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Abstract: The remediation of groundwater containing arsenic is a problem that has been addressed
using adsorption processes with granulated materials in columns, but the remediation itself could be
improved by using micro-sized adsorbents in stirred systems. In this study, arsenate (As(V)) batch
adsorption experiments were performed using granular ferric hydroxide (GFH) and two derived
micro-sized materials. Reduced-size adsorbents were produced by energetic ball milling, giving
final sizes of 0.1-2 um (OF-M samples) and ultra-sonication, producing final sizes of 2-50 um (OF-U
samples). Equilibrium isotherm studies showed that the Langmuir model was a good fit for the three
sorbents, with the highest maximum adsorption capacity (qmax) for OF-U and the lowest for OF-M.
The adsorption of the two groundwater samples occurred according to the obtained equilibrium
isotherms and indicated the absence of interfering agents for the three adsorbents. Batch kinetics
tests in stirred beakers followed a pseudo second-order model and indicated that the kinetics of the
OF-U sorbent was faster than the kinetics of the GFH sorbent. The tests also showed an increase in
the qe values for the reduced-size sorbent. The application of ultrasonication to the GFH produced an
increase of 23 % in the qmax and b term and an increase of 34-fold for the kinetic constant (k;) in the
stirred batch systems tested. These results suggest that this new approach, based on ultra-sonication,
has the potential for improving the adsorption of arsenic in groundwater.

Keywords: arsenic adsorption; ultra-sonication; ferric hydroxide; micro-sized adsorbents;
adsorption kinetics

1. Introduction

The presence of arsenic in groundwater is a worldwide problem [1-4] and is related to
geological factors [5], acid mine drainage (AMD) generation from mining activities [1,6],
or to spent pyrites in brownfields [7]. With the possible exception of the latter case,
where contamination sites can be located, arsenic contamination is diffuse and its effects
extend to groundwater bodies. The most important arsenic removal methods can be
divided into technologies that are integrated into the current water treatment processes
and need to be optimized and specific technologies addressed to arsenic removal. The
first group of methods includes oxidation of arsenic (to ensure arsenic as As(V) species);
enhanced coagulation/filtration [1,2,8,9]; and enhanced lime softening [2]. The last two
methods produce metal hydroxides as secondary products from coagulants (ferric and
aluminum salts) or softening reactants (lime) that finally sorb As(V) species. The arsenic
is removed from water through the sludge obtained from the coagulation-flocculation or
softening processes [1]. These technologies are less feasible for groundwater because they
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are difficult to apply in the field [8] and groundwater normally does not require coagulation
or softening steps.

The second group of methods includes membrane technologies; ion exchange; and
adsorption [1,2,8,9]. Reverse osmosis and nanofiltration membranes are able to efficiently
separate soluble arsenic from water as a concentrated solution using a high-pressure process.
In this alternative, the produced water yield can be low and the membranes require a
pretreatment of water to avoid long-term fouling and scaling problems and sometimes a
post-treatment to supply the lost mineral salts [2]. Anion-exchange technologies remove
arsenate and other anions from the water. As sulfate is usually present in excess in AMD
or groundwater in contact with pyrite minerals, the interference of this anion could be an
important drawback to this alternative. Adsorption is an easy-operated and widely-used
efficient technique that is more selective than anion-exchange for arsenic removal due to an
important diversity of classical and new materials and could be used to overcome specific
problems such as the excess of sulfate mentioned.

To address the groundwater contamination problem, in situ remediation methods
based on the adsorption of arsenic such as permeable reactive barriers (PRBs) [10] or
reactive zones barriers (RZBs) can be used. The RZB methods use suspensions of small-
sized materials including nanomaterials (NMs) [11-13] that are more effective in removing
As(V) than PRB at the lab and field scales due to the superior adsorption capacity of
NMs [8,14]. However, this approach can be expensive when considering the great extension
of the affected groundwater. It can also be impacted by new unlocated releases, creating
a rebound effect of the arsenic in groundwater. The impact of the NMs involved in the
remediation on water bodies is another potential limitation of this type of application.

Alternatives for groundwater remediation include on site methods such as pump and
treat methods, which could be very good options for remediation based on the point-of-use
concept [9], focusing attention on the efficiency of the amount of water that must be used
in that moment. The adsorption of arsenic with granular iron-based materials such as
granular ferric hydroxide (GFH) in columns is a well-known, available, and cost-effective
technology applied to many types of waters including groundwater [3,14-16]. Through
fixing the optimal operative parameters, the adsorption can be better controlled than in the
case of in situ methods. However, the mass transfer of arsenic from the groundwater to
adsorbents such as GFH in a column is limited [17-19], and the competitive effects of some
oxyanions present in the water could be an additional problem [1,9,20,21], giving an early
breakthrough of arsenic. Long-term clogging effects in the column could also decrease the
effectiveness of arsenic removal [16].

To improve the arsenic adsorption, some references have shown that micro-sized
iron hydroxide particles can increase the adsorption capacity [19,22,23] and that processes
operated using these small particles in stirred systems increase the arsenic-adsorbent mass-
transfer [17,19,22] when compared to the GFH in columns. In the case of iron-based NMs,
several reports have shown that the maximum adsorption capacity is clearly increased in
stirred batch systems by reducing the particle size within the nanometer range [10,13,14].
These small sizes are easily operated in stirred batch processes and are an alternative that
could also be combined in hybrid methods [3,9,17,24,25] for better arsenic removal.

The top—down reduction of a bulk material is a useful method to obtain micro-sized
particles and precisely compare the effect of the reduction in the material size on the
adsorption. Energetic ball milling methods have been shown to reduce the material sizes of
iron [26,27] close to the nanoscale range and ultra-sonication methods have been recently
used as a new alternative to produce micro-sized ferric hydroxide [28]. To achieve our
objectives, this study focused on: (i) reducing the size of a commercial granular adsorbent
(GFH) using energetic ball milling and ultra-sonication; (ii) the determination of the positive
effect of size reduction on the arsenic adsorption equilibrium; (iii) the use of the adsorbents
to check potential interferences of the synthetic water and groundwater during equilibrium;
and (iv) test in a stirred batch process the best adsorbent vs. the GFH and modeling the
arsenic adsorption kinetics.
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2. Materials and Methods
2.1. Reagents and Adsorbent Preparation

Nitric acid (HNO3) 96% and sodium sulfate (Nay;SO,) were analytical grade and
obtained from Panreac, Spain. The dissolutions, dilutions, suspensions, and particle
synthesis (milling and ultra-sonication) were performed using deionized (DI) water (Merck-
Millipore, Elix 70, Darmstadt, Germany).

The commercial, low-cost GFH adsorbent Ferrosorp GW ®HeGo Biotec GmbH,
Giessen, Germany) was used as the initial material. This adsorbent was obtained from
an industrial byproduct based on Fe(OH); [29] and contained 6.3% calcium [28]. The
pHpzc of GFH was 8.43, which was similar to the equilibrium pH (8.6) using an adsorbent
concentration of 1 g/L of [28].

This GFH adsorbent (hereafter OF-G) was size-reduced using two methods: a milling
process and disaggregation by ultrasonic waves, which have been described in detail in a
previous report [28]. The first method involved a two-step milling process, in which the
first step consisted of dry milling, using a hammer mill (MF 10 basic microfine grinder
drive, IKA-Werke GmbH, Staufen, Germany) at 6000 rpm. A total of 250 g of the GFH
sample was passed through this mill three times and sieved at 100 pm. In the second
milling step, 6 g of this pre-milled sample was placed in a 250 mL carbon steel vial, along
with 200 g of 5110 spherical high-carbon steel shots (Pometon S.p. A, Maerne, Italy), and
150 mL of DI water. The material was milled at 250 rpm for 5 h using a Planetary ball
mill (Fritsch GmbH, P-5, Mahlen und Messen, Idar-Oberstein, Germany). After milling,
the slurry was separated from the steel grinding balls using a 75 um sieve. The retained
material was washed several times with DI water over the recovered slurry until reaching
a final volume of 500 mL. The slurry was dried overnight in an oven at 100 °C (].P. Selecta,
Digiheat, Abrera, Spain) and the dry solid was disaggregated using an agate mortar.

The second method used for the size reduction was disaggregation by ultrasonic waves.
For this purpose, around 5 g of solid GFH was mixed with DI water in a 250-500 mL volu-
metric flask and sonicated for 5 min at 20 kHz in a lab ultrasonic cleaner (ATU Ultrasonidos,
ATM40-2L-CD, Paterna, Spain). The suspension was centrifuged at 4000 rpm for 5 min to
remove the supernatant water. The solid was dried and disaggregated as in the milling
method (see above).The milled particles were named as OF-M and the particles obtained
from the ultrasonic process were named as OF-U.

2.2. Groundwater and Synthetic Samples

Two groundwater samples with arsenic were obtained from the Nitrastur site (Langreo,
Asturias, NW Spain), which is a 20 Ha brownfield that has been extensively studied
through the EU projects I+DARTS [7,30], NANOREM [12,31], and Reground [11,32]. The
groundwater was sampled in spring of 2016 during the Reground project and was extracted
from the central part of the site. In this location, pyrite ash is abundant (2.7 m of superficial
made ground layer) and most As is in the form of arsenate (As(V)) [7]. The samples
were obtained from two conventional monitoring wells (N1 and CW3) at 2 m below
ground level. The characterization of these groundwater samples showed a pH value
of 6.9 for N1 and 6.6 for CW3 and the concentration of As was 2.02 mg/L for N1 and
2.72 mg/L for CW3. The detail of the position of the samples N1 and CW3 and the
literature results of the composition of groundwater surrounding these two samples from
the present work are given in Section S1 of the Supplementary Materials (Figure S1 and
Table S1 [33-35]). This information shows that the characterization was consistent with
the site, phosphate was absent, and sulfate was the only potential interferent that could
compete with arsenate [1,9,21].

Synthetic samples were prepared from a 1000 mg/L As(V) standard for ICP Trace-
CERT®(Sigma Aldrich, Buchs, Switzerland) in a matrix of 3-5% HNOs. The synthetic
samples used in the adsorption studies were prepared by the dilution of the As(V) standard
in DI water alone or in DE with a sulfate concentration of 500 mg/L. These synthetic
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samples had a pH of around 5 and were not buffered to avoid potential interferences with
the added anions.

This information (pH, redox conditions, and ionic strength) of the synthetic and
groundwater samples was summarized (see Table S2 in the Supplementary Materials) to
elaborate a predominance diagram (see Figure S2 in the Supplementary Materials) with the
software SPANA [36] in order to understand the speciation of arsenic in the equilibrium
dissolution. The results clearly show that the predominant expected species in equilibrium
(with a measured value of equilibrium pH in the range 8.6-9.4) was HAsO,2. This result is
consistent with several previous publications [2,10,14,37].

2.3. Characterization of the Adsorbents

Characterization of the adsorbent solids the OF-G, OF-M, and OF-U used in this study
work has been previously described [28]. The general morphology and individual particle
size were studied by scanning electron microscopy (SEM) (Zeiss, Gemini ultra plus, Jena,
Germany) equipped with energy-dispersive X-ray spectroscopy (EDS) (Oxford Instruments,
X-MAX 50 mm?, Abingdon, UK). Sample preparation involved two steps: (1) deposition
and room evaporation over aluminum pins, and (2) sample metallization with Au-Pd 30 s
at 18 mA (Quorum, Emitech SC7620 mini sputter, Laughton, UK).

The granulometry of the suspensions was analyzed using laser diffraction spectrome-
try for the OF-M samples (Beckman Coulter, LS 13320, Brea, CA, USA) and with a Malvern
Panalytical Mastersizer 3000 (Malvern Panalytical Ltd., Malvern, UK) for the OF-U samples
in DI water.

The nitrogen Brunauer-Emmett-Teller (BET) specific surface area (SSA) was measured
(Micromeritics ASAP 2020, Aachen, Germany). Degassing was carried out for several
hours at a maximum temperature of 100 °C. The sample preparation for this analysis
involved drying 1 g of the slurry, which was performed at 60 °C in a biological incubator
(Raypa, Incuterm Digit, Terrassa, Spain) for 72 h. Thereafter, a dried cake was obtained,
which was crushed to a fine powder using a manual agate mortar. The above-mentioned
drying procedure was performed in a negative pressure lab cabinet to avoid exposure to
the nano powder.

The zeta potential of 1 g/L suspensions of OF-M and OF-U was measured using 0.01 M
analytical grade NaCl (Panreac, Castellar del Valles, Spain) at equilibrium pH and dynamic
light scattering detection (Brookhaven Instruments, NanoBrook Zeta Pals; Holtsville, New
York, NY, USA).

2.4. Batch Adsorption Procedures and Characterization of Samples

Two procedures were used in the batch adsorption tests: 50 mL stirred tubes and 2 L
stirred beakers. The first procedure was used as a screening step to study the equilibrium
of several types of water samples with the three adsorbents and elucidate the effect of the
size reduction and the potential role of the interferences. In this procedure, the synthetic
arsenic solutions (0.2-4.7 mg As/L) were prepared by diluting the As(V) standard in DI
water in several steps to perform the equilibrium studies. In some samples, instead of DI
water, a 500 mg/L SO, solution in DI water was used. The two samples of groundwater
(N1) and (CW3) were also studied for arsenic elimination. In this procedure, the three
solids (OF-G, OF-M, OF-U) were tested. Equilibrium batch tests were performed by
maintaining in contact replicate experiments of 50 mL quantities of arsenic dissolutions in
Falcon tubes with 25-200 mg weighted amounts of each adsorbent (Sartorius AG, Practum
513-S, Gottingen, Germany). The experiments were run for 120 h at room temperature,
with vertical stirring at 50 rpm (Heidolph GmbH, REAX 20, Schwabach, Germany) under
dark conditions. The suspensions obtained were centrifuged (J. P. Selecta, Centronic-
BLT, Abrera, Spain), operating at 4000 rpm for 5 min. Two additional 94 h leaching
experiments using 200 mg of OF-G and OF-U in 50 mL of DI water without arsenic were
also performed to obtain a background leaching matrix (BLM) to test their potential effect
on arsenic elimination.
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The second procedure was focused on the study of kinetics comparing the two better
adsorbents from the first procedure, but at a higher volume of water, and using several
series that included the periodical addition of As(V) to the batch. In this procedure,
borosilicate glass beakers were filled with 1.5 L of synthetic arsenic dissolution at 4 mg
As/L in DI water for the study of the adsorption kinetics using the OF-G and OF-U solids.

A propeller stirrer (Heidolph RZR-1) equipped with a PTFE screw propeller at the max-
imum speed (255 rpm measured by using a digital tachometer (5T-6236B, Reed Instruments,
Wilmington, DE, USA) was used for this procedure.

Three different series of adsorption experiments were performed to determine the
kinetics. In the first series, 0.75 g of the OF-G adsorbent was added at the initial time to
the stirred beaker and 10 mL samples were extracted in the following 24 h. After this time,
the batch was spiked with more arsenic (3 mL of 1000 mg/L Standard). This cycle was
repeated three times, ending after 74 h. This experiment allowed us to characterize the
OF-G kinetics. The pH of the equilibrium samples was measured with a pH-meter (Crison,
GLP22, Alella, Spain).

In the second series, the initial sorbent in the stirred system was 1.5 g of OF-G and
samples of 10 mL were extracted in the following 48 h. After 48 h, all of the beakers
were ultra-sonicated for 15 min (Ultrasons, J. P. Selecta, Abrera, Spain) and stirred again
under the same conditions for an additional 24 h. The objective of this experiment was to
change the solid from the OF-G to a solid similar to the OF-U in order to study its effect
on adsorption.

The third series of experiments used 1.5 g of the OF-U adsorbent added to the stirred
beaker and samples of 10 mL were extracted after the first 48 h. After 48 h, the batch was
spiked with more arsenic (3 mL of 1000 mg/L Standard) and, after 24 h, a second similar
spiking was performed. This experiment was conducted to study the OF-U kinetics.

In both procedures (tubes and beakers), the supernatant solution was filtered with a
regenerated cellulose (RC) 0.2 pm filter, acidified with 200 pL of concentrated nitric acid
and analyzed using ICP-OES (Model 5110, Agilent Technologies, Santa Clara, CA, USA)
with a quantitation limit of 5 ug/L or ICP/MS (Model 7800, Agilent Technologies, Santa
Clara, CA, USA) with a quantitation limit of 0.15 pg/L. The ICP-OES used 12 L/min of
plasma flow and 1 L/min of auxiliary flow with a power of 1.2 kW and the following
operating parameters: 3 replicates; 15 s of stabilization time; axial viewing mode, and
concentric nebulizer type with a flow of 0.7 L/min. The quantitation signal was the average
of the wavelengths 188.980, 193.696, and 197.198 nm, and the read time was 7 s.

The ICP/MS used He gas at 5 mL/min with the following instrumental parameters:
3 points per peak; monitored isotopes (m/z): As (75), and Ge (72) as the internal standard,
and integration time/mass 0.6 s.

2.5. Isotherm and Kinetic Modeling Studies

The adsorption of As(V) onto the solids in the case of the stirred tubes was calculated
from the following mass balance expression [17]:

C—Q)V

q—do = % (1)
where g, and q are the amount of arsenic adsorbed onto the solid at the initial time and at
time t, respectively (mg/g); C, and C are the concentrations of arsenic (mg/L) at the initial
time and at time t; V is the volume of dissolution in the batch experiment (L); and m is the
mass of the solid adsorbent in the experiment [g]. For all of the experiments in tubes, the
adsorbent was new and therefore, q, = 0. In the case of the stirred beaker experiments, the
same batch was resampled each time I, and thus Equation (1) can be re-written as:

(Ci-1 —Gi)-Vig

9 — i1 = my )
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where the index i—1 indicates the parameter at the previous time and i at the current time,
starting from i = 1. With the experiments of the adsorbent OF-U, Equation (2) is valid with
a constant Vj_1/m;_; ratio equal to the initial ratio. For OF-G, after the extraction of a
volume vj, it can be assumed that m;_1 is the same as that of the initial value and that V; is
given by:

Vi=Vi1—-v 3)

2.5.1. Isotherm Studies

When the samples reached equilibrium, ge and C. were obtained with Equation (1).
The Freundlich (Equation (4)) and Langmuir (Equation (5)) isotherms were used to fit the
experimental equilibrium data of the arsenic concentration [2,22,37].

q. = K- C1/m (4)

b-C
9e = 9max’ ﬁ )
where K (mg! ~1/™.(L)1/" /) is the Freundlich adsorption capacity and 1/n is the adsorp-
tion intensity, which are constants that can be obtained by fitting log C. vs. log qe. In the
Langmuir isotherm, a fixed number of accessible sites on the adsorbent surface is assumed
and is related to qmax, the maximum adsorption capacity (mg/g). The Langmuir model also
assumes a reversible adsorption-desorption process with an equilibrium constant given by
b, the binding constant (L/mg). The Langmuir model was fitted using the linearization of

Equation (5), which is given by Equation (6) [2].

Ce 14 & ©
9e qmax'b Imax

As the slope of the linearization of Equation (6) is the inverse of qmax, the confidence
intervals for the slopes were calculated using Windows Excel®software to determine
whether the qmax values were the same for the three adsorbents [28]. For the linearized
models, the 95% confidence interval (CI) for a regression parameter p, Cly,, is given by
Equation (7).

Clp = p £ t(0.025, n—2)"Se @)

where t( 025, n—2) is the two-tailed Student t value for a significance level of & = 0.05 and
n—2 degrees of freedom (n is the number of fitting points) and s, is the standard error for
p- The extremes of this interval are the lower and the upper confidence levels (LCL and
UCL, respectively). This CI calculation was applied in this paper to other parameters (e.g.
recovery in BLM matrix or removal ratios), but using t(o 025, n1)-

The removal of arsenic 1e (mass %) in the equilibrium can be given by Equation (8)

~100-(Co — Ce)

Ne e (8)

where the tern C, can be expressed from the experimental concentrations giving nexp or
from the theoretical (fitted) concentrations combining Equations (1) and (5), giving ng;. The
ratio of these two removal parameters, applied to samples with different matrices, could
be a good index to assess whether there are interferences that affect the arsenic removal.
Combining Equation (8) and mass balance (1), the removal ratio (RR) can be obtained.

_ T]e,exp o (Co - Ce, exp) . qe,exp

R = =
e, fit (CO - Ce, fit) qe,fit

©)



Processes 2022, 10, 1029

7 of 17

2.5.2. Kinetic Studies

The following pseudo first- (Equation (10)) and pseudo second-order (Equation (11))
models [2,38] were fitted in stirred beaker experiments to identify the kinetic orders:

9—9 = (qe - qo) '(1 - exp(—k1~t)) (10)
kz'(qe — qo)z',f
1+ ko (qe - qo) t

where k is the first-order kinetic constant (h—!) and k; is the second-order kinetic constant
(g/mg-h). The terms q, and qe are defined in Equations (1), (4), and (5).
Equations (10) and (11) can be linearized to give the respective Equations (12) and (13) [2].

(11)

9—9 =

Ln (9. —q) =Ln(q, —q,) — kit (12)
t 1 t
9= d  ko'(q.—q,) (e~ )

Regression using the linear forms may be inappropriate to obtain an accurate value
of ky in Equation (13) because of the intercept error, as noted by [28,39] for the case of
phosphate. As an alternative, nonlinear models using Equation (11) can be applied [40].

The methodology used here for nonlinear regression for pseudo second-order models
involved the direct fitting of n experimental data pairs (texp, Gexp) to Equation (11) by using
the values of ge and ky, which minimize the sum of squared errors, SSerr.

(13)

n

2
SSerr = Z] [qexp - qfit] (14)
i=

To apply nonlinear regression, the Solver function in Microsoft Excel™ software with
the GRG nonlinear solving method was used to minimize the SS¢;r as the objective function.

3. Results and Discussion
3.1. Characterization of Sorbents

The SEM microphotographs of the OF-G, OF-M, and OF-U solids are shown in
Figure S3 and the characterization properties (size, BET and z-potential) are shown in
Table S3, both in Section S3 in the Supplementary Materials.

Figure S3a shows a close view of the OF-G sample (parent adsorbent) with different
high surface structures (flake crystals, micropores) that seem to be the main components
responsible for the high BET specific surface. The macro grain size of the OF-G sample was
in the mm range, but the internal structure provided a high specific surface. Figure S3b for
the OF-M adsorbent showed a sub-micron size with the surface destroyed by milling. The
internal BET area was reduced to half and size was small and uniform. The OF-U sample
in Figure S3c shows micro-sized grains with some heterogeneous surfaces. The internal
surface was retained but the size was smaller than that of OF-G. A small amount of the
surface was lost compared to that of OF-G.

Table S3 shows that the z-potential of the three suspensions of solids was similar
at equilibrium pH, with low negative values (slight positive-charged surface). These
z-potential values indicated the low stability of the suspension under these operating
conditions. This was corroborated by visual qualitative sedimentation tests with the OF-G
and OF-U samples. The samples of 1 g OF-U/100 mL DI water showed easy separation
after 20 min and transparent dissolution at 70 min. The measured equilibrium pH of the
solids in the z-potential tests ranged from 8.6 to 9.4. These values were similar to those of
pHpzc, which corroborated the slight positive-charged surface measured by the z-potential.
These values were already previously observed for GFH [41].
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3.2. Adsorption Isotherms for the Three Adsorbents

Figure 1 shows the experimental equilibrium points of the isotherms for the synthetic
samples in the DI water. Table 1 shows the fitting parameters for the Freundlich and
Langmuir models applied to the experimental points.

8
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Figure 1. Experimental values and fitted isotherms for the three tested adsorbents (dotted lines
correspond to Langmuir isotherms, see Table 1).

Table 1. The fitting parameters for the Freundlich and Langmuir models.

OF-G OF-M OF-U
Freundlich model
R? 0.8015 0.9449 0.9818
Kr (mg' /(L)1 /g) 8.672 4.035 9.072
n “) 1.406 2.554 2.209
Langmuir model
R? 0.9695 0.9763 0.9845
Qmax (mg/g) 6.562 5.187 8.100
b (L/mg) 6.713 4.392 8.259

Table 1 indicates the good to reasonable fit for the two models, but a better correlation
was obtained with the Langmuir model and so was chosen to fit the curves in Figure 1.

The isotherm of the OF-G sample showed a better adsorption capacity than the results
obtained in other studies using synthetic GFH [37], but was inferior to other GFH [17,22,23].
To statistically determine whether qmax (the asymptote of Langmuir model) was the same,
the slope of linear fit (i.e. 1/qmax) was compared by calculating the confidence interval
(CI) for the three adsorbents. The results showed that the CIs did not overlap, and thus
gmax followed the order OF-U > OF-G > OF-M (Table 54 in the Supplementary Materials).
The binding constant, b, showed the same trend as qmax. As b is indicative of the adsorp-
tion/desorption ratio, this means that in the OF-U adsorbent, there was an increase in the
occupied sites vs. the OF-G and OF-M adsorbents, thus becoming a stronger adsorbent.
If we compare the initial slope of the adsorption (qmax'b), the OF-M value was 50% of the
OF-G value and the OF-U value was 150% greater than the OF-G value. This indicates the
adsorption improvement of OF-U at low concentrations.

These results show that there was a loss of capacity of milled solid (OF-M) when
compared to the parent material (OF-G). This could be explained by the significant loss
of BET internal surface (micropore surface) [28]. For OF-U, there was an improvement
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in the qmax, which was consistent with previous studies on As(V) sorption [22,23,37].
Usman et al. [22] and Banerjee et al. [23] showed, respectively, an improvement of 3.2-
and 4-fold on q equilibrated with 10 ug/L of As(V) when the micro-sized fraction was
compared to the parent GFH. Pham et al. [37] showed an improvement of more than 11-fold
in gmax when GFH was ground to 0.7-1 mm particle sizes. These results may be due to the
release of the internal specific area of OF-G that was not available during the time frame of
the equilibrium experiment. This suggests that the equilibrium time needed for OF-G could
be longer than that needed for the reduced materials, as discussed by Usman et al. [22].
Despite the improvement, the qmax values of the micro-sized OF-U were still low compared
to the iron-based nanoparticle adsorbents [10,14].

To determine whether the removal of arsenic was linked to adsorption rather than
other mechanisms (e.g. precipitation in the solution), triplicate samples of 4 mg/L of the
As(V) standard were prepared in three different matrices: 50% of the background leaching
matrix (BLM) obtained from OF-G and 50% of DI water; 50% of the background leaching
matrix (BLM) obtained from OF-U and 50% of DI water; and 100% DI water. These solutions
were stirred for 120 h following the previously described procedure and the percentage
of the concentration of As(V) in each BLM matrix referring to the concentration of As(V)
in DI water was statistically analyzed using ICs. The IC of the % was 100.75 + 1.96 for
the OF-G BLM and 100.41 =+ 0.98 for the OF-U BLM. These results showed that arsenic
removal was not influenced by the matrix composition of the experiments and neglected
important removal mechanisms as precipitation in the dissolution (e.g. potential formation
of scorodite or other precipitates).

3.3. Adsorption Isotherm for Synthetic Samples and Groundwater Samples

Additional equilibrium experiments with the synthetic samples (DI water matrix and
DI water+ 500 mg/L sulfate matrix) as well as with the groundwater samples (N1 and
CW3) were performed to test for potential interferences.

Figure 2a—c show the plots for the equilibrium experiments of the two kinds of samples:
the synthetic (DI water (DI) and DI water + 500 mg/L sulfate matrix (S)) and the ground-
water samples (N1 and CW3) for the three adsorbents. These samples were compared with
the respective curves of the model presented in Figure 1.

These figures show the positive and negative deviations from the isotherm that ap-
peared, similar to Figure 1 (synthetic samples with DI water). Each point was the result of
the experiments with different adsorption masses and different initial concentrations that
give a theoretical equilibrium. The details of the range of experimental removal of arsenic
Tle (mass %) for each matrix are shown in Table 2.

Table 2. The experimental removal of arsenic e, exp (Mass %) for the experiments in Figure 2.

Adsorbent Mass Initial Conc

Matrix (mg) (mg/L) OF-G OF-M OF-U
DI 25-75 4.22 74.1-97.4 60.5-94.9 91.0-98.2
S 25-75 431 71.9-96.0 58.7-92.0 85.3-97.5
N1 75-100 2.02 98.9-99.3 99.0-99.4 99.6—99.9
CW3 75-100 2.72 98.8-99.3 98.8-99.3 99.8-99.9

Results of the removal of the synthetic samples (DI and S) showed the same trend
observed in the equilibrium experiments ne, exp OF-U > nNe, exp OF-G > N, exp OF-M. The
differences in the removal for an adsorbent with different matrices were attributed to the
initial concentration of arsenic and the mass of the adsorbent used.
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Figure 2. The adsorption comparison of the samples with different matrices. Adsorbents: (a) OF-G,
(b) OF-M, (c) OF-U (dotted lines Langmuir model, see Table 1). Series: DI, DI water; S, Sulfate
500 mg/L; N1 and CW3, groundwater samples.

To assess the role of interferences, the CI of the average parameter RR (Equation (9))
was calculated for the synthetic and groundwater samples. Theoretical removal from the
isotherm and mass balance was obtained. A lack of interference should show a CI of RR
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that includes 1 and, if important interferences are present, the CI of RR should be below 1.
Table 3 summarizes the study results for the three adsorbents. The data showed that the
removal of arsenic in the equilibrium was independent of the matrices and was close to the
theoretical value obtained for each isotherm. The neutral effect of sulfate as an interferent
in arsenic adsorption has been previously reported [20].

Table 3. The assessment of interferences for the synthetic and groundwater studied samples. CIs for
the RRs in each studied case.

Matrix n £(0.025, n—1) OF-G OF-M OF-U
DI 3 4.303 1.02 £ 0.10 1.04 £0.13 1.03 £0.15
S 3 4.303 1.00 £ 0.10 1.00 + 0.19 1.01 +0.08
N1 4 3.182 1.01 £0.01 1.02 £ 0.01 1.01 £ 0.01
CW3 4 3.182 1.01 £ 0.01 1.04 £ 0.01 1.01 £0.01

3.4. Adsorption Mechanism

In the case of the adsorbents, it has been mentioned that its surface in equilib-
rium conditions is weakly positively charged because the equilibrium pH is close to
pHpzc for OF-G and the zeta potential of the three adsorbents is low (Table S3 in the
Supplementary Materials). Under these conditions, a neutral surface could be assumed.
From the theoretical speciation study, the HAsO4%~ species was seen to be predominant in
all of the equilibrium samples. Several authors have studied the interaction between ferric
hydroxide and As(V). Drever [42] presents the mechanistic models for the adsorption of
inorganic species onto metal hydr(oxide) as a surface complexation model. Guan et al. [41]
used Fourier transform infrared spectroscopy (FTIR), and extended X-ray absorption fine
structure (EXAFS) methods with high loads of As(V) adsorbed onto the GFH at different
pH and found the formation of bidentate binuclear complexes at the surface at a pH over
6. Pham et al. [37] also studied As(V) adsorbed onto GFH using FTIR and confirmed the
change in surface speciation with pH used in the surface complexation models.

From these references, it can be assumed that the complexation of HAsO,? species
with two hydroxyl groups from the surface Fe-OH to form (Fe-);HAsO, and 20H". The
arsenic complex formed is an inner-sphere complex with the arsenic atom in the central
part, two oxygens linked to the two surface irons, and the rest of the oxygen and hydrogen
atoms in the outer part [2,10,14,37].

3.5. Adsorption Kinetics for the OF-G and OF-U Adsorbents

After the described tests, the OF-M was discarded and kinetic experiments using
higher volumes of synthetic samples in DI water with OF-G and OF-U were performed.
The behavior of these two adsorbents was different under stirring conditions, as seen in
Figure 3.

The OF-G solid (granular) remained in the bottom-middle portion of the beaker
(Figure 3a), while that of OF-U (sonicated) formed a homogeneous suspension (Figure 3b).
Due to this distribution, it was possible to sample a solution separated from the solid in
OF-G, and a mixture of the solution and solid (suspension) in OF-U. This means that the
ratio increasing the solid /dissolution in the OF-G experiments was considered and was
assumed to be constant in the OF-U experiments. Equations (3) and (4) were used for the
calculation of q as a function of the stirring time.

Figure 4 shows the experimental results from the kinetics performed with the OF-G
adsorbent (first and second series) and Table S5 (Supplementary Materials). The fitting
parameters for the pseudo first- and pseudo second-order models were applied to the
experimental points in Figure 4.
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Figure 3. Stirring of the experiments: (a) OF-G experiments. (b) OF-U experiments.
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Figure 4. The kinetic experiments with the OF-G adsorbent. Experiments OF-G1, OF-G2, and OF-G3
belong to the same series and were reset to zero time after arsenic spiking. Experiment OF-G1bis is a
separate series. Fitted curves used nonlinear pseudo second-order kinetics.

In the first series, the experiments for OF-G1, OF-G2, and OF-G3 were run consecu-
tively after spiking the dissolution with As(V). The first experiment (OF-G1) started with a
new adsorbent (q, = 0) and in each consecutive experiment, the adsorbent had a q, value
that corresponded to the final conditions from the previous experiment. Due to the arsenic
spiking, the ge values also increased (see values obtained from the Langmuir equilibrium
in Table S5), but were limited by the qmax. As a consequence, ge-qo and the rates decreased
when the experiments of these series advanced. The second series (OF-G1bis) was run
using the same conditions as OF-G1, but with a double mass of the adsorbent. In both
cases, e from the Langmuir isotherm were similar (see Table S5). All of the curves showed
that after 24 h, the experiments had not reached equilibrium.
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The fitting of the pseudo first-order kinetics using linearization needs an iteration to
obtain the qe value because qe is used for the fitting and is obtained at the same time from
the regression parameters (see Equation (12)). For all of the OF-G experiments, except for
OF-Gl, it was possible to fit this model (see Table S5). The datasets that did not have a
satisfactory fit were those in which the difference between the g value used in the fitting
and the regression values exceeded 0.5 mg/g. In the case of OF-G3, the fitted value of qe
(and the last experimental value of q in Figure 4) exceeded the qmax obtained in equilibrium
in the tubes and k; was very different from that of OF-G2 and OF-G1bis.

The fitting of the pseudo second-order kinetics was performed using linearization
and nonlinear methods. In both cases, the fitting parameters (qe and ky) were similar. The
R? values for the linearized pseudo first- and pseudo second-order models were similar,
but the nonlinear pseudo second-order model parameters were chosen to compare with
the OF-U experiments. After the OF-G1bis experiment concluded (48 h of contact time),
sonication of the reactor was performed to check the effect on the kinetics after 24 additional
hours, but no noticeable effect was observed (only a slight increase of 0.2 mg/g after 24 h)

Figure 5 shows the kinetics with the OF-U adsorbents and Table S6
(Supplementary Materials) describes the analysis of the fitting parameter values. An im-
portant difference between Figures 4 and 5 is that equilibrium was reached in a few hours
and the rates were higher.
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Figure 5. The kinetic experiments with the OF-U adsorbent. Experiments OF-U1, OF-U2, and OF-U3
belong to the same series and were reset to zero time after the As spiking. Fitted curves used nonlinear
pseudo second-order kinetics.

For these experiments, it was not possible to fit the pseudo first-order models, but
the pseudo second-order linear and nonlinear models fitted well and produced similar qe
values. The fitted qe values were similar to the g values obtained in the Langmuir fitting,
with the exception of the g value for OF-U3. This was even higher than the gmax obtained
in the Langmuir isotherm, and was similar to what happened for OF-G3. These high q
values were obtained after 72 h or 96 h of contact time and could be related to an increase
in the qmax for the difference in the stirring conditions or to an accumulative error linked to
the calculation of q.

The nonlinear pseudo second-order was better than the linear pseudo second-order to
define the fitting of the experiments in the first hours of the kinetics (fitting of k, values),
similar to the observations made in previous studies [28]. Unlike the OF-G experiments,
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the values of k; in the OF-U experiments were in a narrow interval (0.793 to 0.931 g/mg-h),
showing that the ky was similar and independent of the initial charge of the adsorbent.

Experiments OF-G1bis and OF-U1 were performed under the same conditions, except
for the adsorbent type, and could be compared together with experiment OF-G1, similar to
OF-G1bis (see Table 4).

Table 4. The conditions and fitting parameters for the nonlinear pseudo second-order adsorption
kinetics models for the OF-U sorbent.

Parameter Units OF-G1bis OF-G1 OF-U1
Initial V (L) 1.5 1.5 1.5
m (g) 1.5 0.75 1.5
Qo (mg/g) 0 0 0
N Exp. points 19 7 16
ge Langmuir (mg/g) 3.767 3.858 4.443
Qmax Langmuir (mg/g) 6.562 6.562 8.100
Jmax ratio () 1 1 1.23
Pseudo second-order (nonlinear)
Qe (mg/g) 3.932 3.587 4.337
ko (g/mg.h) 0.0233 0.0612 0.793
ky ratio ) 1 2.63 34.03

The results from the OF-U1 sample allowed us to see an increase of 23% for qmax and
an increase of 34-fold for the kinetic constant (ky) vs. OF-G1bis. The increase in the k;
for the adsorption of phosphate when comparing the same solids of OF-U and OF-G was
5.6-fold in a previous study [28] without differences in gmax.

The kinetics of As(V) adsorption in the stirred batch reactors (150 rpm) with GFH and
other adsorbents such as tetravalent manganese feroxyhyte (TMF) with two micro-sized
adsorbents (1-250 and 1-63 pm) was studied previously [17] and showed similar differences
for the TMF kinetics as observed in the present work. The same pattern in the adsorption of
As(V) was also observed using differential column batch reactor (DCBR) experiments with
GFH (2-0.6 mm) and micro-sized (110-150 pm) adsorbents [19]. The DCBR are equivalent
to the stirred batch reactors when the flow is high, providing an equivalent evolution of
As(V) with time, as demonstrated in the present work. By developing the proper modeling,
these two studies [17,19] allowed us to conclude that intraparticle diffusion decreased when
the size of the adsorbent was reduced. This important increment of k, can be explained
because in stirring systems with a reduced particle size, the intraparticle diffusion effect,
which is important inside the GFH, was reduced and this increased the overall kinetics.

4. Conclusions

In this study, three different solids (GFH and two micro-sized materials obtained
from the GFH) were evaluated as feasible adsorbents of arsenic in groundwater. The key
findings were:

e  Equilibrium studies showed that milling GFH (OF-M samples) decreased the max-
imum adsorption capacity and this may have resulted from the loss of the specific
surface area. The results also indicated that micro-sized GFH obtained from ultrason-
ication (OF-U) had a 23% increase in the maximum adsorption capacity and a 23%
increase in binding constant compared to the GFH. This was possibly linked to the
release of an accessible internal area from GFH. The three adsorbents fitted well to the
Langmuir isotherm models.

e  The equilibrium adsorption results and the elimination of arsenic were not influenced
by an excess of sulfate (500 mg/L) or representative matrices present in groundwater
from a brownfield site. These data showed that competitive interferences in the
equilibrium were not important for the three studied adsorbents.
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e  The kinetics of arsenic adsorption with GFH was improved when the adsorbent
was ultrasonicated to micro-size levels. The nonlinear pseudo second-order was
satisfactorily fitted to the results of the multi-spiking experiments. A large increase
of 34-fold for arsenic adsorption (k, ) was obtained after reducing the size of GFH
using ultra-sonication. This behavior was attributed to the reduction in intraparticle
diffusion in the micro-sized vs. granulated adsorbents.

The next steps of the research will consist of the further optimization of kinetics using
higher-speed stirrers with the OF-U adsorbent with the final objective to combine tailored
adsorption with membranes in a hybrid method to develop point-of-use strategies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr10051029/s1, Figure S1: Simplified plot of the groundwater
samples around the N1 and CW3 wells; Table S1: Preliminary information on the contaminated
groundwater samples from the Nitrastur site; Table S2: pH, redox conditions, and ionic strength
of the studied samples; Figure S2: Theoretical speciation of the studied samples; Figure S3: SEM
microphotographs (a) OF-G (initial GFH), (b) OF-M (milled), and (c) OF-U (ultra-sonicated); Table S3:
Size, BET area, and zeta potential at equilibrium pH; Table S4: 95% confidence interval (CI) for the
Jmax fitting parameters; Table S5: Fitting parameters for the pseudo first- and pseudo second-order
adsorption kinetics models for the OF-G adsorbent; Table S6: Fitting parameters for the pseudo first-
and pseudo second-order adsorption kinetics models for the OF-U sorbent.
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