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Abstract
The design of adsorption processes for pharmaceuticals removal depends not only on the adsorption equilibrium but also 
on the mass transfer and adsorbate stability, being a problem still not solved the case of degradation products. By select-
ing different stable (amoxicillin, ciprofloxacin, carbamazepine and ibuprofen) and labile micropollutants (omeprazole) as 
case studies emerging pollutants, we have quantitatively analysed these effects on activated carbon. For stable compounds, 
the experimental data were fitted to equilibrium models to obtain information about the different adsorption mechanism 
depending on the characteristics of the molecules. Mass transfer effects were analysed for all the adsorbates, observing the 
control of intraparticle pore diffusion mechanism, since the effective pore diffusion coefficient is in the range from 10–8 to 
10–10 cm2 h−1. As far as omeprazole is concerned, a kinetic model is proposed for predicting its degradation, identifying the 
reversibility of several degradation steps. The overall adsorption of OMP and derivates is calculated, observing the pore 
diffusion is considered as the rate-limiting step. For the first time, a combined model considering the chemical degradation 
and the adsorption of the degradation products is proposed and experimentally validated. This represents an important step 
in the modelling of processes leading to the purification of water from this type of pollutant.
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Introduction

The release of different kinds of micropollutants (as drugs 
and drug metabolites) to wastewater is arising as a major 
environmental issue for the forthcoming years. Most of these 
micropollutants (also called emerging pollutants, EP) are 
hydrophilic and refractory to biological degradation. Thus, 
they are not efficiently removed in conventional wastewater 
treatment facilities, being finally released to natural water 
bodies (Mailler et al., 2015). Once these pollutants are in 
the environment, different transformations occur, sometimes 
producing products that can differ in their environmental 
behaviour and ecotoxicological profile. Among the avail-
able treatment technologies, adsorption on activated carbon 
stands out due to its advantages as low cost, high efficiency, 

simplicity in the layout, lower maintenance and versatility 
for different compounds (Aboua et al., 2015; Martín et al., 
2018; Cheng et al., 2021; Fallah et al., 2021).

The performance of activated carbons to remove EP from 
water samples has been addressed, including thermodynamic 
(feasibility, capacities and adsorption equilibrium consider-
ing Langmuir and Freundlich approaches), and, to a minor 
extent, kinetic studies. The few reported kinetic models do 
not consider variables directly related to the adsorption pro-
cess (mass transfer, diffusion and adsorption on the active 
site) and only describe the behaviour (Moreno-Pérez et al., 
2021). At this point, adsorption on a microporous solid, such 
as the activated carbon, is typically controlled by the intra-
particle diffusion step, whereas film diffusion and adsorption 
steps are usually faster (Schwaab et al., 2017; Inglezakis 
et al., 2020). With this background, it is striking that a lim-
ited number of works deal with the diffusion models for 
the estimation of liquid–solid mass transfer coefficients on 
adsorption models (Fulazzaky et al., 2013; Tian et al., 2016; 
Inglezakis et al., 2020; Amarasinghe et al., 2020).

Regarding adsorbates, some authors observed that adsorb-
ate characteristics highly influence the adsorption behaviour 
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of several adsorbates on the adsorbent (Patiño et al., 2015). 
However, several pharmaceuticals and pesticides are reac-
tive and, hence, may undergo different chemical, physical 
and biological processes modifying the adsorption behav-
iour (Mijangos et al., 2019). At this point, the stability of 
amoxicillin is largely studied, observing degradation after 
an induction period (Palma et al. 2016; Samara et al., 2017). 
Likewise, omeprazole degradation is observed to begin with-
out an induction period, although slow in absence of light 
(DellaGreca et al., 2006; Nevado et al., 2013). Despite the 
existence of these unstable compounds, and although many 
works deal with the adsorption of a variety of stable emerg-
ing pollutants onto microporous adsorbents, to the best of 
our knowledge, any of them is focused on the adsorption of 
labile pollutants, as well as its derived species.

In this context, the present research provides a system-
atic study on the adsorption of different emerging pollutants 
(amoxicillin, ciprofloxacin, carbamazepine, ibuprofen and 
omeprazole) on activated carbon. In that way, experimental 
data of different stable compounds were fitted to the adsorp-
tion isotherms to obtain information about the adsorption 
mechanism. Likewise, the influence of mass transfer in the 
adsorption was studied by the calculation of mass transfer 
and diffusion coefficients. As a novelty, the adsorption of a 
compound that decomposes over time (omeprazole) is stud-
ied in a differentiated way. We propose for this last case 
adsorption models considering both the reaction and the 
intermediates adsorption.

Experimental section

Materials

Powdered activated carbon employed in the experiments was 
supplied by Norit (NORIT SAE SUPER). According to the 
supplier, the adsorbent has an average particle size (D50) of 
20 µm, an apparent density of 375 kg m−3, a total surface 
area of 1050 m2g−1 and a pore volume of 0.95 cm3g−1, with a 
main contribution of mesopores (0.81 cm3g−1) (Kampouraki 
et al., 2019), as measured from the Brunauer–Emmett–Teller 
(BET) experiments.

Carbamazepine and omeprazole were obtained from 
ACROS ORGANICS (VWR, USA). Ibuprofen, cipro-
floxacin and amoxicillin (potency: ≥ 900 μg per mg) were 
acquired from Sigma-Aldrich (USA). All chemicals have a 
purity ≥ 98%. The molecular structures of each adsorbate, as 
well as the physicochemical properties, are listed in Table 1. 
More concretely, pKa was obtained from the DrugBank 
database, taking the experimental value with the excep-
tion of AMX, for which is not available, so predicted on is 
included. Molecular weight has been obtained either from 
this database, or from Molinspiration, together with volume 

and topological polar surface area (TPSA). The application, 
available online, allows you to draw the molecule and cal-
culate molecular properties from it. Finally, water solubility 
and log KOW were obtained from Chemaxon.

The HPCL grade solvents used are: acetonitrile 
(≥ 99.9%); di-sodium hydrogen phosphate anhydrous; 
sodium phosphate monobasic monohydrate (≥ 98%) and 
phosphoric acid (85%).

Determination of pollutant stability

Different 50 mL distilled water solutions of amoxicillin, 
carbamazepine, ciprofloxacin, ibuprofen and omeprazole, 
at the highest concentration which avoids pharmaceuticals 
saturation at 25 °C (100, 75, 50, 20 and 75 mg L−1, respec-
tively), were kept in a water bath (Memmert) with agitation, 
at 25 °C, in absence of light, for a minimum of 24 h to ensure 
equilibrium. Samples (1.5 mL) were collected and analysed 
at regular intervals of time by high-performance liquid chro-
matography (HPLC).

Adsorption experiments

Batch adsorption experiments were performed in 100 mL 
glass bottles shaken in a water bath 100 opm (oscillations per 
minute). Preliminary tests were conducted at 25 °C to deter-
mine the equilibrium time and to fix the optimum adsorbent 
loading, varying the activated carbon concentration from 
0.05 to 0.5 g L−1. From these experiments, experimenta-
tion time was selected in order to ensure the equilibrium: 
omeprazole, ciprofloxacin and amoxicillin, 24 h, whereas 
ibuprofen and carbamazepine, 8 and 7 h, respectively.

Adsorption isotherms were conducted at 25, 35 and 
45 °C for each pharmaceutical. The amount of activated 
carbon established in the preliminary experiments (5 mg) 
was mixed with 100 mL glass bottle with solutions of the 
micropollutants in concentrations between 5 and 100 mgL−1, 
depending on its solubility in water and its limit of deten-
tion in the HPLC. Blank experiments were also carried out 
under the same conditions to consider the losses of adsorbate 
by volatilization and by degradation of the unstable com-
pounds. Once equilibrium was reached, supernatants were 
filtered using syringe nylon filters prior its analysis. All the 
experiments were done by duplicate, as well as the analysis. 
Supernatants analysis provides the equilibrium liquid phase 
composition, whereas solid-phase composition was calcu-
lated using a mass balance.

Analytical detection

The concentrations of the emerging pollutants were ana-
lysed by HPLC in an Agilent 1200 model equipped with an 
UV–Vis detector and a 150 mm Zorbax Extend-C18 column.
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Amoxicillin was detected in a wavelength of 230 nm 
using ultrapure water (Milli-Q) (solvent A) and acetonitrile 
(solvent B) as mobile phases. Elution of amoxicillin started 
with 5% solvent B for 10 min linear gradient to 53% solvent 
B with a flow rate of 1 mL min−1. The volume of injection 
was 40 µL and the operation temperature was 30 °C.

Carbamazepine, ciprofloxacin and omeprazole were 
analysed in wavelengths of 210, 280 and 280 nm, respec-
tively, using an isocratic solution of mobile phase con-
sisting of 700:300 phosphate buffer: acetonitrile with 
the pH adjusted to 7 with phosphoric acid. The buffer 

was prepared by mixing 839 mg of di-sodium hydrogen 
phosphate anhydrous and 136 mg of sodium phosphate 
monobasic monohydrate in 1 L of Milli-Q water. Then, the 
solution was filtered with 0.2 µm nylon membrane filters 
prior being used as mobile phase. The volume of injec-
tion, operational flow rate and temperature were 20 µL, 
2 mL min−1 and 25 °C, respectively.

Ibuprofen was detected in a wavelength of 214  nm 
using a mixture of Milli-Q water adjusted to pH 2.5 
with phosphoric acid and acetonitrile (400:600) as 
mobile phase. 10 µL of the micropollutant was injected 

Table 1   Main physicochemical properties of the emerging pollutants used in this work

1 Obtained from DrugBank (https://​go.​drugb​ank.​com/​drugs)
2 Obtained from Molinspiration (www.​molin​spira​tion.​com/​cgi-​bin/​prope​rties)
3 Obtained from Chemaxon. (http://​www.​chema​xon.​com)

Compound Molecular structure pKa1 Molecular 
weight1,2

logKOW
3 Water 

solubility3 (g 
L−1)

Volume2 (A3) TPSA2

(A2)

Amoxicillin (AMX)

 

3.2 365  − 1.35 0.02 306.89 132.96

Ibuprofen (IBP)

 

5.3 206 3.46 0.06 211.19 37.3

Carbamazepine (CBZ)

 

15.9 236 2.84 0.04 215.08 48.03

Ciprofloxacin (CIP)

 

6.09 331  − 0.7 1.61 285.46 74.57

Omeprazole (OMP)

 

9.29 345 2.41 0.11 302.81 77.11

Omeprazole degradation products
B

 

– 329 4 – 295.26 –

D

 

– 315 – – 277.73 –

C n.a – 284 – – – –

https://go.drugbank.com/drugs
http://www.molinspiration.com/cgi-bin/properties
http://www.chemaxon.com
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in an isocratic f low rate of 1.7  mL  min−1 and an 
operation temperature of 20 °C.

Omeprazole degradation products were identified by 
LC–MS/MS experiments, carried out on an Agilent 1260 
Infinity LC system coupled to a Triple Quad™ 6500 MS. 
Electrospray ionization was performed in the positive mode 
(ESI+) with a source temperature of 300 °C. Parameters 
used to produce fragment ions were a declustering potential 
(DP) of 40 V, a collision cell exit potential (CXP) of 6 V and 
a collision energy (CE) of 45 V. Chromatographic separation 
was achieved analogous to that previously described.

Results and discussion

Stability of pharmaceuticals

Figure 1 shows that amoxicillin (AMX), ibuprofen (IBP), 
carbamazepine (CBZ) and ciprofloxacin (CIP) were stable 
compounds in water for, at least, a day scale. After one day, 
AMX also starts a slight degradation process; however, since 
the adsorption equilibrium time is reached before (24 h), 
this compound can be treated as a stable one. In agreement, 
even 14 days were reported in the literature as degradation 
time for AMX at 25 °C (Palma et al. 2016). Furthermore, 
the European Commission service (Marianini et al., 2017) 
confirmed the CBZ and IBP stability after 10 weeks of an 
isochronous stability study.

A different situation is observed for OMP, which concen-
tration decreases constantly with time until reaching at 55 h 
a quarter of its initial concentration (Fig. 1). In agreement, 
Nevado et al. (2013) observed, for a 40 mg L−1 water solu-
tion of OMP, in absence of light at 20 °C, total disappear-
ance after 50 h.

Therefore, in the following sections, the stable com-
pounds will be treated separately of the labile one, omepra-
zole, since for the latter a study of the species in which it 
decomposes will be made, as well as its ability to interact 
with the activated carbon.

Stable compounds

Adsorption isotherms

The influence of adsorbent concentration on the adsorp-
tion of the considered pollutants is plotted in Fig. S1. The 
amount of adsorbate retained per unit of adsorbent decreased 
when the adsorbent mass is increased, following the order: 
CBZ > CIP > AMX > IBP. To maximize the adsorbate load-
ing and the removal efficiency, the activated carbon concen-
tration was set to 0.05 g L−1 for all compounds.

Experimental equilibrium data at 25 °C for carbamaz-
epine (CBZ), ciprofloxacin (CIP), ibuprofen (IBP) and 
amoxicillin (AMX) are presented in Fig. S2. The amount 
of adsorbate retained, at same temperature and equilibrium 
concentration, follows the order: CIP > CBZ > AMX > IBP. 
Both CIP and AMX reach the maximum capacity of adsorp-
tion (about 400 mg/g), although in the case of CIP with a 
lower equilibrium concentration. Usually, adsorbate size and 
weight control the accessibility into the adsorbent pores; 
however, in this case, AMX exhibits the largest size and a 
very worthy value of adsorption capacity. Contrary, IBP, 
with the smallest size, presents the lowest adsorption capac-
ity. This fact suggests that the morphology of the adsorbate 
is not the limiting factor, but other forces could play a key 
role in the interaction (Wu et al., 2020). Attending to the 
electrostatic interactions, Kampouraki et al. (2019) meas-
ured for the activated carbon of this work an acidic to basic 
groups ratio very low (0.08), with presence of two kinds of 
oxygen functional groups on carbon’s surface (lactones and 
phenols), and a point of zero charge (pzc) of 9.9. There-
fore, operating at pH (7), the adsorbent surface is positively 
charged due to the protonation of the lactones and phenols 
groups. According to the adsorbates dissociation constant, 
as shown in Table 1, CBZ is not dissociated at operating 
conditions. Thus, electrostatic attraction cannot explain its 
adsorption capacity. Contrary, CIP, AMX and IBP are par-
tially deprotonated, acquiring anionic character. Therefore, 
an adsorbate/adsorbent electrostatic attraction can explain 
the high adsorption capacities obtained for AMX and CIP. 
Another adsorption mechanism, based on π–π stacking inter-
action, justifies the CBZ elevated adsorption capacity. CBZ 
molecule, with three aromatic rings, would have a special 
affinity towards activated carbon, surface lactones playing 
also a fundamental role. This trend could be deduced from 
its high octanol–water partition coefficient (2.84), which 
is known to increment the potential retention by soil and 
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Fig. 1   Stability experiments at 25  °C for amoxicillin (circle), car-
bamazepin (triangle), ciprofloxacin (diamond), ibuprofen (red) and 
omeprazole (square). Initial concentrations: 100, 75, 50, 20 and 
75  mg L−1 for amoxicillin, carbamazepine, ciprofloxacin, ibuprofen 
and omeprazole, respectively
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sediments, as shown in Table 1. However, the largest log 
Kow value of IBP could not justify its modest adsorption 
capacity.

Hydrogen bonding is also a very common mechanism in 
the adsorption of organic compounds (Valencia et al., 2018). 
Although hydrogen bonding is possible for all the emerg-
ing pollutants, this interaction is more limited in the case 
of IBP—in comparison with CIP, CBZ and AMX—since 
it has only a = O hydrogen acceptor and a –OH hydrogen 
donor groups.

To get further insights about the IBP adsorption mecha-
nisms, Fig. S2 also includes the isotherms models fitting 
curves. Experimental data were fitted to two-parameter 
adsorption isotherms: Freundlich, Langmuir, Temkin, Har-
kin–Jura, Fowler–Guggenheim, Hill-Deboer and Jovanovic. 
The equations of these isotherms, as well as the assumptions, 
are summarized in Table S1. Likewise, Table 2 includes the 
obtained parameters, associated with surface characteris-
tics, affinity of the adsorbent and adsorption capacity of the 
adsorbent. The goodness of the fitting of the different models 
provides interesting insights about the adsorption mecha-
nisms, highlighting the different character of the adsorb-
ate–adsorbent interactions.

As given in Fig. S1 and Table 2, Langmuir isotherm is 
the most appropriate for describing AMX adsorption, also 
showing the largest monolayer adsorption. Likewise, the 
value of qm for CBZ is slightly higher than reported by Li 
et al. (2011) on activated carbon, 287 mg/g.

The KF values of Freundlich isotherm, largest for CBZ 
and CIP, are in agreement with the experimental results. 
In the same way, a very similar value of KF was reported 
to adsorption of CBZ on powdered activated carbon (163 
(mg g−1)(L mg−1)1/n) (Delgado et al., 2019). Concerning 
the exponent, n, values in the range 2–10 represent good 
adsorption features, so all the adsorbates are in this group. 
Similarly, Yu et al. (2008) obtained n values between 1.14 
and 3.3 for the adsorption of aromatic compounds when acti-
vated carbons were used as adsorbents, and Sharifpour et al. 
(2020) in the adsorption of CIP on activated carbon coated 
with multiwalled carbon nanotubes obtained KF = 372 (mg 
g−1)(L mg−1)1/n.

With the exception of AMX, best determination coeffi-
cients were obtained from Freundlich than Langmuir iso-
therm (Table 2), suggesting adsorption on heterogeneous 
surfaces as could be expected given the surface chemistry 
of the activated carbon. However, there is still possibility 
for improvement in the fitting coefficients. Therefore, other 
less common adsorption models (Temkin, Harkin–Jura, 
Fowler–Guggenheim, Hill-Deboer and Jovanovic) have been 
also studied.

Temkin model predictions are quite close to experimen-
tal data, being remarkable the high value of KT obtained 
for CBZ, in agreement with the KL value of Langmuir 

isotherm; confirming in this way the equilibrium of the pro-
cess. Analogously, the low KT for AMX would highlight the 
irreversibility of the process. Concerning b constants are 
in all cases positive, suggesting the unfavourable thermo-
dynamic adsorption between the adsorbates and activated 
carbon (Tian et al., 2016), especially in the case of IBP. 
Hill-Deboer fitting is really poor in the case of AMX; thus, 
the hypothesis of mobile adsorption among the adsorption 
sites and the lateral interaction can be discarded. For the rest 
of adsorbates, although with better fitting coefficients, this 
model also presents a worse fit than previous models. The 
fitting of Fowler–Guggenheim model allows directly discard 
this model for AMX. For the other adsorbates, with R2 > 0.9, 
their positive ω values are congruent with attractive forces 
among the adsorbed molecules, especially for CBZ and CIP. 
This fact is in agreement with the bad fit of CBZ and CIP 
to Langmuir model, which assumes no interaction among 
adsorbed molecules. Harkin–Jura model can be, once again, 
discarded for AMX, whereas quite good fitting was obtained 
for CIP, suggesting multilayer adsorption.

Concerning the Jovanovic model, the values of qmax 
obtained in the fitting procedure were found to be slightly 
lower than experimental data. The KJ constant was in all 
cases negative and close to 0, being these values very similar 
to other authors (Díaz de Tuesta et al. 2020). The negative 
value of the constant is due to isotherm equation expression 
respect to the inlet exponential content. As given in Table 2, 
this model fits with a great accuracy the IBP experimen-
tal data; thus, adsorption of IBP can be better explained by 
approximation of monolayer localized adsorption with sur-
face binding vibrations of an adsorbed species.

Mass transfer effects on the adsorption

The pollutant adsorption is governed by the consecutive 
steps: (1) diffusion across the liquid film surrounding the 
sorbent particles (film diffusion); (2) intraparticle diffusion 
from surface through the pores to internal activate sites (pore 
diffusion) and (3) adsorption on the adsorbent active sites 
(adsorption) (Amarasinghe et al., 2020). For the adsorption, 
the main diffusion resistance is likely to be film or intrapar-
ticle diffusion.

To assess these effects, the Weber–Morris equation, 
derived from Fick’s law for adsorbate diffuse in spherical 
adsorbent particles at a short adsorption time, is propose 
for predicting the rate-controlling step (Sekulic et al., 2019). 
This model can be expressed as follows (Sahmoune et al., 
2011; Tian et al., 2016), Eq. 3:

where kid is the intraparticle diffusion rate constant (mg 
g−1  h−0.5) and C (mg g−1) is the intercept linked to the 

(3)qt = kidt
0.5 + C
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Table 2   Amoxicillin, ibuprofen, carbamazepine and ciprofloxacin adsorption parameters

Langmuir

Compounds KL (L mg−1) qm (mg g−1) R2

AMX 0.077 463 0.992
CBZ 0.33 361 0.809
IBP 2.84 65 0.937
CIP 1.93 320 0.887

Freundlich

Compounds KF ((mg g−1)(L mg−1)1/n) n R2

AMX 109 3.26 0.947
CBZ 172 5.33 0.981
IBP 46 4.90 0.974
CIP 188 5.40 0.963

Temkin

Compounds b (kJ mol−1) KT (L mg−1) R2

AMX 0.027 0.99 0.988
CBZ 0.064 133.20 0.982
IBP 0.211 47.75 0.968
CIP 0.051 43.32 0.950

Hill-Deboer

Compounds K1 (L mg−1) K2 (kJ mol−1) R2

AMX 0.0057 14.73 0.282
CBZ 0.044 23.48 0.749
IBP 0.00026 39.82 0.919
CIP 0.776 4.57 0.892

Fowler–Guggenheim

Compounds KFG (L mg−1) ω (kJ mol−1) R2

AMX 0.01  − 2.38 0.283
CBZ 9.26 5.25 0.971
IBP 2.34 0.93 0.946
CIP 15.03 7.62 0.921

Harkin–Jura

Compounds A B R2

AMX 141,482 5.1 0.221
CBZ 93,153 2.4 0.937
IBP 7747 3.6 0.845
CIP 71,424 2.0 0.987

Jovanovic

Compounds qmax (mg g−1) KJ (L mg−1) R2

AMX 231  − 0.008 0.953
CBZ 190  − 0.013 0.777
IBP 42  − 0.082 0.993
CIP 196  − 0.023 0.983
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apparent thickness of the film boundary layer (Sahmoune 
et al., 2011).

From Fig. 2, it is observed that in the case of CBZ a 
straight line intercepts the origin, suggesting an adsorp-
tion process solely governed by intraparticle diffusion (Zhu 
et al., 2016). However, two different zones are observed 
of the other compounds, where the straight lines do not 
intercept the origin, indicating that intraparticle diffusion 
is involved, but not being the only rate-limiting step. This 
behaviour was already reported for adsorption of cationic 
dyes and emerging pharmaceuticals (Sahmoune et al., 2011; 
Tian et al., 2016; Sekulic et al., 2019). At a first insight, 
from the difference between CBZ and the rest of pollutants, 
it can be inferred that deprotonated forms of the compounds 
would increase the thickness of the film layer. Figure 2 and 
Table 3 show that the first stage, linked to boundary layer 

effect, presents higher slope than the second one, related to 
intraparticular diffusion and hence kid1 > kid2; thus, at a first 
insight the film diffusion will not be rate limiting.

Comparison of kid values remarks the influence of the 
micropollutant molecular sizes, since the lowest kid values 
correspond to CIP and AMX, molecules with the greatest 
molecular weights (331 and 365 g/mol, respectively). In this 
way, Sekulic et al. (2019) studied the adsorption of several 
EP onto phosphorous-doped microporous carbonaceous 
materials obtaining for CBZ and IBP both kid and C val-
ues lower than the observed in this study (14 mg g−1 h−0.5, 
4.4 mg g−1; 15 mg g−1 h−0.5 and 4.7 mg g−1 for CBZ and 
IBP, respectively). These differences can be justified both by 
the lower operation temperature (20 °C versus 25 °C) and 
lower initial concentration in the case of CBZ (20 mg L−1 
versus 75 mg L−1).

Fig. 2   Intraparticle diffusion 
model of amoxicillin (circle), 
carbamazepine (triangle), cip-
rofloxacin (diamond) and ibu-
profen (square) adsorption onto 
activated carbon. Experiments 
were conducted at 25 °C, and 
initial concentrations of AMX, 
CBZ, CIP and IBP are 100, 75, 
50 and 20 mgL-1, respectively

Table 3   Coefficients for the different mass transfer models of amoxicillin, carbamazepine, ciprofloxacin and ibuprofen adsorption onto activated 
carbon

Pharmaceutical AMX CBZ CIP IBP OMP B D C

Intraparticle diffu-
sion model

kid1 (mg g−1 h−0.5) 51.72 – 36.56 65.04 118

kid2 (mg g−1 h−0.5) 1.45 166 2.33 10.17 47
C1 (mg g−1) 192 – 383 205 526
C2 (mg g−1) 392 0 454 267 664
R1

2 0.991 – 0.937 0.797 0.999
R2

2 1 0.983 0.974 0.616 0.994
Overall mass 

transfer model
kL (m h−1) 3.24 × 10–3 2.65 × 10–3 7.34 × 10–3 8.18 × 10–3 4.31 × 10–3 4.76 × 10–3 2.11 × 10–3 1.29 × 10–3

Ceq (µmol L−1) 220 238.4 82.4 34.5 56 0.65 19 21
R2 0.980 0.931 0.993 0.995 0.813

Pore diffusion 
model

Di (cm2 h−1) 3.36 × 10–8 6.04 × 10–8 6.85 × 10–8 5.07 × 10–8 1.70 × 10–8

R2 0.996 0.946 0.588 0.876 0.764
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Furthermore, it is also observed from CBZ data that the 
intraparticle diffusion rate increases with increasing initial 
EP concentration in solution, since higher initial concen-
tration leads to higher concentration gradient, which will 
eventually cause faster diffusion and quicker adsorption.

In order to combine both the film diffusion and diffu-
sion in the particle together, the mass transfer model was 
applied, where the overall mass transfer coefficient (kL, m 
h−1) can be obtained from Eq. 4:

where S is the surface area of the adsorbent per unit volume 
of the particle-free solution (m−1) and Ceq is the solute con-
centration in the solution in equilibrium with the adsorbent 
at time t.

T a b l e   3  s h o w s  a  d e c r e a s -
i n g  o r d e r  o f  m a s s  t r a n s fe r  c o e f f i c i e n t s 
(kL_IBP > kL_CIP > kL_AMX > kL_CBZ) with the adsorbate equi-
librium concentrations (CeqIBP < CeqCIP < CeqAMX < CeqCBZ), 
which matches with the decreasing adsorbate initial con-
centrations (Fig. S3).

Likewise, the effective pore diffusion coefficient (Di, 
cm2 h−1) was calculated from Eq. 5 (Tian et al., 2016):

where q (mg g−1) and qe (mg g−1) are the adsorbate concen-
tration in the adsorbent at time t and at equilibrium and dp 
(cm) is the mean adsorbent diameter. As given in Table 3, 
all adsorbates present similar Di, being only remarkable that 
AMX, with the highest volume (307 A3), exhibits the lowest 
diffusivity and CIP, with the highest dipole moment (9.98 
D), has the highest diffusivity. On the other hand, values 
between 2.41 10–11 cm2 h−1 and 1.9 10–3 cm2 h−1 (Frölich 
et al., 2018; Deng et al., 2019; Moreno-Pérez et al., 2021) 
where reported for EP adsorption on carbon nanotubes or 
biochars. It is convenient to outline that, in agreement with 
Micherlsen et al. (1975), mass transfer processes for all the 
adsorbates are controlled by intraparticle pore diffusion 
mechanism, since the Di is in the range from 10–8 to 10–10 
cm2 h−1.

The key role of the adsorbate in the mass transfer is 
shown in Fig. S4, where the kL (Fig. S4a) and the kid2 
coefficient (Fig. S4b) (characteristic of the intraparticular 
diffusion) are plotted versus the molecular weight of the 
adsorbates. It can be observed a continuous decreasing 
trend in the overall mass transfer coefficient and the intra-
particular diffusion coefficient with the molecular size for 
IBP, CIP and AMX. The discordant role of CBZ can be 
justified attending to the pKa of the molecule, being the 

(2)
dC

dt
= −kLS(C − Ceq)

(3)−log

[

1 −

(

q

qe

)2
]

=
4�2Dit

2.3d2
p

only non-deprotonated molecule in the operation condi-
tions. In fact, from the Temkin adsorption isotherms, it 
was observed a very high equilibrium constant for CBZ, 
compatible with a chemisorption process, which could be 
responsible of the different behaviour.

Adsorption of reactive adsorbates: Omeprazol

Firstly, the adsorbent amount was optimized for OMP 
adsorption, selecting, analogous to stable compounds, a 
concentration of activated carbon of 0.05 gL−1.

Omeprazole degradation products and kinetic modelling

Figure 1 shows the instability of OMP in a water media 
after 55 h. A comprehensive analyses of the reaction prod-
ucts showed that the main reaction products of the OMP 
(C17H19N3O3S) degradation are omeprazole sulphide 
(B) (C17H19N3O2S), 4-hydroxy omeprazole sulphide (D) 
(C16H17N3O2S) and C14H28N4O2 (C). The evolution of 
the concentration these degradation products is shown in 
Fig. 3a. Quantification details of the species and mass bal-
ance details are summarized in Text S1.

Based on the degradation pathway proposed by Schmidt 
et al. (2014), the concentration of the different species was 
fitted to several models using MATLAB. The model with the 
best fitting (based on the degradation pathway proposed in 
(Fig. 3b) was selected on the basis of regression coefficient 
R2 = 0.991. Equations of the pseudo-first-order kinetics are 
detailed in Eq. 6–9.

where C (µmol L−1) and k (h−1) are the concentration and the 
degradation rate constant of the studied compound, respec-
tively. The kindness of the fitting is shown in Fig. 3a and 
kinetic constants in Fig. 3b.

OMP degradation reaction into B is slow in absence of 
light (DellaGreca et al., 2006; Nevado et al., 2013), yield-
ing to the lowest value of the kinetic constant (k1 of 3.32 
10

−2 h−1). This OMP decomposition into the sulphide (B) 
can be explained since sulfoxides are fragmented or reduced 
via cations and the conversion can occur more easily with 

(4)−
dCOMP

dt
= k

1
COMP

(5)
dCB

dt
= k

1
COMP − k

3
CB − k

2
CB + k

4
CD

(6)
dCC

dt
= k

3
CB

(7)
dCD

dt
= k

2
CB − k

4
CD
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heterocyclic compounds (DellaGreca et al., 2006), being 
also slow at conditions of low acidity as it is the case (pH 
below 7). In fact, El-Badry et al. (2009), working at 25 °C 
and pH = 7.5, obtained a kinetic degradation constant of 
0.0037 h−1, justified due to the highest OMP stability in 
alkaline medium.

The intermediate B is decomposed following two parallel 
routes, yielding D and C, respectively. The first reaction is 
reversible, although the direct one (k2 = 55.37 10−2 h−1) is 
faster than the reverse (k4 = 4.67 10−2 h−1). This pathway was 
also proposed by Jadhav et al. (2016), although it is not still 
reported in any pharmacopeia. Concerning C, this compound 
is tentatively shown by LC–MS detection, although, to the 
best of our knowledge, it was never described as degradation 
product of OMP. At this point, B has a benzimidazole group 
which shows a high photosensitivity to degradation in solu-
tion (2006). Therefore, this molecule could break through 

the imine bond (C=N) of the benzimidazole group. Then, 
two fragments of this molecule could join together to form 
C.

OMP and its degradation products adsorption behaviour

Experimental adsorption capacities of OMP and their deg-
radation products, calculated in basis of the carbon balance 
(Text S2), are shown in Fig. 4a.

The kinetic data were further fitted to the intraparticle dif-
fusion model, observing two differenced zones. The first is 
related to the film diffusion and the second one, which with 
the lower value is the limiting step, to the intraparticular 
diffusion.

Finally, and similar to the mass transfer analysis of the 
stable compounds, the intraparticle diffusion coefficient 
(Di) was calculated. Its value, 1.70  10–8 cm2  h−1, also 

Fig. 3   a Omeprazole degrada-
tion kinetic model obtained 
from omeprazole stability 
experiments at 25 °C and at an 
initial concentration of 75 mg 
L−1: (diamond) omeprazole, 
(circle) (B), (square) (C), 
(triangle) (D). b Omeprazole 
degradation pathway proposed 
in this work
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justifies that the pore diffusion is considered as the rate-
limiting step (Michelsen et al. 1975).

Overall mass transfer process and modelling

OMP and its degradation products have been indepen-
dently fit to the overall mass transfer model, in order to 
get an overall view of the adsorption and degradation of 
this pollutant. In this model, OMP degradation rate con-
stants from the previously reported model were considered 
(Fig. 3b), were also considered, whereas equilibrium con-
centrations and the overall mass transfer coefficients were 
the fitting parameters. Governing equations are summa-
rized in Eqs. 10–13, whereas modelling results are shown 
in Fig. 4b, and the resulting coefficients are summarized 
in Table 3.

The highest mass transfer coefficients were obtained 
for OMP and OMS (4.31 × 10–3 and 4.76 × 10–3 m h−1, 
respectively), and this despite the fact that they are the 
molecules with a higher molecular weight, as shown in 

(10)
dCOMP

dt
= −k

1
∙ COMP − kLOMPS(COMP − CeqOMP)

(11)

dCB

dt
= k

1
∙ COMP − k

2
∙ CB − k

3
∙ CB + k

4
∙ CD − kLBS(CB − CeqB)

(12)
dCD

dt
= k

2
∙ CB − k

4
∙ CD − kLDS(CD − CeqD)

(13)
dCC

dt
= k

3
∙ CB−kLCS(CC − CeqC)

Fig. 4   a Global adsorption 
capacities among time of 
omeprazole and its degrada-
tion products. b External film 
diffusion model for omeprazole 
and its degradation products: 
(diamond) omeprazole, (circle) 
B, (square) C, (triangle) D
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Table 1. Attending to the pKa of both compounds, 9.29 
and 9.81 for OMP and B, respectively, both compounds 
are not dissociated at the operating pH, whereas it could 
be assumed that C and D are dissociated, hence their dif-
ferent behaviour. Moreover, the high values of log Kow of 
OMP and B could justify also their easiness in the mass 
transfer. By contrast, the hydroxyl group of D could sup-
pose a greater hydrophilic character, difficulting in this 
way the mass transfer.

The kinetic constants of Fig. 3b, as well as the overall 
mass transfer coefficients of Table 3, were used to predict 
the evolution with time of OMP and degradation products at 
different initial concentrations, and results were compared to 
experimental ones (Fig. S5). As a result, modelled results fit 
experimental data with an acceptable accuracy.

Conclusion

Adsorption of stable (CIP, AMX, CBZ and IBP) and labile 
(OMP) pharmaceuticals onto activated carbon has been stud-
ied in this article. Specifically, adsorption equilibrium iso-
therms (for stable compounds), mass transfer and diffusion 
coefficients have been calculated and an omeprazole deg-
radation pathway has been developed, proposing a kinetic 
model based on mass transfer coefficients.

From adsorption equilibrium modelling, the adsorption 
mechanisms of the different EP considered were deduced, 
pointing out the differences among adsorbates. In the case 
of AMX, an irreversible and endothermic interaction in 
monolayer was deduced and without interaction among the 
adsorbed molecules (Langmuir and Temkin isotherms). 
From Temkin isotherm, it is observed a reversible adsorption 
process for CBZ. Moreover, all the adsorbates, excepting 
AMX, but mainly CIP and CBZ, present interaction among 
the molecules, as it is observed from Fowler–Guggenheim 
isotherm. And IBP, as it is deduced from Jovanovic iso-
therm, can experiment mechanical contacts between the 
adsorbate and adsorbent.

The kinetic mass transfer limiting step of the adsorp-
tion process was analysed for each adsorbate with the 
Weber–Morris equation, observing that the intraparticle 
diffusion is the slowest step in all cases. This result was 
confirmed by the intraparticle diffusion coefficient (Ɗi), with 
values around 10–8 cm2 h−1. Furthermore, it was observed a 
continuous decreasing trend in the overall mass transfer and 
intraparticular diffusion coefficients with the molecular size 
for IBP, CIP and AMX, being attributed the discordant role 
of CBZ to the pKa of the molecule.

Finally, the degradation compounds of OMP at 25 °C 
for 77 h were identified, fitting the experimental data to a 
first-order kinetic model. Likewise, the concentrations of 
OMP and its derivated in presence of activated carbon were 

fitted to a model based on mass transfer coefficients, con-
firming also in this way the limiting step of the intraparticle 
diffusion.
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