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The influence of methanol on the adsorption of the fungicide cyprodinil by a crop soil was studied by
equilibrium measurements and by determining the retention—release dynamics in a continuous stirred
flow tank reactor (CSTR). Equilibrium measurements showed the effective coefficient of partition of
cyprodinil between soil and solution, Ky, decreases linearly as the concentration of methanol in the
solution increases until a percentage of 20% is reached. In CSTR experiments, the retention of
cyprodinil was found to be almost reversible; up to a 95% of the fungicide was desorbed. The
retention—release dynamics showed biphasic behavior and was partially controlled by diffusion. This
behavior was reproduced by a model of diffusion into micropores identifying the soil particles as
spheres and taking into account both intraparticle nonlinear adsorption and nonlinear adsorption at
external surfaces. In all cases, the sorption kinetics was not the limiting step. The main effect of
methanol in the retention—release dynamics ended up being based on the changes produced in the
adsorption equilibrium. Methanol also increased the effective diffusion coefficient and decreased the
mass transfer coefficient. The optimized Freundlich’s isotherm coefficients for <5% methanol were
lower than those obtained from the batch experiments.
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INTRODUCTION According to them, cosolvents might also compete for sorption
Pesticides can have marked effects on soil microbiota and, SiteS. thereby increasing the aqueous concentrations and thus
potentially, on organisms in any waters they may reach. The the overall bloavallab_mty of a contaminant of interest. cher
magnitude of such effects depends, among other things, on theuthors (10) have reviewed d|_fferent hypothese_s an_d _attrlbuted
processes that govern their mobility in soil. The mobility of cosolvent effegts to changes |.n.the hydrophobic dnvmg force
moderately hydrophobic pesticides, like that of hydrophobic for the formation of the pesticide complex, changes in the
compounds in general, depends to a significant extent on solvophobic characteristics of the medium, or a decrease in the
hydrophobic interactions mediating their adsorption onto soil Stoichiometric equilibrium with the addition of organic co-
particles (12) and can be affected by any cosolvents that have solvents. For the ionizable organic pesticides, all these changes
been introduced, accidentally or intentionally, into the soil affectthe acid dissociation constant and therefore the distribution
solution (3). Among other causes of the presence of cosolventsbetween neutral and ionized species (2).
in the soil solution are their use as components of formulations  The stirred flow technique in a continuously stirred tank
used in agriculture and their use to solubilize poorly soluble reactor (CSTR) (1112) has been used for studying adsorption
substances in gaining access to a wider concentration range irkinetics of metals in soils18) and recently used in studies of
experiments aimed at determining the adsorption isotherms ofthe sorption kinetics of organic compounds4( 15). This
such substances. technique is particularly appropriate for studying pesticide
There have accordingly been numerous studies of the retention dynamics on a relatively short time scale (i.e., those
influence of cosolvents on various aspects of the mobility of that are typical of storm events)§) and has advantages over
organic contaminant${-8). Haws and co-workers (9) indicate  poth column experiments (vigorous stirring minimizes diffusion
that cosolvents can increase the_solubility of nonpolar pe_sticide problems) and batch experiments (the continuous injection or
solutes by reducing the polarity of the aqueous mixture. wjthdrawal of pesticide minimizes changes in its concentration).

“Towh ’ hould be add o Emall [Smal@w Cyprodinil (4-cyclopropyl-6-methyN-phenylpyrimidine) {7)
0 whom corresponaence snhou € addressed. e-mail: Jsimal@uvigo.es. B . P .
* Plant Biology aﬁd Soil Science Department. y 90-85(Table 1) is a systemic fungicide recommended for prevention

* Analytical and Food Chemistry Department. and treatment of various rots of fungal origin that can affect
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Table 1. Characteristics of Cyprodinile uL) were run at room temperature with a 1 mL/min flow of a 7:3
: i _ _ acetonitrile/water mixture (water purified with a MilliQ apparatus). Data
Chemical family Aniline pyrimidine were acquired and processed using ChromCard 2.17.

Batch Experiments.Sorption equilibria were investigated in a series
H,C of triplicate batch experiments. In each replic&e of preconditioned
N soil was placed in a 30 mL glass tube and suspended in 16, 18, 19, or
O>_E 19.76 mL of 0.01 M CaGl The volume was increased to 20 mL with
N @ methanol (giving methanol fractiong of 20, 10, 5, and 1.2%,

Structural formula

respectively), and the tube was closed with a Teflon stopper and shaken
at 200 rpm for 12 h at 25 1 °C. The suspension was then treated
with 40, 80, 120, 160, 200, or 246L of a 1000 mg/L solution of
cyprodinil in methanol (additions were made with a Hamilton syringe),

CAS number 121552-61-2 giving cyprodinil concentrations of 2, 4, 6, 8, 10, and 12 mg/L,

respectively. After being shaken for a further 12 h, the suspension was
pKa 4.44 centrifuged for 30 min at 53f the amount of cyprodinil in the
— s supernatant was determined, and the amount of cyprodinil adsorbed
Solubility (mg L7, 257C) In water 13 (at pH 7.0) by the soil sample was calculated by difference. For each methanol
20 (at pH=5) mixture, triplicate tests without soil were made to take into account

the effects of degradation in the methanol/water phase and adsorption
In methanol 150 on the tube walls. Cyprodinil degradation on the experiment time scale

is rejectable (Table 1).
The smallest methanol fraction that was used, 1.2%, was that which
in preliminary experiments had proved to allow least dissolution of

Koe (L kg™) 2219

Octanol/water partition coefficient at 25 | log Pow=3.9 at pH 5.0

Jog Pow = 4.0 at pH 7.0 sufficient cyprodinil to attain the highest cyprodinil concentration
°C required, 12 mg/L.
Stirred-Flow Experiments. Apparatus and CalibrationStirred-flow
Initial half-life (incubated for 21 d in |22-30d experiments were carried out using a stainless steel reactor with a

horizontal inlet at the bottom, an outlet through the top, and an internal

1 -1 0, i . . . .
sandy loam soil, at 30-60% field capacity volume of 5.6 cri On the inner side of the inlet and outlet, fritted

moisture, 25°C, pH 5.21. stainless steel filters 10 mm in diameter with 1@ pores were installed
so that the soil sample was kept in the reactor. Influent was pumped
Final half-life (incubation time: 363 d) 433-600 d through the reactor by a Waters 510 HPLC pump. A Rheodyne 5011

valve between the pump and the influent solution tanks allowed
switching between influents without cyprodinil [“cyprodinil-free in-
2Data from ref 17. fluents”, mixtures of methanol and 0.05 M Ca@pH 6.0) with the

same methanol fractiorfs as in the batch experiments] and influents
fruit plants. Because of its recent introduction, there is less containing cyprodinil (“cyprodinil-bearing influents”, 4 mg/L solutions
information about the dynamics of cyprodinil in the soil than ©f cyprodinil in the cyprodinil-free influent mixtures). The mixture
there is for older pesticides. The sorption characteristics of NSide the reactor was stirred at 400 rpm with a PTFE-coated magnetic
reagent-grade cyprodinil in vineyard soils in the absence of stirring bar. The concentration of cyprodinil in the effluent was

determined using a Gilson 118 UWis detector operating at 270 nm
cosolvents have been reported by us elsewH&e [n the study

X ) X . connected to a ChromCard data acquisition system that collected data
described here, we investigated the influence of methanol on gnce per second; the detector was calibrated and the linearity of its

the sorption of cyprodinil in an agricultural soil, using batch  response verified using solutions of cyprodinil in cyprodinil-free influent
experiments to characterize equilibria and CSTR experiments mixtures. Because of computational limitations, in analyses of these

to characterize the retention—release dynamics. kinetic data, only the first of every 10 measurements was used.
Preliminary Experiments for Establishing the Experimental Condi-
EXPERIMENTAL PROCEDURES tions. Before using the equipment to characterize the cyprodinil retention

dynamics, we performed experiments to check the efficiency of stirring

Study Soil. A sample of the top 20 cm of a Typic haplumbrept in the reactor, to determine its effective volume, and to determine flow
(19), sandy loam textured soil developed from alluvial sediments was and reagent concentration conditions that were appropriate for the
taken in an agricultural field near Ourense, Spair® (@2 13.45"N, recording of kinetic data. These experiments are described in Results
7° 42' 7.15" W). The sample was air-dried, and the fraction smaller and Discussion.
than 2 mm was obtained by sieving and preconditioned as described Procedure. The soil fraction selected for the experiments was smaller
by Strawn and Sparks to remove organic components to which poor than 0.5 mm (this fraction was the 90% of ti& mm sample and had
reproducibility of adsorption has been attribut@@)( Analyses of five a geometric mean diameter of 0.01 cm). Experiments involved loading
replicate subsamples of the resulting fraction showed it to be 8% clay, the reactor with a suspension of 0.75 g of such a soil fraction in the
25% silt, and 67% sand (geometric mean diameter of 0.023 cm and appropriate cyprodinil-free influent mixture, pumping that same
geometric standard deviation of 0.96 cm) and to have pH values of 5.5 cyprodinil-free influent through the reactor until the detector reading
in water and 4.8 in KCI, an organic carbon content of 1.8%, and a had stabilized, switching to the cyprodinil-bearing influent with the
cation exchange capacity (CEC) of 4.7 cmigllkg when buffered at samef; for 13 min (the retention stage), and finally switching back to

pH 7. the cyprodinil-free influent for passage of a further 45 reactor volumes
Determination of the Amount of Cyprodinil. All experiments were (the release stage). The flow rate was 5 mL/min throughout, and all

performed using 99% pure analysis grade cyprodinil from Riedel-de experiments were performed at 202 °C. Retention and release of

Haén (Seelze, Germany). cyprodinil were assessed from the recordediata as described by Yin

Cyprodinil in soil solutions was identified and quantified by HPLC et al. (21).
using Thermo Separation Products equipment comprising a P2000
binary pump, a degassing unit, an AS1000 automatic injector, a 100 RESULTS AND DISCUSSION
uL loop, and a UVIS20 UV detector operating at 270 nm. A 150 mm
x 4.6 mm Waters Symmetry &m C18 column was used with a 50 Batch Experiments. Increasing the methanol fractioff)(
mm x 4.6 mm Pelliguard LC-18 4@m guard column. Samples (100  reduced the mass of cyprodinil adsorbed per unit weight of soil
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Figure 1. Observed relationship between soil cyprodinil content and the
concentration of cyprodinil in solution at equilibrium (averages of three
replicate experiments). Curves are fitted Freundlich isotherms. The vertical
line indicates the influent concentration of cyprodinil in subsequent stirred-
flow experiments.

Table 2. Freundlich Isotherm Parameters Obtained by Fitting the
Isotherm Equation to the Equilibrium Data for Each Methanol
Concentration (ge and c.), Together with the Corresponding Gross
Partition Constants (Ky) Calculated As Shown in eq 2

f; (%) Ke2 (mg" 1L kg ™)) n ? Kae (L/kg)
1.2 34.7(2.1) 0.85(0.04)  0.9984 305
5 32.5(2.3) 0.74(0.06)  0.9744 26.1
10 27.4(2.2) 0.75 (0.05) 0.9977 22.1
20 9.07 (3.0) 055(0.07) 09425 6.28

@ Standard deviations in parentheses.

at equilibrium,qge (Figure 1). The relationship between and
Ce, the concentration of cyprodinil in solution at equilibrium,
was satisfactorily described by Freundlich isotherms

G = Ke(Co)" @)

with the parameter&r andn listed in Table 2. Increasind,
caused the expected reduction in the affinity of cyprodinil for
the soil, as reflected by thi€g, but this reduction was greater
in the isotherm interval corresponding to the highest levels of
cyprodinil. The reduction im with regard tof; shows that the
effect of methanol on cyprodinil retention is also dependent on
the isotherm region: the diminution in the affinity of cyprodinil
for the soil is again greater in the isotherm interval corresponding
to the highest levels of cyprodinil.

Determining, for each isotherm, the effective partition
constant (k) such that

C2 _ [T n
J. Kaede= [ "Kc"de

wherec; = 0 mg/L andc; = 4 mg/L, shows thaKyc falls more
rapidly with an increase itfi; in the region wherd; > 10%
than in the region wherg < 10% (Figure 2). These results
are in good agreement with those of other auth@y:( when
fc < 20%, the solubility increase follows a linear relationship,
but in the whole concentration interval4100%), the increase
follows a log-linear relationship. Backward linear extrapolation
estimates the theoretical effective partition constant in the
absence of methandkgw, to be 32.8 L/kg.

Stirred-Flow Experiments. Establishment of Experimental
Conditions and Parameter$he effective volume of the reactor,

)
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Figure 2. Relationship between Ky (calculated as shown in eq 2) and
the methanol content of the medium (vol %, f;), together with the straight
line fitted to the data for f, values between 1.2 and 20% (—).
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Figure 3. (A) Theoretical breakthrough curve ¢(f) (eq 3) for a J of 5
mL/min and perfect mixing without adsorption, together with cyprodinil
breakthrough data obtained with a J of 5 mL/min and no soil in the reactor
(<) or with 0.75 g of soail (two replicates, + and x) or with a J of 2.5
mL/min and 0.75 g of sail in the reactor (®). (B) Cyprodinil breakthrough
curve ¢(f) obtained with 0.75 g of soil in the reactor with a J of 5.0 mL/
min for 10 reactor volumes, 0 mL/min for 15 min, and finally a J of 5.0
mL/min for 5 reactor volumes.

no soil and the influent was switched at time zero between a
cyprodinil-free influent and the corresponding cyprodinil-bearing
influent; the value ofVe was obtained by fitting the equation

®3)

to the recorded, data, where; is the concentration of cyprodinil
in the effluent at time step ¢, is the concentration of cyprodinil
in the influent (4 mg/L), andl is the flow rate (5 mL/min).
Figure 3A shows the experimental datx) and the fitted curve
(—), with Jt expressed as reaction chamber volumes. The good
fit confirms that in the absence of soil the reactor behaved nearly
as a perfect mixer. The value 9t so obtained did not differ
significantly from the physical volume of the reactor, 5.6%cm
However, since the soil samples loaded into the reactor in
subsequent experiments weighed 0.75 g (giving a solid con-
centration of 134 g/L) and the soil had a particle density of 2.6
g/cmd, the value used subsequently férin experiments with
soil was 5.3 crh

Loading the reactor with 0.75 g of soil shifted theversus
Jt curve reproducibly to the right, and halving the flow rate
caused a further shift to the right. This behavior confirmed that
the time scale of the retention of cyprodinil by the soil allowed
investigation of the dynamics of this process with the chosen
experimental conditions. Similarly, the drop in cyprodinil
concentration in the effluent that occurred when the inflow was
interrupted after passage of 10 reaction chamber volumes and
restarted 15 min lateiF{gure 3B) confirmed that the retention

¢ = Cp[1 — exp(—Jt\))]

Ve, was determined in an experiment in which the reactor held process had not reached equilibrium at this tirh)(
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Figure 4. Dependence of soil cyprodinil content on the square root of Y 10 +enin) 20 30
time in stirred-flow experiments, for various methanol fractions £, together ] ] o _ ! . _ .
with straight lines fitted to the fast (-+) and slow (—) adsorption phases Figure 5. Dynamics of cyprodinil relative to the maximum capacity of its
in each case. retention at equilibrium (g/ge) for three concentrations of methanol, f.

Lines along the slow retention phase show the best fittings obtained with
Retention Dynamic&etention dynamics was calculated from the spherical diffusion model.
the recorded discretg = c(;) data correcting for nonideality
of mixing as follows (21): Table 3. Effective Diffusion Coefficients Characterizing the Fast and
Slow Cyprodinil Adsorption Processes in the Presence of Various
Methanol Concentrations

q = (Vdm)(Ey — yp) + (JAt/m)Z(ch -c%) @)
Z

f Qe D*(mgkg™ (DYq)? De' = (Dqe)’L?R

(%) (mg/kg) R min~12) (min~?Y) (cm? min~Y)
whereg; is the mass of cyprodinil retained per unit weight of Fast Phase
soil by timei, mis the mass of soil (0.75 git is the time 12 120 5.2 68.7 0.328 4.24 x 1075 0.992
interval between measurements, and superscripts B and S 5 85 4.4 381 0.201 221x107° 0.995
indicate measurements in the absence and presence of soil 20 20 17 285 2.03 8.68x10°° 0.996
respectively. During an initial fast retention time lastirg min Slow Phase
(Jt < ~2 reactor volumes)y increased rapidly to values that 12 12352 68.7 00103 L3710 0.997

. ) 79 44 38.1 0.0086 9.51x 1077 0.994

ranged from 23 mg/kg with afa of 1.2% to 10 mg/kg with an 20 a1 17 285 0.0484 207 x 106 0.997

fc of 20.

In Figure 4, the dependence of soil cyprodinil content on
the square root of time in stirred-flow experiments for various Table 4. Estimation of the Fickian Coefficient of Intraparticle Diffusion
methanol fractions, it is shown that a fast retention was followed (D.) for the Slow Retention Phase According to the Spheric Diffusion
by a change to a more gradual release process that was slowelodel of Crank (22) Considering both L = 0.005 cm and Linear
and linear versug’2 The abruptness of the transition between Retention
the two phases suggested a biphasic behavior. Linearity of

. . . S . . fo (% = De/R (cm? min~? R De (cm2 min—?t ?
cyprodinil retention onto soil versu¥? indicates time intervals () De=DdR( ~ ) e { 77)
where soil cyprodinil content is controlled by diffusion. 12 g'ig " 18_8 ‘5“2‘ ;gg X 18_7 gggg
However, the existence of different time phases implies thata 196 %107 17 333 %107 0.999

model with a constant diffusion coefficient is not valid for

describing the whole process. intraparticle tortuosity. We therefore exp&&t to be lower than

Release Dynamicdn each experiment, more than 95% of e giffusion coefficient in the liquid phase. The equation of
adsorbed cyprodinil was eluted during the release stage byine diffusion model allows us to approxima®, for the

passage of 45 reactor volumes of cyprodinil-free influent. The geometric mean of the particle radius of the soil in the chamber
adsorption processes may be regarded as reversible. As during) — o.0o5 cm), using the equivalent “linear” retardation factor
retention, during release it was possible to distinguish fastand g — 1 + m/VeKge. Table 3 shows theDe characterizing the
slow processes, although in thl; case the transition from one t0¢55t and slow cyprodinil retention processes in the presence of
the other was more gradual (Figure 4). various methanol concentrations.

Crank (22) shows that when diffusion is dependent on  crank p2) derived solutions for diffusion in a sphere for later

concentration there is a deviation in the linear behavior of the stages of the process. The relative concentration in the sphere
diffusion-controlled processes versi&. In this situation, the for time t is given by

diffusion process is also controlled by the retardation coefficient,

R(c), which in turn depends on the concentration at equilibrium > ) _

ac(:c)ording to Freundl?ch’s isotherms. | at)/oe=1- 6/”221 “exp(—Drj7tL %) (5)
Modeling. In Figure 5, symbols represent the evolution with =

time of cyprodinil retention relative to the maximum capacity wherej is a positive integer (from 1 to 10) and all other

of its adsorption at equilibriumq(q). It is observed that  parameters are defined above. We optimiPedfrom eq 5 to

methanol causes an apparent increase in the velocity and relativebtain the best estimations qft) (Table 4) in the slow phase

efficiency of retention of cyprodinil on sail. of retention (that corresponds to the late stage of the process).
Accepting the role of diffusion in cyprodinil retention The calculated retention, represented by solid lineBigure

processes, we are able to obtain estimations of the effective one5, shows that the linear retardation and diffusion model in

dimensional diffusion coefficientD¢, from the slope of the spherical particles can describe partially the dynamics of

linear segments irigure 4. D¢ takes into account effects of  retention.
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Numerical SolutionThe behavior of a complex system like  Taple 5. Fitted Intraparticle Transport Parameters (D, and k) Using
this can be only partially understood if we do not use a model Experimental Isotherm Parameters and Nonlinear Retention (72
including nonlinear equilibrium sorption. For this reason, we corresponds to only the retention stage)?
have adopted a model based on the following three hypotheses. , ]
The diffusive transport process of solutes into soil particles __ %) De (cm? min~?) k» (cm/min) r
consists of (i) transport from the bulk solution to the particle 12 1.62x 1077 0.078 0.9045
surface and across the boundary layer, (i) micropore diffusion, 5 108 x 1077 0.072 0.7041

. . 20 559 x 107 0.029 0.9610
and (iii) adsorption to external and internal surfaces. The
boundary layer resistance depends on the efficiency of the
stirring; ideal stirring causes the uptake rate to be controlled
by diffusion through pores. The kinetic dajé) were modeled 50

2The standard errors of the fitted parameters were <5%.

using a pore diffusion model incorporating the three time- a)
dependent steps described above, the last including Freundlich’s 0 o 2))
equation for nonlinear adsorption.

In ref 22, Crank sets out a general theory of one-dimensional -
diffusion in slabs, hollow cylinders, and spherical shells when Fg, or £y
De is a separable function of concentration and the space e | £ N T
coordinates. For the flow through a spherical shell, the equation <ol & 00000000 Tw T
can be written as

aclat -+ m/V, dg/at = D(a%clal> + 2/ aclal)  (6) 10

Initially, we assumed a kinetic controlled sorption/Y. (3g/ Y — 10 15 20 5 30

ot)]; therefore, the solution is defined by the appropriate system ¢ (min)

of equations of diffusion and adsorption. The initial conditions Figure 6. Dynamics of cyprodinil with an £, of 1.2%: (a) experimental

are as followsic=0andg=0(t=0,0=1=L). Weassume  ata from CSTR, (b) diffusion and nonlinear equilibrium adsorption model
that the bulk resistance by a rate of exchange is directly aer fitting D,, k, and Freundlich parameters (K and ), and (c) model
proportional to the difference between the actual concentration, ying fitted D, and , together with experimental Freundlich parameters

c(t), at the particle surface at any time and the average fom patch experiments.

concentration in the external bulk solutice{t), which would

be the result of the injection and mixing in the stirred-flow whereR(c) = 1 + mVanKec™ L is the nonlineal retardation factor
chamber. Mathematically, this means that the boundary condi-j, yhich nKec1 s the first derivative of Freundlich’s isotherm.
tion at the particle surface is Equation 9 together withR(c) was then solved numerically,
using the same procedure that was used for eq 8, with the same

D dc/dl = k() — e (W] atl =L @ initial conditions forc. The boundary conditions were

wherek is a constant of proportionality that accounts for the

linear transfer rate through the boundary layer efiylis given DJR(c)ac/ol = kjc(t) —cJatl =L (10)

by the equation of the stirred-flow reactor (eq 3). At the center - -

of the particle, the boundary condition is DJR(c)oc/dl =0atL=0 (1)
Dedc/ol =0atL=0 (8) The average adsorbed concentration in the soil particles for

each time can be calculated from
Equation 6, together with the surface sorption kinetiné\;

(ag/at)], was numerically solved using the implicit, uncondition-
ally stable CrankNicholson finite difference approximation
with the MatLab 6 computer package (Mathworks, Inc., Natick,
MA). The parameters were fitted to the experiment@) data The integral in eq 12 was solved numerically using the
using a nonlinear least-squares minimization routine imple- trapezoidal rule for each sampling time. We assumed that the
mented in the model. We tested several initial assumptions for dissolved mass of cyprodinil in the intraparticle pores can be
the parameters to fit in the search of the uniqueness of the fittedneglected.

values. Particle radius was chosen as the geometric mean particle Modeling ResultsThe equilibrium adsorption model gave
radius (L = 0.005 cm) calculated from the particle size petter results than the kinetic adsorption model. The best fitting

q)=3L"° j;I:OLKFc(t,I)“I2 dl (12)

distribution of the soil in the chamber. values ofDe in the numerical approximatiorTéble 5) were

Data inFigure 4 were initially fitted with De, ki, andky @ greater than those shownTable 4. These differences occurred
the fitting parameters. In all cases, the best kinetic adsorption hecause the numerical approximation was used to estithate
model was a second-order model in whiaat = k;c(Krc" — over the entire range of the retention stage and including the
q) (data not shown). However, the fit of second-order constant nonlinearR(c).
ki tended to very high values(> 10%) with standard errors of The observed biphasic behavior was reproduced by the model
>100%. Given the actual conditions of the stirred-flow system, anq is related to the nonlinearity of the adsorption isotherm
the local equilibrium of adsorption can be assumed fiam  (Figures 6—8). “Extra steepness” at initial stages of retention
10%. Thus, the expression of eq 6 was simplified for describing and release cannot be explained by the nonlinear isotherm. We
the local equilibrium adsorption as suggest that this extra steepness was caused by adsorption of

5 cyprodinil on the smallest particles (i.e., clay size and colloids)
aclot = DJR(c)(Fc/al” + 2/1 aclal) 9) and the external rough surfaces of greater particles. In these
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Figure 7. Dynamics of cyprodinil with an £, of 5%: (a) experimental data

from CSTR, (b) diffusion and nonlinear equilibrium adsorption model after

fitting De, kb, and Freundlich parameters (K- and n), and (c and d) the

two best fittings of De and K, using the experimental Freundlich isotherm

parameters obtained from batch experiments.
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Figure 8. Dynamics of cyprodinil with an f, of 20%: (a) experimental
data from CSTR, (b) diffusion and nonlinear equilibrium adsorption model
after fitting De, ky, and Freundlich parameters (Kg and n), (c) best fittings
of D, and k, using the experimental Freundlich isotherm parameters
obtained from batch experiments, and (d) fitting De, ks, Kr, and n for the
release stage only.

situations, diffusion is less limiting; therefore, a faster retention Cin (mg/L)
could be expected at early times with respect to a theoretical c(t,l)

sphere.

A salient finding is the apparent hysteresis of the retention p* (mg kg

Lopez-Periago et al.

Table 6. Fitted Intraparticle Transport Parameters (D, and k) and
Fitted Isotherm Parameters (Kr and n) for Retention and Release
Stages?

fe De ko Kr
(%) (cmZmin—Y) (cm/min) (mg~"kg~tL") n 7
1.2 5.58 x 107 0.058 219 0.84 0.9961
5 6.52 x 1077 0.062 13.6 0.68 0.9948
20 7.27 %1077 0.026 5.96 0.91 0.9945

@The standard errors of the fitted parameters were <8% except for n (<11%).

The most important effect of methanol on the cyprodinil
retention-release dynamics is due to changes in the equilibrium
of adsorption. The effect of methanol also increafgdand
decreased, (Table 6); these results suggested greater mobility
of cyprodinil in the intraparticle pores and a diminution of the
gradient driving force.

The salient findings of this study are as follows. (1) The
effective partition constant for the partitioning of cyprodinil
between the studied soil and mixtures of methanol and aqueous
CaCb, Ky, decreases linearly with an increase in methanol
fraction f; up to 20%. (2) The dynamics of retention of
cyprodinil on the studied soil from such mixtures is controlled
by diffusion, while the surface adsorption is described well by
a nonlinear equilibrium isotherm. (3) The sorption of cyprodinil
from the studied soil into these media is reversible, and the major
effect on the kinetics is due to the changes in the affinity
between the soil and methanol. (4) The Freundlich isotherm
parameters obtained from batch equilibrium were larger than
those obtained from kinetic experiments.

NOMENCLATURE

¢ (mg/L) concentration of cyprodinil in the liquid

phase

c(t) (mg/L) average at timet

¢ (mg/L) concentration of cyprodinil in the liquid
phase of the reactor and the effluent at
discrete time step

Ce (Mg/L) concentration of cyprodinil in solution at

equilibrium
concentration of cyprodinil in the influent
c at timet in the particle domain (G< | <
L)
slope of the linear relatioq versust!?2

and release, which can be seen in the figures. Using experimental mjin-12)

values ofKg andn, together with fitted values dd. andk;, in

Dr (cm? min~1) linearly retarded coefficient of diffusion

the model (Table 5), it was found that the release is under-
estimated with respect to the experimental data (see dotted line
in Figures 6—8). The fittedKg values in the release time
segment were smaller than their corresponding values in the )
retention stage. This hysteresis behavior was the opposite ofDe (CM? min™)
that expected in the batch experiments.

Table 6 shows the best fitting values €, n, De, andky fe (vol %)
that describe the two consecutive retentioelease stages (solid  J (L/min)
lines inFigures 6-8). FittedKg values were smaller than those | (cm/min)
obtained from batch experiments for &lvalues, indicating
that in the kinetic experiments the retention was weaker than
that expected in the batch tests. We interpret that on a shorter
time scale (30 only the equilibrium and reversible sorption
are revealed as the dominant mechanisms. In batch equilibriumKdW (L7kg)
experiments, the greater adsorption suggests the existence oKr (mg-—"L"
slower adsorption processes contributing to the total adsorption kg™)
capacity. L (cm)

De (cn? min™Y)

Kac (L/kg)

estimated effective one-dimensional Fickian
coefficient of diffusion, including the
effect of the tortuosity of micropore paths

effective Fickian coefficient of diffusion (for
spherical geometry)

methanol concentration
flow rate

coefficient of the mass transfer at the selid
liquid interface

partition coefficient between the soil and
cosolvent (methanol/water)

Kqc for a zero methanol concentration

pre-exponential factor of Freundlich’s iso-
therm

radius of the soil particle
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| (cm) distance from the center of the particle to
the surface
m (kg) mass of soil in the reactor

n Freundlich’s exponent

g (mg/kg) amount of cyprodinil retained in the soil

q(t) (mg/kg) average at timet

Je (Mg/kg) amount of cyprodinil sorbed in soil at
equilibrium

R(c) nonlinear retardation function (t m/Ve do/
dc)

R linear retardation factoR (1 + m/VeKqyo)

t (min) time

Ve (L) effective volume of solution in the reactor
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