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Abstract: Effluent reuse is a common practice for sustainable industrial water use. Salt removal
is usually carried out by a combination of membrane processes with a final reverse osmosis (RO).
However, the presence of silica limits the RO efficiency due to its high scaling potential and the
difficulty of cleaning the fouled membranes. Silica adsorption has many advantages compared to
coagulation and precipitation at high pHs: pH adjustment is not necessary, the conductivity of treated
waters is not increased, and there is no sludge generation. Therefore, this study investigates the
feasibility of using pseudoboehmite and its calcination product (γ-Al2O3) for silica adsorption from
a paper mill effluent. The effect of sorbent dosage, pH, and temperature, including both equilibrium
and kinetics studies, were studied. γ-Al2O3 was clearly more efficient than pseudoboehmite, with
optimal dosages around 2.5–5 g/L vs. 7.5–15 g/L. The optimum pH is around 8.5–10, which fits
well with the initial pH of the effluent. The kinetics of silica adsorption is fast, especially at high
dosages and temperatures: 80–90% of the removable silica is removed in 1 h. At these conditions,
silica removal is around 75–85% (<50 mg/L SiO2 in the treated water).

Keywords: water reuse; silica adsorption; membrane fouling; activated alumina; pseudoboehmite

1. Introduction

Industrial water reuse is an important issue because of the lack of fresh water, strin-
gent environmental legislation, and high costs of water treatments. Membrane treatments
have gained considerable acceptance in urban and industrial water reuse as they are very
efficient in producing high quality water, while they are easy to operate and can be com-
bined with other treatment processes [1,2]. Membrane treatments have been successfully
applied in water reuse schemes of many sectors, e.g., chemical [3–5], textile [6,7], pulp
and paper [8–10], metal finishing [11], and food and beverage [12]. However, the pres-
ence of silica complicates the wastewater treatment by membrane technologies due to
its high scaling potential and the difficulty of cleaning the membranes once the deposits
are formed [13–16]. In fact, silica and silicate precipitation is considered one of the most
important limiting factors in high-recovery membrane operations, and silica scaling control
remains a challenge that requires further research [17–20].

There are many strategies for silica control depending on the initial silica concentration,
the wastewater characteristics (i.e., hardness, pH, alkalinity, etc.), the volume of wastewater
to be treated, and the discharge limit for silica. Coagulation and softening at high pHs
are by far the most widely used techniques [21–25]. However, these techniques generate a
large amount of sludge and an increase of the total dissolved solids in the treated water.
Furthermore, high chemical dosages and high pHs are required, significantly increasing
the treatment costs. This paper proposes silica removal by adsorption as an alternative
treatment technology to overcome these drawbacks.

Amongst inorganic materials considered for the adsorption of heavy metals and ions,
iron (iron (III) hydroxide, ferrihydrite and goethite) and aluminum sorbents (activated
alumina and aluminum hydroxide, calcium aluminate and hydrotalcites) are the most
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studied [13,26]. For silica, aluminum compounds are usually preferred to iron compounds
because the latter leads to the formation of a hard, glass-like scale that is more difficult to
remove and complicates sorbent regeneration [13].

Among aluminum sorbents, activated alumina is a relatively well-known sorbent
with reasonably good regenerability controlled by pH. Adsorption on activated alumina
or its precursor (pseudoboehmite or boehmite) has been tested for the removal of ions
such as chrome (III) and (VI), fluoride, boron, arsenate, orthophosphate, nickel, cadmium,
lead, etc. [27–32]. Of the few studies carried out for silica removal by adsorption, all
agree that activated alumina is highly selective for silica removal [26,33,34], and this is an
important advantage when complex industrial wastewaters are treated. However, there
are insufficient fundamental studies to ensure the success of its application at the industrial
scale, and the objective of the study described here is to study silica removal by adsorption
onto activated alumina (γ-Al2O3) and its precursor (pseudoboehmite) at various sorbent
dosages, pHs, and temperatures.

This study focused on the paper industry, specifically deinking paper mills, for three
reasons. First, the paper industry is one of the largest fresh water consumers of the industry,
fresh water consumption being one of the most important issues during papermaking
operations [35]. Even though great efforts have been carried out during the last decades,
the fresh water consumption in most papermaking processes is still as high as 5–20 m3/t,
and even 50–70 m3/t for some special grades [10,36]. Second, deinking paper mills are
characterized by having a high concentration of silica in process waters and in the effluent
(50–250 mg/L) [24,25,37,38] resulting from the sodium silicate added to achieve the optical
properties required in the final product. Due to the great variety of functions and good
performance, its substitution is still difficult without affecting the quality of the final
product [39]. Third, previous studies focused on deinking paper mills have demonstrated it
is not possible to work with RO membranes for effluent reuse at recoveries higher than 20%
without severe scaling problems, making this kind of effluent reuse scheme not feasible [14].

2. Materials and Methods
2.1. Materials

Water samples. The effluent from a paper mill producing newsprint from 100%
recovered paper has been studied. The characterization of the effluent and its dissolved
fraction, obtained through 0.45 µm PTFE syringe filtration, is shown in Table 1.

Table 1. Characteristics of the effluent (raw water and dissolved fraction).

Raw Water Dissolved Fraction

Parameter Value Parameter Value

pH 8.4 ± 0.2 Total solids (mg/L) 2450 ± 60
Conductivity (25 ◦C) (mS/cm) 3.0 ± 0.1 COD (mg/L) 405 ± 17

Total solids (mg/L) 2520 ± 120 Reactive silica (mg/L SiO2) 175 ± 10
Total suspended solids (mg/L) 65 ± 15 Sulphates (mg/L) 395 ± 25

Color (mg/L Pt) 740 ± 20 Chlorides (mg/L) 128 ± 15
Turbidity (NTU) 24 ± 2 Phosphates (mg/L) 11.4 ± 0.5

Total alkalinity (mg/L CaCO3) 1060 ± 35 Nitrates (mg/L) 2.3 ± 0.1
Total silica (mg/L SiO2) 177 ± 12 Nitrites (mg/L) 1.0 ± 0.1

Ammonium (mg/L) 17.4 ± 0.4
Na (mg/L) 625 ± 14
Ca (mg/L) 35.8 ± 0.5
Mg (mg/L) 3.1 ± 0.2

Sorbents. A commercial pseudoboehmite (Catapal® B), supplied by Sasol Limited,
and its calcination product (γ-Al2O3) were used as sorbents. Dehydration of boehmites
by heating causes its transformation to γ-Al2O3, with most calcination conditions being
500–600 ◦C and 4 h [27,40]. In the present study, 550 ◦C and 4 h were used as calcina-
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tion conditions to ensure the complete dehydration of boehmites as confirmed by the
thermogravimetric analysis (TG/DTG) of the pseudoboehmite (Figure S2, Supplementary
Material). The full characterization of both sorbents is described in Section 3.1 and the
Supplementary Material.

2.2. Metodology

Preliminary tests on silica removal were carried out at sorbent dosages of 0.5–20 g/L
at an ambient temperature (20 ◦C) and initial pH of wastewater (8.5) using 4 h contact time.

The percentage of silica removal and silica uptake loading capacity (q, mg/g) were
calculated by Equations (1) and (2), respectively, where C0 and CF are the initial and final
concentrations of silica in solution (in mg/L), M is the sorbent dosage (g), and V is the
volume of solution (L).

% Removal =
C0−CF

C0
·100 (1)

q =
C0−CF

M
·V (2)

Secondly, the effect of initial pH (from 5 to 12) was studied by varying the pH with
0.1 M NaOH or 0.1 M H2SO4, using the sorbent dosages obtained from preliminary tests
(15 g/L for pseudoboehmite and 5 g/L for γ-Al2O3), maintaining the temperature and
contact time at 20 ◦C and 4 h, respectively.

Third, kinetic studies were carried out taking samples at pre-determined time intervals
up to 16 h and filtering them through 0.45 µm PTFE syringe filters. These studies were
carried out at initial pH 8.5 at three temperatures (20, 35, and 50 ◦C) and two dosages
for each sorbent (7.5 and 15 g/L for pseudoboehmite, 2.5 and 5 g/L for γ-Al2O3). The
uptake of the adsorbent at a time t, qt (mg/g) was calculated by Equation (3), where Ct
is the concentration of silica at a given time t. Adsorption kinetics was studied using the
Lagergren’s pseudo-first-order and pseudo-second-order models, while the intraparticle
diffusion and Boyd models were used to determine possible adsorption mechanisms and
rate limiting steps. The methodology is further detailed in the supplementary material.

qt =
C0−Ct

M
·V (3)

Fourth, adsorption isotherms were carried out by varying sorbent dosages (from 0.5
to 20 g/L) at three temperatures (20, 35 and 50 ◦C) while keeping constant the initial pH
(8.5) and initial silica concentration over 16 h contact time. The equilibrium silica uptake
loading capacity (qe, mg/g) was obtained by Equation (4), where Ce is the equilibrium
concentration of silica (mg/L) in solution. These data were analyzed by Langmuir and
Freundlich isotherms, while thermodynamic parameters such as standard free energy,
enthalpy, and entropy changes were calculated from the temperature dependence of
equilibrium constants using the methodology described in the Supplementary Material.

qe =
C0−Ce

M
·V (4)

All adsorption tests were carried out in a multiposition OVAN Therm Multimix
magnetic stirrer using 200 mL sample volume and 600 rpm stirring rate. In all the cases,
plastic beakers (polypropylene) were used to avoid silica contamination from glass beakers.
Adsorption tests were carried out in duplicate and the experimental points represent the
average from these two replicates. The average deviation between duplicates was always
around 5%.

2.3. Analytical Methods

Water characterization. pH was measured using a GLP 22 pH-meter (Crison, S.A.,
Barcelona, Spain) and conductivity with a GLP 31 conductimeter (Crison, S.A.), according
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to Standard Methods 4500 and 2510, respectively. Chemical Oxygen Demand (COD) was
photometrically measured by the Nanocolor COD 1500 Method (Macherey–Nagel GmbH,
Düren, Germany) using an Aquamate UV–Vis spectrophotometer (Thermo Scientific Inc,
Waltham, MA, USA), according to ISO 15705:2003. Color was measured by a PF-11 filter
photometer (Macherey-Nagel GmbH).

Regarding silica determination, it is interesting to notice that silica species can be
classified into three categories: reactive or soluble silica (which comprise polysilicic acid
and small molecules such as dimers, trimers, and oligomers), colloidal or non-reactive
soluble silica (highly polymerized species or particles larger than about 10–20 Å or 50 Å,
depending on the authors), and non-reactive insoluble silica (also known as particulate or
suspended silica, larger than colloidal and dissolved silica). There are several methods for
the determination of silica, such as the inductively coupled plasma method (ICP), atomic
absorption spectrophotometry method (AAS), and colorimetric methods. The ICP method
is the only one that determines total silica, AAS determines soluble silica and part of the
colloidal, and colorimetric methods determine only reactive or soluble silica [41]. In this
work, reactive silica was routinely measured by flow injection analysis and photometric
detection through silicomolybdate and the reduction to molybdenum blue method using a
FIA Compact (MLE GmbH, Radebeul, Germany) according to DIN EN ISO 16264. However,
in some selected samples, total silica was also measured using the ICP method. The values
obtained by ICP and the colorimetric method were about the same, indicating most silica
present in the water samples was reactive silica (polysilicic acid and small oligomers),
while the contribution of colloidal and particulate silica was almost negligible.

Solids characterization. Textural properties of the sorbents were determined by the
N2 adsorption/desorption isotherms at liquid N2 (77 K) using the BET method in Mi-
cromeritics ASAP 200 equipment. Micropore sizes and pore volume were calculated by the
BJH method. Powder X-ray diffraction (XRD) spectra were recorded with a Philips X’Pert
MPD X-ray diffractometer with an autodivergent slit fitted with a graphite monochromator
using Cu–Kα radiation at a scanning speed of 3 ◦/min, operated at 45 kV and 40 mA.
Microscope images were taken with a JEOL JSM-6400 Scanning Electron Microscope (SEM)
with an energy dispersive X-ray analyzer (EDS system) which enables compositional anal-
ysis. Elemental X-ray maps were obtained from selected solids with a JEOL Superprobe
JXA-8900M equipped with five spectrometers. Thermal analysis (TG/DTG) of the sam-
ples was carried out from 30 to 1000 ◦C both in inert conditions (N2, 50 mL/min, at a
heating rate of 10 ◦C/min) and in air (30 mL/min, at a heating rate of 5 ◦C/min) using a
Seiko Exstar 6000 TGA/DTA thermobalance. For X-ray fluorescence (XRF) analyses, an
AXios (PANAnalytical, Malvern, Britain) wavelength dispersive XRF (4 kW) spectrometer
was used. Finally, FTIR analyses were carried out on KBr pellets (2 mg of sample and
98 mg of KBr). A Nicolet Nexus 670 spectrometer was used for recording the spectra
(400–4000 cm−1) at 4 cm−1 resolution; 32 scans were taken for both the background and
the sample.

3. Results and Discussion
3.1. Sorbents Characterization

The composition of the commercial pseudoboehmite Catapal® B, as given by the
supplier, is: 72% Al2O3, 0.25% C, 0.01–0.015% SiO2, 0.005–0.015% Fe2O3, 0.01–0.20% TiO2,
and 0.002% Na2O. The molecular formula, calculated from SEM-EDX measurements, is
AlOOH·0.6 H2O (Al wt.%: 41.4 ± 0.5; O wt.%: 58.6 ± 0.7). Calcination of the pseu-
doboehmite at 550 ◦C produced its successful dehydration as demonstrated by its similar
composition (Al wt.%: 48.3 ± 0.4; O wt.%: 51.7 ± 0.7) to pure Al2O3 (Al wt.%: 47.1;
O wt.%: 52.9).

Figure 1 shows the XRD spectra of pseudoboehmite before and after calcination. The
spectra show the typical pseudoboehmite peaks (JCPDS 01-1283) found at 13.7◦ (020), 28.4◦

(120), 37.9◦ (140), 49.4◦ (200), 56.0◦ (151), and 64.7◦ (231). The interlinear spacing corre-
sponding to the most intense peak (reflection 020) was around 0.64 nm, which agrees with
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the higher interlinear spacings found in pseudoboehmites compared to well-crystallized
boehmites (around 0.61 nm) [42]. After pseudoboehmite calcination, the most intense peaks
were found at 37.5◦ (311), 46.6◦ (222), 60.8◦ (511), and 67.0◦ (411), confirming its successful
transformation to γ-Al2O3 (JCPDS 29-63).

Water 2021, 13, x FOR PEER REVIEW 5 of 23 
 

 

AlOOH·0.6 H2O (Al wt.%: 41.4 ± 0.5; O wt.%: 58.6 ± 0.7). Calcination of the pseudoboehm-
ite at 550 °C produced its successful dehydration as demonstrated by its similar composi-
tion (Al wt.%: 48.3 ± 0.4; O wt.%: 51.7 ± 0.7) to pure Al2O3 (Al wt.%: 47.1; O wt.%: 52.9). 

Figure 1 shows the XRD spectra of pseudoboehmite before and after calcination. The 
spectra show the typical pseudoboehmite peaks (JCPDS 01-1283) found at 13.7° (020), 
28.4° (120), 37.9° (140), 49.4° (200), 56.0° (151), and 64.7° (231). The interlinear spacing cor-
responding to the most intense peak (reflection 020) was around 0.64 nm, which agrees 
with the higher interlinear spacings found in pseudoboehmites compared to well-crystal-
lized boehmites (around 0.61 nm) [42]. After pseudoboehmite calcination, the most in-
tense peaks were found at 37.5° (311), 46.6° (222), 60.8° (511), and 67.0° (411), confirming 
its successful transformation to γ-Al2O3 (JCPDS 29-63). 

 
Figure 1. Pseudoboehmite and γ-Al2O3 powder XRD patterns. 

The average crystallite size for both sorbents was calculated from the Debye–Scherrer 
equation with a shape factor k = 0.9 and λ = 0.154 nm (Equation (5)), where FWHM is the 
full widths at half-maximum (in rad) and θ is the reflection angle (in rad).  

k?λD=
FWHM穋osθ

 (5) 

The calcination did not noticeably change the crystallite size of the sorbent. The av-
erage crystallite size for pseudoboehmite, determined from three reflections (020, 120, and 
031), was 5.8 ± 1.3 nm, while the value for γ-Al2O3 (calculated from reflections 400 and 
440) was 5.7 ± 1.1 nm. These values agree with the typical values found in the literature 
[43]. 

Both sorbents were analyzed by SEM (Figure S1, Supplementary Materials). The d50 
for pseudoboehmite, given by the supplier, is 60 µm, which is in agreement with SEM 
measurements. After calcination, both the shape (almost round) and the particle size of γ-
Al2O3 were essentially the same.  

Figure 2 shows the nitrogen adsorption–desorption isotherms and the corresponding 
pore size distributions of the sorbents. In both cases, isotherms belong to type IV; how-
ever, the hysteresis loops are different in size. The isotherms were characterized by a rel-
atively well-defined steep region in the desorption branch of the isotherm curve, at a P/P0 
value around 0.45 for pseudoboehmite and 0.50 for γ-Al2O3, which is a characteristic of 
capillary condensation within uniform mesopores [27].  

Figure 1. Pseudoboehmite and γ-Al2O3 powder XRD patterns.

The average crystallite size for both sorbents was calculated from the Debye–Scherrer
equation with a shape factor k = 0.9 and λ = 0.154 nm (Equation (5)), where FWHM is the
full widths at half-maximum (in rad) and θ is the reflection angle (in rad).

D =
k·λ

FWHM· cos θ
(5)

The calcination did not noticeably change the crystallite size of the sorbent. The
average crystallite size for pseudoboehmite, determined from three reflections (020, 120,
and 031), was 5.8 ± 1.3 nm, while the value for γ-Al2O3 (calculated from reflections 400
and 440) was 5.7 ± 1.1 nm. These values agree with the typical values found in the
literature [43].

Both sorbents were analyzed by SEM (Figure S1, Supplementary Materials). The d50
for pseudoboehmite, given by the supplier, is 60 µm, which is in agreement with SEM
measurements. After calcination, both the shape (almost round) and the particle size of
γ-Al2O3 were essentially the same.

Figure 2 shows the nitrogen adsorption–desorption isotherms and the corresponding
pore size distributions of the sorbents. In both cases, isotherms belong to type IV; however,
the hysteresis loops are different in size. The isotherms were characterized by a relatively
well-defined steep region in the desorption branch of the isotherm curve, at a P/P0 value
around 0.45 for pseudoboehmite and 0.50 for γ-Al2O3, which is a characteristic of capillary
condensation within uniform mesopores [27].
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Textural properties of the sorbents are shown in Table 2. The calcination of the
pseudoboehmite increased the average pore size and the pore volume, while it decreased
the BET surface, in agreement with existing literature [30,44,45]. As can be seen in the pore
size distribution curves (Figure 2), calcination produced a slight decrease in the smallest
pores by sinterization, but an important formation of large pores which cannot be attributed
to the collapse of the smallest pores into larger pores, as the total pore volume increased.
Consequently, both the average pore size and the pore volume increased, while the BET
surface slightly decreased. BET surface of the γ-Al2O3 precursors is usually reduced
after calcination, the greater calcination temperature, the lower BET surface; however,
the calcination largely improves the surface reactivity while securing the existence of a
stable structure.

Table 2. Textural properties of pseudoboehmite and γ-Al2O3.

Adsorbent BET Surface Area
(m2/g)

BJH Pore Volume
(cm3/g)

BJH Average Pore
Size (nm)

Pseudoboehmite 237.2 0.362 6.1
γ-Al2O3 180.0 0.476 10.6

Furthermore, both sorbents were characterized by TG/DTG and FTIR, and the point
of zero charge (PZC) was determined (see Supplementary Material, Section S2: Characteri-
zation of Sorbents).

3.2. Effect of Sorbent Dosage

Figure 3 shows that silica removal increased with sorbent dosage due to increased
sorbent surface area and the availability of more adsorption sites, reaching an equilib-
rium value as further increases were minor. This equilibrium value was obtained at
around 15 g/L for pseudoboehmite (85% silica removal) and 10 g/L for γ-Al2O3 (95%
silica removal). At all the dosages, γ-Al2O3 was more efficient than pseudoboehmite. The
maximum difference in silica removal efficiency with both sorbents was obtained at inter-



Water 2021, 13, 2031 7 of 23

mediate sorbent dosages (2.5–5 g/L); at these sorbent dosages, the silica removal obtained
with γ-Al2O3 was around 23% higher than with pseudoboehmite. At higher dosages, the
differences in silica removal decreased to 15.7% (at 7.5 g/L) and maintained being almost
stable to 6–7% (at 10–20 g/L). The highest efficiency of γ-Al2O3 for silica removal cannot be
explained by its BET surface as this is 24.1% lower than that of pseudoboehmite (180.0 vs.
237.2 m2/g). The highest value of γ-Al2O3 is explained by a combination of two facts. First,
the pore volume and the average pore size increased from 0.362 cm3/g to 0.476 cm3/g
(31.5% increase) and from 6.1 nm to 10.6 nm (42.4% increase), respectively, after calcination.
Even though most silica in this study were in the soluble or reactive form, i.e., polysilicic
acid and small molecules such as dimers, trimers, and oligomers, the tendency of silica to
polymerize to amorphous silica particles which could block of the smallest pores is well
known [46]. Second, it is well established that the calcination of boehmites largely increases
the surface reactivity while securing the existence of a stable structure of the sorbent [47].
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Similar efficiencies have been obtained in the few references using activated alumina
for silica removal. Sanciolo et al. [34], for example, achieved 90% silica removal efficiencies
with 10 g/L dosage (pH 8.6, 20–45 ◦C, industrial wastewater with 160 mg/L SiO2), while
Sasan et al. [26] obtained 29% silica removal using 2 g/L activated alumina (pH 8.8, 25 ◦C,
synthetic water with 100 mg/L SiO2).

To avoid silica scaling in the treatment of this effluent by RO, taking into account
the initial silica level (175 mg/L SiO2), the typical 97–98% SiO2 rejection in RO, and the
theoretical silica solubility (around 100–150 mg/L SiO2 at 25 ◦C), the target for the present
treatment is to achieve 75–80% silica removal (residual 35–50 mg/L SiO2 entering the RO
membranes). At these conditions, it would be possible to work at regular recoveries in RO
membranes (65–80%), avoiding irreversible membrane fouling by silica scaling. According
to Figure 3, this target can be achieved with around 2.5–5 g/L for γ-Al2O3 or 7.5–15 g/L
for pseudoboehmite.

3.3. Effect of pH

The removal of silica was studied as a function of pH from pH 5 to 12; pHs < 5 were
not tested due to aluminum dissolution at pHs below 4.3 [46]. According to the results
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from Section 3.2, the dosage of pseudoboehmite and γ-Al2O3 were fixed to 15 g/L and
5 g/L, respectively. Besides silica removal, COD and color removal were also measured.
Final pH was always slightly greater than initial pH at lower pHs than PZC of the sorbents
(pH 7.6–7.8), and slightly lower at greater pHs than PZC. Maximum differences between
initial and final pH were around one pH unit, this difference being almost zero at initial
pHs 7 to 9. As expected, the difference between the initial and the final pH was greater for
pseudoboehmite than for γ-Al2O3 due to the protonation and deprotonation of the surface
Al–OH groups depending on pH [29,48].

Figure 4a shows the silica removal obtained at different initial pHs for pseudoboehmite.
Silica removal increased continuously from the lowest initial pH tested (pH 5) (25% re-
moval) to the highest pHs, reaching a maximum at around pH 8.5–10.5 (85% removal) and
then decreasing sharply to 50% removal at initial pH 12. The optimum initial pH fits well
with the initial pH of the wastewater, which is an important advantage compared to other
silica removal techniques, such as coagulation or removal during softening, which require
pH adjustment to highly alkaline for optimal results [23–25]. COD removal decreased from
35% (initial pH 5) to around 10% (initial pH 8) and then remained almost constant with the
pH. The same behavior was observed in color removal, which decreased from around 90%
(initial pH 5) to 20% (initial pH 8) and then remained almost constant at 5–10% removal at
higher initial pHs.
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(experimental conditions: 20 ◦C, 4 h contact time).

Similar results were obtained with γ-Al2O3. Silica removal increased continuously
from the lowest initial pH tested (pH 5) (30% removal) to a maximum at initial pH 8.5–11
(85% removal) and then decreased to 75% removal at initial pH 12 (75% removal) (Figure 4b).
COD removal decreased from 25–30% at the lowest initial pHs (pH 5–7) to 10% at pH 10
and then remained almost constant at higher initial pHs. Similarly, the color removal
decreased from around 85% at initial pH 5 to 12% at initial pH 10 and then remained almost
constant at higher initial pHs.

In both cases, a reverse relationship between the removal of silica and organic matter
(COD and color) is obtained, which was also observed in previous studies [23–25,49]. This
means there is a competition for the adsorption sites between organics and silica, the
removal of organics being favored at acidic pHs and the removal of silica at alkaline pHs.

pH affects both the surface charge of the adsorbents and the distribution of silica
species. As commented before, pseudoboehmite is an amphoteric solid material due to
the protonation and deprotonation of the surface at the surface Al–OH groups, which
leads to the formation of positive (Al–OH2

+) or negative (Al–O−) charges on the surface,
depending on pH [29,48,50] (see Equations (6) and (7)). At pHs < PZC, the surface charge
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of pseudoboehmite becomes cationic by reaction with H+ from the solution and thus
producing an increase in the pH of waters (Equation (6)), while at pHs > PZC, the surface
of pseudoboehmite became anionic by deprotonation of the surface group Al–OH, thus
decreasing the pH of the waters (Equation (7)).

Al–OH + H+ � Al–OH+
2 (6)

Al–OH � Al–O– + H+ (7)

On the other hand, pH affects the speciation and polymerization of silica in aqueous
solutions. In the tested waters, most silica is soluble or reactive silica (175 mg/L SiO2 vs.
177 mg/L total silica), the colloidal and particulate silica being almost negligible. As the
main origin of silica in wastewaters is the use of sodium silicate as a process additive during
pulping, most silica should be present as orthosilic acid (H4SiO4). Depending on the pH,
orthosilic acid exists in the form of H4SiO4

0, H3SiO4
−, or H2SiO4

2− (Equations (8)–(10)).
According to the values of pK1 and pK2, it can be expected that at pHs < 8.5, silica mainly
exists as H4SiO4

0 species, which lacks ionic charge, while at pHs > 8.5, the amount of silica
present in the form of both H3SiO4

− and H2SiO4
2− increases gradually [37,51].

H4SiO0
4(s) + H2O � H3SiO−

4 (aq) + H3O+(aq) pK1 = 9.84 (8)

H4SiO0
4(s) + 2H2O � H2SiO2−

4 + 2H3O+(aq) pK2 = 11.8 (9)

[Sitotal,dissolved] =
[
H4SiO0

4

]
+
[
H3SiO−

4
]
+
[
H2SiO2−

4

]
(10)

According to these facts, alkaline pHs (pHs greater than 8.5) would be detrimental for
silica removal as the silica species and the surface of the sorbents become negative. In this
sense, the optimum pH for silica removal in previous studies was always between 8 and
9 [33,34,52]. In the present study, the highest silica removal was also obtained at pH around
8.5; however, silica removal efficiency was almost constant in an extended pH range of 8.5
to 10.5. One possible explanation is that higher pHs could be beneficial for silica removal
by other parallel processes, such as adsorption on other sorbents and/or precipitation. It
is well known that at high pHs and hardness, both CaCO3 and Mg(OH)2 can precipitate,
and silica can be adsorbed on these precipitates; furthermore, silica can also precipitate
with calcium and/or magnesium forming calcium and magnesium silicates of different
stoichiometry [21,22,38,39,53,54]. The precipitation of all these species is favored at higher
pHs. These mechanisms are supposed to have only a small effect on silica removal due
to the low hardness of waters (35.8 mg/L Ca and 3.1 mg/L Mg); however, this could
be enough for slightly extending the optimal pH of the adsorption treatment from 8.5 to
around 10.5. As is commented in Section 3.6, calcium carbonate precipitates were found in
the used sorbents.

At high alkaline pHs (pHs > 10–11), a sharp decrease in silica removal was observed,
which can be explained by the increase in the electrostatic repulsion between silica and
the sorbent, resulting from the generation of negative surface sites at these pHs and
silica ionization [33,50]. The further the pH of the solution from the pH of the PZC, the
higher negative charge density of the sorbent and thus the repulsion between silica and
the sorbent.

According to the results obtained, it seems electrostatic interactions have an influence
in silica adsorption; however, there are also other adsorption mechanisms that take place
which justify why at optimum pHs (8.5–10.5) both a significant amount of silica is in the
form of H3SiO4

− or H2SiO4
2− species and the surface charge of the sorbents is negative. In

previous studies, for example, Leyva-Ramos et al. [48] found the adsorption of fluoride on
activated alumina was mainly due to both electrostatic interactions as well as chemisorption
between fluoride solution and the basic sites of the activated alumina surface, but not by ion
exchange. On the contrary, Gong et al. [55] found that the fluoride adsorption on activated
alumina was mainly due to ion exchange, although a partial contribution of electrostatic



Water 2021, 13, 2031 10 of 23

interaction and chemical adsorption was also observed. Comparing the values of adsorp-
tion energy and activation energy obtained in the present study (see Sections 3.4 and 3.6)
with those suggested by Inglezakis and Zorpas [56] to determine different adsorption
mechanisms, it can be hypothesized that the main adsorption mechanisms involved in
silica removal by pseudoboehmite is a combination of ion exchange and chemisorption,
while in the case of γ-Al2O3, it is a combination of ion exchange and physisorption.

3.4. Adsorption Kinetics

As shown in Figure 5, the kinetics of silica adsorption are fast, especially in the first
10–30 min, then the adsorption rate slows down as silica concentration approaches the
equilibrium concentration. The time necessary to achieve equilibrium varied from around
1 h to 4 h, depending on the sorbent dosage and temperature. In all cases, higher sorbent
dosages and temperatures required shorter contact times to reach equilibrium, as also
observed by Sanciolo et al. [34] Similar results were obtained by Bouguerra et al. [33]
and Sanciolo et al. [34], who found most silica adsorption occurred in the first 15–20 min.
However, they found silica removal did not vary noticeably at times longer than 1 h, while
in the present study the time to achieve equilibrium can be up to 4 h. The faster kinetics
observed by Bouguerra et al. [33] could be explained by the high dosage of alumina used
(25 g/L) compared to the present study (the particle size of the sorbent was not reported).
On the other hand, the faster kinetics found by Sanciolo et al. [34] are justified by the
smaller size of the activated alumina used (d50 < 15 µm vs. d50 ≈ 60 µm) as the sorbent
dosages were like those used in the present study (2–10 g/L).
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3.4.1. Lagergren’s Pseudo-First- and -Second-Order Models

The kinetic data were analyzed by Lagergren’s pseudo first-order (Figure 6) and
pseudo second-order rate (Figure 7) models. The Lagergren’s pseudo second-order kinetics
always gave the best fit to the experimental data with R2 > 0.99 compared to R2 in the
0.57–0.90 range for Lagergren’s pseudo-first-order (Table 3). This means that silica removal
rate is proportional to the square number of unoccupied sites on the sorbent, and thus the
fast initial rate of silica removal is explained by the availability of free adsorption sites on
the activated alumina. The pseudo-second-order model also fitted best silica adsorption
in the previous literature, either on activated alumina [33] or on activated alumina and
hydrotalcites [57]. As expected, kinetics were faster at high sorbent dosages: 2–2.5 times
higher for 15 g/L compared to 7.5 g/L pseudoboehmite, and around 4 times higher for
5 g/L compared to 2.5 g/L γ-Al2O3.
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Table 3. Lagergren’s pseudo-first- and -second-order kinetics fit results.

Pseudoboehmite

7.5 g/L 15 g/L

Pseudo-First-Order Pseudo-Second-Order Pseudo-First-Order Pseudo-Second-Order

T (◦C) qe
(mg/g)

k1
(min−1) Adj-R2 qe

(mg/g)
k1

(min−1) Adj-R2 qe
(mg/g)

k1
(min−1) Adj-R2 qe

(mg/g)
k1

(min−1) Adj-R2

20 15.87 0.00517 0.893 21.80 0.001035 0.996 13.43 0.00794 0.884 11.40 0.004626 1.000
35 13.06 0.00640 0.862 22.06 0.002031 0.999 10.01 0.00885 0.861 11.68 0.008788 1.000
50 10.56 0.00928 0.868 22.90 0.004103 1.000 5.81 0.01019 0.800 12.08 0.020978 1.000

γ-Al2O3

2.5 g/L 5 g/L

T (◦C) qe
(mg/g)

k1
(min−1) Adj-R2 qe

(mg/g)
k1

(min−1) Adj-R2 qe
(mg/g)

k1
(min−1) Adj-R2 qe

(mg/g)
k1

(min−1) Adj-R2

20 37.25 0.00096 0.897 58.48 0.000866 0.999 16.69 0.00174 0.853 33.36 0.003213 0.9989
35 33.54 0.00153 0.812 62.19 0.001253 0.999 12.30 0.00244 0.719 33.68 0.004951 1.000
50 37.03 0.00159 0.869 65.49 0.001344 0.999 10.48 0.00312 0.571 33.90 0.005944 1.000
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From the pseudo-second-order kinetic constant (k2) and using the Arrhenius equation,
the energy of activation for silica adsorption was determined by Equation (11), where A0 is
a constant called frequency factor (g/mg·min), Ea is the energy of activation (J/mol), T is
the solution temperature (K) and R the gas constant (8.314 J/mol·K).

ln k2 = ln A0 −
Ea

RT
(11)

Figure 8 shows the Arrhenius plots and Table 4 their fit results. The activation en-
ergy found at the two dosages tested of each sorbent was similar, around 38 kJ/mol
for pseudoboehmite and 14 kJ/mol for γ-Al2O3. The higher activation energy for pseu-
doboehmite indicated silica was more strongly adsorbed on pseudoboehmite than on
γ-Al2O3. Although there is not a sharp distinction between physisorption and chemisorp-
tion, the activation energies found, especially for γ-Al2O3, are typical for physical ad-
sorption (5–40 kJ/mol). Chemical sorption usually requires higher activation energies
(40–800 kJ/mol).
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Table 4. Activation energy from Arrhenius plots for pseudoboehmite and γ-Al2O3.

Adsorbent Dosage (g/L) A0 (g/mg·min) Ea (kJ/mol) Adj.-R2

Pseudoboehmite
7.5 2750 36.1 0.998
15 22025 39.5 0.987

γ-Al2O3
2.5 11646 11.6 0.906
5 16228 16.2 0.955

3.4.2. Intraparticle Diffusion and Boyd Models

Kinetic data were further analyzed by intraparticle diffusion and Boyd models aim-
ing to determine the rate-limiting steps in adsorption. The overall adsorption rate in a
porous sorbent is carried out through three consecutive steps: (1) external mass transport,
(2) intraparticle diffusion, and (3) adsorption on active sites inside the pores. The third step
is usually assumed to be rapid and considered negligible for adsorption kinetics; therefore,
the overall rate of adsorption is usually controlled by either external mass transport or
intraparticle diffusion, or a combination of both mechanisms.

Figure 9 shows the intraparticle diffusion model plots (qt vs. t0.5). If a linear graph
which passes through the origin is obtained, then intraparticle diffusion is the only rate-
limiting step. However, three main linear regions were identified, the third linear region
being more evident for γ-Al2O3 and at the highest temperatures tested (35–50 ◦C) (the
conditions at which the highest silica removals were obtained). For a better visualization,



Water 2021, 13, 2031 13 of 23

these three linear regions were indicated only in some cases by dashed lines. The three
regions found in the qt vs. t0.5 plot suggest the adsorption process proceeds by the following
three steps: (a) external mass transport (the first linear region) which was completed
within the first 5–25 min, depending on the conditions tested, (b) intraparticle diffusion
or pore diffusion (the second linear region), and (c) the adsorption of the adsorbate on
the interior surface of the adsorbent (the third linear region); this last step is the final
equilibrium step where intraparticle diffusion starts slowing due to the low adsorbate
concentration in the solution. If we focus on the second linear region, which is the one
related to intraparticle diffusion, the linear plot did not pass through the origin, indicating
at this stage intraparticle diffusion was not the only rate-controlling step and the external
mass transfer also controlled the silica adsorption to some degree. In summary, external
mass transfer is the rate-limiting step at the beginning of the process (first 5–25 min),
and then a combination of external mass transfer and intra-particle diffusion were the
rate-limiting steps.
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Linear fits for the three different steps have been carried out for deeper discussion as
proposed by Granados-Correa et al. [29] (Table 5). In all cases, the external transport (kip,1)
was faster than the intra-particle diffusion (kip,2) and the latest linear region (kip,3), which
indicates that intra-particle diffusion, or, more exactly, the combination of external mass
transfer and intra-particle diffusion of the second step, is governing total adsorption rate. In
all the cases kip,1 was greater for γ-Al2O3 than for pseudoboehmite, which means external
diffusion is faster with γ-Al2O3 than for pseudoboehmite, which could be explained by
the significantly greater dosages used for pseudoboehmite, which impaired mixing and
thus external mass diffusion. Furthermore, kip,2 and C2 were always greater for γ-Al2O3
than for pseudoboehmite. Greater values of kip,2 mean intraparticle diffusion was faster for
γ-Al2O3 than for pseudoboehmite, which is reasonably explained by the greater average
pore size of γ-Al2O3 compared to pseudoboehmite. The greater C2 values were obtained
for γ-Al2O3 than for pseudoboehmite mean film diffusion had a greater impact in silica
adsorption rate on γ-Al2O3 than on pseudoboehmite, which is also reasonably explained
by the faster intra-particle diffusion in γ-Al2O3.

The effect of sorbent dosage on kinetics was different for each sorbent. For pseu-
doboehmite, kip,1 and kip,2 were greater at the highest dosage tested, which means external
diffusion was faster and even mixing could be impaired, probably due to the low affinity
of adsorbent for adsorbate. The equilibrium silica removal uptake was very similar at the
two sorbent dosages tested, thus the driving force in intra-particle diffusion was expected
to be very similar; however, a slight increase in kip,2 was observed at 15 g/L compared to
7.5 g/L. In the case of γ-Al2O3, both kip,1 and kip,2 were greater at the lowest dosage tested



Water 2021, 13, 2031 14 of 23

(2.5 g/L). The faster kinetics in film diffusion are explained by a better mixing while the
faster kinetics in intra-particle diffusion are explained by the greater driving force in silica
adsorption (silica removal uptake at 2.5 g/L was almost double than at 5 g/L).

Table 5. Results from linear fits of the three main linear regions obtained after applying intra-particle diffusion model for
pseudoboehmite and γ-Al2O3.

T (◦C) Dosage
(g/L)

kip,1
(mg/

g·min0.5)

kip,2
(mg/

g·min0.5)

kip,3(mg/
g·min0.5)

C1(mg/g) C2(mg/g) C3(mg/g) R1
2 R2

2 R3
2

Pseudoboehmite

20 7.5 1.68 0.67 0.32 0 6.80 12.13 0.980 0.981 1.000
15 2.85 1.10 0.18 0 7.48 17.87 0.995 0.975 0.994

35 7.5 2.78 0.65 0.12 0 9.62 17.67 0.990 0.967 1.000
15 4.88 0.72 0.02 0 13.28 22.73 0.952 0.969 0.662

50 7.5 3.92 0.56 0.03 0 17.65 22.02 0.973 0.903 0.967
15 8.98 0.67 0.02 0 13.10 23.92 0.838 0.903 0.461

γ-Al2O3

20 2.5 16.79 2.87 0.34 0 15.24 22.02 0.973 0.987 0.967
5 12.40 2.66 0.11 0 10.74 30.05 1.000 0.967 0.864

35 2.5 14.03 2.48 0.34 0 27.61 50.63 0.918 0.970 0.945
5 10.66 1.48 0.12 0 19.45 30.02 0.883 0.930 0.821

50 2.5 13.53 3.44 0.25 0 24.18 57.39 0.973 0.956 0.877
5 10.88 2.00 0.09 0 19.31 30.96 0.957 0.909 0.961

The preliminary conclusions on the rate-limiting step were corroborated by the analy-
sis of the kinetic data with Boyd’s model (Figure 10). If intra-particle pore diffusion is the
rate-controlling step, the plot Bt against t is linear and passes through the origin. If the
plot is nonlinear or linear but does not pass through the origin, external mass transport
controls the adsorption rate [58]. In all the cases, the plots were neither linear nor did they
pass through the origin, indicating film diffusion was controlling the adsorption process.
Table 6 shows the Boyd fit results for pseudoboehmite and γ-Al2O3.

As could be expected, at all temperatures tested, higher sorbent dosages caused an
increase in the intercept of the Boyd plot, thus indicating external mass transfer importance
was greater at these conditions. Although the Boyd plots were not linear, the lineal fit
had a greater R2 for pseudoboehmite than for γ-Al2O3. This is explained by the fact that
intraparticle diffusion is more important as a limiting step for pseudoboehmite than for
γ-Al2O3, where the external mass transfer is more important. Additionally, at higher
temperatures, the lineal fit gave worse results, indicating the increase in temperature
favors intra-particle diffusion, and thus the resistance by external mass transfer became
more relevant.
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Table 6. Boyd fit results for pseudoboehmite and γ-Al2O3.

T (◦C) Pseudoboehmite γ-Al2O3

7.5 g/L 15 g/L 2.5 g/L 5 g/L

20 0.0040t + 0.081
(R2 = 0.970)

0.0070t + 0.239
(R2 = 0.944)

0.0068t + 0.166
(R2 = 0.983)

0.0103t + 0.421
(R2 = 0.941)

35 0.0055t + 0.236
(R2 = 0.944)

0.0080t + 0.532
(R2 = 0.940)

0.0078t + 0.342
(R2 = 0.928)

0.0098t + 0.758
(R2 = 0.862)

50 0.0084t + 0.463
(R2 = 0.936)

0.0092t + 1.138
(R2 = 0.918)

0.0103t + 0.304
(R2 = 0.945)

0.0089t + 0.959
(R2 = 0.714)

3.5. Equilibrium studies

Results from equilibrium studies are shown in Figure 11. The fit of the experimental
data to Langmuir and Freundlich equilibrium isotherms are shown in Figures 12 and 13
for pseudoboehmite and γ-Al2O3, respectively.

Water 2021, 13, x FOR PEER REVIEW 15 of 23 
 

 

higher temperatures, the lineal fit gave worse results, indicating the increase in tempera-
ture favors intra-particle diffusion, and thus the resistance by external mass transfer be-
came more relevant. 

  

Figure 10. Analysis of experimental data with Boyd model for (a) pseudoboehmite (b) γ-Al2O3 (experimental conditions: 
initial pH 8.5, dosages and temperatures in the legend). 

3.5. Equilibrium studies 
Results from equilibrium studies are shown in Figure 11. The fit of the experimental 

data to Langmuir and Freundlich equilibrium isotherms are shown in Figures 12 and 13 
for pseudoboehmite and γ-Al2O3, respectively. 

  
Figure 11. Effect of temperature on silica removal by (a) pseudoboehmite and (b) γ-Al2O3 at different adsorbent dosages 
(initial pH 8.5, 16 h contact time). 

Figure 11. Effect of temperature on silica removal by (a) pseudoboehmite and (b) γ-Al2O3 at different adsorbent dosages
(initial pH 8.5, 16 h contact time).

Water 2021, 13, x FOR PEER REVIEW 17 of 24 
 

 

  
Figure 12. (a) Langmuir and (b) Freundlich adsorption isotherms for pseudoboehmite (experimental conditions: adsorbent 
dosages from 1.5 to 20 g/L, 16 h contact time). 

Freundlich and Langmuir isotherms fit the experimental data of pseudoboehmite 
with a correlation coefficient greater than 0.99; however, the Freundlich isotherm fit with 
a slightly greater coefficient of determination and a lower average relative error than 
Langmuir isotherm. Langmuir’s qm, which is a measure of the maximum adsorption 
capacity, increased from 52.3 mg/g (20 °C) to 91.9 mg/g (50 °C), while b, which is a constant 
related to the affinity of the binding sites, decreased slightly with temperature from 
0.00823 (20 °C) to 0.00659 (50 °C). The dimensionless equilibrium parameter RL increased 
slightly with temperature, from 0.389 at 20 °C to 0.443 at 50 °C, all these values being lower 
than 1, indicating favorable adsorption. Freundlich’s constants KF and n were also 
influenced by temperature. An increase in the temperature resulted in a slight increase in 
KF, from 0.92 mg/g at 20 °C to 1.02 mg/g at 50 °C. The value of 1/n slightly increased with 
the temperature, indicating the higher adsorption intensity at higher temperatures: from 
0.708 at 20 °C to 0.786 at 50 °C. At all the temperatures tested, 1/n values were less than 
unity, again confirming favorable adsorption. 

Figure 13. (a) Langmuir and (b) Freundlich adsorption isotherms for γ-Al2O3 (experimental conditions: adsorbent dosages 
from 1.5 to 15 g/L, 4 h contact time). 

The γ-Al2O3 equilibrium data fit well to Langmuir and Freundlich isotherms (R2 > 
0.985), although in this case, Langmuir fit slightly better both in terms of R2 and average 

0.00 0.02 0.04 0.06 0.08
0.00

0.04

0.08

0.12

0.16(a)
 

 20 ºC
 35 ºC
 50 ºC

1/
q e (

g/
m

g)

1/Ce (L/mg)
1.00 1.25 1.50 1.75 2.00 2.25

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00(b)

 20 ºC
 35 ºC
 50 ºC

lo
g 

q e 

log Ce 

0.00 0.05 0.10 0.15 0.20 0.25
0.00

0.02

0.04

0.06

0.08

0.10

0.12(a)

 

 

 20 ºC
 35 ºC
 50 ºC

1/
q e (

g/
m

g)

1/Ce (L/mg)

0.5 1.0 1.5 2.0 2.5
0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

2.25(b)
 

 20 ºC
 35 ºC
 50 ºC

lo
g 

q e 

log Ce 

Figure 12. (a) Langmuir and (b) Freundlich adsorption isotherms for pseudoboehmite (experimental conditions: adsorbent
dosages from 1.5 to 20 g/L, 16 h contact time).
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Figure 13. (a) Langmuir and (b) Freundlich adsorption isotherms for γ-Al2O3 (experimental conditions: adsorbent dosages
from 1.5 to 15 g/L, 4 h contact time).

Freundlich and Langmuir isotherms fit the experimental data of pseudoboehmite
with a correlation coefficient greater than 0.99; however, the Freundlich isotherm fit with
a slightly greater coefficient of determination and a lower average relative error than
Langmuir isotherm. Langmuir’s qm, which is a measure of the maximum adsorption
capacity, increased from 52.3 mg/g (20 ◦C) to 91.9 mg/g (50 ◦C), while b, which is a
constant related to the affinity of the binding sites, decreased slightly with temperature
from 0.00823 (20 ◦C) to 0.00659 (50 ◦C). The dimensionless equilibrium parameter RL
increased slightly with temperature, from 0.389 at 20 ◦C to 0.443 at 50 ◦C, all these values
being lower than 1, indicating favorable adsorption. Freundlich’s constants KF and n were
also influenced by temperature. An increase in the temperature resulted in a slight increase
in KF, from 0.92 mg/g at 20 ◦C to 1.02 mg/g at 50 ◦C. The value of 1/n slightly increased
with the temperature, indicating the higher adsorption intensity at higher temperatures:
from 0.708 at 20 ◦C to 0.786 at 50 ◦C. At all the temperatures tested, 1/n values were less
than unity, again confirming favorable adsorption.

The γ-Al2O3 equilibrium data fit well to Langmuir and Freundlich isotherms (R2 > 0.985),
although in this case, Langmuir fit slightly better both in terms of R2 and average relative
error. qm increased with temperature, from 138 to 158 mg/g, while b increased from 0.0077 to
0.0116 L/mg. RL varied from in the 0.52–0.58 range, without a clear effect of temperature. On
the other hand, Freundlich’s KF increased with temperature from 1.82 to 3.68 mg/g and 1/n
decreased slightly from 0.763 to 0.680. Again, at all temperatures tested, 1/n values were less
than unity, indicating adsorption is favorable.

Similar results were obtained by Bouguerra et al. [33] and Sasan et al. [26], analyzing
silica adsorption on activated alumina and a mixture of magnesium hydrotalcite and
activated alumina, respectively. In both cases, they found a similar fit of the experimental
data with the Langmuir and Freundlich models, although the Freundlich model fit slightly
better. The qm values obtained in the present study both for pseudoboehmites (52–92 mg/g)
and γ-Al2O3 (137–158 mg/g) are, however, much greater than in the previous references:
6–9 mg/g at 50 mg/L initial SiO2 using activated alumina [33] and 10 mg/g at 25 mg/L
initial SiO2 and 30 mg/g at 100 mg/L initial SiO2 when using a mixture of magnesium
hydrotalcite and activated alumina [26].

As Figure 11 shows, silica removal increased slightly with the temperature. The
solution temperature could theoretically affect many equilibrium constants in which dif-
ferent silica species are involved. For example, silica solubility increases largely with the
temperature, i.e., from 100–150 mg/L SiO2 at 20 ◦C up to 300 mg/L SiO2 at 70 ◦C [59];
however, virtually all the silica present in wastewater is dissolved. Furthermore, only a
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marginal amount of silica could be removed by adsorption on fresh precipitates of CaCO3
and Mg(OH)2 or by co-precipitation as calcium and magnesium silicates, and all these
salts are inverse solubility salts. However, due to the low initial hardness, these effects are
expected to be negligible. Consequently, the reason for this improved efficiency at higher
temperatures is the endothermic nature of the adsorption process, which is demonstrated
in the next section.

3.6. Adsorption Thermodynamics

Table 7 summarizes the thermodynamic results. The standard free energy changes
(∆G0) were always negative, ranging from −14.8 (20 ◦C) to −17.2 kJ/mol (50 ◦C) for
pseudoboehmite and from −17.1 kJ/mol (20 ◦C) to −20.8 kJ/mol (50 ◦C) for γ-Al2O3.
These negative standard free energy changes confirmed that the adsorption of silica was
spontaneous for both sorbents, although the adsorption on γ-Al2O3 was slightly more
spontaneous. ∆G0 values decreased as the temperature increased, indicating the adsorption
is favored at higher temperatures.

Table 7. Results from thermodynamic parameters calculation.

Sorbent T (◦C) Kd (L/g) ∆G0

(kJ/mol)
∆H0

(kJ/mol)
∆S0

(kJ/mol·K) R2

20 228 −13.23 29.5 0.145 0.976
Pseudoboehmite 35 353 −15.02

50 705 −17.61

20 1113 −17.09 18.8 0.123 0.997
γ-Al2O3 35 228 −13.23

50 353 −15.02

For both sorbents ∆H0 is positive, which indicates the endothermic nature of the
adsorption. The magnitude of ∆H0 also gives an idea about the type of sorption. The range
of ∆H0 for physisorption is usually between 20 and 40 kJ/mol, while for chemisorption it
generally falls into 40–400 kJ/mol range, thus, silica adsorption occurred by physisorption.
As occurred with energy of activation, ∆H0 is higher for pseudoboehmite than for γ-Al2O3.
It is also interesting to notice that the values obtained for ∆H0 and activation energy
(Section 3.4) were very similar.

The standard entropy change (∆S0) for both sorbents was positive, reflecting affinity
of the sorbent towards silica and an increased randomness at the solid/liquid interface.
Again, ∆S0 was higher for adsorption on γ-Al2O3 than on pseudoboehmite (0.145 vs.
0.123 kJ/mol·K).

3.7. Effect of Competing Ions

The industrial wastewater used in this study contains both inorganic and organic species
that can interfere with silica adsorption. Wastewater has a moderate COD (~400 mg/L) and
conductivity (3.0 mS/cm) with high levels of sodium (625 mg/L), sulphates (~400 mg/L),
chlorides (~130 mg/L), and bicarbonates (~1000 mg/L CaCO3 total alkalinity) (Table 1). As
the authors were interested in treating an industrial wastewater of a given composition,
instead of modifying the wastewater composition with foreign ions, the effect of competitive
ions on silica removal was studied indirectly through the presence of other species in the
used sorbents.

Selected samples of used sorbents were firstly analyzed by SEM-EDX to determine
the presence of other inorganics (see Table 8). Apart from aluminum and oxygen from the
sorbents and the silicon adsorbed, the used sorbents also contained noticeable amounts
of calcium and, in some cases, sodium. Despite the low calcium levels on the wastewater,
calcium was present at levels of 0.15–0.50% on used pseudoboehmite and 2.3–2.4% on used
γ-Al2O3. Although calcium could theoretically be adsorbed on the sorbent, especially at
pHs > PZC, the precipitation of calcium carbonate was the main origin of this calcium. This
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was confirmed by specific SEM-EDX analyses and elemental mapping of the used sorbents,
showing the presence of individual particles of pure calcium carbonate together with
sorbent particles (see Figure 14). The amount of calcium present in the used sorbents was
always greater at the lowest dosages tested. This is easily explained by the similar amount
of CaCO3 precipitated for all the treatments (the calcium removal is almost complete at all
the pHs tested), but there were large differences in sorbent dosages tested: 2.5–5 g/L for
γ-Al2O3 and 7.5–15 g/L for pseudoboehmite, thus obtaining a higher amount of Ca per g
of sorbent in the case of γ-Al2O3. The presence of sodium was only detected in some of the
samples. In the effluent, there is a high content of dissolved sodium, mainly coming from
the caustic soda used in pulping and the sodium dithionite used for bleaching. It is possible
that some sodium ions could interact with the sorbents due to the high amount present
(625 mg/L) but also being retained after drying the used sorbents. Apart from calcium
and sodium, small amounts of sulfur (from sulfates) and phosphorous (from phosphates)
were detected in the used sorbents. This presence was only detected in XRF, not in SEM-
EDX measurements. Levels of sulfur in the used sorbent varied in the 0.10–0.13 wt.%
range, without any apparent influence of temperature. Although the level of phosphates
in wastewater was significantly lower than sulphates (11.4 mg/L), they were detected at
similar values (0.05–0.19 wt.%), with no apparent influence of the temperature. This is
explained by the greater electrostatic interactions for higher valance anions [33].

Table 8. Composition of used sorbents by SEM-EDX.

Sorbent Dosage (g/L) T (◦C) Al (wt.%) O (wt.%) Si (wt.%) Ca (wt.%) Na (wt.%)

Fresh - 41.40 ± 0.50 58.60 ± 0.82 - - -
7.5 20 35.18 ± 1.61 64.11 ± 1.61 0.71 ± 0.00 - -

Pseudoboehmite 7.5 50 39.88 ± 0.92 58.70 ± 1.19 0.96 ± 0.18 0.46 ± 0.20 -
15 20 39.71 ± 1.17 59.54 ± 1.45 0.52 ± 0.11 0.23 ± 0.11 -
15 50 36.08 ± 0.78 62.93 ± 0.67 0.61 ± 0.03 0.13 ± 0.01 0.26 ± 0.15

Fresh - 48.3 ± 0.7 51.7 ± 0.7 - - -
γ-Al2O3 2.5 35 41.67 ± 0.95 52.66 ± 0.65 2.42 ± 0.12 2.37 ± 0.52 0.88 ± 0.55

5 35 40.38 ± 1.12 55.34 ± 1.20 1.97 ± 0.09 2.32 ± 0.40 -

According to these results, it is concluded that both sorbents are very selective to silica,
which is in agreement with other studies, where only a 5% decrease in silica removal was
observed when adding even five or ten times greater concentrations of competing anions
than silica, including chlorides, nitrates, fluorides, bicarbonates, or phosphonates [26,33,45].

The presence of organics in used sorbents was also analyzed by TG/DTG experiments.
Despite the moderate COD in the effluent, the selection of the optimum pH allowed
maximum silica removal with minimum organics interference (see Supplementary Material,
Section S3: Characterization of Used Sorbents).

Finally, Figure 14 shows an elemental mapping of used γ-Al2O3 which demonstrates
the homogenous distribution of silica on the sorbent particles, while it also appears that a
particle of pure calcium carbonate together with the sorbent is observed (down on the right
for calcium mapping). According to the observed homogeneous distribution of silica on
the sorbents, the main mechanism for silica removal is surface adsorption and not surface
precipitation, as proposed by Sanciolo et al. [34] These authors hypothesized that surface
precipitation could occur as a result of the reaction of silicate ions with aluminum ions
liberated from the alumina at alkaline conditions to form aluminosilicates.
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Figure 14. Elemental mapping of used γ-Al2O3 (initial pH 8.5, 5 g/L, 35 ◦C).

4. Conclusions

Pseudoboehmite and γ-Al2O3 were both highly selective sorbents for silica removal
from industrial effluents, having moderate COD and conductivity, but γ-Al2O3 was more
efficient. A 75–85% silica removal (35–45 mg/L residual SiO2 in the effluent) was obtained
only with 2.5–5 g/L γ-Al2O3, compared to 7.5–15 g/L pseudoboehmite (results obtained
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without previous pH regulation, pH 8.5), i.e., silica uptake is around 25–50 mg/g for
activated alumina compared to 10–20 mg/g for pseudoboehmite. With these silica removal
efficiencies, it would be possible to work at regular recoveries in RO membranes (65–80%),
avoiding irreversible membrane fouling by silica scaling.

Adsorption followed pseudo-second-order kinetics. At high temperatures and sorbent
dosages, around 1 h is necessary to achieve the equilibrium concentration, while at low
temperatures and sorbent dosages, up to 3–4 h would be necessary. The energy of activation,
as occurred with ∆H0, was around three times higher for pseudoboehmite than γ-Al2O3;
however, in both cases, silica was removed by physisorption. Intra-particle diffusion and
Boyd models corroborated that the adsorption process is rate limited by a combination of
external mass transport and intraparticle diffusion, the rate-liming step changing gradually
from external mass transport at the beginning (first 5–20 min) to intraparticle diffusion
at longer times. Both Langmuir and Freundlich isotherms fitted well the experimental
data. The adsorption process was determined to be favorable and spontaneous. Despite
physisorption usually being favored at lower temperatures, the endothermic nature of the
adsorption (∆H0 > 0) made silica adsorption be favored at higher temperatures.

Results show that silica removal by γ-Al2O3 is technically feasible, having the follow-
ing advantages compared to traditional methods such as coagulation and precipitation at
high pHs: no need for pH adjustment, null increase of conductivity of the waters after the
treatment, and no sludge generation.

The economic feasibility of the proposed treatment will depend on the results from
future regeneration tests for sorbents. Previous studies allow authors to be optimistic
since the regeneration using 2% NaOH has been demonstrated to be effective for at least
three regeneration cycles [34]. Adsorption tests on columns are also recommended before
industrial application.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w13152031/s1. Section S1: Mathematical Modelling (S1.1. Kinetic models and adsorption
mechanism, S1.2. Equilibrium isotherms and S1.3. Thermodynamic studies). Section S2: Characteriza-
tion of the Sorbents (Figure S1: SEM images of pseudoboehmite and activated alumina; Figure S2: TG
and DTG curves for pseudoboehmite and γ-Al2O3; Figure S3: FTIR spectra for pseudoboehmite and
γ-Al2O3; Figure S4: Point of zero charge determination for pseudoboehmite and γ-Al2O3). Section S3:
Characterization of the Sorbents after Adsorption (Figure S5: TG and DTG curves for fresh and
used pseudoboehmite; Figure S6: TG and DTG curves for fresh and used γ-Al2O3; Figure S7: SEM
images of pseudoboehmite after adsorption (7.5 g/L and 15 g/L); Figure S8: SEM images of γ-Al2O3
after adsorption (2.5 g/L); Figure S9: FTIR spectra for fresh and used pseudoboehmite; Figure S10:
FTIR spectra for fresh and used γ-Al2O3; Figure S11: Powder XRD patterns of pseudoboehmite and
γ-Al2O3 before and after adsorption).
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