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ARTICLE INFO ABSTRACT

Advanced Oxidation Technologies (AOTs) are effective for treating non-biodegradable organic compounds.
AOTs allow to degradation of these pollutants through non-selective attacks by highly reactive radicals. This
work studies the reduction of the organic load in real printing ink effluents. The Chemical Oxygen Demand
(COD) reduction kinetics was evaluated. The proposed treatment consists of irradiating the effluent in the
presence of H,O, with temperature control and commercial UV light lamps (254 nm). Optimal conditions were
tested on a pilot scale. The effluents were characterized before and after the treatment. The irradiation, tem-
perature, and oxidizing agent effects were evaluated. The degradations were adjusted to pseudo-first-order ki-
netics up to 95 % degradations. The optimal kgeg was 0.0138 min ™! at the laboratory scale (98 % COD reduction
in 300 min) and 0.0058 min ! at the pilot scale (90 % COD reduction in 360 min).

The degradation rate increased with temperature. Degradation occurred at a higher rate with mean values of
oxidant concentration for all temperatures (between 0.02 and 0.04 mol L™1). The reaction rate increased pro-
portionally to the irradiation, with this effect increasing as the process temperature increased. The pilot pro-
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totype was scaled up on an industrial scale, taking into account low-cost and easy-maintenance materials.

1. Introduction

Argentine regulations regarding industrial effluents at the national
level (Law 23696, Annex [; Regulatory Decree 999/92, Resolution of
National Sanitary Works N° 79179/90) and provincial level (Provincial
Water Code of Buenos Aires Law N° 12257, Provincial Resolution of the
Ministry of Agrarian Issues and Production N° 336,/2003) are stringent.
However, the availability of technologies to treat discharges of low
biodegradability is deficient. So, alternative treatments are being stu-
died. They include photochemical processes known as Advanced
Oxidation Technologies (AOTs) that convert organic pollutants with
various chemical structures into lower toxicity and greater biodegrad-
ability. AOTs are based on physicochemical processes that produce in
situ highly reactive transient species with high oxidizing power, such as
the hydroxyl radical (HO-), that attack organic pollutants in a non-se-
lective way. These technologies have been widely studied for com-
pounds of low biodegradability at a laboratory scale. Kinetic and

mechanistic studies of the degradation of dyes (Kumar et al., 2013,
2018), pharmaceuticals (Quesada-Penate et al., 2012; Sirtori et al.,
2009; Radjenovi¢ et al., 2009; Lin and Wu, 2019; Ansarizadeh et al.,
2022), pesticides (Malato et al., 2002; Clark et al., 2018; Malakootian
et al., 2020), phenols (Suzuki et al., 2015; Vitale et al., 2018; El-Aassar
A hameed M, Isawi H, El-Noss M, et al, 2019), colorants (Natarajan
et al., 2018; Bergamini et al., 2009; Flores et al., 2014, 2015), additive
fuels (Samaei et al., 2016) and many emerging pollutants in isolated
form have been developed in simple systems containing only the con-
taminant in water solution.

Few reports on the degradation kinetics of real effluents in the la-
boratory (Thanekar and Gogate, 2020; Lu et al., 2022) and pilot-scale
(Miklos et al., 2018; Antony et al., 2020; Gautam et al., 2019; Klauck
et al.,, 2017; Pérez Ramos et al., 2019; Papadopoulos et al., 2019;
Arslan-Alaton et al., 2021; Ortiz-Marin et al., 2020; Ramos et al., 2020).
Real effluents are highly complex systems with many interferences and
variables. However, their kinetic information would allow them to scale
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up the technology to an industrial scale.

Some (laboratory-scale) applications of AOTs have been found to
treat landfill leachate (complex matrix with metals in solution and high
non-biodegradable organic load). Antony et al. (Antony et al., 2020)
propose a zero-valent aluminium-acid system combined with hydrogen
peroxide and persulfate for advanced oxidation. The results demon-
strate a Chemical Oxygen Demand (COD) reduction of 83 % in 20 min
at pH 1.5 and the need to control the concentration of aluminium that
rises considerably in the outlet stream. Gautam et al. (Gautam et al.,
2019) emphasize electrocoagulation as one of the greenest and cleanest
technologies for treating landfill leachate, allowing a COD reduction up
to 60 % with a considerable decrease in metal content in the range of
70-90 %. Klauck et al. (Klauck et al., 2017) propose using a hybrid
process to stabilize landfill leachate. It consists of the combination of
photoelectrooxidation and adsorption with activated carbon, achieving
a 62.7 % reduction in COD and a significant toxicity reduction of the
effluent. Arslan Alaton et al. (Arslan-Alaton et al., 2021) studied the
application of UV-A-assisted iron-based and UV-C-driven oxidation
processes as tertiary treatments for the degradation of antibiotics and
organic matter present in urban wastewater, achieving reductions of up
to 59 % of reduction in dissolved organic carbon. Ortiz-Marin et al.
(Ortiz-Marin et al., 2020) studied a sequentially coupled UV/H50,-
biologic system to treat an industrial wastewater mixture. AOT removal
efficiencies of 49.4 % of COD were achieved after 60 min of irradiation.

Ramos et al. (Ramos et al., 2020) report applying the zero-valent
iron Fenton process (at ca. neutral native pH) to reduce COD in real
textile effluent. The results demonstrate COD reductions of 87 % on a
pilot scale, and a treatment plant design applying this technology was
proposed. There were two treatment proposals in the bibliography on a
laboratory scale regarding printing ink effluents.

Pérez Ramos et al. (Pérez Ramos et al., 2019) propose the applica-
tion of two AOTs on simulating wastewater: Fenton and electro-
chemical, obtaining reductions of organic matter of 34 % and 90 %,
respectively. Papadopoulos et al. (Papadopoulos et al., 2019) propose
treating a real printing ink effluent by electrocoagulation, obtaining
COD reductions of 72-85 % in 80 min on an effluent with an initial COD
of 9500 mgO, L™ 1.

In a previous work (Vitale et al., 2019), the feasibility of applying
different AOTs (UV photolysis, UV/H,0,, Fe’/H,0,, and UV/H,0,/Fe®)
was analyzed at the laboratory scale and through statistical modeling
for the reduction of COD in a printing ink effluent. UV/ HO, treatment
was demonstrated to be the most suitable process. In this work, a ki-
netic study of the degradation of real industrial wastewater by UV/
H,0, process and industrial equipment pre-design was carried out to
continue these studies. The studied effluent was obtained from a gra-
phic company characterized in previous work (Vitale et al., 2019). This
company produces multi-wall paper containers for various industrial
and commercial uses (cement, lime, flour, fertilizers, milk powder, tea,
and dry chemicals, among other products). Raw materials are papers,
plastics, aluminized coils, adhesives, and inks. The paper sacks are
manufactured in two stages. The first one consists of printing the paper,
which is carried out by a flexographic process. In the second stage, the
paper is folded into tubes, closed, and reinforced at the bottom end,
with a small opening or valve in one corner at the top.

Depending on the colors necessary, the printing line can be one to ten
printing units, including different types of finishes such as varnishes,
plastic lamination, and film stamping. The production varies from the
type of packaging, designs, colors used, and size and seasonality of the
lots. This influences the type of effluent obtained, its composition, and
organic load. The liquid effluent is generated by cleaning the ink trays.
Trays are washed when the machines change ink (after a production
batch is finished) or on scheduled cleaning days by a batch process,
generating variable effluent volumes (discontinuously). The average
volume of effluent generated daily is 1 m®, with a sludge production of
590 kg per day. The effluent treatment currently has a duration of 48 h
and is efficient only in the removal of solids. This treated effluent does
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not meet the requirements established by Argentine regulations re-
garding high organic load limits (ca. 15,000 mgO, L ™! of COD) for land
discharge and low biodegradability (BODs/COD = 0.06).

This work involved a kinetic study of the degradation of printing ink
effluent by UV/H,0, process and industrial equipment pre-design. The
novelty of this work consists of the kinetic study of a real system of
great complexity and unknown composition, providing useful design
parameters for subsequent engineering projects. The system studied
consists of a non-biodegradable wastewater sample in a printing ink
industry dedicated to printing paper packaging. The selection of the
best AOT treatment was evaluated in previous work (Vitale et al.,
2019). It involves a combination of UV light irradiation (254 nm) in the
presence of H,O, as an oxidant. The present work studied the kinetic
aspects, the effects of temperature, oxidant concentration, radiation
intensity, and activation parameters. A pilot-scale experience was also
carried out to obtain scalable parameters later at an industrial level. A
pre-design of industrial scale-up equipment was made.

2. Materials and methods

2.1. Sampling

Samples were taken randomly to determine the parameters estab-
lished by the legislation and their variability. The effluent was cen-
trifuged to remove the solids, then characterized. The sampling and
characterization performed before and after treatment were carried out
using the previously reported methodology (Vitale et al., 2019). COD
was determined by SM 5220 D (closed reflux digestion method, col-
orimetric (APHA, 2017).

Parameters of interest were obtained for each sample and are
mentioned in each section of the work. The initial values for the main
parameters were in the following ranges COD: 11000-22400 mgO, L™ %;
pH: 6.49 - 6.83 and non-biodegradable (BODs/COD ca. 0.06).

2.2. Experimental setup

Lab-scale experiments were performed in a 50 mL batch photo-
reactor placed in a thermostatically controlled water bath (15 = 2 °C)
inside an aluminium tray that reflected UV light. An array of five
commercially available 6 W germicidal lamps (wavelength 254 nm)
with independent power switches irradiated the samples from above.
The aluminuim tray size allowed up to 10 experimental runs to be
carried out simultaneously under the same irradiation and temperature
conditions (Fig. 1a). 50 mL of effluent was added to the photoreactor in
a typical test. It was allowed to rest for about 15 min, and then the
degradation reaction was started by adding the oxidant (HO,, between
0 and 0.08 M) and turning the lamps on simultaneously.

The laboratory photoreactor was reconfigured to conduct the pilot
experiment under the same irradiation conditions (Fig. 1b). This design
considered the available space and existing structures in the target in-
dustry for subsequent scaling.

The aluminium tray used as the water bath at the lab scale was used
as the reactor at the pilot scale. The recirculation system consisted of an
external container (3 L), where the oxidant was injected, the system was
heated, and connected to the tray (2 L) where the irradiation occurred.
Considering the possibilities of industrial design, this division of the
treated volume was considered. First, direct irradiation on a flat plate
would avoid using fragile and expensive materials such as quartz and
simplify the safety issues to consider. Secondly, it was taken into ac-
count that since the space available for the industrial scale is small, it is
not possible to irradiate the total volume of liquid simultaneously. So, a
proportion is set: 40 % of the total volume will be irradiated in a system
with complete recirculation. The oxidant was added to the system
shortly before starting the experimental run, allowing for the homo-
genization of the concentration. The experiment began when the lamps
were turned on.
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Fig. 1. Schematic diagram of a) Equipment used for the laboratory tests and b) adaptation used for the pilot test.

The commercial germicidal lamps used in the device were char-
acterized by focusing the light input to a monochromator (Acton Research
Corporation, Model 504) in Czerny-Turner configuration with a quartz
lens of 40 mm diameter and 200 mm focal length and an optical path of
50 cm. The dispersion is produced by a reflection diffraction grating of
1200 lines mm ™', The scattered light is detected at the output of the
monochromator by a non-intensified silicon diode array (Princeton
Instrument Inc., Model RY-1024, PDA). Emission spectra were produced
with centers at different wavelengths to verify that they did not have
significant emission peaks at wavelengths other than 254 nm. The emis-
sion lines of the lamps were characteristic of mercury throughout the
spectrum, obtaining the highest emission intensity at 253.65 nm. In the
area around 480 nm, no lines were detected. Around 510 nm, the I line of
Hg can be observed again (253.65 nm) in the second diffraction order.

The UV light intensity was measured by chemical actinometry to
determine the incidence of light inside the photoreactor. This technique
is based on a chemical photodegradation compound with a well-known
quantum yield (at a specific wavelength). In this way, measuring the
reaction rate allowed us to determine the absorption rate of photons
(Pérez-Estrada, 2003). The chemical actinometer used in this work was
hydrogen peroxide, whose quantum yield is ¢ = 0.5 mol Einstein ~* at
254 nm (Nicole et al., 1990). First, the lamps inside the black box were
turned on for half an hour to measure the radiation intensity until the
compartment reached the steady-state conditions (ca. 30 °C). Then the
lamps were turned off, and the reactor was placed inside the box with
50 mL of H,O, (the experiment was carried out in triplicate). The lamps
were turned on again, and then time was started (t = 0). The con-
centration of the oxidizing agent in the reactor was measured at dif-
ferent times using visible UV- spectrophotometry, using a quartz cuv-
ette, and measuring the absorbance at 220 nm. The total time of the
actinometry measurement was 160 min.

The actinometry results obtained for 1, 2, 3, 4, and 5 lamps are
shown in Fig. 2a. The radiation intensity varied linearly with the
number of lamps (Fig. 2b). The intensity can be considered a con-
tinuous variable. The measurements covered part of the lamps with
aluminium foil to represent a non-whole number of lamps, and the
intensity adjustment was linear.

The UV intensity I expressed in Einstein s ! corresponds to the tests
in 50 mL reactors (irradiation surface 78.5 cm?). The photon flux den-
sity (PFD, Einstein m =2 s~ ') can be calculated by dividing the intensity
by the irradiation surface to make the calculations independent of the
reactor area and know the equivalent intensity for the pilot scale tests.

2.3. Kinetic studies of COD removal

The global degradation kinetics was monitored by measuring COD
(SM5220D) and the pH at different times. In a typical experimental run,
the pH was measured, and small portions of effluent (0.2 mL) were
collected every hour to prepare the appropriate dilution and determine
COD. The percentage degradation of the oxidizable material (%D) was
analyzed from the data obtained by Eq. 1:

[cOD],
[COD]p

%D = 100 — ( X 100)

@

The degradation kinetics were determined by the integral method
assuming an overall reaction order 1, and the In ([COD],/[COD]p) vs. t
was plotted, where [COD] were the obtained concentrations of che-
mical oxygen demand in mg O, L™ . The system would correspond to a
pseudo-first-order reaction; therefore, the data of each run was adjusted
with a straight line, obtaining the global degradation rate constant
(kgeg) from its slope. The effect of temperature on the values of the

Fig. 2. Actinometry. a) Difference of actin-
ometer moles (N-Np) in time for 1 (#), 2 (W), 3
(A), 4 (@), and 5 (¢») lamps switched on. b)
Representation of UV intensity according to
the number of lamps switched on (), and
with part of the lamp covered up (@).
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Fig. 3. a) Percentage of COD reduction as a function of time (45 °C and radiation of 1.04 x 10" Einstein s~ 1) with different oxidant concentrations. b) Graphical
representation of pseudo first-order kinetics at 45 °C and 1.04 x 10> Einstein s~ ' radiation with the respective linear correlation coefficients.

Table 1
Values of the pseudo first-order reaction rate constants were determined for
different H,O, concentrations and 1.04 x 10~° Einstein s~ ! radiation in-
tensity.

[H20-] Kaeg (15 *0) Kaeg (30 “0) Kdeg (45 0y

(mol LY x10% min ! x10% min !
x10% min~?

0.02 4.35 5.17 5.22

0.04 5.67 6.64 7.49

0.08 1.08 1.95 2.71

degradation rate constant (kgeg) can be represented by the Arrhenius
equation (Egs. 2 and 3):

—Eq

kgeg = A X eRT @)

In (ko) = In(A) — %(1)

T 3

where kgeg is the degradation rate constant of the effluent, T is the
absolute temperature, A is the pre-exponential factor, E, is the activa-
tion energy, and R is the universal gas constant (R = 8.3143J
mol ~'K™1). The error corresponding to the activation energy was de-
termined by the method described by Huyberechts (Huyberechts et al.,
1955). Errors were calculated from the values of the rate constants of
the degradation reaction (obtained experimentally, at least in duplicate
in all cases) and the temperatures expressed in Kelvin.

3. Results and discussion
3.1. Kinetic study of COD removal

The degradation reaction was evaluated by measuring COD and pH to
determine the isolated effects of each factor and the activation parameters.
The kinetics were measured over 300 min. The reduction of the organic
load of the effluents was obtained by varying one parameter at a time.

Degradation kinetics were obtained at temperatures of 15 °C, 30 °C and
45 °C (kinetics at 15 °C and 30 °C are shown on support material). Fig. 3a
shows the variation of the COD over time for different oxidant con-
centrations between 0 and 0.08 mol L.~ !, maintaining the intensity of UV
radiation at 1.04 x 10~ ° Einstein s~ !, while Fig. 3b shows a linearized
plot of the pseudo first-order kinetics In(CODt/CODO) versus t. In all cases
where oxidant was added, the kinetics were adjusted with R* > 0.9,
considered a good fit for a real system (Cheng et al., 2014). Data fits were

made to check for other reaction orders, and no-good fits were obtained.
For the experiment carried out without oxidant, the degradations obtained
were so low (ca. 3 %) that it is not adequate to establish a reaction order.

Table 1 presents the values of the rate constants obtained for dif-
ferent oxidant concentrations and temperatures.

Fig. 4a and b, show the variation of COD percentage over time for
different radiations between 0 and 1.67 x10~° Einstein s™' and a
linearized representation of the pseudo-first-order kinetics of a typical
degradation model (In (COD,/CODy) vs. t) are shown, respectively. The
figures present the kinetics performed at 45 °C (also conducted at 15
and 30 °C, shown in Supporting information). The degradations were
adjusted to pseudo-first-order kinetics up to 95 % degradations.

Table 2 shows the reaction rate constants obtained at different ir-
radiances and temperatures. An oxidant concentration of 0.04 mol L ™!
of H,0, was maintained in all cases.

The best results were obtained for high temperature and irradiation
values (45 °C and 1.67 x 10~ ° Einstein s~ 1) and average oxidant values
(0.04 mol L.~ 1). The maximum degradation brought in the kinetic study
allowed a COD removal of 98.6 % in 300 min to an initial COD of
18200mg O, L™

The bibliography does not report kinetic or degradation data achieved
for real effluents from the graphic industry applying UV/H50,. Therefore,
these results are compared with those obtained by Papadopoulus et al.
(Papadopoulos et al., 2019) using another AOT (electrocoagulation) for
the same type of effluent. In that work, an 80 % reduction of COD was
obtained in 80 min, with an initial COD 5000 mgO, L™ . A 70 % reduction
in COD was achieved in the present study in 60 min with an initial COD
3.6 times higher. However, it is necessary to prolong the treatment time to
reach COD values compatible with the legislation (< 500 mgO, L™1).

3.2. Oxidant effects

Fig. 5a shows the degradation (%D) (measured as COD removal)
achieved in the effluent after 300 min of treatment, depending on the
oxidant concentration.

The most significant degradations were obtained for intermediate
concentrations of H,O, (between 0.02 and 0.04 mol L™ ). Initially, in-
creasing the dose of H,O, increased the production of HO- available to
break down the organic molecules, causing a decrease in the residual
COD of the treated effluent. However, the degradation was disfavored
by adding an oxidant, probably because the H>O, consumes the HO- to
form a less reactive radical HOy* (Feng et al., 2010).

The pH variation as a function of time for different oxidant con-
centrations added at 45 °C is shown in Fig. 5b, while Fig. 5¢c shows the
pH obtained at 300 min as a function of oxidant concentration for dif-
ferent temperatures.
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respective linear correlation coefficients.

Table 2
Values of the pseudo first-order reaction rate constants were determined for
different radiations and an H,O, concentration of 0.04 molL ™.

Radiation UV Kdeg 150y Kdeg 30 “0) Kdeg 45 “0)
Einstein s ! x10% min~? x10% min~? x10% min !
0 2.26 2.23 2.63

1.04 x 107° 5.67 6.64 7.49
1.28x107° 6.15 8.51 13.00
1.67x107° 6.37 9.00 13.76

In Fig. 5b, it can be observed that pH increases throughout the re-
action. However, the final pH (at 300 min) is lower as the oxidant
concentration increases (Fig. 5¢). This is probably because an increase
in the amount of HO- makes the medium more oxidizing, degrading
organic species to their more oxidized forms (organic acids, for ex-
ample) (Blesa, 2001). The observed pH effect is opposite to that re-
ported by other authors, in experiments carried out on simplified sys-
tems (distilled water, pollutants) (Domeénech et al., 2001).

It was counteracting the unexpected increase in pH, as described by
Hamad et al. (Hamad et al., 2014), in the degradation of polyvinyl al-
cohol in water by the H,O, process. The authors associated it with the
consumption of the acid species formed in the oxidative mechanisms. In
this experiment, the initial pH of the effluent was ca. 6.49, and the pH
variation during the treatment ranged between 1.93 and 0.92 pH units.
The final pH in all cases was very close to neutrality or slightly alkaline.
The decreased pH with increasing H,0, levels was less than one pH unit
at all the studied temperatures.

The increase in pH during effluent degradation may be due to matrix
effects. An increase in the hardness and total alkalinity of the system
was detected, mainly associated with calcium bicarbonates in the so-
lution. The alkalinity doubled during an optimal treatment, and the
total hardness increased several times when the maximum degradations
were obtained.

Ghodbane et al. (Ghodbane and Hamdaoui, 2010) reported for the
degradation of Acid Blue 25 by UV/H,0,, the presence of bicarbonates
reduces the efficiency of the process since HO- radicals are consumed in
the formation of carbonates (Eq. 4). This could explain the increase in
the alkalinity of the system and consequently the pH.

HCO5 + HO" — Hy0 + CO;~ 4

Table 1 presents the variation of the global rate constants (kqeg) for
the degradation kinetics as a function of the oxidant added to the
system. It can be observed that for all temperatures and with radiation
of 3.7 x 102 Einstein s !, the degradation occurred at a higher rate for
average values of oxidant concentration (between 0.02 and 0.04 mol
L™1Y). The highest %D in Fig. 5a can be seen within the same H,0,
concentration range in line with this trend.

3.3. UV radiation effects

Fig. 6a shows the % reduction COD in the effluent after treatment
(300 min) with an oxidant concentration of 0.04 mol L™ 1.

Greater degradation levels were observed as the radiation in-
tensified, mainly due to the formation of HO- through the photolysis of
the oxidant (Hamad et al., 2014; Ghodbane and Hamdaoui, 2010;
Litter, 2005). By increasing the irradiation, there is a decrease in the
final COD percentage due to an increase in photons up to 1.28 x10~°
Einstein s~ !. An increase in radiation intensity from 1.28x107°> to
1.67 x 10> Einstein s~ ! for all temperatures did not significantly in-
crease in %D (ANOVA, Tukey's test, p < 0.05). The complete de-
gradation of the effluent under study was achieved under experimental
conditions of 1.28 x 10~° Einstein s~ * and 45 °C.

Table 2 shows the variation of the global rate constants (kqeg) for the
degradation kinetics as a function of UV radiation and system tem-
perature. It can be seen that the reaction rate increases proportionally
to UV radiation, with this effect increasing with temperature up to ra-
diation of 1.28 x 10> Einstein s~ .

The effect of temperature on kqe; Was not significant between 30
and 45 °C (ANOVA, Tukey's test p < 0.05) up to 1.04 x 10> Einstein
s~1, and beyond that, radiation intensity heating produces higher de-
gradation rates.

No significant effect was observed on the irradiated systems' final
PH (300 min). There are appreciable differences in the final pH between
the irradiated and non-irradiated systems (Fig. 6b and c).

3.4. Temperature effects

The oxidant concentration effect on the %D of the effluent for a fixed
irradiance of 1.04 x 10> Einstein s~ ! (Fig. 5a) and the irradiation effect
for a constant oxidant concentration 0.04 mol L ™! (Fig. 6a) was evaluated as
a function of temperature. There was an increase in the %D of the treated
effluent in both cases as the temperature increased. It was also observed
(Table 2) that temperature increase had no effect when no oxidant was
added (the degradation reached ca. 3 %). The effect of the oxidant on the
final pH for constant irradiation is shown in Fig. 5c. It can be seen that the
final pH increased at higher temperatures. This effect was also present for
stable peroxide concentrations and irradiation variation (Fig. 6c¢).

The effect of oxidant concentration on kgeg for a fixed radiation
intensity (1.04 x 107> Einstein s~ !, Table 1) and the irradiation effect
for a fixed oxidant amount of 0.04molL ™! are shown for different
temperatures (Table 2). It can be observed that the degradation rate
increased with temperature and that the temperature effect increased
with UV radiation. The trend observed in all the effects analyzed in
isolation is similar to that of the model proposed by (Vitale et al., 2019)
with an experimental design.
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Table 3
Activation parameters for tested conditions.

H,0, UV intensity Arrhenius equation
(mol L™Y) (x10° Einstein s~ 1)
A Ea (kJ mol™")

0.04 UV free < 0.001 3.71

0.02 1.04 0.001 4.71

0.04 1.04 0.002 7.08

0.08 1.04 0.334 23.46

0.04 1.28 0.275 18.97

0.04 1.67 0.361 19.52

3.5. Determination of the activation parameters

This work did not study the degradation reaction mechanism on a
single compound. The activation parameters corresponded to a complex
system and were determined with the following considerations:

e The COD of the effluent was approached as a parameter to measure
the global concentration of the organic material.

e Degradation rate constants correspond to a global rate.

e The purpose of determining the values of the activation parameters
has a process-design interest, especially considering that it is the
degradation reaction of organic pollutants of a real effluent.

The effect of temperature on kgeg (for the studied kinetics that gave
the most favourable results, 0.040.04 mol L' ~! of H,0, and radiation
of 1.67x101.67 x 10°~° Einstein s ~!, PFD= 2,13 x 102,13 x10*"*
Einstein m2~2 s~ Table 3) can be represented by the Arrhenius
equation (Eq. 3). The graphical representation of this equation (R* =
0.9924) allows obtaining the activation energy value for the de-
termining stage of the process rate (E, = 19.52 + 1.22kJmol ™).

E, increased with increasing H>O, concentrations for the same ra-
diation intensity. The same effect was found when irradiation was
raised for a constant oxidant concentration.

3.6. Pilot-scale test

The optimal operating conditions obtained through the model and
verified by the laboratory experiment were then tested on a pilot scale
(2.13x 10~ * Einstein m~2 s~ 1, 45°C, and 0.04 mol L™ ! concentration
of H,05). A total volume of 5L was treated in a complete recirculation
batch system. The irradiation tray contained 2 L of liquid, and the other
3L were placed in an external tank, where the system was heated. Two
reciprocating pumps set the circulation rate from the tank to the tray at
0.5Lmin" ",
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The degradation results over time are shown in Fig. 7 (adjusted to
pseudo-first-order kinetics).

A degradation of ca. 78 % was obtained at 300 min (COD is reduced
from 22,400 mg O, L' to 4900 mgO, L™'), which is a good value
considering that only 2 of the 5L were under irradiation at any time.
With one more hour of treatment, it was possible to achieve over 90 %
degradation (COD: 2030 mgO, L™'). The obtained kinetic equation
estimated that it would take 655 min to reach the COD value for dis-
charge (500 mgO, L™1). The biodegradability of the treated water did
not change (BODs /COD = 0.06), so a biological process could not be
coupled to improve the efficiency of the treatment. The treatment ef-
ficiency at the pilot scale concerning the lab-scale results was 79.36 %
(300 min).

The rate constant obtained for the kinetics at 2.13 x 10~ * Einstein
m~2 s7!, 45°C, and 0.04molL~' concentration of H,O, (kgeg =
0.0058 min~' at pilot scale) is approximately two-fifths of that
achieved at laboratory scale (kgeg = 0.0138 min "), with this propor-
tion being similar to that of the irradiated volumes. This could indicate
that the generated radical reactions end after the irradiation ends.

The literature does not report kinetic or pilot scale studies on real
effluents from the printing industry applied UV/H,0,. This work is of
great importance since the results obtained are necessary for designing
effluent treatments on an industrial scale.

The experiments carried out by Thuy et al. (2020) (Thuy et al.,
2021) on the application of electrocoagulation for the treatment of
printing wastewater at a pilot scale report COD reductions of 81.9 %
(initial COD 2511 mgO,. L™ ). They also agree that the COD reductions
of the pilot scale are slightly lower than those of the laboratory scale.
These results are comparable to UV/H,0, treatment on a pilot scale.

3.7. Industrial pre-design

A pre-design is carried out on an industrial scale to treat 1 m> of
printing ink effluent per day, with an initial COD similar to the 22400
mgO, L' pilot-scale test stripped of solids by a previous primary
process. Since the operation of the industrial plant is batch type, it is
proposed that the treatment process is also batch. The goal of treatment
is to obtain an outlet COD of less than 500 mgO, L™ 1.

3.7.1. Construction materials, safety conditions, and proposed geometry
The construction of a rectangular aluminium tray of suitable di-
mensions is proposed. The tray will have a capacity of 400 L of liquid
(keeping the proportion of volume irradiated in pilot-scale). In said
tray, irradiation will be carried out employing an arrangement of UV
lamps (254 nm) placed in the upper part fitted with parabolic mirrors
that allow UV light to be reflected and concentrated in the area tray.
This arrangement provides irradiation to be carried out directly,

1 Time (min)
50 100 150 200 250 300 350
O
I e
-1 Bt R=09332
) i ) _
G 3
-3 N ~
P R'=0.987 ™
+ Pilot scale %
5| =Lab scale
b)

Fig. 7. Degradation results under optimal conditions at pilot and laboratory scales. a) % degradation, and b) pseudo-first-order kinetics of the pilot test.
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Fig. 8. Representative arrangement of equipment on an industrial scale.

avoiding the use of high-cost and fragile construction materials that
allow the passage of UV light, such as quartz used in systems where the
lamps are submerged. It also notably reduces the staining of materials
and dirt that prevents the passage of light. The liquid is in continuous
movement and will be recirculated from and to a mixing tank (1 m? of
total capacity) containing 600L of liquid during the process. The
equipment arrangement is shown in Fig. 8.

The tray must be covered to prevent the entry of materials from
outside into the system. It must be protected from the side to avoid UV
radiation that may affect the personnel performing the tasks. This
protection must be removable to ensure the dry cleaning of the tray
(with brushes) and the replacement/repair of the lamp system.

3.7.2. Irradiation tray/mixing tank sizing

The aluminium tray (400 L) must be supported on a suitable struc-
ture for weight and vibrations. It must guarantee UV light penetration;
for this reason, the height of the liquid must be small (in drinking
water, the UV transmittance is 70-98 % at 254 nm along 1 cm (Wright
and Cairns, 1998). Good mixing must be ensured to guarantee the ir-
radiation of all the liquid.

A liquid depth of 10 cm is set, so the tray should have an area of
4.00m? (3.20m x 1.25m, which is suggested to be divided into two
sections of 1.60 m x 1.25m). The tray is fitted with a system of baffles
similar to a contact chamber to ensure the mixing and homogenizing of
the liquid's residence time in the system.

For the contact chamber to have good efficiency, the length/width
(L/W) ratio of each channel should be taken as high as possible. An L/
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W > 40/1 ratio is necessary to achieve maximum hydraulic perfor-
mance with a flow of characteristics close to ideal (Dalhammar et al.,
2014). Thus, 52 deflectors (by tray section) were needed, leaving
3.1cm wide passage channels. The tray is discharged through an
overflow channel to control the height of the liquid.

The mixing tank is cylindrical with a capacity of 1 m® to store all the
effluent to be processed. However, during the process, it must only
contain 600 L, with a stirring system that guarantees the homogeniza-
tion of the liquid; in this tank, the oxidant necessary for the process is
added.

3.7.2.1. Design parameters for the irradiation system. The optimal PFD in
the pilot-scale process was 2.13x 10~ * Einstein m~2s™! (5.95x107°
Einstein s~ 1). Since one mole of photons per second (1 Einstein s~ 1) at
254 nm is equivalent to 471 kJ of energy (Tian et al., 2020), the energy
received by the system was calculated as 2.81 x 10”2 kW. When the
energy efficiency of UV lamps was assumed to be 25 % (Bolton et al.,
2001), the power of energy input (P) was 0.112 kW.

Electric energy per mass (Egy) is the electric energy in kilowatt-
hours [kWh] required to bring about the degradation of a unit mass
(e.g., 1 kg of O, COD equivalent) of a contaminant C in polluted water.
Egm was calculated using Eq. 5 proposed by Bolton et al. (Bolton et al.,
2001) for batch systems.

P t 10°

Epy= ———
My »-) ()

Egy value was in kWh/kg, P was the rated power of the system
[kW], V was the volume [L] of water treated in the time t [h], y was the
mass concentration [mg L] of pollutant.

For the pilot-scale photoreactor, Egy was 10.25 KWh Kg_l.

This Egy value should be the same on an industrial scale if the
geometry is similar to that used on a pilot scale. So, the power of the
system to industrial scale (Ps) value was obtained, taking into account
a 10-hour treatment: Pig= 22.45 kW (power of energy input to reactor,
P = 5.61 kW).

This power was represented by a UV intensity 1.19 x 10~ 2 Einstein
s~! (PDF= 2.97 x10~2 Einstein m~2 s~ !) that affects the system
through the irradiation tray. The final number of lamps in the array will
depend on the photon intensity of the commercially available type of
lamp, considering that the relationship between the number of lamps
and the intensity is linear, as shown in Fig. 2a.

3.7.3. Estimation of necessary reagents and dosage

For 1 m® treatment, adding 2.13 L of oxidant (250 vol, commercial
quality) is necessary. The oxidant can be added in two pulses to guar-
antee availability throughout the process, taking into account the
duration of the process and the agitation in the mixing tank.

3.7.4. Liquid circulation/ recirculation pump

The use of a peristaltic pump was considered since the liquid is not
in contact with the mechanical parts of the equipment, reducing groves
associated with materials and avoiding corrosion (highly oxidizing
environment). A discharge rate of 0.66ms~ ' was chosen, which was

Table 4
Equipment Costs.
Equipment Uss Observation
Mixing Tank 3500 Market cost (Argentine) of a 1 m® PVC tank with agitation
Aluminium Tray 4055 Estimated by material calculation (5 mm thick aluminium sheets - Total tray and defectors area 20 m?)
Irradiation system 2650 Estimated by material calculation (5 mm thick anodized aluminium sheets — Total Area = 6 m?)
UV Lamps 16840 Estimated cost based on power according to the market price of germicidal lamps (USD / W = 0.75)
Peristaltic Pump 1100 Market cost (Argentine)
Pipes 4500 Estimated as 30 % of the cost of the equipment.

Total 32645
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Table 5
Operation Costs.

Operative Cost USD/m? effluent Reference

UV Irradiation 6.52 This work

Heating 0.34 (Ortiz-Marin et al., 2020)
Reagets 25.06 (Ortiz-Marin et al., 2020)
Total Operative Costs 31.92

optimal in the laboratory test to prevent splashing the lamps and
fouling.

The flow rate was determined for mixing to ensure complete mixing
(turbulent flow in a channel with a rectangular section, hydraulic dia-
meter 0.054 m; Re > 4000). Considering that effluent properties are
similar to water, a minimum operating flow guaranteed complete
mixing was 0.05ms~ 1. This value was considerably lower than the
proposed discharge rate (0.66 ms™'), and the whole mixture was as-
sured. The total effluent volume passed through the tray twice in 10 h
(whit 0.2m®h™1). The final average travel length of the tray was
133.2m, and the residence time of the liquid was 2.05 h.

3.8. Costs estimation

Table 4 shows the estimated equipment costs for constructing the
arrangement shown in Fig. 8. Table 5 shows the operating costs pre-
viously reported in Vitale et al., 2019 (Vitale et al., 2019). The charge
referred to irradiation has been updated based on the necessary Power
(Pys) obtained in this work.

Regarding the production costs for the treatment of effluents from
the printing industry, two aspects should be considered: first, UV/H50,
technology has been reported as advantageous for colorant and pigment
removal, obtaining high efficiencies in general (Ortiz-Marin et al.,
2020; Yang et al., 1998). Secondly, the order of total costs based on kg
COD removed was considered. Literature reports that UV/H,0, pro-
cesses have been economically more viable than other treatment op-
tions: against O3, O3/UV and 03/UV/H,0, process for the acetate and
polyester fiber dyeing effluent based on COD removal (Azbar et al.,
2004); Babaei et al. report that UV/H,0, is a more economical option
than UV/Fe?*/H,0,, UV/percarbonate/Fe>* or UV/percarbonate
process for petrochemical effluents (Babaei and Ghanbari, 2016).

4. Conclusions

Under the optimal experimental conditions obtained with the pro-
posed model, degradations of 98.22 % # 0.96 % at 300 min of reaction
at laboratory scale and ca. 90 % at 360 min at the pilot-scale (where
two-fifths of the treated effluent were irradiated) were reached. A time
of 11.3h of treatment was estimated for a 98 % degradation, which is
considered a time of industrial interest, considering that the current
process takes 48 h. The overall degradation process was favoured at
higher temperatures. The kinetics of degradation by UV/H,0, were
adjusted to a pseudo-first-order up to 90 % conversions, obtaining a
rate constant of kqeg = 0.0138 min~! for the best degradations. The
activation energy was also determined (E, = 19.52kJ mol ™ 1).

The work presents a complete study of applying an advanced oxi-
dation process to a real industrial effluent. Applying this process (UV/
H,0,) on a pilot scale allows for obtaining final discharge parameters
following the legislation and projecting a scaling that can be carried out
at an industrial level for daily batch treatment of 1 m>. Also, the ap-
plication allows considering relatively low-cost materials and simple
geometries. This industrial-scale arrangement anticipates an equipment
expense of approximately US$ 33000 and a production cost of about US
$ 32 per m°.
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