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ABSTRACT

In this study, a new second-order reaction kinetics model was developed for the elimination of chem-
ical oxygen demand (COD) in landfill leachate treatment with Fenton reagent. The objective of the
reaction was to reduce COD, UVA(254) and color in the process of landfill leachate treatment with
Fenton reagent. The model was verified on sample data obtained experimentally. Oxidation concerns
landfill leachate organic pollutants in the presence of Fe(II) for different oxidant and catalyst concen-
trations. The results of experiments demonstrated that the use of Fenton reaction have brought the
expected outturns. As a result of using the Fenton reaction, the content of COD was lowered from
1.742 t0 0.177 g-L™". On the basis of the investigations, the values of the reaction rate constants k, were
estimated from 0.0018 to 0.0023 L-g''min’. It was shown that the conversion degree can become
a useful tool for the assessment of the oxidation reaction kinetics.

Keywords: Advanced oxidation processes; Chemical oxygen demand; Reaction kinetics; Landfill

leachate; Reaction rate

1. Introduction

Currently, sustainable use of natural resources has
become a top priority. In the Waste Framework Directive, it
is declared that waste management must be regulated by the
“4Rs principle’. As a result, the so-called ‘hierarchy of recov-
ery’, including Reduction, Reuse, Recycling, and Recovery,
wase stablished so that waste and energy could be used in
a rational manner [1]. However, the oldest method of land-
filling is still the most widely applied waste management
strategy (in 2014, 31% of waste in the EU was disposed of
by landfilling) [2,3]. The operation of the landfill, and also
physical, chemical and biological phenomena that occur in
it, lead to environmental hazards. They result from, among
others, landfill gas emissions, pathogens, odours, noise,
pests and the production of highly contaminated leachate
[2,4-6]. Even if landfills are constructed in accordance with
current legislation, they still have a negative impact on the
environment, for example, through the spread of bioaerosol
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after the facility has been closed and land reclaimed [2,6]. It
can be observed that after the waste deposition in the land-
fill, a delay in leachate release can take half a year or lon-
ger. Leachate formation can also occur immediately after the
waste is deposited in the landfill if the bedrock porosity is
very high. Typically, large amounts of leachate are produced
1-2 y after waste deposition. Heavy precipitation events
also result in increased leachate production [7,8].

The choice of leachate treatment technology is a com-
plex process which depends on a number of determinants.
They include changes in leachate quantity and quality, the
necessity to minimise leachate treatment costs (chemicals
purchase, operation and maintenance of the facility, energy,
utilities). Conventional leachate treatment methods are not
always effective or technologically viable, especially for
the removal of substances that are non-biodegradable pol-
lution. As a result, the application of advanced oxidation
processes (AOPs) comes as an alternative to conventional
methods [9-11].
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Leachate treatment based on the Fenton method offers
high efficiency of contaminant reduction. The main disad-
vantages of this process lie in a high demand for reagents and
large production of sludge, which, however, can be appro-
priately managed (coagulant preparation, adsorbent, iron
source, fertilizer, heterogeneous Fenton catalyst, a sludge
conditioning agent),or reduced due to the optimised reagent
dosage [3,9,12]. The classical Fenton process involves a series
of chemical reactions which, together with the reaction rates
k, are illustrated by Egs. (1)-(9) shown in Table 1 [13,14]. The
Fenton process is based on the reaction (at optimum pH)
of Fe** ions and H,O, to produce hydroxyl radicals (*OH).
In addition to hydroxyl radicals, hydroperoxyl/superoxide
radicals (*O,H) are also obtained in a series of reactions in
the process. They can also remove contaminants, however,
that happens far more slowly than it is the case with *OH
[15-17].

The complexity of the Fenton process and the composi-
tion of landfill leachate (high content of dissolved organic
matter and inorganic ions) make it difficult to apply con-
ventional kinetic method to describe the landfill leachate
degradation reaction. In accordance with Wu et al. [18], the
Fenton process should be divided into two stages: stage
I involves the consumption of the most of H,O, and Fe*
and the formation of the most of the *OH. Stage II covers
a series of Fenton-like reactions. It is only this approach to
the Fenton process that allows the development of kinetic

Table 1
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models to optimise the Fenton reaction in leachate treatment.
Based on investigations into the kinetics of Fenton reaction
at 15°C to 30°C, Aygun et al. [14] found that the tempera-
ture increase advantageously contributes to chemical oxy-
gen demand (COD) removal and sludge dewatering. After
only 30 min at 25°C, 55.7% of COD was removed (the initial
COD was 3.82 x 10* mg-L™). The authors described overall
reaction kinetics using a second-order rate equation followed
by zero-order equation at the apparent kinetic constants at
30°C for k, = 3.16 x 107 and k, = 0.171 g-L-"'min~". Ahmadian
et al. [19] expressed Fenton kinetics with respect to COD,
total suspended solids, total organic carbon (TOC) and color
removal using zero-order, first-order and pseudo-second-
order kinetic equations shown in Table 2.

As regards the Fenton process, parameters relevant for
the outcome of the treatment include the following;:

e pH value - the recommended pH range is 2-5. However,
Zhang et al. [20] reported the best leachate treatment
results were obtained in a narrow range of 2-3. It should
be noted that Singh and Tang [21] found the optimum pH
for the Fenton process in raw and coagulated leachates
ranged 2.5-4.5 (median 3.0). The results were based on
the statistical analysis of the optimum operating condi-
tions described in the peer-reviewed publications.

¢ dosage and H,O,/Fe* ratio, too high ratio of H,0, rela-
tive to the substrate can result in the binding of *‘OHs by

Chemical reactions in the Fenton process and the reaction rates k [13,14]

Reaction No. Reactions Reaction rate k (L-mol™-s™) Rate constant (m™-s)
1 H,O, + Fe* — Fe* + *OH + OH~ (0.4-0.8) x 10? 41.70

2 H,O, + Fe* — Fe* + *O,H + H" 9.1 x 107 2.0x 107
3 Fe* + *OH — Fe* + OH (2.5-5.0) x 108 3.3 %107
4 Fe* +*O,H — Fe** + HO, (0.7-1.5) x 10° 7.8 % 10°
5 Fe* +°O,H — Fe*" + O, + H" (0.3-2.1) x 10¢ 3.2x108
6 *‘OH + *OH — H,0O, (5-8) x 10° 1.3 x10°
7 ‘OH+H,0,— *O,H+H,0 (1.7-4.5) x 107 2.3 x10°
8 ‘O,H+'OH—-H0,+0, (0.8-2.2) x 10° 7.1x10°
9 ‘OH+°'O,H—-H,0+0, 1.4 x10° 5.2 x10°

Table 2

Equations, linear forms and results of the kinetics model acc. [19]

Kinetic model Equation Linear form  Parameter = Chemical oxygen  Total organic  Total suspended  Color
demand carbon solids
ac k, 27.93 4.48 9.04 18.58
Zero-order 1, =—-=k, CC=*kt R 0.93 0.88 0.94 0.76
) ac C k, 0.012 0.004 0.009 0.013
First-order r.= E = klc lng = 7k1t R? 0.98 0.92 0.99 0.91
0
ac , 1 1 k, 6x10° 4x10° 1x10° 1x10°
Second-order r.= E = sz E—f = kzt R2 0.97 0.91 0.95 0.94

0

where r_is the rate of conversion, k, k,, k,

constituent in the liquid, respectively.

are reaction rate coefficients, t is time, and C; and C are the initial and final concentrations of the
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H,O,. Additionally, H,O, is harmful to many organisms,
which is of particular relevance for mixed processes. In
those methods, the Fenton reaction precedes biological
processes. Furthermore, too high ratio of H,O, makes the
determined COD value to be overestimated. Conversely,
excessive Fe? ratio leads to an increase in dissolved solids
in the treated landfill leachate [13,16,22,23]. According
to Singh and Tang [21], the optimum H,O,/Fe** weight
ratio is 1.8, whereas H,O,/COD and Fe*/COD medians
are 1.2 and 0.9, respectively.

* temperature — optimum range is 20°C—40°C. An increase
in temperature above this range accelerates the decom-
position of hydrogen peroxide into oxygen and water
[13,24].

* reaction time-depends on the parameters. It can range
from several minutes to several hours.

In addition to the parameters mentioned above which
affect the Fenton process efficiency, Mahtab et al. [12] indi-
cated that the mode of dosing reagents produces a significant
effect on the process efficiency and the amount of the result-
ing sludge. The experiment was carried out in three differ-
ent stages at pre-set pH 3.0 for 45 min reaction time. Stage I
involved single reagent dosing, stage II employed two-step
reagent dosing, and in stage III three-step reagent dosing
was used. The authors found that the best results (52% COD
removal and 40 mL sludge production) were obtained for
two-step dosing. Lower sludge production reduces second-
ary environmental pollution while low reagent dosing makes
the process cost-effective. Gawdzik et al. [25] also reported
improved efficiency of the Fenton process with sequential
dosing. Studies were conducted with initial pH4 for different
Fe* catalyst doses at 20°C + 1°C and 1:10 Fe**/H,0O, weight
ratio. The whole Fe?" dose was applied at the beginning of
the process. The impact of H,O, dosing was examined for
different dosing modes, using various doses and/or dosing
times. The investigations showed that oxidant sequenc-
ing at a fixed catalyst dose results in a significant improve-
ment in TOC (32%), COD (14%) and UVA(254) absorbance
reduction in treated leachate samples when compared
with the results for the reference sample.

Electro-Fenton (EF), photo-Fenton (PF) or photoelec-
tro-Fenton (PEF) processes have become widely applied. The
results reported by Crispim et al. [26] demonstrated the best
organic matter removal efficiencies in terms of COD (66%,
68% and 89%) were achieved with energy consumption of
only 19.41, 17.61 and 17.59 kWh-kg™ COD for EF, PEF-UVA
and PEF-UVC, respectively. The 4-h long process took place
at 90 mA-cm™. Additionally, the authors showed that in
such leachate treatment, organic and inorganic by-products,
acetic and formic acids, and also NO,, NO; and NH; were
produced. Hermosilla et al. [27] pointed out that the use
of the photo-Fenton method required 32 times lower iron
dose and produced 25 times less sludge volume, while COD
removal effects remained the same as in the Fenton process.

Advance oxidation processes based on hydroxyl radicals
(*OH) (e.g., ozonation and catalyzed ozone oxidations, Fenton
and Fenton-like oxidations) and sulphate radicals (SOj;)
(e.g., activated and catalyzed persulfate oxidations) have
become less satisfactory with a growing demand for increas-
ingly efficient landfill leachate treatment. Consequently, to

create a synergistic effect, they are combined with biologi-
cal or physical methods [28]. Mrabet et al. [29] applied a
sequence of two processes to treat landfill leachate (the city
of Fez, Morocco). The optimised Fenton process (pH = 3.0,
Fe* 2,000 and H,O, 2,500 mg-L™, 60 min process time) was
followed by adsorption on bentonite (dose 3 g-L, pH =5,
time 5 h), achieving complete COD removal and 98% color
removal. Combination of the two processes gave 27% better
COD removal and less than 2% better color removal. Equally
satisfactory results were achieved using oxygen purifica-
tion, followed by the Fenton process (Fe** 8,000 and H,0O,
122,000 mg-L™) [11]. Santos et al. [30] noted that the use of
the solar photo- Fenton-like method made it possible to elim-
inate coagulation—flocculation, while the resulting leachate
showed improved biodegradability. According to Liu et al.
[31], the peroxi-coagulation (PC) process with iron anode
and modified graphite felt cathode is more cost-effective
compared with the electro-Fenton (EF) and electrocoagula-
tion (EC) processes. That happens due to the combined effect
of *OH oxidation and iron hydroxide coagulation. After
the PC process, the concentrations of the examined heavy
metals in the treated leachate fell below the specified emis-
sion limits. Consequently, according to [31], the preferred
method for heavy metal removal was PC > EC > EF.

The complex character and instability of leachate make
it necessary to develop models and use management tools
for optimisation. That is especially required for hybrid
treatment processes [32].

The results reported above clearly indicate that the
Fenton process is highly effective for the removal of con-
taminants. However, every time it is necessary to carry out
laboratory-scale tests to determine the optimum doses of
H,O, and Fe*, H,O,/Fe* ratios, pH and the process time. The
purpose of this study was to determine second-order reac-
tion rate constants for a new model of the kinetics of changes
in COD values in leachate treated with Fenton’s reagent.

2. Materials and methods

Leachate sampling, its storage and chemical composi-
tion examination were performed in accordance with the
binding standard PN-ISO 5667-10:2021-11. Leachate sam-
ples (pH 7.975, COD 1,742 mg-O,'L™, color 2,442 mg-Pt-L~,
UVA(254) = 3.435) were collected from the landfill site in
Janczyce, which is part of the Municipal Waste Disposal Plant
in Janczyce. The facility, which has been in operation since
2003, serves a population of around 150,000. It is estimated that
almost 300 kg of waste per inhabitant per year is generated in
the region. At the landfill (3.64 ha), mechanically processed
mixed municipal waste, sorting residues and other non-recov-
erable waste are deposited. On average, more than 6,600 m®
of leachate is generated a year due to the landfill operation.

Laboratory tests on the pre-treated landfill leachate were
carried out on 0.2 L leachate samples. The selected sample
volume allowed the analysis of all the parameters. In the lab-
oratory tests pure reagents were used for analysis, namely
FeSO,7H,O (p.a., producer chemPUR, Piekary élqskie,
Poland, applied as a 5% solution and converted to Fe?" dose)
and 30% H,O, (p.a., producer chemPUR), and also concen-
trated H,SO, (p.a., producer chemPUR, 98%) and KOH (p.a.,
producer chemPUR, 5% concentration) for pH correction.
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In the partially optimised Fenton process (with Fe*/H,O,
weight ratio as in Table 3, and oxidation times of, respec-
tively: 60, 90 and 120 min), the kinetics of COD value
changes were examined. The tests were performed at ini-
tial pH 4 (corrected with concentrated H,SO,), for different
Fe? catalyst doses (Fe* dose: 800, 900 and 1,000 mg-L™) at
temperatures of 20°C + 1°C, 30°C + 1°C and 40°C + 1°C. The
Fe* doses were determined based on previous studies [31].
In order to maintain the landfill leachate temperature, the
process was carried out in the shaking water bath (Fig. 1)
from LaboPlay SWBN series. The stirring speed in the reac-
tion was 50 rpm. After a pre-set oxidation time, the samples
were neutralised with 5% KOH to pH =7.5. The leachate was
then stirred for 30 min at 10 rpm and finally subjected to
30 min sedimentation. Fe** and H,O, were dosed as a whole
at the beginning of the process.

To perform the experiment, factorial plan was designed
using STATISTICA 12 by StatSoft, Inc. (Table 4).

Before and after the treatment, the following were
determined in the leachate: COD, pH, color and dissolved
organic compounds (UVA(254)). All analyses were carried
out in accordance with currently binding standards:

e the COD was determined using the Spectroquant®
photometric method, cuvette tests were performed
with Spectroquant® Nova 60 spectrophotometer from
Merck (Darmstadt, Germany) after prior heating in a
TR 320 thermoreactor from Merck (120 min at 148°C).
The applied levels of determinability were as follows:
for treated leachate 15-300 mg-L? (standard devia-
tion of the method #1.5 mg-L?) and for raw leachate
300-3,500 mg-L™ (standard deviation +13.9 mg-L™).

Table 3
Experimental range and levels of independent process factors

Parameter Minimum (-1) Median (0) Maximum (+1)
[Fe], g'L? 0.8 0.9 1.0
[H,0,], g'L™ 6.4 7.2 8.0
Time, min. 60 90 120
Temperature, K 293 303 313
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Color was determined using UV/VIS spectrophotometer
in accordance with PN-EN ISO 7887:2012. The dissolved
organic compounds were determined by ultraviolet spec-
trophotometry (254 nm wavelength) in accordance with

Table 4
Factorial experimental design matrix coded

Experiment design 3**(4-1) fractional factorial design,

1 block, 27 runs
No./Parameters [H,0,] [Fe] Time Temperature
1. -1 -1 -1 -1
2. -1 -1 0 1
3. -1 -1 1
4. -1 0 -1 1
5. -1 0
6. -1 0 1 -1
7. -1 1 -1 0
8. -1 1 0 -1
9. -1 1 1 1
10. 0 -1 -1 1
11. 0 -1 0 0
12. 0 -1 1 -1
13. 0 0 -1 0
14. 0 0 -1
15. 0 0 1 1
16. 0 1 -1 -1
17. 0 1 1
18. 0 1 1 0
19. 1 -1 -1 0
20. 1 -1 0 -1
21. 1 -1 1 1
22. 1 0 -1 -1
23. 1 0 0
24. 1 0 1 0
25. 1 1 -1
26. 1 1 0 0
27. 1 1 1 -1

Fig. 1. Test stand — shaking water bath.
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PN-C-04572:1984 using Genesis 150 UV-VIS spectropho-
tometer from Thermo Fisher Scientific (Waltham, USA).

e pH was determined potentiometrically with the pH
meter, namely Multifunction Meter CX-505 in accor-
dance with PN-EN ISO 10523:2012.

Investigations results can be analysed based on mass
balance for the periodic reactor in the form of component A
accumulation rate, which is equal to the rate of component
A generation. That leads to Eq. (1) in the form of:

dn,
ph r,V @
where 1, —number of moles of component A, 7, — component
A generation rate, and V — active volume of the reactor.
When a constant density of the reaction mixture is
assumed, molar concentration of component A can be
introduced into Eq. (1). Molar concentration is defined as:

n,=c,V 2)
which makes it possible to transform Eq. (1) into Eq. (3).

de
T ®

Consider a second-order reaction which has the follow-
ing form:

A+ B — products 4)

The rate of consumption of components A and B can be
described with Eq. (5):

r, =—kc,c, 5)

In addition, constant k is the reaction rate constant
expressed in dm®/(mol's). The use of Eq. (5) and dependence
Eq. (3) leads to Eq. (6).

©h ke e, ©)

dt

It will be more convenient to carry out further analysis
by applying the degree of conversion of component A. The
stoichiometry of Eq. (4) indicates the numbers of reacted
moles of components A and B are equal to each other.

o = A0 “A (7)

Relying on the concept of degree of conversion Eq. (7),
it can be concluded that Eq. (8) is a measure of moles of
component A that have undergone reaction:

Cao=Cr=0,Ch ®)

where ¢, — initial concentration of component A.
Because:

Cao=Ca=Cy =Gy )
Eq. (10) also holds:

Cro=Cp=0,Cyy (10)
It follows directly from the equations:

C,=(1-a,)C,, (11)

C,=C,—a,C

B0~ %A-A0

(12)

B

Constant S will be introduced to specify the initial com-
position of the reaction mixture:

5=Sm (13)
CAO

Constant S will also make it possible to transform Eq. (12)
into the following:

Cy=C,(S—a,) (14)

When C,C, in Eq. (6) are substituted with Egs. (11) and
(14), the following is obtained:

ac,
dt

=—kC3,(1-a,)(S-a,) (15)

By differentiating both sides of Eq. (7) with respect to ¢,
the following is obtained:

dc,  dk
@ %ar =

and then, using this in Eq. (15), the following is received:

do,
= kC,o(1-a,)(S-a,) 17)

which is an elementary differential equation with
distributed variables. The solution of the equation has
the form:

%Ak daA t
— A - |kC, dt 18
) (50 JKCa (18)

The integral on the right-hand side of Eq. (18) is equal to
kC,t, that is:

do. —kC, t (19)

!(1—%)(5—%) A0
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To solve the integral on the left-hand side of Eq. (19),
however, it is necessary to decompose the sub-integral
expression into simple fractions.

1 A B

(1—(XA)(S—OLA)51—OLA +S—oc

(20)

A

The multiplication of identity Eq. (20) by the fraction of
its left-hand side, yields the following:
1=A(S-o,)+B(1-a,) (21)

Since the identity must be satisfied by each a.,, by substi-
tuting o, =1, it is possible to determine:

1
A=—— 22
51 (22)

By substitution of a, = § into Eq. (21), constant B is
determined

B= (23)

b
1-5

The substitution of Eqgs. (23) and (24) into Eq. (20) yields:

1 1 1 1
(1—%)(5—%):5—1{1—%_s_aj (24)

Thus, the integral in Eq. (19) can be represented as the
difference of two elementary integrals:

1 J‘ 1 1
- x
S-1"{1-a, S-a,

After calculating the integral described by Eq. (25), the
following relation is obtained:

(25)

O Ak

—[—ln(l—aA)+ln(S—aA)Jo

=%[fln(1f(xA)+ln(SfotAk)flnSJ

_ 1 In S—oa,

S-1 (1-ay)s (26)

Substituting Eq. (26) into Eq. (19), the following is
obtained:

27)

S—a
—— 4k can be

—a )
. . Ak
shown in an alternative form, because we have:

It is easy to show that the expression In

In 5~ % =

(1—0LAk)S

In C4Cao =In G, (28)
CACBO SCA

Each of the presented identity expressions is intended
to correlate the results obtained.

As regards the second-order irreversible reaction, the
graph of an arbitrary expression Eq. (28) over time should
be a straight line. The considerations above are true only
for S # 1. Values of S for COD and color are usually dif-
ferent from 1.

When S =1, the balance Eq. (18) takes the following form:

%Ak

ty
= |kC,,d
{(1—OLA)2 !)- o

do.,, 29)

Integrating Eq. (29) leads to the following relationship:

Cak

(1 -, )_1 =kC,t, further: (30)
0
1
~1|=kC,t, €
1-a,
and, after elementary transformations:
o
17" =kC ,t, (32)
—a,
or, in an alternative form:
Can=Ca_ kC ot (33)

C

A

3. Results and discussion

The results obtained should be correlated in the coor-
dinate system C,—-C,/C,, t; in which for S = 1, a straight
line should be obtained.

The value of S = 1 may be taken as the basis for deter-
mining the constant k, from the UVA(254) results.

If the subscript A is assigned COD or UVA(254) or
color, this notation will be consistently applied to subse-
quent parameters and indicators. The experimental results
obtained for the pre-set input parameters are listed in Table 5.

The model equation that describes the variation in the
degree of conversion a for COD can be expressed as follows:

Geop = 2.795887 +0.068754[ H,0, ] -0.001675[ H,0, |

~0.062782[ Fe ] +0.067264[ Fe | +0.005634¢
~0.000019¢* - 0.018586T +0.000032T"
+0.053080[ H,O, |[ Fe |-0.000269[ H,0, ]t
+0.000070[ H,O, |T -0.000661[ Fe ]t

+0.001296] Fe |t —0.000004¢ - T (34)
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Table 5
Real values and experimental results of the response

Experiment design 3**(4-1) fractional factorial design, 1 block, 27 runs

Run [H,0O,], gL [Fe(Il)], gL' Time, min. Temp., K Qeop, = Oyyagsy, —  Ocolor — COD, g'L* UVA(254),— Color, g-L*
1. 8.00 0.90 60 293 0.7732  0.8412 0.8477 395 0.5454 101
2. 7.20 1.00 90 313 0.8292  0.9049 0.9105 298 0.3266 59
3. 6.40 0.80 90 313 0.7828 0.8545 0.8596 378 0.4999 93
4. 7.20 1.00 60 293 0.7298  0.8053 0.8058 471 0.6688 128
5. 8.00 0.90 90 313 0.8540 0.9352 0.9393 254 0.2226 40
6. 6.40 0.80 120 303 0.8362 0.9131 0.9185 285 0.2984 54
7. 8.00 0.90 120 303 0.8898 0.9831 0.9831 192 0.0580 11
8. 6.40 0.80 60 293 0.6851 0.7492 0.7530 549 0.8616 163
9. 7.20 1.00 120 303 0.8713 0.9573 0.9600 224 0.1468 26
10. 640 0.90 90 303 0.7780  0.8551 0.8574 387 0.4977 94
11. 640 0.90 120 293 0.8312 09137 0.9160 294 0.2963 55
12.  8.00 1.00 60 313 0.8000 0.8532 0.8684 348 0.5042 87
13.  7.20 0.80 120 293 0.8617  0.9465 0.9493 241 0.1836 33
14. 720 0.80 90 303 0.8109 0.8923 0.8941 329 0.3699 70
15. 7.20 0.80 60 313 0.7334  0.8040 0.8071 464 0.6732 127
16.  8.00 1.00 90 303 0.8634 0.9352 0.9445 238 0.2226 37
17. 640 0.90 60 313 0.6997 0.7630 0.7680 523 0.8140 153
18.  8.00 1.00 120 293 0.8985 0.9831 0.9879 177 0.0580 8
19. 7.20 0.90 120 313 0.8756  0.9566 0.9620 217 0.1490 25
20. 7.20 0.90 90 293 0.8185 0.8929 0.8986 316 0.3678 67
21. 640 1.00 60 303 0.6942 0.7637 0.7653 533 0.8118 155
22. 720 0.90 60 303 0.7309  0.8053 0.8064 469 0.6688 128
23. 8.00 0.80 120 313 0.8942 0.9825 0.9852 184 0.0602 10
24.  8.00 0.80 90 293 0.8388 0.9238 0.9253 281 0.2616 49
25. 8.00 0.80 60 303 0.7614  0.8400 0.8406 416 0.5497 105
26. 640 1.00 120 313 0.8410 0.9245 0.9268 277 0.2595 48
27. 640 1.00 90 293 0.7821 0.8557 0.8599 380 0.4956 92
As non-significant factors occurred (Fig. 2), for further 4 Sieve factore. 1 Block 57 Runs: MS Residuae 0000162
considerations the form of Eq. (34) was modified. To this end, DV: Alfa ChZT
the reduction of regressors method was applied (Table 6). (3)Time, min (L) I o o6
The method allows the use of only statistically significant (1H202, gIL(L) 37.6957
(p < 0.05) coefficients. The reduced second-order Eq. (35) Time, min.(Q) 1044253
is given below, while the statistics values are included in @Feh. gLb) Jo:15356
. 1Lby3L |-5.38708
Table 6 and Flg- 3. (4)Temperature, K(L) |5.331835
As a result, the model obtained the form: TLby2L |3.543619
Temperature, K(Q) -1.91993
tLeop =0.120153 +0.019305] H,0, |- 0.347761[ Fe | . i Lo
+0.007668t — 0.000019¢" + 0.000505T I, :—0-88?783
+0.056397 [ H,0, ][ Fe]-0.000282[ H,O, |t R
Fe() gi(@ | |-0.400932

The corrected model equation that describes the varia-
tion in the degree of conversion for COD can be expressed
as follows:

teop =0.120153 +0.019305] H,0, | -0.347761] Fe |
+0.007668t — 0.000019¢* +0.000505T
+0.056397| H,0, || Fe | -0.000282[ H,0, ¢ (35)

p=,05
Standardized Effect Estimate (Absolute Value)

Fig. 2. Pareto chart of standardized effect estimate for o,

Fig. 4 shows the values of the conversion degree o .,
as a function of oxidation time and oxidant dose for a pre-
set temperature T = 303 K with [Fe(II)]/[H,O,] ratio equal to
0.125. An increase in [H,O,] concentration is accompanied
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Table 6
Selected statistics values for the factors of the model equation o,
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Factor Effect estimates; Var.: Alfa ChZT; R*=0.99667; Adj.: 0.99545 (correlation 1) 4 3-level factors,
1 blocks, 27 runs; MS residual = 0.0000185 DV:Alfa ChZT

Effect Std. Err. t(19) [4 -95% +95%
Cnf. Limt Cnf. Limt
Mean/Interc. 0.806103 0.000829 972.9018 0.000000 0.8043369 0.807837
(1)H,0, gL' (L) 0.071422 0.002030 35.1915 0.000000 0.0671750 0.075670
(2) Fe(1l), g'L™ (L) 0.011659 0.002030 5.7446 0.000016 0.0074110 0.015907
(3) Time, min(L) 0.132433 0.002030 65.2528 0.000000 0.1281850 0.136681
Time, min (Q) 0.017135 0.001758 9.7488 0.000000 0.0134560 0.020814
(4) Temperature, K (L) 0.010102 0.002030 49776 0.000084 0.0058540 0.014350
1L by 2L 0.009023 0.002486 3.6302 0.001782 0.003821 0.014226
1L by 3L -0.013559 0.002486 -5.4548 0.000029 -0.018761 -0.008356

Pareto Chart of Standardized Effects; Variable: Alfa ChZT
4 3-level factors, 1 Block, 27 Runs; MS Residual=,0000185

DV: Alfa ChZT
(3)Time, min.(L) !65.25275
(1)H202, g/L(L) ‘35.19148
Time, min.(Q) ‘9.748809
(2)Fe(ll), g/L(L) ‘5.744573
1Lby3L ‘-5‘45484
(4)Temperature, K(L) ‘4877628
1Lby2L ‘3,630193

p=,05
Standardized Effect Estimate (Absolute Value)

Fig. 3. Corrected Pareto chart of standardized effect estimate
for o

Fitted Surface; Variable: Alfa COD
[Alfa] = -0.06225173908267+0.04463900440982*[H202]+0.0056341758245146*t
-0.000019038673525367*t"2+0.205514249

08
9 O
o#? SR "v“:“:’“
§ o et tie %ttt e’
ol SOSEEE

Il > 0.90
B < 0.86
[ <o0.81
1<o076
B < 0.71
Bl < 066

Fig. 4. The pattern of changes in the degree of conversion o,
as a function of oxidation process time and the oxidant dose
for the pre-set T=303 K and [Fe(II)] concentration =0.9 g-L™".

by increased value of the conversion degree. A similar effect
was obtained due to a longer time of the process based on
Fenton reagent.

The relations between the experimental data and pre-
dicted values are shown in Fig. 5. The model developed
to explain the relationships holding between factors and
the response showed a good congruence with the experi-
mental values. The fit demonstrated the reduction in COD
measured by the degree of conversion was described, in a
satisfactory manner, with a quadratic polynomial model.

A similar approach was applied to assess the effect of
leachate color removal and the UVA(254) parameter.

As a result, approximating Eqgs. (36) and (37) were
obtained. The model equation that describes the variation in
the degree of conversion for UV can be expressed as follows:

o =-0.490310 +0.152628[ H,0, |

UVA(254) —
~0.005255[ H,0, | +0.075070] Fe]

—0.021020 [Fe]2 +0.008092¢ — 0.000019¢*

+0.000540T +0.003328[ H,0, |[ Fe]
-0.000211[ H,0, ]¢ - 0.000025[ H,0, |T

-0.000192[ Fe |t +0.000154[ Fe | T —0.000001tT  (36)

The model equation that describes the variation in
the degree of conversion for color can be expressed by the
following formula:

= ~0.182356 + 0.096414[ H,0, |- 0.003568[ H,0, |
-0.162137] Fe | +0.007979¢ — 0.000020¢*
+0.000464T +0.029947[ H,0, | Fe |
-0.000262[ H,0, ¢

aColor

(37)

On the basis of the course of the function a = o(C,,
Cipoy B T) generated in the kinetics model for the factorial
plan with three values of input quantities (-1; 0 and +1), the
values of the rate constants for the second-order reaction
were determined. To this end, the models Egs. (35) and (36)
& (37) were used.
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Adopting model Eq. (35) makes it possible to estimate of
the reaction rate constant with respect to COD. It is done by
applying relation (27), which takes the following form:

1 In S—a,,

a5 ) " wg)s ) 69)

As the data can be interpolated, it is possible to generate
predicted o, values also for 75 and 105 min times. Based
on the above, it is possible to graphically determine the cor-
relation between the C factor and the process time, where:

C- 1 In S—-a,

Cal(S-1) (1-a,)S (39)

The tangent of the slope of the regression line to the
abscissa axis corresponds to the value of the rate constant
k,. (Figs. 6 and 7)

When S = 1, which happens just as the conversion
degree Uyapsy = f(C, Cipow t T), the value of factor C can
be expressed in a simplified form:

Observed vs. Predicted Values
4 3-level factors, 1 Block, 27 Runs; MS Residual=0.0000185
DV: Alfa ChZT

0,95

0,90 o,

0,85

0,80

Predicted Values
o

0,75

0,70

0,65
0,65 0,70 0,75 0,80 0,85 0,90 0,95

Observed Values

Fig. 5. Relation between experimental values and values
obtained through a..,, prediction a..,.

o
CAO (1 - O‘Ak)

As it was the case for Aeop = AChv Cipow £ T), Egs. (36)
and (37) generated with STATISTICA 12 can be used to
determine the slope of the regression line for C factor. The
value of regression slope angle was crucial for the evalu-
ation of the rate constants k, (Table 7).

6= (40)

1/(Cyo (s-1)) In (S—a )/ (1-yy )S  ®  wyrasenie
Y=oz 05808 4 scatkowane
R*=0.9967 '@ X
¥ wyrazenjgy1568928
scatkowane,
105,
o 0.797197381
e wyrazenie
Q scatkowane, 90,
0.766619822

L

' wyrazenie
K scatkowane, 75,
0.733650214

‘ wyrazenie
® scatkowane, 60,
0.700737195

Fig. 6. Relationship between process time and factor C for
temperature 293 K and 0.125 ratio.

1/(Cao (s=1)) In (S—a g/ (1= dSos.amana-

R'=09975 %  alfa]*s)), 120,

0838299104
% In((S-alfa)/({1-

. alfa)*s)), 105,
0.811316479
.~® In{(S-alfa)/((1-
;2 alfa)*s)), 90,
& 0.778025458
@ In((s-alfa)/((1-
A alfa)*s)), 75,
T 0.74269623
70 In((S-alfa)/((1-
[ alfa)*s)), 60,
0.707893718

Fig. 7. Relationship between process time and factor C for
temperature 313 K and 0.125 ratio.

Table 7
Values of rate constants k, in Fenton reaction determined experimentally
T=293K Fe/H,0,
Rate constant k, 0.1 0.111 0.125 0.133
k,0top Lrg™min™ 0.0018 +0.0001 0.0019 = 0.0001 0.0020 = 0.0001 0.0021 = 0.0001
T=303K Fe/H,O,
Rate constant k, 0.1 0.111 0.125 0.133
k,0top Lrg™'min™ 0.0018 +0.0001 0.0019 = 0.0001 0.0021 = 0.0001 0.0022 + 0.0001
T=313K Fe/H,O,
Rate constant k, 0.1 0.111 0.125 0.133
ko o Lgmin™ 0.0019 +0.0001 0.0020 = 0.0001 0.0022 = 0.0001 0.0023 + 0.0001

27"COD/
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In the opinion of the authors, the presented results are
important and can contribute to further considerations. This
paper presents only the kinetics of changes in COD of land-
fill leachate by the Fenton process. Due to the diversity of
this environmental matrix, the above approach seems some-
what simplistic. However, comparing the results of the rate
constant obtained for the three temperatures with the values
taken from the literature, it can be seen that an increase in
temperature only slightly increases the COD elimination effi-
ciency of leachates. The above phenomenon can be explained
by the instability of the oxidant — H,0, which, according
to [16,24], appears already above 300 K. Considering the
above, it can be speculated that under winter conditions
the Fenton process will not significantly lose its COD con-
version efficiency. It was shown that the conversion degree
can become a useful tool for the assessment of the oxidation
reaction kinetics.

4. Conclusions

In this study, a new second-order reaction kinetics model
was developed for the elimination of COD in landfill leach-
ate treatment with Fenton reagent. It was proposed that a
parameter rarely found in the literature, namely the conver-
sion degree, should be used to determine the removal rate
constant for pollution indicators selected by the authors. It
was shown that the conversion degree can become a useful
tool for the assessment of the oxidation reaction kinetics.
Oxidation concerns landfill leachate organic pollutants in
the presence of Fe(Il) for different oxidant and catalyst con-
centrations. On the basis of the investigations, the values of
the reaction rate constants k, were estimated. A drawback of
the Fenton process is the necessity to optimise both the H,0,
dose, and also the appropriate Fe(II) dose required to obtain
correct concentration of *OH radicals. Too high concentra-
tions of Fe(II) ions result in generated hydroxyl radicals being
scavenged. Conversely, too low catalyst content may not be
powerful enough to achieve the required process progress,
measured by the conversion degree value. The issues dis-
cussed above are the driving force behind the search for alter-
native oxidants, thus systems containing a source of Fe(VI)
ions that are simpler to optimise.
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