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Arsenic present in drinking water as a contaminant poses health risks. Iron oxyhydroxide granules were used as adsorbents 
to remove arsenic in a dynamic system in aqueous media. The granules were prepared with calcium alginate as a support 
medium. The results of the arsenic adsorption tests correspond to pseudo-�rst-order kinetics. The adsorption isotherms 
at various temperatures correspond perfectly to the Langmuir model. The thermodynamic parameters showed that the 
adsorption process is exothermic and spontaneous. The performance of a column packed with pellets to remove arsenic 
in an aqueous medium in a dynamic system was analyzed. The rupture curves showed arsenic adsorption capacities of 
approximately 30 mg/g for rupture times of 7 hours on average, agreeing with the experimental results with the Thomas 
model. Desorption tests for the recovery of removed arsenic showed the reusability of the column for up to three cycles.
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Introduction

Worldwide, especially in Latin America and Mexico, 
there is a problem of arsenic contamination. A large 
part of the population drinks water with an arsenic 
concentration that exceeds the current regulations for 
drinking water, which puts their health at risk [1]. The 
World Health Organization (WHO) has investigated 
water quality and concluded that one out of every 10,000 
people is at risk of drinking water contaminated with 
arsenic concentration than 0.01 mg/L of arsenic which 
may cause damage to kidneys, liver, cause skin cancer, 
and other cancer [2].

In Mexico, arsenic contamination of the environment 
is due to the use of pesticides, the thermoelectric industry, 
and mining, among others. Arsenic in aqueous solutions 
can be present in As3+ and As5+, where As3+ is the most 
toxic type and is stable in acidic to neutral pH solutions 
[3, 4].

The methodologies used for arsenic removal in 
aqueous solution range from coagulation, flocculation, 
reverse osmosis, and electrochemical methods. However, 
the adsorption process has several advantages, especially 
if the adsorbents are affordable, and can be regenerated 
and reused [5].

It is important to select the proper adsorbent material 
and to know its maximum adsorption capacity, as well 
as its physicochemical behavior [6]. Adsorption can be a 
physicochemical phenomenon (reversible or irreversible) 

based on the nature of the forces and bonds between the 
adsorbing surface and the molecules that are adsorbed. It 
is mainly attributed to the interaction of iron oxyhydroxide 
groups with ions, atoms, or molecules, through various 
mechanisms, such as electron donor-receptor reactions 
and/or the formation of metal complexes on the surface 
of the oxide [7].

Some isotherm models (Langmuir, Freundlich, 
Temkin, and Dubinin-Radushkevich) have been studied 
to understand how the adsorbate interacts with the 
adsorbent and to prove the most suitable correlation for 
the equilibrium conditions in the adsorption process [8, 
9].

Arsenic is often found naturally adsorbed on surfaces of 
iron oxyhydroxides, such as ferrihydrite and goethite [6, 
10, 11], so it is important to use these types of materials 
for removal from aqueous solutions. When ferrihydrite 
precipitates, it becomes a suitable substrate for adsorbing 
soluble compounds, such as phosphates, arsenates, 
silicates, and organic and heavy metals [12] and, at the 
same time, it presents a highly reactive surface area 
(200-500 m2/g) [13]. Due to its low solubility compared 
to goethite and jarosite, ferrihydrite is one of the most 
stable in aqueous systems [14]. Goethite has a higher 
adsorption affinity for arsenic (As5+) independent of the 
pH process [15]. It is important to investigate supports 
to immobilize materials with adsorption capacity, such 
as alginates, silica-gel, and glutano aldehyde [16, 17], 
to efficiently perform adsorption, regeneration and reuse 
processes in continuous systems [18]. 

These types of systems can be fed in a descending 
or ascending order in a column, creating a mass 
transfer or mass exchange zone, where adsorption and 
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saturation of the column occur gradually, so that the 
inlet concentration (C) becomes equal to the outlet 
concentration (C0), resulting in an inflection point in 
the elution curve [7, 19]. The inflection point, which is 
known as the breakpoint, provides information on the 
parameters of packed column systems and represents the 
metal exit concentration (expressed as a dimensionless 
number C/C0 versus time) [20]. Some theoretical models 
can be used to predict adsorption curve profiles, as a 
form of application and scaling. One of the most widely 
used models is the Thomas model [21-23]. The main 
objective of this work is the modeling and validation 
testing of the analysis design, as well as the analysis of 
the performance of the alginate pellet-packed column 
with iron oxyhydroxides for arsenic removal from 
aqueous solutions in continuous systems.

Methodology

Preparation of agglomerates iron oxyhydroxides 
(ferrihydrite and goethite) with calcium alginate

Alginate has natural agglomeration properties in 
the presence of calcium and is used as support using 
adsorbent material.

Different mass ratios of alginate and oxyhydroxides 
were used to determine the alginate/oxyhydroxides ratio 
for the preparation of the agglomerates. Figure 1 shows 
the ratios of the mixtures used against the densities of the 
agglomerates obtained. The 1:2 ratio presented greater 
stability against fracture for an agglomerate density, due 
to the greater amount of oxyhydroxides.

On the other hand, the material becomes more soluble 
at lower densities corresponding to a higher presence of 
alginate. The shaping of the spherical pellets was carried 
out by using a drip system with a peristaltic pump, the 
alginate solution with iron oxyhydroxides is dripped into 
a 1 M CaCl2 solution [24-26].

Arsenic adsorption kinetics on iron oxyhydroxide 
agglomerates (goethite and ferrihydrite) supported 
on calcium alginate

To 1 g samples of calcium alginate agglomerates 
with synthetic goethite or ferrihydrite, 35 ml of a 10.0 

ppm arsenic standard solution at pH 4.5, prepared 
from sodium arsenite, were added in six different 60 
ml polypropylene tubes, respectively. The tubes were 
kept in a water bath at 25 °C with constant agitation 
to promote the interaction of the solute and the solid, 
thus favoring the adsorption of arsenic. Adsorption was 
suspended by centrifuging each tube at different times up 
to 10 h. The remaining arsenic was calculated as arsenic 
in the tubes. The remaining arsenic was calculated in 
the supernatant by GH-EAA. Each of these experiments 
were performed in triplicate and the amount of adsorbed 
arsenic was calculated by difference from the control 
under the same conditions but without adsorbent [27].

Arsenic adsorption isotherms, and their thermo-
dynamic parameters at different temperature levels, 
on agglomerates of iron oxyhydroxides (goethite 
and ferrihydrite) supported in calcium alginate

Thirty-five ml of arsenic standard solution was 
added to 1 g samples of goethite or ferrihydrite. These 
solutions were prepared from sodium arsenite of different 
concentrations (0.1, 0.2, 0.5, 0.8, 1.2, 2.5 and 3 ppm) in 
seven different 50 ml polypropylene tubes, respectively. 
The tubes were kept in a water bath at 25 °C with 
constant agitation for 24 h to ensure equilibrium. After 
this time, adsorption was stopped by centrifuging each 
of the tubes; the remaining arsenic concentration was 
calculated in the supernatant by GH-EAA.

This procedure was repeated for 35 and 45 °C. Each 
of these experiments was performed in triplicate and the 
amount of arsenic adsorbed was calculated by difference 
with respect to the control under the same conditions, 
but without adsorbent.

Determination of thermodynamic parameters
The analysis of these parameters allowed for estimating 

the feasibility of the adsorption process, as did the effect 
of temperature on them. For this work, the following 
were estimated: standard Gibbs free energy (∆Go), 
standard enthalpy (∆Ho) and standard entropy (∆So) [2, 
28].

Gibbs free energy allows discerning whether a process 
is spontaneous or not. Negative values of ∆Go imply a 
spontaneous process, while positive values mean that it 
is necessary to contribute energy to the system, since 
it is not able to evolve by itself. It is calculated from 
equation (1):

∆Go = -R x T x In Kc  (1)

This equation is used, in the first instance, at the level 
of ideal gas systems, but it can equally well be used for 
adsorption at very dilute solid-liquid interfaces, since this 
implies that the intermolecular distance is large enough 
to guarantee ideal gas-type behavior. Where R is the 
universal gas constant, T is the temperature in degrees 
Kelvin and KC is the Langmuir constant.

Fig. 1. Ratio of alginate to iron oxyhydroxides (ferrihydrite 
and goethite).
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The Vant Hoff equation allows obtaining graphically 
the values of ∆Ho and ∆So [2]. It is important to calculate 
it, as it provides information on the exothermic or 
endothermic nature of the process. In addition, it is also 
possible to estimate energy activation and differentiate 
whether it is a process occurring via physical (low 
values) or chemical adsorption (high values). This 
equation is obtained from the Gibbs free energy equation 
(2) as follows:

∆Go = ∆Ho – T x ∆So  (2)

Equating (1) and (2) gives:

 (3)

Solving for ln KC gives the Vant Hoff equation (4).

 (4)

A graph of ln Kc on the abscissa axis and T-1 on the 
ordinate axis should be linear and the interception would 
equal ∆So/R while the slope would be numerically equal 
to ∆Ho/R. For its part, KC is figured out as follows [29]:

 (5)

CAe is the concentration of the adsorbate in equilibrium 
contained in the surface of the adsorbent and CSe is the 
concentration in solution in equilibrium.

Adsorption enthalpy indicates whether the process is 
exothermic or endothermic and allows estimating the 
activation energy and differentiating whether it occurs by 
physical adsorption (low values) or chemical adsorption 
(high values). It is calculated by applying equation (6):

 (6)

Where: R is the ideal gas constant, KC1 and KC2 are 
the equilibrium constants at temperatures T1 and T2 
respectively [30].

Adsorption entropy allows prediction of the size 
of changes on the adsorbent surface, as reversibility is 
affected therein, which would result in a negative value 
of adsorption entropy. Otherwise, it is indicative of a 
high possibility of reversibility.

Determination of the arsenic adsorption break-
through curve vis a vis agglomerate of iron 
oxyhydroxides (goethite and ferrihydrite) supported 
in calcium alginate and of the Thomas model 
validation

Figure 2 shows the breakup curves obtained for the 
three different working heights (5, 10, and 14 cm), 
with a constant volumetric flow rate of 1 cm3/min and 

a constant inlet concentration of 1 ppm arsenic. Under 
these conditions, the breakup time increased from 100 
min to 2000 min for goethite and from 100 to 1800 
min for ferrihydrite, indicating that, as the column height 
increases from 5 cm to 14 cm, the arsenic removal 
efficiency is higher.

A slope change in the breakthrough curves is observed, 
being more vertical for the 14 cm column, indicating 
a larger transfer zone [31]. In addition, an increase in 
height implies an increase in adsorbent surface area. This 
leads to a longer operating time of the column, which 
allows a larger volume to be adsorbed.

The packed column can be calibrated according to the 
required contact time of the solution with the adsorbent. 
For this purpose, a 14 cm high packed column of alginate 
agglomerate with iron oxyhydroxides (ferrihydrite and 
goethite) with an internal diameter of 1.4 cm is used, 
whose internal flow of distilled water is controlled by 
a peristaltic pump and the minimum permissible flow 
rate is measured.

The service time of the packed columns is figured out 
by the breakthrough point. One column with an internal 
diameter of 1.4 cm and a packing height of 14 cm 
with an alginate agglomerate with iron oxyhydroxides 
(ferrihydrite and goethite) was used in this work. The 
absorption was performed in a continuous system 
with ascendant feeding using a peristaltic pump. The 
experimental results were compared with the Thomas 
model based on adsorption by the ionic exchange in a 
packed column [32, 33].

It is worth mentioning that the fits for the different 
models (BDST, Yoon-Nelson and Clark adsorption, 
and Thomas packed column) showed that the latter was 
the best fit. For the column design, the following mass 
balances were performed (Rafati et al., 2019). Material 
balance of the adsorbent bed [6].

 (7)

Where:

Real material balance for the breakthrough curve

 (8)

Fig. 2. Determination of optimum packing height a) goethite 
and b) ferrihydrite. 
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Material balance differential

 (9)

Thomas model
From the continuity equation (10).

 (10)

The initial and boundary conditions. 

 (11)

 (12)

The continuity equation solved by Thomas [34] is 
presented in equation (13). In this model, piston flow 
and negligible dispersion are considered.

 (13)

The equation (13) can be linearized in the form:

 (14)

Where k is the Thomas constant, q is the adsorption 
ability, Q is volumetric flow, C0 is the first concentration, 
and t is the time.

The difference between experimental value (C/C0)e 
and theoretical value (C/C0)m, can be valued statically 
by the error equation (15). 

 (15)

Where n is the data number, when experimental data and 
theoretical data are similar the RMSE decreases.

Recovery of adsorbed arsenic 
In an arsenic adsorption system, agglomerates of iron 

oxyhydroxides (goethite and ferrihydrite) supported 
on calcium alginate are important to determine the 
desorption and readsorption capacity of arsenic. At least 
three cycles must be run to ascertain the useful service 
time. A glass column with an internal diameter of 1.4 
cm and a 3 cm agglomerate packed height column were 
used in contact with 1 ppm and 3 ppm arsenic standard 

solution, respectively. After the adsorption processes, 
a NaHCO₃ solution is passed into the packed column 
with agglomerates of iron oxyhydroxides (goethite and 
ferrihydrite) supported on calcium alginate to carry out 
desorption. Subsequently, the adsorption and saturation 
technique is repeated two or more times necessary until 
the maximum reusability of the agglomerates is found.

The optimum NaHCO₃ concentration was 0.01 
M, which allowed good desorption after at least two 
continuous cycles. Sodium bicarbonate in contact with 
calcium alginate, produces calcium carbonates, which 
weakens the calcium alginate structure. Therefore, the 
most effective concentration was 0.01 M.

The chemical reaction can be represented as follows:

Ca(C6H7O6)2 + 2NaHCO3 →  
  CaCO3 +2Na(C6H7O6) + H2O + CO2

Preparation of materials arsenic adsorbents with 
agglomerates of iron oxyhydroxides (goethite and 
ferrihydrite) supported in calcium alginate.

Agglomerates with an average diameter of 1.5 
mm were obtained for ferrihydrite and 1.9 mm for 
goethite. This difference in diameter between the two 
iron oxyhydroxides is due to the fact that 80% of the 
ferrihydrite is obtained with a 140 mesh and 20% with 
an 80 mesh. However, the synthesized goethite is more 
irregular, with 75% obtained with an 80 mesh and the 
rest with a 60 mesh. A visual analysis of the morphology 
of the iron oxyhydroxide agglomerates supported on 
calcium alginate was carried out using a Quazar Qm 
25 stereoscope.

In Fig. 3(a), the microscope with a 300x zoom is 
observed, showing the reddish amorphous crystals of 
ferrihydrite exposed on the calcium alginate support. Fig. 
3(b) shows the brown amorphous crystals of goethite 
exposed to the calcium alginate agglomerate. In both 
cases, these are amorphous crystals, as reported by De 
la Peña et al. [27].

Figure 4 shows the SEM image of the iron 
oxyhydroxides: (a) shows the surface of ferrihydrite and 
(b) shows the surface of goethite, both with a resolution of 
100 nm. As can be seen, ferrihydrite presents a smoother 
surface, because the crystals are less amorphous. On 
the other hand, in goethite, a rougher surface can be 
observed since the goethite crystal is more amorphous. 

Fig. 3. shows the surface of the agglomerate of iron oxyhydroxide 
ferrihydrite (a) and goethite (b) supported in calcium alginate.
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However, in both cases carbonate formations or white 
spots can be observed on the surface of the materials, 
since iron oxyhydroxides tend to react with atmospheric 
oxygen [35] and cause these spots.

The adsorption-desorption isotherms of goethite and 
ferrihydrite agglomerates are shown in Fig. 5. According 
to the IUPAC classification, the BET isotherms are 
of type IV and correspond to mesoporous materials, 
with pores between 2 and 50 nm in diameter [36-
40]. The BET surface areas obtained were 50.60 m2/g 
and 54.30 m2/g, and the pore diameter distributions 
obtained with the BJH adsorption model for goethite 
and ferrihydrite agglomerates were 50 nm and 60 nm 
respectively.

Arsenic adsorption kinetics on calcium alginate 
agglomerates with goethite and ferrihydrite.

Figure 6 shows that the arsenic adsorption equilibrium 
is reached in 30 y 40 min and that the adsorption 
capacity at this approximate time is 0.09-0.08 mg/g for 
the goethite (Fig, 6a) and ferrihydrite (Fig. 6b).

The values of arsenic adsorption kinetics were 
presented as the best fit to the pseudo-first-order 
model represented in equation (16). The adsorption 
processes using iron oxyhydroxides (goethite and 
ferrihydrite) at 25 °C at 10.0 ppm were fitted to the 
pseudo-first-order kinetic as shown in Fig. 7(a) and 
(b), proposing an ion exchange between the sorbate 
surface and the sorbent, as mentioned by Mahadeva 
and Colmenero [40, 44]. 

 (16)

Where: Ce y Ct (ambos en mg/L) son las 
concentraciones As adsorbidos en el equilibrio y tiempo t 
(min), respectivamente, y k es la constante de velocidad. 
The slope gives us the system's adsorption rate constant, 
0.0019 for ferrihydrite and 0.0021 for goethite, whose 
units are s-1 min-1. This constant indicates the rate at 
which the concentration of the limiting reagent decreases. 
The parameters k and R are summarized in Table 1.

Table 1 shows the different kinetic models and their 
corresponding parameters for the process of adsorption 
of As. As shown, the best kinetic model fitted was the 
pseudo-first-order model. The pseudo-first-order model 
assumes that the adsorption rate is directly proportional 
to the concentration of adsorbate in solution. This means 
that the higher the adsorbate concentration, the higher 
the adsorption rate.

Fig. 4. SEM image of the surface of the calcium agglomerate: 
(a) ferrihydrite and (b) goethite.

Fig. 5. BET isotherm and porous diameter of goethite and 
ferrihydrite.

Fig. 7. Adjustment of the adsorption kinetics of arsenic 10.0 
ppm, 25 oC, on agglomerates of calcium alginate with synthetic 
goethite (a) and ferrihydrite (b), to the pseudo-first-order kinetic 
model. Error bars are 95% confidence intervals.

Table 1. Kinetics adjustment of the different theoretical models 
on agglomerates of calcium alginate with goethite.

Fig. 6. Arsenic adsorption kinetics 10.0 ppm, 25 °C on 
agglomerates of calcium alginate with synthetic goethite (a) 
and ferrihydrite (b). Error bars are 95% confidence intervals.
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Arsenic adsorption isotherms, and their thermo-
dynamic parameters at different temperature levels, 
with agglomerates of iron oxyhydroxides (goethite 
and ferrihydrite) supported in calcium alginate

Figures 8 and 9 show the theoretical and experimental 
Langmuir isotherms for calcium agglomerates with 
goethite and ferrihydrite. The effect of temperature 
on the arsenic adsorption process is not temperature-
dependent, since the concentration profile is practically 
the same at the different temperature levels tested, 
and the maximum arsenic adsorption on the synthetic 
materials is 26-30 mg/g at a temperature of 35 °C. The 
adsorption capacity of iron oxyhydroxide agglomerates 
(goethite and ferrihydrite) supported on calcium alginate 
is superior compared to the synthetic materials as reported 
by Cano R. [45], being 15 and 18 mg/g, this increase in 
adsorption may be due to the participation of calcium 
alginate in arsenic adsorption, as reported by Krok [46, 
47]. It has an affinity for arsenic because its surface is 
covered by -OH groups, which allows ion exchange.

It is important to mention that the pH at the end of 
the arsenic adsorption experiments on ferrihydrite and 
goethite presented a variation from pH 4.5 to pH 8.1. 
This variation in pH suggests that the arsenic adsorption 
mechanism may be taking place through ion exchange 
of the OH group by AsO₃.

These results are consistent with another report 
inferring that, in the process of arsenic adsorption on iron 
oxyhydroxides, arsenate or arsenite anions can displace 
the hydroxyl group, taking its place and that the charge 

and size of the ions are factors determining adsorption 
by ion exchange [47].

It is important to mention that the adsorption of 
arsenic on goethite and ferrihydrite presented a better fit 
to the Langmuir isotherm model, with a 98% correlation 
for both materials. In addition, the higher theoretical 
adsorption capacity coincided with the experimental one. 
Other adsorption isotherm models evaluated showed 
very low fit correlations.

The tables show the fits to the different theoretical 
isotherms for both goethite (Table 2) and ferrihydrite 
(Table 3) agglomerates.

Determination of thermodynamic parameters
The standard Gibbs free energy is a thermodynamic 

parameter that allows for estimating the feasibility of 
an adsorption process. It allows us to discern whether a 
process is spontaneous or not. When the values of ΔG 
are negative, it is a spontaneous process, whereas, when 
they are positive, it is necessary to supply energy to the 
system, since it cannot evolve by itself. Using the molar 
weight of each contaminant, the Langmuir constant in 
the corresponding units (J/mol) was used to evaluate the 

Fig. 8. Arsenic adsorption isotherms, at different concentrations 
and temperatures of 25,35 and 45 oC, on agglomerates of calcium 
alginate with synthetic goethite (a) and ferrihydrite (b). Error 
bars are 95% confidence intervals.

Fig. 9. The fit to the conventional Langmuir model shows the 
behavior of arsenic adsorption isotherms in calcium alginate 
agglomerates with goethite (a) and ferrihydrite (b).

Table 2. Isotherm adjustment of the different theoretical models 
on agglomerates of calcium alginate with goethite.

Table 3. Isotherm adjustment of the different theoretical models 
on agglomerates of calcium alginate with ferrihydrite.

Table 4. Thermodynamic parameters calculated for agglomerates 
of calcium alginate with goethite.



T. Alejandro De la Peña, M. Adrián Zamorategui, A. Oscar Coreño and O. Norma Leticia Gutiérrez168

free energy. The calculated values   of ΔG°, ΔH°, and 
ΔS° are summarized in Tables 4 and 5. As observed at 
the temperature of 35 °C the value of ΔG° is negatively 
larger, favoring the spontaneous reaction.

In the case of adsorption of calcium, alginate 
agglomerates with goethite, as well as for calcium 
alginate agglomerates with ferrihydrite, the values 
obtained allow interpreting the process as a spontaneous, 
exothermic phenomenon and the negative value of the 
entropy variation is characteristic of phenomena that go 
to a higher degree of order, such as adsorption. This 
value reflects a decrease in randomness at the adsorbent/
solution interface during the process. The free energy 
value (ΔG°) is negative, indicating that the adsorption 
process is spontaneous. The enthalpy associated with the 
process is less than 10 kJ/mol; and suggests that it is an 
exothermic adsorption process [10, 48].

Determination of the arsenic adsorption breakthrough 
curve in terms of calcium alginate agglomerate with 
iron oxyhydroxides (ferrihydrite and goethite) and 
Thomas model validation 

The minimum flow rate allowed in the peristaltic 
pump was 2 ml/min and by adding reflux in the pump 
feed, the flow rate was reduced to 1.5 ml/min.

Figures 10(a) and (b) show the breakthrough curves of 
arsenic adsorption at concentrations of 1 ppm and 3 ppm, 
respectively. The experimental and theoretical results 
correspond to the column packed with calcium alginate 
agglomerate with iron oxyhydroxides (ferrihydrite).

Using the least square method, the Thomas model 
with the linear equation shows a coefficient of fit (R2) 
of 0.99. 

The breakpoints on the column loaded with 3.9 g of 
agglomerate and a concentration of 1 ppm were reached 
at 8 h 50 min. The breakpoints on the column with 3.7 
g of agglomerate and a concentration of 3 ppm were 
reached at 3 h. 

In the comparison between experimental and theoretical 
values, the error was RMSE = 0.16 for a concentration of 
1 ppm and RMSE = 0.13 for a concentration of 3 ppm, 
indicating that the experimental and theoretical values 
are similar and corroborating the value of the correlation 
coefficient.

Figures 11(a) and (b) show the arsenic adsorption 
breakpoint at a concentration of 1 ppm and 3 ppm, 
respectively, both experimental and theoretical, of a 
column packed with calcium alginate agglomerate with 
iron oxyhydroxides (goethite).

The experimental data were fitted to the Thomas 
model by a linearized equation with a coefficient of fit 
(R2) of 0.99, using the least square method. The column 
breakpoint time, at which an arsenic concentration of 1 
ppm was reached, was achieved with a mass of 3.5 g of 
agglomerate and a packed height of 3 cm in a time of 5 h 
30 min; the column breakpoint time, at which an arsenic 
concentration of 3 ppm was reached, was achieved with 
a mass of 3.7 g of agglomerate in a time of 4 h 15 min.

When comparing the experimental values with the 
theoretical values, it is observed that the RMSE error 
is 0.12 for a concentration of 1 ppm and 0.13 for a 
concentration of 3 ppm. This shows that both experimental 
and theoretical values are similar and corroborate the 
value of the correlation coefficient.

Recovery of arsenic adsorbed through two ways, 
using HCl 5% and 0.01 M NaHCO3

By evaluating the difference between the arsenic 
concentration at the inlet and outlet of the column, it was 
determined that the adsorbed arsenic recovery process 
and the simultaneous regeneration of the adsorbent were 
carried out through a 5% HCl solution in a continuous 
system.

Figure 12 shows the calcium alginate agglomerates 
with iron oxyhydroxides (ferrihydrite) in contact with 
a standard solution (a) of 1 ppm and (b) of 3 ppm of 

Table 5. Thermodynamic parameters calculated for agglomerates 
of calcium alginate with ferrihydrite.

Fig. 10. Arsenic adsorption breakthrough curve in a packed 
column with calcium alginate agglomerate with ferrihydrite and 
comparing with the Thomas model, (a) C0 = 1 ppm, (b) C0 = 3 ppm.

Fig. 11. Breakthrough curve adsorption (a) 1 ppm arsenic, (b) 3 
ppm arsenic, in packed column with calcium alginate agglomerate 
with iron oxyhydroxides (goethite).
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arsenic, which can be reused at least four times in an 
adsorption-desorption process, since after the fourth 
cycle, the column goes out of service due to a 30% 
decrease in its adsorption capacity.

The reduction process of HCl in contact with 
ferrihydrite causes a decrease in adsorption capacity. 
This results in the corrosion of the agglomerate surface 
and the formation of iron(II) chloride, which is highly 
soluble and is released during washing [10], leading to 
changes and losses in the adsorbent material.

The corrosion process that the material undergoes 
is physically visible since the measured diameters of 
the agglomerates decrease by 30%, which results in a 
decrease in the arsenic adsorption capacity. Using 5% 
HCl may establish an unviable adsorbent agent due to 
the damage caused to the adsorbent material. However, 
it is proposed as an adsorbent agent in the study of the 
use of carbonates, since in previous works by De la 
Peña et al. and Cano-Rodríguez et al. [27, 45] it was 
demonstrated that iron oxyhydroxides in the presence 
of carbonates follow an arsenic desorption process in 
the material.

Figure 13 shows that calcium alginate agglomerated 
with iron oxyhydroxides (goethite) in contact with a 
standard solution of (a) 1 ppm and (b) 3 ppm arsenic 
can be reused in at least three cycles of the adsorption 
and desorption processes, with the fourth cycle being 
spent and unusable.

It is worth mentioning that this material presents a 
similar phenomenon to the one described above, but, as 
goethite is more amorphous when it comes into contact 

with the oxygen environment, it enters into an accelerated 
oxidation process and forms an oxide layer that affects 
its adsorption capacity before being subjected to the 
dynamic system. The corrosion process that the material 
undergoes is physically visible and, when measured, it 
has been observed that the agglomerates have decreased 
in diameter by 50%, resulting in a decrease in adsorption 
capacity. This will result in less aggressive agents to 
desorb and efficiently regenerate the adsorbent. 

Figure 14 shows the calcium alginate agglomerate 
with iron oxyhydroxides (ferrihydrite) (a) after arsenic 
adsorption and (b) the agglomerate after the arsenic 
desorption process with NaHCO3.

It is proposed to use NaHCO3, where the adsorbed 
arsenic recovery process and simultaneous regeneration 
with the adsorbent were performed using a 0.01 M 
NaHCO3 solution in a continuous system. 

It has been determined that the calcium alginate 
agglomerate with iron oxyhydroxides (ferrihydrite) in 
contact with a standard solution (a) of 1 ppm and (b) 
of 3 ppm arsenic can be reused for at least two cycles in 
an adsorption-desorption process since after the second 
cycle the column is out of service. This is due to a 
decrease in adsorption capacity of 30%.

This decrease can be explained because HCO3- 
comes into contact with ferrihydrite and undergoes an 
ion exchange process between arsenate/arsenite ions, 
releasing them into solution [17]. However, the HCO3- 
anion interacts with the calcium alginate and uncovers 
the ferrihydrite in the capsule through the alginate. 
This allows a second adsorption of arsenic. The use of 

Fig. 12. Cycles of arsenic adsorption (a) C0 = 1 ppm and (b) C0 = 
3 ppm, in calcium alginate agglomerates with iron oxyhydroxides 
(ferrihydrite) in a column 3 cm high.

Fig. 13. Arsenic adsorption and desorption (a) 1 ppm and (b) 
3 ppm in calcium alginate agglomerated iron oxyhydroxides 
(goethite).

Fig. 14. Breakthrough curves of the arsenic adsorption cycles. 
Inlet concentration of (a) 1 ppm, (b) 3 ppm, calcium alginate 
agglomerate with iron oxyhydroxides (ferrihydrite).

Fig. 15. (a) Ferrihydrite agglomerate with arsenic adsorbent 
before desorption with NaHCO3, (b) Ferrihydrite agglomerate 
with arsenic adsorption/desorption after NaHCO3.
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NaHCO3 can be established as an adsorbing agent. 
Figure 15 shows the arsenic agglomerate with calcium 

alginate and iron oxyhydroxides (ferrihydrite) (a) before 
the desorption process with NaHCO3 and (b) after 
the desorption process. The agglomerates show more 
cracking, with more material exposed.

It has been shown that the calcium alginate 
agglomerate with iron oxyhydroxides (goethite) with a 
standard solution (a) of 1 ppm and (b) of 3 ppm arsenic 
can be reused in at least two cycles of the adsorption 
and desorption process since after the third cycle the 
column becomes ineffective due to a 20% decrease in 
its adsorption capacity. The penetration curves for each 
cycle are shown in Fig. 16. 

This material exhibits a similar phenomenon to that 
described above. However, goethite is more amorphous. 
In contact with ambient oxygen, it undergoes an 
accelerated oxidation process, forming an oxide layer 
that affects its adsorption capacity before the dynamic 
system.

Figure 17 shows an arsenic agglomerate with calcium 
alginate, and iron oxyhydroxides (goethite) before (a) and 
after (b) the desorption process with NaHCO3. Figure 13 
shows that the agglomerates show higher cracking and 
thus higher material exposure.

It is thought that the possible exposure of iron 
oxyhydroxides (for both ferrihydrite and goethite) is 
caused by the continuous flow of water creating a slight 
wear on the surface of the agglomerates.

Conclusion

The adsorption process of iron oxyhydroxides 
(goethite and ferrihydrite) is unaffected significantly by 
temperature changes. The correlation of the equilibrium 
data was fitted to the Langmuir adsorption isotherm 
and the adsorption process followed a pseudo-first-order 
kinetic model, which is related to chemical adsorption on 
the material surface. Ferrihydrite presented a higher As 
removal capacity (30 mg/g) compared to that obtained 
using goethite (26 mg/g).

Negative values of the variation of the free energy 
(ΔG) and a positive value of the enthalpy indicate that 
the adsorption process is spontaneous and exothermic. 
In addition, the negative value of the entropy variation 
is typical of phenomena that exhibit a higher degree 
of order and reflects a decrease in randomness at the 
adsorbent/solution interface during the adsorption 
process. The correlation of the experimental data fits 
the Thomas model, with ferrihydrite having a higher 
breakthrough point (8 hours) than goethite (5 hours).

The use of NaHCO₃ was the best option for the arsenic 
recovery process, as it did not damage the agglomerate 
structure compared to using HCl as a washing system 
The results obtained suggest that iron oxyhydroxide 
agglomerates, especially ferrihydrite, are promising 
materials for arsenic removal from water, offering an 
efficient and sustainable alternative to conventional 
methods.

Nomenclature

C Concentration.
V∙ Volumetric flow rate.
tb

id Real breakthrough time.
q0 Equilibrium loading.
mA Mass.
εB Bed porosity.
VR Adsorber volume.
∆Go Gibbs free energy.
R Universal gas constant.
T Temperature in Kelvin.
KC Langmuir constant.
∆H0 Standard enthalpy.
∆S0 Standard entropy.
CAe The concentration of the adsorbate in 

equilibrium.
CSe Concentration in solution in equilibrium.
KC1 and KC2 Equilibrium constants at temperatures.
k Thomas constant.
Q Volumetric flow.
t Time.
C0 First concentration.
q Capacity adsorption.

Fig. 16. Breakthrough curves of the arsenic adsorption and 
desorption cycles (a) 1 ppm, (b) 3 ppm in calcium alginate 
with iron oxyhydroxides (goethite).

Fig. 17. (a) Goethite agglomerate with arsenic adsorbent before 
desorption with NaHCO3, (b) Goethite agglomerate with arsenic 
adsorption/desorption after NaHCO3.
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m Mass.

K Langmuir, Freundlich, Temkin & D.R., 
constant.

N Maximum adsorption ability.
n Freundlich Constant.
r D.R. constant.
R2 Statical adjustment.
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