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a b s t r a c t

Contaminants of emerging concern (CECs) are mainly composed of products used in large quanti-
ties in everyday life such as pharmaceuticals, personal care products, surfactants, plasticizers, and 
different industrial additives. Some of the emerging contaminants are persistent and their complete 
removal is hard to achieve using conventional wastewater treatment processes. The current study 
focused on the application of classical Fenton process for the removal of selected pharmaceutical 
compounds (a sub-category of CECs). Acetaminophen was selected to represent this class of com-
pounds and Fenton oxidation was carried out in a column packed with synthetic Zeolites analcime. 
Face-centered central composite design strategy was adopted to design and perform the experimen-
tation. Three factors, pH, Fe2+:H2O2, and empty bed contact time, were used with three levels of each 
for experimental design. Quadratic model (with reduced terms) was observed to best fit the experi-
mental data. Experimental results supported with ANOVA indicated that pH and Fe2+:H2O2 ratio had 
significant effect on removal of acetaminophen whereas empty bed contact time did not. pH (3–6) 
and Fe2+:H2O2 ratio (1.5–3) is available to achieve complete removal of acetaminophen. Acidic pH of 
3, a limitation of homogeneous Fenton process, could be subdued by increasing the Fe2+:H2O2 ratio. 
The mechanism of removal of acetaminophen were observed to be Fenton oxidation as well as the 
adsorption on zeolites packed in column.
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1. Introduction

The presence of contaminants of emerging concern 
(CECs) in municipal wastewater and receiving water has 
been a growing area of interest for environmental research 
for the last decade. This is because of their potential impacts 
on human health and the environment [1,2]. These emerg-
ing contaminants mainly consist of products used in large 
quantities in everyday life, such as human and veterinary 
pharmaceuticals, personal care products, surfactants, plas-
ticizers, and different industrial additives [3,4].

Although CECs are not new in environment, their detec-
tion and analysis was not possible in the past. This is due to 
their low concentrations and chemical diversity, requiring 

extremely sensitive and sophisticated analytical equipment 
for their detection. However, advancement in technology 
has made this possible now [5].

Emerging contaminants ends up in wastewater through 
several pathways including the disposal and use of con-
sumer products, toxic spills, and excretion via the urine and 
feces of those who consume the pharmaceuticals [6]. The 
human body metabolizes a percentage of each drug taken 
and expels the rest into urine and feces which finally ends 
up in the municipal wastewater system [4]. 

Another source of emerging contaminants is from 
consumer products such as shampoo, soap, disinfectant 
washes, and toothpaste which contain biologically active 
compounds that, after their use, are being released into the 
municipal wastewater system and ultimately transported 
to the receiving waters [3,4,6].
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Pharmaceuticals and personal care products (PPCPs) 
are one of the most frequently occurring groups of com-
pounds among thousands of CECs. PPCPs include pharma-
ceutically active compounds and drugs, and personal care 
products used in variety of different consumer products 
and their metabolites [7]. Although most of the pharmaceu-
ticals are easily biodegradable in the environment, some of 
these drugs and their metabolites are found to be persistent 
in wastewater treatment plants and the aquatic environ-
ment [8]. If these PPCPs are not sufficiently removed in 
wastewater treatment plant (WWTP), they may enter into 
drinking water supplies. If an antibiotic enters the drinking 
water supply, humans can continuously and unknowingly 
ingest small amounts of the drug. One of the concerns of 
continuous exposure to an antibiotic is bacterial resistance, 
which counterattacks the effectiveness of an antibiotic. 
Strains of resistant bacteria have been found in surface and 
ground waters around the globe possessing several harmful 
characteristics [9]. PPCPs have also been found active in the 
disruption of endocrine systems and thus are included in 
a group of endocrine disrupting chemicals [7]. Antibiotics, 
anti-inflammatory drugs, analgesics, contraceptives, anti-
septics, fragrances, beta blockers, sunscreen agents etc. are 
some of the examples of the PPCPs [10–12].

Municipal wastewater treatment plants are not specif-
ically designed to deal with the trace levels of emerging 
contaminants found in municipal wastewater. Thus, many 
compounds and contaminants pass through conventional 
treatment systems without removal [13]. Persistent nature 
of CEC and inability of conventional wastewater treatment 
plants for their complete removal has led to use of advanced 
treatment technologies for their removal [14]. Membrane 
filtration, nanofiltration, reverse osmosis, membrane bio-
reactor, activated carbon adsorption, and advanced oxi-
dation processes (AOPs) such as ozonation, Fenton and 
Fenton-like oxidation, and photo-Fenton process are some 
of the emerging technologies for the treatment of CEC. Each 
of them has its own merits and demerits [6,15–17].

Advanced oxidation processes (AOPs) have recently 
been recognized as one of the successful methods for the 
destruction of CEC. AOPs rely on the non-selective strong 
•OH radical for the oxidation and fragmentation of these 
compounds into simpler molecules. Oxidation through 
ozone O3, Fenton reagents i.e. H2O2/Fe2+, UV-radiations and 
various combinations of these three oxidants comprise the 
AOPs. Ozone, and UV based processes have been known 
for their efficacy for the removal of many of the pharmaceu-
tical and personal care products (PPCPs), a prominent class 
of CEC [8,18].

Classical Fenton oxidation is a famous technique used 
for the degradation of variety of organic contaminants such 
as phenols, formaldehyde, pesticides, rubber chemicals etc. 
present in wastewaters. Fenton oxidation depends on the 
catalytic activity of iron Fe2+ to generate hydroxyl radical 
from hydrogen peroxide [19]. Although numerous studies 
have been conducted for the removal of several organic 
contaminants in water and wastewater by classical Fenton 
oxidation [20–22], little research can be found in literature 
regarding its utilization for PPCPs removal. 

Various modifications have been tested in the Fen-
ton oxidation to improve the removal of PPCPs, however, 
classical Fenton is not much investigated for the removal 

of these calcitrant compounds. Electro-Fenton process was 
used to degrade 17 beta-estradiol from aqueous acetoni-
trile mixture [23]. Complete degradation of diclofenac was 
observed in a pilot scale study of photo-Fenton oxidation 
[24]. 

A variety of advanced oxidation processes (i.e., O3/
OH−, Fe3+/H2O2, H2O2/UV, Fe2+/H2O2, Fe2+/H2O2/UV and 
Fe3+/H2O2/UV) have been investigated for the oxidative 
removal of penicillin formulation effluent. Alkaline ozona-
tion and the photo-Fenton’s reagents both appeared to be 
the most promising AOPs in terms of COD (49–66%) and 
TOC (42–52%) abatement rates [25].

Fenton oxidation was found useful in improving the 
biodegradability of pharmaceutical wastewater [26]. Fur-
thermore, Fenton oxidation of amoxicillin [27], photo-Fen-
ton oxidation of caffeine [28], bezafibrate, amoxicillin and 
paracetamol [29], UV-C Fenton and classical Fenton oxida-
tion of paracetamol [30] have been investigated.

Extensive literature review revealed that despite its 
numerous advantages, classical Fenton oxidation has not 
been explored fully for its application in PPCPs removal. 
These include: rapid reaction rates; reduction in toxicity; 
small foot prints; and complete mineralization of several 
toxic compounds. This has led to a renewed interest of 
researchers in the process for PPCPs removal [31]. 

Furthermore, the classical approach of taking one factor 
at a time (OFAT) for process optimization usually results 
in incomplete set of information and hence questions the 
reliability of the results. With this background, this study 
was undertaken to explore the potential of classical Fenton 
oxidation for the degradation of most commonly available 
over the counter drug, acetaminophen which is used as a 
pain reliever.

Continuous mode Fenton studies were carried out in 
glass columns packed with synthetic zeolites. The pro-
cess conditions were numerically optimized employing 
face-centered central composite design (FCCCD).

2. Materials and methods

2.1. Preparation of standard and stock solutions

Standard solution of Acetaminophen (100 ppm) was 
prepared in deionized water. Stock solution of H2O2 (1000 
mg/L) was prepared using 35% H2O2 solution. The working 
concentrations for further experimentation were obtained 
by diluting this stock solution to appropriate levels with 
deionized water. Desired concentrations of FeSO4 solution 
were also obtained by diluting 1000 mg/L of stock solution 
of FeSO4·7H2O with deionized.

2.2. Packed column setup for fenton oxidation studies

The Fenton oxidation was carried out in a glass column 
having internal diameter of 2.5 cm and a total length of 60 
cm. The total volumetric capacity of the column was 19 
cm3. The glass column was packed with synthetic zeolite, 
analcime, to provide contact time to the reactants for degra-
dation of acetaminophen. The glass column had two inlets, 
one for mixture of acetaminophen and H2O2 and second 
for iron sulphate solution. The outlet at the bottom of the 
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2. column was fitted with a quick fit valve to control outflow. 
Acetaminophen and the Fenton reagents were pumped to 
the column using Master Flex peristaltic pumps. The sche-
matic diagram of the setup is shown in Fig. 1.

2.3. Design of experiments and process description 

Design Expert 11.0 software employing face-centered 
central composite design (FCCCD) of Response Surface 
Methodology was used for design of experiments (DOE). 
Three variables with three levels of each i.e. pH (3,5,7), con-
tact time (30, 45, 60 min), and Fe2+:H2O2 (1:1,1:2,1:3) were 
selected for DOE which resulted in 20 combinations for 
experimental runs. The flow rates of mixture of acetamino-
phen and H2O2 and iron sulphate solution were maintained 
according to Fe2+:H2O2 ratio suggested for each combina-
tion. The pH was adjusted using 0.1 M H2SO4 and 0.1 M 
NaOH. After each contact time as per the combination, 
the sample was collected at the outlet of the column. The 
reaction was immediately stopped by raising the pH of the 
solution to 10 by adding 1 M NaOH in the sampling vials to 
cease the H2O2 activity. 

2.4. Analytical methods

High performance liquid chromatography (HPLC) tech-
nique was employed to determine the residual concentra-
tion of acetaminophen after each run. Hitachi Elite gradient 
HPLC system equipped with UV detector L-2420 was used 
for this analysis. The column used was inertsilODS-3 hav-
ing dimensions of ID of 4.6 mm × 250 mm. The flowrate was 
set at 1 ml/min. The temperature of the column was set at 
25°C. The mobile phase used for the elution of acetamino-
phen was methanol/water in 1:3 v/v ratio. The wavelength 
of 243 nm was used for acetaminophen detection. For this 
purpose, calibration curve was initially constructed by ana-

lyzing the standard solutions of 10, 20, 30, 40, and 50 ppm 
concentrations of acetaminophen and detecting its absor-
bance. The residual concentrations of acetaminophen after 
each run were estimated from the calibration curve.

2.5. Model fitting and analysis of variance 

Sequential model fitting was done by Design Expert 
software to determine the most feasible and the best fit 
model based on sequential p-value that indicated the sig-
nificance of sequential addition of terms in the previous 
model. Analysis of variance (ANOVA) was carried out to 
determine the statistical significance of suggested model. 
For ANOVA, the null hypothesis tested was that “all of 
the regression coefficients are equal to zero”. This implied 
that the suggested model has no predictive capability. The 
non-zero coefficients indicated that the variable of that coef-
ficient has an impact on the removal efficiency of the acet-
aminophen. 

The objective of ANOVA was to accept or reject the null 
hypothesis with certain level of confidence i.e. alpha (α) 
which was set at 0.05. The acceptance and rejection of null 
hypothesis was based on the comparison of this α value 
with the p-value obtained through ANOVA. Comparison of 
F-value and F-critical values also aided in the approval or 
denial of the null hypothesis. If F-value > F-critical value, null 
hypothesis can be rejected with at least 95% confidence level. 

3. Results and discussion

The removals of acetaminophen for each of the 20 
experimental runs at various combinations of pH, contact 
time and Fe2+:H2O2 are presented in Table 1.

It can be deduced from Table 1 that Fenton process 
is very effective in removal of acetaminophen. In most 

Fig. 1. Schematic diagram of packed column setup for Fenton oxidation.
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of experimental runs, removal efficiency of >80% was 
achieved. It can also be seen that pH and Fe2+:H2O2 affected 
the removal efficiency more as compared to contact time. 
The most significant factor seems to be Fe2+:H2O2. 

3.1. Model fitting and analysis of variance 

The data obtained of acetaminophen removal were 
then progressively fitted to various models (i.e. linear, 2FI, 
quadratic, cubic) to identify the best fit model. The results 
showed that data were most suitably described by quadratic 
model. However, model terms were reduced to obtain bet-
ter statistical results. The equation of the quadratic model 
in terms of coded factors can be useful for the identifica-
tion of the relative impact of the factors. This is done by the 
comparison of the coefficients of each factor. The reduced 
quadratic model for the removal of acetaminophen in terms 
of coded factors is given in Eq. (1).

R E A B C AC A. . . . . . .= − − + + −99 47 8 22 1 23 5 92 2 22 11 52 2 � (1)

where A, B, and C are pH, empty bed contact time (EBCT) 
in min, and Fe:H2O2 ratio respectively. It is evident from Eq. 
(1) that Fe:H2O2 ratio significantly influences the removal 
of the acetaminophen (coefficient of +5.92). Furthermore, 
the pH and higher order pH term i.e. A2 has a significant 
negative effect on the removal of the acetaminophen (coef-
ficients of –8.22 and –11.52 respectively).

The reduced quadratic model in terms of actual factors 
is utilized for the prediction of removal of acetaminophen 
as is given in Eq. (2).

R E pH EBCT Fe H O

pH Fe H O p

. . . . . :

. : : .

= + − +

+ −

50 94 22 47 08 0 38

1 11 2 88
2 2

2 2 HH 2
� (2)

ANOVA was performed to ascertain the adequacy of 
the selected model, ensure the model sufficiency, and iden-
tify the significant terms of the model. Results of ANOVA 
for the removal efficiency data are presented in Table 2.

The F value of the model (41.28) is greater than Fcritical 
(2.47) which implied that model is statistically significant 
to predict removal of acetaminophen. Further, p-value of 
<0.001 for model suggested that there is only 0.01% chance 
that such large F value could occur due to noise. Model 
terms with p-value < 0.05 are considered significant. In this 
case, model terms A (pH), C (Fe:H2O2), AC and A2 are sig-
nificant. The maximum allowable difference between the 
predicted R2 and adjusted R2 is 0.2 for the model to be capa-
ble of prediction of the response. For the reduced quadratic 
model, predicted R2 (0.8111) and adjusted R2 (0.9138) have a 
difference of 0.1027.

3.2. Perturbation plot

Perturbation plots indicate the relative significance of each 
factor. It is plotted by varying one factor over its entire range 
and removal is plotted while all other factors remain constant 
at their reference value (coded 0 in Design Expert 11.0). The 
perturbation plot of three factors is presented in Fig. 2.

The steep slope for A and C indicates that the removal 
of acetaminophen is more sensitive to the changes in fac-
tor A i.e. pH and C the Fe2+:H2O2 ratio. pH regulates the 
generation of hydroxyl radicals through catalytic activity 
of Fe2+ on H2O2. Factor B, i.e. empty bed contact time, has 
relatively flat line indicating insensitivity of the response 
towards empty bed contact time. The results are similar as 
shown by statistical analysis. Fenton process takes place 
quickly. Therefore, the contact time may not be a signif-
icant factor in improving removal of acetaminophen. It 
was confirmed when contact time was increased from 30 
to 60 min with no associated increase in the removal of 
acetaminophen. Hence, perturbation plot is a useful aid in 
identifying the axis and constants for the contour and 3D 
surface plots. Consequently A (pH) and C (Fe2+:H2O2) were 
selected as the axes of the contour and 3D plots while the 
EBCT (due to its insignificant effect on removal) was kept 
constant.

3.3. Contour and 3-D surface plots 

Contour plot was developed, to explain the relationship 
of removal of acetaminophen with pH and Fe2+:H2O2 ratio 
at empty bed contact time of 30 min and is shown in Fig. 3.

The curvature of contour lines indicated the existence 
of interaction between pH and Fe2+:H2O2. The region of 
maximum removal (i.e. 100%) extended over pH range of 
3–6 and Fe2+:H2O2 ratio 1:1.5–3. The contour showing max-
imum removal started with a combination of Fe2+:H2O2 
ratio of 2.6 and pH 3 (shown flagged in Fig. 2), resulting in 
100% elimination of acetaminophen. The contour then fol-
lowed a decline in Fe2+:H2O2 ratio and minima of Fe2+:H2O2 
ratio (1:1.6) was observed at a pH of 4.1 to achieve com-
plete removal. The requirement of lowest Fe2+:H2O2 ratio 

Table 1
Factor combinations and removal efficiency of acetaminophen

Run A: pH B: Empty bed 
contact time, min

C: Fe2+:H2O2 Removal 
efficiency, %

1 5 60 1:2 97.85
2 5 45 1:2 100
3 3 30 1:1 91.526
4 7 45 1:2 81.44
5 5 30 1:2 100
6 5 45 1:2 100
7 3 60 1:3 100
8 7 30 1:1 68.93
9 5 45 1:2 100
10 5 45 1:2 100
11 5 45 1:1 96.86
12 7 60 1:1 71.24
13 7 60 1:3 83.43
14 5 45 1:2 100
15 5 45 1:2 100
16 3 60 1:1 89.31
17 3 30 1:3 100
18 3 45 1:2 100
19 5 45 1:3 100
20 7 30 1:3 93.64
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for a given range could be attributed to the fact that Fen-
ton process is more efficient in the acidic pH range of 3–4. 
The generation of hydroxyl radicals increases at acidic pH 
range. Hence, small quantity of Fe2+:H2O2 ratio is sufficient 
for the acceleration of reaction. It was observed that when 
the pH was increased beyond the minimum pH of 4.1, 
the Fe2+:H2O2 ratio increased. Hence, the same maximum 
removal resulted at pH 6 and Fe2+:H2O2 ratio of 3. Higher 
amounts of oxidant are therefore required to overcome the 
decreased oxidation potential of hydroxyl radicals at higher 
pH. Moreover, at higher pH iron precipitates as Fe(OH)3 
and is no more available in free form thereby reducing its 
catalytic activity. Furthermore, the results emphasized that 
there existed an interaction between pH and Fe2+:H2O2 ratio 
and their influence on the removal of the acetaminophen 
which was previously not explored. Fig. 4 presented 3D 
representation of the design space and response surface of 
the design.

Fig. 4 indicates the same trend as depicted by contour 
plot. The two factors i.e. pH and Fe2+:H2O2 ratio interacted 
with each other to influence the removal of acetaminophen. 

 

Fig. 2. Perturbation plot.

.  

Fig. 3. Contour plot of response surface for acetaminophen 
removal.

Fig. 4. 3D plot of the response surface of acetaminophen removal.

Table 2
ANOVA for reduced quadratic model

Source Sum of 
squares

Degree of 
freedom (df)

Mean 
square

F-value p-value  

Model 1743.32 5 348.66 41.28 < 0.0001 Significant
A-pH 674.96 1 674.96 79.9 < 0.0001  
B-Empty bed contact time 15.05 1 15.05 1.78 0.2033  
C-Fe:H2O2 350.51 1 350.51 41.49 < 0.0001  
AC 39.32 1 39.32 4.65 0.0488  
A² 663.48 1 663.48 78.54 < 0.0001  
Residual 118.26 14 8.45      
Lack of fit 118.26 9 13.14      
Pure error 0 5 0      
Cor Total 1861.58 19        
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At lower pH (considered favorable for Fenton oxidation), 
lower amount of catalyst to oxidant ratio was required. 
However, to overcome the limitation of acidic pH, it was 
observed that the requirement of catalyst to oxidant ratio 
was doubled (from 1.5 to 3) to achieve almost 90% removal 
at a neutral pH due to the reasons mentioned earlier in sec-
tion 3.3. 

3.4. Numerical optimization

Numerical optimization (NO) of response surface 
methodology (RSM) provides powerful insight to the 
most desirable operating conditions within the specified 
range to achieve the desired removal. Numerical optimi-
zation uses the model to explore the factor space for the 
best trade-offs to achieve multiple goals. The criteria for 
individual factors (in range) and the response (target 100% 
removal) were set using the desirability function. RSM 
identified various combinations of operating factors that 
satisfied the criteria set for each factor and the response. 
The targeted removal of 100% (with maximum desirability 
of 1) was achieved at pH 6, empty bed contact time of 30 
minutes, and Fe2+:H2O2 ratio of around 3 as shown by the 
optimization ramps in Fig. 5.

Fig. 6a indicates the contour plot of “desirability” while 
6b shows the 3-D surface plot of desirability of the proposed 
optimum combination of the operating factors. The flagged 
point described the optimum point signaling the maximum 
desirability of 1.

3.5. Validation of model result

The confirmatory tests were then performed under 
optimum operating conditions suggested by numerical 
optimization to validate the model. Experiments were car-
ried out in triplicate. The model is confirmed, according to 
Design Expert 11.0, when the average removal of the con-
firmatory tests lies within the 95% prediction interval (PI). 
In this study, as the average removal of the confirmatory 
tests (88.66%) was within the low PI (84.34%) and high PI 
(95.65%), hence the suggested model was substantiated. 

3.6. Adsorptive removal of acetaminophen

The contribution of adsorptive removal of acetamin-
ophen through continuous mode column packed with 
synthetic zeolite, analcime was also determined. The 
numerically optimized conditions were set, and 100 ppm 
solution of acetaminophen was passed through the column. 
The only difference in the adsorptive removal studies was 
the absence of Fenton’s reagent to observe the acetamino-
phen removal through adsorption only. 

The adsorption of acetaminophen gradually decreased 
from 30% to 20% over a period of 30 min with an average of 
26% as shown in Fig. 7. 

Hence, the possible removal mechanisms for acetamin-
ophen in packed column can be the homogeneous Fenton 
oxidation as well as the adsorption on the synthetic zeo-
lite. The continuous mode operation of Fenton oxida-
tion through packed bed of zeolites, therefore, resulted in 
enhanced removal of acetaminophen (88.6%) at numerically 
optimized conditions than Fenton oxidation or adsorption 
alone.Fig. 5. Optimized combination of factors.

 

(a) 

 

(b) 

Fig. 6. Contour and surface plots of desirability.
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4. Conclusions

Continuous mode homogeneous Fenton process was 
found successful in efficient removal of acetaminophen 
with an average removal of 93% and maximum removal 
of 100%. Face-centered central composite design of exper-
iments (FCCCD) indicated that reduced quadratic model 
was found to best fit the data. ANOVA explained that the 
model was significant with model F-value of 41.28 and p < 
0.0001. pH, Fe2+:H2O2 ratio, interaction of pH and Fe2+:H2O2 
ratio and higher order pH were identified as significant 
terms affecting the removal of acetaminophen. However, 
empty bed contact time was not observed to be a signifi-
cant factor. Contour and 3D surface plots indicated that the 
extended design space i.e. pH (3–6) and Fe2+:H2O2 ratio (1.5–
3) is available to achieve complete removal of acetamino-
phen. Acidic pH of 3, a limitation of homogeneous Fenton 
process, could be subdued by increasing the Fe2+:H2O2 ratio. 
Moreover, the mechanism for the removal of acetamino-
phen appeared to be the combination of homogenous Fen-
ton oxidation and adsorption onto synthetic zeolites packed 
in the column.
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