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Abstract

This paper reports the photooxidation of 2,4-dichlorophenoxyacetic acid (2,4-D) in aqueous solution employing hydrogen peroxide
and ultraviolet radiation. A kinetic model to represent the degradation of 2,4-D and that of equally toxic intermediate products, such a
2,4-dichlorophenol (DCP) and chlorohydroquinone (CHQ), is presented. The model includes the parallel, direct photolysis of 2,4-D anq
the most important reaction intermediates. The experimental work was performed in a batch, well-stirred tank reactor irradiated from it
bottom using a low power, germicidal, tubular lamp placed at the focal axis of a cylindrical reflector of parabolic cross-section. Herbicide
degradation initial rates twenty times faster than those obtained employing UV radiation alone were found. In order to reach more usefi
conclusions about the ability of the process to reduce the contamination to innocuous final products, simultaneous measurements of |
total organic carbon (TOC) were performed. By application of the kinetic model to the whole set of concentration versus time experimente
data, the values of the kinetic parameters were obtained. The model permits a good representation of the reaction evolution in a rather w
range of 2,4-D and kD> initial concentrations. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction water mass transfer requires the use of efficient contacting
devices. Hydrogen peroxide is easier to transport and store
Conventional methods employed to remove small concen- and its oxidative properties are equivalent to those of ozone.
trations of organic pollutants in ground water or industrial Considering at the same time that: (i)® has almost in-
effluents, such as air stripping or adsorption by activated car-finite solubility in water; (ii) it does not contains halogens
bon, are not good alternatives for contaminants having low or metals; (iii) the capital cost for installation is lower; and
volatility or poor adsorption properties. Additionally, these (iv) the operating costs are smaller, this process looks as a
methods only transfer the pollutant from one phase to the better alternative [1,2].
other leaving the problem only partially solved. Conversely, In the UV/H;O, process, radiation having wavelength
effective oxidative treatments lead to the complete miner- shorter than 300nm transforms hydrogen peroxide into
alization of a great variety of organic substances. Some of OH® radicals, but very often radiation of these wavelengths
these detoxification methods employ strong oxidants suchacts directly and simultaneously on the organic compounds.
as hydrogen peroxide or ozone combined with one activa- The oxidative potential of the OHis very high (2.8V),
tion step initiated by UV radiation. They are recognized as only lower than fluorine [2,3]. Complementarily, paral-
some of the alternatives offered by the so-called advancedlel direct activation of the organic molecule may produce
oxidation technologies (AOT). Essentially, these technolo- from direct dissociation to the formation of organic rad-
gies are the result of the strong oxidative properties of OH icals or other intermediate compounds. Hence, providing
radicals thus generated. enough HO> concentration (usually above the stoichio-
The UV/H,O, process has some advantages with respectmetric demand) and sufficient reaction time, the vast ma-
to the UV/Q; system. Ozone is not a stable gas and must jority of the organic compounds may be transformed into
be generated in situ. Moreover, good ozone gas-to-liquid CO; and HO [4]. There exist many reports on the use of
these reactions for degrading aliphatic and aromatic com-
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Nomenclature

Greek letters

Subscripts
CHQ chlorohydroquinone

A matrix defined in Egs. (14) and (15)

B matrix defined in Egs. (14) and (15)

C  molar concentration (mol i)

¢  LVRPA (einsteinstm=3)

Gw incident radiation at the wall
(einsteinsIm—2)

h Planck’s constant (Js)

k kinetic constant, varies with the reaction order

r H>0,/2,4-D initial molar ratio, dimensionless;
also radial coordinate (m)

R reaction rate (molst m—3)

t time (s)

V  volume (n?)

x position vector (m)

y Cartesian coordinate (m); also height along

the y-coordinate (m)

molar absorptivity (Mimol~1)

cylindrical coordinate (rad)

absorption coefficient (mt)

wavelength (nm)

frequency (1)

primary quantum yield (mol einsteir)

direct photolysis quantum yield (mol einstei)

them — using HO» plus UV changing the initial hydro-
gen peroxide/organic compound concentration ratio. In all
cases, total mineralization was obtained. These contributions
were mainly concerned with proving the feasibility of these
reactions for pollutant degradation and to propose possible
reactions pathways for the oxidative mechanism that pro-
duced the mineralization of the involved organic compounds.
No quantitative information on the corresponding reaction
model and/or kinetic parameters has been published.

In this work, we report a kinetic study of the 2,4-D degra-
dation in the presence of hydrogen peroxide and low wave-
length, monochromatic UV irradiation. More precisely, an
experimental study on the effects produced on the reac-
tion rates, by the addition of hydrogen peroxide to the pho-
tolytic degradation of 2,4-D. Having to deal with two par-
allel reactions, we first carried out this research employing
no hydrogen peroxide, i.e. the direct photolysis was investi-
gated first [9]. Presently, we develop a kinetic model to de-
scribe the degradation of 2,4-D in water employing hydro-
gen peroxide and UV radiation and the kinetic parameters
of the reaction rate were obtained from the complete set of
concentration versus time experimental data. These results
should be of direct application to scaling-up studies because
with the proposed methodology the obtained reaction ki-
netic constants are independent of the reactor size, shape and
configuration.

2. The kinetic model

D 2,4-dichlorophenoxyacetic acid (2,4-D) Several studies in the past have proposed different re-
DCP 2,4-dichlorophenol action mechanisms for the photolysis of hydrogen perox-
HA  humic acids ide [10-12]. It is widely accepted that the main interac-
i relative to species (i) tions between hydrogen peroxide with UV radiation and
irr relative to irradiated volume free radicals are well represented by reactions (1)—(6) in
L relative to liquid phase or the liquid Table 1, while reactions (7) and (8) correspond to the de-
phase volume composition of any of organic compounds existing in the
P hydrogen peroxide system by reaction with the generated free radicals [1].
P1 hydrogen peroxide: linear dependence with Fig. 1 shows the main reaction paths proposed for the 2,4-D
respect to the LVRPA photodegradation, where the principal reaction intermedi-
P2 hydrogen peroxide: square root dependence ates are chlorohydroquinone, 2,4-dichlorophenol and humic
with respect to the LVRPA
T denotes total value Table 1
Reaction mechanistn
Special Symbols itiation: 0,70k L
() denotes average value nitiation: 20220 @
Propagation: HO, + OH'EHOZ' + H,O )
, , , _ H20z + HOp* 2 OH® + H,0 + 0, ®)
Pichat et al. [6] published a comparative experimental .
study dealing with different processes to degrade 2,4-D us- Termination: 20M-2H,0;, 4
ing: (i) titanium dioxide with UV radiation; (ii) hydrogen 2HO* X8 H,0, + O, (5)

peroxide and UV radiation; and (iii) direct photolysis, re-

porting different degradation paths for each one of the re-
acting systems. They suggested that a combination of them
could be the best choice. Other authors [7,8] also studied the

Decomposition:

OH* + HO,* 8 H,0 + O,

RH- OH'E products
RH + H02’£8>pr0ducts

(6)

@)
®)

degradation of different pollutants in water — 2,4-D among

aIn this table, RH represents 2,4-D, CHQ and DCP.
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(CHQ) Finally, considering the two parallel reactions (Fig. 1), the
cOOH OH following kinetic expressions can be written:
I cl
CH, Ro —(®p,DCP
0 OH +®p,cHQ) 0 0 0
cl 7 T -0 o~ IISDCP =| @pbpcp —Ppcp 0 0
OH CH
oH RpQ ®p,cHQ 0 —®cHo O
\Am OH 0 0 0 —kp1
/ n _
cl (HA) ep 0 00 —Cpkp,pcp— Cpkp,cHQ
D
®) ebep 0 0 0 Cpkp,pcp— CbcpkpcpHA
X p +
cl €CHQ 0 0 0 Cpkp,cHg — CcHkcHQ.HA
(DCP) L ep 00O —Cpkp2
Fig. 1. Main reaction paths for the 2,4-dichlorophenoxyacetic acid B (e%)l/z
photodegradation. Keys: 2,4-D (2,4-dichlorophenoxyacetic acid); DCP (et )1/2
(2,4-dichlorophenol); CHQ (chlorohydroquinone). X bcp 1/2 (14)
(eéHQ) /
L (ep)Y?

acids (these last, poc_JrIy defined compounds are ysually ”at‘whereei“ is the LVRPA, &@; the direct photolysis quantum
ural components of river waters and hence, considered NONvield, andkp1, k2 andk; ; the kinetic parameters correspond-

toxic). ing to the BHO,/UV reaction. Eq. (14) provides reaction
Akinetic model was developed that can account for the re- 1ates for each of the main stable reactant and intermediate

action rates of 2,4-D (D), 2,4-dichlorophenol (DCP), chloro-  gpecies. It should be noted that Eq. (14) for the four react-

hydroquinone (CHQ), and hydrogen peroxide (P). We have jhg species can be written by using the following matrix
considered the following assumptions: (i) the steady-state representation:

approximation may be applied for highly reactive interme-
R = Aq;near + B%quare root (15)

diates such as OHand HQ* radicals; (ii) the reaction be-
tween the organic compounds and O&hd HG* free rad- Note that humic acids are not well-defined compounds.

icals is very fast; and (iii) for formulating the reaction rate They represent a family of different polymeric chains result-

of the HG,® radicals, radical—rgdical terminatio_n reactio_ns ing from condensation of polyphenols. This uncertainness
are neglected as compared with the propagation reactionsig 5is9 translated into the proper measurement of its opti-

With these assumptions, it can be shown that the hydrogen. properties, something that is always important in any

peroxide reaction rate is given by: photochemical process.
Rp(x. 1) = —kp1ep(x, 1) — kpoCp(t)[ep(x, )]

©)

wherekp; andkp; are lumped kinetic constants aelx, 1)

2.1. Limiting cases for the hydrogen peroxide reaction rate

the local volumetric rate of photon absorption (LVRPA) by
hydrogen peroxide. The kinetic constahts and kp, are
given by the following expressions:

koksk
kpr= — 2 326¢>P (10)
k4k3 + k5k2 + kgkok3
2kok 1/2
kpo 2k3(¢p) (11)

" (kak3 + ksk3 + kokoks) 12

For the case of the stable species (i)<iD, DCP and

CHQ) we have the following reaction rates:
Ri(x,1) = —ki jCi(D)[ep(x, D] (12)

wherek; j (with i, j = D, DCP; D, CHQ; DCP, HA; CHQ,
HA) is given by:

- (k7pks+ ks (i jyk2) (¢p)Y/?
U (kak + ksk3 + kekoks)Y/2

(13)

Rearranging Eg. (9), the reaction rate for the hydrogen
peroxide species will be:

a 1/2
Rp(x. 1) = —kp2Cp(1) [epx. ]2 {"_MM 1}

kp2  Cp(t)

(16)
From Eq. (16), the following limiting cases may be obtained:
Case 1 (low LVRPA):

ke [ed(x, H)]Y/?

<1 17
kp2  Cp(t) (17
Then, the hydrogen peroxide reaction rate will be:
Rp(x. 1) = —kpoCr(t)[ep(x. H)]Y/? (18)
Case 2 (high LVRPA):

kp1 [e4(x, 1)]Y/?

ker[epte OTTZ o 4 (19)

kp2  Cp(?)
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Then, the reaction rate will have the following expression: This set of four non-linear, first-order, ordinary differen-

“ tial equations must be numerically solved with the initial

Rp(x, 1) = —kpaep(x. 1) (20) conditions given by Eqg. (22). Integration of these equations
In the light of these results, the kinetic representation Provides the time evolution of the D, DCP, CHQ and P

given by Eq. (9) exhibits the following reaction features: (1) Molar concentrations.

for rather low photon absorption rates, the hydrogen perox-

ide reaction rate is directly proportional to: (i) the hydro-

gen peroxide concentration and (i) the square root of the 4- Volumetric rate of photon absorption

LVRPA, and (2) when the photon absorption rate is high, the

reaction rate: (i) is directly proportional to the LVRPA and ~ In order to complete the theoretical description of the

(i) shows zero-order dependence with respect to the hydro-model, it is necessary to introduce the radiation field expres-

gen peroxide concentration. This single kinetic expression sion on the right hand side of the mass balance equations

permits to explain the different qualitative results previously EQs. (23)—(26). The spectral Local Volumetric Rate of Pho-

reported by Lufiak and Sedlak [5]. ton Absorption é4) is a function of positionx) and time ):

ef =l (x. 1) =el(y.r. B, 1) 27)

wherey, r andg are the axial, radial and angular cylindrical
coordinates placed at the bottom and center of the batch,
well-stirred tank photoreactor, respectively.
In previous communications, a rigorous radiation field
d(Ci(x, D)y, &U@‘ . 1) model inside a similar reactor-reflector-lamp system has
dr oy e been proposed and experimentally verified [13-15]. Using

3. Mass balances

A mass balance for the species (i) in the batch, well-stirred
tank photoreactor gives [9]:

Vie 1 % a three-dimensional cylindrical coordinate system, the au-
- Yo Jo Ri(y, )dy (21) thors found that radial and angular variations were not very
. o » significant for a restricted set of geometrical and optical pa-
with the following initial condition: rameters. Thus, the following one-dimensional model can
(Ci(x, 0y, =P 22) describe the monochromatic LVRPA spatial distribution:
Sincee is a irreducible function of position, so &. e (v, 1) = ki () Gw expl—kT(1)y] (28)

Co_nsequently, an average value _of concentrations and reiyhere the total absorption coefficientr( is given by
action rates are necessary. It will be seen below that a

one-dimensional model is applicable . Hence, the av- N
erage value is taken over the reactor length.( kT(t) = ZO[J‘ Cjt) (j:D,DCP,CHQ,P,HA) (29)
The required reaction rates for the mass balance can be j=1

obtained from the kinetic model given by Eg. (14). Substi-

tuting the reaction rate for the stable species:[©, DCP, radiation absorption of all intermediate reaction products:
CH d P) into Eq. (21 finall t X : :
Q and P) into Eq. (21) we finally ge 2,4-dichlorophenol (DCP), chlorohydroquinone (CHQ), and
dCp  Vin o ® u humic acids (HA).
dr _V_L[( D.DCP + PD.CHQ) (D) Finally, the local values o’ (y, r) for the radiation ab-
k Ch((e)1/2 k Chi((e)/2 sorbing species (D, DCP, CHQ and P) must be integrated
Fk0.0cPCD (€)™ )y + kp.cHQCD{(ER) )] over the reactor length (recall the one-dimensional model)

Note that for calculatingct, we have also included the

(23) to obtain the corresponding volume averaged VRPA:
dCpcp  Vinr
T _ My 4y, — @ 2ep)y ki (1) 1
0 W [@p,DcPlep)y. — Pocplepep) (e (y. 1))y = K'T(t) Gwy_L{l — expl=kT() ]}
+.0cpCo ((€8)*) (i =D, DCP, CHQ, P) (30)
—kpcp.HACpcp((ed)Y/?) 24 o _
PCRAATDCPCR nl (e4) A similar procedure is used to evaluate the volume average

dCcro  Vin . . of the. square root of the VRPA for the case of hydrogen
o V—L[‘DD,CHQ(EDM — @cHolecHQ) v peroxide (P):

+kD,cHQCD ((e8)2)y, _ [kp()Gw]Y? 2.

([eb(y, Y2])y,

—kchHa Corol((e®)?) ] (25) k() YL
dc Vi B _kT(O)
& =~y ealep)n + kpaCel(ep) )y ] (26) x {1 exp[ 2 (31)
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from 30 to 90 ppm; and (iii) temperature was kept constant
at 293K.

Agitator
Cooling «—— /| jquid Sampling

Water ———
} % ‘ Thermometer

5.2. Materials and procedure

The reactant was purified by dissolution in benzene and

.~ Reactor subsequent crystallization (two times) achieving a purity of
/Shutter 99% compared with an EPA standard (# 2940, 99.78%).
Parabolic : Hydrogen peroxide was 30.4% (p/v).
reflector™|

Prior to each run the reactor temperature and the lamp op-
eration must reach steady state. A shutter located between
the illuminating system and the reactor bottom allows to ob-
tain the specified operating conditions. Then, the shutter can
be removed and the reaction starts. Temperature was con-
trolled with the aid of a cryostat (Lauda K4R) and the lamp
operating conditions with a V-A-W meter (Clarke Hess,
255).

Runs were carried out during 6 h and samples were taken
at different time intervals according to the course of the
reaction (shorter intervals during the first 2h and longer

The employed apparatus is described in Fig. 2. The equip-ones afterwards). For each experimental run the total vol-
ment is made of: (1) a perfectly mixed isothermal tank reac- ume of the different samples taken for analysis never ex-
tor; (2) an irradiating system that consists of a 15W, low Hg ceeded 10% of the total initial reaction volume. Organic
pressure, low output power, Germicidal tubular lamp, with compounds were analyzed with HPLC (Perkin Elmer with
emission at 253.7 nm, placed at the focal axis of a cylin- UV-VIS detector) following the procedure recommended by
drical reflector of parabolic cross-section; (3) a system for Coonick and Simoneaux [16]. A TOC analyzer (Shimadzu
measuring and controlling the reaction temperature; and (4) TOC-5000A) was used in parallel to monitor the amount
a sampling device. Table 2 presents a summary of the prin-of organic matter that was being totally destroyed (miner-
cipal reactor, reflector and lamp characteristics. Note that alized). The optical properties of the reacting system were

4

7
Tubular lamp

Fig. 2. Schematic diagram of the stirred tank photoreactor.

5. Experiments

5.1. Apparatus and operating conditions

the irradiated volume of solutiorV{;) was calculated as
the product of the irradiated ared{) and the liquid height

also spectrophotometrically analyzed in each sample by get-
ting absorbance measurements at 253.7 nm (UV-VIS Cary

(yr) of the reactor and that the irradiated area is not exactly 17D). Hydrogen peroxide concentration was measured ac-

equal to the total area of the cylindrical reactor.

Operating conditions were as follows: (i) the initial molar
ratio of hydrogen peroxide/2,4-D was varied from 0 to 16
(nominal); (ii) the initial 2,4-D concentration was varied

Table 2

Reactor, reflector and lamp characteristics

Reactor
Volume 2000 crd
Irradiated area 132.7¢n
Liquid height 12.6cm
Irradiated volume 1672ctn

Reflector
Parabola characteristic constant 2.1cm
Distance vertex of parabolic reflector — reactor plate 8.4cm
Length 15.8cm

LAMP G15T8 (almost monochromatic)
Nominal power 15w
Output power at 253.7 nm (nominal) 3.6W
Diameter 2.54cm
Nominal lengt® 44.72cm

2Note that, according to the size of the reflector, no more than 15.8cm
of this lamp are used in the reacting system. In this way, lamp end effects
are totally excluded, but the nominal output power actually used is very
much smaller than 3.6 W.

cording to Allen et al. [17], employing the same spectro-
photometer at 350nm. The pH of each sample was also
controlled.

6. Experimental results

Fig. 3 shows some experimental results for a 2,4-D initial
concentration of 30 ppm. The initial4®,/2,4-D molar ra-
tios werer = 0, 1.1, 6.8 and 15.8. Plots indicate: (i) 2,4-D
concentration; (ii) FHO, concentration; and (iii) concentra-
tion of the most important reaction intermediates. Two of
the most important, well-defined reaction intermediates in-
cluded in the simplified reaction path (CHQ and DCP) have
been clearly detected.

Itis observed that addition of hydrogen peroxide increases
significantly the degradation rate of 2,4-D when compared
with the application of direct photolysis exclusively£ 0).
Under the adopted operating conditions, initial degradation
rates twenty times greater than those obtained employing
only UV radiation may be observed.

Fig. 4 shows experimental results indicating changes in
TOC for the same reaction times and for three different
initial 2,4-D concentrations: 30, 60 and 90 ppm. The same
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0.20 0.20
C, =30 ppm Cp =30 ppm
r=0 =1.1
0.15 T . 0 15;
~
- *= D -~ e P
Z halé ~ Z 010 4° \4
Eoto 1 ~e_ EO00 T &« %
3) - < 3 \.\ -
SN S
0.05 | 005 | p A SN
-~ N\
=~
cHa bce CcHQ < t:~
- . - - - == '/_' -
0.00 .._H___‘______i—___—‘— - = = = 0.00 ¥ | DCR- |
0 2 4 6 0 2 4 6
t (h) t(h)
0.20 0.20
Cp =30 ppm Cp =30 ppm
r=6.8 r=15.8
0.15 OJSL
— = [ P/16
S \ @ °_ ./P/S = e -
E o101! - e Eowom T~a
© * D T~ ~ © ! D e RN
\v“7 ) J \~ ~
~
005] %  CHQ 0.05 + &
Py A < & pep \ CHQ
4 1
/1 7 > 1\ < ~
0.00 M-uf " Ay - 0.00
0 2 4 6 0 2 4 6

t (h) t(h)

Fig. 3. Concentration vs. time experimental results(f(gr: 30ppm andr =0, 1.1, 6.8 and 15.8.

nominal, initial concentration ratios as before were em- It was indicated before that the 2,4-D photooxidation

ployed ¢ = 0, 1, 8, and 16). It was found that, TOC con- generates intermediate reaction products that are equally
version is larger at lower initial 2,4-D concentrations and toxic than the original reactant. Results as those reported
increases when becomes higher. For example, for an ini- in Fig. 4 have the advantage of showing the real decrease
tial 2,4-D concentration of 60 ppm, TOC conversions after of water pollutant concentrations in the system regardless

6 h of reaction, are 8.2, 8.3, 51.0 and 55.8%/fct 0, 1.0, of the individual compositions. It can be noted, for exam-
6.6 and 16.4, respectively. ple that, WitthA_D = 30 ppm andr = 15.8, after 6 h of
15 30 40
= - #A---- - - - - -
e w= r—(:):.:___ r=1.1 ész‘-_ =0 "5"‘— ‘:5;:",;‘601
S I ‘t=§:=3552 —-z=z=-g y -
.S ~ N ~4t-_ =10 301 =86 197'“
~ e~~~ _ _r68 S~. 16 4
£10 T 20 ~
CQL. S e T~ + N
Y <r=158 S 20
2y S0 64Ty
N 10
0 T t 0 + + 0 + +
0 2y 4 6 0 2y 4 6 0 2y 4 6

Fig. 4. Experimental results of TOC vs. time fO‘B =30, 60 and 90 ppm.
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reaction, the reduction of the “total contaminant concentrationTable 3
is about 70%, in spite that the concentration of 2,4-D and Values of the molar absorption coefficients

the two main reaction intermediates has fallen to almost molar absorption coefficient Value (Gmol1)
zero. Employing this low output power lamp most of this

. . . . . op 0.409 x 10°
organic content is attributable to humic acids that are normal , | 0.464 x 10P
constituents of natural waters; i.e. no harms should be ex-qcyq 0.608 x 10°
pected from these compounds. However, with higher pow- ana® 0.414x 10
ered lamps and higher hydrogen peroxide concentrations,®? 0.368 x 10°

one should expect that humic acids will further decompose  2Empirical correlation.
to render complete mineralization to carbon dioxide and

water. . . - -
Values of the five molar absorption coefficients are indi-

cated in Table 3.

7. Kinetic parameters evaluation
7.2. Direct photolysis quantum yields

Using the experimental results of the previous section, we
applied regression parameter estimation methods to obtain In a previous work [9] we have presented a methodology
the kinetic constants of the system. Obviously, this result to evaluate the kinetic parameters for the photodecomposi-
will also indicate those effects associated with the optical tion of 2,4-D from a proposed kinetic model and the con-
properties of the reacting system and their influence on the centration versus time experimental data. Here, we will use
functional dependence of the reaction rates with respect toa similar procedure for obtaining the direct photolysis quan-
the LVRPA, tum yields of D, DCP and CHQ reacting species.

Steps 1-6 in Table 1 correspond to a widely accepted Experimental runs for each one of the organic compounds
reaction mechanism for the interaction of UV radiation were performed in the same batch, well-stirred tank photore-
with hydrogen peroxide. CHQ, DCP and humic acids actor. In these studies, three different initial concentrations
are well known reaction intermediates. Finally, steps 7 of the reacting species (D, DCP or CHQ) were employed.
and 8 correspond to the OHattack on the different hy-  Then, making use of the experimental concentration versus
drocarbons present in the reaction sequence describedime data and a non-linear regression procedure, the direct
in Fig. 1 (cf. Lufiak and Sedlak [5]). Therefore, it was photolysis quantum yields at 253.7 nm can be obtained.
considered that no model discrimination studies were Within the range of the initial concentrations of the react-
needed. ing species used along this kinetic study, the direct photol-

According to the kinetic model represented by Eg. (14), ysis quantum yields are independent of the corresponding
we have ten unknowns: four direct photolysis quantum initial concentrations. Table 4 gives the values of the four
yields @p,pcp, @p,cHg, Pbcp, and® cHg) and six kinetic guantum yields obtained with the regression program for
parameters for the reaction with hydrogen peroxide and each separated direct photolysis reactidg;pcp, €b,cHQ.

UV radiation &p,pcp, kp,cHa, kocpHa, KcHo HA, kp1, and @pcp, and P cHq.
kp2). In addition, Eq. (29) needs five molar absorptivities

(¢j: ] = D, DCP, CHQ, P and HA). Quantum yields and 7.3. Kinetic parameters for the 4®,/UV reaction
molar absorptivities have been obtained from independent

experiments. In order to calculate the kinetic parameters for the
] o H>0,/UV reaction, a numerical method was used. It was
7.1. Molar absorption coefficients a direct application of a non-linear least square method to

Standard measurements in a Cary 17D, UV-VIS, double
beam spectrophotometer can be used to obtain the mola
absorption coefficients at 253.7 nm for DCP, CHQ and P re-

rT able 4
Numerical values for the kinetic constants

acting species. The absorption coefficient for 2,4efp)(at ~ Kinetic constant Units Values
253.7nm can be obtained from Cabrera et al. [9]. On the &ppcp mol einsteirr* 0.0107
other hand, a straightforward extension of a previously de- ®b.cHQ mole?nste?ﬁi 0.0024
veloped method for obtaining the molar absorptivity of hu- %ocP mol einstein 0.0184
. . Pcho mol einstein?® 0.0426
mic acids ¢na) at the same wavelength was used [9]. It Ko.oop (c? einsteirt s1)1/2 823
providesapa as a func;tion of the.properties of all the ot.her Ko.cHQ (cm? einstein L s~1)1/2 14.91
compounds detected in the solution; i.e. the concentration ofkocpra (cm?® einstein s~1)1/2 58.26
humic acids was obtained by difference between the initial kcrona (cn® einsteirt - 5~1)"/2 24.90
values of the 2,4-D concentration and the actual concentra-ke mol einsteirr 0.609
kpo (cmB einsteint s~1)1/2 1.63x 1075

tions of 2,4-D, CHQ and DCP.
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0.2

C, =30 ppm
r=1.1

t(h)
Fig. 5. Model and experimental concentrations vs. time()‘@r: 30 ppm
and r = 1.1. Keys: €, —) 2,4-dichlorophenoxyacetic

——) hydrogen peroxide;A, - --) chlorohydroquinone; and{,
2,4-dichlorophenol.

acid(

0.2

Ci(mM)
|

Fig. 7. Model and experimental concentrations vs. timeG§r= 30 ppm
andr = 15.8. Keys: £, —) 2,4-dichlorophenoxyacetic acid){ ——)
hydrogen peroxide; A&, ---) chlorohydroquinone; andl{, ——-—-— )
2,4-dichlorophenol.

minimize the sum of the squares of the differences betweenthe following reacting species: 2,4-D 8 (divided by the
experimental and calculated concentrations, the last onecorresponding molar ratia), DCP, and CHQ. The initial
obtained from the kinetic model. This calculation was car- H20,/2,4-D molar ratios werer = 1.1 (Fig. 5),r = 6.8

ried out employing all experimental runs, i.e. all analyzed (Fig. 6) andr = 15.8 (Fig. 7).

chemical species concentrations and all the corresponding When the mixture under analysis is made up of com-
sample times. In order to obtain the model predictions, a pounds having very dissimilar concentrations (cf. 2,4-D and
special subroutine must calculate the concentrations of theH202 versus CHQ and DCP) the method tends to give
four species (D, CHQ, DCP and P) by solving the sys- larger errors in the prediction of the concentration evolu-
tem of four ordinary, non-linear differential equations de- tion of the second group of components. This problem can
fined by Egs. (22)—(26). An implicit Runge—Kutta formula be observed in Figs. 5-7. Moreover, when the concentration

was used.

of humic acids become important, all problems related to

Figs. 5-7 show the experimental data and model predic- their correct quantification becomes increasingly influential

tions as a function of time for a 2,4-D initial concentra-

in the prediction of the results. These considerations being

tion of 30 ppm. Plots indicate the molar concentrations of taken into account, fairly good agreement between model

Fig. 6. Model and experimental concentrations vs. timedgr=
and r = 6.8. Keys: €, —) 2,4-ducichlorophenoxyacetic
——) hydrogen peroxide;4, - --) chlorohydroquinone; and_(,
2,4-dichlorophenol.

30 ppm
acidd>(

predictions and experimental data can be observed. Only
for low experimental concentrations of the reacting species,
namely lower tharr0.05 mM, the relative error is some-
times significant. On the contrary, for molar concentrations
higher than this value, the maximum deviation is not larger
than 20%.

Table 5 provide statistical figures of merit for the esti-
mated kinetic constant for 95 and 65% confidence interval
(CI). These results, on the light of the difficulties associated
with this particular chemical system seem acceptable.

Table 5

Errors for standard confidence intervals

Kinetic constant Estimated value 95% (ClI) 65% (CI)
kp,pcp 8.23 3.93 1.86
Kp,cHQ 14.91 4.05 1.92

Kpcp HA 58.26 15.78 7.48
KcHoHA 24.90 13.97 6.62

kp1 0.609 0.146 0.0691
kp2 1.63x 10°5=0 - -
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Modified kinetic constant
change in the value of the kinetic constant

% change in 2,4-D predicted conversion with a 10%

% change in 2,4-D predicted conversion with a 25%
change in the value of the kinetic constant

kp,pcp 2.6
kp.cHQ 4.8
Kocp HA 0.4
KcHg HA 0.4
kp1 0.9
kp2 =0

6.5
11.9
0.9
0.9
2.3
=0

7.4. Parametric sensitivity

Based on a sensitivity analysis using the finite difference e
technique proposed by Wu et al. [18], we have defined our
sensitivity problem as the maximum variation that exper-
iments the prediction of the 2,4-D conversion along the
degradation reaction when some of the kinetic parameters
(rate constants) are subjected to a given change. Each one
of the kinetic parameter reported in Table 4, was separately
modified in its value by 10 and 25%, respectively (the values
of the other kinetic constants were kept constant). Results
are illustrated in Table 6. The maximum deviation (11.9%)
was observed when the second kinetic constant was changed
by 25%. It can be concluded that the described kinetic model
is not very sensitive to changes in the obtained kinetic para-
meters and that the maximum sensibility appears with
changes in the kinetic constant corresponding to the reaction
that transforms 2,4-D into CHQ.

Additional studies to investigate the existence of an
optimal hydrogen peroxide/2,4-D concentration ratio and
the effect of employing lower radiation wavelengths are e
underway.

8. Conclusions

The main conclusions can be summarized as follows:

e Compared with direct photolysis, addition of hydrogen
peroxide to the studied reaction increases significantly the
degradation rate of the 2,4-dichlorophenoxyacetic acid
(2,4-D). Under the studied conditions, a reaction rate
twenty times greater has been obtained.

e Immediately after the initiation of the degradation re-
action, equally toxic intermediate products such as
2,4-dichlorophenol (DCP) and chlorohydroquinone
(CHQ) can be detected. However, since the system was

€2 ,.o = 30ppm, a reduction of total contamination up
to 70% has been achieved.

A kinetic model has been developed to describe the degra-
dation of 2,4-D using hydrogen peroxide plus UV radia-
tion. The kinetic representation exhibits, as limiting cases,
the following H,O, reaction rate features: (i) for low pho-
ton absorption rates: a linear dependence with respect to
the HbO»concentration and a square root dependence with
respect to the LVRPA and (ii) for high photon absorp-
tion rates: a zero-order dependence with respect to the
H>Ozconcentration and a linear dependence with respect
to the LVRPA.

The kinetic parameters were obtained from the exper-
imental data by application of the model to the whole
time evolution of the HO,/UV reaction. When pre-
dictions of the kinetic model are compared with ex-
perimental results, a reasonable representation of the
2,4-D, HO,, CHQ and DCP concentration evolution
for a rather wide range of their initial concentrations is
obtained.

For predicting the 2,4-D degradation, the parametric sen-
sitivity corresponding to significant variations in the ob-
tained values of the different kinetic constants resulting
from the model is very low.
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