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Abstract

A circulating apparatus has been specifically designed for kinetic studies of mineral-
water interactions in hydrothermal systems. The equipment can be operated to 350'C and
140 bars with flow rates of 0.5 to 320 mUhr.It can be used in a variety of modes depending
on the application: semi-static, continuously-fed stirred tank reactor (CSTR), plug flow
and packed-bed. The theory ofoperation and derivation ofkinetic rate laws in each basic
mode is outlined. Experimental examples are presented for the dissolution kinetics of
calcite, fluorite and magnetite in simple aqueous systems to 350"C and 140 bars using
CSTR, packed-bed plug flow and semi-static modes.

Introduction

Relatively little is known at present about the rates and
chemical mechanisms of mineral reactions in hydrother-
mal solutions. Previous high-temperature studies on the
dissolution kinetics offeldspar by Lagache (1976) and of
silica by Rimstidt and Barnes (1980) have used conven-
tional static equipment; in that approach, fluid samples
are withdrawn periodically from a sealed autoclave, and
rate laws are determined from the change in concentration
with time. Rimstidt and Barnes (1980) have also used a
semi-batch reactor similar to the one discussed below.

The present paper describes a hydrothermal apparatus
which greatly facilitates kinetic studies at temperatures
and pressures up to 350.C and 140 bars. This equipment
can be operated as a conventional static system, but in
addition can be run in a variety of circulating modes.
When used as a circulating system, rate laws are deter-
mined from steady-state rather than time-dependent con-
centrations. A major advantage is the ability to vary the
chemistry of the input stream over the course of an ex-
perimen! this simplifies and greatly reduces the number
of experiments required to determine reaction orders and
other rate parameters.

Flow system design

Flow reactors of widely varying design are often used in en-
gineering and industrial processes (e.g., Bunn, 1976; Carberry,
1976; Irvenspiel,1972). The apparatus described in this paper
has been designed specifically to study the kinetics of hydro-
thermal mineral-water interactions and other solid-liquid or sol-
id-gas systems at the laboratory scale. There has been some pre-
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vious geochemical work on mineral solubilities using flow reactors
(Morey and Hesselgesser, 1951; Sweeton and Baes, 1970; Kanert
et al., I 978; Tremaine and kBlanc, I 980). However, it is difrcult
to demonstrate chemical equilibrium in such experiments, and
these flow systems by their very nature are better suited for kinetic
studies.

The general design ofthe flow system is outlined in Figure l.
For our particular purposes, we have used tubular autoclaves or
reaction vessels constructed from 316 stainless steel, pure tita-
nium, or other corrosion-resistant alloys, with internal volumes
ranging from tens to hundreds of milliliters. These vessels are
fitted with either standard coned t/n', taper-seal %" or Yr"" inlet
and ouflet ports at opposite ends. For particularly corrosive ap-
plications, the vessels can be lined v/ith inert materials such as
teflon, titanium, or gold. By changing the aspect ratio (a length
to diameter ratio), the flow apparatus can usually be operated
between two ideal flow regimes, plug flow and well-mixed flow.
System pressure is maintained and controlled up to 140+0.68
bars by a gasJoaded back pressure regulator with a teflon dia-
phragm (Grove Model S-9IXW), located on the outlet side of
the vessel. Located on the input side are two separate pumps,
each with its own set of safety rupture disks and one-way valves
(HIP, Inc.; parts 60-6lHF4 and l5-4IAF2-T, respectively). Fluids
are continuously pumped through the autoclave at flow rates from
0.5 to 320 mllhr by an HPLC pump (either a Milton Roy Model
396 minipump or an Isco Model 314). The second liquid pump
(Haskell Model MCP-71), rapidly replaces large volumes of liq-
uid and is used to initially charge the system, or to replace solution
withdrawn by sampling in the semi-static mode.

Gas mixtures can be fed into the input stream at precisely
controlled rates using an electronic mass flow meter @orter In-
strument Company, Inc.; Model F22l), with a flow rating of G-
5 cclmin. Mixtures of gases (such as hydrogen or carbon dioxide
with an inert gas) can be used to control the gaseous fugacities
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Fig. 1. Schematic diagram of circulating hydrothermal equipment with controlled liquid and gas inputs, operable to 350C, 140
bars .1 :sampleandho lder ,2 :go ldmeshsuppor t tube,3 : reac t ionvesse l ,4 : fu rnace,5 : insu la t ion ,6 : lava l i tesuppor t
b lock ,T :pressuregauge,8 :va lve ,9 :backpressureregu la to r , l0 :gascy l inder , l l : sampleout le t ,12 : l iqu id reservo i r ,
13 : fast acting liquid replacement pump (Haskell gas loaded-diaphram liquid stroke minipump), 14 : hieh pressure air, 15:
liquid reservoir, 16 : liquid metering pump (Isco or Milton Roy minipump), 17 : valve, 18 : valve, 19 : one-way valve, 20:
safety rupture head, 2l : valve, 22: reducer,23 : valve,24 : reducer, 25 : liquid and gas mixing chamber, 26 : one-way valve,
27 : one-way valve, 28 : mass flowmeter, 29 : vaIve, 30 : safety rupture head, 3l : valve, 32 : tee, 33 : temperature control
assembly, 34 : gas regulator and valve.

in the hydrothermal solution. Liquid and gas are input to a pre-
liminary mixing chamber consisting of a vertically-mounted
stainless steel autoclave with two one-way inlets (one liquid and
one gas inlet) and a single outlet for the mixture. In order for the
metering method to work properly, pressure at the inlet port must
be slightly higher than at the back pressure regulator. This is
accomplished by bleeding offa small volume of gas at the back
pressure regulatorjust before turning on the gas metering system.
The Isco pump (unlike the Milton Roy HPLC pump) allows gas-
saturated solutions to be input at system pressure, without vapor
locks, but must be recharged after each 350 mL stroke of the
piston. The autoclaves are heated by conventional furnaces, which
are adjusted to minimize longitudinal temperature gradients. The
temperature is set by time-proportioning controllers which trigger
mercury relays; the electrical power is adjusted with variable
transformers.

Theory of flow operation

Depending on the properties of the fluid and the con-
figuration of the reaction vessel and sample, the above

apparatus can be operated in different modes: (l) Semi-
static (semi-batch) with easy input and output of solution;
(2) well-mixed continuous flow reactor (or continuously-
fed stirred tank reactor, CSTR); and (3) plug flow reactor.
Experiments involving mineral-water reactions and het-
erogeneous catalysis often use reactors with packed-beds,
where experimental conditions (packing, permeability,
porosity, flow rate, reactor aspect ratio, etc.) determine
the flow regime occurring within the reactor. This ver-
satility is an important advantage because it is possible
to choose the optimal mode for a particular reaction or
process without redesigning or significantly rebuilding the
apparatus. We have successfully tested and used all solid-
liquid modes and present the theory of operation and
typical results below.

We should emphasize at the outset the importance of
choosing the correct reactor model. An incorrect inter-
pretation of parameters, such as diftrsion (e.g., eddy and
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molecular), mass and heat transfer, the effect of gradients,
etc., can lead to incorrect modelling and errors of one or
two orders of magnitude in the derived rate constants-
see an example given by Poirier and Carr (1971). The
theory of reactor models is discussed at length by Lev-
enspiel (1972), Carberry (1960), Johnson and Huang
(1956), Sherwood et al. (1975), and others.

Semi-static or batch reactors

In conventional static reactors, samples are withdrawn
periodically from an otherw'ise closed system, and changes
in concentration are measured as a function of time. In
pressurized, high-temperature systems, fluid pressure and
density necessarily drop with each sampling if the vessel
is filled with fluid alone. With vapor and fluid present,
pressure remains fixed, but the ratio of fluid to solid reac-
tants decreases with each sampling. Such experiments are
ultimately limited by the amount of solution that can be
withdrawn before emptying the vessel.

The above difficulties can be circumvented by replacing
withdrawn fluid with fresh solution at each sampling. This
is accomplished in the apparatus described above by the
fast-acting pump (#13) illustrated in Figure l. The fast
acting pump is set to self-activate at a pressure slightly
higher than the back pressure regulator. Therefore, open-
ing and closing valve #l 8 (Fig. l) forces solution through
the vessel and out the back pressure regulator where the
sample is collected. During this mode of operation, valve
#29 remains closed. We define such systems in which fluid
is both periodically withdrawn and simultaneously re-
placed as semi-static reactors.

Using the algorithm outlined in the Appendix to this
paper, it is possible to correct for the dilution caused by
addition of fresh solution at each sampling. The corrected
data can then be analyzed as in a batch reactor. Theoretical
rate laws are integrated and then fitted to the data to
determine which expression yields the best fit. This pro-
vides both the order of reaction and the rate constant for
simple reactions. For a list of integrated rate equations,
see Laidler (1965, p. 7fl).

In some mineral-water systems, reaction rates are sul-
ficiently slow that the initial parameters do not change
extensively throughout the course of an experiment. The
method of initial rates can then be used to determine the
rate laws and reaction orders with respect to specific vari-
ables far from equilibrium (Lasaga and Kirkpatrick, 1981;
Chapter l). With these same minerals, diftrsion and trans-
port is approximately two to four orders of magnitude
faster than the rate of reaction, so that the terms describing
transport at the solid-solution interface can be neglected
(Carberry, 1976). Other minerals, whose reaction rates in
solution are rapid must be corrected for diftrsion and
transpon.

Packed-bed reactor

As mentioned earlier, solid-liquid reactions are fre-
quently carried out in tubular reactors with the solid reac-
tant packed or suspended in the tube and the liquid passed

through it during the course of a reaction. The general
equation for any reaction carried out in a flow tube, as-
suming bulk flow in the axial direction and radial sym-
metrv. is:

I DVICI , d,\ ulCl _ n 0'[C] _
v d t  

-  
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In cylindrical coordinates, r is the radial direction and z
is the axial direction. D" is the axial dispersion coefrcient;
D. is the radial dispersion coefficient; & is the homoge-
neous rate of reaction; R, is the heterogeneous rate of
reaction, including mass transport of material to and away
from the surface ofthe solid; Term a in equation (l) is
the bulk mass rate of flow of [C] (molarity) in the tube;
u is the average linear velocity in the z-direction and V
is the volume of liquid in the void space in the reactor
(Carberry, 1976).

Unfortunately, there is no general analytical solution to
Equation l. Therefore, the importance of each of the pa-
rameters must be evaluated approximately both experi-
mentally and theoretically; one of three general approxi-
mate methods then used to solve the equation: (l) If the
axial dispersion is sufficiently large (as it is in a stirred
tank), the reactor is considered to be a CSTR. The equa-
tions to evaluate reaction kinetics in CSTR's are discussed
in a following section. (2) If the axial dispersion is small
on the other hand, the reactor is usually considered to be
a plug flow reactor. (3) If intermediate conditions exist,
the size and shape ofthe reactor is changed so that either
(l) or (2) is used. Otherwise, a complex mathematical
solution to the differential equation must be sought. The
interphase mass transport term and mass transport of the
dissolving solid are considered separately.

Transport between the bulk solution and the surface of
the solid must be estimated in any case. Transport coef-
ficents depend on concentration gradients and fluid flow
in the reactors and are calculated from literature tabula-
tions of experimental coefficients of transport. Some sim-
ple empirical equations in order to do this are given below.

For isothermal packed-bed reactors the principle design
elements to be considered in context of the present ap-
plication are fluid dynamics and fluid-particle mass trans-
fer. Dispersion in packed-beds is usually characterized by
the radial and axial Peclet numbers, Pe. and Pe". For liquid
water at flow rates under similar conditions to our studies
(unagitated flow), these numbers have the approximate
ranges:

Pe.: (ud)/D. : 8-50 (2)

Pe" : (ud)/D, :0.1-2 (3)

u is an average linear velocity; d is the effective particle
diameter; and D., D. are apparent radial and axial dif-
fusion coefrcients, which should be determined experi-
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Fig. 2. Ideal behavior ofinert chemical tracer spikes in (A)
plug flow, (B) laminar flow and (C) CSTR reactors. Left hand
figures illustrate input of sharply defined tracer spike. Middle
figures show the rough distribution oftracer within each reactor.
Right hand figures plot concentration oftracer in output stream
vs. time (expressed as fluid residence time, O).

mentally also. A helpful figure compiling experimental
values ofaxial and radial dispersion coefficients as a func-
tion of Reynold's number is found in Sherwood, Pigford
and Wilke (1975), for example. Radial nonuniformity is
usually negligible since D" is normally larger than the
molecular diffusion coemcient. The effects of axial dis-
persion can be eliminated by careful attention to bed ge-
ometry, specifically the length-to-diameter aspect ratio. A
useful criterion in this regard has been developedby Zah-
ner (1972).It is quite useful to compare these calculated
dispersion parameters to experimental ones, derived from
tracer studies.

Knowledge of the non-ideality of a flow system is im-
perative for the proper formulation of the kinetic rate law
ofinterest. Experimental tracer studies are commonly em-
ployed to determine the degree of non-ideality as a func-
tion ofthe axial and radial dispersion present for a flow
system operating under typical experimental conditions.
The axial dispersion parameter, which is usually more
significant than the radial dispersion parameter, is com-
monly determined through the introduction of a tracer
spike (Dirac 6-function) into the input stream or through
a step change in the input chemistry of the liquid reservoir.
Figures 2a and 2b demonstrate the behavior of an inert
tracer spike for perfect plug-flow and laminar-flow reac-
tors, respectively; Figure 2c is for a CSTR. The general
dispersion equation (equation l) can be used to mathe-
matically formulate the basis of these dispersion mea-
surement techniques. For the case of a tracer injection,
an expression incorporating the Dirac D-function is set
equal to R, (in this case a source term) in equation I and
the homogeneous reaction term R" drops out. For a de-
tailed review ofvarious dispersion models and procedures
for analyzing experimental lracer data, the reader is re-

ferred to the engineering literatlrre, such as Irvenspiel and
Bischoff(1963).

When experimental and theoretical dispersion coeffi-
cients difer significantly, special caution must be used.
We find it helpful to construct a cylindrical glass tube
having the same dimensions, packing, and fittings as our
reactor and into which a dye tracer is admitted. The flow
patterns and irregularities as well as bypassing can then
be readily seen and the packing and other conditions op-
timized. Fluid bypassing the solids by flowing close to the
wall and then mixing in a small volume just prior to
exiting can appear to have a uniform concentration
throughout the vessel if only the output is observed. This
might, for example, lead to the improper choice ofa CSTR
model when a plug flow model is more appropriate.

The mass transport in solid-liquid systems is calculated
based on the assumption that the flow is either turbulent
or laminar. Interphase mass transfer in packed-beds is
often characterized by correlations of the form:

56 : j"ReSc'tt (4)

where the dimensionless groups are the Sherwood, Reyn-
olds, and Schmidt numbers respectively, and j" is the
Clinton-Colburn factor. jo and Sc permit an estimation
ofthe mass transfer coefficient, k". For example, for liquids
at low Re (laminar flow with 0.0016 < Re < 55)

j" : (k p'y./Q)Sc'?/3 (5)

where y. is a dimensionless mole fraction factor; Q is the
mass velocity; and pp is the density of the fluid (Wilson
and Geankoplis, 1966). Similar equations are used to de-
termine the mass transport in turbulent fluid flow (e.9.,
Sherwood, Pigford and Wilke, 1975).

Plug-flow reactors

Plug flow reactors are simple to model mathematically.
When operating in the plug flow regime without density
change due to the temperature or the reaction, the resi-
dence time, O, of an entering packet of fluid is simply the
efective reactor volume, V, divided by the volumetric
flow rate of the entering fluid, q. At 25C,

o:  V/q (6)

However, in hydrothermal experiments or when using
organic solvents (in which the density changes dramati-
cally with temperature or salinity, for example) the resi-
dence time is better expressed in terms of mass flow and
the mass contained in the reaction vessel, not the volume
ofthe vessel. For pure water:

O(f, d :0t,/p2'"g)Y/q(25t) (7)

where p designates the solvent density at temperature Z
and 25'C, respectively. Ifthe density ofthe solution changes
because ofchemical reaction in the vessel, other correc-
tions must be used-see Hill (1977), for example. For
simplicity, the examples in the experimental illustrations
do not exhibit a density change with reaction. The con-
centration, [C], in hydrothermal reactions should be ex-

Lominor Flow Reoclor
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pressed in terms of molality, not molarity. Steady-state
concentrations are measured as a function of residence
time, O (or mass flow rate, Q). The integrated form of the
rate equation is then used with residence time data to
determine the reaction order and rate constants, as with
real time data in static systems neglecting terms a, c, d,
of Equation l, which represent the terms for non-steady-
state, axial and radial dispersion in the tube, respectively.

6 [ C ] / D O : R . + &  ( 8 )

where R" and R, are defined in Equation l. In the case
in which there is no competing homogeneous reaction,
& : 0. The flow rate can be adjusted to suit the particular
nature of the reaction, optimizing the steady-state con-
centration of a particular species of interest.

The theoretical amount of dispersion and mass transfer
should be calculated, and incorporated into the models
where appropriate. As mentioned previously, Sherwood,
Reynolds, Peclet, and Schmidt numbers are useful indi-
cators of these quantities and are easily calculated-see
for example, Levenspiel (1972).

For heterogeneous mineral-water reactions in which
there is rapid transport ofwater to the surface and fluid
away from the surface, the rate ofreaction in a plug flow
reactor for a simple crystal CX dissolving as ionic species
may have the following form:

M6[C]/DO : k,S"([A]"[B]o . . .)
+ k s"(K - tcltxD (9)

where MD[C]/6O represents the differential change in total
moles of dissolved solute with respect to residence time:
[C] is the concentration of one of the products of disso-
lutioq [A], tBl . . . are other species in solution on which
the rate ofchange depends; S" is the total surface area of
the mineral and k, and krare rale constants and I! is the
solubility product under those conditions. The surface
area tenn could be written as a function of dislocation
density for the mineral, the crystal habit, trace elements,
O (if the effective surface area of the particle(s) grows or
shrinks), or other parameters. Because the magnitude of
the dependence upon these properties requires modelling
and analytical techniques not possible at this time, only
the bulk surface area is normally included. Hence, there
may be a large variation in the rate constants for the
dissolution of different specimens of the same mineral.
Similarly, for a reaction in which there is slow transport
of either reactants to or products away from the solid-
liquid interface, the rate equation has the form, if the
transport of C is the rate determining step:

6[C]/DO: k'kS"(C', - tCl)/M . .. (10)

where C' is the concentration of C at the surface and [C]
is the concentration measured in the bulk solution; k" is
the mass transfer coefficienl k' is a proportionality con-
stant; and S. is the total surface area of the crystals. Note:
When transport is fast relative to reaction the surface
concentration C' is approximately equal to the bulk con-
centration and the reaction rate depends solely on the

chemical reaction rate at the surface. Unfortunately, there
is no general equation for the case when chemical reaction
rate at the surface and transport of the products away
from the surface are competitive rate controlling mech-
anisms. Intuitively, the measured rate in this case appears
to be smaller than the true value. In the 1930's, the "quasi-
stationary method" or "method of uniformly accessible
surface" was developed to simplify the problem (Frank-
Kamenetskii, 1955). In this theory, the rate of reaction at
the surface dc'/dt = rate of transport at the surface,

hS"(C' - [C])/M. When there is a gradient between the
surface and the bulk solution,C' + [C], the rate ofreaction
measrued in the bulk solution, d[C]/dO is not equal
to the rate of dissolution at the surface (rate of reaction
at the surface), AC'I6O.

For example, assume the true rate of reaction for CX
dissolving is:

dc'/dt: k,S"(K - g'21/M (15)

where [C] : [X], C' : X' which are the concentrations
ofspecies C and X in the bulk solution and at the surface,
respectively. Assume transport can be given by:

dc'/dt: ks"(c' - tcl)/M (16)

Using the method of uniformly accessible surfaces, Equa-
tions 15 and 16 are set equal and then solved for C' in
terms of [C]. In this case,

c' : (-kdlk, + (kd/k,F + 4K + 4lqlcl/k,)0r)/2 (17)

This expression is substituted back into Equations 8 and
15, integrated and solved for the constants:

Mdlcl/6o : k,SJK - ekJ2k, + O.s(k/k,)'?
+ 4K + 4klcl/k,)o5F) (18)

Well- mixed continuous-flow reactors

In this third mode of operation (CSTR), using a vessel
with a low aspect ratio, well-mixed flowbehavioris found.
In this case, fluid components admitted to the vessel are
uniformly mixed in the reaction chamber and experience
a wide distribution of residence times. The measured out-
put of an inert tracer spike will typically decay as shown
in Figure 2c. At steady-state, it is possible to wrile equa-
tions describing flow and reaction in CSTR's which need
not be integrated-see Denbigh (19a4) and Denbigh et al.
(1947) for further details. In general, with rapid transport
at the solid-liquid interface, the mass balance condition
at steady-state must be for dissolution:

Product Flow Out: Product Flow In + Product Added
Due to Reaction

or:

QtCl : QlCl. + M(Rate of Reaction) (19)

where Q is the mass flow rate, M is the mass of liquid
contained in the vessel, C" is the initial molal concentra-
tion, d[C]/dt is the rate of addition or consumption of [C]
by reaction, and [C] is the steady-state output con-
centration (which is also an average concentration in a
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Fig. 3. Concentration of an inert tracer spike in the output
stream ofthe CSTR reactor used for calcite and fluorite disso-
lution experiments. The position of the residence time, O, along
the abscissa is noted.

CSTR). Assuming the average residence time in a CSTR
is O: M/Q, for CX dissolving in pure water ([C].:0),
the CSTR equation is similar to the plug flow equation
for the same reaction (4). However, the CSTR equation
is not integrated:

Mlcl/o: k,s"([B]blDlo...) + k,sJK - tcllxl) (20)

An example of data we have collected in a packed-bed
CSTR with a large liquid/solid ratio and a small liquid/
solid ratio is given and discussed below. Mass transport
between the bulk phase and the solid surface is handled
as described previously using equations 15 and 19 for
CSTR's and not integrated rather than using equations l5
and 8 for the plug flow case.

Experimental examples

The application ofour flow apparatus can be illustrated
with examples from some preliminary experiments on the
dissolution kinetics of fluorite, calcite and magnetite in
pure water at temperatures and pressures to 350.C and
136 bars, respectively, and with an example of catalysis
in a packed bed. These results illustrate both well-mixed
flow behavior (CSTR) and plug flow behavior.

The first example is drawn from some preliminary ki-
netic studies on the dissolution offluorite and calcite in
pure water at high water/mineral ratios. Natural speci-
mens (cleavage fragments or crystals) of either calcite or
fluorite were sorted by size and analyzed for trace im-
purities. The total surface areas were much smaller than
could be measured by BET absorption isotherms and
therefore had to be calculated by geometrical methods.
These crystals were carefully rinsed in an ultrasonic clean-
er and examined by SEM to ensure that no particulate
fines were present. Crystals (diameter >> 3 mm) of either
mineral were then placed inside a large mesh basket of
inconel (mesh srze 220). The basket was further supported

24 26 2A 30 32 34 36 38 40
Volume/F low ro te

( m i n u t e s )

Fig. 4. Steady-state output conoentration of total dissolved
calcium vs. fluid residence time in a CSTR reactor for fluorite
dissolution in water at 7 5"C.

by a very coarse gold mesh tube suspended inside a 316
stainless steel tubular reaction vessel (internal volume,
100 mL, length, 23 cm, weight of the crystals, 3 g, outlet
port, 0.5 cm). The entire flow system was then filled with
degassed, distilled water using the fast acting pump, pres-
surized to the desired setting using the back pressure reg-
ulator, and then heated to the first temperature. Flow
experiments were initiated by turning on the Milton Roy
circulating mini-pump. Water flowed from bottom to top
of the vessel, promoting mixing. The gas-mixing appa-
ratus could then be used to regulate the CO, and O, fu-
gacities.

A l0 mL spike of 200 ppm manganese nitrate tracer
was injected either with the fast-acting pump or by a sy-
ringe directly into the plastic tubing on the inlet port of
the circulating pump to test for flow conditions; similar
tests were conducted by step inputs. Although the Reyn-
olds number for this system (0.001-2.0) indicates there
should be little turbulence, the results of the tracer spike,
shown in Figure 3, indicate the system behaves as a CSTR
in this configuration-compare Figure 2c. Combined ef-
fects of the liquid flowing from bottom to top, the sample
holder, the small inlet and outlet tubing to vessel diameter,
the hysteresis in the pump and the thermal gradient at
the interface ofthe relatively cold input fluid and the hot
fluid in the vessel, probably all contributed to mixing. The
degree of mixing was checked qualitatively by using a dye
tracer in a glass tube with the same packing and dimen-
sions.

Steady-state concentrations are reached after a period
equivalent to approximately three times the average res-
idence time, 3O. When changing flow conditions, it is
important to allow at least 30 between successive sam-
plings to enable a steady state to be reached. Steady-state
concentrations are measured at each temperature as a
function of flow rate (or residence time). Typical results
for fluorite dissolving in pure water at 7 5C are shown in
Figure 4. The linearity of this plot indicates that fluorite
dissolution is pseudo-zero order with respect to products
far from saturation, and follows the law d[Ca]/dt: k, or
in this case, [Ca] : kO (from equation 20 above).

Cons lon l  Sur foce  Areo
Cons lon l  F low Rote

D i s s o l u l  i o n
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Fig. 5. Concentration oftotal dissolved calcium as a function
of time in a semi-static experiment monitoring dissolution rate
of fluorite at 7 5'C. Data are corrected for dilution by reinjection
of fresh solution after each sample using a pseudo-third order
rate law, X and a pseudo-zero order rate law, O, as discussed in
the Appendix.

These results for fluorite were checked independently
by operating the experimental system as a semi-static re-
actor. In this case, concentrations were monitored as a
function of time by periodically withdrawing samples from
the autoclaves while simultaneously replacing it with fresh
solution. The results (corrected for dilution by the rein-
jection offresh solution) are plotted in Figure 5, using two
different theoretical rate laws, given in the Appendix. The
linearity of this [Ca] vs. time plot again indicates a
pseudo-zero order reaction with respect to the calcium in
solution far from equilibrium, but pseudo-third order close
to equilibrium. Crystals of different sizes were used and
the apparent rate ofreaction was divided by functions of
the surface area. In both the CSTR and in the semi-static
experiments, the rate of calcium change was found to be
first-order dependent upon the total surface area. Similar

-3 .O

2.O 2 .5  3 .O
1/T( 'K)  r lOr

Fig. 6. Arrhenius plot of log (pseudo-zero rate constant, k,
far frorn equilibrium) vs. reciprocal temperature (l/K) for fluorite
dissolution in water.

- 3

l / T ( "K )  x lOs

Fig. 7. Arrhenius plot oflog (pseudo zero-order rate constant,
k, far from equilibrium) vs. reciprocal temperature (l/K) for
calcite dissolution in the system CaCOr-HrO.

experiments were perfbrmed using calcite crystals. For
brevity, only the Arrhenius plot for calcite is included
here.

The Arrhenius activation eneryies are easily determined
by carrying out the experiment in the flow mode at a
variety of temperatures. The Arrhenius activation energy,
E is given by:

k: A exp(-E,/RT) or ln k: ln A - E"/RT (21)

where k is the experimental rate constant, R is the uni-
versal gas constant, Zis the absolute temperature (K), and
A is the frequency factor. ln k (pseudo-zero order rate
constant) vs. 1 / Zis plotted in Figure 6 for fl uorite. Because
the plot is linear, the mechanism can be assumed to be
the same at all the temperatures for which the experiment
was perfonned. Contrasting with this is the Arrhenius plot
for calcite dissolution from our flow data, in Figure 7. The
activation energy for calcite dissolution is much less than
that for fluorite on the basis of these two curves, as ex-
pected from theory. Plots such as these are comparatively
easy to collect when operating in the flow mode. To obtain
an Arrhenius plot in a static system with eight points
would require at least one month of unintemrpted data
collection (excluding set-up time, which could boost this
by several months). These plots took only 48 hours of
unintemrpted data collection. Flow systems of the type
described therefore geatly facilitate the collection of ki-
netic data. However, as mentioned previously, appropri-
ate assumptions must be made concerning the reactor
model for the equipment used.

Reactor hydrodynamics assume special significance

.-
o t - 2 . O
o
J

F l u o r i l e
D i s s o l u t i o n
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REACTOR EXIT AGE DISTRIBUTION
FOR *7O"h BACKMIXED FLOW

( E -  F U N C T T O N  T N P U T )

0
Fig. 8. Tracer concentration in output stream as a function

of time for a packed-bed reactor with 700/o backmixing. Q is (the
concentration of the output x void volume)/(volume of the
tracer x input concentration). O is the residence time.

when consecutive reactions are involved. In natural min-
eral-water systems, consecutive reactions have not yet
been studied extensively, but are of considerable impor-
tance. A good example of the effect of reactor backmixing
on product distribution is the zeolite-catalyzed conversion
of methanol to hydrocarbons in a packed-bed reactor
(Chang and Silvestri, 19771' Chang, 1983). This complex
consecutive reaction has been found to be representable
at sufficiently high temperature by the relatively simple
global kinetic model proposed by Chang et al. (1984).

A - B - C

METHANOL CONVERSION TO HYDROCARBONS
N O R M A L I Z E D  A R O M A T I C S  D I S T R I B U T I O N S

8 9

C A R B O N  N U M B E R

C A R B O N  N U M B E R

Figs. 9, 10. Comparison ofproducts generated in the zeolite-
catalyzed. conversion of methanol to hydrocarbons in (9) 700lo
backmixed and (10) plug-flow, packed bed reactors, respectively.
Reaction progress is notably advanced in the backmixed relative
to the plug flow reactor.

the following equation (Levenspiel, 1972), yields the axial
dispersion parameter:

oez : 2x - 2x2(l - exp(- l/x)) (23)

where or2 is the variance, d is the experimentally deter-
mined residence time, and x is the axial dispersion pa-
rameter, D./ul, where u is the superficial velocity and I is
the length of the flow tube. Very often the effiuent response
curve will display a long and extended tail due to the effects
of slow moving residual packets offluid caught in partially
stagnant regions within the vessel. Therefore, the data
sometimes are truncated at time : 2O. to attenuate sta-
tistical errors in the calculation.

In summary, we have demonstrated the theory of flow-
type experiments and the derivation of kinetic rate laws
for use with well-mixed (CSTR) and plug flow regimes.
The application offlow type experiments to kinetic studies
is illustrated with preliminary data obtained in tubular
reactors. Knowledge of the transport and flow dynamics
are essential to interpret the kinetic data properly. Failure
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(22)

where a: methanol (in equilibrium with dimethyl ether);
B : olefins; C : paraffins * aromatics. Backmixing effects
will primarily be revealed through changes in the aro-
matics distribution, due to enhanced contact of A and C
resulting in increased ring alkylation by methanol and
dimethyl ether. Figure 8 contains the exit age distribution
curve from a tracer (0-function) analysis of a laboratory
reactor, showing 700/o backmixed flow. This reactor was
used for the methanol-to-hydrocarbon reaction. Figure 9
compares the (normalized) aromatics distribution from
this backmixed reactor against results from an ideal plug-
flow reactor, Figure 10. A shift in the distribution toward
higher molecular weight is evident u/ith the backmixed
reactor.

The last example demonstrates how to calculate the
axial dispersion from inert tracer spikes in tubular reac-
tors. The effiuent curve for a D-function input for a packed-
bed (of magnetite) reactor is shown in Figure ll. The
reactor had a length of 2 I cm, 0.64 cm I.D. and was packed
with 50-60 pm diameter magnetite particles. The flow
was non-turbulent (Re = 0.01). An axial dispersion pa-
rameter (D"/ul) of 0.0574 was calculated, based on the
measured variance of the effiuent response curve for the
impluse injection of a 0.158 M NaCl solution. Assuming
that perfect plug flow exists at the boundaries ofthe vessel,
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Fig. I l. Experimental tracer curve for a d-function input of
0.158 M NaCl spike into a packed-bed of magnetite.

to do so can rapidly lead to a vast quantity of misinter-
preted data.
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Appendix

One must smooth discontinuous data in order to correct for
the dilution while sampling in the semi-static mode. The method
is given below and makes the following assumptions. (l) Ratio
ofsurface area to mass ofwater in the vessel is constant through-
out the course ofthe experiment. (2) Concentration change with
respect to time can be expressed as a simple integratable function.
(3) No mixing occurs while simultaneously replacing fluid. How-
ever, immediately after fluid is replaced, mixing is instantaneous.
(4) A function dc/dt: f'(c, t) is initially assumed and the inte-
grated form of this expression is used in the method below. The
best straight line obtained using the integrated rate law, is as-
sumed to be the proper rate expression.

Ingeneral, i f(c): lcthenatt:  1'(c') :  k, or(cJ: k,where
(c) is the integrated form of the test rate law. At the ith sampling,
the volume of fluid is replaced with the same volume of pure
water, thus diluting the conceltration in the vessel to a new
concentration, CNi. If M is the total mass of fluid contained in
the vessel and m, the sampling mass, then the new molal con-
centration, C"1 is:

(M - m)C,/M: C", Al

This is assumed to have the effect of decreasing the real time
axis. In calculating the corrected time, the new concentration is
used. tNi is the new time, when C(t) : C.'.

(C")Ic: t"' A2
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Thus, the corrected real time for the i + I sample can be given
by:

l ru+ l  -  r i+ l A3

where t is the actual laboratory time, and t^ is the corrected time.

Theoretical example

Letting (c) : c, k : 3 or c : 3t, the following data would result
if no dilution were made. Data are given as (t, c). (0,0.00); (1,
3.00); (3, 9.00); (a, 12.00); (5, 15.00); and (6, 18.00). However,
if I mL is removed and replaced in a volume of l0 mL, the
following points resulr, given as (t, c): (0, 0.00); (1, 3.00); (2,
5.70); (3, 8.13); (a, 10.30); (6, 15.2e).

Step I
Try c : kt, and calculate \.
C ,  : 3 ;  t , :  l ;  a n d  k , : 3 .

Step 2
Calculate C",.
3(9/ l0) : 2.7 , ftom equation Al.

Step 3
Calculate t"r.
C",/K, : t", or 2.7/3.0 : 0.9.

Step 4
Calculate t*r.
t R 2 : t 2 - t r + t N r
2 - l + 0 . 9 : 1 . 9 : t r z .

Step 5
Check C, at Rr.
C, calculated: 5.70.

Continue in the same manner for the remainder of the data. The
corrected data should be (to, CJ: (0.00, 0.00); (1.00, 3.00); (1.90,
5.7 0); (2.7 I, 8. I 3); (3.43, I 0. 30); (5. I 0, I 5.29). This yields equiv-
alent data to the undiluted case.

In Figure 5, two rate expressions were tried in determining the
proper rate expression, a pseudo-zero order rate law, and a pseu-
do-third order rate law with respect to calcium. If CaF, dissolves
congruently, and the rate of dissolution is proportional to the
degree of displacement from equilibrium, then:

K: [ca*].[F-]3

(  )  ind ica tes  ca lcu la ted  da ta  ba6ed on  the  t r ia l  ra te  1ae,  oo  exper imenea l

Table Al.

lab

Tine

Hours

2 4 .  O

4 8 . 0

7 2  0

9 5 . O

1 2 0 .  o

1 2 6 . 5

2 2 2  5

Concentrat ion

( c a l c i u n )

9 . o x l o  -

( 7 . 2 x 1 o  - )

I  2 x 1 O  -

( 9  6 x l o  
- )

r  . 8 5 x 1 o  -

( r  5 x 1 o  - )

2 . 7 x l o  -

Q 2xlo ')

2 . 5 x 1 o '

( 2 . o x 1 0  - )

3 . o x l o  -

( 2 , 4 x 1 o ' )

3 45xlo -

zero order,  0

uethod 2

Eoura

2 4  - O

( 1 9  2 )

4 3 . 2

( 2 8 . 6 )

5 2 - 6

( 4 3 . 0 )

6 7 . O

( 5 8 . 4 )

8 2 . 4

( 5 9  . 7  )

6 6 . 2

(  6 1 . 5  )

T h i r d  o r d e r ,  X

Method 1

Hours

2 4 0

( 1 5  2 )

3 9 2

( 2 7 , 3 )

5 1 .  3

( 3 8 . O )

6 2 ,  O

G7 -2)

9 t . 2

( 6 9 . 1 )

6 9  r

( 5 7 . 3 )

1 5 3 . 3

where I( is the equilibrium solubility product. If [Ca'z+] : lF-l/2,
then 4[Cxz+12 : [FJ'? for stoichiometric dissolution in pure water.
Therefore.

Il - [Ca,+][F-], : K - 4lCa2+1t A5

where [Ca'+] is the molal concentration measured. The raw data
and calculated data are given in the tabulation. The parentheses
indicate calculated concentrations and times for that concentra-
tion, according to the rate law assumed. Note: the pseudo-zero
and -third order rate forms yield virtually the same results far
from equilibrium, as expected. However, close to equilibrium,
of these two trial rate expressions, only the integrated form of
the pseudo-third order rate law is linear.


