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 EVERAL authors have discussed the relation of space velocity and space time yield in catalytic react,ors of the fixed-bed type (10, 14). Some have treated this problem through considerable simplification and others have considered special cases. I n the present paper the space velocity-space time yield relation is discussed more generally-Le., all the factors that possibly affect this relation are taken into consideration. For this purpose the exact expression for t’he over-all reaction rate must first be obtained preliminarily by a flow method in a laboratory scale experiment. This rate equation can be expressed in terms of the partial pressure of each component of the reaction mixture, the temperature, and the linear velocity, which is related to the reaction rate only implicitly in the material transfer term. I n order to obtain the space velocity-space t,inie yield relation, therefore, the following factors must be considered : Change of partial pressures Change of reaction temperature Change of material transfer rate The third factor, the change of material transfer rate, which is principally due to the change of linear velocity of feed gas, is considered important in some heterogeneous processes, but in most chemical reactions this factor is not so serious as the other two, if the reaction temperature is not extremely high or linear velocity is not extremely small. Accordingly, in the present treat,ment, this factor may be left out of consideration. The second factor, the change of reaction temperature, depends on the type or structure of the reactor-Le., on whether it. is an isothermal reactor, an adiabatic reactor, a heat-erchanger type of reactor, or a self-heat-exchanger type of reactor. I n addition to these three factors, in a practical sense, another
 
 factor det,erniines the quaiitit,?. of desired product that is actually recovered: This factor m a y be called recovery efficiency, defined as the number of moles of desired product recovered per number of moles o i desired product produced in the reactor. The recovery efficiency is considered to be a function of the linear velocity and the temperature of effluent gaa from the reactor and the partial pressure of the desired product in the final reitntion mixture. This functional relation is not, the same in all recovery equipment, and if information concerning this relation is sufficiently complete in a certain piece of equipment,, it is not difficult to take the influence of recover>-efficiency into account in obtaining the actual space time yield-space velocity relation. It is, therefore, rather a meaningless effort than a laborious work t o attempt to discuss this influence generally. Fundamentals. For discussing the phenomena occurring in a reactor in geqeral, a reaction represented by the following st>oichiometric equation is considered : viAi
 
 + vnA, + V ~ A+S
 
 =o
 
 (1)
 
 Then, the equat,ioiis of mat,erial balance and of heat halarice are
 
 (i
 
 =
 
 1>2,
 
 . . . . .)
 
 and
 
 where
 
 -++ =v o is
 
 -
 
 -+-+
 
 the reaction rate and v, v mean the forward xntl
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 reverse reaction rates, respectively. H may vary with the type of reactor. The space velocity and space time yield which are represented here by the equations u =
 
 Znzo/W
 
 = (Z
 
 ctt/W)mzo
 
 (4)
 
 z
 
 Z
 
 where @[n1/nzo, f(n1/nzo)l =
 
 *(n,/n20)
 
 Equation 14 gives the relation of nl and I , so that the temperature distribution
 
 T = T(Z)
 
 and
 
 Y =
 
 (n1,
 
 - n1o)/W
 
 [(nldnzo)-
 
 =
 
 all
 
 u/qa, z
 
 (5)
 
 respectively, correlate with each other through Equations 2 and 3. The following relation exists between u and Y (IO):
 
 Y
 
 =
 
 i
 
 I n Equation 2, @, which is originally a function of T; z1 zz . . and u, can be brought into a form expressed in terms of T , nl/nzo and u only, using the following relation obtained by stoichiometric considerations zt = [ 01%
 
 +
 
 Q I V ~
 
 -
 
 VL(~I/%O)
 
 I/[
 
 Zar r
 
 +
 
 can be calculated. The relation of Y and u-namely,
 
 nla and nzo-can
 
 be given
 
 bY
 
 (5’)
 
 ?U/(V22a!Z)
 
 . .
 
 *
 
 1645
 
 aizvr
 
 r
 
 from Equation 14, when W is given. Heat-Exchanger and Self-Heat-Exchanger Types of Reactor. In these types of reactor, Equation 3 is expressed in the following form :
 
 - Bvr(n~/?z20) 1 (6)
 
 UD
 
 r
 
 Change of Reaction Temperature Depends on Type of Reactor
 
 Isothermal Reactor. In an isothermal reactor Equation 3 can be disregarded and Equation 2 can easily be integrated. Then the integrated form of Equation 2 for component A I is
 
 where T’ is the temperature of the cooling or heating medium outside the catalyst zone. In these two cases the mathematical treatment is extraordiiiarily complicated and troublesome, and no general discussion is possible, but, for each individual reactor even of these types, the relation of and n~is obtainable ( 7 ) as in the case of the adiabatic reactor, when other quantities are known. All Types of Reactor Are Isothermal When u I s Infinitely large
 
 Equation 7 gives nls, and consequently Y,provided the value nzo is given, so that Y can be given as a function of n20,and consequently of u. Adiabatic Reactor. Equation 3, where H is equal to zero, can be written in the form
 
 Using’Equation 2 for component A1 @ (n1/7220,
 
 1 dn1 S dl
 
 T)= --
 
 and Equation 8, the following relation is obtained:
 
 - olll/+i
 
 [(n1/n20)
 
 Relation of Y to u at Very Large u. So far as the limiting case when u is infinitely large is concerned, all types of reactor can be considered as isothermal, because then the temperature distribution in the reactor approaches uniformity. Provided that the inlet temperature, To,does not change with the linear velocity-i.e., if the preheating temperature ie assumed never to be affected by the increase of the linear velocity-the J’-u relation may be discussed by means of Equation 7 . By a simple procedure it may be proved that the value of Y at very large u is found by substituting the feed composition values lim Y in the rate equation, and that nzo+ m is finite or an infinity of lower order than 1230. I n the latter case the approximate Y-u relation can be obtained by the following procedure: Equation 7, where @ is expressed in terms of ( m l / n n 0is) written in the form
 
 =
 
 Z
 
 where
 
 and By Equation 10, the relation of T and nt/nlo can be obtained graphically in the form
 
 T = f(n1/nzo) (13) and by putting Equation 13 into the integrated form of Equation 9, it follows that
 
 and in Equation 15 [l/@(ml/nzo)] is expanded in ascending powers of (ml/neo)which is infinitesimal when n20 is infinitely large: l/@(ml/nzo)
 
 =
 
 (m1/nzo)Tao
 
 +
 
 a1
 
 (m1lnzo)
 
 +
 
 a2
 
 (mlnzo)2+. , , , 1
 
 where s is always positive. Taking only the first term in this equation for approximation and putting it into Equation 15, we have
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 Table 1. Reaction
 
 Examples of Y-u Relation at Very Large u
 
 Stoichiometric Equation
 
 Catalytic oxidation of SO2 Hydrogenation of iso-octene Dehydrogenation of n-butane
 
 '/20z
 
 -OzHs f Ha
 
 + CzHa
 
 =
 
 Oxidation of hydrogen Isomerization of 1-butene Water-gas shift reaction Water-gas shift reaction
 
 + z/s?'JHs
 
 -
 
 1/3Nz
 
 -
 
 9)'
 
 + Kpz + K' -
 
 kPa3
 
 -
 
 +
 
 ?J331*5
 
 +KP)~
 
 (1
 
 _kp2pa _~1 Kps
 
 0
 
 + i/zNz 4- a/zHz = 0 -Hz0 + Ha + '/zOs = 0 ' -2-Butene + 1-Butene = 0 -COz + CO + HzO - Ha = 0 -Hz + CO + Hz0 - COz = 0
 
 Catalytic decomposition of NH3-H2
 
 m
 
 kp1.5 a 3 0 . 5
 
 P80.6
 
 k'pi
 
 -SHa
 
 Ammonia synthesis
 
 o+
 
 - k'p1 (l+aa+a4)C.5[(l+ora+a4)0.j+K~0~.'aao.~]z (1 + K p P + K'pi)* kpzpt kP2as (1 + Kpa + K'pz + K " P I ) * [ ( I + a8) + KPa8 f K'P]' kpa - k'pips kP kpz
 
 (1 Hydrogenation of ethylene
 
 lim Y'J
 
 R a t e Equation
 
 + so2 + = 0 -CCsHis + CsHla + HP = 0 -CaHs + CdHlc - HI = 0 -802
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 +
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 Partial pressures of reaction products in feed are considered as zero
 
 and accordingly
 
 *
 
 The case where W O ) is infinite can occur-e.g., when one of the products, the partial pressure of which is zero in feed, strongly retards the reaction. Several examples for the Y-o relation a t very large u, when W )is infinite as well as when it is finite, are tabulated in Table I. Mathematical Properties of Y-u Curve. ISOTHERMAL REMTORS. I n an isothermal reactor in which neither consecutive reaction nor side reaction takes place, the Y-u curve must be monotonic. The proof is presented as follows: From Equations 4 and 15,
 
 JI;
 
 dm1
 
 GGa
 
 = Tp
 
 is obtained, and by differentiating this equation with respect t o n20,i t
 
 follom-s that
 
 fC&(4&)d7n1
 
 + d ~
 
 m 1 s . I = 0
 
 dnlo
 
 satisfies Equation 19. I t is obvious. however. that this condition is never satisfied from the monotonic property of the 0 - (nl/nAo) relation in the present case. ADIABATIC REACTORS. In an adiabatic reactor, a maximum point occurs in some cases, but not in other cases. The condition of occurrence is given as follows: Equations similar to Equations 17 to 19 in the case of an isothermal reactor are obtained, and the desired condition is
 
 where, in place of function +, 9 in Equation 14 is used. When the form of function is known even graphicdy, the $-l (rnl/n,o)relation can be plotted and the value of ( rnlc/n20)which satisfies Equation 20, if it exists, can be found easily by the following procedure:
 
 *
 
 Let a line parallel to the ?n,/nzo axis cut curve I1 in Figure 1 a t two points, B and C, so that area 1 may become equal to area 2. Then, areas ODBFCE and OABGCE, which represent the right-hand and left-hand sides of Equation 20, respectively,
 
 (17)
 
 /
 
 dmla/n20)
 
 If it is assumed that any maximum or minimum point, where (drnl,/dn2o) vanishes, could exist in the Y-u curve, then from Equation 17 the following condition must hold a t that point:
 
 On the other hand, the left side of Equation 18 can also be written in the form
 
 so that by a partial integration Equation 18 becomes c
 
 4
 
 E
 
 0
 
 ___r
 
 Figure 1.
 
 Hence, the necessary condition of the occurrence of a maximum or minimum point is that there exists a value of ( rnl,/nzo) which
 
 I. 11.
 
 (
 
 m1/ n20 1 vs. rnl/npo
 
 No maximum occurs Maximum occurs (area 1 = a r e a 2 )
 
 I N D U S T R I A L A N D E N G I N E E R I N G CHEMISTRY
 
 August 1953
 
 I
 
 t
 
 1647
 
 I'
 
 i: ,10
 
 .
 
 Mlemmw I .ho .io .io .bo 10.0) of a normal pregnant solution it is perhaps surprising that the gold capacity of the resin was sufficiently high to make it possible to operate the process, but it must be emphasized that good recovery of gold was achieved only by the use of a very high resin t o pulp ratio. This paper describes an investigation into the adsorption of gold from cyanide solutions on the strongly basic resin, Amberlite IRA-400. The work has been extended to a study of the behavior of other metals, including silver, copper, iron, cobalt, nickel, and zinc and anions other than cyanide, such as sulfate, thiosulfate, and thiocyanate, likely t o occur in commercial cyanide solutions. Experiments were carried out on clear solutions and not on unfiltered pulps, but in view of the experiences of earlier workers, it appears likely that the process suggested could be readily applied, after suitable modification of practical technique] to pregnant pulp solutiona. All the heavy metal complex cyanides examined, including
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