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Abstract
This research focuses on the removal of diclofenac in aqueous phase using chicken feathers and the evaluation of the sub‑
sequent biodegradation of the obtained adsorbate/adsorbent complex using a bacterial consortium. In the first stage, the 
conditions that affected adsorption were evaluated, in order to optimize the loading of the feathers. Afterwards, the equilib‑
rium was evaluated by three adsorption isotherms at 8, 15 and 25 °C; the experimental data were explained by the Langmuir 
model, showing that, at 8 °C the highest load was obtained (614.8 mg/g). Additionally, the process was thermodynamically 
explained as spontaneous and exothermic and governed by chemical and physical processes, in addition to the occurrence 
of a decrease in molecular disorder at the adsorbate–adsorbent interface. Likewise, the kinetic behavior was studied at 8, 15 
and 25 °C, detecting that the adsorption process occurs in two stages described by the intraparticle diffusion model. Finally, 
an FTIR analysis was carried out, in which the groups participating in the adsorption process were shown. The second stage 
was the evaluation of the biodegradation process of the adsorbate/adsorbent complex. The biodegradation of diclofenac was 
evidenced by monitoring laccase, lignin peroxidase, manganese peroxidase and polyphenol oxidase enzymatic activities and 
quantifying the 50% decrease in diclofenac concentration by HPLC. Simultaneously, the degradation of the chicken feather 
impregnated with diclofenac was analyzed, evaluating keratinolytic activity, the presence of soluble protein, amino acids 
and sulfhydryl groups; the positive results of these tests confirmed the biodegradation.
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Introduction

At the beginning of the current century, the presence of the 
emerging pollutants has been detected, which have caused 
damages to the environment (Poynton and Robinson 2018). 
These compounds are found in different products of daily 
use such as Pharmaceutical and Personal Care Products 
(PPCPs), plasticizers, pesticides and surfactants, and some 
of them are classified as endocrine contaminants (Wilkin‑
son et al. 2017). Despite the damage and history of these 
pollutants, until now, there is no legislation that regulates 

the presence of these compounds globally; however, there 
are attempts to define which ones are of strong interest and 
priority (Taheran et al. 2018). Through government agencies 
at international level, there are already listings in which the 
main emerging pollutants are postulated, as well as chemi‑
cal products that must be monitored; such is the case of the 
US Environmental Protection Agency (USEPA), which peri‑
odically publishes a list called the Contaminant Candidate 
List (CCL) (Lamastra et al. 2016), it includes a process to 
identify and list these compounds. On the other hand, the 
European Directive due to the pollution caused by certain 
dangerous substances discharged into the aquatic environ‑
ment proposes to the member countries a list of substances 
that must be avoided, and another list with substances that 
should restrictive use; these lists use criteria such as toxicity, 
persistence, bioaccumulation, harmful effects and effects on 
groundwater.

The presence of pharmaceutical products in different 
water bodies has increased in recent years, due to their 
increased consumption for veterinary and human purposes 
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(Boxall et al. 2012; Nikolaou et al. 2007), causing concen‑
trations capable of producing effects to aquatic organisms. 
As a result, priority pollutant lists have been developed, 
being until 2007 when pharmaceutical products, such as 
diclofenac, iopamidol and carbamazepine, were considered 
as new priority candidates (Ebele et al. 2017).

The pharmaceutical products emission routes are diverse, 
one of them is through human waste; after being absorbed 
by the body, they are released reaching the sewer system 
or septic tanks, leading them to the wastewater treatment 
plant system. The low efficiency of these wastewater treat‑
ment plants makes them another source of drug emission, 
sometimes releasing active metabolites (Snyder 2008), since 
effluents are used as irrigation water and sludge as fertilizer 
in livestock activities.

Other emission routes that are also important include: 
directly from pharmaceutical manufacturing plants at the 
time the products are produced (Fick et al. 2009) and the 
veterinary use, where they are discarded by animals directly 
into the soil either in a solid or liquid manner and can enter 
water bodies through leaching or runoff. On the other hand, 
animal waste can be used as fertilizers and in this way their 
metabolites polluting the soil and can enter the food chain. 
Once the pharmaceutical products are in the environment, 
the transportation of the pollutant will depend on their 
physicochemical properties and the matrix in which they 
are found. For example, most of these products have low 
volatility, are polar and hydrophilic in nature; therefore, it is 
most likely that their main route is through water (Caliman 
and Gavrilescu 2009). As a result, pollutants are found in 
surface water bodies, sediments and aquifers, in concentra‑
tions of ng/L and µg/L (Chen et al. 2013).

It has been suggested that pharmaceutical products have 
a pseudo‑persistent character and they can remain longer 
than other organic pollutants, such as pesticides, since their 
source or emission is continuously replenished, as new prod‑
ucts are introduced to the market every year and increase 
their demand.

Non‑steroidal anti‑inflammatory drugs (NSAIDs) are 
the most widely prescribed pharmaceutical products world‑
wide, and they are marketed in the form of salt: sodium or 
potassium (Ulubay et al. 2018). Diclofenac sodium is a non‑
steroidal, analgesic and anti‑inflammatory drug, generally 
used for treating acute and chronic pain, caused by different 
diseases (Beck et al. 2003).

The consumption level of diclofenac worldwide is 904 
tons per year; in addition, 74 out of 100 evaluated coun‑
tries consume this drug as a first‑choice anti‑inflammatory 
(McGettigan and Henry 2013). In Mexico, diclofenac is 
in the basic list of supplies by the health secretary, and 
according to a study carried out in a Family Medicine Unit 
of the State of Mexico, this drug is in 4th place in the total 
consumption of medications (Gómez‑Olivan et al. 2010). 

Because of this high consumption rate, the presence of the 
drug has been detected in water resources worldwide as well 
as in Mexico (Rigobello et al. 2013).

Numerous studies have been conducted on the toxicologi‑
cal effects of drugs on aquatic organisms. The relationship 
between toxic mechanisms and ecophysiological responses 
to drugs remains a major challenge. However, in general, 
the main concern for drugs lies in their presence in aquatic 
environments and their ability to interfere with the endo‑
crine system, and causing unwanted effects or interferin with 
homeostasis.

Oaks et al. (2004) reported the direct correlation between 
residues of the anti‑inflammatory drug diclofenac and the 
renal failure vulture on population in Pakistan. In another 
study, it was found that rainbow trout suffer kidney dam‑
age and gill disorders when in contact with concentrations 
of 5 µg/L of this drug (Schwaiger et al. 2004). Regarding 
public health, the consumption of water with the presence 
of diclofenac causes cytotoxicity of the liver and kidney, 
gastrointestinal damage, platelet dysfunction and seizures 
(Fei et al. 2006; Tewari et al. 2013). Furthermore, when 
exposure is chronic in humans, thyroid tumors and hemody‑
namic changes can be developed (Boyd et al. 2003; Verlicchi 
et al. 2012).

The research carried out was aimed at a comprehensive 
evaluation of the elimination of diclofenac in the aqueous 
phase through the use of the adsorption and biodegrading 
process.

This study was conducted in the year 2019 in the Chem‑
istry Department of the Autonomous University of San Luis 
Potosi, Mexico.

Materials and methods

Chicken feathers

The feathers were collected from an establishment dedicated 
to animal husbandry in Mexico City, and as a first treatment, 
they were washed with neutral detergent, and rinsed with tap 
water, then dried at room temperature for a period of 48 h. 
Subsequently, the feathers were placed in an oven at 35 °C 
for 24 h and stored for later use.

Diclofenac adsorption optimization

Box–Behnken experimental design was used to optimize 
three variables on adsorption process: temperature, pH 
and an initial concentration of diclofenac. For this, 15 sys‑
tems were prepared in borosilicate tubes with 25, 50 and 
75 mg/L of diclofenac solutions, temperatures at 25, 35 and 
45 °C, and at pH 6, 7 and 8. The pH of the systems was 
daily adjusted with 0.05 M HCl, or 0.05 M NaOH, using an 
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Oacton 300 series potentiometer. Each system with 10 mL 
of solution and 0.05 g of chicken feathers was incubated for 
7 days at the designed conditions. The initial and residual 
concentration of diclofenac was quantified by UV/Vis spec‑
trophotometry (Thermo Scientific GENESYS 105 Scanning 
Spectrophotometers) at 280 nm, the samples were centri‑
fuged (Herml Z 216 MK) at 13,000 rpm for 8 min before 
quantification. A blank was prepared for each sample, con‑
taining 0.05 g of chicken feathers and water. The response 
surfaces were made using Statistica 6.0 software.

Adsorption isotherms

Three isotherms were evaluated at temperatures of 8, 15 
and 25 °C with diclofenac concentrations of 100–2100; 
100–3000; and 200–4000 mg/L, respectively. The systems 
were prepared in borosilicate tubes containing 10 mL of 
solution and 0.05 g of chicken feathers, and each system was 
adjusted daily at pH 6, remaining in incubation for 9 days, at 
which time equilibrium was reached. The initial and residual 
concentration was quantified as previously mentioned, at a 
wavelength of 280 nm, and the maximum load of diclofenac 
on the chicken feathers was calculated.

The experimental data of the isotherms were adjusted to 
the mathematical models of Langmuir (Eq. 1), Freundlich 
(Eq. 2), Temkin (Eqs. 3 and 4) and Dubinin–Radushkevich 
(Eqs. 5 and 6).

The mathematical expression for the Langmuir model can 
be represented as:

where qm (mg/mL) is the maximum adsorption capacity 
of the adsorbent, and KL (L/mg) is the Langmuir constant 
(Langmuir 1918).

On the other hand, the mathematical expression of the 
Freundlich model is given by Eq. 2.

Kf (mg/mL (L/mg) 1/n) is the Freundlich constant and 1/n is 
the heterogeneity factor (Freundlich 1926).

Likewise, Temkin’s mathematical model can be expressed 
as follows:

At is the constant of the Temkin isotherm (L/g), b is the 
heat of absorption (J/mol), R is the constant of the ideal 
gases and T is the temperature (Temkin and Pyzhev 1940).

(1)qe =
qmKLCe

1 + KLCe

(2)qe = KfCe

1

n

(3)qe = Btln(At) + BtlnCe

(4)Bt =
RT

b

The mathematical model for Dubinin–Radushkevich is 
represented by the mathematical expression of Eq. 5:

where qe is the amount of adsorbate in the equilibrium 
adsorbent (mg/g); qmax is the theoretical capacity of satura‑
tion of isotherms (mg/g); KD is the Dubinin–Radushkevich 
constant  (mol2/kJ2); � is the Polanyi potential that is related 
to the equilibrium concentration as Eq. 6.

R, T and Ce represent the gas constant, the absolute tem‑
perature (K) and the equilibrium concentration of adsorbate 
(mg/L), respectively (Dubinin 1960).

Thermodynamic parameters

The thermodynamic description of diclofenac adsorption on 
chicken feathers was described evaluating the Gibbs free 
energy (ΔG) using Eq. 7 (Gibbs 1948), in which Langmuir’s 
K (KL) was used. Likewise, the linearized equation of Van’t 
Hoff (Eq. 8) (Van’t Hoff 1884) was used to obtain the values 
corresponding to entropy (ΔS) and enthalpy (ΔH).

Adsorption kinetics

The effect of temperature on the adsorption rate was eval‑
uated, systems with a concentration of 5 mg/L were pre‑
pared and adjusted at pH 6 with 0.05 M HCl, and 0.015 g 
of chicken feathers were added; each system was incubated 
at different temperature (8, 15 and 25 °C) and pH was daily 
adjusted at 6. The systems were monitored by quantifying 
the concentration by UV/Vis spectrophotometry at 280 nm, 
at different interval of times.

The experimental data of the adsorption kinetics were 
analyzed comparing them with the mathematical model of 
Lagergren (1898) called pseudo‑first order (Eq. 9), as well 
as with the pseudo‑second‑order model by Ho and McKay 
(1999) (Eq. 10), the mathematical model of Elovich and 
Schulman (1959) (Eq. 11), and finally the mathematical 
model of intraparticle diffusion proposed by Weber and 
Morris (1963) was used (Eq. 12).

The following equation expresses the pseudo‑first‑order 
model:

(5)qe = qmaxexp
(

−KD�
2
)

(6)ε = RTln

(

1 +
1

Ce

)

(7)ΔG = −RTlnKL

(8)lnKL =

(

−ΔH

R

)(

1

T

)

+

(

ΔS

R

)
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where qt and qe (mg/g) are the equilibrium adsorption 
capacities at time t, k  (min−1) is the rate constant of pseudo‑
first‑order adsorption. The pseudo‑second‑order model is 
represented as Eq. 10:

In this equation, k2 corresponds to the adsorption rate 
constant (g/mg min), qe is the total adsorbed amount at equi‑
librium (mg/g) and qt is the amount of sorbate on the surface 
of the adsorbent at any time (mg/g).

Likewise, for the Elovich model, the mathematical 
expression is represented as Eq. 11:

where α (mg/g min) is the initial rate of adsorption, b is 
related to the surface area and chemisorption activation 
energy and qt represents the amount of sorbate on the sorb‑
ent surface at any time (mg/g). Finally, the intraparticle dif‑
fusion model can be found as follows:

where k is the intraparticle diffusion constant (mg/g min) 
and qt is the load in mg/g.

FTIR analysis

An FTIR analysis (Agilent Technologies Cary 630 FTIR) 
was performed to find out the functional groups involved in 
the adsorption process. First, an analysis of pure diclofenac 
(25,000 mg/L) and chicken feather was carried out; subse‑
quently, an adsorption system was prepared at 8 °C with 
0.05 g of chicken feathers and diclofenac at 3200 mg/L, 
which was daily adjusted to pH 6 for 8 days, then the feathers 
were collected from the system and dried at 35 °C for 24 h. 
Once the feathers were completely dry, an FTIR analysis was 
performed, in a range of 4000 to 400  cm−1 with 64 scans at 
a resolution of 4  cm−1.

Biodegradation of the diclofenac–chicken feathers 
complex

A batch system was prepared to evaluate the biodegrada‑
tion of the diclofenac–chicken feathers complex obtained 
from the adsorption process. The system consisted of 8 g 
of feathers with diclofenac load of 8.16 mg/g contained in 
800 mL of a 0.05% peptone solution (in the hypothetical 
case of desorption, the concentration of diclofenac would 
be 81.6 mg/L). Additionally, an 800 mL batch system was 

(9)qt = qe
(

1 − exp
(

−k1t
))

(10)qt =
k2qe

2t

1 + k2qet

(11)qt =
1

b
ln(�b) +

1

b
ln(t)

(12)qt = kintt0.5

prepared containing free diclofenac at 81.6 mg/L in 0.05% 
peptone solution. These systems were inoculated with 
5 mL of a keratinolytic consortium, which was obtained 
from chicken feather residues, Bacillus amiloliquefaciens 
and Pseudomonas putida. Both systems were incubated at 
36 °C for 121 days and were sampled for several days taking 
16 mL aliquots, which were centrifuged at 10,000 rpm for 
10 min. In both systems, the enzymatic activity of laccase 
was evaluated through the oxidation of ABTS (2,2′‑azino‑bis 
[3‑ethylbenzthiazoline‑6‑sulfonic acid]) (Niku‑Paavola et al. 
1990); enzymatic activity of Lignin Peroxidase using 2–4 
dichlorophenol and 4‑aminoantipyrine (Ishida et al.1987); 
this enzyme was also evaluated using veratryl alcohol as 
substrate (Tien and Kirk 1984). Manganese peroxidase enzy‑
matic activity was determined by using manganese sulfate 
according to Widiastuti and Wulaningtyas (2008), and the 
polyphenol oxidase enzymatic activity was determined by 
the reaction catechol reaction following the protocol of Que‑
iroz et al. (2011). Finally, the degradation of the adsorbent 
was only evaluated in the system with the complex, this was 
done through the quantification of the keratinolytic activity 
(Ramirez et al. 2004), soluble protein content by the method 
of Bradford (1976), the content of positive ninhydrin prod‑
ucts was quantified according to the Harding method (Block 
and Weiss 1956), sulfhydryl groups determination according 
to Onifade et al. (1998), and finally the lost mass of chicken 
feather was quantified by gravimetry.

Diclofenac quantification in both systems was performed 
by high‑performance liquid chromatography HPLC (Waters 
e2695) with ultraviolet (UV) detection (HPLC–UV). 
A Waters XBridge BEH C18 Column, 130  Å, 3.5  µm, 
4.6 mm × 50 mm was used, and the UV detector (2489 
Waters Wavelength UV/Vis Detector) was set at 278 nm. 
The mobile phase consisted of methanol:water in a 60:40 
ratio.

Results and discussion

Adsorption optimization

As mentioned, an experimental Box–Behnken design was 
used to find the best adsorption conditions, Fig. 1 shows the 
response surfaces, in which the effect of the variables on 
the load capacity of the adsorbent is observed. The effect 
of diclofenac concentration and pH is evidenced in Fig. 1a, 
showing that the adsorption was decreased at pH 8, that is, 
the adsorption decreases when the pH increases. This effect 
was more evident as the concentration increased, the highest 
load detected (18.37 mg/g) was obtained using pH 6 at the 
concentration of 75 mg/L. This result is similar to the results 
reported by de Luna et al. (2017) who achieved the removal 
of diclofenac sodium through the use of derived from the 
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cocoa pod shell, detecting the opposite effect between pH 
and adsorption capacity, in which pH 3 was where the high‑
est adsorption occurred. Zhao et al. (2017) also reported this 
effect, that is, as the pH increases, the amount of diclofenac 
removed by the adsorbent used decreases, finding that the 
optimal pH was 5.23. The authors attributed the effect to the 
positive charge that remains in the adsorbent surface due to 
the pH and the anionic nature of diclofenac, which coincides 
with this study; since the point of zero charge (pzc) of the 
chicken feathers is 6.8 (unpublished data), it is positively 
charged at pH <  pHpzc and on the contrary at pH >  pHpzc, 
the adsorbent will have a negative charge: since at low pH’s 
diclofenac is anionic, it would explain the good adhesion of 
the drug on chicken feathers in acid conditions.

Figure 1b shows the effect of temperature and pH on the 
adsorbent load; the combination of the conditions of pH 7 
and temperature of 25 °C causes the minimum adsorption 
(4.32 mg/g); meanwhile, at pH 6 and 25 °C, the highest 
adsorption point is reached (13.47 mg/g). According to the 
tendency of the response surface, it would be expected that 
using a pH lower than 6 stimulates the adsorption capac‑
ity; however, diclofenac tends to precipitate at too acidic 
pH value due to its pKa (4.1) where it decreases in its neu‑
tral form and solubility, causing it not to be in the solu‑
tion (Samah et al. 2018). Evaluating the adsorption process 
as a function of temperature, it can be seen how the load 
is favored as the temperature decreases, this behavior is 
observed in Fig. 1c, it is observed that the highest adsorbed 
load (14.24 mg/g) has an initial concentration of 75 mg/L 
and 25 °C; in contrast to this, it is also observed that at 
high temperatures (45 °C) the adsorbed load decreases to 
13.39 mg/g; therefore, the adsorption process can be consid‑
ered to be slightly favored as lower temperatures are applied.

It is important to mention that, this adsorption load was 
not yet the maximum because equilibrium had not yet been 
reached, this was achieved using the conditions at pH 6 

and temperature at 25 °C at the equilibrium point in the 
isotherm.

Balance studies in the adsorption of diclofenac 
on chicken feathers

Three diclofenac adsorption isotherms were performed; the 
experimental data and the mathematical models of Freun‑
dlich, Langmuir, Temkin and Dubinin‑Radushkevich are 
shown in Fig. 2. Specifically, in Fig. 2a, b, the experimental 
isotherms at 25 °C and 15 °C, respectively, have a close rela‑
tionship to the Langmuir model. On the other hand, Fig. 2c 
shows the isotherm at 8 °C, where the experimental data 
showed a higher affinity with Freundlich’s mathematical 
model; in this case, the saturation process is not so defined 
as that of the isotherms at 15 and 25 °C.

Table 1 shows the variables of the mathematical models 
that describe the adsorption process at each temperature. At 
temperatures 25 and 15 °C, the experimental data showed 
a high correlation to the Langmuir model (R2 = 0.99), this 
suggests that the process occurs only in the coverage of the 
monolayer on the adsorbent surface, where each site can 
only be occupied by an adsorbate molecule, and all the sites 
are energetically equivalent so that the surface is uniform, in 
addition to there being no interaction between adjacent mol‑
ecules (Langmuir 1918; Sivaraj et al. 2001). According to 
Langmuir model, theoretical equilibrium loads of 434.3 and 
503.19 mg/g were obtained at 25 and 15 °C, respectively, 
thus confirming favorable removal systems by decreasing 
the temperature as previously observed in the experimental 
design. Furthermore, the separation factor (RL) indicated 
that the adsorption process is favorable, since RL < 1 (Bhadra 
et al. 2016).

Meanwhile, the isotherm at 8 °C showed the highest 
correlation with the mathematical model of Freundlich, so 
this model better suggests the description of the process at 
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this temperature, indicating that adsorption involves het‑
erogeneity in the multilayer, where the adsorption sites 
have different energies (Pezoti et al. 2016). In this regard, 
the heterogeneity factor (n) was 2.48, which indicated that 
the adsorption process is favorable (n > 1) in a heteroge‑
neous or a multilayer system according to Danmaliki and 
Saleh (2016) and Freundlich (1926). Similar results were 
reported by de Franco et al. (2018), who proposed the 
adsorption of diclofenac using commercially activated 
carbon and obtained an adsorption described by the Fre‑
undlich model and a value for the heterogeneity factor 
of 2.46 and KF of 2.71  mg1−1/n  L1/n  g−1. Lonappan et al. 
(2018) reported a process for the removal of diclofenac 

on activated carbon from manure, and found out that the 
model that best described the adsorption process was Fre‑
undlich; however, the adsorption is less favorable accord‑
ing to the heterogeneity factor, and as for the Freundlich 
constant of equilibrium (KF) they obtained a value of 
16.61  mg1−1/n  L1/n  g−1. De Luna et al. 2017 described the 
adsorption of diclofenac on activated carbon from cocoa 
pod shells and found an equilibrium load of 5.53 mg/g with 
a higher correlation to the Freundlich model, unlike the 
present investigation, they observed that adsorption was 
more favorable, because n = 4.34; however, the KF value 
was 2.91  mg1−1/n  L1/n  g−1. As we know, the KF indicates 
the degree of adsorption capacity, so the larger this value, 

Fig. 2  Adsorption isotherms of 
diclofenac removal by chicken 
feather, a 25 °C, b 15 °C and 
c 8 °C

a

b

c
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it indicates greater capacity (Ismail et al. 2013); therefore, 
comparing the KF value obtained (28.4  mg1−1/n  L1/n  g−1) in 
the present investigation using chicken feathers as adsor‑
bent against the value reported by other authors can be 
inferred that the removal of diclofenac by keratinous resi‑
due is greater. The theoretical adsorption capacity at 8 °C 
was 614.8 mg/g, which is higher than the one obtained 
in the isotherms at 25 and 15 °C, confirming again that 
adsorption was increased at low temperatures.

Table 2 shows the amount of diclofenac adsorbed onto 
the adsorbent at equilibrium, which is compared with other 
materials already reported in the removal of diclofenac; its 
high adsorption capacity stands out, especially at 8 °C, in 
which the load of the chicken feather is higher than most of 
the reported cases. Until now, only the use of conventional 
adsorbents such as activated carbons, graphene, etc., has 
been reported for the removal of diclofenac.

The opportunity of using this material in water bodies at 
temperatures below ambient is a novelty, and, in addition to 
being an unconventional material, there is the possibility of a 
second treatment for the degradation of the formed complex.

Thermodynamic evaluation of diclofenac 
adsorption on chicken feathers

The negative Gibbs energy variation (ΔG) indicated that the 
adsorption process is spontaneous and favorable; in addi‑
tion, the negative value of (ΔG) increased with the decrease 
in temperature (− 166.6 kJ/mol at 8 °C; − 119.46 kJ/mol at 
15 °C, and − 22.71 kJ/mol at 25 °C), this implies that low 
temperatures facilitate adsorption. On the other hand, the 
negative enthalpy value (− 83.03 kJ/mol) suggests that the 
process is exothermic; hence, the energy adsorbed on the 
bond break is less than the total energy released in bond for‑
mation between adsorbate and the adsorbent, resulting in the 
release of additional energy through heat (Saha and Chowd‑
hury 2011). The magnitude of the enthalpy can also describe 
whether the process occurs through fission or chemisorption; 
in general, if the adsorption is physical, it will be in the 
range of − 20 to − 40 kJ/mol, and if it is chemical adsorption, 
the value ranges from − 80 to − 400 kJ/mol (Bayramoglu 
et al. 2009); therefore, the value of − 83.03 kJ/mol obtained 
can describe the adsorption process of diclofenac on chicken 
feathers as chemisorption; however, it barely reaches this 
range; therefore, it would be better to consider that there 
can also be physical adsorption in the process. Respect‑
ing the adsorption entropy, the negative value (− 0.21 kJ/
mol K) indicates that there is a decrease in the randomness 
of the solid/liquid interface as diclofenac is adsorbed on the 
chicken feathers, which coincides with Antunes et al. (2012), 
making it possible for multilayers to form, thereby caus‑
ing randomness of the interface to reduce and improve the 
organization.

Similar results were reported by Lonappan et al. (2018), 
who found that the process of diclofenac removal on acti‑
vated carbon from pig manure occurs spontaneously because 
of the negative values for ∆G. Similarly, the negative value 
of enthalpy (− 3,970 kJ/mol) suggested that the process is 
exothermic, but a positive value of entropy (16.13 J/mol 
K) was obtained, indicating randomness at the interface 

Table 1  Adsorption constants isotherms of the mathematical models 
of Langmuir, Freundlich, Temkin and Dubinin–Radushkevich at 25, 
15 and 8 °C

Temperature (°C)

25 15 8

Langmuir
KL (L/mol) 9528.29 3372.92 1236.6
qm (mg/g) 434.3 503.19 614.8
RL 0.015 0.030 0.060
r2 0.99 0.99 0.97
Freundlich
KF  (mg1−1/n  L1/n  g−1) 73.3 43.04 28.4
N (g/L) 3.57 2.74 2.48
r2 0.91 0.96 0.99
Temkin
AT (L/g) 0.42 0.15 0.06
bT (J/mol) 31.59 0.02 0.02
r2 0.97 0.98 0.97
Dubinin–Radushkevich
qm (mg/g) 383.15 407.10 464.07
K  (mol2/J2) 0.00006 486.45 838.48
R2 0.98 0.95 0.85

Table 2  Summary of adsorbents used in the removal of diclofenac

Adsorbent Qmax mg/g Source

Activated carbon (cocoa pod 
husk

5.53 De Luna et al. 2017

Activated carbon (olive 
stones)

11.0071 Larous and Meniai 2016

Pig manure biochar 12.5 Lonappan et al. 2018
Oxidized activated carbón 487 Bhadra et al. 2016
Graphene oxide 500 Nam et al. 2015
Chicken feathers 614.8 This work
Graphene oxide 653.9 Hiew et al. 2019
Functionalized mesoporous 

silica
1537 Barczak et al. 2018
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between the adsorbate and adsorbent molecules. The same 
authors investigated the removal of diclofenac on activated 
carbon from white pine wood, obtaining different results, 
since they explained that the process is not spontaneous 
given the positive value of Gibbs free energy, which required 
that an alternate energy source should be carried out. How‑
ever, the positive value (1130 kJ/mol) in enthalpy sug‑
gested that the process is endothermic and that it is carried 
out through physical adsorption, they also mentioned that 

entropy (− 4404 J/mol K) indicated that there is a decrease in 
randomness at the adsorbate–adsorbent interface. In contrast 
to the present investigation, de Franco et al. (2018) reported 
the removal process of diclofenac on activated carbon as 
endothermic since the enthalpy was 27,760.5 J/mol and 
was a chemical adsorption, that obtained positive entropy, 
to which they concluded that there is randomness in the 
solid–liquid interface during the adsorption process. With 
the above, the process of adsorption of diclofenac on chicken 

Fig. 3  Diclofenac adsorption 
kinetics on chicken feather and 
correlation with the mathemati‑
cal models of pseudo first order, 
pseudo second order, intraparti‑
cle diffusion

a

b

c
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feathers is carried out under the conditions of a spontaneous, 
favorable and exothermic process, which, unlike previous 
studies, is an advantage, since it would not require more 
energy supplies for the adsorption process.

Adsorption kinetics study

The influence of temperature on the adsorption rate was 
investigated by varying three different temperatures (8, 15 
and 25 °C), and the results were analyzed according to the 
mathematical models described above. Figure 3a, b show 
that, after 73 h of contact time at 25 and 15 °C, the adsor‑
bent reached loads of 5.05 mg/g and 4.8 mg/g, respectively. 
Unlike these results, the adsorption at 8 °C (Fig. 3c) was 
slower, reaching a load of 3.5 mg/g during the same time 
and achieving equilibrium up to 168 h.

Table 3 shows the parameters obtained from the math‑
ematical models to which the experimental data were com‑
pared; as can be seen, all kinetics presented better correla‑
tion with the pseudo‑first order; this model assumes that the 
occupying rate of the adsorption sites is proportional to the 
number of vacant sites available (Lagergren 1898); there‑
fore, the pseudo‑first‑order model explains well the region 
where the adsorption process occurs very quickly, which 
corresponds in the first stage (Ali et al. 2016). The kinetics 
at 8 °C was the one that presented the lowest proportion 
between the reaction speed and the variables that affected 
it (k1 = 0.000202   min−1), likewise, the amount of solute 
adsorbed in equilibrium per unit mass of the adsorbent 

was slightly higher compared to the other temperatures 
(qe = 6.38 mg/g), an effect that had already been described 
in isotherms.

The second mathematical model that had a high correla‑
tion at 25 and 15 °C was Elovich’s, which suggests that the 
adsorption process is mostly controlled by chemical adsorp‑
tion (Namasivayam and Sureshkumar, 2008) and B (g/mg) 
is related with the scope of the activation energy and the 
coverage of the surface, so that the increase in the initial 
adsorption rate depends on the temperature and thus will 
decrease the adsorption surface for the adsorbate (Ali et al, 
2016); this can be seen in Table 3, where it is observed that 
the value of B at 25 °C is higher (0.6085 g/mg) than at 15 °C 
(0.4128 g/mg), as well as in Fig. 3a, b, where can be seen 
that the increase in temperature causes an increase in the 
adsorption rate.

The kinetics at 8 °C also had a high correlation to the 
Intraparticle Diffusion model, which suggests that the 
adsorption can be divided into two stages. In the first stage, 
the rapid distribution of adsorbate molecules occurs on the 
outer surface of the adsorbent (Gil et al. 2018); the second 
stage represents intraparticle diffusion, a stage in which the 
binding of molecules occurs toward the internal active sites 
of the adsorbent, which is probably a slower process (Agar‑
wal et al. 2015). This process is shown in Fig. 3c, where it is 
observed that in the first 6 h of contact between diclofenac 
and chicken feather correspond to the aforementioned first 
stage, while the second stage occurs after 6 h of contact, 
where it is observed that the adsorption rate decreased.

Lonappan et  al. (2018) investigated the removal of 
diclofenac using activated carbon from pig manure, finding 
that at 25 °C, and from an initial concentration of 2 mg/L, 
the model that best described the process was pseudo‑second 
order, so they assumed that the result is a chemisorption and 
that the adsorption rate of activated carbon depends on the 
availability of the sorption sites rather than the concentration 
of diclofenac in the solution. They also explained that, when 
the 48 h contact was completed, equilibrium was obtainable 
at a load of 0.995 mg/g; at this same time, the kinetics at 
8 °C had already exceeded this load, obtaining 2.93 mg/g, 
which suggested that the chicken feathers adsorbs faster than 
the activated carbon, this is confirmed by rate values. Also, 
de Luna et al. (2017) evaluated the kinetics of diclofenac 
adsorption on activated carbon from cocoa pod shells, find‑
ing that the model that best described the process was the 
pseudo‑second order. This activated carbon has a higher 
adsorption rate than the chicken feathers, since it reaches 
equilibrium at 120 min and reaches an experimental load 
of 5.53 mg/g, it is probable that the fast adsorption rate is 
related to the chemical activation that the carbon had, due to 
the number of pores on the adsorbent surface and therefore 
the availability of adsorption sites depends on this.

Table 3  Kinetic parameters of diclofenac adsorption on chicken 
feather

Temperature (°C)

25 15 8

Pseudo primer orden
qe (mg/g) 5.1255 6.2012 6.3819
k1 (1/min) 0.000521 0.000269 0.000202
R2 0.9926 0.9911 0.9967
Pseudo segundo orden
qe (mg/g) 6.6600 6.7194 6.3439
k2 (g/mg min) 0.000071 0.000067 0.000054
R2 0.9868 0.9700 0.9875
Difusión Intrapartícula
K (mg/g min) 0.0648 0.0668 0.0551
R2 0.9631 0.9795 0.9923
Elovich
A (mg/g min) 0.005681 0.003732 0.006166
B (g/mg) 0.608575 0.412899 0.800207
R2 0.9871 0.9906 0.9311
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FTIR analysis of diclofenac sodium and chicken 
feather

The FTIR analysis was carried out to determine the func‑
tional groups present on the surface of the chicken feather 
and the modification that occurs when the feather–diclofenac 
complex is formed. Figure 4a shows the infrared spectrum 
of diclofenac and the groups and associated bonds are 
described. The bonds of the main functional groups (C–N, 
C=C, C=O, O–H and C–Cl) detected in the infrared spec‑
trum of this work is similar to that reported by other authors, 
such as the case of Sathishkumar et al. (2015), who per‑
formed the FTIR analysis of a diclofenac solution in water, 
to observe the adsorption process of this drug on activated 
carbon from fruit peels, another similar case is the study by 
Ramachandran and Ramukutty (2014), who carried out an 
IR analysis of diclofenac in an aqueous solution, and also 
the representative bands of the N–H, C–N and C=C bonds 
is similar in the same region. In this work, they identified the 
bond C–Cl, which is similar to the one identified in the pre‑
sent investigation. Likewise, Nayak and Pal (2011) reported 
the same bonds detected in diclofenac sodium.

Chicken feather is mainly made up of a protein called 
keratin with different functional groups, especially –COOH, 
 NH2, S–S– (Khosa et al. 2013). In Fig. 4b, the infrared 

spectrum of the chicken feather is shown, detecting the main 
functional groups. The infrared spectrum of the chicken 
feather after a time of contact with diclofenac is also shown 
(Fig. 4b), in which it can be observed that, due to the interac‑
tion, the intensity of some bands decreased, such as the char‑
acteristic band of the O–H bond; likewise, the formation of 
new bands is observed, for example in the region 1046  cm−1 
that is related to the C–N bond, 989  cm−1 represents the 
bending vibration of the C‑H bond located out of the plane 
and the intensification of the band 923  cm−1 which is asso‑
ciated with the out‑of‑plane bending vibration of the O–H 
bond, the formation of the 834  cm−1 band is also observed, 
which reflects the bending vibration of a C–H bond in the 
aromatic ring and the 741  cm−1 band corresponding to a 
stretching vibration of the C–Cl bond.

Leone et al. (2018) suggested that an ion–dipole interac‑
tion can occur between the  O− of diclofenac in its anionic 
form (pH > pKa of diclofenac), and the O–H bond present 
on the surface of an adsorbent. This could happen between 
diclofenac and chicken feather, since the O–H bond of the 
phenolic groups present in the feather can interact with the 
free radical on the carboxylic group of diclofenac. On the 
other hand, Bhadra et al. (2016) suggested that there may be 
an interaction between the C=O bond and the O–H group 
through hydrogen bridges; this can explain the mode of 

a

b

Fig. 4  Infrared spectrum a diclofenac sodium and identification of main functional groups b chicken feather before and after the diclofenac 
adsorption process
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adsorption of diclofenac on the chicken feather since there 
can be interaction of the O–H bond of the phenolic groups on 
the surface of the feathers and the C=O bond of diclofenac 
causing the change in the intensity of the 1623  cm−1 band.

Regarding the formation of the new band at the frequency 
1046  cm−1, it is associated with the presence of a C–N bond 
due to the secondary amine in the diclofenac molecule. This 
bond may because of an electrostatic interaction between 
the negatively charged amine in the anionic molecule of 
diclofenac and a protonated amine present in the amino acids 
of the feathers, there is no history of this possible adsorp‑
tion mechanism for diclofenac; however, Ling et al. (2016) 
explained how the interaction between the secondary amine 
in the sulfamethoxazole molecule and the primary amine in 
the amine‑modified polystyrene–divinylbenzene adsorbent 
can occur.

These three possible mechanisms are represented in 
Fig. 5 and can explain the high adsorption of diclofenac 

on the chicken feather, which is similar to the one reported 
by Hiew et al. (2019) who removed diclofenac using oxi‑
dized graphene and obtaining a load similar to this work 
(653.91  mg/g); these authors reported that the possi‑
ble mechanism for the adsorption of the drug occurred 
through hydrogen bridges, between the electronegative 
sites of the diclofenac molecule and the functional groups 
of graphene. Likewise, Barczak et al. (2018) investigated 
the removal of diclofenac on functionalized mesoporous 
silica and obtained a load of 925 mg/g. These authors 
attributed the high capacity of the adsorbent mainly to 
electrostatic forces between the protonated surface and the 
electronegative form of diclofenac; they also mentioned 
that the presence of hydrogen bridges can be a factor that 
influences high adsorption due to the presence of organic 
groups on the surface of the adsorbent.

Fig. 5  Proposal of a mechanism 
for the adsorption of diclofenac 
on chicken feathers through 
electrostatic interactions, ion–
dipole and hydrogen bonding 
at pH 6
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Biodegradation of the adsorbate/adsorbent 
complex

After completing the physicochemical study of diclofenac 
adsorption on the chicken feather, the feasibility of a second 
treatment such as biodegradation for the elimination of the 
diclofenac–feather complex was analyzed.

Determination of enzymatic activities 
during the biodegradation of free diclofenac 
and diclofenac–feather complex

Figure 6 shows the profiles of enzymatic activities pre‑
sent during the biodegradation process of the adsorbate/
adsorbent complex and free diclofenac. The enzymatic 
laccase activity fluctuated as a function of time, and there 
were differences in the level activity between the two 
kinetics (Fig. 6a); this can be attributed to the presence 
of the chicken feather that could act as a substrate for the 
enzyme. Laccases act mainly in the extraction of hydrogen 
from hydroxyl groups present in phenolic groups, generat‑
ing phenoxy radicals (Agematu et al. 1993). This enzyme 

also acts on non‑phenolic substrates such as 2,2′‑azinobis 
(3‑ethylbenzothiazoline‑6‑sulfonate) (ABTS) produc‑
ing  ABTS+ acting on the aromatic amine (Johannes and 
Majcherczyk 2000). Diclofenac is not an optimal substrate 
for laccase; however, Marco‑Urrea et al. (2010) investi‑
gated the degradation of diclofenac through the use of 
purified laccase and provided a possible mechanism, 
obtaining 4‑(2,6‑dichlorophenylamino)‑1,3‑benzened‑
imethanol as the final product. Another possible action 
of the laccase enzyme has been described by Lloret et al. 
(2013) who explained that laccase could act on the car‑
boxylic group in diclofenac in the presence of oxygen. 
Likewise, based on what was reported by Huang et al. 
(2014), who investigated the degradation of 2,4‑dichlo‑
rophenol by immobilized laccase, they found that a qui‑
none could be formed in the molecule due to the oxida‑
tion of the hydroxyl group and the dechlorination of the 
aromatic ring forming 2‑chloro‑1,4‑quinone. According 
to the above, it is possible to propose another theoretical 
mechanism, in which the dechlorination of the diclofenac 
molecule occurs and thus the formation of quinones in the 
aromatic ring, as shown in Fig. 7.

Another enzyme that was studied during the biodeg‑
radation was lignin peroxidase, and it was monitored for 

a

c
d

b

Fig. 6  Enzymatic activities a lacasse b lignin peroxidase c manganese peroxidase d polyphenol oxidase
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152 days using two substrates; the results are represented in 
Fig. 6b. The detection through 2,4‑dichlorophenol substrate 
showed that the highest activity was during the first six days, 
reaching 945 units in the degradation of the complex system, 
while in the free diclofenac system was 1486.48 units on the 
third day. Meanwhile, the enzyme detected that the second 
substrate (veratryl alcohol) was produced until day 91 in 

both systems, which suggested that lignin peroxidase acted 
on the exposed hydroxyl groups, probably after previous oxi‑
dation carried out by another enzyme. The enzyme detection 
by veratryl alcohol technique refers to the oxidation of the 
hydroxyl groups of the substrate.

The enzyme lignin peroxidase normally oxidizes phenolic 
compounds turning them into the corresponding phenoxy 

Fig. 7  Possible products derived from the interaction of enzymes on diclofenac in the degradation process of the adsorbate
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radical (Kawai et al. 1987), such as the substrate 2,4‑dichlo‑
rophenol where the hydroxyl group is oxidized and the phe‑
noxy radical is made, giving rise to the formation of a ben‑
zoquinone. Enzymes not only act on the initial substrate, but 
also on the products of previous oxidation caused by another 
enzyme. That said, it is possible to consider that lignin per‑
oxidase can act on the product generated after laccase oxida‑
tion, for example, on the product reported by Marco‑Urrea 
et al. (2010), after the degradation of diclofenac with lac‑
case (4‑(2,6‑dichlorophenylamino)‑1,3‑benzenedimethanol) 
(Fig. 7). According to Valli and Gold (1991), who studied 
the degradation of 2,4‑dichlorophenol through the use of 
lignin peroxidase and proposed a route in which the two 
chlorine atoms are removed by oxidation forming a quinone. 
It is possible to suggest a second path since diclofenac also 
has two chlorine atoms which can be oxidized by lignin per‑
oxidase and form a benzoquinone, as shown in Fig. 7. There 
is no report of a mechanism of the effect of lignin peroxi‑
dase on diclofenac; however, Zhang and Geißen (2010) have 
studied the degradation of carbamazepine and diclofenac 
by crude lignin peroxidase and found that diclofenac can be 
completely degraded by the enzyme, thus confirming that 
the drug can function as a substrate for lignin.

Even though there is no history on the biodegradation 
of diclofenac through the direct action of the enzyme 
manganese peroxidase, this was evaluated since it is 
known that, like lignin peroxidase, it has a powerful 
oxidant capacity (Bogan et al. 1996). In particular, man‑
ganese peroxidases act through the oxidation of  Mn2+ to 
 Mn3+, which oxidizes phenol to phenoxy radicals, in the 
presence of  H2O2 (Widiastuti and Wulaningtyas 2008). 
Manganese peroxidase can act on chlorinated substrates, 
as reported by Gold and Joshi (1993), who studied the 
degradation of 2,4,5‑trichlorophenol using Phanero-
chaete chrysosporium. The authors explained that the 
first step in the oxidation of this compound is dechlorina‑
tion of the molecule, resulting in 2,5‑dichloro,1,4‑benzo‑
quinone. On the other hand, Hofrichter (2002) reported 
some substrates where manganese peroxidase can act, 
among carboxylic acids that are mentioned and explain 
that the action of manganese is mainly focused on the 
subtraction of hydrogen from the hydroxyl group and 
forming its corresponding radical, whose the presence 
is the starting point of other spontaneous reactions that 
depends on the external conditions, leading to different 
products (Hatakka 2001). Based on this, it is possible to 
propose a theoretical mechanism in the biotransformation 
of diclofenac, since, as previously mentioned, diclofenac 
has two chlorine atoms, which can be extracted from the 
molecule giving rise to a benzoquinone, in addition to 
the formation of the radical in the carboxylic group, as 
seen in Fig. 7.

According to the enzyme kinetics, it is possible to 
confirm the presence of the enzyme in the biodegrada‑
tion process of diclofenac both in free form and in com‑
plex form, the main difference between the two graphs 
lies in the fact that the system with free diclofenac has 
a higher enzymatic activity than that of the complex 
(Fig. 6c), which suggests that the enzyme acts easily on 
the substrate that is completely in the solution.

Finally, the activity of the polyphenol oxidase enzyme 
was detected to evaluate its possible participation in 
the degradation of diclofenac and it was found that its 
activity fluctuated during the process with three main 
increases in both systems (Fig. 6d). Polyphenol oxidases 
are oxidoreductase enzymes, and they are present in the 
removal of aromatic pollutants; they catalyze mainly 
the oxidation of hydroxyl groups from monophenols to 
diphenols and, subsequently, lead them to the forma‑
tion of quinones (Singh et al. 2015). To date, there is 
no information on the degradation of diclofenac sodium 
by oxidation, catalyzed by polyphenol enzyme; how‑
ever, based on the kinetics obtained, it is possible to 
confirm the presence of the enzyme in the degradation 
process, and therefore, a probable mechanism of action 
on the drug can be proposed based on the operation of 
the enzyme on other substrates already reported. Such 
is the case proposed by Chai et al. (2017), where they 
presented the biotransformation of L‑DOPA to indole‑
5,6‑quinone through the action of polyphenol oxidase, 
which is attacked by the enzyme and transformed into 
a quinine. It is also observed that the carboxylic acid of 
the L‑DOPA molecule is removed through the action of 
polyphenol enzyme. According to the aforementioned, it 
is possible to deduce a route of action of the enzyme on 
diclofenac, since like, L‑DOPA, the drug has a carbox‑
ylic group in its molecular structure, which can justify 
the enzymatic activity detected during the biodegrada‑
tion process of the adsorbate/ adsorbent complex and free 
diclofenac, Fig. 7 shows the possible route of action of 
the enzyme on diclofenac.

In addition to evaluating the biodegradation of the 
adsorbate (diclofenac), the biodegradation of the adsor‑
bent (chicken feather) was also evaluated; it was ana‑
lyzed through quantification of keratinolytic activity, 
soluble protein, positive nihydridine products and free 
–SH groups.

Figure 8a shows the keratinolytic activity as a function 
of time, here it is observed that in the first nine days the 
presence of the enzyme was not detected; however, from 
day 14 a slight increase in activity is observed, but it is 
not until day 38 that a notable increase in the enzyme 
was manifested. This trend was maintained until day 91, 
where the highest point of the enzymatic activity reached 
72.5 U/mL; finally, in the following 30 days declined 



1241International Journal of Environmental Science and Technology (2022) 19:1227–1246 

1 3

activity was observed. This behavior is similar to the 
feather fragmentation process, which began to appear 
with greater intensity from the first month of incubation. 
According to He et al. (2018), keratin undergoes differ‑
ent modifications due to the action of microorganisms; 
first, the disulfide bonds of keratin cysteine are broken, 
which leads to the formation of a stable secondary struc‑
ture of keratin, that is also destroyed, and finally, the 
protease acts on the porous structure of keratin and the 
feathers completely degrade. Some authors reported the 
presence of keratinase activity during the degradation 
of chicken feathers, such as the case of Bohacz (2017), 
who confirmed that the activity of proteases with kerati‑
nolytic properties is correlated with the release of pro‑
teins and peptides. Likewise, Moreira‑Gasparin et al. 
(2009) reported that keratinase can degrade the feathers 
or β‑keratin, releasing soluble amino acids and peptides 
without the need for chemical or enzymatic reduction of 
disulfide bonds.

Regarding the detection of soluble protein, it is pos‑
sible to show its existence in the degradation system 
(Fig. 8b). It is observed that the trend of the graph is 
increasing and with oscillations throughout the process, 
the highest point of the increase after day 70 reaching 
40.38 µg/mL; afterwards, a notable reduction is observed 

in the last days of the kinetics. This can be attributed to 
the fact that the products of keratin hydrolysis acquired a 
role of substrate for other enzymes, resulting in a carbon 
source for the present microbiota, as explained by Veselá 
and Friedrich (2009), who investigated the dependence 
of amino acids and protein soluble in residual keratin 
hydrolyzed by a fungal keratinase from Paecilomyces 
marquandii.

Since the chicken feather protein is made up of 
amino acids, positive ninhydrin products were quan‑
tified to show their biodegradation. The results are 
reflected in Fig. 8c; it is observed that the maximum 
point (81.46 µg/mL) is reached at 21 days, followed by 
the observation that the concentration of amino acids 
began to decrease periodically until day 91, where it 
started increasing again. Due to the high concentration 
of amino acids obtained, the degradation of the feather 
is confirmed again; this correlation agrees with Goust‑
erova et al. (2005) who indicated that, when the feather is 
degraded by the action of microorganisms, peptides and 
amino acids are released, which are accumulated in the 
medium; these products in turn are metabolized by the 
same microorganisms as they now play a role as a source 
of additional carbon.

a

c

b

d

Fig. 8  Determinations during the adsorbate/adsorbent complex biodegradation a Keratinolytic activity, b soluble protein, c Amino acid d –SH 
groups
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Keratin is rich in sulfur amino acids, due to the pack‑
ing of the α‑helix and β‑folded protein chain in a poly‑
petidic chain, which has a high degree of crosslinking 
caused by the extensive formation of disulfide bonds 
(Onifade et al. 1998). Therefore, the quantification of 
possible free ‑SH groups was carried out because of 
the degradation of the chicken feathers. These results 
are shown in Fig. 8d where the concentration of sulf‑
hydryl groups was detected with several oscillations in 
the kinetics. As already mentioned, the stability of the 
chicken is related to the structure of the protein chain 
which owes its resistance to disulfide bonds, Hubalek 
(2000) explained the process of sulfitolysis, where the 
disulfide bonds of the keratin, which leads to destabili‑
zation of the protein structure, allow keratinolytic pro‑
teases to attack and the excess sulfur from cystine to 
be released. Likewise, Singh (2003) in his work for the 
bioremediation of keratinolytic waste confirmed again 
the relationship that exists between keratinase activity 
and the division of disulfide bonds and, therefore, the 
degradation of keratin.

Additionally, the degradation of diclofenac was quan‑
tified in both systems (Fig.  9); the system with free 
diclofenac started at 80  mg/L and, on the ninth day, 
there was a decrease of almost 38% of the concentra‑
tion, reaching 50 mg/L; during the rest of the kinetic, the 
decrease was observed until 33 mg/L, equivalent to 59% 
of degradation. Meanwhile, in the system with diclofenac 
adsorbed on chicken feathers, the initial concentration in 
the media was 50 mg/L, due to the natural desorption of 
the drug, then reached the release maximum (83 mg/L) 
on day 21, which was maintained until day 47, and later it 

was observed how the trend of the graph decreased until 
it reached a reduction of almost 55%.

Some authors have investigated the degradation of 
diclofenac and chicken feather; however, there have 
been individual studies, such as He et al. (2018) who 
investigated the biodegradation of feather keratin by the 
Bacillus subtilis strain; meanwhile, Łaba et al. (2018) 
reported new keratinolytic bacteria in the recovery of 
chicken feather waste and explained that, during the 
first 4 days of incubation, 52% of the keratinous residue 
was reduced. On the other hand, in the degradation of 
diclofenac, some authors such as Moreira et al. (2018) 
proposed the elimination of the drug using Labrys por-
tucalensis F11 and concluded that 70% of the degrada‑
tion of diclofenac was achieved after 30 days, starting at 
10.81 mg/L as the initial concentration. Stylianou et al. 
(2018) investigated the biodegradation of diclofenac by 
Klebsiella sp. and found complete mineralization of the 
drug after 72 h using an initial concentration of 70 mg/L. 
Tiehm et al. (2011) described the biodegradation of phar‑
maceutical products, among which is diclofenac, using 
activated sludge and explained that the elimination of the 
drug was achieved in 85 days using an initial concentra‑
tion of 5 µg/L. As can be seen in some investigations, 
there is a rapid elimination of the compounds using low 
initial concentrations.

Conclusion

The chicken feather can be used as a natural adsorbent 
for the removal of diclofenac in aqueous solution. The 
maximum adsorption capacity determined through 

Fig. 9  Biodegradation of 
adsorbed and free diclofenac at 
30 °C using bacteria inoculum
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the adsorption isotherms in equilibrium at 8  °C was 
614 mg/g and was described by the Langamuir model, its 
load exceeds the adsorption capacity of other chemically 
modified materials and therefore it facilitates the use of 
this adsorbent. Based on the adsorption equilibrium, the 
thermodynamic parameters were analyzed, and it was 
found that the adsorption process is spontaneous and exo‑
thermic. The adsorption of diclofenac was also evaluated 
as a function of time, and the effect of temperature on it 
was observed, obtaining that at 8 °C the maximum load 
was reached and the intraparticle diffusion model is the 
one that best describes the kinetics; however, a higher 
charge is obtained at 8 °C, the feathers adsorb diclofenac 
faster at 25 °C. According to the modifications detected 
in the groups and bonds of the adsorbent, it was proposed 
that diclofenac can bind to the adsorbent through hydro‑
gen bonds, ion–dipole bonds and electrostatic forces.

To propose a complete treatment of the adsorbate/adsor‑
bent complex formed, it was decided to apply biodegrada‑
tion technology using a bacterial consortium. The process of 
degradation of the complex as well as diclofenac was dem‑
onstrated through the detection of some enzymatic activi‑
ties; with these results, the action pathway of these enzymes 
on the pollutant was proposed, which acted mainly in the 
dechlorination of the molecule, on the carboxylic acid group, 
and exposed OH groups, forming mostly quinones. Like‑
wise, keratinolytic activity was detected, which is related 
to the presence of soluble protein, amino and sulfhydryl 
groups, since during the fragmentation of the feather the 
disulfide bonds were broken, releasing peptides and amino 
acids, confirming the degradation of the adsorbent. Also, 
the degradation of free diclofenac and adsorbed on chicken 
feathers was verified by HPLC, determining that the drug 
concentration was reduced by 50% in both systems.
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