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Abstract: Tannic acid (TA) is a major pollutant present in the wastewater generated from vegetable
tanneries process and food processing. This work studied TA degradation by two advanced oxidation
processes (APOs): UV irradiation at the wavelength of 254 nm in the presence of hydrogen peroxide
(H0O7) and ferrous iron (photo-Fenton) and in the presence of potassium persulfate. The influence of
certain experimental parameters such as K;S,0g, H,O», Fe?*, and TA concentrations, initial pH and
temperature was evaluated in order to obtain the highest efficiency in terms of aromatics (decay in
UV absorbance at 276 nm) and TOC removals. Chemical oxidation of TA (0.1 mM) by UV /persulfate
achieved 96.32% of aromatics removal and 54.41% of TOC removal under optimized conditions
of pH = 9 and 53.10 mM of K;5,04 after 60 min. The treatment of TA by photo-Fenton process
successfully led to almost complete aromatics removal (99.32%) and high TOC removal (94.27%) from
aqueous solutions containing 0.1 mM of TA at natural pH = 3 using 29.4 mM of H,O, and 0.18 mM
of Fe?* at 25 °C after 120 min. More efficient degradation of TA by photo-Fenton process than
UV /persulfate was obtained, which confirms that hydroxyl radicals are more powerful oxidants than
sulfate radicals. The complete removal of organic pollution from natural waters can be accomplished
by direct chemical oxidation via hydroxyl radicals generated from photocatalytic decomposition
of HzOz.

Keywords: Tannic acid; UV/persulfate; photo-fenton; sulfate radicals; hydroxyl radicals;
degradation; mineralization

1. Introduction

Tannic acid (penta-m-digallolyl glucose) (TA) is the simplest principal member of a specific group
of hydrolysable tannins [1-3]. The formula of commercial TA, CycHs5,044 (Figure 1), involves a large
number of reactive functional groups, such as hydroxyl and phenolic hydroxyl. It is a water-soluble
polyphenolic material with high molecular weights, between 500 and 3000 Da [4,5]. TA is a natural
compound found in bananas, sorghum, coffee, and tea [6,7]. It is also found in industrial wastewaters,
which is an emerging problem because of their harmful influence on natural ecosystems [5,8]. It causes
liver, kidney, and central nervous system problems due to its high toxicity [9-11].
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Figure 1. Structure and properties of Tannic Acid.

TA is recalcitrant to conventional biological treatments and other methods [8,12-16]. In our
laboratory, electrocoagulation process has been successfully used as a method for treating wastewaters
contaminated with TA, but large amounts of precipitates were discharged at the end of the
treatment [17]. Recently, advanced oxidation processes (AOPs) based on the generation of hydroxyl
radicals (HO®) from H,O, have been suggested to eliminate TA [18]. The photochemical system
UV/H;0; has also been recently used for TA degradation. This process generates good quality of
treated water in comparison with other AOPs, but the amounts of hydroxyl radicals are obtained
mainly by HyO, decomposition with UV irradiation, which is a high-energy consumption process.
Therefore, it is essential to find more efficient and low-cost alternative technology processes to eliminate
TA from water. To achieve this goal, AOPs such as UV /persulfate and photo-Fenton processes have
been considered as useful options. AOPs, based on the formation of sulfate radical SO4*~ and hydroxyl
radical HO®, have been used in in the treatment of wastewater containing bio-recalcitrant organic
pollutants/toxicants recalcitrant compounds to convert them into biodegradable products [18-21].

Persulfate (K;S;0g) salts decompose in water into persulfate anion (S,0427). Ttis a very
strong oxidant (E° = 2.05 V/NHE), which is not selectively reactive and is relatively stable at room
temperature [22,23]. However, it is kinetically slow in reacting with many organics at ambient
temperatures [24,25]. The photochemical activated degradation of S,0g2~ ion to sulfate radical
(SO4°7) has been used as a technique to accelerate the procedure [24,26,27]. Sulfate radical (504°7) is
a very strong oxidant for its high standard redox potential (2.5-3.1 V) with a kinetically fast reacting
tendency [20,28]. In general, SO4°~ can be generated via photolysis, ultrasonic thermolysis, or
activation by transition metals of persulfate or peroxymonosulfate for the oxidation of various organic
pollutants [29-34]. UV/ S,052~ has been considered as a highly efficient method to destruct different
organic pollutants [35,36]. The peroxydisulfate chemistry can be demonstrated by the following
equations [24,37,38]:

$,0g% +hv — 250,°~ (1)
SO,*~ + HO — H* +SO4>~ + OH ™ (at all pH values) 2)
S04~ + OH™ — HO® + SO4>™ (at alkaline pH values) ®3)

SO4*~ or HO® + pollutant — degradation of pollutant 4)
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HO?® are powerful oxidants (E° = 2.80 V/NHE), which react immediately and non-selectively
with organic pollutants in water. It can be generated by a chemical process (Fenton (H,O, /Fe?*) [39],
photochemical processes UV /TiO, [40], UV/H,0, [41,42], photo-Fenton (UV/H, 0,/ FeZ*) [43,44], and
electrochemical (anodic oxidation, electro-Fenton) [45,46]. This process represents the decomposition
of hydrogen peroxide into HO®, which occurs through two routes: (1) Catalytic decomposition by Fe?*
(Equations (5)) and (2) photodecomposition by UV irradiation at 254 nm (Equation (6)). Additionally,
there is the production of further HO® by photo-reduction of ferric to ferrous iron (Equation (7)),
combined with H,O, photolysis (Equation (6)), or by photolysis of complexes formed between the
organic compounds or their intermediates with Fe** (Equation (8)) [41,47,48].

Fe?* + H,0, — Fe3* + HO*+ HO™ (5)
H,O; + hv — 2HO*® 6)
Fe(OH)** + hv — Fe?" + HO® 7)
Fe(RCO,)** + hv — Fe?* + CO, + R® (8)

As a result, the photo-Fenton process is reported to be effective in removing several varieties of
pollutants such as pesticides, dyes, and pharmaceuticals [49-52]. The effectiveness of these techniques
is greatly improved by the addition of a catalyst or an oxidant.

The aim of this study is to realize the degradation of TA aqueous solution by UV /persulfate
and photo-Fenton processes. Besides, the effect of different factors such as initial pH, oxidant
dosage, ferrous iron dose, initial TA content, and temperature on the performance of degradation and
mineralization by UV /persulfate and photo-Fenton processes was also evaluated.

2. Materials and Methods

2.1. Chemicals

Tannic acid (C76Hs5,04¢6) was of analytical grade supplied from Sigma-Aldrich Hydrogen peroxide
was a 30% solution (w/w) (AR grade, Fluka). All the other chemicals including FeSO,. 7H,0,
K,S,0g, HSO4, NaOH, EtOH, t-BuOH, and Na,;SO3 were of analytical grade and were ordered from
Sigma-Aldrich or Fluka.

2.2. Analytical Methods

The total organic carbon (TOC) content of the samples was measured with a TOC-5050 analyzer
(Shimadzu Corporation, Kyoto, Japan). Samples taken from treated solutions were filtered with 0.20 pm
polytetrafluoroethylene (PTFE) filters before analysis. The UV absorbance of TA aqueous samples was
measured using a UV-Visible spectrophotometer by a 1 cm quartz cells at 276 nm. The solution pH
was determined with a Micronal pH meter (model B474). TA was analyzed by HPLC using a Nucleosil
C18 column (mobile phase, 60% water 40% acetonitrile; flow rate, 0.50 mL min_l) with UV detector at
276 nm.

2.3. UV/S,042~ and UV/H,0,/Fe?* Processes

The photochemical experiments were carried out in the photo-reactor (pyrex) of 2 L capacity
equipped with a 125-W Heraeus Noblelight (TNN 15/32) mercury vapor lamp, a magnetic stirrer, and
a thermometer. The lamp was located in a quartz sleeve at the center of the reactor in an axial position
and emitting at 254 nm. 1 L of TA aqueous solution was added into the reactor in each experiment.
The solution pH was adjusted to the desired values by addition of sodium hydroxide or sulfuric acid.
Then, K;5,0g (UV/persulfate) or FeS0,4.7H,O (photo-Fenton) were directly added to the photoreactor
at the beginning of each experiment. After switching on the lamp, a precise amount of hydrogen
peroxide (30%) was immediately added to 1 L of TA aqueous solution (for photo-Fenton process). All
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the experiments were performed in duplicate. Samples of 10 mL were withdrawn at predetermined
time intervals and immediately quenched with Na;SOj3. The samples were filtered through 0.20 um
polytetrafluoroethylene (PTFE) filters and then tested to determine the pH, TOC, and absorbance at
wavelengths of 276 nm in duplicate.

3. Results and Discussion

The efficiency of UV /persulfate (UV/PS) and photo-Fenton (UV /PF) methods was evaluated by
following monitoring UV absorbance at 276 nm (a typical UV-visible spectrum of TA aqueous solution
presents two bands at 210 nm and 276 nm) and TOC. The absorbance at 276 nm is used to follow the

. . .. . . Al — AL _
degradation of TA and its aromatic intermediates (% aromatics removal = —2=276nm A=276 nm ¢ 10,
AO
A=276 nm

where AS_,-, . and A% _, ... are absorbencies measured at 276 nm at t = 0 s and instant t). TOC

TOCY — OTOCt % 100
TOC ’
where TOC? and TOC! are TOC measured at t = 0 s and instant t). Persulfate, hydrogen peroxide,

ferrous iron and TA concentrations, temperature, and initial pH are the main factors to achieve the
highest TA degradation and mineralization yields.

is used to evaluate the mineralization of the organic content (% TOC removal =

3.1. Comparitive Study of TA Degradation under Various Processes

An initial comparative study on the degradation of TA aqueous solution by six different processes
including chemical oxidation by S,052~ alone, chemical oxidation by H,O, alone, direct UV irradiation,
UV/H,0,, UV/S,0¢%>~, and UV/H,0,/Fe** was performed at the same operating conditions
(temperature, pH and initial concentrations). The experimental results were compared in Figure 2.
According to Figure 2, only 4.22%, 5.35%, and 9.86% of aromatics were reduced by S,0g2~ alone,
H,0O; alone and direct UV irradiation, respectively during 120 min. These results indicate that the
TA degradation by S,052~ alone, H,O, alone and direct photolysis irradiation was very inefficient,
which reveals the direct reactions of persulfate or H;O, with TA in water are generally slow oxidative
kinetics. However, combining UV irradiation with H,O, oxidation (UV/H;0;) achieved more than
29% of aromatics removal after 120 min.
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Figure 2. Comparison of TA degradation for 120 min reaction time by different processes including
5,042~ alone ([S;052 ] =53.1 mM), HyO, alone ([HyO5] = 29.4 mM), UV irradiation alone (A = 254 nm),
UV/H;0, (A = 254 nm, [H;O5] = 29.4 mM), UV/S,05% (A = 254 nm, [$,0g%2~] = 53.1 mM), and
UV/H,0,/Fe?* (A = 254 nm, [Fe?*] = 0.18 mM and [H,0,] = 29.4 mM). Experimental conditions: [TA]
= 0.1 mM, initial pH (pH =3.4), T =25 °C.



Appl. Sci. 2019, 9, 156 50f 19

This indicates that the combination of hydrogen peroxide with UV radiation enhanced TA
degradation. This is because of the HO® radicals produced from UV photolysis of H,O,. The above
results implied that UV /H,O, process is more efficient than direct UV irradiation and H,O, oxidation
alone, but it was not very effective to reach complete removal of TA and its degradation intermediates.

As can be observed from Figure 2, high TA degradation yields can be reached by UV /PS and
photo-Fenton oxidation processes, respectively. For a reaction time of 120 min, the highest aromatics
removal efficiency was measured as 80.78% for UV /PS and 94.27% for photo-Fenton. This result
indicates that TA degradation could be improved by incorporating persulfate (K;S,Og) or HO; and
ferrous iron (H,O, /Fe?*) to TA aqueous solutions under UV radiation. This enhancement is due to the
generated radical species from UV photolysis of persulfate (Equations (1)) or from UV photolysis of
the H,O, and from the Fenton reaction (Equations (5) and (6)). In this study, UV/PS and photo-Fenton
processes have a higher efficiency to degrade TA than the other four processes (S,0g%™ alone, H,O,
alone, UV irradiation, and UV /H,0,).

3.2. Influence of Radical Species

To realize the contribution of the oxidizing species (504°~ and HO?®) in the efficiency of UV /PS
and photo-Fenton processes, two alcoholic radical scavengers, ethanol (EtOH) and tert-butyl alcohol
(t-BuOH), were added to TA aqueous solutions. So, alcohol with alpha H (EtOH) can quench both
hydroxyl and sulfate radicals; whereas, alcohol with no alpha H (t-BuOH) can mainly scavenge
hydroxyl radicals and poorly react with sulfate radicals. In this study, alcohol (EtOH, t-BuOH)
concentration used was 50 mM. Figure 3 illustrates the influence of EtOH and t-BuOH as radical
scavengers on TA degradation efficiency during UV /PS and UV /H,0,/Fe?* processes. As Figure 3
shows, TA degradation was significantly decreased by the addition of alcohols in both processes.
The degradation of TA in UV/PS process was 96% without any radical scavenger (see Figure 3a).
However, the addition of EtOH and t-BuOH has reduced the efficiencies to 11% and 60%, respectively,
within 60 min, compared to the degradation observed in the absence of both scavengers. The results
confirmed that the addition of EtOH has diminished the degradation efficiency much more than the
same amount t-BuOH.

These observations imply that in the case of t-BuOH addition, hydroxyl radical HO®* was
scavenged and TA was degraded by sulfate radical SO4°~, while in the case of EtOH addition,
both SO4°*~ and HO® were scavenged, which lead to a low TA degradation yield. In order to evaluate
the contribution of HO® radicals into TA degradation, t-BuOH was introduced into the photo-reactor
during photo-Fenton degradation of TA. As can be seen in Figure 3b, the addition of 50 mM t-BuOH
decreased TA degradation yield from 98% (without scavengers) to 16% after 60 min reaction. This
confirms that TA degradation occurs mainly via chemical oxidation with hydroxyl radicals during
photo-Fenton process.

These results confirmed that the higher aromatics removals obtained in the previous experiments,
when US/PS and photo-Fenton processes were used, is mainly due to the oxidation of TA and its
aromatics intermediates by radical oxidizing species (SO4°*~ and HO®). Furthermore, it is clear that
when UV/PS process is used, not only sulfate radicals, SO4*~ contribute in the degradation of TA, but
also hydroxyl radicals, HO® are involved in TA degradation since the addition of EtOH and t-BuOH
decreased TA degradation yield. Considering that t-BuOH is generally used as HO® scavenger and
EtOH can scavenge both SO4*~ and HO® radical species, it can be concluded that 60% of TA molecules
are degraded by HO® radicals, and only 30-40% of TA molecules are degraded by SO4°~ radicals.



Appl. Sci. 2019, 9, 156 60f19

a 0.1 HO*and SO,*~ scavenger
0.08
s
£ 0.06 HO" scavenger
< —e—without alcohol
=, 0.04 | with EtOH
with t-BuOH
0.02 -
| No scavenger
0 L 1 )
0 20 Time (min) 40 60
b 0.1
HO*® scavenger
0.08
§0.06 - ——without t-BuOH
£ with t-BuOH
< 0.04 |
£
0.02 -
No scavenger
0 L 1

20 . .\ 40 60
Time (min)

Figure 3. Effect of EtOH and t-BuOH as radical scavengers on TA degradation efficiency during (a)
UV /persulfate and (b) photo-Fenton oxidation. Experimetal conditions: ((a) UV/PS: [TA] = 0.1 mM,
[EtOH] = 50 mM, [t-BuOH] = 50 mM, [K,S,0g] = 53.1 mM, pH = 9 and T = 25 °C; (b) UV/H,0, /Fe**:
[TA] = 0.1 mM, [t-BuOH] = 10 mM, [H,O,] = 29.4 mM, [Fe?*] = 0.18 mM, pH = 3, and T = 25 °C).

3.3. Influence of Ph

It is noteworthy to mention that pH effectively controls the behavior of AOPs [42,53,54]. The
UV /persulfate and photo-Fenton processes are heavily dependent on the pH of a solution [44,55-57].
In this study, the effect of initial pH on the photo-degradation of TA through both UV /persulfate
(UV/PS) and photo-Fenton (UV/H,0,/ Fe?*) processes was examined at pH 3, 5,7, 9, and 10. Figure 4
represents the changes of aromatics and TOC removals during the treatment of aqueous solutions
containing 0.1 mM TA by UV/PS and photo-Fenton processes at different initial pH values.
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Figure 4. Influence of initial pH on the changes of: (a) aromatics removal, and (b) TOC removal,
during the treatment of 0.1 mM TA by UV /PS and UV /H,0, /Fe?* processes. Experimental conditions:
(UV/PS: [K5S,08] = 53.1 mM, pH = 3-10 and T = 25 °C; UV/H,0, /Fe?*: [H,0;] = 29.4 mM, [Fe?*] =
0.18 mM, pH = 3-10, and T = 25 °C).

In the UV/PS process, aromatics and TOC removals were influenced by the initial pH as
demonstrated in (Figure 4a,b). The highest efficiency is obtained at an initial pH of 9 and 10.
The results suggested that the alkaline conditions were more favorable than neutral and acidic
conditions during the degradation of TA. A similar finding was reported in other studies relevant to
these observations [57-59]. An increase of pH from three to nine, the photo-degradation efficiency
of TA at 120 min irradiation increased from 80.78 to 96.38% and from 22.55 to 54.41%, respectively,
for aromatics removal and TOC removal. In contrast, the rise of pH higher than pH 9 does not
have any significant influence on the kinetics and TOC removals. This indicates that the highest
degradation and mineralization efficiencies of TA by the UV /PS process can be reached at pH nine.
These results confirm that very strict conditions (strongly acidic or basic) are less favorable to complete
mineralization of TA [57-59].

Thus, the photo-degradation of TA requires a big amount of persulfate radicals and it cannot be
carried out at any pH value (see Figure 4b). This may be relative to the abundance of radicals and
their nature in the aqueous medium. The literature indicates that increasing the pH increases the
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concentration of hydroxyl anions in basic medium [56,60]. The pH effect on the TA photo-degradation
by UV/persulfate can be explained by, firstly, base-activated persulfate favored the production of
SO4°*~ under alkaline condition. SO4*~ doubled, as demonstrated in Equation (1). Second, a high pH,
sulfate radicals SO4°~ react with OH™ or H,O to generate hydroxyl radicals HO® (E° = 2.7 V) based
on Equations (2) and (3) [29,61-63]. Thus, HO® is a more powerful oxidant than SO4°*~. It should
be observed that HO® and sulfates radicals SO4°~ oxidize organic compounds mainly in three ways:
(i) Hydrogen abstraction, (ii) addition and substitution of alkanes and aromatics, and (iii) electron
transfer from carboxylate groups [64]. On the other hand, in acidic pH, SO4°~ is the predominant
radical species in the UV /PS process [60,65]. In our work, the lowest TOC removal efficiency (22%)
was observed at pH = 3 after 120 min of treatment (Figure 4b). This can be due to the more selective
and less reactive nature of SO4°~ radicals compared to hydroxyl radicals HO®. Moreover, at pH < 7,
SO4°*~ radicals are consumed by S,0g%~ to form SO4%~ and S,05°~, as shown in (Equation (9)). Thus,
SO4°~ anions easily degrade TA but cannot complete its mineralization under the acidic conditions.
Also, along with radical SO,4°~, there are several other sulfur intermediates such as HS,03~, HSO4~,
SOy, and H,SOs5, which are generated and more dominant in the reaction medium according to the
following equations (Equations (10)—(13)) [56]:

SO4° ™ + 5,08 — SO042~ + 5,05~ 9)
8,04~ + H" — HS,04~ (10)
HS,05~ — SO4°~ +S0O,%~ + H* (11)
$,04%>~ + H* — HSO, ™ + S0, (12)
SO4 + H,O — HZSO5 (13)

In alkaline medium, hydroxyl radicals HO® are formed (Equation (3)). Being very powerful and
non-selective, hydroxyl radicals are capable to mineralize TA and its aromatic intermediates. Hence,
the maximum aromatics and TOC removals occurred at pH = 9.

For photo-Fenton (UV/H,0,/Fe?*) process, removal efficiency reaches a maximum at initial pH
of 3. This is similar to a previous investigation [42,48]. Several studies reported that optimal pH for
the production of hydroxyl radicals by the photo-Fenton must be in the range three—five [66,67]. It
was also demonstrated that at low acid medium (pH > 5), the Fe?* catalyst regeneration becomes very
difficult because of Fe(OH); precipitation. However, in high acid conditions (pH < 3) protons can
function as scavengers for hydroxyl radicals [42]. Additionally, there may be inhibition for the radical
forming activity of iron. In this study, the pH is varied from three to 10. UV/H;0,/ FeZ* process
performance was significantly influenced by varying the pH as shown in Figure 4. From Figure 4a,
it is obvious that the change in pH had no significant effect on aromatics removal since aromatics
removals of 99.3 and 90% at pH values three and 10 after 2 h photo-Fenton treatment of TA. However,
TOC removal during UV/H,0, /Fe?* process decreased as pH increased (see Figure 4b). As shown
in Figure 4b, TOC removal remains almost constant with the increasing of initial pH from pH =3
to pH = 5. In contrast, when the pH of the reaction was higher than five (neutral or alkaline pH),
the TOC removal efficiency rapidly decreased as pH increased. After 2 h of treatment, the obtained
percentage of TOC removal was 94.27, 92.29, 80.9, 65.28, and 55.2% at pH 3, 5, 7, 9, and 10, respectively.
The findings demonstrated that aromatics were completely degraded into aliphatic intermediates
by the photo-Fenton process for acid and neutral mediums, but the degradation was incomplete in
the alkaline medium. These results can be interpreted the easier and rapid decomposition of HyO,
hydroxyl radical in acidic medium. In addition, the competitive reactions to H,O, photo-reduction
such as the consumption of hydroxyl radicals by the protons, the dismutation of hydrogen peroxide
and the duplication of hydroxyl radicals are negligible under these conditions. This indicated that the
majority of HyO; is decomposed into an important amount of hydroxyl radicals. Consequently, this
condition is the most favorable for complete treatment of TA by the photo-Fenton process. However, if
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the solution pH is too high (basic medium), H,O, reacts with hydroxide anions to generate water and
hydroperoxide anion (HO, ™) (Equation (14)). At neutral and alkaline pH, precipitation of ferric ions
limits the regeneration of Fe?* catalyst. These results are in good agreement with those mentioned in
previous reports [42,53]. In this work, pH = 3 was selected as the optimal pH in order to provide a
favorable condition for higher mineralization efficiency.

H,0, + HO~ — H,0 + HO, ™ (14)

From the above results, the pH values of three and nine were found to be the optimum pH values
for photo-Fenton and UV /PS and processes, respectively.

3.4. Influence of Persulfate Dose

The initial persulfate concentration is an important parameter in the destruction of organic
pollutants by UV /PS [24,68]. For this approach, some experiments were done with various PS doses
in the range of 17.70-70.80 mM using 0.1 mM TA at pH 9 and a temperature of 25 °C. The results are
shown in Figure 5. As it can be seen in Figure 5a, high aromatics removals (>94%) were achieved
independently of PS concentration. This indicates that persulfate concentrations higher than 17.70 mM
are capable to degrade almost completely TA and its aromatic intermediates.

However, TOC removal depends on PS concentration as demonstrated in Figure 5b. The increase
of PS content from 17.70 to 53.10 mM led to increase the TOC removal from 32.97 to 54.41% aftera1h
treatment. PS is a source of sulfate and hydroxyl radicals in the UV /PS process, and more reactive
radicals would be generated to degrade TA at higher PS doses. This indicates that an increase of PS
dose up to 53.1 mM was able to mineralize more organics. A dose of PS higher than 53.10 mM led
to the decrease in TOC removal. It seems that PS dose of 53.10 mM is considered optimal for the
treatment of 0.1 mM TA aqueous solution by the UV /PS process. Increasing the persulfate dose above
53.10 mM (optimal dose) resulted in a decrease in TA degradation efficiency. This can be explained
by the fact that excessive amount of persulfate (5,052 ™) in the solution can react with sulfate radicals
(50O4°7) to form less reactive species such as persulfate radicals [56,61,69-71]. This, in turn, reduces
the efficiency of the process, as explained in Equations (9) and (15).

SO4°™ +50,4°~ — $,04% (15)

These experimental results are similar to the results obtained by Hori et al. [72] for the degradation
of perfluorooctanoic acid (PFOA) using UV /PS process (50 mM persulfate were used).

a| 100 -
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— 80 |
©
3 ——17.70 mM
£ 60 35.44 mM
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8 40
e
©
€20
[9)
<
o 1 1 | J
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Time (min)

Figure 5. Cont.
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Figure 5. Effect of persulfate dose on the changes with time of: (a) Aromatics removal, and (b) TOC
removal by UV /PS process. Experimental conditions: [TA] = 0.1 mM; [PS] = 17.70-70.80 mM; T = 25 °C;
and pH =9.

3.5. Influence of Hydrogen Peroxide and Ferrous Iron Concentrations

The amount of hydrogen peroxide and ferrous ions are the main factors affecting the cost of
the operation and the process efficiency for many wastewater treatment facilities by Fenton and
phot-Fenton processes [73,74]. Photo-Fenton process efficiency can be assessed readily in terms of
both the absolute concentration of reagents (hydrogen peroxide and ferrous ions) and the weight ratio
([H,O5]/[Fe?*]). Several researches affirm that the performance of photo-Fenton process to degrade
organic matter present in water is mainly related to the production of hydroxyl radicals by chemical
and photochemical decomposition of hydrogen peroxide [41,43]. For this subject, some experiments
were conducted at different initial oxidant concentrations using 0.1 mM TA at optimum pH 3 and at a
room temperature of 25 °C. Ferrous iron concentration and hydrogen peroxide concentration were
examined in the range of 0-0.27 mM and 14.7-58.8 mM, respectively, for TA degradation. Figures 6
and 7 show the effect of ferrous iron and hydrogen peroxide concentrations on aromatics and TOC
removals during the treatment of TA by photo-Fenton process.

As it can be observed in Figures 6a and 7a, aromatics removal during the treatment of TA does
not depend on the initial contents of ferrous ions and hydrogen peroxide. There is no effect on both the
kinetic and the efficiency of absorbance percentage removal. Indeed, over 94% of absorbance reduction
was reached in any concentration of ferrous ions and hydrogen peroxide. Thus, it can be concluded
that a total disappearance of TA was obtained with the addition of ferrous ions and hydrogen peroxide
within the first 60 min of treatment by photo-Fenton process. However, without the addition of a
catalyst, 69.42% of absorbance removal could be achieved in UV /H,0O; process after 6 h of treatment
(Figure 6a). It should be noted that a partial mineralization was obtained under these experimental
conditions. These results indicate that ferrous ions are excellent catalysts and a small catalytic amount
may be sufficient to decompose HyO; efficiently into hydroxyl radicals HO®. That is why the H,O,
concentration is higher than Fe?" in all the experiments. In contrast, Figures 6b and 7b show that
the ferrous iron and hydrogen peroxide concentrations have an important effect on the rate of TOC
removal during the photo-Fenton treatment. In fact, the incorporation of Fe?* enhanced the efficiency
of UV/H,0; for TA degradation (see Figure 6b). It is noticed that, in the presence of Fe?* catalyst,
the degradation efficiency is more than 80% after 120 min treatment, while in the absence of Fe?*
catalyst, the efficiency of the organic compounds degradation is less than 58% for 420 min of reaction
time. Thus, the absence of ferrous iron during the mineralization of TA resulted in the latter’s slow
degradation. This could be due to the retarding production of excessive generated reactive radicals.
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However, by adding ferrous iron, the TOC removal increases from 80.15 to 94.27% after increasing the
Fe2* dose from 0.09 mM to 0.18 mM, and then it remains constant above this latter concentration.
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Figure 6. Effect of Fe?* amount on (a) Aromatics removal and (b) TOC removal by photo-Fenton process
(UV/H,0,/Fe?*). Experimental conditions: [TA] = 0.1 mM; [Fe?*] = 0-0.27 mM; [H,O,] = 29.4 mM;
T=25°C;and pH =3.

Moreover, the kinetic of TOC removal decreases to a dose of 0.27 mM. Hence, an almost complete
conversion of TA was achieved after 120 min of the treatment of TA by photo-Fenton process for
0.18 mM of ferrous iron. These results can be interpreted by the fact that the addition of low amounts
of ferrous iron (0.09 mM) does not enhance the performance of photo-Fenton process in wastewater
treatment. In this case, a small content of hydroxyl radicals results mainly from the photodecomposition
of hydrogen peroxide by UV light and it causes a slow removal in the mineralization. Besides, a gradual
increase in the concentration of ferrous ions to 0.18 mM increases the concentration of hydroxyl radicals
HO?® in the aqueous medium through the photo Fenton process, under the Fenton reaction, to form
ferric ions (Equation (5)) and by the photo-reduction of Fe(OH)?* complex (Equation (7)). Moreover,
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when high amounts of Fe?* are added to the wastewater, the regeneration of the catalyst (Fe** ions)
from Fe3* jons becomes slow due to the precipitation of ferric hydroxide Fe(OH)3, which prevents the
penetration of UV light into the reaction medium and therefore it reduces the quantum efficiency of the
UV lamp. Consequently, this inhibits the generation of hydroxyl radicals by ferrous iron. In addition,
the use of a much higher concentration of Fe?* could lead to the self-scavenging of hydroxyl radical
HO® by converting it to hydroxyl ions HO™~ during the oxidation of Fe?* (Equation (16)). From these
results, we can deduce that a 0.18 mM dose of ferrous ions is optimal for a better treatment of aqueous
solutions containing 0.1 mM of TA at pH 3.0 and 29.4 mM of H,O,, using the photo-Fenton process.

Fe?* + HO® — Fe®* + HO™ (16)

Similar behavior is noticed in the case of hydrogen peroxide dosage (Figure 7b). The addition of
initial hydrogen peroxide concentration from 14.7 to 29.4 mM resulted in an increase in mineralization
extents from 84.22% to 94.27% of TOC removal after 120 min of treatment, as seen in Figure 7b. A low
concentration of HyO, did not allow achieving complete mineralization of TA in the photo-Fenton
treatment. This can be explained by Equation (6). Increasing the amount of H,O, up to 29.4 mM
caused considerable efficiency improvement because of more reactive radical generation (Equations (5)
and (6)), which strongly enhanced the efficiency of TA degradation. Further increase of the HyO, dose,
greater than 29.4 mM, decreased the mineralization efficiency from 94.27% to 80.19% after 120 min of
the treatment of TA. After reaching an optimal value, a further boost of H;O, concentration negatively
influences the efficiency of the process due to the OH® scavenging effect of HO, and recombination
of hydroxyl radicals (Equation (17)). In addition, when hydrogen peroxide concentration is elevated,
the competitive reactions of hydroxyl radicals with H,O, excess in order to produce HO,* (Equations
(18) and (19)) consume a considerable amount of HO® radicals, which leads to a decline in the
process efficiency.

HO® + HO® — H,0O, (17)
H,O, + HO® — H,O + HOZ. (18)
HOZ. +HO® — H,O + O, (19)
a 100 _(/__”—3 + ®
S
~ 80
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g 60 ——29.4 mM
o 58.8 mM
O 40 |
- 1
g \
o 20 |
15
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Figure 7. Cont.
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Figure 7. Effect of HyO, dose on (a) Aromatics removal and (b) TOC removal by photo-Fenton process
(UV/H,0,/Fe?*). Experimental conditions: [TA] = 0.1 mM; [HyO,] = 14.7-58.8 mM; [H,O,]/[Fe**] =
164; T =25 °C; and pH = 3.

Therefore, a H,O, dose of 29.4 mM was found to be optimal for a complete disappearance of TA
in 60 min and total TOC removal in 120 min in the photo-Fenton oxidation for treating TA wastewater.
It was found that both parameters Fe?* and H,O, had a positive effect on the percentage of TOC
removal over the studied range. The optimal conditions for the decay absorbance at 276 nm (aromatics
removal) and TOC removal of TA were determined as [Fe?*] = 0.18 mM and [H,O;] = 29.4 mM. This
corresponds to a mass ratio of HyO, dose to Fe?* dose ([H,0,]/[Fe?*]) equal to 164.

3.6. Influence of Initial Dose of TA

To study the effect of this parameter, four TA concentrations of 0.05, 0.1, 0.2, and 0.4 mM were
tested at optimum conditions determined in previous steps (UV /PS: [K,5,03]/[TA] = 531, pH = 9 and
T =25 °C; UV/H,0, /Fe?*: [HyO,]/[Fe?*] = 164, [Hy0,]/[TA] = 294, pH = 3, and T = 25 °C). Results
presenting final percentage of absorbance and TOC removals for 120 min treatment are illustrated in
Figure 8. As shown in Figure 8a, the initial concentration of TA has no significant effect on either the
rate or the percentage of aromatics removal during the treatment by UV /persulfate and photo-Fenton
processes. In both processes, there is more than 90% of absorbance removal for the different initial
concentration of TA in the range 0.05-0.4 mM. However, TOC removal was strongly influenced by the
initial concentration of TA, as seen in Figure 8b. An increase in TA concentration from 0.05 to 0.1 mM
resulted in an increase in removal efficiency from 42.95 to 54.41% and from 85.44 to 94.27% for the
UV /persulfate and photo-Fenton processes, respectively, at 120 min of treatment. Increasing initial
concentration of TA from 0.1 to 0.4 mM decreases TOC removal efficiency.

The results obtained can be interpreted as follows: (i) A higher TA dose requires a big amount of
oxidants, and thus, the process efficiency decreased with a constant amount of oxidant. The greater
of amount in the reaction medium decreases the quantum yield of production of sulfates radicals
SO4°~ from K;S,0g and hydroxyl radicals OH® from HyO,. This is mainly due to the absorption of a
significant amount of UV radiation by the organic molecules, besides, by the coloring of the solution
and the formation of a precipitate layer of the jacket of the reactor, which makes difficult the passage of
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UV light in organic molecules. It is also due to competition between TA molecules and intermediates
compounds generated during the reaction. (ii) A low concentrations of TA and oxidants (K,5,0g, Fe?*,
and H;O,) decrease the probability of collusion between sulfates or hydroxyl radicals and aliphatic
intermediates, which makes difficult their mineralization into CO, and H,O. Several authors have
found similar observation in their study [44,75-77].
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Figure 8. Effect of TA initial concentration on (a) aromatics removal and (b) TOC removal by
UV /persulfate (UV-PS) and photo-Fenton (UV/H,0,/ Fe?*) processes under optimal conditions.
(UV/PS: [TA] = 0.05-0.4 mM, [K;S,05]/[TA] = 531, pH = 9 and T = 25 °C; UV/H,0, /Fe?*: [TA] =
86-680 mg L1, [HyO,]/[Fe?*] = 164, [Hy0,]/[TA] = 294, pH = 3, and T = 25 °C).

From these results, it is concluded that the best performance for the mineralization and
degradation of TA by UV /persulfate and photo-Fenton processes is obtained for an initial dose of TA
equal to 0.1 mM. This corresponds to a ratio weight equal to 531 and 294 successively for [Ky5,0g]/[TA]
and [H,O,]/[TA]. The two ratios are relative to the degradation and the mineralization of TA. It is also
clear that aromatics were decomposed into aliphatic intermediates by the photo-Fenton process, but it
is more difficult to mineralize TA by the UV /persulfate process. Therefore, the mineralization and
degradation of TA by the photo-Fenton process are more effective than by UV /persulfate process.
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3.7. Temperature Influence

Table 1 shows the effect of temperature on absorbance decay percentage and TOC removal
percentage during the treatment of TA by UV /PS and photo-Fenton processes within 2 h UV irradiation.
Temperature was examined in the range of 20-35 °C. The work of this range of temperature does
not cause any risk for either UV lamp or the photo-reactor. Results indicated that the increase of
temperature from 20 °C to 25 °C increases the percentage of absorbance and TOC removals at 120 min
of the treatment. However, the increase of this temperature from 25 °C to 35 °C does not have any
significant effect on aromatics and TOC removals during the treatment of aqueous solutions of TA by
the UV/PS and photo-Fenton processes.

Table 1. Effect of temperature on UV /PS and photo-Fenton efficiencies during the degradation of
TA for 2 h UV irradiation. (UV/PS: [K;5,05]/[TA] =531, pH =9 and T = 20-35 °C; UV/H,0, /Fe%*:
[H,0,]/[Fe?*] = 164, [H,O,]/[TA] = 294, pH = 3, and T = 20-35 °C).

° % ABS Removal % TOC Removal
Temperature (°C)

UV/PS PF UV/PS PF
20°C 924 +0.4 949 £0.6 50.4 £ 0.1 88.9£0.5
25°C 96.4 + 0.7 99.3+0.3 543 +0.2 943+ 0.5
35°C 958+ 0.3 973+ 04 53.6 £ 0.6 93.8+£0.5

Thus, the optimum temperature deduced in this study is 25 °C for the treatment of this effluent,
so less heating energy should be consumed. This phenomenon can be attributed to increasing the
temperature higher than the optimum value (25 °C) accelerates the rate of competitive reactions
which consumes sulfates and hydroxyl radicals. Besides, for a low temperature, the sulfates and
hydroxyl radicals generated in the reaction medium are not able to degrade TA. Many reports
discussed the temperature influence and have found similar results [74,78]. From these results,
it can be concluded that UV /persulfate process cannot be a viable option for the treatment of TA in
water taking into account its low mineralization yield (54.41%). Further investigations are needed
to enhance the performance of UV/PS in the mineralization of organic matter. The photo-Fenton
(UV/H,0, /Fe?*) process achieved more than 99% of aromatics removal and more than 94% of
TOC removal. The combination of UV /PS and photo-Fenton can be a good cost-effective method
that benefits from the advantages of persulfates (low cost) and the high efficiency of photo-Fenton
(high mineralization).

4. Conclusions

The efficiency and operating parameters for the treatment of TA by the UV /persulfate and
photo-Fenton were evaluated and compared. The results from this study showed that the performance
of photo-Fenton process is significantly superior to that of UV /persulfate process in the degradation
of TA aqueous solutions. The optimum conditions obtained for the best degradation were a pH =9,
a persulfate concentration of about 53.10 mM, a TA concentration of 0.1 mM and a temperature of
25 °C for UV /persulfate process and a pH 3, a ferrous iron concentration of 0.18 mM, a hydrogen
peroxide concentration of 29.4 mM, a TA concentration of 0.1 mM, and a temperature of 25 °C
for the photo-Fenton process. Under optimal conditions, removal efficiency for UV /persulfate
and photo-Fenton were 96.38% and 99.32% for absorbance removal and 54.41% and 94.27% for
TOC removal, respectively. The results obtained have shown that a more complete mineralization
was obtained in the photo-Fenton process. It can be summarized that photo-Fenton process more
effective than UV /persulfate process. The efficiency of photo-Fenton can be explained by the catalytic
decomposition of H,O, by Fe?* ions, the photo reduction of hydrogen peroxide by irradiation UV
and the photo-reduction of hydroxyl iron complex, which lead to the production of higher contents of
hydroxyl radicals. Of those hydroxyl radicals, HO® is a more powerful oxidant than sulfates radicals
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SO4°~. Even though, PS is widely known to produce less powerful radicals, the fact of having an
optimal pH at nine may be easily applied to real cases and the costs of adjusting the pH can be fewer.
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