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A B S T R A C T   

This study reports the preparation and comparison of the mercury adsorption properties of nanocomposite 
materials based on whey protein. The adsorption capacity of the nanocomposites of whey protein fibrils (WPF) 
with activated carbon (AC) and WPF with polycaprolactone (PCL) were compared and analyzed. These materials 
were characterized by SEM-EDX, FTIR, and XPS. The maximum mercury adsorption capacities were 74.4, 54.7, 
and 16.7 mg/g for AC, WPF-AC, and WPF-PCL nanocomposites, respectively, at 30 ◦C and pH 5. The adsorption 
capacity increased with the temperature, and this thermodynamic behavior confirmed the endothermic nature of 
the mercury adsorption on tested materials. The results reported in this study open the possibility to use WPF to 
remove mercury from polluted water, which is a promising low-cost raw material to prepare a wide variety of 
nanocomposite materials for different industrial and environmental applications.   

1. Introduction 

Water is the most indispensable natural resource due to it is a source 
of life, where only 2% of the total water worldwide is freshwater and 
1.6% of it is sealed up in polar ice caps and glaciers (Igibah et al., 2019). 
Therefore, the contamination of water is a global concern and one of the 
most important environmental pollution problems is related to the 
presence of heavy metal ions in industrial effluents, wastewater, and 
groundwater. These environmental pollutants have a massive effect on 
the ecosystem due to their bioaccumulation and biomagnification in the 
organisms and food chain (Alam et al., 2018). Consequently, several 
health and environmental problems are related to heavy metal 
contamination owing to their toxicity, carcinogenicity properties, and 
long-term accumulation (Azimi et al., 2017). 

Mercury (Hg) has been associated with a serious concern in terms of 
its impact on all living organisms and the environment due to its high 
toxicity, volatility, and bioaccumulation. Thus, the WHO (Attari et al., 
2017) and the US EPA (Monjane-Mabuie et al., 2022) have listed Hg as a 

priority pollutant. As a result, a maximum contamination level (MCL) of 
0.2 and 1 µg/L of Hg in drinking water has been established by the US 
EPA (Monjane-Mabuie et al., 2022) and European Union (Bhatt and 
Padmaj, 2019), respectively. Similarly, the US EPA stated that the Hg 
amount discharged in wastewater should be below 5 μg/L (Bhatt and 
Padmaj, 2019). Hg discharge in wastewater higher than the limit 
established for its residual concentrations can cause irreversible harm to 
the environment. The release of Hg is the main source of mercury 
pollution via the emissions from mining, fossil fuel burning, and in
dustrial production. The Hg concentration in these emissions must be 
controlled effectively to reduce the environmental release of this 
pollutant and to avoid adverse effects on ecosystems and the human 
population (Landin-Sandoval et al., 2020). 

There are several methods to remove heavy metal ions from waste
water, including chemical precipitation, ion exchange, reverse osmosis, 
coagulation, and flocculation (Saleh et al., 2022). The major problems to 
implement these techniques for the removal of heavy metals are asso
ciated with their high cost and the demanding process to eliminate waste 
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byproducts (Carolin et al., 2017). Researchers have focused on the 
adsorption technique to remove heavy metals from wastewater due to its 
high performance, simplicity, affordability, and versatility (Masoumi 
et al., 2022). The properties of adsorbents are fundamental in the 
removal of heavy metals; therefore, it should be identified the prepa
ration conditions to tailor the surface area, pore size distribution, and 
functional groups of the adsorbent for obtaining a high adsorption ca
pacity (Carolin et al., 2017). Adsorption is a favorable separation pro
cess because it is cost-effective, has a simple design and operation, can 
be used in both batch and continuous modes, and the adsorbents can be 
regenerated. There is a wide variety of inexpensive and effective ad
sorbents available from biological and chemical sources, including 
waste biomass (Xu et al., 2022), biochar (Hsu et al., 2021), microor
ganisms (Baran et al., 2020), graphene oxide composites (Awad et al., 
2021), metal–organic frameworks (Soroush et al., 2022), magnetic 
nanocomposites (Selvaraj et al., 2023), carbon-based (Al-Yaari and 
Saleh, 2022) and polymer-based materials (Mahmoodi et al., 2021) that 
have been used to adsorb contaminants from water. Recently, the use of 
nanoparticles, nanocomposites, and metal–organic-frameworks has 
gained attention for adsorbent materials. 

A promising technology for the preparation of new adsorbents is the 
use of protein amyloids, which are nanoscale fibers that can be used to 
enhance the affinity of several materials for heavy metal removal. An 
amyloid is a fibrillar state of a protein that can be formed under certain 
conditions when they are denatured (Knowles and Mezzenga, 2016). 
The ability of protein amyloids to remove metal ions is supported by 
medical evidence suggesting that metal bonds have implications in the 
formation of amyloid fibrils in neurodegenerative diseases (Morris and 
Serpell, 2010). Researchers have explored the potential role of amyloid 
fibrils in the removal of toxic heavy metal ions. In one study, amyloid 
fibrils of β-lactoglobulin produced by heat treatment with activated 
carbon were able to remove more than 99.5% of gold, mercury, lead, 
and palladium individually and mixed (Bolisetty and Mezzenga, 2016). 
Additionally, using the same type of membrane, 99% of arsenites and 
arsenates were removed from prepared solutions and contaminated real 
water (Bolisetty et al., 2017). Numerous studies have confirmed the 
promising potential of amyloids to remove heavy metals from water, but 
most of these reports prepared amyloid fibrils from isolated proteins 
such as β-Lactoglobulin and BSA using a thermal treatment method 
(Mezzenga et al., 2019; Peydayesh et al., 2019; Yu et al., 2019; Q. Zhang 
et al., 2020). In this study, we used whey protein as a source to prepare 
the Whey Protein Fibrils (WPF) amyloid type, which is a subproduct of 
the cheese industry. In consequence, whey is a mixture of proteins that 
could be used as a way to avoid the separation of β-lactoglobulin or other 
proteins, which results in lower-cost production. It is important to 
remark that the use of whey to produce nanocomposites based on WPF is 
promissory to remove heavy metals from water due to its chemical 
characteristics, and low cost. Herein, it is convenient to note that the 
mechanical and physical properties of amyloids make them difficult to 
handle alone and, consequently, several studies have used support to 
hold amyloids with the aim of preparing nanocomposite materials (Li 
et al., 2012). The application of nanotechnology in wastewater treat
ment for toxic heavy metal ions using nanocomposites has taken great 
relevance, which has many advantages owing to the combination of the 
properties of the nanoscale, components, and the strong economic in
centives (Saad et al., 2018). In consequence, activated carbon has been 
used to support whey protein and β-Lactoglobulin amyloids and the 
resulting nanocomposite material has proved to remove efficiently 
heavy metals from water (Bolisetty and Mezzenga, 2016; Ramírez- 
Rodríguez et al., 2020). Activated carbon provides mechanical support 
to amyloids and it is a well-known adsorbent owing to its large surface 
area but due to its synthesis cost, a nanocomposite material is preferred 
because of the combination of a low-cost material as whey with acti
vated carbon (Wang et al., 2022). 

Similarly, nanocomposite-based adsorbents made of nanofibers 
produced by electrospinning have been receiving widespread attention 

due to the advantages of their high efficiency, simple production, 
versatility, large specific surface area, high porosity, and good structural 
stability (Damiri et al., 2022). Electrospinning is a method that allows 
the production of ultrathin nanofibers that can be manufactured under 
controlled conditions leading to fibers with desirable properties (Kumar 
et al., 2018). This is an opportunity to make amyloid-like fibers by an 
innovative method using a polymer as a mechanical support besides 
activated carbon, thus avoiding the use of the thermal treatment method 
to produce the amyloid fibers. Note that the thermal treatment is a 
method commonly used to obtain amyloid fibers but the fibrillar 
arrangement depends on the denaturation conditions of the protein, so 
that spherulites or gels may form, which are well-known that do not 
have an affinity for heavy metals (Zappone et al., 2013). Therefore, 
there is the opportunity to use an affordable raw material such as whey 
to produce amyloid fibrils by thermal treatment at low temperatures and 
electrospinning and to elaborate different nanocomposite materials for 
the removal of metal ions. Recently, Ramírez-Rodríguez et al. reported 
the preparation of a hybrid membrane made of whey protein fibrils and 
activated carbon to remove Hg and chromium from water, thus 
demonstrating the potential use of whey to prepare amyloids for heavy 
metals removal (Ramírez-Rodríguez et al., 2020). It is important to 
remark that the adsorption performance of the nanocomposites of WPF- 
PCL has not been evaluated in the literature before for mercury removal. 

The aim of this study was to compare the adsorption behavior of 
nanocomposite materials based on whey protein fibrils and determine 
their benefits with respect to the non-modified materials (i.e., activated 
carbon and polycaprolactone) to remove Hg ions from water. WPF were 
prepared by a thermal treatment which is the most used method, while 
fibrils were incorporated into activated carbon (AC) structure to elab
orate a nanocomposite material. The performance of this adsorbent was 
compared with a nanocomposite of WPF and polycaprolactone (PCL) 
made by the electrospinning process. Hg adsorption properties of these 
nanocomposite adsorbents and non-modified materials were analyzed. 
This study demonstrated that whey protein fibrils in the amyloid state 
have a high affinity for mercury and this has been proven through the 
incorporation of these fibers in different materials such as activated 
carbon and PCL. The novelty of this research is focused on the adsorp
tion performance of nanocomposites based on WPF, which serves as a 
tool to enhance the Hg affinity of other compounds. The results of this 
study can be considered as an important contribution in the nano
composite materials area, where amyloids can be used in conjunction 
with other materials to elaborate new and cost-effective promising ad
sorbents for different industrial and environmental applications. 

2. Experimental 

2.1. Materials 

Whey Protein Isolated (WPI) was purchased from Davisco Foods 
International Inc. (Eden Prairie, USA) and it contained 97% protein 
(69% β-Lactoglobulin and 22% α-lactalbumin), activated carbon was 
obtained from Sigma Aldrich (USA) with a particle size of 150 µm. Poly 
(epsilon-caprolactone) (PCL, Mn = 70–90 kDa) was obtained from 
Sigma Aldrich (USA), and 2-Mercaptoethanol (βME, 98%) was pur
chased from Bio-Rad Laboratories (Canada). Mercury chloride (II) was 
obtained from Sigma Aldrich (USA). 

2.2. Preparation of nanocomposite adsorbents 

2.2.1. Nanocomposite adsorbent based on WPF and AC 
Whey powder was dissolved in deionized water at a concentration of 

3.8% at pH 2 to ensure fibril formation owing to the electrostatic 
repulsion among positively charged groups (Loveday et al., 2017). The 
solution was centrifuged at 10,800 RFC for 1 h using a Centrifuge 
(Universal 32R, Germany), and filtered with a 0.45 µm millipore filter. 
The solution was placed in glass tubes in a water bath without stirring at 
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74 ◦C for 7 h, and the tubes were immediately cooled by immersion in 
ice-water mixtures as reported previously (Ramírez-Rodríguez et al., 
2020). The nanocomposite adsorbent was prepared using the WPF so
lution, which was dropped into an AC solution (0.1 wt%) to obtain a 
final mixture 1:2 of AC–WPF. This solution was stirred at 200 rpm and 
20 ◦C for 24 h to ensure the incorporation of WPF into the AC. 

2.2.2. Nanocomposite adsorbent based on WPF and PCL 
Polymeric dispersions of WPI and PCL were prepared using a con

centration of total solids of 18% with concentrations of WPI at 90% wt, 
PCL at 10% wt, and 1.0% v/v of 2-Mercaptoethanol (βME), which was 
used as reducing agent to denature whey proteins from a native state to 
amyloid state (Aceituno-Medina et al., 2013). Solutions of PCL and WPI 
with βME were dissolved in tetrahydrofuran (THF) and dimethyl form
amide (DMF) (7:3 v/v) separately and stirred overnight at room tem
perature to ensure complete dissolution. To produce the nanocomposite 
adsorbent, a solution of WPI and PCL was pumped by a horizontal 
electrospinning Fluidnatek ® LE-10 (Bioinicia, Spain) apparatus as re
ported previously (Ramírez-Rodríguez et al., 2022). To facilitate the 
adsorption essays, the film was cut and washed with ethanol (10%) and 
HNO3 (0.1 N) for 24 h under continuous stirring. 

2.3. Mercury adsorption studies using nanocomposite adsorbents and 
non-modified materials 

Adsorption studies were conducted using aqueous solutions of mer
cury chloride. Batch experiments were done by triplicate using an 
adsorbent - adsorbate solution ratio of 20 g/L at 120 rpm. Prior to the 
experiment, a stock aqueous solution of mercury chloride was adjusted 
to the desired pH using 0.1 M of HNO3. Hg concentration was quantified 
using an Atomic Absorption Spectrophotometer ContrAA 700 (Analytik 
Jena, Germany) with a linear calibration curve (i.e., 10–300 mg/L). The 
adsorption capacity (q, mg/g) of the nanocomposite adsorbents was 
calculated using a mass balance that is given by Eq. (1) (Zúñiga-Muro 
et al., 2020): 

q =
(Ci − Cf )V

m
(1)  

where Ci and Cf are the initial and final mercury concentrations in the 
solution (mg/L), V is the volume of mercury solution (L) and m is the 
adsorbent mass (g), respectively. 

Adsorption kinetic studies were performed at 30 ◦C and pH 2 using 
initial Hg concentrations of 50 and 150 mg/L with contact times from 1 
to 18 h. The adsorption data were fitted to classical adsorption kinetic 
models and the calculation of the adsorption rate constants was made 
using a nonlinear data regression (see Table S1). Adsorption isotherms 
were obtained at different conditions of pH (2–5) and temperature (20 
and 30 ◦C) with initial Hg concentrations from 10 to 300 mg/L using an 
equilibrium time of 24 h. The experimental isotherms were fitted to 
Langmuir, Freundlich, and Sips models (see Table S2). The thermody
namic parameters of the mercury adsorption process were calculated 
using the Gibbs free energy (ΔG◦, kJ/mol), Eq. (2), and the standard 
enthalpy (ΔH◦) and entropy (ΔS◦) of the nanocomposite adsorbents 
were calculated using van’t Hoff approach, Eq. (3). 

ΔG = − RTlnKc (2)  

lnKc =
− ΔH◦

RT
+

ΔS◦

R
(3)  

where the adsorption equilibrium constant was calculated according to 
(Lima et al., 2020; Tran et al., 2017). 

2.4. Physicochemical characterization of nanocomposite adsorbents and 
non-modified materials 

Physicochemical characterization of nanocomposite adsorbents and 
the non-modified materials was performed via the quantification of the 
pH of the point of zero charge (PZC), the morphology analysis was done 
using SEM-EDX and the surface chemistry analysis with FTIR and XPS 
techniques. The zero charge pH (pHpzc) of the adsorbents was deter
mined by employing the methodology reported by Faria et al. (2004). 
The morphology of the adsorbents was observed by a Scanning Electron 
Microscopy (SEM) JEOL JSM 5910 LV (Joel, Japan) equipped with an 
Energy-Dispersive X-ray spectrometer (EDX), model 7324 (Oxford In
struments, UK) at an acceleration voltage of 10 kV (Yu et al., 2019). 
Functional groups of the adsorbent samples were identified by FTIR 
spectroscopy using a Nicolet iS10 spectrometer (Thermo Scientific®, 
USA) equipped with a DTGS detector at a resolution of 4 cm− 1 and 32 
scans. FTIR analysis was done using KBr pellets in the range of 
4000–400 cm− 1 (Mahmoodi et al., 2019). XPS characterization was 
done with a Centeno-XPS/ISS/UPS X-Ray Photoelectron Spectrometer 
(SPECS, Germany) where the spectra were recorded using mono
chromatic Al Kα radiation (hv = 1486.6 eV), and the data analysis was 
performed with the CasaXPS program (Casa Software Ltd). 

2.5. Statistical analysis 

All statistical analyses were done using SPSS software version 17.0. 
Analysis of variance (ANOVA) was conducted to determine the differ
ences between treatments. Significant differences were established with 
Fisher’s test with a significance level of 0.05. All the experiments were 
carried out in triplicate, and the results were reported as the mean and 
standard deviation of the measurements. 

3. Results and discussion 

3.1. Characterization of the nanocomposite adsorbents and non-modified 
materials 

3.1.1. SEM-EDX Analysis 
SEM results for the surface morphology analysis of AC, WPF-AC, and 

WPF-PCL nanocomposite materials are reported in Figs. 1 and 2. SEM 
images of Fig. 1A and 2A show the heterogeneous surface and porous 
nature of AC, where porous of different diameters were observed. 
Similarly, the micrographs of the nanocomposite adsorbent of WPF-AC 
(see Fig. 1B and 2B) showed a heterogeneous surface due to the high 
composition of AC. Note that the WPF could be incorporated mainly in 
the micropores and macropores of AC due to WPF have a diameter of 5 
nm and their length may vary from 2 nm to 1 μm (Knowles and Mez
zenga, 2016; Ramírez-Rodríguez et al., 2020). In this case, the presence 
of micropores and mesopores on the adsorbent surface is desired where a 
high specific surface area of the material is expected to favor the 
adsorption of heavy metals (Yan et al., 2020). 

On the other hand, the SEM characterization of the WPF-PCL nano
composite adsorbent demonstrated that this material was made of 
nanofibrils with a diameter of 62.2 nm (see Fig. 2C), beadles, and with 
the presence of some micropores. This result indicated that the adsor
bent besides having ultra-thin fibers that increased its specific surface 
area, it also contained some micropores that increased the surface area 
to favor its adsorption properties. The presence of micropores was also 
evidenced by Martins et al. that identified the presence of micropores in 
37% of fibers elaborated with PCL (Martins et al., 2015). A similar 
finding was observed by Ahmed et al. that prepared fiber of WPI and PCL 
for an antibiotic release with a porosity of 80% (Ahmed et al., 2016). 
The presence of micropores on the fibers was due to the high solvent 
evaporation rate during the electrospinning process or owing to the 
humidity of the electrospinning space caused by the vapor-induced 
phase separation mechanism (Jiang et al., 2018). 
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SEM-EDX analysis were carried out on the AC sample alone and in 
the WPF-AC and WPF-PCL nanocomposite adsorbents, see Fig. 2. EDX 
analysis showed that AC was composed of carbon at 92% and oxygen at 
7.2% and this result was consistent with the study reported by Rengga et 
al (2017). Similarly, SEM-EDX analysis of the WPF-AC nanocomposite 
material demonstrated that it was composed mainly of carbon and ox
ygen, but it also contained nitrogen and sulfur, which were character
istic elements of whey proteins (Yan et al., 2020). In contrast, the EDX 
analysis of WPF-PCL nanocomposite sample showed that it was 
composed mainly of 70% of carbon besides oxygen, nitrogen, and sulfur, 
which were the main elements of whey proteins and PCL. In this way, it 

can be concluded that the WPF nanocomposite adsorbents showed a 
porous morphology and the characteristic elements of whey protein thus 
making them promissory to adsorb Hg from water. 

3.1.2. FTIR analysis 
FTIR spectra results of the characterization WPI, AC, PCL, and 

nanocomposite adsorbents before adsorption are reported in Fig. 3. The 
results showed that the WPF-AC (blue line) and WPF-PCL (green line) 
nanocomposites contained the functional groups of their main compo
nents. The spectrum of WPF-AC nanocomposite displayed the charac
teristic functional groups of the whey proteins related to peptide bonds 

Fig. 1. SEM images of A) Activated carbon at 50 kx, the nanocomposites of B) WPF-AC at 50 kx and C) WPF-PCL at 70 kx.  

Fig. 2. SEM maps and EDX analysis of A,D) Activated carbon at 2.8 kx, the hybrids of B,E) WPF-AC at 2.8 kx and C,F) WPF-PCL at 25 kx.  
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such as the primary amide group (1615 cm− 1) (Colín-Orozco et al., 
2014) and the C-N bond stretching vibrations in the range of 1350–1380 
cm− 1 (Nagalakshmi et al., 2015). It presented the characteristic ab
sorption bands of methylene of AC at 2921 cm− 1 for the asymmetric 
stretching and the band at 1600 cm− 1 related to the aromatic C = C ring 
stretching vibration (Mojoudi et al., 2019). FTIR spectra of WPI (red 
line) and WPF-AC nanocomposite showed an absorption band at 3400 
cm− 1 that corresponded to the stretching vibrations of –OH linked to 
–NH2 (Gbassi et al., 2012), and it can be also attributed to a hydroxyl 
carboxylic and phenolic group of AC (Merodio-Morales et al., 2020). 

3.2. Adsorption performance of the nanocomposite adsorbents 

3.2.1. Adsorption kinetics 
Hg adsorption kinetics of AC, PCL, and the WPF-AC and WPF-PCL 

nanocomposite adsorbents at 30 ◦C and pH 2 are shown in Fig. 4. 
There was a rapid increase of Hg uptake in the initial phase due to the 
abundant vacant adsorption sites of these adsorbents. Thereafter, the 
adsorption capacity slowed down as the equilibrium was achieved and 
almost became constant after 3 h for WPF-PCL, 4 h for AC, and WPF-AC, 
while PCL did not show a Hg adsorption capacity at any time. As indi
cated, the pseudo-first order (PFO), pseudo-second order (PSO), and 
intraparticle diffusion models were applied to analyze the adsorption 
data and to study the Hg kinetics. 

These results indicated that the materials followed the PSO model 
(see Table 1), which showed the best R2 values than those obtained with 
PFO and intraparticle diffusion models, see Table S3. Note that PSO 
model assumes that two surface adsorption sites will be occupied by one 
adsorbate ion such as C-C/C = O, –OH, NHC = O functional groups 
(Bullen et al., 2021; Rajamohan et al., 2014). Consequently, these results 
demonstrated that the rate-limited step in all the studied adsorbents was 
the adsorption process instead of the diffusion process (Hubbe et al., 
2019). 

Hg adsorption rates ranged from 0.07 to 0.23 mg/min for AC thus 
being slightly higher than the adsorption rates of WPF-AC 

Fig. 3. FTIR spectra of WPI, AC, PCL, and the WPF-AC and WPF-PCL nano
composite adsorbents. 
In the case of the WPF-PCL nanocomposite, the FTIR spectra showed that it also 
had the main functional groups of whey proteins such as primary (1615 cm− 1) 
and secondary (1548 cm− 1) amide groups and the corresponding absorption 
bands were more intense in WPF-PCL than those of the WPF-AC nanocomposite 
due to its higher amount of WPI (O’Loughlin et al., 2015). Also, the WPF-PCL 
sample presented the characteristic ester band at 1723 cm− 1, the bands of 
CH2 asymmetric and symmetric vibrations at 2921 and 2870 cm− 1, the C–O and 
C–C stretching bands at 1298 cm− 1 (Azizi et al., 2018), the asymmetric C–O–C 
stretching band at 1246 cm− 1 and the symmetric C–O–C stretching band at 
1192 cm− 1 of PCL, which were similar to the results reported by other re
searchers (Li et al., 2018). Finally, it was concluded that the nanocomposites 
obtained in this study showed the main functional groups of whey protein, so 
that; it could be expected a similar performance of the nanocomposites 
compared to amyloids for the Hg adsorption due to the high affinity of whey 
proteins by heavy metals (Bolisetty and Mezzenga, 2016). 

Fig. 4. Kinetics for the Hg adsorption on A) AC and the nanocomposite adsorbents of B) WPF-AC and C) WPF-PCL at 30 ◦C and pH 2. Hg initial concentrations of 50 
and 150 mg/L. 
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nanocomposite adsorbent, which were 0.05 and 0.21 mg/min. The 
adsorption rate of the WPF-PCL sample (i.e., 0.3–1.07 mg/min) was 
higher than those calculated for the other tested adsorbents, which may 
be due to the difference in the surface area of these materials. In this 
case, the carbonaceous-based materials had a specific surface area 
ranging from 400 to 600 m2/g and the WPF-PCL adsorbent had a specific 
surface area of 2 m2/g, which explained that the adsorption rate of WPF- 
PCL was higher than those of AC and WPF-AC. As reported in the 
literature, carbonaceous bio-based materials reported a specific surface 
area between 12 to 363 m2/g, which depends on the nature of the 
adsorbent and the synthesis process (Kumar et al., 2020; Saleh et al., 
2017). On the other hand, some authors report the specific surface area 
of the nanocomposite materials based on nanofibers, which vary from 2 
to 21 m2/g due to the morphology and materials of the fibers made by 
the electrospinning process (Asadollahfardi et al., 2018). The differences 
between the adsorption performance within the composites maybe be 
due to the differences in the specific surface area which is a valuable 
factor in the adsorption process. 

3.2.2. Adsorption isotherms and thermodynamic parameters 
Hg adsorption isotherms of AC and the WPF-AC and WPF-PCL 

nanocomposite adsorbents are reported in Fig. 5. All isotherms were 
regular, positive, and concave with respect to the concentration axis, 

and they can be classed as L2 type isotherm of Giles classification, which 
corresponded to a favorable adsorption process in a liquid phase (Giles 
et al., 1960). The adsorption isotherms at different pH of AC and the 
WPF-AC and WPF-PCL nanocomposite adsorbents are given in Fig. 4A, 
4B, and 4C, respectively. These results showed that the adsorption ca
pacity increased with the increase of pH in all tested materials, where pH 
5 was the best to remove Hg obtaining adsorption capacities of 74.4 mg/ 
g for AC, 54.7 mg/g for the WPF-AC nanocomposite and 16.7 mg/g for 
the WPF-PCL nanocomposite. The change in the pH solution caused the 
deprotonation or protonation of different functional groups of these 
adsorbents (Zúñiga-Muro et al., 2020), which depended on the PZC pH 
of these materials (Tran et al., 2017). 

The PZC values of AC, PCL, and the WPF-AC and WPF-PCL nano
composites were: pH 5.2, 3.5, 3.6, and 3.0, respectively. The differences 
between the PZC pH of the nanocomposites and AC or PCL were asso
ciated with the content of WPF, where the main proteins of whey such as 
α-lactalbumin and β-lactoglobulin added acidic groups to AC or PCL 
during the preparation of the nanocomposite materials (Heidemann 
et al., 2019). Considering that the surface of these materials was nega
tively charged at pH > PZC pH, this explained the increase of the Hg 
removal with the increase of solution pH where the electrostatic in
teractions were the main forces leading the adsorption process (Hamad 
et al., 2020). Furthermore, note that the concentration of H+ ions in the 
solution depended on the pH solution and, consequently, Hg species 
competed with H+ at acidic conditions thus reducing the adsorption 
capacities of tested adsorbents (Mortazavian et al., 2019). 

The effect of temperature on the adsorption capacity of AC and the 
WPF-AC and WPF-PCL nanocomposite adsorbents is illustrated in 
Fig. 4D, 4E, and 4F, respectively. It was clear that the temperature 
promoted the adsorption capacity, where the adsorption capacities 
increased from 20 to 30 ◦C at 30%, 7%, and 8 % for WPF-PCL, WPF-AC, 
and AC, respectively. The increase of the adsorption capacity as a 
function of solution temperature was due to the increment of the 
mobility of Hg ions in the solution thus promoting their interaction with 
the main adsorption receptor sites on the surface of these adsorbents (Li 
et al., 2020). 

The classical Langmuir, Freundlich, and Sips equations were used to 

Table 1 
Parameter of the Pseudo Second Order kinetic model for the adsorption of 
mercury using AC, WPF-AC and WPF-PCL adsorbents.  

Adsorbent Initial Hg 
concentration, mg/L 

PSO kinetic parameters 
qte 

(mg/g) 
K2 (mg/ 
min) 

R2 

Activated Carbon 50 25.51 0.23 0.98  
150 59.42 0.07 0.97 

Nanocomposite 
WPF-AC 

50 20.58 0.21 0.95  

150 50.61 0.05 0.98 
Nanocomposite 

WPF-PCL 
50 5.95 1.07 0.99  

150 13.24 0.30 0.99  

Fig. 5. Adsorption isotherms for the removal of Hg using A) Activated Carbon, B) the WPF-AC hybrid adsorbent and C) the WPF-PCL hybrid adsorbent. A, B, C) 30 ◦C 
and different pH; D,E,F) pH 5 and different temperature. 
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analyze the adsorption equilibrium data, see Table S4. The Sips model 
was the best to correlate the experimental data (see Table 2) with R2 >

0.96 and modeling errors < 8%. Sips equation is an isotherm model that 
includes the features of Langmuir and Freundlich models. At low con
centrations, the Sips model can be reduced to the Freundlich isotherm, 
and it can predict a monolayer adsorption capacity characteristic of the 
Langmuir isotherm at higher concentrations (Aguayo-Villarreal et al., 
2011). 

The heterogeneity factor (ns) of Sips model usually is associated with 
the heterogeneity of the surface sites that carry out the adsorption 
process. For instance, ns = 1 indicates that the adsorbent surface is ho
mogeneous, and the Sips model is reduced to Langmuir model, while if 
ns differs significantly from 1, it indicates that the adsorbent will have a 
greater surface heterogeneity (Guimarães et al., 2016). The results 
demonstrated that ns increased with the solution pH suggesting that the 
surface heterogeneity increased with pH during the mercury adsorption 
with all evaluated materials. This could happen because the charge of 
the functional groups on the tested materials changed with the increase 
in solution pH (Franz et al., 2000). 

On the other hand, the results demonstrated that the removal per
formance of all tested adsorbents increased with the increase in tem
perature revealing the temperature-dependent nature of the Hg 
adsorption process (Tran et al., 2017). These results indicated that the 
Hg adsorption was an endothermic process where the estimated en
thalpies were 4.64, 3.43, and 2.15 kJ/mol using WPF-AC, AC, and WPF- 
PCL respectively, see Table 3. According to Aguayo-Villarreal et al., an 
enthalpy changes from 2 to 21 kJ/mol is owing to a physical adsorption 
process and, consequently, it can be concluded that the Hg adsorption in 
tested materials may be related to a physisorption process (Aguayo- 
Villarreal et al., 2011; Liu and Liu, 2008). Also, the Gibbs free energy 
presented a negative value, which suggested that this adsorption process 
was spontaneous and more energetically favorable with the increase in 
solution temperature (Maleki et al., 2016). Furthermore, the calculated 
entropy for all studied cases was positive indicating the increase of 
randomness at the solid/solution interface during the adsorption process 
(Liu and Liu, 2008). 

The maximum adsorption capacities obtained in this study for the 
WPF-AC and WPF-PCL nanocomposite adsorbents were 54.7 and 16.7 
mg/g, respectively, at pH 2 and 30 ◦C. The adsorption capacity of the 
nanocomposite materials was compared with other composite materials 
reported in the literature, see Table 4. WPF-AC nanocomposite sample 
presented better Hg adsorption properties compared to the composite 
materials of polyethylenimine modified-activated carbon (Saleh et al., 
2017), algal biomass bioadsorbent (Kumar et al., 2020), and the bio- 
originated composite B–CA–NaOH (Amiri et al., 2018). However, the 
polyacrylate-modified carbon composite showed an adsorption capacity 

of 76.30 mg/g which was 40% higher than the Hg removal of the WPF- 
AC nanocomposite sample. In these studies, the authors also concluded 
that Hg adsorption was associated with electrostatic interactions and 
surface complexation, which played a key role to remove Hg ions from 
an aqueous solution (Al-Yaari and Saleh, 2022). On the other hand, the 
comparison of the adsorption performance of the WPF-PCL nano
composite sample with other nanocomposite membranes obtained by 
electrospinning indicated that its adsorption capacity was highly 
competitive with respect to the membranes of copper ferrite nanofibers 
(Asadollahfardi et al., 2018) and Fe-modified montmorillonite particles 
in polycaprolactone (Raj Somera et al., 2019) that showed Hg adsorp
tion capacities of 0.03 and 14 mg/g, see Table 4. Also, it was identified 
that some membranes produced by electrospinning showed higher 
adsorption capacities than those of the adsorbents reported in this study 
(Alosaimi, 2021; Zou et al., 2017). For example, the poly(2- 
aminothiazole)/cellulose acetate fiber membrane had an adsorption 
capacity of 177 mg/g (Zou et al., 2017), but it required an equilibrium 
time of 12 h, which was significantly higher than the equilibrium time of 
samples tested in this study (i.e., 3 h). Note that the operating time re
ported in this paper is advantageous for a large-scale application 
because low contact times are required to intensify the water treatment 
process. 

3.3. Adsorption mechanism of the nanocomposite adsorbents 

Results of FT-IR spectra and XPS analysis were utilized to understand 
and explain the interaction mechanism between Hg ions and tested 
materials. After Hg adsorption, some changes were observed in the FTIR 
spectrum (see Fig. 6) of the WPF-PCL nanocomposite (dark red line). In 
particular, the intensity of absorption bands located at 1719 (C = O), 
1553 (Amide I), 1530 (–CO-NH), and 1229–1000 cm− 1 was reduced thus 
indicating the role of these functional groups in the Hg removal. These 
results agreed with the findings of Zhang et al. (S. Zhang et al., 2020). 
For the WPF-AC nanocomposite and AC samples, the intensity of bands 
at 2908 (symmetric vibrations) and 2810 cm− 1 (asymmetric vibrations) 
of the methylene group (CH2) was strengthened, and new bands 
appeared between 1615 and 780 cm− 1 that were related to oxygen- 
containing functional groups. This result was also evidence of the 
ligand exchange between Hg ions and the oxygen- and nitrogen- 
containing functional groups on the adsorbent structure (Guo et al., 
2020). 

XPS spectra before and after Hg adsorption of AC and WPF-AC and 
WPF-PCL nanocomposites are shown in the survey spectra of Fig. 7. The 
survey spectra displayed the peaks of O 1 s, C 1 s, for AC, WPF-AC, and 
WPF-PCL. N1 s peak was identified in the spectra of WPF-AC (11.28%) 
and WPF-PCL (4.37%), and traces of the S 2p peak were observed in 
these samples confirming the protein composition of WPF in the nano
composite materials (see Table S5). Also, Hg 4f peak was clearly iden
tified in all tested materials after Hg adsorption, which was evidence to 
verify the adsorption of Hg ions on the adsorbent surfaces. 

The high-resolution XPS spectra for C 1 s (see Fig. S1) was decon
voluted into three peaks consisting of C-C/C-H (284.8 eV), C-O/C-N 
(285.6 eV), and C = O (288.5 eV). The intensity of these peaks slightly 
changed after Hg adsorption on nanocomposite materials, which could 

Table 2 
Results of data correlation of Sips model for the adsorption of Hg on AC, WPF-AC 
and WPF-PCL adsorbents.  

Adsorbent T 
(◦C) 

pH Sips 
qs (mg/ 
g) 

Ks (Lns/ 
mgns) 

ns R2 

Activated Carbon 30 2 56.76 0.030 1.53 0.99   
3 66.20 0.034 1.96 0.99   
5 74.37 0.040 2.21 0.99  

20 5 67.98 0.041 2.31 0.99 
Nanocomposite WPF- 

AC 
30 2 43.78 0.020 1.64 0.99   

3 49.44 0.028 1.96 0.99   
5 54.73 0.031 2.08 0.99  

20 5 50.90 0.029 2.07 0.99 
Nanocomposite WPF- 

PCL 
30 2 5.12 0.015 1.42 0.99   

3 13.72 0.014 1.62 0.99   
5 16.72 0.013 1.71 0.99  

20 5 11.53 0.015 1.89 0.99  

Table 3 
Calculated thermodynamic parameters for the mercury adsorption on the AC, 
WPF-AC, and WPF-PCL nanocomposite adsorbents.  

Adsorbent T 
(◦C) 

ΔG◦, kJ/ 
mol 

ΔH◦, kJ/ 
mol 

ΔS◦, kJ/mol 
K 

AC 20  − 1.6 3.43 0.02 
30  − 1.8 

Nanocomposite WPF- 
AC 

20  − 0.1 4.64 0.02 
30  − 0.3 

Nanocomposite WPF- 
PCL 

20  − 0.6 2.15 0.01 
30  − 0.7  
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be due to weak interactions between C-C/C = O and Hg (Li et al., 2019; 
S. Zhang et al., 2020). Also, the HR XPS spectra of O 1 s (see Fig. S2) was 
deconvoluted into C = O (532.2 eV), C-OH (533.6 eV), and C-O (534.93) 
peaks. Also, significant changes were identified in the intensity of the 
deconvoluted peaks after Hg adsorption that may happen regarding the 
chemisorbed oxygen and weakly bonded oxygen species. This phe
nomenon could be attributed to an interaction between Hg and oxygen 
to form HgO as stated by some researchers (Duan et al., 2019; S. Zhang 
et al., 2020). Traces of Cl were observed at a peak of 198.9 eV due to Cl, 
which existed as HgCl. Finally, N 1 s spectra (see Fig. S3) of the nano
composite materials was deconvoluted into NHC = O (400.7), NH2 
(400.3 eV), and NH3 (403.8 eV) peaks. It was observed a significant 
change in the intensity of all peaks and the presence of NH3 peak after 
the heavy metal adsorption due to the interaction of nitrogen species 
with Hg to coordinate as –NH-Hg+ (Y. Zhao et al., 2019). 

The results showed that the Hg removal mechanism was not simple 
physical adsorption as confirmed by the Hg 4f spectra (see Fig. S4) that 
exhibited the peaks Hg 4f 7/2 (101.5 eV) and Hg 4f 5/2 (105.5 eV). 
These peaks were attributed to Hg (II) ions in the form of oxides or 
coordination compounds according to other results reported in the 
literature (Schiesaro et al., 2020). Consequently, the possible removal 
mechanism of Hg onto the WPF-based nanocomposite materials could be 
summarized as shown in Fig. 8. The nanocomposite adsorbents prepared 

Table 4 
Comparison of adsorption capacities of different composite adsorbents used in mercury removal from water.  

Adsorbent qe (mg/g) pH Temperature Area (m2/g) Equilibrium time Reference 

Copper ferrite nanofiber in polyvinylpyrrlidone  0.03 7.5 25 ◦C 21 – (Asadollahfardi et al., 2018) 
Fe- modified montmorillonite particles in polycaprolactone  14.25 3 – – 3 h (Raj Somera et al., 2019) 
Polyethylenimine modified-activated carbon  16.39 5 25 ◦C 363 4 h (Saleh et al., 2017) 
Algal biomass  42.10 6 35 ◦C 12 1.5 h (Kumar et al., 2020) 
Bio-originated composite B–CA–NaOH  45.34 5.5 25 ◦C 17 0.5 h (Amiri et al., 2018) 
Silica nanoparticles with 1-hydroxy-2 acetonaphthone composite  50.94 6.5 25 ◦C 89 1.5 h (Al-Wasidi et al., 2022) 
Polyacrylate-modified carbon composite  76.30 6 65 ◦C 348 1.5 h (Al-Yaari and Saleh, 2022) 
Polysulfone Membrane Hybrid Nanocomposite (PSF/MMt/CNTOxi)  151.36 2 25 ◦C – – (Alosaimi, 2021) 
Poly(2-aminothiazole) /cellulose acetate composite  177.00 6.5 25 ◦C – 12 h (Zou et al., 2017) 
Nanocomposite WPF-AC  54.73 5 30 ◦C 595 4 h This study 
Nanocomposite membrane of WPI-PCL  16.72 5 30 ◦C 2 3 h  

Fig. 6. FTIR spectra for AC, WPF-AC and WPF-PCL nanocomposite adsorbents 
after the mercury adsorption. 

Fig. 7. XPS spectra of AC, WPF-AC and WPF-PCL hybrid adsorbents before and after the mercury adsorption.  
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with the whey protein could adsorb Hg ions via surface complexes 
interaction as -S-Hg, and between functional groups such as C-C/C = O, 
–OH, NHC = O (Bhatt and Padmaj, 2019; Duan et al., 2019; X. Zhao 
et al., 2019). Also, weak electrostatic interactions such as π-π could 
occur between C-C/C = O and Hg2+ (Li et al., 2019). Finally, the ther
modynamic analysis also suggested that the physical adsorption forces 
could play an important role in Hg removal with WPF-AC. 

4. Conclusions 

This work has prepared and compared the mercury adsorption 
properties of two nanocomposite adsorbents based on WPF with AC and 
PCL, respectively. This study evaluated two different ways to produce 
amyloid-type fibrils with the aim of obtaining nanocomposite adsor
bents using WPI to remove mercury ions, where electrospinning and 
thermal treatment at low temperature were used in the adsorbent syn
thesis. The morphological characterization results of the WPF-AC and 
WPF-PCL nanocomposite adsorbents allowed to conclude that these 
materials presented a porous morphology and ultra-thin nanofibers, 
respectively. These characteristics facilitated the adsorption of mercury 
ions on the adsorbent surfaces. The chemical characterization also 
showed that the nanocomposite adsorbents maintained the main func
tional groups of WPI, AC, and PCL. WPF-AC sample showed a better 
removal performance than WPF-PCL, which may be due to the amount 
of PCL that does not have affinity by heavy metal ions and its low surface 
area. However, the adsorption capacity of WPF-AC was outperformed by 
AC, but this WPF-AC nanocomposite material offers a strong economic 
incentive due to the impact of WPF on the preparation cost and the final 
physicochemical properties of the adsorbent. 

It is important to remark that the Hg adsorption properties of WPF- 
AC and WPF-PCL nanocomposite materials showed the same patterns 
where the metal removal was favored with temperature and the best 
results were obtained at pH 5. Mercury adsorption mechanism was 
similar in both materials involving surface complexes, electrostatic in
teractions, and weak physical interaction forces. Both nanocomposite 
materials showed a good performance to remove Hg from water, which 
makes them suitable for different industrial and environmental appli
cations. The nanocomposite of WPF-AC offers a significant advantage 
due to the collaborative effect of the functional groups of WPF and the 
surface area of the AC for the removal of Hg, resulting in a strong eco
nomic incentive. However, it should be noted that a disadvantage of this 
material is due to the reduction in surface area of the WPF-AC nano
composite that affects its removal performance, which can be addressed 
by using AC with higher pore size, that way WPF won’t fill the micro
porous of the AC and instead of that it will cover the surface of the pores. 

The use of electrospinning for the elaboration of the WPF-PCL nano
composite offers a controlled production of amyloid fibers, making it a 
promising method for the creation of nanocomposites. Future research 
should focus on evaluating new types of nanocomposites made from 
polymers with affinity to Hg to enhance adsorption performance. This 
study confirms that WPF obtained from whey, a byproduct of the cheese 
industry, can be used in combination with other compounds to produce 
novel adsorbents with high adsorption performance to remove Hg from 
water. The materials studied are chemically stable and inexpensive, and 
their production is simple and easy to implement. This context opens the 
possibility to use this type of amyloid fibrils made of whey protein to 
produce new and cost-effective adsorbents to remove heavy metals and 
other pollutants from water. 
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