) (g Na,CO,/100 g H,0)
0 7
10 12.5
20 21.5
30 38.8

Solution
No reaction occurs. Although the problem could be set up as a steady-state problem with flows in
and out of the system (the tank), it is equally justified to treat the process as an -unsteady-state

PIOCeEsSS.

System Boundary

- "~ - ~—
~

- 10,000 kg E? e N

/ \ [T Nayco \
————— 0 ‘
{ Saturafed NazC0s l - 273 | | Saturated |
[ Solution ]’, | Sol'uhgn |
\ T=17 |
30°C H,0 | ————- - \ H,0 )

\
\"- \// \\ ///
Initial State Final State

N02C03 - 10 H20
3000kg
Crystals Removed

Because the initial solution is saturated at 30°C, you can calculate the composition of

the initial solution:

38.8 g Na,CO;, 5585 B g 2
Y. = (U t :
38.8 g NaZCO’g + 100 g Hjo mass Iraction Najp 3

Next, you should calculate the composition of the crystals.

Basis: 1 g mol Na,CO:.10 H:O
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Comp. Mol Mol wt. Mass Mass fr
Na,CO4 I 106 106 0.371
H,0 10 18 180 0.629
Total 286 1.00

84



Chemical Engineering principles— First Year/ Chapter Eight

Basis: 10,000 kg of saturated solution at 30°C

” LS B ~
r ~ rd bt
! AY ¥ X
10,000 kg y / F=7kg &
| S \
Na,CO;4 0.280 Na,CO3  mMya,coq
- !
.| BO 0.720 / -\ H,0 M0 /
AN /
N\ N s
N ~ o
~ . rd
b T < M . - -
Initial Final
sl'ate state
3000 kg
Na,CO; 0.371
H,0 0.629

Crystals
removed

An unsteady-state problem, the mass balance reduces to (the flow in = 0)

Accumulation = In — Qut

Basis: 1 =10,000 kg

Material balances: Na,COs3, H,O
I - I Fr _ F . Cr _ . C .
Note that @'/ = mi, o7 F =m;, and 0;"C = m; are redundant equations.

Also redundant are equations such as

2w; = | and Zm; = mygy).

Accumulation in Tank

Final Initial Transport out
Na,CO; MiayCO, - 10,000(0.280) = -3000(0.371)
H,O mito -~ 10,000(0.720) = -3000(0.629)
Total F - 10,000 = -3000

1

The solution for the composition and amount of the final solution is
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Component kg

mﬂaz co, 1687

mi, o 5313
F (total) 7000

Check using the total balance:7,000 + 3,000 = 10,000

To find the temperature of the final solutiQs87 kg Na,CO;  31.8 g Na,CO;

5,313 kg H,0 100 g H,0
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Thus, the temperature to which the solution must be cooled lies between 20°C and 30°C. By linear

interpolation

38.8-31.8
30° —— e 0° = [
0°C = S5 5oy 5 (100°C) = 26°C

Example 8.7

This example focuses on the plasma components of the streams: water, uric
acid (UR), creatinine (CR), urea (U), P, K, and Na. You can ignore the initial filling of the
dialyzer because the treatment lasts for an interval of two or three hours. Given the
measurements obtained from one treatment shown in Figure E8.7b, calculate the grams per

liter of each component of the plasma in the outlet solution.
Solution
This is an open steady-state system.

Basis: 1 minute

Sin = 1700 mL/min

B" = 1100 mL/min Bout = 1200 mL/min

Ja=1.16 g/L BOY = 60 mg/L
Blfa=272g/L _ BRY = 120 mg/L
Bl =18g/L ' By =1.51glL

n =077 gL St =2 B2Y! = 40 mg/L
B =577 gL 42 B! = 2.10 mg/L
Bla=13.0g/L S =2 BRY =5.21 glL
Bliaer= 1100mUmin  gau _ 5 oty = 1200mUmin

S=?
SR =7
out -7
rater = *
Figure E8.7b

e The entering solution is assumed to be essentially water.

The water balance in grams, assuming that 1 mL is equivalent to 1 gram, is:

1100 + 1700 = 1200 + S44er hence:  Soaer = 1600 mL

The component balances in grams are:

UR: L.1(1.16) + 0
CR: 1.1(272) + 0

1.2(0.060) + 1.6 S 0 = 0.75
1.2(0.120) + 1.6 SX S = 1.78
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U:
P:
K:

Na:

1.1(18) + 0 = 1.2(1.51) + 1.6 SY™

1.1(0.77) + 0 = 1.2(0.040) + 1.6 Sp™
1.1(5.77) + 0 = 1.2(0.120) + 16 SR"
1.1(13.0) + 0 = 1.2(3.21) + 1.6 S{4

88
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uestions

1.

Answer the following questions true or false:

a. The most difficult part of solving material balance problems is the collection and
formulation of the data specifying the compositions of the streams into and out of the
system, and of the material inside the system.

b. All open processes involving two components with three streams involve zero
degrees of freedom.

c. An unsteady-state process problem can be analyzed and solved as a steady-state
process problem.

d. Ifa flow rate is given in kg/min, you should convert it to kg mol/min.

2. Under what circumstances do equations or specifications become redundant?

Answers:

1.

(@) T; (b) F; (¢) T; (d) F

2. When they are not independent.

Problems

1. A cellulose solution contains 5.2% cellulose by weight in water. How many kilograms of
1.2% solution are required to dilute 100 kg of the 5.2% solution to 4.2%?

2. A cereal product containing 55% water is made at the rate of 500 kg/hr. You need to dry the
product so that it contains only 30% water. How much water has to be evaporated per hour?

3. If 100 g of NaxSOg4is dissolved in 200 g of H,O and the solution is cooled until 100 g of
NaxS04.10H20 crystallizes out; find (a) the composition of the remaining solution (the
mother liquor) and (b) the grams of crystals recovered per 100 g of initial solution.

4. Salt in crude oil must be removed before the oil undergoes processing in a refinery. The

crude oil is fed to a washing unit where freshwater fed to the unit mixes with the oil and
dissolves a portion of the salt contained in the oil. The oil (containing some salt but no
water), being less dense than the water, can be removed at the top of the washer. If the
“spent” wash water contains 15% salt and the crude oil contains 5% salt, determine the

concentration of salt in the “washed” oil product if the ratio of crud oil (with salt) to water
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used is 4:1.
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Answers:
1. 333kg
178 kg/hr
(a) 28% Na»SO0s ; (b)33.3
Salt: 0.00617; Oil: 0.99393

N

Supplementary Problems (Chapter Eight):

Problem 1
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Problem 2
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Chapter 9

The Chemical Reaction Equation and Stoichiometry

9.1 Stoichiometry

e The stoichiometric coefficients in the chemical reaction equation
84



Chemical Engineering principles— First Year/ Chapter Nine

CHy6(€) + 11 0y(g) = 7 CO,(g) + 8 H,O(g) Is (1 for C7Hie, 11 for Oz and so on).

e Another way to use the chemical reaction equation is to indicate that 1 mole of CO; is
formed from each (1/7) mole of C7H16, and 1 mole of H,O is formed with each (7/8) mole
of COz. The latter ratios indicate the use of stoichiometric ratios in determining the relative
proportions of products and reactants.

For_example how many kg of CO> will be produced as the product if 10 kg of C;Hie react
completely with the stoichiometric quantity of O,? On the basis of 10 kg of C7Hs

10 kg C';HI() ] kg mol C‘;H]f_,

100.1 kg C?Hm

7 kg mol CO,
| kg mol C?Hlf)

44.0kg CO,.
1 kg mol CO,

= 30.8 kg CO,

Example 9.1
The primary energy source for cells is the aerobic catabolism (oxidation) of glucose (CsHi120s, a

sugar). The overall oxidation of glucose produces CO; and H,O by the following reaction

CgH |20 + aO; — b CO,; + ¢ H)O

Determine the values of a, b, and c that balance this chemical reaction equation.
Solution

Basis: The given reaction

By inspection, the carbon balance gives b = 6, the hydrogen balance gives ¢ = 6, and an oxygen
balance

6+2a=6*2+6
Gives a = 6. Therefore, the balanced equation is CgH 104 + 60, — 6CO, + 6H,0
Example 9.2
In the combustion of heptane, CO- is produced. Assume that you want to produce 500 kg of dry ice
per hour, and that 50% of the CO> can be converted into dry ice, as shown in Figure E9.2. How
many kilograms of heptane must be burned per hour? (MW: CO> =44 and C7Hi6 =100.1)

Other Products

€0, Gos
(50%)
l €0, Solid
CHyg Gos (50°
— ReoClor  —
0, Gos S00kg/n Figure E9.2
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Solution

The chemical equation is

CyH ¢ + 110, — 7CO, + 8H,0

Basis: 500 kg of dry ice (equivalent to 1 hr)
The calculation of the amount of C7His can be made in one sequence:

500 kg dryice| 1kgCO,

0.5 kg dry ice

1 kg mol CO,
44.0 kg CO,

1 kg mol C;H,,
7 kg mol CO,

100.1 kg C;H,,
1 kg mol C;H 4

= 325kg C,H,q

Example 9.3
A limestone analyses (weight %): CaCO3 92.89%, MgC0O35.41% and Inert 1.70%

By heating the limestone you recover oxides known as lime.
(a) How many pounds of calcium oxide can be made from 1 ton of this limestone?
(b) How many pounds of CO> can be recovered per pound of limestone?
(c) How many pounds of limestone are needed to make 1 ton of lime?
Mol. Wt.: CaCOs; (100.1) MgCOs3(84.32)  CaO (56.08) MgO (40.32)  CO: (44.0)

Solution

,_’COQ

Limestone
l Ca0
Mg0 Lime
Heat s
Chemical Equation:
CaCO; — Ca0 + CO,
MgCO; — MgO + CO,
Basis: 100 1b of limestone
Limestone Solid Products
Component Ib = percent Ib mol Compound ib mol Ib
CaCO,4 92.89 0.9280 Ca0 0.9280 52.04
MgCO, 5.41 0.0642 MgO 0.0642 2.59
Inert 1.70 Inert 1.70
Total 100.00 0.9920 Total 0.9920 56.33

The quantities listed under Products are calculated from the chemical equations. For example, for
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the last column:

1 1b mol CaCO,
100.1 Ib CaCO;4

1 1b mol CaO
1 Ib mol CaCO;

56.08 1b CaO
1 1b mol CaO

92.89 Ib CaCO,

= 52.04 Ib CaO
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5411b MgCO, 40321bMEO _ oo

1 1b mol MgO |

84.32 1b MgCO,

1 1b mol MgCO;| 1 1b mol MgO
1 Ib mol MgCO;

The production of COz is:

0.9280 Ib mol CaO is equivalent to 0.9280 Ib mol CO>
0.0642 1b mol MgO is equivalent to 0.0642 Ib mol CO;
Total 1b mol CO2 =0.9280 + 0.0642 = 0.992 1b mol CO;

44.01b CO,
1 Ib mol CO»

0.992 Ib mol CO,

= 44.651b CO,

Alternately, you could have calculated the Ib COz from a total balance: 100 - 56.33 = 44.67.

Now, to calculate the quantities originally asked for:

- 2
(a) CaO produced = —52'(&- CaO_|20001b _ 1041 1b CaO/ton
100 Ib limestone | 1 ton
3.651b CO _
(b) COzrecovered = DD 0.437 1b CO»/Ib limestone

100 b limestone

20001b 3550 Ib limestone/

100 Ib limestone
56 lton _ tonlime

(c) Limestone required = 56.33 Ib lime

9.2 Terminology for Applications of Stoichiometry
9.2.1 Extent of Reaction

The extent of reaction, &, is based on a particular stoichiometric equation, and denotes how much
reaction occurs.
. . n; — nj,
The extent of reaction is defined as follows: &= . ...9.1
1

Where:

n; = moles of species i present in the system after the reaction occurs

ni, = moles of species i present in the system when the reaction starts

vi = coefficient for species 7 in the particular chemical reaction equation (moles of species i

produced or consumed per moles reacting)

& = extent of reaction (moles reacting)

e The coefficients of the products in a chemical reaction are assigned positive values and the
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reactants assigned negative values. Note that (n; - ni) is equal to the generation or

consumption of component i by reaction.
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Equation (9.1) can be rearranged to calculate the number of moles of component i from the value of

the extent of reaction

n; = ng+ &v; ...9.2
Example 9.4
Determine the extent of reaction for the following chemical reaction N, + 3H, — 2NH;4

given the following analysis of feed and product:

N> H» NH3
Feed 100g 50g S5¢g
Product g

Also, determine the g and g mol of N2 and H; in the product.
Solution

The extent of reaction can be calculated by applying Equation 9.1 based on NH:

90 g NH; |1 g mol NH;
= — = 5.294 g mol NH;

17 g NH,

n:

1

5 gNH;|1 g mole NH;

3 - 02 .
17 g NH, 0.294 g mol NH-

L (5.294 — 0.204)g mol NHj
ATt 2

Mip =

—— = 2.50 moles reacting
2 g mol NHj/moles reacting ©

Equation 9.2 can be used to determine the g mol of N> and H» in the products of the reaction

100 g N2 | 1 g mol N,

ZSgN2

Nyt njg = = 3.57 g mol N,

nn, = 3.57 + (—1)(2.5) = 1.07 gmol N,

_107gmolNy| 2Ny _ o
mn, = 1 g mol N, S
50 g H,|1 g mol Hy
Hy: ngp = 23l g.?lg H-: ~ = 2 gmolb

Ny =25+ (—3)(2.5) = 17.5 g mol H,

_ 17.5gmolHy[ 2gH,

1 g mol H,

=35gH,
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Note: If several independent reactions occur in the reactor, say k£ of them, § can be defined for each

reaction, with vx; being the stoichiometric coefficient of species i in the kth reaction, the total

number of moles of species i is
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R
n; = N + EV*I é“k o 9.3
=1

Where R is the total number of independent reactions.

9.2.2 Limiting and Excess Reactants

¢ The excess material comes out together with, or perhaps separately from, the product, and
sometimes can be used again.

¢ The limiting reactant is the species in a chemical reaction that would theoretically run out
first (would be completely consumed) if the reaction were to proceed to completion
according to the chemical equation—even if the reaction does not proceed to completion!
All the other reactants are called excess reactants.

Jamount of the excess reactant fed - amount of the excess reactant required to

| react with the limitingreactant .

% excess reactant = * . . o J %100
{amount of the excess reactant required to react with the limiting

reactant }

+ For example, using the chemical reaction equation in Example 9.2,

C,H,4 + 110, — 7CO, + 8H,0

If 1 g mol of C7H16 and 12 g mol of Oz are mixed.

As a straightforward way of determining the limiting reactant, you can determine the maximum

extent of reaction, £™, for each reactant based on the complete reaction of the reactant. The
reactant with the smallest maximum extent of reaction is the limiting reactant. For the

example, for 1 g mol of C7Hi¢ plus 12 g mole of Oz, you calculate

92



Chemical Engineering principles— First Year/ Chapter Nine

0 gﬂpl O, —12¢g Ti)l_(_)z__

gmux (based on 02) — = 1.09 moles reacting

—11 g mol O,s/moles reacting

0 g mol C;H (—1 g mol C7H,¢
M (based on C7H ) = ——— : — = 1.00 moles reacting
—1 g mol CyH ¢/moles reacting

Therefore, heptane is the limiting reactant and oxygen is the excess reactant.

As an alternate to determining the limiting reactant,

Ratio in feed Ratio in chemical equation
0] 12 11
2 ~ =12 > — =11
C;Hj¢ 1 1
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%+ Consider the following reaction A 4+ 3B + 2C — Products
If the feed to the reactor contains 1.1 moles of A, 3.2 moles of B, and 2.4 moles of C. The extents

of reaction based on complete reaction of A, B, and C are

~LlmolA _

EMX (basedon A) = — 1 1.]

i . —32molB o

" (basedon B) = 3 = 1.07
—2.4 mol

&M (based on C) = 24 mol € = 1.2

As a result, B is identified as the limiting reactant in this example while A and C are the excess

reactants.

As an alternate to determining the limiting reactant for same example:

We choose A as the reference substance and calculate

Ratio in feed Ratio in chemical equation
B 3.2 3
—= == 2,01 —-—=3
AL < 1
G 2.4 2
—_— —_— = 2_ —_=
AT 12

We conclude that B is the limiting reactant relative to A, and that A is the limiting reactant
relative to C, hence B is the limiting reactant among the set of three reactant. In symbols we

have B<A,C> A (i.e., A<C),sothat B< A <C.

Example 9.5

If you feed 10 grams of N> gas and 10 grams of H» gas into a reactor:
a. What is the maximum number of grams of NHj that can be produced?
b. What is the limiting reactant?
c. What is the excess reactant?

Solution
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NH3 (g)
No() Reactor —H2 00
109 10g
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Ny(g) + 3H,(g) - 2NH;(g)

Given g: 10 10 0
MW: 28 2.016 17.02
Calculated g mol: 0.357 4.960 0

—0.357 g mol N,
—1 g mol Ny/moles reacting

MY (based on Np) = = (0.357 moles reacting

—4.960 g mol H; )
§™ (based on Hy) = ——= .65 rholes reacting
—3 g mol H»/moles reacting

(b) N2 is the limiting reactant, and that (c) Ha is the excess reactant.
The excess Hy = 4.960 — 3(0.357) = 3.89 g mol. To answer question (a), the maximum amount of

NH; that can be produced is based on assuming complete conversion of the limiting reactant

0.357 g mol N, |2 g mol NH;4

I g mol N,

17.02 g NH;4
1 g mol NH;

= 122 g NH,

9.2.3 Conversion and degree of completion
Xl Conversion is the fraction of the feed or some key material in the feed that is converted into
products.
Xl Conversion is related to the degree of completion of a reaction namely the percentage or

fraction of the limiting reactant converted into products.

Thus, percent conversion is

moles (or mass) of feed (or a compound in the feed) that react

% conversion= moles (or mass) of feed (or a componentin the feed) introduced «1(0

For example, for the reaction equation described in Example 9.2, if 14.4 kg of CO; are formed in

the reaction of 10 kg of C7Hi¢, you can calculate what percent of the C7Hi¢is converted to CO»

(reacts) as follows: CyH 4 + 110, = 7CO, + 8H,0

14.4 kg CO,| 1 kg mol CO,

44.0 kg CO,

1 kg mO] C?H 16
7 kg mol CO,

C7Hi6 equivalent to CO: in the product = 0.0468 kg mol C;H¢

nr

1 kg mol C7H 4
100.1 kg CsH 16

10 kg CTH 16

= 0.0999 kg mol C7H 4
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C7Hi6 in the reactants

0.0468 mol reacted
o ¥ _— = = = g
o conversion 0.0999 ke mol fed 100 ‘ 46.8% of the C4H ¢
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Xl The conversion can also be calculated using the extent of reaction as follows:

Conversion is equal to the extent of reaction based on CO» formation (i.e., the actual extent
of reaction) divided by the extent of reaction assuming complete reaction of C;His (i.c.,

the maximum possible extent of reaction).

) extent of reaction that actually occurs
Conversion=

extent of reaction that would occur if completereaction took place

4

é:max

9.2.4 Selectivity
Selectivity is the ratio of the moles of a particular (usually the desired) product produced to the
moles of another (usually undesired or by-product) product produced in a set of reactions.

For example, methanol (CH3OH) can be converted into ethylene (C2H4) or propylene (C3Hg) by the

reactions

2 CH3OH —— C2H4 + QHQO
3 CH;0H — C3Hg + 3H,0

What is the selectivity of CoHy relative to the C3Hg at 80% conversion of the CH3;0OH? At 80%
conversion: C2Hs 19 mole % and for C3He 8 mole %. Because the basis for both values is the same,

the selectivity = 19/8 = 2.4 mol C2H4 per mol C3Hs.

9.2.5 Yield

No universally agreed-upon definitions exist for yield—in fact, quite the contrary. Here are three
common ones:

¢ Yield (based on feed)—the amount (mass or moles) of desired product obtained divided by
98



Chemical Engineering principles— First Year/ Chapter Nine

the amount of the key (frequently the limiting) reactant fed.

Yield (based on reactant consumed)—the amount (mass or moles) of desired product
obtained divided by amount of the key (frequently the limiting) reactant consumed.

Yield (based on theoretical consumption of the limiting reactant)—the amount (mass or
moles) of a product obtained divided by the theoretical (expected) amount of the product
that would be obtained based on the limiting reactant in the chemical reaction equation if it

were completely consumed.
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Example 9.6

The following overall reaction to produce biomass, glycerol, and ethanol

CeH;,04(glucose) + 0.118 NH3 — 0.59 CH | 14N; 5,0 45 (biomass)
+ 0.43 C3HgO5(glycerol) + 1.54 CO, + 1.3 C,H;OH (ethanol) + 0.03 H,0

Calculate the theoretical yield of biomass in g of biomass per g of glucose. Also, calculate the yield
of ethanol in g of ethanol per g of glucose.
Solution

Basis: 0.59 g mol of biomass

0.59 g mol biomass [ 23.74 g biomass | 1 g mol glucose

= 0.0778 g biomass/g glucose

1 g mol glucose |1 g mol biomass| 180 g L;‘I-l.u:ose

I g mol C;HsOH

1.3 g mol C,HsOH 1 g mol glucose

= (0.332 g C,HsOH/g glucose

lg mol glucos;f:_ 180 g glucose

Example 9.7

For this example, large amounts of single wall carbon nanotubes can be produced by the catalytic
decomposition of ethane over Co and Fe catalysts supported on silica
CHg—2C+3H, (a)
NCHy + Hy (b)
If you collect 3 g mol of H> and 0.50 g mol of C2H4, what is the selectivity of C relative to C2H4?
Solution

Basis: 3 g mol H, byReaction{a)
0.50 g mol C2H4 by Reaction (b)

The 0.5 g mol of C,H4 corresponds to 0.50 g mol of H> produced in Reaction (b).
The H> produced by Reaction (a) =3 - 0.50 = 2.5 gmol.

The nanotubes (the C) produced by Reaction (a) = (2/3)(2.5) = 1.67 g mol C

The selectivity = 1.67/0.50 = 3.33 g mol C/g mol CoH4

Example 9.8

The two reactions of interest for this example are
10
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Cly(g) + C3He(g) — C3HsCl(g) + HCl(g) (@)

Cly(g) + C3Hg(g) — C3HeCly(g) (b)

CsHg is propylene (propene) (MW = 42.08)
C3HsCl1 is allyl chloride (3-chloropropene) (MW = 76.53)

10
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C3HeCly s propylene chloride (1,2-dichloropropane) (MW = 112.99)

The species recovered after the reaction takes place for some time are listed in Table E9.8.

species Cly CsHe C;3HsC1 C3HsCla HCI
g mol 141 651 4.6 24.5 4.6

Based on the product distribution assuming that no allyl chlorides were present in the feed, calculate

the following:

a. How much Cl; and C3He were fed to the reactor in g mol?
b. What was the limiting reactant?

c. What was the excess reactant?

d. What was the fraction conversion of C3Hgto C3HsC1?

e. What was the selectivity of C3HsCl1 relative to CzHeClo?
f.  What was the yield of C3HsC1 expressed in g of C3HsC1 to the g of C3Hs fed to the reactor?
g. What was the extent of reaction of the first and second reactions?

Solution

Figure E9.8 illustrates the process as an open-flow system. A batch process could alternatively be

used.
Cl, (9)
Cl, (9) CaHg (9)
—_— Reactor ~ ————— C;H;Cl(g)

CaHs (0)

[ S W g I P
3y gz 1Y)

HCI (g)

Figure E9.8

A convenient basis is what is given in the product list in Table E9.8.

Reaction (a)

4.6 gmol C3HsC1| 1 gmol Cl,
————|————=—7—= = 4.6 g mol Cl, reacts

I g mol C3H;5Cl

Reaction (b)

24.5 ¢ mol C3HgCl 1 g mol Cl
£ Eala £z - 24.5 g mol Cl, reacts

1 g mol C3H6C12

Total = 4.6 + 24.5 = 29.1 g mol Cl; reacts

Clz in product = 141.0 from Table E9.8
10
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(a) Total Cl> fed =141.0 + 29.1 =170.1 g mol Cl»
Total C3Hs fed = 651.0 +29.1 = 680.1 g mol of C3Hs

10
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(b)and (c) Since both reactions involve the same value of the respective reaction

stoichiometric coefficients, both reactions will have the same limiting and excess reactants

max . . - —680.1 g mol C3H6 _ T
£ (based on C3Hg) 2 680.1 moles reacting
—1 g mol C3Hg/moles reacting

— —170.1 g mole Cl, .
EMX (based on Cl,) = —————————— = 170.1 moles reacting
—1 g mol Cly/moles reacting

Thus, C3He was the excess reactant and Cl the limiting reactant.

(d) The fraction conversion of C3Hgto C3HsC1 was

—— =676 X 1073
680.1 g mol C3Hg fed 7
(e) The selectivity was
462mol GHSCl_ ' mol CiHC
24.5 g mol C3H4Cly "7 g mol C3H4Cl,
(f) The yield was
(42.08)(680.1)g CsHy g C3Hg

(g) Because C3HsC1 is produced only by the first reaction, the extent of reaction of the first

reaction 1S

Because C3HgC121s produced only by the second reaction, the extent of reaction of the

second reaction is

i~ MNip 245 —
Mg 50 _

Vi |

&=
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Example 9.9
Five pounds of bismuth (MW=209) is heated along with one pound of sulfur (MW=32) to form
Bi2S; (MW=514). At the end of the reaction, the mass is extracted and the free sulfur recovered is
5% of the reaction mass. Determine 2Bi + 3S —— BiS;

1. The limiting reactant.

2. The percent excess reactant.

3. The percent conversion of sulfur to Bi>Ss;

10
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Questions

1. What is a limiting reactant?
2. What is an excess reactant?
3. How do you calculate the extent of reaction from experimental data?
Answers:
Q.3 Reactant present in the least stoichiometric quantity.
Q.4 All other reactants than the limiting reactant.
Q.5 For a species in

Rout,i = Min, i I Rfinal, i — Minitial, i

v; - vy
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Open system: Closed system:

10
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Problems
1. Write balanced reaction equations for the following reactions:
a. CoHisand oxygen to form carbon dioxide and water.
b. FeS;and oxygen to form Fe>O3 and sulfurdioxide.
2. If'1 kg of benzene (CsHe) is oxidized with oxygen, how many kilograms of O» are needed to
convert all the benzene to CO; and H,0?
3. The electrolytic manufacture of chlorine gas from a sodium chloride solution is carried out
by the following reaction:

2 NaCl +2 H,0 — 2 NaOH + H, + Cl,

How many kilograms of Cl» can be produced from 10 m® of brine solution containing 5% by

weight of NaCl? The specific gravity of the solution relative to that of water at 4°C is 1.07.

4. Can you balance the following chemical reaction equation?

a,NO; + a,HCIO — a;HNO; + a,HCI

5. For the reaction in which stoichiometric quantities of the reactants are fed

2 C4H,o + 15 0, — 10 CO, + 10 H,0

and the reaction goes to completion, what is the maximum extent of reaction based on

CsHi0? On O2? Are the respective values different or the same? Explain the result.

6. Calcium oxide (CaO) is formed by decomposing limestone (pure CaCO3). In one kiln the
reaction goes to 70% completion.
a. What is the composition of the solid product withdrawn from the kiln?
b. What is the yield in terms of pounds of CO: produced per pound of limestone fed
into the process?
7. Aluminum sulfate can be made by reacting crushed bauxite ore with sulfuric acid, according
to the following chemical equation:

A1,0; + 3 H,SO, — Aly(SO,); + 3 H,0

The bauxite ore contains 55.4% by weight of aluminum oxide, the remainder being
impurities. The sulfuric acid solution contains 77.7% pure sulfuric acid, the remainder being

water. To produce crude aluminum sulfate containing 1798 Ib of pure aluminum sulfate,
10
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1080 Ib of bauxite ore and 2510 1b of sulfuric acid solution are reacted.
a. Identify the excess reactant.

b. What percentage of the excess reactant was consumed?

10
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c. What was the degree of completion of the reaction?

8. Two well-known gas phase reactions take place in the dehydration of ethane:

C,Hg — C,H, + H, (@

C,H; + H, - 2 CH, (b)

Given the product distribution measured in the gas phase reaction of C2Hs as follows
CHe 27%, CoHs 33%, H213%, and CHs27%

What species was the limiting reactant?

IS

What species was the excess reactant?

What was the conversion of CaHgto CH4?

& ©

What was the degree of completion of the reaction?

o

What was the selectivity of C2Hg relative to CH4?

ja}

What was the yield of CoHg expressed in kg mol of C2H4 produced per kg mol of
C2He?

g. What was the extent of reaction of C2Hs?
Answers:

27
L@ cHg + 50,90, + I H0; () 4 Fes, + 11 0, - 2Fe,0, + 850,
3.08

323
No
(a) 1,
(b) 1,

(c) The same,

M

(d) The extent of reaction depends on the reaction equation as a whole and not on one
species in the equation.
6. CaCOs: 43.4%, CaO: 56.4%:; (b) 0.308
7. (a) H2SO4

11
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(b) 79.2%j;
() 0.89

8. (a) CoHe (the hydrogen is from reaction No.2, not the feed);
(b) None;

11



Chemical Engineering principles— First Year/ Chapter Nine

(c) Fraction conversion = 0.184;

(d) 0.45;

(e) 1.22

(f) Based on reactant in the feed: 0.45, based on reactant consumed: 0.84, based on theory:
0.50;

(g) Reaction (a) is 33 mol reacting and reaction (b) is 13.5 mol reacting, both based on 100

mol product.

Supplementary Problems (Chapter Nine):

Problem 1

11
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Problem 2

11
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Chapter 10
Material Balances for Processes Involving Reaction

10.1 Species Material Balances

10.1.1 Processes Involving a Single Reaction

The material balance for a species must be augmented to include generation and

consumption terms when chemical reactions occur in a process.

[mules of moles of moles of § moles of i moles of i moles of §

iatey _ Jiaty . | entering leaving . ) enerated _ ) consumed . 101
in the in the the system the system by reaction by reaction

lsgah-m system between t;and 1 between ¢y and hetween f; and £ between 1 and ¢

Note that we have written Equation (10.1) in moles rather than mass because the generation and

consumption terms are more conveniently represented in moles.
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For example : Figure 10.1 presents the process as an open, steady-state system operating for
1 min so that the accumulation terms are zero. The data in Figure 10.1 are in g mol.
Using Equation 10.1 you can calculate via a value in g mol for the generation or

consumption, as the case may be, for each of the three species involved in the reaction:

1] | PO 9 H,
. Reactor ~|———— 12N> moure 10,1, A reactor to produce
19 N p-—eomma—nm=tl 6NH; 1
3-

Nz +3 Hz HENHS

NHj3 (generation): 6 — 0 = 6 gmol
H> (consumption): 9 — 18 =- 9 gmol
N2 (consumption): 12 —15=-3 gmol

Here is where the extent of reaction & becomes useful. Recall that for an open system

out

= 1,---N (102)

Where v; is the stoichiometric coefficient of species i in the reaction equation

"NH; =2
VH, = -3
ng - '-'1

And the extent of reaction can be calculated via any species:
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out in
NNH; — PNH; 6 — 0

£ VNH, = of & 4
nfy —nfl, 9 - 18

= T S 3

_onfy AN, 12 - 15 _

The three species balances corresponding to the process in Figure 10.1 are

Component Out In = Generation or Consumption
i nf" —nin — v; €

NH;: 6 -0 = 2(3)=6

H,: 9 -18 = -33)=-9

N,: 12 -15 = -13)=-3

The term y; € corresponds to the moles of i/ generated or consumed.

% The value of the fraction conversion f of the limiting reactant;  is related to f by

_ (_f)”{:]miling reactant ... .103

é-'_

Vlimiting reactant

Consequently, you can calculate the value of § from the fraction conversion (or vice versa)

plus information identifying the limiting reactant.

Example 10.1
The chlorination of methane occurs by the following reaction CH, + Cl, — CH;CI + HCI
You are asked to determine the product composition if the conversion of the limiting
reactant is 67%, and the feed composition in mole % is given as: 40% CHa, 50% Cl,, and
10% Naz. Solution

Assume the reactor is an open, steady-state process.
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Reactor
67% Ci i
Feed o LOnversion Product
100 g mol &
40% CH, g
50% Cl, P e
) Achsel
nNZ

Figure E10.1

Basis 100 g mol feed
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Limiting reactant:

£(CH,) = — = ZH0 _
"Hy -1)
—nd, 50
MaX(Cl,) = 2 .
§(C) — =) =50

Therefore, CH4 is the limiting reactant.

Calculate the extent of reaction using the specified conversion rate and Equation 10.3.

_ —fnp _ (-067)(40)
= == Ty = 26.8 g moles reacting

3

Vir

The species material balances (in moles) using Equation 10.2 gives a direct solution for

each species in the product:

ngfi, = 40 — 1(26.8) = 13.2

ngf =50 — 1(26.8) = 23.2

nicr = 0 + 1(26.8) = 26.8

i = 0 + 1(26.8) = 26.8

nt =10 — 0(26.8) = 10.0
100.0 = P

Therefore, the composition of the product stream is: 13.2% CHa, 23.2% Cl,, 26.8% CH;3C1,
26.8% HCI, and 10% N: because the total number of product moles is conveniently 100 gmol.

Example 10.2

A proposed process to remove HS is by reaction with SO

2 H,S(g) + SO,(g) = 3S(s) + 2H,0(g)
In a test of the process, a gas stream containing 20% H>S and 80% CH4 were combined
with a stream of pure SO». The process produced 5000 lb of S(s), and in the product gas the
ratio of SOz to HoS was equal to 3, and the ratio of H2O to H2S was 10. You are asked to
determine the fractional conversion of the limiting reactant, and the feed rates of the HoS
and SO; streams.

Solution
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F Product P
20% H,S , e
80% CH, ,,E;’;
Reactor ”an
Fag, —— B
S
5000 Ib
Figure E10.2
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Basis is 5000 1b S (156.3 1b mol S)

Basis: S =5000 Ib (156.3 Ib mol)

Specifications: 4 (3 independent)
xf,s = 0.20 or xty, = 0.80, (nbo/nii,s) = 3, (nfi,0/nfi,s) = 10

The species balances ig: popsgl meles aftegintroduction of most of the spegifications

are: HpS: nf,s = 0.20F — 2¢ (b)
SOy nfp, = Fso, = 1£ (©)
H,O: nfjo=0+2¢ (d)
CHy:  nfy, = 0.80F + 0 (£) ©)

The remaining specifications are

P _ 4 P
n$o, = 3niy,s 43

nﬁzo = 1{}.*Iﬁ25 (g)

If you solve the equations without using a computer, you should start by calculating & from
Equation (a)

_ 1_5_6_:3_mol

= 52.1 mol
3 mol rxn

3

Then Equation (d) gives

nfio = 2(52.1) = 104.21b mol H,0 Next, Equation
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. | y
() gives nfys = -l-(-}-nﬁzo = 10.4 b mol H,S And

Equation (f) gives néo, = 3(10.4) = 31.21b mol SO,

If you solve the rest of the equations in the order (b), (c), and (e),
you find F = 573 1b mol Fso, = 83.3 1b mol

ném = 458 Ib mol

Finally, you can identify H»S as the limiting reactant because the molar ratio of SO> to H>S in the

product gas (3/1) is greater than the molar ratio in the chemical reaction equation (2/1).

The fractional conversion from Equation 10.3 is the consumption of H2S divided by the total

feed of H2S
= (_‘f-)nﬁ}ni:iugreacmm _ = (2)(521) | el sl gkl e Jeals
- Vlimiting reactant 02F (0.2)(573) B
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10.1.2 Processes Involving Multiple Reactions
For open system, steady-state processes with multiple reactions, Equation 10.1 in moles

becomes for component i

R
H?ul —] n:.“ + EVU §J ...10.4
j=1

Where:

v;jiis the stoichiometric coefficient of species i in reaction j in the
minimal set. &; is the extent of reaction for the jth reaction in the
minimal set.

R is the number of independent chemical reaction equations (the size of the minimal set).
What this latter term means is the smallest set of chemical reaction equations that can be
assembled so as to include all of the species involved in the process.

An equation analogous to Equation 10.4 can be written for a closed, unsteady-state
system. The total moles, N, exiting a reactor are
S s

S R
N = Enqu[ = Inin + EE"-’U‘?; ...10.5

i
i=1 i i=1j=1

Where S is the number of species in the system.

Example 10.3
Formaldehyde (CH20) is produced industrially by the catalytic oxidation of methanol
(CH30H) according to the following reaction:

CH;0H + 1/20, — CH,0 + H,0 (1)

Unfortunately, under the conditions used to produce formaldehyde at a profitable rate, a

significant portion of the formaldehyde reacts with oxygen to produce CO and H»O, that is,

CH,0 + 120, — CO + H,0 @)

Assume that methanol and twice the stoichiometric amount of air needed for complete
conversion of the CH3OH to the desired products (CH20O and H>O) are fed to the reactor.
Also assume that 90% conversion of the methanol results, and that a 75% yield of
formaldehyde occurs based on the theoretical production of CH»>O by Reaction 1.

Determine the composition of the product gas leaving the reactor.
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Solution
Figure El0.3 is a sketch of the process with y; indicating the mole fraction of the

respective components in P (a gas).

110



Chemical Engineering principles— First Year/ Chapter Ten

F (CH30H) 1 g mol A (Air) mol. fr.
0, 0.21
N; 0.79
1.00
Formaldehyde
Reactor -
Product P
Yergon
Yo,
Yg
Yeigo
Y0
Yeo
Figure E10.3

Basis: 1 gmol F
The limiting reactant is CH3;0OH.

Use the fraction conversion, Equation 1637 ~— (1) = 09gmoles eacting

The yield is related to & as follows

By reaction 1: n&io = nlio + 1(&) =0 + & = £

. . 12 _ in2 _ 1 _
By reaction 2: neH,0 = ncio — 1(&) = ndio — & =& -

t,2
E‘li{() 51*52_

The yield is

& =0.15 g moles reacting

The entering oxygen is twice the required oxygen based on Reaction 1, namely

1
n{}: = 2(5 ) = 2( )(1 .00) = 1.00 g mol

nd, 100
A Sl ]
021 021 680

nd, = 4.76 — 1.00 = 3.76 g mol

Implicit equation:
syP = | Calculate P

using Equatlon 10 538

En:” + E 21)5_ 5

=1 :—I;—-l

1 +4.76 + EE‘U &;

=1 =
576 + [(—=1) + (='4) + (1) + 0 + (1) + 010.9

+ 104 (=5 + (=) + 0+ (1) + (1)]0.15 = 6.28 g mol
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The material balances:

neon = ycuyon (6.28) = 1 — (0.9) + 0 = 0.10

out
No,

Yo, (6.28) = 1.0 — (14)(0.9) — (*4)(0.15) = 0.475

out
NCH,0

Yoo (6.28) = 0 + 1 (0.9) ~ 1(0.15) = 0.75

A% = yu0 (6.28) = 0 + 1(09) + 1(0.15) = 1.05

W% = yeo (6.28) = 0+ 0 + 1 (0.15) = 0.15
n&]—’; = ,"N‘_* (628) =376 —0—-0=2376

The six equations can be solved for the y; :

YCH;0H = 1.6%, Yo, = 1.6%, yN, = 59.8%,

Y0 = 11.9%, yu,0 = 16.7%, yco = 2.4%.

Example 10.4

A bioreactor is a vessel in which biological conversion is carried out involving enzymes,
microorganisms, and/or animal and plant cells. In the anaerobic fermentation of grain,
the yeast Saccharomyces cerevisiae digests glucose (C¢Hi1206) from plants to form the
products ethanol (CoHsOH) and propionic acid (C.H3CO>H) by the following overall

reactions:
Reaction 1: C4H,,04 = 2C,HsOH + 2CO,

Reaction 2: Cg¢H,,04 — 2C,H;CO,H + 2H,0

In a batch process, a tank is charged with 4000 kg of a 12% solution of glucose in
water. After fermentation, 120 kg of CO; are produced and 90 kg of unreacted glucose
remains in the broth. What are the weight (mass) percent of ethanol and propionic acid in
the broth at the end of the fermentation process? Assume that none of the glucose is
assimilated into the bacteria.

Solution

An unsteady-state process in a closed system

R
inal — _initial
ﬂ{ = n + EHU 6}
=
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N

Bioreactor Bioreactor
Initial Final
Conditions Conditions
H,0 }_@ H.0 CgHi206
CgHi206 CgHsOH cOo,
CzH4COH
Figure E10.4
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Basis: 4000 kg F

. 4000(0.88)

mie" = e on = 1953
y 4000(0.12)

neHios = ~goy = 2665

Specifications: 4 (3 independent)
nffial = 195.3 or n{:’fﬁ{j’;’oﬁ = 2.665 (one is independent, the sum is F in mol)

i 90 i 120
”E:,rl[ia.fgoh = 1801 = 0.500 n(f:‘({.’;" = 0 = 2.727.

The material balance equations, after introducing the known values for the variables, are:

HyO:  nff' = 1953 + (0)¢) + (2)& (a)
CeH1206:  0.500 = 2.665 + (—1)&, + (—1)& (b)
CHsOH:  nfifflon = 0 + 2¢, + (0)&; (c)
CoH3COH:  nfiificon = 0 + (0)6, + (2)& (d)
C0O,2.727=0+(2) &, + (0)¢, ()

Solution of equations: (e) (b) simultaneously, and then solve, (a), (c), and (d)

inorder. &; = 1.364 kg molesreacting & =0.801 kg moles reacting
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Results Conversion to mass percent

H,O 196.9 18.01 3546.1 88.7
C,H;OH 2.728 46.05 125.6 3i1
C,H,CO,H 1.602 72.03 115.4 2.9
CO, 2277 44.0 120.0 3.0
CgH 504 0.500 180.1 90.1 23

3997 1.00

Note: The total mass of 3997 kg is close enough to 4000 kg of feed to validate the results

of the calculations.
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10.2 Element Material Balances

O Elements in a process are conserved, and consequently you can apply Equation 10.1to the
elements in a process.
O Because elements are not generated or consumed, the generation and consumption terms

in Equation 10.1 can be ignored.

For Example: Carbon dioxide is absorbed in water in the process shown in Figure
10.2. The reaction is

CO,(g) + H,0() — H,CO4(¢)

Three unknowns exist: W, F, and P, and the process involves three element C, H, and O. It would

appear that you can use the three element balances (in moles) [Basis P =100 mol]

W (H,0)

C: W(0) + F(1) = 0.05P (1)

H: W(2) + F(0) = [0.05(2) + 0.95(2)]P = 2P
Absorber

0O: W(1) + F(2) = [0.05(3) + 0.95(1)]P = 1.10P

mol%
5% H,COy

Figure 10.2 Schematic of the CO,
95% H,0 g

F(COp) absorber.

Example 10.5
Solution of Examples 10.1 and 10.3 Using Element Balances: All of the given data for this

example is the same as in Examples 10.1 and 10.3

Solution

1. Example 10.1

The element material balances are:
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C: 100 (040) = ?‘a‘r&_‘lﬁd( l) + ”((JILEEI_qCI(]]
H: 100 (0.40)(4) = ng{i,(4) + nii&i(1) + n&i,a(3)
Cl: 100 (0.50)(2) = ng}(2) + nfiti(1) + nP,a(1)

.

2N: 100 (0.10)(1) = nR¥(1)

The solution of the problem will be the same as found in Example 10.1.
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2. Example 10.3

The element balances are:

C:  1(1) + 4.76(0) = Ply€u,ou(1) + Yeu,0(1) + yfo(1)]

H:  1(4) + 4.76(0)

Il

PlyCuson(4) + ylu,0(2) + ¥h,0(2)]
O:  1(1) +1.00 = Plyluon(1) + y5,(2) + yéuo (1)
+ yio(1) + yEo(1)]

2N:  1(0) + 3.76 Plyk,(1)]

The solution of the problem will not change.

Note: It would be easier to use the term  ¥/P = n! in the equations above in place of the productof

e
two variables, %' and P.

© Element balances are especially useful when you do not know what reactions occur in a
process. You only know information about the input and output stream components.

Example 10.6

In one such experiment for the hydrocracking (cracking reactions) of octane (CgHis), the cracked
products had the following composition in mole percent: 19.5% CsHs, 59.4% CsHio, and 21.1%
CsHiz. You are asked to determine the molar ratio of hydrogen consumed to octane reacted for this

process.

Solution
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F (CgH1s) 1 l G (Hy)

Lab
Reactor

Product P

19.5% C3Hg
59.4% C4Hqq
21.1% CsHy»

Figure E10.6

Basis: P=100 g mol

Element balances: 2 H, C
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