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10. Material Balance with Chemical Reaction.
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Introduction

Students of chemical engineering soon discover that the data used are expressed in a great variety
of different units, so that quantities must be converted into a common system before proceeding with
calculations. Standardization has been largely achieved with the introduction of the System International
Unites. This system is now in general use in Europe and is rapidly being adopted throughout the rest of
the world, including the USA where the initial inertia is now being overcome. Most of the physical
properties determined in the laboratory will originally have been expressed in the (centimeter, gram,
second "cgs") system.

The magnitude of any physical quantity is expressed as the product of two quantities; one is the
magnitude of the unit and the other is the number of those units. Thus the distance between two points
may be expressed as 1 m or as 100 cm or as 3.28 ft. The meter, centimeter, and foot are respectively the
size of the units, and 1, 100, and 3,28 are the corresponding numbers of units. Since the physical properties
of a system are interconnected by a series of mechanical and physical laws, it is convenient to regard

certain quantities as basic and other quantities as derived.

DIMENSIONS AND UNITS
A. Dimensions

The dimensions of a quantity identify the physical character of that quantity, e.g., force (F), mass
(M), length (L), time (t), temperature (T), electric charge (e), etc. On the other hand, ‘“units’’ identify the
reference scale by which the magnitude of the respective physical quantity is measured. Many different
reference scales (units) can be defined for a given dimension; for example, the dimension of length can
be measured in units of miles, centimeters, inches, meters, yards, angstroms, furlongs, light years,
kilometers, etc.

There are two systems of fundamental dimensions in use (with their associated units), which are
referred to as scientific and engineering systems. These systems differ basically in the manner in which
the dimensions of force is defined. In both systems, mass, length, and time are fundamental dimensions.

Dimensions can be classified as either fundamental or derived. Fundamental dimensions cannot
be expressed in terms of other dimensions and include length (L), time (t), temperature (T), mass (M),
and/or force (F) (depending upon the system of dimensions used). Derived dimensions can be expressed
in terms of fundamental dimensions, for example,

Area = L2

Volume = L3
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B. Units

Several different sets of units are used in both scientific and engineering systems of dimensions.
These can be classified as either metric (SI and cgs) or English (fps). Although the internationally accepted
standard is the SI scientific system, English engineering units are still very common and will probably
remain so for the foreseeable future. Therefore, the reader should at least master these two systems and
become adept at converting between them. These systems are illustrated in Table (V). Note that there are
two different English scientific systems, one in which M, L, and t are fundamental and F is derived, and
another in which F, L, and t are fundamental and M is derived. In one system, mass (with the unit ““slug’’)
is fundamental; in the other, force (with the unit ““‘poundal’’) is fundamental. However, these systems are

archaic and rarely used in practice.

Table (1)
Scientific Engineering
L M F G M F O
English ft b poundal 1 ft b, 1b; 32.2
ft slug Ib; 1
Metric (Sl) m kg N 1 m kQGm kg: 9.8
(cgs) cm g dyn 1 cm  Jm O 980
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Conversion Factor Table

Multiple by To Get
inch 154 cm
This can also be written as: 1 inch =2.54 cm
A acre 43,560 i
ampere-hr (A-h) 3.600 coulomb (C)
Angstrom (A) 1x10-10 m
atm (atmosphere)  1.01325 bar
atm, std 76.0 cm of Hg
atm, std 760 mm of Hg at 0°C
atm, std 33.90 ft of water
atm, std 29.92 m of Hg at 30°F
atm, std 14.696 Ibffin? abs (psia)
atm, std 101.325 kPa
atm, std 1.013x10° Pa
atm, std 1.03323 kef/ cm?
atm, std 14.696 psia
B bar 0.9869 atm std
bar 1x10° Pa
B 775.169 ft-Ibf
Bm 1055.056 J
Btu 5.40395 psiaft®
Bm 2.928x10* kWh
B 1x10-% therm
Bt/ br 1.055056 K /b
B/ hr 0.216 fi-Ibf / sec
Bt/ hr 3.929x10°* Ip
Bm/hr 0.2931 W
B/ Ibm 2.326% W/ kg
Bw/Ibm 25,037 /52
Btu/IbmR 4.1868 K/keK
Btu / [bm-°F 4.1868 I/ kg=C
B/ Ibmol R 4.1868 KT/ kmol K
C cal (z-calorie) 3.968x10 Btu
cal 1.560x10° hphr
cal (IT calorie) 41868 J
Calorie (Cal) 4.1368 kT
cal / sec 4.1868 W (watt)
cm (centimeter) 0.03281 ft
om 03937 m
cP (centipoise) 0.001 Pa-sec
¢St (centistokes) 1x10°8 e/ sec
D degree /180 tadian
dyne 10 N {micronewton)
E eV (electronvolt)  1.602x10°1° ]
erg 1x107 ]
F fi (feet) 0.3048* m
fi 30.48 cm
# 22957x10° acre
iy 144 i’
i 0.09290304* w?
i 7481 gal (US)
i 002832 m
b 28317 L
£/ Ibm 0.062428 ' /kg
fiIbf 1285x107 Bt
filbf 1.35582 J
frlbf 376631077 kWh
filbf 1.35582 Nm
fi-lbf 0324 calonie (g-cal)
frbf/ sec 1.818x10° hp
/5 0.3048* m/s
G US. gallon (gal)  0.13368 g
gal 3.7854 L
2l 3.7854x1073 m
gal 231 i
gal (UK) 1.201 gal (US)
2al (UK) 277.4 i’
gal / min (gpm) 0.002228 £/ sec
gamma (,17) %10 tesla (T)
Zauss 1x107* T
gram (g) 2.205x10°3 Ibm
g/em’ 1 1kg/L
g/ em’® 1000 kg/ o’
g/em’ 62.428 tbm / &
g/em’® 1.940 slug/ f2
g/em® 0.036127 Ibm / in®
H hectare Ix10* m?
hectare 247104 acres
hp (horsepower)  42.41 Btu/min
hp 0.7068 Btu /sec

M

http:/fwww et byu edw/~jww8

hp 25445
hp 745.70
hp 0.74570
hp 33,000
hp 550
hphr 2544
hphr 1.98x108
hp-hr 2 68x10°
in 254
inof Hg 0.0334
m of Hg 13.60
inof Hg 3.387

n of water 00736
m of water 0.0361
n of water 0.002458
T (joule) 9.4782x10°
7 6.2415x10'%
7 0.73756
7 1

7 1x107
Iis 1

kg (lalogram) 2 2046226
ks 0.068522
ks 1x10°3
kg /m® 0.062428
kef 9 80665
kip 1000

kip 4448

K 1

K 1000

K 0.94782
KJ 737.56
K/ kg 1000

K/ kg 0.42992
K/ksK 0.23885
K /kg°C 1

K/ kg°C 1

K/ kg°C 0.23885
K/ kg°C 0.23885
km 32808
km 0.6214
kmvhr 0.6214
kmvhr 02778
kmvhr 0.9113
kPa (kilopascal)  9.8693x10°
kPa 0.14504
KW 3412.14
KW 0.9478
KW 737.56
EW 1341
EWh (kW-hour)  3412.14
EWh 1341
KWh 3600

L (liter) 0.03531
L 61.02

L 0.2642

L 0.001
Lis 2119
Li/s 1585
Ibf (pound force)  32.174
Ibf 444822
1bf 3217
Ibf / in? (psi) 0.06805
Ibf/ in® 2307
1bf/ in” 2.036
Ibf/ in? 6894.757
thm 0.45359237*
Ibm 0.031081
Ibm / in® 1728
Tbm / £ 0.016018
Tbm / £ 16.018
m (meter) 3.28083
m 1.0926
m 39.370
m? 1550

m’ 10.764
w? 1x10°
m? 35315
m 264.17
o’ 1000

o’ /kg 16.02
m/s 196.8

&

Btu/hr

W (watt)
kW

ft-Ibf / min
frIbf / sec
Btu

ftlbf

J

cm

atm

1n of water
kPa

m of Hg
1bf/ in? (psi)
atm

Biu

eV

ft-lbf

Nm

ergs

w

Ibm (pound mass)
slug

metric ton
Ibm / 2
newton (N)
Inf

N

1 kPam’
Nm

Bt

ft-Ibf

m /s
Btu/lbm
Btu/lbm~°R
kI/kgK
J/g*C
Btu/lbm-F
Btu/lbm-R
ft

mi

mi / hr (mph)
m's

fi's

atm

1bf/ in? (psi)
Biu/ hr
Btu/ sec
Ibfft / sec
hp

Btu

hp-hr

kI

i

1'1.13

gﬂal U.s)

il

£/ min (cfm)
gal / mun (gpm)
lom fi /s>

N

poundals

atm

ft water

in Hg

Pa

kg

slug

Tom / £
g/em?®
kg / m’
ft

yard
in

1.l.12

i
em? (cc)

gal (US)

£/ Ibm
fi / min

w

W
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m/s 3.60 lm/h
m/s 3.2808 fi/s
m/s 2237 i / h (mph)
m/s 32808 fi/s
metric ton 1000 kg
mil 0.001 in
mi (mile) 5280 ft
mi 1.6093 km
mi? (square mile) 640 acres
mph (milehour)  1.6093 km/hr
mph 83.0 fi / mun (fpm)
mph 1.467 ft/s
mph 0.4470 m/s
micron 1x10°6 m
mm of Hg 1.316x107 atm
mm of Hg 0.1333 kPa
mm of water 9.678x107 atm
N (newton) 1 kgm/ 52
N 1x10° dyne
UN (microN) 0.1 dyne
N 0.22481 Ibf
N-m 0.7376 fi-lbf
Nm 1 T
Pa (pascal) 1 N/m?
Pa 1.4504x104 Ibf/ in? (psia)
Pa 0.020886 Ibf/ &
Pa 9.869x10°° atm
Pas 10 poise
pst (pounds per square inch) --- see Ibf/ n?
radian 180/ degree
short ton 2000 Ibm
short ton 907.1847 kg
slug 32174 lbm
slug 14.5939 kg
slug / £ 0.5154 g/em?
stokes =10 /s
therm 1x10° Btu
ton of refrigeration 200 Btu / min
W (watt) 34121 Btu/hr
W 0.7376 fi-Ibf / sec
W 1.341x1073 hp
W 1 I/s
W/ em? 1x10* W/ m’
W/ cm? 1x10° W/ m'
W/ m? 03171 Btu/ (h£)
W/m® 0.09665 Btu/ (hf)
W/ m*C 1 W/mK
W/ m*C 0.57782 Btu / (b-£t °F)
W/ (m?eC) 1 W/ (m?K)
W/ (m?eC) 0.17612 Btu/ (b f2F)
weber / m? 10,000 gauss

* The exact conversion between metric and English

TEMPERATURE
T(K) = T(°C) +273.15
T(R) = T(°F) + 459.67
IT°F) = 1.8 T(°C) + 32

SOME IMPORTANT CONSTANTS
Atomic Mass Unit (0) =  1.66054x102 kg
Avogadro’s number (N = 6.02213x102 particles/mol
Boltzmann's constant (kg)=  1.38065x102° I/ K

electron charge (¢) = -1.6022x10%C

electron mass (m,) = 9.10939x107! kg

proton mass (mp) = 167262107 kg

Gas Constant (R) = 83147/kmolK
Gravitational Constant (G)=  6.672x10" N-m? / kg?
Gravity (mean) =  98067(9.81)m/s
Planck’s constant () =  6.6260x1024 Js

Speed of Light () = 2.99792458x10° m/s (exact)
SI PREFIXES

yocta (1024), zepto (10721, atto (10718), femto (10°1%), pico
(1012), nano (10®), micro (10%), milli (103), centi (10-2).

deci (10°Y), deka (101), hecto (107). kilo (10°). mega (109,

giga (10%), tera (1012), peta (101%), exa (10'%), zetta (1071),

yotta (1024)
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UNITS CONVERSION TABLES

Overview

These conversion tables are provided for your reference.

Units Conversion Tables

Table 1 Multiples and Submultiples of SI Units
Table 2 Length Units

Table 3 Area Units

Table 4 Volume Units

Table 5 Mass Units

Table 6 Density Units

Table 7 Volumetric Liquid Flow Units

Table 8 Volumetric Gas Flow Units

Table 9 Mass Flow Units

Table 10 High Pressure Units

Table 11 Low Pressure Units

Table 12 Speed Units

Table 13 Torque Units

Table 14 Dynamic Viscosity Units

Table 15 Kinematic Viscosity Units

Table 16 Temperature Conversion Formulas
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Prefix | Symbol Multiplying Factor
exa E 10 1000 000 000 000 000 000
peta P 10" 1 000 000 000 000 000
tera T 10'° 1 000 000 000 000
giga G 10° 1 000 000 000
mega M 10° 1 000 000
kilo k 10° 1000
hecto* h 10° 100
deca* da 10 10
deci* d 10" 0.1
centi c 10 0.01
milli m 107 0.001
micro u 10™ 0.000 001
nano n 10” 0.000 000 001
pico P 1077 0.000 000 000 001
femto f 107" 0.000 000 000 000 001
atto a 107"° 0.000 000 000 000 000 001

* these prefixes are not normally used

Table 2: Length Units

Millimeters | Centimeters Meters Kilometers Inches Feet Yards Miles
mm cm m km in ft yd mi
1 0.1 0.001 0.000001 0.03937 | 0.003281 | 0.001094 | 6.21e-07
10 1 0.01 0.00001 0.393701 | 0.032808 | 0.010936 | 0.000006
1000 100 1 0.001 39.37008 | 3.28084 | 1.093613 | 0.000621
1000000 100000 1000 1 39370.08 | 3280.84 | 1093.613 | 0.621371
254 2.54 0.0254 0.000025 1 0.083333 | 0.027778 | 0.000016
304.8 30.48 0.3048 0.000305 12 1 0.333333 | 0.000189
914 .4 91.44 0.9144 0.000914 36 3 1 0.000568
1609344 160934 4 1609.344 | 1.609344 63360 5280 1760 1
Table 3: Area Units
Millimeter Centimeter Meter Inch Foot Yard
square square square square square square
mm? cm m’ in° ft* yd2
1 0.01 0.000001 0.00155 0.000011 0.000001
100 1 0.0001 0.155 0.001076 0.00012
1000000 10000 1 1550.003 10.76391 1.19599
645.16 6.4516 0.000645 1 0.006944 0.000772
92903 929.0304 0.092903 144 1 0.111111
836127 8361.274 0.836127 1296 9 1
.
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Table 4: Volume Units

Centimeter Meter Liter Inch Foot us Imperial US barrel (oil)
cube cube cube cube gallons gallons
cm?® m?® Itr in® ft? Us gal Imp. gal US brl
1 0.000001 0.001 0.061024 | 0.000035 | 0.000264 | 0.00022 0.000006
1000000 1 1000 61024 35 264 220 6.29
1000 0.001 1 61 0.035 0.264201 0.22 0.00629
16.4 0.000016 | 0.016387 1 0.000579 | 0.004329 | 0.003605 0.000103
28317 0.028317 | 28.31685 1728 1 7.481333 | 6.229712 0.178127
3785 0.003785 3.79 231 0.13 1 0.832701 0.02381
4545 0.004545 4.55 277 0.16 1.20 1 0.028593
158970 0.15897 159 9701 6 42 35 1

Table 5: Mass Units

Grams Kilograms | Metric tonnes | Shortton | Long ton Pounds Ounces
g kg tonne shton Lton Ib oz
1 0.001 0.000001 0.000001 | 9.84e-07 | 0.002205 | 0.035273
1000 1 0.001 0.001102 | 0.000984 | 2.204586 | 35.27337
1000000 1000 1 1.102293 | 0.984252 | 2204.586 | 35273.37
907200 907.2 0.9072 1 0.892913 2000 32000
1016000 1016 1.016 1.119929 1 2239.859 | 35837.74
453.6 0.4536 0.000454 0.0005 0.000446 1 16
28 0.02835 0.000028 0.000031 | 0.000028 0.0625 1

Table 6: Density Units

Gram/milliliter Kilogram/meter cube Pound/foot cube Pound/inch cube
g/ml kg/m® Ib/ft> Ib/in®
1 1000 62.42197 0.036127
0.001 1 0.062422 0.000036 m~e0®
0.01602 16.02 1 0.000579 [ @@ )
27.68 27680 1727.84 1 ) > A

Table 7: Volumetric Liquid Flow Units

Liter/second | Liter/minute Meter Foqt Foot US . US _barrels
cube/hour | cube/minute | cube/hour | gallons/minute (oil)/day
L/sec L/min M>/hr ft/min ft*/hr gal/min US brl/d
1 60 3.6 2.119093 127.1197 15.85037 543.4783
0.016666 1 0.06 0.035317 2.118577 0.264162 9.057609
0.277778 16.6667 1 0.588637 35.31102 440288 150.9661
0.4719 28.31513 1.69884 1 60 7.479791 256.4674
0.007867 0.472015 0.02832 0.01667 1 0.124689 4.275326
0.06309 3.785551 0.227124 0.133694 8.019983 1 34.28804
0.00184 0.110404 0.006624 0.003899 0.2339 0.029165 1
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Table 8: Volumetric Gas Flow Units

Normal meter cube/hour Standard cubic feet/hour Standard cubic feet/minute JQ
Nm?/hr scfh scfm
1 35.31073 0.588582
0.02832 1 0.016669
1.699 59.99294 1

Table 9: Mass Flow Units

Kilogram/hour Pound/hour Kilogram/second Ton/hour
kg/h Ib/hour kg/s t’h
1 2.204586 0.000278 0.001
0.4536 1 0.000126 0.000454
3600 7936.508 1 3.6
1000 2204.586 0.277778 1

Table 10: High Pressure Units

Kilogram
Bar Poun_dfsquare Kilopascal | Megapascal fo_rce! Millimeter Atmospheres
inch centimeter | of mercury
square
bar psi kPa MPa kgﬂcm2 mm Hg atm
1 14.50326 100 0.1 1.01968 750.0188 0.987167
0.06895 1 6.895 0.006895 0.070307 51.71379 0.068065
0.01 0.1450 1 0.001 0.01020 7.5002 0.00987
10 145.03 1000 1 10.197 7500.2 9.8717
0.9807 14.22335 98.07 0.09807 1 735.5434 0.968115
0.001333 0.019337 0.13333 0.000133 0.00136 1 0.001316
1.013 14.69181 101.3 0.1013 1.032936 759.769 1
Table 11: Low Pressure Units
Meter of Foot of Centimeter of Inches of Inches of
Pascal
water water mercury mercury water
mH-O ftH,0 cmHg inHg inH,O Pa
1 3.280696 7.356339 2.896043 39.36572 9806
0.304813 1 2.242311 0.882753 11.9992 2989
0.135937 0.445969 1 0.39368 5.351265 1333
0.345299 1.13282 2.540135 1 13.59293 3386
0.025403 0.083339 0.186872 0.073568 1 2491
0.000102 0.000335 0.00075 0.000295 0.004014 1
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Table 12: Speed Units
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Meter/second | Meter/minute | Kilometer/hour | Foot/second | Foot/minute | Miles/hour
m/s m/min km/h ft/s ft/min mi/h
1 59.988 3.599712 3.28084 196.8504 2237136
0.01667 1 0.060007 0.054692 3.281496 0.037293
0.2778 16.66467 1 0.911417 54.68504 0.621477
0.3048 18.28434 1.097192 1 60 0.681879
0.00508 0.304739 0.018287 0.016667 0.011365
0.447 26.81464 1.609071 1.466535 87.99213 1
Table 13: Torque Units
Newton meter Kilogram force meter Foot pound Inch pound
Nm kgfm ftlb inlb
1 0.101972 0.737561 8.850732
9.80665 1 7.233003 86.79603
1.35582 0.138255 1 12
0.112985 0.011521 0.083333 1

Table 14: Dynamic Viscosity Units

Centipoise” Poise Pound/foot-second
cp poise Ib/(ft-s)
1 0.01 0.000672
100 1 0.067197
1488.16 14.8816 1
Table 15: Kinematic Viscosity Units
Centistoke™ Stoke Foot square/second meter
square/second
cs St ft’/s m?/s
1 0.01 0.000011 0.000001
100 1 0.001076 0.0001
92903 929.03 1 0.092903
1000000 10000 10.76392 1
*note: centistokes x specific gravity = centipoise
Table 16: Temperature Conversion Formulas
Degree Celsius (°C) °F -32)x 5/9
K-273.15)

Degree Fahrenheit (°F)

°C x 9/5) + 32

| | |~

1.8 x K) - 459.67

Kelvin (K)

(°C + 273.15)

(°F + 459.67) = 1.8

&
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1.2 THE MOLE UNIT

Your objectives in studying this
section are to be able to:

1. Define a kilogram mole, pound mole, and gram mole.

2. Convert from moles to mass and the reverse for any chemical com-
pound given the molecular weight.

3. Calculate molecular weights from the molecular formula.

What is a mole? The best answer is that a mole is a certain number of molecules,
atoms, electrons, or other specified types of particles.? In particular, the 1969 Inter-
national Committee on Weights and Measures approved the mole (symbol mol in the
SI system) as being “the amount of a substance that contains as many elementary
entities as there are atoms in 0.012 kg of carbon 12.” Thus in the SI system the
mole contains a different number of molecules than it does in the American engi-
neering system. In the SI system a mole has about 6.023 X 10* molecules; we shall
call this a gram mole (symbol g mol) to avoid confusion even though in the SI system
of units the official designation is simply mole (abbreviated mol). We can thereby
hope to avoid the confusion that could occur with the American engineering system
pound mole (abbreviated Ib mol), which has 6.023 X 10 X 453.6 molecules. Thus
a pound mole of a substance has more mass than does a gram mole of the substance.

Here is another way to look at the mole unit. To convert the number of moles
to mass, we make use of the molecular weight—the mass per mole:

= e o~ mol?ca:lir%ght Skt
o mass in lb
the Ib mol = = (1.5)
or
mass in g = (mol. wt.)(g mol) (1.6)
mass in b = (mol. wt.)(Ib mol) (1.7)

Furthermore, there is no reason why you cannot carry out computations in terms of
ton moles, kilogram moles, or any corresponding units if they are defined
analogously to Egs. (1.4) and (1.5) even if they are not standard units. If you read
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about a unit such as a kilomole (kmol) without an associated mass specification, or a
kg mol, assume that it refers to the SI system and 10° g mol.

1.3-1 Density

Density is the ratio of mass per unit volume, as, for example, kg/m’ or Ib/ft*, It
has both a numerical value and units. To determine the density of a substance, you
must find both its volume and its mass. If the substance is a solid, a common method
to determine its volume is to displace a measured quantity of inert liquid. For exam-
ple, a known weight of a material can be placed into a container of liquid of known
weight and volume, and the final weight and volume of the combination measured.
The density (or specific gravity) of a liquid is commonly measured with a hydrome-
ter (a known weight and volume is dropped into the liquid and the depth to which it
penetrates into the liquid is noted) or a Westphal balance (the weight of a known
slug is compared in the unknown liquid with that in water). Gas densities are quite
difficult to measure; one device used is the Edwards balance, which compares the
weight of a bulb filled with air to the same bulb when filled with the unknown gas.

In most of your work using liquids and solids, density will not change very
much with pressure, but for precise measurements for common substances you can
always look up in a handbook the variation of density with pressure. The change in
density with temperature is illustrated in Fig. 1.1 for liquid water and liquid ammo-

H,0

1.0
0.9
08}
0.7r
0.6 NH,
05+
04+
03r
02

T

Density, g/cm3

L 11111 1. Figure 1.1 Densities of liquid H,0

Temperature, °C ture.

~
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Density, g/cm®

1.000,
0950
0900
O.GSOI»
0800 10°C
40°C
07500 5 1 L ! ) Figure 1.2 Density of a mixture of
2 04 05 08 10 ethyl alcohol and water as a function
Composition, weight froction olcohol of composition.

nia. Figure 1.2 illustrates how density also varies with composition. In the winter
you may put antifreeze in your car radiator. The service station attendant checks the
concentration of antifreeze by measuring the specific gravity and, in effect, the den-
sity of the radiator solution after it is mixed thoroughly. He has a little thermometer
in his hydrometer kit in order to be able to read the density corrected for tempera-
ture.

1.3-2 Specific Gravity

Specific gravity is commonly thought of as a dimensionless ratio. Actually, it should
be considered as the ratio of two densities—that of the substance of interest, A, to
that of a reference substance. In symbols:

— " _ (bAe),  (grem®)y _ (kg/m'),
5P iy = gt gty = (/) (g/em®)yer T (kg/m®)ee (18)

The reference substance for liquids and solids is normally water. Thus the
specific gravity is the ratio of the density of the substance in question to the density
of water. The specific gravity of gases frequently is referred to air, but may be re-
ferred to other gases, as discussed in more detail in Chap. 3. Liquid density can be
considered to be nearly independent of pressure for most common calculations, but,
as indicated in Fig. 1.1 it varies somewhat with temperature; therefore, to be very
precise when referring to specific gravity, state the temperature at which each density
is chosen. Thus

sp gr = 0.732%

can be interpreted as follows: the specific gravity when the solution is at 20°C and
the reference substance (water) is at 4°C is 0.73. Since the density of water at 4°C is

~
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very close to 1.0000 g/cm® in the SI system, the numerical values of the specific
gravity and density in this system are essentially equal. Since densities in the Ameri-
can engineering system are expressed in lb/ft* and the density of water is about 62.4
Ib/ft?, it can be seen that the specific gravity and density values are not numerically
equal in the American engineering system.

In the petroleum industry the specific gravity of petroleum products is usually
reported in terms of a hydrometer scale called "API. The equation for the API scale
is

141.5
°API = ———— — 131. .
PI e~ 1315 (1.9)
SP 8T e
or
60° 141.5

= 1.10
P ETG0° ~ SAPI + 131.5 (1.10)
The volume and therefore the density of petroleum products vary with temperature,
and the petroleum industry has established 60°F as the standard temperature for vol-
ume and API gravity. The °API is being phased out as SI units are accepted for den-
sities.

There are many other systems of measuring density and specific gravity that
are somewhat specialized; for example, the Baumé (“Be) and the Twaddell (°Tw) sys-
tems. Relationships among the various systems of density may be found in standard
reference books.

1.3-3 Specific Volume - =

The specific volume of any compound is the inverse of the density, that is, the vol-
ume per unit mass or unit amount of material. Units of specific volume might be ft*/
Ib,., ft*/1b mole, cm®/g, bbl/lb,, m*kg, or similar ratios.

1.3-4 Mole Fraction and Mass (Weight) Fraction

Mole fraction is simply the moles of a particular substance divided by the total
number of moles present. This definition holds for gases, liquids, and solids. Simi-
larly, the mass {weight) fraction is nothing more than the mass (weight) of the
substance divided by the total mass (weight) of all substances present. Although the
mass fraction is what is intended to be expressed, ordinary engineering usage em-
ploys the term weight fraction. Mathematically, these ideas can be expressed as
mole fraction of A = M (1.11)
total moles
mass {wciﬁht) of A
total mass (weight)

mass (weight) fraction of A (1.12)

Mole percent and weight percent are the respective fractions times 100.

\. J
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Problem 1.1A
Convert the following quantities to the ones designated :
a. 42 ft2/hr to cm?/s.
b. 25 psig to psia.
c¢. 100 Btu to hp-hr.

Solution

4202 1 0m )2 104cm? 1 hr
hr  [\32808 ft/ | 1.0 m2 3600 s

10.8 cm?/s

100 Btu ' 3.93 x 10-% hp-hr

= -2 .
b. [ Btu 3.93 x 10~ hp-hr
80.0 Ibg|32.174 (Iby)(ft) 1 kg I m I N = 356N
(Ibg)(s)? 2.20 by | 3.2808 ft|1 (kg)(m)(s)2 ~
Problem 1.1 B
cal Btu

Convert the ideal gas constant : R = 1.987 (zmol)(K) to (1b mol)(°R)

Solution

1.987cal  1Btu 454 gmol‘ 1K _ 198 Btu
(gmol)(K) 252 cal 1 1b mol ‘ 1.8 °R 7% (Ib mol)(°R)

Problem 1.1 C
Mass flow through a sonic nozzle is a function of gas pressure and temperature. For a
given pressure p and temperature T, mass flow rate through the nozzle is given by

m = 0.0549 p /(T)%5 where m is in Ib/min, p is in psia and T is in °R
a. Determine what the units for the constant 0.0549 are.

b. What will be the new value of the constant, now given as 0.0549, if the variables in
the equation are to be substituted with SI units and m is calculated in ST units.
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Solution

a. Calculation of the constant.

The first step is to substitute known units into the equation.

oy _ B
min 00349 (in2)(°R)0-5

We want to find a set of units that convert units on the right hand side of the above expression
to units on the left hand side of the expression. Such a set can be set up directly by
multiplication.

b | @b)@2CROS (b
(in2)(°R)0-5 ‘ (min)(Ibg) (min)
Units for the constant 0.0549 are (lb”gl(]ii]:l))il(;g)oj

b. To determine the new value of the constant, we need to change the units of the constant to
appropriate ST units using conversion factors.

0.0549 (Ibg) (in2) (°RY05|(0.454 k) (14.7 Ibgin)  |(1 min) (1K) | (p)

(Ibg) (min) | (I11by) (101.3 x 103N/m2) (60 s) (1.8 °R)0-5(T)0:3
m = 449 x 108 (m)(s) (K)O5 (T(l)’g_s

Substituting pressure and temperature in SI units

() (N/m? | 1 kg/(m)(s)>

= -8 0.5
m 449 x 10-% (m) (s) (K) (T)0-5 (K)0-3| 1 N/m?2
m % = 4.49 x 10‘8 (T(l)lgs where p 1s in lemz and Tisin K

~
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Problem 1.1 D

An empirical equation for calculating the mside heat transfer coefficient, h; . for the
turbulent flow of liquids in a pipe is given by:

~0.023 GO-8 K0.67 ¢p0.33

by DO0.2 10.47

where h;j = heat transfer coefficient, Btu/(hr)(ft ?(°F)
G = mass velocity of the liquid, Iby,/(hr)(ft)2
K = thermal conductivity of the liquid. Btu/(hr)(ft)(°F)
Cp = heat capacity of the liquid. Btu/(Iby,)(°F)
1 = Viscosity of the liquid, Ib,,/(ft)(hr)
D = nside diameter of the pipe, (ft)

a. Verify if the equation 1s dimensionally consistent.
b. What will be the value of the constant, given as 0.023, if all the variables in the
equation are inserted in SIunits and L 1s in ST units.

Solution

a. First we introduce American engineering units into the equation:
b — 0.023[(Ibyy,)/(ft)2(hr)]2-80 [Btu/(hr)(ft)(°F)]0-67 [Btu/(1byy)(°F)]0-33
‘ (ft)0-2 [1bm/(£0)(hr)]0-47

Next we consolidate like units

_ 0.023(Btu)?-67  (Iby)0-8 (ft)0-47 (1) (o4

hi [(lb111)0'33(]b111)0'4?] [(ft)l.ﬁ(ﬂ)o.ﬁ?(ﬂ)o.Z] ‘ [(CF)O.G?(CF)O.B.;]‘ [(111-)0.8(111-)0.6?]

Btu
(hr)(ft)2 (°F)

h; =0.023

The equation 1s dimensionally consistent.

b. The constant 0.023 is dimensionless; a change in units of the equation parameters will not
have any effect on the value of this constant.

D)
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Problem 1.2 A
Calcium carbonate is a naturally occuring white solid used in the manufacture of lime
and cement. Calculate the number of Ib mols of calcium carbonate in:
a. 50 g mol of CaCO:s.
b. 150 kg of CaCOs.
c. 100 Ib of CaCOs.

Solution

50 g mol Ca(.‘Og‘ 100 g CaCO3 1 1b CaCOs3 ‘Hb mol CaCO3

Tgmol CaCO3 454 g CaCO3| 100 Ib CacO; 11 1bmol
150 kg CaCO3 2.205 b CaCO3 |1 1b mol CaCO3 -
> 1 kg CaCOg3 100 1b CaCO3 = 3.30 Ib mol

100 Ib CaCOj3 1 Ib mol CaCOg3y

100 1b CaCO3 =1.00 Ib mol CaCO;3

Problem 1.2 B
Silver nitrate (lunar caustic) 1s a white crystalline salt, used in marking inks. medicine
and chemical analysis. How many kilograms of silver nitrate (AgNQs) are there in :
a. 13.0 Ib mol AgNOs.
b. 55.0 g mol AgNO3

Solution

13.0 Ib mol AgNO3 170 Ib AgNO3 ‘ 1 kg
1 Ib mol AgNO3|2.205 b

= 1002 kg or 1000 kg

55.0 g mol AgNO;| 170 g AgNOs | 1kg  _ ]
. ‘ 1 g mol AgNO3‘ 1000 g 9.35 kg

@
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Problem 1.3 A

gravity 1.10 determine:
a. the mol fraction composition of this mixture.

Almuthanna University
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Chemical Engineering Department

Phosphoric acid is a colorless deliquescent acid used in the manufacture of fertilizers
and as a flavoring agent in drinks. For a given 10 wt % phosphoric acid solution of specific

b. the volume (in gallons) of this solution which would contain 1 g mol H3POj.

Solution
a. Basis: 100 g of 10 wt% solution
g MW g mol mol fr
H3PO4 10 97.97 0.102 0.020
H,O 90 18.01 5.00 0.980
. . Psoln C
b. Specific gravity = Pref The ref. liquid is water
re
The density of the solution is 1-10 g soln/em3 soln 1.00 g HoO/em?3  _ 110 & soln
1.00 g H>O/cm3 ' cm?

soln ‘9?.9? g H3PO4 264.2 gal
H3PO4| 1 gmol H3POy4 | 106 cm3

1 cm3 soln 1
1.10 gsoln 0.1

g
g

= 0.24 gal/g mol

Problem 1.3 B

The density of a liquid is 1500 kg/m3 at 20 °C.
a. What 1s the specific gravity 20°C/4°C of this material.

Solution

b. What volume (ft3) does 140 Iby, of this material occupy at 20°C.

Assume the reference substance is water which has a density of 1000 kg/n® at 4°C.

Peoln  (kg/m3)soln 1500 ke/m?>

a. Specific gravity = > = > = 1.

Pt (kgmd)ef ~ 1000 kg/m3

1 m3 liquid| 1 kg 3531 ft3 140 1by _

1 ke ,
1500kg [2.201b| | m3 1.50 ft

b.

h

0

D)
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Problem 1.5 A
Complete the table below with the proper equivalent temperatures.

°C °F K °R

Solution

The conversion relations to use are:

°F = 1.8°C + 32
K = °C + 273
°R = °F + 460
°R = 1.8 K
°C °F K °R
-40.0 - 40.0 233 420
25.0 77.0 298 437
425 797 698 1257
- 235 -390 38.4 69.8
Problem 1.5 B
The specific heat capacity of toluene 1s given by following equation
Cp = 20869 + 5293 x 102T where Cp is in Btw/(LB mol) (° F)
and Tismm°F
Express the equation in cal/(g mol) (K) with T in K.
Solution
First, conversion of the units for the overall equation is required.
C. = [20.869 + 5.293 x 10-2 (Top)] Btu|252 cal 1 1b mol 1.8 °F
P 1 (Ib mol) (°F) 1 Btu [454 gmol 1 K

—[20869 + 5203 x 102 (T-p)] mfi]) ®)

Note that the coefficients of the equation remain unchanged in the new units for this particular
conversion. The T of the equation 1s still in °F, and must be converted to kelvin.

as
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Heat and Temperature

There are many different forms of energy like heat, light, sound, electrical, kinetic,
potential. All of these forms of energy have the ability to do work. One form of energy may
be transformed into another. For example; potential (stored chemical) energy is converted
to heat energy during combustion. Kinetic energy (as a result of friction) and electrical
energy may also be converted to heat.
Heat :- Is a measure of the total kinetic energy of the atoms or molecules in a body.
Temperature :- Is a measurement of the average kinetic energy of the molecules in an object
or system and can be measured with a thermometer or a calorimeter. It is a means of
determining the internal energy contained within the system. The units of heat is measured
in Joules (J), kilo Joules (kJ), Btu.
The heat content of a body will depend on its temperature, its mass, and the nature of
material. Heat energy is always transferred from an object at high temperature to one at
lower temperature. Temperature is not the same as heat. Temperature measures the degree
of hotness of a body. It doesn’t depend on the mass or the material of an object. It can be
thought of as a measure of the average kinetic energy of the atoms or molecules in a body.
Temperature is measured using a variety of temperature scales. The most commonly used
are described in the following :-

1. The Celsius Scale (°C) :- This scale puts the freezing point of water at 0 °C
and the boiling point of water at 100 °C. The temperatures in between are
divided up into 100 units (degrees).

2. The Kelvin Scale (°K) :- This scale has absolute zero as the zero point on it’s
scale. The size of the degree is the same as a Celsius degree. There are no
negative temperatures in this scale and absolute zero is 273 degrees below 0 °C.

3. Fahrenheit scale (°F) :- Is a scale based on 32 for the freezing point of water
and 212 for the boiling point of water, the interval between the two being
divided into 180 parts.

4. Rankine scale (°R) :- Absolute zero, or 0 °R, is the temperature at which
molecular energy is a minimum, and it corresponds to a temperature of -
459.67°F.

@)
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There are many different types of thermometer used for measuring temperature e.g.

mercury, alcohol, bi-metallic strip, thermocouple, electrical resistance, brightness

thermometer etc.

212{672 Beiling point of 373] 100
T water ot 780 mm Hg T
180 10C
l 532|492 Freezing point of water 273 Dl
0| 460 255|-18
-40[(420 °C=°F 233|-40
=2 - P
e
-480|0 -Absolute zero 0]-273
Figure 1 :- Temperature Scales
i:g = 1.8 or A°C = 1.8A°F
ﬁf; = 1.8 or AK = 1.8A°R
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EXAMPLE Temperature Conversion
Caonvert 100°C to (a) K, (b) °F, and (c) °R.

Solution
o L AK
(a) (100 + 273) Cﬁ'é =3713K
or with suppression of the A symbol,
1X
(100 + 273)°C—= = 373K
1°C
1.8°F
(b) (100°C) °C + 32°F = 212°F
I°R .
(©) (212 + 460)°F TR 672°R
or
(3731()@ = 672°R

1K

EXAMPLE Temperature Conversion

The thermal conductivity of aluminum at 32°F is 117 Btu/(hr)(f*)(°F/ft). Find the equivalent
value at 0°C in terms of Btu/{hr)(ft?)(K/ft).

Solution

Since 32°F is identical to 0°C, the value is already at the proper temperature. The “°F” in the
denominator of the thermal conductivity actually stands for A°F, so that the equivalent value
is
117 (Bu)(ft) | 1.8 A°F | 1 A°C
(he)(f2MA°F) | 1A°C [ 1AK

or with the A symbol suppressed,

117 (Btu)(ft) | 1.8°F | 1°C
()(CR) | 1°C | 1K

= 211 (Btu)/(hr)(f)(K/1t)

= 211 (Btw)/(hr)(ft*) (K/ft)

Pressure

@
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Pressure can be defined as the measure of force per unit area. The standard Sl
unit for pressure measurement is the Pascal (Pa) which is equivalent to one Newton
per square meter (N/m?) or the Kilo Pascal (kPa) where 1 kPa = 1000 Pa. In the
English system, pressure is usually expressed in pounds per square inch (psi).
Pressure can be expressed in many different units including in terms of a height of a
column of liquid.

Pressure measurements can be divided into three different categories :-

1. |/ABSOIUEEPrESSURE :- It is the pressure referred to zero pressure under complete
vacuum.

2. [DEgreeVactlin :- 1t is quantity of pressure below the atmospheric pressure.

3. [Galige Pressure is the measurement of the difference between the absolute
pressure and the local atmospheric pressure. The U.S. standard atmospheric
pressure at sea level and 59°F (20°C) is 14.696 pounds per square inchabsolute
(psia) or 101.325 kPa absolute (abs).

Pressure )

A T Local Atmospheric Pressure
Gage

!

Absolute Wacuum (Megative Gage)

Atmospheric i

!

Absolute

‘ i ,

Figure 2 : Pressure Terms Relationship
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Absolute pressure = Gauge pressure + Atmospheric pressure

Degree Vacuum = Atmospheric pressure — Absolute pressure

Hydrostatic Pressure
Hydrostatic Pressure :- Is the pressure at the base of fluid column, hydrostatic

pressure is also called head of fluid it can be calculated as follow :-

_F_mg_ pVvg_ phhg _
P_A_ A A A =pgh

Pressure Measuring Devices

Atmospheric pressure is usually measured by a barometer hence this pressure
called as the barometric pressure,
At sea-level standard, with pa = 101,350 Pa and p g=133,100 N/m? , the barometric
height is h = 101,350/133,100 = 0.761 m or 761 mm.
Mercury is used because it is the heaviest common liquid. A water barometer would
be 34 ft high.
Several devices are used for the measurement of fluid pressure these devices are
classified into two types :-

1. Mechanical Gauge :- The most common type of this class is a Bourdon gauge
which normally measure fluid pressure from nearly perfect vacuum to about

7000 atm. The pressure sensing device is a thin metal tube.

Figure 3 :- Bourdon gauge

@
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2. Manometers :- In general, pressure below 3 atm can be measured by
manometer. A manometer is a U-shaped tube partially filled with a liquid of
known density. Manometers are of three types :-

e Openend manometer which is used to measure the gauge pressure or degree
vacuum. Mercury (Hg) is commonly used as a manometer fluid due to its
higher density. The following relation can be used to complete the pressure
in (mmHgQ) if other fluid is used:-

Pm Nm = pHg g
where :- pmand hm are the density and height of the fluid manometer.

Open to
atmosphere

Air

Liquid L

Point 1

Figure 4 :- Open End Manometer

e Closed end manometer which is used to measure the absolute pressure.

€= Closed End
‘—— Completely

e Vacuum

Figure 5 :- Closed End Manometer

@)
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e Differential manometer which is used to

—,
—
— (s
vy

measure the difference of pressure between two

points in a process line. The general differential
. £
manometer equation is :- a

P1—P2=(pm-p)g higc

The pressure gauge on the steam condenser reads

26.2 in Hg of vacuum. The barometer reading is 30.4 in

Hg. Calculate the pressure in the condenser in psig.

Figure 5 :- Differential

Abs. press. = atm press — degree vacuum Manometer
=30.4-26.2=4.2in Hg * (14.7 psi / 29.92 in HQ)
=2.06

Convert the pressure of 340 mm Hg to :-
(a)in H20.
(b) kPa .
(c) psi.

(@) P =340 mm Hg * (34 ft H.O/760 mm Hg) * (12 in/1 ft) = 182.5 in H20
(b) P =340 mm Hg * (101.3 kPa / 760 mm Hg) = 45.3 kPa
(c) P =340 mm Hg * (14.7 psi / 760 mm Hg) = 6.58 psi
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Example :-
Calculate the pressure drop (P1 — P2) in Pa measured by the differential manometer

show in figure 6 if the density of manometer fluid is 1100 kg/m?® and h = 22 mm.

ANnswer :-

P1 - P (g puse) 3l |

(9.81 m/sec?)(1100 — 1000 kg/m?3)(22 mm)(1m/1000mm)

1 (kg . m)/ N. sec? z2mm’

|..

=21.6 Pa

pm=1100 kg/m?

Basis of Calculations

It is necessary to choice and state a basis of calculations as the starting point of

solutions of any problem. The following points must be considered in choosing the
suitable basis :-

e The basis must be fitted the available data for example if weight fractions

are known choose a total number of moles.

e The problem of known quantity can be solved with the basis of other suitable

guantity according to the above considerations and the results of

@)



Principles of Chemical Engineering \ First Class Almuthanna University
College of Engineering

Chemical Engineering Department

Prof. Dr. Ahmed Hassan Ali

calculations can be converted at the end of solution to the quantity given in

the problem.
Example :-
A compound with molecular weight Mwt=119 composed of :-
70.6 wt% C
11.8 wt% N
13.4 wt% O
42wt% H

What is the chemical formula of such compounds ?

Answer :-
Basis = 1 gm mole of compound
Weight of compound = Number of moles of compound * Mwt of compound
=1 gm mol * 119 gm/gm mol =119 gm
Weight of C = Weight of compound * Weight Fraction
=119 * (0.706) = 84 gm

Weight of N =119 * (0.118) =14 gm
Weight of H =119 * (0.042) =5 gm
Weight of O =119 * (0.134) = 16 gm

Total weight =119 gm

Number of moles of C = Wt/Mwt = 84/12 = 7 gm mol
Number of moles of N = 14/14 =1 gm mol

Number of moles of H =5/1 =5 gm mol

Number of moles of O = 16/16 = 1 gm mol

Chemical formula C7HsNO
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Example :-
A solution of caustic soda in water contains 20 wt% NaOH with specific gravity
of 1.196. calculate :-
Molarity.
Normality.
Molality.
Mol%.

Average molecular weight of solution.

ok~ WD E

Solution :-
Basis = 100 gm of solution
Weight of NaOH = 100(20/100)= 20 gm
Number of moles of NaOH = wt/Mwt = 20/40 = 0.5 gmmol
Weight of water = 100(80/100) = 80 gm
Number of moles of water = wt/Mwt = 80/18 = 4.44 gmmol
Psolution = SPE * pwater = 1.196 * 1 gm/cm® = 1.196 gm/cm?
volume of solution = weight / psoiution = 100/1.196 = 83.6 cm? = 0.0836 liter
1. Molarity = number of moles of NaOH/ volume of solution
= 0.5 gm mol/ 0.0836 liter =5.98 M
2. Normality = Molarity * valency =5.98 * 1 =5.98 N
3. Molality = 0.5 gm mol of NaOH / 0.08 kg water = 6.25 Molal
4. Total moles = number moles of NaOH + number moles of water
=0.5+4.44 =4.94 gm mol
mol % NaOH = (0.5/4.94)*100 = 10.1 %
mol % H>0 = (4.44/4.94) * 100 = 89.9 %
5. Mwitnix = (Total weight / Total moles) = 100/4.94 = 20.2 gm/gm mol
OR Mwtmix = 40(10.1/100) + 18(89.9/100) =4 + 16.2 = 20.2 gm/gm mol

@)
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Chemical Equation and Stoichiometry
Stoichiometry :- Is the subjects deals with the combining quantities of the elements
or compounds involved in any chemical reaction. Chemical reaction can be generally
expressed by the chemical equation which must be balanced i.e the number of atoms
of each element must be the same in the both sides of the equation. Such equation
provides qualitative and quantitative information essential for stoichiometric

calculation.

The reactants involved in industrial processes are rarely input to the reactor in
stoichiometric ratios due to the economic considerations. The following definition

must be understood from such point of view.

Limiting reaction :- is the reactant that present in the smallest stoichiometric

Qo
c
o
-
=
-+

<

Percentage excess :- is the true excess expressed as a percentage of the amount
theoretically required to react completely with the limiting reaction according to the

chemical equation.

\_
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excess quantity

% excess = - - - x 100
theoretical quantity required

in put quantity — theoretical quantity required 100
= x
theoretical quantity required

Conversion is the percent or fraction of some reactant materials that is actually

converted into products.

. quantity of the substance that reacts
% conversion = - - x 100
quntity of the substance input to the reactor

Degree completion of reaction :- is the percentage or fraction of the limiting reactant

that is actually converted into products.

quantity of the limiting reactant that reacts
quantity of the limiting reactant input to the reactor

fraction degree of completion =

Selectivity :- is the ratio of the moles of the desired product to the moles of the
undesired product formed in the same reaction, or it can be expressed as the
percentage between the quantity of the limiting reactant that is converted to the

desired product to the total quantity of the limiting reactant that is converted.

number of moles of desired product

% selectivity =
0 y number of moles of undesired product

Yield :- is the ratio between the quantity (mass or moles) of a specified final product

to that specified initial product reactant either fed or consumed.

quantity of final product

ield =
yie quantity of intial product

GD
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Example :-
Sodium hypochlorite is manufacture by the following reaction :-

Cl + 2NaOH ——> NaCl + NaOCl +H2:0
Mwt 71 40 58.5 74.5 18
710 Ib of chlorine gas is bubbled through 2500 Ib of sodium hydroxide solution
(heavier than water) contains 40 wt% NaOH. The reaction goes to 80% completion .
Calculate :-
1. The limiting reactant, excess reactant and % excess.

2. 9% conversion of the excess reactant.

Solution :-

1. Number of moles of Cl. input = 710/71 = 10 Ib mole
Mass of NaOH input = 2500 (40/100) = 1000 Ib
Number of moles of NaOH input = (1000/40) = 25 Ib mole
Clz is the limiting reactant
NaOH is the excess reactant
% excess = (25 — 20)/20 = 25%

2. % conversion of NaOH = (NaOH reacted / NaOH input) *100
Degree of completion = Cl; react / Clz input
80% = Clz2 react/ 10
Clz react =0.8 * 10 = 8 Ibmol
NaOH reacted =2 * 8 = 16 Ib mol
% conversion of NaOH = (16 / 25) * 100 = 64 %

. Example :-
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Al2O3 + 3H2SO4  —> Alx(SO4)3 + 3H20
Mwt 102 98.1 342 18
Feed in 1080 Ib of bauxite are contains 55.4 wt% Al.O3z and 2510 Ib of sulfuric acid
77.7 wt% H2SO4 product 1798 Ib of Alx(SOa4)s
1. Choice a suitable basis of calculations.
2. ldentify the limiting reactant, the excess reactant and % excess.
3. Fraction degree of completion.
4. % conversion of the excess reactant.
5. Yield.
6. Mass of completion of the reactant and production.
Solution :-
1. Basis 1 batch
2. Mass of Al>Oz input= 1080*(55.4/100) = 598.3 Ib
Number of moles of Al.Osz input = (598.3/102) = 5.87 Ib mole
Mass of H2SO4 input = 2510 *(77.7/100) = 1950.3 Ib
Number of moles of H2SO4 input = 1950.3/98.1 = 19.88 Ib mole
Assume \ Al,Oz3 is the limiting reactant
» Theoretical H.SO4 required = 3 * 5.87 = 17.61 Ib mole
Since H2SO4 input = 19.88 Ib mole > theoretical (17.61 Ib mol)
Right assumption » H2SO4 excess reactant

" in put quantity — theoretical quantity required 100
excess = x
0 theoretical quantity required

~19.88-17.61

X = .90
17 61 100 = 12.9%

quantity of the limiting reactant that reacts

3. fraction degree of completion =
f 9 f p quantity of the limiting reactant input to the reactor

From chemical reaction equation
Number of moles limiting reactant (Al.Os) = number of moles of Al>(SO.)s produce
Number of moles of Al2(SO4)s produce = 1798 / 342 = 5.26 Ib mole

G
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Fraction of degree of completion = 5.26 / 5.87 = 0.896

quantity of the substance that reacts

x 100

4. % conversion of H,50, =
% f z 4 quntity of the substance input to the reactor

3 x5.26
— =79.40
19.88 4%

quantity of final product

5. yield =

quantity of intial product

_ 17981b of Al,(S04), _ 1.661b Al,(S0,),
© 1080 lb Beuxite @ 11b Beuxite

Mass of input

Mass of Al,O3 = 1080 Ib * (55.4 / 100) = 598.32 Ib
Mass of impurities = 1080 Ib * (44.6 / 100) = 481.68 Ib
Mass of H2SO4 = 2510 Ib * (77.7 / 100) = 1950.27 Ib
Mass of HO = 2510 Ib * (22.3 / 100) = 559.73 Ib

Mass of output
Mass of Al>(SO4)3 =1798 Ib
Total mass of water = mass of water produced + mass of water input
= 3*5.26 (18.1) + 559.73 = 845.35 Ib
Mass of Al2O3 unreacted= (number of moles input — number of moles reacted)*Mwt
= (5.87-5.26) * 102 =62.2 Ib
Mass of H.SO» unreacted = (19.88 — 15.78) * 98.1 = 402.21 Ib
Mass of impurities = 1080 Ib * (44.6 / 100) = 481.68 Ib
Total mass output = 3589.44 Ib
wt% of Al2(SO4)3 = 1798 / 3589.44 )= 50.1 %
wt% of water = 845.35/ 3589.44 = 23.55 %
wt% of Al,Oz unreacted = 62.2 /3589.44 = 1.73 %
wt% of H2SO- unreacted = 402.21 / 3589.44 = 11.2 %
wt% of impurities = 481.68 / 3589.44 = 13.42 %

@



