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Abstract: Newly synthesized cerium oxide was successfully obtained by the hard templating route.
The optimal As(III) and As(V) adsorption onto the studied adsorbent was reached for the initial
pH of 4.0 and a contact time of 10 h. The highest static adsorption capacities for As(III) and As(V)
were 92 mg g−1 and 66 mg g−1, respectively. The pseudo-second-order model was well fitted to
the As(III) and As(V) experimental kinetics data. The Langmuir model described the As(III) and
As(V) adsorption isotherms on synthesized material. The adsorption mechanism of the studied ions
onto the synthesized cerium oxide was complex and should be further investigated. The optimal
solid–liquid ratio during the proposed aqueous extraction of inorganic As from the Fucus vesiculosus
algae was 1:50. The optimal dosage of the synthesized cerium oxide (0.06 g L−1) was successfully
applied for the first time for inorganic As removal from the aqueous algal extract.

Keywords: brown seaweed; As; cerium oxide; adsorption; water extraction

1. Introduction

Seaweeds (about 10,000 species) are well known for their rich nutritional aspects. They
are significant sources of macronutrients with high biological activity (proteins (up to 45% of
dry weight), isolated polysaccharides (4–76% of dry weight), dietary fibres, polyunsaturated
fatty acids (up to 10% of dry weight), polyphenols (up to 30% of dry weight), sterols,
vitamins, carotenoids, etc.), essential micronutrients (e. g. K, Mg, Na, Ca, Fe, Se, Mn, Zn,
Cu), and iodine (0.13–1.3 mg g−1 of dry weight). The composition of seaweeds depends
on their type (brown (Phaeophyceae), red (Rhodophyceae), or green (Chlorophyceae),
origin, environmental conditions, etc. The high nutrition content in macroalgae is the
reason why they and their extracts are used in many areas, such as medicine for iodine
deficiency and intestinal disorders, human food (especially in Asia), animal feeds and
organic fertilizers. Edible seaweeds, whose global production is ca. 30 mln t each year,
possess a relatively low content of heavy metals and As (below 40 mg kg−1 as total As
according to the UE Directive 2002/32/EC). Thus, these algae are used in medicine and food
or feed formulas. Currently, scientists are focusing on different methods for incorporating
algae into agricultural practices. They have found that adding algae to soil can improve its
chemical properties, boost the growth of the microbial community, enhance respiration,
and increase photosynthetic activity. Additionally, algae have proven to be effective in
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bioremediation, helping to clean up pollutants. Various fertilizers made from seaweed are
available, such as liquid extracts and seaweed powder for manure. Liquid seaweed extracts
have been particularly successful when used as foliar sprays, helping to increase the growth
of various crops like herbs, grains, flowers, and vegetables. The use of seaweed fertilizers
has significantly grown since they were first introduced in the 1950s due to their ease of
use, concentration of nutrients, and longer shelf life compared to seaweed meal. Algae are
excellent for fertilizing soil as they release nutrients in a form easily absorbed by plant roots
at a steady rate. This means that the nutrient use efficiency of algae can be higher than many
chemical fertilizers. Research has also shown that algae can act as an organic slow-release
fertilizer, gradually providing plants with essential nutrients like nitrogen and phosphorus.
Farmers can expect increased plant growth, better resistance to salt stress, and improved
crop yields by using algae as a natural fertiliser. It is a win–win for both the soil and
the plants. Unfortunately, macroalgae can easily bioaccumulate toxic substances, such as
As, predominantly brown algae. The mechanism of As(V) accumulation by seaweeds is
probably based on the similarity of H2AsO4

- with H2PO4
-. As(V) can be transported to the

algae cells by phosphate transfer channels. In algae, inorganic As species can be partially
transformed into the less toxic organic compounds (monomethylarsonic acid (MMA),
dimethylarsinic acid (DMA), arsenobetaine (AsB), arsenocholine (AsC), arsenolipids, and
arsenosugars). Some factors influence As content in seaweed: the processing and storage
conditions, type and age of algae, location, depth of cultivation, or seasonal variability.
The highest As content is observed in brown algae. In S. fusiforme, the total As content
is 68–149 mg kg−1 of dry weight, and inorganic As is 42–117 mg kg−1 of dry weight.
Inorganic As species in brown algae can constitute up to 72% of total As species. Using
some seaweeds (predominantly brown) in organic fertilizer formulations poses a soil and
plant contamination risk by the inorganic As. To solve this problem, methods of inorganic
As extraction from seaweeds can be applied before their use [1–7].

Various liquid media were used for As extraction from macroalgae before determining
their species. The most popular are based on methanol, water, diluted aqueous solutions
of nitric acid, and aqueous methanol solutions. Typically, extraction processes of As were
aided by shaking, ultrasound, or microwaves to increase extraction efficiency. The water
turned out to be the best As species extraction solvent from the mentioned media (aqueous
ultrasound-assisted extraction (72–93%), aqueous microwave-assisted extraction (49–98%)).
This means that seaweeds contain high amounts of polar and easily extractable inorganic
As species (As(III) and As(V)). Generally, the inorganic As extraction efficiency depends
not only on the extractant type but also on contact time, sample mass/extractant volume
ratio, type of algae, and the extraction method. Bioavailable inorganic As species present in
macroalgae-based organic fertilizers can easily migrate to the soil and crop plants and enter
the food/feed chain, increasing the human/animal exposure risk of toxic As species. This
problem can be solved by the aqueous extraction of inorganic As species from macroalgae
before their application as an organic fertilizer component with the simultaneous efficient
adsorption of As(V)/As(III) from aqueous extracts by the porous solid, such as cerium
oxide [3,4,8].

Cerium oxide is an inorganic porous material which is well known for its catalytic
(automotive catalysts, ethanol reforming) and sorptive (dextran [9], histidine [10], U [11],
phosphates [12], As [13]) properties. They are strictly connected to the surface chemistry of
the CeO2: the surface oxygen vacancies, Ce(III) and Ce(IV) cations. The Ce(III) cations are
essential for the adsorption of As species by the CeO2 material. The adsorption mechanism
of As onto the CeO2 surface depends on the As speciation form. The inorganic As(III)
adsorption causes the conversion of Ce(IV) to Ce(III), but the inorganic As(V) adsorption
has little impact on Ce(IV) conversion. Additionally, the small CeO2 crystallites (which
are characterized by a high Ce(III) content on the surface) facilitate faster transfer of the
adsorbate to the surface-active sites. The As adsorption capacity of CeO2 is also related
to its active surface area, which increases and causes the presence of more active sites for
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As. Unfortunately, it is hard to synthesize this porous solid with the specific surface area
exceeding 170 m2 g−1 [13].

In this work, the newly synthesized cerium oxide was used to remove As from a
brown algae Fucus vesiculosus water extract for the first time. The inorganic As(III) and
As(V) adsorption onto the studied material was optimized by the mean of the influence
of the aqueous adsorbate solution pH, contact time, and adsorbate concentration. Theo-
retical pseudo-first-order and pseudo-second-order models were fitted to the adsorption
kinetics data. The Langmuir and Frundlich models were used for adsorption isotherms’
description in the studied adsorption systems. Based on the obtained adsorption data,
the inorganic As(III) and As(V) adsorption mechanism onto the synthesized cerium oxide
surface was proposed. The aqueous extraction procedure of inorganic As from brown algae
Fucus vesiculosus was proposed and optimized. Finally, the synthesized novel cerium oxide
was successfully applied for inorganic As removal from the aqueous algal extract.

2. Results and Discussion
2.1. Physicochemical Characteristics of Adsorbent

The solid substance selected for the adsorption studies was ceria produced via the hard
template method. As it follows from ref. [14], with the conditions given in the Materials
and Chemicals section, the method leads to the production of highly porous ceria (the
specific surface area, SBET = 187 m2 g−1, and pore volume, Vp = 0.49 cm3 g−1) in the form
of easy-to-handle micro particles built of ceria nanocrystallites (<10 nm), with a surface
concentration ratio Ce3+:Ce4+ equal to 0.26. The ceria selected for this study was a solid
of higher porosity to a similar material whose potential for As species adsorption was
proven [13]. The comparison of various CeO2 materials is presented in Table S1.

2.2. Adsorption Optimization

It has already been shown that the adsorption of inorganic As(III) and As(V) species
on the ceria from the aqueous solution highly depends on the adsorbate form and the
adsorbent’s charge surface; these, in turn, are highly affected by the pH of the solution [15].
Therefore, the adsorption process was optimized in the initial pH range from 2.0 to 9.9
(Figures 1 and 2). Since the adsorbent was prepared by calcining the XAD7-Ce(NO3)3-
CH3OH system in the air at 300 ◦C, the pHPZC likely equals 8.86 [13]. Hence, in the given
conditions, the ceria surface is protonated and positively charged, the inorganic As(III)
species exist in a non-ionic form of H3AsO3, while the inorganic As(V) species can be in
two predominant forms in pH < 6.7 in the form of the monovalent anion H2AsO4

− and
above pH = 7 in the form of the divalent anion HAsO4

2− [15–17]. The surface of cerium
oxide can be considered negatively charged only in a solution with an initial pH = 9.9.
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Figure 1. Adsorption of inorganic As(III) species as a function of pH at equilibrium (pHeq) and pH
of the initial system (pH0) as a function of pHeq, (m = 5 mg, V = 10 mL, C0 = 20 mg L−1, pH0 range
2.0–9.9, teq = 24 h, T = (22 ± 2) ◦C). Error bars denote standard deviations for 4 repeats. The presented
As(III) distribution species in the function of solution pH was according to ref. [18].

Figure 2. Adsorption of inorganic As(V) species as a function of pH at equilibrium (pHeq) and pH
of the initial system (pH0) as a function of pHeq, (m = 5 mg, V = 10 mL, C0 = 20 mg L−1, pH0 range
2.0–9.9, teq = 24 h, T = (22 ± 2) ◦C). Error bars denote standard deviations for 4 repeats. The presented
As(V) distribution species in the function of solution pH was according to ref. [18].

The pH at the equilibrium of inorganic As(III) species adsorption changes only slightly
compared to the initial pH. The adsorption of inorganic As(III) species in the given pH
range is very stable, and it reaches 38 mg g−1. The mechanism of the adsorption of in-
organic As(III) under strong acidic conditions on the ceria surface is somewhat unclear.
The ceria surface is positively charged, and the adsorbate is in a non-ionic form (H3AsO3);
thus, the Coulomb interactions cannot be considered the driving force of the observed
phenomenon. An insignificant change in the pH after the adsorption indicates that hydro-
gen ions probably are not in adsorption competition with the adsorption sites occupied
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by inorganic As(III) species. The relatively high adsorption could be attributed to the
van der Waals interaction between inorganic As(III) species and the organic part of the
adsorbent [19] or the presence of Lewis acids in the system, i.e., bicarbonate ions [20].
However, none of the hypotheses mentioned seem to apply to the experiment described
here. The adsorption of inorganic As(V) species on ceria in comparison to inorganic As(III)
is somewhat different. It is stable from pHeq = 2.2 to pHeq = 5.0 and reads 41 mg g−1. When
the pH increases, the adsorption diminishes linearly to 32 mg g−1 at pHeq = 9.2.

Interestingly, the pH0 is almost equal to pHeq for the first two experimental points.
However, for pH values higher than 4, the pH0 << pHeq. This suggests that the hydrogen
ions interact with the As(V) species. Above the pH = 4, the HAsO4

2− can exist next to
monovalent ions. The presence of this As form in the system can diminish the activity of
H+ ions. The high adsorption efficiency of inorganic As(V) species in solutions with pH
values smaller than 7 is understandable because inorganic As(V) species are anions that
can interact via Coulomb attraction with the positively charged surface of ceria. The drop
in the adsorption of inorganic As(V) species is observed in the solution of the initial pH
of 6. It can be related to the appearance of divalent inorganic As(V) anions (HAsO4

2−) in
the system. A further decrease in the adsorption efficiency of inorganic As(V) species with
an increase in the initial pH should be associated with a decrease in the positive charge of
the cerium surface. As a result, Coulomb’s repulsions begin to play a large role and the
adsorption of inorganic As(V) species drops by 9 mg g−1 in the solution of pH0~10. On the
other hand, it is evident that the overall process of inorganic As(V) adsorption does not
rely solely on the electrostatic/Coulomb interaction because even close to the pHPZC of the
adsorbent, the adsorption still occurs and can be described as significant. Most likely, in the
given system, the inner-sphere complexes are formed between the ceria active centres and
oxygen atoms of As(V) species, just like it was reported in ref. [21–25].

The course of the adsorption kinetics curves of both inorganic As(III) and As(V) species
(Figures 3 and 4) have a similar shape. In the first 200 min, the adsorption rises significantly
to reach an adsorption equilibrium at ca. 600 min. So, the adsorption equilibrium is reached
after 10 h of adsorbent–solution contact.

Figure 3. The adsorption kinetic of inorganic As(III) ions onto studied cerium oxide with the linear
fitting of PFO and PSO models (m = 5 mg, V = 10 mL, C0 = 18 mg L−1, pH0 = 4, T = (22 ± 2) ◦C).
Error bars denote standard deviations for 4 repeats. Inset represents experimental points for the first
60 min. of solution–adsorbent contact.
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Figure 4. The adsorption kinetic of inorganic As(V) ions onto studied cerium oxide with the linear
fitting of PFO and PSO models (m = 5 mg, V = 10 mL, C0 = 18 mg L−1, pH0 = 4, T = (22 ± 2) ◦C).
Error bars denote standard deviations for 4 repeats. Inset represents experimental points for the first
60 min of solution–adsorbent contact.

The adsorption of inorganic As species on given ceria cannot be considered a fast
process. Fitting pseudo-first-order (PFO) and pseudo-second-order (PSO) models into an
adsorption kinetics curve is very common in most adsorption kinetics studies, especially in
removing contaminants from an aqueous phase. However, both models, like the Freundlich
and Langmuir adsorption models, have their limitations and applications. Although the
adsorption kinetics mathematically fit very well to the PSO model (R2 = 0.9979 for inorganic
As(III) and R2 = 0.9965 for inorganic As(V)), (Table 1), the conclusion about the adsorption
mechanism cannot be expressed without a doubt [26]. In other words, a good fitting of
experimental points into a PFO or PSO model is insufficient to discuss the adsorption
mechanism. It is worth mentioning that different theoretical calculations indicate that the
applicability of both models strongly depends on adsorption system parameters [27–29].
It is possible to represent time on a logarithmic scale, which in turn may provide clues
regarding the adsorption mechanism of inorganic As(III) and As(V). Then, plots exhibit
three distinctive steps. The first stage lasts from 1 min to ca. 50 min. The second one
lasts from 50 min to 800 min, and the third stage is from 800 min to 1440 min. The overall
adsorption rate will result from well-recognized results in the literature and consecutive
steps [14,30,31].

The first step is the transport of adsorbate from the bulk solution to adsorbent particles
surrounded by the liquid film. Next, the adsorbate molecule diffuses through the film (sec-
ond step) and into the liquid present in pores (third step, intraparticle diffusion) to finally
reach the active sites of the solid, where adsorption and desorption occur (fourth step). The
observed experimental adsorption kinetics curves result from these processes co-occurring
simultaneously in the system. Since the solution of adsorbate is a complex system, i.e., the
inorganic As(III) species solution contains HCl and NaCl, and the inorganic As(V) species
solution contains HNO3, it is likely that at the solid–solute interface, there is competitive
adsorption between chemical individuals in the system. Thus, there is no surprise that the
system reaches equilibrium only after 10 h. The simple inorganic anions present in the
system, as a result of their preparation method, probably hinder the overall adsorption. An-
ions such as Cl- or NO3

- are relatively small compared to inorganic As species; hence, their
mobility is much greater, and they can reach the adsorbent surface first and be attracted
to the positively charged surface of cerium oxide. Only after a significant period will the



Molecules 2024, 29, 1348 7 of 15

competition between adsorbates lead to the significant adsorption of inorganic As species.
Additionally, adsorption on cerium oxide in an acidic medium should be considered highly
complex since cerium oxide tends to dissolve in highly acidic solutions. Plakhova et al. [32]
estimated the solubility of ceria to be at pH = 4.5, equal to 3 × 10−4 mol L−1 [32].

Table 1. Experimental kinetics fitting results to the pseudo-first-order (PFO) and pseudo-second-order
models (PSO). Qt is the inorganic As(III) or As(V) adsorption value at time t [mg g−1], Qeq is the
inorganic As(III) or As(V) adsorption capacity at an equilibrium state [mg g−1], k1 the pseudo-first-
order rate constant [g mg−1 min−1], k2 the pseudo-second-order rate constant [g mg−1 min−1], and t
is the adsorption time [min].

Inorganic
As Species

Kinetic
Model

PFO

k1 [g mg−1 min−1] Qeq [mg g−1] R2

As(III) 0.0067 *$ 29.8 * ± 1.1 # 0.9113

As(V) 0.0069 *$ 33.0 * ± 1.4 # 0.9902

Inorganic
As Species

Kinetic
Model

PSO

k2 [g mg−1 min−1] Qeq [mg g−1] R2

As(III) 0.00047 *$ 34.0 * ± 1.5 # 0.9979

As(V) 0.00040 *$ 37.2 * ± 1.7 # 0.9965

*—mean value from 4 repeats, #—standard deviation from 4 repeats, $—standard deviation close to 0.

The adsorption isotherms of inorganic As species under study at room temperature
at pH = 4, measured after 24 h of contact between the adsorbent and the adsorbate, are
presented in Figure 5. The acidic conditions were selected deliberately because, at this
value, only one form of inorganic As(III) and As(V) is present in the system, i.e., H3AsO3
and H2AsO4

- [15], respectively. Both the adsorption isotherms presented in Figure 5 show
that increasing the adsorbate concentration increases the adsorption up to a certain value of
Ceq, followed by a plateau. The course of isotherms indicates that the adsorbent’s surface
is saturated with inorganic As(III) and As(V) species at Ceq ca. 300 mg L−1 and Ceq ca.
90 mg L−1, respectively. The maximum adsorption capacity of the adsorption of inorganic
As(III) and As(V) species equals 92 mg g−1 and 66 mg g−1, respectively. These values are
high, and the material presented here is within the group of superb inorganic As species
adsorbents [13,33–37]. The Langmuir adsorption and Freundlich adsorption models were
fitted into experimental points of the adsorption isotherm (Table 2).

Table 2. Experimental adsorption isotherm fitting results to the Langmuir and Freundlich models.
kL is the Langmuir constant [L mg−1], qL is the maximum adsorption capacity of inorganic As(III)
or As(V) [mg g−1], kF is the Freundlich equilibrium constant [mg1−nF LnF g−1], and nF is the
Freundlich exponent.

Inorganic
As Species

Isotherm
Model

Langmuir

kL [L mg−1] qL [mg g−1] R2

As(III) 0.094 *$ 96.1 * ± 3.8 # 0.9991

As(V) 0.324 * ± 0.012 # 68.5 * ± 2.7 # 0.9999

Inorganic
As Species

Isotherm
Model

Freundlich

nF [a. u.] kF [mg1-nF LnF g−1] R2

As(III) 0.13 *$ 42.9 * ± 1.9 # 0.9898

As(V) 0.083 *$ 43.1 * ± 1.5 # 0.8732

*—mean value from 4 repeats, #—standard deviation from 4 repeats, $—standard deviation close to 0.
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Figure 5. The relative adsorption isotherms for inorganic As(III) and As(V) species from aqueous
solution (m = 5 mg, V = 10 mL, C0 in a range from 20 mg L−1 to 570 mg L−1, pH0 = 4, teq = 24 h,
T = (22 ± 2) ◦C, Amax_As(III) = 96.1 mg g−1, Amax_As(V) = 68.5 mg g−1, A—adsorption [mg g−1],
Amax—adsorption capacity [mg g−1]). Error bars denote standard deviations for 4 repeats. Inset
represents experimental points for Ceq up to 65 mg L−1.

Based solely on the coefficient of determination (R2), the best fit was obtained for
the Langmuir model (R2 = 0.9991 for inorganic As(III) and R2 = 0.9999 for inorganic
As(V)). The superficial analysis of these parameters can conclude that the adsorption of
inorganic As species on ceria is a localized process with homogeneous adsorption sites
evenly distributed on the adsorbent surface. However, it was already proven [13] that the
investigated adsorption system, due to its complexity, goes beyond the assumptions of
both models. Thus, the Langmuir and Freundlich adsorption models cannot be used to
discuss the adsorption mechanism reliably. On the other hand, based on the experimental
results, they can be used to predict adsorption capacity at a given Ceq.

To sum up, the ceria produced via the hard template method can be used to adsorb
inorganic As species from aqueous solutions, including those extracted from macroalgae. Its
adsorption capacity is significant, and inorganic As species’ affinity toward ceria has been
proven. On the other hand, ceria has its drawbacks, i.e., reaching adsorption equilibrium
takes 10 h, and it should be used at a neutral pH. In Table S1, the comparison of As(III)
and As(V) adsorption properties between various materials and that studied in this paper,
CeO2 adsorbent, is presented.

2.3. As Aqueous Extraction from Algae

Algae possesses high As content [3]. Part of this metalloid is present in macroalgae as
an inorganic form, which is highly toxic for living organisms. The direct application of algae
in organic fertilizer formulations could cause the migration of inorganic As compounds
from algae into the soil, where they would be deposited and accumulated in crops. Table 3
presents data from the literature and results from our work regarding the total As content
and content of different extracted As species in the reference material BCR 279. In general,
the extraction of macroalgae with various liquid media (e.g., water) resulted in the removal
of inorganic As (mainly As(V) even up to 90% and about 10% As(III)) from this material.
As(V) is readily soluble in water, so it is highly mobile in aqueous environments, such as
aqueous soil systems. There is a European standard for the determination of inorganic
As forms in algae after extraction with 0.07 mol L−1 HCl by hydride generation atomic
absorption spectrometry (PN-EN 15517) [38]. Only inorganic As can be reduced to volatile
hydrides in this technique. Our results suggest that similar amounts of inorganic As are
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extracted by water and by 0.07 mol L−1 HCl. Thus, according to the rules of green chemistry,
water is the better liquid medium for the inorganic As removal from seaweeds before their
application in agriculture.

In Figure 6, the extractable As content for the studied Fucus vesiculosus algae samples
in the function of the solid–liquid ratio [g mL−1] is shown. For all studied samples, it was
observed that the extractable As content was almost stable in the solid–liquid ratio range
of 1:80–1:50, and it was lower and lower with further ratio changes from 1:50 to 1:10. So,
the optimal solid–liquid ratio, which resulted in the highest inorganic As removal from
seaweed and simultaneously was economically justified, was 1:50. Moreover, from our
results, it can be concluded that samples 1, 2, and 3 differ from each other in extractable
(inorganic) As content. The highest content of inorganic As was observed for the sample
denoted as 3 (43 mg kg−1), and the lowest was observed for sample 1 (24 mg kg−1) for the
solid–liquid ratio of 1:50.

Table 3. Reported content of different As species and total arsenic in BCR 279.

Literature

Content of Arsenic Species
[mg kg−1]

Content of Total
Arsenic

[mg kg−1]

Type of Extract

DMA MMA Asinorg.

[39] 0.20 0.23 0.74 2.54 methanol + ammonium carbonate

[40]
0.08 0.07 0.52 0.93 methanol:water 1:1

0.04 0.03 1.20 1.51 nitric acid 2%

[8] 0.08 0.11 0.71 1.12 nitric acid 1%

[41] 0.06 0.23 0.04 0.87 aqueous

[42] — — 0.70 1.30 aqueous

Our work — —
0.75 * ± 0.03 #

3.10 * ± 0.12 #
aqueous

0.891 * ± 0.037 # 0.07 mol L−1 HCl

*—mean value from 4 repeats, #—standard deviation from 4 repeats.

Figure 6. The extractable inorganic As content for the studied algae samples in the function of the
solid–liquid ratio; error bars represent standard deviation from 4 repeats.

Additionally, Table S2 presents the elemental composition of the studied algae samples
and BCR 279 before water extraction and the elemental content extracted by water from
these algae. The elemental composition of the studied algae differs. The studied algae con-
tained the following macronutrients important in crop growth: Ca (0.3–2.7%), K (1.1–3.5%),
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Na (1.6–2.4%), Mg (0.7–1.3%), and S (1.4–3.0%). Additionally, the presence of heavy metals
such as Al, Cd, Cr, Cu, Fe, Mn, Ni, Zn, and As was detected. According to the pre-
sented data, the macronutrients and P were extracted by water to a high extent (>50%).
Unfortunately, so were the heavy metals. Their content extracted by water exceeded
permissible amounts. The observed phenomenon could be related to the presence of
the above-mentioned elements in the form of aqueous soluble chemical species (e.g., Cr,
probably as Cr(VI)). On the one hand, the desired macronutrients suggest the reasonable
applicability of the studied algae in agriculture, but on the other hand, these toxic elements
can be accumulated by crops and pose a real threat to living organisms, including humans.

2.4. Inorganic As Removal from the Aqueous Seaweed Extract

In Figure 7, the inorganic As removal efficiency and adsorption capacity in the function
of the CeO2 dosage are presented. At higher doses of the adsorbent, the capacity to
adsorb inorganic As decreases significantly, going from 4.3 mg g−1 to 0.8 mg g−1. On the
contrary, the inorganic As removal efficiency initially increases from about 64% to 100%
within the range of CeO2 dosage of (0.02–0.20) g L−1, after which, it remains constant.
The change in the adsorption capacity of inorganic As with the function of the dosage of
CeO2 can be related to the aggregation/agglomeration of CeO2 particles with its higher
dosages [43]. As a result, the collapse in the effective surface area per unit weight (g)
of the CeO2 could take place and less surface active centres of the adsorbent could be
available for the inorganic As. Thus, the adsorption capacity of the studied CeO2 towards
inorganic As was decreasing. In contrast, the initial increase in inorganic As removal from
the aqueous seaweed extract can be related to the increase in the amount of CeO2, which
provides a larger surface area for inorganic As species to interact with. However, beyond a
certain point, the inorganic As removal efficiency is independent of the adsorbent dosage,
probably as a result of the maximum possible As adsorption equilibrium shift towards the
adsorbent surface. The optimal dosage of CeO2 (0.06 g L−1) corresponds to the maximum
inorganic As removal efficiency, taking into account the highest inorganic As adsorption
capacity. From the economic, engineering, and environmental points of view, the usage of
the optimal CeO2 dosage is reasonable.

Figure 7. The effect of the cerium oxide dosage on the inorganic As removal efficiency and adsorption
capacity (C0 = 0.234 mg L−1, pHeq = 4, teq = 24 h, T = (22 ± 2) ◦C). Error bars denote standard
deviations for 4 repeats.

3. Materials and Methods
3.1. Materials and Chemicals

The following chemicals were used during the studies: hydrochloric acid (35–38 wt.%,
Chempur, Piekary Śląskie, Poland), nitric acid (65 wt.%, Suprapur, Supelco, Sigma-Aldrich,
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Saint Louis, MO, USA), sodium hydroxide (>95%, Merck, Darmstadt, Germany), potassium
iodide (≥99 wt.%, Sigma-Aldrich, Saint Louis, MO, USA), ascorbic acid (≥98 wt.%, Sigma-
Aldrich, Saint Louis, MO, USA), arsenic(III) oxide (>99 wt.%, Sigma-Aldrich, Steinheim,
Germany), As(V) SRM solution from NIST (1000 mg L−1 (As) as H3AsO4 in 0.5 mol L−1

HNO3, Merck, Darmstadt, Germany), and standard Sc solution (1000 mg L−1, Supelco,
Sigma-Aldrich, Saint Louis, MO, USA). For all experiments, double-deionized water (Merck
Millipore, Darmstadt, Germany) was used.

The following materials and samples were used: the standard reference material BCR
279 (Sea lettuce) (AsTot: 3.02 ± 0.21 mg kg−1; JRC, IRMM, Geel, Belgium) and brown algae
(Fucus vesiculosus) samples with various degrees of contamination, which were obtained
from the Gulf of Gdańsk (Poland). In the text, the studied algae samples were denoted as 1,
2, and 3.

3.2. Adsorbent Preparation

The adsorption of inorganic As species was performed on highly porous ceria pro-
duced via the previously reported hard template method using Amberlite® XAD7 HP
(XAD7, Across) polymeric resin [44]. Since the XAD7 microspheres can swell in various
solvents [44], this time, XAD7 was soaked with cerium(III) nitrate hexahydrate (Across)
dissolved in methanol (POCH) at room temperature. The molality of the ceria precursor
solution was 3.46 mol kg−1. The amount of ceria precursor solution was adjusted, so there
was no liquid outside and beyond saturated XAD7 beads. The XAD7-Ce(NO3)3-CH3OH
system was subsequently calcined in air at 300 ◦C for 360 min. The details about synthesis
are given in ref. [14].

As it follows from ref. [14], with the conditions mentioned above, this synthesis route
led to the production of highly porous ceria (specific surface area, SBET = 187 m2 g−1, and
pore volume, Vp = 0.49 cm3 g−1) in the form of easy-to-handle micro particles built of
ceria nanocrystallites (<10 nm), with a surface concentration ratio Ce3+:Ce4+ equal to 0.26.
The ceria produced via the hard template method was selected for this study, because
it was already proven that similar ceria have great potential for inorganic As species
adsorption [13].

3.3. Instrumentation

The As in the aqueous extracts and mineralized samples were determined by a hydride
generation ICP-OES spectrometer (Varian 720-ES, Varian, Belrose, Australia).

The As determination from the aqueous solutions during the adsorption optimization
studies on synthesized material was performed by a GF AAS spectrometer (SpectrAA 880Z,
Varian, Belrose, Australia).

The studied algal samples were mineralized in a closed system with microwave
assistance from MARS 5 (CEM, Matthews, NC, USA).

3.4. Adsorption Experiments

The inorganic As(III) and As(V) species adsorption experiments were conducted at
(22 ± 2) ◦C in static conditions. During the pH influence studies, 5 mg of the studied
adsorbent was mixed with 10 mL of an aqueous inorganic As(III) or As(V) species solution
with an initial As concentration of 20 mg L−1 and an initial pH in the range of 2–10.
The resulting suspensions were shaken with a mechanical laboratory shaker at a shaking
speed of 148 rpm. After 24 h, the studied adsorbent was separated from the aqueous phase
by centrifugation. The initial and final inorganic As(III) or As(V) concentrations in the
aqueous phase were determined by the GF AAS technique. The adsorbed inorganic As(III)
or As(V) species amount (A [mg g−1]) onto the studied adsorbent was calculated as follows:

A =

(
C0 − Ceq

)
V

m
(1)
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where C0 is the initial inorganic As(III) or As(V) species concentration [mg L−1], Ceq is the
equilibrium inorganic As(III) or As(V) species concentration [mg L−1], V is the volume of
an aqueous inorganic As(III) or As(V) species solution [mL], and m is the mass of the used
adsorbent [mg].

During inorganic As(III) or As(V) species adsorption kinetics studies, the initial pH of
the aqueous inorganic As(III) or As(V) solution (20 mg L−1) was 4.0 and adsorption times
were in the range of 5–1440 min. The adsorption isotherm onto the studied adsorbent was
evaluated for the initial inorganic As(III) or As(V) species concentrations in the range of
20–500 mg L−1.

The kinetic models are expressed by the following equations:
Pseudo first order (PFO):

Qt = Qeq

(
1 − e−k1t

)
(2)

Pseudo second order (PSO):

Qt =
Q2

eqk2t
1 + Qeqk2t

(3)

where Qt is the inorganic As(III) or As(V) adsorption value at time t [mg g−1], Qeq is the
inorganic As(III) or As(V) adsorption capacity at an equilibrium state [mg g−1], k1 the
pseudo-first-order rate constant [g mg−1 min−1], k2 the pseudo-second-order rate constant
[g mg−1 min−1], and t is the adsorption time [min].

The isotherm models are expressed by the following equations:
Langmuir model:

Q =
CeqkLqL

1 + CeqkL
(4)

Freundlich model:
Q = kFCnF

eq (5)

where Q is the inorganic As(III) or As(V) adsorption capacity at equilibrium state [mg g−1],
Ceq is equilibrium concentration of inorganic As(III) or As(V) in the solution [mg L−1], kL
is the Langmuir constant [L mg−1], qL is the maximum adsorption capacity of inorganic
As(III) or As(V) [mg g−1], kF is the Freundlich equilibrium constant [mg1−nF LnF g−1],
and nF is the Freundlich exponent.

3.5. Inorganic As Extraction Procedure

The standard reference material (BCR 279) and algae samples (1, 2, and 3) were
submitted to the extraction procedure by double-deionized water. Various solid–liquid
ratios [g mL−1] were studied (1:80, 1:50, 1:40, 1:20, 1:15, and 1:10). The proper mass
of algae was mixed with 50 mL of water in a glass conical flask. Thus, the obtained
suspensions were shaken at 37 ◦C for 1 h. Next, suspensions were centrifuged (10 min,
7000 rpm), and aqueous phases were filtered by the syringe filter (pore size: 0.45 µm,
filter diameter: 30 mm). The total inorganic As was determined in aqueous extracts by the
hydride generation ICP-OES technique, and the content of extractable (inorganic) As in the
studied algae was calculated by the following equation:

ZAs =
CAsVwater

malgae
(6)

where ZAs is the extractable (inorganic) As content in algae [mg kg−1], CAs is the determined
total inorganic As concentration in an aqueous extract [mg L−1], Vwater is the water volume
used for extraction [L], and malgae is the algae mass used for extraction [kg].
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3.6. Adsorption of Inorganic As from the Water Algal Extract

Studies of the adsorption capacity of inorganic As (mainly As(V)) on cerium oxide
from the water algal extract were carried out. The water extract was filtered, and then,
a fixed portion of cerium oxide was added to 5 mL of extract. After reaching an equilibrium,
the total inorganic As concentrations were measured using the GF AAS technique. The
inorganic As removal efficiencies (RE [%]) (Equation (7)) were calculated as follows:

RE =

(
C0 − Ceq

C0

)
·100% (7)

4. Conclusions

The cerium oxide with the specific surface area of 187 m2 g−1 was successfully syn-
thesized by the hard templating route. It possesses a surface with a Ce3+:Ce4+ ratio equal
to 0.26.

The optimal pH of an aqueous inorganic As(III) and As(V) solution during adsorp-
tion onto the synthesized adsorbent was 4.0. The adsorption equilibrium of the studied
inorganic As species onto the obtained material was reached after 10 h, and the pseudo-
second-order model described it well. The highest static adsorption capacity for inorganic
As(III) and As(V) onto the cerium oxide was 92 mg g−1 and 66 mg g−1, respectively.
The evaluated adsorption isotherms in the studied adsorption systems were well fitted to
the Langmuir model. The adsorption mechanism of inorganic As(III) and As(V) ions onto
the synthesized cerium oxide was complex due to the nature of adsorbate and adsorbent.

The efficient aqueous extraction of inorganic As from Fucus vesiculosus algae before
its application in agriculture was proposed for a solid–liquid ratio of 1:50. This extraction
procedure agreed with the green chemistry rules. The inorganic As was successfully
removed from the water algal extract by 0.06 g L−1 of the synthesized cerium oxide. This
small adsorbent dosage was reasonable from the economic, environmental, and engineering
points of view.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules29061348/s1, Table S1: Comparison of studied material
with literature data regarding specific surface area and As(III)/As(V) adsorption performance. Table
S2: Elemental composition of studied algae and BCR-279 before water extraction and elemental
content extracted by water from these samples (*—mean value from 4 repeats, #—standard devi-
ation from 4 repeats, LOD [mg kg-1]: Cd (0.02), Pb (2.0), Se (4.0)). References [45–49] are cited in
Supplementary Materials.
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