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Abstract
Nowadays, the emerging pollutants, such as bisphenol A, are object of increased attention by the citizens and the sectors of 
industry and academia, as a result of the problems they cause, particularly at the health level. In this study, a set of granulated 
samples was prepared from a commercial powdered activated carbon, aiming its application in the removal of bisphenol 
A via the adsorption process. The granulation allowed to obtain granulated adsorbents with higher adsorption capacity 
(37.0–54.8 mg/g) than the original activated carbon (32.2 mg/g). The samples were structurally and chemically charac-
terised using scanning electron microscopy, X-ray diffraction, nitrogen adsorption at 77 K, Fourier-transformed infrared 
spectroscopy, point of zero charge and energy-dispersive X-ray spectroscopy techniques. The bisphenol A adsorption tests 
are carried out in kinetic and equilibrium modes, involving variables such as mass, pH and temperature. The results show 
that, using different commercial silica binders, it was possible to prepare mechanical, dimensional, chemical and structurally 
stable granulated adsorbents with a good capacity for bisphenol A adsorption, widening the potential and range of applica-
tion for these materials.
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Introduction

As the classical pollutants are being eliminated from daily 
life, others appear, creating new problems, particularly in 
the environmental field, with consequences, sometimes not 
yet entirely predictable, for all living beings, in particular 
for man. In this new context, we have emerging pollutants, 
such as bisphenol A, for which is urgent to develop strate-
gies aimed at its mitigation and elimination from systems 

where it is often found, especially in aqueous systems, with 
particular prevalence in effluents produced in water treat-
ment plants.

The occurrence of endocrine disrupting chemicals 
(EDCs) in aqueous environments is of increasing concern 
due to their effects on humans and the environment, as 
they mimic the biological activity of natural hormones in 
the endocrine system and, thus, disrupt the activations of 
endocrine glands (Soni and Padmaja 2014; Jun et al. 2019). 
EDCs have the potential to disrupt natural hormone systems 
and processes, mainly through their action on core hormone 
receptors, such as estrogen and androgen receptors, where 
they can have agonistic or antagonistic effects (Fowler et al. 
2012). The compound 2,2-Bis(4-hydroxyphenyl) propane or 
bisphenol A is one of the EDCs known to have estrogenic 
activity and to be able to interfere with the reproductive 
systems of wildlife and humans, even at low concentrations.

Bisphenol A is used primarily as a monomer in the pro-
duction of polycarbonate plastics and epoxy resins. Due 
to its widespread use in many industrial and commercial 
products, bisphenol A has been identified in almost all 
types of environmental matrices that include air, water, 
sewage sludge, soil, dust, food and beverages, as well as 

Editorial responsibility: Jing Chen.

 * P. Mourão 
 pamm@uevora.pt

1 Departamento de Química e Bioquímica, MED & 
CHANGE, IIFA, ECT, Universidade de Évora, Évora, 
Portugal

2 Projeto LIFE BIOAs - LIFE19 ENV/IT/000512, 
Universidade de Évora, Évora, Portugal

3 Departamento de Química e Bioquímica, Faculdade de 
Ciências, REQUIMTE/LAQV, Porto, Portugal

4 Dipartimento di Chimica, Sapienza Università di Roma, 
Piazzale Aldo Moro 5, 00185 Rome, Italy

http://crossmark.crossref.org/dialog/?doi=10.1007/s13762-023-05212-0&domain=pdf
http://orcid.org/0000-0002-3634-2390


 International Journal of Environmental Science and Technology

1 3

in human samples (Soni and Padmaja 2014). These facts 
explain that bisphenol A is often found in natural waters 
at levels of ng/L, making it a trace of this organic contami-
nant. It is therefore considered a critical contaminant and 
was selected as a model compound in this study because 
in natural water it can cause damage to the reproductive 
systems of humans and animals (Wang and Zhang 2020).

The reality imposes and justifies the increasing research 
on techniques and materials that can be used with efficacy 
to remove bisphenol A from water (Wang et al. 2022). Cur-
rently, bisphenol A removal methods include biodegrada-
tion, catalytic methods, oxidation and adsorption. Due to 
its efficiency, simplicity of implementation and low cost, 
adsorption is still among the most advantageous of these 
(Wang et al. 2022). Thus, it is justified research for new 
adsorbents and improved presentations of traditional adsor-
bents, such as geological sediments, granular/modified 
adsorbents, single/multi-wall carbon nanotubes, biochar, 
alumina and silica, zeolites, natural-based adsorbents such 
as chitosan and, finally, activated carbon, the latter the adsor-
bent par excellence. Activated carbon is a carbon-based 
adsorbent material, essentially amorphous, although punc-
tuated by microcrystalline structures. These materials have 
been used as excellent and versatile adsorbents in various 
gas and liquid phase applications due to their highly devel-
oped porosity and extensive surface area. The pore volume 
in activated carbons is generally defined as being greater 
than 0.2  cm3/g and the internal surface area greater than 
400  m2/g (measured by the Brunauer–Emmett–Teller equa-
tion, BET). The physicochemical properties of the material 
and the subsequent adsorptive behaviour are highly depend-
ent on the nature of the raw material used (the precursor), the 
activating agent and the conditions of the carbonisation and 
activation processes (Cansado et al. 2010; Carvajal-Bernal 
et al. 2015; Torrellas et al. 2015; Gomes et al. 2016; Ricón-
Silva et al. 2016; Tchikuala et al. 2017). Lignocellulosic 
materials constitute the largest source of the precursors used 
(about 45% by weight of the total raw materials used for the 
manufacture of activated carbons). The advantages result 
not only from the low contents of inorganic materials, deci-
sive for obtaining activated carbons with low ash content, 
but also from the relatively high volatile content required to 
control carbon porosity. Both characteristics are common 
to most lignocellulosic materials used for the production of 
activated carbons (Torrellas et al. 2015). Activated carbon 
remains the most widely used adsorbent in water treatment, 
both for human consumption and for wastewater, due to its 
unique porous textures and surface characteristics that typi-
cally facilitate the removal of target pollutants (Naganathan 
et al. 2021). That is why adsorption of organic contaminants 

by activated carbon is one of the most effective and widely 
used methods to purify water (Bautista-Toledo et al. 2005).

However, there is still a potential for improvement as 
the ideal adsorbents require a good adsorption capacity, 
which almost always involves a high pore volume, large 
surface area, adjusted pore size and ease of regeneration. 
Other aspects, not less important, are related with the 
granulometry of the adsorbent, which often requires that 
the adsorbents, most of them in powder form, have to be 
resized to allow their application in different treatment sys-
tems, namely industrial ones, which require the use of col-
umns (Hung et al. 2005). In this case, the use of adsorbent 
powder is somewhat limited by the problems inherent to 
the small particle size which will translate into compaction 
and clogging of the adsorption columns. Due to the advan-
tages of these adsorbents, it is of interest the development 
of procedures that might maintain or even improve their 
initial properties. Inherent to this requirement, the search 
for affordable binders that when used do not significantly 
distort the nature of the initial adsorbent material. Among 
these binders, we find silicas, in particular, in the form of 
aqueous dispersions of particles in the nanometer size range, 
which typically exhibit a narrow particle size distribution. 
Their design and process control ensure quality and consist-
ency, which improves the performance of their products as 
inorganic binders, enhancing refractory binding agents and 
surface modifiers. Its excellent purity combined with a wide 
range of options, make the silica family an excellent choice 
for many applications.

This work followed this approach and evaluated the 
potential use of commercial solutions of colloidal silica, 
Ludox®AS-40, Ludox®AM and Ludox®HS30, as binders 
for activated carbon of lignocellulosic origin, in a first phase. 
Subsequently, it was evaluated the possibility of using the 
prepared granulated samples in the adsorption process of 
bisphenol A in aqueous solutions and the stability of the 
adsorbents after the adsorption process.

This study was conducted in the laboratories of Chem-
istry and Biochemistry departments on University of Évora 
(Portugal) and University of Porto (Portugal) from Septem-
ber 2022 to January 2023.

Materials and methods

Materials

In this work a commercial activated carbon (AC), of lig-
nocellulosic origin was used, which was purchased from 
the company J.M.Vaz Pereira-Portugal (Lot 30460 VDS 
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2021/04). The silica used as binder was supplied by W.R. 
Grace & Company-USA, namely in its commercial forms: 
Ludox®AS-40 (40 wt% suspension in  H2O), Ludox®AM 
(30 wt. % suspension in  H2O) and Ludox®HS30 (30 
wt% suspension in  H2O). Bisphenol A was purchased 
from Sigma-Aldrich-Portugal (99 + % purity). The gases 
used in the process of thermal stabilisation and activa-
tion of the granulates were purchased from Gasin-Por-
tugal, respectively, nitrogen (X50—99.95%) and carbon 
dioxide (X50—99.8%). The reagents HCl (ACS reagent, 
37%) and NaOH (pellets, ≥ 98%) were purchased from 
Sigma-Aldrich Inc-Portugal, and  NaNO3 (> 99.5%) was 
purchased from Riedel-VWR-Portugal.

Granulation by liquid binder spreading

The granulation step was carried out using 10% silica solu-
tions prepared by dilution of the original commercial silica 
solutions Ludox® (AS-40, AM and HS30), in order to 
facilitate its spreading in spray form, with a minimum of 
silica to ensure the agglomeration step.

The process of agglutination of the activated carbon in 
powder form, (AC)p, was carried out manually in a plastic 
container in which ~ 10 g of (AC)p were spread and on 
which the 10% solution of the binder was dispersed. The 
process of manual stirring, subjecting the whole set to a 
manual continuous centrifugal movement, and the addition 
of the binder was repeated as many times as necessary 
until granule formation was observed. The granules were 
then transferred to an oven where they were subjected to 
a pre-drying process on two phases. On the first stage, the 
samples were dried at a temperature of 50 °C for 24 h and 
then at 100 °C for 72 h.

Thermal stabilisation and activation of granular 
adsorbents

The granules obtained in the previous step were submitted 
to a heating process in a carbon dioxide atmosphere up to 
500 °C (under a heating rate of 10 °C/min), remaining at 
this temperature for 15 min, which allowed consolidat-
ing their physical and mechanical stability. This proce-
dure also aimed to ensure that the addition of the binder 
in the binding process did not compromise the access to 
the porous structure of the AC. Finally, the samples were 
cooled to room temperature under nitrogen flux.

The prepared granulated samples were stored in plas-
tic containers, without contact with the environment, 

and identified as (AC + AS40)g, (AC + AM30)g and 
(AC + HS30)g. The designation of the samples was done 
according to the generic format (AC + Binder)g, where 
“AC” represents the original activated carbon in powder 
form, “Binder” represents the abbreviated designation of 
the commercial silica ,and “g” represents granule (the final 
form of the sample).

Adsorbents characterisation

All samples were structurally and chemically characterised 
using a number of techniques, namely, Scanning electron 
microscopy (SEM), X-ray diffraction (XRD), Nitrogen 
adsorption at 77 K, Fourier-transformed infrared spectros-
copy (FTIR), Point of zero charge  (pHpzc) and energy-dis-
persive X-ray spectroscopy (EDS).

The surface morphology of the carbon adsorbents and 
their chemical composition was analysed via SEM analy-
ses by means of a Fei Quanta 400 FEG ESEM/EDAX 
Pegasus X4M—Thermo Fisher Scientific/USA (Centro 
de Materiais da Universidade do Porto—CEMUP). XRD 
measurements were carried out on a PANalytical’s X'Pert 
PRO MRD—Malvern Panalytical Ltd/UK (CENIMAT-
I3N—Universidade NOVA de Lisboa) using CuKα (wave-
length 1.540598 Å) as X-rays source, a generator voltage of 
45 kV, tube current of 40 mA, with a step size of 0.033° and 
50.165 s per step.

The textural properties were analysed by means of  N2 
adsorption at 77 K using the equipment MicroActive for 
TriStar II Plus 2.02—Micromeritics®/USA (Faculdade de 
Ciências da Universidade do Porto). The apparent surface 
area was determined by the BET method (Brunauer et al. 
1938), the total pore volume was determined directly from 
the isotherm at a relative pressure p/p° = 0.95, and the mean 
pore size was determined by the BJH method (Hossen et al. 
2020). The analysis of the samples functional groups was 
made by FTIR using a Perkin-Elmer spectrum two FTIR 
spectrophotometer–Perkin Elmer/USA (Departamento 
de Química e Bioquímica—Universidade de Évora) by 
the KBr disc method with a resolution of 4  cm−1 and 15 
scans between 4000 and 450  cm−1. The pH at the point of 
zero charge PZC of all the samples was determined using a 
modified version of a simple method proposed by Noh and 
Schwarz (Noh and Schwarz 1989), as described in previous 
work (Carrott et al. 2008).

Adsorption of bisphenol A

The organic probe molecule bisphenol A adsorption stud-
ies included the determination of calibration curves, kinetic 



 International Journal of Environmental Science and Technology

1 3

and equilibrium tests. To avoid possible interferences, all 
adsorption tests were carried out under controlled condi-
tions. The parameters analysed included the pH of the 
adsorption medium, the mass ratio between the adsorbent 
and the adsorption solution volume, the effect of temperature 
and the mechanical stability of the adsorbent.

Calibration curves in acid medium, unaltered medium and 
in basic medium, were determined and the desired value of 
pH was obtained by adding a certain volume of HCl solution 
(0.5 M) or NaOH solution (1 M) to the bisphenol A solu-
tion. In the kinetic assays, a fixed amount of sample (0.25 g) 
was placed in contact with a volume (250 mL) of bisphenol 
A aqueous solution into a 250-mL stoppered Erlenmeyer 
flask. Over time (72 h), the amount of non-adsorbed bis-
phenol A was dosed until an equilibrium situation was 
reached. In equilibrium isotherms, a fixed amount (0.05 g) 
of each carbon and 25 mL of aqueous solution of bisphenol 
A of desired concentration were placed into a 50 mL stop-
pered Erlenmeyer, along 24 h. The pH was adjusted to be 
in acid range, around 2, with a hydrochloric acid solution 
([HCl] = 0.5 M).

On the kinetics and equilibrium studies, all the flasks 
were shaken along the selected time using a thermostated 
shaker bath, OLS Aqua Pro Orbital and Linear model—
GRANT/ UK, at 25 °C.

In the study of the influence of temperature on the bisphe-
nol A adsorption process, a similar procedure was adopted, 
adjusted to the selected temperatures (2.6, 10, 25, 40 and 
50 °C).

The dosage of bisphenol A always involved the filtra-
tion of the volume of solution to be dosed and its residual 
amount was measured using the UV/VIS spectrophotometry 

on a UV–Visible Nicolet Evolution 300 apparatus, from 
Thermo Fisher Scientific/USA (Departamento de Química 
e Bioquímica—Universidade de Évora), at a wavelength of 
277.5 nm. Bisphenol A dosage was made in conditions of 
pH that assure that only one of the compound forms is pre-
sent (based on previous calibration curves where the char-
acteristics wavelengths were identified).

Results and discussion

Granulation by liquid binder spreading

The application of materials in different domains, par-
ticularly in the area of treatment and remediation in liq-
uid systems, is often conditioned by their physical size, 
mechanical stability and the possibility of resizing them. 
In particular, in the area of aqueous systems treatment, the 
use of adsorbent materials in powder form brings several 
inconveniences (e.g. loss in continuous flow systems, com-
pacting in column systems, among others), which can be 
overcome when these materials acquire a larger dimension 
(e.g. granules, composites).

This work goes in this direction and presents the pos-
sibility of increasing the size of an adsorbent, (AC)p, by a 
simple granulation process employing the spray technique, 
and using commercial silica colloidal solutions as binders, 
Table 1.

By observation of Table 1 it can be seen that all bind-
ers of siliceous nature demonstrated the ability to form 
granules with the carbon adsorbent in powder form, (AC)
p, with mass ratio Silica:(AC)p around ~ 1:5. The granules 

Table 1  Granulation 
conditions and evaluation of 
the mechanical stability along 
the processing stages of the 
granulated adsorbent by binder 
spray

✓ Successful; CSolution; Commercial solution; SSolution; Laboratory spray solution

Sample Silica Content, % Mass ratio Granulation Drying Activation

CSolution SSolution Silica:AC

(AC)p – –
(AC-AM30)g 30 10 1.1:5 ✓ ✓ ✓
(AC-AS40)g 40 10 1.2:5 ✓ ✓ ✓
(AC-HS30)g 30 10 1.1:5 ✓ ✓ ✓

Fig. 1  Illustrative images of 
the granules formed with the 
silicate binders prepared from 
commercial LUDOX® colloidal 
silicas
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formed showed stability and mechanical and dimensional 
strength throughout all the stages, namely, pre-drying and 
drying and, in particular, throughout the physical activa-
tion process with carbon dioxide at 500 °C, as shown in 
Fig. 1.

Adsorbents characterisation

Morphologic and textural characterisation

The analysis of the lower resolution images, 100 µm, on the 
left column of Fig. 2, showed no significant variations in the 
morphology of the surface of the granulated samples ((AC-
AM30)g, (AC-AS40)g and (AC-HS30)g), not even when 
these were compared with the original sample in powder 
form, (AC)p. However, when looking at the higher resolu-
tion 4 µm images in the right column of Fig. 2, the surface 
shows changes that appear to result from the addition of the 
silica binders. A detailed analysis shows a partial covering 
of some sections of the surface in the different granulated 
samples. On the surface, lighter stained areas are observed, 
corresponding to the formation of a layer or film, which 
shows that the addition of the binder is effective from a 
physical point of view.

The X-ray diffractograms, as shown in Fig. 3, show that 
the original activated carbon (AC)p presents the typical 
structure of these carbon materials, with the two character-
istic bands, the first corresponding to the planes (002) and 
positioned at 2θ ~ 25°, and the second resulting from the 
overlap of the planes (100) and (101), located at 2θ ~ 42° 
(Tchikuala et al. 2017). Those two broad peaks result from 
the amorphous graphitic carbon structure characteristic 
of this type of materials. The diffractogram of the sample 
granulated with Ludox-HS30, representative of the prepared 
granules, also shows the aforementioned bands, although an 
increase in the intensity of the first is evident. This increase 
can be explained by the overlap of this band, characteristic 
of carbon materials, with the typical broad peak, at 2θ ~ 22°, 
of the amorphous silica nanoparticles colloidal solution used 
as a binder. Further, the XRD diffraction pattern indicates 
the absence of any ordered crystalline structure.

From Fig. 4, it is possible to understand that the isotherms 
of  N2 adsorption at 77 K of the different samples are essen-
tially of Type I, according to the IUPAC classification. All 
the isotherms show similar shape, a little distant from the 
usual rectangular shape, but rather specifically of Type I 
(b), characteristic of materials having pore size distributions 
over a broader range including wider micropores and pos-
sibly narrow mesopores (< ∼ 5 nm) (Thommes et al. 2015). 
This broader pore size distribution was confirmed by the 

existence of a clear Type H4 cycle of hysteresis on all the 
samples, which means that we are in the presence of micro-
mesoporous carbon materials.

A more detailed analysis of these experimental isotherms 
and the results obtained by applying the BET and BJH meth-
ods, as given in Table 2, and taking as reference the com-
mercial activated carbon of lignocellulosic origin in the 
form of powder (AC)p, it is found that the granulation step 
induced changes in the structural parameters. Thus, when the 
granulation is done with the Ludox-AM, there is a reduction 
in the apparent surface area from 825 to 631  m2/g. In the 
case of the other adhesives, the granulation process leads 
to lower variations and in opposite directions. Thus, in the 
case of Ludox-AS40, there is a small reduction to 769  m2/g, 
while in the case of Ludox-HS30 there is a small increase to 
861  m2/g. These variations show that the combined effect 
of the granulation process and subsequent physical activa-
tion allows, at least in the last two cases, the preparation of 
granulated adsorbent materials without compromising the 
structural parameters. Thus, it is possible to predict that the 
adsorptive potential of the granulated ACs will not be com-
promised when compared with the starting adsorbent (AC)p.

In terms of pore size, all activated carbons show an aver-
age pore width in the range of 2.6 nm to 2.9 nm, which will 
not be a limiting factor in the adsorption process of bisphe-
nol A, since this range of values is higher than the molecular 
size of this compound (~ 1.27 × 0.86 × 0.68 nm) (Balci and 
Erkurt 2017). However, it should be retained that there was 
a decrease in the microporous volume in the case of the 
granulated samples. This can be explained by the blocking 
of some porosity, particularly of smaller size, by the silica 
binder during the agglomeration step. Traces of some low-
pressure hysteresis on isotherms confirms the presence of 
some constricted micropore entrances. On the other hand, 
it can be seen that the physical activation process at 500 °C 
allowed the clearing, almost in its totality, of the micropo-
rous structure, without compromising the mechanical and 
dimensional stability of the granular adsorbents.

Chemical characterisation

All samples were analysed by FTIR, EDS and  pHpzc to 
obtain more detailed information in order to better under-
stand the implications of the agglomeration process with 
the silica binders, of the activation stage with  CO2 and, also, 
to predict the adsorption potential of the prepared granular 
adsorbents.

Figure 5 shows the FTIR spectra of the studied pow-
der and granular activated carbons samples (AC)p and 
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Fig. 2  SEM images with 
different resolutions, 100 µm 
(left column) and 4 µm (right 
column), of samples (AC)p, 
(AC-AM30)g, (AC-AS40)g and 
(AC-HS30)g, respectively, from 
top to bottom
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(AC + Binder)g. The spectrum of the powder activated car-
bon is simple, with no significant peaks and only a few low 
intensity bands. However, on the spectra it is possible to 
identify the presence of aromatic structures with the C–H 
bond stretching around 1500  cm−1, and phenol groups that 
can be related to the C–O bond stretching with small traces 
of the bands between 1200 and 1100  cm−1 (Gomes et al. 
2016). Also, a small band in the range 3470–3250  cm−1 
corresponds to the overlap of the O–H stretching bands of 
hydrogen-bonded to water molecules (Tchikuala et al. 2017).

The spectra of the granulated samples are similar to 
each other, regardless of the type of colloidal silica used as 
binder. However, they show some changes when we com-
pare their spectra with the one of the sample (AC)p. This 
means that the granulated material reflects, some chemi-
cal changes resulting from the incorporation of colloidal 
silica, as expected. In this set of granulated samples, the 
semi large band centred around 3470–3250  cm−1 increases 
in intensity, which can be explained by the activation step 
with  CO2 and by the SiO–H stretching of surface silanol 
hydrogen-bonded to molecular water (Si–AH…H2O), from 
silica binder (Oweini and Rassy 2009; Kadja et al. 2017). 
Some adsorbed water molecules caused the appearance of 
absorption bands at 1650–1630  cm−1 resulting from defor-
mation vibrations (Oweini and Rassy 2009; Kadja et al. 
2017). The narrow and intense band that appears in the range 
1250–1000  cm−1 is related to the presence of Si that can be 
involved in Si–O covalent bonds and Si–O–Si asymmetric 
stretching vibrations (Oweini and Rassy 2009; Kadja et al. 
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Table 2  Textural characteristics obtained by application of the BET 
and BJH methods to  N2/77  K adsorption isotherms determined on 
powder and granular activated carbon samples

ABET, Apparent surface area; Vmic, Micropore volume; L, Mean pore 
width

Sample ABET,  m2/g Vmic,  cm3/g L, nm

(AC)p 825 0.21 2.6
(AC-AM30)g 631 0.15 2.9
(AC-AS40)g 769 0.16 2.6
(AC-HS30)g 861 0.18 2.7
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Fig. 6  EDS analysis of powder and granular activated carbons samples (AC)p, (AC-AM30)g, (AC-AS40)g, (AC-HS30)g, respectively, (a–d). 
SEM images with two distinct areas marked (Z2 and Z3), on (e)



International Journal of Environmental Science and Technology 

1 3

2017). The symmetric stretching vibrations are reflected at 
a small band around 790  cm−1.

In parallel with the SEM analysis of the studied carbon 
materials, the EDS analysis of distinct sections of those sam-
ples was also carried out, Fig. 6 and Table 3. Although the 
chemical analysis obtained was mainly qualitative, it provided 
information that validates the assumptions of this work, in 
particular the use of colloidal silica as effective binders and 
allowed foreseeing the possibility of using the granulates pre-
pared as adsorbent materials for liquid phase applications. 
Thus, the EDS results show that the chemical composition of 
the materials is composed essentially by carbon and oxygen, 
in the order of ~ 89% and ~ 11%, Table 3, which is typical of 
adsorbent materials of lignocellulosic origin. Also, the addi-
tion of the binder of siliceous origin introduces the presence of 
silica, with values between ~ 10% and ~ 7% of Si, which do not 
compromise the nature of the starting carbonaceous adsorbent 
(AC)p. Moreover, these results allow us to verify the existence 
of a correlation between the amount of Si in the samples and 
the total apparent surface area ABET determined from the 
isotherms of  N2 at 77 K, Table 2 and 3. The fact that the values 
of this apparent surface area decrease, from 861 to 631  m2/g, 
with the increase of the amount of Si detected, from ~ 7 to 10%, 
can be interpreted by the principle that this higher amount of 
Si blocked part of the porosity and also reduced the external 
surface area of the initial porous material. This interpretation 
is also in agreement with the reduction of the microporous vol-
ume, from 0.18 to 0.15  cm3/g, observed when the amount of Si 
increases. A more detailed analysis of the results for different 
zones of the same sample, as an example the (AC-HS30)g 
sample, shows that the clearer zones of the SEM images, area 
Z3 in Fig. 6e and Table 3, correspond to areas of higher Si con-
centration, confirming that granule formation and stability was 
ensured by interfaces or spots of the type –(AC)–Silica–(AC)–.

Another parameter usually estimated is the pH at the 
point zero charge,  pHpzc, which is an intrinsic property of 

the adsorbent. Its value is a determining factor in the adsorp-
tion process. From the analysis of Table 3 it can be seen the 
basic nature of the initial activated carbon sample, (AC)p, 
with a  pHpzc = 8.30, and that the agglomeration step with 
the siliceous binders leads to a reduction in the  pHpzc of the 
various samples independently of the type of commercial 
silica used. This pH reduction to values close to the neutral 
region, 6.7 to 7.7, is a result of the previous dilution of the 
commercial aqueous colloidal silica to values around 10% 
(wt.  SiO2). This diluted solution is used as a binder on the 
granulation stage.

Adsorption of bisphenol A

Influence of the mass, pH and kinetics parameters

The initial bisphenol A adsorption experiments included the 
analysis of parameters such as the effect of the adsorbent 
mass, pH of the adsorption medium, determination of cali-
bration curves and the evaluation of the kinetic process of 
the adsorptive-adsorbent systems studied.

The UV–Visible profile spectra of bisphenol A on aque-
ous solution at different pH were determined in order to 
identify the characteristic wavelengths, Fig. 7. The bisphe-
nol A present a significant UV absorption at ~ 225, ~ 276 
and ~ 282 nm in acid and unchanged (slightly acid) medium 
pH, and at ~ 243 and ~ 294 nm in basic medium. Based on 
these results, all the bisphenol A dosage measures were 
made in acid controlled medium pH (~ 2), to avoid inter-
ferences, namely, from the chemical nature of the carbon 
adsorbent samples.

The influence of the adsorbent mass was also one of the 
parameters analysed in a representative granular sample, 
(AC-AS40)g. From the analysis of Fig. 8, it was found that 
the amount adsorbed tends to stabilise with the increase of 

Table 3  Quantification of the 
principal elements by EDS 
analysis and  pHpzc on powder 
and granular activated carbon 
samples

Sample Elements/Weight, % Elements/Atomic, % pHpzc

C O Si C O Si

(AC)p 86.66 11.34 - 91.24 8.76 – 8.30
(AC-AM30)g 74.77 15.23 10.00 82.64 12.63 4.73 6.97
(AC-AS40)g 73.44 17.77 8.79 81,11 14.74 4.15 7.65
(AC-HS30)g 77.07 16.09 6.84 83.70 13.12 3.18 6.72
Section/sample
Z2/(AC-HS30)g 86.94 11.96 1.09 90.20 9.32 0.48 –
Z3/(AC-HS30)g 92.59 7.19 0.21 94.40 5.51 0.09 –
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the adsorbent mass. This stabilisation is clear for a mass 
between 0.1 and 0.2 g which means that the favourable limit 
value of the ratio (mass of adsorbent/volume of adsorbate) 
for the system and under these experimental conditions 
(volume of adsorbate = 50 mL) was reached. Based on these 
results, it was defined that the equilibrium adsorption tests 
would be performed with the ratio 0.05 g of adsorbent sam-
ple and 25 mL of bisphenol A solution.

Simultaneously, the influence of pH on bisphenol A 
adsorption was evaluated considering three different situa-
tions, acid medium (pH ~ 2), unaltered medium (pH ~ 6) and 
basic medium (pH ~ 11), for an adsorbent mass of 0.05 g. 
The results show that adsorption is favoured when the 
system is in the acidic pH range. These results agree with 
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the previously determined  pHpzc for the various samples, 
Table 3, with values between 6.7 and 7.7, which already 
allowed predicting that adsorption would be favoured for 
values below a pH ~ 6.

Another decisive experimental parameter in this kind of 
studies is the equilibrium time, namely, the time required 

for the adsorbed amount to be maximised. In this work, the 
kinetic behaviour of the carbon adsorbents was analysed 
for representative samples, specifically, the original acti-
vated carbon (AC)p and the granulated sample (AC-AS40)
g. The distinct behaviour of the adsorbents is noticeable in 
Fig. 9. While in the case of (AC)p sample the equilibrium 
condition is reached very quickly, between 10 and 12 h, in 
the case of the granulated adsorbent this condition tends to 
be reached for a contact time equal or slightly higher than 
24 h. This difference and the specific shape of the kinetic 
curves, Fig. 9, can be explained by the greater accessibility 
to the porous structure and the external surface when com-
paring samples in powder and granulated form, respec-
tively, (AC)p and (AC-AS40)g. In the case of (AC)p, the 
bisphenol A adsorptive will access more easily and quickly 
to the active centres and pores of the adsorbent, leading 
to a faster increase of the adsorbed amount and in larger 
quantity. The analysis of the kinetics profile in the case of 
sample (AC-AS40)g shows the existence of a small step 
in the initial phase, around 8 h, which can be explained by 
the difficulty of bisphenol A in accessing the adsorption 
sites, which ends up being overcome over time (> 12 h).

Equilibrium adsorption isotherms

The experimental isotherms presented in Fig.  10 show 
a different behaviour between the starting sample, (AC)
p, and the samples prepared by granulation with silica 
binders, (AC-Binder)g. It is perceptible that the granula-
tion step had consequences, first at the adsorption process 
level, profile of isotherm, and at the level of the maximum 
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Table 4  Experimental bisphenol A maximum adsorbed amount and 
the calculated Langmuir and Freundlich equations parameters from 
fitting to experimental isotherms on powder and granular activated 
carbons samples

(Qads)max, maximum experimental adsorbed amount; nmL monolayer 
capacity; KL Langmuir constant; KF, Freundlich constant; nF Freun-
dlich exponent

Sample Experimental Langmuir Freundlich

(Qads)max, mg/g nmL, mg/g KL, ml/mg KF nF

(AC)p 32.2 30.6 11.34 8.4 3.0
(AC-AM30)g 37.0 33.2 15.23 10.6 3.5
(AC-HS30)g 43.7 43.0 16.09 17.2 4.4
(AC-AS40)g 54.8 51.9 17.77 24.7 4.7
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amount adsorbed, (Qads)max. In the case of sample (AC)p, 
the bisphenol A adsorption is significant at low concentra-
tions ([Ceq] < 10 mg/L), gradually increasing in the inter-
mediate concentration range ([Ceq] ~ 10 to 40 mg/L), fol-
lowed by a tendency for the stabilisation of the adsorbed 
amount ([Ceq] > 40 mg/L). This behaviour is typical of 
the great majority of bisphenol A adsorption processes on 
porous carbon adsorbents. The granulated samples present 
a similar behaviour with respect to the step-shaped of the 
isotherm, from which it is possible to see that the adsorption 
presents four phases: (i) a first, ([Ceq] < 5 mg/L), in which 
the adsorption is relatively fast, (ii) a second ([Ceq] ~ 5 to 
10 mg/L) in which there is a tendency to form a small pla-
teau, (iii) a third, ([Ceq] ~ 7. 5 to 10 mg/L), in which the 
amount adsorbed increases considerably, (iv) a fourth, 
([Ceq] > 40 mg/L), when the amount adsorbed increases 
slowly, with a predictable tendency to stabilise. In the case 
of sample (AC-AS40)g this behaviour is displaced towards 
the higher equilibrium concentration range, also reflecting 
in a higher adsorbed amount. The tendency to plateau, both 
initial and final, is not so clear in this sample, continuing a 
slow and gradual increase in the amount adsorbed.

Regarding the maximum adsorbed amounts, Table 4, an 
increase of them is observed when comparing these sam-
ples with the original activated carbon in powder form 
(Qads ~ 32.2 mg/g). The maximum value of 54.8 mg/g is 
obtained with the sample (AC + AS40)g. These results 
indicate that the agglomeration of the powder adsorbent 
leads to the formation of constrictions that hinder the ini-
tial adsorption step of bisphenol A, which is justified by a 
physical obstruction of part of the porous structure of the 
adsorbent when the binder is added. Specifically, part of 
the microporous structure was partially blocked. However, 
when the initial bisphenol A concentration increases, there 
are strength and concentration gradients between the solu-
tion and the internal part of the solid adsorbent, that lead to 
the reorganisation of the adsorbent molecules, which ends up 
forcing the entrance in the part of the porous structure that 
presents constrictions. Additionally, the presence of silica in 
the adsorbent and the formation of new functional groups 
also seem to contribute to an increase in the amount of bis-
phenol A adsorbed.

Among the most widely used models to analyse the 
experimental isotherms of adsorption from the liquid phase 
there are the Langmuir and Freundlich models, with the first 
being applied in the region of the monolayer, while the sec-
ond includes the higher equilibrium concentrations, with a 
multilayer formation (Cloirec et al. 1997; Haghseresht and 
Lu 1998).

The Langmuir equation can be written as:

where nmL is the monolayer capacity and KL the Langmuir 
constant. Plotting (Ceq/Qads) against Ceq, the parameters 
nmL and KL are calculated. Equation (1), which is gener-
ally limited to a restricted range of low concentrations, 
presents some limitations especially when the adsorption 
is not limited to a monolayer and the adsorbent surface is 
heterogeneous.

The Freundlich equation, Eq. (2), is based on a system 
adsorptive-adsorbent that gives isotherms of a non-linear 
nature:

where nads is the adsorbed amount at a solute equilibrium 
concentration Ceq and the constant KF and exponent nF are 
adjustable parameters system dependents. A plot of ln(nads) 
versus ln(Ceq) gives the values of KF and nF. The applica-
bility of this equation to systems involving heterogeneous 
surfaces and organic compounds is very acceptable over a 
wide range of concentrations (Adibfar et al. 2014).

From Table 4, it is possible to notice that there is an agree-
ment between the experimental values of the adsorbed quan-
tities  (Qads) and the estimated values, particularly in absolute 
terms in the case of the Langmuir model  (nmL). However, for 
all equations we obtain a decreasing sequence of adsorbed 
amount that obeys the following relation: (AC-AS40)
g >  > (AC-HS30)g >  > (AC-AM30)g > (AC)p. The Freun-
dlich distribution coefficient,  KF, related with the amount 
adsorbed, shows lower values, in absolute terms, than those 
obtained experimentally, which must be understood on the 

(1)nads =
nmLCeqKL

1 + CeqKL

(2)nads = KF

(

Ceq

)

1∕n
F
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basis that  KF only corresponds to the amount adsorbed in 
the case that  Ceq is equal to 1 mg/L. When we focus on the 
values of  KL and  nF parameters, the consistency with the 
experimental isotherms is maintained, in particular in the 
case of  KL, where it is clear the existence of two types of 
samples. The first, (AC)p with a lower value of  KL (~ 11) 
and another of the granular samples (AC-Binder)g with 
higher values (~ 15 to 18), reflecting the greater extent of 

the interaction between adsorbate and the adsorbent surface. 
The similar values of exponent  nF, as an empirical constant 
parameter related to the heterogeneity of the adsorbent sur-
face, obtained in our systems show that the incorporation 
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of silica did not cause a significant variation of the surface 
of (AC)p as could have been expected. The modifications 
resulted essentially from a combined effect of changes in 
pore structure and surface chemistry, thus preserving the 
essence of the original carbon material.

Temperature influence

Normally, temperature plays a fundamental role in the 
adsorption process affecting, in a direct way, the solubility of 
adsorptive in water and, indirectly, the degree of its dissocia-
tion. On Fig. 11, it is possible to see the profile of the amount 
adsorbed of bisphenol A with increasing temperature, on the 
range 2.6 to 50 ºC, for different initial concentrations, 50, 
100 and 125 mg/L. Our adsorptive-adsorbent systems follow 
the usual pattern of an increase in the amount adsorbed with 
the rise of the initial concentration. This can be explained by 
an enhancement of the adsorption drive between the adsor-
bent and the solute (Lee et al. 2016; Idrees et al. 2018). 
This means that the process is spontaneous and endothermic. 
However, this increase seems to follow the form of a step, 
being more significant between 10 and 40 °C. Some of the 
observed oscillations result from the fact that the adsorption 
process in these systems, (AC-Silica)g—Bisphenol A, is of 
a combined nature, i.e. the retention of bisphenol A in these 
adsorbents occurs by chemical adsorption processes, despite 
also having a strong role for physical adsorption.

Adsorbent stability

The visual observation of the granular samples after the 
adsorption process shows that they maintain dimensional 
and mechanical stability. This direct observation is also rein-
forced by XRD and FTIR analyses of the samples before and 
after their application in the aqueous phase, which reveals 
identical diffractograms and spectra, Figs. 12 and 13. As an 
example for (AC + HS30)g sample, it is clear from the dif-
fractograms profile, Fig. 12, that the amorphous nature of 
this type of porous carbon adsorbents is retained, since only 
a slightly decrease on the first characteristic band, 2θ ~ 25°, 
is noted.

From a chemical point of view, the FTIR analysis of 
sample (AC-HS30)g shows a spectrum where the profile is 
maintained, when we compare the previous data with those 
obtained after the application of the sample on the adsorp-
tion of bisphenol A. Although the chemical composition 
is maintained, a reduction in the intensity of the spectrum 

is also clear. This can mean that some amount of the less 
strongly bound functional chemical groups characteristic of 
this carbon material were released into the water during the 
adsorption process.

Conclusion

Granulated activated carbons prepared by spray-dispersion 
of colloidal solutions of low concentration silica binders 
(10%) present structural and chemical characteristics that 
allow their application in the adsorption of bisphenol A from 
aqueous solutions.

The tests showed that all the binders used, Ludox® (AS-
40, AM and HS30), allowed the preparation of granular car-
bon adsorbents with a final percentage of silica between 6.84 
and 10.00%, not significantly changing the structural and 
chemical nature of the original powdered activated carbon, 
(AC)p. In structural terms, when the granular activated car-
bons were compared with the original powdered activated 
carbon, small variations were observed, namely, a reduction 
in the microporous volume, a slight increase in the average 
pore size and a tendency to reduce the total apparent area 
for the samples (AC-AM30)g and (AC-AS40)g to 631 and 
769  m2/g, respectively (while in the case of the sample (AC-
HS30)g it was observed an increase to 861  m2/g). Equally 
at the chemical characterisation level, the FTIR analyses 
clearly identify a set of bands characteristic of the presence 
of silica in the granulated samples.

The adsorption tests of bisphenol A from the liquid phase 
show that the process is favoured when the pH of the adsorp-
tion medium is acid, when a madsorbent/Vsolution adsorptive ratio 
of ~ 0.05 g/25 mL and when the temperature increases. Simi-
larly, it was concluded that an adsorptive-adsorbent contact 
time of 24 h is sufficient to reach the equilibrium. Some 
structural constraints, particularly at the level of microporos-
ity, cause an additional difficulty in the process of diffusion 
of the adsorbent, bisphenol A, and consequently of its access 
to the active sites of adsorption.

The analysis of the adsorption tests at various tempera-
tures showed that in our systems the adsorption of bisphenol 
A is a spontaneous and endothermic process.

XRD and FTIR analyses confirm the previous direct 
observation that powder and granular adsorbents maintain 
its structural and chemical stability after their application 
in liquid phase.

The achievements previously mentioned allow the pos-
sibility of testing these adsorbents in granular form an in 



International Journal of Environmental Science and Technology 

1 3

real-life scenarios, namely, on fixed bed column systems. 
Furthermore, it is possible to predict that the outlined proce-
dure enables the extension of the number and range of appli-
cations for these adsorbent materials to different systems, 
with potential replication for other adsorbents.
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