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Anodic Fenton treatment (AFT) has been shown to be effective in removing pesticides from aqueous
solution in batch reactors with the formation of less toxic and more biodegradable products. To facilitate
practical application of AFT, carbaryl degradation in a continuously stirred tank reactor (CSTR) by
AFT was investigated under different experimental conditions, such as carbary! inlet concentration,
Fenton reagent concentration/ratio, and carbaryl feeding flow rate. A higher Fe?" delivery rate and
H,0, to Fe?* ratio (H,0,:Fe?*) were found to favor the carbaryl degradation process, whereas flow
rate was shown to be a much less significant factor to influence the degradation rate under the
evaluated experimental conditions. A kinetic-based semiempirical model was developed to simulate
the experimental data, and a very good fit between the model and the raw data was found (R? >
0.99). A dimensionless parameter (k/g?) was found to be a good indicator of the degradation rate;
that is, the higher the k/g?value is, the faster the degradation process is. The rate parameter (k) can
be used to evaluate the degradation rate when the flow rate is invariant for a given pesticide. The
shape parameter () is most likely related to the availability and reactivity of Fenton reagents and
hydroxyl radicals. To compare the degradation rate of different pesticides, more information other
than k/¢?, k, and 3 values, such as the instantaneous degradation rate vs time relationship, needs to
be considered.
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INTRODUCTION The Fenton and modified Fenton treatment, which generates
hydroxyl radicals 1OH) through decomposition of hydrogen
With the fast development of agriculture, the use of pesticides peroxide (HO,) in the presence of catalysts [such as Fe(ll),
has increased over the past 50 years in order to achieve highFe(lll), Mn(ll), and Mn(lV)], is one of the most extensively
yields and quality of crops. As a result of the heavy application used chemical oxidation processes in pesticide wastewater
of pesticides, we have had to face the serious problems generatetteatment (11,12). The hydroxyl radical*QH) is a powerful
by pesticide wastes, which could eventually endanger the waterand nonspecific oxidant, which has been widely accepted as
resources and human health2). As toxic chemicals, pesticides  the major intermediate capable of degrading a wide range of
could enter the aquatic ecosystem by manufacturing industry organic compounds at a near diffusion-controlled rat€{10
wastewater, rinsewater of pesticide containers or application 10:°°M~1s™1) (13). However, as with all of the other wastewater
equipments, incidental spills or leakage, or improper disposal. treatment processes, chemical oxidation has its shortcomings.
Therefore, the treatment of pesticide wastewater generated byFor example, chemical oxidation can lead to the production of
manufacturing industry or agriculture related activities has been even more persistent or toxic products. Therefore, the selection
the focus of researchers and regulat@s¥). of the most effective and environmentally friendly process is
Numerous techniques including physical, chemical, photo- €ssential in pesticide wastewater treatment. _
chemical, thermal, and microbiological treatments have been Anodic Fenton treatment (AFT) based on the Fenton reaction
studied and employed for the disposal of pesticide wastewater.degrades pesticides in a batch reactor by using electrogenerated
Most of the treatment technologies have been investigated inferrous ion (F&") as shown in egs 1 and 2:
batch reactorsg—9), while much less has been investigated in

continuous-flow reactors, such as continuously stirred tank anode: Fe~Fe&" + 2e (1)
reactors (CSTR) and plug-flow reactor3, 6, 10). From the B
perspective of large-scale practical use, continuous reactors are cathode: 2HO + 2e— H, + 20H 2

usually more effective both operationally and economically.
This method overcomes the disadvantage of handling easily
*To whom correspondence should be addressed. Tel: 607-255-3151, 0Xidized ferrous salts. In addition, the application of the anion
Fax: 607-255-1093. E-mail: ATL2@cornell.edu. exchange membrane, which can prevent thefteam passing
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through the membrane and being reduced at the cathode, enables
the pH of the anodic solution to remain below 3. AFT has shown
great potential in pesticide wastewater treatment and is reported
to be capable of removing 99% of many pesticides, such as

2,4-D, carbamate, carbofuran, diazinon, and metribuzin, among H:0 4
others, from aqueous systems within 10 nin-9, 14—16). The v
AFT degradation products have been found to become more outlet «—
biodegradable as evidenced by an increase in the 5 day Pesticide +  Ff -
biochemical oxygen demand to chemical oxygen demand ratio 0.02M NaCl
(BODs/COD) to >0.3, indicating a completely biodegradable inlet ——>=

solution (17,18). In other work, a toxicity assay shows that the
fatal toxicity of carbofuran to earthworms can be totally removed
after the AFT process (16). Figure 1. AFT apparatus: 1, anodic half-cell; 2, cathodic half-cell; 3,

For the purpose of better evaluating the efficiency of various anion exchange membrane; 4, iron plate; 5, graphite rod; 6, DC power
pesticide degradation technologies and optimizing the operatingsupply; 7, magnetic stirring plate; and 8, magnetic stir bar.
conditions, the kinetics of pesticide degradation have been
widely investigated. Kinetic modeling can typically be classified Service (Chester, PA). Acetonitrile [high-performance liquid chroma-
into two main categories: reaction mechanism/kinetic-based tography (HPLC) grade], ammonium acetate buffer, hydroxylamine
modeling and mathematical function-based modeling. The first hydrochloride (10%), methanab-phenanthroline (0.1%), phosphoric
approach starts with the mechanisms and kinetics of variousacid (85%), sodium chloride, and water (HPLC grade) were purchased
reactions occurring in the evaluated system and ultimately from Fisher Scientific (Fair Lawn, NY). Iron stand solution (300.1
reaches a relationship between the dependent variable (i.e.Mg L™*) was obtained from HACH company (Loveland, CO). All
pesticide concentration) and the independent variable (i.e., time)rea_gents used were certified grade except where specifically indicated.
and various reaction parameters (i.e., reaction rate constantsPeionized water (DI water) was obtained from a Barnstead Nanopure
(5, 7, 19, 20). The mathematical model is developed by sys:tlem with an electric resistance of the effluent watdi8.1 MQ

- - - . - . cm L All solutions were prepared from DI water.

simulating the obtained experimental data to typical mathemati-

| functi h | ial tial. Weibull. et d Degradation of Pesticides in CSTR by AFT.The AFT apparatus
cal flunctions such as polynomial, exponential, Weibull, etc. an (Figure 1) consisted of two 150 mL customized glass half-cells (anodic

interpreting the physical meaning of each fitting parameder (  ang cathodic half-cell) separated by an anion exchange membrane
21). The advantage of the reaction mechanism-based modelinggiectrosynthesis, Lancaster, NY) with an electric resistance ©f 8

is t.hat it can interpret the physwal meaning of each parametercm2in 1 M NaCl. A pure iron plate (2 cnx 10 cm x 0.2 cm) and
quite well. In a well-defined simple system, under some a graphite rod [1 cm (i.d.x 10 cm (length)] were used as the anode
reasonable assumptions and simplifications, a very informative and cathode, respectively. The electric currédpivas supplied by a
expression can be obtained. For example, the AFT kinetic model BK Precision DC power supply 1610. The pesticide solution with a
developed by Wang and Lemley)(has been shown to describe  NaCl concentration of 0.02 M was fed into the anodic half-cell by a
the pesticide degradation in a batch reactor by AFT very well, Carter Cassette pump (Manostat, Division of Barnant Company) at a
with regression coefficien®) values>0.99. However, in most  given flow rate, and the effluent was collected in a waste bottle. The
cases, the reaction mechanisms and kinetics are not welloutlet was set at a given height to keep the volume of the solution in
understood, which hinders the development of kinetic models. the cell approximately 90 mL. Because the electrolyte solution in the
In addition, the resulting differential equation based on well- cathodic half-cell was very stable for at least an hour, in most of the
defined rea{ction kinetics can become very complicated, making conducted experiments, approximately 90 mL of 0.08 M NaCl solution
o - . - . o was added to the cathodic half-cell without continuously feeding and
it impossible to obtain an analytical solution and requiring a

. . . . discharging. The solution in each half-cell was mixed by a magnetic
numerical solution§, 19). As for the mathematical function-  girring bar during the AFT process. Hydrogen peroxide was delivered

based modeling approach, even if one could find a function t0 jntg the anodic half-cell using a Stepdos peristaltic pump (Chemglass
fit the experimental data very well, it is always challenging to |nc., vineland, NJ) at a flow rate of 0.50 mL mih Unless specified
interpret the physical meaning of each fitting parameter. In otherwise, the electric current was kept at 0.020 A, and the corre-
addition, it is difficult to describe the raw data by a simple sponding HO, concentration was 0.062 M, which resulted in Okl
mathematical function in many cases. to Fe* delivery ratio (HO,:Fe#™) of 5:1. The DC power supply was
The purpose of this study is to apply AFT to the removal of turned on, and the electric current was adjusted to a certain value once
pesticides in a CSTR and develop a kinetic-based model to the first Qrop of hydrogen per(_)xide _entered_ the pesticide soluti_o_n in
evaluate the degradation process and optimize the treatmenghe anodic half-cell. Over a given time period, 1.0 mL of pesticide
conditions. Carbaryl (1-naphthyl N-methylcarbamate), a car- :s_olutlpn was taken out byaloqm_l Eppe_ndorf micropipetter at certalq
bamate insecticide, was selected as a representative targef™e intervals and transferred immediately to a 1.5 mL HPLC vial
compound. The specific objectives of this research are to (j) OMaNINg 0.1 mL of methanol, which served as a quencher of hydroxyl
develop a model based on reaction kinetics to simulate the radlcals_. _The collected pestlmde s_olutlon Was_hand-shaken and ready
pesticide degradation process and validate this model: (il for pesticide concentration analysis. All experiments were performed

. : . > at room temperature (224 1.0 °C). Each treatment was repeated
examine the effects of various experimental conditions such asiee times, Control experiments of carbaryl degradation were conducted

carbaryl inlet concentration, Fenton reagent delivery rate/ratio, for three cases: (i) in the absence of both Fenton reageris &he
and carbaryl feeding flow rate on the carbaryl degradation H,0,), (ii) in the presence of Pé but the absence of 8, and (iii) in
process; and (jii) employ the developed kinetic model to evaluate the presence of D, but the absence of Fe Each control experiment
the degradation of other pesticides, such as alachlor, carbofuranwas also conducted in triplicate.
diazinon, metolachlor, and 2,4-D, in CSTR by AFT. Concentration Analysis of Pesticides, Ferrous lon, and Hydrogen
Peroxide. The pesticide concentration was analyzed by a reverse-phase
HPLC system equipped with a Restek ultra C18:(B) column (4.6
mm x 150 mm) and a diode array (DAD) UV/vis detector (Series 1100,
Chemicals. 2,4-D, carbaryl, carbofuran, diazinon, and hydrogen Agilent Technology). The DAD wavelength was chosen at 2820
peroxide (30%) were purchased from Sigma-Aldrich Chemicals mm. The mobile phase consisted of acetonitrile and water with an
(Milwaukee, WI). Alachlor and metolachlor were purchased from Chem acetonitrile:water ratio of 60:40 for carbaryl and 2,4-D, 65:35 for

MATERIALS AND METHODS
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Table 1. Summary of Major Chemical Reactions Involving Fenton-like d[H,0,]
Treatment dc pvo — q[H0O] (7)
rate constant,
reactions k(M~1s7) refs Therefore,
Fe2* + Hy0,— Fe3* +*OH + OH~ 53-76 25 dv,
Fe3* + Hy0p — Fe2" + 0, + OH™ 2x10-3 13 [H,0,] = —11 — exp(—qt)] (8)
Fed* ++0," — Fe?* + 0, 2.0 x 106 (pH3.0) 26 q
Fe2* +*OH — Fe%* + OH~ 2.3-5 x 108 27 . ) )
*OH + H,0, — HO," + H,0 2.7 x107 13 As discussed in the previously developed batch AFT model,
HO* + Fey+ — HO,™ + Fe® 1.2 x 106 13 the rate constant for th®©H reaction (180-10° M~ s71) is
2'0H = H,0, 5.2x109 28 several orders of magnitude faster than that of the Fenton
*OH +HCO3~— COz™ + H,0 8.5 x 106 13

reaction (~76 M?! s™1). Thus, the Fenton reaction can be
considered as the controlling step in the AFT process. Therefore,
the instantaneous concentration of hydroxyl radica3H]) can
alachlor, carbofuran, and metolachlor, and 70:30 for diazinon. The pH P& assumed to be proportional to its generation rate for a constant
of the water phase was adjusted to 3.0 using phosphoric acid. Thehydroxyl radical sink, which is true in the evaluated AFT system
retention times of alachlor, carbaryl, carbofuran, diazinon, metolachlor, (7).
and 2,4-D under the described analytical conditions were 9.2, 6.0, 4.1,
10.6, 9.9, and 5.0 min, respectively. . d[’'OH]

The ferrous ion concentration was analyzed by using the phenan- [[OH] = AT = lkl[FeM][H 207 9)
throline method Z2). The hydrogen peroxide concentration was
determined by potassium permanganate fitratig8).( The sample  \ynerej is the average lifetime 0OH (min) andk; is the Fenton
collection was Timilar to th?t Qf pe"sticfidﬁ d?_gradation grodu_ct;. | reaction rate constant (xM min-2).

Experimental Data Analysis. All of the figures and statistica s . f
analyses were completed using SigmaPlot 9.01 (24). Substituting eqs 6 and 8 in@yields

*OH + organics — products 108-1010 13

2
RESULTS AND DISCUSSION ["OH] = ’M[l — exp(—qt)} (10)
2
Development of a Kinetic-Based Model of Pesticide
Degradation in a CSTR by AFT. The mass balance of

. . Therefore, th icide r ionr n in follows:
chemical species in a CSTR can be expressed as: erefore, the pesticide reaction rate can be obtained as follows

. A kykoe ¢ vy
v dd_fz QC,— QC+ v @) r=-k[OH|C= —%[1 — exp(—afc =

k
whereC and Cy are the outlet and inlet concentrations of the -1 - exp(—qtfC (11)
chemical species1), respectivelyV is the volume of solution q
in the CSTR (mL),Q is the fluid flow rate in and out of the

; ; ! . wherek; is the second-order rate constant of pesticide reacting
reactor (mL mirl), r is reaction rate of the chemicala\|

with *OH (uM~* min~1) andk is a reaction rate parametér=

min~1), andt is the time (min). A kikoe ¢ vg?) (min-2).
. Assur_nl_rlg tha_q is the reciprocal of the hydraulic retention Substituting eq 11 into eq 3 yields the governing equation of
time (min™) (q = Q/V), eq 3 becomes pesticide degradation in a CSTR by AFT:

dC_ c - dc K

Gt 9& - aCHr (4) Gt = 9C—ac- q—2[1 — exp(—qt)fC (12)

Considering the continuous delivery and generation/consump-
tion of ferrous ion (F&") in the AFT system, reactions kinetics
involving Fe&* are difficult to express in a simple function
(Table 1) (13,25—28). For the purpose of simplification, we
assume that the net input and generation/consumption?sf Fe
is evp, Wheree is a parameter related to the average lifetime of
Fe T in the reactor andy is the F&* delivery rate gM min=1).
Therefore, the ferrous ion concentration §Hgcan be obtained
by solving eq 5, an expression of the mass balance &f[Fe

Validation and Modification of the Developed Model. To
validate the developed model (eq 12), the instantaneous
concentrations of Pe and HO, were measured at,:F&#"
ratios of 2:1, 5:1, and 10:1. Equations 5 and 7 were found to
give poor simulation to the measurec?Fand HO, concentra-
tion profiles (simulation not shown). However, modified expres-
sions of instantaneous concentration of Fand HO, better
fit the experimental data:

€V,

d[Fé [Fe*'] = —1 — exp(—qv)* (13)

[dtﬂ = vy — q[F€] () q
v, )

which is, [H.0) =11~ exp(—an)y’ (14)
2+ _ Y. _ where 51 and 3, are parameters most likely related to the
[Fe ﬂ o [1 — exp(=qv)] ©®) reactivity and availability of the Fenton reagents and hydroxyl

radicals.

Similarly, we defineg as the constant related to the®3: Simulations using the modified functions (eqs 13 and 14)

Fe* delivery ratio and the kD, consumption ratio. The mass  gave better fits to the measured concentration profiles. To show
balance of HO, in the CSTR can be expressed as: the raw data and model simulation more clearly, concentration
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Figure 2. Instantaneous concentration profile of Fenton reagent (Fe? 40
and H,0,) at H,0,:Fe?* delivery ratios of 5:1 in CSRT by AFT [carbaryl € *]
inlet concentration (C,) = 100.50 uM, | = 0.02 A, and Q = 7.5 mL =] f“\ s 7
min~1] (symbols represent experimental data and lines represent fitting 5 - / \ T /;/’/
curves). 9 i\ i Vi
, : o g \ g w 4
profiles of Fé* and HO; at a HO,:Fe** ratio of 5:1, which is & 3! \ ¥ 4
the typical ratio used in the presented research, are illustrated § 2o L \ }p
in Figure 2. The Fé* concentration deviates from a smooth 8 L \ ’ 4
curve during the initial stage of treatment§—10 min), most g Vo T T O S —.
likely caused by known or unknown reactions involving e a \ 3 \\ Treatment Time.  (min
However, the modified function (eq 13) fits the overalPFe 2 '] LY \ 20,52 uM
concentration curve fairly well. Similarly, the other modified £ \ A \ o ggggim
expression (eq 14) provides an even better prediction of theg Re e ~ ———  7965uM
H,O, concentration (R> 0.96). % g e e e . - 99.78 M
- 0 2 4 6 8 10 12

Considering the complex and uncertain interactions between
the reactive species and the intermediates (i.€,F&,0;, *-

in an effort to produce a solvable final differential equation
without losing the consistency between the model and the
experimental data. On the basis of the adjusted expressions fo
Fe*™ and HO, concentrations, the developed governing equation
of pesticide degradation in CSTR by AFT (eq 12) can be
modified as:

dC

& ~9G—aC di-ew-af’c  as)

{

Treatment Time, t (min)
OH, etc.), it is reasonable to simplify the intermediate variables Figure 3. Effect of carbaryl inlet concentrations (C)

on its degradation

in CSRT by AFT (/= 0.02 A, H,0,:Fe?* = 5:1, and Q = 10.0 mL min~1).

a) Modeling fit of experimental data (symbols represent experimental
data, and lines represent model fit). (b) Model predicted instantaneous

degradation rate as a function of treatment time; the inset is the du/dt vs
treatment time curve.

Table 2. Modeling of Carbaryl Degradation under Different Inlet
Concentrations in CSTR by AFT

inlet concn,

half-life of carbaryl,

whereg is defined as the shape parameter, which is related to % (mM) k(min~%) B R ty (min)
the reactivity and availability of the Fenton reagents and 20.52 0.629+0.008  0.79+0.01  1.000 1.08
hydroxyl radicals. The magnitude gfis proportional tg3; + 40.45 0.350+0.008  0.80+001  0.998 1.38
2. This differential equation (eq 15) is called the kinetic-based Sggé giég * gggi 8;8 * 881 gggg 188
semiempirical model of pesticide degradation in CSTR by AFT 9951 0099+0002 08000l 0998 935

and can be solved numerically by using the fourth-order Rtinge
Kutta method in SigmaPlot 9.01.

Effect of Carbaryl Inlet Concentration on Its Degradation.
Carbaryl degradation in CSTR by AFT was investigated at five
inlet concentration level<) (20.52, 40.45, 60.02, 79.66, and
99.75uM) with other experimental conditions fixed lat= 0.020
A, H,0,:Fet = 5:1, and a carbaryl feeding ra@z= 10.0 mL
min~1. The pH of the pesticide solution dropped quickly from
the original pH (5.6) to approximately 3.0 within 2 min and by comparing the model-predicted carbaryl concentration at a
stayed below 3.0 during the entire AFT process. Control given time to the corresponding experimental data to achieve
experiments showed no sorption of carbaryl on the wall of the the highest value oR?, which is considered the best fit. The
reactor and no reduction of carbaryl at the anode. At the samefitted parameters (knd) andR? values are listed ifable 2.
time, no carbaryl degradation was observed in the absence ofOn the basis of the obtainé&dndp values, the model-predicted
both or either of the Fenton reagents. In the AFT degradation carbaryl concentration profiles were compared to experimental
experiments, carbaryl was not detected in the reactor within 10 data and a very good fit was observé®t & 0.998) as shown
min for all five inlet concentrationsKigure 3a). The higher in Figure 3a. The reaction rate parameteincreases from 0.099
the inlet concentration is, the longer the treatment time neededto 0.629 min? as the carbaryl inlet concentration decreases from

to achieve near complete degradation is. A similar trend was
observed in our laboratory during 2,4-D degradation with
different initial concentrations in a batch reactor by AFI). (
When fitting the observed experimental data to the developed
kinetic-based model in the previous section (eq 15), the reaction
rate parametek] and the shape parametg) (vere determined
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99.75 to 20.52:M. Because the temperature, Fenton reagent 120
delivery rate/ratio, and carbaryl feeding flow rate were invariant = a
for these experiments, the parametars, €, ¢, andwvg should 2 004
be constant. The only variable in the rate paramk&téc =

A kiko e ¢ v?) is the average lifetime oOH (). Therefore, the

o~ — X — e — e — ———— ] Fe—————]

AT

increase of carbaryl inlet concentration will result in a shorter | \ ° gﬁgﬁ
lifetime of *OH, which is in agreement with the observation in Y ggﬁ
the AFT batch reactor7). The half-life time {12 of carbaryl 60 1 & m 0050A

can be obtained from the modeling simulation, which exhibits
a good linear correlation with the carbaryl initial concentration
as shown in eq 16.

Ay —» - control {|=0)

s
o
1

Residual Carbaryl Concentration, C
8

t,,=0.7436+ 0.01549G RF=0.99  (16)

On the other hand, the fitted shape param@isr~0.8 under 8 & " 2 2 2 L
different inlet concentrations, showing thfatloes not vary with Treatment Time, t (min)
carbaryl inlet concentration when other experimental conditions
are fixed. This result indicates that the carbaryl inlet concentra- -
tion does not affect the reactivity and availability of Fenton
reagents and hydroxyl radicals.

min

w
o
L

By employing the proposed model, the predicted instanta- Em -
neous degradation rate € — dC/dt) was plotted as a function o s
of treatment timet) as shown irFigure 3b. It is interesting to 80 - g / o
note that the instantaneous degradation ratén(the evaluated e //_, T
system increases as the AFT proceeds during the early treatmen: W Al e

stage, reaches a maximum instantaneous degradatiomtage ( 40 1

within 5 min, and then declines continuously and eventually

0o 02 04 08 0B 1.0
Treatment Time, t (min)

Instantaneous Degradation Rate, -dC/dt (uM

reaches zero when the system achieves the steady-state-(u e 0010 A
dC/dt= 0). Prior to reachingumax u increases at a similar rate 20 ——
(u' = du/dt) at different concentration levels at a given time — —— 00404
(inset of Figure 3b). The magnitude Ofimax and the time to o4 o e s
reachumaxwere found to increase with increasing carbaryl inlet 0 2 4 & 8 10 12

concentration. Althoughumax at higher concentrations was Treatment Time, t (min)
greater than that at lower concentrations, a quasi-steady-stat
(i.e., whenu is close to zero, but not zero) was achieved in a
shorter time at lower concentration due to the less amount of
carbaryl. Therefore, to meet the pesticide discharge requiremen
over a given time period, a stronger oxidation condition is
required for a higher pesticide inlet concentration. Alternative
methods to accelerate the degradation process will be discusse
in later sections. . . . ) .
Effect of Ferrous ion Delivery Rate on Carbaryl Degrada- consistent with the increase in the over_all ca_rbaryl degradation
tion. To investigate the effect of ferrous ion @ delivery rate in thls system. The increase ofFdelivery into the.system
rate on carbaryl degradation in CSTR by AFT, five currét ( results in an increase of |ns_tantaneou%*F@ncent_ranon and
levels (0.010. 0.020, 0.030, 0.040, and 0.050 A, corresponding F€" average lifetime, which would be beneficial to the
to F&* delivery rates of 15.6, 31.1, 46.7, 62.2, and 72\ generation ofOH, and thus provides more potential opportuni-
min~1, respectively) were applied. At each current level, the ti€s for*OH to react with target pesticides. As for the shape
H,0, concentration was adjusted in order to achieve a fixed Parameter/s remains at a value of 0.8 when the current is
H,O,:Fe* ratio of 5:1. The carbaryl inlet concentratioBoj >0.020 A. When the current is as low as 0.010 A (i.e., the
and feeding rateQ) were fixed at 100.5@M and 7.5 mL min, concentration o_f both Fenton reactants is low), the shape
respectively. The observed carbaryl concentration profiles Parametef is slightly lower (0.75), implying that the Fenton
(Figure 4a) show that the higher the Fedelivery rate is (higher ~ reagent reactivity and availability are very similar whieer
current,), the faster the carbaryl degradation is. When the Fe 0.020 A, while sll_ghtly lower reactivity/availability results in
delivery rate was as low as 15.6M min~t (I = 0.010 A), carbaryl degradation at= 0.010A.
<98% of carbaryl was removed after 1 h (data after 12 min not  The profiles of model-predicted instantaneous degradation rate
shown), whereas carbaryl was not detected within 2.5 min when herein display a similar shape as those discussed in the previous
the F&* delivery rate was 77.%M min~1 (I = 0.050 A). This section. As illustrated ifrigure 4b, the higher the P& delivery
observation is consistent with carbaryl degradation in a batch rate is (i.e., higher current), the less time needed to reach
AFT when the current was in the range of 0.610100 A at maximum degradation rate and quasi-steady-state and the greater
an HOy:FeT ratio of 10:1 (8). the maximum degradation rate. In contrast to the similar
Applying the previously described modeling approach, the increasing rate oft at different carbaryl inlet concentrations,
experimental data were found to follow the model prediction du/dt increases with increasing Fedelivery rate at a given
as shown inFigure 4a and Table 3 (R? = 0.993). The fitted time (inset ofFigure 4b). As a result, a higher Eé delivery
reaction rate parametek)(increased from 0.027 to 0.798 mih rate can accelerate the AFT process, but other factors, especially
as the F&" delivery rate {o) increased from 15.6 to 77 /M electricity cost, need to be considered when determining the
min~1 (i.e., current increased from 0.010 to 0.050 A), which is optimal operating conditions in a practical application.

Fﬁgure 4, Effect of Fe?* delivery rate (v) on carbaryl degradation in CSRT
by AFT (Co = 100.50 uM, H,0z:Fe?* = 5:1, and Q = 7.5 mL min~1). (a)
1J\/Iodeling fit of experimental data (symbols represent experimental data,
and lines represent model fit). (b) Model predicted instantaneous
degradation rate as a function of treatment time; the inset is the du/dt vs
{eatment time curve.
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Table 3. Modeling of Carbaryl Degradation under Different Fe*
Delivery Rate in CSTR by AFT

Fe?* delivery rate,
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Figure 5. Effect of HyO,:Fe?* delivery ratio (1:1, 2:1, 5:1, 10:1, and 20:1)
on carbaryl degradation in CSRT by AFT (C, = 100.75 uM, | = 0.020
A and Q = 7.5 mL min—1). (a) Modeling fit of experimental data (symbols
represent experimental data, and lines represent model fit). (b) Model
predicted instantaneous degradation rate as a function of treatment time.

Effect of H,O,:Fe?" Delivery Ratio on Carbaryl Degrada-
tion. The carbaryl inlet concentration and feeding rate were fixed
at 100.75«M and 7.5 mL mirt, respectively, and the current
was 0.020 A, while the initial concentration ot®, varied at
0.0144, 0.0288, 0.0620, 0.1240, and 0.2480 M in order to
achieve five different KO,:Fe#" delivery ratios of 1:1, 2:1, 5:1,
10:1, and 20:1, respectively. As showrFigure 5a, the carbaryl
degradation rate increased with increasin@piFe ratio; that
is, the higher HO,:F€* ratio favors carbaryl degradation over
the range of 1:1 to 20:1. At an ,:F&" ratio of 1:1, only
92% percent of the carbaryl was degradedrdftk of treatment
(data after 15 min not shown), and for the ratio of 2:1, the
maximum removal of carbaryl was-98% after an hour.
However, no carbaryl was detected in the effluent after 4 min
when the HO,:Fe" ratio was at 20:1. Previous work on batch
AFT in our laboratory also showed an increase in carbaryl
degradation rate as the@,:Fe*" ratio was increased from 1:1
to 15:1 (8).

Figure 5adisplays a very good fit between the derived model
and the observed dat&{ > 0.998). The fitted reaction rate
parameterk) increased from 0.012 to 0.291 mihas the HO,:
Fe*' ratio varied from 1:1 to 20:1Table 4). However, the
increasing range ok (0.012—0.029 min?) is narrower as
compared to the range when the currépir{creased from 0.010
to 0.050 A (0.0270.798 mir?), indicating that the P&
delivery rate is a more significant factor than®4:Fe** ratio

under the evaluated experimental conditions. This can be

explained by the fact that in most of the experiments the

current,  (A) Vo (uM min~Y) k (min—?) B R?
0.010 15.6 0.027+£0.002 0.75+0.01 0.998
0.020 311 0.096 £ 0.004 0.80 £0.01 0.998
0.030 46.7 0.241 £ 0.007 0.79 £0.01 0.998
0.040 62.2 0.454+0.007 0.80+0.01 0.999
0.050 7.7 0.798 £0.007 0.79+0.01  0.993

Table 4. Modeling of Carbaryl Degradation under Different H,0,:Fe?*
Delivery Ratio in CSTR by AFT

H,02:Fe?* ratio k (min—?) B R?
11 0.012 + 0.004 0.59+0.01 0.999
21 0.038 + 0.002 0.70£0.01 0.999
51 0.089 + 0.004 0.80+0.01 0.998
10:1 0.195+0.011 0.79+0.01 0.998
20:1 0.291 + 0.007 0.80+0.01 0.998

concentration of b0, is stoichiometrically much higher than
that of Fé*; therefore, the P& concentration is the determining
factor. The rate parameter increase is also consistent with the
overall carbaryl degradation rate, which increased with the
increasing HO,:F&" ratio. The shape parameté) (s 0.6 and

0.7 when the HO,:Fe" ratio is 1:1 and 2:1, respectively,
whereas it remains at 0.8 when the ratio is great than 2:1. It is
well-established that the Fenton reaction is more efficient at
higher HO,:Fe** ratios, due to extraneous reactions of4

with species other than Fe When the reaction is less efficient

at the lower ratios, the Fenton reagent reactivity and availability
are most likely lower. The result of a smaller shape parameter
with lower ratio of HO,:FE" is consistent with the previous
finding thatg is affected by a low Fenton reagent delivery rate,
which is also related to the reduction of Fenton reagent
reactivity/availability. When the Pé delivery rate and bDy:

Fe* ratio are>15.6 uM min~! and 2:1, respectively3 does

not change.

The instantaneous degradation rate profiles are very similar
to those with different F& delivery rates; that is, the higher
the HO,:FE ratio is, the faster it is to achieygn.xand quasi-
steady-state. In addition, the magnitudeugf increases with
H,0,:Fe ratio. Therefore, over the range of 1:1 to 20:1, a
higher HO.Fe&" ratio will provide a stronger oxidation
condition for the target pesticides in AFT. However, the
effectiveness of bD,:F&" ratio and Fé' delivery rate to
pesticide degradation could be different, depending not only
on the degradation rate but also on the cost of Fenton reagent
and electricity.

Effect of Carbaryl Feeding Flow Rate on Its Degradation.

To evaluate the effect of the carbaryl feeding flow ra@ 6n
carbaryl degradation in CSTR by AFT, carbaryl was fed into
the anodic half-cell at five different flow rates (2.6. 5.1, 7.5,
10.0, and 14.6 mL mint). The other experimental conditions
were as follows:1 = 0.020 A, HO,:FEt = 5:1, andCq =
99.75 uM. The carbaryl concentration profiles at different
carbaryl feeding rates are shownhigure 6a. At a flow rate

of 14.6 mL mirr!, approximately 94% of the carbaryl was
removed after 1 h of treatment (data after 12 min not shown).
Carbaryl degraded slightly faster at lower flow rates than at
higher ones. Under the evaluated experimental conditions, it
was observed that the flow rate played an insignificant role in
carbaryl degradation.

The developed model simulates the obtained experimental
data very well Table 5), with R? values>0.998. Thek values
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Figure 6. Effect of carbaryl feeding flow rate (Q) on carbaryl degradation
in CSRT by AFT (Co = 99.75 uM, | = 0.020 A, and H,0,:Fe** = 5:1).
(@) Modeling fit of experimental data (symbols represent experimental
data, and lines represent model fit). (b) Model predicted instantaneous
degradation rate as a function of treatment time.

Table 5. Modeling of Carbaryl Degradation under Different Carbaryl
Feeding Rates in CSTR by AFT

Treatment Time, t (min)
Figure 7. Modeling of selected pesticide degradations in CSRT by AFT
(Co = 100 M, I =0.020 A, H,0x:Fe?* = 5:1, and Q = 7.5 mL min~%).
(@) Modeling fit of experimental data (symbols represent experimental
data, and lines represent model fit). (b) Model predicted instantaneous
degradation rate as a function of treatment time.

Table 6. Modeling of Various Pesticide Degradations in CSTR by AFT

carbaryl fegdinlg - ) pesticides k (min—?) B R?
rate (mL min~") k(min™) ke B R alachlor 0.068 + 0.002 0.60 % 0.0 0.992
2.63+004 0058+0.002 1030  079+001 0999 carbaryl 0.090 + 0.002 0.80 % 0,01 0.998
5.08 +0.02 0.075 + 0,002 360  078+00L 0998 carbofuran 0.019 + 0.002 0.54+0.01 0.996
7.50+0.04 0.089 + 0,002 190  080+00L 0998 diazinon 0.125 + 0.003 0.59 % 0.01 0.994
10.30 + 0.04 0.099 + 0.005 120 079+001 0998 metolachlor 0.055 + 0.002 0.59 % 0.01 0.998
14.61+0.10 0.102 + 0.002 39 080£001 0997 24-D 0.125 + 0.002 0.70 % 0.01 0.994

exhibited a slight increase when the flow rate increased from

2.6 to 14.6 mL min?, which is probably due to the reduced decreased from 103.0 to 3.9 as the flow rate increased from 2.6
retention time of the Fenton reagent with flow rate increase. to 14.6 mL min%, which is consistent with the overall carbaryl
The shape parametgrdoes not change over the evaluated flow degradation rate. On the basis of the above discussion, the
rate range, indicating that flow rate has no influence on the reaction rate parametek)(can be a good indicator of the
reactivity and availability of Fenton reagents and hydroxyl degradation rate for a given pesticide at a given flow rate.
radicals. From the instantaneous degradation rate vs time curvestiowever, when the flow rate varies, the dimensionless parameter
it can be observed that the time to achieve the maximum k/c? better tracks the pesticide degradation process.
degradation rate () is similar at a different flow rate, whereas Degradation Kinetic Model Application to Other Pesti-

the value ofumaxincreases and the time needed to reach quasi- cides. To validate the proposed model application to other
steady-state decreases as the flow rate incre&sgsré 6b). pesticides, the degradations of alachlor, carbaryl, carbofuran,
The rate parameter values at different flow rates do not correlatediazinon, metolachlor, and 2,4-D were investigated at an inlet
with the overall carbaryl degradation rate, which decreases with concentration of approximately 1Q0M, feeding flow rate of
increasing flow rate as shown Figure 6a. This result could 7.5 mL mim®, current of 0.020 A, and an 4@,:Fe** ratio of

be attributed to the fact that the flow rate is an independent 5:1. As shown inFigure 7a, the degradation rates can be
variable influencing the overall degradation rate. However, the visually determined to be in the following order: diazinen
reaction rate parameter does not reflect all of the impact of flow 2,4-D > alachlor> metolachlor> carbaryl> carbofuran. This

rate on carbaryl degradation. The dimensionless pararigfer  order can partially be confirmed by comparing with available



10068 J. Agric. Food Chem., Vol. 54, No. 26, 2006 Kong and Lemley

120 "c 60
. g 2
_ a (k =0.10 min® = b (k=0.10 min®)
= 254 N
2 3 '[ \‘
O~ g | ‘\
s &yuh  ————— B=0.60 e T O B=060
s L e p=0.70 s T 1 =070
= - 2 [ FA p=0.80
o p=080 ® 301 i f/LN
© ——— $=0.90 S IHERY ——— $=0.90
[ © H
o ) I I i \
O 53 N
o a 204! 1
° i: s
3 g i v\
3 e qob \:i\\
o s G\
£ A\
N
—— B 0 e e —
8 10 12 14 16 = 0 2 4 6 8 10 12 14 18
Treatment Time, t (min) Treatment Time, t (min)
120 "c 60
€
— ¢ (B=0.80) = d (B =0.80)
2 100 S s0-
~ =
°— g | A
S k=0.01 min® e Y B k=0.01 min'z
8 k = 0.05 min® = A U k=0.05 min®
E k = 0.10 min 2 ol il —— k=010min?
= in? S0 AL ——r— k=0.15 min’
§ k =0.15 min g il \:\ !
j=2] o K
% 8 20 ~ ' :: \
o i Yo
ks, 3 i i\
=1 i: AT TN
3 ARUE N AN
& ~~= 8 AN ~.
- c ./ \ ~-
....................................... S %4 DN Tm——
T T g 0 T T T f T T T
12 14 16 = 0 2 4 6 8 10 12 14 16
Treatment Time, t (min) Treatment Time, t (min)

Figure 8. Representative sensitivity analysis of fitting parameters (k and /3) on pesticide degradation rate. (a) Pesticide concentration profile at different
B values (0.6, 0.7, 0.8, and 0.9); k = 0.10 min—2. (b) Pesticide degradation rate profile at different 5 values (0.6, 0.7, 0.8, and 0.9); k = 0.10 min—2,
(c) Pesticide concentration profile at different k values (0.01, 0.05, 0.10, and 0.15 min~2); § = 0.80. (d) Pesticide degradation rate profile at different
k values (0.01, 0.05, 0.10, and 0.15 min=2); 3 = 0.80.

published data of batch AFT7{9, 15). However, it cannot be  metribuzin and triazinone/triazine herbicides was different from

obtained directly from either the rate paramete(pr dimen- that of the original AFT kinetic model. The formation of a weak
sionless parametek/cf), or the shape parametér,(Table 6). complex between metribuzin or other triazinone/triazine her-
When the shape parameters are the same, the highalue bicides and F& via the “N” on the ring in the pesticide was

obviously indicates a higher degradation rate; for example, considered to be responsible for the different kinetic mo2@l (
alachlor degraded slightly faster than metolachlor. Wherkthe However, how the5 in the newly developed model relates to a
values are similar, a loy value reflects a faster degradation. specific pesticide is not very clear at present and needs to be
For example, diazinon and 2, 4-D have the sdmelue of evaluated on the basis of a wider variety of pesticides in future
1.25 mir2, whereas the shape parameter of diazinon (0.6) is studies.8 is not recommended for use as an independent
much lower than that of 2,4-D (0.7) and results in a faster indicator of the degradation rate.

degradation. This result sounds contrary to the previous Overall, it is appropriate to compare the degradation rate of
observation that loy8 values at low F& delivery ratio or HO,: various pesticides when eithkeor g is similar. When both the
Fe' ratio relate to a lower degradation rate. However, when k and thes values are different, such as alachlor and carbaryl
comparing the shape parameter of different pesticides, a smallor metolachlor and carbaryl, it is hard to compare the degrada-
f value may indicate less reactivity or availability of Fenton tion rate by comparing the fitting parameteksapd ). Under
reagents but does not necessarily result in a slower consumptiorthis circumstance, the degradation rate can be compared by
of *OH by the target pesticide. In addition, although the shape either the observed pesticide concentration profile or the model-
parametep3 was introduced by simulating the Fenton reagent predicted instantaneous degradation rate vs time curve. As
concentration profiles, it does not mean tffaits independent ~ shown inFigure 7b, the time needed to reach the quasi-steady-
of the pesticide. Because of their different chemical structures, state/maximum degradation rate and the value of maximum
pesticides could have different interactions with the Fenton degradation rate exhibit an order similar to that obtained from
reagents and/or Fenton reaction products including” ad the concentration profile.

*OH. These interactions may alter the availability of Fenton  To better understand the effect of the fitting parametkrs (
reagents participating in &H-generating reaction and the and f) on the degradation rate, sensitivity analyses were
consumption rate ofOH by a certain pesticide. For example, performed. On the basis of the modeling analysis in previous
in a previous batch AFT study, the degradation kinetics of sectionsk can vary from 0.01 to 0.80 mii, whereasf is



Carbaryl Degradation in CSTR by AFT

mostly likely in the range of 0.5—0.8 under evaluated experi-
mental conditions. As an examplie,= 0.10 mirr2 andf§ =

0.80 were selected as two typical values of the corresponding
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(11) Chiron, S.; Fernandez-Alba, A.; Rodriguez, A.; Garcia-Calvo,
E. Pesticide chemical oxidation: State-of-the-aktater Res.
2000,34 (2), 366—377.

fitting parameter. Two representative cases of sensitivity analysis (12) Watts, R. J.; Teel, A. L. Chemistry of modified Fenton’s reagent

are presented as follows: (#)varied from 0.6 to 0.9 wittk =
0.10 min? (Figure 8a,b) and (ii)k varied from 0.01 to 0.15
min—2, with 8 = 0.80 (Figure 8¢d). Comparing case i with

case ii, it is obvious that the pesticide degradation rate is more

sensitive tok values than tg3 over the evaluated parameter

range, as seen in both the pesticide concentration and the

instantaneous degradation rate profiles.

The developed kinetic-based semiempirical model has been

shown to provide important information on a single pesticide
degradation in a well-defined CSTR by AFT. However, to adapt

the model to actual pesticide wastewater, more factors need to
be considered in future research, such as the effect of other (16) Wang, Q.; Lemely,
components in pesticide formulation (i.e., surfactants, solvents,
etc.), pesticide mixtures, natural organic matter, bicarbonate or

carbonate, etc.
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