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Abstract: Chromium (as Cr(VI)) and fluoride (F™) are frequently found in effluents from different
industrial activities. In cases where these effluents reach soil, it can play an important role in retaining
those pollutants. Similarly, different byproducts could act as bio-adsorbents to directly treat polluted
waters or to enhance the purging potential of soil. In this work, we used batch-type experiments to
study competitive Cr(VI) and F~ adsorption in two different soils and several kinds of byproducts.
Both soils, as well as mussel shell, oak ash, and hemp waste showed higher adsorption for F~, while
pyritic material, pine bark, and sawdust had a higher affinity for Cr(VI). Considering the binary
competitive system, a clear competition between both elements in anionic form is shown, with
decreases in adsorption of up to 90% for Cr(VI), and of up to 30% for F~. Adsorption results showed
better fitting to Freundlich’s than to Langmuir’s model. None of the individual soils or byproducts
were able to adsorbing high percentages of both pollutants simultaneously, but it could be highly
improved by adding pine bark to increase Cr(VI) adsorption in soils, thus drastically reducing the
risks of pollution and deleterious effects on the environment and on public health.

Keywords: adsorption; chromium; competition; fluoride; soil and water pollution

1. Introduction

In recent years there has been growing concern regarding F~ and Cr(VI) pollution, due to both
substances being transported into effluents from industries related to the extraction of minerals,
foundries, dyes and pigments, semiconductors, and glass manufacturing [1,2]. These effluents can
reach surface- and ground-waters by direct discharge or after passing through soils. Authors such
as Rafique et al. [3] or Kumar et al. [4] indicate that there is a global hazard as regards fluoride and
chromium pollution, taking into account that their permissible limits in drinking water (1.5 and
0.05 mg L™}, respectively, as per the World Health Organization) are widely exceeded in occasions,
some of them referenced for countries such as India, China, USA, Mexico, or Argentina.

A F~ concentration between 0.5-1.0 mg L™! in drinking water can be considered beneficial for
bones and teeth, but it can cause fluorosis and even neurological damage when it is higher than
1.5mg L1 [5]. In the case of Cr, although Cr(III) is indispensable in low quantities, Cr(VI) is considered
highly toxic due to its mutagenic, carcinogenic, and teratogenic potential [6]. Given that it is extremely
improbable that a ban will be implemented in the short term in order to remove F~ and Cr(VI) from
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industrial use (mainly in aluminum, textile, or leather tanning factories), it is of main importance to
determine the capacity of soils to retain both anions, aiding to prevent their entry into waterbodies and
plant uptake, as well as to develop low-cost methodologies to increase soil retention capacity and to
remove these toxics when they reach waters [4].

Although different methodologies have been developed to remove F~ and Cr(VI) from waters, such
as precipitation, electrocoagulation, ion exchange, or electro-dialysis, the use of adsorbent materials has
been considered as the most economical and sustainable alternative [2]. Previous works have dealt with
individual adsorption of F~ and Cr(VI), separately, both in soils and in different waste materials [3,7-13].
In addition, some studies focused on simultaneous retention of F~ and Cr(VI), using adsorbents such as
a chitosan-alginate aluminum complex (CSAlg-Al) [4], or synthetic mesoporous alumina [2]. However,
there is not enough information on simultaneous retention of these two anions in different soils, as
well as on the adsorbent capacity of different byproducts derived from industrial activities.

Galicia (NW Spain) is one of the geographical areas affected by activities which cause environmental
pollution by F~ and Cr(VI) (mining, aluminum factories, glass, dyes, leather tanning), and where it
is also easy to obtain locally different by-products that could be used as low-cost sorbents for both
pollutants [10-13]. Taking into account this previous background, the objectives of this work are: (1) to
determine the capacity of forest and vineyard soils to adsorb F~ and Cr(VI) simultaneously; (2) to
determine the adsorption capacity for both anions of byproducts from forestry (oak ash, pine bark,
and pine sawdust), from agriculture (hemp waste), from mining (pyritic material), and from the food
industry (mussel shell). The results of this study could aid to solve environmental issues due to both
pollutants in waters and soils, and at the same time promote the productive recycling of by-products.

2. Materials and Methods

2.1. Materials

In Galicia (NW Spain), some environmental problems related to F~ and Cr(VI) pollution have
been previously pointed out [10-13]. In fact, the soils and sorbent materials used in this work to
study F~ and Cr(VI) competitive adsorption were the same previously described when performing
individual adsorption tests for these two anions [13], in addition to pine sawdust, also previously
described [12]. Specifically, in the current work we used samples of forest and vineyard soils, pyritic
material, fine mussel shell, pine bark, oak ash, hemp waste, and pine sawdust. Taking into account
that detailed descriptions for all these materials were previously published in the referred works, data
on it are included in Supplementary Material. In fact, specific references regarding Supplementary
Material are also included [14-37].

2.2. Methods

2.2.1. Characterization of the Soil Samples and Sorbent Materials

Details on all methods used to characterize soils and by-products, as well as the results of those
procedures, are shown in Supplementary Material. Specifically, total C and N contents, pH in distilled
water, pH of the point of zero charge (pHp,c), exchangeable Na, K, Ca, Mg, and Al, effective cation
exchange capacity (eCEC), total P, total concentrations of Na, K, Ca, Mg, Al, Fe, Mn, As, Cd, Cr, Cu, Nj,
Pb, and Zn, non-crystalline Al and Fe (Al,, Fe,), and particle-size distribution for forest and vineyard
soils. Also, infrared spectroscopy was used to determine the main functional groups present in each
soil and byproduct.

2.2.2. Competitive Adsorption Experiments for F~ and Cr(VI)

A methodology similar to that previously described by Romar-Gasalla et al. [13] was used for
these experiments. Specifically, each of the individual samples of soils and by-products were added
with F~ and Cr(VI) simultaneously. To do that, 3 g of each sample were stirred with 30 mL of a 0.01 M
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NaNOj solution in which F~ and Cr(VI) were incorporated at the same concentration (0.5, 1.5, 3,
and 6 mmol L™! of each anion), using analytical grade KF (Panreac, Spain) and K,Cr,O; (Panreac,
Spain). All these suspensions were stirred for 24 h, centrifuged for 15 min (6167x g), and filtered by
acid washed paper (Whatman, Spain). ICP Mass (Varian 820-NS, USA) was used to determine Cr(VI)
concentration in the filtrated liquid, and F~ was quantified by means of an ion-selective electrode
and TISAB IV (Orion Research, Cambridge, MA, USA). Triplicate determinations were carried out in
all cases.

The amounts of F~ and Cr(VI) adsorbed were calculated as the difference between those added
and those remaining in solution at equilibrium.

2.2.3. Modeling Adsorption

Adsorption data were firstly adjusted to the Langmuir and Freundlich models. The Langmuir
model corresponds to the following equation:

Qmax X KL X Ce

Qu = A1 K xC)

¢y

where Qeq is the amount of F~ or Cr(VI) adsorbed (mmol kg_l), K} is the Langmuir’s constant related
to the adsorption energy ((L mmol '), C, is the concentration of F~ or Cr(VI) in the equilibrium solution
(mmol L), and Qyqy is the maximum adsorption capacity (mmol kg™!).

The Freundlich model (Equation (2)) corresponds to the equation:

Qeq = Kp XCg/” (2)

where Kr is the Freundlich’s constant related to the adsorption energy (L™ kg~! mmol(™™), and n is
the constant related to the adsorption intensity (dimensionless).
In a second step, adsorption data was adjusted to the Tempkin model (Equation (3)):

4a = fInKr + BIn C, ®)

where f = RT/b; and b; is the Temkin isotherm constant; K; is the Tempkin isotherm equilibrium
binding constant (L g~!); T is Temperature (25 °C) (K = 298°), and R is the universal gas constant
(8314 Pa m3/mol K).

3. Results and Discussion

3.1. F~ and Cr(VI) Competitive Adsorption in a Binary System

Figure 1 shows F~ and Cr(VI) adsorption in a competitive (binary) system, as well as data
corresponding to an individual (simple) system (from Romar-Gasalla et al. [13]).

In the binary competitive system, two kinds of behavior can be observed. On the one hand,
both soils, mussel shell, oak ash, and hemp waste present higher adsorption for F~ (between 15 and
42 mmol kg_l) than for Cr(VI) (between 8 and 19 mmol kg_l) for the highest concentrations added
(Figure 1), which becomes more evident when results are expressed as percentages (25-70% for F~,
and 1-30% for Cr (VI)). On the other hand, pine bark, sawdust and, in general, pyritic material,
have a higher affinity for Cr(VI) (39-60 mmol kg~!, representing between 22-99% of the highest
concentration added) than for F~ (1.5-11 mmol kg™, representing 1-67% of the highest concentration
added) (Figure 1). In the previous study, carried out in individual (simple) systems for Cr(VI) and F~
separately (Romar-Gasalla et al. [13]), the highest F~ adsorption corresponded to forest soil, pyritic
material, pine bark, and oak ash, with values between 30 and 40 mmol kg_l, which represented
between 60-72% of the highest concentration of F~ added, while pine bark, pine sawdust, and pyritic
material showed the highest adsorption of Cr(VI) for the highest concentration of Cr(VI) added, with
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69, 40, and 32 mmol kg_l, representing 98, 68, and 55%, respectively. Li et al. [2] found higher affinity
for F~ than for Cr(VI) in synthetic alumina gels, while Mohapatra et al. [38] obtained the opposite
result in alumina nanofibers.
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Figure 1. Percentage adsorption for Cr(VI) and F~ in the various soils and sorbents tested, in simple (S)
and binary (B) systems. Average values for three replicates, with error bars showing that coefficients of
variation were <5%.

The behavior observed in the present study can be related to the different composition of the sorbent
materials used, and to their pH values (Table 51, Supplementary Material). Specifically, those sorbents
having more acidic pH (pine bark, sawdust, and pyritic material) show higher adsorption for Cr(VI)
than for F~, because Cr(VI) adsorption is higher in clearly acid media, decreasing in alkaline and
slightly acidic conditions [39,40], as the HCrO,~ species, present in acid media, is more intensively
adsorbed than CrO42~, which predominates in alkaline conditions [41].
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In the case of pine bark and sawdust, acidic conditions favor the protonation of the phenolic
groups present in organic compounds [42,43], electrostatically attracting negatively charged Cr(VI)
species. In the case of the pyritic material, the positive charges of non-crystalline Fe minerals favor
Cr(VI) adsorption, as observed in previous studies [44,45]. However, when the materials have a high
concentration of non-crystalline Al minerals, such as in forest soil, vineyard soil, and oak ash (Table S1,
Supplementary Material), the affinity for F~ is very high, as previously pointed out [10,11,46]. In the
case of mussel shell, high F~ adsorption may be related to binding to the surface of carbonates through
inner-sphere complexes with octahedral Ca [11,47].

Comparing percentage adsorption in binary and simple systems (Figure 1), it is clear that in the
binary system F~ interferes Cr(VI) retention in sawdust, hemp waste, and mussel shell, decreasing
Cr(VI) adsorption up to 90, 20, and 12%, respectively. Likewise, Cr(VI) decreases F~ adsorption in the
binary system up to 30% in the pyritic material and pine bark, up to 12% in hemp waste and vineyard
soil, and less than 10% in forest soil.

Li et al. [2] found for synthetic alumina gels that the coexistence of F~ and Cr(VI) in solution
decreased Cr(VI) adsorption, but enhanced F~ adsorption, due to the fact that alumina has higher
affinity for F~ than for Cr(VI), and Cr can form =CrOH,* groups, which could be new adsorption sites
for F~.

Deng et al. [48], studying competitive adsorption in fibers impregnated with cerium, found that
F~ adsorption increased in a binary system in relation to a simple system, whereas Cr(VI) adsorption
decreased (i.e., Cr(VI) favored F~ adsorption, but F~ hindered Cr(VI) adsorption). In addition,
Wau et al. [49] reported that Cr(VI) enhanced the adsorption of another anion (anionic As) on activated
carbon in a binary system.

In the present study, Cr(VI) hinders F~ adsorption (except in mussel shell for the highest
concentrations of both pollutants), and F~ decreases Cr(VI) adsorption in sawdust, hemp waste, and
mussel shell (Figure 1), and overall results indicate that Cr(VI) and F~ compete for adsorption sites.
The decrease in the adsorption of each anion in the binary system (in relation to the simple system) can
be related to the fact that F~ and some of the Cr(VI) species (HCrO,~, Cr,07%~, CrO4%") have similar
mechanisms of adsorption, and compete with each other [2]. Liu et al. [50], studying competitive
adsorption between F~ and As(V) in Fe, Al, and Fe and Al oxyhydroxides, found that Fe oxyhydroxides
have a high capacity to adsorb another element in anionic form (As(V)), but very little to adsorb
F~, while Al oxyhydroxides (AlIOxHy) have a high capacity to adsorb both anions, but the efficiency
depends on pH value, and there is an important competition between both anions for adsorption sites;
and, finally, the mixed oxyhydroxides FeAlOxHy have a high capacity to adsorb F~ and As(V) over a
wide range of pH, and no competition was observed.

Taking into account that in the forest soil there is a lower decrease of Cr(VI) and F~ adsorption in
the binary system as compared to the simple system, it would indicate absence of competition between
F~ and Cr(VI) for adsorption sites in that soil, which could be due to its high concentrations of Fe
and Al oxyhydroxides (Table S1, Supplementary Material), with a high capacity to adsorb F~ and
Cr(VI) without competition at the concentrations tested (up to 6 mmol L~! for each one). However, it
must be noted that none of the materials here studied show a high capacity to adsorb simultaneously
both pollutants.

Overall, in cases of contamination where both pollutants are present simultaneously, the forest
soil would be able to retain up to 70% of F~ (Figure 1), but the incorporation of pine bark would be
needed to also adsorb high percentages of Cr(VI). Regarding the vineyard soil, the incorporation of
pine bark would increase Cr(VI) and F~ adsorption up to 94% and 86%, respectively, while oak ash
could increase F~ adsorption up to 74%, as shown in a previous study [13].

3.2. Fitting to Adsorption Models

Table 1 shows fitting of adsorption data to the Langmuir model for F~ and Cr(VI) in binary and
simple systems, while Table 2 presents fitting to the Freundlich model.
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As shown in this Table, the existence of high errors prevents valid adjustments to the Langmuir
model in most sorbents. In the case of Cr(VI), R? values corresponding to the Langmuir model are
higher than 0.9 for the two sorbents, which are adjustable. Table 2 shows that in the Freundlich model
R? values are higher than 0.93, except for hemp waste. Therefore, Cr(VI) adsorption is better adjusted
to the Freundlich’s equation, coinciding with what was pointed out by other authors [13,44,45,51,52].
In the case of F~, R? values are generally high for both models (in those sorbents which are adjustable),
as found in previous studies [10,13,46], but in the current work there are several sorbents for which the
errors associated to parameters in the Langmuir equation are also too high, preventing from valid
adjustments being made in these cases.

Table 1 also shows that in the materials for which the adjustment of F~ adsorption to Langmuir is
good, Qyuax (maximum adsorption capacity) is higher in the simple than in the binary system, coinciding
with that reported by Li et al. [2], which would indicate a competition between F~ and Cr(VI) for the
adsorption sites in these materials. The K}, parameter is related to the energy of adsorption [53], and in the
present study it is generally higher in the binary than in the simple system (Table 1), indicating that this
anion occupies the places of higher binding energy, even though F~ adsorption is smaller in the binary
than in the simple system. In addition, in the binary system, K] values for F~ correlated significantly with
non-crystalline Al (r = 0.63, p < 0.01), and also with cation exchange capacity (r = 0.75, p < 0.05).

Table 1. Parameters of the Langmuir model for Cr(VI) and F~ in individual simple (S) and competitive
binary (B) systems.

L ir P t.
Adsorbent Adsorbate angmuir tarameters

Quax (mmol kg=1) Error K (L mmol-1) Error R?

Cr (S) - - - - -
Cr (B) - - - - -
F(S) - - - - -
F (B) - - - - -

Cr (S) - - - - -

Cr (B) - - - - -
F(S) 82.050 9.960 0.188 0.030  0.999
F (B) 43.418 10.653 0.407 0.188  0.959

Cr (9) 36.594 4.049 2.636 1012 0970
Cr (B) 40.779 5.260 3.320 1540  0.947
F (S) - - - - -
F (B) - - - - -

Cr (9) - - - - -
Cr (B) - - - - -

F (S) 93.130 12.790 0.297 0061 0997
F (B) 24.991 4055 0.225 0.063  0.989

Cr (9) - - - - -
Cr (B) - - - - -
F (S) 107.829 57.080 0.038 0023 0997
F (B) - - - - -

Cr (9) - - - - -
Cr (B) - - - - -

Pine sawdust F(S) 31.90557 4.480 0.345 0.151 0.932
F (B) - - - - -

Cr (9) - - - - -
Cr (B) - - - - -

Mussel shell F(S) 37.900 3.170 0.420 0.020 0.997
F (B) - - - - -

Cr (S) - - - - -
Cr (B) 26.756 2.752 0.287 0.055  0.994
Oak ash F () 139.780 37.080 0.140 0.050  0.997
F (B) 5.808 0.551 0.648 0.074  0.980

Forest soil

Vineyard soil

Pyritic material

Pine bark

Hemp waste

Quax: maximum adsorption capacity; Ky : parameter related to the strength of interaction adsorbent/adsorbate;
R2: coefficient of determination; -: error values too high for fitting.
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Regarding the Freundlich model, Kr is a main parameter for which higher values are indicative
of higher adsorption capacity of the adsorbents [54,55]. Overall, and contrary to that reported by
Li et al. [2] for synthetic alumina gels, in the present study K values were lower for both anions in the
binary than in the simple system (Table 2), which indicates a reduction in adsorption capacity in the
binary in relation to the simple system. However, both soils, pine bark, and oak ash did not evidence
variation in Cr(VI) adsorption in the presence of F~ (Figure 1). In addition, in the binary system, Kp
values (and therefore adsorption capacities) were higher for F~ than for Cr(VI) in both soils, hemp
waste, pine sawdust, mussel shell, and oak ash, whereas Kr was much higher for Cr(VI) in the pyritic
material and in pine bark.

Table 2. Parameters of the Freundlich model for Cr(VI) and F~ in individual simple (S) and competitive
binary (B) systems.

Freundlich Parameters

Adsorbent Adsorbate
Kr (L® kg~ mmol(-m) Error n Error R?

Cr (S) 1.380 0.260 1.200 0130  0.990
Forest soil Cr (B) 1.303 0.246 1.224 0125  0.986
orestsor F(S) 26.370 1.260 1.075 0.009  0.999
F (B) 22.988 1.642 1.026 0123 0977
Cr (S) 0.890 0.249 1.482 0182  0.990
Vinevard soil Cr (B) 0.815 0.394 1.349 0309 0936
y F(S) 12.180 0.250 0.778 0.002  0.999
F (B) 11.660 1.737 0.639 0138 0926
Cr (S) 23.343 1171 0.381 0.045  0.980
Pyrific material Cr (B) 28.504 0.075 0.344 0.002  0.999
y F(S) 17.240 0.3929 1.208 0.003  0.998
F (B) 4.584 0.974 1.480 0191  0.980
Cr (S) 8436.359 3298200  1.976 0.153  1.000
Pine bark Cr (B) 1357.763 1269.334 1385 0387  0.941
e bar F(S) 20.238 0.837 0.771 0.005  0.994
F (B) 4675 0.233 0.662 0.038 099
Cr (S) 1.515 0.263 1.094 0.109  0.993
Hemp waste Cr (B) 0.059 0.053 2.037 0889  0.876
P F(S) 4073 0.260 0.910 0.005 0997
F (B) 2.875 0.612 0.687 0.145  0.968
Cr (S) 10.010 0.000 - - 1.000
- dust Cr (B) 1.257 0.149 1.599 0082 0997
1ne sawdus F(S) 4.073 0.253 0.908 0047 099
F (B) 2.875 0.612 0.687 0.145  0.968
Cr(S) 0.2817 0.1362 2.117 0301  0.990
Cr (B) - - 9.341 0892  0.999
Mussel shell F(S) 10.34 1.260 0.562 0083 0971
F (B) 1215 0.922 8.843 1.896 0947
Cr(S) 3.536 0.766 1.112 0163  0.980
Cr (B) 5.808 0.551 0.648 0074  0.980
Oak ash F(S) 17.11 0.480 0.842 0035  0.999
F (B) 10.585 0216 10.585 0.020  0.999

Kg: parameter related to adsorption capacity; n: parameter related to the heterogeneity of the sorbent; R2: coefficient
of determination; -: error values too high for fitting.

The Freundlich’s n parameter is related to the affinity between the adsorbent and the adsorbate
(lower n values indicate higher affinity) [55], informing on the reactivity and heterogeneity of the active
sites of the adsorbent. If n = 1, the adsorption is linear, while if n > 1, the adsorption is chemical, and
values of n < 1 are indicative of high-energy heterogeneous sites, with strong interactions between
molecules of adsorbate, where physical adsorption will be the most favorable, and high-energy sites
are the first to be occupied [53,56,57]. Table 2 shows that 7 is >1 for Cr(VI) in most cases (except for



Processes 2019, 7, 748 8 of 13

oak ash in the binary system, and for the pyritic material in both binary and simple systems), which
would indicate that Cr(VI) adsorption is mainly chemical in both soils and most of the other sorbents
studied, while it is mainly physical in oak ash and the pyritic material. For Cr(VI), the n parameter
presents very similar values for binary and simple systems in both soils and in the pyritic material,
whereas 1 decreases in the binary system for pine bark and oak ash, and increases for pine sawdust,
mussel shell, and hemp waste. Therefore, the presence of F~ generally modifies Cr(VI) affinity for the
sorbents (except for both soils and the pyritic material), increasing affinity for pine bark and oak ash,
and decreasing it for mussel shell, hemp waste, and pine sawdust.

This was confirmed in practice by the adsorption experiments (Figure 1), with the exception of
pine bark and mussel shell, which had a high affinity for Cr(VI) not further affected by the presence of
F~. In the case of F~, n was <1 in both the binary and the simple systems for most sorbents (except forest
soil, which is around 1, and the pyritic material and mussel shell, which is >1) (Table 2). The presence
of Cr(VI) does not modify the value of n in forest soil, but caused a decrease in vineyard soil, pine bark,
hemp waste, and pine sawdust, and caused an increase in pyritic material, mussel shell, and oak ash.
These results would indicate that for most of the sorbents, F~ is adsorbed on high energy heterogeneous
sites in both binary and simple systems, and the presence of Cr(VI) affects the interaction with sorbate,
favoring it in some cases, and hampering it in other, which coincides with experimental data for forest
soil, pyritic material, oak ash, and mussel shell, but not for vineyard soil, pine bark, hemp waste, and
pine sawdust.

Lietal. [2], and Deng et al. [48], reported increased F~ adsorption in binary as compared to simple
systems, while Cr(VI) adsorption decreased. In addition, in the present study, n values in the binary
system were lower for F~ than for Cr(VI) in most sorbents, with the exception of pyritic material and
oak ash, which would indicate that the highest energy sites are occupied by F~ in most materials.

In addition, Table 3 shows the fitting of adsorption data to the Temkin model. This model assumes
that adsorption is characterized by uniform binding energies distribution up to the maximum level [58],
and that adsorption energy decreases linearly with surface occupation. As shown in Table 3, in some
cases error values were too high to allow adjustment. Taking into account that this model is considered
appropriate for chemical adsorption based on strong electrostatic interactions, those cases where the
model fits well can be considered indicative of the relevance of chemisorption, as previously reported
by Gao et al. [59] and by Rajapaksha et al. [60].

Table 3. Parameters of the Temkin model for Cr(VI) and F~ in individual simple (S) and competitive
binary (B) systems.

Temkin Parameter

Adsorbent Adsorbate
b; Error K:(Lg™) Error R2
Cr (S) 3,176,374.39 0.485 - - 0.680
Forest soil Cr (B) 813,385.42 1.022 2.361 1.303 0.897
F(S) 126,626.39 2.385 4.083 0.610 0.983
F (B) 128,112.72 2.604 4905 0.853 0.980
Cr (S) 780,829.49 1.226 2.075 1.242 0.866
Vi . Cr (B) 1,035,341.41 0.911 2.316 1.458 0.874
ineyard soil
F(S) 280,522.19 1.661 5.973 2.167 0.965
F (B) 272,680.16 0.924 4.480 0.789 0.989
Cr (S) 463,270.75 0.727 112.489 60.409 0.983
Pyritic material Cr (B) - - 235.022 170.959 0.974
F(S) - 4.574 1.657 0.939

F (B) 325,525.16 3.093 4.189 3.104 0.862
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Table 3. Cont.

Temkin Parameter

Adsorbent Adsorbate
b Error K:(Lg™) Error R2
Cr (S) 189,257.65 6.035 222.501 214.420 0.781
Pine bark Cr (B) 134,453.35 5.739 120.715 66.304 0.912
e bar F(S) 207,675.77 1.763 7.664 2080 0977
F (B) - - 4.268 1.207 0.982
Cr (9) ] - 2.755 2094  0.824
Hemp waste (1::r ((SB)) i ] i i i
F (B) - - 2.430 1.127 0.943
Cr (S) - - 25.597 29.425 0.464
) Cr (B) - - - - ]
Pine sawdust F(S) . } } ) )
F (B) - . - - -
Cr (S) - - - ; ;
Cr (B) - - 1.144 0.763 0.717
Mussel shell F(S) - - - - -
F (B) - - 2.052 1.302 0.693
Cr (S) ; - 2201 0818  0.935
Cr (B) ; - 3.808 0417  0.99%
Oak ash F(S) - - 15.540 9.444 0.910
F (B) - - 4.866 1.858 0.956

bs: Temkin isotherm constant; K;: Tempkin isotherm equilibrium binding constant; R2: coefficient of determination;
-: adjustment not allowed due to high error values.

4. Conclusions

Competitive adsorption was studied for F~ and Cr(VI) in binary systems where the same
concentrations of both pollutants were added simultaneously. The pH values of the adsorbent materials
used determine their affinity for both pollutants, causing those with higher pH to have a higher affinity
for F~, while lower pH values favor Cr(VI) adsorption. In the soils studied, the simultaneous presence
of F~ and Cr(VI) does not modify Cr(VI) adsorption, but decreases that of F~ compared to the simple
systems, especially in the vineyard soil. The presence of Cr(VI) also hinders F~ adsorption in all
by-products, while F~ decreased Cr(VI) retention in pine sawdust, hemp waste, and mussel shell.
When both pollutants are present simultaneously, Cr(VI) occupies the highest energy adsorption sites
in both soils, and also in pine bark, while they are occupied by F~ in the other adsorbent materials
studied here. In episodes of contamination in which F~ and Cr(VI) are involved simultaneously, the use
of only one of the bioadsorbents could be not effective to successfully retain both pollutants. However,
the problem could be addressed using mixtures of two bioadsorbents. Specifically, pine bark would
adsorb most Cr(VI), and oak ash would perform very effectively in removing F~ from binary systems,
which could be of great aid in the case of soils having low adsorption capacity for these two pollutants.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/7/10/748/s1,
Table S1: General characteristics of the sorbent materials (average values for 3 replicates, with coefficients of
variation always <5%), Figure S1: Infrared spectrum of forest soil, Figure S2: Infrared spectrum of vineyard soil,
Figure S3: Infrared spectrum of pyritic material, Figure S4: Infrared spectrum of fine mussel shell, Figure S5:
Infrared spectrum of pine bark, Figure S6: Infrared spectrum of oak ash, Figure S7: Infrared spectrum of hemp
waste, Figure S8. Infrared spectrum of pine sawdust, Figure S9: Fitting of Cr(VI) adsorption data to the Freundlich
model for simple (S) and binary (B) experiments, Figure S10: Fitting of F~ adsorption data to the Freundlich model
for simple (S) and binary (B) experiments.
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