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Abstract
The aim of presented research concerned synthesis of a novel lignosulfonate-based sorbent and its application in batch 
adsorption tests related to removal of an active pharmaceutical ingredient (ibuprofen). Obtained hybrid material was thor-
oughly characterized with respect to morphology, porosity (BET method and BJH algorithm), electrokinetic stability, and 
characteristic functional groups. As a result of the proposed synthesis route, an active MgO–SiO2/lignosulfonate hybrid was 
obtained as confirmed by significant amount of functional groups present in its structure and relative good parameters of 
the porous structure  (ABET = 71 m2/g,  Vp = 0.2 mL/g and  Sp = 11.8 nm). Next stage concerned typical batch adsorption tests 
with respect to active pharmaceutical ingredient (API)—ibuprofen. It was proved that efficiency of removal of ibuprofen 
was mostly determined by its structure as well as variable process parameters. Affinity of sorption material towards model 
organic impurity was established based on equilibrium and kinetics study of adsorption process performed. A key element of 
the investigations was an interaction and mechanism study resulted from interpretation how the parameters of the adsorption 
affect the nature of the adsorbent/adsorbate interactions. Experimental data collected, supplemented with regeneration tests, 
proved significant affinity of ibuprofen to the hybrid sorbent and enabled determination of nature of the adsorbent/adsorbate 
interactions. Moreover, suggested mechanism of ibuprofen sorption was proposed.

Keywords Lignosulfonates · Oxide adsorbents · Hybrid materials · Active pharmaceuticals ingredients · Adsorption 
process

1 Introduction

Due to the dynamic development of the pharmaceutical 
industry, the amount of consumed drugs is increasing and 
the problem of their removal from the natural environment is 
growing. Pharmaceuticals most often pollute water systems, 

where they get along with municipal sewage from house-
holds and hospitals. However, the results of water monitor-
ing also prove the presence of pharmaceuticals in treated 
and drinking water. Their high content in the environment 
is mainly caused by their resistance to biodegradation and 
subsequent accumulation in aquatic ecosystems. Drugs con-
sumed by people and animals are not fully metabolised, as 
a result of which they are excreted, both as original drugs 
and their metabolites, and then go to the sewerage system 
(Khetan and Collins 2007; Evgenidou et al. 2015; Madiki-
zela and Chimuka 2016). On the other hand, large amounts 
of drugs enter the aquatic environment in an unchanged 
form, when their expiry dates expires and are not properly 
disposed. An important source of pharmaceuticals are also 
hospitals wastewaters and waste sewage rising from plants 
dealing with the production of pharmacologically active sub-
stances (Escher et al. 2011; Gadipelly et al. 2014).
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Classic wastewater treatment is not effective in neutral-
izing pharmaceuticals, because it is not aimed at eliminating 
such specific micro-pollutants. Therefore, new methods are 
sought, or ways to improve existing ones, used in processes 
carried out in municipal wastewater treatment plants, to 
ensure complete degradation of pharmacologically active 
compounds in water (Kovalova et al. 2012). Among puri-
fication techniques exhibiting significant effectiveness, 
membrane methods, advanced oxidation processes or more 
popular and universal methods based on adsorption, are 
mentioned (Ikehata et al. 2006; Jones-Lepp et al. 2010; 
Zhang et al. 2013). The advantages of adsorption methods 
include, above all, low cost and simplicity of implementa-
tion. In turn, the efficiency of removal of micro-pollutants 
from aqueous solutions using adsorption process is affected 
by the method of adsorbent synthesis, its physicochemical 
attributes, as well as the parameters of the adsorption pro-
cess, such as contact time, stirring intensity, solution pH, 
adsorbent dosage (Nam et al. 2014; Reza et al. 2014; Behera 
et al. 2012; Wang et al. 2015; Bui and Choi 2009). The pri-
mary aspect of the adsorption process is to evaluate the equi-
librium contact time of the adsorbent with the adsorbate. 
Another important factor that determines the effectiveness 
of adsorption of micro-pollutants from aqueous solutions 
is the pH, appropriately selected for the ionic nature of the 
adsorbent surface (type of functional groups present on 
the surface) and the charge of the active part of the sorbed 
micro-pollutant. The adsorptive abilities of a given mate-
rial are also determined by the method of its synthesis, as it 
affect the properties of the obtained adsorbent, in particular 
the degree of development of its surface area, which can be 
additionally controlled by appropriate modification of the 
starting material (Grabicka and Jaroniec 2010; Michot and 
Villiéras 2006; Morais et al. 2013).

Effective water purification and removal of micro-pollut-
ants from wastewater can be achieved by using adsorption 
on activated carbons. Activated carbon meets the require-
ments of a good adsorbent, is characterized by high surface 
area, significant porosity and mechanical strength (Calisto 
et al. 2015; Rigobello et al. 2013). Another good adsorption 
systems are inorganic materials, both natural and synthetic 
ones, including mono- and multi-component oxide systems 
(Sheng et al. 2009; Singhon et al. 2012; Ciesielczyk et al. 
2017). These include silicates, aluminosilicates, zeolites, 
kaolins and bentonites (Tahar et al. 2014; Martucci et al. 
2012). An interesting group include also natural biosorb-
ents, among which cellulose, chitin, lignin, chitosan, cotton, 
waste bark, seaweed, algae and many others can be men-
tioned (Moro et al. 2017; Kyzas et al. 2013; Ribeiro et al. 
2011; Kyzas and Deliyanni 2015). The management of waste 
biomass is currently of significant importance to many sci-
entists worldwide. The advantage of using biomass, such as 
lignin or lignosulfonates, as compared to activated carbons is 

that they contain various functional groups on their surface 
and are waste products from paper industry. They offer good 
adsorption efficiency, maybe lower in some cases than acti-
vated carbons, but their application is much cheaper. Inten-
sive works are being carried out on technological solutions 
for using wood biomass, the main component of which is 
lignin. On the other hand, the lignosulfonates can be men-
tioned. Those are calcium, magnesium and sodium salts 
of ligninsulfonic acids. Lignosulfonates owe their unique 
properties to the presence of sulfonic, hydroxyl and phenol 
groups, they contain more elemental sulfur than other deriv-
atives of technical lignin, and that is the reason that they are 
expect to act effectively in adsorption of organic pollutants 
(Aso et al. 2013; Klapiszewski et al. 2018; Ciesielczyk et al. 
2017).

Taking into account development tendencies and the fact 
that new adsorbents and methods of their preparation are 
being searched more and more often, as well as that the con-
ditions of designed synthesis are modified in various direc-
tions, in presented research, a comprehensive experiment 
was performed in order to synthesize hybrid MgO–SiO2/
lignosulfonate and its use in removal of an active pharma-
ceutical ingredient commonly present in wastewaters (ibu-
profen). The scientific novelty of the work relates to the 
application, for the first time, of this type of hybrid adsor-
bent in removal of active pharmaceutical ingredient from 
water solutions. Such a type of material wasn’t previously 
analyzed in batch adsorption tests and described in available 
scientific papers.

2  Experimental

2.1  Materials and methods

2.1.1  Synthesis of MgO–SiO2/lignosulfonate hybrid 
adsorbent

The synthesis of hybrid MgO–SiO2/lignosulfonate adsor-
bent was realized via in situ sol–gel route, using organic 
precursors of magnesium and silicon—magnesium eth-
oxide  (C2H5O)2Mg and tetraethoxysilane  (C2H5O)4Si 
(both purchased from Sigma-Aldrich), 25% solution of 
ammonia as promoter of hydrolysis and methyl alcohol as 
a solvent (both purchased from Chempur). Additionally, 
during the synthesis of inorganic matrix, the biopoly-
mer—commercial calcium lignosulfonate was introduced. 
The synthesis was performed on a quarter-technical scale, 
using a reactor 2 L in capacity, equipped with a high-
speed stirrer. At the first stage, a specific quantity (45 g) 
of magnesium ethoxide was dissolved in 1500 mL of 
methyl alcohol. The system was stirred for 15 min, and 
after that time tetraethoxysilane (TEOS—the organic 
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precursor of silica) and the promoter of hydrolysis (25% 
ammonia solution) were introduced simultaneously. The 
quantities of the reactants were selected so as to achieve 
a TEOS:magnesium ethoxide mass ratio of 1.5:1. The 
methodology was described in details in previously pub-
lished papers (Ciesielczyk et al. 2014a, b). The differ-
ence is that at the final stage of MgO–SiO2 oxide system 
synthesis calcium lignosulofante was introduced into the 
reaction mixture (Klapiszewski et al. 2018). The amount 
of biopolymer used for this purpose was 20 wt./wt. Next, 
the mixture was stirred for 60 min with a stirrer speed of 
300 rpm, to enable gel formation. The resulting alcogel 
combined with lignosulfonate was placed in a vacuum 
evaporator to remove the solvent, and then washed several 
times with hot distilled water. Finally, the product was 
dried at 105 °C for 48 h. The dry MgO–SiO2/lignosul-
fonate adsorbent was classified and thoroughly analyzed. 
The scheme of the synthesis together with a part of the 
structure of calcium lignosulfonate is presented in Fig. 1.

2.1.2  Batch adsorption experiments

The key element of the research concerned typical batch 
adsorption tests performed using synthesized hybrid 
MgO–SiO2/lignosulfonate adsorbent and model solutions of 
an active pharmaceutical ingredient, which characteristic is 
presented in Table 1.

Batch adsorption tests were conducted in 100 mL flasks, 
to which 50 mL of ibuprofen solution in defined concen-
tration was added. Next, an appropriate amount of hybrid 
MgO–SiO2/lignosulfonate adsorbent was introduced into 
the reaction system, which was furthermore stirred using an 
RO5 magnetic stirrer (Ika Werke GmbH). After defined time 
of adsorption the whole mixture was filtered. The filtrate was 
subjected to HPLC evaluation in order to establish the con-
tent of unadsorbed pharmaceutical. The idea was to verify 
the influence of variable parameters of adsorption process 
onto its effectiveness.

During evaluation of model organic impurity concen-
tration and adsorption time, pharmaceutical solutions in 
a concentration range of 0.5–1.5 mg/L, a sorbent mass 

Fig. 1  Synthesis route used for the preparation of MgO–SiO2/lignosulfonate hybrid adsorbent (Klapiszewski et al. 2018)

Table 1  Characteristic of an active pharmaceutical ingredient (API) used in batch adsorption tests

Name Formula Molar mass (g/mol) Structure

Ibuprofen
(RS)-2-(4-(2-methylpropyl)phenyl)propanoic acid

C13H18O2 206.29
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of 0.5 g, a time range of 1–120 min, and initial pH 5–6 
of ibuprofen solution were used. The adsorption took 
place at room temperature. Those results supported with 
commonly known theoretical models were included in 
description of equilibrium and kinetic aspects of adsorp-
tion of pharmaceutical onto synthesized hybrid adsorbent. 
To evaluate the influence of the adsorbent dosage, the 
process was performed within 60 min, using 0.1, 0.3, 0.5, 
0.7 and 1 g of the MgO–SiO2/lignosulfonate hybrid mate-
rial and constant concentration of model organic impurity 
(1.0 mg/L). Evaluation of the influence of pH was carried 
out in range of 1–12 using 0.5 g of the hybrid adsorbent 
and adsorbate solutions at a concentration of 1.0 mg/L. 
To adjust the pH of the system NaOH and HCl solutions, 
both at a concentration of 0.1 M, were used.

Determination of ibuprofen was performed with a 
chromatographic system UltiMate 3000 RSLC (Dionex, 
Thermo, USA) coupled to an API 4000 QTRAP triple 
quadrupole mass spectrometer with electrospray ioniza-
tion (ESI) (from AB Sciex, Foster City, CA, USA) in both 
positive and negative ionization modes (UHPLC–MS/
MS). A Hypersil Gold C18 RP (100 mm × 2.1 mm, 1.9 μm 
particle size) column from Thermo Scientific, USA was 
used for chromatographic separation of these compounds. 
The column temperature was maintained at 35 °C and 
the injection volume was 5.0 μL. For UHPLC–MS/MS 
analysis in positive ionization mode, the mobile phase 
was a gradient prepared from Milli-Q water containing

5  mmol/L ammonium acetate (component A) and 
MeOH (component B). The gradient program was: 50% 
B at 0 min, increased to 100% B in 3 min and held for 
6.0 min; the flow rate was 0.20 mL/min. For the analysis 
in negative ionization mode, the mobile phase was a gra-
dient prepared from Milli-Q water containing 5 mmol/L 
ammonium acetate (component A) and MeOH (com-
ponent B). The gradient program was: 50% B at 0 min, 
increased to 67% B in 3 min and held for 2 min, stepped 
to 100% in 3 min and held for 5.0 min; the flow rate was 
0.2 mL/min. A post run time was set at 4.0 min for col-
umn equilibration before the next injection. The operating 
conditions for mass spectrometry for ibuprofen were as 
follow: curtain gas 10 (20) psi, nebuliser gas and auxil-
iary gas 55 (50) psi, source temperature 4500 (400 °C), 
ion spray voltage 5500 (− 4500) V and collision gas set 
to medium. Quantitative analysis of the compounds was 
performed in multiple reaction monitoring (MRM) mode. 
For analytes one transitions of the deprotonated molecular 
ion (for ibuprofen) and its respective ion product were 
chosen. These transitions (m/z) with associated declus-
tering potentials (V) and collision energies (V) were: 
205 → 161, − 50, − 12 for ibuprofen.

2.1.3  Equilibrium and kinetic study

Taking into the consideration the physicochemical proper-
ties of selected adsorbent and in order to evaluate the kinetic 
parameters the pseudo-first (established by Lagergren) (Lager-
gren 1898) and pseudo-second order (described by Ho) (Ho 
and McKay 1999) were used. Pseudo-first and pseudo-sec-
ond order models describe the dependence of the amount of 
absorbed substance in a function of time. However, they have 
different starting assumptions. The Lagergren model based on 
the description of the adsorption rate depending on the sorp-
tion capacity, and Ho gave the assumption that the adsorption 
process can be treated as a second order reaction in relation to 
the difference between the amount of adsorbed substance at 
specified time and the amount of adsorbed substance at equi-
librium. The linear equation of Lagergen (1) and Ho (2) are 
presented below:

where: qe and qt are the adsorptive capacities at equilibrium 
and after specified time (mg/g), t means time (min) and k1/2 
is the pseudo-first or pseudo-second order rate constant (g/
mg min). Since the Eq. (2) can be presented using different 
approach, four different types of pseudo-second order kinetic 
model can be distinguish (Table 2).

In addition, for the pseudo-second-order model the rate of 
adsorption (h) was determined using formula (3):

where h means the rate of adsorption (mg/mL min), qe 
denotes the quantity of drug adsorbed at equilibrium (mg/g), 
k2 is the rate constant for the process for the pseudo-second-
order model (g/mg min).

For the kinetics of the adsorption process the standard 
deviation was calculated using the formula (4):

(1)log
(
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)
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k1
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Table 2  Equations for calculation the pseudo-second order kinetic 
model with graphical representation

Kinetic type Linear form Graphical form
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where qexp are the experimental data, n means the number 
of data points, and qcal are the data caculated by the model. 
The higher the value of the correlation coefficient (r2), and 
the smaller the standard deviation (SD), the better the model 
fits the experimental data.

In order to determine adsorption isotherms and indirect 
sorption capacity of synthesized material, tests were car-
ried out for adsorbate solutions in the concentration range 
of 25–400 mg/L within 1 h. The equilibrium concentration 
(qe) was calculated using the Eq. (5):

where qe is the quantity of pharmaceutical adsorbed at 
equilibrium (mg/g), C0 is the initial concentration of phar-
maceutical (mg/L), Ce is the equilibrium concentration of 
pharmaceutical (mg/L), V is the volume of model adsorbate 
solution (L), and m is the mass of adsorbent (g).

To investigate the adsorption isotherms the Langmuir 
and Freundlich models were used. The Langmuir isotherm 
assumes monolayer adsorption on energetically homog-
enous sites (like functional groups, defect in crystalline 
lattice etc.) (Langmuir 1918) and it can be described using 
the Eq. (6):

where qmax means the maximum amount of adsorbed phar-
maceutical based on the sorbent mass (mg/g), KL is sorption 
energy (L/mg) and Ce is the adsorbate concentration (mg/L). 
However, the Eq. 5 can be linearized in four different way, 
therefore the Langmuir isotherm model can be divided into 
four different type (Table 3).

In contrast, the Freundlich isotherm model based on the 
adsorption onto heterogenous surface (Freundlich 1906) 
and can be described using the formula (7):

where qe is the amount of adsorbed drug (mg/g), Ce is the 
equilibrium concentration of the adsorbate (mg/L), KF and 

(5)qe =

(

C0 − Ce

)

m
⋅ V

(6)qe =
qmaxKLCe

1 + KLCe

(7)qe = KFC
1

n

e

n are the Freundlich constants associated with the efficiency 
and intensity of adsorption.

Chi square test was used to measure the goodness of fit. 
The Chi square test can be defined by Eq. (8):

where m is the number of experimental data.
The percentage removal of ibuprofen (W) was calculated 

using Eq. (9):

where C0 and Ck are the concentrations of pharmaceutical in 
the solution before and after adsorption respectively (mg/L).

2.1.4  Desorption process

In order to evaluate the stability of the bonds between the 
API and hybrid adsorbent surface, and the potential regen-
eration of the material-desorption tests were performed. 
Selected samples of materials with adsorbed API were 
placed in a flask 250 mL in capacity, to which 100 mL of dis-
tilled water was introduced. The whole mixture was stirred 
using an RO5 magnetic stirrer (Ika Werke GmbH) for 15 min 
at room temperature, and after that time it was filtered. The 
filtrate underwent analysis performed with chromatographic 
system UltiMate 3000 RSLC (described earlier) to establish 
the quantity of desorbed API.

The efficiency of desorption (Y) was calculated using Eq. 
(10):

where Ca is the amount (concentration) of the adsorbed API 
(according to the efficiency of adsorption) and Cd is the con-
centration of the adsorbate that was removed from the sur-
face of the tested sorbent during the desorption tests (mg/L).

2.1.5  Physicochemical evaluations

The initial MgO–SiO2 oxide material, calcium lignosul-
fonate and synthesized hybrid material were subjected to 
physicochemical evaluation. First the morphology (scan-
ning electron microscopy—SEM) of the tested materials 
was evaluated. The observations enabled evaluation of the 
degree of dispersion, the structure of particles and their 
tendency towards aggregation or agglomeration. SEM 
images were recorded from an EVO40 scanning elec-
tron microscope (Zeiss). Before testing the samples were 

(8)�
2 =

m
∑

i=1

(qe.exp − qe.cal)
2

qe.cal

(9)W(%) =

(
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)
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(10)Y(%) =
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Ca

⋅ 100

Table 3  Linear and graphical equations of Langmuir isotherm type 
1–4

Type Linear form Graphical form

Type 1 Ce
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1

bqm
+
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qm
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qe
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Type 2 1

qe
=

1

bqmCe

+
1
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1

qe
vs.

1

Ce

Type 3 qe = qm −
qe

bCe

qe vs.
qe

Ce

Type 4 Ce

qe
= bqm + bqe

qe

Ce

vs. qe
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coated with Au for a time of 20 s using a Balzers PV205P 
coater. The electrokinetic properties of mentioned materi-
als were also established. First, the electrophoretic mobil-
ity was measured at a constant ionic strength of 0.001 M 
NaCl, and then the zeta potential value was calculated 
based on the Henry equation (Zetasizer Nano ZS equipped 
with autotitrator—Malvern Instruments Ltd.). The  ABET 
surface area (BET method) as well as the pore size dis-
tribution (BJH method) were obtained based on measure-
ment data from low-temperature (− 196 °C) adsorption of 
nitrogen. The isotherms of nitrogen adsorption/desorption 
were recorded using an ASAP 2020 apparatus (Micromer-
itics Instrument Co.). Before the measurements, samples 
were degassed under low pressure for 4 h at 120 °C. Addi-
tionally, the used adsorbents after adsorption tests with 
API were analyzed with respect to FTIR spectroscopy in 
order to investigate the ability of the API to the adsorbent 
surface and to suggest a mechanism of their interactions. 
The FTIR spectra were obtained using a Vertex 70 spec-
trometer (Bruker). The samples were analyzed in the form 
of tablets, made by pressing a mixture of anhydrous KBr 
(ca. 0.25 g) and 1 mg of the tested substance in a spe-
cial steel ring, under a pressure of 10 MPa. Analysis was 
performed over a wavenumber range of 4000–400 cm−1 
(resolution of: 0.5 cm−1; number of scans: 64).

3  Results and discussion

3.1  Characterization of the obtained MgO–SiO2/
lignosulfonate hybrid adsorbent

3.1.1  Morphology study

The morphology of the precursors and synthesized 
MgO–SiO2/lignosulfonate hybrid adsorbent was made based 
on the SEM images (Fig. 2).

The SEM images of the MgO–SiO2 oxide system 
(Fig. 2a) shows that particles are substantially homogeneous 
and tend to form rather spherical aggregates with average 
size around 1 µm. The particles of the calcium lignosul-
fonate reached size of around 5 µm and are characterized by 
irregular shape (Fig. 2b). The SEM image of the synthesized 
MgO–SiO2/lignosulfonate hybrid adsorbent indicates that 
the particles of this material are polydisperse and exhibits 
varied size, ranging from less than 1 µm up to even few 
micrometers (Fig. 2c). Moreover these particles have a ten-
dency to form agglomerates with irregular shapes that is 
related to the morphological structure of the used precur-
sors. Obtained results confirmed effectivity of the proposed 
synthesis route and stay in agreement with the previously 
published data, which reported that addition of biopolymer 

Fig. 2  SEM images of the: a 
synthesized MgO–SiO2 oxide 
system, b calcium lignosul-
fonate and c obtained MgO–
SiO2/lignosulfonate hybrid 
adsorbent
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cause the agglomerization of the particles of the hybrid 
material (Klapiszewski et al. 2013).

3.1.2  Characterization of the surface functional groups

In order to confirm effective synthesis of the hybrid sorb-
ent and to determine functional groups presented onto the 
surface of the precursors and resulting hybrid material, 
FTIR spectroscopy was used. In the FTIR spectrum of the 
MgO–SiO2 system (Fig. 3a) signals with maxima at 3440 
and around 1630 cm−1 assigned for stretching vibrations of 
the hydroxyl groups and bending vibrations of the physi-
cally adsorbed water, respectively, can be seen. In addition, 
several peaks characteristic for the oxide structure can be 
observed. These are signals at: 1080 and 950 cm−1 (stretch-
ing vibrations of Si–O–Si bonds), 700 cm−1 (deformational 
vibrations of O–Mg–O bonds) and around 520 cm−1 (stretch-
ing vibrations of O–Si–O bonds). However, the most impor-
tant is signal with maximum at 650 cm−1 assigned to the 
stretching vibrations of Si–O–Mg bonds, which presence 
indirectly confirm effective synthesis of the MgO–SiO2 
oxide system (Klapiszewski et al. 2015a). The FTIR spec-
trum of the obtained MgO–SiO2/lignosulfonate hybrid 
adsorbent shows similarity with the spectrum of the pure 
oxide system (Fig. 3b). However, the presence of an addi-
tional signals, with maximum at 2950 cm−1 and in the wave-
number range of 1500–1420 cm−1, assigned for stretching 
vibrations of ≡C–H bonds in –CH2 and –CH3 groups and 
for stretching vibrations of  CAr=CAr bonds in the aromatic 
rings, respectively, is observed. These signals are charac-
teristic for the structure of calcium lignosulfonate and their 
presence indirectly confirms effective synthesis of the inor-
ganic–organic hybrid sorbent and combination of inorganic 

matrix together with biomaterial, the same as reported in our 
previous study (Klapiszewski et al. 2015b).

3.1.3  Porous structure parameters and electrokinetic 
stability

Figure 4a shows adsorption/desorption isotherm of the 
obtained MgO–SiO2/lignosulfonate hybrid adsorbent. The 
isotherm is classified as type IV with hysteresis loop type 
H3, which suggests that this material may be classified 
as mesoporous with disordered pores. MgO–SiO2/ligno-
sulfonate hybrid is characterized with the surface area of 
71 m2/g, pore volume of 0.2 mL/g and pore diameter of 
11.8 nm. By contrast, as reported earlier, small amount of 
the adsorbed nitrogen indicates low porosity of calcium 
lignosulfonate  (ABET = 0.92 m2/g,  Vp = 0.0008 mL/g and 
 Sp = 29.6 nm) (Klapiszewski et al. 2018). Thus, it could be 
concluded that combination of the biopolymer with magne-
sium silicate significantly increase its surface area and make 
the material suitable for a sorption experiments towards haz-
ardous pollutants.

Analysis of the electrokinetic stability of the used precur-
sors and obtained hybrid material (Fig. 4b) allows to indicate 
the pH values at which synthesized hybrid form a stable 
dispersion. This fact is very important concerning practical 
application of the above-mentioned material as a sorbent of 
impurities from wastewaters. MgO–SiO2 oxide system has 
a negative zeta potential over the whole analyzed pH range. 
The highest value of zeta potential (–6 mV) was noticed 
at pH 2 due to protonation of the surface hydroxyl groups 
of MgO–SiO2 with  H+ ions (Ciesielczyk et al. 2014a, b). 
Whereas the lowest (–37 mV) was noticed at pH 10.5. The 
pH range at which the zeta potential takes the lowest values, 
at this study pH > 10.5, may be considered as the region at 

Fig. 3  FTIR spectra of the: a synthesized MgO–SiO2 oxide system and b obtained MgO–SiO2/lignosulfonate hybrid adsorbent
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which the MgO–SiO2 oxide system exhibits good stability 
in water systems. Although the second precursor, calcium 
lignosulfonate, exhibited similar electrokinetic curve to the 
previously described, its electrokinetic stability is better, 
as over whole analyzed pH range (1.5–9) it takes values 
ranging from − 17 mV to − 34 mV. Calcium lignosulfonate 
showed the highest dispersion stability at pH above 5 as at 
this pH it exhibits zeta potential values lower than − 30 mV. 
The values of the zeta potential obtained for the synthe-
sized hybrid material lies between values of zeta potential 
of the used precursors and reaches values from − 9 mV at 
pH 1.8 to − 24 mV at pH 8.3 indicating relatively good 
electrokinetics stability of the obtained MgO–SiO2/ligno-
sulfonate adsorbent over whole analyzed pH range. These 

results are in agreement with previously published study and 
provide indirect confirmation of the effective combination 
of the both precursors and obtaining of the hybrid mate-
rial (Ciesielczyk et al. 2014a, b). In addition, it should be 
emphasized that isoelectric point was not reached for any of 
the analyzed materials.

3.2  Adsorption study of the ibuprofen

3.2.1  Effect of contact time

The investigation of the effect of contact time on sorption 
efficiency was performed (Fig. 5a). The results of these 
experiments, which were conducted for initial ibuprofen 

Fig. 4  a Adsorption/desorption isotherms of the obtained MgO–SiO2/lignosulfonate hybrid and b electrokinetic curves of the initial reagents and 
obtained MgO–SiO2/lignosulfonate hybrid

Fig. 5  Effect of contact time on: a sorption efficiency and b amount of adsorbed pharmaceutical per unit mass of the adsorbent
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concentration of 500, 1000 and 1500 μg/L, indicate a sharp 
increase of ibuprofen adsorption on the obtained MgO–SiO2/
lignosulphonate hybrid adsorbent. After 3 min the efficiency 
of ibuprofen adsorption exceeded 50% for all pharmaceuti-
cal solutions. What is more, the efficiency of removal of 
ibuprofen increases with increasing concentration of the 
pharmaceutical. It may be summarized that the initial con-
centration of model solution is a driving force capable of 
overcoming the mass transfer resistance between the liquid 
and solid phases, and also contributes to an increase in the 
number of collisions of adsorbent with adsorbate molecules. 
The obtained results correspond with the measurements of 
amount of adsorbed pharmaceutical (Fig. 5b), where the 
highest mass of adsorbed ibuprofen was reached also after 
30 min of the test for each of measured solutions.

3.2.2  Effect of pH and adsorbent dosage

The pH of tested solution is one of the key parameter which 
affect the adsorption process. The experiments were con-
ducted for initial concentration of adsorbate, which was 
1000 μg/L. The results (Fig. 6a) show that the highest effi-
ciency of adsorption of pharmaceutical (75%) was obtained 
at the highly acidic solution (pH 2), which was consistent 
with literature reports that the pH value determines the 
degree of ionisation of ibuprofen (Nam et al. 2014; Reza 
et al. 2014). The lower pH value, the more undissociated 
molecules for which the adsorption is much more effective 
than for dissociated molecules. The reduction of removal 
efficiency of ibuprofen with an increase in alkalinity may 
therefore be a consequence of the mutual repulsion of ibu-
profen anions and negatively charged adsorbent molecules. 
At the pH range between 3 and 8, the removal efficiency of 

ibuprofen was 60%, but above pH 8 an increase to the value 
of 70% can be seen. It is caused by the additional activa-
tion of functional groups of the lignosulphonate at basic pH, 
and next it may cause them to have greater affinity for the 
adsorbed pharmaceutical.

The adsorbent dosage is another parameter which signifi-
cantly may affect the adsorption process of pharmaceuticals. 
The results of measurements (Fig. 6b) show that the higher 
adsorbent dosage, the more efficient the adsorption process. 
This is due to an increase of the contact surface at the adsor-
bent-adsorbate interface and the increase of the number of 
active sites, i.e. functional groups capable of adsorbing a 
pharmaceutically active substance.

3.2.3  Kinetic study

Kinetics of ibuprofen adsorption by MgO–SiO2/lignosul-
fonate hybrid adsorbent was determined using the pseudo-
first order and pseudo-second order model (Lagergren 1898; 
Ho and McKay 1999). The kinetics parameters were deter-
mined graphically from the linearized forms of kinetic equa-
tions. Obtaining a linear graph enabled the adaptation of 
experimental data of ibuprofen adsorption to a given order 
of reaction (Table 4, Fig. 7). On the basis of kinetic param-
eters as well as the curves obtained, it can be concluded 
that the experimental data describes the pseudo-second 
kinetic equation, type I, which is confirmed by the high 
value of the determined correlation coefficient  (R2 = 0.99). 
It should be noted that the calculated values of the qe.cal 
parameter describing the amount of adsorbed pharmaceuti-
cal in equilibrium correlate with the experimental values of 
the qe.exp parameter. Lower values of correlation coefficients 
 R2 obtained in the case of pseudo-first and pseudo-second 

Fig. 6  Effect of: a pH of the solution and b adsorbent dosage on the sorption efficiency of ibuprofen by MgO–SiO2/lignosulfonate hybrid adsor-
bent
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models for the other types (II, III and IV) indicate signifi-
cantly worse correlation between experimental and theoreti-
cal data. The obtained data also indicate an increase in the 
adsorption constant rate h together with an increase in the 
concentration of the pharmaceutical, which indicates that the 
driving force of the process is the increasing concentration 
of the adsorbate. This fact is in an agreement with earlier 
presented statements.

To determine the adsorption isotherms using the Lang-
muir and Freundlich models the measurements were made at 
equilibrium conditions for initial pharmaceutical concentra-
tions: 1000; 2000; 3000; 4000 μg/L (Langmuir 1918; Fre-
undlich 1906). This enabled determination of the sorption 
capacity of the prepared adsorbent towards used pharma-
ceutical. The parameters of the Langmuir adsorption iso-
therms are summarized in Table 5. The adjustment curves 
of experimental data for Langmuir isotherms is shown in 
Fig. 8. The Langmuir type III and IV equations best match 
the description of experimental isotherms, for which the 
highest correlation coefficient values were obtained,  R2 
equal to 0.996 and 0.995, respectively. The lower values 

of  R2 in the case of type I and II indicate a worse match 
of experimental results to these forms of the Langmuir lin-
ear isotherm. Freundlich’s isotherm model showed a cor-
relation at the level of  R2 = 0.657, which proves this with a 
lower matching of this model to the description of experi-
mental data than the Langmuir isotherm model. Based on 
the correlation coefficient between experimental data and 
theoretical (model), it was found that the sorption process 
of ibuprofen on the MgO–SiO2/lignosulfonate hybrid adsor-
bent better describes the Langmuir model (type III and IV), 
which indicates a single-layer coverage of the adsorbent with 
adsorbate molecules. This may correlate with the adsorption 
yields obtained at a level of 60–70%. The implementation 
of the adsorption process is effective until the adsorbent is 
coated with the adsorbate layer, the adsorbent is not able to 
bind further molecules of the pharmaceutical. Observed effi-
ciency increase at pH > 8 may also indicate the activation of 
certain groups in the molecule of adsorbed ibuprofen, which 
to a certain extent may become active centers for further 
adsorption. The maximum sorption capacity of the hybrid 
adsorbent (calculated from the Langmuir isotherm model) 
reaches value of 2.318 mg/g which is acceptable one taking 
into account relative low concentration of model ibuprofen 
solutions used in the batch adsorption tests. 

Figure 9 presents the efficiency of desorption of ibuprofen 
from the adsorbent surface. Results proved high affinity of 
the tested pharmaceutical to the adsorbent as confirmed by 
desorption efficiency in the range of 2.6–4.8%. Despite the 
percentage uptake of the ibuprofen, which do not exceed 
80%, the interactions of adsorbate and the adsorbent are 
rather strong. The higher the concentration of model organic 
impurity, higher percentage desorption of API was noted 
(the highest one—4.8% for model solution in concentration 
of 1500 µg/L). The same situation was observed in case of 
samples rising from pH analysis, where solution of API in 
the concentration of 1000 µg/L was used.

Therefore, suggested mechanism of interaction between 
synthesized hybrid adsorbent and ibuprofen was proposed 
(Fig. 10). It was confirmed that adsorbent/adsorbate inter-
action results mainly from the chemical bonds formation 
between positively charged functional groups of the hybrid 
MgO–SiO2/calcium lignosulfonate adsorbent and undisso-
ciated molecules of the ibuprofen (e.g. see desorption test 
results). However, the weak physical and electrostatic inter-
actions are not negligible.

The comparison of obtained results to the published so far 
information concerning adsorption of ibuprofen is presented 
in Table 6. Many researchers studied the removal of ibu-
profen using different type of adsorbents. As it can be seen 
the time needed to reach the equilibrium of adsorption is in 
most cases determined by the adsorbent nature. Mestre et al. 
(2007) and Guedidi et al. (2017) reported that equilibrium 
time of adsorption of ibuprofen onto activated carbons is 4 

Table 4  Pseudo-first-order and pseudo-second-order (types 1–4) 
kinetic parameters for adsorption of ibuprofen from model solutions 
in concentrations of 0.5, 1.0 and 1.5 mg/L

Kinetic type Parameter Ibuprofen concentration 
(mg/L)

Symbol Unit 0.5 1.0 1.5

qe.exp (mg/g) 0.06 0.11 0.22
PFO qe.cal (mg/g) 0.049 0.082 0.104

k1 (1/min) 0.073 0.088 0.034
R2 (–) 0.697 0.541 0.509
SD (–) 3.01 8.35 12.05

PSO
 Type I qe.cal (mg/g) 0.046 0.106 0.172

k2 (g/mg min) 11.947 4.832 8.816
R2 (–) 0.996 0.999 0.999
h (mg/mL min) 0.026 0.055 0.261
SD (–) 1.96 1.18 1.21

 Type II qe.cal (mg/g) 0.051 0.106 0.181
k2 (g/mg min) 16.078 12.522 22.368
R2 (–) 0.866 0.888 0.522
h (mg/mL min) 0.042 0.139 0.181

 Type III qe.cal (mg/g) 0.052 0.106 0.179
k2 (g/mg min) 13.579 10.968 12.066
R2 (–) 0.866 0.888 0.522
h (mg/mL min) 0.036 0.123 0.391

 Type IV qe.cal (mg/g) 0.045 0.011 0.183
k2 (g/mg min) 17.296 12.494 38.501
R2 (–) 0.955 0.933 0.933
h (mg/mL min) 0.044 0.139 1.287
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and 10 h, respectively. On the other hand, 15 and 30 min was 
enough to reach equilibrium, when using silica SBA-15 (Bui 
and Choi 2009), mature sausage fruit modified with ionic 
liquid (Lawal and Moodley, 2017) or magnetic nanomaterial 
(Kollarahithlu and Balakrishnan 2018). Surprisingly, 17 h 
were needed to established the equilibrium of adsorption of 

ibuprofen onto bentonite (Salihi and Mahramanlioglu 2014). 
The analyzed literature reports state that such adsorption 
process is quite complex and in most cases is described by 
Langmuir or Freundlich isotherm models. Additionally, 
there are some arguable elements concerning initial adsorb-
ate concentration used for batch adsorption experiments. 

Fig. 7  Adaptation of experimental data of ibuprofen adsorption to theoretical models of sorption kinetics: a pseudo-first order, b pseudo-second 
order type I, c pseudo-second order type II, d pseudo-second order type III and e pseudo-second order type IV
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Bany-Aiesh et al. (2015) studied the adsorption of ibuprofen 
onto β-cyclodextrin-chitosan polymer using its solution in 
the concentration of 20 ppm. Finally, authors have received 
the sorption capacity of 4.83 mg/g. Most of the researchers 
described the adsorption of ibuprofen from the solutions in 
concentration of 10–100 mg/L. Differences were also noted 
in the case of optimal pH of adsorption process. This param-
eter is very important when analyzing adsorption process 

because its affect both the nature of surface functional 
groups of the adsorbents as well as the form in which ibu-
profen exist in water solution. Analysis of the experimental 
data suggest that adsorption of ibuprofen can be realized in 
a wide range of pH, what is determined mostly by the type 
of the sorption material used. More acidic environment is 
the most suitable when adsorbing ibuprofen onto activated 
carbons (Maestre et al. 2007; Guedidi et al. 2017) as neutral 
or basic are better one to adsorb it onto natural clays (Martín 
et al. 2019; Rafati et al. 2018; Khazri et al. 2017). Com-
parison of maximum sorption capacities of different type 
sorbents confirmed that the most important is appropriate 
selection of the material. Significant capacities were noted 
in case of activated carbons (Maestre et al. 2007; Guedidi 
et al. 2017), materials of natural origin (Lawal and Moodley 
2017) or synthetic oxide based materials (Kollarahithlu and 
Balakrishnan 2018). It is worth to mention that experimen-
tal data collected in the manuscript are in agreement with 
analyzed literature reports, and confirm the complexity of 
adsorption of active pharmaceutical ingredients. Among 

Table 5  Comparison of obtained isotherm constants for Langmuir 
models of type 1, 2, 3, 4

Langmuir isotherm

Adsorbed API r2 b qm (mg/g) λ2

IBU
 Type 1 0.699 2.688 0.025 2.31
 Type 2 0.992 2.132 0.025 0.18
 Type 3 0.996 0.005 2.318 0.19
 Type 4 0.995 2.308 0.007 0.20

Fig. 8  Adaptation of experimental data concerning adsorption of analysed pharmaceutical onto oxide adsorbent, to the Langmuir isotherms 
models (types 1–4)
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many different adsorbents reported, synthesized hybrid 
MgO–SiO2/calcium lignosulfonate system exhibits relative 
good sorption capacity towards ibuprofen but it should be 
mentioned that obtained qm value results from high dilution 
of adsorbate solution.

4  Conclusions

The proposed in situ sol–gel method enabled effective syn-
thesis of a functional hybrid material, which is a combina-
tion of an MgO–SiO2 oxide system and an active biopolimer 
(calcium lignosulfonate), as confirmed with physicochemi-
cal analysis results. The porous structure parameters proved 
a relatively high surface area (71 m2/g), pore diameter and 
their volume, which made it possible to classify hybrid 
adsorbent to the group of mesoporous materials. It is worth 
to emphasize that the advantage of the synthesized material 
are not only the parameters of the porous structure, but also 

Fig. 9  Results of desorption tests of selected adsorbent with adsorbed 
ibuprofen

Fig. 10  Suggested mechanism of interaction onto phase boundary of MgO–SiO2/calcium lignosulfonate/ibuprofen (Ciesielczyk et al. 2014a, b; 
Klapiszewski et al. 2018)
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the presence of multifunctional calcium lignosulphonate 
determining its surface activity.

The hybrid system obtained proved to be effective in the 
adsorption of ibuprofen—the efficiency of its removal from 
the model aqueous solution exceeded 70%. Adsorption tests 
allowed to confirm the relationship between the effectiveness 
of the removal of the pharmaceutical and the conditions of 
the adsorption process. The adsorption process itself was 
relatively rapid, and high efficiency was achieved in the 
first 3–5 min of the process. The increase in the mass of 
the adsorbent used contributed to the increasing efficiency 

of drug removal. The pH of the solution also implied the 
adsorption efficiency. The best results of drug removal were 
obtained in the acidic reaction environment (pH 2). Those 
results also confirmed the participation of functional groups 
in the adsorption mechanism. The theoretical description 
of the process confirmed that the obtained experimental 
data best describes the pseudo-second kinetic model and 
the Langmuir isotherm model (type III and IV), which indi-
cates single-layer adsorption. Based on the assessment of 
the influence of individual parameters of the adsorption 
process and analyzing its kinetic and equilibrium aspects, 

Table 6  Comparison of the obtained results to the previously published information concerning adsorption of ibuprofen

Sorbent Isotherm model Temperature 
(°C)

Ibuprofen ini-
tial concentra-
tion

Equilibrium time pH R2 qm Ref.

Activated carbon 
CAC 

Langmuir–Fre-
undlich

25 60 mg/L 4 h 2–4 0.997 139.2 mg/g Mestre et al. 
(2007)

Activated carbon 
CPAC

0.995 393.4 mg/g

Activated carbon 
cloth

Langmuir–Fre-
undlich

25–50 20 mg/L 10 h 3 0.960 491.9 mg/g Guedidi et al. 
(2017)

C18-mica-Na Langmuir–Fre-
undlich

25 10 mg/L 1 h 4–9 0.997 2·105 µmol/g Martin et al. 
(2019)C18-montmoril-

lonite
0.968 7.5·105 µmol/g

Silica SBA-15 Langmuir 25 0.1 mg/L 15 min 3–5 0.97 0.41 mg/g Bui and Choi 
(2009)

Ionic liquid 
modified 
mature sausage 
fruit

Langmuir–Fre-
undlich

25 100 mg/L 30 min 6-10 0.964 276.8 mg/g Lawal and Mood-
ley (2017)

C3N4/soot Langmuir 25 10 mg/L 2 h – 0.99 148.8 mg/g Liao et al. (2018)
Amino-function-

alized Cloisite 
15A

Langmuir 25 10 mg/L 2 h 5–8 0.8567 1.1 mg/g Rafati et al. (2018)

l-cysteine-
modified 
3-glycidyloxy-
propyltrimeth-
oxysilane-
coated 
magnetic 
nanomaterial

Langmuir 25 50 mg/L 30 min 6 0.980 138.1 mg/g Kollarahithlu and 
Balakrishnan 
(2018)

Bentonite Langmuir 25 100 mg/L 17 h – 0.977 53.7 mg/g Salihi and Mah-
ramanlioglu 
(2014)

Natural mixture 
of smectite and 
kaolinite puri-
fied with NaCl 
solution

Langmuir–Fre-
undlich

25 50 mg/L 3 h 4–6 0.900 3.5 mg/g Khazri et al. 
(2017)

β-cyclodextrin-
chitosan 
polymer

Freundlich 25 20 ppm 1 h 4.9 0.993 4.8 mg/g Bany-Aiesh et al. 
(2015)

MgO–SiO2/cal-
cium lignosul-
fonate hybrid

Langmuir 25 1 mg/L 1 h 2–8 0.996 2.3 mg/g This study
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the mechanism of interactions at the adsorbent-adsorbate 
interface was determined. It was suggested that the bind-
ing of the pharmaceutical may results from condensation 
of ‒OH groups (present in the ibuprofen structure and on 
the adsorbent surface) and on the principle hydrogen bonds 
(weak electrostatic and Van der Waals interactions).
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