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ABSTRACT

The article presents results of laboratory studies on the oxidation processes, by using Fenton’s reagent
for treatment of colourful and odour-emitting industrial wastewater characterized by high COD_,
- 66 g O,/L and TOC - 18 g/L values and pH below 1. Analyses were conducted for a continuous
and cyclic process, divided into single- and two-step modes. Tests were performed for different ini-
tial mass ratios between COD_:H,0,:Fe(Il). It was found that the highest reduction of COD_, and
TOC parameters, corresponding with a mass reduction efficiency equal to 75% and 65%, respec-
tively, occurs for the two steps continuous Fenton process, at a mass ratio of COD_:H,O,:Fe(II) equal
to 1.0:2.5:1.25. The advantage of conducting the process in a continuous (flow) mode over a cyclic
(batch) has been demonstrated and proven mostly by the stabilization of temperature and pH value
of the reaction mixture, foaming limitation and decrease of the reaction time. It was also found that
during a two-step continuous process COD_, removal efficiency increased even by 40% compared
with the single-step process using the same amount of the reagents. Moreover, generation of solid
wastes was reduced at 18.8% and other advantages such as increase of arsenic removal were also
obtained in a two-step continuous Fenton reaction.

Keywords: Fenton reaction; Continuous mode; Wastewater treatment; Advanced oxidation processes;
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1. Introduction

One of the most important problems of modern envi-
ronmental engineering is a constantly increasing amount
of organic pollutants in industrial wastewater. It is mostly
because of their toxicity, heterogeneous composition, resis-
tance to the biodegradation process and last but not least,
the ineffectiveness of the traditional treatment methods.
That is why there is an urgent need to develop a new and
more effective degradation and utilization methods for the
mentioned organic pollutants or to modify the existing ones
to improve their efficiency and effectiveness. In the case of
wastewater containing a high level of hardly decomposable
organic pollutants, one of the most common and effective
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methods of their degradation are the advanced oxidation
processes (AOPs). By using AOPs, it is possible to oxidize
many organic compounds directly to water and carbon diox-
ide or at least to transform them into simpler forms that
can be removed by other common methods of wastewater
treatment [1-3].

There are many different types of oxidizing agents
that can be used in the wastewater treatment processes,
such as chlorine, chlorine dioxide, oxygen, ozone, potas-
sium permanganate and hydrogen peroxide. Moreover, it
is also possible to increase the efficiency of the oxidation
process by using a combination of the mentioned oxidiz-
ing agents and different process modification such as UV
radiation or ultrasound to facilitate dispersion and increase
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the overall effectiveness of the processes [4]. Mentioned
oxidation methods are a common choice, especially in
the removal of the persistent organic pollutants, difficult
to decompose or even completely resistant for biochemi-
cal decomposition processes. The efficiency of oxidation
of inorganic pollutants is higher than that for the organic
substances, which is related to the relatively high chemi-
cal stability of many compounds in this group. That is also
one of the reasons why it is hard to make any theoretical
estimation and predictions about the oxidation kinetics,
for the mentioned organic substances, so it is done mostly
based on the appropriate experimental analyses. The kinet-
ics and efficiency of the oxidation process depend on the
type, structure and concentration of the oxidizing agent,
the dose of the oxidant, contact time, the presence of
catalysts, temperature, and pH [5-10].

That is the reason of unflagging popularity of AOPs,
which are methods of organic pollutants removal from
water based on using highly reactive hydroxyl free radicals
that are extremely effective oxidizing agents. Important
features of hydroxyl radicals, besides the fact that they
have the highest known oxidation potential, are their lack
of selectivity and high reactivity towards many different
organic compounds, especially in an acidic environment.
There are many different methods of free radicals genera-
tion, such as chemical reactions (usually in systems: H,O,/
0, O,/OH", H,0,/Fe* or Fe*), photochemical reactions (by
using H,O,/UV, O,/UV), photocatalytic reactions (mostly
based on TiO,/UV systems), sonochemical and electrochem-
ical reactions [3,5,11-13]. However, one of the most import-
ant and commonly studied methods of advanced oxida-
tion is the Fenton reaction. It is a method widely used for
oxidation of persistent and hardly biodegradable organic
compounds, conducted in the acidic environment (in pH
range 3-5) and leading to the generation of free radicals
according to Eq. (1) [14]:

Fe’* +H,0, > Fe’ +OH +OH" (1)

Despite the fact that the rate of the hydroxyl radi-
cal reactions with organic compounds can range from
107 to 10" M s, the rate constant of the Fenton reaction
is equal only 63 M s [2,14]. Thus, this is a limiting step
of the whole wastewater treatment process and accelera-
tion of that stage can significantly reduce the time needed
for wastewater treatment. The oxidizing potential of the
hydroxyl radicals generated in the reaction mentioned
above in an acid environment is 2.8 V, which is the highest
oxidizing potential among all of the known oxidants [15,16].
There are plenty of publications in the scientific literature,
that describe the Fenton process as one of the most effec-
tive methods for the treatment of wastewaters generated
during different technological processes, such as the pro-
duction of chemicals, insecticides, dyes, explosives, refin-
ing waste and fuel stations, as well as the other industrial
wastewaters generated in the coke industry, or during the
production of plastics, adhesives and wood impregnates
[11,17-20]. The entire course of the oxidation process can be
controlled by changing one of the key factors of the reaction,
such as pH, temperature or doses of the reagents. Among

the mentioned factors one of the most important is a pH
value of the reaction mixture, which determines the form of
the oxidant and oxidized compounds, as well as the whole
reaction mechanism. Another important aspect of the pro-
cess is its temperature, which significantly affects the rate
of the reaction — the rate constant increases with tempera-
ture according to the logarithmic function. Last but not least
factor is a dose of the oxidizing agent and its contact time
with the oxidized substances, most often increase of those
two factors that lead to the increase of the overall efficiency
of the oxidation processes [3].

Thanks to its effectiveness and popularity there is
a constantly growing interest in developing new meth-
ods of the classic Fenton reaction modifications [21-25].
Mentioned modifications to the Fenton process includes
many different changes that can lead to the acceleration
of free radicals formation, such as using the visible and
ultraviolet radiation (photo Fenton reaction) or conduct-
ing the process with simultaneous ozonation of the envi-
ronment [26]. Another important modification techniques
that are worth to mention are innovative methods using
a Solar Photo Fenton reactions [27-31] and electro-Fenton
processes [32-35]. Effectiveness of wastewater treatment
using the Fenton reaction depends on several process
parameters, such as the mentioned specific ratio of COD/
Fe*/H,O,, appropriate pH value of the reaction mixture
(in the range 3-5), sufficient reaction time and a suitable
temperature. Another important aspect is to ensure appro-
priate mixing conditions of the whole reaction mixture,
which is especially important in the case of the reactions
conducted in two-phase systems. However, maintaining
the appropriate temperature and pH values is often con-
sidered as one of the hardest and crucial factors, hindering
the effective oxidation of hardly biodegradable pollutants
by the Fenton reaction. Ensuring an appropriate pH value
of the reaction environment, within the mentioned range,
that allows for the effective decomposition of hydrogen
peroxide to OH"* radicals, is an easy task only at the very
beginning of the Fenton process. It is because, during the
oxidation reaction, more and more intermediate products
are formed, mostly in the form of organic acids, which
caused a significant decrease of pH value, often much
lower than 3, which in turn, can reduce the effectiveness
of oxidation of pollutants. A similar problem can occur
in the situation of sudden temperature increase, which
can be caused by a faster decomposition of substrates in
the strongly acidic environment [22]. For the wastewater
treatment processes conducted by Fenton reaction in the
systems with a pH value below 1, a one-time pH correc-
tion is often insufficient, which leads to serious problems
with maintaining a constant and optimal pH value during
the whole reaction cycle. It is because, after adjusting the
reaction mixture pH to a value between 3 and 5, another
addition of the Fenton’s reagents, which are Fe** and H,O,,
leads to further decrease of the pH values and once again
can cause a decrease of the process efficiency. That is why,
one of the main tasks of the presented study was to carry
out a more stable Fenton reaction in a continuous, flow
system, with constant dosing of all necessary reagents to
maintain an optimal pH value (i.e., pH: 3.5-4.5) and tem-
perature within the whole reaction time.
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2. Materials and methods

The analysis of the organic pollutants removal effec-
tiveness was conducted for technological wastewater from
non-ferrous metallurgy processes. Mentioned wastewaters
were generated in the processes of wet dust removal from
blast furnace gas in one of the Polish industrial smelter.
Those solutions were characterized by strongly acidic pH,
high COD_, and TOC values, tawny brown colour, very
specific irritating odour and also a high concentration of
metals, especially arsenic. The initial solution used during
the study was an acidic (pH = 0.4), technological wastewa-
ters (TW) with COD_, and TOC values 66 g O,/L and 18 g/L
respectively. Moreover, a concentration of three differ-
ent metals was also analysed during the study, the initial
concentration was 5.17, 3.47 and 1.67 g/L, respectively, for
arsenic, zinc and lead.

Currently, due to the lack of an efficient treatment tech-
nique, the stream of the mentioned wastewater is combined
with the other wastewater effluents generated during the
other processes and then directed to the collective indus-
trial wastewater treatment plant. However, due to the very
high COD_, and TOC concentration, it strongly increased
the final concentration of organic matter in the combined
wastewater stream, which in turn increases the overall cost
of treatment. That is why the company is trying to find a
way of efficient pre-treatment of that specific wastewater
stream. In the scientific literature, there are some reports
about possible processes and methods that could be used
for that purposes such as flocculation, adsorption or coag-
ulation and electrocoagulation processes [36-38]. However,
the operating costs of that processes are usually too high,
comparing with the obtained results, especially in the case
of wastewater with very high COD_ and TOC concentra-
tions. That is why, a main task during the presented studies
was to conduct a Fenton reaction in a way that will allow
for the significant reduction of total organic carbon (TOC)
and chemical oxygen demand (COD_) in the analysed
wastewaters, which are a measure of the content of organic
compounds and suspensions in water and sewage. Another
equally important aspect was to minimize the content of
mineral suspensions and inorganic compounds in the final
solutions. After the oxidation process, those parameters
were established as a basis for the evaluation of conducted
oxidation process efficiency. Chemical analyses were per-
formed in accordance with the appropriate standards and
good laboratory practice, by using an atomic emission spec-
troscopy methods for metal concentration analyses in liquid
samples. On the other hand, metal analyses in the sludges
generated within the Fenton processes were conducted
by using a X-ray fluorescence spectrophotometer.

The oxidation process was carried out by using Fenton’s
reagent (H,O,/Fe*), where hydrogen peroxide was added
as a perhydrol directly without any dilution (an estimation
equal 1 mL =370 mg of pure H,0, was assumed). Meantime,
iron (Fe?") was added to the reaction system in the form of
solid iron(Il) sulphate heptahydrate powder or solutions
prepared based on it. A suspension of Ca(OH), was used
to correct the pH value of the reaction mixture during the
process. An appropriate range of the reagent ratios and
doses was established during the preliminary studies, and

it was related to specific parameters of the treated techno-
logical wastewaters and literature studies in that subject.
That ratio can be related with a specific nature of the react-
ing mixture, because depending on the initial COD__ value,
pH of the solution and other aspects, Fenton reaction may
need a higher concentration of Fe?' to ensure optimal reac-
tion conditions. The efficiency of the analysed oxidation pro-
cess was concerned as a reduction of COD_, or TOC mass
(Ef,) and concentration (Ef_), and defined in the following
formula, proposed by the authors:

g VG VG

) x100% @)

Py

where Ef - mass efficiency of the process [%]; V — volume
of initial solution [L]; V, — volume of final solution [L];
C, - initial concentration of analysed compound [g/L];
C, — final concentration of analysed compound [g/L].

As it was mentioned, the experiment was conducted in
three different ways, first one was a classic cyclic Fenton
reaction conducted in batch reactors, the second was a
continuous Fenton reaction that was performed in a sim-
ple single-step flow reactor. The last one was a two-step
continuous Fenton reaction with two separate rectors and
a continuous flow throughout the whole system. In that
case, analyses were conducted in two different volume reac-
tors with agitators and reagent tanks with necessary pump-
ing systems. Reactors were connected by hoses, so at the
end of the oxidation process effluent from the first reactor,
was transferred as an influent to the second reactor, where
additional portions of reagents were added to the reaction
mixture. To better illustrate a system used in this part of
the study, a scheme of that installation was presented at
the figure below (Fig. 1).

During the whole treatment process reaction time and
the pH value in both reactors were kept at a constant level,
respectively: 3-4 h and pH: 3.5-4.0. All reagents in both
reactors were dosed directly under the agitator, and the
stream of technological wastewater was introduced to first
reactor with a constant flow rate, equal 0.3 L/h. The conti-
nuity of the two-step process of technological wastewater
treatment, with a constant reaction time of approximately
3-4 h (in each of the reactors), was obtained by appropri-
ate choice of flow rates for all streams of reagents and a
constant collection of the oxidized and purified reaction
mixture calculated as:

Veff = v(TW+Fe2*) + v(Hzoz) + v(ca(OH)) (3)

where Ver — volume flow at the outlet of the reactor [L/h];
V(TW+Fe2*) —volume flow of TW including Fe* doses, entering

the reactor [L/h]; V(HZOZ) — volume flow of perhydrol, enter-

ing the reactor [L/h]; V/(ca(om),) — volume flow of Ca(OH),
suspension, entering the reactor [L/h].

Thanks to that it was possible to easily adjust the flow
rate at the pump collecting treated wastewaters from the
reactors, so that the sums of the volumetric flow rates at the

inlet and outlet of the systems were the same. Moreover, an
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Fig. 1. Schematic illustration of the experimental system used for a two-step continuous Fenton process.

appropriate mixing of the reaction mixture led to avoiding
the precipitates accumulation in the reaction system, and
the sludge formed during the Fenton process was filtered
from the treated wastewaters after leaving the analysed
reaction system. Thus, the designed reaction system, after
a sufficiently long time of operation, can be considered as
a typical example of a system operating in a continuous
mode. Another important parameter reported for the final
two-step Fenton processes is the average oxidation state
(AOS) known also as the mean oxidation number of carbon
(MOC). This parameter can be calculated by using a com-
mon formula [39,40]:

COoD,.,

TOC

AOS=4-15 @)

AQS — average oxidation state; COD,, — chemical oxygen
demand [mg/L]; TOC - total organic carbon [mg/L].

Based on the calculated AOS value, it is possible to esti-
mate the oxidation number for the carbons atoms present
in the organic matter characterized by the TOC parameter.
According to the literature, the lowest possible value of the
AOS parameter can be —4, and it is for the compounds with
the lowest possible oxidation number of its carbon atoms,
with occurs only for the methane (CH,) particles. On the
other hand, the maximum oxidation number of the carbon
atoms can be 4 and it occurs only in two compounds which
are CO, and urea [41]. So, every other organic compound
has to have an AOS value between —4 and 4, and the highest
that value is, the more oxidized are the carbon compounds
in the solution. Thus, in general, during the oxidation pro-
cesses, the value of AOS parameters should increase with
the duration of the process [39].

2.1. Analytical methods and apparatus used during the
experiment

The COD_, analysis was performed based on the ISO
norm: ISO 6060:1989 Water quality — Determination of
the chemical oxygen demand. Due to the possible inter-
ference of chlorides, present in the analyzed samples,

appropriate amounts of mercury(II) sulfate were calcu-
lated, as it is recommended in the mentioned ISO norm
[42]. To ensure an appropriate concentration of mer-
cury sulphates in the analysed solution and decrease
the necessary amount of the reagent, it was added to
the sample after a previous dilution. Moreover, resid-
ual H,O, can also influence the results of COD_, but
according to the literature, most of the studies in this
field was performed for solutions with a COD_ value
below 1 g/L [43]. Wastewaters analyzed within the pre-
sented experiments has a COD,,, value around 65 g/L, so,
it was assumed, that even if some of the H,O, particles
were still stable in the parameter of conducted Fenton
process after so long time, its influence on the obtained
COD, results was negligible. However, to avoid pos-
sible interferences of residual H,0, on the results of
COD, analysis, the sample solution was alkalized and
left for at least 24 h. After that time it was analyzed using
the previously described methods. According to the lit-
erature that procedure should allow to completely elim-
inate any possible influence of the H,O, on the COD_,
analysis of the samples [44,45].

Analysis of TOC was performed in the external accred-
ited laboratory by using an automated Total Organic
Carbon Analyser by SHIMADZU (Kyoto, Japan).

The concentration of metals in the analysed wastewa-
ter, both before and after the Fenton process, was deter-
mined by the ICP OES technique, using an Optima
5300 V Spectrometer by Perkin Elmer (Waltham, USA).
pH analyses were made according to the Polish
norm entitled “Testing of pH, acidity and alkalinity —
Determination of the pH of water and wastewater with
specific electrolytic conductivity of 10 microsiemens/cm
and above, by the electrometric method”.

Other apparatus used during the experiment was as
follow:

Peristaltic pomp Masterflex L/S series by Cole-Parmer
(Vernon Hills, USA).

Different glass reactors with a volume of 2, 3 and 5 L,
equipped with mechanical stirrers.

Digital pH analyzers CP-401 by Elmetron (Zabrze,
Poland).
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® Mechanical stirrers RW 16 basic by IKA (Staufen,
Germany).

e Other basic laboratory equipment like laboratory scales
and balances, fume hoods, etc.

All of the reagent used during the study, such as iron(II)
sulfate heptahydrate, calcium hydroxide, hydrogen per-
oxide (35%) were at least ACS pure and provided by VWR
(Radnor, USA). The anti-foaming agent used as an addi-
tion to the reaction mixture was bought from the Nalco
Water (Naperville, USA) company and was labelled as the
anti-foaming agent number 71135.

3. Results

3.1. Cyclical system (batch reactors) — determination of a proper
ratio of COD:H,0,:Fe**

First tests were conducted in a 5-L glass reactor
equipped with a paddle agitator with a stator. To that reac-
tor, a 1,000 mL of the analysed solution was introduced to
perform an oxidation process. by the following addition
of the necessary reagents, which were a solid FeSO,7H,O
and 30% hydrogen peroxide added to the solution in por-
tions. The portioning of the peroxide doses was imposed
by the rapid increase of the reaction mixture temperature
(60 < T < 90) and equally instant foaming of the reaction
solution. Stabilization of the reaction solution at the tem-
perature level around 60°C was achieved by extending the
dosage of hydrogen peroxide in time however, the addition

70

of the entire H,0, dose did not exceed 120 min. Initial tests
were performed for a different COD_, (g O,):H,0, (g):Fe*
(g) ratios, which were related to the COD_, value in the
initial solution, including the ratios1.0:(0.1-2.5):(0.1-1.25).
Oxidation processes were analysed in 7 h cycles and a
COD, value of the samples were analysed after 1, 2, 4 and
7 h of the oxidation process, with continuous mixing of
the sample. The acidic character of the oxidized solutions
was hindering a stabilization of the process in the optimal
pH range, which led to a decrease in the overall process
efficiency. Hence, one of the tests was conducted with a
simultaneous stabilization of the pH value of the reaction
mixture, by dosing of a suspension of Ca(OH),, with each
portion of the reagents introduced to the reactor. Changes
in the COD_, value in the analysed systems presented as a
function of the oxidation process time were shown in Fig. 2.

Based on the data presented in the figure a clear influ-
ence of the reagent dose on the overall efficiency of the
process can be found. That is why in the further study two
best reagent ratio between COD_:H,O,:Fe* equal 1:2:1
and 1:2.5:1.25 were a starting point for the next experi-
ments. However, the most significant increase in the COD_,
removal was obtained when the process was conducted in
the pH value between 3.3-4.4, which confirms a clear influ-
ence of pH value on the process efficiency. That is why in
all of the further tests an appropriate alkalization of the
reaction mixture was performed to achieve optimal condi-
tions for a Fenton reaction. Moreover, analysis of the data
in Fig. 2 proves that in the case of non-alkalized reaction
systems, the vast majority of the Fenton reaction occurs

COD, [g 0,]

4 5 6 7

time [h]

Fig. 2. COD_, changes vs. process oxidation H,0,/Fe* in time. A - COD_, (g O,):H,0, (g):Fe** (g) = 1.0:0.1:0.1; B - COD_, (g O,):H,O,
(g):Fe* (g) = 1.0:0.5:0.5; C — COD, (g O,):H,0, (g):Fe* (g) = 1.0:1.0:1.0; D - COD, (g O,):H,0, (g):Fe* (g)=1.0:1.5:1.0; E — COD,
(g0,):H,0O, (g): Fe* (g) = 1.0:2.0:1.0; F - COD,, (g O,): H,0, (g): Fe* (g) = 1.0:2.5:1.25; G - COD, (g O,):H,0, (g):Fe* (g) = 1.0:2.5:1.25

(with pH correction).
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in the first one or two hours of the process. But for the
system with the alkalized reaction mixture, a clear reduc-
tion of COD,_, value took place even after mentioned two
hours. It can be easily explained by the fact, that at a pH
below 2, cations of [H,0,]" are formed which slow down
the process of hydroxyl radicals generation and after the
mentioned time, the amount of the free radicals in solution
is too low to effectively oxidize rest of the organic com-
pounds [46]. So, for alkalized systems, it was decided to
conduct a Fenton reaction for at least four hours but for
the better result, a six-hour system was also analysed.
Besides the discussed reduction of the COD_, value during
the purification of technological wastewater, continuous
Fenton reaction allows also for significant removal of
lead, arsenic and zinc. In the presented study 90% of lead,
76% of arsenic and 16% of zinc were removed. Mentioned
decrease in the metal concentration in a final solution, to
the following values: Pb - 0.18 g/L As-1.2 g/L Zn-2.9 g/L,
was a consequence of the solid phase precipitation, with
a predominant share of iron (49%) and arsenic (4.0%).
Moreover, a decrease in the concentration of the mentioned
impurities in the reaction mixture was associated with a
colour change from tawny brown to the orange-yellow and
a slight reduction in odour nuisance was also observed.
Although in general, it is much easier to control all of the
operational conditions in batch reactors, for the analysed
TW sustenance of the optimal conditions was extremely
difficult. It was mainly because of the very violent foaming
of the solution after the addition of even very small doses
of the reagents. Moreover, even the addition of a larger
amount of the anti-foaming agents to the reaction mixture
did not help to avoid the mentioned problem. That, com-
bined with a large increase of the mixture temperature,
led to the overheating of the reaction and enforced to take
frequent breaks in dosing even at the very slow speed of
the pumps. That is why, it was decided, that instead of
often waiting for a descend of the foam it can be better to
conduct the whole process in a continuous system, where
the influent stream will be kept at a very low level, but no
more breaks in the process will be needed after the stabili-
zation of the whole process. Thank to that it was possible
to find optimal flow rates of the TW influent and reacting
agents solutions allowing to maintain a stable temperature
and relatively small amount of the generated foam.

3.2. Single-step continuous system

During the studies on a single-step continuous Fenton
reaction system, two variables were considered as cru-
cial for the analysed process: reaction time and a ratio of
COD:H,0,:Fe* [g]. Changes of those two parameters
were made by the modification and a proper adjustment
of the speed and thus the efficiency of dosing pumps. The
doses of the reagents were calculated based on the COD,,
value in the initial solution of process wastewater intro-
duced into the reactor per time unit. The Fenton oxida-
tion process was conducted for the following ratios of the
reagents: COD_:H,O,:Fe*" equal 1.0:2.5:1.25 and 1.0:2.0:1.0,
for 3 and 6 h. During the whole process, stirrers in the
reactor and reagent mixing tanks were kept at a constant
speed, and the iron sulphate was dissolved directly in the

technological wastewater (TW) in the appropriate quantity
that allowed to maintain a constant COD_, :Fe* ratio in the
solution. All of the solutions used during the experiment,
such as technological wastewater (TW) with the addition
of Fe* ions, hydrogen peroxide and Ca(OH), suspension
were introduced to the reactor, directly under the paddle
stirrer equipped with a stator. A stream of oxidized and
purified final solution was withdrawn from the higher part
of the reactor by a peristaltic pump so the volume of the
reaction mixture in the reactor was set at a constant level
equal to 2,000 mL. Control of the reaction time was possible
by regulating a stream of the initial solution, (TW contain-
ing Fe?") introduced to the reactor, to which the size of the
remaining reagent streams (H,O, and Ca(OH),) was related.
Stream of the Ca(OH), suspension with a concentration
of 200 g/L was calculated to ensure an optimal pH value
of the reaction mixture at the level 3.5 < pH < 4.5. During
the whole time of the process, the following parameters
were monitored constantly: volume of the influent and
effluent streams, temperature and pH value of the reac-
tion mixture. Each of the experimental cycle (for different
reagent ratios) included approximately 30 h of continuous
operation of the system, conducted in three 10-h working
periods. The streams obtained after the process were trans-
ferred to vacuum filtration, and the resulting sediments
were dried to constant weight in the oven at about 100°C.
In each experimental cycle, first 20 h of the system’s opera-
tion were treated as achieving the steady state of the system.
So, only combined filtrates and sediments from the last 10-h
period were analysed and considered as reliable exper-
imental results and reported in the table below (Table 1).

Comparing obtained mass efficiency of the continu-
ous Fenton process with that in a batch mode, an import-
ant decrease can be observed. On the other hand, changes
between the mentioned efficiency in systems with the same
initial reagent ratios after 4 and 6.5 h are much lower than
it was in the case of cyclic processes. Despite the lower effi-
ciency of the process conducted in continuous flow systems,
the advantages of such solution, compared with the cyclic
one, are as follows:

* Reduction (even complete elimination) of foaming prob-
lems of the reaction mixture

® Reduction of the optimal reaction time from 7 to 4 h

e Stabilization of the pH of the reaction mixture at the
desired (optimal) level

* Stabilization of the temperature of the reaction mixture at
the level of 50°C-60°C

To better analyse and evaluate different aspects of using
flow reactors for the Fenton process, additional qualitative
and quantitative analyses of sludges generated in the pro-
cess was also made, and the results of those analyses were
summarized in Table 2.

An interesting observation was made at the overall
amount of solid wastes generated in the process, because
for both initial reagents ratios, final concentration of sludge
in the reaction mixture was decreasing with a time of the
reaction. It is a reason why, the reaction time should be
longer, cause generation of solid waste is one of the most
important disadvantages of the whole Fenton process.
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Last but not least aspect analysed on this stage of the study
was decolourization of the wastewaters after the contin-
uous Fenton process. Results of that colour removal in
systems with a different initial ratios of the reagents after
6 h of the process are presented in Fig. 3.

Comparison of the colour changes shows that initial
reagent ratio equal to 1:2.5:1.25 leads to a better decolour-
ization of the analysed solution. Similar observation was
also made in case of odour reduction between the treated
and untreated samples of wastewaters, however, only
partial reduction of odour nuisance was observed.

3.3. Two-step continuous system

For two-step systems, eight different cycle modes were
conducted, and each of them covered five working days.
However, for each cycle, first 20 h of the process was treated
as stabilization of the system conditions and parameters.
That stabilization stage after every change in the reagent
ratios was crucial for obtaining a steady state of the system,
which in turn, was necessary for appropriate analysis of the
reaction parameters and its efficiency. Stabilization of the
systems was carried out following the principles of contin-
uous operation, leaving in each of the reactors 1 L of reac-
tion mixtures from the previous research cycle. Effluents
were collected from the reactors only after reaching the

Table 1

appropriate level for each of them, that is, 2.0 L for the
first reactor and 2.6 L for the second reactor.

Although an optimal reagent ratio was established
before at the following values (COD_:H,0,:Fe*) 1:2:1 and
1:2.5:1.25, in the two-step Fenton process, reagents could be
added to the reactors at the 1st and 2nd step of the oxida-
tion process with different ways. That is why the two-step
Fenton process was analysed in eight modes with differ-
ent initial reagent doses, and different ways of adding the

Table 2
Chemical composition of sludge from the technological waste-
water oxidation process (TW) in a continuous single-step system

Parameter Reagents ratio COD_:H,0,:Fe*" [g]
1025125 1025125 1.02.01.0 1.0:2.0:1.0

Reaction 5 6.2 38 6.5

time, h

Quantity, 351 347 319

84m/L

Humidity, 5, 2 32 31

%

As, % 1.0 0.88 0.76 0.79

The quality of filtrates from the wastewater oxidation process (TW) in a continuous single-step system

Parameter Technological Reagents ratio COD_:H,O,:Fe* [g]
wastewater 1.0:2.5:1.25 1.0:2.5:1.25 1.0:2.0:1.0 1.0:2.0:1.0
Reaction time, h - 3.9 6.2 3.8 6.5
pH value 0.4 3.7 3.7 3.7 3.7
Colour Tawny brown Yellow Yellow Yellow Yellow
Odour Intensive Slightly Slightly Slightly Slightly
characteristic characteristic characteristic characteristic characteristic
COD,, g O,/L 66.0 13.6 14.6 15.4 13.4
Ef, % - 56 58 51 55
Arsenic, g/L 3.47 1.5 1.59 1.58 1.61
Zinc, g/L 0.08 0.037 0.038 0.039 0.039
Lead, g/L 1.67 0.061 0.124 0.028 0.114

Fig. 3. Difference in colour removal for single-step continuous process (for the ratio 1:2:1 — A and for ratio 1:2.5:1.25 - B).
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reagent to the system. In “mode I” Fe*" was added fully
in the first step of the process, with half of the H,0, dose,
and rest of the calculated H,O, were added at the begin-
ning of the second step of the reaction. For “mode II” and
“mode III” substrates were added in the assumed ratio at
the first step of the process, then at the beginning of the
second step, COD_, analysis was conducted again and an
additional amount of the reagent with the same ratios was
added. That is why in those modes overall doses of the
reagent spent on both steps of the process were the highest.
In “mode IV” and “mode V” half doses of Fe* and H,O,
were added at the beginning of each step, assuming the
reagent ratio analogical to that from “mode II” and “mode
III”. “Mode VI” assumed addition of the whole Fe* in the
first step and precisely half of the previously calculated
H,O, analogously to the “mode 1”7 but with a different
doses of reagents. The last two modes were conducted sim-
ilarly as a mode IV and V, but with different final regent
ratios. Final reagent ratios reported in Table 3 were calcu-
lated based on the overall doses of reagents introduced to
the system in both first and second step of the process, thus
because of the different flow rates they could differ from
the initially assumed values. Moreover, presented results
show clearly, that the best COD_., decrease was obtained for
the system working in IV and V mode, where the percent-
age mass efficiency of the Fenton reaction was almost 77%
and 75%, respectively. Lower efficiency was obtained for
the systems working in mode II and IIT where reagent dose
was calculated at the beginning of each step, based on the
COD_, concentration in the influent. Another very import-
ant aspect related to that fact is a relatively lower amount
of the reagents necessary for the effective treatment of ana-
lysed wastewater. That difference was the clearest in the

Table 3

case of systems working in mode II and IV, where also a
better COD_, removal efficiency was obtained despite the
reduction of overall reagent dose by 40% for H,O, and 33%
for Fe?. For a better comparison of results obtained in dif-
ferent modes analyse during the study, an extended report
was summarized in Table 3, including differences in the
selected parameters after each oxidation step.

For a two-step, Fenton process despite the usual COD_,
analysis, changes of additional parameters such as TOC
and selected metals concentration were also analysed.
Thanks to that it was possible to confirm a high perfor-
mance of the studied systems in the removal of organic
and inorganic pollutants from the treated wastewaters.
According to the presented experimental results in a two-
step continuous Fenton process of the analysed technolog-
ical wastewater, in the best operation mode, it was possible
to reduce the values of COD_, from 66 to approximately
7 g O,/L and TOC from 18 to about 2.5 g/L, which gives a
mass efficiency value EfQ of the process, respectively, 77%
and almost 65%. Both COD_, and TOC removal were the
best for the continuous Fenton reactions working in the
modes II - V. That was probably a result of the appropri-
ate reagent ratio allowing for effective generation of free
radicals during the whole oxidation process. Moreover,
analysis of the data presented in the table proves that the
oxidation process was conducted correctly and the AOS
parameter of the final solution was clearly higher com-
pared with the crude TW. However, the increase in the
AOS value was different in each of the analysed modes,
which proves that combination and the order of reagent
addition can have an important impact on the course of
the oxidation reactions. To better evaluate the Fenton pro-
cesses conducted in different modes, additional analyses

Process effectiveness and parameters of filtrate quality after the two-step oxidation TW in a continuous system

Parameter TW  Stage Model Modell Modelll ModeIV ModeV ModeVI Mode VII Mode VIII
H,0,/COD, ratio - Final 3.76 3.71 2.59 2.19 1.89 2.48 1.15 0.99
Fe/COD_, ratio - Final 1.25 1.82 1.34 1.22 0.96 1.25 0.61 0.58
pH 0.4 2nd 3.7 3.8 3.7 3.7 3.6 3.7 37 3.6
Ist 13.3 16.2 14.6 13.7 17.6 15.2 19.7 24
COD,,, g O,/L 660 °
¢ 2nd 12 6.4 7.4 7.3 7.9 9.8 9.1 10.1
1st 411 4.95 5.11 3.87 5.36 4.64 6.22 7.08
TOC, g/L 18.0
g/ 2nd 3.87 2.33 2.68 2.76 3.04 3.44 3.20 3.84
1st -0.85 -0.91 -0.28 -1.31 -0.93 -0.91 -0.75 -1.08
AOS 150 °
2nd  -0.65 -0.12 -0.14 0.03 0.11 -0.27 -0.27 0.06
Arsenic " 5170 1st 0.38 0.32 0.7 1.2 2.1 - - -
rsenic, m ),
& 2nd 0.28 0.21 0.3 0.2 3.4 0.5 0.7 14
Zine, o/L 347 1st 1.28 1.15 1.4 1.8 1.9 - - -
inc, R
& 2nd 1.2 0.8 1.0 1.0 1.2 15 14 1.3
1st 26.0 11.0 62.0 280 324 - - -
Lead, mg/L 1670 >
2nd 19.0 4.3 9.0 21.0 106 56.0 97.0 160.0
Fe consumption, kg/L na. 2nd 04 0.59 0.44 0.4 0.31 0.41 0.26 0.19
H,0, consumption, kg/L. n.a. 2nd 0.62 0.61 0.43 0.36 0.31 0.41 0.25 0.17
D 1
COD, remova na. 2nd 610 673 733 76.9 75.0 72.3 71.3 69.3

effectiveness, %
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of the sludges was also made. In Table 4, a brief summary,
of the most important parameters for the generated solid
wastes, was presented.

Data presented in Table 4 are slightly different than
it could be expected, based on the removal of the selected
metals from TW during the oxidation process. It is mainly

Table 4
Quantities and quality of process sludge, after the second step
oxidation TW in a continuous system for the chosen reaction

types

Parameter Model Mode Mode Mode  Mode
1I 111 v \Y
Quantity,
g, /LofTW 244 327 286 285 281
Humidity, %  26.0 28.6 29.4 32.0 26.2
Arsenic, % 1.6 1.3 1.4 1.7 1.8
Zinc, % 0.2 0.2 0.2 0.1 0.2
Lead, % 0.4 0.3 0.4 0.4 0.4

because except the overall metal removal from the oxidized
solution an amount of generated sludge is also an import-
ant factor that can affect at final metals concentrations in the
sludge dry mass. Thus, even though one of the best arsenic
removal results was obtained for a mode II, due to the sig-
nificantly larger amount of the generated sludge during the
process, as concentration in the sludge, in this mode was the
lowest from all of the analysed systems. That is why in order
to reduce the amount of generated solid wastes during the
process, it was concluded that the best operating modes for
a two-step Fenton process were modes III — V, which assure
a good treatment condition with a simultaneous low quan-
tity of generated sludge. Last, important parameters anal-
ysed during the process was odour and colour reduction.
In Table 3, a short information about observed changes was
also reported, but to better illustrate TW colour changes at
each step of the process, photo of the TW samples where
set together at the figure below (Fig. 4).

As it was presented, colour removal in a two-step con-
tinuous Fenton reaction was much better compared with
a single-step process. Also, for each of the conducted pro-
cesses in a different mode, clear changes between each step

Fig. 4. Comparison of TW decolourization by different modes of two-step continuous Fenton process.
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can be found. Best results in terms of colour removal were
obtained for systems working in mode II and III, which is an
interesting observation, due to the fact, that for that modes
overall doses of the reagents were the highest, but COD_,
removal was lower than in a case of systems working in
mode IV and V. It proves, that there are no straight relations
between the changes of odour and colour properties of the
TW and COD,_, removal during the oxidation process.

4. Discussion

To confirm an important influence of the reagent ini-
tial ratio on the efficiency of the Fenton reaction and COD,
reduction from the reaction mixture, a correlation table
was prepared, by using a standard MS Excel analytical tool
pack (Table 5).

Based on the presented statistical analysis, a clear cor-
relation between the reagent ratio was observed both in the
case of Fe* and H,O,. Moreover, an important fact is that
ratio between H O, and Fe* is also correlated with the effi-
ciency of analyzed Fenton reaction. J. Guilford observed
that influence of reagent ratios on the COD, removal can
be classified as a high and very high correlation, showing
that overall efficiency of the process is strongly dependent
on mentioned reagent doses [47]. Another important conclu-
sions and crucial experimental results have been discussed
in this part. In the table below, a summary of the oxidation
results based on the mass efficiency of COD_, removal in
the analyzed technological wastewater before and after the
Fenton process were presented (Table 6).

In the case of continuous systems, the obtained values
of COD,, removal in two-step systems, operating based on
corresponding ratios of the reagent doses, are much higher

Table 5
Correlation table of initial reagent ratios influence on the overall
COD_, removal

COD, H,0,/ Fe*/ H,0,/
removal COD,, COD Fe?
COD,, removal 1
H,0,/COD,, ratio 0.91 1
Fez*/CODCr ratio 0.94 0.90 1
H,0,/Fe* ratio 0.77 0.93 0.70 1
Table 6

Summary of COD,, removal efficiency for different treatment
systems with corresponding ratios of the reagents

Tb Time Batch Single-step  Two-step mode
reactors mode
1:2:1 4h 43%* 51% -
Mode 3: 73.3%
1:2:1 6-7h  45%* 55% Mode 4: 76.9%
Mode 6: 72.3%
1:2,5:1,25 4h 72% 56% -
1:25:1,25 6-7h 77% 58% mode 5: 75%

compared with a single-step system. Additionally, based on
the presented results for cyclic systems with simultaneous
control of pH conditions, the degree of COD_, reduction is
almost the same. Thus, all of the continuous process advan-
tages, discussed in Section 3.2, clearly prove the legitimacy
and high application potential of the proposed solutions and
modifications. Moreover, as it was proven before, Fenton
reaction conducted as a continuous process has many indis-
putable advantages, for example, more stable parameters of
the process, shorter reaction time, higher overall efficiency
of the process, etc. However, one of the most important is
a fact, that continuous Fenton reaction leads to a significant
reduction of precipitates which are the most important solid
wastes that are generated within the process. To better illus-
trate these observations, simple histograms of generated
precipitates are shown in Figs. 5 and 6.

Presented data compares the precipitates amounts gen-
erated during the processes working in the initial reagent
ratios equal 1:2:1, it can be found, that almost 19% lower
sludges are generated in the two-step continuous systems
than in the analogue system conducted in the simple batch
reactor. A similar situation occurs in the systems working
with an initial reagent ratio equal to 1:2.5:1.25, which was
presented below.

In the second of the analysed reagent ratios, differ-
ences in sludge precipitation between cyclic and continu-
ous systems were slightly lower and after the exactly the
same amount of reaction time it was about 12% less pre-
cipitates generated in two-step continuous process. Last
but not least aspect of two-step continuous analysis was
an economical aspect of the process, cause with different
doses and thus different amounts of the necessary reagents,
a different overall mass efficiency was obtained. That is
why based on the data presented in Table 3 a brief sum-
mary of the overall economic efficiency of the process is
presented in Fig. 7.

Values presented in Fig. 7 were calculated as the final
usage of H,O, or Fe* in grams needed to remove 1 g of COD_,
from 1 L of TW in each of the analysed two-steps continu-
ous process modes. Based on the presented data, the most
economical advantageous process was the one that was per-
formed at the mode VIII. It was caused mostly by the very
low final doses of both reagents added to the reacting mix-
ture, not by a higher removal of COD_. However, consider-
ing a mass efficiency removal equal to 69% as satisfactory,
it could be possible to significantly reduce the operational
costs of the Fenton process installation. On the other hand,
comparison of four modes (modes II - V) that were con-
sidered before as the most promising due to the very high
efficiency of COD_, removal and excellent decolourization
degree, shows that equally divided reagent doses led to a
significant reduction of the process costs. Thus, for future
solutions, mode IV and V seems to be the best way of treating
this kind of wastewater by the Fenton process.

5. Conclusions

Treatment processes of solutions characterized by a
high COD_, and TOC values and a strongly acidic charac-
ter (pH < 1), based on the Fenton reaction in a cyclic system
undergo in very changing conditions of pH and temperature,
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Fig. 5. Amount of sludges generated during the continuous Fenton process in one and two-steps, at the same initial reagent ratio equal
(COD:H,O,:Fe*) 1:2:1.

400
= 30 347
= 319
—
B 300 281
)
g 250
v
B 200
5
£ 150
an
Gy
S 100
175}
8
= 50
0

cyclic process 4h cyclic process 7h two-step mode V
Fig. 6. Amount of sludges generated during the continuous Fenton process in one and two-steps, at the same initial reagent ratio equal
(COD:H,0,:Fe*) 1:2.5:1.25.

14.0
= H202

= Fe2+

13.5
11.6
9.2
8.7
8.0
X 7.1
6.4
55 5.6
4.2
3.6 3.5
: 2.8
2.5 21
I I I L5
0.0 l

mode I mode Il  modelll modelV modeV modeVI mode VIl mode VIII

_ —_
~ o % o N
o f=] =1 f=1 S

Perhydrol or Fe?* [g] (calculated for 1
[g/L] of removed COD,)

»
=

Fig. 7. Amount of 35% H,0, and Fe* reagent spent for the treatment method, calculated per 1% of removed COD,, in a different
modes of two-step continuous Fenton process.



A. Fijatkowska et al. / Desalination and Water Treatment 231 (2021) 54—66 65

resulting from the addition of the necessary reagents. In
those systems, maintaining a stable pH value at the level
of 3.5 < pH < 4.5 during the whole process requires a con-
tinuous intervention with the pH correcting agents (such
as Ca(OH),). The phenomenon of intense foaming and
temperature increase of the reaction mixture, often above
70°C, occurring in that conditions, has a significant adverse
effect on the process.

However, in the presented study, it was proven that the
modification of the Fenton reaction, by conducting it in a
continuous system may lead to a significant improvement
in the efficiency of this method. That result was even bet-
ter in the case of two-step continuous process, which can
shorten the reaction time and allows to reduce the COD_,
and TOC parameters of the solution by 77% and 65%, respec-
tively. The continuous system and its gradation allow to
substantially reduce or even eliminate the phenomenon of
foaming of the reaction mixture during the process.

Moreover, in those conditions, it was much easier to
stabilize the temperature at the level of 40°C-50°C and
remove the colour and odour nuisance from the oxidized
solution. Another advantage of performing Fenton reac-
tion in the continuous mode is a significant increase in the
removal of selected metals from the solution. Using a two-
step continuous system leads also to a significant reduction
of sludge amounts generated during the process, in both
of the analysed reagent dose systems. Thus, it can be con-
cluded, that using a two-step reaction process, allows not
only to reduce the COD_, value without increasing the costs
and amounts of the reagent but also to generate less solid
wastes during the whole Fenton process.
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