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Abstract 

AOX emissions to water are a key environmental aspect in the pulp and paper industry being 

limited by EU Ecolabel criteria. In this work, response surface methodology was used to 

optimise Fenton and photo-Fenton processes for AOX removal from a kraft pulp mill bleaching 

wastewater. Focus on the specific stream where AOX is higher reduces the wastewater volume 

to treat and the associated costs. Moreover, there is a need to assess the effect of treatment in 

parameters other than AOX, such as BOD5, COD and colour content, which were also 

quantified in this work. Operational costs were determined for both processes, including 

chemical consumption and energy input (in the case of photo-Fenton process).  

The photo-Fenton process exhibited better performance than the classic Fenton process, 

achieving 90 % AOX removal against 80 % for the Fenton process, higher colour content 

removal and enhanced wastewater’s biodegradability (BOD5/COD ratio). Moreover, photo-

Fenton process showed lower operational costs for maximum AOX removal: 46.5 €·m-3 

wastewater treated or 0.45 €·g-1 AOX removed, against 70.0 €·m-3 wastewater treated or 0.78 

€·g-1 AOX removed by the Fenton process.  
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Pulp and paper industry (PP) is one of the main producers of wastewater worldwide. Kraft 

pulping is the prevalent chemical pulping process accounting for 90 % of the worldwide paper 

production [1]. From the different stages of the pulping process, bleaching process produces 

probably the most toxic wastewater stream,  exhibiting  high chemical oxygen demand – COD 

(1 – 7 g·L-1), high content of suspended solids (0.5 – 2 g·L-1), low biodegradability ratio of 

BOD5/COD (0.02 to 0.07, with BOD5 meaning 5-day biochemical oxygen demand), dissolved 

lignin, colour, complexing agents like EDTA, an array of inorganic elements (e.g. Ca, K, Mg, P 

and Al) and hundreds of organochlorine compounds, such as dioxins, furans, chlorophenols, 

chloroform, chloromethane, phenols, chlorinated hydrocarbons, etc. [2–7]. However, the most 

concerning pollutant found in PP wastewater is perhaps the adsorbable organic halogens – 

AOX – which show extremely concerning effects on fish and zooplankton, including respiratory 

stress, mixed function oxygenase activity, carcinogenicity and mutagenicity, liver damage, effect 

on sexual maturation and ability to reproduce, and even lethal effects [3,4,8,9]. Therefore, AOX 

emissions from the pulp and paper industry are regulated with the EU Ecolabel imposing a 

maximum of 0.17 kg·ton-1 of air-dried pulp at the point of discharge [10]. 

The toxic and recalcitrant nature of the PP bleaching wastewater makes conventional biological 

processes insufficient to ensure efficient treatment [11–16]. Regarding AOX removal, 

Ranganathan et al. [8] cited more than one study reporting biological processes’ efficiencies 

below 50 % in removing these compounds from wastewaters, even with hydraulic retention time 

of 15 h.  

The Fenton process is one of the most widely studied advanced oxidation process (AOP) for 

recalcitrant compounds removal. It is based on the catalytic effect of Fe2+ on the dissociation of 

the oxidant, H2O2, into hydroxyl radicals, HO●, which is a strong and non-selective oxidant 

capable of oxidizing highly recalcitrant organic pollutants [11,17–20]. The main drawbacks of 

the Fenton process are the high consumption of chemicals and the formation of a dark iron 

sludge that requires additional costs for separation from the treated wastewater and subsequent 

disposal [21–24]. Adding UV light to the treatment (the so called photo-Fenton process) has 

been proved effective for regenerating the catalytic Fe2+ ion by photo-reduction of Fe3+ 

(reducing the consumption of Fe2+), simultaneously improving the production of HO● and the 

degradation of organic pollutants [7,11,19,22,23,25,26].  
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The efficiency of Fenton processes is mainly ruled by the conditions of operation, namely 

oxidant and catalyst concentrations, pH, temperature, and time of treatment [18,23]. Moreover, 

the choice of the most suitable experimental conditions to treat any particular wastewater 

depends mainly on the characteristics of that wastewater [19]. Fenton processes are strongly 

influenced by pH mainly due to the speciation of iron [11,25,26], with the optimum pH being 

around 2.5 – 3 [11,22,27]. At lower pH values, complex iron species like [Fe(H2O)6]2+ react with 

H2O2 at slower rates, reducing HO● formation and changing quantum yield of light absorption (in 

the case of photo-Fenton) [11,28,29]. On the other hand, higher pH values can favour: (i) H2O2 

decomposition to O2 and H2O [26,28], and (ii) the formation and precipitation of iron 

oxides/hydroxides, meaning less iron ions are available to react with H2O2 and form HO● 

[2,11,26]. Temperature has been reported to have a negligible effect on Fenton/photo-Fenton 

efficiency [11,28,30] given the low activation energy of the first steps of the reaction mechanism 

[31]. 

In this work, response surface methodology (RSM) was used to find the optimal operating 

conditions to remove AOX from a real kraft pulp bleaching wastewater by Fenton and photo-

Fenton processes. Since AOX arises essentially in pulp bleaching operations, this work focused 

on AOX removal from the bleaching stage wastewater before mixing with other wastewater 

streams and being sent to the wastewater treatment plant. This strategy reduces the volumes to 

be treated by the Fenton processes and thus reduces the consumption of chemicals and the 

capital and operational costs. Despite focusing on AOX removal, and contrasting to what is 

sometimes found in the literature, in this work an integrated analysis has been performed to 

assess also the “side-effects” of the Fenton/photo-Fenton treatment, regarding COD, BOD5 and 

colour reduction, plus the operational cost associated with the Fenton and photo-Fenton 

processes.  

 

2. EXPERIMENTAL 

2.1 WASTEWATER 

The bleaching wastewater was provided by a Portuguese PP industry that produces kraft pulp, 

mainly from Eucalyptus globulus, using a 4-stage elemental chlorine free bleaching process 

comprising three chlorine dioxide (D) stages and an intermediate alkaline extraction with H2O2 
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addition (Ep) – D0EpD1D2. The wastewater samples were collected (grab sample) from the 

industrial plant, immediately after the D0 bleaching stage, and stored in the dark at 0 – 4 ºC. The 

wastewater samples were used within one month and characterized by standard methods (see 

Section 2.4). The parameters listed in Table 1 represent mean and standard deviation values of 

replicate analysis performed monthly throughout two years.   

 

Table 1. Characteristic parameters of D0 bleaching wastewater from a Portuguese Kraft PP 
industry. 

Parameter Mean ± s 

AOX (mg·L-1) 123.2 ± 28.2 

COD (mg O2·L-1) 3100 ± 299 

BOD5 (mg O2·L-1) 178 ± 16.8 

pH 2.2 ± 0.2 

Colour (mg Pt·L-1) 1530 ± 227 

 

2.2 EXPERIMENTAL DESIGN 

The experimental work was planned and executed according to central composite experimental 

design (CCED). This method allows to assess the effect of a priori established factors 

(independent variables) on a target response (dependent variable). Factors are studied within a 

predefined range (minimum “-1”, median “0” and maximum “1”), originating a matrix of 

experiments to perform, to which at least 3 replicates of the central point (performed at the “0” 

values of each factor) and 2 axial points (± “1.42”) are added, to allow for statistical inference 

and quadratic effects assessment, respectively. In this work, the response was AOX removal 

from the D0 bleaching wastewater and the independent variables tested were concentration of 

the oxidant [H2O2] and concentration of the catalyst [Fe2+], for both Fenton and photo-Fenton 

processes. Considering that the pH of the wastewater used in this work (2.2 ± 0.2, see Table 1) 

was within the optimal pH range (2.5 – 3.0) for Fenton processes [11,22,27,32], the experiments 

were performed without pH correction. Regarding temperature, since the wastewater is 

generated at 60 ± 5 ºC the experiments were performed at 60 ± 2 ºC envisioning a future 

industrial implementation (i.e. to avoid additional costs related to temperature adjustment). The 

treatment time (t) was set at 10 min based on preliminary experiments that revealed treatment 
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times above 10 minutes have no statistically significant effect on AOX removal for this 

wastewater [33].  

Table 2 presents the values of the factors at the defined levels for the CCED experiments along 

with the fixed operating parameters. A total of 11 experiments were performed including 3 

repetitions at the central point. 

 

Table 2. Predefined levels of studied variables [H2O2] and [Fe2+] used in the CCED experiments for 
optimisation of response AOX removal by Fenton and photo-Fenton processes. 

Variable -1.42 -1 0 +1 +1.42 

[H2O2] (mM) 20 51.8 137.5 223.3 250 

[Fe2+] (mM) 1 3.2 8.5 13.8 16 

t (min) 10 

pH 2.2 ± 0.2 

Temperature, T (ºC) 60 ± 2 

Irradiance* (W·m-2) 142 

*Photo-Fenton process (medium pressure UVA+UVB lamp) 

 

2.3 EXPERIMENTAL SETUP 

Experiments were performed in a 0.7 L quartz photoreactor, equipped with a 150W UV medium 

pressure UVA+UVB (297 - 436 nm) TQ150 lamp (for the photo-Fenton experiments) and 

magnetic stirring. For each experiment, 0.5 L of bleaching wastewater was placed inside the 

reactor and, after reaching the pre-set temperature for the essay, H2O2 (30 % w/v, Panreac) and 

Fe2+ (0.8 M aqueous solution of FeSO4·7H2O, Panreac, 97% purity) were added under constant 

stirring (200 rpm) to initiate the Fenton reaction. In the photo-Fenton experiments, the UV lamp 

was turned on immediately after adding the chemicals. After the pre-set treatment time, samples 

were taken from the reactor and immediately quenched by adding an aqueous solution of 

sodium sulphite (1.5 M aq. solution of Na2SO3, Fisher, 98% purity). Each sample was split into 

three subsamples, which were preserved as follows: (i) acidification (pH< 2) for AOX and COD 

analysis; (ii) neutralization (pH ≈ 7) for BOD5 analysis; (iii) no pH adjustment for colour 

measurement. The three subsamples were stored below 4 ºC until analysis.  

 

2.4. ANALYTIC METHODS 
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AOX was quantified by coulometric titration, in accordance with EN 16166:2012, ISO 9562:2004 

and EPA Method 1650C, using a Thermo TOC 1200 AOX/Total Carbon Analyser. COD and 

BOD5 measurements were performed using an Aqualytic® COD photometer and a WTW 

Oxitop® Control equipment, respectively, following the commonly accepted methodologies 

5220D and 5210D [34]. pH was measured with a Denver Instrument® model 25 pH/ION 

METER. Colour was determined by absorbance measurements at 410 nm, according to ISO 

7887:2015, using a T80+ UV/VIS spectrometer from PG instruments. 

 

2.5. STATISCAL DATA TREATMENT 

RSM was used to analyse the experimental results, allowing to explore the relationships 

between the variables and the studied response from a reduced number of experiments. It is 

used for mapping a response surface over a special region of concern, or for selecting 

operating conditions to obtain purpose requirements [35].  

In this work, a regression model (second order polynomial function, equation (1)) was fitted to 

the experimental results. 

𝑍 = 𝑘 + 𝑎. 𝑥 + 𝑏. 𝑥2 + 𝑐. 𝑦 + 𝑑. 𝑦2 + 𝑒. 𝑥. 𝑦   (1) 

where Z is the fitted response, in this work AOX removal; k, a, b, (…) to e are the regression 

coefficients; and x and y are the independent variables, in this work [H2O2] and [Fe2+], 

respectively. The last term corresponds to the interaction between the two dependent variables. 

Additionally, for both set of results - Fenton and photo-Fenton experiments - simplifications of 

equation (1) were tested (e.g. model without the interaction term), in order to obtain a suitable 

model that predicts the efficiency of AOX removal as a function of [H2O2] and [Fe2+]. 

The adequacy of the suggested regression model was evaluated by carrying out an analysis of 

variance (ANOVA) of the regression; p-value and Lack of Fit parameters were used, as well as 

the determination coefficients (R2 and R2
adj). A 95 % confidence level was adopted in this study. 

The validation of the model assumptions was done through a residuals plots analysis. First, the 

residuals were normalized with respect to their standard deviations (studentized) and its 

distribution was analysed to determine if they followed a normal distribution (i.e. a normal 

distribution function was fitted to the residuals) and were random (the observed residuals were 

plotted against predicted AOX removal). An outlier plot was also assessed to determine if any of 
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the experiments had particularly large residuals; usually a cut-off of  3.5 standard deviations is 

used to define an outlier. All statistical analyses were performed with StatSoft Statistica® v. 8.0 

software. 

 

3. RESULTS AND DISCUSSION 

The bleaching wastewater sample used in this work had 113.9 mg·L-1 AOX, 3703 mg·L-1 COD, 

174.3 mg·L-1 BOD5 and 1804 mg Pt·L-1 colour. These values are within the average values of 

the bleaching wastewater from the industrial plant as shown in Table 1. 

 

3.1 Fenton process 

The second-order polynomial model of equation (1) and three simplifications of this model were 

fitted to the experimental results for the Fenton process – see Table S1 in the Supplementary 

Material. Since the interaction between the independent variables was not significant (p = 0.37) 

and decreased the quality of the fitting (decreasing R2
adj), the polynomial fitting was performed 

disregarding the interaction term from equation (1).  

The ANOVA results and the regression coefficients of the fitted model (without interactions) are 

shown in Table 3 and Table 4, respectively. The determination coefficient (R2 ≈ 0.815) indicated 

the model explains 81.5 % of the response variability (see Figure 1d). This value is very close to 

the minimum value (R2 = 0.80) usually pointed out as acceptable [36,37]. Most important, the 

Lack of Fit was not significant relatively to pure error (p-value = 0.08), which proves that the 

quadratic model without the interaction term fits well to the data for the Fenton process. 

Therefore, the model fitted to the experimental results was obtained according to Eq. (2). 

𝑍 = 22.0 + 0.453𝑥 − 0.001𝑥2 + 1.12𝑦 − 0.011𝑦2  (2)    

The linear effect of the oxidant concentration, [H2O2], was the only statistically significant 

variable, meaning that AOX removal increases linearly with increasing [H2O2] (p<0.01, see 

Table 3).  

 

Table 3. ANOVA table for AOX removal from kraft bleaching wastewaters by the Fenton process. 

Variable SS df MS F p-value 

[H2O2] (mM) - Linear 1207.776 1 1207.776 17.36556 0.005897 
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[H2O2] (mM) - Quadratic 323.824 1 323.824 4.65599 0.074305 

[Fe2+] (mM) – Linear 229.707 1 229.707 3.30275 0.119057 

[Fe2+] (mM) – Quadratic 0.538 1 0.538 0.00773 0.932784 

Lack of Fit 415.594 4 103.899 121.794 0.081600 

Pure Error 1.706 2 0.853   

Total SS 2256.734 10    

 

Table 4. Regression coefficients for the second-order polynomial model fitting AOX removal by the 
Fenton process. 

Variable 
Regression 

coefficient 

Std. 

error 
p-value 95% Confidence interval 

Mean 22.034 12.854 0.137 -9.418 53.485 

[H2O2] (mM) - Linear 0.453 0.144 0.020 0.099 0.806 

[H2O2] (mM) - Quadratic -0.001 0.001 0.074 -0.002 0.000 

[Fe2+] (mM) – Linear 1.196 2.178 0.603 -4.132 6.524 

[Fe2+] (mM) – Quadratic -0.011 0.124 0.933 -0.314 0.292 

 

Concerning the validation of the model assumptions, the residual plot shown in Figure 1a shows 

small deviation from the straight line, indicating that the studentized residuals may be 

considered to follow a normal distribution. Figure 1b shows a random scatter approximately 

centred on zero throughout the range of predicted values, indicating the residuals are random 

and the variance of the observations is constant for all response values. Moreover, no outliners 

were identified in Figure 1c since all values lied within the range  3.5 standard deviations 

around the mean. 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Figure 1. AOX removal by Fenton process: (a) studentized residuals and normal (%) probability; (b) 
studentized residuals and predicted response; (c) outlier t plot; (d) predicted and experimental 
values. 

 

Figure 2 depicts the response surface predicted by the model, which can be used to analyse 

and predict the AOX removal for any given operating condition within the experimental range of 

this work, and within that range only (see Table 2). Results showed increasing AOX removal for 

increasing [H2O2], which is in accordance with several published works (e.g. [11,17,29]) dealing 

with Fenton processes. Enough H2O2 will maximize the production of HO●, which is the driving 

force of the main reactions of degradation of organics (R) involved in Fenton processes: 

hydroxylation, dehydrogenation or hydrogen abstraction, and redox reactions – see equations 

(3)-(4) [27,38,39].   

HO● + 𝑅 → 𝑅HO● → hydroxylated products       𝑘 ≈  107 − 1010 M−1 ∙ s−1 (3) 

HO● + 𝑅 → 𝑅● + 𝐻2𝑂 → oxidised products          𝑘 ≈  10
7 − 1010 M−1 ∙ s−1 (4) 

The general degradation pathways of the organics show that hydroxylation of organic aromatic 

pollutants leads to the cleavage of the aromatic moieties yielding short-linear aliphatic 

carboxylic and dicarboxylic acids, which chain is shortened, giving rise to the accumulation of 

oxalic and formic acid that are finally mineralized to CO2 [38,40]. Care must be taken to prevent 

excess use of H2O2 given its counter-productive effect of HO● scavenging; moreover, unused 

H2O2 will increase COD and toxicity of the treated wastewater, which may pose environmental 

threats and/or hinder Fenton application prior to biological treatment [2,11,19]. In fact, Bautista 

et al. [39] recorded an EC50 value of 12 mg·L-1 of H2O2 for marine bacterium Vibrio fischeri. 

Moreover, for short treatments times, the intermediates in the solution may still be structurally 

close to the initial recalcitrant compounds [41], contributing to toxicity, although Xie et al 

registered that 28 out of 33 kinds of organic compounds, among which 11 out of 13 kinds of 
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AOX were completely removed by the Fenton process applied to pharmaceutical wastewater 

[42].   

In this work, maximum AOX removal (≈ 80 %) was attained for [H2O2] ≥ 160 mM. Considering 

the associated operational costs (see Section 3.3), the optimal solution for maximum AOX 

removal by Fenton process would be [H2O2] =169 mM and [Fe2+] = 12.5 mM. A validation 

experiment was performed under these conditions, yielding 82.2 % AOX removal which differs 

less than 3 % from the predicted result (80.1 % AOX removal). Catalkaya and Kargi [43] 

achieved even better results for pulp mill wastewater treatment by Fenton process: 89 % AOX 

removal, for [H2O2] = 50 mM and [Fe2+] = 2.5 mM, with pH = 5, ambient temperature and t = 30 

min. The higher AOX removal yield for lower concentrations of H2O2 and Fe2+ might be due to 

the biological pre-treatment undergone by the wastewater before the Fenton treatment [43]. 

Hence, easily biodegradable compounds had already been removed from the wastewater 

matrix and did not compete for HO●. These findings prove the influence of the wastewater 

composition on the treatment efficiency, and the need for optimization procedures such as 

those performed in this work.  

 

Figure 2. Influence of [H2O2] and [Fe2+] on AOX removal from the D0 bleaching stream wastewater 
(CAOX_D0 = 113.9 mg·L-1), for 10 min treatment by the Fenton process. 

 

Figure 3 shows the side-effect of the Fenton process on: (a) COD, (b) BOD5, (c) BOD5/COD 

ratio and (d) colour of the D0 bleaching wastewater. As stated before, the goal of this work was 

not to optimise these parameters, but rather to quantify any side-effect caused by the Fenton 

process performed under optimised conditions for AOX removal. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 3. (a) COD, (b) BOD5, (c) BOD5/COD ratio and (d) colour of the D0 bleaching stream 
wastewater for 10 min treatment by the Fenton process. COD_D0 ≈ 3703 mg O2·L-1 ; BOD5_D0 ≈ 174.3 
mg O2.·L-1 ; colour_D0 ≈ 1804 mg Pt·L-1 

The experimental results for COD ranged between 2500 and 4500 mg·L-1. Within the range of 

operating conditions evaluated, the highest COD removal was achieved for [Fe2+] < 6 mM and 

[H2O2] between 100 and 150 mM, corresponding to 0.89 and 1.38 g H2O2 / g CODinitial, 

respectively, and to AOX removal between 50-70 %. These results corroborate the findings of 

Van Aken et al. [17], who reported optimum COD removal (up to 67 %) from a graphical industry 

wastewater, for an oxidant dose between 0.2 and 2 g H2O2 / g CODinitial. On the other hand, 

Torrades et al. [28] registered a maximum COD removal (around 95 %) from synthetic black 

liquor at pH = 3, T = 25 ºC, [Fe2+] = 4.66 mM and a much lower concentration of oxidant ([H2O2] 

= 44.1 mM). Altogether, these results highlight the importance of using real samples to identify 

the optimum operating conditions for treating real wastewaters.    

For [Fe2+] > 6 mM and [H2O2] > 150 mM, COD of the treated wastewater increased. This means 

that, for maximum AOX removal condition, predicted COD removal below 10% would be 
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achieved (a confirmation experiment was performed yielding 8% COD removal). For the highest 

[H2O2] tested in this work, maximum COD (around 4500 mg O2·L-1) in the treated wastewater 

was registered, which would correspond to an increase in COD (around 20%). This is in 

agreement with Babuponnusami and Muthukumar [11], who also observed that excess 

chemicals would contribute to increase COD in the substrate. The explanation for this fact is 

probably related to the auto-scavenging of HO● radicals, which forms water and perhydroxyl 

radicals (OH2
•) reducing the efficiency of the process [20,38,44,45]. Indeed, a decrease in AOX 

removal in the region of higher oxidant concentrations was also observed in this work (see 

Figure 2).   

Increasing the oxidant concentration increased BOD5 in the treated wastewater up to more than 

twice. Maximum BOD5 recorded surpassed 450 mg O2·L-1 for [H2O2] > 200 mM. Thus, the 

conditions for maximum AOX removal ([H2O2] >160 mM) are prone to increase BOD5 of the 

treated wastewater. In practice, the BOD5/COD ratio is more relevant than the final BOD5, since 

it expresses the biodegradable organic fraction in the total organic load. In this work, for highest 

AOX removal conditions, the predicted BOD5/COD ratio slightly increased to 0.06-0.09 against 

0.05 in the original wastewater, which was validated by a confirmation experiment that yielded 

0.07. These findings show that the higher AOX removals achieved by the Fenton process would 

also entail some biodegradability enhancement. This is a very positive feature assuming that 

this process would be applied prior to any biological treatment. Corroborative results of this 

strategy have been reported in the literature. For instance, Balcioglu et al. [12] recorded an 

increase of the BOD5/COD ratio of a photoprocessing wastewater, from 0.20 to 0.55, after 60 

min of Fenton treatment with [H2O2] = 180 and [Fe2+] = 10 mM. In another work, Van Aken et al. 

[17] recorded an increase in BOD5/COD ratio from 0.10 to almost 0.40 for increasing [H2O2] (up 

to 30 mM, with [Fe2+] around 60 mM), when treating graphical industry wastewater with the 

Fenton process. However, that increase was mainly due to the reduction in COD since no 

significant effect on BOD5 was registered.      

Regarding colour intensity, the highest values were recorded for lower [H2O2]:[Fe2+] pairs. In 

these conditions, corresponding to AOX removal below 60 %, the colour of the wastewater 

became more than four times worse than before treatment, mainly due to the oxidation of iron 

which leads to the formation and precipitation of ferric compounds such as Fe(OH)3. On the 
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other hand, conditions of high [H2O2] and low [Fe2+] produced the lowest colour intensities: ≤ 

1200 mg Pt·L-1, corresponding to more than 30 % colour reduction. This result is, however, 

lower than those found in the literature (85-90 %)  for different wastewaters [29,43]. At optimal 

oxidant and catalyst concentrations for AOX removal, model prediction (confirmed 

experimentally) showed that colour became around two-fold the colour of the untreated 

wastewater, which is a disadvantage of the Fenton process. 

 

3.2 Photo-Fenton Process 

The second-order polynomial model of equation (1) and three simplifications of this model were 

fitted to the experimental results for the photo-Fenton process; Table S2 in the Supplementary 

Material resumes the determination coefficients and mean square residual of these regression 

model fittings. The best fitting model was the second-order polynomial model disregarding the 

interaction effect of the two independent variables (Eq. (5)) since it was not significant and did 

not improve R2
adj.  

𝑍 = 40.1 + 0.462𝑥 − 0.001𝑥2 − 0.124𝑦 + 0.003𝑦2  (5)    

The p-value of the Lack of Fit (see Table 5) indicates that the fit of the regression model is 

significant. Moreover, the R2 of this model was also quite good (≈0.99) which highlights the 

quality of the fit (see also Figure 4d). Table 5 and Table 6 present the ANOVA results and the 

regression coefficients, respectively, for the fitted model.  

 

Table 5. ANOVA table for AOX removal (%) from kraft bleaching wastewaters by the photo-Fenton 
process. 

Variable SS df MS F p-value 

[H2O2] (mM) - Linear 1872.208 1 1872.208 1330.703 0.000751 

[H2O2] (mM) - Quadratic 268.821 1 268.821 191.069 0.005193 

[Fe2+] (mM) – Linear 1.425 1 1.425 1.013 0.420214 

[Fe2+] (mM) – Quadratic 0.031 1 0.031 0.022 0.895546 

Lack of Fit 19.212 4 4.803 3.414 0.239184 

Pure Error 2.814 2 1.407   

Total SS 2256.435 10    
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Table 6. Regression coefficients for the second-order polynomial model fitting for AOX removal by 
the photo-Fenton process. 

Variable 
Regression 
coefficient 

Std. 
error 

p-value 95% Confidence interval 

Mean 40.089 2.953 0.000 32.864 47.315 

[H2O2] (mM) - Linear 0.462 0.033 0.000 0.381 0.543 

[H2O2] (mM) - Quadratic -0.001 0.000 0.000 -0.001 -0.001 

[Fe2+] (mM) – Linear -0.124 0.500 0.812 -1.348 1.100 

[Fe2+] (mM) – Quadratic 0.003 0.028 0.930 -0.067 0.072 

 

With regard to the influence of the independent variables in the response, from Table 5 it is 

clear that both linear and quadratic terms of the oxidant concentration ([H2O2]) have significant 

effects on the AOX removal (p-values < 0.01). The catalyst concentration in the range tested 

has a non-significant effect. 

The model adequacy was checked by residual plots analysis. The normal probability plot 

presented in Figure 4a shows that residuals mainly follow a normal distribution. The random 

scatter of the residuals in Figure 4b indicates that the regression model is an appropriate 

description of the process. In Figure 4c all observations lied in the interval  3.5, thus no outliers 

were identified in this set of experiments. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 
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Figure 4. AOX removal by photo-Fenton process: (a) Studentized residuals and normal (%) 
probability; (b) Studentized residuals and predicted response; (c) Outlier t plot; (d) predicted and 
experimental values.  

 

The response surface obtained from the photo-Fenton experiments, concerning the AOX 

removal efficiency, is shown in Figure 5, and can be used to analyse and predict the AOX 

removal for any given operating condition within the experimental range of this work, and within 

that range only (see Table 2).   

 

Figure 5. Influence of [H2O2] and [Fe2+] on AOX removal from the D0 bleaching stream wastewater 
(CAOX_D0 = 113.9 mg·L-1), for 10 min treatment by photo-Fenton process. 

 

AOX removal by photo-Fenton process increased with increasing [H2O2] (p < 0.0001). 

Significance of both linear and quadratic effects shows that this dependence is well described 

by a second-order relationship. Maximum AOX removal attained was around 90 %, for [H2O2] ≥ 

178 mM, and providing a minimum 1 mM Fe2+, which is substantially lower than for Fenton 

process. Under these conditions, the predicted AOX removal for the Fenton process was only 

68 % (see also Figure 2).  

Catalkaya and Kargi [43] recorded 93 % AOX removal from a biologically treated pulp mill 

wastewater for much lower concentrations of chemicals, namely [H2O2] = 50 mM and [Fe2+] = 

2.5 mM, with t = 5 min and a 16 W UV lamp. In this work, those [H2O2]:[Fe2+] conditions would 

only remove about 50 % AOX, even considering higher operating times (t = 10 min) and UV 

irradiation (142 W UV lamp), which highlights the influence of the prior biological treatment and 

the characteristics of the wastewater itself. 
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A validation experiment was performed with [H2O2] = 178 mM and [Fe2+] = 1 mM, leading to 

89.4 % AOX removal, which differs only 1 % from the predicted result – 90.1 % AOX removal. 

This confirms the predictive quality of the fitted model. 

The effect of the photo-Fenton process on COD, BOD5, BOD5/COD ratio and colour content of 

the bleaching wastewater is shown in Figure 6. Lowest COD of around 2600 mg·L-1 was 

recorded for [H2O2] ranging between 100 and 150 mM, corresponding to 0.89 and 1.38 g H2O2 / 

g CODinitial, respectively (p < 0.01), for the tested range of [Fe2+]. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 6. (a) COD, (b) BOD5, (c) BOD5/COD ratio and (d) colour of the D0 bleaching stream 
wastewater for 10 min treatment by photo-Fenton process. COD_D0 ≈ 3703 mg O2·L-1 ; BOD5_D0 ≈ 
174.3 mg O2·L-1 ; colour_D0 ≈ 1804 mg Pt·L-1 

 

Any adopted solution for AOX removal by the photo-Fenton process would also result in some 

COD removal, but always below 30 %. At optimum conditions for AOX removal, 15 - 25 % COD 

removal was expected, and confirmed experimentally (20 % achieved experimentally). This 

suggests that the organic compounds attacked by HO● are possibly being transformed into 
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other compounds (dichromate-oxidizable) that contribute equally for COD. Accordingly, 

Hermosilla et al. [46] reported equal COD removal of a landfill leachate with photo-Fenton using 

a 32-fold lower concentration of iron when compared with Fenton. Torrades and García-

Montaño [36] recorded 60 % COD removal from a dye wastewater after 120 min of treatment by 

photo-Fenton process under the following conditions: pH = 3; T = 25 ºC; [Fe2+] ≈ 2 mM and 

[H2O2] = 73.5 mM. In this work, those concentrations would only yield around 30 - 35 % COD 

removal. This difference may be due to the nature of the wastewater treated and to the 

temperature. In fact, very high temperature may reduce treatment efficiency due to 

decomposition of H2O2 into O2 and H2O [11,47].  

Maximum BOD5 (> 280 mg O2·L-1) was recorded in the region of low [Fe2+] and [H2O2] in the 

range 90-150 mM. For higher oxidant concentration a decrease of BOD5 was recorded, up to a 

maximum of about 40 %. Hence, for the conditions of maximum AOX removal ([H2O2] > 150 mM 

and [Fe2+] = 1 mM) BOD5 of the treated wastewater would be around 270 mg O2·L-1. In that 

experimental range, BOD5/COD ratio would increase from 0.05 in the untreated wastewater to 

0.07 - 0.12, meaning some biodegradability rising. This was verified by an experiment at optimal 

conditions for AOX removal ([H2O2] = 178 mM and [Fe2+] = 1 mM) that yielded 20% BOD5 

increase, meaning BOD5/COD ratio increasing to 0.09. These results highlight the low 

biodegradable fraction of the wastewater and the importance of adjusting the oxidant 

concentration for AOX removal by the photo-Fenton process so that it can benefit a downstream 

biological treatment. Similarly, Morais and Zamora [48] observed an increase in the BOD5/COD 

ratio from 0.13 to 0.40 for photo-Fenton treatment of landfill leachate, under 58.8 mM of H2O2 

and 0.18 mM of Fe2+, with t = 60 min, pH = 2.8, ambient temperature and a 125 W lamp as UV 

radiation source.  

As previously observed for the Fenton process, the colour intensity of the photo-Fenton treated 

bleaching effluents was higher for lower [H2O2] and [Fe2+]. In this range of conditions, 

corresponding to AOX removal ≤ 70 %, the colour of the treated wastewater would be more 

than four-fold the value before treatment. On the other hand, pairs of high [H2O2] and low [Fe2+] 

produced the lowest colour intensities: around 300 mg Pt·L-1, corresponding to more than 80 % 

colour removal. These results were similar to the ones obtained by Catalkaya and Kargi [43] for 

biologically treated pulp mill wastewater – 82 % colour removal after 5 min. Finally, it should be 
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noted that ranges of oxidant/catalyst concentrations that yielded the higher AOX removal also 

yielded the highest colour removal (model prediction of at least 70 % colour reduction, 

experimentally verified – 76 % reduction registered), which is another promising result. 

These results show the higher efficiency of the photo-Fenton process, associated to the UV light 

effect. Such improvement is due to the fact that under light irradiation [Fe(OH)]2+, which is the 

dominant Fe3+ form at pH 2.8-3.5 [23,49], undergoes metal charge transfer excitation, producing 

HO● and regenerating Fe2+, that catalyses the decomposition of H2O2 into even more HO● 

(equation (6)). In addition, a different (but slower) pathway of HO● production takes place under 

photo-Fenton conditions, which is the direct photolysis of H2O2, according to equation (7) 

[23,50,51]. 

[Fe(OH)]2+
hν
→ Fe2+ + HO●   (6) 

   

H2O2
hν
→ 2 HO●     (7) 

 

3.3 Operational cost analysis 

The experimental results presented in this work show that it is possible to attain a certain value 

for AOX removal by more than one combination of [H2O2] and [Fe2+]. Therefore, the final 

decision about the operating conditions will be ruled by economic criteria, namely operational 

cost analysis. In this work, the Fenton and photo-Fenton model equations were used to 

determine all combinations that would yield AOX removal equal to 25, 30, 35, 40, …, up to 90 

%. Operational costs were computed in order to determine the cheapest combination to achieve 

each target AOX removal based on lab-scale average market prices for H2O2 30 % (w/v) and 

FeSO4.7H2O of 2 €·L-1 and 9.5 €·kg-1, respectively, and electricity cost of 70 € MWh-1 (for the 

UV light supply in photo-Fenton process), based on typical energy market prices for Portuguese 

PP industry. Considering a 150 W of UV-lamp power, 10 min of treatment, and assuming that 

the recorded removals would only be valid for 0.5 L (which reflects an unrealistic worst-case 

scenario), a cost of electricity per cubic meter of treated wastewater was computed (3.50 €·m-3) 

for the photo-Fenton process operational cost. Figure 7 shows the minimum attainable cost for 

the different AOX removal targets from the bleaching wastewater by both Fenton and photo-

Fenton processes. 
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Figure 7. Operational costs for AOX removal from D0 bleaching wastewater by Fenton and photo-
Fenton processes. 

 

To achieve higher AOX removal, higher chemical concentrations are necessary, namely H2O2, 

as proved experimentally. Using the Fenton process, 50 % AOX removal would cost 18.99 €·m-

3; for maximum AOX removal (around 83 %) the cost would be more than 70 €·m-3. For the 

studied wastewater (CAOX = 113.9 mg AOX·L-1), this would represent costs from 0.13 €·g-1 AOX 

removed (for 25 % removal) up to 0.78 €·g-1 AOX removed (for 80 % removal). 

As stated before, AOX removal by photo-Fenton process depended only on [H2O2] so the most 

economical solution for each AOX removal target was achieved by increasing only [H2O2], while 

providing the minimum [Fe2+] studied: 1 mM. According to Figure 7, the operational costs 

associated with the photo-Fenton process are systematically lower than with the Fenton 

process for any desired removal efficiency. For instance, considering 50 % AOX removal the 

operational cost would be 11.38 €·m-3 (against 18.99 €·m-3 for the Fenton process). Considering 

maximum achievable AOX removal of around 90 % for the photo-Fenton process (against 

around 80% for Fenton process), the operational cost would be 46.5 €·m-3, which would be the 

cost of removing only 70 % AOX by the Fenton process. Moreover, the lower cost of iron sludge 

disposal should also be considered as a positive aspect of the photo-Fenton process, since it 

requires much less Fe2+. 

The increase of cost associated with the increase of removal target was less sharp in the photo-

Fenton process, which was clear by the economic indicator cost per g of AOX removed, that 

increased only from 0.14 to 0.45 €·g-1 AOX removed for 40 % and 90 % AOX removal, 

AOX Removal (%)

20 30 40 50 60 70 80 90 100

O
p

e
ra

ti
o

n
a
l 
C

o
s
t 
(€

.m
-3

)

0

10

20

30

40

50

60

70

80

Photo-Fenton 

Fenton 



21 
 

respectively. Belalcázar-Saldarriaga et al. [52] computed 1.0 USD·m-3 as the cost for photo-

Fenton treatment of a commercial dye in a raceway reactor, using 0.65 mg H2O2 and 0.05 mg 

Fe2+ per mg of dye, with solar irradiation and t = 60 min. However, that work focused on the 

removal of dye from the synthetic wastewater containing only the target compound, which 

increases several times the removal efficiency. In another work, Cañizares et al. [53] reported 5 

€·m-3 as the cost to achieve 70 % COD removal from olive oil mill wastewater, considering 18 g·L-

1 H2O2 and 0.7 g·L-1 Fe2+ as chemical input. One should note, however, that the costs presented 

in this work were based in lab-scale prices for the chemical reagents. At full-scale, market prices 

of the chemicals used would be several times lower, which would mean much lower costs would 

be attained. For instance, Belalcázar-Saldarriaga et al. [52] considered market price of H2O2 as 

half of the one considered in this work and the price of FeSO4 was almost 10-fold lower. Cañizares 

et al. [53] also considered prices for H2O2 and FeSO4 around ten-fold lower than the prices 

considered herein. 

  

4. CONCLUSION 

Photo-Fenton process proved to be more efficient than conventional Fenton in removing AOX 

from kraft pulp bleaching wastewater, showing higher AOX removal with lower chemical 

consumption: 90 % removal for [H2O2] = 178 mM and [Fe2+] = 1.0 mM under photo-Fenton 

conditions, against 80 % removal for [H2O2] = 169 mM and [Fe2+] = 12.5 mM with conventional 

Fenton. For both methods, [H2O2] was the only operating parameter statistically affecting AOX 

removal, for fixed pH (2 ± 0.2), temperature (60 ± 2 ºC) and treatment time (10 min). 

Besides allowing for higher AOX removal efficiencies, the photo-Fenton process provided 

higher colour removal, increased biodegradability of the wastewater, lower operational costs, 

and has the potential to reduce the formation of iron sludge. This is still the main drawback of 

the Fenton processes and still requires further investigation. For maximum AOX removal, 

BOD5/COD ratio (i.e., the biodegradability) slightly increased from 0.05 to 0.09 for photo-Fenton 

treated wastewater, against 0.07 using Fenton process; colour decreased almost 80 % for 

photo-Fenton, while for Fenton it became almost two-fold higher than in the untreated 

wastewater. The operational cost was also an advantage of the photo-Fenton process: under 
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optimal operating conditions, the costs were estimated to be around 70 €·m-3 or 0.78 €·g-1 AOX 

removed for photo-Fenton, against around 46.5 €·m-3 or 0.45 €·g-1 AOX removed for Fenton. 

Finally, this work highlighted the advantages of (photo-)Fenton processes over other 

technologies regarding AOX removal, such as the higher removal efficiencies compared with 

biological treatment (usually between 50 - 60 % [54,55]), and the lower cost and shorter 

treatment time when compared to other AOP such as ozonation or photocatalysis [21,56]. The 

coupling between Fenton processes and biological treatment is probably the most suitable to 

treat PP wastewater, due to the coupled efficiency in removing recalcitrant pollutants in a first 

AOP stage, followed by strong mineralization of organic matter by biological processes. The 

results from this work prove the suitability of Fenton processes to be applied prior to biological 

treatment, which could help solving the issue of wastewater treatment for industries that 

generate very high amounts of wastewaters.       
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