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Abstract:

Many desirable organic reactions are accompanied by side
reactions and undesired by-products, which waste raw materials
and complicate product work-up and isolation. By enhancing
the competition between reactions to obtain more selective
syntheses, ecological and economic benefits may be expected.
The most effective way to do this is usually catalysis. Recently,
however, more has been learned about the role of “reactive
mixing”, which refers here to bringing reagents together on
the molecular scale. When chemical knowledge (especially
reaction kinetics and physical organic chemistry) is combined
with that of mixing, significant improvements to the selectivity
of some syntheses can be achieved. This review offers an
introduction to understanding how mixing influences those
single-phase and two-phase reactions which are sufficiently fast
that mixing cannot fully homogenize their reactants. It includes
theoretical principles, typical experimental results, worked
examples, and literature references for further study. Reactive
mixing is treated in very few textbooks (refer to section 1), is
unknown to many chemists, and is unfamiliar to many chemical
engineers. Itis hoped that its wider recognition will lead others
to become intellectually fascinated by its structure and to value
its practical applications.

1. Introduction

Probably the simplest reaction whose rate is strongly
influenced by the way in which the reagents are mixed is
acid—base neutralisation {H- OH~ — H,0). The second-
order kinetic rate constant is approximately? X6°/mol-s,
and the time scale of neutralisation is often on the order of
nanoseconds (18 s) or even shorter. However, the time
required to mix the two aqueous reagent solutions is hardly

significant extent. Mixing has no effect on the measured
reaction rate, which is determined by the chemical kinetics.
Many esterifications are also slow enough to be kinetically
controlled.

A framework for classifying mixing-sensitive reactions
consists of comparing time constants (or characteristic times)
for mixing and reaction. A neutralisation’s time constant is
orders of magnitude shorter than that for mixing; mixing is
rate-determining, and neutralisation is instantaneous relative
to mixing. Ester hydrolysis is the opposite case: reaction
kinetics determines its rate, and hydrolysis is slow relative
to mixing. Most reactions in this text are intermediate, having
time constants for mixing and reaction of similar magnitudes;
they may be termed fast, and both kinetics and mixing
determine their progress. This key classification applies to
single and multiple one- and two-phase reactions.

The observed rates of single mixing-controlled reactions
can be significantly increased by faster mixing, thus saving
time and reducing reactor volume. With multiple reactions,
mixing can influence not only reaction rates but also the
distribution of reaction products. In some cases mixing can
raise product yields, suppress by-product formation, simplify
product isolation and purification, and improve conversion
of raw materials to products. Such practical considerations
dictate that this text treats the influence of mixing on the
product distribution of multiple liquid-phase reactions, typi-
cally taking place in a solvent and in a semibatch reactor.
The product distributions of sufficiently fast reactions
respond similarly to inadequate mixing rates irrespective of
whether the reagents are fully miscible (single-phase reac-
tions) or partially miscible (two-phase reactions). Both types
are included here, and although their behaviours with respect

ever less than 1 ms and, on the technical scale of operationto mixing are similar, their modelling and practical realisation

might be on the order of-110 s. A measured neutralisation
rate is therefore much slower than the true (or inherent)
reaction rate and depends entirely on the rate of mixing.
Combustion of either a liquid or a gaseous fuel is another
common example where mixing-controlled chemical reac-
tions take place.

By contrast, the alkaline hydrolysis of the ester ethyl
ethanoate (CECOOGHSs) exhibits a smaller rate constant
(ca. 10* m®¥mol-s) with a typical time scale of several
minutes. This is sufficiently long to allow the reagents to
mix completely before hydrolysis can proceed to any
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(e.g., reactor types) differ.

The influence of mixing on product distribution can be
regarded from three, partly overlapping, points of view (a)
qualitative, (b) semiquantitative, and (c) quantitative. In (a)
some experimental results and observations can be qualita-
tively interpreted with the help of general chemical and
physical principles. In (b) the emphasis shifts from phenom-
ena to mechanisms, which must be understood in sufficient
detail to permit time constants for various mixing mecha-
nisms to be formulated and applied to identifying the
controlling steps, for example, in the context of a particular
multiple reaction it can often be decided from time constants
whether certain variables (diffusivity, viscosity, etc.) and
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operating parameters (power input, feed rate, etc.) will  An understanding of mixing is essential when considering
influence product distribution. In (c) a fully quantitative the product distribution of many fast multiple reactions
treatment calls for much information about the reactions whether single- or multiphase. The ability to influence the
(thermodynamics, reaction kinetics, and possibly reaction yield of a reaction product not only by chemical means
mechanism) and about the flow field (velocity distribution, (catalysis, solvent, reagent stoichiometry, temperature, etc.)
turbulence parameters). This level of detail has been attainedbut also by physical means (agitation intensity, reactor type,
in only a few cases but has allowed the development andviscosity of solvent, rate and location of adding reagents,
quantitative validation of some theories and models to etc.) is economically and ecologically significant.
describe the interactions between mixing and reaction. For  The subsequent text is structured as follows. Sections 2
many reactions and technically oriented problems full and 3 present evidence that yields and product distributions
quantitative treatment is unattainable, but a combination of -gn pe influenced by the ways in which reagents are mixed.
(a) and (b) should be possible. The text therefore offers gection 4 outlines mixing mechanisms and gives time
mainly well-established general principles and time constants; cqnstants for single-phase mixing at various scales. Section
these provide guidance to interpreting experimental results,5 gescribes four sets of well-characterised fast chemical
planning experiments and scale-up. More detailed informa- o4 ctions having mixing-sensitive yields. Section 6 sum-
tion including level (c)'is available in reference 1 for sipgle— marises experimental results obtained with the section 5
ph?sg reactions and in refs 2—4 for two-phase reactions. e tions, which validate the theories and time constants for
_ “Mixing” is a broad, generic term, which obviously g6 hhase mixing in section 4. Section 7 shows how the
includes reducing the varlablllty of COITICEI"ltratIO.n, temper- . constants may be applied to securing the same product
aj[ure', angl S0 forth. In addition to c0n5|der|ng.th|s hqmgge- composition when scaling up fast mixing-sensitive reactions.
nlgatlon, Itis heIpfuI o regard thg §cale at Whlc.h variability A laboratory protocol to identify the relevant mixing time
\e/:llr?;iil?tnd Fagr V;Z::q Y:r:(r)]uz 2:;:;2? Vrggggla mzrr?)r;?fiﬁce constant for scale-up by running small-scale experiments is
Y- P 9 included. Sections 8 and 9 deal with two-phase reactions.

refers to attaining homogeneity at the scale of the vessel. At . . e
. . . . Section 8 develops time constants for diffusive mass transfer
the opposite extreme, chemical reaction and its precursor . . A o & ,
and reaction, showing how a classification of “fast”, “slow”,

molecular diffusion are molecular-scale phenomena. Between . . o

these limits two further scales (micro- and meso-) have been?tc' reactions also exists when reagents are initially present
identified and will subsequently be explained. In the context n sgparqte pha;es. A Iabora}tory protpcol for two-phase
of a particular problem it is usually necessary to decide which reactions is also mcluded. Sgctlon_g appln_es the fundame_ntals
scale with its associated mixing mechanism is relevant to deve!oped :]or ;lngr:e rer?c.tlonsl n _sgctlon 8 toﬁmultlple
the final product distribution. For instance some mixing rates "€2ctions, showing how their selectivities can be affected by

in large reaction vessels are lower than at laboratory scale, 2SS transfer. Worked examples, typical experimental results,
and the most relevant mixing mechanism can be scale-and extensive literature references feature in all sections.

dependent, making such reactions more difficult to scale up
and to secure constant product yield and qua|i'[y_ 2. Examples of Mixing-Sensitive Single-Phase Reactions
Unless otherwise stated the reactions to be considered here Reactions such as neutralisation, taking place on time
have second-order kinetics and partial orders of one in eachscales much shorter than 1 ms, are effectively instantaneous
reagent. The rate of a first- and also a pseudo-first-order reative to the time scale characteristic of any mixer. If only
reaction is unaffected by a nonuniform concentration gne reaction can occur, the practical consequence is that
distribution—the regions where concentration and rate are grders of magnitude more time is needed for reaction than
above average compensate those where these values akgoyid be predicted by chemical kinetics. This also applies
below average. This averaging does not apply to second-i, fast and instantaneous multiple reactions, but a further
order reactions. When reactants (A, B, etc.) are initially onsequence is that often the product distribution is mixing-
separated and need to be mixed to promote reaction, thesensiive. As stated in section 1, this characteristic can be

asymptotic states are (a) no mixing (total segregation of g, hractically important (e.g. when manufacturing high-value-
reactants), therefore no reaction, and (b) complete mixing added chemicals) that it is central to this text.

(no segregﬁtpn) and ?axmum react||on rate. In the s_,ulbse— 2.1. Competitive-Consecutive ReactionsThe following
quent text the intermediate statireomplete mixing (partia scheme represents two reagents, A and B, which initially

se_gregatlon) and a rate 'OW‘” than that when complgtelyform an intermediate R. This in turn forms a final product S
mixed—often occurs, promoting unexpected product distribu- by reacting with further B
tions. This forms the central theme here. '

kl

(1) Baldyga, J.; Bourne, J. Rturbulent Mixing and Chemical Reactigns A+B—R (2-1)
Wiley: New York, 1999. K

(2) Doraiswamy, L. K.; Sharma, M. Mdeterogeneous Reactign&/iley: New R+ B 2 S (2_2)

York, 1984; Vol. 2.
(3) Westerterp, K. R.; van Swaaij, W. P. M.; Beenackers, A. A. CCiemical ) . .
Reactor Design and Operation; Wiley: New York, 1984. When in a batch or semibatch operatiag mol of B are
(4) Atherton, J. H. Mechanism in two-Phase Reaction Systems: Coupled Mass ;
Transfer and Chemical Reaction. Research in Chemical Kinetics added_ tonag mol of A, such thaingo < 2nao, the yields of
Elsevier: Amsterdam, 1994; Vol. 2, p 193. the primary (R) and secondary (S) products can be shown
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from straightforward kinetic calculati®fto depend only on  Table 1. Measured yields of diamide (SY % based on
the ratio of rate constantky(k,) and the initial stoichiometric ~ initial diamine}
ratio (b = ngo/Nao), Wwhen both reactions have stopped and diamine acylating agent standard process dilute process

therefore all B has been consumed. For example in the (A) (B (vield, %) (vield, %)
Epemal case that; = 2k, the final composition is given DAE chloride 0.9 55
y DAE anhydride 2.4 1.4
DAB chloride 7.9 3.5
Na/Npo = (1 — 0.5b (2.3) DAB anhydride 2.7 0.9
Ne/Ny, = b — 0.5 (2.4)
Table 2. Measured and expected yields of dinitro product
ngn,, = (0.5by (2.5) (S)

. —_— DPE (mol/nf) 200 125 50 250 625
provided thab < 2. These results (an.d.analogous derivations NO,BF; (mol/im?) 200 125 50 125 125
whenk; = 2k)) assume complete mixing of the reagents. It | 1 1 1 05 0.2
will be shown here that, when the reacting mixture is not measured yield (%) 83 80 73 78 71
homogeneous, the yields of R and S are lower and higher, expected yield (%) 33 33 33 14 5

respectively, than those predicted from kinetics. However, ) . , .
when reactions are slow enough relative to mixing that a ©f S were in the expected range{10%) and are given in

uniform mixture is formed before significant reaction occurs, Table 1° ) )

egs 2.3—2.5 (and analogous equations for the chses The slower-reacting anhydride produced less S and
2k) apply. From eq 2.4 it follows that the maximum yield therefore more R than the acyl chloride. This was also seen
of R is 50% whilst 25% of A is unconverted and the S-yield When both reagents were diluted by a factor of 20, the

is 25% when using = 1 (i.e.,Nso = Nao) and both reactions ~ Stoichiometric ratio being unchanged b0.2).
have stopped. 2.1.2. Nitration of 1,2-Diphenylethane (DPEjhe two

2.1.1. Some Reactions of Symmetrical Diaminies.  aromatic rings in this hydrocarbon {€s(CH;).CeHs) (A)
symmetrical diamines, having the general formulaNH should have a similar reactivity to that of methylbenzene,
(CH2).NH, and denoted by A, the reactivities of the two and their separation by two methylene groups implies only
nitrogen atoms are often mutually independent wheis a weak transmission of any substituent effects between the
approximately 2 or greater. In this situation one expégts ~ [INgs: Denoting the rate of attack of an electrophile (B) (e.g.,
= 2k, and a product distribution given by egs 2.3—2.5. NO;") on a suitable position igither ring by ki, whilst k,

The expected distribution was found when making amides denotes the analogous rate fering, it may be expected
from dodecanoic acid (GH,sCOOH) (B) and 1,6-diamino-  thatki = 2Zk. The formation of the mono-(R) and di-(S)
hexane (n= 6)(A). Changing A to 1,2-diaminoethane € substituents of DPE should follow eqs 2.3.5. Usmg a
2) the yield of R decreased from 50 to 37%, whilst that of Polar, nonaqueous solvent (“sulpholan&HgO,S) various
S rose from 25 to 30% and less A reacted (unreacted 30%). Initial concentrations of DPE and NO (obtained from a

By using the same two diamines, faster reacting isocy- Nitronium s_alt, e.g., tetrafluo_robqrate) produced the yields
anates (B) (RNCO with various R groups) were employed. ©f S given in Table 2. Here yield is expresseds#R+ S),
With both amines and every isocyanate, substantially more that is, dinitro product ﬁ'f‘“ve to all nitro products, which
S was formed than predicted from eq 2.5. By changing from 1S different from eq 2.39 _
isocyanates to slower-reacting isothiocyanates (RNCS), - Dilution reduced the formation of S (see also Table 1),

yields decreased and agreed well with eq 2.5 when 1,6-2S did a large excess of A relative to B. Five methods of
diaminohexane (= 6) was employed. adding the nitronium salt solution were also investigated.

The acylation of 1,2-diaminoethane (DAE) £ 2) and Raising the mixing inten:?‘ity caused an increa§e in the R—yield
of 1,4-diaminobutane (DAB) (= 4) with either benzoyl from 22 to 46% whilst simultaneously reducing the S-yield
chloride (GHsCOCI) or the less reactive benzoic anhydride from 78 to 54%.

((CeHsCO)0) was studied to find conditions favouring a In this study more S and thereforg less R were formed
high yield of the monoamide (R). Despite a low reaction than were expected based on the ratio of rate constesfts (
temperature (195 K), slow addition of the acylating solution k2) _and thg initial st0|ch_|0_metr|c ratido). This was attributed
(30 min), vigorous agitation of the diamine solution, and a 0 insufficiently fast mixing on the molecular scafe'*

5-fold excess of diamineb(= 0.2), the expected product 2.1.3. Bromination of 1,3,5-Trimethoxybenze3,5-
distribution (18% R, 1% S, and 81% unreacted diamine) was Trimethoxybenzene (A) offers three equally reactive sites

generally not found. The calculated “worst case” yield of S, Where a halogen (B) can substitute one hydrogen atom.

when no R was finally present, was 10%. Measured yields Following this monosubstitution, there are two equivalent
sites for the formation of dihalogenated product (S). The rate

(5) Hammett, L. PPhysical Organic ChemistryMcGraw-Hill: New York,

1970. (9) Jacobson, A. R.; Makris, A. N.; Sayre, L. M. Monoacylation of Symmetrical

(6) Levenspiel, OChemical Reaction Engineering; Wiley: New York, 1972. Diamines.J. Org. Chem1987,52, 2592.

(7) Agre, C. L.; Dinga, G.; Pflaum, R. Reactions of Acids with Diamings. (10) Christy, P. F.; Ridd, J. H.; Steers, N. D. Nitration of Bibenzyl by Nitronium
Org. Chem.1956,21, 561. TetrafluoroborateJ. Chem. Soc. (B)970, 797.

(8) Stoutland, D.; Helgen, L.; Agre, C. L. Reactions of Diamines with (11) Gastaminza, A; Ridd, J. H. The Nitration of BibenzyIChem. Soc., Perkin
Isocyanates and IsothiocyanatdsOrg. Chem1959,24, 818. Trans. 111972, 813.
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Table 3. Product distributions from bromination of Table 4 gives experimental resdftsvhen equal volumes

1,3,5-trimethoxybenzene of reagent solutions (solvent nitromethane) were mixed.
N (rpm) stopbed The first three columns report initial concentrations, the
0 213 425 1063 flc?ve next few give the product compositions, whereby the column
marked “?” was unknown materials, S/R is the ratio of
A (%) 22.2 19.9 18.3 135 4 secondary to primary nitro products. SV and SF refer to a
R (%) 57.9 61.3 64.5 73.4 87 stirred vessel and a stopped-flow apparatus, respectively.
S (%) 19.9 18.8 17.2 13.1 9

With no added water, changing from the stirred vessel to

] o ] the more intensely mixed stopped-flow apparatus shifted the
constants, k;, andks for successive substitution at the first, - g/R ratio in the general direction of kinetically controlled

second, and third sites anetin the ratio 3:2:1, because of  reactions. However, becauke> ko, roughly equal yields
the strong deactivation of subsequent electrophilic substitu-f R and S in SF still represent a wide deviation from the
tions by halogens. Because > k ; > ks, much more R composition which is characteristic of perfect mixing.
than S should finally be present, starting from approximately — a striking increase in the yield of R (with correspondingly
equimolar quantities of A and Eb(~ 1). The products (R |ess S) is seen when adding some two moles of water per
and S) do not exhibit isomerism. mole of TMB, even in the weakly agitated vessel. The
The methoxy group (5CO) strongly activates bromina-  yedyction in unidentified products is also significant. Water
tion,*? and measured product distributions show substantially reversibly withdraws nitronium ions from the reacting
more S than would be expected, knowing that- k2. Equal  mixture to form the nitroacidium ion according to the
concentrations before mixing of 50 mofrof bromine as following equilibriumt&19
well as 1,3,5-trimethoxybenzene, each dissolved in equal
volumes of methanol, were employed. Product distributions NO," + H,0 <> H,NO," (2.7)
were measured after reaction and various stirrer spééds (

were used. Table 3 gives typical resufts. . Subsequently this equilibrium returns to the left, releasing
~ The general trend was that, as the agitation intensity o + 4t 4 Jow concentration level and nitrating TMB on a
increased (due either to faster stirring or by use of a stopped-j e scale of many minutes, rather than fractions of a
flow apparatus of the type used to measure the kinetics of gooq e

fast reactionswhose mixing time {1 ms) was shorter than Similar effects (analogous to slow drug release) on

in the stirred vessel), more substrate (A) reacted, forming yoaction rate and product distribution have been realised in

more monobromo (R) and less dibromo (S) products. Itis 4y hrominations, where addition of a bromide reduces the
probable that, > 10° k;, so that even in a stopped-flow o ine concentration reversibly through eq 2.6, and (b)
apparatus the mixing rate was too low to prevent the gia,4_couplings, where pH influences the ionic preequilibria
formation of 9% S, i.e., reaction was faster than mixing in ¢ ine reactive specigé!

all cases. Quantitative treatment of these reactions is 2.1.5. Conclusions about Competit-Consecutie Reac-
comp_licated by the following gquil_ibrium .between free tions. The experimental studies outlined in 2.32.1.4 as
bromine and the liberated bromide ion, which reduces the well as similar cases reviewed elsewhetead to the

rate. following conclusions.
Br™ + Br, <> Br,” (2.6) The yielq of the intermediate product (R).in eqs222
can sometimes be increased by faster stirring, less reactive
{A similar equilibrium arises in the mixing-sensitive iodi- reagents, higher dilution, and an excess of reagent A relative
nation of the amino acid |-tyrosir'é} to B. These trends, as well as others reported elsewhere,
2.1.4. Nitration of 1,2,4,5-Tetramethylbenzene (TMB). have been observed with widely different reactions and may
Single-phase nitration is considered, using a polar organic pe attributed to insufficiently rapid mixing, rather than, for
solvent (e.g., CENO,) for both TMB (A) and a nitronium example, to chemical artefacts.
salt (B) (e.g., N@" PFK"). This and similar nitrations of 2.2. Competitive ReactionsTwo reagents (A and C)
aromatic hydrocarbons have been widely studiedTMB competing for a common reagent (B) and forming different

is highly reactive, and its product mixture often contains high products (P and Q respectively) can be represented by
levels of unreacted TMB and dinitro produ@)( which is

o 17 i i i i Ky
not expected becauge~ 20k,,'’ indicating high yields of A+Bp 2.8)
Rwhenb ~ 1. .
C+B—-Q (2.9)

(12) de la Mare, P. B. D.; Vernon, C. A. The Influence of the Methoxyl Group
in Aromatic SubstitutionJ. Chem. Socl951, 1764.
(13) Bourne, J. R.; Kozicki, F. Mixing Effects During the Bromination of 1,3,5-  (17) Manglik, A. K.; Moodie, R. B.; Schofield, K.; Dedeoglu, E.; Dutly, A.;

TrimethoxybenzeneChem. Eng. Scil977,32, 1538. Rys, P. Electrophilic Aromatic Substitutiod. Chem. Soc., Perkin Trans.
(14) Paul, E. L.; Treybal, R. E. Mixing and Product Distribution for a Liquid 1l 1981, 1358.
Phase, Second-Order, Competiti@onsecutive ReactioAIChE. J.1971, (18) Hanna, S. B.; Hunziker, E.; Saito, T.; Zollinger, H. The Problem of the
17, 718. Mononitration of Durene (in Germarjelyv. Chim. Actal969,52, 1537.
(15) Schofield, KAromatic Nitration Cambridge University Press: New York, (19) Pfister, F.; Rys, P.; Zollinger, H. Mixing Disguised Nitration of Aromatic
1980. Compounds with Nitronium Salt$ielv. Chim. Actal975,58, 2093.
(16) Rys, P. The Mixing-Sensitive Product Distribution of Chemical Reactions. (20) Bourne, J. R.; Ravindranath, K.; Thoma, S. Control of Product Distribution
Chimia 1992,46, 469. in Mixing-Controlled Reactions]. Org. Chem1988,53, 5166.
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Table 4. Product distributions from nitration of 1,2,4,5-tetramethylbenzene
TMB (mol/m8)  NO," (mol/m?)  H,O (mol/m?)  A(mol%) R (mol%) S (mol%) ?(mol%) S/IR apparatus

34 34 0 36.2 6.7 42.1 15.0 6.3 SV
39 39 70 10.6 81.0 2.0 6.4 0.025 SV
41 41 0 11 SF

For example B can be added gradually to a premixture rapje 5, Product ratio (P/Q) with different mixing
of A and C. conditions

These equations are the basis of the so-called competitive
method to determine the ratio of rate constakisf). The
initial concentrations of A and C must be known and

(a) Magnetic Stirrer
initial NO,™ (mol/m?)

insufficient B added so that reactions 2.8 and 2.9 do not go  Stirrer power 740 410 150
to completion. Usually the partial reaction orders of A and low 13 17 6
C should be one, and that of B should be the same in both high ) 59 51
reactions, for example one, giving second-order kinetics
overall. The competitive method is then simple. (b) Vibromixer

Measurement of either the final product (P and Q) or initial NO2* (mol/m?)
reagent (A and C) concentrations when no B remains then  sgirrer power 740 410 180 70 40
allows the rate constant ratio to be calculated. (Texts on
Reaction Kinetics and Physical Organic Chemistry give low 2.9 4.9 7 17 21.7
details.) high 7.6 13.2 19.4 26.5 27.1

This competitive method assumes that both reaction rates
are determined solely by classical kinetics so that mixing is
irrelevant® As early as 1926 competitive brominations were
found to be fast relative to mixing, thus restricting the
competitive method to slow reactioh&

2.2.1. Competitie Nitration of Benzene and Methylben-  stirred speed

a|nterpolated.

Table 6. Degree of acid-catalysed hydrolysis of
2,2-dimethoxypropane in alkaline solution

concentration of added HCI (molA)

zeneUnder kinetically controlled conditions (low concentra- (rpm) 700 2000 5000 5060
tion ixi i -

! , fa]lcst {mx;EQ) rEethbeenz@e"nfE(A) Inltr.ates so_[ne _18 26 240 34% 41% 53% 57%
imes faster than benzene (B2 Emp oying a nitronium 360 24% 31% 45% 50%
salt and a polar organic solvent, the ratio of the mononitrated 480 21% 29% 42% 49%

products P/Q ranged from 1.3 to 27The higher values

were favoured by low N@ concentrations, large excesses 2 Adiabatic (see text).

of the hydrocarbons, and more intense agitation. Table 5,

section a, refers to a magnetic stirrer, whilst Table 5, section based on the much higher rate constant for neutralisation

b, refers to more intensive mixing with a Vibromix&rin compared to that for hydrolysis. However, significant hy-
both cases a large excess of the hydrocarbons was employedirolysis of 2,2-dimethoxypropane has been observed when
(e.g. initial concentrations were 2300 mot/f each). one part by volume of HCI solution (concentrations 700

With the magnetic stirrer the high power input was about 5000 mol/nf) was gradually added to 10 parts by volume
2.8 times that at low power. The Vibromixer applied of an alkaline acetal solution, containing more than sufficient
generally more power for mixing and the high value was NaOH to neutralise all the added acid. As the added HCI
about 4 times the low one. It was concluded that only at concentration varied, the initial concentrations of NaOH and
low concentration and high power input were these competi- acetal were changed to keep the stoichiometric ratios
tive reactions taking place under kinetically controlled constan® A Mettler RC1 heat flow calorimeter was
conditions. employed as reactor. Table 6 gives some typical results.

2.2.2. Competitive Hydrolysis and Neutralisatiohhe The HCI was neutralised faster, causing less acetal
acetal 2,2-dimethoxypropane is stable in alkaline (NaOH) hydrolysis, when its concentration was lower and stirring
solution. During the addition of acid (HCI) to this solution, was faster. Under adiabatic conditions in the RC1 the
no measurable acid-catalysed hydrolysis of the acetal wouldexothermic neutralisation, which was stronger than the
be expected until all the alkali had been neutralised. This is endothermic hydrolysis, caused a temperature rise of ap-

: : — proximately 6 K, promoting faster hydrolysis.
o Gt o o o Siadent and e, S9seme Simillx hydrolyses have been observed when concentrated
2 Chem. Eng. Scil989,44, 1347. alkali was added to a relatively stable, acidic ester solution,
(22) Francis, A. W. The Relative Rates of Certain lonic Reactidn&m. Chem. due to fast alkaline hydrolysis whilst mixing is taking p|ace_

So0c.1926,48, 655. .
(23) zaldivar, J. M.; Molga, E.; Alos, M. A.; Hernandez, H.; Westerterp, K. R. Examples include the methyl and ethyl esters of monochlo-

Aromatic Nitrations by Mixed Acid: Slow LiquietLiquid Reaction Regime.

Chem. Eng. Proc1995,34, 543. (25) Baldyga, J.; Bourne, J. R.; Walker, B. Nonisothermal Micromixing in
(24) Tolgyesi, W. S. Relative Reactivity of Toluene-Benzene in Nitronium Turbulent Liquids-Theory and Experimer@an. J Chem. Engl998,76,
Tetrafluoroborate NitrationCan. J. Chem1965,43, 343. 641.
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Table 7. Fraction of dibromo isomers in the 2,4-form pH=4 R’ +H
A+B
mode of Bp addition  rapid  rapid slow  slow ' p,g: R+H'
stirring no yes no yes 3F rl:égL;]rti(;Zl. Simplified scheme for azo-coupling of an amino-
% 2,4- 13 24 17 40 70 phhol.

a SF = stopped-flow apparatus.

Table 8. Distribution of product dyes

initial A and B
roethanoic acid (CICLCOOHY*® and a methanoate, which oH CO?:]‘E)D“W?;'O“S R (%) R (%) S %)
was an antibiotic precurséf.
2.2.3. Conclusions about Compeiéi ReactionsWhen, 4 ca. 1-500 >97 <1 <1
in egs 2.8 and 2.%; > kp, @ much higher yield of product 10 <10 <3 >97 0
10 50—-500 36 28 36

P than of product Q is expected on the basis of chemical
kinetics. The ratio P/Q is reduced, however, when mixing is
insufficiently fast relative to reaction rates. This can be seen

Table 7 shows that formation of the 2,4-dibromo isomer

in the two examp|es included here when Stirring was weak was favoured by agitation and slow bromine addition. For
and reagents were more concentrated. These and other effectfese electrophilic substitutions the phenolate form of DHB
are reported elsewhete. and its derivatives, stable at high pH, was more reactive than
2.3. Local Transitory pH Gradients. Variations in  the phenol form, stable at low pH. The protons liberated
acidity or alkalinity promoted hydrolyses in the examples during bromination would be removed to the bulk of the
in part 2.2.2. With fast reactions the local transient pH value solution in a well-mixed system, but could accumulate near
near or at a reaction site can differ from the value in the the reaction site when stirring was weak. The following
bulk of the solution [as measured by a pH electrode] and Sequence can be postulated. Initial bromination at position
can influence the preequilibria of the reagents and the product2- and then at 4- provided that the HBr formed is removed

distributions.

2.3.1. Bromination of 1,3-Dihydroxybenzene (DHB)e
formation of mono-, di-, and tribrominated products forms
a set of competitive—consecutive reactions. The influence
of mixing on the degree of substitution and the yields of R
and S in egs 2.1 and 2.2 is, however, not as significant in
this example as its influence on the distribution of the
dibromo (S) isomers substituted at positions 2- and 4- in

by effective mixing, leading to 2,4-dibromo DHB. With weak
mixing, DHB and its derivatives are in the protonated, less
reactive form, whereby 4-monobromo DHB is formed
followed by 4,6-dibromo DHB. Mixing helps to determine
the pH near reaction sites, which influences product distribu-
tion.
2.3.2. Azo-Coupling of an Aminonaphthdhe amino-

naphthol, 6-amino-4-hydroxy-2-naphthalenesulphonic acid

one isomer and 4- and 6- in the other, i.e., product S can (A) was coupled with the highly reactive 3-trifluoromethyl-

consist of two isomers.

A solution containing 50 mol Bfm?® in methanol was
added to an equal volume of a solution of 50 mol DHB/m
Reactions were complete when the limiting reagent)(Bas
fully consumed. Table 7 reports the fraction of the 2,4-
isomer relative to both dibromo isoméfs.

The full product analysis (%) from the stopped-flow
apparatus was the following:

DHB 38
2-mono- 2
4-mono- 33
2,4-di- 12
4,6-di- 5
2,4,6-tri- 10

The deactivating influence of bromind, (> k, etc.)

benzenediazonium ion (Bin agueous solutions at pH values
of either 4 or 1@ Figure 1 gives a simplified scheme,
assuming no effect of mixing.

At pH = 4 coupling was at position 5 (see Figure 2) to
give an aminoazo dye Rind acidity which was neutralised
by a suitable buffer.

At pH = 10 coupling was at position 3- (see Figure 2) to
give a hydroxyazo dye R and again acidity, provided that
reagent concentrations were below 10 mél/fihus, the ring
substituted by B is (a) the one bearing the Njfoup when
pH = 4, and (b) the one bearing the OH group whensH
10, provided that the reactions are kinetically controlled.

Table 8 reports product distributions at the two pH levels
as a function of reagent concentrations and thus at various
reaction rates. S is the bis-azo dye formed by further coupling

should have resulted in more monobromo products (R) than(at position 1-) of the monoazo dye (R) with B, analogous

dibromo products (S). Even with the higher agitation levels
in the stopped-flow device relative to the stirred tank,
substantial quantities of di- and tribrominated DHB were
formed, indicating that the kinetically controlled regime was
not attained.

(26) Bourne, J. R.; Yu, S. Investigation of Micromixing in Stirred Tank Reactors
Using Parallel Reactions$nd. Eng. Chem. Red.994,33, 41.

(27) Paul, E. L.; Mahadevan, H.; Foster, T.; Kennedy, M.; Midler, M. Effect of
Mixing on Scale-Up of a Parallel Reaction Systeédiem. Eng. Scil992,
47, 2837.

(28) Bourne, J. R.; Rys, P.; Suter, K. Mixing Effects in the Bromination of
Resorcin.Chem. Eng. Scil977,32, 711.
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to egs 2.1 and 2.2

Two striking changes in product distribution took place
when reagent concentrations were greatly increased at pH
= 10, namely (a) R characteristic of pH= 4, now formed
at pH = 10, and (b) the bis-azo dye (S), absent at low
reaction rates, was now a large fraction of the products. The
first change suggests that the protons were liberated so

(29) Kaminski, R.; Lauk, U.; Skrabal, P.; Zollinger, H. pH-Dependence and
Micromixing Effects on the Product Distribution of Couplings with
6-Amino-4-hydroxy-2-naphthalenesulphonic Aditely. Chim. Actal983
66, 2002.



2.4. Conclusions: Single-Phase ReactiorSufficiently
fast, single-phase multiple reactions, involving, for example,
competitive and consecutive steps, exhibit product distribu-
tions that depend on the methods used to mix the reagents.
This behaviour is not restricted to particular reactions or
classes of reactions nor can it be attributed to chemical
artefacts.

Experiments show that the influence on selectivity of
“mixing” —and this term needs to be more precisely
understood—is more important when:

(a) Reagents exhibit high reactivities, so that reactions
are fast.

(b) Concentrated reagent solutions are employed.

(c) Stirring is weak (low stirrer speed, poor stirrer design).

(d) Reagents are added to weakly agitated regions in a
reaction vessel.

(e) Viscosities are high.

() Reagents are added at a rate faster than that at which
they can mix completely.

Increasing the mixing rate can (i) increase the yield of
the intermediate productR) in competitive—consecutive
reactions and can (ii) increase the difference between the
yields of the products (P and Q) in competitive reactions.

3. Examples of Mixing-Sensitive Two-Phase Reactions

3.1. Introduction. Changes in the mixing intensity
influence the rates of single two-phase reactions and the
product distributions of competitiveconsecutive as well as
competitive two-phase reactions in qualitatively the same
ways as for single-phase reactions (refer to section 2). The
presence of a second phase introduces however more
complexity.

For a reaction to occur between two reagents A and B,
initially present in different phases, B must be transferred
to and dissolve in the A-rich phase, before it can react there.
Factors needing consideration include:

The phase (A-rich or B-rich) within which reaction takes
place must be known. Sometimes this is obvious (e.g. pure
gas or solid dissolving in a liquid) but in other cases (e.g.
two partially miscible solutions) it is not.

The solubility, which can be a complex function of
composition, sets an upper limit on the concentration of B-
in the A-rich phase.

The dissolution rate of B can depend on the stirring
intensity in either or both of the phases and can determine

) . . . reaction rate and selectivity.
f{gﬁfufér_ﬁfgecgﬁ,pg?agd?ér"j‘{;_""m'm”""phth‘" and influence of The reaction can be located (i) at the interface, (ii) near
the interface but within the diffusion layer (or film) of the
A-phase, or (iii) in the bulk of the A-rich solution far
rapidly, relative to their removal rate by mixing, that the pH removed from the interface. This location also influences
at the reaction site sank well below 10, allowing alsadr reaction rate and selectivity.
form. The second change is compatible with the character-  The concept of a diffusion layer or film was introduced
istics of competitive-consecutive reactions (refer to part 2.1) by W. Nernst (1904) and developed by W. G. Whitman
whereby more S and less R form when the mixing rate is (1923). By postulating a stagnant layer at an electrode Nernst
too low. Two measures raised the yield of R, whilst reducing offered a model of why the observed rate of an inherently
those of R and S, namely (i) pre-neutralising the acidic rapid electrode reaction was low and was also influenced
diazonium salt solution and (ii) accelerating the mixing of by the flow conditions, despite a highly turbulent environ-
the reagent® Further information on the formation and ment. In the present context, a stagnant film of thicknkss
influence of pH gradients is availablé. in the A-rich phase is supposed to exist so that the rate of
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Figure 3. Constant interfacial area cell (Lewis cell).

diffusive mass transfer of B into the bulk of the A-rich phase
(in the absence of reaction) is proportional &Yg), where

D is the molecular diffusivity of solute B. This proportional-

ity is often termed the liquid film mass transfer coefficient,
k., giving the following definition.

k_= D/d (3.1)

approximation over a small range of stirrer speeds, when
dispersing a liquid.

3.2. Competitive-Consecutive ReactionsThe reaction
scheme, used in part 2.1, is

kl

A+B—R (2.1)
k.

R+B—S (2.2)

As with single-phase reactions faster mixing or slower
reaction can increase the yield of the primary product R at
the cost of less S.

3.2.1. Substitution by Chlorine in 4-Hydroxytoluene.
Various proportions of the monochlorinated (R, CI at 3-)
and dichlorinated (S, Cl at 3- and 5-) products have been
observed in these substitutions for whigh> k233735

In a stirred cell with a flat interface the R-yield increased
with rising stirrer speed. The film thickness8)(decreased
from 195 to 114um as the stirrer speed (N) rose from 140
to 300 rpm and, although the accuracy of such determinations
is uncertain, the values are consistent with similar stutfies.
{These film thicknesses are larger than in turbulent, dispersed

The rate of mass transfer between phases is proportional tesystems because with a stirred cell gentle agitation is essential
k. but also to the interfacial area. In some equipment this to preserve a horizontal gasquid interface and therefore

area is well defined and easily measurable.

a known interfacial arda The rising R-yield when stirring

A common example is the stirred cell (sometimes termed was increased implies that part of the second reaction

the Lewis cell) Figure 3, which consists of a cylinder
containing the A-rich solutiot with above (or below) it the
second, B-rich phase (gas or liqufe? Usually, each phase

(forming S) moved from the film to the bulk, whilst the first
reaction (forming R) remained predominantly in the filtn.
In some further runs the g€ktream was diluted with air,

is weakly stirred so as not to disturb the interface, e.g. by thereby reducing the €(B) solubility. The higher A/B ratio
causing ripples, and not to disperse the one phase in the otheresulted in higher R-yield%.

Modest changes in stirrer speed influerdcandk,, but not

This A/B ratio was also increased by raising the A-

the interfacial area. Another example is the rotating disk concentration in the range 125@660 mol/n3, but the yield
electrode used to measure the effect of mass transfer orof R thendecreased. This contradictory trend was probably

electrochemical and other reactiosThe stirred cell and
the rotating disk are used at laboratory scale.

caused by the rising viscosity of the 4-hydroxytoluene (A)
solutions, thereby increasing the film thickneg93% and

In other equipment, however, the one phase is disperseddecreasings. from 2.2 x 105 to 7.1 x 10°% m/s. These
as small particles, bubbles, or drops in the other phase tochanges allowed more S to form in the film, where the local

greatly increase the interfacial area relative to the Lewis-
type cell. Sparging a gas into a turbulent liquid is a common

Cl, concentration was high.
In related experiments €was sparged into a bubble

example. Denoting the volume fraction of the dispersed phasecolumn and also into a stirred vessel: both were made of
in the dispersion by, the so-called hold-up, and the average glass allowing the bubbles to be observed. Using gas

diameter of the particles, drops, etc., thy, the interfacial
area per unit volume of dispersion (a?m?d) is given by

a=6Hid,, (3.2)

distributors having differently sized holes, bubbles of Cl
(subsequently GlI+ HCI) having mean sizes between
0.34 and 6.1 mm were generated. In both reactors the R-
yield increased with increasing bubble sf2eFrom inde-
pendent studies it is known that, when bubbles are signifi-

In the absence of reaction, the rate of mass transfercantly smaller than 1 mm they behave as rigid spheres.

between phases is proportional kpa. When two-phase

Bubbles larger than about 1 mm have however a mobile

reaction occurs, this proportionality is not always valid, and interface and can oscillate. The liquid film mass-transfer
k. anda can influence the rate of mass transfer and reaction coefficient around “small bubbles is significantly smaller

(mol/m?-s) in other ways. The influence of mechanical
agitation is (a) relatively weak ok_ and (b) stronger on
dsp, Where ofterds, &~ N712or ds, &~ N7t is found for bubbles
and dropsN being the rotational speed of the stirrer. With
constant dispersed phase hold-up,~ N is a useful

(30) Danckwerts, P. VGas-Liquid Reactions; McGraw-Hill: New York, 1970.

(31) Hanna, G. J.; Noble, R. D. Measurement of Ligtidquid Interfacial
Kinetics. Chem. Rev1985,85, 583.

(32) Riddiford, A. C.Adv. Electrochem. Electrochem. ErP66,4, 47.
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than around “large” ones, so thatfor “large” bubbles is
smaller and diffusive mass transfer is faster. This seems to

(33) Teramoto, M.; Nagayasu, T.; Matsui, T.; Hashimoto, K.; Nagata, S.
Selectivity of Consecutive Gad.iquid ReactionsJ. Chem. Eng. Jpri969
2, 186.

(34) Teramoto, M.; Fujita, S.; Kataoka, M.; Hashimoto, K.; Nagata, S. Effect
of Bubble Size on the Selectivity of Consecutive Gaguid Reactions.
J. Chem. Eng. Japah970,3, 79.

(35) Pangarkar, V. G.; Sharma, M. M. Consecutive Reactions: Role of Mass
Transfer FactorsChem. Eng. Scil974,29, 561.



be the reason higher R-yields were measured when sparging 3.3.2. Hydrolyses of Isomeric Ester§he esters 1,2-

“large” bubbles. dimethylphthalate (A) and 1,3-dimethylphthalate (C}HG
These chlorinations are further discussed in section 9.2.4.(COOCH;),) were hydrolyzed with NaOH (B) under single-
3.2.2. Addition of Chlorine to 1,5-Cyclooctadietdea- phase and two-phase conditions. An excess of alkali was

surements of product distribution and conversion at 293 K, employed and neither acid nor half-ester were found in the
employing C} (B) and cyclooctadiene @1, (A) each hydrolysis product4?
dissolved in C( prior to single-phase mixing, gava/k, Using 0.186 N NaOH and a single phase, the measured
~ 2 as expecteéf pseudofirst-order rate constants were for A 2303 s*

A first set of two-phase chlorinations used a Lewis cell and for C 9.3x 102 s, indicating that 1,3-DMP hydrolyses
with a stirrer in the liquid. The yield of the monochloro four times faster than 1,2-DMP.
product R decreased, in some cases almost to zero, as the With toluene as solvent for the esters, analogous rate
temperature (303—310 K) and the initial reagent ratio B/A constants from two-phase experiments were for AX1 B) 6
were increased. When the solubility of ,Gixceeded the  s! (unstirred) and 62 10°® s™* (dispersed) as well as for
concentration of A, R-yields were particularly low indicating C 0.85x 10°6s™! (unstirred) and 36 1078 s™* (dispersed),
over-chlorination in the Glrich film. The two trends are indicating that 1,2-DMP hydrolyses twice as fast as 1,3-DMP,
consistent with inadequate mixing and an excessive film i.e., the relative rates were reversed compared to single-phase

thickness. hydrolysis.

In a second set @was sparged into a vigorously stirred With no hydrolysis, 1,2-DMP (A) dissolved in water 3
solution. The yield of R increased and reached the levelstimes as fast as 1,3-DMP(C) indicating its higher solubility
expected in the kinetically controlled regime. (the distribution coefficient of A was 4 times that of ).

3.3. Competitive ReactionsThe reaction scheme used The hydrolysis rate of each ester was proportionakato
in section 2.2 is (interfacial area per unit volume).

K These results show that solubility and mass-transfer rates
A+tB—P (2.8) influenced relative hydrolysis rates in the two-phase case.

K, 3.3.3. Esterification of Cephalosporic Acidn this
C+B—Q (2.9) example a solution of cephalosporic acid and 4-nitrobenzyl-

Faster mixing, leading to a smaller effect of interphase massPromide in a mixture of polar organic solvents was prepared.

transfer, enhances the difference between the yields of thePON gddlthn of potassium carbonate partlclgs t.h's solid and

two products (P and Q). the acid rap_lc;Iy formed the carbox_ylate, which in turn was
3.3.1. Competitie Nitrations of Aromatic Compounds. slowly esterified by the alkyl bromide. The ester was then,

mixed acid, typical of that used for industrial mononitration ~ NOWever, partially decor_npos?d in the solution surrounding
and containing 15 mol % HN©30 mol % HSQ;, and 55 the dissolving KCO; particles** Formation and decomposi-

mol % H,0 was employed to nitrate tolueneJAbenzene tion of the required ester competed. When the stirrer speed
(Ap) and chlorobenzene ¢ in two-phase mixtured 39 was increased, the particles dissolved somewhat faster and

Single-phase kinetic measurements at low HNX6ncentra- the surrounding film became thinner, which raised the yigld
tions gavekeg/ks ~ 0.065 andki/ks ~ 2015 Measured of the ester, e.g. by about 10% when the speed was raised
product distributions from two-phase competitive nitrations, by a factor of 4 . . .

using the higher acid concentration given above, were = 3-4- Other Mixing-Sensitive Two-Phase Multiple Reac-
evaluated to give the following ratides/ks ~ 0.248 and tIOI’]S: Many further examples may be found in the book by
krfks ~ 1.5—2.0% This evaluation assumed that the ratio of DOraiswamy and Sharmand in subsequent papers by M.

the concentrations of the aromatic substrates in the aqueoudl- Sharma and co-workers. The product distribution formed
phase, where nitration took place, was the same as in thedurlr?g the sulphonation of benzene has been studied in
organic phase. This is incorrect. Introducing a correction for detail*” _ o _ _

the differing solubilities of benzene and toluene and assuming 32+ Conclusions.Agitation intensity can influence the
no mass-transfer limitation gave/ks ~ 123 Clearly the product distribution of sufficiently fast two-phase multiple

ratios of 1.5—2.0 derived from two-phase nitrations do reactions. In competitiveconsecutive reactions the yield of
indicate that transfer of the aromatics to the aqueous phasé"€ intermediate product (R) is usually increased by more

was partly limiting. Experiments varying the stirring intensity Nt€nsive mixing. When competitive reactions take place,
would have changed the mass-transfer limitation. faster mixing can enhance the difference between the yields

Section 9.3.3 provides more information on these nitra- ©f the various products (P and Q). Later (sections 8 and 9)

tions. it will be shown that an influence of mixing is likely when

(36) Kondelik, P.; Pasek, J. Effect of Mass Transfer on the Selectivity of (40) Tomita, A.; Ebina, N.; Tamai, Y. Base-Catalysed Ester Hydrolysis in a
Consecutive Reactions in a Gasiquid System.Collect. Czech. Chem. Toluene—Water Systend. Am. Chem. Sod.977,99, 5725.
Communl1981,46, 1635. (41) Yamazaki, H.; Yazawa, H.; Miyanami, K. Effect of Mixing on Esterification

(37) Hanson, C.; Marsland, J. G. Macrokinetics of Toluene Nitrat@mem. of Cephalosporic Acid in a Solid—Liquid Systei@hem. Eng. Scil989,
Eng. Sci.1971,26, 1513. 44, 109.

(38) Hanson, C.; Marsland, J. G.; Naz, M. A. Macrokinetics of Chlorobenzene (42) Beenackers, A. A. C. M.; Van Swaaij, W. P. M. Selectivity of Benzene
Nitration. Chem. Eng. Scil974,29, 297. Sulphonation in Three Gad.iquid Reactors with Different Mass Transfer

(39) Hanson, C.; Ismail, H. A. M. Macrokinetics of Toluene and Benzene CharacteristicsChem. Eng. J1978,15, 25 and 39. See alssm. Chem.
Nitration under Laminar Condition&€hem. Eng. Scil977,32, 775. Soc. Symp. Sell978,65, 327.
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the half-life of the limiting reagent in a two-phase reaction x= b, x=6
is shorter than a few seconds. I |

TR
4. Time Constants of Single-Phase Mixing K ca.{ LS
4.1. Introduction. A deeper understanding of the experi- | | ‘
mental results summarised in section 2 and an ability to make [ | ' o] 8
some predictions (e.g. the likely influence of operating | | | A
variables on product distribution) require a transfer from level it i , I
t=10 t>

a) qualitative to level b) semiquantitative (refer to section
1). An outline is given here of the mixing mechanisms Figure 4. Concentration profiles due to molecular diffusion
operating at various scales and their time constafs N thinning laminae.*

further details, refer to ref 1. The slowest step, having the
longest time constant, is then likely to determine the outcome
of chemical reactions.

4.2. Time Constant of Chemical ReactionFor a second-
order reaction using equimolar concentration$ ¢f the two
reagents, the half-lifet§), which is the time required for
reaction to reduce the reagent concentration to half its initial
value, is given by

te= (k) (4.1)

wherek is the second-order rate constant. Equation 4.1 refers
to batch reaction conditions. For semibatch operation suppose
a volumeVs of a solution having an initial concentration of

B equal tocgg is gradually added to a solution whose volume
is Va. To calculate the half-life, the concentration obRer
mixing the two solutions, but before reaction is employed,

giving Figure 5. Vortex tube engulfing surrounding fluid to form
o laminated structure.l
tg = [kCgg Va/ (V4 + V)] (4.1)
The half-lives of other reactions are similarly determined ~ 4.4. Time Constant of Micromixing by Engulfment.
from the reaction Kkinetics. Vorticity and transitory vortex tubes are characteristic of
4.3. Time Constant of Micromixing by Molecular turbulent flow (Figure 5). It is supposed that small, energetic

Diffusion. Chemical reaction is a molecular-scale phenom- Vortices acting near the Kolmogorov scale (see below) draw
enon, and reagents, initially present in separate solutions,in (or engulf) surrounding fluid forming a short-lived lamin-
can only encounter each other through the action of molecularated structure within the vortex tube. When a small amount
diffusion. During mixing, thin fluid laminae are formed Of initially B-rich solution engulfs A-rich surroundings, the
(Figure 4) as outlined in section 4.4. rate of growth of the engulfed volume gMs given by

When adjacent layers differ in composition, molecular .
diffusion takes place between them (e.g. A into a B-rich dVe/dt=EVe (4-3)
lamina and vice versa) and progressively homogenises the, here the engulfment rate coefficient)(&n be found from
mixture on the molecular scale. Micromixing denotes mixing
at or near the molecular scale and includes molecular E = 0.058 (e/v}? (4.4)
diffusion as its ultimate mechanism. During diffusion the . . o
laminae are being deformed, and the half-life of molecular The time constant for micromixing by engulfmentEs®,
diffusion within progressively thinning laminag§) is given giving

b
Y te =17 (vle)? (4.5)

tps = 2(vl€)’*arc sinh (0.05v/D) (4.2)

Whene = 1 W/kg andv = 10 ® m?%/s, E = 58 Hz andte =
whereD is the diffusivity, v, the kinematic viscosity, and 17 ms. For solutions of low-to-medium molecular mass
the rate of dissipation to heat of the kinetic energy contained solutes in common, low-viscosity solventsusually exceeds
in the turbulent velocity fluctuations. In a well stirred aqueous tps, and engulfment, rather than molecular diffusion, deter-
solution, for exampley = 106 m%s, D = 10° m?/s ande mines the micromixing rate.
= 1 W/Kkg. This is a typical power input to a stirrer, and its The prefix “micro” can be given a more precise meaning.
dissipation results in a temperature rise of ca. 0.9 K/h. Even in a highly turbulent fluid, exhibiting, for example,
Equation 4.2 then giveps = 9 ms. The influence of the  three-dimensional velocity fluctuations and a wide spectrum
diffusivity on this time constant is rather weak. of vortex sizes, the flow at sufficiently small scales is no
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<t <t <t Figure 7. Growth of concentration eddy from feed stream

Figure 6. Disintegration of fluid element to scale where  (Aco) to size of eddy in ambient turbulence f).!
micromixing occurs.!

of the surrounding flow (velocity). The feed stream rapidly
longer turbulent, but laminar. This applies below the Kol- adopts this velocity, so that by continuity
mogorov scale (&) given by
Ac = (Qglmu)®® (4.10)
A = (0FPle) (4.6)
whereQg is the flow rate of the feed. For example when 1
For the conditions given abovig = 31um. The engulfment,  mL/s of B-rich feed enters a bulk stream movinguat 1
deformation, and diffusion already referred to take place nearm/s ande = 1 W/kg, eqgs 4.9 and 4.10 give = 7 ms and
or below/k, and it should be noted that their time constants A. = 0.56 mm. These equations predict slower mesomixing
(tos and tg) include a dependence on viscosity. Rapid when the feed rate is increased, whilst the stirring rate is
micromixing is promoted by fast stirring (high and low- unchanged.
viscosity solvents (low). (b) In contrast to case (a), suppose now that the feed enters
The engulfment mechanism provides the basis for a with a much higher velocity than and forms a strong jet.
relatively simple micromixing model, which is on the level A is then approximately equal to the radius of the feed pipe,
(c) “quantitative” mentioned in section 1. Whégn > tps, ande is enhanced by the action of the jet.
deformation and diffusion rapidly homogenise the growing  (c) Returning to case (a), suppose now that the feed is
vortex at the molecular scales; denotes the concentration much more concentrated than its environment, so that
of any substance i within the vortex. The concentration of engulfment needs a long time to incorporate sufficient of
this substance in the surroundingsléd] A mass balance  the surroundings to cause reaction. During this time eddies
on substance i in the vortex is therefore of unmixed feed can grow to reach the integral scale of the
bulk flow (Af), and soAc ~ A;. Figure 7 represents the
relaxation of Ac towardsA;s. In a stirred tankAs might be
d(Vec)dt = EVe @O+ rVe (4.7) 10—20% of the tank diameter at positions well-removed from
the impeller. The turbulence is, however, inhomogeneous,
wherer; is the chemical reaction rate which is given by and close to the impellefs will be smaller.

accumulation= inflow + formation through reaction

classical kinetics. Equations 4.3 and 4.7 give The prefix “meso” refers to a scale which is intermediate
between that of the vessel (macro) and that below which
do/dt = E([GO—¢) + 1, (4.8) the flow is no longer turbulent (micro). It particularly refers
to the scale of the fresh feed stream.
This basic form of thée-model of micromixing consists of 4.6. Time Constant of Mesomixing by Turbulent

egs 4.3 and 4.8 with eq 4.4 for parameter estimation. Diffusion/Dispersion. Turbulent diffusion and turbulent
Reaction kinetics relate andc;, ¢, ¢, etc. For fast reactions  dispersion are both used to denote the spreading of a stream
eq 4.8 is usually integrated for sufficient time to consume as it flows, the important point being that the mechanism is
all the limiting reagent. The set of all concentrations then turbulent, not molecular. It operates, for example, during bulk
represents the required product composition when all the plending (section 4.7). Figure 8 shows the initial spreading
reactions have stopped. of a feed stream (flow rat®%) in the direction normal to its
4.5. Time Constant of Mesomixing by Eddy Disinte-  flow, where X°(r,x) is the local volume fraction of feed
gration. When a feed stream has entered a turbulent material. When the local velocity (u) and the turbulent
environment (e.g., in a stirred tank), it gradually disintegrates diffusivity (Dy) are constant during the dispersion of the feed,
from an initial scale {.c) towards the Kolmogorov scale} a Gaussian concentration distribution forms with a time
where micromixing can occur. Figure 6 represents this break constant () given by
up schematically. Its time constant is given by
t, = Qg/uD; (4.11)
ts~ 2(Ale) (4.9)
Adding, for example, 1 mL/s of B-rich solution to a bulk
Some estimates of the initial scale of unmixedness include: stream moving ati = 1m/s whenDr is 2 x 107 m?/s
(a) Suppose that the feed is introduced through a smallgivestp, = 5 ms. More generallyp depends on the feed
pipe into a larger turbulent environment, so that the rate and the turbulence characteristics near the feed pipe’s
momentum of the feed stream is negligible relative to that outlet?!
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a g Consider, for example, a 1.36-L vessel, diameter 0.12 m,

— equipped with four wall baffles and a pitched-blade turbine,
o a :2’ B diameter 0.05 m, pumping downwards and rotating at 10
Hz (600 rpm) in an aqueous solution. Equation 4.13 gives

— X(rx) €ay = 0.30 W/kg and eq 4.12 gives = 2.9 s. Upon scaling

up to 1.36 M at constant power input per unit volume (i.e.,
€av constant)t, would become 13.5 s. The influence of
changing scale upoty, and the other mixing time constants
will subsequently be treated in detail (section 7).
4.8. Time Constant of the ProcessThe time constant
for a continuously operated vessel is the mean residence time,
which is equal to the volume in the vessel divided by the
' volumetric flow rate into and out of the vessel. For a batch
0 operation the time constant is the duration of the batch. The
Figure 8. Turbulent dispersion of feed giving Gaussian time constant for semibatch operation is the reagent feed time
concentration distribution normal to flow direction. * ().
4.9. Ranking of Time Constants.Considering in par-
4.7. Time Constant of Macromixing by Bulk Blending. ticular a semibatch reactor, the feed timiei6 usually much

Nonreactive material upon entering a stirred tank joins the greater than all the other time constants to Iimit.the rate Qf
circulating flow and during circulation is gradually dispersed heat release and thus to match the reactor’s cooling capacity.

by turbulence, so that it finally reaches all parts of the vessel. With fast reactions in a turbulent environment meso- and
This bulk blending is followed experimentally by injecting micromixing are often.faster than bulk bIendmg, so that the
a pulse of nonreactive tracer (e.g., electrolyte) at a particular€2ction zone is localised near the feed point and does not
position and measuring its concentration (e.g., by electrical [l the whole vessel. Fast reactions are those whose half-
conductivity) as a function of time at one or several positions. V€S aré on the order of or smaller than the time constants
This signal oscillates, corresponding to circulation of the fOF local meso- and micromixing. This mixing then plays a
whole fluid, and is also damped by turbulent dispersion (the Part in determining observed reaction rates and product

contribution of molecular diffusion is usually negligible). The d|str|but|ol?_s. ) h li b
oscillation’s period is the mean circulation time)( Tracer By ranking time constants the controlling step(s) can be

injection ultimately changes the concentration/y, and a clarified and those variables (feed location, viscosity, feed
possible definition of the macromixing (or bulk blending) rate, stirring rate etc.) having most influence on the reactions

time is the time following injection when the concentration ¢2n Pe identified. This will be shown in sections 6 and 7.
change at the measuring point becomes equal to\2.9Ehis 4.10. ConclusionsA mixing time constant indicates the
is the so-called “95% mixing time’t¢). This definition is rate of a particular mixing step, whereby the slowest one

arbitrary, and methods used to measure it were not always(largeSt time constant) is likely to determine the product
consistent. Nevertheless, 95% mixing times have beendistribution of multiple reactions. On the basis of the physical

reported for a range of mixéfand are often a small multiple processes causing mixing at various scales, equations were
of te (.., tm ~ 4t) presented for the time constants of micro-, meso-, and
Yoy lm . .. . -
When the liquid depth in a baffled stirred tank is approx- Macromixing. When a stirred vessel is operated as a
imately equal to the tank diametéF)( good estimates df, semibatch reactor, the relevant mixing step is likely to be

for a range of impeller types may be obtained from eq 412. micromixing at low reagent feed rates and small tank sizes
with a transition to mesomixing as feed rates and vessel sizes

increase. This generalisation can be checked by experiment
or by ranking calculated time constants. Sections 6 and 7
contain many applications of these time constants.

X:(r,x]

b)

t., = 5.9(T/e,d)" (4.12)

whered is the impeller diameter and, is themeanrate of
energy dissipation (W/kg)
5. Some Single-Phase Test Reactions

€a= PlpV=Po Nd’/V (4.13) 5.1. Introduction. Test reactions are employed in experi-
ments to assess (1) the validity of models for the product
in which P is the power consumption of the stirrdf,the distributions of fast, mixing-sensitive reactions and (2) the

liquid volume, N the rotational stirrer speed, arRb the suitability of various reactors for carrying out such reactions.
power humber (dimensionless power consumption, depend-Test reactions must be fully chemically characterised (ther-
ing on the stirrer type). In given equipment it follows from mochemistry, equilibria including reagent’'s preequilibria,
these equations thit ~ N1 as the stirrer speed is changed. reaction kinetics, analytical methods, hazards, etc.), so that,
for example, any measured change in product distribution
(43) Harnby, N.; Edwards, M. F.; Nienow, A. WMixing in the Process can be unequivocally attributed to “mixing” and not to a
Industries; Butterworth-Heinemann: New York, 1992 chemical artefact. The required level of detail to validate a

(44) Nienow, A. W. On Impeller Circulation and Mixing Effectiveness in the 8 ; -
Turbulent Flow RegimeChem. Eng. Scil997,52, 2557. model completely usually exceeds the information available
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for many industrial reactions. Once a model has been flexible models to describe them quantitatively as well as
validated, however, its time constants can be applied suitable test reactions for experimental investigatiohbe
industrially to gain qualitative insight and possibly also to following test reactions are suitable for use in the intermedi-
make semiquantitative predictions. Four sets of fast, single- ate regime when employing stirred tank reactors.
phase test reactions are briefly described here, and further 5.2.2. Hydrolysis of Ethyl Monochloroethanoate and
details, as well as some alternatives, are available. Neutralisation of HCIL.The following reactions compete for
5.2. Parallel (or Competitive) Reactions5.2.1. General NaOH (the limiting reagent) and have been widely dsed
Characteristics.The following scheme represents the com-

kl
petitive reactions of substances A and C for a common NaOH+ HCI — NaCl+ H,0 (5.6)
reagent B
k.
ke NaOH+ CH,CICOOGH, — C,H.OH+ CH,CICOONa (5.7)
A+B—P (2.8)
. In such experiments alkali is added to a stirred, acidic ester
C+B—0Q (2.9) solution. Rate constants at 298 K are
With second-order kinetics and B as the limiting reagent, k =1.3x 1@ m¥mol-s
asymptotic product distributions can be determined as follows
(a) Kinetically controlled regime (slow reactions; > k, = 0.030 ni/mol-s

tmix). Mixing on the molecular scale is assumed to be
complete before any significant reaction has occurred so thatDenoting acid, ester and alcohol by A, C, and Q, respectively,
mixing exerts no influence on the reactions. the product distribution can be represented by the yield of
Notation: the following notation will now be used for ~alcohol relative to the limiting reagent (B) and denoted by
brevity. An upper case letter will not only denote a particular Xo-
substance, as in the preceding text, but also the concentration

=Q/B 5.8
of that substance. %o = QlBy (5-8)
Dividing the rate equation for A by that for C gives and, as a check on experimental accuracy, the consumption
dA/C = (k,A)/(K,C) (5.1) of ester and the production of alcohol can be compared. Ester
t 2 ' concentrations must be less than the ester’s solubility and
which, after integration with initial concentrations,And ~ Values up to 120 mol/frat room temperature may be used.
Co, can be written: The ester’s half-life is then approximately 0.3 s and, in
turbulent waterXq varies with the mixing conditions when
AIA, = (CIC)*? (5.2) ¢ is on the order of 0.020.1 W/kg. Such values can occur

_ ~__ instirred tanks. The asymptotic values)Xyf are (a) 0 when
When reaction has stopped, the mass balance on the limitinginetics control and (b) (Ao + Co) when mixing controlg.

reagent (B) is 5.2.3. Hydrolysis of 2,2-Dimethoxypropane and Neutrali-
By=A,—~A+C,—C=P+0Q (5.3) sation of NaOH.The reactions are
k.
For example, using equimolar quantities of all reagents NaOH+ HCl — NaCl+ H,O (5.9)
(Ao = By = Cp) and givenk; = 2k, the final yields are )
P/A; = 61.8% and Q/A = 38.2%. H,CC(OCH,),CH; + HCI + H,0 —

(b) Mixing controlled regime (instantaneous reactiots:
< tmix). Here the competition of A and C for B is not on the

basis of reactivitiesk(values) but of statistics, that is, molar  cgncentrated acid, which is added to an alkaline solution of
on the reactions. The relative rate equation now becomes pygrolysis of the acetal in the second reaction. The limiting
dA/dC = A/C (5.4) reagent is the acid._The rate constienivas given in section
5.2.2. For hydrolysis at 298 K

2CH,OH + (CHy), CO + HCI (5.10)

so that, after integration,
k, = 0.60 ni/mol-s
A/A,= CIC, (5.5)
_ in a solvent containing 25 mass% ethanol (rest water) when
The mass balance on B is unchanged, and eqs 5.3 and 5.2mploying initial HCI concentrations up to 1333 mo¥/m
define the final product distribution. When, as above in (a), (1.33N)% For example the acetal’s half-life in 1 N HCI at

Ao = Bo = Cy, the final yields are P/A= 50% and Q/A = 298 K is 1.2 ms, so that this reaction system can be
50%. . ) ) significantly faster than that described in section 5.2.2 and
(c) Intermediate regime (fast reactiondr ~ tmi). its product distribution responds to correspondingly higher

Between the two asymptotic states lies a wide spectrum of trhylence levels. This distribution is denoted Xy
less well defined states, whereby both reaction kinetics and
mixing influence product distributions. These states require Xo = QIB, (5.8)
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where Q is the final propanone concentration angdthz "\||,

initial acid concentration. Its asymptotic values are (a) 0 when S
kinetics control, sincé; is orders of magnitude greater than k,, el

ko, and (b) 1.0 when mixing controls, since acid persists long i i oR
enough to catalyse the hydrolysis. @ij ¢ \w —s0; : ,

5.3. Competitive-Consecutive Reactions5.3.1. General 5 i\
Characteristics.In the following scheme two reagents (A A B 1p £

and B) produce an intermediate R, which can react further ! PR
Sy

with B giving a final product S.

< = | 80,
k. v
A+B—R (2.1) AN ~ beg
k R = k';
R+B-2s 2.2) o o N
. o I ; gl o i
With second-order kinetics and B as the limiting reagent, g _,‘.m.,@/
asymptotic product distributions can be found as follows: > I g
(a) Kinetically controlled regime (slow reactiongs > /]\j % L
tmix). Mixing on the molecular scale is assumed to be T #9 =
complete. Dividing the rate equation for R by that for A Ry A
N 50

dR/JA= —1 + kR/KA (5.11)

which, after integration with initial concentrationg R 0 e s : ks \ 0
and Ay, can be written Q@ “f@_s"ﬁ T #
AA B

RIAq = [ky/(ky — KT [(AVA "= (AIA))]  (5.12)

ives S o:
g E "N @ sq5 S\’}:; @
=
N

Figure 9. Reaction scheme and rate constants for azo-coupling
test reactions. The first four reactions are based on 1-naphthol

provided thak, is not equal tde. (A) and the fifth reaction is based on 2-naphthol (AA).
Mass balances on A and B (the limiting reagent), when
reaction has stopped, are scheme is an expanded form of eqs 2.1 and 2.2 and may be
written as follows
A,=A+R+S (5.13)
kl,p
Bo=R+2S (5.14) A+B—pR (5.16)

k
_ _ A+B—>0-R (5.17)
For example, using 10% excess of Ay(# 1.1B) and given ks
that k; = 20k, the final product distribution is 85.7% p-R+B—S (5.18)
conversion of A, 100% conversion of B, yield of R (RJA Kp
— 80.5%, yield of S (S/A) = 5.2%. Defining as an index OR+B—S (5.19)

reagent finally present in the secondary product (S) The couplings take place when B, the limiting reagent, is
added to A, which is buffered (N@Os/NaHCG;) to pH =
Xs= 2S/(R+ 2S)= 2S/B, (5.15) 9.9. Rate constants at 298 K, based on total reagent

o concentrations, ate
then, in this exampleXs = 0.115.

(b) Mixing controlled regime (instantaneous reactidg: k,,= 12238 m/mol-s, k o= 921 nf/mol-s
< tmix). Independently of the rate constants and their ratio,
if mixing dominates then R= 0 and S= By/2, therefore Xs k, , = 1.835 ni/mol-s, kyp=22.25 ni/mol-s
=1.0.

(c) Intermediate regime (fast reactiont ~ tmix). AS The solubility of the diazo compound limits the B concentra-
explained in section 5.2.1¢c a mixing model for the product tion to approximately 60 mol/&in the concentrated B-rich
distribution is needed. feed solution.

5.3.2. Azo-Couplings between 1-Naphthol and Diazotised Depending upon the ratio of the volumes of the A-rich
Sulphanilic Acid (Benzenediazonium-4-sulphonic Adi- and B-rich solutions, the B concentration after mixing, but

noting the naphthol and the diazo compound by A and B before reaction, is often about 1 mofinTaking the same

respectively, two primary products (0-R and p-R) are first value for 1-naphthol (i.e. a stoichiometric ratio A/B of unity),
formed and then couple further with B to form S. R and S the half-life of the limiting reagent (B) is around 0.1 ms in
are monoazo and bis-azo dyes, respectively. The reactionthe primary couplings, which are dominated by mixing. The
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secondary couplings are much slower, an estimate of the half-of 1-naphthol over diazotised sulphanilic ackg = 0.019
life of B being 40 ms. These reactions are sufficiently fast in this regimet

that the product distribution responds to mixing in stirred (b) Mixing controlled regimetg < tmix). Using again the
tanks, but not in high intensity mixers (refer to section 5.3.3). method given in section 5.2.1, when B is again the limiting
Energy dissipation rates in stirred tanks vary locally, but often reagent, the limiting value oXq is given by

are in the range 0.0110 W/kg. After reaction, unreacted

1-naphthol and the three dyes are present, and their concen- X = AAJ(AAG + 2A,) (5.25)
trations can be measured spectrophotometrically. The yield

of the bis-azo dye (S) is defined as (cf eq 5.15) for example, using equimolar quantities of 1- and 2-naph-

thols, Xq = Y3 in this regime.

Xs = 2S/(p-R+ 0-R+ 2S)= 2S/B, (5.20) (c) Fast regime £~ tmix). The interpretation of experi-
mental results for this system (with up to five reactions and
and its asymptotic values are the following: four products) in the intermediate regime requires a robust

(a) Kinetically controlled regimetg > ti). Because the  mixing model (section 5.2.1c).
primary couplings are much faster than the secondary ones 5.4. Conclusions.Selectivity and yield are sensitive to
(seek values above)Xs < 0.01. A suitable window for these  mixing when the characteristic time scale of chemical
reactions and their analytical method is 0:84s < 0.4, so reaction is approximately equal to that of the limiting mixing
thatXsin the kinetically controlled regime is effectively zero. step. Mixing time constants depend on several factors, an

(b) Mixing controlled regimetg < tmi). The yields of  important one being the turbulent energy dissipation rate in
the monoazo dyes are zero. Hen¢e= 1.0. the zone where reagents mix and react. This quantity varies
(c) Intermediate regimedt~ tmni). As with the previous  strongly with stirrer speed in an agitated tank and with flow
reactions, a mixing model is needed (section 5.2.1c). rate in a continuously operated tubular reactor, as well as

5.3.3. Azo-Couplings between 1- and 2-Naphthols and between various mixer typesefer to sections 6 and 7 for
Diazotised Sulphanilic AcidDenoting 2-naphthol by AA,  more details. When measuring the quality of mixing, as
the five couplings now taking place are eqs 5-5619 plus  shown by a product distribution, test reactions are needed
eq 5.21 that have various rates (or time constants) which match

K approximately those of the various mixer types. Of the four
AA +B—Q (5.21) sets of reactions presented here, the slowest is usually that
in section 5.2.2, those in sections 5.2.3 and 5.3.2 have
roughly comparable time constants, whereas the fastest set
is described in section 5.3.3.

Figure 9 shows all five reactions in more detail. At 298 K
and pH= 9.9

ks = 124.5 n¥/mol-s . : :
6. Interpretation of Experiments on Single-Phase

By including 2-naphthol, this system is much faster than Reactions _ _ o
when only 1-naphthol is employed, so that high intensity ~ 6-1. Introduction. An understanding of how mixing at
mixers can also be studied. The distribution of dyes respondsvarious scales affects the product distributions of fast

to mixing intensities up to approximately 4@/kg, which ~ chemical reactions can be achieved at (a) qualitative, (b)
is a higher dissipation rate than that achieved even locally Semiquantitative, and (c) quantitative levels (section 1). Many
in a stirred tank. variables—some chemical, such as rate constants, and some
The product distribution can be represented by the yields Physical, such as stirrer speellave to be considered, and
of S (Xs) and of Q (%), which are defined as it is necessary to clarify which and how many variables can
influence product distributions. This will be illustrated for
Xs=2S/(p-R+ 0-R+ Q + 25) (5.22)  two competitive-consecutive reactions when the limiting

reagent B is gradually added to A, which is in solution in a

Xq=Q/(p-R+ 0-R+Q+25) (5.23) stirred tank. (This is semibatch operation).

Asymptotic values of these yields are K
(a) Kinetically controlled regimetg > tmy). Xs ~ 0 as A+B—R (2.1)

in the coupling of 1-naphthol alone. The system of five R4 BE»S 2.2)
reactions then reduces to eqs 5.16, 5.17, and 5.21, and adding '
the two primary couplings of 1-naphthol gives The product distribution is denoted b, which is the
K yield of S,
A+B—R (5.24)
Xs = 2S/(R+ 2S) (5.15)

where R= p-R + 0-R andk; = kyp + kio. Effectively the

two naphthols compete for the diazonium ion, and schemati-  The yield ofR then follows fromXs and the mass balance

cally, just two competitive reactions eqs 5.21 and 5.24, on the limiting reagent, eq 5.14.

similar to eqgs 2.8 and 2.9, remain. Application of the mechanisms and principles in section
Using the method given in section 5.2.1a with initially 4 shows that this yield is a functierdenoted byf—of many

equimolar quantities of 1- and 2-naphthols and a 20% excessphysical and chemical quantitieslenoted by the ratios in

Vol. 7, No. 4, 2003 / Organic Process Research & Development o 485



eq 6.1. The nine ratios are the independent variables (or o4
degrees of freedom) which in principle can influerég! K

Xs = f(Ky/Kpr Mg/ Magr ValVe toglte teltr to/ts, telte, t/te, tite) Xq
(6.1)

3

0.2
Time does not appear here becadseefers to the product

distribution when all mixing and reaction have been com-
pleted. The dimensionless ratios in eq 6.1 have the following o1r
significances:
ki/k; is the ratio of rate constants. A high value favours o
a high yield of R and a smals value.
Neo /Nao is the initial stoichiometric ratio of the reagents. Figure 10. Yield of dye from 2-naphthol at two viscosities as
A high value favours a high vyield of S. If the ratio exceeds ﬁ,l/fsu)nlcnon of feed time to jet-stirred vessel (jet velocity= 6
2, Xs = 1 and the yield of R is zero, when reactions have '
stopped. 6.2. Qualitative Interpretation of Experimental Re-
When both reactions are slow and unaffected by mixing, sults.6.2.1. ReactivityTable 1 presented results for acyla-
these two ratios are sufficient to define (and calculate) the tions of symmetrical diamines whose reactivities differed.
final product distribution from a semibatch reactor, as shown In these competitiveeonsecutive reactions, eqs 2.1 and 2.2,
in section 5.3.1a. higher reactivity (i.e.k value) promoted more S and hence
Va/Vg is the ratio of the volumes of reagent solutions, less R. Faster reaction and shotiefeq 4.1} caused larger
which is only relevant when the regime is fast, i.e., when deviations from complete mixing of the reagents and the
mixing affects the product distribution. kinetically controlled regime.
tod/te is the ratio of time constants for molecular diffusion 6.2.2. Concentration Lel. With a given initial stoichio-
and engulfment. It is frequently smaller than unity, so that metric ratio the product distribution of slow competitive
tos and the diffusivity exert no influence oxs.! consecutive reactions is independent of the concentrations
te/tr is the ratio of time constants for micromixing by of the reagents. The results in Table 1 show however lower
engulfment and the half-life of chemical reaction. It is Yields of S at lower concentration levels, but constant
customary to base this half-life on the second reaction, eqstoichiometric ratio. Slower reaction and longe{eq 4.1}
2.2, noting that, when this is defined, the half-life of the first caused yields to be closer to those expected in the kinetically
reaction is not a new and independent quantity beckise controlled regime. The same applies to the results in Tables
k. has already been specifie.is written for the limiting 2 and 6.
reagent (B) using its concentration after mixing, but before ~ 6.2.3. Stirring Speed and Agitation Intensity.a well-

tr (s)

G 1000 2000 3000 4000 5000

reaction (compare eq 4.1), which is defined by baffled tank, so that the liquid surface remains flat during
stirring, the agitation intensity represented by the power input

(Va + Vg)Cg = VgCpqo (6.2) per unit volume {P/V (kW/m?} and also the energy

i _ dissipation ratg e (W/kg)} are related to the stirrer speed

The ratiote/tr is termed the Damkoehler number {N (Hz)} by the following proportionality (refer to eq 4.13)

tp/ts is the ratio of time constants for turbulent dispersion Table 3 for competitive.consecutive reactions and Tables
of the feed stream and its disintegration to fine-scale eddies5 and 6 for competitive reactions show that with rising stirrer
prior to engulfment. If, for example, this ratio is much smaller speed and agitation intensity the measured yields tend
than unity, then disintegration is more relevant than disper- towards those expected from kinetically controlled reactions.
sion. All the time constants for mixingtds, tg, ts, tp, tm) become
ts/te is the ratio of time constants for disintegration of shorter ag increases, so that the results in these three tables
the feed stream and engulfment i.e., of mesomixing to do not discriminate between various mixing mechanisms.
micromixing. Examples will subsequently be given where  6.2.4. Feed Rate and ViscosiBigure 10 shows the yield
one of these mechanisms dominates as well as where &f the dye formed from 2-naphthol, when using the reaction
transition of the controlling mechanism occurs. system described in section 5.3.3, at two viscosity levels and
tw/te is the ratio of time constants for bulk blending and various feed times. The tank was stirred by a turbulent jet
engulfment. It is usually greater than unity and the zone (Figure 20), and the agitation intensity was constahivo
within which mixing and reaction take place is localised regions can be identified at high and low feed rates.
within a stirred tank. (a) Short feed timeXg, increases asdecreases (i.e., faster
ti/tr is the ratio of the feed time to a semibatch reactor to feeding) and becomes independent of viscosity.
the reaction’s half-life. This is greatly in excess of unity (b) Long feed timesy is independent df, but increases
indicating that the feed time can influence the product with rising viscosity.
distribution as well as setting the time scale for the overall ~ Similar trends were seen at other agitation intensities,
progress of reaction. whereby with rising intensityXy decreased as expected.
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Table 9. Yield of bis-azo dye Xs

Bo (mol/m?) 0 16}
10 25 50 100 200 =
012
Va/Vp 2 5 10 20 40
Xs 0.050 0.094 0.156 0.233 0.309 6
0 08,

From eq 4.5 ~ v¥2, whereas from egs 4.9 and 4.40 004
~ Qg!3, whereQgs is the feed rate of diazotised sulphanilic L._

i ~ ~ t.—1 i 1 1 1 1 i
acid, and from eq 4.11, ~ Qg % ™ Thus, with short 003600 7200 10800 14400 18000 21600 4,
feed times, mesomixing controls, whilst micromixing domi- O e lgiedzel) O opmdizd2s0
nates at long feed times. ® wm1@=7esy B wma@i=75sh

6.2.5. Feed PositionThe turbulence in a stirred tank is Xq '

inhomogeneous witls varying from high values near the
impeller to low values far removed from it. The time
constants for mixing depend o) and since mixing and
reaction can be strongly localised, the product distribution
can depend on where the feed is added to the stirred contents
of the vessel. Many experimental results have confirmed
these statementsThe following example refers to adding
4.5 N NaOH to a solution containing 90 moFfmach of the

acid and ester referred to in section 5.2.2. The volume of

016

008

004

] 1 1

concentrated alkali added was 2% that of the stirred solution 0 3600 7200 10800 14400 8000 21600 ot
(i.e.,Va/Vs = 50), whose volume was 0.01%*nThe stirrer
rotated at 75 mm and was a Rushton turbine whose diameterspeeds as a function of (a) feed timg, (b) product of feed time
was one-third that of the tank (0.29 m). Three alternative and number of feed pointsnt:.*

feed locations for the alkali were

0

Figure 11. Yield of bis-azo dye from 1-naphthol at two stirrer

S— just below the liquid surface Xy = 0.266 R), which was sufficiently fast to occur during mixing.
Further information is available.
D — in discharge stream of turbine X, =0.153 6.2.7. Number of Feed PositionBigure 11a, which is
| - in suction stream of turbine X, = 0.138 similar to Figure 10, refers to one and also four feed positions

for entry of diazotised sulphanilic acid (B) solution during

indicating that mixing was slowest near the surface and the semibatch azo-coupling with 1-naphthol (refer to section
fastest for the suction side of the impeller in this particular 2-3-2)- With a given stirrer speed, B can be added faster to
example’s obtain a given product distribution §Kwhen employing
6.2.6. Volume Ratio of Reagent SolutioNghen the more feed points in the mesomixing controlled regime. The
stoichiometric ratio of the reagents is fixed, varying the flow rate (@) in the time constant for mesomixing (refer to
volumetric proportions of the two solutions has no effect on €4S 4.9 and 4.10) is related to the number of feed pofits (
the product distribution of the reactions given in egs 2.1, @nd the feed time {tby
2.2, 2.8, and 2.9refer also to section 6}1 provided that Oy = Vi/(n - 1) 6.5)
they are kinetically controlled. When, however, mixing is B BT '

relevant, selectivity can depend on the volume ratio of the  \\hen the number of feed points is chang@gand hence
reagent solutions. o ts will be constant ifn-t; is constant, so that the product
Azo-coupling between 1-naphthol-6-sulphonic acid (A) gjstribution (%) should then also be unchanged. This is
and phenyldiazonium ion (Bja system similar to that in - confirmed in Figure 11b. A practical consequence is that
section 5.3.2—using a constant stirrer speed and a constanfhen say, four equivalent feed points are employed, the feed

stoichiometric ratio ieo/Mao = 0.5) provides an example.  {ime can be reduced by the factor 4 without changing either
HereV,a and A were held constant and as Bas increased o agitation rate or the product composition, whilst pro-
from 10 to 200 mol/r&, Vg was decreased to maintain the ductivity is 4 times highet.

given stoichiometric ratio. Measured values of the yield of  \yhen micromixing controls (no effect df on product

S (Xs) are given in Table 9. , _ distribution), the product distribution is unaffected by the
By adding a given quantity of B at progressively higher . mber of feed points (Figure 11b).

concentrations, but smaller volumes, larger gradients of the g 3 Quantitative Interpretation of Experimental Re-

B-concentration are present during the brief mixing process g5 Equation 6.1 expresses in general terms the dependence

and promote the secondary reaction (formation of S from ¢ e product distribution upon various chemical and

(45) Bourne, J. R.; Yu, S. Investigation of Micromixing in Stirred Tank Reactors mixing-characteristic faqtors, and_ qua"ta.tive examples of
Using Parallel Reactiongnd. Eng. Chem. Re4994,33, 41. some of these were included in section 6.2. A fully
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Figure 12. Yield of secondary product S as a function of

Damkoehler Number computed from E model of micromixing
(k]_/kz = 20, VA/VB = 20, nAQ/nBo = 11)

guantitative treatment is possible given sufficient information
about the reactions and the flow field in which they take
place. The main features of such calculations will now be
given when (a) micromixing and (b) both meso- and

micromixing need to be considered. Further details are

available elsewhere.

6.3.1. Prediction of Product Distribution of Micromixing
Controlled Azo-CouplingdVhen micromixing is the control-
ling mixing step, eqs 4.3, 4.4, and 4.8 represent the

.33

B30 5

{125

X predicted

0.20
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0.00 T T T Y T T

0.00 0.05 ®1¢ 015 .20 0.25 030 0.35
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® Wigeaus, upper feed point | | ¥izscous, lower feed point

O A queous, upper feed point m) A aeous, lower feed poirt

Figure 13. Yield of bis-azo dye from 1-naphthol; predicted
and measured employing various feed locations, solution
viscosities and stirrer speed$:

(b) Noninvasive measurements of turbulence properties

engulfment model and may be integrated to find the product €sPecially using laser Doppler velocimetry (LDV). Given

distribution. Figure 12 shows results for competitive
consecutive reactions, eqs 2.1 and 2.2, wkiexr 20k, Va

= 20Vg, nao/Ngo = 1.1 and semibatch operation is employed.
The ordinate is the yield of S gXrefer to eq 5.15) and the

adequate experience, good quality results are obtainable.
(c) Measurements using complex fast reactions and their
evaluation with a mixing model. This will now be illustrated.
In a particular experimental study, two alternative feed

abscissa is the Damkoehler number defined in egs 6.2 andPoints were available: one (termed upper) was submerged

6.3. The asymptotes arXs = 0.115 if reactions are
kinetically controlled andXs = 1.0 if reactions are fully
mixing controlled. Over the range 10 < Da < 1(? both
micromixing and kinetics determinXs. The S-shape is
characteristic also of competitive (or parallel) reactibffs.
Suppose that the product distribution is required for the
azo-coupling of 1-naphthol and diazotised sulphanilic acid
(refer to eqgs 5.16—5.19) in a 0.01%¥ mtirred tank reactor
with a sufficiently long feed time that micromixing is
controlling. Equation 6.1 reduces to
Xg = f (Ky/Ko,Ngg/Mag Va/ Vg, Da) (6.1
The quantity that still needs to be specifiedia, which by
eq 6.3 needE, which in turn by eq 4.4 needsn the reaction

0.03 m below the liquid surface, the other (termed lower)
was just above the turbine impeller in its suction stream.
The time constant for micromixing depends on viscosity (eq
4.5), so that reactions were carried out in solutions whose
viscosities were 0.9 and 6.2 nBaTo find locale values,

the test reactions described in section 5.2.2 were run at
various stirrer speeds, using each of the two viscosities and
feed points in turn. The product distributiodd, eq 5.8) was
measured and the Damkoehler number appropriate to eq 5.7
was found from the engulfment model of micromixing (refer
to section 4.4), so that finally in the reaction zone was
evaluated. Values af andE, which depend on stirrer speed
and feed location, not on the reaction, could then be
substituted in eq 6.3 ans for azo-coupling could be
predicted from the engulfment model. Figure 13 compares

zone. It is relatively easy to calculate the mean rate of energythe predicted and measured valueXgfthe agreement being

dissipation in the whole vessel from the stirrer's power
consumption (refer to eq 4.13), but, because fast mixing-
controlled reactions are localised aads spatially highly
nonuniform in a stirred tank, its mean value is usually
inadequate. Three methods to gain localalues are:

(a) Computational fluid dynamics (CFD) in which, after
the introduction of some empirical information and simpli-
fications, the equations of motion are solved numerically.
Even with substantial experience with this technique, local

e values in stirred tanks are often less accurate than is needed*®

Future developments are likely to improve accuracy.
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generally satisfactorsf

6.3.2. Prediction of Product Distribution of Meso- and
Micromixing Controlled Azo-Coupling3he five reactions,
represented by egs 5.46.19 and 5.21, were carried out in
a tubular reactor, which contained turbulence-generating
elements, so that the flow was more turbulent than that in
an empty tube. The energy dissipation ratg (vhich is
needed to predict mixing-time constants, is significantly more

Bourne, J. R.; Gholap, R. V. An Approximate Method for Predicting the
Product Distribution of Fast Reactions in Stirred Tank ReactGlem.
Eng. J.1995,59, 293.



Table 10. Time constants for static mixef (ts)- and micro (¢)-mixing time constants, noting also that
te (Ms) to(ms) ts(ms) € ~ Q3. Therefore, in this problem

Q (dm?/s) € (W/kg) 0.9mPa-s 3.6 mPa-s te~Q ' and  toavY2Q 2

0.25 0.177 39 78 0.4 41

o 177 12 o5 0.04 11 the differing exponents on the flow ra€@ show that with

rising flow ratetg decreases faster thag It is also shown
that onlyte depends on viscosity. The mixing mechanism,
o . : which controls the yield of dye Q, changes from micro- and
Xq mesomixing at low flow rates to mesomixing at high flow
® @ :-350mPas, measured rates.
——— p=360mPas, calcuiated ! When calculatingo, equations for the various concentra-
X p=089mPas,measured tions are integrated with respect to time, so that, for example,
—— =089 mPas, calculated the actual half-life of the limiting reagent (B) can also be
determined. When the flow rat®j was 1 dn¥s, this half-
life was 78 ms, which may be compared to 3.7 m$\When
only kinetics control showing how much reaction was
retarded by insufficient mixing{q was then 0.269 compared
to 0.067 under kinetic control.

6.4. Conclusions.Measured product distributions were
found in section 6.2 to respond consistently to a range of
variables according to the principles of competition between
reaction and micro- or mesomixing or both, given in section
4. More rigorous, quantitative validations were shown in
section 6.3 for cases where full reaction schemes and kinetics
as well as turbulence information were available. In an
industrial setting this level of detall is seldom available: the
approach in section 6.2 is then more suitable, offering
Figure 14. Yield of dye from 2-naphthol at two viscosities as ~ dualitative understanding of how mixing can affect product

a function of flow rate in a tubular reactor containing static distributions.
mixer elementst

0.4

0.3 4

0.2

0.1 AR e . '
0 1 2 Qdm¥s] 3

7. Scale-Up of Mixing-Sensitive Single-Phase Reactions

7.1. Introduction. When scaling up, the practical require-
ment is likely to be maintaining a constant product composi-
tion whilst the chemical conditions are unchanged (i.e. same
temperature, solvent, initial concentrations, and stoichiomet-
ric ratios etc.). It follows from eq 6:fan analogous
expression is valid for competitive reactions—that, wih
constant,Xs or Xq should be unchanged provided that the
various mixing time constants are held constant. As already
shown, not all of these are relevant in a particular reaction
scenario, so it is the relevant ones which should be the same.
A possible difficulty can arise in the application of this
principle, namely that the relevant or controlling mixing
mechanism (with its associated time constant) can change
with the changing scale.

Many of the experimental results in sections 2 and 6 refer
to vessels fitted with mechanical agitators, although in
sections 6.2.4 and 6.3.2 mixing was caused by a liquid jet
and static mixer elements in a tube, respectively. These
results were all well interpreted by the time constants
explained in section 4, so it may be concluded that this
approach applies irrespective of the particular mixer type.

Commercially available mixers are very diverse and their
flow fields, including turbulence characteristics, are usually
not fully known, although current applications of computa-
tional fluid dynamics (CFD), laser Doppler velocimetry

(47) Hearn, S. J. Turbulent Mixing Mechanisms in Motionless Mixers. Ph.D. (LDV) (SeCtlo_n 6'-3-1)1 etc. are _beglnnlng to fill some gaps.
Thesis, University of Birmingham, U.K. 1995. Further applications of the principles of reactive mixing

uniform in this reactor than in a stirred tank and can be well
estimated from pressure drop-flow rate informatidh.

In this example the tube diameter was 0.04 m, and the
flow rate (Q) of the alkaline buffered solution of 1- and
2-naphthols was in the range 0-23.0 dn#/s. Two feed
points were used for the solution of diazotised sulphanilic
acid, the flow rate through each bei@6000 and its half-
life (tr) being 3.7 ms.

Mixing time constants were calculated from the equations
in section 4, and the results are shown in Table 10.

Turbulent dispersiontf) was fast in this particular mixer
and negligible. At low flow rates micro- and mesomixing
were much slower than reaction, particularly in the more
viscous case. At high flow rates mixing was more controlled
by eddy disintegrationtd) i.e., by mesomixing. It was
required to predict the yield of the monoazo dye formed from
2-naphthol (% defined in eq 5.23). Its asymptotic values
were (i) kinetically controlledXo, = 0.067 and (ii) fully
mixing controlledXq = 0.667.

The quantitative modelling of micro- and mesomixing is
described in detail elsewheY&he results are given in Figure
14 and compare well with measurements. The effects of flow
rate (Q) and viscosity) on product distribution, seen in
this figure, can be interpreted through their effects on meso
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(section 4) and test reactions (section 5) are needed to guide = T .
the selection of suitable devices to control the product ;
distributions of fast reactions. + Rg

Although alternatives to stirred tank reactors are now
being seriously consider&dsection 7.5), stirred vessels are
widely employed in the Fine Chemicals af®and therefore o e
must be considered here. Experimental results in this section
as well as in section 6 were usually obtained in stirred tank
reactors of standardised design (including wall baffles and Ky |
a turbine impeller), whose flow field has been thoroughly \I I__/
studied. This allowed validation of the time constants and
mixing models outlined in section 4. Other designs (e.g.,
retreat blade impeller, beaver-tail baffles) used in Fine Lerge tank (m) el tank (m)
Chemicals manufacture have as yet been less well charac- J = s
terised. The current Chemical Engineering literature should e 150 50
be followed for recent determinations of flow fields, turbu- 0 3 13
lence and reactive mixing. A

7.2. Micromixing Control. 7.2.1. Introduction.When B L are Yook Putnts
micromixing, whose rate-limiting step is engulfment, is the F/_‘gure 15. C_;eometrically similar baffled stirred tank reactors
controlling mixing mechanism, eq 6.1 reduces to ed.6.1 With feed points K and L.%°
To maintain constant product distributiog/tr = Da {eq Table 11. Scale-up results for feed point K
6.3} must be constant, which then reduces to

Or

45 15

o =

N (s71) small tank N (s79) large tank
€ = const (7.1) 305 428 560 890 145 205 268 4.25

Heree is the energy dissipation rate in the reaction zone. Xs 0.182 0.148 0.119 0.079 0.183 0.149 0.122 0.092
It was relatively easy to specify this quantity for the flow in
a tubular static mixer (section 6.3.2), but the spatial gradientsyolume criterion was acceptabt¢he standard error in
of e in a stirred tank can seriously complicate its specification measuringXs was 0.004.
in such reactors (section 6.3.1). The magnitude of these  Similar confirmation of this simpl®/V = const. criterion
gradients in stirred tanks depends on the type of impeller was obtained running the competitive reactions egs 5.6 and
and also on its size: impellers which are large relative to 57 in 2.3, 19, and 71 dianks for a feed point in the radial
the tank size generally produce smaller gradients. Direct discharge stream of a Rushton turbffiajthough it was less
scale-up when using stirred tanks is usually impossible, satisfactory for other feed locations.
unless geometrical similarity is maintained, e.g. a particular  The feed point K used for Table 11 is near the eye of the
violation is (i) at small scale: feed onto surface and (i) at circulation flow produced by a Rushton turbine (Figure 15),
large scale: feed near impeller. Given, however, homologoussignifying that the flow in the reaction zone near K is
feed locations at the two scales (i.e. same angular coordinateurbulent, but not rapidly moving. The mixing and reacting
and same radial and axial coordinates relative to tank fluids were not transported far from K and sdlid not vary
diameter), the local value will be the same if the power input significantly during mixing. This matter is discussed again
per unit of reactor volume (kW/#his unchanged upon scale-  in section 7.2.3.
up. Examples now follow where gradients are initially small. 7.2.3. Largee-Gradients.Large signifies here that over
Subsequently, large gradients will be treated. the path taken by the mixing and reacting fluids as they flow
7.2.2. Smalk-Gradients.The azo-coupling of 1-naphthol  in a tank, the locat value varies by a factor of at least two
with diazotised sulphanilic acid (B) (section 5.3.2) was run in either direction. This is the more common situation than
under micromixing control (long feed times) in geometrically that of small gradients (section 7.2.2) and Bf& = const.
similar stirred tank reactors of 2.5 and 653dmpacities. A criterion for Sca|e_up is no |onge|' SO accurate. Some
feed position, designated K and shown in Figure 15, and aexamples and their interpretation will illustrate this.
feed concentration of 25.5 mol Bfmvere employed, and Using the same tank, chemicals etc. as for the experiments
Xs was measured at various stirrer speey (vhich were  referred to in Table 11, the feed point was changed from K
chosen so that the power input per unit volurféM) was  to L5 where the position of L is shown in Figure 15. The
the same for both tanks. Results are given in Tabl&®11.  flow at L is directed towards the turbine with a speed of
Comparing the product distributions in the four columns, approximately 15% of the tangential speed at the tip of the
it may be concluded that the constant power input per unit tyrbine blades. Results are given in Table 12.
. : — : _ Comparing the results in Tables 11 and 12 it is seen that
(48) Special feature section: Process Intensification/Continuous Processing in . . .
the Fine Chemicals Aren®rg. Process Res. De2001,5, 612—664. (a) the stirrer Speed needed to achieve a partlcular product
(49) Carpenter, K. J. Chemical Reaction Engineering Aspects of Fine Chemicals distribution is higher for feed point L and therefore, by eqs
ManufactureChem. Eng. Sc2001,56, 305. 4.13 and 6.4, the power consumption is substantially higher.

(50) Bourne, J. R.; Dell'Ava, P. Micro- and Macro-Mixing in Stirred Tank ) . .
Reactors of Different Size€hem. Eng. Res. De$987,65, 180. L is further than K from the impeller and turbulence is
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Table 12. Scale-up results for feed point L — / M — / —
N (S_l) Xs
2.5dnd 65 litre é
6.63 0.140
12.23 0.094 L - L L]
317 65 dn? 0106 N=20¢l N=417¢!
5.85 0.112 u [ N B ;N
Table 13. Scale-up results at three vessel sizes .
2.5 litre \\
reactor volume (di) 2.3 19 71 » L] || L
Xo[eq 5.8] 0.103 0.107 0.114
N=418¢1 N=870s!

. . Figure 16. Sketches of spreading neutralisation zones at two
weaker at L (see also section 6.2.5) and (b) employing gcajes and two turbine speeds at each scale. The power per unit

constant power per unit volume at the two sca¥eds higher  volume is constant in the left-hand pair of sketches. It is also
for the larger tank. This effect is discussed below. constant, although higher, in the right-hand pair.>°

Reference was briefly made in section 7.2.2 to carrying _ )
out ester hydrolysis competing with neutralisation in tanks larger vessel. However, relative to the vessel diamétef,
of three sized? Table 13 reports some product distributions = d 2°~ T~ hence, the reaction zone shrinks, as shown
for a different feed point to that in section 7.2.2, namely N Figure 16. S _
feeding into the suction stream of the turbine. Table 13  (€) Through full modelling. Given the complete velocity
reportsXo whenP/V = 0.014 W/dni at the three scales. d|str|t_)ut|on_|n Fhe tank, the trajectory of the mixing and
Again micromixing, as registered by the product distribu- reacting fluids is known. The p_osmon of the reaction zone
tion, is somewhat slower at larger scale. What the experi- €@n then be calculated from this flow pattern as a function
ments in Tables 12 and 13 have in common is that, after Of the time since leaving the end of the feed pipe. Given
leaving the feed pipe, mixing and reacting fluid moved also the spatial distribution af, the local engulfment rate

towards the impeller along a trajectory whergradually at this time follows from eq 4.4 and the concentrations of
rises. the various substances also at this time can be determined

Three methods, outlined below, have shown that the largerPy numerically integrating eqs 4.3 and 4.8. This quantitative
the vessel, the more localised mixing and reaction become,Method is of course only applicable when the flow field and
i.e., relative to the vessel diameteF)(the reaction zone the reactions (kinetics, etc.) can be fully described. Successful
shrinks when scaling up witR/V = const. This will have applications are availabPe.'for' example, calculated and
no effect on product distribution when there is zero gradient Measures values at feed point L (Table 12) agreed well
of energy-dissipation rate. When, as in the two examples showmg more S formation in the 65 dwessel, whereas at
above ¢ increases in the direction of flow, shrinkage means fé€d point K (Table 11) almost the sarng values were
that the local values of decrease with increasing vessel Calculated independent of vessel siz€igure 17 refers to
size, causingXs and Xq to increase. Evidence for this feed point L (Figure 15) and shows the reaction zones in
interpretation is: the 2.5 and 65 dftanks at the beginning (B) and end (E)

(a) Photographic. Figure 16 is a sketch based on photo-Of the azo-coupling when the stirrer.speeN)szﬁre the same.
graphs of the extent of neutralisation using feed point L at The computed extents of the reaction zone agree quite well
2.5 and 65 drhiscales. Two trends are evidéfil) witha ~ With the photographs sketched in Figure 16, including
given vessel size, increasing the stirrer speed promotesShinkage of the reaction zone in the larger vessel.
shrinkage of the reaction zone, and (2) with a given power A further scale-up example when micromixing controls
input per unit volume, increasing the vessel size also IS 9iven at the end of section 7.3.3.

promotes shrinkage. 7.3. Mesomixing Control.7.3.1. IntroductionThe time
(b) Through approximate proportionalities. Assuming that constant for eddy disintegration in turbulent flow is given
over a small range of changesdnivg ~ E- , wheretyg is by eq 4.9. When the conditions described in section 4.5 (a)

the time needed for micromixing and reaction, it follows from 2re satisfied, the following proportionality for the mesomix-
eqs 4.5 and 4.13 thair ~ N-32. During this time reacting "9 time constant § may be derived.

fluids move a distancég, given by vyrtur, Wherevyr is s

the local fluid velocity, which is proportional tdd (d is the ts~ (Qgfel) (7.2)
impeller diameter). In a given size of tant € const.), it
follows thatLg ~ N7'2 indicating that the reaction zone
shrinks with increasing stirrer speed, as shown in Figure 1
When scaling up at constant power per unit volutme
should not Change, but from eq 4.1gr ~ Nd ~ d'® (51) Baldyga, J.; Bourne, J. R. Calculation of Micromixing in Inhomogeneous
andLr ~ d®. This indicates a longer reaction zone in the Stirred Tank ReactorChem. Eng. Res. De$988,66, 33.

Provided that mesomixing is the controlling mixing mech-
g.anism, ts must be the same to secure constant product
composition at both scales. A change of mechanism with
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Figure 17. Computed reaction zones for azo-coupling of 1-naphthol using feed point L at two scales. B and E show extents of these
zones at beginning (B) and end (E) of semibatch operatiorf.
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Figure 18. Yield of bis-azo dye from 1-naphthol using 2.5 drd (O, @) and 20 dn® (O, A) tanks, operated at constant power per
unit volume, as a function of mesomixing time constant?

scale (analogous to the change with flow rate described in7.2 for stirred vessels employing a single feed point then
section 6.3.2) would invalidate application of either eq 7.1 becomes
or eq 7.2. In this equatiofg is the volumetric feed rate to
a semibatch reactor of B-rich solutiom, is the energy
dissipation rate in the zone where mixing and reaction take  Figure 18 refers to the azo-coupling of 1-naphthol with
place, andi is the velocity of the bulk flow and also of the diazotised sulphanilic acid (B) in 2.5 and 20 Htanks?
fresh feed liquid in the mixing and reaction zone. Comparisons of measured product distributiong (&fer to

7.3.2. Mechanically Stirred Vess@lpplication of eq 7.2 eq 5.15) are shown at two levels of agitation intensity.
is aided by relatingi ande to the stirrer speed\) and its Equation 7.2was employed to calculatg from the known
diameter (d), which for geometrically similar vessels is values ofQg, N, andd. It is clear from Figure 18 thaXs is
proportional to the tank diameted (~ T). The local ¢ dependent upoty'.
value is proportional to the mean value and so, from eq 4.13, .

(52) Baldyga, J.; Bourne, J. R.; Dubuis, B.; Etchells, A. W.; Gholap, R. V.;

o NIBA2 . . .
6. ~ N°d* for homologous fe?d. pomEs n geometr!cally Zimmermann, B. Jet Reactor Scale-Up for Mixing-Controlled Reactions.
similar vessels\{ ~ T3 ~ d3). Similarly i ~ Nd. Equation Chem. Eng. Res. De$995,73, 497.

ts = (Qu/N'd)™" (7.2)
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Figure 19. Yield of bis-azo dye from 1-naphthol using 19 dr4
(@) and 65 dne (@) stirred-tanks operated at constant power
per unit volume as a function of reagent feed raté.

When scaling up with constant chemical conditions,
the feed rate must be related to the stirrer speed and scale

by

Qg ~ N'd® (7.3)

Two specific cases have been validated. Figure 20. Jet-stirred vesseR?

(i) Constant productivity. When the feed tim&) (is
constant, the flow rate of reagei®d) is proportional to the  the flow rate through each feed pipe into each reaction zone,
reactor volume (@ = Vg/t;), which in turn is proportional giving
to d®. To holdts constant, the stirrer spee)(must therefore

. Qg = Vp/nit (7.4)

be the same at both scales, giving a constant product B~ VBT
distribution. Using the reactions described in section 5.2.2

this was verified at 2.2, 20. 178 and 600 dssales® There  /NeNP/V = constandvs ~ V, eq 7.2 becomes

are, however, two disadvantages with this procedure=(N to ~ (V¥nt)"? (7.5)
const and; = const.), namely the power consumption per
unit volume increases rapidly with rising vessel si28(~ and so ifts must be constant to give constant product

d? ~ V?3) and the dissipation of this power causes heating, distribution, it follows thatnit; ~ V&%, The productivity is
e.g., 1 W/drd in a laboratory scale (2 dintank causes the  Vg/Vt (mol/m®-s) and this will remain constant whenis
temperature of an agueous solution to rise by approximatelyheld constant. Constant yield and productivity therefore
0.9 K/h; this is seldom serious, but scaling to a production require

scale of 2 Mwould cause an unacceptably high temperature " ,
increase of 90 K/h. Cooling could be provided, but this e~V (7.5)
solution is complex and costly.

(if) Constant power per unit volume. In this cas&l =
const. and from eq 7. ~ d¥® ~ T8 ~ V9, Figure 19
shows howXs varied with the feed rat€g in experiments
using 19 dm and 65 dn stirred tanks wheiP/V = const.
The proportionalityQg &~ d*3 was confirmed? The produc-
tivity (Qg/V) ~ d=859, indicating a substantial decrease with
rising scalé. This procedure is therefore also unattractive
when mesomixing controls.

for example, using one feed point at small scale and scaling
up the volume by a factor of 10 would call for = 8 in the
larger vessel. Practical difficulties (construction and equally
feeding too many feed pipes) can limit application of eq.
7.5, requiring a compromise between yield and productivity,
e.g. doubling the feed time would halve the number of feed
points necessary to keep the product distribution constant.
Finally it should be noted that the procedure described

) ; i . here keepds andte constant and is also appropriate when
hConS|d|(t-:jra|1bI¥ wgproye:[d prodtgctl\gtgzi can be alchleéedt meso- and micromixing simultaneously influence the product
when multiple feed points (section 6.2.7) are employed a distribution at the two scales.

large scale instead of a single-feed point as in the small scale. 7.3.3. Jet-Stired Vessa¥any widely different devices

t:}zlgg gfofi?)? g\z?r; cr_?s‘tea:;é;eae(;tﬁlr:)\fvog?:,ir;])ré)v:geac:)wat which can act as mixers are available. Here the mechanically
P- 9 qis. driven impeller is replaced by a jet, submerged in a tank,

(53) Tipnis, S. K.; Penney, W. R.; Fasano, J. B. An Experimental Investigation which prOVideS turbulence and bulk circulation of its
To Determine a Scale-Up Method for Fast Competitive Reactions in contents.

Agitated VesselsAIChE Symp. Ser. No. 29994,90, 78. . P
(54) Bourne, J. R.; Thoma, S. A. Some Factors Determining the Critical Feed Flgure 20 shows how a pump (3) sends |IC1UId from the

Time of a Semibatch ReactdEhem. Eng. Res. De$991,69, 321. tank through a heat exchange (2) and then through a nozzle
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Figure 22. Yield of dye from 2-naphthol from three sizes of
ty (s) jet-stirred vessel as a function of mesomixing time constarfe

Figure 21. Yield of dye from 2-naphthol from three sizes of Table 14. Scale-up of jet-stirred tanks controlled by

jet-stirred vessels as a function of feed timé&2 (O) Small (0.037 micromixing

m?3) d = 8 mm, U, = 4 m/s. @) Medium (0.10 n¥) d = 12 mm, . .

Uy = 4.6 mis. . &) Large (0.25 ) d = 31 mm, U, — 4.85 smallest tank (0.037 # medium sized tank (0.103n

and 7.28 m/s. Uo(m/s)  tr(min) Xo Uo (m/s) tr (min) Xa
o o 4 54  0.120 4.6 143 0.121

to form a jet in the tank (1) where reagent A is dissolved. 6 54 0.091 6.9 143 0.091

The solution of reagent B is stored on a balance (5) and
pumped (4) down a single small diameter feed tube into the

jet at a distancev from the exit of the nozzle. The flow
field in the jet is complex, but at geometrically similar
locations the local value efis proportional tdJ,%/d, where
U, is the velocity in the nozzle whose diametedis

Figure 21 shows experimental results for three tank sizes

4 (31/8)3 = 4.85 m/s. Equation 7'2s rearranged to include
the feed time ¢t= Vs/Qs ~ V/Qg) giving

t~ Vd/IU' t, =
2.8[(0.25x 31)/(0.037x 8)](4/4.85f = 34 min

and three nozzle diametersq (defined in eq 5.23) varied

with the feed timet), indicating control of product distribu- When the largest tank was operated with= 4.85 m/s

tion by mesomixing. The only exception to this statement andt; = 34 min, the measureXo was 0.24, confirming the

refers to two points for the longest feed times in the smallest above calculations for scale-up when mesomixing controls.

tank whereXq did not depend ori; signaling control by This paragraph will now illustrate the scale-up of jet-

micromixing. The results refer to four values 0f in the stirred vessels whemicromixing controlsThe smallest tank

range 4—7.3 m/& (0.037 nd) is operated with long feed times, so théj is
Applying eq 7.2 to these jet-stirred vessels gives independent of;, but dependent upon viscosity, showing that

micromixing controlled the product distribution. Given a feed

time of 54 min to this tank, it is required to find the feed

time for the medium-sized tank (0.10*nwhen the product

All three variables were changed in these experiments. Figuredistribution is to be kept constant. Denoting the small and

22 shows howXg could be satisfactorily correlated by the medium tanks by S and M respectively, constargquires

mesomixing time constart. Uo(M) = Uy(S) [d(M)/d(S)I2. The nozzle sizes a{M) =
Suppose, for example, that the measured valuédbr 12 mm andd(S) = 8 mm, givingU,(M) = 1.15U(S). From

the smallest tank (0.037 innozzle diameted = 8 mm, eq 7.5t ~ V& (givene = const.) in order to remain under

nozzle velocityU, = 4 m/s) is 0.24 in a solution of viscosity  micromixing control, giving¢(M) = 54 (0.1/0.033° = 131

6.2 mPas when using a feed tinte= 2.8 min. It is required min. Table 14 reports measuré@ values using a slightly

to find the feed time for the largest tank (0.25)mvhose longer feed time and the required 15% higher nozzle

nozzle diameter is 31 mm, keepin, unchanged, when  velocities when scaling up.

the viscosity of the reagent solutions is 0.9 mPa s. From  As this table shows, the product distribution was the same

Figure 10, which refers to the smallest tank &hd= 6 m/s, at both scales.

there is negligible effect of viscosity wheth = 2.8 min The information given here about jet-stirred vessels shows

and so mesomixing is the controlling mechanism. Knowing that the methods applied to mechanically stirred tanks can

that e ~ U,%d, the nozzle velocity for the largest tank is easily be adapted to more general use. The analysis of how

ts ~ QBl/3dl/3/UO4/3 (7211)
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a l No b i No
I Stirrer speed (N) }—V Mixing unimportant | Number of feed points |—> Micromixing
l Yes No i Yes
I Feed time (ty) or rate }—> Micromixing Meso- or Macromixing
Yes

l No
‘ Feed point position }—V Macromixing i No

v | Viscosity of solution (v) }—> Meso- or Macromixing
€S

Yes

Mesomixing
Micromixing

Figure 23. Screening experiments. (a) Sequence showing the minimum experiments which must be carried out. (b) Sequence
showing additional experiments which can confirm some conclusions in sequence a.

micro- and mesomixing can influence product distribution to decide whether (Yes) or not (No) it influences product
is widely applicable and further examples of its use for these distribution.
and other types of mixer/reactor are available. The experiments in Figure 23a are the minimum which

7.4. Protocol for Laboratory-Scale Experiments 7.4.1. should be carried out. Additional experiments, which can
Introduction.A simple, laboratory-scale procedure is needed confirm some conclusions in the sequence in Figure 23a,
to identify those reactions which are or will become mixing- but for practical reasons are not always feasible, are given
sensitive when scaled up. Often agitation intensities (mea-in Figure 23b. The question is again “Does the product
sured for example in kW/B)in large vessels are lower than distribution depend on...?”
in small-scale reactors and reproduction of the large-scale The feed time for a semibatch reactor is usually so long
conditions in the laboratory (scale down) can also be neededthat macromixing is not controlling.

One basic requirement to attaining comparable results is  When application of the laboratory protocol has shown
that the laboratory-scale reactor should be geometrically the controlling mixing mechanism, the information given in
similar to the large-scale one. It is not realistic to employ a sections 7.2 (Micromixing) and 7.3 (Mesomixing) can be
round-bottomed flask, a magnetic stirrer, and surface additiondirectly applied to reactor scale-up. Information is given in
of reagent in the laboratory, when the full-scale vessel hassection 7.3.2 for the case when micro- and mesomixing
a different shape, a mechanically driven impeller, and a dip simultaneously control the product distribution.
pipe for subsurface feed addition. When the operating 7.5. Selection of a Large-Scale Reactom section 7.4.1
pressure is not too high, a 16@50-mm diameter (23 dn¥) the choice of a laboratory-scale reactor, to explore a possible
dished-bottom glass vessel (thus allowing direct observationinfluence of mixing on yield and product distribution, was
of the reaction), fitted with four vertical baffles and the same described. Given such an influence, some factors governing
type of impeller as the large vessel, operating in the rangethe specification of a suitable large-scale reactor are included
100—1000 rpm, is desirable in the laboratory. here.

Another basic requirement for ease of interpretation of  In low-viscosity solvents such as water, lower alcohols,
small-scale results is that also at this scale the flow is fully ketones, and so forth, flows are turbulent, and egs 4.5 and
turbulent. This is because the equations given in section 44.9 show that the time constants for micromixing by
onwards are inapplicable when the flow is not turbulent. The engulfment and feed-stream disintegration, respectively,
Reynolds numbeRRe= Nd?v), based on the impeller speed depend on the energy dissipation rafe This quantity varies
(N, Hz), the impeller diameterd( m) and the kinematic  strongly with the location and with the operating conditions
viscosity of the fluid ¢, n?/s), is dimensionless and should in a given piece of equipment, as well as between different
exceed a critical value which is often in the range 1600 types of equipment. The following values are very ap-
5000. The Reynolds number almost always increases withproximate, but nevertheless show how widely dissipation
vessel size (e.g. scale-up wiB1V = const. impliesRe ~ rates vary. (Experimental results in section 6 were obtained
d*3 ~ V*9), so that a check should be made tRatexceeds  in reactors exhibiting this range of values.)
the critical value for the laboratory-scale reactor.

. o o stirred tanks 0.01-10 W/kg

Although the influence of mixing on selectivity is the rotor-stator mixers 500—2000 W/kg
main topic here, heat transfer rates and thermal hazards centrifugal pumps 0.5—5 Wi/kg
should not be overlooked and can sometimes become eﬁl;pty.tlqube < mixing el 0-1163V\{/(|)<30W/k

e } tube with static mixing elements - g

controlling in large-scale reactors.. turbulent jet 100—50000 Wikg

7.4.2. Laboratory Protocol.lt is suggested that the
following screening experiments will often yield information Time constants for micromixing are likely to fall in the

about the mixing mechanism which controls the product range (0.3-100) ms, and given sufficiently intensive turbu-
distribution and therefore which must be considered in scale-lence, mixing down to molecular scale can often be achieved
up. Each variable in the following Sequence a) should be in 0.1—-1 s. The rational specification of a reactor for mixing-
changed individually, keeping all other variables constant, sensitive reactions is therefore (a) high-energy dissipation
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rate in the region where reagents come together, mix, and 4

react, and (b) a residence time of a few seconds in this region. c’p
A suitable configuration is a static mixer in a tube, through 3
which reagents flow (as in section 6.3.2) and which might Conen ‘B "
also form part of a recycle loop. Stirred tanks would seldom
meet the specification: reaction is highly localised, whilst Phasel A |  FPhasel
most of the volume consists of circulating unreactive fluid. o e

Interface Position

Tanks, however, often carry out more than one operation
simultaneously and this flexibility is valued. Their scale-up Figure 24. Concentration profiles in very slow reaction regime.
was therefore included in this section. The scale-up of static
mixers, with or without a recycle loop, is discussed else-
wheret

7.6. ConclusionsThe mixing conditions needed to ensure
the same product distribution and yield when scaling-up have
been derived and validated. They presuppose that the
laboratory and full-scale vessels are geometrically similar
(section 7.4.1) and that the chemical conditions (e.g., all
initial concentrations) remain the same.

If micromixing is the controlling mixing step, its time A+B—P (8.1)
constant @) is unchanged when the energy dissipation rate
in the region where mixing and reaction occur is held which occurs in phase 2 between the A dissolved there and
constant. Ways of doing this with stirred-tank reactors were the B which has been transferred from phase 1 and dissolved
shown (section 7.2). in phase 2 (P is product). Concentrations in phase 2 are

If mesomixing controls, requiring its time constang) ( denoted by
to be held constant, a difficulty can arise. This was shown
theoretically and experimentally with respect to stirred-tank ca  bulk concentration of A
reactors for two specific situations (section 7.3) ¢z bulk concentrationof B

. . . cgi concentration of B at the interface between phases 1 and 2

When operating a semibatch reactor with a constant feed
(or cycle) time, the productivity (mol product per unittime) \yhjist concentrations of B in phase 1 are
increases in direct proportion to the vessel volume. The
mesomixing time constant and hence also the product cg' bulk concentration of B
distribution will be the same when the rotational speed of Cs' concentration of B at the interface
the stirrer is held constant. This incurs the penalty that the

power consumption increases much faster than the vessel Sub_stance A IS not present in phase 1. Phage equilibrium
volume, which can become uneconomic and impracticable. at the interface will always be assumed and will usually be

When operating with a power consumption which is represented by a constant distribution coefficigmtefined

directly proportional to the vessel volume (constant power
per unit volume)ts and the product distribution can only be G = ¢y 8.2)
held constant if the feed time is significantly extended with B B '
increasing vessel size. The penalty is now a substantial fall
in productivity upon scale-up. It was shown that the best
way out is to increase the number of feed points in the large
vessel.
Frequently a full reaction scheme, including kinetics, is

unavailable, and mixing and reaction time constants cannot

be calculated. A laboratory protocol (section 7.4) was then Depending upon the location of the reaction, different

recommended to target those key variables which should beregimes and rate equations arise. They are presented in the
changed to determine whether they influence the prOdUthoIIowing sections

distribution.

2: its location has an important influence on the rates and
selectivities of two-phase reactions and some examples were
given in section 3. It will now be shown that the location
depends strongly on the ratio of the time constants for
molecular diffusion through the film and for chemical
reaction. Fundamental concepts and rate equations are
developed first for a single chemical reaction having second-
order kinetics

The distribution coefficient is not, however, always constant
(at constant temperature), e.g. when the solute associates or
dissociate$§®

The volume fraction of the phase within which A and B
react (i.e., phase 2) is denoted Byand 6 denotes the
thickness of the diffusion film within this phase (section 3.1).

8.2. Regime 1: Very Slow ReactionReaction is so slow

8. Mass Transfer and Time Constants in Two-Phase that B saturates the A-rich phase amd= cs;, so that there

Reactions. Part 1: Single Reactions is no concentration gradient of B in phase 2 (Figure 24).
8.1. Introduction. Mass transfer, which was introduced B@asing the reaction rate on the whole volume (phases 1 and

in section 3.1, refers here to the transfer of a substance B2): the rate of formation of product (moffe® of dispersion)

from one phase (phase 1) (gaseous, liquid, or solid) into aiS 9iven by
liquid phase (phase 2) containing a substance A with which
B reacts.

ReaCt!on Cah O.CCl.JI’ at the |nterfaqe between the two (55) Prausnitz, J. M.; Lichtenthaler, R. N.; de Azevado, BM@Blecular Thermo-
phases, in the liquid film of phase 2 or in the bulk of phase dynamics of Fluid-Phase Equilibria; Prentice Hall: New York, 1986.

I = K/C,Cy (8.3)
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4 be pseudofirst order in B, the rate constant b&igg A time

'y ; constant for consumption of B in the film is thekcf)*
) '45\"“’1% (eq 4.1). Transport of B through the film is by molecular
Conen P ; o diffusion, for which Fick’s second law gives a time constant
":&\7 of (6%/Dg). When diffusion is fast relative to reaction, hardly
Phasel | Phase: any B can react in the film: this occurs when
8 2 -1 2
Position 0°IDg << (kcy) or ke, 0/Dg<<1 (8.6)

Figure 25. Concentration profiles in slow reaction regime.

) o Employing the definition ok_ given in eq 3.1, it has become
Clearly the variables characterising mass transfer r&tes (- conyentional to write the dimensionless group in eq 8.6 as
a, H, etc., refer to section 3.1) are not needed when the

reaction is very slow. A criterion for the occurrence of this |, — 5(kCA/DB)l/2: (kCADB)l/Z/kL _
regime follows in the next section.

8.3. Regime 2: Slow ReactionHere reaction is suf- [diffusion time/reaction timef? (8.7)
ficiently slow not to take place in the liquid film (thickness
0), but B diffuses across the film and reacts with A in the
bulk of the liquid in phase 2. The concentration difference
driving this diffusion is €si — cg) (Figure 25). The interfacial
area per unit volume of the whole dispersion (phases 1 an
2) is represented by the symbm(section 3.1). The rates of
diffusion and reaction of B in phase 2 as well as diffusion
of B out of phase 1 are all equal.

Ha is the dimensionless Hatta number, and whin<
1, there is no reaction in the film, whereas whda > 1
the regime cannot be 1 or 2. The following conventions are

dwidely used: Ha < 0.3 signifies no reaction in film anda
> 3 signifies complete reaction in film.

8.4. Worked Examples: Regimes 1 and 28.4.1.
Introduction.Both examples in this section refer to the two-
phase nitration of aromatic compounds. Although such

k'a(Gy — Cg') =k a(Gy — Cg) = kyCg=r1  (8.4) reactions can be single-phase (e.g. nitronium salt in ni-
tromethane), industrially two-phase nitration usually employs
Provided that the distribution coefficient in eq 8.2 is constant, an acid mixture consisting of, for example, 15 mol % (19.4

eq 8.4 can be written mass %) HNQ, 30 mol % (60.3 mass %) +50,, and 55
mol % (20.3 mass %) ¥D. The rate-determining chemical
r=cg'/[(1/k 'a) + (¢lk a) + ($p/kLy)] (8.5) step in this case is frequently the reaction between the

nitronium ion (NQ™) and the aromatic compouftiBecause
which contains the bulk concentrations of A in phase 2 and the concentration of this ion is small and outside the range
B in phase 1. Equation 8.5 recalls Ohm’s law< current, of most analytical methods, the rate equation is usually
cs' = potential, reciprocal terms three resistances in series). written as
Several special cases of eq 8.5 arise.

(a) Phase 1 is pure, s’ = cg' and the term (1{ka) I = KCa:Crnos
vanishes.

(b) Reaction is very slow (ls very small), so both mass where HNQ replaces N@', ca, is the concentration of the
transfer terms in the denominator vanish and eq 8.3 is aromatic in the mixed acid (not in the organic phase) and
recovered. nitration occurs in the acid phase (phase 2). Because

(c) The distribution coefficienp is very high (B is much sulphuric acid is involved in the preequilibria forming MO
more soluble in phase 1 than in phase 2, where reactionthe second-order rate constant (k) is a strong function of the

occurs) and the term (1/l) vanishes. sulphuric acid concentratidf.
For cases (a) and (c), eq 8.5 simplifies giving 8.4.2. Nitration of Chlorobenzenét 298 K and using
70.2 mass % bS50, single-phase kinetic measurements gave
r=cgill(1/k.a) + (1/k/cy)] (8.5) k= 1.75x 10-5 m¥mol-s5” Equal volumes of chlorobenzene

o o (B) and mixed acid containing 32 mol’nkiINO3 (A) were
(d) Reaction is sufficiently fast thal ~ 0, but not S0 gigpersed in a weakly stirred vessel. The regime is to be
fast that B reacts in the film region of phase 2, then eq 8.5 yetermined.
simplifies further to give (a) First, the Hatta number is evaluated to decide where
r =k acy (8.5") reaction takes placég in eq 8.7 is estimated using the
' ' Wilke—Chang method as applied in ref 58.

and the reaction rate depends entirely on the rate of mass
transfer across the film of phase 2.
An essential characteristic of regimes 1 and 2 is that there _ ——— : — .
(56) Schofield, KAromatic Nitration; Cambridge University Press: Cambridge,

is no reaction in the film, and the necessary criterion for UK, 1980.

this condition will now be derived. (57) Cox, P. R.; Strachan, A. N. Two-Phase Nitration of Chlorobenzehem.

: : : Eng. Sci.1971,26, 1013.
When the concentration of A is much higher than the (58) Cox, P. R.; Strachan, A. N. Two-Phase Nitration of Toluene: P&h2m.

solubility of B in phase 2d, > cg), the reaction rate will Eng. J.1972,4, 253.

Dg (cm?s)= 7.4 x 10 8 (BM)2T/uV"® (8.8)
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whereVs is the molar volume of chlorobenzene at its normal K is some 250 times that for chlorobenzene (section 8.4.2);

boiling point, T is the absolute temperatugeis the viscosity thus, it seems likely that mass transfer will be more relevant

of phase 24 is a parameter for molecular association in in the case of toluene.

phase 2, and/ is a molecular mass. Heids = 117 cn¥/ A mixed acid containing 69.6 mass %,%0D, and an

mol>® T =298 K, u = 9.4 cP%® M = 91.68 initial concentration of 560 mol HN@m? was contacted in
Substitution in eq 8.8 giveBg = 1.3 x 107 cmf/s or a stirred tank with toluene which formed the dispersed phase

1.3 x 10 m?s. With a low agitation intensity in a stirred  having a volume fraction of 0.052. The reaction regime is

tank, k_ is approximately 10° m/s% Hence to be determined.
1 The Hatta number, eq 8.7, must first be estimated, given
Ha = (kc,Dg) "7k = 0.027 the following information: Dg = 1.6 x 10710 m%/s62 k =

2.8 x 10 3 m¥mol s> cg = 2.3 mol/n?,3 k. =5 x 10°°

{Alternatively characteristic times for diffusion and reaction m/s a = 5000 /M3 and/ = 0.948 (given). Thus,

ared?/Dg = Dg/k 2 = 1.3 s and Kca)* = 1790 s}. Clearly
no reaction in the diffusion film is indicated, and the regime
is1or2.

(b) Second, to distinguish between regimes 1 and 2 the
relative magnitudes of the resistances in eq &bist be
estimated. The kinetic resistance is gy, where/ = 0.5,
giving 3580 s. The mass transfer resistancekig)(* and
with weak agitation a is approximately 200¢/m?3, giving
50 s. The nitration rate is dominated by the reaction kinetics,
not the mass transfer of the aromatic into the acid phase.

Despite the need to estimate certain quantities, the
conclusion is that in this ca%echlorobenzene (B) was
nitrated in regime 1: very slow reaction. Phasetle acid

Ha = (kc,Dg)"%k = 0.32

{The time constants for diffusion and reaction are 0.064 and
0.64 s, respectively.The values indicate only weak nitration
of toluene as it diffuses through the film, so that most
nitration occurs in the bulk of the acid phase (phase 2).The
regime is either 1 or 2.

Resistance in the organic phase (phase 1) is zero for pure
toluene, and eq 8.%ipplies.

The mass transfer and kinetic resistances k@ (* = 4
s and (k&)™* = 0.67 s, respectively, indicating regime 2.
phase-is saturated with chlorobenzens & cgi = 2.1 mol/ By increasing the agitation intensity—essentially the power

m?) and eq 8.3 gives the reaction rate<t 5.9 x 10~ mol/ input per unit volume-a would be increased and the reaction,
snf) which is mainly controlled by mass transfer, would proceed

8.4.2.1. Comments(i) From the measured two-phase [@ster and could perhaps attain regime 1.

; > aner o
reaction rate, the chlorobenzene solubility, the known nitric Under the given conditionsa(= 5000 nf/n¥), r = 0.49
acid concentration and the volume fraction of the acid phase, MO!/M*s, whereas if the mass-transfer resistance could be

k was calculated from eq 8.3 to gie= 1.57 x 1075 m?/ eliminated (to give regime 1) would be 3.4 mol/rrs. A

mol-s57 highly similar conclusion about the influence of mass transfer
This is 10% lower than the value from single-phase O0 fateé can be obtained from eq 8.4, solved dgr-the

measurements quoted above (17305 m¥mol-s). It must concentration of toluene in the bulk acid phase. Under the

be recognized, however, that in the two-phase experimentsgi;’en conditionscs = 0.33 mol/nt, compared to 2.3 mol/
a small quantity of nitric acid was added to 70.2 massge H ™ When in regime 1, where there is no mass transfer
SO, to form mixed acid, thereby slightly reducing the-H resistance and the acid phase is saturated by toluene.
SO, concentration. Becauseis a strong function of the ~ 8-4.3.1. Comment&xperimental results on the two-phase
sulphuric acid concentration, a lower rate constant must beNitration of toluene are availab®ln one experiment using
expected when using mixed acid. 66.6 mass% k8O, containingca = 560 mol HNQ/m?3, the

(ii) It is incorrect to conclude from this example that Measured nitration rate)(was 0.107 mol/i¥s. Single-phase
nitration of chlorobenzene is always in regiméda depends ~ KINetic measurements at this$, concentration gavie =

onk, ca, Dg, andk,, and only wherHa < 1 can nitration 2.63 x 10 m¥mol-s, and the toluene solubilitey) was
not occur in the diffusion film, e.gHa ~ (kcy)Y2 so that at 2.08 mol/ni. The dispersed phase volume fraction was 0.052

higher HSO; and HNQ concentrationsHa can exceed 1. (Pure toluene). From eq 8.E;follovys thatk a = 0.081 s%,
With an acid-phase composition typical of industrial use Whereais express;ad in #m? of dispersion. [In ref 58 the
(section 8.4.1) measured temperature coefficients(ofer ~ UNit of a was n¥/m? of acid phase]. Similar values &fa

10 K) were 2.6 for single-phase and 1.24 for two-phase Vere found at other 6O, concentrations when nitration

nitrations®! The two-phase value, which includes the effects Was in regime 2. There is no independent information to
of temperature on at leaktand solubility, is much smaller ~ 1Udge the correctness of théise values. They are, however,
and implies an effect of mass transfer on this nitration. of the correct order of magnitude for a round-bottomed flask

8.4.3. Nitration of Toluene (Part 1)The rate constant  With @ paddle as stirre¥, corresponding to relatively weak
(k) for the nitration of toluene in 70 mass %$0, at 2908 aditation.

(59) Sherwood, T. K.; Pigford, R. L.; Wilke, C. RMMass Transfer; McGraw- (62) Hanson, C.; Ismail, H. A. M. Diffusion of Benzene and Toluene into
Hill: New York, 1975. Aqueous Nitric Acid-Sulphuric Acid Mixtures]. Appl. Chem1976, 26,
(60) Doraiswamy, L. K.; Sharma, M. MHeterogeneous Reactign&/iley: New 111.
York, 1984; Vol. 2. (63) Hanson, C.; Ismail, H. A. M. Solubility and Distribution Data for Benzene
(61) Hanson, C.; Marsland, J. G.; Naz, M. A. Macrokinetics of Chlorobenzene and Toluene between Aqueous and Organic Phdségpl. Chem1975,
Nitration. Chem. Eng. Scil974,29, 297. 25, 319.
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Figure 26. Concentration profiles in fast reaction regime. e
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8.5. Regime 3: Fast ReactionHere reaction is suf- s I
ficiently fast so that all the dissolving and diffusing substance - it O i
B reacts completely within the diffusion film. (It is also % 20T recime ; wowe
possible for only part of B to react in the film, whilst the = w—*"*
rest reacts in the bulk of phase 2, giving a condition =10 A :
intermediate between regimes 2 anditBis will subsequently : P : ;
be treated.) A detailed analysis of the reactidiiffusion o . ) . .
equations shows that, when the diffusion time is more than 2 ) o I 2 3 4
an order of magnitude longer than the reaction time (therefore log ky
Ha > 3), B reacts almost entirely in the filneg is effectively Figure 27. Measured rate of nitration of toluene versus rate
zero). constant and H,SO, concentration. Reprinted from Cox, P. R.;

When the concentration of A in phase 2 greatly exceeds Strachan, A. N. Two-phase nitration of toluene: Part 2.Chem.
the solubility of B in this phase (i.e. whes > cg), the Eng. J.1972,4, 257258, copyright 1972, with permission from
. . N e T Elsevier.
concentration of A is almost constant in the film despite its ] _
consumption there by reaction. In this situation the reaction t© the first, eq 8.11 reduces to eq 8.10. This frequently
becomes pseudo-first-order @ throughout the film. The happens when the distribution coefficient (efer to eq 8.2)

reaction rate is found from a rather lengthy derivatigio IS much larger than unity, i.e., when the solute B favours
be phase 1.
Using, as a rough estimatda > 1 for the occurrence of
r = a(kDgcy) %y (8.9) significant reaction in the film, it follows from eq 8.6 that

this happens if (k! < 6%Dg (this latter term can also be

provided thata/cg; > Ha. If this inequality is not satisfied,  written Dg/k ?). The first term is the half-life of the diffusing
but Ha > 3, reaction in the film has second-order kinetics species B. Hence if the half-life is much less tHagk 2,
(i.e. ca is not uniform), and a numerical solution for the substantial reaction of B will occur in the film, e.g.,.0k =
reaction rate is often needed to replace eg?8.9. 10° m%s andk_ = 1.5 x 105 m/s, reactions having half-

The inequality to be satisfied before eq 8.9 may be used lives shorter than 5 s take place in the film of phase 2 and
will now be derived. In the filmca will be essentially may therefore be called fast.
constant if the maximum rate of transfer of A into the film For reactions in the transition region between regimes 2
(kLaca) is much greater than its maximum rate of consump- and 3, a simple interpolation formula, valid when the
tion there &(kcaDg)Y?cs;). Rearranging these terms, pseudo- resistance in phase 1 may be neglected, is as follows
first-order kinetics prevail ita/cg > Ha.

Equation 8.9 can also be written r =k acg(1+ Ha)™ (8.12)
This reduces to eq 8:5vhenHa < 1 and to eq 8.10 when
Ha> 1.

The termk, acs; is the maximum rate of diffusion of B 8.6. Worked Examples:. R’egime 38.6.1._|}Iitration of
across the film in phase 2 in the absence of reaction, which 0luéne (Part 2)The reaction’s half-life Kca)™, where A

is the case whens = 0. Equation 8.10 shows enhancement — HNO;, was progressively decreased by increasing the
of this rate by the factoHa when reaction in the film is concentration of sulphuric acid in a mixed acid whose nitric

complete ancta is uniform there. acid concentration was constamy (= 560 mol/n¥). The
The concentration profiles corresponding to egs 8.9 and °r9anic phase as pure toluetieBy increasing from 62.4
8.10 are shown in Figure 26, where the concentration of A 1© 77-8 mass % pBQ, the rate constant (measured in a

r = k acgg;Ha (8.10)

is uniform, but that of B falls to zero within the film. single phase) rose by the factor>2 10 (refer to section
When any mass-transfer resistance within phase 1 aI508'4'1)' o ,
needs to be considered, eq 8.10 becomes The measured nitration rgte rose by the factor 22, showing
a strong mass-transfer resistance. Figure 27, taken from ref
r = ag'/[(¢/k Ha) + (1/k )] (8.11) 58, plots the reaction rate (r) against the rate constant

(logarithmic scale), illustrating changes in reaction regime.
When, however, the second term in the denominator, (i) H,SO, < 68 mass%. The increase in ratekasses is
representing the resistance in phase 1, is negligible relativeless than the direct proportionality expected in regime 1. As
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Figure 28. Rate of toluene nitration in fast regime: Danck-
werts plot. Reprinted from Cox, P. R.; Strachan, A. N. Two-
phase nitration of toluene: Part 2.Chem. Eng. J.1972,4, 257—
258, copyright 1972, with permission from Elsevier.

k rises by a factor 74 increases by a factor 6, indicating
regime 2, eq 8.5'.

(ii) 68 mass%< H,SO, < 71 mass%. Over this range
is almost constant and independentkofThis is consistent
with the transition region between regimes 2 and 3 and eq
8.5".

(iii) H,SO, > 71 mass%. Agaim increases wittk. The
proposal that this is regime 3 cannot be properly checked
by calculatingHa becausek_ for the stirred vessel is not
accurately known. By rewriting eq 8.12 as

r = acg(k > + kcyDg)*? (8.12")

a plot of (/cgi)? against (kg) should be linear. Figure 28

Cx

e/
Concn i E
CBi
Phasel Phase2
z
8 Position

Figure 29. Concentration profiles in instantaneous reaction
regime.

nonideal and solubility measurements gaye= 7.16 x 102
mol/m?.

In a stirred tank, having a constant stirrer speed, the rate
of nitration was measured at seven HNEncentrations,
thereby varying the half-life of toluene in the range 0.622
0.86 s. Using eq 8.12he results were plotted as explained
in section 8.6.1, giving a straight line of slojpéDg and
intercept (ka)>. Hencek, = 1.0 x 10°5 m/s anda = 3830
m?/m3 of dispersion. From eq 3.2 the average size of the
hydrocarbon drops was 0.22 mm.

Now thatk; is known, the minimum and maximum values
of the Hatta number, correspondingdg — 1.57 and 62.6
mol/m?, respectively, can be found. These were 1.0, corre-
sponding to the transition from regime 2 to 3 and 6.5,
corresponding to regime 3.

Knowing k. and a, eq 8.12 can be used to compare
calculated and measured reaction rates, e.g., when31.3
mol HNOsy/m3, thenHa = 4.62; thus, from eq 8.12= 1.29
x 1072 mol toluene/sam? of dispersion, which compares well
with the measured value 1.27 10-2 mol/s-n+.%°

8.7. Regime 4. Instantaneous Reactiorinstantaneous
signifies that the time scale of the chemical reaction (as given
by its kinetics) is extremely short relative to that of the
diffusion through the liquid film. The reagents A and B do
not coexist anywhere but react as soon as they encounter
each other at the positiarin the diffusion film (Figure 29).

For the simple reaction A B — P the diffusive fluxes
of A and B to the reaction plane amust be equal: in phase
2 these ardaca/(0 — z) andDgcgi/z and are equal to the

confirms this for the seven measurements on the right-handflux of B in Phase 1, namell.'(cs’ — cgi'). Eliminating the

side of Figure 27 eq (8.12) was derived by Danckweft}.
There was evidence, subsequently supplemeiitddt the
rate-determining step in the reaction mechanism changed
as the HSO, concentration rose, from the reaction between
toluene and the nitronium ion to the latter’'s formation.
Further experiments used highly dilute toluene to reduce the
nitration rate and return to the earlier rate-determining $tep.
8.6.2. Nitration of Toluene (Part 3)n a series of rate
measurements at 298 K the Hil@ncentration was varied
from ¢y = 1.57 to 62.6 mol/hin 76.45 mass % k50,55
The diffusivity of toluene in this mixed acid wd3s = 9.2
x 1071 m?/s{estimated from eq 8.8 and ref}62I'he organic

interfacial concentrations and using a constant distribution
coefficient ( eq 8.2) gives

r = a[(Cy'/p + DACA/DR)/(LIgk' + 1/k)]  (8.13)

When the resistance in Phase 1 is negligilglek( > k),
thencg' = cg' and eq 8.13 simplifies to

r =k acg; [1 + (DACA/DgCy)] (8.13")

In the absence of chemical reaction and of resistance to mass
transfer in Phase 1, the rate of transfer of B into Phase 2 is
k.a(cs — cg) [mol/s+n?]. This is highest whemrs = 0 and

phase consisted of 1% toluene in 2,2,4-trimethylpentane, itsequal tok_acs;. Referring to eqs 8!5 8.10, and 8.13 it is

volume fraction being 0.14. Single-phase kinetic measure-
ments gavek = 0.74 n¥/mol-s3 The organic phase was

(64) Danckwerts, P. \Gas-Liquid ReactionsMcGraw-Hill: New York, 1970.
(65) Chapman, J. W.; Cox, P. R.; Strachan, A. N. Two-pchase Nitration of
Toluene: Part 3Chem. Eng. Scil974,29, 1247.
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seen that a reaction in the film enhances (or accelerates) the
maximum physical mass-transfer rate by the factdasin
regime 3 and 1 + (DaCa/DgCgi)} in Regime 4.

Whenc, is substantially larger thaek;, eq 8.13'simplifies
tor = k aca(Da/Dg), which shows that the reaction rate can



sometimes become independent of the solubility of B. If, Table 15. Exponents on variables affectingr

however,ca > cg the reaction can move to the interface regime equation ca o / k k_ a
see below.

The criteria for the validity of the profiles sketched in 1 very slow 83 1 1 1 1 0 0
Figure 29 and eq 8.13 are (i) reaction in filhta> 1 and 2 Slow 85 0-11 01 0-10-10-1
(ii) insuﬁipient supply of A to keep its conce.:ntration.constant, g fsé(;\t” g:g %_5 11 % %_5 10 11
i.e., maximum rate of suppli ca < potential reaction rate 4 instantaneous 8.13' 0—1 0-1 0 0 1 1

(kcaDg)Y2cgi, which simplifies toca/csi << Ha. (This is the
opposite of the criterion for eq 8.9 in regime 3). ) o .
As stated in section 8.5 a numerical solution to find the ~ Fromeq8.Ha= 27, whilst diffusion and reaction times
reaction rate is availabié whenHa > 1 andca/cs ~ Ha, are 4.1 s and 5.5 ms, respectively. Clearly, hydrolysis takes
which is the transition zone between regimes 3 and 4. place only in the film. To decide between regimes 3 and 4,
From the equality of the diffusional fluxes of A and B Ca/Csi = 1.4 < Ha and so the regime is 4 (instantaneous

given above, the location of the reaction plane within the "€&ction).

film can be found giving From the molecular mass (143) and the density (1370 kg/
m?3) of the estergs’ ~ 9600 mol/nt and¢ ~ 9600/70.5~
z= [DgCq/(DgCy; + DACL)] O (8.14) 136 (eq 8.2). From eq 8.1 = 0.29. The reaction is not

interfacial, and resistance to mass transfer in the organic
When a large excess of A is employed relative to the phase is negligible. The enhancement (or acceleration) factor,
solubility of B (ca > cai), z= 0, the rate of mass transfer in  9iven by the term in square brackets in eq Q.BS.S. Rate
phase 1 controls and the reaction moves to the interface. [nTié@surements gave enhancement factors in the range 3.2

this case eq 8.13 gives 3.3% in reasonable agreement with the calculations above.
{Insufficient experimental information was published to
r=k 'ac’ (8.13") allow measured and calculated reaction rates to be com-
pared.}
In regime 4 and sometimes also in regime 3, a mass-transfer I hydrolysis had taken place in the fast regime (regime
resistance in phase 1 can be significant. 3), the enhancement factor would have bedém = 27.

8.8. Worked Example: Regime 4Solid and liquid esters ~ Because, however, the bulk hydroxyl ion concentration (

can readily be hydrolyzed, for example by sodium hydroxide = 100 g-ion/ni) was not sufficiently high, the resistance to

Methyl dichloroethanoate (liquid) is hydrolyzed at 303 K the bulk value. The actual enhancement factor (3.5) in regime
by 0.1 N NaOH in a stirred cell having a diameter of 67 4 was therefore lower than 27,which would have been

mm (section 3.1). The reaction regime is to be determined. €xpected in regime 3.

The solubility in water (g) is 74 mol /n$.5 Its value in 8.9. Single Reaction: Synopsis and Laboratory Pro-
0.1 N NaOH, namely ), will be estimated with the  tocol. Thus far a single reaction A B — P, whose kinetics
Setchenow equatiot:58 is first-order in each of the reagents A and B and where
irreversible reaction takes place in the A-rich phase, has been
log(c,/cg ) = Kd considered. The A-rich phase (phase 2) was liquid, whereas

the B-rich phase (phase 1) could be solid, gas, or liquid.
wherel is the ionic strength (0.1-@n/L) andKs is a sum Extension of the general principles to other reaction orders,
of the contributions of the ions and the other solute (ester) "eversibility, etc. is availabl&:®*

giving Ks = 0.091+ 0.066 + 0.020= 0.177 (L/g-ion). The four most important regimes, each characterised by
Hence,csi = 70.5 mol/n3. a Hatta number—this is the square root of the ratio of
The diffusivity of NaOH isDy = 1.85 x 107° m?/s5? diffusion and reaction timesamongst other quantities, were

That of the esterg) will be estimated by the WilkeChang treated. Reference was also made to the overlap or transition
methods® From the ester’s formula the molar volume atthe ZOnes between the regimes. The regime can change as
boiling point is 124.9 c#mol® and in a predominantly ~ 'éaction progresses, for example A is gradually consumed
aqueous solutio®s = 1.06 x 10°° m?/s. in phase 2, causinga to decrease; the solubility of B in

The aqueous film mass-transfer coefficiekf) (vhen the ~ Phase 2 can change as reaction products accumulate in phase
average stirrer speed in the cell was 22 rpm, was ap_2;_|n a semibatch, Ilqurdhqw_d rgactlon_, phase inversion
proximately 1.6x 105 m/s® The hydroxyl ion concentra- mlght occur._The gen_eral principles given above are still
tion (ca) was 100 gion/m?. The hydrolysis rate constant at  Valid, but their application becomes more complex and calls

298 K and the activation energy are 1.5/mol-s and 6.75  for much physicochemical information. _ _
kcal/mol, respectivel§? giving k = 1.81 n#/mol-s at 303 Table 15 summarises the exponents on variables affecting

K. the reaction rater) in the various regimes. For simplicity a
mass-transfer resistance in the B-rich phase (phase 1) is
(66) Sharma, M. M.; Nanda, A. K. Extraction with Second-Order Reaction. neglected_

Trans. Inst. Chem. End.968,46, 44. - . . . .
(67) Bamford, C. H.; Tipper, C. F. HComprehensive Chemical Kinetjcs Table 15 also clarifies dlagnosmg (usmg reaction rate

Elsevier: Amsterdam, 1972; Vol. 10. measurements) which regime applies, for example ig

Vol. 7, No. 4, 2003 / Organic Process Research & Development o 501



BAFFLED TURBINE
AGITATED REACTOR

YES

SENSITIVITY
TO AGITATION

i i

Reactionvery slow with | CONSTANT ARES CELL
respect to mass transfer
, —
CHANGE PHASE VOLUME NO SENSITIVITY
RATIO TO FIND WHERE TO FHASE
REACTICN OCCURS VOLUME
r y
| Fast ‘in film’ reaction | | Slow, gives reacting phase |

Figure 30. Identification of reaction regime in a liquid —liquid system 8

observed to be directly proportional tg;, k., anda, but from eq 8.9 thatcgi(kDgca)¥? is also known and can be

unaffected byca, 7, andk, then regime 2 and eq 8.apply. applied to any type of contacting device, even though its
Often insufficient basic information is available for direct value ofk_ differs from that of the stirred cell. This result

application of the equations given above. A laboratory has been used many times for reactions in regime 3, since it

protocol is needed to determine the regime from relatively avoids individual determinations of solubilitg#), reaction

few, well-planned rate measurements. Figure 30, which refersrate constant (k), and solute diffusivity 06466

specifically to a liquid system, is a good examfiién Figure Many two-phase reactions have been sufficiently well

30 and Table 15 the following responses of the reaction rate characterised that they can serve as test reactions, for example

can be identified. when the interfacial area in a novel contactor needs to be
() By using baffles in a laboratory-scale tank (e.g., glass measured as a function of liquid flow rate.

vessel with diameter approximately 0.F%or Mettler RC1 Some examples of test reactions include

heat flow calorimeter) the flow pattern is well-defined and (a) gas—liquid systems: absorption of £€ar H,S into

suitable for creating and maintaining any kind of dilute an alkaline solutioft

dispersion. (b) solid—liquid systems: alkaline hydrolysis of a solid
(ii) Over small ranges of stirrer speel) the propor- ester, dissolution of an organic acid in an alkaline solfion

tionality a ~ N holds (section 3.1). If the reaction rate is (c) liquid—liquid systems: transfer of 2,4,4-trimethyl-2-

then unchanged, the regime is 1 (Table 15). pentene from a toluene solution into sulphuric &€ief,"*

(iii) The phase volume ratio influences if this affects alkaline hydrolysis of a liquid esté&f.”
r in a constant area cell (Figure 3), the regime is 2 (Table 15).  Detailed information about the characteristics of various
(iv) Fast “in film” reaction in Figure 30 covers regimes reactor types and of dispersions of solids, gases, and liquids
3 and 4. To distinguish between them (a) in regime % in liquids is available?73.74
k. and changing stirrer speed in a Lewis cell (Figure 3) This section offers an introduction to the coupling between
changesk,, and (b) in regime 3y ~ ca'? (Figure 28 mass transfer/diffusion and chemical reaction. The concepts
illustrates this response). and methods given here form the basis for considering the
When reaction takes place in the fast regime (regime 3), influence of mass transfer on more complex reactfdns,
its rate is independent of the film mass-transfer coefficient
(k): refer to Table 15. Many factorssome of them difficult (70) Sankholkar, D. S.; Sharma, M. M. A New System for the Measurement of
. Effective Interfacial Area in Agitated LiquidLiquid Contactors by the
to know and control—determink. (e.g., turbulence level, Chemical MethodChem. Eng. Scil973,28, 2089.
flow pattern, reactor type, viscosity).ffa has been measured (71) Zaldivar, J. M.; Molga, E.; Alos, M. A.; Hernandez, H.; Westerterp, K. R.

: ; : : : f Aromatic Nitrations by Mixed Acid: Fast LiquidLiquid Reaction Regime.
in a stirred cell, which has a known interfacial area, it follows Chem. Eng. Progl996,35, 91.

(72) Woezik, B. A. A.; Westerterp, K. R. Measurement of Interfacial Area with

(68) Atherton, J. H. Methods for Study of Reaction Mechanisms in Liguid the Chemical Method for a System with Alternating Dispersed Phases.
Liquid and Liquid—Solid Reaction Systems and Their Relevance to the Chem. Eng. Prog2000, 39, 299.
Development of Fine Chemical Processesns. Inst. Chem. Eng. 29093 (73) Harnby, N., Edwards, M. F., Nienow, A. W., Eddixing in the Process
71, 111. Industries; Butterworth-Heinemann: Woburn, MA, 1997.

(69) Atherton, J. H.; Carpenter, K. Brocess Development: Physicochemical  (74) Sharratt, P. N., Eddandbook of Batch Process Desjdslackie: London,
Concepts; Oxford University Press: New York, 1999. 1997.
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including phase-transfer catalysts’® as well as on the  because R has not yet been formed: subsequetatyand

selectivity of multiple reactions (section 9). Ha; can increase and decrease respectively with a fall in
selectivity. In the limit where all A has reacted, the yield of

9. Mass Transfer and Time Constants in Two-Phase R is zero, so that the conversion of A needs to be less than

Reactions. Part 2: Multiple Reactions 100%,when R is the desired product. For example, the

9.1. Introduction. When several reactions occur, involv- influence of the conversion of 4-hydroxytoluene on the yield
ing reagents initially present in different phases, interphase of its monochloro-derivative has been publisi&#. (For-
mass transfer can influence their rates and product distribu-mally a distinction is made between the differential (or
tions. Some examples were given in section 3. Discussioninstantaneous) yield, corresponding to the formation and
of such reactions now moves from the qualitative level consumption of very small quantities of product and reagent
employed there to the semiquantitative level by use of the respectively, and the integral (or overall) yield, corresponding
time constants given in section 8. Details of quantitative to finite changes in product and reagent quantities. Selectivity
modelling are available in the literatufealthough the full can also be understood in these two ways, although here the
treatment of multiple reactions becomes quite involved and selectivity refers to the instantaneous state (refer to definition
much can be learned from the simpler semiquantitative in 9.2.1). This matter of definitions will not be discussed
approach developed in Chap. 8 and further used here. further here).

9.2. Competitive—Consecutive Reactions9.2.1. Intro- (b) Both reactions slow or very slow when the following
duction. Employing the notation and conventions from conditions are fulfilled.
sections 2, 3, and 8, the following scheme will be the

principal object of study in this section. Ha, < 0.3,Ha, < 0.3 (9.2)

A+B Y R 2.1) B does not react ir_1 the film_, but in the bulk of phase 2,
' where reagent A and intermediate R are present. Both R and
R+B ke s 2.2) S will be formgd in the pulk and the selectivity for R will
be lower than in scenario a).

The reactions occur in phase 2, where A is present and Hai s inversely proportional té_ ( eq 8.7), which varies
into which B is transferred from phase 1. In many practical by roughly a factor 10 between various conventional con-
cases the intermediate R is the required productland tactors®® In addition to a change iHa due to changing
ko, so that when the reaction conditions are properly chosenconcentrations (discussed above), the reaction regime can
a high selectivity for R can be expected. Different definitions also be different in different contactors. If, for examptiey,
of selectivity are in use. Here selectivity is the ratio of the = 3 whenk_ is low and the contactor is changed to one
reaction rates of B with A and R (forming R and S whosek_ value is 10 times larger, theda; = 0.3: in this
respectively). case the regime for the first reaction would change from fast

9.2.2 General PrinciplesDiffering scenarios and conse- to slow with a decrease in the R-selectivity.
quently different selectivities arise depending upon where If, however, both reactions remain in the slow regime
each reaction takes place: this depends in turn on the ratiowhen changing the contactor, the selectivity will be unaf-
of the time constants for diffusion and reaction, expressed fected, although the observed reaction rates can change.
by Hatta numbers (refer to section 8.3). Some examples (c) Both reactions fast and pseudofirst order in B.
follow. The following conditions need to be satisfied

(a) First reaction fast, second reaction slow or very slow.

Here the words fast, slow etc. are used in the sense defined
in section 8. Thereforklay, referring to eq 2.1 and employing

its rate constarit;, should exceed approximately 3. Similarl ) ) S .
! Pp y y early in the reaction. R must initially be formed by the first

Ha,, referring to eq 2.2 and employing its rate constiant . ) . :
should be less than approximately 0.3. The concentrations.reacnon' leading only gradually to a high R-concentration

appearing irHa, andHa, areca andcx respectively (refer in the film and the bulk and so satisfying the last condition.

to eq 8.7). When the following conditions are satisfied V\(hgn al th.e conjdltlons n €q 9'.3 are met, therg are
negligible gradients in the concentrations of A and R in the

Ha, > 3,Ha, < 0.3,c,/cg; > Ha, (9.1) film and the kinetics of the consumption of B is pseudofirst

order in B. The selectivity is then independent kpf If,

reagent B will react completely in the diffusion film of phase however,k_can be sufficiently increased theta, < 0.3
2 and most of the B will react with A, not R. In this scenario  whilst Ha, > 3, scenario (a) will be attained and the

a high selectivity for R will result. R-selectivity will increase.

As reactions proceed the concentrations change, which  (d) Both reactions fast and second order.
can of course allow the regime to change (e.g., from fastto  When the following conditions are satisfied
slow). For the reaction 2.Ha, is usually initially zero,

Ha, > 3,Ha, > 3,c,/cg; > Ha,, cx/cg; > Ha,  (9.3)

The last of these four conditions is unlikely to be met

Ha, > 3,Ha, > 3,c,/cg < Hay, cx/cg; < Ha, (9.4)

(75) Asai, S.; Nakamura, H.; Furuichi, Y. Alkaline HydrolysisreButyl Acetate

with Phase Transfer Catalyst Aliquat 338IChE J.1992,38, 397. . . . . .
(76) Asai, S.; Nakamura, H.; Sumita, T. Oxidation of Benzyl Alcohol Using the concentrations of A and R in the film differ from their

Hypochlorite lon via Phase Transfer Catalys#A$ChE J.1994,40, 2028. values in the bulk and the kinetics becomes second order.
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The local rate of formation of R i& ca cg and the local 9.2.4. Chlorination of 4-Hydroxytoluene (p-Cresdlhe
concentration of A in the film must be lower than in scenario purpose of this section is to illustrate applications of the
(c), where & equals the bulk value. Depletion of A in the general principles in 9.2.2 to experimental results for well-
film, expressed by the third inequality in eq 9.4, means that characterised competitiveconsecutive reactions following
the selectivity for R is lower in scenario (d) than (c). egs 2.1 and 2.2. Several experimental studies have been
If Ha, > calcgi the first reaction occurs in the instanta-  published® (section 3.2), including the chlorination of
neous regime and then reactions take place between they.cresot560for which A is 4-hydroxytoluene, B is GIR is
interface and z (refer to Figure 29). 3-chloro-4-hydroxytoluene, and S is 3,5-dichloro-4-hydroxy-
The influence of mass transfer on the selectivity for R in tgjuene. The HCI simultaneously formed during these two
the reactions 2.1 and 2.2 is clearly complex. The selectivity g\ pstitutions need not be further mentioned.
will be highest if the conditions given in scenario (a) and In the present cadethe solvent was 1,2,4-trichloroben-

summarised in eq 9.1 can be realised. zene, the reaction temperature was 373 K, and the second-

9.2.3.|An Alt_ernatie Regptionln cont.rast to eqs 2.1hand order rate constants weke= 0.19 n#/mol-s andk, = 0.015
2.2, an alternative competitiveeonsecutive reaction scheme .3, 01.c The diffusivity of Cj varied with the viscosity

IS and composition of the reaction mixture: here an average
K valueDg = 3 x 10° m%s may be employed. Henry's law
A+B—R (9.5) related the partial pressure of ,Gb its solubility in the
k' reaction mixture, the proportionality constant being 270 mol/
A+R—S (9.6)

m3-bar. Liquid film mass-transfer coefficientk | were

It will again be supposed that (i’ > k', (ii) the available for a bubble column (diameter 23 mm) and, as a
selectivity for the intermediate R should be high, (iii) function of stirrer speed, for a stirred cell (diameter 55 mm),
reactions take place in phase 2 which is A-rich and (iv) B is which served as alternative reactér§?
initially present in phase 1 and has a low solubility in phase (i) bubble column: the following conditions applied
2 (cgi Ica < 1). Condition (i) favours high selectivity, but first reaction ca = 4450 mol/n§, Ha, = 4.0,

conditions (iii) and (iv) are very unfavourable, causing over- k. =4 x 10 m/s
reaction as R reacts with excess A to form S. second reactiorcg = 1340 mol/m, Ha, = 0.61,
An example of such reactions has been publishedere calCgi = 4450/220= 20 > Ha,
Ais OH™, B is a very slightly water-soluble carboxylic acid Comparing these three values with eqs-934, it is seen

ester (X-R—COOMe) containing another reactive group (X), that the first chlorination took place in the film (Ha 3)

R is the first hydrolysis product (X—R—COQ, and Sis  ynder pseudo-first-order conditions (& const. through the
the final hydrolysis product (HOR—COQ"). The reactivity  fjim). The condition for the second chlorination not to occur
of the X-group was considerably smaller than that of the j, the film (Ha < 0.3) was not fully satisfied (Ha= 0.61),
methyl ester. When one equivalent of concentrated aqueouSyjthough no S could form in the bulk because @las
NaOH was added to the ester and the agitation intensity wasonsmed forming R in the film. Therefore, a high selectivity
low, the yield of S was 50% and the conversion of Awas ¢, R would be expected: the measured value was 12.4,

i(,)(y?r'hﬂ}e |nte|rmbg|(j|atef F‘;] was nothr.esint, althoklgh>>h which as will subsequently be seen was the highest value in
2. The low solubility of the ester (B) in the aqueous phase this investigatior?®

with its associated low dissolution rate caused B and its If by increasing the turbulence in the bubble colurkn,

intermediate R to be transitorily in solution with a large had been increased, the first reaction could also have taken

excess of alkall (A)’ aIIovx_nng Rtoreactiullyto S. The time place in the bulk, thereby decreasing the selectivity (refer to
constant for the dissolution of the ester was much greater .
section 9.2.2. (b)).

than that for the second hydrolysis. It was further repdfted o , " :
that, when concentrated alkali was slowly added to a solution (i it'”ed cell: the follgwmg conditions agphed
of the ester dissolved in a lower alcohol, taking care to 3CA = 4000 mol/n, cz = 1700 mol/n, cgi = 132 mol/
maintain a single phase, the product distribution was that ™ Ca/Cei = 30, Ce/Csi = 13 _ .
corresponding to the reaction kinetics and the stoichiometric K = (2.8~ 5.1) x 107> m/s for stirrer speeds in the range
ratio (A/B = 1). This example well illustrates the need to 40—100 rpm
identify the reactions and where they occur as well as to ~MaximumHa values: Ha, = 54, Ha, = 10 (smallesk,)
pay attention to the conditions (i—iv) given above. minimum Ha values: Ha, = 30, Ha, = 5.4 (largest.)
Detailed modelling of reactions 9.5 and 9.6 has been  Comparing these quantities with the criteria in eqs-9.1
published® with particular reference to the rate of dissolution 9.4, it can first be seen that both reactions occurred in the
and reaction of the reagent B. When both reactions are infilm. From egs 9.3 and 9.4 a depletion (i.e., concentration
the slow regime, the R-yield decreases as B increasingly gradient) ofp-cresol in the film must be expected with the
favours phase 1 (increasing distribution coefficient) and as first chlorination being either fast, second-order with the
the interfacial area per unit volume (a) decre&8es. largestk, value, or instantaneous with the smallsvalue.
_ The second chlorination would have been second-order with
an fghgf“%”ﬁ:ﬁ]g;gf:;gsas'efp;ﬁés :(];.;S‘:Ijltl)?/lg,p\?\;t.?tEngmRso?/g? Sgg'gty . the smallesk_ value and probably pseudo-first-order with
Chemistry: Cambridge, UK, 1999. the largest value df,. From section 9.2.2 (c) and (d) lower
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selectivities than in the bubble column (12.4) must be
expected in the stirred cell. This was confirmed experimen-
tally, measured values being 6.4 (highlestalue and stirrer
speed) and 3.1 (lowe&t value and stirrer speed).

(iii) stirred cell: the following conditions applied

stirrer speed 40 rpm k. = 2.8 x 105 m/s variable ratio
CA/CBi

With ca = 4000 mol/ni, cgi = 255 mol/n? andcr =
1400 mol/n, Ha; = 54 andca/cgi = 15.7, indicating
depletion of A and instantaneous first reaction in the film—
scenario (d)Ha, = 8.9 andcg/csi = 5.5. The measured
selectivity was 2.3.

When the ratiaa/cg; was reduced to 7.8, indicating more
depletion of A and less competition from the first, R-forming
reaction in the film, the measured selectivity fell to 1.6.

Detailed modelling of these chlorinations was also carried
out, and good agreement with the experiments was fétfid.
At the semiquantitative level shown here, the experimental
results are well interpreted by the general principles given
in section 9.2.2. The variation in the selectivity from 1.6 to

The variations in the concentrations of A, R, and S with
time were measured at three gas velocities, showing’that:

(i) The product distribution did not change significantly
despite changes ik a. The R yield first increased and later
decreased with increasing A conversion and time, its
maximum value being approximately 70%, almost irrespec-
tive of gas velocity.

(i) Reaction proceeded some 2.7 times faster at the
highest gas velocity relative to the lowest. This change is
consistent with eq 8.5for the slow regime, where both
reactions are in the bulk and have rates proportion&| 4o
Note that the ratio of rates and hence also the selectivity
should then be independent of gas velocity: see (i).

9.2.6. Sulphonation of Benzene with Sulphur TrioxAle.
detailed stud{? of benzene sulphonation, which included
guantitative modelling and substantial experimentation,
showed that less by-product formation took place in reactors
having highk_ values and that the first reaction, forming
benzenesulphonic acid (R), was in the instantaneous regime
and took place in the film. In turbulent liquids having

12.4 illustrates the substantial influence of mass transfer onphysical properties similar to those of waterery ap-

the chlorination of 4-hydroxytoluene.

9.2.5. Alkylation of Phenols with 2-Methylpropene
(Isobutene)Although less detailed information (e.qg., diffu-
sivities and mass-transfer coefficients) is available for the
alkylation of 4-hydroxytolueneptcresol) with isobuterf&®
than for its chlorination (section 9.2.4), these alkylations

proximate values df, are: stirred cell 5< 107> m/s, bubble
column and stirred tank T@m/s, concurrent gadiquid flow

in a pipe 5x 104 m/s, and cyclone 1G m/s. Increasing
and decreasing yields of R and S, respectively, were
calculated and also measured when changing from stirred
cell to tube and finally to cyclone for this particular

exhibited some different characteristics, principally because sulphonatiorf?

they did not usually take place in the diffusion film.
Absorption of gaseous isobutene (B) into molfearesol
(mp 308 K) (A) at temperatures in the range 33313 K
using 500 mol HSQOy/m? as catalyst was shown to follow
egs 2.1 and 2.2. The intermediate R was2-butyl-p-cresol,
and S was 2,6-diert-butyl-p-cresol. The solubility of isobu-
tene in molterp-cresol was 450 mol/frat a partial pressure
of 1 bar. The concentration ratim/cs was then 25.5.
Using a stirred cell the first reaction took place in the
fast pseudo-first-order regime (Har 3.5, ca/Csi > Hay),
giving ky &~ 6.2 x 10~ m3mol-s (+30%)’8 In a small stirred

tank reactor with a high stirrer speed the second reaction

occurred in the very slow regimélé, < 0.3) with no mass
transfer limitation, givinge. = 4.0 x 10~°> m3mol-s (£20%).
Thereforeki/k, = 15.5, and selective reaction to produce R
should be attainable.

By varying the flow rate of isobutene in a bubble column

to give superficial gas velocities between 0.053 and 0.22 m/s,

the gas hold-up, the interfacial are®) @nd to some extent
also the mass transfer coefficiekt\ were changed. It was
estimated thak a increased by a factor of 2.7 as the gas
rate was increaseéd.Because of highek_ values in the
bubble column relative to those in the stirred cell, there
should have been no reaction in the film and eq 9.2 for

9.3. Competitive Reactions.9.3.1. Introduction.The
second-order reaction scheme in eqs 2.8 and 2.9 will be
considered here.

kl

A+B—P (2.8)
k

C+B—0Q (2.9)

For two-phase reactions there are two important possibili-
ties.

(i) B is present in phase 2 where the reactions take place.
A and C, initially present in phase 1, are both transferred
into phase 2.

(i) A and C are present in phase-fhe reactive phase
and B, initially present only in phasel, is transferred into
phase 2.

Examples of these two possibilities include:

(i) simultaneous competitive nitrations of benzene and
methylbenzene

B = NO,*, C = CgHg, A = C¢HsCHs, phase = organic,
phase 2= aqueous

(i) absorption of an acid gas into a solution of two amines

A = amine 1, C= amine 2, B= H,S (or CQ), phase 1
= gas, phase 2 liquid

scenario (b) should have been satisfied. This also means that 1 "US, o substances change phase in case (i), whereas

the gas velocity should have had no effect on the produc
distribution, but would have influenced measured reaction
rates.

(78) Gehlawat, J. K.; Sharma, M. M. Alkylation of Phenols with Isobutylene.
J. Appl. Chem1970, 20, 93.

+ In case (i) only one substance is transferred between phases.

9.3.2. General Principlesthe principles applying to cases
(i) and (i) are no different from those already explained in
section 9.2.2. Further details for both cases may be found in
the literature€® Each reaction can take place in the film or
the bulk—in principle reaction at the interface is a further
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possibility, although an infrequent onelepending on the  tion, the reactive species being the once protonated amine

value of its Hatta number. In case (i) for example, tafer (DMPAHT* , pK = 6.4) in the pH range from approximately

to eq 8.7) for the P-forming reaction (eq 2.8) includes 5.5 to 7.0. The second-order rate constarkis= 0.77 n#/

Da andcg, whereas Hafor the Q-forming reaction (eq 2.9) mol-s’®

includesk,, Dc and cg. The differential selectivity can be In terms of egs 2.8 and 2.9 B is cyanuric chloride, A is

defined as the ratio of the instantaneous rates of formationDMPAH", and C is water. The solubility of B is ap-

of P and Q. The following examples apply the general proximately 2.6 mol/riat 298 K& Diffusivities areDa ~

principles to interpreting experiments on pairs of competitive 6.6 x 1071 m%s andDg ~ 3.3 x 10 m?%s.® The amine

reactions and include cases (i) and (ii). concentration i€x = 200 mol/n¥. In a stirred tank reactor
9.3.3. Competitie Nitrations of Methylbenzene (A) and k. =5 x 10°° m/s.

Benzene (C)Reference to results on competitive nitrations It is required to know whether cyanuric chloride is used

(B = NO;") was made in section 3.3.1. The organic phase selectively in the coupling reaction or wasted by hydrolysis.

was an equimolar mixture of toluene and benzene. The

aqueous phase contained 15, 30, and 55 mol % of ENO Ha, = (0.77x 200 x 3.3x 10945 x 10 °= 45

H.SO,, and HO, respectively, and with this high nitric acid 112 .

concentration both nitrations would be expected to take place Ha, = (0.0036x 3.3x 10 %)™/5 x 10°°= 0.02

in the fast regimé’=’*When two-phase competitive nitra- CalCg; = 200/2.6= 77

tions were carried out in a stirred tank reactor and the rate

constant ratidg/k, was calculated from the measured product The coupling is fast (Ha> 3) and pseudo-first-order A€

distribution (P/Q) on the assumption of fully kinetically csi > Hay) in the film. Cyanuric chloride (B) should be fully

controlled reactions in the very slow regime, the result was consumed there. Its hydrolysis does not take place in the

ki/ko in the range 1.31.83 It is, however, well-established ~ film (Ha, < 0.3) and also not in the bulk, because it is

that methylbenzene (A) nitrates some-Z¥ times faster ~ consumed by the coupling in the film. Highly selective use

than benzene (C) so thlatk, should be about 23. The actual of cyanuric chloride is therefore made in this example.

regime is likely to have been fast and pseudo-first-ordgr ( 9.3.5. A SchottenBaumann Acylation with Benzoyl
and cq; < cg) for both nitrations. Equation 8.9 applied to Chloride. The desired reaction is between benzoyl chloride
each reaction gives (CsHsCOCI) (B) and benzylamine @sCH.NH,) (A) to
form N-benzylbenzamide (P) and takes place in the alkaline
relf g = (DakDR) cylc; (9.7) aqueous phase. The reactive species of the amine is the

unprotonated form (A), which is in equilibrium with the
The ratios of the solubilities and diffusivities of toluene and protonated form (A) depending upon the pH of the

benzene in the acid phase are approximately®£&l 0.9 solutiorf?
respectively. Substituting in eq 9.7 gives
At A+H" pK, = 9.34
réfo=1[(23 x 0.9)70.28=1.3
Benzoyl chloride hydrolyses in neutral and alkaline solutions

The low selectivities given above (3:3.8) are consistent  with pseudofirst order and second order rate constarkg of
with nitrations in the fast regime for which the calculated = 1.4 s andkyy = 0.4 n¥/mol-s respectively according to

selectivity is approximately 1.3. the equations

In homogeneous, single-phase competitive nitration of an
equimolar mixture of benzene and toluene using small B + H,0 — waste Ky ’g
degrees of conversion, the selectivity is equadtky,, which B + OH — waste Kon (2.9

is approximately 23.
In two-phase nitration in the very slow regime it follows The product forming reaction at 298 K is
from eq 8.3 that the selectivity ikiCci/koCai), Which is .
approximately (23x 0.28)= 6.5. A+B—P+ HCI (2.8)
This simple example illustrates some influences of
solubility and diffusion—in addition to the more obvious Whereky = 16 m#¥/mol-s and the concentrations of A and B
difference in the values of the rate constaras the increase and decrease respectively with rising pH. When the
selectivity of two-phase reactions. concentration of the nucleophile (A) is much greater than
9.3.4. Reactions between Cyanuric Chloride and an that of the electrophile (B), so that the product-forming
Aqueous Amine SolutioByanuric chloride (2,4,6-trichloro- ~ reaction becomes pseudofirst order in B, the optimal pH

1,3,5-triazine, QNsCls) (mp 427 K) hydrolyses slowly in (79) Compton, R. G.; Harding, M. S.; Atherton, J. H.; Brennan, C. M.

aqueous solution according to Mechanism of a Solid/Liquid Interfacial Reaction: The Reaction of an
Aqueous Solution of an Aromatic Amine with Cyanuric ChloridePhys.
ky N B Chem.1993,97, 4677.
C3N30|3 + HZO - C3N3C|2(OH) +H"+Cl (80) Horrobin, S. The Hydrolysis of some Chloro-1,3,5-triazines: Mechanism,
Structure and Reactivityl. Chem. Soc1963, 4130.
. ~ 1 . . (81) King, J. F.; Rathore, R.; Lam, J. Y. L.; Guo, Z. R,; Klassen, D. F. pH
with k, ~ 0.0036 s* at 298 K. It also COUpIeS with the amine Optimization of Nucleophilic Reactions in Watdr.Am. Chem. S04992,

DMPA (N,N-dimethylp-phenylenediamine) in aqueous solu- 114, 3028.
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maximizing the rate of eq 2.8elative to eq 2.9may be
calculated frorft

PHpax= 0.5[log (K/koy ) + PK,, + PKJ]

where pK, refers to the dissociation of water {8l <> Ht +
OH"). Therefore pkax = 10.44 in this example.

When the total concentration of the amine (free A and
protonated A) in the aqueous phase is 10 mol/rthat of
the free amine at pH= 10.44 can be found sinceKp is
known (9.34). Thereforea = 9.26 mol/ns.

The diffusivity of dissolved benzoyl chloride can be
estimated by the Wilke—Chang meti8drefer to section
8.4.2) givingDg ~ 8 x 1071 m?s at 298 K. Two possible
liquid film mass-transfer coefficients will be considered
corresponding to

(i) weak agitation:k. = 10> m/s and to (ii) strong
agitation:k. = 2 x 104 m/s.

For the product-forming reaction with weak agitation
(refer to eq 8.7)

(i) Ha, = (16 x 9.26x 8 x 10 '9*910°=34
whereas, with strong agitation
(i) Ha, = (16 x 9.26x 8 x 10 )92 x 10 %) =1.7

This reaction takes place mainly in the film.

For the wasteful hydrolyses, (k- kon Con) is the total
pseudo-first-order rate constant wheeg = 10° x (10
1071044 mol/m?. Hence

Ko = (144 0.40)0.27=15s*
The Hatta number for hydrolysis is therefore
(i) Ha, = (1.5 x 8 x 10 *9)Y%10°° = 3.5 (weak agitation)
(i) Ha,= (1.5x 8 x 10 '9/(2x 10 %) = 0.17 (strong agitation)

It may be concluded that the product-forming reaction is fast,
taking place almost entirely in the film. With weak agitation
the wasteful hydrolysis also occurs in the film, but shifts to
the bulk of the aqueous phase when agitation is vigorous.
This latter condition should ensure selective use of benzoyl
chloride. Experimental evidence for this prediction is avail-
able®! Using vigorous agitation and adding pure B over 30
min, the product yield was in the range-999% when the

pH was 10.4—10.45.

9.3.6. Selectie Absorption of kS in the Presence of GO
Hydrogen sulphide can be removed from a gas stream for
example by absorption into an amine solution, where usually
instantaneous reaction occurs.

in the liquid film adjacent to the interface or possibly at the
interface. This location depends strongly on the ratio of the
time constants for diffusion of reagents through the film and
chemical reaction in the film. The square root of this ratio
is termed the Hatta number. With multiple reactions a key
selectivity-determining factor is the locations of product-
forming as well as undesired reactions, summarised in the
guestion “Where does each reaction occur?”. Many scenarios
arise. High selectivity is favoured when the dissolved and
dissolving reagents form product in the film, whilst by-
products form in the bulk. Various scenarios, having widely
different selectivities, were illustrated for competitive as well
as competitive—consecutive reactions.

Closing Remarks
This review offers an introduction to the principles

determining the influence of mixing and mass transfer on
chemical reactions, especially on the selectivity of single-
and two-phase reactions. It aims to provide Chemists working
on such reactions with a suitable starting point for their study,
whereby some words of Winston Churchill (10 November
1942) seem appropriate: “This is not the end. It is not even
the beginning of the end. But it is, perhaps, the end of the
beginning.”
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LIST OF SYMBOLS
A, B, C reagents A, B,and C
a interfacial area per unit volume of dispersion
molar reagent ratio

cg' concentration of B in nonreactive phase

Cai concentration of B at interface in reactive phase
G concentration of substance i

d diameter of stirrer or nozzle

D; diffusivity of i

D+ turbulent diffusivity

engulfment rate coefficient
H hold-up (volume fraction) of dispersed phase
| ionic strength

Depending upon the nature of the reagent (e.g., amine)i
in solution, carbon dioxide, also present in the gas stream, g

can react too. A selective absorbent is one reacting instan—KS

taneously with HS, but not with CQ The extensive K
literature on this reactive separation may be consulted for
further detailt®-64 Lr

9.4. Conclusionslt was shown in section 8 that reactions Le Ac

in two-phase systems can occur in the bulk of a liquid phase,/

any substance, interface

rate constant

Setchenow constant

liguid-film mass transfer coefficient
length of reaction zone

scale of unmixed region

volume fraction of reactive phase
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Lerit
tf

tos

Ut
Uo

Ve

Ve
Vi
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molecular mass

rotational speed of stirrer

number of feed points

number of moles of i

power consumption

products of competitive reactions

flow rate of stream containing B

reaction rate of i

products of competitive—consecutive reactions

temperature, tank diameter

time

characteristic times with suffix C circulation, D turbulent
dispersion, DS molecular diffusion and shrinkage, E
engulfment, Mix mixing, m bulk blending, MR micro-
mixing and reaction, R reaction, S eddy breakup

critical feed time

feed time

time to attain 95% macroscopic homogeneity
velocity

feed velocity

velocity through nozzle

volume

molar volume

engulfed volume

volume of i-rich solution
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UMR
Xa

Xo, Xs

local fluid velocity

volume fraction of A-rich liquid
yields of Q and S

position of instantaneous reaction

Wilke—Chang parameter

thickness of diffusion layer

dissipation rate of turbulent kinetic energy per unit mass
volume-averaged value of dissipation rate

seel

Kolmogorov scale

dynamic viscosity

kinematic viscosity

density

distribution coefficient

Damkoehler numbet eq 6.3

Hatta number— eq 8.7

Power number- eq 4.13

Reynolds number- section 7.4.1. (a)
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