Subject: MATERIAL AND ENERGY BALANCE
Course Code: ChBC-32
3rd Semester

Department of Chemical Engineering

References:

https://www.youtube.com/watch?v=zzCI9V-kPcg

https://www.youtube.com/watch?v=PYaE3qV-G8U

https://www.youtube.com/watch?v=KU b nas7Nk

https://www.youtube.com/watch?v=4bY6f8U 42c

https://www.youtube.com/watch ?v=lwPOsw-rIL8

Book1: RM Felder and RW Rousseau, “Elementary Principles of Chemical Processes” 4th
edition,John Wiley & Sons, 2011.

Book2: KV Narayanan and B Lakshmikutty, “Stoichiometry and Process Calculations” 2"
edition, 2016.



L)

=

ONITS AND DIMENSIONS

(EY‘) (A MuH'TPlQ_ e.?ﬁecf' eva pomf(io“r S(}L/S}é’vr’a the
Second effect s malplained under vacuuw af-
475 tovr (’mMH@) Dind the abSoque Pre SSuve iy Lo
colution” The velationship betweey ab solute Pressure

1S :
avna Ve CMU."'OJ B Q#MOSFIOQT’C pe SCuye —VAacuuv)
Absolute tre oS =285 torr (i)

,. m=22S I kR
Abcolute Pre ssuve = 285 (1 Hﬁ){ﬁmj[ mﬂ

= 2R ki — ¢
20d oM o P?StLO‘O .918 Aol ex

ey evbed on the piston n ki

A Lovce of 20 kaq? 15 appl
£ owe, Findl e s Fre SsLic

http://www.scanner-pro.com

|
|

r
|
1
|
|

i
|




14 -Convmll- a volumebyic How rate o 2oy i iﬁ%ﬁ ¥
1 | lO-W vake Op 3-—"437’5 . f'-.—'é # -3
lume. 10 r0? and volume tn: ﬁ?‘s ®

ow Yote = .2(\*03/3);( _'.91.?9-) a/"‘f’)
= 2000 L/S

BASIc CHEMIcAL CALCOLATIONS
Gvawm atom | T s uged to 's'—p“a?_-?fﬁfy‘ the amounts of
chemical elements. TF s dedined as the WAass (o grams
of an ele ment whf’cl) S ﬂum&v?cp_“b ¢‘}Uﬂl bo ks ﬂé’ﬁ"'}k

ab bt 1
1 i 6 3. { an dcmenhr\_ﬂ- 3 et

| Gyram atoms o Atornic weight

soly| Basis ! volumetric 4

An ey ehrp | pefwesd T
Relationshif img ._-_xoool

\)Ol.umel'v?c J(\

|

Weight in Hrams of A
Atomic mth‘o{—A
| G0 mole O kis used to specity the amounks ol

| unds. TE 15 delined as the mass i
eh E [ ¢ oM PO L : g .
| gT::SCéxOF a Sub gfamcc {-l—;g!‘ 1S 611-1&( iumey Ca“}ﬂ to I!'s

prante.cis i “0 we?akP tn grams AR

G‘)-{(;LW) al'DMS 0‘\{ an) elerﬂenffﬁq:

" compound BE ' T 3
G)mm oles of Molecular ”dﬁ'““‘ E 5 '.-';-
Z'I I I
ad? Bﬂ575 L 56 k@ coxbon
Coxbor) = Ne?akP in ka o} carbor) 3 gy .
Ato miC we_t&\\& of coxbon '

| Calculate 4the kr{oam_m atoms of cavbon whi'h we bt 33%(' .'II-I_: |
| Alomic weight of corbon =12 e
i3r'--'.'v'u;i molecaloy weight oh")Ha,soq:i"')m“-:.ws"‘“Al;ﬁ)&_:

wotorn of

2'9— . . :‘6
< s, H=| 5;37-0““60 .
| Abpmic weid y il e
5 lplecular weht of H»S"'r:ﬂ]“x;’f;f;: ‘w_.-”? i
| Atomic weights: Na =23, €= B

http://www.scanner-pro.com



\

Moleculoy weight of NayCo, = 2 %234 X 12 £ 3x16 =10
A-Eﬁm:( we?a\\’(s k=39, My =% and o-=16
Mole calay VJE?G‘H‘ of KM"‘QJ( = I1X394 (x55HE Xl 13k

9.3| c onvert €8 k@ o cavbon dfoxide oty i amount
untts.
: ide..
: ic © €Rkq of covbon atox s
F 0 Lormula of (‘a_YDOY)dIO)(IciC =CO,

Molerulw
i e D=6
_ovnlc WEI hks_CJ?—aV\d
e @ \xlp 42X 6=

ole culay weight o CO
g oL C0y to,

|
T3

| L6 Co, -
i F Nole.c wlay wefab& of CO

!
%glk oJ}COl-: "Ll{w\olCO’;

54 \i Conve:rt Qrf‘?ﬂ L\r"]ﬂa 04 CUS%'5H}D oy ko wole s
30(3\: Basis . M“'IO of Cul0, -5H0,

W oenie weiffhts | Cu=63-3, g-23, O=lb and H=|

kmolle,c‘u[cw NG?&"\% o {

Moles of CuSB TSRO = - g_’mo

of k,Co, that will conta® 17 kg of k.
> K,

\

o\ S 0—?- k = -—-q— & )
il KB (0, conkaing 2050 of K
1=

wm o4 K = |wole of KOy
] ‘<W‘\0L ‘D’JI1 kg,c'o'_v)

| 2 Lokow 0 K =
| ”l—xsz\-f;kw\a[
i

MO\@.S D’t' K'LC O

i

http://www.scanner-pro.com

0 molay

> XI64SEXI X 16 =249,
of CQSOL%-6HP:]X63-5+M39—+4 6ASBXIHXI6 )=249.5




Egquiva lent wei‘&k of oy element ov o Cowmpournd {S

Lelined ag the vatio of the otomic wefght or molecular
[@v}cg of av) @deenﬁ* DY A

weném— +o e \/a'emce Ghe vo
Fowipound depends on the numbey Of lnz mm, fons(oH")
ed dov each

on\a[-e_d oY the l’}y(:]‘ro@&n 1D\OS(H+ GLCCE-P
oomic w&\(’j\nl' oy wioleculoy welﬁhf

‘Eqsu?vale,ﬂf.- b\)e\&\nt Moleculay wel@hl‘
o lence

MOYMOL[?["f ! ’EL
e,afu"lwxlfiﬂ{‘s of Solute

bk M = M/
S lukion ™ |sbve

Jolume of SO

Molo.wr‘if'y ’
Mo laxity (M) = e 04 Solabion ™ I Ere
MD‘IOL[T’CY i e G»} SOIUA‘&
Wolaliky = ferras
Mass ob So|vevx%~")'1 @

i on@ L i ]\)ovw)cxl Hyx Ec’[u?mleuf' weight

Concenty
Sl e
e GU svalent weights of 1y Hel, (2) NaOH(3)INA, (8

240 £ivd the
mmd (4') H}Soq,‘
SOlr. L Hilecutmf V\)Eiaht of HC\ = \x1+lx55.6 =265
MO
=
lence oF HC 365 s
\motu‘fvalanf ﬁ\“k il = h
(9-) I\)(TOH‘ g 4 NabH = X223 HK164X] = 40
Mo e culd d
\/almcﬁgﬁm‘}gﬁ?%ﬁw L NaOH= 4040

http://www.scanner-pro.com



(3) N, C 0y
Moleculay weight of Na Co, = 2X25+1X12+3X14 1o

\/5\‘6?’)(‘5 ol NGLLC% =0
M Equivadent we?ﬁh% of Na,Co, = %@;53
b iFaa,
Moleculoy we?ﬁh
Valence of HLSO:l
. Equivalent we?’(‘j’n% ol
A colution of caustic Seda contains 20% NaoH by weight.

b o} H,SQ, = 2xI+Ix32+4Kl6 =96

J_S{)q‘:: fig =49
7

2.%
i tnd the
Voki I the solution as 1.19¢ /{ 4 nd°
\a«ksﬂ(ﬂ{ fensmﬁi‘t;jgly and Molaf;@r of the golylion,
noymality,
2| Besis . fOOka of solution.
| The. Solubion contoins 20 kﬁ NaoH and &0 ka waée:r[SOLve.r)Q
e ,.,
Dengity of the solution = \.Mékd/L

- o 0O . _
Volume of the oOlUk’m “1.AG »&3.62{ {
_20 0.5 kmol =500™8
’ am\wa wmoles of NaOH

Volume of solution in libre

I Moles of NaOtH *n the solukion
| s Wlo fa"r‘ilf\/ (M) of the golution =

|
l
|

- 50O = 5.9
§3.5% i

% -Cm’ NaoH Since. Va [ence = l) we have

i' Ear_u‘,’va[g_n[' wei’dhk = Mol&.culaw wei’ahf:

| . Normaity(N) = Molari bym) =598
Yow mole,s Og— NQOH

Mola“!-)’ = 6

kO Of— 50[\)6‘4!'
- .,‘Z..@- ~ 6.5 MOE/kdr

‘ 7 lality
‘1.&~A SOlut'oo 041 H}—SO !fl(?tS A mg[a_ %‘Z D"‘ 1. 24 O—?«d "o
of a4. Caleulate e dengity Yo;y the SolutioD,
Solt| Baictet il lilye of +hne golution.

http://www.scanner-pro.com




Molamlff = LAy and Mo m‘)’ r 44

Now, wolaxi by = omm w\@‘f‘i of M, X?;
\Fl we. of {he ol

?k“%
u\m ME‘"" of
.24 = 8 et

\

L2 R | 2 1 W

“-Ju{mm H.aaxag = el fia
- lo‘O’F‘J

. winles of W3, ®
i ) \ ¢ Yo {\"‘K'
A puet 104 Ly

l _ ent
: mMolatiby = ol S ““1 Pt l\-(‘!»; W 24 2, mf"Cf
\'tl'\

( {’“t - :“n
wount of -
E } ol ¢ bhe ‘H"l'u, ) = o) A0S 1+ 22 9
Ahfhuv‘\ h” tov) A3 ; ~1 3 208 kd

mgw}1¥Y f‘r {"“ o
rrﬂ ;(\h\’f‘!‘?h ns

| or:
‘Do the fotlod e

4 ~ AY rYEA
2 e u_erH, 5 {1 b &g 15 afl H | to wo lavity
| () m\mﬁ togit. C ;w.g .fml ruli®h normaltty
n\d\ MK, S0, o 1, and { ™
ol @ 1"!45/! H,Sv{ :v m;;ulflx):l.nﬁ
' o . 1 Ye i :
| E)aj b\ﬂ {hr ‘-,PIH‘ o) = 2 ”}6 QD R _ 60 f‘t
H;S G‘)T(’-m quuvnl(f}fs DfH ‘%-
Tw’la( {r _ﬁ. 6N
#, 0 3ﬂ
G u3)50':’2 c:&lj Wﬁ’ﬁ“ o MPA e
SR
| valence 01:*3‘3?-;':”_’ o} H po _5... 22. 63 3
o E"fuaVaan a 1 \ﬂf{ M *he_ 30&&*“ g

Concent oo bty 5&%1»«1 lewt wel

Concentrat’on o

fL
Tthe solubon = 5%33.8

http://www.scanner-pro.com



© 5415t Hel to wolarity:

Racis | 4 [ of Hel solution,
Amount of Hel 70 ik =54-%55

5445 _ | 5mol
Moles of Hel = =7 =

S5

O.Tfé_“f = _L?,.

(d) Mk, 50, to 4l -
Léagfs . q'i L 0§ Sotu%fof)

= 23X =
moles of K

Mo L&culaur
Avﬂounf‘ Ogr q‘l

CoﬂC€ﬁ bt

d
e) 4-8 ml Ce
_L ?zaq,_/w?it 08 4the

Q— 8 W@ ’lv"ﬂ! CQLCM

C@\C!F & :Ijl _55,5‘
moleculs? ™U87 crght oF U 4e _o0&és

E%ufva{ent'? aler}t o8 Cach 555—
& 1l e Vo T\)
e . ogef D. oesespY pmal ny

g
No¥r™Ma- ity =

-

A OLQ,LIC’O

A7 550[

{‘&
I Ca'lcu{a P ' Deh‘j ;

¢ 100 h6 Oana MD{C"-LJ—Y o4

sky o8 ™ 03 oo [TE
a, k’j Lo;n oY &golyuﬁoo's Ja2 @[

g % %e tey.
amfﬂ ?Doka o U"*k
_ a3yio0=1425]

182 -yiol

'V)______,_...-—-—

e
Alk 4] E o} K00 3%
wolae€ 7 e %{0 gl w;:@‘h‘foat k(o= |38 :3,g~

9..!0

N

http://www.scanner-pro.com

otu&" O ol KCOs 5 ; Jaker ot 293 Kz0<)

|




|

| .- Moles o k(03 T She solution =43 -5 3116 kol &

‘ - 2], bwof

'l Mo lavity of e <ofution 3116 _ 5 g5t

11D »

' ° s X0~
& QY&M cquiva ente of Kk, (9 = qéc} = $23. ’G’f e
|

= o |
| o -Hoél Sofuk'o‘o — 62'3' ﬁ,, , 3
| Nmm&{_&y of o =5 ks
l =
| ooty of Hhe soldfn =214 5.2
.1 O
|Wefaht Percent:

peight oL A
. Mfiréh{"/f O‘f’ A = Thla Uejah{- of System

X100

= N*’-\ ¥ 100

=

l
Nolume percent :

|

Pu'(e COMPOH%(‘VO(uM{ QJLAX} :
\/O{U e % 0;£ A = ‘fo+a( VO(UM@ Bjt gy‘g#ey\/)

= \IA
i) LR IDO
"-Q-_--

| ™ole Pervcent !

—

Moles of- A NS
. Mole £ of A= T Fal moles of Systew

http://www.scanner-pro.com




Mole dyac tiovy @
S. For oo binaYy Systl%’/m of Aond 5 !
[ Po O} A = MO[QS DJ:A
™Mb e DﬂYQC 1 0V) P"’\_o {_Z[ mofes 04 S}{g‘f‘@w}
INA
Ma
el el B
= T, e
M a -t M 2
Mg
Wz
XE-: V\]If_\_ L‘JE
™a | N
Mole % ol A = Mode ’g”fo_aé?mq of A XIDp
¥
ZX; =1,
1=)
Height draction . Weight o A

Weiﬁ.h{— dvaction of- A = = w&?ﬁkﬂ‘ TSy

Vel : _ wetght Lractiom of AX[p0
L weight 4 of A= Wed W et
| gueous Sg[uHmQ of Sodiuw) ¢b'©
21t | A9 ;Lgs {u?r«rj 25'&@ of Sodjuw) choride 79 fﬂﬁk(j dfmi-—u:
| | 4] ) .‘v ;, ? D
j;i,f’e)f*""fﬂ{a("’“) W&TJM@AQMA b Ymole /s CompoSitro

sofubiom. (67T de and 100 K] of-oatey

:I'Lskﬂ

o4 Jb NS A ) ¢h

L 2_5'<
Sol " g?félfg—k 04 fqﬂa ol Liov) = 2o
AnmioLn

= =

http://www.scanner-pro.com




Ko N‘x(L# %100

1 ’)F (H’ \(}(-(l 10\") N

L8

w(,:ﬁ\"-t ‘A c"'\h‘u" Tnthe '\?ﬁ-!u, 1ov)

w10 = 20
I} {. i
e % H o - 00— welght s of Nac| |
- [L_\{_\ - (\ ‘\\{.W ‘
!
3 I J L L) ¢\ ( R 5 T |
ol wlayY KWeiqht of NL.C | ST -Mf \!al\ € lﬁhf‘ O_? |
\"\20 ; fg i
A )' ™ - y ~ : ‘( [
™ \I\"‘t[ L’\_Ll r\-,.‘r.\\ ” | "} y -—r L. \Q ’
T\-‘\\ ‘\[ e it | L‘1 100 o ".'-. j\_\ F\. YW (

| o an T AS. S b= S A8 TRowe(]
Yo d A ] v ¢S 0/ "U\*_. "|]L1kl ; it} 1‘\ 2| E b { ]

[ o < ™0 a :

A A Pvy the olattoY) _ X 100

™) ( \ \ = ”{u"l"]
0«31 xj100=7T.13
..‘1& Jr (
Mole /A FLO \ Eh&_‘ \l(*Ou‘ oY) =100 N‘!(‘{t’ % of M a ¢
DD = ., )% o B B 7

9'"‘1 J {/\(lﬁﬂ.‘k "’1?{” l’"c’

"\Jl O Co n((né
{r( \““lt

{'t.{(‘ Co nta i "‘C‘j 7 '.".3_/::

’(by mcisjht Y Cah
’ ‘ . 100 ks tﬁﬁ {k’/
Eﬁiﬁ!ﬁé : L 1 = | L; On 1 G\us-l rl‘f.* ‘l:g’('l(\( N(\DH\
(IP (’“(’)#‘h‘ﬂl”.‘* 4 3
9 NaOH = Na,O 4 HO
Mo | loy we ¢dh? 0§ NaOH =4-0 T‘\Of:m‘M NS UM 0§ Nay0=
pleculay W€
s NaoH—> N,0O+HO
Ghe ¢ ’(1410”)317;[‘ beh«)* er) N,

ISR ;Skwl NOH | kol Na,O

Qol;

LOHawd N,0 01 4he wolay

|

http://www.scanner-pro.com




@ _g
}._S'muﬁn’*l -
=) Puxit)

of wabey Contains 2000 PP™ ¢
Mﬁwwﬁwxé ot soliss tn 4he o
i » ﬂm. h% E@rm.nu_, |

http://www.scanner-pro.com



S

|
Da [ton's Lo ' | { -
i S . TE Statoc Hnt Hie| dotonl 050 Btinne !O
jﬁ'i&‘rf-{d b}’ a {056011,_5‘ f’"):“:(’/'uf.g i 49—1)_¢9{’ {{) “//p .
| Sum of the Partial Pregsumes of the component
| gases present M the gas mizture, Thus - expresses |
| the odditive natuve of Do tiol Prescure .

" rathematicall, popRif
Whevwe P fc Hhe total Precsuve ang Fa g ond £ e & ,fu
" = | DyeSure < o Yoo Component 50 ses A, 8, C

YA Tt

o b Yige’f/f,':'i_r‘v’d,f

=y ‘ oiabt of Ans My 4ure
N 0 YOLPe “'Jf\fﬂ () ’_f)r W EAAT s

=1 & A — o T J

"o Sf/bl&;,’jkf)

Den-cr%}o of the o

0
11
1
\
:
N
4
B

- It Q-{,‘»- -+ nl A ?’0 < =
cecilic fravtbyofapas= |
— & o J D{f}:ﬁ yCDC-O‘_fYO_‘{‘ H)ﬁjﬁ"ﬁ’,

TondP

= T/ICKE:’_-‘J_).Q-"/ [/J*’fja—l"fF O’f "Hﬂ\?_ 5E

v"'-'-_-_-_-_-__'_._-_-_ a
olec ulay w&;}jh’f o) Bs ¥k e |
| lanchipe that ZGovern the digtribution of i‘} l|
Wy T i ) . - Qe OV
st Ligic Pk?’i%@goa ly
He nTy’s {pws Lahich give oS |
P P iy r()é}_y\ll !fo,gff/f. . > l

e @Gt 7 toined ina gas -
e corPonent ‘A @D N f
| ov oo COMEX o 1 Hmpcgy@?um

_JI

| 1 on €U {f'bT"U"J
s | r-"-'%-gfr (2 - b AL o 7
{j?u’d NS uvYe V csUYe 03 me—- {; f"“a F),

| e Ll Dre ;i
o Ene '\/ﬂv{)wqfﬁ L ctHon of A ir) the

g ‘JQ—' S 3 L0 R4 AT
ot Pa oF e v T p dwckion 0 A (D the.

Dressure 0F A ;ﬁ’faﬁ@w

http://www.scanner-pro.com



Ve Po ey Pressure g
The  vafour Pregsure 04 A fi”'oru id ¢ def ined ftg ‘
the owsolute PY(SS{UY&’. at wlr;_fchg:a ,;?fe,lfﬂ,oj:j{—&é. .

pve iy egul ‘byrur) at o Aiven .
giffu:mkn oxevis the vopouy Pressure 0% ’0’-3“‘5"57<,f-2.._=E

. p |
(o tovr) at 37565 K('foaca jrgutd ok qiven |
| Pressauve 04 evted by the vopour
| The vaPouY 1o the Pres3uve ef— Hod demperature.

| f@.?ﬂPfT(i;.L;:e;u:{; " e h(}u?c’ a

R
RaoultsLaw:
| TS
Ya = PafP=Bx, [P
Henyyslaw |
R i el

iy Zcuz.ah: Yo wvolume occupied by JOkd of chlov?m ao_g
lat- a PreSSure of 100kFa and 26’?}((25'() -

.| ¢7s - . §

| mMoles o4 Gl 3as:%}:o.a-8mkmo{ ;
The ‘deal ﬁas equaHoV} IS

Py = nk]

VvV = nRT

|
|

|

=y

| e %, ol

L wheve, n-0.2¢)7kmol T- 295 P=)o0k o R =B 3165 Im% RS
j ‘Va'uwte’ 2 ?0.'1&17 de‘.'ﬂ‘!-‘S')xq_qQ, i q&‘“".}
! - ¥
|
|
f

oG

http://www.scanner-pro.com



p——

|

2.16| A g MTx{LuTQ confains o.274 ol O}Hcf 0.3374
e { ’ o
o NLQV‘A o,o&qkmbl 05— OP' Calcu Clhl Ca>,4veya_8e
moleculay welaht of gas ond(b) Vp lume. Occupried L
this wixdw® S| 4053 kP od 303 KQZ,.O"Q : /
Qi) Basis; Gas wixture Containing 0274 kol Hel,
5 237 kwol N, Ond 0.0&9 kol .

1] CTO{{Q\ moles 04 the Ojes mixtuye=0.21Y +0.33740.069 =
- Mple $vaction OﬁHCl(%d)'—“ Sl okl
07

l N\Dl?_ ’gYQC+?OV) OJ}NlQ(Nl):o,'%Bj ~ 0.4-¢)
T DR

oo le gvackion o%olanL): 0,089 iy

| 0.7

| Mo{ﬁ.m(af‘r e F%Lﬂt ot Hcﬂ :W]HL!:B&‘;)W\O?CC\!UQ\( wef’a{n#og

N, = MNL:'}@
™Mole calay weight 0§ 0, =Mo, =22
W‘)MG =y M X4
= T 5 'XHJ%MNQXNL—%MOLXOL
=36.S X0.,29)42.650,48 [332%0.12]
Mm@ P

et :/4 M?Jﬁéuve_ ok C}—)%avxc) C:LH(, has av CJLV&Y&{}& MO{CCQ[CLH
fh;@fah% of 22.4. Find mole 4¢ Hq_ and ¢, H, ' the
imixblyre.

go{‘ Ea 2] a8 A Vef\fﬁkﬁe_ MDQQCQ(&Y L\Je.l‘a-lq{* of 22.4 of-

| —

.! @a S M?‘X_{‘UT £,

h]

e & XCHq. And Xe b, be e wole +yactione ofF CH
and G Hy “r@sPechdy,

http://www.scanner-pro.com



Lol

es

Mqva = i MTY]’
RS L e ;
a’ a ]CH% XCH‘?_]‘ MCLHG X‘CLHG

22,4 =lb xcH$+goX£LH‘

ZXfZI

X(Hq_ J(-AE} H{, = " {

X‘CLHQ = = XCH:}_ ]i
Sul s%?@u%"\vﬁ for X, H, $rom) Equation(®) iv to Eftabien sl

SOFV?“@L Fov ><<.+1L,r 8?\/@&

|
l
a_l,arz)b&wj 30()-—%6% !
XCHJF =0, 543 |

Mole 7o of CH, 2 Mole $1action odC F X 10020.543x/00 ~
54.30
Mode o of C‘lHG =G5 XKoo =g

1 AsSuming- air 4o co ntain F97% N, Owmd 2% 0, by Vo{umﬂJ

Calcqfcxg“e, 1%76_ GI&WSF'"‘V of air at I\JT?,
RosTS ' Aty Contaldnlvf 217 0, 00d &7 N, by Volume

ffl‘fd = 6415&5) wol e %= Vo lame %

SN oo, o0 OF N, o9, Ml b0t i
MO{Q OLTQQ?\’OOO Oj&l\l?{x'\]‘-): MO{Q/OJ:N‘L Sl 20.79

10D 10D

Mole Fracttmi(Xe)s Mole X080, 4y 4 5
)00 < @0

\\qa\j — MN'L 4 XN'),—‘- 1\401')(01__
=28 X0, T3+82X 0.21 = 2&64

http://www.scanner-pro.com




i'ﬂ'm de.n_cf‘.{‘y ok C.\@as ™M Te fuve '@:,) i g 8{ym by @
My
g Pl
BT y
4 T=273K P=1i0], 325 kPa)Qr&.Swt?fM-kﬂ /
(kol k)
0. 101.225 X28§. §4

'——-——————--—--—:‘u-l%?ﬁka/lmg i
|

1748 ]

Wheve A . E o
\

?‘.‘.Elj?h‘\ < A
Density of aty = ). 2874 kq/w
219 r* \f\r\x‘t‘bn nE ";-—'.L_:_‘LH_J L"L’tb ’\c'-ﬁS J("\') Oka{wbal’ Z?_%K@ C)
3 4 :
cowng 101 .25 LA =k :‘s;m*'»;{. Cal Lq!xl- H,e ryt\f'd & Qd

|

- |

e ltdht A 05 CH, and GH, v the mixture. |
: mixture alb 295 K angd 5

~

Sl BaSis & kg densify of gas |
- 2 'Q_kl.-'-_.‘; l
! . I :" e a . ¢

i q ;=J~v Ot A Qac r-\"-jnl.‘uw_ Y. zh vew L;,L’(
= LTI S L ( U j
O M
0y g
'\\.i ,,t._, F_{:,“_
wheve, P = 1K/, T=272k, P~ 01.325 KPa R=£3145] u?’k%/
Ck“\c" KJ
Ix &318:5)X272
™~y = | X =t JJ =F %) £
; ..:‘\"\-' q > = 212—.[)—
v WO) . & 25 _

Lf(_ )((‘béd A \""C\j /\: :H‘é bt‘_ H)e_ PMO{Q_ :FYC{(')L!.OV] < O-JC( H(F

LA N \ .- r\n = A =4 y = - i .
A

D s = s S o L MR LS4 e L — e Rl

http://www.scanner-pro.com



Xu—%‘ﬁ 7’”«3‘4{, )

2 YCL‘HL - \rXth}‘

SUWp s 74 u#.»«a Xeyer, 70 Eguntion3) ruto Ff}uahovﬁ)m,g
Solvma Loy ;QH . wc{ ad”

MUk 2 ex, 360 =8, )
Xm;o 54.3 '

| Kol = 1-0.50220.457
Mofe L of o 4 =Xcw, X 100 =0.543%/00 =S ¢-3

W\D’E’. /Of(“ H KCJ.H, X100 20, 451X 10D = 4-5.77

M€L6L4- G- ‘HL}_:V‘}I kimol mixtuve ~o, S43xle=~¢, 69k
‘N("‘a["*' 0+ G H, TN L kmol mivture ~o, LS X320 z12. 91k

Wr(aH o4 Fass Miy fFuYe = 22.4k i

X/00=3f, ¢
28, €24).2

i
N’(’—ia’hk /O.P (A}FH{ !Y)*“q(’ MI‘(’#U'Y() n]ODl q_

}/C“lwome tory

{w’i‘ahf i 05 CcHy Tn +he minbure 2" §.4q
|

DT‘/ bullb, 1ewipevat uve (DBT) The. &MP€m4QY<_

———————

MedSured by O bove 4H€TMoMel-ev oY
c:a”ugd Hye ci'ry bulb -ltMPev‘aJrUYe

We b bulb 4ewmpeva tuve (;,Jg i The +ewpevatuye
meagu-re,J ‘oy A %PYMOM{-’-QY oY "H‘\QYMOCOQP{{

+hermoco qpft s

| condition, s (‘o“ed-”qe wet balp -le.,w\Peva%-wF‘L
Abedlube huwid: %V(”

("] ( _ wolesofA
moles o 3

http://www.scanner-pro.com

Iw;t‘qa welb wick covering the bulb, uwdwe?mfbﬁwi




20

|

hu K ( h\”-'} X

MR
R | SR,

pu ‘(l"la\v’&’ !’\l_lM.1(‘\T'(y 0y

- masSof R

x/ _’fh], Ak iorA

M 9508 13

ve la Hve Qatyva LTOV)(%,%) :
Re l“t“\/(‘" Sad uyarion =X 7 - p\)
Yevcentoa:, Catuval r it
¢ Cév\ Jg = atuyarioy) oy P(T(‘é'tf-laag
Pﬁ’“ﬁ.‘(’h{a" ¢ Nokq 24 o > =
L | d Sad UYa 410 vy = )l)—) / - hh\} X (o6
_:.L L\)_} ‘01 (L o This te ‘{H'W;*

tewper a Hisg aFSmlf\

Vi@ P(’\ LY - ﬂ(_\ g X -l Loy ¢ be€.cowe < il L) a

' Sa. # _
ok conchant otal pressuve o o?%iﬂaiﬁ” b le d
Hq["H The wowent e 4-9th.}Yd-+l@T’€ .?_S \;‘é’_du(?% 53
o e lom 'H---_, ¢. e -\1‘ ) BRa n{ : ;.M,\ ¢ Vs e—d

: A Poly wil) condense ag
O qw, wid dew. :

on a particula day in Solapuy the dry bulb temperature
and dew Point of Ambient aiy weve found 4o be

_507 K (29°) and 291 k(18°% )veSpPe (‘tt:\fc"/y‘ Ravoweley yeads
‘100 I 2 (“m{(‘u{a!ﬁ :

@) the absolute molal {ﬂum‘:’d‘l‘f}{{b}ﬂ%g absolute ff)um}’d?%y

((_) .{{’)e a/i: r\_){__)} f(‘?)_ﬁf)e % ga'#U’Ya{TOV)

Dato | Vapouy PregSuve 0f woley ab2q ik =2,0629 LR

e pm—

Vo pOUY pye oYL O-j(, wa!(’\f Cl.‘él 202k ;é}..OO(_).]q pa‘
gplution ; Ba 01s o Aiv - watey vapouy mietuve with

_ 207 k and PP=24IK.
E{T[%Dpf ?ﬁo'?f?‘_f"(iﬂl Pressurc of wodey iy is G?uaﬂ'*o‘%ﬁ
va POL:Y Dy 8-HTC of pater

pﬂ = Paﬂlfff\! Pye SSuTe Of L;)ah_'rvapouy ?Daf“/:z.odz{.k%
= 40{‘0«_9 Ove 8SuTe _|00k¥a

http://www.scanner-pro.com

5
a b§ofu_f?_—._LILi?"_'?§Tf}@é)'




9]

Sol

Abg()tu{"t W\Ola{ Humfd%% Hm: PA 2.0624

P-p,  100-2.0624
=0.0210 § _kemol water vaPouy
kol dry afr
MDLQ.CulC{Y Nﬂ?ﬁjhf o4H.0 =5 Mole culay w@.fﬁ{,{—@}&]ﬂf e
T AT Moleculay weightof RO
vlolute mid Ei =
Fia0 B 2 i M{)Qeclﬂm’we.?&h%o?a?f
= 0.02106% 'S
79

=0.013) E& watey VaPouy
g dvy oy o

AL go&uw’ai“?oﬂ, DB zule =DP=30:k
vapouwr Pressure ot Satuyotion, e ab30 Kk 20
“RH = g
5 =~ 2i062 Y
Po 100 = ‘1——5-0—?;{_7‘/00: S/'S/ ‘
Satuvation L\uMTc]?'g‘}" H g

= 1% Moq [ e l

s 3 eCulay we et 0

[%35: Fht of- A, ,
I§

=4.004kf)

)

£ [“@.Ooc,L mm’
m x & |
24 )

o tgalel e T

- T (‘deyaTY
/. Sotwration ”-g—*XJOO__ 0.6/3)

’ | 7 5 e ID0 =S04e0
A m‘fzw‘r&f One QCC{—OHQ V&POL{Y&Z.VJCJ mfo#

IS.§ X Aacetone by Volyme . Ca lculate %yﬁe{
€ e

pexCent Satuvatbion of .
dempeva bure of 9 HMO MK Here a4 Q
GIBK()LO c)Q\f)d

01-32S kP - Q. Pore §Sune Mo 1

Da{'-a L Vapour Precoyye Of ace.ttoheaf—gqgk:

&Qﬁ * Imol 0f acetone —nityg ) m*}hlu,m‘_
Mole % Gcetone = Vo lume “acetone = s g

mole dva-ction 0§ acefone i the MTK{‘QTC(” s

{1

24638k,

)S. ¢
-55_:_0.15@

—_—

http://www.scanner-pro.com




“Total Pressure (P) = 101.325 P,
Pox tial Prestuve 04 Ocetone ()= V- P
~0,I5§ x101-325 =16.009L P

\JO‘--POU"( Pufg;g_f_,un{'{’ 0% OCe 4’0\")6 O}— Q’QB/{%): '2-('}“638-1(.?1

o e lo4ve CQ\LU‘YafHoY) &
Pe

X100 =64, A&

sl (0§

= 16.009
™A ’af 6 lq"é%%
0les 6L Ocefone Pex wiole nitvodun inthe ﬁas ’“T’d(m(ﬁn)‘
= OIS8 o087,

| —0.Is¢
ConsSidex one mole o4 gty vated mixtuye at 293 K

f’lo".r__') ond 10).225kP, .
. | volume Zocetone Pressure / ac etone
(‘Tﬂ Sotuvoked mirkoe |~ | 0 Saburated mizbure

- 6
\/O{UM&/ c’}\Ce{'O‘OQ = %Tié-}(]oo 24 2
le % OLXL tove v the S’a%u'm%ed i xHLre = \/Ogum/aceFong
g -24.3%)
20
Acebone o the e obuyabed T o0 = == 0"‘*&’0}
o 0 rolxture =|—0.2431 = |
~NJ 4705-@) N Hhe Qaf‘wra#ﬂd J e mof’
{g ¢ 04 OCE tome Pey mofe D}{'T%?QO S Hoe §wfluYaf‘G.cJ
m;'xﬁu‘%(?—) S oo e
BDiv “:?:5’6;3_a
o Safu'm{woh~ ™ (60
g
= (0 1&7,6

: N
Sy K00 = &40

http://www.scanner-pro.com




..li.
s v

-t A s miytuve Containin benzZEéne vapowyr ’s :
Saﬁimﬂa at 101.325 Wg ond 323K(E0%) Ca(iu!%h |
e ply 7 the otheY Cornporen
thhi iﬂbu'io!—t:ij f&guzley&nrzamém and () carbon dioxide.

!
f

at |

o ° L weSSure.0F benZ ot |
jiRtiin & NaPouy B s pea |
|

| I 1325k fiond 333 K
U [ ng m-z_%n at- 10l : d
Soly Basis, O e et

gt : (?L'l"\a b{hz
@) NI trofen 3 g I 2% wcfglfgf G HB

‘ . Wi Soal |
| Mo(é‘t’l«l{f"“ re e E iy ok 223K, the Partial |
A< -!"fﬂ( r(‘ul’i"-“ﬁ?- = A= . TQ 6!%[_1(:\1 ‘}TO VapPuT [
|7 of ’}ng’l,i.'\’lf =

il P"l"{ geuyte 'ﬁ"’k"ﬂé Ok 313 K I:
| Dye 8SwWYe il St kP |
| =" : g_‘:\' ) '?D{Oé\b(}‘ a .
D e |

P 5 , b6 |

0. 3Bhbty |

A T =5 T 157,325 -2b.6b%
| \e n e ZEVE vafbuy

ke o T kol nfévOgLm

hamidtly He 1y x Molecular weiht o ¢ |
Absolute ham £ A Mo{e;u/arwtﬁ'gf‘aj‘?\),__l

- 0.567x 18
9-8.

= j.57q_)‘g§(_19_§29_24i"f~
k

_r.b) coybon dioxide ~ehzene |, oLy

Mol culy welght of €0, ST Ap ol n U
= 3666441 | M =M, x Mol ectiby Weight ot
b= 101, 327K o BT et o g
~ P -3y 20,507 e
H = e rebweaemes X""""—
M= PPh T, 30 -36.4by - A0
_ 0,547 kol benzone \opour = libos IFy bensune
T TFmol caybongioxlde Jiox

I

http://www.scanner-pro.com



MODULE2: MASS BALANCE
WITHOUT CHEMICAL REACTION

References:

https://www.youtube.com/watch?v=zzCI9V-kPcg
https://www.youtube.com/watch?v=PYaE3qV-G8U
https://www.youtube.com/watch?v=KU b nas7Nk
https://www.youtube.com/watch?v=4bY6f8U 42c

Book: RM Felder and RW Rousseau, “Elementary Principles of Chemical
Processes” 4th edition, John Wiley & Sons, 2011.




QOutline

Mass conservation equation

Flowchart, basis, scaling

Degree of freedom analysis

Process classification

Batch process
— Mo inflow or outflow of mass, transient process; Eg. Dissolution of salt in water

Continuous process

— Continuous flow of inputs and outputs; Eg. Fluid flow through a pipe, distillation column

Semi batch process

— MNeither batch nor continuous; Eg. Escape of gas from a pressurized container
Steady state process

— Variables (Rowrate, temperature, pressure, concentration) do not change with time

Transient process
— Variables change with time




Mass conservation equation

General form

Rate of accurulation =- Rate of (nput — Rate of cubtput

+ Rate of generation— Rate of consumption
Continuous steady state process

— At an instant of time

—  Rate of input + Rate of generation = Rate of ourtpur 4+ Rate of consumprion (kg/s)

Batch process
= Between initial and final time

— Accumulation = Final output — initial input

—  Initigl input + Generation = Final oulput + Consumption (kg)




QOutline

* Flowchart, basis, scaling

Flowchart or Flowsheet

An experiment requires humid air

enriched in oxygen. Three input 0,200 {mol Omin) __

streams are fed into an evaporation

chamber jtr_t o r_'.u;iuce- an output N ,.;:I{m,,-'m.nl
stream with the desired composition. : —
A: Liquid water, fed at a rate of A, lmot airfmin) 0.015 moi HyOfmad
20.0 cm®/min : | wimol O/mol)

0.21 mol O/mol — {0985 - viimol Ny/mod)
0.7% mol Na/maol

B: Air (21 mole% 0, , the balance N, )
C: Pure oxygen, with a molar flow rate .
ane-fifth of the molar flow rate of 20.0 cm® H50(¥min
streamB azimol HQfmen)
The output gas is found to contain

1.5 mole% water




Flowchart scaling and basis of calculation

Scaling Basis
— Changing the values of all stream PFowrates by a —  Flow rate of one stream o Lhieam

proportional amoant component In & process
Leaving the stream compositions unchanged Salection of basis
Given stream flowrate (IFf ghoen)
Ancume total flowrate of a stream of known

compasition (Fno stream flowrates are

I I.q._l H ot

Degree of freedom analysis




Number of independent equations

3.0 kg CgHg/mn

.r-::-.lnﬂ.-':‘n ni

rihg CoHgig:
J (L - kg CrHyg)

3+1=m
Benzene mass balance: 3 = mx
Toluene mass balance: 1 =m(l—2x)
Only two of the three mass balance eguations are independent
Maximum number of = Number of chemical species

independent equations in the input and output streams




Degree of freedom analysis

Systematic procedure to determine if enough information is available to

solve a given problem

Degrees of freedom n f = Munknowns — Mindep eqgns.

Number of independent equations
= Number of unknowns

Maore unknowns than independent
eauations

More independent equations than
unknowrns

Problem can be solved

Variables underspecified

Relations overlooked

14, additional variable values must be
specified

Flowchart incompletely labelled
Relations overspecified




Degree of freedom analysis

Sources of equations
— Mass balance (total, species)
— Energy balance (relates heat input, material flow and temperature)
— Process specifications (recovery)
- Physical properties (density) and laws (equilibrium relation)
— Physical constraints (sum of mass fractions)
— Stoichiometric relations {for reactions)
Significance of degrees of freedom
— Number of variables required to be specihed to solve for all the other variables

-  MNumber of measurements required to be made to estimate the values of other

process variables



Material balances on a distillation column

Basis : Flowrate of feed stream vty ML
& g

Degree of freedom analysis [ T

- b = Ll m Tl )

Unknowns : 1y, M., Mgs, Mg

Equations : | J

. : = . _ r Bemiarn Py

2 mass balances, 1 density relationship, 1 specified benzene spiit Sraeg 550 % o B feedl
e glag TS

gy = T MNindep egns. — =g =10

= 0.942

Linknowns —
Mole to mass fraction : y52
Volumetric flowrate conversion @1y, = 2000x 0872;my = 1744 kg/h

Benzene split fraction Mgy = 0.08 x 0.45m,; mg; = 62.8 kg/h
Benzene mass balance :0.45my = M, Ypz + gy, = 766 kg/h

foluene mass balance :0.55m; = (1l —vg ) + Mgy = 915 kg /h




Two unit process

Dl;_prt- e of freedom an alys is

Flowchart
Basis : All given flowrates
Flough
B0 g ATy
W) g Bag bt ag g
e L : Lnknowns 2 [rhy, xy ]
| s - 3
3 Fr T r s I =
e Linit 1 — : - Livuit ;i e Equations 7 mats
00 g & Ak agding | e £ 7]
i .: Vg | woh Bl | - aag B L i [ = npng Bp balances
P " w = .r\.:: .q._-u .............. i "\.q'_f it}
o M0 g g
2L M g By
SEQuenci Sevond

Crverall total ma
COrverall species A mass bal

Unit | total mass balance

Unit | species A mass balance

Mixing point total mass balance

Mixing point species A ma

55 balance

Two unit process

» 100x0.5+ 30x0.3 =
2100 = 40 + mry;mhy
: 100x0.5
=y + 30

dnce

ss balance : myx + 30x0.3

B S
(i gl g g
| ey 1'-1-1

i e g
iy Begi

= oA Bl

1= i i gl
aRasnsnwerrde
2 G by g

i g g

2100+ 30 = 40+ 30+ m5;n,
A0x0.9+:
b0 kg fh
A0x09 + My Xy
90 kg fh

ﬂ{ml Xy m-.,-..-.
2 (da, 1_:|

£ MaAss
Batanies

= 60 kg /h
Alx0.6

0255

+ MaX3 X5

4 [, gy, 1)

4 MaEss Datances

= L.00H33

reind nl
prn:m

Ity 23]
& miass
balanoes

1]

First




Recycle and bypass

lummn, circulation of a working fluid

Unknowmnis 3 {0 ixned 3 (g myng) 2R ng) 2 nq.ns)
2 [ma,rg ) 2 (ny.my)

il
Equalions & mdss £ mdss 1 maus 4 mans

1500 D | MM
O 1) ) g ] BOLF e et balances balances balance talances

“dj’ 1 ]
D = 3Py 54
Mo mgted
R

SequeEnce

Recycle and bypass

Overall dry air mass balance 2y x0.96 = 100x0.983;n, = 102.4 mol
Crverall total mass balance iy =1y + 100y = 24 .4dmol

Mixing point total mass balance :ny + ng = na;

Miang point water mass balance: ny X0.04 + n-x0.017 = n,x0.023;

My = 3945 mol; ne = 290 mol

Lan b verie | g g gy Bimg My M) R Rg)
T [y, Fig ) 2185 84)




sSummary

* Mass conservation equation
— Continuous steady state, batch process
* Flowchart, basis, scaling

— The initial steps in solving mass balance problems

* Degree of freedom analysis

— Definition and significance

— Single unit to multiple units with recycle



EXAMPLE 2.1 Coal contains 85% carbon and 15% ash. The cinder formed in the combustion
of coal containg 80% ash and 20% carbon, Determine the weight of cinder formed by the
combustion of 100 kg of coal and the percent of fuel value that is lost.

Solution Basis: 100 kg of coal (refer to Figure 9.3)

Adr for combustion

l

Coal: 100 kg Flue pases
Carbon: 85% ——»f Coal burmer |—— (Products of
Ash: 15% l Combustion)

Candar w kg

Carbon: 208

Ash: B0%

Figure 9.3 Combustion of coal (Example 9.1).

Ash enters the system In a single stream, that is. with the coal fired. It leaves the system
in a single stream without any change, with the cinder formed by the combustion, Therefore,
ash can be used as a key component for getting the quantity of cinder formed.

The weight of ash entering the system is

B 100=15ke
100

Let w be the weight of cinder formed.
The weight of ash leaving is

wx — kg

Taking an ash balance, we get

]5:»‘x[ﬂj = w = 1875 kg
100
Hence, 18.75 kg cinder 1s formed by the combustion of 100 kg coal

Since 20% of cinder is carbon, weight of carbon that is lost unburmed when 100 kg of
coal is charged is equal to (20/100) % 18.75 = 3.75 kg As the coal originally contained 85 kg
of carbon, the percent fuel value that is lost in the cinder is

(3.75/85) x 100 = 4.41%



EXAMPLE 9.2 Wood containing 40% moisture is dried to 5% moisture. What mass of water
in kilograms is evaporated per kg of dryv wood?

Selfution Basis: 1 kg of drv wood in the feed to the drier (Figure 9.4)

Water evaporated: w ke

T

Wood Dried wood
Dry wood: 60% (=1 kg) Dirier Dy woad: 95% (=1 kg)
Moisture: 40% hoisture: 5%

Figure 9.4 Drving of wood {Example 9.2).

The entering matenal contains 40/60 = 2/3 kg water per kg drvy wood and the leaving
material contains 5/95 kg water per kg dry wood. If w be the weight of water evaporated, then
water balance aboul the drier viclds

]xﬂ=w+i => w=ﬂ—i=ﬂ_6]4kg

Gl 95 6l 935

The amount of water evaporated per kg dry wood is 0,614 kg,
If we were required to find the amount of water evaporated per kilogram of wel wood

entering the drier, the basis of 1 kg of dry wood could sull be chosen for solving the problem.
Knowing that | kg of dry wood is associated with 100/60 kg of wet wood. the water
evaporated per kg of wet material is

0614 = ﬂ: 0368 kg
100



EXAMPLE 9.3 The liquid effluent from a processing unit is discharged into a stream. The
flow rate and BOD of the stream before the discharge point are respectively 6 m¥/s and
3 % 107° g/L. The measurements made immediately below the discharge point indicated a BOD
of 5 % 107% g/L. If the plant discharges the effluents at a rate of 16 x 10* m*/day, what is the
BOD of the effluent from the plant? (Note: Biochemical Oxygen Demand, BOD, is a measure
of the oxygen utilized by microorganisms during the oxidation of organic materials. BOD is a
direct measure of oxygen requirement and is directly proportional to the amount of organic
waste which has to be broken down.)

Sclfution  Basis;  One hour of operation (Figure 2.5)

Effluent
Flow: 16 = mJ mxfda}r
BOo; 7
Ul.;sllrear: -‘I,. X . Downstresm
ow: 6m /s i . " BOD:Sx 10 gL

BOD: 3% 10 gL
Figure 9.5 Effluent discharge (Example 9.3).

The rate of discharge of effluent is
16x10°

=666.67m*h (= 666.67 x 10° L)

Let x be the BOD expressed in g/L. Consider the BOD balance at the point where the
discharge from the plant joins the stream.
6 % 107 % 3600 x 3 x 1077 + 666.67 x 10% = (21600 + 666.67) =% 107 x 5 x 1073

Solving this we get x = (,1660, Hence, the BOD of the effluents = 0.1660 g/L.,



EXAMPLE 9.4 In the azcotropic distillation of an ethanol-water solution, a feed mixture
containing 95 6% alcohol 15 mixed with pure benzene and distilled. The benzene forms a ternary
azeotrope with alcohol-water with a composition of 74.1% benzene, 7.4% water and 18.5%
alcohol, which 1s distilled over as the overhead product. Absolute alcohol 15 obtained as the
residue product. Determine the quantity of benzene required for producing 100 kg of absolute
alcohol.

Solution  Let us first try to solve this problem by the direct and most obvious method,
i1.e. by taking a basis of 100 kg of absolute alcohol product.
Basis: 100 kg of absolute alcohol
Let the feed be & kg of the mixture of 95.6% alcohol and pure benzene. The overhead product
15 2 kg and the bottom 15 ¥ kg, Here W = 100 kg, Let the weight fractions of alcohol, water

and benzene m the feed be respectively wg,, wg, and wg;.
We can now formulate the balance equations, The overall material balance is

F=0D+ ¥ = F=1505D+100 {A)
Alcohol balance:
Fwg, = 0L185D + W =  Fwg, = 018530 + 100 (B)
Dhstillate, [ ke
Benzene: 74, 1%

Water: 7 4%
Adcohol: 18.5%

Fead, M kg

Ethanol-water
solution {93.6%
Alcohol, 4.4% water)

+
Henzene
Residue, kg
Y [Absolute aleohol)
W= 100 kg

Figure 9.7 Distillation (Example 9.4).



Waler halamce;

Fwg, = 00740 )
Beneene balance:

Fiwgg = 01,7410 (o
Simoe the sum of the weight fractions s unify, we have

We, + Wg, = Wpg = | (E)

Examination of Eqs (A) threugh (E) reveals thar not all of thems are independent Combining
ogether Eqe. (B} throwgh {E) gives Eq. (A), Thus we heve ealy Four independznt equations

Eqs (B) through (E}—in ve unkeown quantities. Smee the feed (s formed from 95.6%
alechol, the weight fractions we, and we, are relaed as

Tre BE 1T = g = 217275 (F}
Wg 4.4
Since the weight Fractions of alcehol and waser in the fesd are interrelated as given by Eq (F),
v musmber of mdepeindent vanables 10 be dowennined redisses 1w four These foar varables can
be determined by the selation of the four equaisons. Combining Egs. (B (0} and (F). we get
f#= FeIR kg Using this in Eq. (I¥. the amoant of beneoene m the feed = Fiwg, = 52.08 kg.
The problem can be solved more caily by taking & basia of 100 kg of disvillae.

fraves: 1HF kg of overhead product

= 1 kg, Cheose water as the key component. Ler x be the weight of 95.6% alechal in
the feced. Then, water balamos gives

4.4
—_r=Td = .
e 108 1815 kg

Thie amount of abaslue alcaliol is obaned from alcohoel balam:.

I RS = 0950 = 185 + W
W= 1GE 1818 = 09546 — 185 = 14228 kg

Whietn 14228 kg of absolute abeobol 15 produced, benzene used s 740 kg, Therefore, Gor 100 kg
of ahsalate aleehol, benzene required is
{7410



1.7 Steps for Solving Material Balance Problems

W con summarize the variows poings we made above inte the following step-hy-siep procedure
lor b solubes of malenal balance problems.

1. REead tbhe entime problem carefully.

2. Draw g aketch of e cquipment/unir.

%, Lahel the flow of cach stream and assecimied compesition with symbals,

4. List &l the availsble data on composmion and siream Jows g the peeture, Calculabe
additionnl compesitions from ihe given dota a5 necessany,

5. Iistablish the key componeml or iie clemend.

G, Schazt a suwiteble bagis for calculamon.

7. Widh the chosen basis, write the overall mpienal halonce and the mdivide] balonces for
the campanemls.

®. Before piempting o solve, check wheiber the mumber of unknowns and the number
ol egoatvans formulated are cqual. The number of unknown guandifies cannat exceed

the number of indepesdem materal balance equations. Oilberwise, e problem 1z
mdaierminaie, IT the number of independend cquadions exceeds 1the number af unknowwn
quantities, the choice af the egastians @ be wsed far solvang the problem s kel 1o yoor
Judgement.

9. Holve the cguainns,

L Cheek e answers by substioung them. or a1 leagt some of them meo (e margrial
balances,



EXAMPLE 2.5 1000 kg of mixed acid of composition 40% H50,, 45% HNOy and 13% H,Or
i5 1o be produced by strengthening waste acul of composition 3005 H.50,, 36% HNQ, and
4% HAD by wenght, Cossenrated sulphuns acd of strength 95% amd concentrated it sad
comiaming #0% ncid are available for this purpess, How many Kilograms of spent ncid and
concontrated acids are 10 be mixed together”

Sofwrlew Lot W kg of waste acid, § kg of concemirated sulpharic acid and & kg of
conccnirated milrec ackl are mixed dogolbher fo prodwce M kg of mixed acad. The strcams in

guanuities and compositions are mdicaed m Figurse 208,

Solphure: acd, N kg Blitrie asd, & ki
it H, R0, Rirra HBX,
5 H, O e H 0
Wasle acil, B ks . ¥ Mixod meid, M kg
S0 HL B0, 4095 H.E0,
N I M ;_' sF i — =

3% HH, Tiflg Opemiion " a5 HNO,
34% H, 0 1495 H.0

Figiure 0.8 Fotilicalion o waste aad (Eoaeaple 9.5,

Saviy: 1000 kg of mixed acid. 4 = 1000 kg,
W cam wmie four maienal balance cqumions—oaone tedal matemal balance, three compoment

balances, one cach for H.5C,, HMOy omd HoOx
Teaal mamenal balance:

Wo- 5+ W= 1000 (A

H.50), balance:
O3 + 0655 = 04 = [0 14



Ik halance:

D3GH = RN = 0,45 = 1000 ()
H-O babanse:
I3 = 085S = D208 = D015 = 1000 {00}

There are only three independent marcrial balance cguatons &8 Eq. (D) can e obtained by
ndding 1ogether Eqs. (Bp and (C) and swbiracting ihe sum from Eqo (A} The number of
unkodam goantities 15 thmee, They are B, 5 and V. Equatians (A), (BY amd (C) are solved
cimultancously 1o determing the gquantitics B, &5 and N, We por = 70022 kg & = 308 88 kg,
N o= 51090 kg

Cruantities 1o be mised are:

Waste acwl = 7022 kp

Concemtraed H,50, = JUREE kg
Coenmcentraled HWNO, = 530090 kg



9.2.1 Ewvaporation

Evaporation is used in industries for concentrating aqueous solutions by vaporizing the solvent
water and removing it as vapour. Typical industrial applications of evaporation include
concentration of cane-sugar juice in a sugar factory, concentration of ammonium sulphate in
a fertilizer unit, and concentration of spent soap lye to produce glycerine in a soap indusiry.
Depending upon the mode of providing heat energy 1o the liquid being concentrated, evaporators
fall into different types. Evaporators heated by direct fire, evaporators with heating medium in
jackets and steam heated tubular evaporators are common in indusiries. Among the tubular
evaporators, short-tube vertical evaporators, long-tube evaporators, climbing film and falling
film evaporators, etc. are some industrially important ones in use, A schematic sketch of a
standard short-tube evaporator is shown in Figure 99,

WVapour, [

Yenl

1 o
I]]l:ﬂ,q—— Stearn

Condensate to

steam trap
Thick liquor, L
. (Coneentrated product)

Figure 9.9 Schematic sketch of a short-tube verical evaporator

The feed solution is admitted as shown, The solution flows up through the inside of the
tubes and is heated by steam condensing in the steam chest, outside the tubes. The heat
liberated by the condensing steam is transferred through the tubes to the liquid. The vapour
space of the evaporator is maintained at a lower pressure. When the temperature of the liquid
reaches the boiling point of the solution at this reduced pressure, the liquid boils. The vapour
generated 1s taken out through the vapour outlet which 1s condensed and discarded. The
concentrated solution known as thick liguor is withdrawn as product from the bottom of the
evaporator,

Let I be the feed rate in kg/h and xr be the mass fraction of the solute in the feed. Let
the thick liquor be withdrawn at a rate of L, kg'h and the concentration of the solute in the
final product be x;. Let F, be the quantity of vapour produced in kg'h. The overall material
balance can be written as



F= V]_ + L|
Since the vapour produced is free of solute, the solute balance gives

F.-T_lr.' = L|x|
Simullaneous solution of these two equations provide answer to the material balance problems
on single-effect evaporators.

In a single-effect evaporator, with one kilogram of steam condensing in the steam chest,
roughly only one kilogram of vapour is produced. The cost of steam consumption is therefore
the major cost of operation of the evaporator unit. To reduce the steam consumption, several
evaporators can be connected in series to form a multiple-effect evaporator system. The vapour
produced in the first effect is used as the heating medium in the second effect and the vapour
from the second is the heating medium for the third and so on. Thus by one kilogram of steam
condensing in the first effect. approximately N kilograms of vapour can be produced, where
N is the number of effects provided. A triple-effect forward-feed evaporator is shown in
Figure 9.10.

Ty vacuum system

I Fy

Feed, F kg — 4

¥

s
v

-

=
)

Steam —e

—
“
L

Condensate

Thick liguor
(Product), L, kg

Figure ©.10 Forward-feed tniple effect evaporator.

The overall material balance for a triple-effect evaporator is
F=F+VF,+¥F+ 1L
where V. V5. and F; are the amounts of vapour produced in the first, second and third effect

respectively, in kg/h, and L is the product rate in kgth. Let x;, xa, and x; be the concentration
of the liquid leaving each effect. The solute balance for the combined system is

Fxp = Lax;

The following solute balance equations can be written for each effect.
Fyp = Lix
Lyxy = Lyx;

Laxy = Lyx;



The total material balance for individual effects are

F = V]_ + L]_
Ll = Vz + LE
Lz = V] + L5

EXAMPLE 9.6 A iriple effect evaporator (Figure 9.11) is used to concenirate 1000 kg of
aqueons selution from a concentration of 20% solute to 0% solute. Assuming an equal amount
of vaporization in each effect, calculate the composition and weight of the solution entering the

second and third effects,

l—— Steam

Vapour Vapour “Wapour
[ FY
T ‘ -
1000 kg feed, I m
Adgueous I £
solution, 200
solute ‘ ] ‘
L |
v Ly L,
Final
¥
Condensate Condonsale Condensate

Figure %.11 Trnple effect evaporator for Example 5.6.

Solution Basis: 1000 kg feed 1o the first effect

solution, Ly,

B0%% solute

Let L, I, and L; be the rate at which the concentrated solution iz leaving each effect, x|,
x; and x; respectively be the concentrations of solute in these effects. Let ¥ be the amount of
vapour produced in each effect. Consider the combined system consisting of all the three

effects. The total material balance vields
1000 = 3F + Ly
The solute balance is
1000 x 0.2 = Laxs
200 = 0.8,
Solving Eqs. (A) and (B), we get Ly = 230 kg and ¥V = 250 kg

Now we can write the material balance equation for the first effect.
Total balance:

1000 = Ly + F =1L, + 250
Solute balance:
1000 = 0.2 = Lix

From Eq. (C), L; = 750 kg. Substituting this in Eq. (D), we get x; = 0.2667.

(A)

(B)

(<)

(D)



For the second effect, the corresponding equations are
Li=1L:+F = 730 =[,+ 250 {(E)
Lixy = Loy = 750 x 02667 = Lax {F)
From Egs. (E) and (F), we get L, = 500 kp and x, = 0.4,
The results of material balance caleulation for the triple-effect evaporator system are summarized
as follows:

Effect Feed (kg) Products (kg) Liguid concentration (%)
Liguid  Tapour Feed  product
I 1000 750 250 20 2667
II 750 500 230 26.67 40
1) 00 250 250 40 80

9.2.2 Crystallization

Crysiallization is the process in which solid particles are formed from liquid solution by
evaporating and/or cooling of a saturated solution. Crystallization is important as a separation
and purification technique as well as a means of marketing materials in crystalline form. Tank
crvstallizers. agitated batch crvstallizers, Swenson—Walker crvstallizer, vacuum crystallizers and
Krystal crystallizers are typical industrial equipment used for crystallization. Figure 9.12 shows
a crystallizer of the circulating liguid type. The liquid is drawn through the tubes of a steam

Wapour to
the condenser

Steam s Trreery|  [ereeery
PRESEEA
B :

Heater

Crystals and
mother liquor

Figure 9.12 Evaporator crvstallizer.



heated exchanger where it is heated to sufficiently high temperatures without evaporation, The
heated liquid then flows into the vapour space where flash evaporation occurs leading to the
supersaturation of the solution. The supersaturated liquid is made to flow down through the
downcomer and then up through the bed of crystals which grows in size. The saturated liquid
leaving the bed joins the fresh feed solution before entering the heater.

Crystallization occurs when the solution is concentrated and usually cooled until the solute
comcentration becomes greater than its solubility at that temperature. Equilibrium 15 said to be
attained when the solution is saturated,

In general, in industrial crystallization processes, equilibrium is attained between the solution
(mother liguor) and the crystals, and hence the mother liquor leaving the process is a saturated
solution at the final temperature of crystallization. The yield of crystals can be calculated
knowing the initial concentration of the solute, final temperature and the solubility at this
temperature. The material balance calculations are straightforward when the solute crystals are
anhydrous. Simple water and solute balances are sufficient. When the crvstals are hydrated,
some of the water in the solution is removed with the crystals as a hydrate.

Let ¥ kg of hydrated crystals are formed in which the weight fraction of solute is x;
from F kg of solution containing xp weight fraction of solute. Let x5 be the solubility of the
solute in weight fraction of solute, and ¥ and W be the weights of mother liquor remaining
afier crystallization and the weight of water evaporated during crystallization operation (see
Figure 9.13), respectively.

W, kg waler
evaporated
F kg solution T W, kg hydrated
(Feed), x, weightor — 4 “vapemire 4 arystals, x, weight
. cum-crvstallizer ;
fraction of solule fraction

l

I, kg mother liquor,
x, weight fraction of
solute
Figure 9.13 Crystallization operation.

The material balance for the crystallization operation yield the following equations,
Total balance:
F=W +WF+W
Solute balance:
Frp = Wix + W
Solvent balance:
(1 = xp) = Wil = x;) + Bl = x3) + W5



EXAMPLE 9.7 A crystallizer is charged with 100 kg of a solution containing 25% Ba(NOy),
in water. On cooling 10% of the original water present evaporates, Calculate the vield of cryvstals
when the solution is cooled to 283 K. The solubility at 283 K iz 7.0 kg Ba(NO3),/100 kg total
waler.

Solution Basis: 100 kg of feed solution

Let W) be the weight of crystals, /' the weight of feed, and xp weight fraction of solute
in the feed. Let x; be the solubility of the solute in weight fraction of solute, and W, and W,
be the weights of mother liquor remaining after crystallisation and the weight of water evaporated
during crysiallization operation {see Figure 9.14).

7.5 kg water

evaporated
100 kg solution, Evaparaior- ¥, kg crystals, x,
025 weight ——— curmeervstallizer [ weight fraction
fraction Ba(MN0,), i ' Ba(NO ),

l

W5 kg mother Liquor,
(00654 wieight
fraction Bai{NOy),

Figure %.14 Crystallization operation in Example 7.

F =100 kg xp=025 x3=7107=00654, W;=075%100x 01 =75 kg
Total material balance
=W +WF+W
That is, 100 =W, + W, +75 = W, +WF,=925 (A)
Solute balance
Frp=Wix, + W,y x,
100 = 025 = W) = L0+ Wy % 00654 = W) + 006540, = 25
(B)
Solving Egs. {A) and (B) simultaneously, we get W, = 20.28 kg,
EXAMPLE 9.8 An aqueous solution of NayCO; contains 15% carbonate by weight, 80% of
the carbonate is recovered as Na,COy 10H,0 by evaporation of water and subsequent cooling

to 278 K. The solubility of Na,CO; at 278 K is 9.0% (weight). On the basis of 100 kg of
solution treated, determing the following:

{a) The quantity of crystals formed
(b) The amount of water evaporated



Solution Basis: 100 kg solution treated

See Figure 9.13. Let W, be the weight of hydrated crystals, x; the weight fraction of
Na,C0;y in the crysials, F the weight of feed and xp the weight fraction of Na,C0y in the feed.
Let x4 be the solubility of NayCOy in weight fraction Na,COy, and Wy and W5 be the weighits
of mother liguor remaining after crystallization and the weight of water evaporated during
crystallization operation.
Total material balance:

F=Ww + W+ ¥, {A)
Ma,C0O; balance:
Fxp = Wix; + Wax; (B)
Here F = 100 kg, xp = 0.15, the molecular weight of Na,C0O; = 106 and the molecular
weight of Na,CO;-10H,0 = 286.
(a) The weight fraction of Na;CO; in the crystals is
x, =96 _ 3706
286
The mass of Na;CO; recovered in the crystals is
W, = 0.8Fxe = 0.8 % 100 x 0.15 = 12 kg
Therefore, the quantity of crystals formed is
12
0.3706
(b) Substituting the values in Eq. (B), we get,
100 = 0.15 = 12 + Wy
The mass of NayCO; in the mother liguor is
Wor, =15 -12=3 kg
The weight fraction of Na,C0O; in the mother liguor = x, = 0.09 (from szolubility)
The weight of mother liquor is

= =32.28kg

o Wm 33 10,
Ty, x, 009 3

From Eq. (A), we get
Wy =F— (W, + W)
= 100 - (3238 + 3333) = 3429 kg

Hence, the amount of water evaporated = 34.29 kg

EXAMPLE 9% An aqueous solution containing 60% Na,5,0; and 1% soluble impurities is
diluted with water and fed to a crystallizer where it is cooled in order to cry stallize Na,S,04 5H,0.
The crystals carry 0,05 kg of solution (excluding impurities) per kg of crystals. The free
water present in the adhering solution is removed on drving the crystals, The final dried



product contains not more than 0.1% impurity. The solubility of the pentahvdrate is 1.5 kg
Na»5:05 5H.0/ke free water. On the basis of 100 ke of 60% solution, calculate the following:

(a} The amount of water in kilograms added before cooling
(b} The amount of crystals formed
(¢} The percentage recovery of the Naz8;0; in the dried hydrated crystals

Solution  Basis: 100 kg 0% solution

Refer 1o Figure 9.15. Let W kg pure water iz added to the original solution. W, ¥, and
W are the weights of Na;5;0,5H,0 crystallized, the mother liquor obtained and the solution
carried away by the crystals, respectively. The impurities present in the feed get dissolved in
the free water and is present in the products in association with % kg mother liquor and W,
kg adhering solution. When the crystals are dried, the impurities in the adhering solution gets
deposited on the crystals, the concentration of which in the final dried crystals being limited
o 0.1%.

W, kg Nay$,045H,0
crystals, x, weight

100 kg solution Eva -
Lvaporator- fraction MNa,S,0)
I{Fi:wl:l}. 0.6 weight - ¥ cum-crystallizer ’ 3 ™3
fraction solute —— Iy kg solution
adhening to crysials
W kg water

FF'E kg mother liquor,
x, weight fraction solute

Figure .15 Crystallization operation in Example 9.9
The molecular weight of Na,5,0; = 158 and the molecular weight of Na, 5,0, 5H,0 = 248
Since no water is lost by evaporation, all the free water present in the combined feed will be

present in the mother liquor. 60 kg of anhydrous salt forms 60 x % =94.117 kg of pentahydrate,

the free water present in the system is 100 + W — 1 — 94,177 = W + 4,823 kg. Therefore,

the concentration of impurity in the mother liquor is x, :; kg of impurity/kg of free
W o+ 4823

water. Mow consider the material balance over the crystallizer,
Total (impuritics-free) balance:

100 =1+ W=W +W+WF
That is, W+ W, + W - W =99 {A)
Ma.5+04 balance:

60=[M+WZXE+W3XE]XE
23 25) 248

which simplifies as
W, + 0.6/, + 0.6, = 94177 (B)



Since each kilogram of crystals carry 0.035 kg solution, ¥ = 0,05, Substituting this in Eqgs.
(A) and (B), we get

1LOSH, + W, — W =99 ()
LO3W, + (.6, = 94177 (D)
Impurity in the adhering solution is
W, x 1 P _ kg
25 W +4.823
Substituting #5 = 0,051, the amount of impurity in the adhering solution is
0.05M,

250 +4.823) ©
Howewver, this should not be more than 0.1% of the final weight of crystals. The final weight
of impurity-free crystals is
W, +w, 15— 40,05 12 2103w,
2.5 2.5
Therefore,

weight of impurities in the crystals _ 0.001

weight of pure crystals

_ 005,250 +4.823)  0.0194
N 1,031, W +4.823

Solving the above equation, we get ¥ = 14377 kg. Substituting this in Eq. (C), we get
1L.O5W, + F; = 113,577 (E)

Solving Eqgs. (D)) and (E), we get W, = 65.08 kg, W; = 4525 kg and, W, = 0.030, = 4525 kg
{a) The amount of water added before cooling = 14.58 kg,
(b} The amount of WNa,5:0;5H,0 crystals formed = 6508 kg

(c) Na,5,0; in the adhering solution geis deposited on the crystials on drying. Therefore,
total anhydrous Wa;5;0; produced

;’V]XE+W3X£XE=42,TUIE
248 2.5 248

42,70
The percentage recovery of Nay$,0; = — = 100=71.2%

9.2.3 Leaching

Leaching is the separation of the components of a solid mixture by selectively dissolving the
soluble components of the solid in a liquid solvent. Recovery of minerals from naturally
occurring ores, oils from oilseeds, tannin from wood barks, vitamins and pharmaceutical
products from plant leaves and roots, sugar from sugar beets. ete. are some of the indusirial



applications of leaching. A Bollman extractor (Figure 9.16) is a typical industrial unit used for
leaching oil from seeds.

Solids are moved in perforated baskets attached to a chain convevor. As the solids move
downwards, solvent (hall miscella) moves in parallel flow. The perforations on the basket
permit passage of liquid from basket to basket. The strong solution of oil {full miscella) collects
at the bottom and is removed. The leaching is completed when the solids move upward
countercurrent to the fresh solvent which 15 admitted at the top as shown in the figure,

Consider a leaching operation such as the recovery of oil from oilseeds by treating with
an organic solvent like hexane. Let C be the component that is being transferred from the solid
phase to the liquid phase. The inert insoluble components in the feed is denoted as B. 4 is the
solvent used for leaching. In the present example, A is hexane, B is insoluble materials in the
feed, and C is oil. The streams entering and leaving a leaching unit are shown in
Figure 9.17. After the solute has been transferred into the liquid, the mixture is allowed to seitle.
On settling, a clear soluion known as overflow (B) containing the solute C dissolved in the
solvent and an wnderflow which is a slurry of leached solids B suspended in the solution (F)
that is not removed as overflow are obtained.

Fresh solvent

™~ Half
miseella
=
I — Hopper for

Conveyor "/
Baskei /
Chain convevar /

for baskets

leached solids

Pump

N

= — Full miseella

Figure 9.16 Bollman extractor

Feed is a mixture of B kg ineri solids and F kg solute. § is the mass of solvent added.
The overflow is R kg solution consisting of 4 and C. Underflow is B kg inert solids suspended



in £ kg clear solution, Concentration of inert material in any stream can be represented as
weight ratio of 8 on B-free basis and is denoted by N. Concentration of solute is represented
as the weight ratio of solute on B-frec basis. x represenis solute concentration in overflow
solution and v represents solute concentration in underflow solution. Thus, x and y are calculated
as the ratio of C to (4 + ) in a mixture and N is calculated as the ratio of B to {4 + ) in
the mixture. For the leaching system shown in Figure 9.17, we can write the inert balance as

B = NgFF = NE
where Ny and N are the inert concentration in the feed and underflow on an ineri-free basis.
The solution {4 + ) balance can be written as

F+5=FE+R
Feed: Crverflow:
F kg solute C R kg solution (4 + C)
£ kg inerts & ¥
¥ Np

Leaching unit

Underflow (leached
Solvent:

solids):
Skg(d+O) £ kg solution {4 + )
¥e B kg incris &

wa

Figure 217  Streams in a leaching operation.

The component-C (solute) balance is
F_]-"_ll.' + -‘_‘i:].fS = .EJ-" + Rx

EXAMPLE 2.10 A tannery extracts certain wood barks which contains 40% tannin, 5%
maoisture, 23% soluble non-tannin materials and the rest insoluble lignin, The residue removed
from the extraction tanks contain 50% water, 3% tannin and 1% soluble non-tannin materials.
What percent of the original tannin remains unextracied?

Solution Basis: 100 kg of bark

The feed to the leaching unit contains 100 — 40 —= 5 - 23 = 32 kg of lignin. Since lignin
i5 msolublz in the solvent used for leaching, all this will be present in the residue. Therefore,
lignin can be treated as the key component for material balance. Let the residue left after the
leaching operation be W kg, The weight percent of lignin in the residue = 100 - 50 -3 - 1
= 46%. Take a balance on the kev component lignin:

32 = W x 046
which gives
32
0.46

W =

=69.57ke



Since the residue contains 3% unextracted tannin, the percentage of the tannin in the bark that
is unextracted is

69.57 x 0,03

#100=52%
100 = (.40

EXAMPLE 9.11 Oilseeds containing 49% oils, 40% pulp, 3% mineral salts and the rest
moisture are leached with hexane as the solvent. The underflow from the leaching operation
contains 25% hexane, 2.5% salts, 15% oil and 7.5% moisture, The overflow contains 25% oil
which is distilled to recover the entire hexane in pure form leaving behind the oil, water and
galt. The underflow is subjecied to steam distillation which recovers 95% hexane. For treating
100 kg seeds, calculate the following:

{a) The kilograms of hexane used
(b) The percent of hexane used that is recovered from the underflow
(c) Percent recovery of oil

Solution Basis: 100 kg oil sceds charged to the leaching unit

Feed: 100 kg Crverflow:
R kg solution

Leaching unit

Underflow (leached
Solvent hexane; solids):
Skg L kg (solids + solution)

Figure 918 Sireams in a leaching operation.

See Figure 9.18. Let 5 be the kilograms of hexane used for leaching. The underflow from
the operation containg all the insoluble pulp present in the feed in addition to the unextracted
oil, salt and moisture. Hexane dissolves some oil, salt and moisture. A portion of this solution
is adhering with the insoluble solids in the underflow and let [ be the combined weight of the
underflow solids and solution adhering to it. The other portion forms the clear solution (R).

{a) Total balance:

1+ 5 =0+ R {A)
The feed contains 4% kg of oil, oil concentration in the underflow is 13% and that in
the overflow 1s 25%. Hence, the oil balance;
49 = U x 015+ R = 025 (B)
The feed contains 40 kg of pulp. The percentage of pulp in the underflow is 100 —
25 — 15 — 2.5 — 7.5 = 50%. Therefore, the inert balance;
40 = 03U {C)
The insoluble pulp is the tie element in this problem as it is entering in a single stream
and leaves as a single stream. The inert balance [Eq. (C)] gives
Ir=80kg



Substituting 7 = 80 kg in Eq. (B), we get

R=148 kg
Substituting I/ and R in Eq. (A), we get 5 = 128 kg. Thus the amount of solvent used
for extraction = 128 kg,

(b} The hexane in the underflow = 02317 = 20 kg. The amount of hexane recovered by
sieam distillation iz 0.95 % 20 = 19 kg. This constitutes only

E>-;l{]'lI]'=114-.!$4ﬂVu
128

{c) Oil recovered in the clear solution is

37 x100=73.31%
49

9.2.4 Adsorption

Components of a gas or liquid mixture can be adsorbed on the surface of a solid adsorbent.
Two types of adsorption phenomena exist: piysical adsorpfion occurring due to the intermolecular
forces and chemisorption occurring due to the chemical interaction between the solid and the
fluid. Physical adsorption is utilized as a separation method. The solid used for adsorption is
known as adsorbent, and the fluid adsorbed on the surface is the adsorbate. The adsorption
of orgamic vapours on activated charcoal, decolounzation of cane-sugar solution by adsorbing
the colouring matter on activated carbon, dryving of gases by adsorbing water on silica gel. etc.
are examples to cite a few, The adsorbed constituent can be removed from the solid and
thereby separation can be completed and the adsorbent regenerated for further use. Fuller's
earth, activated clays, activated charcoal, bone char, bauxite, alumina, silica gel, etc. are some
important adsorbents. Adsorption of a fluid on the surface of a solid oceurs till equilibrium is
attained. The adsorption equilibrium is a relationship between the conceniration of solute in the
fluid and the quantity adsorbed per unit weight of adsorbent. This relationship for a constant
temperature is known as advorpiion isotherm.

925 Drying

Drying is usually one of the last operations in a process industry. Drying operation is unavoidable
and an integral part of the process in indusiries such as paper industries, whereas it is done
in other processes to reduce the cost of transportation of the product. to give some useful
properties to the product like the free flowing nature of salt, and to prepare the product in a
form that is suitable for handling and use. In drving, a wet solid or slumy is contacted with
dry gas (usually air or flue gas) so that water is vaporized from the solid and is carried away
by the gas. When the vapour pressure exerted by the moisture in the solid equals the partial
pressure of water in the gas exposed to the solid, the solid is said to have attained iis
equilibrium moisture content, and drying stops. Depending upon the characteristics of the solid
being dried, several tvpes of driers are in common use. Tray driers (for pasty materials and
lumpy solids), rotary driers (for granular and free flowing solids), freeze driers (for foodstuffs



and pharmacenticals) and spray driers (for slurries and pastes) are typical driers in use. The
continuous driers are smaller in size in relation to the quantity being dried, and the dried product
hag a uniform moisture content. A rolary continuous drier is shown in Figure 919 and a general
flow diagram is shown in Figure 920,

. Diier shell
Fesd . Adr heater
Alr outlet l ) Dirive gear /
Steam Adr
inlet
HHEEREEEE | » Steam
condensate
) |
Discharge
fn Dy solids

discharge

Figure 9.19 Counter-current direct heated rotary drier.

3, heat added
ot lost

Solid feed, 5, kg'h,
X, ke water'kg dry solid

Solid discharge, 5; kg'h,

— A5 kg waterkg dry solid

Airin, Gy kgh dey aie,

¥, kg water'kg dry air
Adirin, Gg kg dry air,
¥, kg water'kg dry air

Dirier

Figure 9.20 Continuous counter-current drying.

The drier is a long cylinder installed at a slight inclination with the floor to facilitate the free
flow of the material to be dried that is introduced at one end. The cylinder is made to rotate
at a very low speed. The drving gas, which may be hot air or dry flue gas is admitted at the
other end, flows counter current to the solid, the gas being pulled through the drier by means
of exhaust fans,

Let 8¢ kg/h be the mass flow rate of dry solid in the wet material admitted to the drier and
let it be dried from an initial moisture content of X, to a final moisture content of X, the
moisture content being expressed as kilograms of moisture per kilogram of dry solid. The gas
flow rate is (7 kilograms of dry gas per hour and it receives the moisture evaporated from the
solid. The humidity of the gas stream increases from ¥; to ¥; kg moisture per kilogram of dry
gas. A moisture balance on the drier yields

Sk, — Xy) = Go(¥y — ¥)



EXAMPLE 9.12 A drier is fed with wet solid to reduce the moisture content from 80% to
15%. The product leaving the drier is admitted into an oven which further brings down the
moisture (o 2%. If the drier can handle 1000 kg of wet solid per day, calculate

{(a) The weight of products leaving the drier and the oven per day
(b) The percentage of the original water that is removed in the drier and the oven

Solution  Basis: 1000 kg of wet solid admitted to the drier

Let Fy kg and F; kg be the amount of water removed in the drier and the oven respectively.
Let xy and x; be the weight fraction of moisture in the solid leaving the drier and the oven
respectively. Let F be the amount of wet material fed to the drier and xp be the moisture content
in the feed. The total material balance for the drier is

Water evaporated, Water evaporated,
¥ ke ¥, kg
T Dry solid, 5, T
kgh,x =
Wet solid, 015 Produet, 5,
F= 101 kgth, ——» Dirier » Oven —— kg, x, =
Ap .80 02

Figure 9.21 Drying operation in Example 9.12.

F=35+V (A)
The comesponding moisture-free solid balance is
Fl = x5 = &(1 - x;) (B
Similarly for the oven we can write
S =8+F ()
Sl = xp) = Syl = xp) (D)

Here, F= 1000 kg, xp = 0.80, x; = 0.15 and x, = 0.02, Equations (B) and (D)) are balances
for the tie element—moisture free solid—and substituting the given values, they give 5 =
23529 kg and &, = 204 08 kg,

Substituting the value of &) in Eq. (A), we get ¥, = 764.71 kg

Substituting the values of 5, and 5; in Eq. (C). we get V5 = 31.21 kg

{a) The weight of products leaving the drier = &, = 235.29 kg,

The weight of products leaving the oven = &, = 204.08 kg,
(b) The percentage of original water that is removed in the drier is
N 100=25%71 100 =95.6%
Fg
The percentage of original water that is removed in the oven is
2 100=2221 1002 3.90%

Fxp



EXAMPLE 9.13  Air at 101.3 kPa enters an adiabatic drier at 87.5°C with a dew point of
20°C and leaves at 70% humidity. Wet paper enters the drier with 25% moisture and leaves
with 3% moisture. Determine the following:

(a) Water evaporated in kilograms per 100 cubic metres of air entering
(b} Finished product in kilograms per 100 cubic metres of air entering.

Solution The operation is schematically represented as shown in Figure 922,

The dryving air enters with a dry-bulb temperature of 87.5°C and a dew point of 20°C.
From the humidity charts for the air—water system at 101.3 kPa, we can see that these
conditions correspond to a humidity of 0,015 kg water/kg dry air (¥y). In an adiabatic drier,
air absorbs moisture from the wet solid, and the humidity and temperature of the air change
along the adiabatic cooling line passing through the point on the psvchrometric chart that
represents the condition of the inlet air. By moving along the adiabatic cooling line to 70%
saturation, we see that the final humidity of the drving air (¥,) is 0.035 kg water/kg dry air,

Solid feed, 55 kg'h, Sohd discharge, 5 kg'h,

X, =0.333 kg water/kg dry solid Ay =0.0526 kg water'kg dry
— - »
-~ -

Air out, & kg'h dry air, Drier Adrin, Gy ket dry air,

¥, =0.035 kg water/kg dry air Fo=0015kg

water'kg dry air
Figure 922 Drying in Example 9.13.

Since the amount of dry solid present in the product stream remains the same as that in
the feed stream, and the amount of dry air present in the gas stream also remains constant,
it is better to do the material balance on a dry basis. Let S5 kg'h be the mass flow rate of dry
solid in the wet material admitted to the drier and it is dried from an initial moisture content
of X to a final moisture content of X5 on a dry basis.

X =%=[},333 kg water/kg dry solid

5
X,= o5 = 0.0526 kg water’kg dry solid

Basis: 1 kg of dry air passed through the drier
The moisture balance for the drier i3

S Xy + Vo= 8 X, + 1

Y. ¥, - F.
S X - = .F — J{ — 312;
sy — A =1 - § Y
0.035-0.015
= ——————— = (L0713 kg of dry soli
0.333 - 0.0526 g of dry solid

That is, with 1 kg of dry air and accompanying water, the moisture associated with 0.0713 kg
of dry solid can be reduced by the desired extent.



fa) 100 m? air enters the drier at 101.3 kPa and 87.5°C (360.65 K).
Moles of wet air entering the drier is

100 " 101.3 N 273.15

22414 101.325 36065

Muoisture content in the air admitted = 0,015 kg water’kg dry air, i.e,

0015 29
] ® 5 = 0.0242 kmol water/kmol dry air

Moles of dry air present in 100 m® of air admitted is

=33782 kmol

1
33TE2 e —mm— =
* 1200042 3.2984 kmol

Mass of dry air is 3.2984 » 29 = 95.65 kg
Since the moisture content of the air increases from 0.0135 kg water/kg dry air to
0,035 kg water per kg drv air, the total moisture evaporated is

95.63(0.035 - 0.015) = 1.913 kg

(b) Since 1 kg of dry air is needed for treating 0.0713 kg of dry solids, 95.65 kg of dry
air can treat 0.0713 x 95.65 = 6.82 kg of dry solid. Since the product contains 0.0526
kg of moisture per kg of dry solid, the quantity of finished product is

6.82 x @ _7.18kg

9.2.6 Liguid-Liquid Extraction

The process of separation of the components of a liquid mixture by treating with an immiscible
liquid solvent in which the constituents are differently soluble is known as lgnid-{iguid extraction.
The liguid-liquid extraction operation involves bringing the feed liquid in intimate contact with
an immiscible or partially miscible solvent, allowing the solute to get distributed between the
phases and finally allowing the phases to separate from each other. The resulting solvent-rich
phase is called the extract and the residual solution from which the solute is extracted is known
ag the raffinare. The mutually insoluble exiract and raffinaie phases are then separated from
one another by settling and gravity separation. For example, aqueous acetic acid solution is
mixed with isopropyl ether solvent in order to extract the acid into the ether phase. A single-
stape extraction operation may be represented as shown in Figure 9.23,

Feed, F kg'h Extract, £ kg/'h

xp, Weight fraction O ¥, weight fraction C
Solvent, 5 kg'h Raffinate, & kg'h
Vi Weight fraction C &, weight fraction C

Figure 9.23 Extraction operation.



Consider a simple case in liquid-liquid extraction in which solute C to be extracted is
present in the feed in association with solvent 4. A solvent B is used for extraction of C from
the feed. B is either insoluble in 4 or is partially miscible with 4. When the solvent is contacted
with the feed, the solute gets transferred to the solvent. The products leaving the exiraction
unit are an A-rich phase known as raffinate and a B-rich phase known as extract. The solute
" will be present in the raffinate and extract phases. If 4 and B are partially miscible, traces
of B will be present in the raffinate and traces of 4 will be present in the extract. In a most
general extraction operation, therefore, we have to deal with ternary mixtures as raffinate and
extract phases. Denoting the weight fraction of solute in the raffinate and extract phases by
x and ¥ respectively, that in the feed and solvent by x; and y; respectively, and the mass flow
rates of feed, solvent, raffinate and extract phases by F, 5. R and E respectively, the total
material balance and component-C balance can be written as

F+58=EKE+R
Fx;.- + S_}’_-_:; = ﬁ_}' + fx

Gravity settlers, mixer-settler cascades, sieve-tray columns, packed columns, spray towers,
rotating-disk contactors, etc. are the common types of extraction equipment. Figure 924
shows a rotating-disk extractor schematically.

For good mass transfer rates, one liquid should be thoroughly dispersed in the other and
the liquid dispersion is facilitated in rotating-disk contactors by mechanical means. The mechanical
agilation iz provided by high-speed rotaling disks.

Variable speed drive

(Do

277 Light liquid outlet
f,f——ﬁ i [
.-
Heavy liquid inlet | =21 ]
— —1— T Retor di
I _‘/zf,l-‘.n or disk
— —|— ] _ Statorrin
e e
Light liquid inlet [ == ]
|
— I =

Teavy liquid owtlet

Figure .24 Kotabing-disk contactor



EXAMPLE 9.14 Isopropyl alcohol and water can be separated by extraction with ethylene
tetrachloride (C»Cly). 100 kg of a solution containing 30% (weight) isopropy] alcohol and the
rest water is mixed with the solvent ethylene tetrachloride. Afler extraction, the raffinate phase
analyzed 71% water, 28.1% isopropyl alcohol and 0.9% ethylene tetrachloride. The exiract
phase analyzed 94% ethylene tetrachloride, 5.2% isopropy] alcohol and the rest water. Calculate
the following:

(a) The amount of solvent

(b} The quantities of raffinate and exiract phases

{¢) The percent extraction of isopropyl alcohol

Solution Basis; 100 kg of feed
The extraction operation is schematically represented in Figure 9.23.

Extract, E kg
(94% ethylene tetrachloride,
3. 2% isopropyl alcohol,

Feed, 100 kg
{30% Isopropyl
alcohol, 70% water)

0.8% waler)
Solvent, kg Raftinate, £ kg
(Ethylene {71 % water,
tetrachloride) 28, 1% isopropyl aleohol,

0.9% ethylene tetrachloride)

Figure 925 Exiraction opgration in Example 9.14,

Let R kg be the amount of raffinate (water-rich phase) and F kg be the amount of extract
{solvent-rich phase). Let x,, xz and x be the weight fractions of water, ethylene tetrachloride
and isopropyl alcohol, respectively, in the raffinate. Let py, v and yp the corresponding values
in the extract. Let § be the amount of solvent used.

Total balance:

R+ E=100+58 (A)
Isopropyl alcohol balance:
0.281R + 0.052F = 30 (B)
Ethylene tetrachloride balance:
00098 + 0.94E = § (C)

Simultaneous solution of the above equations gives § = 45,10, £ = 47,04 and R = 98.06,

{a} The amount of solvent used = § = 45,10 kg,
(b} The amount of extract = 47.04 kg, the amount of raffinate
(c) The amount of isopropyl alcohol extracted is

Ey, = 4704 x 0.052 = 2.45 kg
The percent extraction of isopropyl alcohol is

E><1EI'EI'=8_1}“‘A:
30

98.06 kg.



9.2.7 Absorption

In absorption, soluble constituents of a gas mixture are separated by absorbing in a sunitable
liquid solvent, The reverse process—the removal of certain constituents of a liquid mixture by
contacting with a gas phase—is known as desorplion or siripping. Ammonia is absorbed from
a mixture of ammonia and air by contacling the gas with water in equipment known as
absorption columns. Benzene vapours present in coke-oven gases can be absorbed in hydrocarbon
oils and hydrogen sulphide can be absorbed from gas mixtures using ethanolamine solutions.
The essential difference between absorption and distillation is that in absorption, the liquid phase
used for effecting separation is a foreign substance introduced as a solvent whereas in distillation,
the vapour and liquid phases are produced from the feed material by boiling,

The rate at which a gaseous constiment of a mixture is absorbed in a liquid depends upon
the equilibrium solubility of the gas in the liquid at the given temperature, which in turn depends
upon the partial pressure of the gas in the mixture, For example, the equilibrium solubility of
ammonia in water is 25% (weight) ammonia for a partial pressure of 30.3 kPa at 293 K and
46.9 kPa at 303 K. Therefore, il a gas mixture with a partial pressure of ammonia greater than
30.3 kPa is in contact with a 25% aqueous ammonia solution at 293 K, ammonia will be
absorbed in the liguid.

As absorption is a gas-liquid contact operation like distillation, the equipment for absorption
and distillation are similar. Plate towers and packed columns are commonly emploved for gas
absorption and distillation operations, A packed column for pas absorption is shown in
Figure 9.26.

T Gas oul

I I
Liquid inlet ————| Liguid distributor
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S
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ﬁ Gas in
—

Liquid
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Figure 9.26 Packed bed absorption eolumn.



Packed columns are vertical columns filled with some packing materials, Tower packings
are devices of large surfaces, low weight per unit volume, and they provide a large free cross
section for flow of fluids. Random packings such as Raschig rings, Lessing rings, Berl saddles,
Intalox saddles, elc. and regular packings such as wood grids, stacked Raschig rings, elc. are
used for this purpose. The liquid is distributed over and trickles down through the packing. Gas
is admitted from the bottom and flows counter-current to the liquid. The gas is in contact with
the liquid throughout the column unlike in a plate column where the gas is in contact with the
liquid only intermittently, The mass transfer occurs and compositions of the gas and liquid
change continuously in a packed column.

Consider absorption of solute 4 from a gas mixiure into a liguid solvent. Let & and L
represent the flow rate of the gas and liguid in kmol’h, and x and v the mole fraction of A in
the liquid and gas, respectively, The flow rates as well as the concentrations vary throughout
the column, The conditions at the bottom of the column are represented by suffix 1 and
conditions at the top of the column are indicated by suffix 2. Then the total material balance
for the column is

Gy + L, =0G + L
Liquid in, L, molh a Gasout, G, molh,

x, mole Faction selule ¥y mole fraction solule
—x

F Y
Liquid out, L., molh (ias in, (G, molth
x, mole fraction solute ¥, mole fraction solute

Figure 927 Absorplion operation.

The solute balance is

Gy + Laxy = Goyy + Lixy (9.7
The material balance can be written in another way if the flow rates and compositions are
expressed on a solute-free basis. In an absorption operation though the total flow rate of gas
decreases from &) to &y due to absorption of A, the flow rate of non-diffusing pas is unaltered
and let this be G; kmol/h. Similarly, while the molar flow rate of the liquid phase increases from
I; to L, the flow rate of pure solvent is constant at, say, L; kmol'h. Let X and ¥ represent
the mole ratio of solute in the liquid and gas respectively. Then



_ moles of 4 in the liquid ~ x
moles of solvent l1-x

X

moles of 4 in the gas v

* moles of solute free gas 1~ ¥

The number of moles of solute present in a gas stream can be determined as the product of
7y and ¥, and the number of moles of solute in a liquid siream can be obtained as the product
of Ly and X. Thus,

Gywy =G ¥y and G,y = G Ty
Lyxy=Lg Xy and Lyx; = LgX;
where X and X; are the mole ratio of solutes in the liquid at the bottom and top of the column,

and ¥, and ¥, are the mole ratio of solute in the gas stream at the inlet and the exit of the gas.
Substituting these values in Eq. (9.7) we get,

Gy (¥) - 1y) = Ly (X) - &) (9.8)

EXAMPLE 9.15 Acetone is recovered from an acetone-air mixture containing 25% (volume)
acetone by scrubbing with water. Assuming that air is insoluble in water, determine the percent
of acetone in the entering gas that is absorbed if the gas leaving the scrubber analyvzes 5%
acetone,

Solution  Basis; 100 kmol gas admitted to the absorption column

Let (7, and &5 be the molar flow raie of the gas at the inlet and the exit of the absorber
respectively, and y,; be the mole fraction of acetone at the inlet and y; that at the exit (Figure 9.28).
The air being insoluble in water, the entire quantity of air in the entering stream will appear in
the gas stream leaving the absorber. An air balance therefore leads to

Gyl = p) = Go(l = y) = 100 x 0.75 = G, x 0.95
Therefore, (r, = 7895 kmol

L, mol'h water, Gas out, &, molh
%= 0 ¥, = 0.05

Water out, L, mol/h, Gas in, &) = 100 kmol/h
x, mole fraction solute ¥ — 025

Figure 9.28 Absorption operation in Example 9.15.



The amount of acetone in the gas leaving is
(7 = 7895 x 0,05 = 39475 kmol

The amount of acetone in the gas entering is
G = 100 x 025 = 23 kmol

Acetone absorbed is

B0 100 -8421%

EXAMPLE 9.6 A sas mixture consisting of 65% N, and 35% SO; by volume is admitted
o an absorption column at a rate of 4500 kg'h. It is contacted with a siream of 50% H,50,
flowing counter-current to the gas siream at a rate of 5000 kg/h. The gases leave at 101.3 kPa.
Water lost with the exit gases exerts a partial pressure of 25.0 kPa. If the concentrated acid
leaving the bottom of the column contained 75.0% H.30,. what percent of the entering S0y
is absorbed and converted to acid?

Solution Basis: One hour operation

The absorption operation of this example is shown schematically in Figure 9.29

The average molecular weight of gas entering the column = 0.65 » 28 + 035 x 80 = 46.2.
The molar flow rate of gases entering the absorber is

ﬂ =97 40 kmolh
46.2

Therefore, the moles of nitrogen entering is
97.4 »x 0.65 = 63.31 kmol
Moles of SO; entering = 97.4 x (.35 = 34.09 kmol

Let W kg be the mass of 75% H;50, produced and x be the moles of 50; that leaves with
the exit pases unabsorbed.

3000 kag'h & Gas out, &, molh
S0% H,80, l Pup =25 kPa

3 .
75% H,S80, out l f:la_s in, 4300 kgh

Figure 9.29 Absorption operation of Example 9.16.



Since no nitrogen is absorbed, the gases leaving will contain 63,31 kmol nitrogen, x kmol
S0, and water vapour, which exerts a partial pressure of 25 kPa. Let ¥ be the moles of water
vapour prescnt in the gases. Then

25 ¥
1013 6331+x+y

which means that
y = 0,32765x + 20,744 (A)

Total balance:

Kilograms of H.50; (30%) entering + kilograms of gas mixture entering

= kilograms of gas leaving + kilograms of con. H.50, (75%) leaving
That is,
5000 + 4500 = (6331 x 28 + x x 80 + y x 18.016) + W
= W+ 80x + 18016y = 772732
Substituting Eq. (A) into the above the total material balance reduces to
B49174x + W = 735268 (B)

Since the molecular weight of H;50, 15 98.016, 98.016 kg of sulphuric acid contains &0 kg
of 50;. Now consider an 50;-balance for the absorber;

Kilograms of S0, entering with 50% H.50, + kilograms of SO in the feed pas
= kilograms of 50 in the gas leaving + kilograms S0O; in the 75% H,80, leaving

+ 34,09 % 80 = 80x + 0,758 = 80
98.016 98,016

5000 =05 =

The above equation reduces to
Bx + 06121W = 476768 (<)

Solving Eqs. (B) and (C). we get x = 9.74 kmol. Therefore. the amount of 50 absorbed =
3409 — 974 = 24,35 kmol,
The percent of 50, that is absorbed is
24.35
34.09

= 100 =71,43%

9.2.8 Dastillation

Distillation 1s used to separate liquid mixtures into component parts by boiling and is one of the
major operations in chemical and peiroleum indusirics. The basic requirement for a separation
by distillation is that the composition of the vapour be different from the composition of the
liguid with which it is in equilibrium. Distillation differs from evaporation in that in the latter
vapour produced on boiling is a pure fluid, whereas in the former all the components constituting



the liquid will be present in the vapour but in different proportions. The vapour will be richer
in the more volatile components compared to the liquid with which it is in equilibrium, The
products oblained on distillation are commonly referred o as distillate (or top product), which
is rich in more volatile components and residue (or botiom product), which is rich in less
volatile components.

When a liquid mixture at a high temperature and pressure is subjected to a sudden reduction
in pressure by passing through a valve, the liquid gets parhally vaporized. The resulting liquid-
vapour mixture is separated into the distillate and the bottom products as shown in Figure 9,30,
The process is known as flash distillation or flash vaporization. The flash distillation is an ideal
single-stage operation in which the distillate and bottom products have equilibrium compositions.
The products will have an appreciable difference in their compositions only if the volatilities of
the constituents are appreciably different. Therefore, it is generally impossible to obtain pure
products by a single-stage flash vaporization,

Distillate, 23
mal/h, vy, mole

fraction solute

Heat
exchanger
Feed, F mn]ah~ Liquid—vapour
xp mole fraction sepatator
solute Valve

Residug, ¥ mol/h,
sy mole fraction solute

Figure 9.30 Equilibrium flash distillation.

The vapour produced in a single-stage flashing operation can be enriched in the more
volatile component by bringing it in contact with a liquid phase with which the vapour iz not
in equilibrium. The liquid phase known as reffux is obtained by condensing the vapour and
recycling a part of the condensate. The distillation carried out in this fashion is known as
rectification or fractionation. The fractionation can be carmied out as a mulii-stage operation
in a plate column or as a continuous contact operation in a packed column. Distillation using
a plate column is schematically represented in Figure 931,

A fractionating column is a cylindrical vertical tower which is divided into a number of
sections by means of plates or trays. Different designs for trays are available, the simplest one
being a sieve tray, Sieve trays are flat plates with a large number of small perforations that
permit upward flow of vapour. The liquid flows across the plate and run over an overflow weir
through the downcomer in the plate to the plate below. The vapour issuing through the



perforations provides turbulence in the pool of liquid present on the tray, thereby facilitating
mass transfer on the plate. On each plate more volatile components are vaporized and transferred
to the vapour and the less volatile components are condensed and transferred to the liguid.
Thus, the vapour leaving the tray is richer in more volatile components than the vapour coming
to that tray. The liquid leaving the tray is leaner in more volatile components compared to the
liguid entering the tray, it is still capable of enriching the vapour coming to the lower plate.

T Wapour to condenser

— Liguid reflux

T

—

o
Vapour
Ligud

Feed in—p::

—n —p -

— e e e e M e e

] —

A

[ Wapour from reboiler

L —» Liguid to reboiler

Figure 931 A plale column for fractionation.

In the fractionation column, the feed liquid is admitted almost centrally on the feed plate
where it gets partially vaporized. The vapour flows upwards through the perforations and
comes in contact with the liquid reflux on each plate. The vapour issuing from the top plate
is taken to a condenser. The vapours are condensed by exchange of heat with a coolant, the
most frequently used cooling medium being water. A part of the condensate is returned to the
column as refllux and the other part is withdrawn as distillate or op product. The ratio of the
maoles of liquid recycled as reflux to the moles of distillate product is known as reflux ratfio.
The bottom of the column is equipped with a reboiler which receives the liguid flowing
downwards from the feed plate and vaporizes it partially. The vapour so produced 15 sent back



to the bottom plate. This vapour when comes in contact with the liquid flowing downwards
sirips away more volatile components from the liquid and as a result the bottom product can
be made to be almost {ree of more volatile components. Steam is used as the heating medium
in the reboiler. The liquid leaving the reboiler is collecied as the residue or the bottom product.

Consider the distillation of a binary mixtre of components 4 and B in which A is the more
volatile component. Let F, D and W be the molar flow rates of the feed, distillate and residue
respectively, and let xp, x5 and xy be their compositions expressed in terms of mole fractions
of A, Congidering the column 3s a whole, the total material balance and the component-4
balance may be written as

F=D+W {9.9)

Fx[.-' = D_TD + Wx»r {91{]}

Let & denotes the reflux ratio for the column, and let L be the reflux in kmolh. Then, L = RD.
EXAMPLE 917 A continuous distillation column is used to regenerate solvent for use in a
solvent exiraction unit. The column treats 200 kmol’h of a feed containing 10% (mol) ethyl
alcohol and the rest water. The overhead product is 89% (mol) alcohol and the bottom product

is .3% (mol) alcohol, The overhead is sent to the extraction unit and the bottom is wasted.
What is the daily requirement of make-up alcohol in the solvent extraction unit?

Solution Basis: 200 kmolh feed

Let F, I and ¥ be the flow rates of the feed. distillate and residue respectively, and xg,
xp and xy be the mole fraction of cthanol in the feed, distillate and residue respectively, F =
200 kmolh, xp = 010, xp = 089 and xyp = 0.003,

The total material balance:

Alcohol balance:
Fxp = Dxp + Wy
Substituting the given values in these equations, we get
i+ W= 2N
0890 + 0003 = 200 = 0.10 = 20

Solving the above equations, we get [} = 21.87 kmol and W = 178.13 kmol.

Alcohol wasted = alecohol present in the residue
= Wxyp = 178.13 x 0.003 = 0.5344 kmolh

Therefore, the make-up alcohol required per day = 0.5344 x 24 x 46 = 58998 kg

EXAMPLE 9.18 An agueous solution of methanol containing 20% (weight) methanol is to be
separated into a distillate product containing 97% (weight) methanol and a botiom product
containing 2% (weight) methanol. For reating 100 kg of feed with a reflux ratio of 3.5 on a
weight basis, calculate the following,



(a) The amounts of distillate and bottom products

(b} The amount of vapour condensed in the condenser per kg of distillate

(c) The amount of vapour condensed in the condenser per kg of feed.

Note: The reflux ratio is defined as the ratio of the amount of condensate recveled to the
amount of condensate withdrawn as distillate product.

Selution Basis: 100 kg feed
The distillation operation of this example is represented schematically in Figure 932

Vapour, G kg'h
4
I Condenser

Distillate, D kg/h
Reflu, L = RD ke~ ‘2~ 097
Feed, F'= 100 kg/h
£ =020
b Residue, I ka/h
x,=0.02

Reboiler
Figure .32 Distillation operation of Example 9.18.

(a) The total material balance:

Alcohol balance:
Fxp = Dxp + Wiy
Substitute xp = 0.20, x = 097 and x, = 0.02 in Eq. (9.10) and eliminate ¥ using
Eq. (9.9), we get
0.20F = 0970 + 0.0NF - I

Put ¥ = 100 and solve the above equation for 1. We get [ = 18,95 kg'h. Putting values
of ¥ and I} in Eq. (9.9), we get W = 81.03 kg/h

(b} Take a total material balance around the condenser.
G=L+D

Since the reflux ratio R = 3.5, the reflux L = RD = 3.5D, and the above equation gives,
(v = 4,50, For 1 kg distillate product, the amount of vapour condensed, 7 = 4.5 kg,

{c) For one kg of feed, the distillate obtained is 3 = (.1893 kg [from part (a)]. Therefore,
the amount of vapour condensed per kg of feed is

4.5 x 01895 = (L8853 kp
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Qutline

Chemical reaction stoichiometry
Balances on reactive processes
Flowsheet with reactors

Stoichiometry

Stoichiometric equation 250, + 0, — 2504
Stoichiometric coefficient v;

— +2 for SO, (product), -2 for SO,(reactant)
Stoichiometric ratio — ratio of stoichiometric coefficients

— 2 moles of SO; generated /2 moles of SO, consumed




Limiting and excess reactant

« 250, + 0, = 250,
| Case Stoichiometric ratio | Feed ratio of
of 50; : 0, 50, :0;
Stoichiometric proportion 2:1
Excess reactant O,; Limiting reactant S0, 2:1
Excess reactant 50;; Limiting reactant O,  2:1

. Fractional excess of A
Moles of A in feed — Moles of A needed to react completely with limiting reactant

Muoles of A needed to react completely with limiting reactant




Conversion of reactant and extent of reaction

Bractonal conversian of resctar Moles of reactant reacted
‘ractional conversion ol reaciant — —- T AL I eI i, Fo
; : Moles of reactant fed

Molar extent of reaction: Extent to which a chemical reaction proceeds
n; = Nyp + Vi€ OT 1y = Ny + Vié

Unitof mol or mol/s

N, + 3H, — 2NH,

Reactor fed with 100 mol/s of N,, 300 mol/s of H,, 1 mol/s of Argon
ny, = 100 — 1¢ fy, = 300 — 3¢

J':ijh,.rH_j =0+ EE J":!‘,.-I“- — |



Multiple reactions, yield and selectivity

Desired main reaction: L.:,-_,Hq+: 0, = C,H 0 (oxidation of ethylene to ethylene oxide)

Undesired side reaction: C;H,;+30, = 2€C0; + 2H,0
Moles of desired product formed
Moles of reactant fed

Moles of desired product formed
Moles of undesired product formed
i = Nig +T v

Yield=
Selectivity =

LJ'"I'J

S e — R ==
Ne H,out = NC,H, in .fl 52: Mo our = Mo, in 0.5¢; — 3¢;




Balances on molecular and atomic Species

CE H & — [.- 2 H 4+ I_Lﬂ | Dehydrogenation of ethane to ethylens| RS -]

100 kol CoHg/min J 40 wmal Hyimn

: |__ 1y emal €M)

Balance for molecular species Ao lkmat Cy Hgimin)
Rate of input + Rate of generation — Rate of output + Rate of consumption

g

Balance for atomic species
Rate of input = Rate of output
C:100x2=n,x2+1n,x2 H:100x6=40x2+ n, x6+n,x4




Independent ...

= Equations
— Cannot obtain anyone of them by adding and subtracting multiples of any of the others
- x+2y=4(1);2x—-z=2(2);dy +z=6(3);2x(1) = (2) = (3)

* Species (molecular or atomic)
— Two species are in the same ratio to each other in all streams
—  Molecular species : 0, or N; and CCl,
— Atomic species : O or Nand C or Cl e il O

. : 3. 76 agimal N 3 Magimel Nas)
Reactions A glmal CC1 ivbe)
— A-2B [1]; B=C[2]; A—2C[3] sislengl CC1,INs) Rlttiad CCLIS)

— [3] = [1] + 2x[2] :

_—_— =




Molecular species balances

No. of degrees of freedom=

No. of unknown labelled variables + No. of independent chemical
reactions — No. of independent molecular species balances — No. of other

equations relating unknown variables Frre—
T |

CoHe = CoH +H, 100 kmol CoHgjmn | el T Hamin

Ay (krmal €M gfmun)

DoF=2+1-3-0=0 el €1 A

Rate of input + Rate of generation = Rate of output + Rate of consumption

H;: Geny, = 40;  GHg 100 =ny + Consc,y,; GHi: Geng, g, =1y
iy = 60 kmol/min; 1, = 40 kmol /min




Atomic species balances

No. of degrees of freedom=
No. of unknown labelled variables — No. of independent atomic species
balances — No. of molecular balances on independent nonreactive species
No. of other equations relating unknown variables
CHe = CGHL+H,
: REACTOR -

DoF=2=2=0—-0=10 100 kmal CaHglimmn 40 kol Ha/min

| my (et CaHg/min)
Rate of input = Rate of outpur nzlkmol C;H g/min)

Clxd=nxZ2+nxd H1IWxo=40xZ+ n,Xx6+n.x4

C:100 =1, +n,; H:600=80 + 6n; + 4n,
ny; = 60 kmol/min; n, = 40 kmol/min

B e e ———




Extent of reaction

No. of degrees of freedom=

No. of unknown labelled variables + No. of independent chemical reactions —
No. of independent reactive species MNo. of independent non—reactive species
No. of other equations relating unknown variables

C,H; > C.H,+H, i

DoF=2+4+1-3-0-0={( 100 kmal C;Hg/min ™| TR o ol Ha/min

: . ; ! ny kgl CoHg/min)
i = Rjp T Vis Aslkmel C,H/min)

C,Hg:1, =100 —&; C,Hynp, = & H,1 40 = €

ny = 60 kmol/min; n, = 40 kmol /min

fl
5

Used to solve reaction equilibrium problems




Product separation and recycle

[
- .
i

y ! g 3 PRODLECT
o Aemn L LR i BT 3 mi Afmen d Wi
REACTON | G PARA TN
‘I | 75 magi Bvmin | LNIT |
|

]-.'-"_'ﬁ Tn.1l F AL
|

Reactant input to process —Reactant output from process  /o-0 1009
RHeactant input to process LRt

Overall conversion =

Heactant i'npurt{:l reactor —Heactant output from reactor =~ 100-25 e

Single—pass conversion = : : = .
e =F S ieactant mnput to reactor 100

Overall conversion
— = 100 % depending on efficiency of separation of reactants and products

Degree of freedom analysis for the flowsheet including the reactor




Product separation and recycle

Dehydrogenation of propane C;Hg = CyH, + H,
Basis: 100 mol of feed :

3 fmgms gl

Eauiations 2 maledular 4 BbGmkiL J IO U R L S 4 AtEL
AR BDE L ATy Bl tandes 4 TR T
balanoes Db LN ES 4 Soditiongl Byl mnces +
Felalions el oL hoeman !
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summary

* Chemical reaction stoichiometry
— Excess reactant, conversion, extent of reaction, yield, selectivity
= Balances on reactive processes

— Independent species, reactions
— Molecular species, atomic species, extent of reaction

* Flowsheet with reactors
— Overall and single-pass conversion




EXAMPLE 10.1 TPropane 15 burned with excess air to ensure complete combustion. If 55 kg
of CO, and 15 kg of CO are obtained when propane is completely bumed with 500 kg air,
determine the following:

(a) The mass of propane burnt (in kilograms)
{b) The percent excess air
{c) The composition of flue gas

Solution Basis: 55 kg of CO; and 15 kg of CO obtained by burning propane with
500 kg of air
The combustion of propane in this example is schematically represented in Figure 10.3.

i CO 33 kg
Propane, Combustion of
Fmol propane CO. 15 kg
Water
Fy
Adr 500 kg

Figure 10.3 Combustion of propane (Example 10.1).

The molecular weight of CO, is 44 and the molecular weight of CO is 28, Therefore,

Moles of CO; in the flue gas = % =1.25 kmol

Moles of CO in the flue gas = % =0.5357 kmol

500
Air supplied = 29 =17.24 kmol

{a) Let F be the moles of propane burned. It can be calculated by a carbon balance:
moles of carbon in the inlet gas = moles of carbon in the exit gases
Since one mole of propane contains three moles of carbon, the carbon balance gives
IF = 1.25 + 0.5357 {A)
Therefore, the moles of propane burned £ = (.5952 kmol.
Mass of propane burned = (0.5952 »x molecular weight of propanc
= 0.5952 = 44.064 = 26.23 kg
(b) One mole propane requires 5 moles of oxygen for complete combustion:
CsHg + 503 = 3CO; + 4H-0 (B)
Theoretical oxygen requirement is
0.5952 x 5 = 2.976 kmol



(c)

Theoretical requirement of air is

%:ﬁ 2.976=14.17 kmol

) EXCESS air air supplied — theoretical air
Percent excess of air = ———— =100 = - .
thoretical air theoretical air

x 100

_ 724107 g0 =21.67%
14.17

The products of combustion containg COw, CO, O, Na, and HaO vapour produced on
combustion. The reactions that occur are as follows:
'C-_;H-_g + 502 —* 3{:01 + q-HzG [:C}
Ci;Hg + 20y — 3CO + 4H,0 (D)

When 0.59352 kmol propane is burnt, 0.3952 » 4 = 2.3808 kmol water is produced. The
moles of oxygen present in the combustion gases can be determined by an oxygen balance:

0, in the air supplied = O, present in the flue gas as CO,, CO and H,O
+ unburned oxygen

That is,

17.24 = % =125+ 0.5357 = 0.5 + 2.3808 x 0.5 + unburned O,

Therefore, the amount of free oxyoen present in the flue gas is

1124:{%- (1.25 + 0.5357 % 0.5 + 2.3808 % 0.5) = 0.9122 kmol

[Alternatively the moles of oxygen in the flue gas can be obtained by considering the
reaction in steps. With every 3 mol CO; formed according to reaction C, 5 mol oxygen
is consumed, and with every 3 mol CO formed according to reaction 2 3.5 mol
oxvgen 15 consumed, Thus,

moles of oxyvgen consumed by reaction O = I.25><§=2.[1333 kmol
Therefore,
3.5

moles of oxygen consumed by reaction [ = 0.33537x 5 - 0.6250 kmol

total moles of oxvegen consumed = 2.0823 + 0.6250 = 27083 kmol
meles of oxvgen supplied = 17.24 x 0.21 = 3.6204 kmol

Moles of free oxvgen present in the flue gas by an oxygen balance is equal to the moles
of oxygen supplied minus the moles of oxygen consumed. Therefore, moles of free
oxygen = 3.6204 — 2.7083 = 0.912] kmol]



The entire nitrogen in the air supplied will appear in the flue gas. Therefore, flue gas
contains 17.24 x 0.79 = 13,6196 kmol. The composition of the flue gas can now be
calculated as shown in the table below.

Constituent The number of moles Percent composition,
in the flue gas {mol%:)
CO, 125 125 100 = 6.69%
18,6983
o 05357 05357 100 =2.87%
18,6983
0, 09122 09122 100 = 4.88%
18,6983
N, 13,6196 136196 100 = 72.84%
18.6983
H,0 2.3808 23808 100 = 12.72%
18,6983
Total 1569583 100

EXAMPLE 0.2 Hydrogen-free coke containing 835% (weight) carbon and the rest inert
materials is burned in a furnace. It is found that during combustion 5% of the coke charged
is lost unburned. The flue gas analysis shows 14 84% CO., 1.65% CO, 5.16% O, and 78.35%
MN;. The flue gas leaves the furnace at 500 K and 100 kPa. Calculate the following:

{a) The percent excess air on the basis of complete combustion of coke
(b) The weight of air supplied per kg of coke charged
(c) The volume of flue gas per kg of coke charged
{(d) The composition of the refuse from the furnace

Solution Basis:

100 kmol flue gas

Flue gas, 100 kmol
C0y = 14,84 kmol

CO = 165 kmol

0, =5.16 kmol
M, =T78.35 kmaol
A
Coke, F kg Refuse,
B5% carbop ——» Furnace L 5 Carbon=W
15% inerts Inerts
Y
A, A kmol

Figure 10,4 Combustion of coke (Example 10.2).

= 0,05 F kg,



Let F kg be the mass of coke charged and W kg be the mass of coke left unbumed per
100 kmol flue gas produced. W = 0.05 F.

The amount of coke charged to the burner to obtain 100 kmol flue gas can be obtained
by taking a carbon balance.

Carbon present in the flue gas = carbon in CO, + carbon in CO
14.84 + 1.65 = 16.49 kmol = 1649 x 12 = 197.88 kg
Carbon in the coke charged = F = (.85 kg
Carbon in the unbumed coke = W x 0.85 = 0.05F x 0.85
Carbon balance:

Fx 085 = 0.05F = (.85 + 197.88
Solving the above equation, we get
_ 197.88
T 0.95%0.85

{a) Let A kmol air is supplied for combustion. Since the nitrogen in the flue gas is coming
from the air supplied, a nitrogen balance gives
A= 079 = 7835

or A =99177 kmol
Thus,

= 245.05 kg

Oxygen supplied = 4 x 0.21 = 99177 x 0.21 = 20.827 kmol

Theoretical oxygen requirement is calculated as the moles of oxygen required for the
complete conversion of carbon in the coke charged to CO,. That is,

245.05%0.85
theoretical requirement of oxygen = T=17.35E kmaol

EXcess oxygen .o

Percent excess of oxygen = .
theoretical oxygen

_ 20.827 —17.358
17.358

» 100 =19.99%

Therefore,
Percent excess air = percent excess oxygen = 19.99%

(b) Air supplied = 99177 kmol = 99177 x 29 = 2876.133 kg
Coke charged = 245.05 kg
2876.133
Air supplied per kg of coke charged = S—=l 1.74 kg

245.05



{¢) For 100 kmol flue gas, 245.05 kg of coke is charged. Therefore, the volume of flue
gas at 300 K and 100 kPa is
100 %22 414 x 101.325 » S00
245.05 100 273,13
(d) The refuse from the furnace is made up of inerts in the coke charged and the unburned
carbon. Therefore, the total weight of refuse is:

=16.96 m’

carbon in the refuse = F x 0.05 x 0.85 = 1041 kg
inerts in the refuse = F x 0,15 = 36.76 kg

Therefore, the total weight of refuse is
36.76 + 1041 = 47.17 kg
Composition of refuse is

10.41

= w 100=22.07%
carbon 4717
36.76
; = — % 100=77.93%
mnerts = g7

EXAMPLE 10.3 A fuel oil containing 70% carbon by weight and the rest combustible
hydrogen and moisture is burned with excess air. The flue gas analyzed 9% CO,, 2% CO, 3%
O, and 86% M,. Determine the following:

{a) The percentage of excess air

(b) The ratio of carbon to combustible hydrogen in the fuel on a weight basis
{¢) The ratio of carbon to total hydrogen in the fuel on a weight basis

(d) The percentages of combustible hydrogen and moisture in the fuel

{e) The mass of moisture present in the flue gas per kg of oil burned

Solution  Basis; 100 kmol flue gas

Carbon content in the flue gas = carbon in COy and CO = 11 kmol

Let F kg be the mass of fuel burned and 4 kmol be the amount of air supplied.
{a) Nitrogen in the flue gas = 86 kmol

Since the fuel contains no nitrogen, the nitrogen present in the flue gas comes from
air, The nitrogen balance is

Ax0D79=86 = A= Ez 108.86 kmol
0.79

Oxygen in the air supplied = 108.86 = 0.21 = 22.86 kmol

If CO in the flue gas were completely converted to CO,, the moles of oxygen present
in the flue gas would be 3 - 1 = 2 kmol.

That is, excess oxygen is 2 kmol.



(b)

(c)

(d)

OXYZEN eXCEss

; t _ = 100
SrCent €xCcess oXygen theoretical oxygen
- Lx 100 =9.59%
22.86-2

The combustible hydrogen in the fuel is determined from the quantity of oxygen that
is consumed by the net hydrogen in the formation of water. Of the 22.86 moles of
oxygen supplied, the oxygen that is accounted in the flue gas as CO,, CO or excess
oxygen is only 9 + 1 + 3 = 13 kmol. The difference has been utilized by the net
hydrogen in the formation of water, That is, the oxygen balance is

Oxygen in the air supplied = oxygen accounted in the flue

gas as CO,, CO or excess oxygen
+ oxygen consumed by the net hydrogen

The amount of oxygen consumed by net hydrogen is
22.86 — 13 = 9.86 kmol
Therefore, the net hydrogen burned is
2 x 986 = 19.72 kmol = 39.76 kg
The mass of carbon bumed is
9+ 2 =11 kmol = 132 kg
The ratio of carbon to net hydrogen in the fuel is

£=3.32:1
39.76

For 1 kg of net hydrogen in the fuel, carbon present is 3.32 kg. Let x kg be the mass
of moisture present in the fuel for every kilogram of net hydrogen present. It is given
that the weight percentage of carbon in the fuel is 70%. Therefore,

332
(1+332+x)
which on solving gives x = 0,423 kg.
The mass of hydrogen present in 0.423 kg of moisture is

0,423 2016 =0.047 kg
18.016

Therefore,
Total hydrogen present = 0.047 + 1 = 1.047 kg
The ratio of carbon to total hydrogen is
332
1.047

Carbon = 3.32 kg; combustible hydrogen = 1.0 kg and moisture = 0.423 kg The
percentage composition by weight is

=3.17:1




1.00 i 1.00

_ « 100 = *100=21.08%
net hydrogen (1+3.32 +0.423) 4,743
0.423
. = — " x] = § 92
maolsture 4.743 & m 8

{e) Since the fuel contains 70% carbon, 21.08% net hydrogen and 8.92% moisture, the
products of combustion when 100 kg of fuel is burned will contain

18.016
RO2+
2.016

X2108=1973 ke
The mass of moisture in the flue gas per kg of fuel bumed = 1,973 kg,

EXAMPLE 10.4 A producer gas contains 9.2% COs, 21.3% CO, 18% Ha, 2.5% CH,, and
the rest M. It is burned with an excess supply of air. The flue gas analysed 9.05% CO,, 1.34%
CO, 9.98% 0O, and 79.63% N,. Determine the following:

{a) The volumetric ratio of air supplied to the fuel burned
(b) The percent excess air supplied
{c) The percent of nitrogen in the flue gas that came from the fuel.

Solution  Basis: 100 moles of flue gas

Producer gas, F kol Thue gas, 100 kmol,
8.2% Cy, 0.05% CO,,
21.3% CO, I Combustion 1,349 CO,

18% H,, chamber 9.98% O,
2.5% CH,, 79630 N,
N, 49% '[

Adr, A kmal

Figure 10.5 Combustion of producer gas (Example 10.4).

Let F moles of fuel be burned with 4 moles of air to obtain 100 moles of dry flue gas.
Carbon balance:

carbon in the fuel burned = carbon in the flue gas as COy and CO

0.092F + 0.213F + 0,025F = 9.05 + 1.34 = 10.39 kmol

Therefore, the moles of fuel bumed to produce 100 kmol flue gas, F = 31.4848 kmol.

Air supplied for the combustion may be obtained by a nitrogen balance, Nitrogen in the flue
gas is the sum of the nitrogen present in the fuel and that in the air. The mole percentage of
nitrogen in the producer gas = 100 — 21.3 — 9.2 — 2.5 — 18.0 = 49%,.

Nitrogen balance:
nitrogen from the fuel + nitrogen in the air = nitrogen in the flue gas
314848 x 049 + 4 = 0.79 = 79.63
Solving this we get 4 = 81.2689 kmol.



(a)

(b)

(c)

The molar ratio of air to fuel is = i:i:i'; =258, which is the same as the volumetric

ratio of air to fuel.
The percent excess of oxygen supplied can be calculated as

XYEEN exc
percent excess = JTyECn EXCTSS > 100

theoretical requirement

The flue gases contain 9.98 kmol oxygen. The amount of oxygen that would have been
present in the flue gas had the combustion were complete would be less than this by
the amount of oxygen required by CO present in the flue gas for its combustion to
CO,. That is,

excess oxygen = 998 — 0.5 x 1.34 = 9.31 kmol
Theoretical requirement of oxygen = oxygen supplied — oxygen excess
= B1.2689 x 0.21 - 9.31 = 7.76 kmol
Percent excess of air = percent excess of oxygen

=£x 100 = 120%
7.76

100 kmol of flue gas contains 79.63 kmol nitrogen. 100 kmol fuel results from the

combustion of 314848 kmol producer gas containing 31,4848 x % = 15.43 kmol

nitrogen.

The percent of nitrogen in the flue gas that came from the fuel is
1543 *100=19.38%
TA63

Note: Consider the calculation of percent excess air in part (b). Instead of calculating the

theoretical requirement of oxygen as the difference between the oxygen supplied and oxygen
present in excess, the theoretical requirement of oxygen can be computed as the oxygen
required for complete combustion of the various constituents of the fuel based on the fuel
analysis, Ideally both calculations should give the same result. Here, let us caleulate the oxypgen
required by 31.4848 kmol producer gas. The producer gas contains 21.3% CO, 18% H, and
2.5% CH,.

co Jr%ic::lI €O,
CH, +20, = CO, + 2H,0
H, %01 - H,0

Oxygen required by CO = 0.5 x 21.3 = 10.65 kmol
Oxygen required by methane = 2 x 2.5 = 5.0 kmol
Oxygen required by hydrogen = 0.5 x 18 = 9 kmol



Theoretical requirement of oxygen is

{1065+ 5.0+ 9.0)
100

The value obtained is equal to the theoretical requirement already calculated in part (b) on the
basis of the flue gas analysis. This will rarely be the case in many practical situations. Though
the composition of the products of combustion is a unique function of the composition of the
fuel and the air-fuel ratio employed, since the flue gas analysis and the fuel analysis are done
by two independent measurements, these data are rarely consistent, Any inconsistency in these
measurements may lead to difference in the values caleulated for theoretical air requirement by
different methods. For example, try the following problem:

Producer gas containing 5.3% CO,, 21.1% CO, 153% H,, 1.0% CH,, and 57.3% N, is
burned in a furnace in an excess supply of air. The flue gas contains 14.1% CO,, 2.3% O,
and 83.6% N, Find the percent excess air.

Calculate the percent excess air by the following three different formulae:

EXCESS OXygen

Percent ecxcess = - = 100
theoretical oxyegen

x 314848 =776 kmol

CXRCLSS OXYECN
oxygen supplied — excess oxygen

x 100}

Percent excess

oxygen supplied — theoretical oxygen «
theoretical oxygen

100

Percent excess =

and you will see that the percent excess air calculated by these different formulae are not the
same.

10.2 OXIDATION OF SULPHUR COMPOUNDS AND RELATED
PROCESSES

Sulphur is one of the raw materials for the production of sulphuric acid. It is available as
elemental sulphur or as sulphide ores such as pyrites. Combustion of sulphur or sulphide ores
is carried out for producing sulphur dioxide. Some sulphur trioxide is also formed during
combustion. It is usually impossible to eliminate completely the formation of sulphur trioxide.
Usually, about 2-10 % of the sulphur burned is converted to trioxide.

5+ 0 —= 50,
25 + 30y — 250,

In the combustion gas analysis, the S0O; content will not be given since it is removed from
the gas as H,S0, before the analysis. However, its concentration in the gas can be determined
from the moles of oxygen supplied for combustion, which in turn is caleulated from the



nitrogen content of the gas, and the oxygen that is accounted for in the SO;-free gas. The
difference between the oxygen supplied and the oxygen accounted for in the product gas is the
oxygen that is consumed for the formation of 50,.

When iron pyrites is burned in air the following reactions occur:

4FeS; + 110, — 2Fe,05 + 880,
4FESE + I.SDE — EFQED3 + 3303

Since the percent of 50, is not reported in the burner gas analysis, it has to be determined
by the quantity of oxygen unaccounted for in the analysis. The oxygen equivalent of nitrogen
in the burner gas gives the amount of oxygen supplied through air, Subtracting from this the
oxygen consumed for the formation of 80, and the excess oxygen present in the burner gas,
we get the oxygen that is unaccounted. The moles of 505 formed with this oxygen can be
calculated. It is probable that some of the SO; that is formed gets adsorbed in the solid refuse
known as cinder formed on combustion. Analysis of the cinder is necessary to determine the
fraction of the SO; formed that is adsorbed in it. The cinder is made up of Fe,Qy formed during
the reaction, the unburned sulphides, and the incombustible materials known as gangue.

Assume that the burner gas analyzes 5% 50, and 10% oxygen, the rest being nitrogen.
The number of moles of oxygen supplied is obtained from the moles of nitrogen in the burner
gas. For a basis of 100 moles of the burner gas, the number of moles of oxygen supplied is

S x j—;: 22.595 mol. The amount of oxygen consumed for the formation of 5 moles of 50,

is, according to the chemical reaction given above, 5:{% = 6,875 mol. Therefore, the amount

of oxygen unaccounted for is 22,595 — 6.875 — 10 = 5,72 mol, Since according to the reaction
equation, 15 moles of O, is required for the formation of 8 moles of 30,, the moles of SO,

formed is 5.72x % =3.05 mol. Not all this 305 may be present in the burner gas. A part may

get adsorbed on the cinder. The quantity adsorbed is to be measured by analysis of the cinder,
and by subtracting this quantity from the total SOy produced, the 505 in the bumer gas can
be determined.

In the contact process for the manufacture of sulphuric acid, SO, is converted to 30; in
series of vessels known as converters.

1
50, + E{]; — 804

For completing the conversion of S0; to 80,, secondary air supply may be necessary in the
converters. The S0, leaving the converters is absorbed in concentrated sulphuric acid by
admitting the gas at the bottom of an absorption column packed with ceramic packings. 98.5
to 99% acid 1s used as absorption solvent, and it is fed at the top and flows counter-current
to the gas. Usually a 20% oleum product is obtaimed as the concentrated solution leaving the
absorption tower. (Oleum is S0, dissolved in HyS0,. One hundred kilograms of 20% oleum
contains 20 kg S0, dissolved in 80 kg of H,;804.)



EXAMPLE 10.7 Find the Orsat analysis of the burmner gas when pure sulphur is burned with
20% excess air. Of the sulphur bumed, 5% is converted to 305 and the rest to SO,

EXAMPLE 10.8

Solution Bayis: 1 kg-atom sulphur burned
5+ 0y = 50,

Theoretical requirement of oxygen = 1 kmol
Oxygen supplied = 1.2 kmol

Nitrogen in the air supplied = 1.2x ; = 4.514 kmaol

Since only 95% is converted to SO, 50, produced is 0.95 kmol.

Therefore,
S0y produced = 0.05 kmol
Oxygen consumed = U.95+%x{},95=1.ﬂ25 kmol
Theretfore,

Oxygen remaining = 1.2 — 1.025 = (.175 kmol

The burner gas contains:

Component kmol Mole%s MoleY on 305-fiee basis
S0, 0.95 ;;_jfgxlﬂr;t 16.70 %xlmzlﬁ.ss
S0, 003 %x 100 =088
0, 0.175 %xlﬂﬂ=3_ﬂﬂ ﬁxlm=3.lﬂ
N, 4.514 ;’::; % 100 =79.34 ﬁx 100 = 80.05

Total 5.689

The results in the last column gives the Orsat analysis of the burner gas.

In a sulphuric acid plant, pyrites containing 50% (weight) sulphur is burned

to give SO, which is subsequently converted to SO; in a converter. The analysis of the burner
gas shows 9.5% S0, and 7.0% oxygen. The cinder is analysed and it is found that it contains
2.3% sulphur as SO;. Assuming that all the sulphur in the feed is burned, calculate the following:

{a) The weight of pyrites burned per 100 kmol SO;-free burner gas

{(b) The weight of cinder obtained per 100 kmel SOy-free bumer gas

{c) The percent of the sulphur in the charge that 15 lost in the cinder

{d) The percent of sulphur charged that is there in the burner gas as S0,

Solution Basis: 100 kmol S0;-free burner gas
The amount of nitrogen present in the burner gas is

100 — (9.5 + 7.0) = 83.5 kmol



Since the mtrogen in the burner gas is that present in the air supphed for combustion, the
amount of oxygen supplied is

B3.5x ﬂz 22.20 kmol
79

4FeS: + 110; — 2Fe:05 + 850,
4Fe5, + 150, — 2Fe,0; + 850,

With every 8 kmol SO, in the burner gas, 2 kmol Fe,0; is produced accounting for 3 mol of
oxygen. Therefore the total moles of oxygen accounted for = Moles of oxygen in the burner
gas + Moles of oxygen in the cinder as Fe,0s. This is equal to

3
95 + 70+ 95 x e 20,06 kmol

The amount of oxygen unaccounted = 22.20 — 20.06 = 2.14 kmol.

2.14 kmol oxygen is consumed by sulphur in the pyrites for the formation of S0;. As
15 mol oxygen is required for 8 mol S0O,, the total SO, formed is

2.14}:% =1.14 kmol

(a) Total 5 burned = 9.5 + 1.14 = 10.64 kmol = 10.64 x 32.064 = 341.16 kg
This constitutes 50% of the pyrites burned. The total pyrites burned is

341.16

=682.32 ke

10.64

(b) 10.64 kmol sulphur is equivalent to = 5.32 kmol FeS,. Since the molecular

weight of FeS, is 119975, the mass of FeS; present in the ore is
5.32 x 119.975 = 638.27 kg
Weight of gangue = weight of pyrites burned — weight of FeS, in the ore
= 68232 — 638.27 = 44.05 kg

5.32 kmol FeS; on combustion will produce

1
532 5 = 2.66 kmol Fe;0,

Therefore, the mass of Fes0s in the cinder is
260 x 159.694 = 42479 kg
The cinder contains 2.5% sulphur as S0,. That is, 100 kg of cinder contains

e

25
W = (.078 kmol 8 or 0.078 kmol 303

S0, present in 100 kg of cinder is
0.078 x 80,064 = 6.245 kg

The Fe,(y and gangue together constitutes 100 — 6,245 = 93,755% of the total weight
of cinder.



(c)

(d)

Let x be the weight of cinder. Then,
0.937 55x = 424.7% + 4405 or x = 50007 kg
Hence, the weight of cinder produced = 500.07 kg.

Since 100 kg of cinder contains 0.078 kmol sulphur, the total amount of sulphur lost
in the cinder is
0.078
500.07 x Too " 0.3901 kmol sulphur.
The total amount of sulphur bumed is 10.64 kmol.
Percent of total S burned that is lost in the cinder is

03901 1 00=3.67%
10.64

The mass of SO, present in the cinder is

Sllfllllfll.f_l'.-’:w;ﬁ =31.23kg
100

31.23 kg of S04 is equivalent to 0.3904 kmol 50,. That is 0.3904 kmol 80, gets
adsorbed in the cinder. Since the total amount of SO, formed 15 1.14 kmol, the amount
of S0, present in the bumer gas is

1.14 — 0.3904 = 0.7496 kmol
Therefore, the percent of 8 charged that is present as SO, in the bumer gas is

(0.7496
10.64

* 1 =7.05%



10.3 CARBON DIOXIDE FROM LIMESTONE

The processes analyzed in this section are based on limestone as the raw material and are
important in the lime and cement industries, Lime, sold as quicklime consists of 20% calcium
oxide and 0-5% magnesia. Lime is produced by the calcination of limestone in lime kilns (rotary
kilns are preferred for large production rates) where the carbonates of calcium and magnesium
are converted to the respective oxides, and carbon dioxide is obtained as a by-product. The
reactions occurring are the following:

CaCO, + C + 0, — Ca0 + 2CO,
MgCO, + C + 0, — MgO + 2C0,

As the suitability of lime for any particular use depends on its composition, it is frequently
necessary to regulate the rate of supply and composition of the charge to the calciner, The
material balance calculations are necessary for achieving this as well as for estimating the
amount of CO; obtained as the by-product. Carbon dioxide is used in food industries as a
refrigerant and in carbonated beverages. Also, 1t is an important fire-extinguisher and a raw
material for many products.

The amount of lime produced per unit weight of fuel charged is known as the fuel ratio,
which can be readily evaluated from the analysis of kiln gas provided the analysis of fuel and
limestone are known. If the fuel ratio is specified, the composition of the product can be
estimated by the material balance. The following examples illustrate the calculations generally
encountered in the calcination of limestone.

EXAMPLE 10.10 Limestone mixed with coke is being burnt in a kiln, An average analysis
of the limestone is CaCO,y = 84.5%, MgCOy = 11.5% and the rest inerts. The coke contains
76.0% carbon, 21% ash and 3% moisture. The calcination of CaCO; is only 95% complete and
that of MgCO; is 90%. The carbon in the coke is completely burnt to CO;. The kiln is fed
with one kg of coke per 5 kg of limestone. Calculate the weight percent of CaO in the product
leaving the kiln. Assume that the moisture in the feed is completely vaporized.

Solution  Basis: A charge consisting of 5 kg of limestone and 1 kg of coke
The limestone charged as feed consists of the following constituents:

4,225
CaCQy = 5 = 0845 = 4225 kg = m = (0.0422 kmol

84.312

MgCO,y = 5 % 0.115 = 0.575 kg = = 6.82 x 10°% kmol

Inerts = 5 x 0.04 = 0.2 kg



The coke charged contains the following constituents:

(.76
Carbon = (L76 kg = T 0.0633 kmol

0.03
Water = 0.03 kg = 13016 - 1.665 = 1077 kmol

Ash = 0.21 kg
The reactions occurring are as follows:
CaCO; + C + O, — Ca0 + 2C0O,
MgCO; + C + Oy — MO + 2C0,
The product contains CaQ, MgO, unconverted CaC0O; and MgCO,, inerts and ash

Ca0 = 0.95 x 0.0422 = 0.0401 kmol = 0.0401 x 56.08 = 22482 kg
MgO = 090 x 6.82 x 1077 = 6.138 x 1077 kmol

6.138 x 1077 x 40312 = 0.2474 kg

CaCO; = 0.05 = 4225 = (0.2113 kg

MgCO, = 0.10 x 0.575 = 0.0575 kg
Inerts = 0.2 kg
Ash = 0.21 kg

The total weight of product is
22482 + 02474 + 02113 + 00575 + 02 + Q.21 = 3.1744 kg
The weight percent of Ca0 in the product leaving the kiln is

2.2482
3.1744

* 100 =70.82%

EXAMPLE 10.1F Pure CO; may be prepared by treating limestone with aqueous H;50,. The
limestone used contained CaCOy and MgC0Oy, the remainder being inert insoluble materials. The
acid used contained 12% H.S0, by weight, The residue from the process had the following
composition—CaS0y: 9.00%, MgS50,: 5.00%, H,504: 1.2%, inerts: 0.50%, CO,: 0.2% and
H;0: 84.10%. During the process, the mass was warmed, and CO; and H;O vapour were
removed. Calculate the following:

{a) The analysis of limestone used

(b} The percentage excess of acid used

{c) The mass of water vaponzed and removed per 100 kg of limestone
{(d) The mass of CO, obtained per 100 kg of limestone

Solution  Basis: 100 kg of residue
Molecular weight of Ca30y, = 136,144 and molecular weight of Mg50, = 120,376
The amount of CaS0, present in the residue is

0.00 ko o 900
HRE S e 14e

= 0.0661 kmol



The amount of MgSQ, present in the residue is

5.00
120.376

(a) CaC0, + Hy80, — CaS04 + H,O + CO,
MgCO, + H,580, — MgsS0, + H,O + CO,
The mass of CaCO; burned to produce 0.0661 kmol CaS0, is
0.0661 kmol = 0.0661 »x 100,08 = 6.6153 kg
The mass of MgCO, burned to produce 0.0415 kmol MgS0, is
0.0415 kmol = 0.0415 x 84,312 = 34980 kg

Therefore, the limestone used has the following analysis:

5.00kg = =0.0415 kmol

Constituent Mass (kg) Weighe %
CaC0y 66153 66153 #100=62.32
106142
MgC0, 34989 34989 X100 =32.96
10.6142
Inerts 0.50 (100 - 6232~ 32.96)=4.72
Total 106142

{(b) The amount of H,50, required by CaCO; and MgCQ; for complete reaction is
(0.0661 + 0.0415) = 0.1076 kmol = 10.5534 kg

The mass of excess H,;50, present in the refuse is 1.2 kg.

10.5534
(c) Total sulphuric acid supplied = 10.5534 + 1.2 = 11.7534 kg
Since the acid used is 12% sulphuric acid, the mass of water entering the process is
11,7534
0.12
The amount of water produced in the reaction is
0.1076 = 18.016 = 1.9385 kg
Total water present = 86.1916 + 1.9385 = 88.1301 kg
Since 100 kg of residue contains 84.10 kg of water, the mass of water vaporized is
881301 — B4.10 = 4.0301 kg

This is the amount of water vaporized per 10.6142 kg of limestone.
The amount of water vaporized per 100 kg of limestone is

4.0301

10,6142

100 =113T%

Percent excess acid supplied =

#x (.88 =186.1916 kg

x 100 = 37.97 ke



(d) The amount of CO, produced per 100 kg of residue is
0.1076 kmol = 0.1076 = 44 = 47344 kg
The amount of CO, released per 100 kg of residue is
4.7344 — 0.20 = 45344 kg
Therefore, the amount of CO, released per 100 kg of limestone is

4,5344
106142

x100=42 T2 kg



Energy Balance
Thermochemistry

Thermochemistry plays a very significant role in the design and analysis of chemical processes.
Energy balances in processes involving chemical reactions are important in the design of
process reactors for carrying out industrial reactions under specified conditions, A chemical
engineer should be able to make accurate estimates of energy requirements for carrying out
chemical processes and the energy changes involved in various stages of the process. The
enthalpy changes involved in chemical reactions, the influence of temperature on the enthalpy
changes of chemical reactions and the methods for the evaluation of the heat of reaction are
important for process calculations and these are discussed in the following sections.

13.1 HEAT EFFECTS ACCOMPANYING CHEMICAL REACTIONS

Energy changes are involved in the course of a chemical reaction; heat is either absorbed or
evolved during the reaction. The reactions in which heat is absorbed are called endothermic
reactions and those in which heat is evolved are called exothermic reactions. Knowledge of the
heat effects accompanying chemical reactions and the influence of the operating parameters on
these energy changes is essential for the proper design and operation of reaction vessels,

13.1.1 The Standard Heat of Reaction

By heat of reaction we mean the change in enthalpy of the system for the reaction proceeding
at constant temperature. It is the difference between the enthalpy of products and the enthalpy
of reactants and is denoted by AH. Thus, positive values of Aff indicate increase in the enthalpy

and therefore represent endothermic reactions and, negative values of AH mean decrease in
enthalpy and therefore refer to exothermic reactions,

AH, = £Hp — LHy (13.1)

where AH, is the heat of reaction and Hp and Hy are the enthalpies of the products and



reactants respectively, To complete the definition of the heat of reaction, it is necessary to
specify the conditions of every product and reactant involved in the reaction.

The standard heat of reaction is the enthalpy change accompanying a reaction when both
the reactants and products are at their standard states at constant temperature T. It is represented

by the symbol AHY . the superscript ‘0" indicating that the heat of reaction refers to the
standard conditions, By convention, the standard heats of reaction are reported at a temperature

of 298 K and are represented by .f_‘-.HE.;.S, The standard state is specified by specifying the
pressure, composition and the state of aggregation, or the physical state of the species. By
convention, the standard state pressure is one standard atmosphere. The choice of one bar as
the standard state pressure is now widely accepted. The species are assumed to be pure
components in the standard state. The physical state of the components are: for gases, the pure
substances in the ideal gas state at 1 bar; for solids and liquids, the pure substances in the selid
or liquid state respectively at 1 bar.
For example, consider the following reaction:

CHy(g) + 20, (g) — COy(g) + ZH,0()  AHg = —890 kJ

This equation means | mole of methane in the form of pure methane gas at | bar reacts
completely with 2 moles of pure oxygen gas at 1 bar to produce one mole of pure CO, gas
and 2 moles of pure liquid water at 1 bar, all the substances being at 298 K. Since the heat
of reaction is negative, the above equation says that 890 kJ heat is liberated in the reaction. In
the reaction

2C(s) + Op(g) = 2CO(g)  AHY = -2212 KJ

2 mol solid carbon reacts with 1 mol gaseous oxygen both at their standard state of 1 bar giving
2 mol gaseous carbon monoxide also at the standard state of 1 bar, the temperature being kept
constant at 298 K. During this reaction 221.2 kJ of heat is liberated.

The heat evolved or absorbed in a chemical reaction corresponds to the stoichiometric
numbers of the reacting species as given in the chemical equation. For example, when the above
reaction is written as follows, the standard heat of reaction is just half of the value in the
previous equation:

C(s) +% 0,(g) = CO(g) AHp;=-1106k

In the absence of chemical equation, the reported values of heat of reaction should clearly
mention the basis as given below:

AH? = —110.6 kJ per mol CO

In the case of incomplete reactions, the heat of reaction is to be calculated considering only
the quantity of reactants actually consumed or the quantity of the products actually formed in
the reaction. Suppose that the heat Iiberated on the combustion of 12 kg of carbon 15 to be
calculated. We have seen that on complete combustion, the heat liberated is 110.6 x 10° kI, If
only 50% carbon is reacted, the heat liberated will be 0.5 x (110.6 x 107) kI



EXAMPLE 131 A gas mixture analyzing 20% (mol) CO, 30% (mol) H, and 50% (mol} N,
is completely bumed in air. The following heat of reaction data are available:

COe) + éez () CO,(e) AH® = 28291 Klimol

Hz(gu%cui (@) > H,0(2) AH® = —241.83 Kl/mol

{a) Determine the amount of heat liberated on the complete combustion of 100 mol of the
gas mixture.

{b) If only 90% of the CO and &0% of the H; react, how much heat is liberated on the
combustion of 100 mol of the mixture?

Solution Basis: 100 mol gas mixture burned

(a) The heats of reactions are negative, indicating that heat is liberated during the reaction.
According to the stoichiometric equation, 1 mol CO on combustion liberates 282,91 kJ
of heat. The number of moles of CO present is 20 mol. Therefore, the amount of heat
liberated on combustion of CO = 20 x 282.91 k) = 5658.2. Similarly, the amount of
heat liberated on combustion of 30 mol hydrogen = 30 »x 241.83 k1 = 72549 kl.
Therefore, the total amount of heat liberated 1s

5658.2 + 72549 = 12913.1 kJ
(b) The number of moles of CO reacted is
0.9 x 20 = 1¥ mol
The number of moles of hydrogen reacted is
(.8 x 30 = 24 mol
The total amount of heat liberated is
18 x 282.91 + 24 » 241.83 = 10,8963 k]

13.1.2 The Standard Heat of Combustion

When the reaction under consideration is a combustion reaction, the heat of reaction is known
as heat of combustion. The heat of combustion of a substance is the heat of reaction when a
substance 15 oxidized with molecular oxygen, The standard heat of combustion at temperature
T is the enthalpy change when the substance at its standard state and temperature T, undergoes
combustion, vielding products also at their standard state and temperature 7. In the following

reaction, the standard heat of combustion of liquid acetaldehyde at 298 K, aHE_ 2o5 15 —1168.12
kl/kmol.

5
CH;CHO (I) + 7 02(g) — 2C0,(g) + 2H;0 () AH? e = —1168.12 kJ

{Note:  The heat of combustion values are reported on the basis that water formed is in the
liguid state.)



The heat of combustion is usually expressed per mole of the substance reacted. The
negative of the heat of combustion of a fuel is frequently referred to as its hearing value. This
is the energy exchanged with the surroundings when the unit mass of fuel is burnt in oxygen.
The heat of combustion of a fuel is a negative quantity, whereas the heating value is positive.
When water formed during combustion is in the liquid state, the energy liberated will be more
than the energy liberated when the combustion products contain water in the vapour state. The
heating value in the former is known as higher heating value or gross heating value, and that
in the latter 15 known as lower heating value or net heating value. Unless otherwise stated, the
heating value reported along with the fuel analysis is the gross heating value since this is the
one that is usually determined using a calorimeter.

The gross heating value of coal can be calculated using the Dilong formula:

Heating value (kl’kg of coal) = 338.2we + 1442 8wyney + 94.2wg
where wg, Ws, Wyynen are, respectively, the weight percentage of carbon, sulphur and net
hydrogen. The net hydrogen

_ Wo
Whinety = WH _?

where wy is the weight percentage of oxygen and wy is the weight percentage of hydrogen.

13.1.3 The Standard Heat of Formation

The heat of formation is the heat evolved or absorbed in the formation of one mole of a
substance from its constituent elements or the change in enthalpy accompanying the formation
of one mole of a substance from the constituent elemenis is termed the heat of formafion.
When the reactants and products are at their standard states, the heat of formation is called
standard heat of formation. The enthalpy of formation of the elements is taken as zero. The

standard heat of formation of carbon monoxide gas at 298 K, -&H_?‘zgg, 1s —110.6 kJ/mol. The

standard heat of formation at 298 K for methyl chloride is —81.923 kl/mol. These statements
are equivalent to the following eguations:

1
Cls) + 5 05(8) > COGg) AHY 355 = —110.6 kJ

3 I
Cs) + SHy(e) + 7 Cl(®) —» CHiCl(®)  AHp o = ~81.923 K
The standard heat of formation of sulphuric acid is given by the equation
Hy(g) + S(8) + 20,(g) — HySO4(l),  AHY 0 = - 811.86 kI

which means that when one mole sulphuric acid is formed from its constituent elements all at
298 K and a pressure of one bar, 811.86 kJ heat is evolved.

Standard heats of formation and combustion data for certain compounds are given in Appendix
(Table A.2).



13.1.4 Hess’s Law of Constant Heat Summation

Heat of reaction represents the difference between the enthalpy of products and the enthalpy
of reactants. Enthalpy as we know, is a state function and the heat of reaction, therefore,
depends only on the initial and final states, no matter how this change is carried out. The net
heat evolved or absorbed in a chemical reaction is the same whether the reaction takes place
in a single step or in a series of steps. This is known as Hess s [aw. This law permits us to
treat all thermochemical equations as algebraic equations. Using this, we can calculate the heat
of formation of a compound from a series of reactions not involving the direct formation of
the compound from its elements. For example, the heat of formation of a compound can be
calculated if the heat of combustion data of all the species involved in the formation reaction
are known. Similarly, if the data on the heat of formation of all the substances taking part in
a chemical reaction are available, the heat of reaction may be readily calculated.

Hess’s law permits us to estimate accurately the heat of formation of compounds that are
difficult to determine experimentally. For example, the heat of formation of CaCQO;(s) can be
estimated to be — 1207.8 kJ, given the following heat of reaction data:

1
Ca(s) + 5 0:(g) = CaO(s) AH" = —635.8 kJ

C(s) + O,(g) = CO,(g) AH® = -3938 kJ
CaO(s) + CO,(g) — CaCO, AH® = ~178.2 kJ

Adding the above three equations together gives
3
Ca(s) + C(s) + EOg(g) — CaCOs(s)

AH? = -6358 + (-393.8) + (-178.2) = —1207.8 kJ

Heat of reaction from heat of combustion or heat of formation data: The heat of
reaction may be calculated as the difference between the algebraic sum of the heat of com-
bustion of the reactants and the algebraic sum of the heat of combustion of products.

AH'= 3 AH'- 3 AH? (13.2)

Reactants Products

It can also be shown that the standard heat of reaction is the difference between the algebraic
sum of the standard heat of formation of products and that of the reactants.

AH"= 3 AH]- I AHY (13.3)

Products Reactants

EXAMPLE 13.2 The heat of combustion of methane, carbon and hydrogen are —890.4 kJ/mol,
—393.51 klJ/mol and — 285.84 kJ/mol respectively. Calculate the heat of formation of methane.

Solution The desired reaction is

C(s) + 2Hy(g) —» CHy(g)  AH| =2



The heat of reaction (in this case, the heat of formation) can be calculated either by using
the Hess’s law or by using Eq. (13.2) directly.

Using Hess's law: Since the heat of combustion data are available, the following combus-
tion reactions may be written:

CHy(g) + 20,(g) — COy(g) + ZH,0(1) AH® = —890.4 kJ (A)
C(s) + O5(g) = COy(2) AH® = -393.51 kJ (B)
H,(g) + %02{1) — H,0(]) AH® = —285.84 kJ (C)

Multiply Eq. (C) by 2 and add the result to Eq. (B) and subtract Eq. (A) from the sum.

The result 1s the desired reaction. That is, Eq. (B) + 2 x Eq. (C) — Eq. (A) gives
C(s) + 2H;(g) — CHy(g)

The same algebraic operations are to be carried out on the respective heat of reactions. By
Hess’s law, the heat of desired reaction is

AH® (B) + 2AH® (C) — AH® (A) = —393.51 + 2(—285.84) — (—890.4) = —74.79 k]

Using Eg. (13.2): Heat of reaction can be calculated from heat of combustion data using
Eq. (13.2). The heat of reaction is the sum of the heat of combustion of all the reactants in
the desired reaction minus the sum of the heat of combustion of all the products of the desired

reaction. Here the reactants are one mole of carbon and two moles hydrogen, and the product
is one mole of methane. Therefore, the heat of reaction is

1 % (=393.51) + 2 x (—285.84) — (—890.4) = -74.79 kJ
Therefore, the heat of formation of methane is —74.79 kJ.

EXAMPLE 13.3 Coal having the following analysis on a weight basis has a gross heating
value of 29000 kl/kg: carbon, 70.0%; hydrogen, 5.5%; nitrogen, 1.5%; sulphur, 3.0%; oxygen:
13.0%; ash, 7.0%. Calculate the net heating value given that the latent heat of vaporization of
water is 2370 kl/’kg water.

Solution Basis: 1 kg of coal burned

The amount of hydrogen present in the coal is
55

100x 2.016

The amount of water formed on combustion is
27.28 x 107 kmol = 0.492 kg
The amount of heat required for vaporization of 0.492 kg of water is
0.492 x 2370 = 1164.9 kJ

The net heating value of the coal is the heat given out when all the water formed is in the
vapour staie. Therefore, the net heating value will be less than the gross heating value by the
quantity of heat required for vaporization of the water formed on combustion. Thus, the net
heating value is

=27.28 %107 kmol

29000 — 1164.9 = 27 835.1 kl’kg



EXAMPLE 13.5 Calculate the heat of reaction for the esterification of ethyl alcohol with
acetic acid if the standard heats of combustion are: ethyl alcohol(l), —1366.91 kJ/mol; acetic
acid (1), — 871.69 kJ/mol; ethyl acetate (1), —2274.48 kJ/mol.

Solution The esterification reaction may be represented as
C,Hs0H (1) + CH;COOH (1) — C,HsCOOCH; (I) + H,0 (1)  AHS, =7
Using Eq. (13.2); To calculate heat of reaction from the heat of combustion data
Eq. (13.2) may be directly used.

AH= Y AH]- % AH]
Reactants ¢ Products ¢
Here,
S AH? =-1366.91 — 871.69 = —2238.6 kJ

Reactants

Y AH? =-227448 + 0 = -2274.48 kJ

Producis

(Note that the heats of combustion of H,O and CO, are zero.)
Substituting these into Eq. (13.2), we get

AHY = -2238.6 — (—2274.48) = 35.88 kI

Using Hesss law: The given data on heat of combustion may be used to write the
following chemical equations:

C,H;s0H(I) + 30,(g) = 2C0,(g) + 3H,0()  AH® = - 1366.91 kJ (A)
CH;COOH () + 20,(g) — 2COy(g) + 2H,0(1)  AH® = - 871.691 kI (B)
C,H;COOCH; (1) + 50,(g) — 4CO,(g) + 4H,0(1)  AH® = — 2274.48 kJ (C)

Add Egs. (A) and (B) and subtract Eq. (C) from the result. We get
C,HsOH (1) + CH3;COOH (1) =» C,HsCOOCH;(1) + H,O (1)

By Hess's law the same algebraic operations may be performed on the heat of combustion data
as well, with the result that

AHYe = AHY(A)+ AH? (B) + AHX(C) = —1366.91 — 871.69 — (—2274.48) = 35.88 kJ



EXAMPLE 13.6 The vapour-phase hydration of cthylene to ethanol is represented by:
C,Ha(g) + H,0(g) — C,HsOH(g)
Calculate the standard heat of reaction if the following data are available:
2C0;(g) + 3H,0 (1) — C;HsOH () + 30,(g) &Hzﬂgs = 1366.91 kJ

The standard heat of combustion of ethylene at 298 K is —1410.99 klJ/mol and heats of
vaporization of water and ethanol are, respectively, 44.04 kJ/mol and 42.37 kJ/mol.

Solution The following equations may be formulated using the given data:

200,(g) + 3H,0(I) = C,H;OH(l) + 30,(g)  AHY%, = 1366.91 kJ (A)
CaoHy(g) + 30,(g) — 2CO, + 2H,0(1) AHS, = —1410.99 kJ (B)
H,0(l) — H,0(g) AH , 595 = 44.04 kI (C)

C,H;OH(l) — C,H;0H(g) AH 295 = 4237 KJ (D)

Perform the following arithmetic operations on the above equations:
Eq. (A) + Eq. (B) + Eq. (D) — Eq. (C)
The result is

C,H,(g) + H,O(g) = C,H;OH(g)

AH%e = AH S (A) + AH 350 (B) + AH S0 (D) — AH 95 (C) = — 45.75 k]
EXAMPLE 13.7 Calculate the standard heat of formation of acetylene (C,H,) given that the

standard heat of combustion of acetylene is — 1299.61 kJ, the standard heat of combustion of
carbon 1s —393.51 kJ and the standard heat of formation of liquid water is —285.84 kJ.



Solution 'We have the following data:

5
CoHa(g) + 5 02(g) — 2C0O,(g) + HO() AHYe = —1299.61 k) (A)
C(s) + O:(g) = COy(g) AHD = —393.51 kJ (B)

1
Hy(g) + 5 02(g) = H,0(D) AHD = —285.84 ki (C)

We can apply Hess’s law to calculate the heat of the desired formation reaction.
2C(s) + Hy(g) — C,H;(g) AHJe =7
Multiply Eq. (B) by 2, add Eq. (C) to it and subtract Eq. (A) from the result. We get
2C(s) + Hy(g) — CyHs(g)
AHY: =2 X (—393.51) — 285.84 — (-1299.61) = 226.75 kJ

EXAMPLE 13.8 In a sulphuric acid plant, sulphur dioxide is obtained by the roasting of iron
pyrites containing 80.0% FeS, and 20% gangue. Iron sulphide reacts with oxygen according to
the reaction

4FeS; + 110; — 2Fe,0; + 850,

The cinder formed on the combustion analyzes 5.0% FeS,. Determine the standard heat of
reaction per kilogram of ore, given the following standard heat of formation values at 298 K:
FeS,(s) = —178.02 kl/mol, Fe,0;(s) = —822.71 kl/mol and SO,(g) = —296.9 kl/mol.

Solution Basis: 100 kg of pyrites charged.

Let x kg of FeS, be leaving with the cinder unburned. Then the cinder has the following
composition:

Material Weight (kg)

FCSQ X

Fe,0, @01 1 150.60=0.6655(80 - x)

11998 2
Gangue 20
Total 73.24 + 0.3345x
Since the cinder contains 5.0% FeS,, we have al =0.05, which gives x =
73.24 +0.3345x%

3.724 kg.
Therefore, the amount of FeS; reacted is

6
= 0.6357 kmol = 635.7 mol

80 — 3.724 = 76.276 kg = 119.98



The heat of reaction for the following reaction can be calculated from the heat of formation data.
4FeS; + 110, — 2Fe;,04 + 850,
Using Eq. (13.3)
AH°= 3 AH]- X AHY

Products Reactants

=2 x (-822.71) + 8 X (~296.9) — 4 x (—178.02) — 0 = —3308.54 kJ

This is the heat of reaction when 4 mol FeS, is completely consumed. Here 635.7 mol FeS,
is consumed. Therefore, the heat of reaction is

— 330854 6357 =—5.258x10° kJ

The heat of reaction per 1 kg of pyrites burned is

~5.258%10°
100

=—-5258x10° kJ

EXAMPLE 13.9 Calculate the standard heat of formation of liquid methanol, given the standard
heat of combustion of liguid methanol is —726.55 kJ/mol and the standard heat of formation
of gaseous CO; and liquid water are, respectively, — 393.51 and —285.84 kJ/mol.

Solution
Using Eg. (13.3): The combustion of liquid methanol is

3
CH,OH(1) + Eoz(g] — CO,(g) + 2H,0(1) .QHE% = —726.55 k] (A)
By Eq. (13.3), the heat of reaction is given as
AH°= ¥ AH} - X AH}
Products Reactants

Applying this equation to reaction (A), we can write

~726.55 = AHO o, + 2AH 1 o — AHY o

= —393.51 + 2 x (- 285.84) — AH} cyon

= —-965.19 — M?,CH:‘OH
or
AHY oy o = —965.19 + 72655 = —238.64 kJ

Using Hess's law:  The desired reaction is the formation of liquid methanol from the constituent
elements.

C(s) + 2H(g) + %Oz(g) — CH;0H(l)



The available data may be put into the following forms:

3
CH,OH(l) + 5 02(8) = CO(g) + 2H,0 (1) AH %Y = —726.55 kJ (A)
C(s) + 0x(2) = CO.(2) AH%s = ~393.51 kI (B)

1
Hy(g) + 5 0:(2) = H,0( AHSs = —285.84 kI (C)

The stoichiometric equation representing the formation of liquid methanol is obtained by
performing the following algebraic operations on these equations.
Eq. (B) + 2 x Eg. (C) — Eq. (A)
Therefore, the heat of formation of methanol is
-393.51 + 2 x (—285.84) — (—726.55) = —238.64 kJ

EXAMPLE 13.10 Calculate the gross heating value and net heating value expressed in kJ/m?
at STP of a fuel gas having the following analysis:

CO: 21.0%, H, = 15.6%, CO,: 9.0%, CHy: 2.0%, C,Hy: 0.4% and N, 52.0%

Given that the standard heats of combustion are —282.99 kI/mol for CQO, —285.84 kJ/mol
for hydrogen, — 890.4 kl/mol for methane and —1410.9% kJ/mol for ethylene, and the heat of
vaporization of water at 298 K is 44.04 kJ/mol.

Solution Basis: 100 mol fuel gas
The total heat evolved on combustion of the fuel is

21 x (282.99) + 15.6 x (285.84) + 2.0 x (890.4) + 0.4 x (1410.99) = 12747 kJ

Since 100 mol gas at STP occupies a volume of 100 x 22.4 x 107 = 2.24 m?, the gross
heating value of the fuel is

12 747 — 5691 E
2.240 m’

On combustion one mol hydrogen gives one mol water, one mol methane gives two mol
water and one mol ethylene gives two mol water. The number of moles of water formed on
combustion of 100 mol fuel gas = 15.6 + 4.0 + 0.8 = 20.4. The amount of heat required to
vaporize the water formed on combustion = 20.4 x 44.04 = 898.42 kJ.

Therefore, the net heating value is

5691 — B898.42 = 4792.58 kJ

EXAMPLE 13.11 Calculate the standard heat of the following reaction at 298 K:

CsHja(g) + 80;(g) — 5CO,(g) + 6H,O(1)
The standard heats of formation are as follows:
CO,(g) = -393.51 kJ, H,O(g) = —241.826 k], CsH;,(g) = —146.4 k]
The latent heat of vaporization of water at 298 K is 43.967 kJ/mol.



Solution The desired reaction can be obtained as the sum of the following two reactions:
CsHyz(g) + 80;(g) — 5CO,(g) + 6H,O(g) AH,
6H,0 (g) — 6H,0(1) AH,
The heat of reaction AH® = AH| + AH,

AH = % AH;- I AH;

Products Reactants
_ 0 0
=53XAH co, +6XAH [ yo( —AH ¢ ey ()

=5 % (=39351) + 6 x (—241.826) — (- 146.4) = —3272.106 kJ
AH, = —6 x 43.967 = —263.802 kJ
AHY = AH, + AH, = —3272.106 — 263.802 = —3535.908 kJ

13.2 EFFECT OF TEMPERATURE ON STANDARD HEAT OF REACTION
Chemical reaction can be represented as
ZvA =0 (13.9)

where v, represents the stoichiometric number of the substance taking part in the reaction. The
stoichiometric number v; is positive for products and negative for the reactants. For example,
consider the reaction

ad + bB — [L + mM
Here, a, b, [ and m are called stoichiometric coefficients. This reaction may be written as
IL+mM—-agd-bB=10
in which —a, —b, [ and m are called the stoichiometric numbers. If the standard heat of the
reaction at temperature T) is known, the standard heat at any other temperature T can be
determined. Generally, the standard heat of reaction at temperature 298 K (T,) will be available,

and it would be necessary to determine the standard heat at some other temperature (7). The
specific heat of the components constituting the reaction system should be known as function



of temperature. The calculation makes use of the fact that enthalpy is a state property. The
change in enthalpy for a process occuring from a given initial state to a given final state is the
same whatever be the path along which the process is carried out, The actual reaction occurring

at temperature T, for which the standard heat of reaction is .r},H?, may be treated as occurring
along the three paths as shown in Figure 13.1.

Reaction at T,

AR
Reactants at T »  Products at T
! [y
! |
By -3
@e o LD .
£ 1 E2 T
28§~ 153
o ! =Tl
1 1
1 1
. 1
1;, Reaction at T, :
AH,
Reactants at T} |-----ccooooZoooo -+ Productsat T

Figure 13.1 Effect of temperature on heat of reaction.

Step 1: From the initial state of temperature T the reactants are cooled to temperature 7). The
enthalpy change for this step is

T T
AHl = E n,-CPIP- dT = Z VjC‘DJ dT (1310)

Reactants # T Rcactants ¥ T}

Step 2: The reaction is allowed to occur at temperature T|. The enthalpy change is

AH, = AHJ, (13.11)
Step 3: The temperature of the products is raised from 7 to T in this step. The enthalpy
change is
T T
AHy,= 3 | nCp dT= X j vCp, dT (13.12)
Products # T Products « T

Since the enthalpy change depends on the terminal conditions, the standard heat of reaction at
temperature 7T is obtained by adding the preceding three equations.

AHD = AH, + AH, + AH,

T T
AH?= % v;Cp; dT + a.H;’] + ¥ v;Cp,; dT
Reactants ¥ T Products ¢ T,
The above result can be written as
AH = aR® + [ S v.Cp,; |dT
T = Ay |2 Vilp (13.13)
1

The summation in the above equation is over all species taking part in the reaction. Let the heat
capacity of the substances be represented by the following equation.



Cp=a+ BT+ yT* (13.14)
Utilizing Eq. (13.14), Eq. (13.13) can be written as

T
AHY = AHY +IT AC, dT (13.15)
where
ACp = Aa + ABT + AyT? (13.16)
and
Aa = Zv;o, AB = Zvf, and Ay= Zvy (13.17)

Equation (13.15) may be expanded as
AHY = AHY + AT =T)+ - AB (T2 =T+ 3 Ay (I = T7)

The constants appearing in the above equation can be grouped together to a single constant
AH’, so that we have

M?:AH'+MT+%T3+%—YT3 (13.18)

The constant AH" in Eq. (13.18) can be evaluated if the heat of reaction at a single
temperature is known, Equation (13.18) can now be used for the evaluation of the standard
heat of reaction at any temperature T.

EXAMPLE 13.13 Ammonia is synthesized according to the following reaction:

1
7Nz +%H2 —NH;  AHg =—46.191kJ
The specific heats of the components are represented by

Cp=a+ BT+ yT?

where Cp is in J/mol K and the constants ¢, B and v are:

Molecules o B Y

N; 2731 5.2335x 1073 —4.1868 x 10°°
H, 29.09 — 8374 % 104 2.0139 % 10°°
NH, 2548 36.89 x 1073 - 6.305x 106

Determine the heat of reaction at 700 K.

Solution Equation (13.18) can be used to calculate the heat of reaction at any temperature.

A A
AH? = AH’ + AaT + T’Brz + %ﬁ



1 3
Jﬁa = CBNH3 - EaNz — E&H2

=25.48—%x2’?.31—%x29.09= -31.81

| 3
Af =f3NH3 _E.BN2 _EIBH1

=36.89x107° - %x 5.2335%107° —%x(— 8.374x107H

= 35.5294 x 107
L. -3

Ay = -
Y =Vnu, 3 2

YN, = Z¥R,

=-6.305x107° —%x (— 4.1868 % 10‘9)—%x(2.{)139x 107%)

=-03238 x 10°
Substituting these values in Eq. (13.18), we get

35.5294x107 _,  9.3238x10™° -

3

At 298 K, &H? = —46 191 J. Substituting this in the above equation, we get AH" = —38207 J.
The heat of reaction can now be expressed as a function of temperature as

35.5294x107 1, 9.3238x10™° 4
3

AHP = AH' - 31.81T + T2

AHY =-38 207 —31.81T +

At T = 700 K,

35.5294x107° 9,3238x10°

AHY =-38 207 - 31.81x 700 + (700 - (700)°

=_-528351]
Therefore, the heat of reaction at 700 K is — 52.835 kJ.

EXAMPLE 13.14 Methanol is synthesized according to the following reaction:

CO(g) + 2H,(g) — CH;0H(g)

The standard heats of formation at 298 K are —110.6 kJ/mol for CO and —238.64 kJ/mol
for methanol(l). The latent heat of vaporization of methanol at 298 K is 37.98 kJ/mol. The
specific heats (J/mol K) are given by:

Cp{CH;0H) = 18.382 + 101.564 x 10T — 28.683 x 10772
Cp(CO) = 28.068 + 4.631 x 10737 — 2.5773 x 1047
Cp(H,) = 27.012 + 3.509 x 10T + 6.9006 x 10*T2
Calculate the standard heat of reaction at 1073 K.



Solution Enthalpy of cooling the reactants consisting of 1 mol CO and 2 mol hydrogen
from 1073 K to 298 K:

298
AH, =1 J' (28.068 + 4.631x107°T — 2.5773x10°T~2) dT
1073
298 3 4 2
+2 Jlm (27.012 +3.509x 10T + 6.9006 x10*T %) dT

208
=J' (82.092 +11.649 x 107> +11,2239x10*T %) dT =— 70 082.01]
1073
Enthalpy for heating the products from 298 to 1073 K:
1073
AH, = .[m (18.382+101.564 x107°T — 28.683%x107°T?) dT = 56 644.78

The standard heat of reaction at 298 K is

ﬁHEﬂR = X ﬂH? - X fﬂ*Hfr’ = AH?’,mmhnnol{g) = {AH?,CO(g} + 2ﬁH?,H;D(gj) (A)

Products Reactants

The standard heat of formation of methanol (g) can be obtained from the standard heat of
formation of methanol (1) and the heat of vaporization.

CO(g) + 2H,(g) > CH,0H(]) AH} =-238.64Kk]
CH;0H (1) — CH;O0H(g) AH? =+37.98kJ
Adding these two equations we get the desired reaction for the formation of methanol (g).
CO(g) + 2H,(g) — CH3;0H(g) ﬁH? =—200.66 kJ
Substituting the heat of formation values in Eq. (A) we get
AH o5 = AH meianaiiyy ~ (A ] co) + 28H ] 1,0
= —200.66 — (- 110.6 + 0) = —90.06 kJ
The heat of reaction at 1073 K is now calculated:
AHY = AH, + AHY, + AH,
= —70.082 — 90.06 + 56.645 = —103.497 kJ/mol
EXAMPLE 13.15 Pure CO is mixed with 100 percent excess air and completely burned at
constant pressure. The reactants are originally at 400 K. Determine the heat added or removed
if the products leave at 600 K. The standard heat of reaction at 298 K is —282.99 kJ per mol

CO burned. The mean specific heats applicable in the temperature range of this problem are
29.10, 29.70, 29.10, and 41.45 J/mol K respectively for CO, O,, N, and CO,.



Solution Basis: 1 mol CO reacted

CO + %02 — CO,

Oxygen theoretically required = 0.5 mol
Oxygen supplied = 1 mol (100 percent excess)
Nitrogen in the air supplied = 1 x 79/21 = 3.76 mol

Let AH, be the enthalpy of cooling the reactants from 400 K to 298 K. The reactants stream
contains 1 mol oxygen, 3.76 mol nitrogen, and 1 mol CO.

AH, = (1 x 29.70 + 3.76 x 29,10 + 1 x 29.10)(298 — 400)
=~ 17.158 kJ

Let AH, be the enthalpy of heating the products from 298 K to 600 K. The product stream
contains 1 mol CO,, 0.5 mol oxygen, and 3.76 meol nitrogen.

AH, = (1 x 41.45 + 3.76 % 29.10 + 0.5 x 29.70)(600 — 298)
50.046 kJ

AH = AH, + AHY%g + AH, = —17.158 — 282.99 + 50.046

= —1250.102 kJ

EXAMPLE 13.16 Carbon monoxide reacts with water vapour to form carbon dioxide and
hydrogen.

CO(g) + HyO(g) = CO,(g) + Hy(g)  AHD, = —41.190 kJ

The reactants are at 298 K. 75 percent of CO is converted in the reaction. The products leave
the reaction chamber at 800 K. The mean heat capacities in J/mol K are 30.35 for CO, 45.64
for CO,, 36.00 for water vapour and 29.30 for hydrogen. Determine the quantity of heat to be
added or removed in the reaction chamber per 1000 kg of hydrogen produced.

Solution Assume a reactant mixture consisting of 1 mol CO (g) and 1 mol water vapour.
Since the reactants are at 298 K, AH, = 0.

The products consists of 0.75 mol CO,, 0.75 mol H;, 0.25 mol CO and 0.25 mol water
vapour. The enthalpy of heating the products from 298 K to 800 K is

AH, = [0.75(45.64 + 29.30) + 0.25(30.35 + 36.00)](800 - 298)
=36541.8 1]

The heat of reaction is

AH% =0.75% (- 41.190) = — 30.8925 kJ = — 30 892.5 J



The heat of reaction is
AH S = AH s + AH, = —30892.5 + 36 541.8 = 5649.3 kJ

This means 5.649 kJ of heat is to be added to the system. The amount of hydrogen produced
here i1s 0.75 mol or

0.75 x 2,016 x 107 = 1,512 x 107 kg
Therefore, for 1000 kg of hydrogen produced, the amount of heat to be added is

5.649

TSiax1gs <1000=3.736X 10° kJ
. LS

Reference:

BOOK: KV Narayanan and B Lakshmikutty,
“Stoichiometry and Process Calculations” 2nd
edition, 2016.
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