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ARTICLE INFO ABSTRACT

Keywords: Globally, more than 200 million people are exposed to elevated concentrations of arsenic in groundwater, thus
Adsorption representing an important environmental and public health problem. Apart from inorganic species, water quality
Amylo.id fibrils suffers also from the occurrence of organic pollutants discharged by the food sector like whey, a by-product of the
I}-\Ili;sfi;l:heory dairy industry. The valorisation of these organic residues is relevant to reduce water pollution and to develop

Water treatment new materials for different applications. This research reports the synthesis and evaluation of a novel adsorptive

Whey activated carbon composite modified with whey protein amyloids for arsenic removal from water. The adsorbent
was characterized with FT-IR spectroscopy, X-ray diffraction, Ny physisorption, pH at point of zero charge
determination, and thermogravimetric analysis. Experimental adsorption kinetics and isotherms of arsenic
removal were determined at optimal pH 5.0, best fitted with the PSO and Sips model, respectively. The corre-
sponding maximum adsorption capacity for As®* was 0.16 mmol g~! through an endothermic process. Surface
complexation was the predominant phenomenon in the adsorption mechanism as the As-O bond was formed via
whey’s functional groups, hydroxyl, amine, and amide, with the latter having the strong affinity to arsenate as
elucidated by the HSAB theory. This study highlights the potential of whey protein as a raw material to produce
added-value products and its performance as a precursor of novel adsorbents for water purification, therefore
minimizing their associated disposal cost and addressing relevant environmental concerns such as arsenic
contamination.

1. Introduction

Heavy metals (HMs) are systemic pollutants classed as among the
most harmful environmental contaminants due to their acute toxicity,
lack of biodegradation, bioaccumulation from one trophic level to
another, and high mobility in various ecosystems matrices, especially
water bodies (Vardhan et al., 2019; Zamora-Ledezma et al., 2021). They
are found on water through natural occurrence, via lixiviation of
geologically sourced minerals, and anthropogenic activities, including
pesticides production, burning of fossil fuels and most importantly,
mining projects. Mine effluents have been cited as one of the main
sources of HMs contamination, such as gold, mercury, lead, arsenic and
chromium, especially when artisanal and small-scale mining (ASGM) are
involved (Marrugo-Negrete et al., 2023; Salazar-Camacho et al., 2022).

Among pollutants released from these sites, arsenic has been
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identified as a worldwide interest because of its hazardous nature to-
wards public health. Arsenic is documented as a carcinogen, mutagen,
and teratogen (Moreira et al., 2021), and exposure even at trace con-
centrations (parts-per-billion, ppb) is reported to be linked to coronary
heart disease, pulmonary diseases, liver and kidney damage, hyperker-
atosis and arsenicosis (Shaji et al., 2021). Besides, no alteration in odour,
taste or clear appearance of water is caused by its presence. Moreover,
this metalloid can exist in aquatic environments as several inorganic
species depending on the chemical composition of the media: pH fluc-
tuations, redox potential, and organic matter content (Dudek & Koto-
dyriska, 2022; De Oliveira et al., 2023). Arsenate (As®") is the prevalent
form of arsenic on acidic and oxic conditions, which is the case for
mining wastewater, and is a more thermodynamically stable state than
other species like arsenite or arsine (W. Zhang et al., 2019). As such,
arsenic has been regulated under the Resource Recovery and
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Conservation Act (RCRA-8) by the US Environmental Protection Agency
(EPA) (Horne et al., 2023) and through the threshold limit of arsenic
concentration in drinking water (0.01 mg L) recommended by the
World Health Organization (WHO) and adopted globally by national
environmental quality legislation (Chen et al., 2016). Non-compliance
of these regulations is a prime concern regarding the increasing un-
availability of drinking water services free from contaminants, particu-
larly in the Latin American context (Bundschuh et al., 2021).

A wide range of remediation approaches has been applied for arsenic
removal, such as chemical precipitation (Xu et al., 2023), ion exchange
(Xingfei Zhang et al., 2022), membrane technology (Emo et al., 2017),
photocatalysis (Fontana et al., 2018) and biological treatment (Isabel
San-Martin et al., 2023). Adsorption has been a landmark process in
removing heavy metals from water because, unlike the aforementioned
conventional processes, it is a highly efficient and simple operation, does
not involve high operational costs related to sludge generation, and does
not produce by-products that cause secondary environmental contami-
nation (Akdemir et al., 2022; Bi et al., 2021). However, commonly used
adsorbents, like activated carbon, metal oxides and activated alumina,
present drawbacks related to high production costs and low selectivity
for certain inorganic pollutants, despite exhibiting high surface area,
small particle sizes and free valences, properties suited for adsorptive
removal. This has led researchers to develop composite materials using
conventional adsorbents as hosts for active ligands obtained from
naturally available, low-cost sources (Tan et al., 2020a; Yanti et al.,
2023). Biosorbents prepared via this intensified process possess func-
tional groups, e.g., carboxyl, hydroxyl, carbonyl, and amino groups, that
bind to heavy metals due to chemical bonding (surface complexation)
and/or physical interactions (electrostatic forces, hydrogen bonding,
and hydrophobic interactions) (Bucatariu et al., 2019; Mariana et al.,
2021), coupled with a relatively high surface area, porosity, physical
and thermal stability, and micropore and mesopore presence (Mendoza-
Castillo et al., 2016; Saghir et al., 2022), resulting in a stable synergetic
structure with high adsorption capacities.

In recent years, animal and plant-derived proteins have gained in-
terest as objects of research in the field of adsorption owing to their
biocompatibility, non-toxicity, and binding capacities with a wide-
spread of pollutants. Amid this innovative approach, amyloid fibrils
have proven to have special affinity for heavy metals, as initially seen
regarding their role in certain neurological disorders; arsenic exposure
from contaminated drinking water is associated to amyloid plaques
generation, which relates to Parkinson’s and Alzheimer’s disease (Hai-
dar et al., 2023). Protein amyloids are nanoscale long unbranched fibrils
that have a cross-p-structure formed upon a nucleated growth process;
the protein loses its native conformation via physical or chemical-
induced denaturation, aggregated nuclei assemble and then initiate
the exponential growth leading to the formation of oligomers, proto-
fibrils and, ultimately, fibrils-supported by van der Waals and
hydrogen bonds (Hassan et al., 2022; Sharma et al., 2023). The fibril-
lation process comprises a heat treatment above the proteins denatur-
ation temperature (>75 °C) under acidic conditions far from their
isoelectric point (pH < 3.5) and at several hours of incubation (Khalesi
et al., 2021). This structure exhibits high chemical, mechanical and
biological stability (Lutter et al., 2021), and has a larger surface area
than native proteins (Peydayesh & Mezzenga, 2021). In this sense, whey
protein has the potential to produce amyloids as it is composed of a wide
range of quaternary proteins, particularly p-lactoglobulin (p-Lg, 17
kDa), a-lactalbumin (a-La, 14 kDa), and bovine serum albumin (BSA, 65
kDa) (Ouyang et al., 2023). Moreover, it is highly available by recov-
ering and revaluing it from the dairy industry, where it is normally
discharged to water bodies as an undesirable by-product of cheese
production; currently, only 50 % is treated and transformed into
different food and feed products (Mollea et al., 2013; Peydayesh &
Mezzenga, 2021). Worldwide production of cheese registers approxi-
mately 24,000 kton per year (Lopes et al., 2019), which accounts for
196 Mm? of whey (9 L of whey are obtained for every kg of cheese
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produced) that pose a significant water quality problem because of its
elevated chemical and biochemical oxygen demand (Lappa et al., 2019).

Researchers have developed a variety of novel materials through
different synthesis routes for the treatment of arsenic-bearing water. For
instance, arsenate adsorption was evaluated by Ciopec et al. (2021)
using two iron-doped materials supported by oxidized and unoxidized
cellulose fibres, which exhibited a higher adsorption capacity than the
oxidized sample. Mladin et al. (2022) also synthesized an iron-based
composite (SiOy/Fe(acac)s/NaF) via the sol-gel method capable of
capturing arsenic from aqueous solutions and real groundwater con-
taining other relevant inorganic species. Merodio-Morales et al. (2020)
reported that functionalization of avocado seeds chars with lanthanum
and cerium enhanced surface area and microporosity and thus,
increased arsenate uptake from water. Likewise, several studies have
demonstrated the successful application of whey proteins-derived am-
yloid fibrils for the preparation of adsorbents for heavy metal remedi-
ation. Wei et al. (2022) prepared polyethyleneimine-based aerogels
embedded with BSA amyloid fibrils, obtained though ethanol-thermal
denaturation, for removing copper (Cu) from water, showing a
maximum adsorption capacity of 1.29 mmol g~! under optimal condi-
tions. Fan et al. (2022) also investigated Cu adsorption by amyloid fi-
brils, but with $-Lg as a precursor and via in-situ thermal synthesis. In
addition, there has been a trend on using activated carbon (AC) as a host
for fibrils from different protein sources. Sunflower and peanut self-
assembled amyloids were incorporated in AC by Soon et al. (2022)
and used for platinum (Pt), chromium (Cr), and lead (Pb) removal from
aqueous solutions to obtain drinkable water according to WHO stan-
dards. Bolisetty & Mezzenga (2016) evaluated the heavy metal
adsorption capacity of a hybrid membrane of activated carbon and p-Lg
fibrils for palladium (Pd), silver (Ag), gold (Au), nickel (Ni), and
aluminium (Al), which reflects whey proteins adsorption versatility for
different HMs. Recently, Ramirez-Rodriguez et al. (2020) assessed the
removal performance of a whey fibrils-AC composite on the purification
of water polluted by mercury (Hg) and Cr. It is worth to note that the
general approach for protein fibrillation and subsequent material func-
tionalization relies on a single native isolated protein, whereas whey
protein is a source of numerous proteins proven to form fibrils and thus,
costs and operational efforts for protein extraction and isolation are
avoided. Furthermore, these findings suggest that the high concentra-
tion of nitrogen and oxygenated functional groups of whey would lead to
a favourable adsorption of arsenic, a pollutant yet to be evaluated by this
type of novel materials.

In this work, the use of a composite of activated carbon functional-
ized with whey protein amyloid fibrils to adsorb As®* from aqueous
solutions is reported. Lack of proper valorisation routes for whey pre-
sents the opportunity to use it as a feedstock for low-cost sustainable
materials aimed to reduce water pollution by HMs and address the water
disposal problem of whey. For this purpose, the composite was charac-
terised using various physico-chemical techniques and batch adsorption
experiments at different experimental conditions were conducted to
investigate the arsenic adsorption properties of the adsorbent. The na-
ture of arsenic adsorption was studied by thermodynamic, kinetic and
isotherm models, while the removal mechanisms were identified
combining surface characterizations with the hard-soft acid-base
(HSAB) principle.

2. Experimental
2.1. Materials

All the chemicals used in this study were reagent grade. Whey pro-
tein isolate (WPI) was obtained from IPF S.A.S. (Colombia). Commercial
activated carbon (DARCO G-60) with an average particle size of 100-
mesh was purchased from Sigma-Aldrich (Germany). Sodium arsenate,
sodium hydroxide, hydrochloric acid, nitric acid, and potassium chlo-
ride were procured from Merck (Germany). Arsenate solutions with
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different concentrations were prepared from a 13.35 mmol/L stock so-
lution, which was obtained by dissolving the corresponding amount of
arsenate salt in deionized water. This stock solution was further diluted
with deionized water to obtain the adsorbate solutions used in the
removal experiments.

2.2. Preparation of the adsorbent composite

Blended composite were prepared as described by Ramirez-Rodri-
guez et al., (2020). Initially, whey protein fibrils (WPF) were obtained
by heat treatment according to the undermentioned process: a stock
solution of WPI (8 wt%) was prepared by dissolving the required amount
of whey in deionized water. A whey concentration of 3.8 wt% was ob-
tained by diluting the stock solution. The initial pH of the solution was
adjusted to pH 2.0 by drop-wise addition of 2.4 M HCl. Then, it was
centrifuged at 9000 rpm (Thermo Fisher Scientific Sorvall ST8 FR,
United States) for 30 min at room temperature (RT) and filtered through
a 0.45 pm Millipore filter to remove traces of undissolved proteins. Al-
iquots (15 mL) of the diluted solution were heated at 74 °C for 7 hin a
water bath (Memmert GmBH WNB, Germany) without stirring, and
immediately cooled thereafter in an ice bath. The resultant fibrillated
WPI solutions were stored at —4 °C until subsequent use. Stock solution
aliquots were used as negative control experiments, since whey protein
forms hydrogels at this concentration (Khalesi et al., 2021).

Then, the AC/WPF blend composite was prepared as follows: 5 g of
activated carbon (AC) were dispersed in 50 mL of deionized water under
continuous stirring (300 rpm) for 2 h. After homogeneity, 100 mL of
whey fibril solution were added to the suspension and thoroughly mixed
for 1 h. Adsorbent was fabricated by vacuum filtration of this dispersion
using a vacuum pump (Vacuubrand ME 1C, Germany) and nitrocellulose
filters (pore size, 0.2 mm; diameter, 47 mm; Sartorius). Film thickness
was controlled by the dispersion volume being filtered (2 mL). Prior to
all characterization and adsorption studies, samples were dried in an
oven at 60 °C for 24 h and sieved, to homogenize their particle size (100-
mesh).

2.3. Material physico-chemical characterization

Samples of modified carbon-based materials and precursors were
characterized to identify structural changes due to functionalization
with WPF and As®* adsorption. The morphology of the adsorbent was
observed by scanning electric microscopy (SEM) using a high-resolution
microscope (TESCAN LYRA3, Czech Republic) with an acceleration
voltage of 10 kV. Each specimen was coated with gold in vacuum before
observation. Energy-dispersive X-ray spectroscopy (EDX) was utilized to
detect the elemental composition of the material. Analysis of surface
chemistry was performed with a Fourier Transform infrared (FT-IR)
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spectrometer (Thermo Fisher Scientific Nicolet iS50, Germany) within a
wavenumber range of 4000-650 em™! using 32 scans per sample.
Spectra were collected via pressed pellets of adsorbent samples mixed
with KBr powder. X-ray diffraction (XRD) analysis was used to identify
crystallographic phases of samples at room temperature in an angular
range of 5-60°20, employing a diffractometer (Malvern-Panalytical
Empyrean, United Kingdom) coupled with a PIXcell1D-Medipix3 detec-
tor, operating with Cu-Ka radiation. Collected data was identified with
the HighScore Plus software and PDF2 database. Textural properties of
the samples were characterized via nitrogen (N2) adsorption—desorption
method at —196 °C and increasing relative pressure from 0 to 0.96 using
a surface analyser (Micromeritics 3FLEX, USA). Preliminary degassing
was carried out for 6 h at 120 °C and 60 °C for AC and AC/WPF,
respectively (Micromeritics Vac Prep 061, USA). The pH at point of zero
charge (pH,) was determined via the salt addition method (Azam et al.,
2013): A solution of 0.01 M KCl was prepared with deionized water in a
volumetric flask and used as background electrolyte. A set of aqueous
solutions (40 mL) with initial pH (pH;) ranging from 2.0 to 12.0 was
prepared by adding either 0.1 M NaOH or 0.1 M HNOj solutions. The
AC/WPF composite dose (0.02 g) was added to each KCl solution and
mixed at 150 rpm for 24 h. The difference between the initial and final
pH values was plotted against pH;; the point at which the change of pH
equals to zero was identified to be the pHp,.. Finally, the effect of the
embedded fibrils in the thermal stability of the carbonous adsorbent was
evaluated by differential thermogravimetric analysis (TGA) with a
simultaneous analyser (Mettler Toledo TGA/DSC 1 Star System, Swe-
den) over a temperature range of 25-900 °C at a heating rate of 10 °C
min ! and under N, atmosphere. Samples with a mass of ~ 8 mg were
used and put into a ceramic crucible.

2.4. Batch adsorption experiments

First, batch experiments were carried out at 30 °C with As®* solu-
tions (1.33 mmol/L) to analyse the pH effect on arsenate adsorption.
AC/WPF samples (0.04 g) were added to 10 mL of adsorbate solution
with pH values ranging from 5.0 to 13.0. Solutions were adjusted to the
desired value by adding the required amount of 1 M NaOH or 0.1 M
HNOs3 and placed upon a thermo-bath (LabTech LSB-0155, Korea) at
150 rpm for 24 h. Samples were centrifuged (Hettich Tuttlingen Uni-
versal 32R, Germany) for 12 min at 6000 rpm to separate the solid-
-liquid phases and to determine arsenic concentrations by atomic
absorption spectroscopy (Thermo Fisher Scientific iCE 3000, Germany).
Adsorption capacities were calculated with the following mass balance
equation (Eq. (1):

g GGl M

my

Intensity (a. u.)

0 1 2 3 4
Dispersive energy (keV)

Fig. 1. (a) SEM micrograph observed at 2000X and (b) EDX pattern of AC/WPF composite.
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Fig. 2. X-ray diffraction patterns of activated carbon (AC), whey protein fibrils
(WPF) and the hybrid material (AC/WPF).

Where Cp and C, are the initial and equilibrium concentrations of
arsenic (mmol L), respectively; V refers to the solution volume (L)
while mg is AC/WPF adsorbent mass (g) used in the experiments. Then,
solution pH that favoured the best adsorbent performance (i.e., pH 5.0)
was used to analyse the adsorption equilibrium time and maximum
adsorption capacity of the prepared composite.

For kinetic experiments, two initial arsenic concentrations were
evaluated (1.33 and 3.34 mmol/L) at pH 5.0, while other operational
conditions remained unchanged (adsorbent dosage of 4 g/L, 30 °C, 150
rpm shaking speed). Samples were withdrawn from the thermal bath at
given time intervals (0.5-24 h). The pseudo-first order (PFO), pseudo-
second order (PSO), and Elovich models (see supplementary material
Table S1) were employed to calculate the adsorption kinetic constants
and to model the experimental data. Model suitability was evaluated by
the determination coefficient (RZ), sum of squared errors (SSE) and Chi-
square test (;(2).

For the adsorption equilibrium study, initial arsenate concentrations
of 0.27-5.34 mmol/L were used to quantify the isotherms at 20, 30 and
40 °C, respectively. Assessment of experimental data fit to theoretical
isotherm models (Langmuir, Freundlich, Sips and Dubinin-
Radushkevich) (Table S2) was explored via non-linear regression anal-
ysis and using the same error statistical metrics as the kinetic experi-
ments. Data correlation of both kinetic and equilibrium studies was done
with the add-in solver tool of MS Excel (Microsoft, USA). Simultaneous
adsorption of arsenic and lead was evaluated using binary solutions with
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initial arsenic concentration of 0.66 mmol/L and lead concentrations of
0.66-1.33 mmol/L. For the influence of common co-existing anions,
concentrations of Na* and Ca?* ranged from 0.66 to 1.33 mmol/L. All
adsorption experiments were performed by triplicate, including as well a
blank to ensure data reproducibility.

3. Results and discussion
3.1. Characterization of raw and blended materials

The microstructure and morphology of the produced composite were
studied by SEM as seen in Fig. 1a. AC/WPF showed an heterogenous
rough surface with numerous pores of different sizes, intrinsic of car-
bonous materials, as evidenced by Zaidi & Sorokhaibam, (2021).
Although amyloid fibrils are difficult to distinguish by observing the
surface morphology, the EDX analysis confirms that the energy spectrum
of nitrogen and sulphur can be detected in the composite system
(Fig. 1b), demonstrating successful adhesion of whey fibrils on the pores
of the carbonous matrix. Overall, the spectra showed the elemental
distributions of carbon (C, 86.6 %), oxygen (O, 6.6 %), nitrogen (N, 5.5
%) and sulphur (S, 1.3 %). In particular, the distribution of N across the
material surface was higher than that of S, which could be attributed to
the content of nitrogen-rich proteins in whey (p-Lg and «-La) (Moatsou
et al., 2003). As such, after WPF binding to AC, an amorphous adsorbent
with whey proteins’ active elements was obtained, which is desirable for
heavy metal adsorption.

The XRD patters of AC, WPF and AC/WPF are reported in Fig. 2. The
diffraction pattern of AC exhibited two broad peaks at ~ 23.9° and
43.7°20, which were consistent with typical amorphous graphitic planes
comprised of aromatic rings and aliphatic chains (Martin et al., 2023).
The remaining sharp and strong peaks (20.9°, 26.6°, 36.6°, 39.5°, 50.1°
and 54.8°20) were identified as quartz (SiO2) (ICDD No. 00-046-1045),
corresponding to their lattice planes (100), (101),(110),(102),(112)
and (202), respectively. This non-clay mineral was identified in other
studies where this commercial activated carbon was used (Santos et al.,
2021; Zhirou Wang & Jang, 2022). In the XRD pattern of WPF, no
indexed peaks were found, indicating the amorphous nature of whey.
However, two broad peaks located at 8.3 and 19.7 °20 were related to
a-helix and p-sheet structures, respectively, with the latter as the
sharpest as whey amyloids consist mainly of a cross-p-structure, where
amino acid segments of its protein profile (e.g., -Lg) are bonded by van
der Waals and hydrogen bonds (Vinayagam et al., 2022). The AC/WPF
composite also exhibits the crystalline structures ascribed to both the
graphitic phase and quartz, but the crystallinity was higher than those of
activated carbon alone. This behaviour could be due to an increase in
organic matter by whey fibrils assembling onto the carbonous matrix
(Shi et al., 2023).

Further, obtained N5 adsorption—desorption isotherms are depicted
in Fig. 3a. According to the International Union of Pure and Applied
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Fig. 3. (a) N, adsorption-desorption isotherms and (b) pH at point of zero charge of AC/WPF composite.
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Table 1
Textural parameters of AC and AC/WPF samples.
Sample  Sppr (M*/  Spicro Sext M/ Vi (em?® Pore width
8 (m®/g) 8) g M (nm)
AC 900.77 606.48 294.29 0.30 5.85
AC/ 455.83 295.92 159.91 0.16 5.91
WPF

Chemistry (IUPAC) classification, isotherms correspond to a type IV with
an H3 hysteresis loop, characteristic of mesoporous materials with plate-
like pores that are commonly used as industrial adsorbents. In this case,
monolayer adsorption is accompanied by capillary condensation within
pores, which occur for pores wider than 4 nm. The pronounced uptake
seen at P/Py < 0.1 also suggests the presence of micropores in the ma-
terial (Thommes et al., 2015). Textural parameters of the composite and
activated carbon are reported in Table 1. Surface area and total pore
volume of AC (Sggr: 900.77 mz/g, Viot: 0.30 cm® g’l) decreased to
455.83 m?/g and 0.16 cm® g1, respectively, due to the incorporation of
whey fibrils, confirming successful adhesion of amyloids onto the AC
surface. Adsorbent pore size (5.91 nm) corresponds to the pore size
range of mesoporous materials and is larger than the diameter of
possible arsenic species (~0.8 nm) to be adsorbed (Li et al., 2016).

The pHp,. value of the activated carbon used as precursor is 5.2 and
this value dropped to 3.6 after amyloid loading (Fig. 3b), which falls
within the reported pHyy,, for this composite material (Ramirez-Rodri-
guez et al., 2020). This means that the surface of AC/WPF will have a net
positive charge below pH 3.6, and a net negative surface charge above
3.6. Dissolved inorganic arsenic species depend on pH solution (Fig. S1),
and at aqueous pH higher than pHy,. the dominant species are anions,
specifically HoAsOj. Thus, it is inferred that electrostatic repulsions will
take place between the material surface and arsenic ions, resulting in a
decrease in adsorption capacity (Sreeram et al., 2017).

Thermal properties of AC and AC/WPF samples are shown in Fig. 4.
The TGA curve for AC consisted of one main region of decomposition:
from RT to 100 °C. This stage accounted for a weight loss of 11.17 %, due
to residual water evaporation and degradation of highly volatile matter.
Then, consistent but minimal reduction in weight can be observed up to
900 °C, which may be attributed to the loss of volatile organic com-
pounds followed by the carbonous content decomposition into ash and
CO5 release (Yanti et al., 2023; Zaidi & Sorokhaibam, 2021). As for the
composite, some differences regarding the pure AC are observed. Weight
loss rate from the dehydration stage (25-110 °C) was ~ 2 % higher than
AC, and a second stage of weight loss appeared (220-480 °C), ascribed
to decomposition of whey proteins (Seiwert et al., 2021). This provides
further evidence of both precursors in the composite and supports the
results of the EDX analysis, which showed the weight percentage of N
and S. From the DTG curves (Fig. 4b), maximum thermal degradation
temperatures of AC and AC/WPF were 59 and 64 °C, respectively,
indicating that the composite maintained the thermal stability of AC
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despite of having more organic matter on its matrix.

3.2. Adsorption properties of the hybrid composite

3.2.1. Effect of solution pH

Fig. 5 shows the result of batch studies performed to evaluate the
impact of solution pH on arsenic removal. As°* would exist as H3AsO4
precipitate at pH lower than 5.0 according to its speciation diagram, so
AC/WPF was examined at a pH range of 5.0-13.0. Arsenate adsorption
decreased with the increase of solution pH, as expected due to the pH at
point of zero charge of the material. This can be attributed to the pres-
ence of OH-in the media at alkaline pH values and its competitive effect
between these anions and arsenate. As the net negative charge of the
adsorbent decreased with pH, availability of adsorption sites increased,
which in turn generated the highest adsorption capacity at pH 5.0 (Maji
et al., 2018). These results confirmed that at working pH there is an
electrostatic hindrance on arsenic removal, and could imply that
chemical interactions, particularly inner complexation, are the pre-
dominant mechanisms of the adsorption process (Merodio-Morales
et al., 2020). The same behaviour was noticed for chromium removal,
another anion, as reported in a previous study (Ramirez-Rodriguez et al.,
2020). It is noteworthy that at the optimum solution pH, activated
carbon alone had an adsorption capacity of 0.04 mmol g}, showing a
35 % decrease in arsenic uptake when comparing it to the hybrid
material.
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0,04 -

0,02 4
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5 7 9 11 13
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Fig. 5. Effect of solution pH on AC/WPF adsorption capacity for
arsenic removal.
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Fig. 4. (a) Thermogravimetric and (b) differential thermic analysis curves of activated carbon (AC) and the hybrid material (AC/WPF).
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Fig. 6. Kinetic modelling of arsenic adsorption on AC/WPF at 1.33 mmol/L and
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Table 2
Kinetic parameters estimated for arsenic adsorption on AC/WPF at pH 5.0 and
30 °C.

Model Parameter Concentration (mmol L)
1.33 3.34
Pseudo-first order ky 0.009 0.0082
e 0.06 0.12
R? 0.97 0.98
SSE 0.06 0.07
7 0 0
Pseudo-second order ko 0.16 0.08
e 0.07 0.13
R? 0.99 0.99
SSE 0.04 0.02
7 0 0
Elovich a 0.002 0.0031
p 74.29 40.14
R? 0.94 0.95
SSE 0.12 0.1
7 0.01 0.01

3.2.2. Adsorption kinetics

Arsenic adsorption kinetic experiments were used to analyse the rate
of adsorbate transfer from the aqueous media to the adsorbent surface,
as well as predicting the minimum time needed for the process (Yaoxing
Liu et al., 2022). The results of non-linear fitted kinetic models are
provided in Fig. 6 and model parameters, as well as their correlation and
error analysis metrics, are presented in Table 2. The adsorbed amount of
arsenic increased rather rapidly in the first 4 h, followed by a slower rate
of adsorption, and then an equilibrium state was attained after 8 h at all
tested initial arsenic concentrations. This behaviour may be attributed to
a fast initial adsorption on the surface’s available active sites and also a
high arsenic mass transfer, followed by ions diffusion into the hybrid
material’s mesopores and micropores and subsequent loading and
saturation of functional groups (Xiaotao Zhang et al., 2017). Weak
electrostatic interactions predicted in the pHp,. analysis can also
contribute to the long equilibrium time (Tan et al., 2020b). After 18 h of
contact time, no significant change in adsorption capacity was noticed,
meaning the adsorbent surface was fully saturated.

Comparing kinetic models, the pseudo-second-order model was
found to provide the best data fitting with R? > 0.99 and lower values of
SSE and statistical errors (;°) than those obtained for the PFO and Elo-
vich models. Likewise, the calculated adsorption capacity was consistent
to the experimental values obtained for 1.33 and 3.34 mmol/L. There-
fore, arsenic removal by AC/WPF can be described by the PSO model
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Table 3
Parameters of isotherm models for arsenic adsorption at pH 5.0.

Model Temperature (°C)

20 30 40
Langmuir
Gm 0.31 0.3 0.29
K. 0.2 0.23 0.26
R? 0.94 0.97 0.97
SSE 0.26 0.13 0.17
7 0.03 0.01 0.02
Freundlich
Kr 0.05 0.06 0.06
n 1.43 1.48 1.53
R? 0.9 0.94 0.92
SSE 0.32 0.2 0.24
7 0.04 0.02 0.03
Sips
. 0.16 0.17 0.18
Ks 0.6 0.58 0.61
Bs 2.01 1.75 1.72
R? 0.98 0.98 0.99
SSE 0.09 0.11 0.05
7 0.01 0.01 0
Dubinin-Radushkevich
s 0.15 0.15 0.15
Kpr 0.0014 0.0011 0.0009
R? 0.95 0.96 0.92
SSE 0.24 0.22 0.25
7 0.02 0.02 0.03

suggesting a chemisorption process and that interaction of adsorbate
and adsorption sites can be expected to be a rate-controlling step in this
separation process (Dudek & Kotodynska, 2022; Kumar et al., 2021).
Results are in accordance to those reported for adsorptive materials, as
modified porous adsorbents, particularly activated carbons and chars,
have abundant functional sites where pollutant kinetics are governed by
their availability (J. Wang & Guo, 2020).

3.2.3. Adsorption equilibrium and thermodynamics

Adsorption isotherms relate the adsorbate accumulation into the
adsorbent surface at constant temperature, as well as depicting the
adsorption saturation of the material, its nature and interaction type
(Akdemir et al., 2022). Fitting results of arsenic adsorption on AC/WPF
at different temperatures (20-40 °C) and pH 5.0 are summarized in
Table 3, while a comparison of the non-linear regression analysis done
with all models is presented in Fig. 7a-c. Sips model provided the best
estimate of the experimental data showing high determination co-
efficients (R2 > 0.98) and low error analysis metrics (SSE < 0.11 and ;(2
< 0.01). Hereby, the maximum adsorption capacity obtained was 0.14
mmol g1, 0.15 mmol g~! and 0.16 mmol g~! for 20, 30 and 40 °C,
respectively. These values were compared with analogous carbonous
adsorbents, including biomass-derived activated carbons and biochars
(BQ), (Table 4), proving that AC/WPF has a similar performance for AsSt
removal despite of its relative low surface area in comparison with other
materials. Therefore, the present composite can be considered as a low-
cost alternative for advanced treatment of arsenic-bearing effluents,
especially seeing as it procures less processed raw materials by repur-
posing whey.

According to the Sips model, the adsorption mechanism of arsenic on
AC/WPF is a combination of diffusion at low solute concentrations and
monolayer formation at high solute concentrations (Zhuo Wang et al.,
2022). Nevertheless, other model parameters provide useful insight
regarding the adsorption process. For instance, Freundlich constants
(1.43-1.53) were within the range 1 < n < 10, which indicated a ther-
modynamically feasible adsorption. This model, however, showed lower
determination coefficients and higher predicted errors than those of
Langmuir modelling data in the studied temperatures range, suggesting
that arsenate adsorption occurred mainly at energetically homogenous
active sites of the composite, with an equal affinity towards arsenic ions,
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Table 4
Results reported of the application of carbon-based adsorbents for arsenic
removal from water.
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Fig. 7. Isotherm modelling of arsenic adsorption on AC/WPF at pH 5.0 and (a)
20 °C, (b) 30 °C and (c) 40 °C.

Adsorbent SBET Adsorption dm Ref.
(m?/g) conditions (mmol/
pH T ap ¥
(§9)] g/
L)
Fe;03-AC 842.0 7 25 0.5 0.19 (Chen et al.,
fibres 2016)
Magnetic BC 115.4 6 25 0.8 0.09 (Tan et al.,
2020a)
Bamboo AC 1855.0 7 25 1 0.21 (Gao et al.,
2023)
Zn lignin BC 255.0 6 - 1 0.26 (Park et al.,
2021)
Fe,03 433.0 4.5 25 2 0.07 (Pawar et al.,
bentonite- 2018)
AC
La avocado 29.0 7 25 2 0.20 (Merodio-
seeds BC Morales et al.,
2022)
Al-Zn canola 215 — 25 1 0.16 (Zoroufchi
straw BC Benis et al.,
2022)
AC/WPF 455.8 5 30 4 0.15 This work

which is characteristic of monolayer adsorption (Al-Ghouti and Da’ana,
2020).

On the other hand, the Dubinin-Radushkevich isotherm was used to
determine whether the adsorption process is physical or chemical, ac-
cording to the adsorption energy of AC/WPF (Eq. (2).

E= (ZKDR)70IS (2)

Literature indicates that the adsorption occurs physically if the value of
E is lower than 8 kJ mol ™}, whereas chemical adsorption occurs if the E
is greater than 16 kJ mol~!. Ton exchange occurs when E values are
between 8 and 16 kJ mol ! (Akdemir et al., 2022). Adsorption energies
calculated for arsenic removal were 19.2, 20.9 and 23.0 kJ mol ! at 20,
30 and 40 °C, respectively. Therefore, the results show that the
adsorption mechanism of AC/WPF is mainly linked to chemical forces,
confirming the removal mechanism implied in section 3.2.2. Overall, the
determination coefficients and error analysis metrics indicated that the
isotherm models obeyed the following trend in terms of their applica-
bility: Sips > Langmuir > Dubinin-Radushkevich > Freundlich. All
adsorption isotherms were classed as classical L2-type isotherms ac-
cording to Giles’ isotherm classification (Giles et al., 1960). Moreover,
they showed that the adsorption capacity increased with the increase of
temperature, suggesting an endothermic process. This claim was
confirmed via the estimation of standard enthalpy (4H°, kJ mol™ 1) ac-
cording to the van’t Hoff approach. The calculated enthalpy for As>T
adsorption onto AC/WPF was 46.73 kJ mol~!, thus indicating an
endothermic adsorption process, which supports the behaviour seen in
Fig. 7. This enthalpy value lies within the range of both physical and
chemical interactions, with the formation of metallic complexes as the
main factor behind arsenate removal (Yu Liu & Liu, 2008).

3.2.4. Effect of interfering ions

Given that industrial wastewater and mining runoffs are complex
matrices of various chemical species, including heavy, alkali and alka-
line earth metals, the adsorption capacity of AC/WPF composite for As>*
was assessed in a media containing lead (Pb2+), and both calcium (Ca”)
and sodium (Na™) ions, respectively. It was found that the arsenic
adsorption capacity increased significantly (p = 0.01) up to 0.04 mmol
g~ ! by increasing the initial Pb>* concentration from 0.7 to 1.3 mmol/L,
while no significant difference (p = 0.23) in adsorption was observed
when arsenate co-existed with the same range of concentrations of Ca?*
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Fig. 8. Effect of co-existing metal ions on adsorption of arsenic of AC/WPF
(30 °C, pH 5.0, Cy = 0.67 mmol/L). Error bars represent standard deviations
with n = 3. Different letters indicate significant difference (p < 0.05) be-
tween samples.
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Fig. 9. (a) FT-IR spectra and (b) X-ray diffraction pattern of AC/WPF used for
arsenic adsorption (30 °C, pH 5.0, Cy = 5.34 mmol/L).

and Na'. In general, the trend seen in Fig. 8 may be attributed to the
higher amount of cations in the adsorbate solution, which promoted the
protonation of the material and favoured the binding of arsenic by
electrostatic interactions (Wei et al., 2022). The difference of remarked
contaminant uptake between the As-Pb and the As-Ca-Na systems, can
be related to the electronegativity order between interfering ions (Pb%*
> Ca?" > Na'), meaning a stronger affinity between lead and the
functional groups of AC/WPF (Fosso-Kankeu et al., 2011), and the
promotion of chemical complexes and electrostatic attraction between
lead and arsenate, as demonstrated by Vaca-Escobar et al. (2012).
Nevertheless, as the adsorbent is not susceptible to ionic strength (light
metals concentration), its adsorption mechanism is governed by ligand
exchange, which is evidence of the importance of chemisorption in the
removal of arsenic (Yin et al., 2021). Overall, these results suggest that
AC/WPF is a promising adsorbent that could be applied for treatment of
real arsenic contaminated water sources.

3.2.5. Mechanism of adsorption process

To clarify the adsorption mechanism of As®" on AC/WPF, FT-IR and
XRD analyses were performed to identify the surface changes after
arsenic loading. For the case of FT-IR spectra (Fig. 9a), secondary
structures of whey proteins can be identified in the fresh composite
through the primary amide region (1700-1600 cm ') via the C = O
carbonyl stretch, where the absorption bands at 1652 and 1625 cm ™! are
assigned to a-helix and p-sheet structures, respectively (Han et al.,
2022). Also, the absorption band representing bending vibrations of
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Fig. 10. Charge transfer (AN) and energy lowering (AE) induced by
As®" adsorption.

secondary amide groups appeared at 1562 cm™!, while the absorption
band found at 3438 cm ™! corresponds to stretching vibrations of pri-
mary amino groups and hydrogen bonds (Ramirez-Rodriguez et al.,
2020). After arsenate adsorption, this broad signal was reduced, sug-
gesting that O-H functional groups participate on arsenic binding to the
adsorbent. On the contrary case, amide bands corresponding to f-sheets
and amide II increased considerably their intensity, the a-helix absorp-
tion band disappeared and a new well-defined absorption band
appeared at 1384 cm ™}, which can be attributed to As-O bond (Merodio-
Morales et al., 2022; Park et al., 2021). Therefore, arsenic adsorption
changed the protein fraction organization of the composite to a higher
content of B-sheets, which has been reported in other studies regarding
whey fibrils adsorption properties (C. Zhang et al., 2021). These results
are supported by the changes observed in the crystalline structure of the
arsenate-loaded adsorbent (Fig. 9b); new diffraction peaks (31.7, 45.5
and 56.5 °20) were identified as arsenic oxide (AsyOs) (ICDD No.
01-084-7622). Moreover, the increase of intensity of the broad peak at
24.2° confirmed the change of protein structure.

The adsorption affinity between arsenic and the hydroxyl, amide,
and amino functional groups can be further identified via the HSAB
principle, wherein heavy metals and adsorption sites are treated as
Lewis acids, or electron acceptors, and Lewis bases, or electron donors,
respectively (Bulin, 2023). The chemical reactivity of an adsorbate-
adsorbent system can be characterized by the number of electrons
transferred between them (electron transfer, AN) and the resistance to
change of the chemical potential (energy lowering, AE), which were
determined using the following equations (Egs. (3) and (4) (Bulin et al.,
2022):

XA—XB

N=—2=- """ 3
2(ny +1np) ®

(X4 — Xs)*
AE = — AT 2B 4
4(ns +115) @

Where X, and Xp are the absolute electronegativity of acid and base
(eV), respectively, while 174 and #p refer to the correspondent absolute
hardness (eV). The related parameters of As, OH, NH, and C(=0O)NH, are
reported in Table S3, with their respective calculated values of AN and
AE depicted in Fig. 10. Herein, the high energy lowering of each inter-
action exemplifies the binding affinity between the functional groups of
AC/WPF as hard bases and arsenic as a hard acid, behaviour predicted
by the HSAB theory (Pearson, 1988; Tang et al., 2022). Thus, the
chemical complexes formed followed the subsequent order according to
their strength: C(=0)NH > NH; > OH. These findings, coupled with the
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Fig. 11. Proposed adsorption mechanism for the removal of As®>* with AC/WPF.

surface characterization of the material after adsorption, lead to the
proposed adsorption mechanism for As®™ on AC/WPF composite, por-
trayed in Fig. 11.

3.3. Economic analysis

The economic viability of an adsorbent is an important factor to
estimate its application potential as a wastewater treatment for non-
conventional pollutants like heavy metals. The cost analysis of the
hybrid composite was assessed by considering the adsorption cost (USD)
associated with the removal of 1 mmol of adsorbate, in this case arse-
nate, calculated according to an equation modified from Ighalo et al.
(2022) (Eq. (5):

C C
Adsorption cost = Crn + Cy 5)

m

Where Cgryr and Cy are the cost of raw materials and utilities (USD g;ﬁs),
respectively, while g, is the maximum arsenic adsorption capacity,
taken at 30 °C (mmol g~ 1). The related expenses of AC/WPF production
is presented in Table S4; total production cost was $1.7 mmol .
Compared to DARCO activated carbon ($3.5 mmol 1), evaluated in this
study, and modified peanut shell biochar ($1.4 rnmol’l) (Kushwaha
et al., 2023), the adsorbent cost of AC/WPF is competitive economically
and illustrates the viability of using whey protein amyloid fibrils for a
potential application as commercially available adsorbents. This
adsorption cost could be further reduced using a biomass-derived acti-
vated carbon, as it was observed that almost 50 % of the total cost was
due to the use of DARCO activated carbon. However, for a better esti-
mation of the performance and cost involved of AC/WPF composite,
pilot scale cost assessment via CAPEX and OPEX should be carried out.

4. Conclusions

In this study, a novel adsorbent AC/WPF was successfully prepared
by material doping combined with vacuum filtration method. This
adsorptive membrane exhibited good specific surface area, porous
structure, and prominent functional groups (amide and amine groups
from whey proteins and hydroxyl groups of activated carbon) to capture
inorganic pollutants such as arsenate. The material showed efficient
capacity for removing As®t in an aqueous phase at optimized pH, even
in the presence of interfering metals. The adsorption data fitted well to
the Sips isotherm, with a maximum arsenate adsorption capacity of
0.14-0.16 mmol g~ ! at 20-40 °C. The adsorption process followed PSO
kinetics, which suggested that arsenate ions adhered to the material
surface by chemisorption. The adsorption mechanism entailed the

formation of As-O bond via electron donation between whey fibrils’
groups and arsenate ion, showing the adsorption capacity and applica-
tion of this nanostructures. Considering all the results, the proposed
hybrid material is an inexpensive and effective adsorbent to remove
arsenic from water and holds great promise for a potential use in
wastewater remediation of this contaminant, especially regarding min-
ing derived run-offs.
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