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a b s t r a c t
Various classes of pharmaceutical drugs have been detected in different environmental compart-
ments around the world. Research is being conducted to fully understand the environmental fate of 
pharmaceuticals, particularly non-steroidal anti-inflammatory drugs, discovered in South Africa in 
the near future. In this study, we synthesized iron/eggshell/bentonite (FEB) and eggshell/bentonite 
(EB) samples that extract acetaminophen from aqueous environmental samples. On the holes of the 
samples, acetaminophen was adsorbing by a Langmuir isotherm and by a pseudo-second-order 
model implying the formation of a monolayer through physical adsorption. Through the Langmuir 
model, we evaluated the nanocomposites’ adsorption capacity on acetaminophen pharmaceuti-
cal for removal at 25°C using EB (16.55 mg g–1) and FEB (46.34 mg g–1). The FEB and EB were 
used as selective sorbents to extract acetaminophen from wastewater. UV/Vis chromatography 
was then performed to analyse the results. As a result of the analytical method, the detection limit 
was 0.109 and 0.133 mg mL–1 and recovery was 99.9%; concentrations of acetaminophen in waste-
water samples ranged from 0.042 to 0.133 mg mL–1 for EB adsorbent and 0.023 to 0.109 mg mL–1 
for FEB. Several studies have shown that wastewater in the labs can be treated effectively for the 
release of acetaminophen.

Keywords:  Recovery; Acetaminophen; Wastewater; Physical adsorption; Eggshell; Bentonite; 
Nanocomposites

1. Introduction

There are many drugs in the world that are sold or 
called over the counter (OTC) drugs. Among them is acet-
aminophen (Acet), acetaminophen is used as a pain reliever 
by raising the threshold between no pain and severe pain, 
which means a person must feel significantly more pain 
to feel it. This drug reduces fever in part by acting on the 
heat-regulating center of the brain. Furthermore, acetamin-
ophen is used to relieve mild to heavy pain from head-
aches, muscle aches, menstrual periods, colds and sore 
throats, toothaches, and backaches [1]. It is a water-soluble 
drug and can be eliminated as waste into sewage systems 

and can pollute groundwater and other bodies of water 
[2]. Conventional water treatment has been involved in 
remediating water bodies, but in the process these phar-
maceuticals have not been removed easily, as they are 
regarded as “pseudo-persistent” [3,4].

In South Africa, we have been studying the removal 
of acetaminophen from our lakes, rivers, and dams [5,6]. 
However, this scientific process has caused these acetamin-
ophens to be regarded as toxic to DNA, generates negative 
effects on natural materials, pathogenic microbes’ resis-
tors and endocrine disruptors [2]. The pharmaceuticals 
cause the problem of sickness as pollutants because of their 
extreme persistence and acute adverse effects, therefore 
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there is a need for remediation. Therefore, adsorption is 
a reliable method for removing pollutants, as it is an effi-
cient method and it is simple to use [7,8]. It is also a revers-
ible process that decreases with the rise in temperature. 
Among the other advantages adsorption process takes place 
relatively quickly, Equilibrium is reached in 1 h and the 
adsorbents are recyclable [9–12]. Adsorption is also the pro-
cess by which it is proportional to the surface area, it could 
vary with the nature of the surface of the adsorbent and the 
substance deposited onto the surface of a solid (adsorbent 
or sorbent) [13]. Furthermore, when adsorptive surfaces 
are present, many chemical reactions are speeded up. This 
surface adsorption facilitates to mix adsorbates with sub-
strates to give reaction products. The adsorption methods 
taking place encourage many essential chemical reactions 
and also produce changes in surface tension. Drugs which 
are adsorbed on the adsorbent surfaces put forth their 
effects from that location.

Adsorption of drug particles like acetaminophen 
particles on the surface has been extensively used in the 
pharmaceutical industry for several purposes, such as 
improving the content uniformity of low dose drugs, 
improving the dissolution rate for poorly water soluble 
drugs and enhancing some special formulation designs. 
Attaining good content uniformity is a common challenge 
when making solid dosage formulations. The most fre-
quently used approaches is adsorbing small drug parti-
cles at the surface of large excipients by geometric mixing 
[14,15]. In the case of water soluble drugs that are poor, 
the adsorption of small drug particles on the surface of 
large excipients can expand the dissolution rate by increas-
ing drug surface area and converting drug from crystal-
line form to the amorphous form [16,17]. Adsorption on 
the surface has also been involved in other pharmaceuti-
cal applications such as drug oxidation [18] granulation 
of oily medicine [19,20] and some special formulation 
designs [21,22].

The adsorption exhibited by adsorbents proceeds best 
from dilute solution, and the adsorbates can either be a 
gas or liquid [23–25]. The driving force behind adsorption 
is the formation of bonds between the adsorbate and the 
solid surface [26], which contains narrow pores which are 
more effective than globular openings, which encourages 
the release of heat. We can classify adsorption as a physical 
or chemical reaction in nature, when they are gaseous con-
densation, physical adsorption occurs when a solid adsor-
bent is used in conjunction with a liquid adsorbate in the 
presence of Van Der Waals forces [27]. Chemical adsorption 
involves gases adhering to solid surfaces by a combination 
of chemical forces that are specific to each surface and gas. 
Adsorption occurs chemically at higher temperatures than 
physical adsorption. Chemical adsorption is a slower pro-
cess than physical adsorption and most chemical reactions, 
involves an activation energy [28]. Therefore, in this study 
we synthesized a combination of eggshell/bentonite and to 
improve its adsorption abilities, we changed the mixture 
combination with Fe(acac)3 to form iron based (IB) nanopar-
ticles. However, humans and the food industry consume 
eggs as one of the excellent sources of protein, which causes 
an enormous amount of eggshells to be produced every day 
as waste [29]. Historically, this waste was discarded without 

pre-treatment in landfills because it was relatively useless. 
It was discovered in food processing that the eggshell is 
high in nutrients like calcium, magnesium, and phosphorus 
[30,31], and with time, was used as a fertilizer, a soil con-
ditioner, or a feeding additive in agriculture [32–34]. The 
calcified eggshell contained abundant intrinsic pores, which 
makes it thus possible to grind eggshells into fine powders, 
which may lead to materials such as porous adsorbents 
being developed. Eggshell is one of the most useful adsor-
bents for removing pharmaceuticals from aqueous solu-
tions used in water treatment [35–37].

One of the most widely used adsorbents among these 
clays is bentonite because it has a net negative surface charge, 
making it effective in removing cationic compounds [38]. 
The bentonite I prepared consists of two tetrahedral sheets 
of silica fit in between two octahedral sheets of alumina. 
Isomorphous substitutions of Al3+ cause this negative charge 
in bentonite for Si4+ and Mg2+ for Al3+ at the tetrahedral level. 
Negative charges in the structure are balanced by exchange-
able cations (Na+, Ca2+, etc.) which enable cationic adsorp-
tion of contaminants [39,40]. Therefore, the mixture combi-
nation of eggshell, iron (metal) and bentonite was effective 
for raising the adsorption capacity.

Pharmaceutical removal using iron-based adsorption 
(IB) is a more recent treatment technique, but it is one of 
the best ways to remove drugs. Various products have 
been developed because of this process, including gran-
ular ferric hydroxide, zero-valence iron, iron coated sand, 
and iron oxide based adsorbents [41–43]. As a result of 
recent advances in nanoscience and nanotechnology, sev-
eral nanoparticles are being developed to treat various 
groundwater contaminants [44]. Since nanoparticles have 
a large surface area and high reactivity, they are suitable 
for the removal of contaminants from aqueous solutions 
[45]. This study investigates the efficacy of iron/eggshell/
bentonite (FEB) and eggshell/bentonite (EB) to remove 
acetaminophen dissolved in aqueous solution.

2. Experimental methods

2.1. Synthesis of material

The starting materials employed to synthesize the mix-
ture of iron, eggshell and bentonite (FEB) and the mixture 
of eggshell and bentonite (EB) nanocomposite. FEB mate-
rials are iron (III) acetylacetonate hydrate (99.9% purity) 
bentonite (carbon) (99% purity) and pluronic F-127 (biore-
agent, suitable for cell culture) mixed with eggshell. These 
chemicals were purchased from Sigma-Aldrich (Pty) Ltd 
and were used without further purification. Eggshell (cal-
cium) (80%), the eggshell was made naturally by boiling, 
then washing the eggshells with water and then drying it 
for 7 d with heat or under the sun. It was then ground in 
a solid blending machine to powder. The eggshell powder 
was then mixed up with bentonite (carbon) (99% purity) and 
pluronic F-127 (bioreagent, suitable for cell culture) to form 
EB nanocomposite.

2.2. Characterization of adsorbents

To investigate the morphology of the material and mea-
sure the particle size scanning electron microscopy (SEM)  
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was conducted employing an FEI Quanta 250 FEG SEM with 
an integrated Oxford X-map 20 EDS system. The samples 
were coated with carbon before examination. N2 adsorption- 
desorption was done using the Tri-Star II3020 V1.03 to find 
the surface area, pore size, pore volume, and the pore size 
distribution of the original materials. The samples were 
degassed using the degassing instrument at 90°C for 1 h 
and 200°C for 5 h. The samples were then analysed with a 
Tristar II3020 V1.03 using nitrogen at 77 K temperature. 
Furthermore, X-ray diffraction (XRD) pattern was anal-
ysed by using a Siemens D8 Advance diffractometer with 
a CuKα radiation source operating at 40 kV with a wave-
length of 1.5406 Å. The thermogravimetric analysis (TGA) of 
the samples were measured by heating the samples in air at 
30 mL min–1 from 30°C to 1,000°C at 10°C/min.

2.3. Procedure for the synthesis of FEB

The synthesis of the material was carried out by util-
ising 5 g of Fe (acac)3, 5 g of eggshell, and 5 g of benton-
ite nanocomposite. 8.00 g of pluronic F-127 was weighed 
into 100 mL of ethanol and after that mixed for 20 min at 
180 rpm. The metal (Fe(acac)3) and eggshell (CaCO3) were 
weighed out independently and mixed in 100 mL of etha-
nol. Bentonite was then included in 70 mL of Milli-Q water 
and mixed for 10 mins with a stirrer. The Bentonite mix-
ture was then added to the 100 mL of ethanol and mixed at 
300 rpm and 100°C for 14 h until it formed a gel. The mate-
rial mixture was then dried in an oven overnight at 140°C, 
and it was calcined in a muffle furnace for 5 h at a ramping 
rate of 2°C/min, up to the last temperature of 1,000°C.

2.4. Synthesis technique for EB

A combination of eggshell and bentonite was synthe-
sized by utilising 5 g of eggshell, and 5 g of bentonite nano-
composite. The eggshell was weighed into 100 mL of ethanol 
and after that mixed for 20 min at 300 rpm. Bentonite was 
poured in 70 mL of Milli-Q water and stirred for 20 min and 
after that bentonite was poured into the 100 mL of ethanol to 
mix with the eggshell at 300 rpm and 100°C for 15 h to form 
a gel. The gel was put in an oven to dry, at a temperature 
of 140°C for 24 h. The materials were calcined in a muffle 
furnace for 5 h at a ramping rate of 2°C/min, up to a tem-
perature of 1,000°C.

2.5. Adsorbate preparation

The stock solution of acetaminophen was prepared by 
pouring 0.1 g of acetaminophen in 1,000 cm3 volumetric 
flask. Deionised water was then added to the volumetric 
flask to dilute the solution up to the mark of 1,000 cm3. The 
dilution of this stock solution yielded a working solution of 
desired concentrations.

2.6. Batch adsorption studies

The removal of acetaminophen was done through batch 
adsorption process on FEB and EB adsorbents. The pro-
cesses of pH, contact time, adsorbent dose, initial metal ion 
concentration, was utilised to investigate the experiments. 

Experiments were performed sequentially to acquire the 
worthiest experimental procedure for the adsorption of 
acetaminophen from aqueous solutions. For the experi-
ment effective solutions of the adsorbent concentrations 
of 20–100 mol L–1, respectively, were prepared from the 
stock solutions. Delivery of the adsorption experiments 
was carried out by pouring 25 cm3 aliquots of acetamin-
ophen solution into 50 cm3 polypropylene plastic vials, 
and changed to achieve the desired pH with appropriate 
amounts of 0.1 mol L–1 NaOH or HNO3 solution added to 
it. Time experiment was carried out by agitating 25 cm3 of 
the known concentration of acetaminophen solution with 
40 mg of adsorbent at a temperature of 25°C for 5 and 
18 h in stoppered rubber bottles. The quantity of metal ion 
adsorbed on each sorbent was estimated from the difference 
between the initial and equilibrium metal ion concentra-
tions. The adsorption capacity (qe) and adsorption efficiency 
(% adsorbed) was calculated from Eqs. (1) and (2) [46].
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2.7. Analysis of kinetic models

We studied the kinetic effects of acetaminophen with an 
adsorbent dosage of 40 mg in 25 cm3 aliquots by unsettling 
100 mol L–1, acetaminophen. The blends were set in an orbital 
shaker at 25°C and unsettled for distinctive time intervals 
within the stretch of 5–360 min. The acetaminophen equi-
librium concentration was determined by gravity filtration 
and UV-Vis spectrophotometer after a predetermined time 
interval. Experiments were done to evaluate the pseudo-first, 
and pseudo-second-order models. The parameters are repre-
sented as qt, quantity of adsorbate adsorbed at time t (mg g–1); 
qeq, quantity of adsorbate adsorbed at equilibrium (mg g–1); 
α, adsorption rate constant (mg g–1 min–1); β, desorption 
rate constant (g mg–1); k1, pseudo-first-order rate constant 
(min–1); k2, pseudo-second-rate constant (g mg–1 min–1); kp, 
intraparticle diffusion rate constant (mg g–1 min0.5); C, is a 
constant related to the boundary layer thickness (mg g–1).

2.8. Analysis of isothermal models

Adsorption isotherms were examined by utilizing 
varying acetaminophen concentrations, extending from 10 
to 100 mg L–1, at a consistent pH of 7. Aliquots of 25 cm3 
were mixed with 40 mg of the adsorbents and agitated on 
an orbital shaking bath under varying temperatures of 293, 
303, 313 and 318 K for 2, 6 and 18 h. The UV-vis spectro-
photometer experiment was used to filter the gravity and 
concentrations of acetaminophen pharmaceutical within the 
filtered arrangements. Six adsorption isotherm models com-
prising both two-parameter models, Langmuir, Freundlich, 
Temkin and Dubinin–Radushkevich examined the explor-
atory adsorption harmony information and the three-  
parameter models are Sips and Redlich–Peterson models. 
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The conditions of the models are given in Table 2. Thermo-
dynamic parameters such as a change in Gibbs energy 
(ΔG), change in enthalpy (ΔH), and change in entropy 
(ΔS) were also calculated over the studied temperature 
range. Parameters shown in Table 2 are represented as qe 
is adsorption capacity (mg g–1); Ceq is the equilibrium con-
centration of adsorbate in solution (mg dm–3); qm, is maxi-
mum monolayer capacity (mg g–1); b is Langmuir isotherm 
constant (dm3 mg–1); KF is Freundlich isotherm constant 
(mg g–1)(dm3 mg–1)n; n is adsorption intensity; bT is Temkin 
isotherm constant; AT is Temkin isotherm equilibrium bind-
ing constant (dm3 g–1); b is Dubinin–Radushkevich isotherm 
constant (mol2 kJ–2); is Redlich–Peterson isotherm con-
stant (dm3 g–1); A is Redlich–Peterson isotherm constant; 
g is Redlich–Peterson isotherm exponent.

2.9. Desorption analysis

Furthermore, the adsorption test was accomplished 
with a 50 mol L–1 solution of acetaminophen and by add-
ing a 40 mg dosage of each adsorbent. The stacked adsor-
bents were isolated from the delays by filtration and the 
metal particle concentration within the filtrates by utiliz-
ing the appropriate portrayed procedures. The collected 
sorbents were washed with deionized water which was 
used to dismiss unabsorbed metal particles and dry in a 
vacuum oven at 80°C. The Desorption tests was at this 

point conducted by unsettling 40 mg of the adsorbent with 
25 cm3 of 0.1 mol L–1 HCl for 30 min. The blend was at that 
point sifted and the concentration of the desorbed metal 
particles within the filtrates was decided as portrayed 
some time recently. The percentage of metal desorbed 
was calculated from Eq. (3):

Percentage desorption % Released ion concentration
Initial

( ) =
  ion concentration

× 100  
 (3)

2.10. Data analysis

The information gotten were fixed to the isotherm and 
kinetic models which implies the nonlinear regression 
schedule (nls) within the R measurable computing environ-
ment. The R statistical computer program takes into con-
sideration the minimization of the entirety of the adjusted 
R2 squared.

3. Results and discussions

3.1. Characteristics of adsorbents

3.1.1. SEM analysis

The FEG-SEM was used to study the morphology of 
eggshell and bentonite (EB) and then Fe(acac)3 nanocomposite 

Fig. 1. SEM images of (a) FEB and (b) EB nanocomposites.

Table 1
Kinetic models inspected for the adsorption of acetaminophen on FEB and EB

Model Equation Parameters References

Lagergren pseudo-first-order ln lnq q q k tteq eq−( ) = − 1 qeq, k1 [47,48]

Pseudo-second-order
t
q k q q

t
t e

= +
1 1

2
2
eq

k2, qeq [47,48]
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was added to the compositional mixture of eggshell and 
bentonite to form a nanocomposite (FEB). However, these 
nanocomposite materials were examined to be combined 
in an agglomerate formation, with open pores that vary in 
sizes between the different nanocomposites. The SEM mor-
phology of EB displayed the most noteworthy molecule mea-
sured to the extent of 52–254.0 nm, taken after by FEB with 
molecules measuring from 47 to 249 nm. Due to their high 
calcination temperatures and aggregation following heat 
treatment, the FEB nanocomposites and EB composites were 
observed to have large particles.

The energy-dispersive X-ray spectroscopy (EDX) analysis 
shows that the eggshell contains the key metal of calcium, 
from (CaCO3) crystals, 3% magnesium and traces of silicon, 
aluminium and 10% of iron for FEB sample. The eggshell is 
made up of calcium carbonate crystals and is semiperme-
able, so moisture and air can pass through it. The shell also 
has a thin outmost coating called the bloom or cuticle that 
helps keep out bacteria and dust. Results from EDX analysis 
(measured weight %) are represented in the below (Table 3),  
from which the elemental composition was determined 
for FEB and EB as derived by the instrument.

3.1.2. TGA analysis

Fig. S1 shows the thermogravimetric analysis of the 
samples calcined at 1,000°C. FEB nanocomposites showed 
a fast weight loss from 30°C to 400°C and EB also showed 
a fast weight loss of 19°C–400°C, this is because carbon 
dioxide desorption occurs. However, there was a gradual 
weight loss for FEB and EB nanocomposites from 400°C 

to 580°C because of the desorption of physically absorbed 
water, and a gradual weight loss showed for FEB from 
550°C–900°C and a small weight decrease throughout the 
process. For EB there were no weight changes, the reac-
tion and consumption of the sample was in equilibrium. 
The weight changes of the samples were assumed to be 
mainly because of the behaviour of lattice oxygen as shown 
by the equations [55,56]:

2 2 1
2 2Fe O Fe V Ofe

oo
O fe o

ooX+ → + +X  (4)

2 2 1
2 2Ca CO CaCO V Oca

oo
O ca o

ooX+ → + +X  (5)

2 2 1
2 2CoO O COO V Oco

oo
O co o

ooX+ → + +  (6)

where Vo
oo and OO

X represent oxide ion vacancy and oxide 
ions, respectively. The reduction reaction was nearly the 
same for eggshell/bentonite and FEB samples calcined at 
1,000°C because of its gradual weight loss throughout the 
process [57]. This is as a result of thermal-induced lattice 
oxygen loss caused by the increase in oxygen vacancies 
formation complemented by a change in the valence of Ca 
and Fe ions from IV to III to maintain electrical neutrality. 
This causes a shift in the equilibrium positions of Eqs. (5) 
and (6) to the right accompanied by a weight reduction. 
Furthermore, the starting temperature for lattice oxy-
gen loss was earlier in the samples calcined at 1,000°C. 

Table 2
Isotherm models explored for the adsorption of acetaminophen on FEB, and EB nanocomposites

Isotherm model Equation Parameters References
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In conclusion, the samples showed high thermal stability 
and thermal reduction of the materials started occurring 
at lower temperatures and faster with limited weight loss 
at higher calcination temperatures; hence the material 
is suitable for adsorption.

3.1.3. Fourier-transform infrared spectroscopy analysis

The Fourier-transform infrared spectroscopy (FTIR) in 
Fig. S2 shows the stretching vibration mode of the O –H 
bond at 3,643.2 and 3,640.75 cm–1, while the broadband seen 
at 2,848.6–2,919.7 cm–1 corresponds to C–O. Peaks at 1,480; 
1,414 and 1,482.6 cm–1 for FEB indicate the presence of free 
water molecules connected by an O–H bond. Furthermore, 
some peaks were also seen at 1,049 and 1,154 cm–1, for 
EB, which represents a Si4+–O intermediate or resonance 
structure Al3+–O, and implies possible bridged superoxide 
intermediates such as [Ca2+–(OO)–Ca2+] [58,59]. There is 
also a tension mode associated with a COO-monodentate 
coordination compound, which eventually moves to lower 
frequencies, and these modes are also related [60]. Peaks 
were noticed at 900.1 and 901.46 cm–1, which represents 
the bonding of O2 and OH with the distinctive metal cat-
ions of Fe3+ and Ca2+ corresponding to the vibrational 
modes of (O–C–O) and (C–OH) [61,62]. The peaks also 
represent spinel metals (Fe3+) in the nanocomposite.

3.1.4. XRD analysis

The EB and FEB nanocomposites were characterized 
using XRD and Rietveld refinement analysis. Fig. S3 shows 
the XRD profiles for the diffraction peaks for EB and FEB 
nanocomposite, (Fig. S3a) shows 6 phases which are cal-
cium hydroxide (Ca(OH)2) phase seen at 18.07°, 28.579°, 
30.032°, 47.10°, 50.83°, 52.15°, 62.61°, 64.184°, 71.76° were 
indexed to (001) (110) (119) (102) (110) (300) (021) (013) and 
(022). CaO (calcium oxide) phases can be seen at 32.19, 
37.24, 53.95 and 64.18 which were indexed to (111) (200) 
(220) and (311). 2Ca4Fe14O25 (calcium iron oxide) phase seen 
at 29.79°, 30.03°, 35.56°, 39.17°, 46.85°, and 52.16° indexed 
to (113) (119) (0210) (111) (122) (222) and (300). Fe2O3 
(maghemite) phase at 35.56°, 39.17°, 49.50°, 54.08°, 56.49°, 
57.08°, 62.50° and 63.94° were indexed to (110) (006) (024) 
(116) (211) (122) (214) (300). 2CaO.SiO2 phase at 23.89°, 
31.22°, 32.31°, 33.04°, 39.16°, 46.85°, 47.10° was indexed to 
(102) (013) (020) (013) (203) (302) and (204). Ca2SiO4 (cal-
cium silicate) phase seen at 18.01°, 22.09°, 23.89°, 27.86°, 
28.57°, 29.79°, 31.35°, 32.19°, 34.12°, 35.56°, 36.64°, 37.24°, 
39.29°, 41.21°, 42.30°, 44.33°, 45.66°, 47.10°, 50.83°, 51.92°, 
52.16°, 54.08°, 56.49°, 57.08°, 60.82° and 64.18° indexed with 
(–101) (–111) (111) (–211) (120) (211) (021) (–301) (301) (012) 
(–202) (112) (–212) (130) (022) (–312) (411) (420) (510) (013) 
(–132) (132) (520) (213) (224) and (215). K2Ca(CO3)2 (potas-
sium calcium carbonate) phase was seen at 33.03°, 33.87°, 
39.29°, 41.21°, 53.95°, and 71.76° are indexed to (104) (110) 
(200) (202) (116) (220). KAl3(SO4)2(OH)6 (potassium alu-
minium sulfate hydroxide) phases seen at 25.45°, 31.35°, 
36.64°, 39.29°, 44.33°, 47.10°, 52.15°, 62.61°, and 71.76°, 
which is indexed to (110) (006) (024) (107) (214) (033) (220) 
(0210) and (410). MgO (manganese oxide) phases were 
seen at 36.64, 42.30, and 62.50, which is indexed to (111) 

(200) (220). The nano-composites materials possessed lat-
tice parameters of Rhombohedral, “a” is 5.0356 Ǻ, molec-
ular weight (MW) of 159.9, volume (CD) of 301.93 cm2 and 
density (Dx) is 5.270 g cm–3 for Fe2O3. The lattice parame-
ters are monoclinic, “a” is 9.3100 Ǻ, the MW is 172.24, and 
CD of 345.29 cm2 and Dx is 313 g cm–3 for Ca2SiO4. For cal-
cium iron oxide (Ca4Fe1.4O25) the lattice is rhombohedral, 
“a” is 6.0000 Ǻ, molecular weight is 1,342.16, volume (CD) 
is 2,961.81 cm2 and density (Dx) is 0.752 g cm–3. The lattice 
parameter for CaMgS12O6 is monoclinic, “a” is 5.0356 Ǻ, 
MW is 216.55, CD is 439.50 cm2 and Dx is 3.273 g cm–3. For 
anhydrite Ca(SO4), the lattice is based centred orthorhom-
bic, a is 6.9910 Ǻ, MW is 136.14, CD is 305.09 cm2 and Dx 
is 2.964 g cm–3. KAl3(SO4)2(OH)6 has a lattice of rhombo-
hedral, a is 6.9979 Ǻ, MW of 414.20, CD of 725.84 cm2 and 
Dx of 0.948 g cm–3, the nanomaterial called MgO which 
showed a lattice of Face centred cubic structure (space 
group: Fm3m) with “a” as 4.2112 Å, the MW is 40.30, CD is 
74.68 cm2 and Dx is 3.585 g cm–3. For the case of EB nano-
composite some components such as CaO shows a face cen-
tred cubic lattice with “a” is 4.81105 Ǻ, and MW of 56.08, 
a CD of 111.33 cm2, and a Dx of 3.346 g cm–3. Also for the 
Ca(OH)2 phase, the lattice is hexagonal, “a” is 3.5890 Ǻ, MW 
is 74.09, CD is 54.78 cm2 and Dx is 2.246 g cm–3. The values 
of “a” for all the phases of the samples, calcined at 1,000°C 
respectively looked very similiar. The Bravais lattice for 
the phases of the sample was calculated using Eq. (7).

a h k l= + +
λ

θ
2

2 2 2^ ^sin  (7)

where λ is the average X-ray wavelength, q is (2q value/2), 
and hkl represents the Miller’s indices of the particular 
planes in the crystal. The density values are calculated using 
this equation.

Density
mass unit cell

Volume unit cell
=

( )
( )  (8)

3.1.5. Brunauer–Emmett–Teller analysis

Physical adsorption of a gas on the surface of a solid 
determines its specific surface area, as well as the amount 
of gas adsorbing on a monomolecular layer on the surface. 
Volumetric or continuous flow procedures can determine 
the amount of gas adsorbed. The isotherm plot of the 
samples is shown in Fig. 2, and the textural properties of 
the samples have been scanned with the nitrogen desorp-
tion analysis as shown. The isotherm plot shows that the 
materials are type III isotherms, which showcases a mac-
roporous material that is observed at the diameter of the 
spherical pores and slit pores within distances between 
opposite walls.

The pores of these sizes could safely transport ions and 
electrons. The surface area was 2.482 m2 g–1, and the pore 
volume of 0.3959 cm3 g–1 were possessed by the EB sam-
ple calcined at 1,000°C. While the surface area for the FEB 
sample, the iron mixture eggshell calcined at 1,000°C was 
2.116 m2 g–1, with a pore volume of 0.7779 cm3 g–1. The obser-
vations show that Fe(acac)3 addition and mixture increased 
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the eggshell pore volume. The surface area of the materi-
als was low and the material surfaces had a tendency to 
decrease with the increase in calcination temperature. This 
is likely due to the fact that the higher the temperature, the 
more compact the material becomes. In addition, the parti-
cles might agglomerate if the temperature is increased too 
quickly, resulting in a low surface area.

3.2. Experiments with batch adsorption

The adsorbents such as iron/eggshell/bentonite (FEB) 
and eggshell/bentonite (EB) were used for the adsorption 
of acetaminophen which were examined for the effective 
remediation of polluted wastewater. Furthermore, adsor-
bents were examined for their adsorption capacities to 

determine which is most effective for evacuation of pharma-
ceuticals. In addition, we adapted pH, contact time, initial 
pharmaceutical concentration, temperature, and adsorbent 
dosage to achieve the optimum conditions required for 
pharmaceutical removal without polluting the environment.

3.2.1. Effect of pH

The effect of pH on the removal of acetaminophen 
from aqueous solution by the mixture eggshell/bentonite 
(EB) powder and the addition of Fe(acac)3 to EB powder 
(FEB sample) was studied at various pH values (ranging 
from 2–10). It has been written that the 40 mg dosage of 
adsorbents pH of solution affects the surface charge of the 
adsorbent material. It is also forwardly related with the 
competition capacity of [H+] and adsorbate particles on 
the active sites of the adsorbent surface.

The removal of acetaminophen by the adsorbents was 
well-known to increase with increase in pH of the adsor-
bate solution appreciably up to pH 6.0 (Fig. 3). Salleha 
et al. state that cationic adsorption is ideal when the pH 
of the solution is superior to the point of zero charges 
(pHPZC). This statement can be identified in these results 
illustrated in Table 3, the measurement of pHPZC values 
were lower than the optimum pH condition which were 
obtained for all the absorbents. The attractive interaction 
between the acetaminophen charges and the negatively 
charged adsorbent surface is in charge of adsorption.

3.2.2. Effect of contact time

As shown in Fig. 4 in this case, acetaminophen was 
studied for adsorption within the time range of 5–360 min. 
The initial concentration (100 mg dm–3), pH and adsor-
bent dose (40 mg) were maintained during the process. 
The results of the study indicate that the percentage 
removal of pharmaceutical increased with time and that 
an equilibrium was achieved for FEB at 210 min and an 

Fig. 2. The Brunauer–Emmett–Teller analysis of FEB and EB 
nanocomposites calcined at 1,000°C for 5 h.

Fig. 3. Effect of pH on the adsorption of acetaminophen onto FEB and EB adsorbents [conditions: 25 cm3 of 100 mg dm–3 of 
acetaminophen, 18 h equilibration time, adsorbent dose, agitation speed 150 rpm, temperature 25°C].
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equilibrium for EB at 180 min. During this stage, the per-
cent adsorption remained constant with little or no further 
increase official destinations on the surface of the adsor-
bents were possessed, the encouraged expulsion of acet-
aminophen was watched to be negligible. Despite both 
adsorbents having quick adsorption times, FEB exhibited 
a higher expulsion rate than EB when tested. Possibly, this 
is due to the fact that an impressive number of chelating 
sites are formed by the functionalization of iron by the 
eggshell and bentonite compounds. However, the greatest 
time for mixing was blended at 6 h to discover the total 
evacuation of acetaminophen from fluid mixture beneath 
all conditions [63].

3.2.3. Adsorption kinetics

Adsorption kinetics are extremely essential for deciding 
the efficiency of the adsorption process for the uptake of 
acetaminophen on the surface of FEB and EB nanocompos-
ites. This in turn controlled the residence time at the solid 
solution adsorbent interface. For this reason, it is import-
ant to predict the absorption rate for the removal of acet-
aminophen from the water effluents. Therefore, this was 
investigated by using Lagergren pseudo-first-order [41], 
and pseudo-second-order [64]. However, the equations 
used for these models are represented in Table 2, these 
equations were applied for the adsorption of acetamino-
phen on the combination eggshell powder and other met-
als. In addition, the pseudo-first-order kinetic model was 
used to predict the sorption of acetaminophen kinetics 
and the pseudo-second-order is a chemisorption kinetics 
rate for adsorption. This is the dissemination of adsor-
bates from the bulk solution onto the adsorbent surface, 
and the sanctioning of adsorbates through the fluid film 
onto the adsorbent surface (film dissemination), [65]. This 
can be a certainty of the model to be used to best fit the 
experiment with a linear regression analysis graphically 
close to/or 100% for a chart squared residual (R2).

The R2 values decided by direct relapse investigation 
are displayed in Table 4. The R2 esteem of the pseudo- 
second-order kinetic model are a great deal higher than 
other models. Table 4 shows that the estimates of the 
kinetic model information gotten are best portrayed by the 

Table 3
EDX analysis for SEM images of (a) FEB and (b) EB nanocom-
posites

Element FEB EB

Weight % Weight %

Carbon (C) 18.2 40.7
Oxygen (O) 27.7 27.5
Magnesium (Mg) 0.5 0.4
Aluminium (Al) 2.3 0.5
Silicon (Si) 7.2 1.0
Calcium (Ca) 34.4 29.7
Iron (Fe) 9.6 –
Total 100.0 100.0

Table 4
Kinetic parameters for the adsorption of acetaminophen from 
aqueous solution

Model Parameters FEB EB

Experimental

Pseudo-first-order Ki (min–1) 0.911E-6 0.817E-6
qe (mg g–1) 2.629 5.366
R2 0.753 0.516

Pseudo-second-order k2 (g mg–1 min–1) 0.004 0.018
qe (mg g–1) 54.945 50.916
R2 0.999 0.999

Fig. 4. Effect of contact time on the adsorption of acetaminophen onto FEB and EB adsorbents [conditions: 25 cm3 of 100 mg dm–3 
of acetaminophen, 6 h equilibration time, 40 mg adsorbent dose, agitation speed 150 rpm, temperature 25°C].



95C.B. Njoku, T.A.M. Msagati / Desalination and Water Treatment 249 (2022) 87–102

pseudo-second-order model of EB at (0.999) and (0.999) for 
FEB which was bigger than the pseudo-first-order model 
of 0.516 for EB and 0.753 for FEB. In spite of the qe calcu-
lated and the experimental values evaluated using pseudo- 
first-order model. The values for FEB and EB adsorbent 
does not match with each other. In the case of pseudo- 
second-order model, there was a good arrangement with 
the adsorbents, thus the adsorption of acetaminophen 
on FEB and EB adsorbent followed pseudo-second-order 
model [66–68].

3.2.4. Effect of dosage of the adsorbents

Adsorbent mass values ranged between 20 and 100 mg. 
Nevertheless, as the adsorbent dosage rises and other 
parameters remain constant, the removal efficiency first 
increases, then reaches a maximum and then decreases. 
From the experiment, it was taken note that the incre-
ment within the measurements to 100 mg, progressed at 
99% removal effectiveness obtained by the adsorbents. 
As the amount of adsorbent dose increased, the amount 
of acetaminophen taken up decreased as shown in Fig. 5. 
Furthermore, the dynamic active sites are higher at lower 
concentrations of adsorbents which leads to an increment 
in adsorbent dosage and particle conglomeration. This is 
attributable to acetaminophen becoming less effective and 
decreasing in absorption. The capability of adsorbents 
available for adsorption is majorly improved by the adsor-
bent’s surface area and pore volume. Moreover, at higher 
adsorbent concentrations, the adsorption capacity is greater 
for higher surface area materials (larger pore size) due to 
increasing pore volumes.

3.2.5. Effects of drug concentration

To determine the increment within exercises (qe) of 
each adsorbent, distinct concentration ranges with the 
same amount of adsorbent were used. The outcome of the 

changes in adsorption efficiency upheld at previous con-
centrations is presented in Fig. 6. Moreover, the concentra-
tions used were measured from 10–100 mg L–1 at 20 mg L–1 
intervals and 40 mg of the adsorbent was utilised and these 
parameters were maintained constant. The concentration 
of adsorbate also increased when the adsorption quantity 
increased (qe). The removal efficiency of the adsorbent is 
shown to be high, which comes from more active sites on 
the surface area of adsorbent when adsorbate concentration 
is low. However, the increment in adsorption capacity com-
pared to the increment within the beginning concentration 
of adsorbate is obtained, resulting from an increment within 
the driving force due to the concentration slope created 
between the bulk arrangement and the surface of the adsor-
bent. Which makes the saturation of the active sites occur 
with molecules of adsorbate molecules at higher concen-
trations, in a continual process. Thus, the adsorption rate is 
reduced as the concentration increases, while acceptance of 
adsorbate (qe) by adsorbents is increased.

3.2.6. Effect of temperature

Fig. 6 shows the performance of temperature on the 
adsorption of acetaminophen on the adsorbents was exam-
ined at 298, 308, 318 and 328. Table 5 shows that there was 
a decrease in the adsorption capability (qm) of FEB and EB 
adsorbents at higher temperatures and an increase at lower 
temperatures for the various temperatures from 298 to 
328 K for acetaminophen. The results in this work clearly 
indicate that the adsorption of acetaminophen on both the 
FEB and EB adsorbents occurred well at low solution tem-
peratures [68].

The performance of temperature on the adsorption of 
acetaminophen on the adsorbents was examined at 298, 
308, 318 and 328 K. Table 5 showed there was a decrease in 
the adsorption capability (qm) of FEB and EB adsorbents at 
higher temperatures and an increase at lower temperatures 
for the various temperatures from 298 to 328 K for acet-
aminophen. The results in this work clearly indicate that 

Fig. 5. Effect of adsorbent dose on the adsorption of acetaminophen onto FEB and EB adsorbents [conditions: 25 cm3 of 100 mg dm–3 
of acetaminophen, 40 mg adsorbent dose, pH 7, agitation speed 150 rpm, temperature 25°C].
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the adsorption of acetaminophen on both the FEB and EB 
adsorbents occurred well at low solution temperatures [68].

This results can show that the temperature on this 
adsorption reaction of the acetaminophen molecules in the 
solution shows that it is crucial. It is observed that accord-
ing to the adsorption theory, adsorption decreases with 
increase in adsorbate temperature. The molecules also 
adsorbed early on the surface tend to desorb from the sur-
face at elevated temperatures and a decrease in diffusion 
across external boundaries is also caused by an increase in 
solution viscosity [69,70]. This adsorption process causes 
acetaminophen, to be accumulated on the surface only, they 
do not enter through the surface into the bulk of the liquid 
(a decrease in porosity and pore volume of the adsorbents). 
This procedure also favoured the uptake of acetamino-
phen on the surface of the adsorbate which was caused by 
freedom movement of the adsorbents on the adsorbates. 
These procedures can suggest that the adsorption can be 
exothermic in nature.

3.3. Isotherms of adsorption

The capacity of adsorbents and the amount of adsor-
bents required to get rid of a unit mass of adsorbates are 
displayed by the models of isotherm. The isotherm mod-
els used for this experiment were six. Which includes var-
ious two parameter isotherms which are Freundlich [72], 
Langmuir [73], Temkin, [74], Dubinin–Radushkevich [75], 
and three-parameter isotherms which are Sips, [76] and 
Redlich–Peterson, [77]. The models equations are shown in 
Table 2 and the isotherm model parameters that were calcu-
lated during the models experiment are shown in Table 5. 
The model which showcased the best equilibrium data was 
the value R2 ≤ 1. The equilibrium data results obtained by 
parameters of the models were summarised for each adsor-
bent in Table 5. The results showed that Freundlich isotherm 
best fits the equilibrium data for EB adsorbent. Its applica-
tion in the adsorption process happens on heterogeneous 

surfaces and multi-adsorption sites [72]. This describes the 
surface heterogeneity of the FEB and EB adsorbents as well 
as the exponential transport of active sites [73]. According 
to Table 5, the equilibrium data obtained for each adsor-
bent was best fitted by the parameters of the best model. 
These outcomes led to the conclusion that Langmuir’s iso-
therm predicted the best adsorption dynamics of mono-
layers on homogeneous surfaces [73]. Furthermore, it was 
determined that the best of the two-parameter models 
considered was the Langmuir and Freundlich Isotherm. 
As for FEB and EB nanocomposites, the Sips model, which 
amalgamates Freundlich and Langmuir isotherms, was the 
best of the three parameter models. This suggests that the 
uptake of acetaminophen onto the adsorbent sites occurred 
uniformly, this caused the adsorbate ions not to interact 
with each other. However, the value KL shown in (Table 5) 
indicates how effective the adsorbent is with binding to 
the adsorbates (i.e., how strong the adsorption is). In the 
nanocomposites, increasing the amounts of EB increased 
the adsorptive strength (KL) (Table 5). Furthermore, this 
study demonstrates that the acetaminophen and adsorbents 
formed strong interactions as the EB and FEB contents 
increased.

3.4. Thermodynamic parameters of adsorption

These thermodynamic parameters were achieved at 
different temperatures by the quantities adsorbed. The 
change in Gibbs energy (ΔG°) can be calculated with Eq. (11)

∆G RT K° = − ln  (9)

where ΔG° represents the standard Gibbs energy change 
in J mol–1, R represents the gas constant (8.314 J K–1 mol–1), 
T represents the temperature in Kelvin (K) which was 
achieved from the product of qm and b obtained from the 
Langmuir plot (Table 5) [85]. K was achieved dimension-
ally by multiplying with a factor of 1,000. However, for the 

(b) (a) 

Fig. 6. Effect of temperature on the adsorption of acetaminophen on (a) FEB and (b) EB adsorbent [conditions: 25 cm3 of 100 mol L–3 
of acetaminophen, 40 mg adsorbent dose, pH 7, agitation speed 150 rpm, the temperatures are 25°C, 35°C, 45°C, 55°C].
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values obtained from the change in enthalpy, (ΔH°) and 
entropy change (ΔS°) were linked to Van’t Hoff equation [85].

lnK H
RT

S
R

= −
°

+
°∆ ∆  (10)

This equation is connected to the linear plot (graph) 
of lnK against 1/T which produces the slope (ΔH°) and 
intercept (ΔS°). Additionally, the change in Gibbs energy 

generated values that are negative which indicates a spon-
taneous and feasible nature represented by the adsorption 
of acetaminophen on the surface area of the adsorbents 
experimented. In Table 7 it is also shown that the nega-
tive values increased as the temperature decreased, which 
denotes that better adsorption occurs as temperature 
decreases. Furthermore, the Entropy change produced 
positive values for all adsorbents which denotes that 
there is an increase in the degree of system disorderli-
ness with decrease in temperature for FEB and increase 

Table 5
Isotherm parameters for the adsorption of acetaminophen onto FEB and EB adsorbents

Adsorbent Isotherm Parameters Temperature

298 308 318 328

FEB

Langmuir
qm (mg g–1) 46.339 46.317 90.909 38.139
KL (L mg–1) 5.238 4.766 2.296 2.748
R2 0.999 0.999 0.969 0.976

Freundlich
n 0.573 0.707 0.715 0.619
KF (L mg–1) 1.899 20.912 18.089 16.790
R2 0.961 0.996 0.947 0.961

Dubinin–Radushkevich
qm (mol g–1) 191.541 181.363 199.018 141.500
b (mol kJ–2) 3.984E-8 3.859E-8 3.546E-8 4.584E-8
R2 0.989 0.989 0.956 0.937

Temkin
bT (J mol–1) 32.737 32.739 31.301 36.667
AT (L g–1) 43.033 39.120 35.609 18.476
R2 0.933 0.933 0.916 0.885

Sips

qm (mg g–1) 469.483 476.190 87.719 103.092
Ks (1 mg–1) 2.798 2.333 11.457 8.083
n 0.707 0.707 0.716 0.619
R2 0.998 0.997 0.917 0.927

Redlich–Peterson
b 0.415 0.415 0.384 0.583
A 0.001 0.001 0.001 0.002
R2 0.955 0.955 0.892 0.928

EB

Langmuir
qm (mg g–1) 16.555 16.543 16.534 6.913
KL (L mg–1) 6.826 6.206 5.689 1.834
R2 0.982 0.982 0.982 0.942

Freundlich
n 0.293 0.499 0.499 0.299
KF (L mg–1) 1.283 32.806 30.415 15.192
R2 0.987 0.998 0.998 0.987

Dubinin–Radushkevich
qm (mol g–1) 398.311 365.256 341.757 476.563
b (mol kJ–2) 6.595E-8 6.429E-8 6.266E-8 6.476E-7
R2 0.999 0.999 0.999 0.996

Temkin
bT (J mol–1) 48.129 48.124 48.119 81.965
AT (L g–1) 23.913 21.738 19.926 3.649
R2 0.971 0.971 0.971 0.977

Sips

qm (mg g–1) 400 400 400 133.333
Ks (1 mg–1) 8.999 8.333 6.253 3.409
n 0.499 0.499 0.499 0.299
R2 0.999 0.997 0.997 0.980

Redlich–Peterson
b 1.005 0.534 0.534 0.535
A 0.001 0.001 0.001 0.002
R2 0.993 0.959 0.959 0.959
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in temperature for EB. These results exhibits that the 
adsorption procedure was entropy-driven for all adsor-
bents in this experiment since an endothermic enthalpy 
of adsorption was observed for the EB adsorbents and an 
exothermic enthalpy of adsorption was observed for FEB 
adsorbent. The interaction on the surfaces of adsorbents 
can occur through physical interaction (physisorption) 
or chemical sorption (chemisorption). When the heat of 
adsorption is between 2.1 to 20.9 kJ mol–1, a physisorption 
process is assumed to occur while chemisorption could be 
said to occur when the heat of adsorption is between 80 to 
200 kJ mol–1 [86]. The ΔH values in Table 6 also indicate that 
acetaminophen is physisorbed within the surface of FEB 
and EB nanocomposites.

3.5. Desorption experiments

The experiments for desorption were measured to deter-
mine how to reuse adsorbents for testing. This is prepared 
by using 40 mg of acetaminophen sample with either 10 cm3 
of ethanol or acetone. It is important, it is essential to dis-
cover if adsorbents can be regenerated and produced effec-
tively for reuse. In this way the release of auxiliary toxins 

into the environment is prevented in that the adsorbents 
are exploited, reused and not disposed specifically after 
usage. The adsorbate can also be recovered for reuse, after 
successive adsorption-desorption cycles, a little decrease 
in adsorption capacity was observed. After four desorp-
tion cycles was done, it was shown in the experimental 
results that good desorption efficiency occurs when etha-
nol or acetone is used. It was discovered that acetone was 
better with efficiency within 85%–95%. Furthermore, the 
reusability was confirmed by characterizing the regener-
ated adsorbents in this experiment and discovered they are 
comparative to those gotten with naturally arranged fresh 
adsorbents, hence confirming its reusability. This shows 
that the adsorbents used in this experiment are reusable.

3.6. Possible mechanisms of adsorption

To understand the capability of FEB and EB as efficient 
adsorbents for acetaminophen removal, FTIR analysis was 
carried out to determine the functional groups present in 
the adsorbent based on the changes in the vibrational fre-
quencies. The functional group standing for each peaks 
and stretch are shown in Table 4. The shift in the peak 

Table 7
Thermodynamic parameters for the adsorption of acetaminophen onto FEB and EB adsorbent

Adsorbent Temperature (K) ΔG° (kJ mol–1) ΔH° (kJ mol–1) ΔS° (JK–1 mol–1)

FEB

298 –15.738 –6.128 32.469
308 –16.266
318 –16.384
328 –16.775

EB

298 –15.234 +4.564 66.248
308 –15.745
318 –16.256
328 –17.190

Table 6
Comparison of value findings for acetaminophen by EB and FEB with other methods and/or adsorbents based on the removal 
capacities, and removal time

Adsorbents Adsorbate Concentration 
(ng L–1, mg L–1)

Adsorption 
capacity (mg g–1)

Equilibrium 
time (min)

References

Waste tea Acetaminophen 100 mg L–1 195.95 30 [78]
Commercial activated carbon Acetaminophen 517 mg L–1 221 5 [79]
Moringa oleifera Lam. (seed husks) Acetaminophen 0.03–9,822 ng L–1 17.48 1080 [80]
Activated carbon in simulated gastric fluid Acetaminophen 2,500 mg L–1 840 240 [81]
Iron/bentonite/eggshell Acetaminophen 10–100 mg L–1 469 150 This study
Bentonite/eggshell Acetaminophen 10–100 mg L–1 400 50 This study
Sugarcane bagasse Acetaminophen 80 mg L–1 0.32 120 [82]
Corn cob Acetaminophen 80 mg L–1 0.47 160 [82]
Green horse – chestnut shell Acetaminophen 10 mg L–1 81 10 [83]
Activated carbon in dilute aqueous solution Acetaminophen 10 mg L–1 1.077 1200 [83]
MCM-41-GO Acetaminophen 200 mg L–1 322.6 200 [84]
MCM-41-G Acetaminophen 200 mg L–1 555.6 220 [84]
ASM41 Acetaminophen 200 mg L–1 121.9 30 [84]
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from 3,643.2 to 3,640.75 cm–1 specified that the stretching 
of the –OH group was responsible for the binding of Acet 
ions onto the adsorbent. It was discovered that the reso-
nance structures such as C=O, C–H, Si4+–O, Al3+–O stretch, 
and Ca2+–(OO) bend were also responsible for the effective 
removal of Acet ions as it can be elucidated from Fig. S2.

4. Conclusion

We synthesized novel sorbent materials, such as as- 
synthesised FEB and EB, studied their characterisation 
extensively, and used them to adsorb acetaminophen, a 
dominant emerging pollutant. The impact of retaining the 
surfactant template within FEB and EB was studied and 
also the synergistic adsorption resulting from the encapsu-
lation of FEB and EB for the adsorption of acetaminophen 
was also studied. The improved adsorptive capability of the 
adsorbents grew as a result of increased hydrophobicity by 
the retention of the F127 template on the adsorbents. In the 
course of the adsorption process, equilibrium was reached 
within less than 180 min. A pseudo-second-order adsorp-
tion kinetic model fit the data and for two-parameter model 
Langmuir, and for three-parameter model Sips had the best 
fit for the isotherm. As a result of the synergistic action of 
the two molecules species, acetaminophen was removed 
more effectively by FEB and EB, electrostatic interactions 
and hydrophobic interactions were involved in adsorption. 
The adsorption capacity of EB was 16.55 mg g–1 and FEB 
46.34 mg g–1 for the removal of acetaminophen pharmaceu-
tical at 25°C. However, separation from the aqueous phase 
was made better with the help of iron metal, which worked 
to prevent agglomeration. On the other hand, a variety of 
carbon and oxygen surface functional groups were intro-
duced by eggshell and bentonite, considerably increas-
ing adsorption. The thermodynamic findings discovered 
the adsorption process as spontaneous and exothermic 
in nature. Regeneration studies showed that adsorbents 
were reusable for other applications. On real samples 
of water, the adsorbents performed well, thus making 
them suitable for removing pharmaceuticals from fluids.
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Symbols

qt — Quantity of adsorbate
t — Time, mg g–1

qeq —  Quantity of adsorbate adsorbed at 
equilibrium, mg g–1

α — Desorption rate constant, mg g–1 min–1

β — Desorption rate constant, g mg–1

k1 — Pseudo-first-order rate constant, min–1

k2 — Pseudo-second-rate constant, g mg–1 min–1

kp —  Intraparticle diffusion rate constant, 
mg g–1 min0.5

C —  Constant related to the boundary layer thick-
ness, mg g–1

qe — Adsorption capacity, mg g–1

Ceq —  Aquilibrium concentration of adsorbate in 
solution, mg dm–3

qm — Maximum monolayer capacity, mg g–1

b — Langmuir isotherm constant, dm3 mg–1

KF —  Freundlich isotherm constant, (mg g–1)
(dm3 mg–1)n

n — Adsorption intensity
bT — Temkin isotherm constant
AT —  Temkin isotherm equilibrium binding con-

stant, dm3 g–1

b —  Dubinin–Radushkevich isotherm constant, 
mol2 kJ–2

A — Redlich–Peterson isotherm constant
g — Redlich–Peterson isotherm exponent
ΔG — Gibbs energy
ΔH — Change in enthalpy
ΔS — Change in Entropy
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Supplementary information

Fig. S1. The thermogravimetric (TGA) analysis of FEB and EB 
nanocomposite calcined at 1,000°C for 5 h.

Fig. S3. The X-ray diffraction (XRD) analysis of (a) FEB and 
(b) EB nanocomposites calcined at 1,000°C for 5 h.

Fig. S2. The FTIR analysis of FEB and EB nanocomposite calcined 
at 1,000°C for 5 h.


