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Abstract
Nonsteroidal anti-inflammatory drugs (NSAIDs) are highly consumed around the world and consequently found as emerging 
pollutants in water; they are found in concentrations up to µg  L−1 making their removal a priority. In this matter, adsorption 
is an efficient alternative for drug removal, so using activated carbon (AC) as an adsorbent is a highly explored subject. The 
current interest is to obtain AC from waste, for example, those of agro-industrial origin, reducing this way the overall costs of 
the process. Although information regarding the use of AC from agro-industrial origin in the removal of NSAIDs is limited, 
an exclusive compilation is required to understand the state of the art to date. This work aims to update information related 
to the adsorption of ibuprofen, diclofenac, and naproxen on agro-industrial AC, and it is focused on the period 2016–2021. It 
highlights the characteristics of agro-industrial AC responsible for efficient adsorption. Recent adsorption studies, including 
kinetics, isotherms, and thermodynamics, are analyzed and compared. Progress on removing NSAIDs from real wastewater 
is also presented and finally proposed adsorption mechanisms and costs related to these removal processes.
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Introduction

Emerging pollutants are compounds that are not currently 
regulated and have not been sufficiently studied. Their pres-
ence in the environment may cause harm to human and 
environmental health [1, 2]. When classifying emerging 
pollutants, pharmaceuticals are interesting since they reach 
wastewater by several routes such as those from pharma-
ceutical industry, hospitals, as well as those of agricultural, 
livestock, and municipal origin, as exemplified in Fig. 1. 

Furthermore, the COVID-19 pandemic only worsens this 
situation, since the consumption of various pharmaceuticals 
has increased. This scenario has negative effects on the envi-
ronment, and up to today, there has not been enough research 
in this matter (COVID-19/increase in pharmaceuticals in 
wastewater) [3].

Antibiotics are among the most frequently drugs identi-
fied in wastewater, followed by analgesics, and nonsteroidal 
anti-inflammatory drugs (NSAIDs). This latter group is the 
most widely used around the world. For this reason, they are 
often found in water considered one of the top ten persistent 
pollutants [4]. The most commonly consumed anti-inflam-
matories are ibuprofen, diclofenac, and naproxen (Fig. 1) 
so their presence in wastewater is common. In Mexico, 
for example, the reported concentration of ibuprofen and 
diclofenac is around 6 µg  L−1 both urban and rural wastewa-
ter effluents. These levels are known to be toxic [5]. Both the 
aforementioned pharmaceuticals, plus naproxen, were found 
at concentrations equal or above the action limit (1 μg  L−1) 
reported for environmental risk assessment [6].

Although the harmful effects that pharmaceuticals have 
on human health are not yet fully identified, it is known 
that some of the main ones correspond to alteration of 
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cellular processes and endocrine disruption [1]. Because of 
the impact of drugs on the environment and human health, 
their removal is a matter of interest. NSAIDs remain in the 
aqueous phase due to their hydrophilicity and stability, mak-
ing their elimination difficult in traditional treatment plants 
[7]. For this reason, several methods have been studied, for 
example, biological treatments, advanced oxidation pro-
cesses, and physicochemical treatments such as adsorption 
[8–10].

Adsorption is a simple method that satisfies the removal 
of various contaminants [7, 11, 12]. During the adsorption 
process, pollutants are captured from an aqueous solution 
by a material called adsorbent through physicochemical 
mechanisms. Using activated carbon (AC) as an adsorbent 
is recognized by the United States Environmental Protec-
tion Agency (USEPA) as an efficient technology for the 
removal of organic and inorganic compounds from water 
[13]. The interest nowadays is obtaining AC from differ-
ent wastes, thus reducing the costs of this type of process, 
which gives meaning of agro-industrial origin AC. In this 
regard, there are many reviews analyzing the adsorption 
of pharmaceuticals (including anti-inflammatories) on AC 
obtained from different wastes [7, 14, 15]. However, there 
is little information on studies completely focused on AC 
from agro-industrial origin. There is current need of precise 
information describing the analysis and methods employed 
that allow the understanding of adsorption processes of 
NSAIDs on this type of AC. This paper aims to update the 
information reported in the last six years (2016–2021) on 
the adsorption of ibuprofen, diclofenac, and naproxen on 
agro-industrial AC, as well as the advantages of using agro-
industrial waste and the key characteristics of the materials 
employed to obtain AC. Subsequently, the basic studies of 
adsorption that include kinetics, isotherms, and thermody-
namics are analyzed, as well as the evaluation in the removal 

of NSAIDs in real wastewater, adsorption mechanisms, and 
costs associated with this type of process in order to deter-
mine viability towards implementation.

Activated carbon obtained 
from agro‑industrial residues

The remaining biomass of a processed crop or agro-indus-
trial processing is mainly composed of tissues that are part 
of the plant cell structure. The cell wall is mainly composed 
of cellulose, hemicelluloses, and lignin, and the fraction of 
these compounds varies depending on species, age, growing 
season, or industrial exploitation. Nieto compared biopoly-
mers and the carbon composition of different organic wastes. 
For example, coconut shell, peach stone, and apricot stone 
contain the highest amount of carbon, around 50%, while 
an amount of cellulose of up to 45% has been identified in 
eucalyptus wood, agave bagasse, and beech wood. On the 
other hand, beech wood and apricot stone have hemicellu-
lose of up to 30%; finally, the waste materials that contain 
the highest amount of lignin (up to 52%) are palm shell and 
walnut shell [16].

The cell wall of a plant is composed of different lay-
ers: the primary wall, the secondary wall, and the middle 
lamella. They all differ by their chemical composition. 
The primary cell wall is mainly comprised of cellulose, 
unbranched polymers composed of D-glucose molecules 
associated with the formation of cellulose crystallites. Pec-
tin has a similar function to hemicelluloses since it also acts 
as a binder between cellulose microfibrils in the primary 
cell wall. Pectin is a complex mixture of polysaccharides 
provided with carboxylic groups, which are normally disso-
ciated and have a negative charge, giving an ionic exchange 
capacity to the cell wall. The secondary cell wall is between 

Fig. 1  Scheme of incorpora-
tion of the most frequently used 
NSAIDs to wastewater and their 
removal by agro-industrial AC
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the plasma membrane and the primary cell wall, it incorpo-
rates lignin to its chemical composition, which is a phenolic 
macromolecule with a variable chemical structure. In the 
secondary cell wall, the cellulose microfibrils and hemicel-
luloses chains form a complex mixture of lignin, generat-
ing a rigid and tighter structure. Three different layers are 
then identified in the secondary cell wall since cellulose and 
hemicellulose appear to be more structurally organized [17]. 
These properties of organic waste, besides to the large vol-
ume generated worldwide, make biomass a material suitable 
for processing into activated carbon. For this purpose, the 
origin of the precursor and the method employed to convert 
it into AC can offer specific characteristics to the AC. The 
most frequently used methods to produce activated carbon 
from lignocellulosic materials are chemical, thermal, hydro-
thermal, and microwave-assisted activation. It is possible 
to produce a large number of activated carbon for different 
applications only by controlling the activation process [18].

Physical activation, also known as thermal activation, 
comprises the carbonization of the raw material under an 
inert atmosphere, followed by activation at a higher tempera-
ture under oxidizing gases. The carbon precursor develops 
porosity, and expanded surface area under these conditions. 
This process applies to lignocellulosic materials and mineral 
carbons. However, the preferred materials are high-rank car-
bons such as wood and lignocellulosic materials.

The chemical activation process involves carbonization 
and activation simultaneously using an activator agent pro-
moting the formation of surface chemical groups. Cellulose 
degradation occurs between 240 and 350 °C, giving char and 
volatiles as the primary products [19]. Hemicelluloses are 
the most labile of the three basic biopolymers, it may decom-
pose at temperatures between 180 and 260 °C, generating 
large amounts of volatiles and fewer char than cellulose. 
Finally, lignin decomposes between 280 and 500 °C. The 
pyrolysis of this fraction generates phenols via the cleavage 
of ether and carbon–carbon linkages. Lignin is the highest 
contribution of char since it is more difficult to dehydrate 
than cellulose or hemicellulose [20, 21].

Hydrothermal carbonization involves heating a mixture 
of water with organic substances between 150 and 350 °C 
under autogenous pressure conditions, it is also known as 
wet pyrolysis. Under hydrothermal carbonization, it is possi-
ble to decompose lignocellulosic materials in water-soluble 
organic substances and a carbon-rich solid product com-
monly named activated hydrochar [22–25].

Finally, microwave-assisted activation has been defined 
as the application of microwave heating for the activation 
of lignocellulosic materials. Microwave radiation provides 
energy to the entire structure of the material, turning the 
microwave radiation into heat inside the particles by dipole 
rotation and ionic conduction [26, 27]. Table 1 shows some 
literature reports on the synthesis of agro-industrial AC.

Activated carbon is an effective way to remove a wide 
range of contaminants from water. Many of the organic 
contaminants have chemical complex structures as aromatic 
rings with oxygen-containing substituents, including endo-
crine-disrupting compounds, pharmaceuticals, and personal 
care products, volatile organic compounds, halogenated 
organic compounds, and oxyanions. The focus of this review 
is on the NSAIDs ibuprofen, diclofenac and naproxen.

Adsorption process

Adsorption kinetics

According to Ho et al. [73] the adsorption process may be 
described in four successive stages: (1) transport in the solu-
tion, (2) diffusion through the boundary layer surrounding 
the adsorbent particles corresponding to an external diffu-
sion, (3) intra-particle diffusion of the contaminant through 
the pores of the AC, and (4) adsorption of the pollutant into 
the pores through interaction with the functional groups until 
equilibrium is reached.

Diffusion rates are dictated by the molecular size rela-
tive to the pore width, specific molecule–wall interactions, 
pore tortuosity, molecular charge, surface charge, and water 
association [74].

This shows that equilibrium is not reached instantly and 
depends on the mass transfer of the pharmaceuticals into 
the pores. One of the previous steps or combinations can be 
the factors that control the rate of adsorption. To study the 
adsorption kinetics and determine the order of reaction are 
different mathematical models. The most studied models for 
adsorption of NSAIDs on AC are: intra-particle diffusion 
model, pseudo-first-order model, and pseudo-second-order 
model.

Intra‑particle diffusion model

In 1964, Weber and Morris [75, 76] proposed the intra-
particle diffusion model, where the graph of the adsorbed 
pollutant (q) as a function of the square root of the contact 
time must have a linear behavior according to Eq. (1). This 
shows that the limiting step is intra-particle diffusion.

where q is the amount of pollutant adsorbed (mg  g−1), kp 
is the intra-particle diffusion constant (mg  g−1   min−0.5), 
and C is the boundary layer thickness constant. However, 
it has been found that in several studies multi-linearity is 
present, which implies that two or more stages of the adsorp-
tion process are performed [77]. For example, Fig. 2 repre-
sents the process of pollutant interaction with AC and for 

(1)qt = kpt
0.5 + C
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Table 1  Comparison of experimental conditions for the synthesis of activated carbon from agro-industrial waste

Precursor material Experimental conditions Surface area  (m2  g−1) Sorption capacity (mg  g−1) References

Thermo-chemical activation
Orange peel H3PO4 [85%]; 400-800 ºC; 0.5–1 h; air – 149 (Methylene blue) [28]
Orange peel H3PO4; 400 ºC; 0.5 h; air 470 410 (Methylene blue) [29]
Jackfruit shell H3PO4; 350–550 ºC; 0.5 h;  N2 1000–1200 – [30]
Orange peel H3PO4 [50%]; 475 ºC; 0.5 h; air 1090 320 (Methylene blue) [31]

522 (Rhodamine B)
Used coffee ground H3PO4 [2–20 mM]; 450 ºC; 2 h 514—925 – [32]
Used coffee ground H3PO4 [0–0.4 M]; 700 ºC; 1 h 76–147 – [33]
Used coffee ground H3PO4 [3–10 mM]; 450 ºC; 1 h 610–1003 – [34]
Used coffee ground H3PO4 [3–20 mM]; 450 ºC; 1 h 799–1402 – [35]
Used coffee ground H3PO4 [1:1]; 450 ºC; 1 h;  N2 – 29 (Methyl orange) [36]
Orange peel H3PO4 [40%]; 450 ºC; 3 h;  N2 451 122.3 (Phenol) [37]
Orange peel H3PO4; 600 ºC; 1 h;  N2 – – [38]
Orange peel H2SO4 [98%]; 150 ºC; 12 h; air – 33.8 (Direct blue-86) [39]
Orange peel H2SO4 [98%]; 120 ºC; 24 h; air – 33.8 (Direct blue-106) [40]
Orange peel H2SO4 [98%]; 180 ºC; 2 h; air – 75.8 (Direct yellow-12) [41]
Orange peel H3PO4 [0.6 M]; 400 ºC; 1 h;  N2 0.404 2343 (Methyl orange) [38]
Olive stones H2SO4 [10%]; 550 ºC; 1 h; air – 8.7 (Diclofenac) [42]
Cocoa pods H2SO4 [98%]; 120 ºC; 24 h – 5.53(Diclofenac) [43]
Tea waste H2SO4, KOH,  ZnCl2,  K2CO3 [1:1] 

600 ºC; 2 h
115–865 62 (Diclofenac) [44]

Acorns H2SO4, NaOH, KOH,  NH4Cl2,  ZnCl2, 
 H3PO4, 700–900 ºC; 1 h

234 45.45 (Acetaminophen) [45]
96.15 (Ibuprofen)

Orange peel HCl [-]; 500 ºC; 2 h;  N2 754 Iron [46]
Orange peel HCl [1 N]; 300 ºC; 1 h;  N2 – 983 (Iodine) [47]
Astragalus Mongholicus wood HCl [1 N]; 600 ºC; 1 h;  N2 156 59 (Diclofenac) [48]
Used coffee ground KOH [7–30 mM]; 750 ºC; 1 h 2290–2520 – [49]
Orange peel KOH [1 M]; 800 ºC; 2.5 h;  N2 1892 680 (Methyl orange) [28]
Orange peel KOH [60%]; 550 ºC; 4 h; Ar 897 40–69 (Cd, Cr, Co) [50]
Pomelo peel KOH; 450–800 ºC; 1.5–2.5 h;  N2 1892.1 680 (Methyl orange) [29]
Date palm leaflets KOH [0.1 M, 1:3]; 500 ºC; 2 h;  N2 9–823 65–454 (Chlorpheniramine) [51]

23–73 (Ibuprofen)
Rice shell NaOH; 650 ºC; 1 h;  N2 253 0.17 (Zn II) [52]
Potato peel K2CO3; [1:1]; 700 ºC; 0.1 h 866 146 (Diclofenac) [53]
Used coffee ground ZnCl2[4–10 mM]; 800 ºC; 1 h 645–1121 – [54]
Sugar cane bagasse ZnCl2[1:3]; 500 ºC; 2 h 1145 98 (Diclofenac) [55]
Used coffee ground ZnCl2[18–73 mM]; 600 ºC; 1 h 550–900 – [56]
Used coffee ground ZnCl2[0–7 mM]; 550 ºC; 3 h 965–1522 – [57]
Used coffee ground ZnCl2[0–7 mM]; 500 ºC; 1 h 1450 – [58]
Lovegrass ZnCl2[1:1]; 700 ºC; 1 h 1040 221(Cetylsalicylic acid) [59]

312 (Diclofenac)
Avocado seed ZnCl2[1:1]; 500–700 ºC; 0.5–1 h;  N2 1122–1584 70–325 (amoxicillin, caffeine, 

captopril, meloxicam)
[60]

Banana peel ZnCl2; 1000 ºC; 8 h;  N2 1650 – [61]
Thermo-physical activation
Almond shell CO2; 300–1200 ºC; 1 h;  N2 320–385 289 (2-Picoline) [62]
Orange peel CO2; 400–1200 °C; 1 h;  N2 220–250 167 (2-Picoline) [62]
Pine white wood 400 °C; 2 h;  N2 1894 3.99 (Methylene blue) [63]
Chili seeds 450–600 ºC; 2 h;  N2 0.52–0.18 4.5–11 (Ibuprofen) [64]
Date stone seeds 700 ºC; 1 h;  N2 342–513 12.2 (Ibuprofen) [65]
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intra-particle diffusion, three sections are observed in which 
the data are adjusted to three straight lines (I, II, and III). 
The first linear portion corresponds to external diffusion. 
The second corresponds to the intra-particle diffusion, which 
is the rate-limiting step. The third corresponds to the move-
ment of the pollutant into the micropores, where it inter-
acts with the active sites until reaching equilibrium. This 
interaction may be physical or chemical, so kinetic models 
need to be applied in order to predict the type of adsorption 

involved. The models employed correspond to pseudo-first 
order and pseudo-second order.

Pseudo‑first‑order model

The pseudo-first-order model was proposed by Lagergren 
in 1898 and is suitable to describe physical type adsorption, 
representing interactions that can be reversible (Fig. 2 III). 
The model assumes that the adsorption rate depends on the 

Table 1  (continued)

Precursor material Experimental conditions Surface area  (m2  g−1) Sorption capacity (mg  g−1) References

Hydrothermal activation
Olive waste 180 ºC; 4 h – – [66]
Cornstalk 200 ºC; 0.45 h – (Cr (VI)) [67]
Tea stalk 313 ºC; 4 h 666.7 – [68]
Apricot seed 323 ºC; 4 h 583.2 – [68]
Microwave activation
Corncob KOH, 600 W, 4 h 1405 637 (Methylene blue) [69]
Barley husk H3PO4, 200 W, 4 min,  N2 – 103 (Methylene blue) [70]
Corncob H3PO4, 200 W, 4 min,  N2 – 98 (Methylene blue)
Agave leaves H3PO4, 200 W, 4 min,  N2 – 89 (Methylene blue)
Almond or Walnut shell ZnCl2 +  FeCl3 +  FeCl2, 200–1000 W, 

15 min
1000 130 (Methylene blue) [71]

Pumpkin seed shell H3PO4, 500–600 W, 10 min,  N2 967 23.5 (Doxycycline hydrochloride) [72]

Fig. 2  Representation of the 
adsorption of NSAIDs on 
AC. I, II, and III correspond 
to external diffusion, intra-
particle diffusion, and chemical 
interaction, respectively, and 
the kinetic models to which 
these stages are associated. A 
and B monolayer and multilayer 
adsorption, respectively, and 
related adsorption isotherms
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difference between the instantaneous adsorption quantity 
and the saturated adsorption quantity [15] and is represented 
by Eq. (2) in its linearized form.

where k1 (h−1) is the pseudo-first-order rate constant, qe and 
qt (mg  g−1) are the adsorption capacity at equilibrium and 
at time t (h), respectively.

Pseudo‑second‑order model

This model was developed by Ho and Mckay in 1998 and 
originated from a chemical interaction between the metal 
ions and the active sites of the adsorbent, that is, chemisorp-
tion (Fig. 2 III) [73]. Assuming that the adsorption capacity 
is proportional to the number of active sites occupied in the 
adsorbent, the kinetic equation of the pseudo-second order 
model can be written in its linearized form as:

where k is the adsorption rate constant (g  mg−1  min−1), qe is 
the amount of solute adsorbed at equilibrium (mg  g−1), and 
qt is the amount of solute on the surface of the adsorbent 
at any time t (mg  g−1). The initial rate constant, h, can be 
determined from h = kqe

2. The adjustment of the experimen-
tal data of this model shows that chemical interaction is the 
limiting step in the adsorption process.

Adsorption equilibrium

Equilibrium analysis of experimental data determines the 
capacity of the AC to adsorb pharmaceuticals from a solu-
tion, as well as constants that express the affinity between 
adsorbate and adsorbent [78]. The ratio of the adsorption 
equilibrium at any given temperature is called adsorption 
isotherm. The analysis of equilibrium data adjusted to the 
different isothermal models is of particular interest because 
they can be useful for the design and projection of the treat-
ment at scale. Langmuir and Freundlich are the most fre-
quently used isotherm models to describe adsorption of 
NSAIDs on AC.

Langmuir isotherm

The Langmuir model assumes that: (1) there is a finite num-
ber of active sites distributed homogeneously over the sur-
face of the adsorbent, (2) the adsorption energy of all active 
sites is equal, and (3) only one molecule can be adsorbed 

(2)ln(qe − qt) = ln qe − k1t

(3)
t

qt
=

1

kq2
e

+
1

qe
t

at each site [79]. According to this model, pharmaceuti-
cals interact with active sites until all of them are occupied, 
resulting in the formation of a monolayer, so equilibrium is 
reached (Fig. 2A). Langmuir's equation can be expressed as:

where qe is the amount of pharmaceutical adsorbed at equi-
librium (mg  g−1),  Ce is the concentration of the pharmaceuti-
cal in the solution (mg  L−1), qmax is the maximum adsorption 
capacity of the adsorbent can reach (mg  g−1), and kL is the 
constant related to the binding affinity that the sites have 
(L  mg−1) for the pharmaceutical study.

Freundlich isotherm

The Freundlich isotherm is based on the heterogeneous 
surface of the AC, so all active sites have different ener-
gies, meaning that active sites with greater affinity or energy 
are first occupied with a higher bonding force. Later, the 
lower energy sites will be occupied, forming multilayers of 
adsorbed pharmaceuticals (Fig. 2B) [15]. Equation (5) rep-
resents Freundlich's model:

where qe is the amount of pharmaceutical adsorbed at equi-
librium, Ce is the concentration of the pharmaceutical in the 
solution, and kF and n are the Freundlich constants related 
to the adsorption capacity and intensity, respectively [80]. 
If the value of n is between 2 and 10 it is considered that the 
adsorption is good, if this value ranges between 1 and 2 the 
adsorption is moderately difficult, finally if the value of n is 
less than 1 the adsorption is poor [79].

Advanced adsorption models: statistical physics models

Although the Langmuir and Freundlich models are widely 
used, they are limited in the details of adsorption mecha-
nisms by their theoretical knowledge. For this reason, the 
analysis and modelling of pharmaceutical adsorption using 
models based on statistical physics are now available, allow-
ing interpretations of adsorption mechanisms at a molecular 
level [81]. Table 2 shows the proposed models that were 
developed by applying the grand canonical ensemble in sta-
tistical physics.

The parameter n describes the chemical behavior of 
pharmaceutical products in solution by estimating the 
aggregation of adsorption on AC. It also provides impor-
tant information on the binding position of pharmaceutical 

(4)
Ce

qe
=

1

kLqmax

+
Ce

qmax

(5)log qe = log kF +
1

n
logCe
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molecules on the surfaces of materials during adsorption. 
From the analysis of the steric phenomenon (orientation of 
the pharmaceutical on the adsorbent surface), three cases 
can be analyzed: (1) n ≤ 0.5, the molecule interacts with two 
or more sites at the AC surface and it is adsorbed in parallel 
orientation, this implies that adsorption can be performed 
by a multiple coupling process. (2) 0.5 < n < 1, the molecule 
can be adsorbed on the AC by parallel and non-parallel ori-
entation at the same time and (3) n ≥ 1, the molecule can be 
adsorbed through a non-parallel orientation on the AC, in 
such a way that the adsorption is through a multimolecular 
process. In addition, when the value of n is close to 1, mono-
mer formation is probable, 2 dimer formation and 3 trimer 
formation [82].

Thermodynamic study

Thermodynamic study shows how energy changes during 
the adsorption process [83]. The parameters determined are 
the change in the Gibbs energy, ∆G°, the change in enthalpy, 
∆H°, and the change in entropy, ∆S°.

∆G° indicates the spontaneity of a chemical reaction. 
Reactions occur spontaneously if at a certain temperature 
∆G° is negative. The change in ∆G° is given by Eq. (6):

where R is the gas constant and K is the adsorption equilib-
rium constant and can be obtained from the relation between 
the amount adsorbed at equilibrium (qe) and the equilibrium 
concentration (Ce).

The ∆H° indicates whether the reaction is exothermic or 
endothermic. The equilibrium constant can be expressed in 
terms of ∆H° as a function of temperature as follows:

Equation (7) is known as the Van´t Hoff equation and 
∆H° and ∆S° can be determined from the slope and the 
intercept of the graph of ln K as a function of 1/T. If the ∆H° 
has a value between 2.1 and 20.9 kJ  mol−1 it is associated 
with a physisorption process, and if it is > 20 kJ  mol−1, it is 
associated with chemisorption [79].

Finally, a positive value of ∆S° indicates an increase 
in randomness at the adsorbent–solution interface during 
the adsorption process. This increase is associated with the 
adsorption of the pharmaceutical and the consequent release 
of water molecules that were originally bound, increasing 
the disorder of the system [79].

(6)ΔGo = −RT lnK

(7)lnK =
−ΔHo

RT
+

ΔSo

R

Current studies of the adsorption 
of ibuprofen, diclofenac, and naproxen 
on AC of agro‑industrial origin

Table 3 shows the current studies that include the 2016–2021 
period for the adsorption of diclofenac, ibuprofen, and nap-
roxen on AC of agro-industrial origin. In addition, it can 
be seen that most of the studies (86% of the total reviewed) 
include a kinetic study. Reports analyzing the intra-particle 
diffusion model agree that adsorption of NSAIDs occurs in 
subsequent stages and that intra-particle diffusion depends 
on factors such as: (1) the hydrophilic nature of AC, the 
more hydrophilic nature, the greater wettability of the AC, 
reducing the boundary layer so the drug molecule dissolved 
in the aqueous medium is transferred more rapidly into the 
pores and (2) diameter and pore volume, since diffusion of 
the drug is difficult if the material has narrow pores [53].

On the other hand, adsorption of analyzed NSAIDs 
usually adjusts to a pseudo-second-order model suggest-
ing that chemical interactions are the limiting step of the 
adsorption process, where k2 is commonly in the order 
of  10–3  g   mg−1   min−1. For example, the adsorption of 
Diclofenac on AC obtained from different waste such as 
potato peel [53], sugarcane bagasse [55], soybean hulls 
[84], and cocoa pod husks [43] has similar values for  k2, 
but significant differences in the amount of pharmaceuticals 
adsorbed at equilibrium, qe. Bernardo et al. [53] reported 
74  mg   g−1 adsorbed at equilibrium on AC-potato peel 
and k2 = 0.00125 g  mg−1  min−1, while de Souza et al. [84] 
found that 19.42 mg  g−1 was adsorbed at equilibrium on 
AC-Soybean hulls with k2 = 0.001 g  mg−1  min−1. A similar 
value for k2 means that the molecule interacts at the same 
rate with the AC functional groups, the only difference is 
the amount of adsorbed diclofenac, caused by differences 
in the surface area of different AC. For example, surface 
area for potato peel is 866  m2  g−1 while 70  m2  g−1 is found 
for Soybean hulls. Few studies report  k2 in the order of 
 10–2 g  mg−1  min−1, for example, a similar adsorption for 
naproxen on AC-Indian gooseberry seed shells [94] and 
ibuprofen on AC-Sludge from the beverage industry [90] 
can be attributed to their surface area (645 and 642  m2  g−1, 
respectively) compared to other studies shown in Table 3.

The adsorption equilibrium study is included in almost 
all recent studies of anti-inflammatories on agro-industrial 
AC, Table 3. Interestingly, in more than 60% of reports, all 
data adjust to a Langmuir model, meaning adsorption in a 
monolayer. When it comes to the adsorption of naproxen on 
two different materials, AC-Indian gooseberry seed shells 
[94] and AC-sugarcane bagasse [95], Langmuir's constant 
has the same order of magnitude of 0.15 and 0.23 L  mg−1, 
respectively, and so is the maximum adsorption capacity, 
qmax, 169  m2  g−1 for AC-Indian gooseberry seed shells and 
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Table 3  Summary of research studies of adsorption of diclofenac, ibuprofen, and naproxen on AC-agro-industrial

Precursor Isotherms models Kinetic models Thermodynamic parameters References

Langmuir Freundlich Pseudo-first order Pseudo-second order

Diclofenac
Sugarcane bagasse kL = 0.098 kF  = 89.220 k1 = 0.260 k2 = 0.009 – [55]

qmax = 315.000 n = 5.310 qe  = 50.600 qe  = 100.100 –
R2 = 0.989 R2 = 0.972 R2 = 0.940 R2 = 0.998 –

Olive stones kL = 0.227 kF  = 2.266 k1 = 0.010 k2 = 1.159 – [42]
qmax = 11.00 n = 2.020 qe  = 1.064 qe  = 3.103 –
R2 = 0.809 R2 = 0.792 R2 = 0.013 R2 = 0.998 –

Potato peel kL = 0.380 kF  = 33.400 – k2 = 0.001 – [53]
qmax = 68.50 n = 5.550 – qe  = 74.000 –
R2 = 0.931 R2 = 0.916 – R2 = 0.852 –

Tea waste kL = 0.576 kF  = 31.800 k1 = 0.009 k2 = 0.000155 ∆H° = 6.950 [44]
qmax = 91.20 n = 3.270 qe  = 63.500 qe  = 74.000 ∆S° = 0.009
R2 = 0.98 R2 = 0.850 R2 = 0.970 R2 = 0.990 ∆G° = − 3.890

Soybean hulls kL = 0.007 kF  = 4.230 k1 = 0.027 k2 = 0.001 ∆H° = 20.913 [84]
qmax = 122.920 n = 1.930 qe  = 17.540 qe  = 19.420 ∆S° = 0.0002
R2 = 0.959 R2 = 0.881 R2 = 0.993 R2 = 0.982 ∆G° = − 20.967

Cocoa pod husks kL = 1.869 kF  = 2.950 k1 = 0.026 k2 = 0.007 – [43]
qmax = 0.474 n = 4.340 qe  = 0.076 qe  = 5.672 –
R2 = 0.980 R2 = 0.997 R2 = 0.382 R2 = 0.999 –

Avocado seed kL = − – – – – [60]
qmax = 132.00 – – – –
R2 = − – – – –

Peanut shell biomass -par-
tially graphitic biochar

kL = 0.310 kF = 58.600 k1 = 1.159 k2 = 0.015 – [85]
qmax = 128.30 n = 0.200 qe  = 97.0 qe  = 104.9 –
R2 = 0.990 R2 = 0.990 R2 = 0.880 R2 = 0.970 –

Fique bagasse kL = 0.346 kF  = 20.000 k1 = 0 .002 k2 = 9.24 ×  10–5 ∆H° = –82.110 [86]
qmax = 57.100 n = 4.920 qe  = 9.690 qe  = 14.600 ∆S° = –0.173
R2 = 0.961 R2 = 0.810 R2 = 0.996 R2 = 0.903 ∆G° = –31.370

Forestry Biomass kL = 0.250 kF  = 41.11 k1 = 1.17 k2 = 0.015 ∆H° = 1.562 [87]
qmax = 159.700 n = 0.440 qe  = 105.4 qe  = 112. 100 ∆S° = 1.5 ×  10–5

R2 = 0.980 R2 = 0.910 R2 = 0.900 R2 = 0.980 ∆G° = –3.020
Ibuprofen
Babassu coconut husk kL = 0.320 kF  = 30.690 – – – [88]

qmax = 84.940 n = 3.816 – – –
R2 = 0.962 R2 = 0.996 – – –

Oak acorn kL = 0.060 kF  = 7.743 k1 = 0.015 k2 = 0.001 ∆H° = 24.850 [45]
qmax = 96.150 n = 1.724 qe  = 21.990 qe  = 38.460 ∆S° = 0.0805 ∆G° = 0.850
R2 = 0.953 R2 = 0.990 R2 = 0.880 R2 = 0.976

Babassu coconut kL = 0.320 kF  = 30.700 k1 = 0.202 k2 = 0.004 ∆H° = 19.200 [89]
qmax = 84.900 n = 3.810 qe  = 79.600 qe  = 83.300 ∆S° = 0.091
R2 = 0.962 R2 = 0.996 R2 = 0.936 R2 = 0.985 ∆G° = − 8.200

Chili seeds kL = 0.012 kF  = 0.055 – – – [64]
qmax = 0.496 n = 3.060 – – –
R2 = − R2 = − – – –

Sludge from the beverage 
industry

kL = 0.234 kF  = 44.560 k1 = 0.459 k2 = 0.015 – [90]
qmax = 114.480 n = 1.850 qe  = 87.360 qe  = 89.530 –
R2 = 0.991 R2 = 0.949 R2 = 0.991 R2 = 0.998 –
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166  m2  g−1 for and AC-sugarcane bagasse. These results are 
attributed to a similar surface area between AC from Indian 
gooseberry seed shells and sugarcane bagasse (around 
650  m2  g−1). Among all reports, the highest value of  qmax 
corresponds to the adsorption of diclofenac on AC-sugar-
cane bagasse (315.00 mg  g−1), a material with the largest 

surface area (1145  m2  g−1). Some authors suggest that pore 
size is directly related to the adsorption capability. AC with 
a high number of mesoporous channels effectively connects 
the mesopores with the micropores, enhancing adsorption 
[86].

Table 3  (continued)

Precursor Isotherms models Kinetic models Thermodynamic parameters References

Langmuir Freundlich Pseudo-first order Pseudo-second order

Nauclea diderrichii seed 
epicarp

kL = 0.863 kF  = 0.204 k1 = 0.024 k2 = 0.011 ∆H° = − 30.320 [91]

qmax = 70.920 n = 3.950 qe  = 43.660 qe  = 44.840 ∆S° = 0.091

R2 = 0.992 R2 = 0.992 R2 = 0.970 R2 = 1.00 ∆G° = − 3.110
Peanut shell biomass -par-

tially graphitic biochar
kL = 0.350 kF  = 25.900 k1 = 1.138 k2 = 0.027 – [85]
qmax = 66.300 n = 0.280 qe  = 50.700 qe  = 55.000 –
R2 = 0.990 R2 = 0.990 R2 = 0.930 R2 = 0.970 –

Rice straw-Based Biochar – – k1 = 0.054 k2 = 23.000 – [92]
– – qe  = 98.000 qe = 165.000 –
– – R2 = 0.920 R2 = 0.990 –

Tamarind seed raw biochar kL = 0.518 kF = 4.590 k1 = 1.143 k2 = 0.080 ∆H° = − 113.510 [93]
qmax = 10.570 n = 4.940 qe = − qe = − ∆S° = − 0.363
R2 = 0.991 R2 = 0.893 R2 = 0.963 R2 = 0.982 ∆G° = − 6.010

Naproxen
Indian gooseberry seed 

shells
kL = 0.154 kF = 38.480 k1 = 0.550 k2 = 0.013 – [94]
qmax = 169.490 n = 2.700 qe = 88.870 qe = 156.010 –
R2 = 0.980 R2 = 0.990 R2 = 0.990 R2 = 0.990 –

Sugarcane bagasse kL = 0.231 kF = 28.840 k1 = 0.031 k2 = 0.007 ∆H° = − 22.030 [95]
qmax = 166.660 n = 2.040 qe = 37.540 qe = 38.020 ∆S° = − 0.0545
R2 = 0.998 R2 = 0.891 R2 = 0.884 R2 = 0.996 ∆G° = − 5.500

Peanut shells kL = 0.009 kF = 33.000 k1 = 0.034 k2 = 0.002 ∆H° = − 8.800 [96]
qmax = 324.000 n = 0.330 qe = 271.000 qe = 304.000 ∆S° = 0.004
R2 = 0.986 R2 = 0.975 R2 = 0.964 R2 = 0.957 ∆G° = − 20.300

Units of the parameters of models. Langmuir:  kL = L  mg−1;  qmax = mg  g−1. Freundlich: kF = ((mg  g−1)(L  mg−1)1/n). Pseudo-first order:  k1 =  min−1; 
qe = mg  g−1; Pseudo-second order:  k2 = g  mg−1   min−1; qe = mg  g−1. Thermodynamic parameters: ∆H° = kJ  mol−1; ∆G° = kJ  mol−1 @ 25  °C; 
∆S° = kJ  mol−1  K−1

Fig. 3  Interactions between 
NSAIDs and AC that define the 
adsorption mechanism

pka AC

pka NSAIDs

O OH
OH O O O-

O-

- - - - - - - - - - - - -+ + + + + + + + + +

Electrostatic interaction

Ibuprofen
Diclofenac
Naproxen

ppppkkkaaaaaaaaa AAAAAAAAACC
- - ------ - ----- -- - ------ - - ---- - -++++++++ ++++++++++++ +++++ ++++++++++++ ++ ++++++++++++ ++ ++++++++++++ ++++++ ++++++++++++



4027Journal of the Iranian Chemical Society (2022) 19:4017–4033 

1 3

The adsorption affinity of NSAIDs on AC given by the 
 kL parameter varies from each report, indicating that affinity 
not only depends on the surface area, but it is also strongly 
related to the surface chemistry of the corresponding AC 
presented in Table 3. In this sense, the three main inter-
actions between pollutants and AC functional groups are 
Van der Waals-type interactions, π-π interactive forces, and 
hydrogen bonding [96].

On the contrary, the adsorption of ibuprofen adjusts to the 
Freundlich model, thus it can be deduced that after forming 
a monolayer, there are subsequent physical interactions in 
order to form a multilayer. This can be attributed to a sim-
pler structure (only one aromatic ring) and a lower molec-
ular weight for ibuprofen [89] compared to naproxen and 
diclofenac (see structures in Fig. 3). This facilitates interac-
tions with the AC and the formation of a multilayer. The 
value of n for the adsorption of the three NSAIDs ranges 
from 1.72 to 5.55, and therefore, it can be considered that 
in most studies the adsorption is efficient. n values are par-
ticularly high for diclofenac, reaching a value of 5.55 for 
adsorption on AC-Potato peel, indicating that diclofenac 
is the pharmaceutical with the best interaction with agro-
industrial AC among all NSAIDs mentioned in this report.

It is important to mention that advanced statistical physics 
models have allowed a more detailed understanding of the 
adsorption process. For example, it has been determined that 
the calculated values of n (Equations in Table 2) were less 
than 1 for the adsorption of ibuprofen on AC from vegetal 
origin, demonstrating that the adsorbed ibuprofen molecule 
was shared by two or more sites with a parallel adsorption 
geometry [81]. The adsorption mechanism of diclofenac on 
cocoa shell-based adsorbents and plasma functionalized bio-
mass involved a multimolecular process with a non-parallel 

orientation and no dimer formation [97]. This means that 
the physicochemical characteristics of the adsorbent sur-
face are essential to determine the adsorption mechanism. 
Aggregation phenomena (drug-drug interactions before 
adsorption) are strongly influenced by temperature. In the 
case of diclofenac, the n value increased from 1.13 to 2.06 
by increasing temperature, giving rise to dimer formation at 
40 °C [98]. Similar behavior was presented for the adsorp-
tion of ibuprofen [82].

From these data, Langmuir and Freundlich models can 
be considered as an initial approximation for understanding 
the adsorption processes that can be complemented with 
advanced models that provide details on the anti-inflamma-
tory adsorption process (a mechanism).

Finally, only 45% of the analyzed reports included a 
thermodynamic study. Most processes are spontaneous at 
room temperature according to the negative values of ∆G°, 
since agro-industrial AC has several active sites available 
for adsorption. The more negative the value of ∆G°, a bet-
ter adsorption is observed for the material [86]. Diclofenac 
adsorption on Soybean hulls has a ∆G° = − 20.967 kJ  mol−1 
and  qmax = 122.92 mg  g−1 [84] while naproxen adsorption on 
Peanut shells has a ∆G° = − 20.300 and qmax = 324.00 mg  g−1 
[96]. Comparing these ∆G° values to the rest of the reports 
in Table 3, it can be determined that very negative values of 
∆G° are indeed correlated with a higher qmax value.

The ∆H° values can be divided into three groups, the pos-
itive ones (endothermic) and less than 20 kJ  mol−1, suggest-
ing a physisorption process. Those greater than 20 kJ  mol−1, 
between 20.9 and 24 kJ  mol−1, indicating chemisorption, 
and finally those with a negative value due to exother-
mic processes. It is noteworthy that ∆H° values less than 
20 kJ  mol−1 fit to a pseudo-first-order kinetics with R2 > 0.93 

Table 4  Summary of research studies of adsorption of diclofenac, ibuprofen, and naproxen on AC agro-industrial in wastewater

Precursor Wastewater matrix Adsorbed NSAIDs Adsorption capacity Removal (%) References
(mg  g−1)

Sludge from the bev-
erage industry

Simulated pharmaceutical effluent Ibuprofen 105.91 85.16 [90]

Spent coffee wastes Lake water Diclofenac Ibuprofen Naproxen 28.76 55 [99]
15.69 42
61.93 98

Municipal wastewater Diclofenac Ibuprofen Naproxen 28.74 30
15.27 27
60.63 85

Date palm leaflets Spiked hospital wastewater Ibuprofen 41.66 – [51]
Coconut shell Municipal wastewater Diclofenac Ibuprofen Naproxen – 98.95 [100]

– 99.85
– 99.72

Peanut shell biomass Tap water Diclofenac Ibuprofen 70.7 – [85]
14.3 –
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[44, 89] indicating that physical interactions are predomi-
nant in the adsorption process. Ahmed et al. [7] reported 
the adsorption of NSAIDs on AC obtained from different 
sources of waste with negative ∆H° values especially for 
ibuprofen. Table 3 suggests most processes are endothermic, 
indicating that adsorption can vary depending on the type of 
AC employed; observations are consistent with the report by 
Quesada et al. [14] on the adsorption of pharmaceuticals on 
low-cost materials. Finally, ΔS° positive values are reported 
in most studies, indicating increased randomness due to the 
adsorption effect of the pharmaceutical on AC.

According to all reports analyzed in this review, the fre-
quency at which data is included follows the order equilib-
rium > kinetic > thermodynamics. It is recommended to per-
form a thermodynamic evaluation for the adsorption process 
since it can provide information on the effect of tempera-
ture. This allows the establishment of operating parameters 
to create strategies for the escalation of this type of water 
treatment.

Removal of NSAIDs from wastewater

In real wastewater, the adsorption capacity may vary com-
pared to the adsorption of pollutants in solutions prepared in 
distilled or deionized water. In wastewater, pharmaceuticals 
are not found individually, and thus, the presence of other 
contaminants and inorganic salts may increase or inhibit 
the adsorption capacity. Table 4 shows recent reports where 
the adsorption of NSAIDs in wastewater from different sec-
tors was evaluated. Ali et al. [51] reported the adsorption 
of ibuprofen on AC-Date palm leaflets in deionized water 
and enriched hospital wastewater; the experimental results 
were 52.4 and 41.66 mg  g−1, respectively; a decrease of 
about 20% in the amount of pharmaceutical adsorbed in 
real wastewater is observed. Hospital wastewater contains 
considerable amounts of dissolved organic matter, compet-
ing with ibuprofen for the active sites in the AC. Streit et al. 
[90] evaluated the adsorption of ibuprofen on AC-sludge 
from the beverage industry mixed with ketoprofen and par-
acetamol, simulating pharmaceutical industrial effluents. A 
removal of ibuprofen of 85% despite competition with other 
pharmaceuticals was observed, which can be attributed to 
the high surface area of the AC. Shin et al. [99] reported 
the adsorption of ibuprofen, diclofenac, and naproxen on 
AC-spent coffee waste in two different types of water, in 
lake water and wastewater effluents, finding similar adsorp-
tion capacities in both matrices. In both cases, the removal 
percentage are low for ibuprofen and diclofenac. Authors 
emphasize that high concentrations of  Na+ increases ionic 
strength favoring removal and that π-π interactions between 
pharmaceuticals (aromatic rings) and AC play a fundamental 
role. NSAIDs adsorption on AC-coconut shell of secondary 

effluents from municipal wastewater under up-flow fixed bed 
reactors was carried out [100]. Removal percentage of 99% 
were reported in around five minutes of contact. Authors 
demonstrated that, when the adsorption process is coupled 
as a final treatment, for example, after peroxymonosulfate 
oxidation, the removal is greater, so this can be a practical 
application for post-treatment of urban wastewater effluents.

These studies show that the behavior can be different 
when transferring the studies to real wastewater, to date, few 
studies use real wastewater compared to those carried out in 
pure water. Although adsorption as a method for removing 
contaminants was studied a few years ago, its practical appli-
cations have not yet been studied in detail. To evaluate the 
feasibility of these types of removal systems, it is essential 
to include the assessment in real wastewater.

Adsorption mechanism

There are two ways in which the contaminant is adsorbed 
on the surface of the AC, physisorption, and chemisorp-
tion. Physisorption involves binding to the adsorbent surface 
by weak forces such as electrostatic attraction and Van der 
Waals forces, forming a multilayer. On the other hand, chem-
isorption is carried out through covalent bonds, coordina-
tion, and attraction of opposite or coulombic ions. This pro-
cess is slow and can only form a monolayer on the surface 
of the adsorbent. The parameters that determine the type 
of interaction, whether physical or chemical, and therefore 
the adsorption mechanism [101–105] are surface area and 
pore size of the AC [106], nature of the adsorbate, initial 
pharmaceutical concentration (this parameter is important 
because it is the driving force [concentration gradient] for 
the mass transfer between the solution and the adsorbent), 
temperature, adsorbent dosage, contact time, competition 
between various solutes (as it occurs with adsorption in real 
contaminated water) and pH. The latter one is of special 
relevance since it influences the species distribution in which 
the pharmaceutical is found in solution, as well as the charge 
on the surface of the AC, as exemplified in Fig. 3.

Removing contaminants from water by carbonaceous 
porous materials involves the combination of adsorption 
mechanisms such as (a) pore filling, (b) formation of hydro-
gen bonds, (c) interactions n-π and π-π, (d) electrostatic 
attraction, and (e) Van der Waals forces, which are related 
to the chemical properties of the adsorbent surface [14, 15, 
95, 107–109]. Disclosure of adsorption mechanisms is chal-
lenging. In recent years, they have been combined with the 
Fourier transform infrared spectroscopy analysis and the 
calculation of the density-functional theory (DFT), which 
has been widely applied to reveal adsorption mechanisms 
at the molecular level [107].



4029Journal of the Iranian Chemical Society (2022) 19:4017–4033 

1 3

Diclofenac is a weak acid  (pKa = 4.1) and pH < 4.1 in its 
undissociated form. It is an ionizable compound. Diclofenac 
has functional groups such as chlorine, carboxylic acid, and 
two aromatic rings with strong electron capture capabili-
ties. However, variation in pH affects adsorption through 
electrostatic attraction or repulsion. At pH 2 to 7, diclofenac 
can be easily adsorbed because of its positive charges, but 
at basic pH there is an electrostatic repulsion between the 
deprotonated carboxylic acid of the diclofenac and the nega-
tively charged adsorbent surface, decreasing the adsorption 
capacity (Fig. 3). Abo El Naga et al. [55] reported that when 
a diclofenac solution had a pH less than 7, 97.4 mg  g−1 was 
adsorbed on AC-bagasse from sugar cane. Adsorption at pH 
7 decreases to 90 mg  g−1 and pH 12 adsorption is sharply 
affected, decaying to 42 mg  g−1, which is in agreement with 
other authors since diclofenac is deprotonated and there 
are no electrostatic interactions between the adsorbent and 
adsorbate [55, 84, 110, 111]. The adsorption mechanism 
proposed is based on: (1) the H bonds between the functional 
groups of diclofenac and AC, considering AC as the donor 
of H to the phenolic ring (pH ~ 10) or the carboxylic acid 
(pH ~ 4.9); (2) π-π interactions between the donor and accep-
tor of electrons between the surface of the AC (π-electron 
donor) and the aromatic rings of the diclofenac (π elec-
tron acceptors) and (3) hydrophobic interactions between 
the adsorbent surface and adsorbed molecules [55]. These 
interactions may be related to the observed in adsorption 
isotherms where the diclofenac exhibits strong interaction 
with AC. On the other hand, Jung et al. [112], prepared an 
AC-pine chip under nitrogen (N) and oxygen (O) atmosphere 
for the adsorption of different pharmaceuticals. Among 
them, diclofenac showed maximum adsorption capacity of 
372 and 214 mg  g−1 for N-AC and O-AC, respectively. The 
adsorption mechanism was carried out by π-π interactions 
and between donor and electron acceptor between phenyl 
groups in diclofenac (electron acceptors) and the polarizable 
AC (electron donors). Viotti et al. [113] suggested that the 
adsorption mechanism of diclofenac is carried out through 
hydrogen bonds and π-π interactions between the aromatic 
ring of diclofenac and AC. In this scenario, most of the 
research indicates that electrostatic interactions and H bonds 
are the dominant mechanisms in the adsorption of diclofenac 
on AC [53, 106, 110, 111, 113–116]. With hydrogen bonds, 
the hydrogen donor is generally bonded to hydrogen accep-
tor atoms that can be functional groups of both, pharmaceu-
tical and AC as well as –COOH, -NH2, and –OH.

Naproxen is a molecule with a  pKa of 4.2, and two aromatic 
rings. The adsorption mechanism of naproxen on AC has been 
associated with an electron donor–acceptor π-π interaction 
and a high Van der Waals interactions between naphthalene 
(in naproxen) with AC [112]. Reynel-Avila et al. [104] pro-
pose that the adsorption mechanism of naproxen in bone char 
(carbon and calcium phosphate in the form hydroxyapatite) 

presents a complexation process through naproxen–phosphate 
interactions and hydrophobic interactions through π-π electron 
between the aromatic rings of naproxen and the aromatic rings 
of bone char (Fig. 3). DFT calculations reveal that the anionic 
ion of naproxen could be adsorbed through Lewis acid/base 
complexation and the anion-π interaction, in addition to the 
donor electron–acceptor π-π interaction and the binding of the 
hydrogen [107]. Moreover, the π-π interaction between phe-
nol and nitrobenzene of the adsorbent (where the π-electrons 
act as donors) and the aromatic rings of naproxen (where the 
π-electrons act as acceptors) were considered. Infrared and 
Raman spectroscopy is used to confirm the H-bond and π-π 
interaction [95, 96].

Meanwhile, ibuprofen has a smaller molecular structure 
with only one aromatic ring, composed of hydrophilic and 
hydrophobic parts, it is dipolar and its  pKa is 4.91. Jung 
et al. [112] reported that the hydrophobicity of ibuprofen 
(log  Kow = 1.82 at pH = 7) causes the binding energy through 
the benzene ring, allowing ibuprofen to be adsorbed on the 
pores of the AC occupying smaller sites of the exposed sur-
face area of the AC, which explains the enhanced adsorption 
of ibuprofen compared to the other two. It also maximizes 
the π-π interactions between the surface of the AC and the 
solute, resulting in high binding energy. This is in agree-
ment with the observed adsorption isotherms, where the 
ibuprofen may preferably be adsorbed in multilayers. Other 
researchers suggest that π-π interactions are the strongest in 
ibuprofen adsorption [107, 112]. Other authors indicate that 
one of the most likely mechanisms could be the interaction 
between methylene and amide functional groups of AC [15, 
88]. A same as the other two reviewed NSAIDs, ibuprofen 
presents better adsorption at pH below 7. At neutral pH, the 
elimination of ibuprofen decreases, which may be because of 
a repulsive interaction between the negative charge of both 
drug and AC (Fig. 3) [113].

Finally, it is important to point out that a few of the 
reviewed papers include an adsorption mechanism proposal. 
The use of computational simulation tools is a suitable alter-
native for this analysis. Describing in detailed adsorption 
mechanisms is fundamental to understand whether modi-
fications on the surface of the AC favor the adsorption of 
a certain pollutant, or how the chemical nature affects its 
selectivity, it can even be predicted the adsorption behavior 
in real residual water.

Cost–benefit analysis

The major disadvantages when using AC for widespread 
treatment of aqueous pollutants are its high cost and low 
availability. In this sense, one of the most important con-
cerns is to reduce the production cost of the adsorbent com-
pared to commercial AC (21 USD/Kg) [117]. Total sales of 



4030 Journal of the Iranian Chemical Society (2022) 19:4017–4033

1 3

AC around the world are estimated to be approximately 1 
billion USD and 60% are manufactured from coal. On the 
other hand, the estimated production cost per kilogram of 
adsorbent prepared from agricultural residues is calculated 
around 4.5 USD, which represents approximately 1/4 the 
price of commercial AC and 1/20 the price of zeolite [118].

In order to carry out the adsorption process to treat con-
taminated wastewater, specifically pharmacological residues, 
interesting efforts have been made to reuse organic waste 
to manufacture efficient adsorbent materials, whether from 
agricultural waste, organic garbage, food-industry waste, 
or by-products of large organic process industries. Among 
these efforts, one of the most important is to reduce cost 
in the manufacture of adsorption materials without affect-
ing the performance of the process, this contributes in two 
aspects; first, to partially recover and reuse organic waste, 
and second, to reduce environmental deterioration. In this 
way, it is desired to replace commercial materials based on 
inorganic carbon with environmentally friendly materials 
and at a reasonable cost [119]. However, in the literature, 
there are few reports where the production cost or the effec-
tiveness of organic adsorbents are studied for the adsorption 
of NSAIDs.

There are few reports that focused specifically on the 
adsorption process to remove pollutants form the pharma-
ceutical industry. In this scenario, Nielsen and Bandosz 
[120]; reported the removal of sulfamethoxazole and tri-
methoprim by adsorption on a material obtained from pyro-
lyzed fish waste mixed with sewage-sludge. The overall 
cost of large-scale production of this material was 5 USD/
Kg, which is highly competitive compared to the price of 
commercial AC. Authors evaluated different compositions 
of activated/pyrolyzed fish sludge at different temperatures, 
concluding that those treated at 950 °C composed of 90% 
sewage sludge and 10% fish waste had the best performance. 
They also highlighted the importance of surface chemistry as 
a favorable factor for eliminating pharmaceutical products in 
aqueous phase, as well and acid–base and polar interactions. 
Moreover, a recent theoretical study based on obtaining AC 
from the recovery of walnut-shell residues establishes an 
estimated production cost of 2.15 USD/Kg. This study was 
based on a plant capable of processing 31.25 Tons of walnut 
shells per day and producing 6.6 Tons of AC per day. To do 
this, several important input parameters were considered, 
such as the volume of raw material processing, the cost of 
the main equipment, the actual price of the walnut shell, and 
different tax rates with and without financing [121].

Grassi and coworkers reported the price of a series of 
adsorbents including some low-cost and environmentally 
friendly adsorbents such as sphagnum moss peat (0.02 
USD/Kg), bagasse fly-ash (0.02 USD/Kg), fullers earth 
(0.1 USD/Kg), almond shell AC (2.2 USD/Kg) and chitosan 
(16 USD/Kg) [117]. An agro-industrial residue available in 

developing countries is rice husk, which has a high poten-
tial to be used as an adsorbent material because of its high 
content of carbon and silica, at a very competitive com-
mercial price (~ 0.025 USD/kg) [122]. Another interesting 
work developed to increase an adsorbent capable of treating 
wastewater contaminated with pharmaceuticals (enrofloxa-
cin) was carried out by Chowdhury et al. [123]. The AC 
was prepared from waste sludge from the paper industry, in 
which some important factors were considered such as the 
cost of raw material, the cost of drying the raw material, 
the cost per carbonization process, and washing (phosphoric 
acid)/drying costs, among others. The study showed a com-
petitive cost of 207 INR (~ 2.82 USD) per Kg of AC derived 
from industrial paper sludge. An additional cost that was 
analyzed was the addition of orthophosphoric acid during 
the preparation of the adsorbent, in order to increase surface 
area and porosity. This report also showed a practical regen-
eration capacity.

One of the most important aspects to consider is the 
acquisition cost of the raw material and the treatment 
price. This aspect is not usually considered but is desirable. 
Chakraborty and his working group studied the adsorption 
capacity of ibuprofen in aqueous solution using apple-wood 
as an adsorbent, evaluating the performance of crude and 
steam AC [124]. Authors reported a 90% and 95% increase 
in maximum pollutant removal due to steam activation 
treatment, which represents production costs of 245.3 INR 
(3.35 USD) and 255.59 INR (3.49 USD) per Kg of biochar, 
respectively. In this study, although the differences between 
the preparation costs are not very representative, the most 
important impact was observed in the improvement of the 
regeneration capacity of the treated material and the absorp-
tion capacity after consecutive cycles. For these reasons, 
cost–benefit analysis must be carefully performed.

Conclusions

In this work, the current advances in the adsorption of ibu-
profen, diclofenac, and naproxen on AC from agro-industrial 
origin were examined.

It has been observed that NSAIDs adsorption usu-
ally follows a pseudo-second-order model suggesting 
that chemical interactions are the limiting step in the 
adsorption process, where  k2 is generally in the order 
of  10–3 g   mg−1   min−1. Data from most of the analyzed 
papers regarding adsorption isotherms fit into the Lang-
muir model. However, application of advanced statistical 
physics models is important, from which the adsorption 
process is understood in detail. Interestingly, of the three 
pharmaceuticals analyzed in this review, diclofenac inter-
acts strongly with agro-industrial AC. It is necessary to 
include thermodynamic studies since only a few reports 
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calculate ∆G°, ∆H°, and ∆S°, which change considerably 
depending on the surface chemistry of the AC.

Up to today, few studies employ real wastewater com-
pared to those carried out in pure water, so the behavior 
observed in the experimental results can be very differ-
ent when translating these methods to real wastewater. It 
is important to determine the adsorption capacity in actual 
waste water since this knowledge is fundamental when it 
comes to the development of adsorption methodologies 
potentially employed at grand scale. It is noteworthy that 
few of the reviewed literature includes a proposal for the 
adsorption mechanism. Removing NSAIDs from water using 
agro-industrial AC involves the combination of adsorption 
mechanisms such as pore filling, the formation of hydrogen 
bonds, the interactions n-π and π-π, electrostatic attraction, 
and Van der Waals forces. Current developments include 
the use of computer simulation combined with the results 
obtained by the Fourier transform infrared to reveal adsorp-
tion mechanisms.

Finally, it was found that cost information is currently 
limited. Some authors provide waste acquisition and AC 
preparation costs, which can be lower than commercial AC. 
However, this information is further limited to reports that 
also include operational costs and show the global cost–ben-
efit of this type of pollutant removal process, which becomes 
a challenge to be addressed.
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